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 A commonly prescribed contraceptive, the synthetic progestin norethindrone 

(NET) inhibits ovulation in humans.  However, ecotoxicological data are lacking.  

Preliminary tests produced an LC50 for NET of > 1.0 mg/L (96-hour, fathead minnow 

(FHM) and medaka) and a NOEC of 242.0 µg/L, a LOEC of 485.0 µg/L (7-day, growth 

for FHM and medaka).  Reproductive testing revealed a LOEC for fecundity of 24.1 ng/L 

(21 days, medaka).  Further testing confirmed the LOEC of 24.1 ng/L while defining a 

NOEC of 4.7 ng/L (28 days, medaka).   

 Effect of NET in medaka life-cycle exposure at concentrations exceeding 4.7 

ng/L was evident.  Few females were present in the 24.7 ng/L exposure concentration, 

with none in the 104.6 ng/L.  Egg production was significantly reduced at concentrations 

exceeding 4.7 ng/L.  Additionally, weight, condition factor and somatic indices were 

significantly different in males exposed to concentrations exceeding  4.7 ng/L.  For 

fecundity and sexual differentiation; the NOEC was 4.7 ng/L, the LOEC 24.6 ng/L; 

growth and somatic indices, the NOEC was more appropriately 0.9 ng/L, with effect 

evident at 4.7 ng/L.  Sexual differentiation of the F1 population was similar to the F0.  A 

defining result of this test was development of exceptionally large ovaries in NET-

exposed female medaka, perhaps indicative of a threshold limit for exposure in these 

fish.  



Results of FHM life-cycle testing were similar, establishing a NOEC for fecundity 

of 0.9 ng/L, a LOEC of 4.8 ng/L.  NET’s inhibitory effect on gonadal development was 

obvious; GSI NOEC for males, 4.8 ng/L, and histological examination confirmed the 

presence of intersex development at elevated concentrations.  Normal physical 

development and growth were impaired, generally at concentrations exceeding 24.1 

ng/L.  At exposure concentrations exceeding 4.8 ng/L, external sexual confirmation of 

fish was difficult; LOEC for finspot development in females, 4.8 ng/L.  Sexual 

determination of the 97.1 ng/L exposure group was impossible; externally, all fish 

appeared male and internal examination revealed no gonadal development. 
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CHAPTER 1 

INTRODUCTION 

Chemical use is endemic to modern society, a multitude of compounds used for 

myriad functions and applications.  Advancements and improvements in technology, 

especially medicine and personal care, have enabled accessibility to an ever increasing 

number and variety of chemical compounds.  With increased human use comes the 

potential for increased presence of these chemicals in the environment (Jones et al., 

2002; Stuer-Lauridsen et al., 2000; Zuccato et al., 2005).  Though environmental 

awareness has arguably increased, for many compounds, environmental effects remain 

largely unknown.  Adequate assessment of chemical effects in natural systems is 

difficult.  Effective assessment requires a complex interaction of organismal response 

and analytical methodologies.  Ultimately, much remains unknown regarding 

pharmaceutical chemicals in the environment.  For example, only recently have we 

begun to understand the environmental interaction of drugs and medicines with the 

discovery that chemicals designed for a particular human purpose may indeed have 

similar effects on other organisms.  The relationship of chemical use and environmental 

effect, and indeed even the environmental presence of chemicals possessing these 

capabilities, went either ignored or unnoticed (Daughton and Ternes, 1999; Halling-

Sorensen et al., 1998).  The task of measuring chemical effects in natural systems is 

daunting.  Successful accomplishment of this task is the ultimate goal of ecotoxicology.   

Compared to other science disciplines, ecotoxicology is a relatively new field of 

research.  The defined objective of ecotoxicology is assessment of effect of chemicals 

entering or having the potential to enter natural systems (Rand, 1996).  Truhaut (1977) 
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defines ecotoxicology as ―A branch of toxicology concerned with the study of toxic 

effects, caused by natural or synthetic pollutants, to the constituents of ecosystems, 

animal (including human), vegetable and microbial, in an integral context.‖  As such, 

ecotoxicology is a dynamic field of study, continually adapting to changes and 

advancements in the chemical industry.  For the natural environment, man’s extensive 

use of chemicals does not come without cost, especially in terms of the potential for 

impact.  We have learned that as new chemicals are introduced, and chemical uses 

change, ecotoxicology must similarly adapt to effectively identify risk from these new 

sources.  This has been especially true in recent years, as the diversity and accessibility 

of chemicals and chemical use increases at a tremendous rate.  The reality of man’s 

dependence on chemicals represents the ultimate risk versus risk scenario; societal 

benefit from the many positive contributions provided from chemicals weighed against 

the real potential of impact natural environments.  Chemicals advance our quality of life, 

but this enhancement does not come without risk, especially to our environment.  As 

awareness of this risk increases, so does the importance and relevance of risk 

estimation.   

For many chemicals, environmental effect is unknown, the sheer number of 

chemicals impeding a comprehensive assessment of potential impact (Mackay and 

MacLeod, 2002).  Not only individual chemicals, but entire classes of chemicals exist for 

which no environmental data are available.  Without data there can be no assessment 

of environmental effect.  In the end, this may result in the presence of many chemicals 

in the environment for which little are known.  It is problematic enough that we do not 

know how aquatic organisms respond to these myriad individual chemicals; perhaps of 
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greater importance, and likely lesser understanding, is the interaction of these 

chemicals in combination (La Point and Waller, 2000).  Chemical interaction, 

synergistic, antagonistic, potentiation, in effluent dominated systems is an obvious and 

largely misunderstood occurrence.  If great numbers of chemicals exist for which there 

are no individual data, the potential number of chemical interactions is limitless.  Whole 

effluent toxicity testing has attempted to address this issue, but this too falls short in 

providing a clear understanding of chemical effects in aquatic systems. 

Interestingly, the increase in chemical diversity and use has brought with it an 

enhanced awareness by the general public of chemical presence and the potential for 

impact, human and environmental (Bord et al., 1998; Hjeresen et al., 2000; Inoue et al., 

2006).  This increased awareness in turn brings a demand for more comprehensive and 

effective assessment of risk (La Point and Waller, 2000); risk to human health and to 

our environment.  In this way, ecotoxicological foci are often mandated by society.  

Public awareness of chemicals in our environment can very easily translate to increased 

pressure by the public for adequate assessment of risk (Hjeresen et al., 2000; Inoue et 

al., 2006).  And whereas appropriate placement of public focus may at times be 

debatable, critical influence on ecotoxicological objectives can be considerable.  In this 

way are objectives of ecotoxicology dictated by public sentiments, and with this, the 

funding largely responsible for the successful completion of research.   

It is an absolute that detection of environmental contaminants is limited to 

available technologies.  Available technology is in turn often dependant on financial 

resources allocated for development.  However, the recent spectacular advancement of 

computer technology has enabled a simultaneous modernization of instrumentation and 
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analytical technologies and methods, resulting in more precise and descriptive 

analyses.  Whereas two decades ago reliable analyses at part per billion levels were 

considered state of the industry; today part per trillion and even part per quadrillion is 

not beyond the capabilities of analytical instruments (Miller et al., 2008; Reguerio et al., 

2008; Richardson, 2008; Saito et al., 2008; Wang et al., 2008; Ye et al., 2008).  

Ultimately, advances in instrumentation enable more effective and precise estimation of 

chemical presence in the environment, providing a more accurate assessment of risk 

presented by the many contaminants present (La Point and Waller, 2000).  This in turn 

allows for a greater awareness of potential threats to the environment.  But although 

technological advancements represent a positive development in detection and 

analyses of environmental contaminants, they may also serve to illuminate the 

limitations of earlier research; significant endpoints not detected because of unavailable 

technologies, for example.  New technologies have brought a refinement in the 

approach of ecotoxicology, emphasizing the importance of new or different endpoints 

while de-emphasizing traditional endpoints (Fent, 2008; Hemmer et al., 2008; 

Kortenkamp et al., 2007; Snape et al., 2004).  Detection of chemicals at very low 

concentrations has brought with it new testing procedures, in many instances revealing 

sub-chronic effects at concentrations previously undetectable; new chemicals, new 

concerns.  Importantly, and topically, with many of these compounds, undetected does 

not necessarily translate to non-effective, and this is especially true with the aquatic 

environment.   

The potential for environmental impact from the vast numbers and types of 

chemicals entering the aquatic environment presents an intimidating scenario for 
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effective assessment of risk (La Point and Waller, 2000).  The sheer number of 

chemicals currently in use, coupled with the continued development of new compounds, 

precludes a comprehensive assessment of environmental risk.  Thus, many compounds 

are in current use for which there are little if any, ecotoxicological data.  Commonly in 

the past, environmental impact was not necessarily a factor regulating a chemical’s 

availability for human use (Brooks, 2008; Daughton, 2001; Daughton, 2009; Daughton 

and Ruhoy, 2009; Daughton and Ternes, 1999).  Subsequently, many chemicals in 

current widespread use have the potential for deleterious environmental effect, being 

exempt from prior toxicological consideration.  It would be extremely difficult, and more 

probably impossible, to retroactively assess the environmental risk for every chemical in 

use today; there are simply too many chemicals for the resources available.  Instead, a 

generalized approach, examining classes of chemicals instead of individual compounds 

represents a more realistic method of environmental protection (Daughton, 2000; 

Daughton and Jones-Lepp, 2001; Heath et al., 2006; Onesios et al., 2009; Pietrogrande 

and Basaglia, 2007; Rice and Mitra, 2007; Suarez et al., 2008; Yu et al., 2006).  This is 

especially true for pharmaceutical compounds such as antibiotics and antidepressants, 

or chemicals found in personal care products such as antibacterials and fragrances.   

Until recently, the presence of pharmaceutical drugs and personal care 

compounds (PPCPs) in the aquatic environment was largely unknown.  The potential of 

this chemical class for negative environmental effect went mostly unrealized, at least in 

the United States.  We really did not know they were even there.  Only recently have 

these compounds gained attention; not only for their presence in aquatic environments, 

often in a surprising number (notably, Kolpin et al., 2002), but especially their 
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expression of effect at very low concentration (Lange et al., 2001; Parrott and Blunt, 

2005; Pawlowski et al., 2004).  Because of these low-concentration effects, 

ecotoxicological attention has directed focus on PPCPs and the diversity of this 

chemical group suggests that research needs will be extensive.  Further, human use, 

metabolism, excretion and ultimate disposal of these compounds influences their 

presence in wastewater and wastewater treatment processes (Daughton and Ternes, 

1999; Jjemba, 2006).  PPCPs are common, widely used and widely prescribed, 

compounds pervasive to modern society.  As such, for many if not all of identified 

compounds, there may a constant inflow to aquatic systems (for example, Kolpin et al., 

2002; Kolpin et al., 2004; Reemtsma et al., 2006; Stackelberg et al., 2007).  This 

continuous input will ultimately influence their effect on aquatic systems.  The 

commonness and pervasiveness of these ―emerging contaminants‖ ensures that they 

will remain a topical research interest for many years. 

Emerging contaminants encompass a diverse range of pollutants (Richardson, 

2008; Richardson, 2009; Smital et al., 2004) present in aquatic environments, usually at 

very low concentrations, parts per billion or parts per trillion.  These chemicals originate 

from less obvious, or perhaps more properly, less traditional, contaminant sources, 

pharmaceuticals, personal care products, etc.  Effective assessment of these chemicals 

in aquatic environments, and subsequently their potential for effect, was not practical 

until advancements in analytical methods enabled their detection (Richardson, 2008).  

Additionally, recent research has verified that in many instances extremely low 

concentrations (ng/L) of these chemicals demonstrate, in the laboratory at least, defined 

and diverse effects on the various organisms on which they have been tested.  These 
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revelations have brought a new focal point in aquatic toxicology research, and have 

further demonstrated the value of modern technological development in ecotoxicological 

methods.  Advances in analytical technology have enabled more comprehensive 

assessment of potential environmental contaminants. 

Finally, perhaps, the brief history of aquatic toxicology has inured us to the fact 

that development of new chemicals brings new concerns for potential environmental 

impact.  As additional environmental risks continue to grow, there is an increasing need 

to effectively assess potential outcomes on aquatic systems.  However, integral to this 

is the need for effective, efficient analytical methods.  As stated earlier, and to re-

emphasize, assessment is contingent on available technology.  Thus the reality exists 

that innovation of chemical technology largely dictates focus of aquatic toxicological 

research.  Aquatic toxicology thereby finds its basis, its reason for existence, 

determined by the continual change present in and brought by, chemical development 

and use. 

Refinement in research focus of aquatic toxicology was clearly evident in the 

1990s, with risk to aquatic systems identified in a class of chemicals labeled endocrine 

disrupting chemicals (EDCs) (Cooper and Kavlock, 1997; Jobling et al., 1998; Kavlock 

et al., 1996; Reiter et al., 1998; Tyler et al., 1998).  A new term, originating in the early 

1990s (Colborn et al., 1993), EDCs comprise a broad class of chemicals defined by US 

EPA as ―exogenous agents that interfere with synthesis, secretion, transport, 

metabolism, binding action, or elimination of natural blood-borne hormones that are 

present in the body and are responsible for homeostasis, reproduction, and 

developmental process‖ (Diamanti-Kandarakis et al., 2009).  In addition to their 
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importance as chemicals possessing potential of environmental effect, EDCs represent 

an important transitional phase in aquatic toxicological research (Hutchinson et al., 

2006).  Prior to EDC research, traditional aquatic toxicological research methodologies 

used to quantify problem contaminants, heavy metals, organochlorines, PCBs, tended 

to focus on short-term endpoints of effect; acute - LD50, and short-term (~7-day) 

chronic effects, especially, growth (EPA methods 2000.0 and 2002.0 and 1000.0 and 

1002.0, for example).  EDCs signified a new development in aquatic toxicology, as 

effect endpoints of these chemicals were truly sub-chronic, with special interest placed 

on endpoints of reproduction.  With these chemicals came the realization that very low 

concentrations could produce deleterious effects, effects which would likely have gone 

unnoticed by traditional aquatic toxicological tests.  In a dramatic deviation from 

traditional methods, effective quantification of EDC endpoints required long-term studies 

and/or exposures using organisms of differing ages, especially sexually mature (adult) 

organisms. 

Effect of EDCs in aquatic environments was greatly enhanced with research of 

environmental estrogens, largely precipitated by the research of notably, Louis Guillette 

in Florida (Guillette et al., 1994).  The existence in the aquatic environment of 

anthropogenic sources of chemicals capable of having dramatic impact on organismal 

function did much to revolutionize the aquatic toxicological field.  Though sexual 

differentiational effects from exposure to various chemicals in fish were known for many 

years (Satoh and Egami, 1972; Yamamoto, 1953; Yamamoto, 1955; Yamamoto, 1958; 

Yamamoto, 1962; Yamamoto 1969), the occurrence or possibility of occurrence in wild 

populations was either unknown or not suspected.  Subsequent research, notably that 
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of Jobling et al., 1998; Lange et al., 2001; Purdom et al., 1994; Sumpter, 1995 and Tyler 

et al., 1998 lead to a dramatic increase in studies exploring this aspect of ecotoxicology.   

Thus, focus of the aquatic toxicology field turned to exploration of EDCs, 

especially estrogens, potentially present in the environment, research concentrating on 

identification of potential chemicals and effect of these chemicals on aquatic organisms 

and aquatic systems.  Indeed, the decade of the 1990s is notable for research relating 

effect of synthetic estrogens (Desbrow et al., 1998; Jobling et al., 1996; Jobling et al., 

1998; Sumpter and Jobling, 1995, etc.) and presence of these chemicals in aquatic 

systems (Lai et al., 2000; Matthiessen and Sumpter, 1998; Ternes et al., 1999).  At least 

in terms of laboratory study, estrogens, especially ethinylestradiol, were identified as 

being quite potent, with physiological effects demonstrated at extremely low 

concentration, (Lange et al., 2001; Nash et al., 2004; Parrott and Blunt, 2005; Scholz 

and Gutzeit, 2000; Seki et al., 2002).  The number of chemicals indicated as possessing 

estrogenic potential was varied (Desbrow et al., 1998; Jobling et al., 1996; Routledge et 

al., 1998; Spengler et al., 2001), and as illustrated by a diversity of research (Table 1.1), 

potential target of effect was perhaps equally impressive.  Ultimately, a wide variety of 

compounds were shown to have estrogenic effect on aquatic organisms. 

Unquestionably, a key contribution originating from the environmental estrogen 

work of the 1990s was an awareness of the potential for impact of commonly used 

pharmaceutical compounds to the aquatic environment.  As a principle of aquatic 

toxicology, Cairns and Mount (1990), stated that in terms of potentially harmful 

substances in the environment, we ―only find what we are looking for.‖  This was 

certainly the case with PPCPs.  Estrogen research vividly illustrated the potential 
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potency of PPCPs and emphasized the need for broader research focus.  Estrogens 

were only one group in this expansive chemical class.  If estrogens could have such 

distinct effect, it was reasonable to believe other pharmaceuticals would as well.  Effects 

of these chemicals were known, the Japanese research of the 1940s and 1950s clearly 

illustrates this.  But connection between early physiological research and ecotoxicology 

was apparently not made prior to the estrogen studies.  Whether this was due to an 

inadequacy of analytical methods or an unawareness of chemical presence is not clear.  

Truly, the environmental estrogen research was instrumental in demonstrating the 

possibilities for effects from human-use compounds entering aquatic environments.  In 

many ways, a new course was laid out for aquatic toxicology.   

Perhaps the culmination of the research originating from environmental 

estrogens was the landmark survey of US national waterways by Kolpin et al., 2002.  

This study was the first to assess a large number of mostly at-risk streams across the 

US for a comprehensive array of PPCPs.  The importance of this study lay in the 

revelation of the existence of such a large variety and number of chemicals; medicines, 

hormones, extracts, etc. present in detectable concentrations in many American waters.  

Essentially the report published by Kolpin et al., 2002 revealed that many commonly 

used compounds were present in effluents and waterways across the United States, 

thereby presenting the potential for deleterious impact on aquatic systems.  Though 

perhaps not quite a ―revelation,‖ this study truly directed a new research course for 

aquatic toxicology; a basic internet search revealed over 600 articles referencing the 

Kolpin study. 
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Subsequent to the paper by Kolpin et al., research investigating PPCPs 

increased significantly.  Studies investigated effect of all types of chemicals, from anti-

depressants (Brooks et al., 2005; Metcalfe et al., 2010; Oakes et al., 2010; Paterson 

and Metcalfe, 2008; Van Der Ven at al., 2006) to anti-bacterials (Adolfsson-Erici et al., 

2002; Balmer et al., 2004; DeLorenzo et al., 2008; Foran et al., 2000; Ishibashi et al., 

2004; Lindstrom et al., 2002; Orvos et al., 2002; Tatarazako et al., 2004).  

Demonstrated effect of the compounds on tested organisms varied; however, the 

studies showed effects in aquatic organisms corresponded to the target effects in 

humans for which these compounds had been developed.   

Identifying the existence and effect of the many PPCPs potentially entering the 

aquatic environment is a primary focus for current aquatic toxicological research.  

However, with the huge number of compounds entering or having the potential to enter 

aquatic environments, comprehensive assessments are difficult if not improbable; there 

are simply too many chemicals in use.  Because of this, adjustment in research 

approach was necessary for an effective assessment of aquatic risk.  Increasingly, 

assays performed on specific chemicals are performed with the objective of 

characterizing a group of related compounds, not simply the individual chemical (Bound 

and Voulvoulis, 2004; Cooper et al., 2008; Hernando et al., 2006; Jones et al., 2002; 

Kostich and Lazorchak, 2008; Lange and Dietrich, 2002; Sanderson et al., 2003; 

Sanderson et al., 2004; Verhaar et al., 1992).  Despite this approach, there remain 

entire groups of chemicals for which aquatic toxicological data are lacking (Crane et al., 

2006; Sanderson et al., 2004).  Notably, one of these chemical classes is the synthetic 

progestins.   
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Illustrative of this methodology, my research presented herein represents an 

attempt to provide ecotoxicological data for synthetic progestins by focusing on 

norethindrone as a representative of this chemical class.  With this research I hope to 

provide data relevant not only to the specific chemical, but the entire chemical class. 

As mentioned previously, the past decade revealed synthetic estrogens having a 

pervasive presence in effluent waters (Sumpter et al., 1995; Ternes et al., 1999, for 

example), research demonstrating effect concentrations of these compounds to be in 

the low ng/L level.  Ethinylestradiol, an especially potent and widely distributed 

estrogen, has been implicated in a variety of effects, intersex, vitellogenin induction, at 

very low concentrations.  Indeed, long duration life-cycle studies (>170 dph) revealed 

intersex effects of ethinylestradiol at concentrations below 4 ng/L, with an identified 

NOAEC at 1.0 ng/L (Lange et al., 2001).  This is notable because as an effective birth 

control chemical, ethinylestradiol is commonly administered together with synthetic 

progestins in combined oral contraceptives (COCs).Though presence and effect of 

synthetic estrogens was comprehensively researched for environmental effects, the 

constituents of contraception, progestins, were not.   

Progestins represent a significant component of commercial contraceptives, 

either by themselves or in tandem with synthetic estrogens.  Indeed, as stated by 

Erkkola and Landgren, 2005, in COCs, containing estrogen and progestin, it is the 

progestin that has the contraceptive effect.  From an ecotoxicological perspective, 

building on published data from prior estrogen studies, this statement has intriguing 

implications.  Synthetic progestins are an excellent example of deficiencies brought 

about by the tremendous research demands of ecotoxicology; an entire class of 
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chemicals went unstudied in terms of environmental effects. 

In humans, the steroid hormone progesterone is a key component in the 

regulation of normal female reproductive function (Graham and Clarke, 1997; 

Nagahama, 1997), with the primary site for progesterone synthesis the ovary.  In short, 

subsequent to follicle rupture and release of the ovum, granulosa cells mature to form 

the corpus luteum, which, influenced by several hormones, primarily luteinizing 

hormone (LH) and follicle stimulating hormone (FSH), is responsible for release of 

progesterone.  As such, progesterone has a central role in reproduction, impacting 

ovulation, implantation and pregnancy (Erkkola and Landgren, 2005).  Progesterone is 

involved in the regulation of uterine function during the menstrual cycle, development of 

decidual tissue (implanted endometrium), and if fertilization occurs, facilitating 

implantation and maintaining pregnancy by stimulating uterine growth (Erkkola and 

Landgren, 2005; Nagahama, 1997).  Additionally, progesterones are known to have a 

significant function in spermatogenesis, being an essential component in normal 

development of sperm (Miura et al., 2006; Nagahama, 1997; Todo et al.; 2000).  It is 

this dual role of progesterone (progestins), being estrogenic and androgenic, that 

makes this chemical class an intriguing candidate for ecotoxicological study.  

In fish, progestin function has been identified as a critical component in oocyte 

maturation (Figure 1.1, Nagahama, 1997).    
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Figure 1.1. Progestin function in oocyte development (Nagahama, 1997). 

 

Oocyte maturation is regulated by gonadotropin, maturation-inducing hormone 

(maturation-inducing substance) and maturation-promoting factor.  In a simplified 

sequence, pituitary gonadotropin acts on ovarian follicle cells, causing them to produce 

maturation-inducing hormone.  This compound has been identified in fish as a 

progestin, 17 ,20 -dihydroxy-4-pregnen-3-one (17,20 -P) (Berg et al., 2005; 

Nagahama, 1997).  Maturation-inducing hormone acts at the cell surface by binding 

receptors located on the oocyte plasma membrane.  Activation of the progestin 

membrane receptors results in induction of oocyte maturation, with maturation-inducing 

hormone activity being mediated at the cell surface by maturation-promoting factor.  

Berg et al., 2005 describe the progestin receptors as high-affinity and low-capacity.   

Additionally, 17,20 -P has been identified as an important component in 

spermatogenesis.  Though known to be important factor in sperm maturation, a study of 

male Japanese eel by Miura et al., 2006 identified 17,20 -P as playing a key role in 

sperm development, stimulating DNA replication in spermatogenia.  This was 



15 
 

demonstrated by addition of antibodies against 17,20 -P at initiation of meiosis.  When 

introduced at this stage, DNA replication was prevented.  

It has been found that xenobiotics can interfere with cell surface mediated 

actions of steroids.  Low concentrations of pesticides (30-40 ppb) have been implicated 

as affecting maturation inducing hormone regulation of oocyte maturation and sperm 

motility in fish (Das and Thomas, 1999).  Further, Berg et al. (2005) note the interaction 

of xenobiotics with the progestin membrane receptor suggests that it is a likely target for 

endocrine disruption, resulting in reduced oocyte maturation, reducing reproductive 

success.   

One of the most regularly used progestins is the synthetic 19-nortestosterone 

derivative, 19-norethindrone, or norethindrone (NET).  NET is commonly prescribed for 

use as a contraceptive, hormone replacement therapy and as treatment for various 

conditions such as endometriosis.  In use since the 1950s, NET was the first oral 

contraceptive available.  Because of this widespread distribution, similar in use to 

estrogens, it is plausible that these chemicals are entering aquatic environments, with 

potential for effect.  Indeed, progestin use may outweigh that of estrogens: in an 

assessment of estrogenic compounds in Canadian wastewater, Fernandez et al., (2007) 

illustratively show that Canada Select®, a commonly prescribed birth control pill in 

Canada, contains 1 mg NET and 0.035 mg ethinylestradiol.  Perhaps not surprisingly, 

but certainly topically, NET was the survey’s most frequently detected and abundant 

synthetic estrogen/progestin in influent samples, with detected concentrations ranging 

from 26-224 ng/L.  Similarly, norethindrone concentrations of ~20 ng/L were reported in 
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a comprehensive national pharmaceutical screening program in Sweden (Andersson et 

al., 2006). 

 

 
Figure 1.2.  Mode of action for norethindrone in fish.  Blocking gonadotropin would shut 

        down progenesis. 
 

Despite their prevalence in pharmaceutical applications, very little data are 

available concerning ecotoxicological properties of progestins.  Though a few 

publications have presented short-term effect of aquatic exposure to progestins, these 

have really only been published in the past year or so (Paulos et al., 2010; Zeilinger et 

al., 2009).  However, there is an increase in interest in the ecotoxicological properties of 

progestins as a group.  With known biological mechanisms of these hormones in 

vertebrates well established from mammalian research, fish are the logical organisms of 

choice when testing for possible effects in aquatic systems.  Similar to estrogen studies, 

fish are functional organisms for assessment of suspected target effect of progestins, 

especially reproductive effects.  Similarities and differences in organism effect are more 

valid with between - species comparison, and fish species commonplace in estrogen 

research would logically be the most suitable for progestin research, fathead minnows, 

Pimephales promelas and Japanese medaka, Oryzias latipes.   
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FHM are obviously an excellent choice for this type of study, not only due to their 

prevalence and acceptance in aquatic toxicological research, but more specifically the 

aforementioned prevalence in reproductive studies (Ankley and Villeneuve, 2006; Lange 

et al., 2001; Pollock et al., 2008; Watanabe et al., 2007).  In many ways, progestin 

experimental design will mimic that done with environmental estrogens.  As a great 

proportion of estrogenic research has utilized FHM as the primary research organism 

(Ankley et al., 2001; Kidd et al., 2007; Lange et al., 2001; Orlando et al., 2004; Palace et 

al., 2002; Panter et al., 2002; Parrott and Blunt, 2005; Pawlowski et al., 2004; van Aerle 

et al., 2002), it is reasonable that these fish be used for progestin studies as well.  FHM 

have a long standing record of adaptability and suitability to laboratory culture and 

experimentation.  Their life-cycle is known and rapid enough to facilitate whole-life cycle 

testing.  Additionally, FHM fecundity makes them advantageous for reproductive testing, 

as this species has demonstrated a proclivity towards breeding under the rigorous 

conditions of laboratory testing.  Not only are FHM sexually dimorphic, a trait very 

advantageous in the assessment of effect for EDCs, especially those acting on or 

suspected to act on sexual differentiation of species, but males exhibit several traits 

(fatpads, tubercles, striping) that can be quantified as conditions of effect.   

Likewise, Japanese medaka, Oryzias latipes, have gained increased acceptance 

in ecotoxicological testing due to their ease of culture, rapid life-cycle and adaptation to 

laboratory settings (Nimrod and Benson, 1998; Shi and Faustman, 1989; Shima and 

Shimada, 1994; Wittbrodt et al., 2002).  As with FHM, and an important factor for this 

study, medaka are sexually dimorphic, with mature males exhibiting elongated anal fins 

and distinct serrated dorsal fins.  Medaka have been used extensively for assessment 
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of a variety of aquatic toxicological endpoints, especially those focusing on reproduction 

(Davis et al., 2002; Flippin et al., 2007; Foran et al., 2004; Huang et al., 2010; Ishibashi 

et al., 2004; Kang et al., 2002; Kang et al., 2003; Metcalfe et al., 2001; Scholz and 

Gutzeit, 2000; Scholz and Luver, 2009, Seki et al., 2002; Seki et al., 2003; Shioda and 

Wakabayashi, 2000; Yamaguchi et al., 2005; Yokota et al., 2008).  Medaka readily 

reproduce under laboratory conditions, having a more consistent, though perhaps 

lesser, fecundity than FHM.  Female Japanese medaka generally produce eggs daily, 

with mean production in the range of 10-20 eggs / day (Brooks et al., 2003; Kang et al., 

2002; Kang et al., 2003; Nimrod and Benson, 1998; Seki et al., 2003; Werner et al., 

2002;).  Subsequently, there is much less variance with fecundity as an endpoint in 

medaka compared to FHM.  Medaka have a significantly shorter life-cycle than FHM, 

generally 100 days post hatch (dph) compared to 150+ dph, and thus may be 

considered superior to FHM for certain types of ecotoxicological testing, especially 

regarding reproduction.  Certainly, with this choice of research organisms, effect(s) of 

NET will be competently assessed and any acquired data will be viable for 

ecotoxicological evaluation of this chemical.   

 

Objectives and Hypotheses 

My proposed research is presented with the observation that, to this point in time, 

little information is available on the ecotoxicological effects of progestins in aquatic 

systems, and no research is available describing the ecotoxicological effects of 

norethindrone.  Thus the objective of my research was a comprehensive assessment of 

the potential effects of NET on freshwater aquatic organisms using FHM and Japanese 
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medaka as model research organisms.  The underlying hypothesis on which this study 

was based suggested that NET would demonstrate an effect concentration, especially 

reproductive, on fish exposed to laboratory concentrations comparable to that of the 

widely studied synthetic estrogen, ethinylestradiol, ng/L.   

I took for independent approaches to my research: 

1. Acute (4-d) exposure for mortality and chronic (7-d) exposure with a 

measured endpoint of growth.  Exposure consisted of a series of five 

concentrations with 2X dilutions, with 1 mg/L the highest exposure 

concentration. Though it was not anticipated that NET would demonstrate 

effects at these concentrations, these data provided a reference point for 

future testing.  

2. 21-28 day exposure of sexually mature fish with fecundity measured as 

number of eggs released per female as the endpoint of interest. Exposure 

incorporated a wide range of concentrations, with the lowest concentration 

representative of what was expected in natural systems. Exposure consisted 

of a series of five concentrations, with a 10X dilution for medaka, 5 X for 

FHM. 

3. Full life-cycle (180 day) exposure of Japanese medaka beginning with newly 

released egg and terminating after maturation and subsequent reproduction.  

Measured endpoints included fecundity, physical growth, taken as length and 

weight, somatic indices to evaluate specific organ size relative to overall body 

weight, in this case, gonad and hepatic, and sexual differentiation determined 

from external development.  Exposure concentrations were determined from 
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prior reproductive testing, and incorporated a more specific range of 

concentrations to better identify NOECs and LOECs.  

4. Full life-cycle (210 day) exposure of FHM beginning with newly released eggs 

and terminating after maturation and reproduction.  Measured endpoints 

included fecundity, physical growth as length and weight, somatic indices, 

gonad and hepatic, sexual differentiation, development of external sexual 

characteristics, fin spots and tubercles, vitellogenin analysis, and histological 

analyses.  Exposure concentrations were similar to those of medaka, and 

provided much in determination of various NOECs and LOECs for this 

species.  

Through this range of testing, effect of NET on two freshwater vertebrates was 

comprehensively documented.  Though the focus of this research centered on analysis 

of reproductive effect, additional effects of NET were evident, including effects on 

growth, maturation, gonad development, appearance of external sexual characteristics 

and sexual differentiation.  The inclusion of two life-cycle tests further enhanced the 

understanding of the sub-chronic ecotoxicology of NET.    
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Table 1.1  
 
Various Effects of Environmental Estrogens in Fish 

 
Compound 

 
Endpoint 

 
Duration 

 
NOEC 

 
LOEC 

 
Reference 

 

Ethinylestradiol Fecundity 21-day 261 ng/L 488 ng/L Seki et al., 2002 

17β - Estradiol Fecundity 21-day 227 ng/L 463 ng/L Kang et al., 2002 

Estrone GSI 21-day 99.3 ng/L 317.7 ng/L Panter et al., 1998 

4-Tert-Pentylphenol 

Ethinylestradiol 

Reproduction 

Reproduction 

Life-cycle 

59-day 

100 µg/L 

20 ng/L 

224 µg/L 

200 ng/L 

Seki et al., 2003 
 
Zillioux et al., 2001 

Ethinylestradiol Overall Life-cycle 1.0 ng/L 4.0 ng/L Lange et al., 2001 

Ethinylestradiol Egg 
Fertilization 

Life-cycle N/A-
control 

0.32 ng/L Parrott and Blunt, 
2005 

Ethinylestradiol Fecundity 6 -weeks N/A - 
control 

0.1 ng/ Pawlowski et al., 
2004 
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CHAPTER 2 

REPRODUCTIVE RESPONSE OF FATHEAD MINNOW (Pimephales promelas) AND     

JAPANESE MEDAKA (Oryzias latipes) FROM EXPOSURE TO  

NORETHINDRONE 

Abstract 

 Ecotoxicological effect of norethindrone (NET) on FHM and Japanese medaka 

was examined through a series of reproductive tests.  Preliminary tests produced an 

LC50 for NET of > 1.0 mg/L (96-hour, < 3 day old larvae for FHM and medaka) and a 

NOEC of 242.0 µg/L and a LOEC of 485.0 µg/L (7-day, < 24-hour larvae for growth for 

FHM and medaka).  The initial medaka reproductive test was a 21-day exposure of 

paired sexually mature adults, with the exposure series originating from the 7-d chronic 

LC50; 250.0 µg/L, 25.0 µg/L, 2.5 µg/L, 250.0 ng/L, 25.0 ng/L with a solvent and BSS 

control.  With mean fecundity the measured endpoint, the LOEC for this test was the 

lowest exposure concentration, 24.1 ng/L.  A second medaka reproductive test 

comprising 28-day duration confirmed the LOEC for medaka reproduction at 24.1 ng/L, 

with a NOEC of 4.7 ng/L.  Results of a FHM reproductive test, though more problematic 

to interpret, showed much agreement with medaka results (Figure 2.8).  Further testing 

was conducted incorporating a crosswise design of various exposure-mating pairings 

with a single concentration, 538 ng/L, to facilitate determination of the principle 

expression of NET effect, androgenic or estrogenic, in fish.  Data trended towards an 

increased effect on female versus male fish. 
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Introduction 

 
 Progestins are a common component of contraceptives and hormone 

replacement therapies.  As a class, progestins are widely used, often administered in 

relatively high dose (Colditz et al., 1995; Kleinschmidt et al., 2007; Petitti, 2003; 

Weiderpass et al., 1999).  Of the many synthetic progestins currently in manufacture, 

norethindrone (NET) is one of the most prevalent, being the first progestin synthesized 

for human use (Goldziher et al., 1962; Mishell et al., 1975; Rice-Wray et al., 1962).  

NET is commonly prescribed alone or in combination with an estrogen as oral or 

implanted contraceptives (Edelman et al., 1983; Kaunitz et al., 1999; Maitra et al., 

2004).  Thus, the target effect of norethindrone (NET) is on reproductive systems, 

serving as an inhibitor of ovulation (Banarjee et al., 1973; Erkkola and Landgren, 2005; 

Hutcherson et al., 1963).  Because of NETs widespread use, it is reasonable to expect 

residual concentrations to be present in aquatic environments (Andersson et al., 2006; 

Fernandez et al., 2007) , and due to its effectiveness in suppressing human ovulation, 

that similar effects may be seen in other species, especially fish.  Surprisingly, the 

ecotoxicological effects of NET are unknown.  Therefore, a logical starting point in 

examination of potential NET effect in aquatic systems is establishment of a series of 

studies assessing reproductive effect in fish.  Further, a multi-species approach, using 

two common ecotoxicological species, fathead minnow, Pimephales promelas, and 

Japanese medaka, Oryzias latipes, will better clarify reproductive effect with a 

comparison of fish data sets, serving to either demonstrate or diminish species-specific 

effect that may be present.  Both species are common to ecotoxicologic research, 

representing excellent choices for this type of testing both for their fecundity and their 
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willingness to reproduce in a laboratory exposure (Ankley and Villeneuve, 2006; Foran 

et al., 2004; Huggett et al., 2002; Lange et al., 2001). 

 Exposure of FHM and Japanese medaka was short 21 or 28 days duration, using 

actively reproducing females determined from pre-dose acclimation periods.  The 

purpose of these tests was to assess reproductive effect, measured as number of eggs 

released, with egg production the primary endpoint.  Dosing was targeted at 

environmentally relevant concentrations (10-25 ng/L), determined from literature 

(Andersson et al., 2006; Fernandez et al., 2007).  Though prior exploratory tests 

showed NET to not be acutely toxic at concentrations reasonably expected to be found 

in natural environments, 96 hour LC50 with 24 hour old larvae > 1.0 mg/L, 7 day NOEC 

(growth, as mean dry weight) with 24 hour old larvae approximately 250.0 µg/L, it was 

reasonable to hypothesize that NET may demonstrate similar action as ethinylestradiol, 

with reproductive effects several orders of magnitude lower than those of acute and 

short-term chronic testing. 

 

Materials and Methods 

Japanese Medaka 

 Japanese medaka eggs were graciously provided by the University of West 

Virginia aquaculture facility.  Eggs were hatched and raised to sexual maturity, with a 

stock culture established at the University of North Texas (UNT) aquatic laboratory.  

Medaka were cultured in a flow-through system using 20-L aquaria, fed from a 400-L 

reservoir using a commercial pond pump.  Water filtration was accomplished with a 40-L 

compartmentalized filter, separated with Plexiglas® to include biological substrate 
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(Bioballs), filter mesh media, gravel, and activated carbon.  Water was balanced salt 

solution (BSS), prepared according to instruction provided from the University of West 

Virginia; briefly, to 50-L were added 50.0 grams NaCl, 4.0 grams MgSO4, 1.5 grams 

CaCl2, 1.5 grams KCl and 1.0 grams NaHCO3.  BSS was prepared in 50-L batches and 

stored in a 400-L tank.  Water quality parameters were recorded twice weekly, with 

mean values of: pH, 7.3, temperature, 23.6⁰C, dissolved oxygen, 7.6 mg/L, conductivity, 

2315 µS, alkalinity, 25 mg/L CaCO3 and hardness 95 mg/L CaCO3.  

Adolescent fish were fed newly hatched brine shrimp (Artemia sp., Ocean Star 

International) twice daily; adult fish brine shrimp in the morning, commercial flake food 

(Ocean Star International) in the evening.  Water temperature was maintained at 23⁰C 

via commercial aquaria heaters placed in the reservoir, and photoperiod was kept at 

16:8 light: dark via timers.  Upon maturation, medaka were differentiated according to 

sex by presence of elongated anal fin and serrated dorsal fin in males. 

 

Fathead Minnow 

 Adult FHM were obtained from the UNT Aquatic Research Facility (UNTARF), 

from cultures augmented with fish supplied by Aquatic Biosystems Inc., Ft. Collins, CO.  

FHM were reared in a temperature controlled room utilizing a flow-through system 

feeding de-chlorinated City of Denton tap water.  Water quality parameters were 

analyzed three times weekly, producing mean values of: conductivity, 369 µs, hardness, 

120 mg/L CaCO3, alkalinity, 105 mg/L CaCO3, pH, 7.3, temperature 24.8 ºC and 

dissolved oxygen, 8.3 mg/L. 
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FHM were fed frozen adult brine shrimp (Artemia sp., Ocean Star International) 

in the morning, commercial flake food (Ocean Star International) in the evening.  Water 

temperature was maintained at 25ºC in the culture room, and photoperiod was kept at 

16:8 light dark via timers.  Adult minnows were differentiated according to sex by 

presence of distinctive dark coloration (banding) of males, dorsal fin spot on males and 

presence of tubercles on sexually active males. 

 

Dosing 

Japanese Medaka 

 Norethindrone was obtained from Sigma Chemical Company (St. Louis, MO, 

USA).  Two exposure scenarios were used; 1) series dilutions utilized in two 

reproductive tests, and 2) a single dosed concentration used in a crosswise test (Yang 

et al., 2006).  For the reproductive tests, nominal concentrations of norethindrone were 

25 ng/L, 250 ng/L, 2.5 µg/L, 25 µg/L and 250 µg/L in the first exposure and 1 ng/L, 5 

ng/L, 25 ng/L, 125 ng/L and 625 ng/L in the second exposure.  Additionally, controls of 

BSS and BSS plus solvent, ethanol, were included in each test.  The exposure series in 

the first test was selected based on results from earlier range-finding tests of acute and 

sub-chronic concentrations.  In these short-term toxicity tests, 242.0 µg/L was identified 

as the no observable effect concentration (NOEC) for FHM and medaka growth.  For 

the first exposure I chose a 10X dilution series, a dilution determined largely by the lack 

of ecotoxicological information available for norethindrone.  The 5X dilution series of the 

second exposure was performed in an attempt to better identify the NOEC and lowest 

observable effect concentration (LOEC) for the chemical.  Crosswise testing consisted 
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of exposure at 625 ng/L, a concentration determined from the previous reproductive 

tests to definitively induce effect.   

Due to laboratory limitations presented by BSS being prepared water, a flow-

through testing design was deemed impractical.  Thus, all tests were performed as 

static renewal.  For this, one-liter jars were pre-measured and marked at 700 ml.  

Dosing was adjusted accordingly, such that stocks were prepared to deliver appropriate 

concentrations via 50 µl aliquots from an Eppendorf pipette, resulting in a 14000X 

dilution.  Daily, jars were emptied, refilled with BSS and dosed with 50 µl aliquots of 

norethindrone.  To accomplish this, stock solutions were prepared at a 14000X 

concentration over desired dose.  For example, each jar from the 250 µg/L 

concentration was dosed with 50 µl aliquots of 3500 mg/L norethindrone stock solution.  

Tests were conducted using six replicates for each concentration plus two controls, BSS 

and BSS plus solvent.  Exposure occurred in a temperature and light controlled room, 

with temperature maintained at 23ºC and a 16:8 light:dark photoperiod. 

 

Fathead Minnow 

 The reproductive test was conducted using de-chlorinated City of Denton tap 

water in a flow-through design with 20L aquaria.  Aquaria were drilled with two ¼ inch 

holes at the 18L mark, allowing continuous outflow of water.  De-chlorinated water was 

delivered to 1-L glass mixing chambers at a rate of 150 ml / minute with a Cole-Parmer 

Masterflex® model 7523-60 digital drive and model 7519-15 six channel cartridge pump, 

using Pharmed® BPT tubing.  Flow from each mixing chamber was split into two tanks, 

delivering 75 ml water / minute per tank, providing 6X turnover daily.  Exposure 
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concentration series was determined from prior medaka reproductive tests, with two 

tanks each per exposure group; control; 5 ng/L, 25 ng/L and 125 ng/L providing four 

pseudo replicates per exposure.   

The study consisted of a 28 day pre-exposure period followed by 21 day 

exposure to norethindrone. Syringe solutions were prepared in 1L flasks to appropriate 

concentration from 150 mg/L stock prepared with norethindrone (Sigma, St. Louis, MO, 

USA), with dimethylformamide (DMF) as a solvent. Thus, stocks were prepared at 150 

µg/L, 750 µg/L and 3.75 mg/L norethindrone for the nominal target doses of 5, 25 and 

125 ng/L.  Solutions were stored at 4⁰C, and replaced as needed during the study.  

Syringe concentrations were pumped at a rate of 5 µl/min via a Harvard PHD 

2000 multi-channel infusion pump into 1L glass mixing boxes.  Norethindrone solutions 

were mixed in these boxes with water pumped via peristaltic pump at a rate of 150 

ml/min, resulting in a 30000X dilution to the desired exposure concentrations.  

Maximum DMF concentration in exposure tanks was no greater than 0.00003%.  

Syringe delivery was monitored daily and flow rates were checked regularly, 

establishing confidence in the system’s effectiveness.  Exposure occurred in a room 

maintained at 23⁰C, with a 16:8 light: dark photoperiod. 

 

Experimental – Acute and Chronic Toxicity Testing 

 Prior to reproductive testing, larval medaka and FHM were exposed according to 

EPA Method 2000.0 (acute toxicity) and EPA Method 1000 (short-term chronic toxicity) 

to establish an LC50 and NOEC and LOEC for norethindrone.  Though these methods 

were designated for FHM testing, protocols were followed for both species, FHM and 
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medaka, and produced similar results.  In all short-term exposures, a dilution series of 1 

mg/L, 0.50 mg/L, 0.25 mg/L, 0.125 mg/L and 0.0625 mg/L was selected as exposure 

concentrations.  Additionally, solvent and laboratory water controls were included.  In 

the case of medaka, control water was balanced salt solution, for FHM, reconstituted 

hard water.   

 Acute toxicity tests were 96 hours(h), with solutions replaced at 24-h intervals in 

a static renewal design.  Chronic toxicity testing was seven days, static renewal, with 

water changes at 24-h intervals.  Solutions were prepared fresh daily, and 

corresponding waters diluted via serial dilution.  NET stock was 100 mg/L, and thus 

delivered at a rate of 10 ml/L to initiate the dilution series.   

 Exposure occurred in 250-ml beakers filled to 200 ml volume for acute tests, 600 

ml beakers filled to 250 ml volume for chronic tests, with all beakers maintained at 25ºC 

and a 16:8 light:dark photoperiod in the UNT aquatic culture and exposure room.  

Following water renewal, organisms were fed newly hatched Artemia sp. ad libitum.  All 

tests consisted of four replicates per concentration, each with 10 organisms.  All FHM 

and medaka used for testing were within 24-h old of each other; and less than 24-h post 

hatch for chronic testing and less than 3 days post-hatch (dph) for acute testing.  

Measured endpoints were mortality for acute testing, growth and mortality for chronic 

testing. 

 

Experimental- Reproductive Tests 

Japanese Medaka 

 Medaka exposure duration for the reproductive tests was 21 days in the first test, 
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28 days in the second test, using paired, sexually mature fish that had not yet 

reproduced.  Prior to norethindrone exposure, one male and one female were placed in 

each of approximately 50 jars and monitored daily for reproduction, evidenced by egg 

production.  Because medaka are known to consume their eggs (Koger et al., 1999), 

daily renewal of BSS and egg observation occurred before 10:00 A.M.  Contents of 

each jar were carefully poured through a commercial aquarium net into a two liter bowl.  

With illumination, loose eggs were readily detected and removed via glass pipette.  Egg 

sacs still attached to females were gently removed.  Jars of reproducing pairs were then 

labeled for identification.  For each exposure, a rotation of two sets of jars was used, 

one set containing fish, one empty.  Prior to egg observation, the set not containing fish 

was cleaned, filled with BSS and during exposure, dosed, greatly facilitating rapid 

handling of the fish.  Fish were fed flake food daily following water change.  After two 

weeks acclimation, 42 reproducing pairs were identified for use in exposures.   

 For exposure, the 42 jars containing reproducing medaka were randomly 

assigned into one of seven exposures; either of five norethindrone concentrations, a 

BSS control or the solvent control, providing six replicates per exposure.  Daily water 

renewal, feeding and egg observation continued in an identical fashion as during the 

acclimation period, with egg number for each jar recorded.  Reproductive success was 

assessed as mean egg count per exposure group. 

 

Fathead Minnow 

Reproductive testing of FHM was set up to maximize breeding numbers in a flow-

through design.  Two each 20-L exposure tanks were divided with perforated PVC 
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sections, providing two exposure compartments per tank, four pseudo-replicates per 

concentration.  Sexually mature FHM were selected from brood stock and placed two 

females, one male per exposure compartment. A PVC tile was placed in each 

compartment, serving as substrate for laying eggs.  Tiles were checked daily for 

presence of eggs.  Tiles with eggs were removed from compartments, placed in a bowl 

filled with corresponding exposure water, and eggs carefully rolled into water.  Eggs 

were then counted as removed with a glass pipette.  

The experimental design incorporated a 28-day pre-dosing acclimation period to 

establish essentially background values for mean egg production for the various 

compartments.  At the culmination of this period, tanks were randomly assigned dosing 

concentrations to ensure no pre-test bias for reproduction.  It was presupposed that 

some mated fish would out-perform others, thus care was taken that assignment of 

dose was not predisposed toward anticipated results.  Because we used a pseudo-

replicate design, tanks, rather than replicates were selected randomly.   

 

Experimental – Crosswise Test 

 Experimental design of the crosswise test differed from that of the reproductive 

tests in that medaka were not paired until after norethindrone exposure was completed.  

In this experiment, four 4L jars were filled with BSS to a pre-measured 3500 ml.  The 

four jars had medaka placement thusly, 1) 10 males, no norethindrone dose, 2) 10 

females, no norethindrone dose, 3) 15 males, norethindrone dose, 4) 15 females, 

norethindrone dose.  Design was static renewal, with daily change of BSS.  Fish were 

fed flake food subsequent to water change.  As with the previous tests, medaka were 
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carefully transferred into new jars via a small aquarium net.  The two exposure jars were 

dosed with 625 ng/L norethindrone, in a similar fashion as the reproductive tests.  In this 

case, norethindrone was delivered in 350 µl aliquots, producing a 14000X dilution.   

 After 14 days exposure, fish were paired and transferred to 1-L jars containing 

700 ml BSS.  Five replicates were produced for each exposure scenario, 1) control, 

non-exposed male paired with non-exposed female, 2) exposed male paired with non-

exposed female, 3) non-exposed male paired with exposed female, 4) exposed male 

paired with exposed female, and 5) exposed male paired with exposed female with 

dosing continuing (Figure 2.1).  Egg counts were collected for 21 days, identical to 

those of the reproductive tests.  Reproductive success was quantified as mean egg 

count per exposure group. 

 

Chemical Monitoring 

 Water quality parameters, dissolved oxygen, conductivity, pH, temperature, 

hardness and alkalinity were monitored twice weekly.  Dissolved oxygen, temperature 

and conductivity were measured with an YSI Model 85 handheld meter, pH was 

measured using an Orion 720A meter, and hardness and alkalinity were measured via 

manual titration.   

Water samples were collected and composited from each treatment at the start 

of the study and at one week intervals until completion for norethindrone analysis.  

Water samples were extracted either by liquid-liquid extraction for higher concentrations 

(> 50 µg/L) or solid phase extraction for lower concentrations.  Prior to extraction, 10 µl 

of 5µg/ml d6-norethindrone was added to all samples, including QC checks.  Analytical 
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spikes were formulated by addition of 10 µl of 5µg/ml norethindrone.  Solid phase 

extraction required use of C18 extraction cartridges, conditioned prior to extraction 

using 5 ml each methylene chloride, methanol and DI water.  Cartridges were not 

allowed to go to dryness.  Sample volume was generally one liter, pumped through the 

cartridges at low vacuum.  Following sample application, cartridges were allowed to dry 

for 15 minutes.  Sample was eluted using 10 ml 90:10 methylene chloride/methanol.  

Samples were then derivatized with addition of 100 ml MSTFA for two hours at 70ºC, 

evaporated to dryness and finally reconstituted with methylene chloride.  Samples were 

analyzed on an Agilent (Palo Alto, CA, USA) 6890 GC coupled with a 5973 mass 

selective detector MS (70-eV). The MS was operated in the single ion monitoring mode 

(SIM) with target and three confirmatory masses monitored (50 ms dwell time) for each 

compound. GC conditions were helium carrier gas at 480 hPa, inlet temperature at 

260°C (2 μl, pulsed pressure at 1700 hPa for 0.5 min, splitless injection), and column 

(Alltech, Deerfield, IL, USA; EC-5 30 m, 0.25 mm i.d., 0.25 μm film) temperature initially 

at 40 C with a 1-min hold followed by a 50 C min−1 ramp to 140 C with a 5-min hold 

followed by a 10 C min−1 ramp to 300 C with a final 17-min bake-out. Transfer line 

temperature was 265 C. 

 

Data Analyses 

 Fish LC50s were calculated using Probit or Spearman (TSK) analyses, NOEC 

and LOEC using the Toxstat statistical package (WEST, 1994).  Mean daily egg counts 

for the first reproductive test were compared among groups using non-parametric 

Kruskal-Wallis one-way analysis of variance by ranks.  Statistical analysis for mean 
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daily egg counts from the second reproductive test also used Kruskal-Wallis rank test.  

FHM egg production data were analyzed via Kruskal-Wallis.  Mean daily egg counts for 

the crosswise test were compared among groups using non-parametric ranking with 

Steel’s Many-One Rank Test.  NOEC and LOEC for norethindrone in the medaka 

reproductive tests were determined from these analyses.  Software packages used 

were SAS and Toxstat, with p = 0.05 in all analyses. 

 

Results 

Analytical Analyses 

Measured concentrations of norethindrone in exposure jars and tanks varied 

between 77 - 107 % of nominals; the lowest exposure concentrations, ≤ 25 ng/L were 

analyzed via the dosing stock solution, with target concentration calculated from this.  In 

all instances, analyzed solutions compared favorably to nominals (Table 2.1).  Water 

quality measures for BSS and de-chlorinated tap water were measured twice weekly 

during all medaka and FHM studies (Table 2.2). 

 

Acute and Chronic Tests 

 Results of the 96-h acute exposure of larval medaka and FHM produced an 

LC50 of > 1.0 mg/L NET.  Likewise, 7-d exposure of larval medaka and FHM measuring 

growth as the endpoint demonstrated concentrations lower than 485.0 µg/L NET had no 

effect.  Therefore, based on the dilution series used in this test, our lowest concentration 

of NET having an effect (LOEC) was 485.0 ug/L; and the NOEC was 242.0 µg/L. 
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Reproductive Tests -Medaka First Reproductive Test 

Egg count data were collected for each pair of medaka and totaled for the six 

pairs per treatment group with mean daily egg production calculated per group (Figure 

2.1).  Thus, for the BSS control group, for example, daily egg production per pair was 45 

eggs / 6 pairs, or approximately eight eggs per day.  Production in the controls 

compared favorably with other medaka studies (Foran et al., 2004; Kang et al., 2002).  

Egg counts for the BSS treatment and solvent control are very similar, 45.5 ± 20.6 and 

43.1 ± 16.0, mean ± SD, respectively.  The 24.1 ng/L treatment was similar to the 

controls for the initial ten days of the study (36.6 ± 15.7), but reduced productivity was 

observed during the remainder of the study.   

Results of egg counts in treatment exposures were quite dramatic, with statistical 

significance in all treatments when compared to the controls.  By day three of the study, 

all treatments over 24.1 ng/L had essentially shut down production, producing no eggs 

for the remainder of the study (Figure 2.3).  Only once, on exposure day 17, did any of 

these treatments produce eggs.  In this instance, one female in the 217.3 ng/L exposure 

group produced 20 eggs.  However, these eggs were obviously infertile, being opaque 

and rigid. 

 

Medaka Second Reproductive Test 

As with the first test, egg counts for the second exposure series were collected 

and totaled from six pairs of medaka per treatment group.  Duration of this study was 

longer than the first, 28 days versus 21, in an attempt to observe whether the effect of 

norethindrone would diminish over time.  Instead, the difference in exposure groups was 
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actually greater in the final seven days of the study compared to the overall 28 day 

means (Figure 2.4).  Exposure concentrations were lowered in this test in an effort to 

better identify the NOEC and LOEC for norethindrone in terms of reproductive effect.  

Mean daily egg production was significantly reduced in all exposure concentrations 

exceeding 4.7 ng/L (Figure 2.5).   

In the second medaka reproductive test, overall egg production, mean ± S.D., 

was reduced (BSS and solvent control, 27.2 ± 10.0 and 25.5 ±9.5, respectively) in 

comparison to the first.  However, treatments of 24.1 ng/L and higher were again 

statistically different.  Additionally, similar to the first study, egg production in the higher 

concentrations was completely shut down after the third day of exposure.  Egg 

production in exposure concentrations of 0.9 ng/L and 5.0 ng/L were essentially equal, 

19.6 ± 9.6 and 19.5 ± 11.0, mean ± S.D., respectively.   

 

Fathead Minnow Reproductive Test 

 The FHM reproductive test proved a bit more problematic than medaka 

reproductive tests in that fish did not reproduce as frequently.  Results are given as 

mean daily egg counts per exposure group, calculated as total daily average for that 

exposure group divided by number of replicates, 4.  For example, average daily egg 

production of the four control replicates was 0.9, 0.8, 12.4 and 13.0 for a total of 27.1 

eggs per day.  Thus, average daily production for each replicate was ~ 6.8 eggs (Figure 

2.6).  Egg production was generally typical of that seen in other studies (Lange et al., 

2001; Sohoni et al., 2001), though mean production for the control and 23.8 ng/L 

exposures were lower.  However, all replicates did produce prior to exposure.  At the 
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end of the 28 day acclimation period, tanks were randomly assigned to a dose 

concentration, with exposure of 21 days. 

 For the dosing period, overall egg production was consistent with that of the pre-

dose period, with general agreement in mean daily totals between the pre-dose and 

exposure periods (Figure 2.7). However, production did drop off in the 100.8 ng/L 

exposure group with dosing, from ~ 14 eggs per day to ~ 7 eggs per day.  When the 

entire dosing period is considered, days 1-21, no group is statistically different from the 

control (Kruskal-Wallis, p = 0.05).  However, when mean daily egg production for NET 

exposure is separated into two time periods, days 1-7 and days 8-21, Figure 2.8, 

differences in production become apparent.  Even so, egg production was not 

statistically different in any group (Kruskal-Wallis, p = 0.05), discrepancy in production of 

the 4.7 ng/L group compared to the control skewing results of the statistical analysis. 

 

Crosswise –Test 

The crosswise exposure of medaka differed from the reproductive tests in that 

exposure to NET occurred prior to fish being paired.  Control fish were never exposed.   

After two weeks exposure, fish were paired and egg counts were collected.  Purpose of 

the crosswise test was to determine on which sex norethindrone was having an effect.  

Though egg production was lessened in the control group compared to the previous 

tests, reproduction occurred rapidly in this and the male-only exposure groups (Figure 

2.9).  The data are somewhat misleading in that though there is no statistical 

significance in the female-only exposure group compared to the control, egg production 

was depressed in this treatment.  Table 2.3 illustrates this, showing that excepting day 4 
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of the study, egg production for the female-only exposure group was close to zero.  This 

was also the case for days 7-14 post exposure.  Additionally the both-exposed group 

did not begin producing eggs until days 5-6.  Egg production in the control and male-

only exposures continued until the test completion, being matched by production in the 

both-exposed group for days 7-14. 

After a two-week post-exposure period, dosing was returned to all exposure 

groups except the control.  Allowing for a two to three day duration for norethindrone to 

take effect, egg production from days 16-22 was again completely shut down, Table 4, 

illustrated by a comparison of days 1-6 (no dose) to days 16-22 (dose) (Figure 2.10). 

 

Discussion 

 Egg production in both medaka reproductive tests was significantly reduced in 

exposure concentrations greater than 24.1 ng/L.  Thus, the LOEC for norethindrone in 

medaka is 24.1 ng/L, NOEC, 4.7 ng/L.  Not only was the effect of norethindrone on 

reproduction significant when compared to controls, response time was rapid (Figure 

2.3).  In both studies, concentrations greater than 24.1 ng/L demonstrated effects within 

three days.  On one occasion, day 17 of the first reproductive test, one medaka pair 

from the 217.3 ng/L exposure group produced 20 eggs.  Normally, medaka eggs are 

evenly round and pliable often with a yellow tint.  These eggs were rigid, opaque and of 

uneven shape, and seemed to be a remnant production the fish was unable to release.  

If the effect of norethindrone is interruption of the gonadotropin pathway and ultimate 

synthesis of MIH, it is reasonable to expect egg production to shut down at elevated 

concentrations.  With continued exposure, it seems unlikely that eggs would be 

produced at these doses.   
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 Reproducibility in the reproductive tests was a key aspect of this research.  In 

both tests, 24 ng/L was the LOEC.  Interestingly, medaka exposed in the second 

reproductive test came from the same broods as those used in the first test, thus these 

fish were four weeks older, contributing to reduced production.  However, though 

reproduction was generally decreased throughout treatments in the second test, the 

difference in egg production between controls (BSS and solvent, respectively) and 24 

ng/L concentration was surprisingly similar – 16.7 and 14.3 in the first test, 18.2 and 

16.6 in the second test.   

 The FHM reproductive test was a bit harder to interpret in that egg production 

totals for the control group were somewhat depressed, preventing statistical analyses 

from defining differences.  Even so, it is quite apparent that over time, NET was having 

an effect on egg production at concentrations exceeding 4.7 ng/L, not unlike the effect 

seen with medaka.  Though statistical significance was not discernible, effect was 

apparent in the 23.8 ng/L and 100.8 ng/L exposure concentrations.  I expected, and 

have observed, a certain period of time to lapse before NET effect on reproduction 

becomes evident.  It was probable that for the FHM test, effect was not occurring until 

after day 7 of exposure.  By separating the exposure duration, this occurrence becomes 

vividly obvious (Figure 2.8). 

  The crosswise test was set up to delineate effect, male or female, with a known 

effect dose, 625 ng/L.  Unlike previous tests, exposure was removed once fish were 

paired.  Thus, differences in production among treatments should indicate whether the 

effect is androgenic or estrogenic.  As with the reproductive exposures, continuous 

dosing prevented egg production; no eggs were produced for the duration of the study.  
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From Figure 2.10 and Table 2.3 it was evident that effect is on the female, as egg 

production in the female-only treatment group and the both-exposed treatment group 

was greatly reduced.  As with the first reproductive study, one female produced a large 

number (23) of infertile eggs, skewing results for the female-only exposure.  Excluding 

this data point, production between the female-only treatment and both-exposed 

treatment was statistically different from the control.  This indicated that effect of NET 

was estrogenic.  The male-only treatment began reproducing on the first day of pairing, 

actually surpassing production in the control group (Table 2.3).  Additionally, it appeared 

that NET effect diminished with removal of exposure.  The female-only and both-

exposed treatments began reproducing after one week removed from exposure.  This 

correlates with the mode of action for NET; when norethindrone is removed, the 

blocking mechanism for oogenesis is removed as well. 

 In summary, my research demonstrated a definitive effect of norethindrone on 

reproduction in medaka, and quite probably in FHM.  This was the first research to my 

knowledge investigating reproductive effect of the large class of compounds, the 

synthetic progestins.  Effect concentrations observed in these studies indicate that 

norethindrone has potential to be problematic in aquatic systems at environmentally 

relevant levels.  Correlation between effect and environmental concentrations is a much 

needed step in this process.  Additionally, these studies emphasize the need for further 

research of NET effects, especially research investigating impact of long-term exposure.  

Full life-cycle tests with Japanese medaka and FHM would do much to provide a more 

complete understanding of the role of NET in aquatic environments. 
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Table 2.1 
 
Analyzed Norethindrone Concentrations for BSS and De-chlorinated City of Denton Tap 

Water for Medaka and FHM Reproductive Testing 

Medaka Test  

1 

Control 25 ng/L  

(350 μg/L) 

250.0 ng/L 2.5 μg/L 25.0 µg/L 250.0 µg/L 

Mean 0.0 337.67 217.33 2.09 22.23 242.67 

Std. Dev. 0.0 4.93 35.23 0.27 2.22 22.85 

cv 0.0 0.01 0.16 0.13 0.10 0.09 

% Recovery 0.0 95-104 78-103 77-97 82-98 91-107 

Calculated 
value 

0.0 24.1 217.3 2.1 22.2 242.7 

 

Medaka Test  

2 

Control 1.0 ng/L 

(14 μg/L) 

5.0 ng/L 

(70 μg/L) 

25.0 ng/L 
(350 μg/L) 

125.0 ng/L 625.0 ng/L 

Mean 0.0 12.6 66.0 341.0 105.33 538 

Std. Dev. 0.0 1.49 2.65 6.24 14.64 90.14 

cv 0.0 0.11 0.04 0.02 0.14 0.17 

% Recovery 0.0 82-102 89-97 95-97 73-97 74-102 

Calculated 
value 

0.0 0.90 4.7 24.3 105.3 538.0 

 

FHM Test Control 5.0 ng/L 
(150 μg/L) 

25.0 ng/L 
(750 μg/L) 

125 ng/L   

Mean 0.0 140.8 715.0 100.8   

Std. Dev. 0.0 2.59 32.86 8.61   

cv 0.0 0.02 0.05 0.09   

% Recovery 0.0 92-97 91-102 71-91   

Calculated 
value 

0.0 4.7 23.8 100.8   
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Table 2.2 
 

Mean Values for Various Water Quality Parameters Monitored for BSS (Medaka) and  

De-chlorinated City of Denton Tap Water (FHM) 

 Conductivity  

(µS) 

Hardness  

(mg/L 
CaCO3) 

Alkalinity 

 (mg/L 
CaCO3) 

Dissolved  

Oxygen 
(mg/L) 

pH Temperature  

(ºC) 

BSS 2315 95 28 7.60 7.30 23.6 

De-
chlorinated 
Tap Water 

368 115 105 8.24 7.40 23.8 

 
 
Table 2.3  
 
Total Egg Count per Group for the First Seven Days Post-exposure in the Medaka 
Crosswise Test 

Day Control Female    
Exposed * 

Male 
Exposed 

Both 
Exposed 

Both Exposed 
(Cont. Dosing) 

1 16        0       6      0 0 
2 15        0     33      0 0 
3   0        0     23      1 0 
4 11      23     54      0 0 
5 16        0     11      0 0 
6 17        2     21      3 0 
7   1        0     14    35 0 

 

Table 2.4 
 
Total Egg Count per Group Beginning Two Days Following Dosing (Days 16-22 of the 
Study) in the Medaka Crosswise Test 

Day Control Female                  
Exposed * 

Male 
Exposed 

Both 
Exposed 

Both Exposed 
(Cont. Dosing) 

16 10 0 0 0 0 
17 16 0 0 0 0 
18   7 0 0 0 0 
19   8 0 0 0 0 
20 18 0 0 0 0 
21 18 0 0 0 0 
22 20 0 0 0 0 
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Figure 2.1. Exposure design of medaka crosswise test. 
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Error bars are S.D. (*) denotes concentration is significantly different from control (Kruskal-Wallis,  

p = 0.05), n =6. 

 
Figure 2.2. Mean total egg count for treatments and controls in first medaka  
        reproductive study.  
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Figure 2.3.  Total egg count for treatments and controls over initial five days of first  
                   medaka reproductive test. 
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  Error bars are S.D. (*) denotes concentrations significantly different from control (Kruskal-Wallis, 
  p = 0.05). 

 
Figure 2.4. Mean egg counts for medaka during the final week of exposure in  

       second reproductive test.   
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Error bars are S.D. (*) denotes treatments significantly different from control (Kruskal-Wallis,  
p = 0.05), n =6. 

 
Figure 2.5. Mean egg counts of 28-d exposure in second medaka 
                  reproductive test.  
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Figure 2.6. Pre-dose FHM mean daily egg production per exposure 
                  concentration replicate.  
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Figure 2.7. NET exposed FHM mean daily egg production per  
                  exposure concentration replicate.   
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Figure 2.8.  NET exposed FHM mean daily egg production per exposure 
                   concentration replicate, by dose period.  
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Error bars are S.D.  (*) denotes treatments significantly different from control, Steel’s Many-one  
Rank Test, p = 0.05. 

 
Figure 2.9.  Mean egg count for post-exposure of medaka in crosswise test. 
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Figure 2.10.  Mean medaka egg counts per group for the first week  
                     post-exposure (no dose) and third week (dose) exposure 
                     to norethindrone in the crosswise test.   
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CHAPTER 3 

GROWTH AND REPRODUCTIVE RESPONSES OF JAPANESE MEDAKA IN A FULL- 

LIFE CYCLE EXPOSURE TO NORETHINDRONE 

Abstract 

Japanese medaka were exposed from newly released egg to sexually mature 

adult (120 dph) to norethindrone in four concentrations, to be measured as 0.9 ng/L, 4.7 

ng/L, 24.7 ng/L and 104.6 ng/L with a BSS control.  Sexually mature adults were paired 

for reproduction and offspring exposed at the various norethindrone concentrations to 

the time at which sexual differentiation could occur, 100 dph.  Measured endpoints for 

the F0 generation were survival, sex distribution, growth as weight and condition factor, 

hepatic and gonadal somatic indices, and for the F1 population, survival and sex 

distribution.  Effect of NET at exposure concentration exceeding 4.7 ng/L was obvious in 

medaka.  Very few female medaka were present in the 24.7 ng/L exposure 

concentration; in the 104.6 ng/L, there were no females. Egg production was 

significantly reduced at NET concentration exceeding 4.7 ng/L.  Additionally, weight, 

condition factor and somatic indices were significantly different in male medaka 

exposed at NET concentrations exceeding 4.7 ng/L compared with the control.  Thus, 

the NOEC for medaka life-cycle exposure to NET is 4.7 ng/L, LOEC is 24.6 ng/L for 

fecundity and sexual determination; for growth and somatic indices, NOEC is more 

appropriately 0.9 ng/L, with a LOEC of 4.7 ng/L.  Sexual differentiation of the F1 

population trended toward identical results as the F0.  A defining result of this test was 

the development of exceptionally large ovaries in NET-exposed female medaka, 

perhaps indicative of a threshold limit for exposure in these fish.  
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Introduction 

Increasingly, Japanese medaka, Oryzias latipes, are becoming common in 

ecotoxicological testing because they are easily cultured, have a rapid life-cycle and 

readily adapt to laboratory settings (Nimrod and Benson, 1998; Shi and Faustman, 

1989; Shima and Shimada, 1994; Wittbrodt et al., 2002).  Additionally, and an important 

factor for this study, medaka are sexually dimorphic with mature males exhibiting 

elongated anal fins and distinct serrated dorsal fins.  Medaka have been used for 

assessment of a variety of aquatic toxicological endpoints, especially those focusing on 

reproduction (Davis et al., 2002; Flippin et al., 2007; Foran et al., 2004; Ishibashi et al., 

2004; Kang et al., 2002; Kang et al., 2003; Nimrod and Benson, 1998; Scholz and 

Gutzeit, 2000; Seki et al., 2002; Shioda and Wakabayashi, 2000).  Medaka readily 

reproduce under laboratory conditions, having a more consistent, though perhaps 

reduced, fecundity than fathead minnows (FHM).  Sexually mature female Japanese 

medaka generally produce eggs daily, with average production in the range of 10-20 

eggs / day (Brooks et al., 2003; Kang et al., 2002; Kang et al., 2003; Nimrod and 

Benson, 1998; Seki et al., 2003; Werner et al., 2002).  Consequently, there is less 

variance associated with fecundity as an endpoint in medaka reproductive testing 

compared to FHM; coefficient of variance in 28-d medaka reproductive test control 

population, 0.35, compared to FHM 28-d test control population, 2.51.  My previous 

research with medaka, using reproduction as the primary endpoint, confirmed the 

benefit and effectiveness of these fish for this type of study.   

Reproductive effect of norethindrone (NET) on medaka was unquestionably 
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observed in my previous tests, validating a further investigation of the chemical’s effect 

on not only reproduction, but also growth in fish.  A study investigating the effect of NET 

on medaka over the entirety of their life-cycle, beginning with exposure of eggs, would 

further facilitate evaluation of effect, and perhaps reveal effect concentrations even 

lower than those seen in shorter-term reproductive testing.  For these reasons, 

Japanese medaka were considered an excellent species for assessing reproductive 

effects of the synthetic progestin norethindrone (NET), especially when coupled with 

FHM life-cycle research.   

Life-cycle studies using Japanese medaka are not uncommon (Seki et al., 2003; 

Seki et al., 2004; Seki et al., 2005; Yokota et al., 2001), and the study design used here 

generally followed these methods.  Exposure design encompassed duration from newly 

hatched egg to sexually mature adult in F0 generation, and egg to sexual differentiation 

in F1.  My previous research with norethindrone demonstrated a defined effect on 

reproduction, shutting down egg production at exposure concentrations greater than 25 

ng/L.  Due to the key role of progestin in gonadal development and ultimately, sexual 

differentiation, it was hypothesized that low-level (< 25 ng/L) norethindrone exposure for 

an extended period (full life) would have an effect on sexual distribution of the exposed 

population.  For this reason, foci of the full life-cycle test were endpoints readily 

associated with dimorphism, external characteristics, and gonad development.  

Exposure of this type enabled a comprehensive assessment of these endpoints, even 

without a more concentrated investigation of chemical biomarkers such as vitellogenin 

induction.   
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Endpoints 

In this test endpoints were survival to adulthood, sexual differentiation in F0 and 

F1 populations, and fecundity for the F0 generation.  Fecundity was measured as mean 

daily number of eggs produced per exposure concentration.  Sexual differentiation was 

measured as a simple ratio of male:female fish per exposure concentration.  

Additionally, indices of effect (fitness), hepatic somatic index (HSI) and gonad somatic 

index (GSI), along with weight, length and condition factor, were analyzed.  In addition 

to previously recorded norethindrone effects on reproduction; effect on gonad 

development at higher concentrations, 100 μg/L, of much shorter duration, 14 days, was 

observed in precursory exposures of rainbow trout (Onchorrynchus mykiss).  Thus, it 

was expected that NET exposure to medaka at low concentrations, over a much longer 

duration would likewise influence normal gonadal development in male and female fish, 

validating inclusion of GSI.  Also, the exposures of trout to NET produced livers in 

exposed fish that were significantly smaller, predicating liver analyses (HSI) in the 

medaka life-cycle study.  This was not completely unexpected as effect of NET on liver 

development and function has been documented in mammalian studies (Ellendorff, 

1970; White and Muller-Eberhard, 1978, and many others).   

Condition factor is a general assessment of normal growth of the fish, and 

indices vary with fish type.  For example, Barnham and Baxter (1998) indicate a 

condition factor value greater than 1.40 for salmonids is considered ―good‖, Ratz and 

Lloret (2003) report a ―normal‖ condition factor of 0.9 – 1.1 for cod.  For medaka, Foran 

et al., 2004 reported a condition factor range of 1.53 – 1.66 for male fish, 1.77 – 1.91 for 

female.  Due to its mode of action norethindrone exposure may be hypothesized to 
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influence growth and development, and therefore, condition factor, in fish.  Though 

research of NET effect on fish growth is lacking, mammal research has indicated an 

interference of NET on growth (Jeng and Jordan, 1991). 

Plasma for vitellogenin analysis is often collected in life-cycle tests, however, 

because of laboratory limitations, this was deemed infeasible for this study.  The study’s 

focus and emphasis was quantification of reproductive effect of NET in the expression 

of egg production and gonad development.  Though informative, vitellogenin levels in 

male fish were not considered an endpoint essential to this study.  

Prior reproductive tests with medaka established no effect concentrations at 24 

ng/L, with definitive reproductive effect at concentrations exceeding this value.  From 

these data, and the desire to use dosed concentrations of environmental relevance, 

optimal dose regime for the medaka life-cycle study was determined to be a 5X dilution 

series with the following concentrations; BSS control, 1 ng/L, 5 ng/L, 25 ng/L, and 125 

ng/L.  Because these concentrations largely mimic those of the prior reproductive tests, 

I hypothesized that results of a full life-cycle exposure of Japanese medaka to NET 

would fully validate prior results – effect concentrations, and perhaps demonstrate effect 

of NET at concentrations even lower.  Previous assessments have identified the 

presence of NET in aquatic environments at levels approaching 25 ng/L (Andersson et 

al., 2006; Fernandez et al., 2007)  Thus, the key purpose of the medaka life-cycle study 

was assessment and further clarification of potential for effect of NET at concentrations 

reasonably expected to be present in aquatic environments.   
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Materials and Methods 

Fish 

Medaka brood stock was obtained from Aquatic Research Organisms, Hampton, 

New Hampshire and maintained in a flow-through design in the UNTARF.  Medaka 

were cultured using balanced salt solution (BSS) in a re-circulating system.  Briefly, 

BSS flowed separately from ten 20-L aquaria, regulated with PVC ball valves, 

discharging to a 20-L filter with alternating filter media, fine gravel and activated carbon.  

Water flowed from the filter to a 400-L reservoir, from which it was pumped through 1/2 

inch PVC tubing with a Beckett® pond pump.  This provided a continuous flow of BSS 

through aquaria.   

Sexually mature medaka were separated into breeding tanks from which eggs 

were collected.  Provided the opportunity, medaka will consume their own eggs (Koger 

et al., 1999), thus eggs were collected in early morning.  Under laboratory conditions, 

Japanese medaka eggs are incubated in a specially prepared hatching solution (Nimrod 

and Benson, 1998, Rugh, 1948).  For this study, collected eggs were placed in 500 ml 

aerated jars filled with hatching solution, dosed appropriately, and maintained in a 

commercial incubator, kept at 23ºC.  (Seki et al., 2003; Seki et al., 2004; Seki et al., 

2005; Yokota et al., 2001).  Medaka embryos are temperature sensitive (Yamamoto, 

1975), thus maintaining a constant temperature was critical.  While developing in jars, 

medaka eggs tend to clump together, becoming more susceptible to fungus growth, 

resulting in larval mortality.  To compensate for this without having to use a fungicide, 

jars were aerated and eggs were added until approximately 100 eggs were contained in 

each jar.   
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Medaka were cultured and exposed in accordance with fish guidleines prescribed 

by the UNT animal care committee (IACUC).  Maintenance and chemical exposure 

followed procedures described in IACUC protocol #0703, and when applicable, fish 

were euthanized using MS-222 prior to dissection. 

 

 

Fish Exposure 

Hatching of medaka eggs, though not as predictable as those of FHM generally 

occurs within 8-14 days of spawning.  Newly hatched larvae were collected each 

morning and removed to separate 500-ml jars filled with BSS, dosed accordingly, in 

numbers deemed suitable for a practical life-cycle test, which is ideally a minimum of 25 

individuals per dose (Davis et al., 2002; Flippin et al., 2007; Foran et al., 2004; Ishibashi 

et al., 2004; Kang et al., 2003; Seki et al., 2002).  Once this number had been achieved, 

collection and hatching of eggs ceased.  Medaka larvae were fed newly hatched brine 

shrimp (Artemia sp., Ocean Star International) twice daily, and kept under static renewal 

conditions, with water changes daily.  Survival data per dose were collected on a daily 

basis. 

At 30 days post-hatch (dph), medaka were separated into two 1-L jars per dose, 

to reduce the likelihood that environment was not limiting growth.  The 1-L jars were 

filled to 700 ml with BSS and dosed appropriately with aliquots of norethindrone 

solution.  Each target concentration thus contained 25 medaka larvae in 700 ml aerated 

BSS.  Exposure solutions were renewed daily.  Fish were fed brine shrimp in the 

morning, following water change, and were supplemented with ground commercial flake 

food (Ocean Star International) in the evening.  Care was taken in feeding fish ad 
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libitum, so that water quality was not negatively affected.   

Daily water change was accomplished by carefully pouring contents of each jar 

into a 2-L glass bowl, from which medaka were removed using a modified glass pipette.  

Fish were counted and returned to new jars containing freshly prepared solution.  

Medaka exposure continued in this fashion until 60 dph, when surviving fish were 

moved to 4-L jars, filled to 3500 ml with dosed BSS.  Water was changed daily, again by 

carefully decanting water into a 2-L glass bowl.  Fish were removed from the bowl and 

placed in newly prepared solution, and returned to the 23ºC incubator with aeration.  

Medaka continued to be fed brine shrimp in the morning, flake food in the evening, until 

they reached sexual maturity at 120 dph.   

Upon reaching sexual maturity, fish were paired, placed in 1-L jars filled with 700 

ml BSS and dosed with norethindrone aliquots.  From surviving fish, five pairs each 

from the BSS control, 0.9 ng/L and 4.8 ng/L exposure concentrations were selected for 

this phase of the study.  From the 24.7 ng/L concentration, three pairs of medaka were 

used as there were only three fish that exhibited external characteristics indicative of 

females.  In the 104.6 ng/L concentration, no fish were apparently female, thus this 

concentration was not included in the reproductive phase of the study.   

Paired fish were bred in dosed 1-L jars for 28 days, with egg collection daily.  

Procedures for daily egg collection from exposed medaka followed those performed in 

reproductive testing.  Every morning, contents of each jar were carefully poured into a 

2-L glass bowl, eggs were counted and collected, remaining contents of bowl, with 

paired medaka, were poured through a net, with fish placed in a jar containing newly 

prepared solution.  For facilitation of the process, a separate set of jars was filled and 
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dosed prior to egg collection, easing the process of fish transfer.  Though potentially 

physically intrusive, no fish have been lost using this procedure in any medaka 

reproductive study.   

As in the initial phase of this study, collected eggs were placed in 500 ml jars 

filled with BSS, dosed with norethindrone, and placed in an incubator at 23ºC, with a 

16:8 light:dark photoperiod.  Egg counts were taken daily, and eggs were placed in 

vigorously aerated incubator jars until 100 had been collected for each exposure 

concentration.  Hatching solution in incubator jars was replaced daily, by siphoning, with 

dosed water refilling the jars to the 500 ml mark.  Once larvae began to hatch, generally 

10-14 days after collection, aeration in incubator jars was reduced, and larvae were fed 

newly hatched brine shrimp.   

Maintenance of F1 larvae generally followed that of the F0, however, due to the 

greater number, the hatched larvae were cultured in 1-L jars rather than 500 ml.  Larvae 

were maintained in dosed BSS, with daily water changes.  Water change occurred by 

pouring jar contents into a 2-L glass bowl, larvae counted and carefully removed to new 

solution with wide-bore glass pipette and fed newly hatched brine shrimp.  Medaka 

larvae were kept under these conditions for 30 days, at which time they were 

transferred to 4-L jars, filled to 3500 ml with dosed BSS.  As no larvae were produced in 

the 24.7 ng/L and 104.6 ng/L exposures, only three concentrations, BSS control, 0.9 

ng/L and 4.8 ng/L were maintained.   

 

Dosing 

Norethindrone (99.0%) was purchased from Sigma Chemical, St. Louis, Missouri.  
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For the medaka life-cycle study duration, solutions were dosed via aliquots of 

norethindrone stock solutions prepared based on dilution factor.  For example, a 50 μl 

aliquot delivered to 500 ml water results in a 10000X dilution.  Thus, in this example, 

norethindrone stocks were prepared at 10000X target dose.  For the 1 ng/L target 

concentration, a stock solution of 10 µg/L was prepared, for the 5 ng/L, 50 μg/L, and so 

on.  The majority of the test was run using 1-L jars filled with 700 ml BSS, the dilution 

factor in this case being 14000X.  Stock solutions were prepared in 100 ml volumetric 

flasks bi-weekly.  In an effort to standardize stock solutions and insure accuracy 

throughout the test duration, extreme care was taken in stock solution preparation.  As 

an example, a 14000X dilution of the 125 ng/L target dose produced a stock solution of 

1.75 mg/L norethindrone.  A solution of 100X, or 175 mg/L was prepared, from which 

requisite dosing solutions were diluted.  The 100X solution was prepared in a 200 ml 

volumetric flask, with 35 mg norethindrone measured into 200 ml dimethylformamide 

(DMF) solvent.  Correct dilution (1.75 mg/L) was achieved using a calibrated Eppendorf 

pipette, with 1 ml norethindrone stock added to 100 ml MilliQ water.  Subsequent 

dilutions for stock solutions corresponding to 25 ng/L, 5 ng/L, and 1ng/L target 

concentrations, were prepared through a series of 5X dilutions, producing stock 

solutions of 0.35 mg/L, 70 μg/L, and 14 μg/L respectively.   

 

 

Water Quality 

Water used throughout the medaka life-cycle experiment was BSS prepared 

according to recipe provided by the University of West Virginia aquatic research facility.  

Water was prepared as needed in 50-L batches for the duration of the experiment, and 
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stored in an aerated 400-L reservoir.  To 50-L MilliQ water was added 1 g NaCO3, 1.5 g 

CaCl2, 1.5 g KCl, 4.0 g MgSO4 and 50 g NaCl.  Water quality was analyzed twice 

weekly, with dissolved oxygen as mg/L, conductivity as µS, pH, temperature as ºC, 

alkalinity as mg/L CaCO3, and hardness as mg/L CaCO3  the measured parameters 

(Table 3.1).  Hardness and alkalinity were analyzed using manual titration set-ups in the 

aquatic toxicology facility.  Temperature, conductivity and dissolved oxygen were 

measured using a YSI model 85 hand-held meter.  pH was measured using an Orion 

model 720 meter.   

 
Chemical Monitoring 

NET concentration was analyzed weekly using gas chromatography.  Water 

samples were collected and composited from each treatment at the start of the study 

and at one week intervals until completion.  Water samples were extracted either by 

liquid-liquid extraction for higher concentrations (> 50 µg/L) or solid phase extraction for 

lower concentrations.  For target concentrations of 25 ng/L or less, stock solutions were 

analyzed in place of sample water.  Prior to extraction, 10 µl of 5µg/ml d6-norethindrone 

was added to all samples, including QC checks.  To analytical spikes was added 10 µl 

of 5µg/ml norethindrone.  Solid phase extraction required use of C18 extraction 

cartridges, conditioned prior to extraction using 5 ml each methylene chloride, methanol 

and DI water.  Cartridges were not allowed to go to dryness.  Sample volume was 

generally one liter, pumped through the cartridges at low vacuum.  Following sample 

application, cartridges were allowed to dry for 15 minutes.  Sample was eluted using 10 

ml 90:10 methylene chloride/methanol.  Samples were then derivatized with addition of 

100 ml MSTFA for two hours at 70ºC, evaporated to dryness and finally reconstituted 
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with methylene chloride.  Samples were analyzed on an Agilent (Palo Alto, CA, USA) 

6890 GC coupled with a 5973 mass selective detector MS (70-eV). The MS was 

operated in the single ion monitoring mode (SIM) with target and three confirmatory 

masses monitored (50  ms dwell time) for each compound. GC conditions were helium 

carrier gas at 480 hPa, inlet temperature at 260°C (2 μl, pulsed pressure at 1700 hPa 

for 0.5 min, splitless injection), and column (Alltech, Deerfield, IL, USA; EC-5 30 m, 

0.25 mm i.d., 0.25 μm film) temperature initially at 40 C with a 1-min hold followed by a 

50 C min−1 ramp to 140 C with a 5-min hold followed by a 10 C min−1 ramp to 300 C 

with a final 17-min bake-out. Transfer line temperature was 265 C. 

 
 

Data Analyses 
 

Mean daily egg counts were compared using Kruskal-Wallis non-parametric 

analysis of variance, with Dunn’s multiple comparison test.  Statistical analyses for 

weight were compared using parametric ANOVA with Dunnet’s multiple comparison 

test.  GSI and HSI were compared using non-parametric Kruskal-Wallis rank and Steel’s 

Many-one Rank tests.  Software packages used included SAS and Toxstat, with p = 

0.05 in all analyses. 

 
 

Results 
 

Survival 
 

The F0 population of Japanese medaka was exposed to norethindrone for the 

entirety of their life-cycle, from newly released egg to sexual maturity and reproduction.  

Key endpoints at sexual maturation were survival and sexual differentiation and number 
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of males and females in the surviving population.  Sex was determined externally by fin 

development; fish with serrated dorsal fins and elongate anal fins identified as males.  

Survival data were collected from the point at which 25 juvenile larvae were included for 

each exposure concentration and BSS control, 30 dph, and through sexual maturity, 

120 dph (Figure 3.1).  Survival across groups was generally comparable, with the 104.6 

ng/L exposure group the exception.  In all groups, the majority of mortalities occurred 

early in exposure, within 15 days (45 dph).   

 

Sex Distribution F0 

Sexual differentiation across exposure groups was generally comparable, with 

the exception of the 24.7 ng/L and 104.6 ng/L exposure groups (Table 3.2 and Figure 

3.2).  At 24.7 ng/L, of 18 surviving fish, only three were female.  In the 104.6 ng/L group, 

of 11 surviving fish, all were externally male.  All other groups generally displayed a 

60:40 relationship of male:female, similar to the expected 50:50 male:female ratio of 

unexposed medaka (Scholz and Gutzeit, 2000).  Indeed, sex ratios of the 24.7 ng/L and 

125 ng/L exposure groups were significantly different from expected when compared 

(Chi-square goodness of fit test, p = 0.05). 

 

GSI 

Indices of fitness, hepatic-somatic index (HSI) and gonad-somatic index (GSI), 

are ratios of liver and gonad weights compared to total body weight of the fish.  These 

can be useful indicators of effect as the indices are calculated as a percentage of total 

body weight.  Thus, GSI and HSI adjust for differences in body weight, and more 
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reasonable comparisons of gonad and liver size can be made between fish, 

disregarding differences in total weight of fish.  After euthanization, total wet weight of 

sampled fish was determined, followed by dissection of liver and gonads.  HSI and GSI 

are calculated as liver weight / total weight X 100 and gonad weight / total weight X 100 

respectively, producing organ ratios for individual fish.  Though five pairs of medaka 

were used for the reproductive portion of the study, in all groups excess fish, either male 

or female existed.  These fish, though not included in the reproductive study, were 

maintained separately and exposed for the duration of the study.  As there were 

statistically no differences in indices between these unmated fish and the paired fish 

among groups, these individuals were included in GSI and HSI calculations.   

There was evident fluctuation in female GSI among groups, influenced by the 

presence of enlarged ovaries in several females of the 0.9 ng/L and 24.7 ng/L exposure 

groups (Figure 3.3).  Indeed, compared to the control, the ovaries in the 24.7 ng/L group 

were statistically larger than the control (Kruskal-Wallis, p = 0.05).  Though n was small 

for the 24.7 ng/L exposure group (3), GSI exceeded 50, with one individual approaching 

80.  Additionally, though mean GSI for the 0.9 ng/L exposure group was essentially half 

that of the 24.7 ng/L, 26.24 and 53.3, standard deviation of these groups was 

comparable, 25.83 and 25.03 respectively. 

Male GSI had much less variation between groups, standard deviation varied 

from 0.0 for the 104.6 ng/L exposure group to 0.8 at 0.9 ng/L.  However, the 24.7 ng/L 

and 104.6 ng/L groups were statistically significantly smaller than the control (Kruskal-

Wallis, p = 0.05) (Figure 3.4).  In the 104.6 ng/L exposure group, mean GSI was 0.0 as 

gonads were not detected in this group.   
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HSI 
 

Hepato-somatic index (HSI) is a simple calculation of liver weight compared to 

total body weight of the fish.  At termination of the F0 exposure, female medaka were 

assessed for HSI; the 104.6 ng/L exposure concentration had no females, and thus was 

not included for statistical comparison.  There was a definite trend toward lower HSI in 

females as exposure concentrations increased (Figure 3.5).  Indeed, all exposure 

concentrations, 0.9 ng/L, 4.8 ng/L and 24.7 ng/L, had statistically significantly smaller 

HSI compared to the control (One-way ANOVA with Bonferroni’s t-test, p = 0.05).  

Further, the control female HSI was very similar to that of control males, 4.35 ±0.57 to 

3.82±1.30.   

Similar to that seen in females, all male exposure group HSI were statistically 

smaller compared to the control group (One-way ANOVA with Bonferroni’s  

t-test, p = 0.05) (Figure 3.6).  There was a general trend toward smaller HSI with 

increasing norethindrone concentration, similar to that demonstrated in females.   

 

Fecundity 

Reproduction in the F0 medaka population was a key endpoint for this study.  

Prior reproductive tests with medaka showed a defined effect from exposure to 

norethindrone concentrations exceeding 25.0 ng/L.  Exposure in these reproductive 

studies occurred using fish with proven reproductive success.  In most instances, egg 

production ceased completely.  For this study, reproduction was measured as the mean 

daily number of eggs produced per exposure concentration.  Five pairs medaka were 

used for the control, 0.9 ng/L and 4.8 ng/L exposures, three for the 24.7 ng/L and the 

104.6 ng/L exposure concentration had none due to the absence of females (Figure 
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3.7).  Three pairs only were exposed for the 25 ng/L concentration because only three 

females were present at maturity.   

Despite the presence of three breeding pairs in the 24.7 ng/L exposure group, no 

eggs were produced for the duration of the study, and thus, this group and the 104.6 

ng/L exposure were obviously statistically significant compared to the control (Kruskal – 

Wallis rank test, p = 0.05).  Egg production in the control, 0.9 ng/L and 4.8 ng/L 

exposure groups was generally consistent and even throughout the test; all control pairs 

produced, though two pairs each of the 0.9 ng/L and 4.8 ng/L exposure groups did not. 

 
Weight / Condition Factor 

 
Total weight of individual fish was collected at the termination of exposure of the 

F0 population.  Weight is an indication of overall health and development of exposed 

individuals, and in tandem with length can be used to calculate condition factor.  

Condition factor is a standardized formula assessing the general physical wellbeing of a 

fish.  Generally condition factor refers to Fulton’s Condition Factor, with the calculation – 

Condition Factor (K) = weight (g) (W) / length (mm) (L)3.  I followed the formula 

described by Foran et al., 2004, K = weight (g) X 105 / Length (mm)3.   

In terms of female weight, there was no statistical difference between groups 

(Figure 3.8).  No females were present in the 104.6 ng/L exposure group.  In males, 

there was a marked decline in mean weight of exposure groups compared to the control 

(Figure 3.9).  Though the 104.6 ng/L group was not significantly smaller, the 4.8 ng/L 

and 24.7 ng/L groups were, compared to the control (Kruskal-Wallis with Dunn’s 

multiple comparison, p = 0.05). 
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As a general indicator of normal growth and development, condition factor can be 

used as an assessment of overall fish health.  Condition factor of male medaka was 

significantly less in the 4.8 ng/L, 24.7 ng/L and 104.6 ng/L exposure groups compared 

to the control, (Kruskal – Wallis with Dunn’s multiple comparison, p = 0.05) (Figure 

3.10).  Non-parametric tests did not find female condition factor to differ significantly 

from the control; however, the 104.6 ng/L exposure group contained no visible females 

and only three females were present in the 24.7 ng/L exposure group.  Of these three, 

two females were noticeably heavier, resulting in a much higher condition factor value.   

 
 

Survival and Sex Ratio, F1 Population 
 

The life-cycle study was terminated when F1 fish reached 100 dph.  At this point, 

number surviving and sex of surviving fish was determined.  Successful survival is 

difficult to ascertain as excessive die-off of larvae was encountered within 14 days of 

exposure in all groups.  However, at 15 dph, populations in each group, control, 0.9 

ng/L and 4.8 ng/L stabilized; and these data were used as a ―starting‖ point (Figure 

3.11).  Thus, beginning numbers of medaka for each group at 15 dph were as follow: 

Control – 42, 0.9 ng/L – 7, 4.8 ng/L – 29.  Number surviving for the control, 0.9 ng/L and 

4.8 ng/L groups was recorded at varying time intervals (Table 3.3).  Using data 

beginning 15 dph, there is no difference in survival of the 0.9 ng/L and 4.8 ng/L 

exposure concentrations compared to the control.   

In terms of sex distribution, the control population produced essentially a 1:1 ratio 

of male to female.  The 0.9 ng/L exposure concentration was predominately female, 

though a small sample size (n =6) hindered assessment of these data.  In contrast, the 
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4.8 ng/L exposure concentration produced a 3:1 ratio of male:female, a distribution 

significantly different from the control group, Chi-square Goodness of Fit, p = 0.05. 

 

Norethindrone Analyses 

Gas chromatographic (GC-MS) analyses of norethindrone were consistent 

throughout the study.  Collected water samples were concentrated, generally 100 ml to 

10 µl, producing a 10000X concentration factor.  Exposure concentrations less than 

25.0 ng/L were analyzed using stock solutions.  Resulting concentrations were 

consistently within 74 – 106 % recovery.  Thus, operative analyzed values of nominal 

concentrations were 0.9 for 1 ng/L, 4.8 for 5ng/L, 24.6 for 25 ng/L and 104.6 for 125 

ng/L (Table 3.4).  These results were comparable to norethindrone recoveries reported 

in literature (Diaz-Cruz et al., 2003; Li et al., 2005).       

 
 

Discussion 
 

Survival 

Survival of the F0 exposure group was similar throughout exposure 

concentrations with the exception of the highest concentration, 104.6 ng/L.  Mortalities 

at this NET concentration were statistically greater when compared to the control and 

NET exposure groups of lesser concentration (Chi-square goodness of fit, p = 0.05).  

My previous research did not demonstrate acute or short-term chronic toxicity of NET 

on juvenile medaka.  However, the data suggest, and thus it is plausible, that extended 

exposure of young medaka to NET concentrations of ~100 ng/L or greater (45 days of 

exposure compared to four or seven), was sufficient to produce a lethal effect.  In earlier 
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research on reproduction, though not statistically significant, I did observe an increase 

in adult mortality after 28 days at 105.3 ng/L and 538.0 ng/L.  Perhaps these results 

may be expected as longer duration exposure of fish to a toxicant leads to lower LC50s. 

 

Sex Distribution F0 

At initiation of the medaka life-cycle study, it was unknown whether NET would 

exhibit a strong androgenic or estrogenic behavior.  My previous research showed that 

NET had a significant effect on medaka reproduction, but whether the mechanisms 

were influencing male or female development was largely undetermined.  Earlier results 

from the crosswise exposure of reproductively mature medaka showed a significant 

reduction in egg production in the female-only exposure group compared to the control 

and male-only exposure group.  For developing medaka, the research indicated that the 

effect was androgenic, at least as concerned development of external characteristics, 

which for this study was the defining point for sexual differentiation i.e., fin development.  

The control, 0.9 ng/L and 4.8 ng/L exposure groups produced a sex ratio very similar to 

the expected 50:50 ratio seen in the species.  However, the 24.7 ng/L and 104.6 ng/L 

exposure groups were statistically significantly different from the control (Chi-square 

goodness of fit test, p = 0.05) with 15 of 18 surviving fish being male in the 24.7 ng/L 

exposure group and all 11 surviving fish male in the 104.6 ng/L exposure group.  As 

previously stated, norethindrone possesses estrogenic and androgenic properties, and 

acts on gonadal development and ultimately, sexual differentiation of fish.  It is probable 

that both effects were present in extended exposures (28 days), though androgenic 

effect predominated in the longer exposure, life-cycle studies.   
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GSI 

The gonadal somatic index (GSI) is an expression of gonadal development, 

measured as weight, compared to total body weight of a fish.  For exposed females, 

ovaries were generally present, though small, in most fish (indicating lack of egg 

development).  However, there were two females in the 0.9 ng/L exposure group and all 

three females of the 24.7 ng/L exposure group with enlarged ovaries.  Medaka have 

comparatively short life spans with prime reproductive period for these fish being 30 

days past sexual maturity, or 120 – 150 dph.  Past this time, when actively breeding, 

egg production drops off significantly.  Females of the control and 4.8 ng/L exposure 

groups illustrated this, with no overly developed ovaries found in these fish.  Though the 

life-cycle test was terminated at 150 dph, it may be surmised that 0.9 ng/L females were 

still reproductively active, and continuing to produce eggs.  For the 24.7 ng/L exposed 

females, no eggs were released for the duration of the study.  However, during the 

reproductive portion of the study, females of this group were observed growing very 

large in the gut region, essentially, ―ballooning‖.  Upon dissection, these fish were found 

to posses extremely large ovaries, full of undeveloped eggs.  Indeed, one individual had 

ovaries comprising almost 80% of its body weight (Figure 3.1).  As NET is especially 

active in targeting ovulation, this may be an indication of an effect concentration for this 

endpoint. 

Gonads of males were generally uniform for the control, 0.9 ng/L and 4.8 ng/L 

exposure concentrations, GSI 1.11 – 1.64.  Testes were present in all fish and there 

was no statistical difference in GSI for these exposures.  The 24.7 ng/L and 104.6 ng/L 

exposure groups were statistically significantly different, with average testes in these 
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groups being smaller.  In the 24.7 ng/L exposure concentration, only one male had a 

GSI greater than 1.0, and four males displayed no detectable testis, with a mean GSI of 

0.41 for this group.  In medaka exposed to 104.6 ng/L NET, no testes were evident in 

any fish.  Interestingly, all medaka in the 104.6 ng/L exposure group were identified 

from external features as male, yet no gonads of either type were present at the 

termination of the study.  At this concentration, NET may be exhibiting androgenic effect 

on external characteristics of medaka, and simultaneously prohibiting functional 

development of gonads. 

 

HSI 

The hepatic somatic index (HSI) is an expression of liver development and 

growth, measured as a percentage of total fish body weight.  As the hepatic system acts 

as a primary area of synthesis for exogenous compounds, differentiating liver size can 

be used as an indicator of toxicant effect.  In previous research with rainbow trout, 

Oncorhynchus mykiss, 14-day exposure produced significantly larger livers in fish 

exposed to NET.  However, for medaka there was a downward trend in liver size as a 

percent of total body weight with increasing NET concentration.  Female medaka in the 

control group exhibited a mean HSI of 4.35, which was statistically significantly larger 

than any of the exposure groups.  Indeed, control HSI for female fish was generally 

twice that of the aggregate mean of exposed fish.  Though this is in contrast to what I 

saw with rainbow trout, exposure duration and age at exposure may have been factors 

in these results.  Not only were rainbow trout exposed for a much shorter duration, the 

exposed fish were already sub-adult.   



84 
 

HSI for male medaka followed a similar pattern as females, i.e., a general 

downward trend in relative liver size with increasing exposure concentration of NET.  

HSI values compared favorably between sexes, with control HSI for male medaka 

similar to that of female, 3.82 female – 4.35 male.  HSI for exposed males was 

significantly smaller than the control in all exposure groups.  As with control populations, 

male HSI values of exposed fish were similar to indices of exposed females, generally 

around 2.0.  Though I may have expected an enlargement of livers from NET exposure, 

male data corroborated that of female medaka, and perhaps were indicative of 

developmental effects stemming from longer exposure duration. 

 

Fecundity 

Reproductive success of the F0 medaka population was a key endpoint for this 

study.  My prior research demonstrated marked effects on egg production from NET 

exposures exceeding 25 ng/L.  At NET concentrations greater than 25 ng/L, repeated 

studies have shown a profound effect on reproduction, stopping production, or at least, 

release of eggs in previously unexposed fish.  It was hypothesized that subsequent to 

full-life exposure (120 dph), egg production would at the least replicate these results; 

and indeed, this was the case.  No fish that normally could be identified as females 

based on external characteristics were present in the 104.6 ng/L exposure group.  

Three females were found in the 24.7 ng/L exposure group.  No eggs were released in 

this group, though as previously noted, at termination of the study, females were found 

to possess extremely distended ovaries, comprising upwards of 80% body weight of the 

individual.  Additionally, observations made over the course of the reproductive phase 
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illustrated a continued growth, as regards external appearance, of egg-filled ovaries in 

these fish.  Eggs were produced but not released in the 24.7 ng/L females.  A function 

of NET is inhibition of ovulation, thus it is probable that this exposure concentration is at 

the threshold of that effect.  From a purely reproductive perspective measured as 

number of eggs released, the effect was obvious; no eggs were produced.   

The control, 0.9 ng/L, and 4.8 ng/L exposure groups had five breeding pairs, 

though two pairs each in the 0.9 ng/L and 4.8 ng/L exposures produced no eggs.  Egg 

production between the groups was comparable, with mean daily production of 20.63, 

12.08, and 17.54 respectively.  When daily production per fish is considered, similarity 

among groups increases.  Excluding the two non-reproducing fish each for the 0.9 ng/L 

and 4.8 ng/L exposures resulted in daily mean egg production of 4.13, 4.03, and 5.85, 

cv 0.28, 0.50, 0.41, respectively.  In fact, mean daily egg production for fish in these 

groups compares very favorably to prior medaka reproductive studies (28 day exposure, 

BSS and solvent controls; were 4.53 and 4.25.)  Thus, fecundity in the full-life exposed 

fish was similar to what I observed in prior shorter-term reproductive studies; however, 

the NOEC in this study is lower, 4.8 ng/L compared to 24.3 ng/L in the short-term 

reproductive studies.   

 
Weight / Condition Factor 

Condition factor is a commonly used index describing the overall health for 

individuals in an exposed population.  Condition factors for males and females were 

similar, with values ~ 1.5.  A condition factor value of 1.5 is typical for medaka and very 

similar to that seen in other studies (Foran et al., 2004; Nimrod and Benson, 1998).  For 

this study, weight was the primary factor influencing condition factor, as differences in 
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overall length between exposure concentrations were not significant.  For example, 

male mean length for controls was 30.86 mm, and for those exposed to 104.6 ng/L, it 

was 28.37 mm.  For females mean control length was 29.63 mm and for those exposed 

to 24.7 ng/L, it was 25.96 mm.   Conversely, the mean weight of control males was 

almost twice that of any exposure concentration. Thus, decline in weight with increased 

NET exposure resulted in condition factor difference.  The condition factors for males 

exposed to the 4.8 ng/L, 24.7 ng/L and 104.6 ng/L exposures were significantly smaller 

than the control.   

For females, the condition factor results deviated from those of males.  This was 

primarily due to the large weight increases caused by enlarged ovaries in several 

exposed fish.  All of the females in the 24.7 ng/L exposure group and several females of 

the 0.9 ng/L exposure group had large ovaries caused by the apparent inhibition of 

ovulation.  In one individual in the 24.7 ng/L exposure, egg mass accounted for 80% of 

total weight.  Because of these anomalies, no statistical significance was evident 

between groups for female condition factor.   

 

F1 Survival and Sex Distribution 

NET exposure continued with available second generation medaka to determine 

impact of multi-generational exposure on survival and differentiation of sex.  No 

offspring were produced at NET concentrations above 4.8 ng/L, leaving three exposure 

groups for analysis.  This portion of the study was hampered by apparently non-dose 

related mortality in the 0.9 ng/L exposure concentration, leaving six fish at termination.   

Because of this factor, plus the overall poor survival of all F1 medaka, survival data 

were difficult to interpret.   
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However, sexual distribution seemed to trend toward a dominance of males with 

an increase in NET concentration.  Again, interpretation was hampered by very poor 

medaka survival at 0.9 ng/L, leaving an n of 6.  Overall, the male:female ratio was 

remarkably even for the control at 16:17, with the 4.8 ng/L exposure group producing 18 

males to 6 females.  Due to sample size, results from this group seemed more credible, 

and substantiated results seen in the earlier portion of the study.  With sexual 

differentiation as the endpoint, androgenic effect of NET appeared to be enhanced with 

exposure duration; F0 LOEC, 24.7 ng/L, F1 LOEC, 4.8 ng/L.  

Clearly, my life-cycle research with Japanese medaka has demonstrated 

norethindrone reproductive and growth effects at low ng/L concentrations.  As 

wastewater effluent surveys such as Andersson et al., 2006 and Fernandez et al., 2007 

have reported environmental concentrations of NET in the 10-20 ng/L range, this 

research has shown that these levels may be expected to offer the potential for effect 

on aquatic systems.  Physiological indices, condition factor, HSI, GSI were impacted by 

NET exposure, indicating a defined growth effect at low exposure concentrations from 

long-term exposure to NET.  Additionally, NET’s reproductive effects recorded in 

previous research were validated by the life-cycle exposure, enabling a clearer 

understanding of true effect concentrations.  Results presented here clearly indicate the 

existence of reproductive effect on medaka at environmentally relevant concentrations 

of NET; effect was enhanced with exposure duration.  The apparent inhibition of 

ovulation and masculinization of medaka in exposure concentrations exceeding 4.8 ng/L 

illustrate the potency of NET and the possibilities for ecotoxicological impact. 
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Table 3.1 
 
 Mean Water Quality ± S.D. Measurements for BSS over the Course of Medaka       

Life-cycle Experiment, n =46 

Parameter Hardness Alkalinity pH DO Temperature Conductivity 

Mean 95±3.71 32±1.77 7.4±0.12 8.18±.0.09 23.4±0.48 2310±33.64 

 
 
 
 
 
Table 3.2 
 
Survival and Sex Distribution of F0 Medaka at 120 dph 

 Control 0.9 ng 4.8 ng 24.7 ng 104.6 ng 

Male 

Female 

11 

  9 

11 

  7 

11 

  9 

15 

  3 

11 

  0 

Totals 20 18 20 18 11 

 
 
 
 
 
 
Table 3.3 
 
Medaka F1 Survival by Exposure Day 

Exposure Day Control 0.9 ng/L 4.8 ng/L 

  1 85 29 56 

10 45 30 56 

15 42   7 29 

20 38   7 29 

30 36   7 27 

60 34   6 27 

           100          33              6            24 
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Table 3.4 
 
 Analyzed Norethindrone Concentrations for Medaka Life-cycle Exposure Water (BSS) 

Medaka life-cycle Control 1.0 ng/L2.0 

(14 μg/L) 

5.0 ng/L  

(70 μg/L) 

25.0 ng/L  

(350 μg/L) 

125.0 ng/L 

Mean 0.0 12.94 68.12 346.08 104.56 

Std. Dev. 0.0 0.86 3.27 10.89 9.92 

cv 0.0 0.07 0.05 0.03 0.09 

% Recovery 0.0 82-102 89-106 95-104 74-97 

Calculated value 0.0 0.92 4.8 24.7 104.6 
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Figure 3.1.  Survival of F0 medaka from 30 dph to 120 dph. 
 

 



90 
 

0

5

10

15

20

25

Control 0.9 ng/L 4.8 ng/L 24.7 ng/L 104.6 ng/L

Norethindrone Concentration

F
is

h
 S

u
rv

iv
in

g

Female

Male 

 

Figure 3.2.  Number of surviving F0 medaka with sexual distribution; 
                   n =25. 
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Figure 3.3.  Female GSI for F0 medaka population.  
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  Error bars are S.D. (*) denotes groups significantly different from control 
  (Kruskal-Wallis, p = 0.05). 
 

Figure 3.4. Male GSI for F0 medaka population.   
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 Error bars are S.D. (*) denotes group significantly different from control, one-way ANOVA  
 with Bonferroni’s t-test, p = 0.05. 
 

Figure 3.5.  Female HSI for medaka F0 population.   
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Figure 3.6.  Male HSI for medaka F0 population.   
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  Error bars are S.D.  (*) denotes groups significantly different from control, Kruskal-Wallis, 
   p = 0.05. 

 

Figure 3.7.  Mean daily medaka egg production; F0 exposure group.  
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 Error bars are S.D.  (*) denotes groups statistically different from control, Kruskal-Wallis 
 with Dunn’s multiple comparison, p = 0.05.  

 

Figure 3.8.  Mean female F0 medaka weight (mg) at termination of study.  
                   No females were present in the 104.6 ng/L treatment group.   
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 Error bars are S.D. (*) denotes group statistically different from control, Kruskal-Wallis 
 with Dunn’s multiple comparison, p = 0.05. 

 
Figure 3.9.  Mean male medaka weight (mg) at termination of study.   
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Figure 3.10.  Mean condition factor for male and female medaka,  
                     K = (g)*105 / (mm)3.  
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 Figure 3.11.  Medaka F1 survival and sex distribution.  No offspring were 
                      produced in the 24.7 ng/L and 104.6 ng/L treatments, n =50. 
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Figure 3.12.  Female medaka from 24.7 ng/L  
                     exposure concentration. 
 

 

Figure 3.12a.  Female medaka from the BSS control. 
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CHAPTER 4 

REPRODUCTIVE AND GROWTH RESPONSES OF A PROGESTIN, 

NORETHINDRONE, ON THE LIFE-CYCLE OF THE FATHEAD MINNOW   

(Pimephales promelas) 

Abstract 

 FHM were exposed to norethindrone (NET) from newly released egg to sexual 

maturity, 180 days post hatch (dph).  Exposure design consisted of NET target 

concentrations of 1 ng/L, 5 ng/L, 25 ng/L, and 125 ng/L with a de-chlorinated water 

control and solvent control in a flow-through system.  At sexual maturity, fish were 

paired in four pseudo-replicates for each exposure group, with egg collection 

commencing at 210 dph for five weeks duration.  At the study’s conclusion, adult fish 

were sacrificed and assessed for somatic indices, HSI and GSI, histology and plasma 

vitellogenin.  Secondary sexual characteristics, fatpad development and weight and 

finspot development were assessed in adult fish.  Growth data as weight and length 

were collected at 30 day intervals for the duration of the maturation study.  Perhaps the 

key endpoint of this study, fecundity of mature fish produced a NOEC of 0.9 ng/L, a 

LOEC of 4.8 ng/L.  NET’s inhibitory effect on gonadal development was obvious in GSI 

results, male NOEC, 4.8 ng/L, and histological examination confirmed the presence of 

intersex development at elevated concentrations.  Normal physical development and 

growth were impaired, generally at NET concentrations exceeding 24.1 ng/L.  At 

exposure concentrations exceeding 4.8 ng/L, external sexual confirmation of fish 

became difficult; the LOEC for finspot development in females was 4.8 ng/L.  Sexual 

determination of the 97.1 ng/L exposure group was not possible; externally, all fish 
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displayed the appearance of being male, internal examination revealed no gonadal 

development.  

 

 
Introduction 

Despite their commonness in pharmaceutical applications, essentially no data 

are available concerning ecotoxicological properties of progestins.  With known 

biological mechanisms of these hormones in vertebrates well established from 

mammalian research, fish are the logical organisms of choice when testing for possible 

effects in aquatic systems.  Thus, in continuation of previous reproductive studies, I 

examined longer term effect of NET with a FHM life-cycle study.  As such, the study’s 

primary foci were growth, development, including somatic indices and histology, and 

especially reproduction.  In previous short-term reproductive studies with FHM and 

Japanese medaka, Oryzias latipes, I identified the reproductive LOEC for NET to be 24 

ng/L.  For full life-cycle exposure, I anticipated this value to be lower.  Thus, indicators 

of reproductive success, fecundity, were an integral component of this study.  The 

primary aims of the study were comprehensive assessment of the ecotoxicological 

effect of NET on FHM at continuous, low concentration exposures, focusing especially 

on the most probable target response, reproduction. 

 

Materials and Methods 

Test Substance 

Norethindrone (99.0%) was purchased from Sigma Chemical, St. Louis, Missouri.  

A stock solution of 375 mg/L was prepared from addition of 37.5 mg NET to 100 ml 
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dimethylformamide (DMF) as solvent.  For the flow-through system, water was delivered 

to mixing chambers at 120 ml/min, with syringe delivery set at 4 µl/min, producing a 

30000X dilution.  Thus, syringe solutions were diluted individually from the stock in 1-L 

Milli-Q water, producing solutions of 3.75 mg/L, 0.75 mg/L, 0.15 mg/L, and 0.03 mg/L, 

corresponding to target doses of 125, 25, 5, and 1 ng/L respectively.  A solvent was 

necessary for NET to be in solution; published log Kow 2.97 (Andersson et al., 2006), 

3.15 (CEREP), though I found the chemical to be even less water soluble than similar 

compounds with reported higher Kows, ethinylestradiol, for example.  For syringe 

solutions, no DMF was used other than that delivered from stock solution aliquot.   

 

Test Species 

The freshwater minnow, Pimephales promelas, was selected as organism of 

choice due to its adaptability to culture and widespread acceptance in ecotoxicological 

research and its use in previous life-cycle research (Ankley et al., 2005; Lange et al., 

2001; Parrott et al., 2004; Parrott and Blunt, 2005; Parrott and Wood, 2002).  Larvae 

were obtained from the culture maintained at the UNTARF, with breeding fish 

supplemented with stock provided by Aquatic BioSystems, Inc., Ft. Collins, CO.  At 

UNTARF, breeding fish were maintained at 25ºC on a 16:8 light:dark regimen, at a ratio 

of female:male ratio of 5:1.  Fish were fed twice daily, thawed adult brine shrimp (Ocean 

Star Intl., Burlingame CA) in the morning and commercial fish flakes (Ocean Star Intl.) in 

the evening.  Breeding aquaria were vigorously aerated 80-L tanks fed with re-

circulating City of Denton de-chlorinated tap water, filtered through a 400-L bio-filter.  

Four PVC tiles, as substrate, were placed in each aquaria, checked daily for eggs.  At 
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the onset of the life-cycle study, 2400 newly spawned eggs, <24 hour, were carefully 

rolled off tiles and distributed to 20-L aerated, recirculating tanks in four sets of 50 eggs 

per tank, two tanks per exposure: control, solvent control, 1,5,25, 125 ng/L.  Dosing 

commenced with placement of eggs in individual tanks. 

 

Test Exposure Conditions 

Test Apparatus 

A continuous flow-through exposure system was used for the duration of 

exposure, with water pumped to 2-L mixing chambers from which it flowed to exposure 

tanks.  Dechlorinated City of Denton tap water was continuous-flow, gravity-fed to a 20-

L reservoir, from which it was pumped at 120 ml/min. into mixing chambers through 

Pharmed® BPT tubing via a Masterflex® L/S model 07519-15 6-channel digital drive 

cartridge pump with Masterflex® L/S model 07519-75 cartridges.  Six mixing chambers, 

12X6X6 inch 2-L boxes constructed of glass and non-toxic aquarium grade silicon, were 

placed individually on magnetic stirrers, with water gravity-fed from each chamber to a 

corresponding exposure aquarium through Pharmed® BPT tubing.  From the mixing 

chambers, each exposure concentration, and controls, was split using plastic aquarium 

valves, into two lines, producing two exposure aquaria per concentration, twelve 

aquaria.  Water delivery to individual aquaria was thus 60 ml / min.  Actual volume of 

exposure aquaria was 18-L, producing a turnover volume of 5X daily.  Exposure aquaria 

were each modified with two ¼ in. holes at the 18-L water mark, affixed with 1-mm 

mesh.  This allowed continuous flow of water while preventing larvae from exiting the 

tanks.   
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 Test chemical was delivered to mixing chambers via a Harvard Apparatus® PHD 

2000 10-syringe infusion pump.  Syringe pump push rates were set at 4 µl/min using 30-

ml plastic B-D® syringes affixed with 25-gauge B-D® needles.  To each needle 0.58 mm 

PTFE cannolation tubing was fastened and fed to the appropriate mixing chamber.  

With water inflow at 120 ml/min, and chemical delivery at 4 μl/min, dilution factor was 

maintained at 30000X for NET stocks.   

 

Dilution Water 

Dilution water used was de-chlorinated City of Denton tap water piped from a 

central reservoir in the aquatic research facility.  Water was filtered through a 

commercial filtration system, using activated carbon and filter media.  Water quality was 

monitored twice weekly, and filter media replaced as necessary. 

 

Range-finding Studies 

Selection of NET exposure concentrations used in the FHM life-cycle study was 

based on prior 28-day reproductive studies performed on previously unexposed 

sexually mature FHM and Japanese medaka (Paulos et al., 2010).  In these studies, 

NET had a profound effect on reproduction, shutting off egg production at 

concentrations exceeding 24 ng/L.  At 24 ng/L, there were indications that effect was 

present, but data were not statistically significant.  Replication of nominal exposure 

concentrations used in the latter reproductive studies, 1,5,25 and 125 ng/L was deemed 

consistent in further amplifying reproductive NOEC and LOEC.  Additionally, 

developmental effect was not seen in the previous studies.  However, due to NET mode 
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of action, it was reasonable to expect that growth and development would be impacted 

over a full life exposure, thus consistency in exposure concentrations was desirable. 

 

Test Solution 

Chemical solutions used for the syringe pump were prepared at 30000X the 

desired target concentration, 3.75 mg/L, 0.75 mg/L, 0.15 mg/L, 0.03 mg/L.  An initial 

stock NET solution was prepared by dissolving 37.5 mg chemical in 10 ml DMF 

producing a 3750 mg/L solution.  From this solution, aliquots were diluted to 1000 ml, 

such that 1 ml stock produced a 3.75 mg/L, 200 µl, 0.75 mg/L, and 40 μl, 0.15 mg/L.  To 

minimize error, the 0.03 mg/L solution was prepared by diluting 40 ml of the 0.75 mg/L 

into 1000 ml Milli-Q water.  A solvent control was prepared by diluting 1 ml DMF in 1000 

ml Milli-Q water, equal to the highest DMF concentration of any solution.  Syringe 

solutions were stored at 4ºC, and though stable, were renewed monthly throughout the 

test. 

 

Exposure Procedure 

The exposure flow-through system was run for 7 days prior to introduction of 

larvae to ensure its proper working order and complete replenishment of solutions, and 

to allow sufficient time for thorough analysis of exposure concentrations.  Two tanks 

each were included for controls and exposure concentrations, providing a total of 12 20-

L aquaria.  In each tank 200 newly spawned eggs were distributed between four 25 ml 

plastic cups.  Newly hatched larvae were monitored and fed daily, but essentially left 

undisturbed until 30 dph.  At this time, a sample of 15 fish from each control and 
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exposure concentration was randomly collected, sacrificed in buffered MS-222, and 

measured for length and weight.  This practice was repeated at 60 dph, 90 dph, 120 

dph, 150 dph and 180 dph though sample sizes were reduced to ensure adequate 

individuals at maturity.  At 30 dph and 60 dph, fish weight was recorded as mean 

weight, thereafter, weight was recorded individually.  Reducing fish number by sub-

sampling provided adequate tank volume for fish to properly mature.   

 

Reproduction 

At 180 dph, fish were grouped two females, two males for breeding.  Four groups 

for each exposure concentration were retained for the reproductive portion of the study, 

16 fish total per exposure.  However, at 24.0 ng/L, differentiation of adequate numbers 

was difficult, and at 97.1 ng/L, no separation of fish occurred as separate sexes were 

indistinguishable.  Most exposure groups had more fish than required for reproductive 

testing.  Surplus fish not included in the reproductive portion of the study continued 

chemical exposure in aquaria separate from reproducing fish.  For reproduction, tanks 

were portioned into two pseudo-replicates each, using PVC board cut to fit snugly in the 

middle.  Holes (1/2") were drilled in the PVC board, allowing better circulation of water 

through each tank.  Two curved PVC tiles were placed in each replicate, serving as 

substrate for egg-laying.  A two week observation period commenced, in which eggs 

were removed, but not counted, allowing for acceptable acclimation of fish.  Initial 

results for egg production were unsatisfactory, and an additional two-week period 

commenced subsequent to repositioning of fish within exposure concentrations.  As egg 

production in the second acclimation period was much more acceptable and in 
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agreement with typical results, (For example: Sohoni et al., 2001; Lange et al., 2001), 

egg counts were begun at 210 dph and continued for 35 days.  Each day tiles were 

checked, eggs counted and removed.  At the end of this period, 245 dph, remaining fish 

were sacrificed in buffered MS-222, length and weight recorded, and examined for 

secondary sexual characteristics sex, tubercles, finspots, and fatpads.  Additionally, 

liver and gonads were weighed for somatic indices and plasma collected for vitellogenin 

analysis.  A subset of four fish from each exposure, two males, two females, were 

preserved for tissue analyses.  In the 125 ng/L exposure, where differentiation was 

difficult at best, four fish were selected and preserved for analyses.   

 

Analysis of NET 

NET concentrations in exposure water were analyzed via gas chromatography 

on samples collected and composited from each treatment at the start of the study and 

at one week intervals until completion.  Water samples were extracted either by liquid-

liquid extraction for higher concentrations (> 50 µg/L) or solid phase extraction for lower 

concentrations.  Prior to extraction, 10 µl of 5µg/ml d6-norethindrone was added to all 

samples, including QC checks.  To analytical spikes was added 10 µl of 5µg/ml 

norethindrone.  Solid phase extraction required use of C18 extraction cartridges, 

conditioned prior to extraction using 5 ml each methylene chloride, methanol and DI 

water.  Cartridges were not allowed to go to dryness.  Sample volume was generally 

one liter, pumped through the cartridges at low vacuum.  Following sample application, 

cartridges were allowed to dry for 15 minutes.  Sample was eluted using 10 ml 90:10 

methylene chloride/methanol.  Samples were then derivatized with addition of 100 ml 
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MSTFA for two hours at 70ºC, evaporated to dryness and finally reconstituted with 

methylene chloride.  Samples were analyzed on an Agilent (Palo Alto, CA, USA) 6890 

GC coupled with a 5973 mass selective detector MS (70-eV). The MS was operated in 

the single ion monitoring mode (SIM) with target and three confirmatory masses 

monitored (50 ms dwell time) for each compound. GC conditions were helium carrier 

gas at 480 hPa, inlet temperature at 260°C (2 μl, pulsed pressure at 1700 hPa for 

0.5 min, splitless injection), and column (Alltech, Deerfield, IL, USA; EC-5 30 m, 

0.25 mm i.d., 0.25 μm film) temperature initially at 40 C with a 1-min hold followed by a 

50 C min−1 ramp to 140 C with a 5-min hold followed by a 10 C min−1 ramp to 300 C 

with a final 17-min bake-out. Transfer line temperature was 265 C. 

 

Vitellogenin Analysis 

The egg yolk precursor protein, vitellogenin was assayed via a Biosense® 

Laboratories carp (Cyprinus carpio) enzyme linked immunosorbent assay (ELISA) kit.  

The carp ELISA test kit is suitable for detection of vtg in carp and FHM.  Assay 

technique followed the methods provided in the kit.  The carp vtg ELISA assay 

consisted of a 96 well plate, capable of analyzing three dilutions each for 12 samples 

run in duplicate.  Results were recorded as ng/ml.   

 

Histological Analysis 

At termination of the study, four fish; two male, two female, where applicable, 

from each exposure were sacrificed and preserved for histological analysis, focusing 

particularly on gonadal development.  For preservation, a small anal incision was made 
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and the gut was immediately irrigated with Davidson’s solution (1L – 330 ml ethyl 

alcohol 95%, 220 ml formalin, 37% formaldehyde, 115 ml glacial acetic acid, 335 ml DI 

water) and whole specimens were immersed in Davidson’s solution for 24 hours.  At the 

end of this time, specimens were rinsed with ethyl alcohol and transferred to formalin 

solution for shipping.  Fish were sent to Wildlife International Inc. for histological 

analysis.   

 

Statistical Analyses 

Exposure groups and solvent control were compared with the control group in all 

analyses and significant differences were reported at a value of p = 0.05.  SAS and 

Toxstat were the software packages used, with all data analyzed for normality and 

homogeneity prior to testing for significant difference.  For multi-group comparison, 

Dunnett’s ANOVA and One-way ANOVA with Bonferonni’s t-test for parametric and 

Steel’s Many-one Rank Test for non-parametric data were preferentially used.  

Replicates were pooled, giving one comparison group per exposure concentration.  

Length and weight data were averaged for 30 dph and 60 dph, individual datum were 

analyzed thereafter, as were somatic indices and secondary sexual characteristics.  

Presence of finspot data were ordinal, being assigned a value of 0-2 dependant on 

visibility of finspot, and were compared with Kruskal-Wallis non-parametric analysis of 

ranks.  Egg data were pooled among replicates and averaged, with comparison of 

groups by daily mean and overall mean values.   
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Results 

Water Quality Analyses 

Exposure water was analyzed twice weekly, with dissolved oxygen as mg/L, 

conductivity as µS, pH, temperature as ºC, alkalinity as mg/L CaCO3, and hardness as 

mg/L CaCO3 measured parameters (Table 4.1).  Water chemistry parameters were 

assessed in the aquatic toxicology facility.  Hardness and alkalinity were assessed 

using manual titration set-ups in the aquatic toxicology facility.  Temperature, 

conductivity and dissolved oxygen were measured using a YSI model 85 hand-held 

meter.  pH was measured using an Orion model 720 meter.   

 

NET Exposure Concentrations 

Recovery of NET in water was quite reliable over the life of the study, with 

recovery rates routinely approaching 90-95% (Table 4.2).  In fact, these results are 

consistent with literature (Li et al., 2005; Lopez de Alda and Barcelo, 2000; Lopez de 

Alda and Barcelo, 2001; Vulliet et al., 2007), as NET appears very stable once in 

solution.  Exposure concentrations of 25 ng/L and below were analyzed using stock 

solutions. 

 

In-life Interval Growth Measurements 

Samples were randomly collected at 30 dph, 60 dph, 90 dph, 120 dph and 150 

dph for total length and dry weight.  Sample size varied, but was optimized to achieve 

sufficient sample number without adversely impacting exposure populations.  Length 

measurements were all taken from individual fish, weight was mean dry weight for 30 
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dph and 60 dph, individual fish weight thereafter.  Results are given as mean length 

(mm) and mean dry weight (mg) for each interval.  At 120 dph, the 125 ng/L exposure 

group demonstrated visible effect in growth as weight and length were significantly 

smaller in this group compared to the control (Steel’s Many-one Rank Test, p = 0.05) 

(Table 4.3). 

 
Growth of Adult Fish 

At termination of the study, all fish were sacrificed in buffered MS-222.  A 

subsample of four fish, two male, two female from each exposure was prepared for 

histological analysis.  Weight and length of these fish was collected and included in 

overall mean.  By necessity, these fish were not included in somatic indices.  Statistical 

significance for all measures was determined via One-way ANOVA with Bonferroni t-

test, p = 0.05.  For length, no groups were statistically different for female fish, however, 

the 97.1 ng/L male exposure group was significantly smaller than the control.  For 

weight, again, no female groups demonstrated significance, in the male exposure 

group, the 4.8 ng/L, 24.1 ng/L and 97.1 ng/L exposure groups were statistically 

significantly smaller than the control (Table 4.4).  Developmentally, the 97.1 ng/L 

exposure group was visibly impaired at test termination, being noticeably smaller and 

exhibiting obvious body and fin deformity (Figure 4.1).   

 

Somatic Indices 

Hepatic somatic index (HSI) and gonadal somatic index (GSI) were calculated 

from terminal populations of FHM as percentage organ weight in relation to total body 

weight of individual fish – organ weight / body weight * 100.   
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For males, GSI was statistically significantly reduced in the 25 ng/L and 125 ng/L 

exposure groups, Dunnet’s ANOVA, p = 0.05, as gonads in these groups were very 

small, or in many cases, absent (Figure 4.2).  Female GSI however, was much different 

in that all exposure groups exhibited increased ovary size compared to the control 

(William’s test, p = 0.05) (Figure 4.3).  My previous studies with Japanese medaka 

showed an inhibition of ovulation in comparable exposure concentrations; whether this 

effect was evident in FHM is unclear.  Liver weights, thus HSI, were consistent 

throughout exposure groups, for males and females, with no statistical significance 

between any groups.   

 

Secondary Sexual Characteristics 

Key endpoints related to this study were presence of external sexual 

characteristics; fin spot, tubercle number, and fat pad weight.  As these features are 

well defined in normally developed male fish, anomalies in male and female fish may be 

attributed to chemical effect.  Thus, in FHM, absence or reduction of secondary sexual 

development of male fish may be an indication of an estrogenic effect; presence of 

secondary sexual development in female fish may indicate androgenic effect.  At study 

termination, fish were anesthetized with MS-222, fatpads were carefully removed and 

weighed, tubercles counted at 40X microscope and presence of fin spot recorded.  Fin 

spot data were recorded as none (0), light (+) or very defined (++).  All male fish had 

well-defined fin spots.  Though ordinal, fin spot data were effectively grouped by 

predominance of the ranking; 24.1 ng/L female fish all had defined fin spots (++), fin 

spots of 4.8 ng/L female fish were present but not as dark (+).  Individuals from these 

groups were the only female fish to exhibit fin spots (Table 4.5).   
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No female fish had fatpads or tubercles.  Although there was a general decline in 

male tubercle number and fatpad size with increasing NET exposure, these 

characteristics were also reduced in males of the solvent control group.  Reason for this 

is unclear, as development and reproduction in this group compared favorably with the 

de-chlorinated tap water control.  Resulting statistical comparison (Steel’s Many-one 

Rank Test, p = 0.05) found only the 24.1 ng/L exposure group to be significantly 

different for tubercle number and fatpad weight (Figure 4.4).   

 

Fecundity 

Fecundity, measured as mean number of eggs produced by exposure group per 

day was a key endpoint for this study.  My previous reproductive research with 

Japanese medaka and FHM established a definite inhibition of ovulation with exposure 

to NET.  Collection of fecundity data was begun at 210 dph and continued for 35 days.  

The 97.1 ng/L exposure group contained no females, thus breeding was not attempted 

for this exposure group.   

 Though mean daily egg production in the control groups was comparable, 20.17 

and 23.40, egg production was highest in the 0.9 ng/L exposure group, with a mean 

daily total of 65.83 (Figure 4.5).  Batch sizes were larger in the 0.9 ng/L; number of days 

eggs were laid was not that different between controls and the 0.9 ng/L exposure group 

(Figure 4.6).  The NOEC for reproduction was 0.9 ng/L, with the 4.8 ng/L, 24.1 ng/L and 

97.1 ng/L groups statistically significant from the control (Williams test, p = 0.05): in fact 

no eggs were produced in any of these exposure groups for the duration of the study. 
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Histology 

 At termination of the study, a sub-sample of two males and two females from 

each exposure group were examined for gonadal malformation.  Sex of fish was 

determined from external appearance; no differentiation was visible for 97.1 ng/L fish.  

After prepping in UNTARF, fish were sent to Wildlife International for analysis.  

Differences in development were apparent with an increase in exposure concentration 

(Table 4.6). 

 
Vitellogenin 

 At termination of the study, plasma was collected from sacrificed fish via caudal 

puncture, collected in sample vials, and stored at -80ºC until analysis.  Vitellogenin (Vtg) 

analysis followed procedures provided with the Biosense® Laboratories carp ELISA kit.  

Vtg levels, as ng/ml fluctuated, with female vtg low compared to other studies (Giesy et 

al., 2000, for example).  There was insufficient plasma available from samples of female 

fish from the 4.8 ng/L exposure group, and sexual differentiation was not possible for 

the 97.1 ng/L exposure group (Table 4.7).   

 

Discussion 

 FHM exposures over 180-d to NET corroborated results seen in prior 

reproductive studies.  Effect of exposure was demonstrated in physiological 

development and especially in reproductive function.  Further, effects seen in this FHM 

life-cycle study were evident at concentrations considerably lower than the reproductive 

studies, similar to results seen in research performed with synthetic estrogens (Lange et 

al., 2001; Parrot and Wood, 2002). 
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 In terms of growth, primary indicators used for this study were fish mean length 

and mean weight.  From the onset, fish growth was impaired in the 97.1 ng/L exposure 

group, with length and especially weight greatly reduced in comparison to control 

(Tables 4.3 and 4.4).  Every interval sampling point produced 97.1 ng/L fish with much 

smaller mean weight than control fish, generally 40% or more, though only sampling 

intervals 120 dph and 150 dph were statistically smaller.  This is most likely due to 

anomalous data in other groups impacting the interpretation of statistical analyses.  

Mean length of fish sampled during the study was significant only in the 97.1 ng/L, and 

though smaller, fish length did not demonstrate the marked contrast of weight until the 

latter sampling intervals, 120 dph and 150 dph.   

At termination of the study, differentiation of sex allowed comparison of weight 

and length by male and female fish.  No statistical significance was measured across 

female groups.  Male fish on the other hand, were markedly in contrast.  Mean weights 

of male fish were significantly less in all exposure groups except 0.9ng/L, with the 97.1 

ng/L group being less than half the weight of the controls (Figure 4.1).  As the study 

neared termination, the 97.1 ng/L exposure group ceased to grow.  Though mean 

weight was significantly diminished in the 4.8 ng/L and 24.1 ng/L exposure groups, 

length was not.  Thus, in terms of growth, weight seems to be a better indicator of effect 

than length for long-term NET exposure; NOEC 1ng/L, LOEC 5 ng/L (Table 4.8).  

Additionally, tail and fin deformities were much more pronounced in 97.1 ng/L exposed 

fish.  Fish depicted in Figure 1 from this exposure group were truly the rule rather than 

the exception.  Interestingly, effect of NET exposure on vertebral development was 

similar to that seen previously in EE2 exposed fish (Warner and Jenkins, 2007).   
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 Long-term effect of NET exposure on normal liver development is unknown.  In 

prior NET exposures using rainbow trout (unpublished data), I observed marked 

increase in liver size compared to control fish.  Though these studies lasted only seven 

days, and were certainly not comprehensive, there were indications of NET interference 

with normal liver development.  Thus, hepatic somatic index was considered a viable 

inclusion as an assessment of physiological development in the life-cycle study.  

However, there was no difference in FHM liver weight compared to overall body weight 

in any of the exposure groups.  Impairment by NET in liver development, at least as 

concerns liver growth, was not evident in this study (Figures 4.2 and 4.3). 

 As the primary target organs for NET, gonadal development (GSI) in extended 

FHM exposure was an endpoint of key interest for this study.  Prior life-cycle exposures 

of Japanese medaka to NET (unpublished data) illustrated a marked effect at higher 

exposure concentrations (>24 ng/L) in development or perhaps more properly, function, 

of ovaries.  Though fish from these higher exposures produced eggs, they exhibited an 

inhibition of ovulation, resulting in exceptionally enlarged ovaries, some with GSIs well 

over 50.  It was anticipated that similar effect may be seen in FHM NET exposure, and 

indeed female GSI was significantly larger in exposed fish compared to the control.  

However, GSI was greatest in females from the solvent control, so effect of NET on 

ovary development is difficult to ascertain.   

 In contrast, male GSI values exhibited the significant reduction in testes in fish 

from exposure concentrations of 24.1 ng/L and 97.1 ng/L.  In truth, of 15 fish identified 

as male from the 97.1 ng/L exposure at termination of the test, only four had 

recognizable gonads, and two of these had GSI values less than 0.60.  Though a much 
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smaller sample size, the 24.1 ng/L exposure group likewise demonstrated a reduction in 

gonad size compared to overall body weight.  In this regard, GSI is an excellent 

indicator of gonadal development, as it is important to note that as overall body weight 

was affected by NET exposure at 97.1 ng/L, the decline in testes weight was not 

proportional; gonad size was reduced beyond what may have been expected in fish of 

smaller overall size.  At higher exposure concentrations, these data indicate the 

presence of an inhibition of gonad development from long-term exposure to NET. 

 The effect of NET on gonad development in male fish is further noteworthy 

because there was a definite trend toward masculinization of FHM with an escalation of 

NET concentration.  No females were identified in the 97.1 ng/L exposure concentration 

and external differentiation was difficult for fish exposed at 24.1 ng/L.  All females from 

the 24.1 ng/L exposure group had defined finspots; all but one female from the 4.8 ng/L 

exposure group had finspots, though not as defined (Table 4.5).  Though I identified no 

female as having tubercles or fatpads, development of external characteristics pointed 

to an androgenic tendency in fish exposed to the higher concentrations (>25 ng/L) of 

NET.  The reduction in testis size in male fish from these elevated concentrations may 

further indicate an interaction of NET on gonad development in general.  This may be 

expected due to the function of NET in both oogenesis and spermatogenesis.   

 Fecundity of FHM exposed to NET for the entirety of their lifespan was a key 

endpoint of interest for this study.  Previous work with Japanese medaka demonstrated 

a complete cessation of egg production at NET concentrations greater than 24 ng/L.  It 

was therefore anticipated that FHM would show a similar response upon exposure.  

This was indeed the case; the inhibitory effect of NET on fish ovulation being clearly 
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evident (Figures 4.5 and 4.6).  No eggs were released from fish at exposures greater 

than 0.9 ng/L for the duration of the reproductive test.  The 0.9 ng/L exposure fish did 

out-produce controls; however, there is much variability associated with FHM fecundity.  

FHM reproductive studies have proven to be problematic in terms of production and this 

is not without basis (Ankley et al., 2002; Harries et al., 2000; Parrott and Blunt, 2005).  

Nevertheless, there were no eggs released from fish exposed to NET at concentrations 

greater than 0.9 ng/L.  As was discussed with GSI, ovaries removed from some of these 

females were very pronounced, indicating the occurrence of oogenesis, however, 

ovulation did not occur. 

Effect of NET on gonadal development and function in FHM was validated with 

results of histological analyses.  As best as could be determined externally, two males 

and two females from each exposure group, excepting solvent control, were sent to 

Wildlife International for histological examination.  These analyses clearly identify an 

effect of NET on ovary and testes development in FHM.  A comparison of normal testis 

development in a control male (Figure 4.7) with impaired gonad development in males 

taken from the 24.1 ng/L and 97.1 ng/L exposure concentrations (Figure 4.8 and 4.9, 

respectively) vividly showed this.  There was advanced oocyte development in these 

individuals, illustrative of the existence of intersex effects.  Male fish from these 

exposures that did not possess oocytes were characterized by the complete absence of 

gonads.  In each instance, interferences in normal development were obvious.  Fish 

from the 97.1 ng/L exposure all displayed vivid external male characteristics – darker 

coloration, finspots, and often fatpads.  Indeed, the individual for whom the gonad is 

shown in Figure 9 possessed a prominent fatpad.  Additionally, the importance of 
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progestinal influences on gonadal synthesis in general, testis and ovary, suggested the 

potential for evidence of effect in histological analyses.  Interestingly, histological results 

are similar to those seen in synthetic estrogen exposures (Ankley et al., 2002; Salierno 

and Kane, 2009; van Aerle et al., 2002).  NET possesses androgenic and estrogenic 

capacities.  My research seems to affirm this, with disruption of normal development 

evident in male fish, and truly by extension, female fish as well.  The lack of defined 

females at higher exposure concentrations indicates pronounced physiological 

disruption in these fish. 

FHM vitellogenin levels were inconclusive insomuch as very low levels were 

present in all samples tested, both male and female.  Vitellogenin levels found in my 

samples from male fish were similar to those reported in literature (Harries et al., 2000; 

Hemming et al., 2001; Palace et al., 2002; Tyler et al., 1999).  Female FHM, especially 

those having reached sexual maturity typically demonstrate vtg levels several orders of 

magnitude higher (Giesy et al., 2000; Jensen et al., 2001; Korte et al., 2000; Lange et 

al., 2001; Panter et al., 2002).  However, though there may have been expected higher 

levels in male fish indicating presence of estrogenicity, low vtg levels in female fish may 

conversely indicate the presence of an androgenic effect.    

Results of this study examining the effects of NET on FHM of greater than 180-d, 

clearly demonstrated that ovulation inhibition is occurring.  From prior research 

investigating effect of NET on reproduction, I anticipated a reductive effect on 

reproductive output in FHM.  In previous research with Japanese medaka, my LOEC for 

egg production was 24 ng/L.  However, as this was the lowest concentration tested, I 

was unable to identify a definitive NOEC.  The addition of exposure concentrations less 
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than 25 ng/L in the FHM life-cycle study allowed for a more refined delineation of LOEC 

and NOEC.  Certainly, the FHM exposure emphasized the effect of NET on ovulation, 

further defining the LOEC at 4.8 ng/L with a NOEC at 0.9 ng/L (Table 4.8).  Though a 

reduction in overall fecundity was anticipated at the study’s onset, results demonstrated 

a profound effect on reproductive inhibition by NET. 

In addition to reproductive effects, exposure to very low concentrations of NET of 

over 180-d caused physiological effect and deformity in FHM; the effects of which were 

quite evident (Figure 4.1).  At the 97.1 ng/L exposure concentration, not only was sexual 

differentiation not possible, fish were smaller, and developed abnormally, compared to 

controls.  Gonadal development of NET exposed fish was markedly different; males had 

reduced, and often no visible gonads, whereas females demonstrated generally 

enlarged gonads probably due to the inhibitory effect of NET on ovulation. 

Illustrative confirmation of NET effect on FHM was evident from histological 

analyses.  These analyses clearly showed interference of normal gonad development in 

female and male fish, as low as 4.8 ng/L for males.  At 24.1 ng/L, male gonad 

development was visibly impaired, with oocytes present in these samples.  Additionally, 

in fish not submitted for histological analyses, but instead sampled for GSI analysis, no 

gonads were observed, gut cavities containing an amorphous mass in place of normally 

developed testes. 
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Table 4.1 
 
Mean ± S.D. Water Quality Measurement for De-chlorinated City of Denton Tap Water 

over the Course of FHM Life-cycle Experiment, n =43 

Parameter Hardness Alkalinity pH DO Temperature Conductivity 

Mean±SD 120±3.08 105±3.86 7.4±0.12 8.18±0.14 24.4±0.32 370±11.94 

 

 

Table 4.2 
 
Analyzed NET Recoveries in Exposure Water (City of Denton De-chlorinated Tap 

Water) for FHM Life-cycle Study 

FHM life-cycle Control 1.0 ng/L 
(30 μg/L) 

5.0 ng/L 
(150 μg/L) 

25.0 ng/L 
(750 μg/L) 

125.0 ng/L 

Mean 0.0    27.25  145.29 721.88    97.13 

Std. Dev. 0.0      2.33      4.23   25.78      9.25 

cv 0.0      0.09      0.03     0.04      0.10 

% Recovery 0.0 81-103  93-101 92-104    67-94 

Calculated value 0.0      0.9      4.8   24.1    97.1 
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Table 4.3 
 
Mean ± S.D. Length (mm) and Weight (Dry Weight: mg) of FHM at 30 day Intervals  

 30 dph; n =15 60 dph; n =7 90 dph; n =6 120 dph; n =10 150 dph; n =17 

    Length  Weight    Length Weight    Length    Weight    Length    Weight    Length    Weight 

Control 13.87±3.68 6.47 22.57±3.26 31.82 27.92±7.54 95.29±93.87 32.13±4.31 166.03±53.17 36.41±4.00 239.22±95.63 

Solvent 12.43±2.31 3.58 23.57±3.46 27.76 27.83±5.15 82.59±45.29 29.63±5.56 134.95±94.87 34.93±3.22 255.28±72.02 

0.9 ng/L 12.50±2.00 3.20 21.43±4.04 34.30 29.67±7.09 114.05±86.42 30.61±6.20 150.38±83.51 ND ND 

4.8 ng/L 14.60±3.17 6.65 23.43±3.46 24.56 28.00±2.37 67.80±14.80 31.50±2.84 145.85±26.31 34.72±3.68 238.24±78.85 

24.1 ng/L 12.27±1.55 3.63 21.43±2.23 24.26 27.50±2.59 61.68±26.49 30.64±2.72 137.03±44.05 33.78±3.61 179.50±40.11 

97.1 ng/L 12.47±2.11 3.81 18.00±4.47 18.68 26.53±5.56 72.33±38.21 26.72±2.75* 88.40 ±21.34* 28.53±3.04* 131.14±39.18*  

* Denotes Statistical Significance, Steel’s Many-one Rank Test, p = 0.05. 
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Table 4.4 
 
Mean ± S.D. Length (mm) and Weight (g) of Fish at Study Termination  

 
                    Length (mm)                  Weight (g) 

      Male Female Male   Female 

Control 53.13±2.95;    n =6   50.63±4.31; n=6  2.46±0.34 1.68±0.46 

Solvent 54.46±4.06;    n =11   47.14±3.08; n=7  2.13±0.45 1.46±0.20 

0.9 ng/L 55.09±3.84;    n =9   49.50±3.62; n=6  2.40±0.31 1.62±0.44 

4.8 ng/L 51.00±5.63;    n =10   50.33±5.25; n=7  1.75±0.50 * 1.53±0.27 

24.1 ng/L 54.00±4.04;    n =4   54.15±2.73; n=11             1.75±0.30 * 1.80±0.28 

97.1 ng/L 44.58± 3.86*; n =15   ND  1.14± 0.27* ND 

(*) Denotes Statistical Significance Compared to Control, One-way ANOVA with 
     Bonferroni t-test, p = 0.05. 

 

Table 4.5 
 
Secondary Sexual Characteristics (Mean ± S.D.) at Study Termination 

 
Mean fatpad weight 
(mg) 

Mean number 
tubercles 

Fin spot 

 Male Female Male Female Male Female 

Control 47.37±37.21 0 6.17±5.91 0 ++ 0 

Solvent 12.93±13.81 0 2.18±4.42 0 ++ 0 

0.9 ng/L 36.41±25.26 0 10.00±5.27 0 ++ 0 

4.8 ng/L 22.75±34.65 0 3.50±4.65 0 ++ + 

24.1 ng/L 0.00 * 0 0.00 * 0 ++ ++ 

97.1 ng/L 19.61±18.11 0 0.67±1.45 0 ++ ND 

 (*) denotes treatments significantly different from control, Steel’s Many-one Rank Test, p = 0.05. 
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Table 4.6 

 
Histological Results for FHM at Test Termination (Wildlife International) 

NET Exposure                                          Effect 

  Sample 1 Sample 2 

Control Male Normal male gonad  Normal male gonad  

Control Female Normal female gonad Normal female gonad 

0.9 ng/ L Male Normal male gonad Normal male gonad 

0.9 ng/L Female Normal female gonad Normal female gonad 

4.8 ng/L Male Normal male gonad Normal male gonad 

4.8 ng/L Female Normal female gonad Germinal epithelium, but no 
gonad 

24.1 ng/L Male Small male gonad Female gonad; late 
vitellogenic oocytes 

24.1 ng/L Female Normal female gonad Female gonad; late 
vitellogenic oocytes 

97.1 ng/L Male Abnormal female gonads, early 
cotical-alveolar oocyte. Prominent fat 
pad 

Germinal epithelium, but no 
gonad 

97.1 ng/L Female Small female gonad containing only 
a few oocytes 

Germinal epithelium 
present but gonad 
consisted of only two small 
peri-nuclear oocytes 
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Table 4.7 
 
FHM Vitellogenin   

Exposure Vtg (ng/ml) 

Control Female 2.80-63.83 

Control Male 1.52 

0.9 ng female 2.07-301.22 

0.9 ng Male 0.7 

4.8 ng Female NA 

4.8 ng Male 3.49-25.47 

24.1 ng Female 1.75-121.37 

24.1 ng Male 0.91 

97.1 ng 2.41-137.65 

Values provided are the range for each treatment. 

Table 4.8 
 

NOEC and LOEC for FHM Life-cycle Endpoints 

 
Male Female 

ENDPOINT NOEC LOEC NOEC LOEC 

Length 24.1 ng/L 97.1 ng/L > 24.1 ng/L > 24.1 ng/L 

Weight 0.9 ng/L 4.8 ng/L > 24.1 ng/L > 24.1 ng/L 

GSI 4.8 ng/L 24.1 ng/L NA NA 

HSI >97.1 ng/L >97.1 ng/L >97.1 ng/L >97.1 ng/L 

Finspots NA NA 0.9 ng/L 4.8 ng/L 

Histology 4.8 ng/L 24.1 ng/L 24.1 ng/L > 24.1 ng/L 

Fecundity              NOEC: 0.9 ng/L                   LOEC: 4.8 ng/L 
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 Figure 4.1.  FHM control (on left) and 97.1 ng/L males at test termination. 
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  Error bars are S.D. (*) denotes treatments significantly different from control, Dunnet’s ANOVA, 
  p = 0.05. 

 

 Figure 4.2. FHM male GSI and HSI.  
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  Error bars are S.D.  (*) are treatments significantly different from control, William’s test, 
  p = 0.05. 

 

  Figure 4.3.  FHM female GSI and HSI. 
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   Error bars are S.D.  (*) denotes treatments significantly different from control, Steel’s Many-one  
   Rank Test, p = 0.05. 
   

  Figure 4.4.  Mean fatpad weight and tubercle number for male FHM.   
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  Figure 4.5.   Mean daily egg production per treatment for FHM life-cycle study.            
          

 

 

0

2

4

6

8

10

12

14

16

Control Solvent 0.9 ng/L 4.8 ng/L 24.1 ng/L 97.1 ng/L

Norethindrone Concentration

 
  
  Figure 4.6.  Number of days eggs were present in FHM life-cycle exposure. 
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 Figure 4.7. Cross section of FHM male gonad from control 

        population showing normal testis development. 
 

 
 
 Figure 4.8. Histological analysis of 24.1 ng/L NET exposed 
                   FHM male; gonad with presence of developed  
                   oocytes in testis. 
 

 
 
 Figure 4.9.  Histological analysis of gonad from 97.1ng/L NET 
                    exposed FHM male.  Distinct development of female 
                    gonad – oocytes; testis indistinguishable.  
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CHAPTER 5 
 

CONCLUSION 
 

The primary objective of this research was to provide information on the 

ecotoxicological effects of norethindrone, a chemical for which data did not exist.  The 

research definitively demonstrated that, in the laboratory, norethindrone can induce a 

variety of effects on fish at very low concentrations, ng/L.  Effect concentrations were 

consistent with norethindrone levels found in various surveys of natural aquatic 

environments.  Additionally, NET effect concentrations were consistent with similar 

studies investigating the synthetic estrogen, ethinylestradiol.  The relationship of 

norethindrone to ethinylestradiol is important because human use of norethindrone, and 

thus its ultimate fate in aquatic systems, is very similar to that of ethinylestradiol.  The 

primary difference between the chemicals is usage amount, with NET prescribed at 

much larger dosages.  Similar to ethinylestradiol, NET is not acutely toxic at 

concentrations that would normally be found in aquatic environments.  However, the 

research has shown that environmentally relevant concentrations of NET may be 

expected to interfere with normal development, and especially, reproduction, in fish 

exposed for long durations to the chemical.  Moreover, results of this research 

demonstrated that effects were in agreement across species, in FHM and Japanese 

medaka; thus similar responses may be anticipated in other fish species.  This study 

emphasized the lack of ecotoxicological data available for synthetic progestins, a 

problem endemic to many compounds, and chemical classes, currently and commonly 

in use.   
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Traditional ecotoxicological tests consisting of acute, 4-day, and sub-chronic, 7-

day, endpoints are valuable for establishment of comparative toxicity values.  

Identification of LC50s and 7-day NOECs and LOECs for growth (FHM) or reproduction 

(C. dubia) enable comparisons of relative toxicity between different chemicals.  

However, these values are often inadequate in assessing the true toxicity potential for 

many of the chemicals in current use.  Chemicals manufactured for pharmaceutical use 

are pervasive in society, with widespread form and function.  Toxicological testing that is 

functionally representative of these chemicals’ ecological roles is necessary for efficient 

quantification of their behavior in the natural environment.  Short duration tests are not 

sufficient for this purpose.  Pharmaceutical chemicals simply are not and will not be 

present in aquatic environments at acutely toxic concentrations.  But as was shown with 

this research, and in many other studies with  similar compounds, long-term chronic 

exposures can result in significant effects at very low, and importantly, environmentally 

relevant concentrations.  This was certainly true with the norethindrone research, for 

which acute to chronic ratios (ACRs) were exceptionally high, >>>10000X; 96-hour 

LC50 for FHM and medaka larvae reported at > 1.0 mg/L, reproductive NOECs for both 

species for full life-cycle exposure reported at <5.0 ng/L, and growth NOECs for both 

species reported at <5.0 ng/L.  Even NOECs for 28-day reproductive testing differed by 

several orders of magnitude in comparison to acute toxicity; 28-day NOEC for egg 

production in Japanese medaka, <5.0 ng/L.  Indeed, such large differences in ACRs for 

pharmaceutical compounds perhaps should be expected as the norm, and not the 

exception.   
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The multi-species design of this research, using a well established 

ecotoxicological species in FHM and a species increasing in popularity for its 

utilitarianism in the laboratory, Japanese medaka, enabled more effective interpretation 

of resulting data.  Furthermore, agreement in results between species demonstrated a 

pervasive effect of norethindrone in aquatic organisms.  No ecotoxicological data were 

available on the chemical, thus a single species study would have been sufficient for 

description of toxic effects.  However, inter-species comparison allowed for more 

expansive interpretation of existing effects.  It can be expected, and has been shown, 

that chemical effects may be species specific.  Though this does not lessen the 

importance of the ecotoxicological testing, multi-species comparisons more effectively 

illustrate and emphasize effects.  If an effect is seen across species, and at similar 

exposure concentrations, there is greater validation of the research.  Indeed, this was 

the case, as medaka and FHM, in similar exposure scenarios, especially full life-cycle 

testing, displayed similar responses to similar effect concentrations.   

In reproductive testing, effect concentrations were the same for medaka and 

FHM, NOEC for medaka, 4.7 ng/L, FHM 4.7 ng/L, LOEC for medaka 24.3 ng/L, FHM 

23.8 ng/L.  Similarly, egg production in life-cycle tests were reduced at low exposure 

concentrations; medaka NOEC 4.8 ng/L, LOEC 24.7ng/L, FHM NOEC 0.9 ng/L, LOEC 

4.8 ng/L.  Effects in the life-cycle studies were not limited to reproduction.  Male weight 

in both species was impacted, with reported NOECs for both species at the lowest 

exposure concentrations, 0.9 ng/L, and LOECs reported at the next highest exposure 

concentration, 4.7 ng/L for medaka, 4.8 ng/L for FHM.  In addition to weight, gonad 

development in males was reduced in both species, with a reported NOEC at the 4.7 
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(4.8) ng/L exposure concentration.  Female ovarian development, quantified as GSI, 

was quite the opposite of that observed in males, with a dramatic increase in exposed 

individuals of both species.  Again, effect was observed across species.  Though 

statistical significance was not defined in female GSI, there was obvious interference in 

similar exposure concentrations, with pronounced enlargement of ovaries in female 

medaka and FHM.  In some instances, females experienced an extreme ―ballooning‖, 

with ovaries comprising upwards of 80% of total body weight.  These effects were 

observed for females of both species, and occurred in all norethindrone exposure 

concentrations, with enhanced effect occurring at an increased dose. 

The real value of this study was the comprehensive assessment of the chemical 

norethindrone. Progestins as a class have not been researched for ecotoxicological 

impact.  Though reasons for this are unknown, data generated from this study extend 

beyond the benefit of a single chemical analysis and at least for now, serve as a 

representative for the entire chemical class.  Certainly, not all progestins will display 

identical behaviors and effects as norethindrone, but this research will serve as a 

reference point for future progestin studies.  Need and validity for such research has 

been established with the results of the various tests described herein, especially when 

considering that the effect concentrations were found to be at environmentally realistic 

levels.  The comprehensive nature of this research provided much more than the usual 

―starting point‖ found in preliminary short-term endpoints, and instead provided a 

thorough description of the potential for environmental impact from this chemical and by 

extension, the chemical class. 
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Certainly more research is warranted, investigating other progestins.  

Considering the elevated level of research interest initiated by early research with 

synthetic estrogens, it may be expected that a similar response could occur with 

progestins.  In truth, this is a minor concern of this research.  The primary objective of 

the norethindrone study was quantification of environmental effects for a chemical of 

which these were unknown; this was achieved.  The research was valid and 

reproducible but should be viewed as a beginning, not an ending.  Many questions were 

answered with this study, and many more arose over the course of research.  

Reproductive effects were obvious, and to a lesser degree was the effect on growth.  

More defined studies, focusing on specific endpoints, target organs, sexual 

differentiation, etc. would go far in providing a clearer picture as to the real effect 

potential of progestins in the aquatic environment.  Prescriptive use of these chemicals 

will not dissipate in the immediate future, and as is typical of so many other chemicals 

and chemical classes, much more remains unknown than is known.  Answering these 

questions should be the focus.   
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