
 
 
 
 
 
 
 
 

ABSTRACT 
 

Age Matters: Developmental Stage of Zebrafish (Danio rerio) Influences 
Bioconcentration, and Survival and Behavioral Photomotor Response Thresholds  

 
Lauren A. Kristofco, Ph.D. 

 
Mentor: Bryan W. Brooks, Ph.D. 

 
 
 Toxicology information for the tens of thousands of compounds in commerce is 

severely lacking, and with continual introduction of new substances, this global chemical 

space is increasing in complexity.  Thus, generating new toxicology data to support 

hazard and risk assessments and environmental and public health policies has become 

paramount.  Significant hurdles exist for the production of such data sets as traditional 

whole organism studies are costly, time intensive, and low throughput.  To meet these 

goals alternative methods have been developed that shift the focus from a traditional, 

high dose, apical endpoint based study designs to higher throughput, systems-biology 

based designs. However, as these efforts are advanced, it remains critical to 

understanding strengths, weaknesses and applicability domains of newly introduced 

methodologies.  This dissertation examined two of the proposed alternative 

methodologies, probabilistic environmental hazard assessment (PEHA) and the fish 

embryo toxicity (FET) test, and explored their utility with an understudied class of 

contaminants, antihistamines.  In Chapter two, global hazards of antihistamines in surface 



waters were examined with a PEHA approach to identify global trends in occurrence.  

Subsequently, the capacity of the FET method to examine emergency medicine inspired 

mixture interactions with a comparative pharmacology and toxicology approach (Chapter 

three), and then extended such questions to include behavioral observations (Chapter 

four), were evaluated. Age specific shifts in toxicity were observed in Chapters three and 

four, with slightly older organisms more sensitive than those employed for FET testing.  

Finally, to understand why such sensitivity were observed, Chapter five identified 

increased uptake by older organisms as the likely driver for these age specific changes in 

toxicity.  These observations identified strengths and limitations of both methods, and 

highlight the need for future studies with other fish models and organic contaminants. 
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CHAPTER ONE 

 
Introduction 

 
 

Background and Significance 
 

Though chemical synthesis has produced tens of thousands of compounds to meet 

consumer needs, accompanying toxicology information for this complex chemical space 

is severely lacking (Schaafsma et al. 2009).  As many as 70000 chemicals currently lack 

basic toxicological data, and with the introduction of as many as 700 new compounds 

annually to commerce, the issue of generating data pertinent to legislation, regulation and 

risk assessment has become paramount (Council 2007).  Significant hurdles exist for the 

production of such data sets as traditional whole organism studies have exorbitant costs, 

are time intensive, and are low throughput (Rovida and Hartung 2009; Weisbrod et al. 

2007).  The result has been a semi-concerted introduction of new legislation and 

methodologies from various governing bodies to assess these data gaps.  One guiding 

document in this process was published by the National Research Council (NRC); 

entitled Toxicity Testing in the 21st Century: A Vision and a Strategy, the report 

challenges the traditional testing paradigm. It promotes the utilization and creation of 

translatable data suitable for risk assessments and promotes that the majority of it be 

derived from existing data and from higher throughput alternative model systems, 

including in vitro observations and signaling networks, that are indicative of molecular 

initiation events and plausibly associated with adverse outcomes (Council 2007).  As the 

shift in focus from traditional, high dose, apical endpoint, based study designs to higher 
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throughput, systems-biology, based designs is realized, critical evaluations of the newly 

introduced methodologies are warranted.   

The proposed paradigm desires to implement mode of action (MoA) based model 

systems and experimental designs that satisfy the 3R’s (reduce, refine and replace animal 

testing) risk-driven framework (Bradbury et al. 2004; Schaafsma et al. 2009); however, it 

realizes that characterization of the limitations in knowledge and methods must pave the 

way for efficacious application of alternative-method-derived data.  Current data gaps 

identified by the NRC include identifying how many and which key pathways are 

perturbed, linking higher order adverse effects to pathway initiation events, and 

effectively capturing developmental, organism variability, and exposure duration 

influences.   

Transitioning to high throughput screening (HTS) and predictive methodologies 

will further require focused efforts to identify a suite of assays and their intrinsic 

uncertainties, and to develop computational models for chemical property prediction, and 

data interpretation and extrapolation (Council 2007). Despite these obstacles, large scale 

HTS initiatives have taken off using methodologies typically utilized for drug discovery 

(Rusyn and Daston 2010), such as the U.S. Environmental Protection Agency’s (US 

EPA) Computational toxicology (CompTox) research initiatives, with programs such as 

ToxCast™ and other reference databases (Kavlock et al. 2012).  However, not all 

regulatory mechanisms will be satisfied via HTS.  For those compounds requiring testing 

beyond in silico modeling and in vitro based assays, medium-throughput in vivo 

embryonic fish assays have been proposed (OECD 2013b).  Initial work has 

demonstrated consistency between some traditional toxicity studies and the OECD 236 
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guideline (Belanger et al. 2013; Melanie Knöbel et al. 2012b; Lammer et al. 2009; Nagel 

2002), and HTS-like screening has been implemented with this system (Truong et al. 

2014).  

 With HTS toxicology efforts poised to reduce the sizable data gaps for the current 

industrial chemical universe, increased understanding of in silico, in vitro and in vivo 

strategies that are proposed to substitute for traditional models and testing approaches 

requires additional study. This dissertation evaluates alternative methodologies and 

strategies for toxicity testing using antihistamines as model pharmaceuticals with known 

MoA.  The present studies examined two of the proposed alternative methodologies, 

probabilistic environmental hazard assessment and the fish embryo toxicity (FET) test, 

and probed their efficacy with an understudied class of contaminant, antihistamines.  

Herein, I explored global hazards of antihistamines in surface waters, examined mixture 

interactions in traditional and FET models with a comparative pharmacology and 

toxicology approach, and identified developmental age specific shifts in zebrafish 

sensitivity with standardized mortality and nontraditional behavioral observations for 

application with FET testing. I then observed increased bioconcentration with age to be 

associated with increased sensitivity. 

 
Making Use of Existing Data: Biological Read-across and Probabilistic Hazard 

Assessment  
 

Unlike historical contaminants a large repository of mammalian safety 

information exists for pharmaceuticals (Seiler 2002) due to extensive mammalian 

pharmacology and toxicology studies. Comparative pharmacology and toxicology 

approaches are being developed using biological “read-across” (Brooks et al. 2009b). 
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These efforts are supported by the evolutionary conservation of receptors and enzymes 

for pharmaceuticals across aquatic vertebrates and other organisms (Gunnarsson et al. 

2008; Huggett et al. 2003a; LaLone et al. 2013).  It has been postulated that such 

information from target organisms (e.g., human, other mammals) can aid in the 

prioritization of chemicals for further study (Berninger and Brooks 2010; Roos et al. 

2012), and support more robust environmental assessments and decisions (Caldwell et al. 

2014; Connors et al. 2013; Valenti et al. 2012).  In fact, this area was recently identified 

as a major research need. For example, two questions: 1) “How can pharmaceutical 

preclinical and clinical information be used to assess the potential for adverse 

environmental impacts of pharmaceuticals?” and 2) “What can be learned about the 

evolutionary conservation of PPCP targets across species and life stages in the context of 

potential adverse outcomes and effects?”, were identified during an expert workshop as 

key questions to understand the risks of pharmaceuticals in the environment (Boxall et al. 

2012). Developing the capacity to leverage existing data to predict adverse outcomes has 

the potential to advance future environmental protection efforts.   

To organize mammalian data for read-across to aquatic species, an adverse 

outcome pathway (AOP) (Ankley et al. 2010) approach is useful because it provides a 

conceptual framework for understanding therapeutic molecular initiation events resulting 

in adverse outcomes.  Such a framework is particularly relevant for pharmaceuticals and 

other chemicals of emerging concern (CECs) as they present unique challenges to 

environmental risk assessment (ERA) and risk management (Brooks et al. 2009a). Many 

of the scientific methodologies (e.g., model organisms, computational models) initially 

used to assess environmental risks of pharmaceuticals were derived from studies of 
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historical contaminants such as persistent organic pollutants (e.g., polychlorinated 

biphenyls), metals, and pesticides, which have primarily been examined for acute toxicity 

to aquatic life (Brooks 2014). Pharmaceuticals are designed to be biologically active and 

interact with therapeutic targets at low concentrations; thus, with the exception of 

developing countries with lower treatment capacity and fewer enforced water quality 

regulations, sublethal responses of aquatic and terrestrial organisms are more likely to be 

observed in the environment than acute toxicity (Ankley et al. 2007).  I selected 

antihistamines for more intensive study to examine read-across approaches and to begin 

to address priority research needs (Boxall et al. 2012). 

To contextualize the environmental relevance of antihistamines for additional 

study, global occurrence data was coalited to understand the effect of the unprecedented 

population densities, particularly in megacities, on chemical use (Brooks 2014) and 

associated urban water cycles (Postel 2010).  Active pharmaceutical ingredient (API) 

consumption differs greatly between global regions (Gaw and Brooks 2016; Kookana et 

al. 2014), and with rapid population expansion in areas with basic sewer systems  

(Vorosmarty et al. 2010), concerns exist for potential hazards of pharmaceuticals to 

surface water quality (Kookana et al. 2014).   

Data gleaned from the literature review highlighted chemicals and global regions 

with and without occurrence information.  Of the 24 antihistamines reported in primary 

literature, the majority originated from the Asia-Pacific, European and North American 

geographic regions. Monitoring efforts in costal and marine systems were limited, and no 

studies reported on measurements from South America and Africa.  Ecotoxicology 

studies were similarly sparse, and limited assessments for most developing regions. The 
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implications of such data gaps are underappreciated and warrant study, particularly in 

areas with high biodiversity and potential susceptibility to climate change (Bellard et al. 

2014). Such an approach as applied here highlights a potential mechanism though which 

management strategies can be identified.   

 
Fish Embryo Toxicity Test: Does Age Matter for Standardized Responses? 

 
In vitro extrapolations of HTS bioactivity information to in vivo toxicology data 

remains a challenging and critically important research need (Dobbins et al. 2008; Dreier 

et al. 2015; Huggett et al. 2003b). Parallel efforts to advance HTS efforts at the 

organismal level have also been undertaken and hold great promise for understanding 

contaminant intricacies at higher levels of biological complexity than in vitro systems 

(Truong et al. 2014).  These in vivo HTS methodologies have largely examined early life 

stage studies with embryonic and larval zebrafish with the FET. Such alternative toxicity 

testing approaches are receiving much attention because if they can replace historical 

aquatic toxicology methods then animal welfare benefits and economic efficiencies are 

gained (Belanger et al. 2013).  

 Despite correlation between the FET and historical methods (Belanger et al. 2013; 

Melanie Knöbel et al. 2012b; Lammer et al. 2009; Nagel 2002), how representative 

toxicological responses in embryonic zebrafish during the first 96 hours post fertilization 

is of larval, juvenile, or adult stages is not well understood. Previous studies observed 

greater sensitivity of several acute responses in fish embryos (Hamm and Hinton 2000; 

Marty et al. 1990), and larvae (Fent and Meier 1994; Gaikowski et al. 1996; Köprücü and 

Aydın 2004; Kristofco et al. 2015b). Thus, influence of age on various fish species 

responses to contaminants appears to be more complex than perhaps anticipated. For 
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example, neurotoxic compounds (Klüver et al. 2015; M. Knöbel et al. 2012a) and 

substances requiring metabolic activation (M. Knöbel et al. 2012a) appear to be more 

toxic to older organisms. 

To test the read across capacity of the FET the mixture interaction of diazinon, an 

organophosphate insecticide, and diphenhydramine, a postulated rescue medicine and 

antihistamine, was evaluated at 3 zebrafish developmental stages and compared to the 

traditional Daphnia magna acute and chronic testing method responses.  The results 

highlighted the utility of biological read-across, and identified a predictive capacity with 

the aquatic vertebrate D. rerio, but not the aquatic invertebrate D. magna, likely due to 

pharmacological target conservation between vertebrates. Further, developmental timing 

of exposure influenced the magnitude of toxicity to zebrafish, and additional study is thus 

warranted to determine if these trends extend to other endpoints. 

 
Fish Embryo Toxicity Test: Does Age Matter for Alternative Behavioral Endpoints? 

 
For biologically active chemicals, including antihistamines, there remains an 

increasing need to define behavioral alterations (Brooks 2014; Ford and Fong 2016). 

Unlike standard toxicity endpoints, standardized protocols rarely provide requirements 

and recommendations for performing toxicology studies including nontraditional 

sublethal endpoints, such as behavioral perturbations.  A number of behavioral 

investigations with fish models have sought to develop such protocols, including 

adaptations of mammalian pharmacology tests on anxiety such as light/dark preference 

(Steenbergen et al. 2011), thigmotaxis (Schnorr et al. 2012), and open field and color 

preference (Ahmad and Richardson 2013) tests. Furthermore, photomotor responses 
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(PMR) are increasingly used to understand baseline, stimulatory and refractory zebrafish 

behaviors (Kokel et al. 2010). 

 Whether various behavior modifications represent adverse outcomes relevant to 

hazard and risk assessment remains an active area of study. Existing experimental 

designs such as the FET method focuses on early life stage responses to contaminants, 

but with increased application of behavioral endpoints at various developmental stages 

necessitates an understanding of whether basal activity levels change with age. In 

addition, whether photomotor behavioral patterns differ among daytime conditions is not 

well understood.  Further, how locomotive responses are altered following exposure to 

chemicals with known MoAs may give insight into signaling network activation and 

direct future study.  

Observations of photomotor behavior in larval zebrafish demonstrated time of day 

and age trends, with younger larvae exhibiting more variable measurements.  As with 

previous work, age dependent sensitivity was similarly evidenced with behavioral 

observations, as behavioral perturbations were observed at lower concentrations in 

slightly older larval zebrafish than included in FET guidelines.  Causes of such variability 

among responses at differing ages has yet to be fully elucidated. For compounds not 

anticipated to undergo significant biotransformation a kinetic component may have a 

greater influence on toxicity, and vice versa.  With limited information on embryonic 

(Goldstone et al. 2010) and adult fish (Connors et al. 2013) metabolism, and uptake 

(Brox et al. 2014a; Brox et al. 2014b), additional work is required to better characterize 

developmental influences on toxicity.  This will greatly inform testing protocols, as 
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currently there are differential practices for embryonic experiments with chorionated or 

enzymatically dechorionated embryos.   

     
Fish Embryo Toxicity Test: Does Age Matter for Uptake?  

 
Historical research has suggested that chronic fish life-cycle assessment toxicity 

tests could be replicated with shorter-term methods that focused on early life stages 

(ELSs) (McKim 1977; Norberg-King 1989).  One such method is the Fish Embryo 

Toxicity (FET) test (OECD TG 236; (OECD 2013a)) that was validated in the last decade 

(OECD 2011).  The FET has many strengths as it is a rapid (<96 h) whole organism 

method that produces less waste than traditional larval fish tests. Additionally, the 

transparent nature of early stages allows for easy observations of embryonic 

development, all while satisfying the 3 Rs requirements (European Parliament 2010).   

Though initial reviews acknowledged and identified potential constraints to be 

considered prior to selection of the FET for use (Embry et al. 2010), the FET application 

has recently received scrutiny (Klüver et al. 2015; Scholz et al. 2016). Previous work in 

developing fish models has identified significant relationships between embryo-larval age 

and sensitivity to toxicant exposure. For example, in medaka exposed to diazinon, edema 

formation, percent hatch, and total length demonstrated stage dependence with no age 

observed to be most sensitive for all endpoints evaluated (Hamm and Hinton 2000).  

More recent research findings in Danio rerio identified that later developmental stages 

than included in the FET method were more sensitive for lethality (Kristofco et al. 2015a) 

and sublethal photomotor responses (Kristofco et al. 2016) to both diazinon and 

diphenhydramine (DPH). Specific causes for such for sensitivity shifts across 
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developmental stages are not understood. Thus additional study of whether uptake across 

embryo – larval stages of Danio rerio differs warrants additional study.  

Through a series of investigations, I aimed to initially better understand 

environmental hazards of a common class of pharmaceuticals, but then to advance 

comparative pharmacology and toxicology efforts with commonly adopted alternative 

toxicity testing methodologies.  Examining of the predictive capacity of existing 

occurrence data and mammalian safety information to identify hazards of antihistamines 

to non-target aquatic organisms may provide a potential strategy for chemical classes 

lacking non-target organism toxicity data.  Understanding how developmental ages may 

influence bioaccumulation and traditional and behavioral response thresholds to 

contaminants promises to inform future study design and implementation.  
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CHAPTER TWO 

 
Global Scanning of Antihistamines in the Environment: Analysis of Occurrence and 

Hazards to Aquatic Organisms  
 

This chapter published as: Kristofco LA, Brooks BW. 2017. Global Scanning of 
Antihistamines in the Environment: Analysis of Occurrence and Hazards to Aquatic 

Organisms. Science of the Total Environment 592: 477-487.  
 
 

Abstract 
 

Concentration of the global population is increasingly occurring in megacities and 

other developing regions, where access to medicines is increasing more rapidly than 

waste management infrastructure is implemented. Because freshwater and coastal 

systems are influenced by effluent discharges of differential quality, exposures to non-

target species must be considered. Here, we performed a global assessment of 

antihistamines (AHs), a common class of medicines, for surface waters and effluents. 

Antihistamines were identified, literature occurrence and ecotoxicology data on AHs 

collated, therapeutic hazard values (THVs) calculated, and environmental exposure 

distributions (EEDs) of AHs compared to ecotoxicity thresholds and drug specific THVs 

to estimate hazards in surface waters and effluents. Literature searches of 62 different 

AHs in environmental matrices identified 111 unique occurrence publications of 24 

specific AHs, largely from Asia-Pacific, Europe, and North America. However, the 

majority of surface water (63%) and effluent (85%) observations were from Europe and 

North America, which highlights relatively limited information from many regions, 

including developing countries and rapidly urbanizing areas in Africa, Latin America and 

Asia. Less than 10% of all observations were for estuarine or marine ecosystems, though 
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the majority of human populations reside close to coastal habitats. EED 5th and 95th 

centiles for all AHs were 2 and 212 ng/L in surface water, 5 and 1308 ng/L in effluent 

and 6 and 4287 ng/L in influent, respectively. Unfortunately, global hazards and risks of 

AHs to non-target species remain poorly understood. However, loratadine observations in 

surface waters exceeded a therapeutic hazard value 40% of the time, indicating future 

research is needed to understand aquatic toxicology and hazards associated with this AH. 

This unique global scanning study further illustrates the utility of global assessments of 

pharmaceuticals and other contaminants to identify chemicals requiring toxicology study 

and regions where environmental monitoring, assessment and management efforts appear 

necessary. 

 
Introduction 

 
Unprecedented population densities, particularly in megacities, has resulted in 

dramatic changes in chemical use in urbanizing areas (Brooks 2014) and associated urban 

water cycles (Postel 2010).  Management of water resources has become pivotal as 

population growth has been paralleled by increased consumption of consumer goods, 

including pharmaceuticals.  However, there is great variability in active pharmaceutical 

ingredient (API) consumption within and among countries around the world (Gaw and 

Brooks 2016; Kookana et al. 2014).  With a majority of the most rapidly expanding 

populations occurring in developing countries where basic wastewater treatment services 

are frequently not advanced (Vorosmarty et al. 2010), there has been a growing concern 

of the potential risk presented by pharmaceuticals to surface water quality (Kookana et al. 

2014). 
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As access to medicines increases in lesser-developed regions, the potential for 

environmental loading of APIs correspondingly increases, and is exacerbated by 

differential implementation of waste management infrastructure. Following initial 

reviews of pharmaceuticals and personal care products (PPCPs) in the environment 

(Arcand-Hoy et al. 1998; Daughton and Ternes 1999; Halling-Sørensen et al. 1998; 

Ternes 1998), much research has been undertaken to understand PPCP occurrence in 

wastewater effluents and surface waters, yet not all classes of these environmental 

contaminants of emerging concern have received the same level of attention.  Most initial 

studies focused on endocrine disrupting compounds, though more recent efforts have 

examined antibiotics/anti-infectives (Kookana et al. 2014) and other classes of 

pharmaceuticals (Brooks 2014).   

 Environmental hazards and risks of many antihistamines to non-target species are 

poorly understood. However, antihistamines represent a class of pharmaceuticals 

previously identified to present elevated potential risk to aquatic life (Berninger and 

Brooks 2010). Since their introduction to the market in the early 1940s antihistamines 

have been widely utilized for a variety of indications (Simons and Simons 2011).  

Primarily intended to elicit therapeutic benefits through the histaminergic system, several 

generations of antihistamines have been developed for treatment of allergic and 

gastroesophageal reflux diseases with future applications aimed at inflammatory, 

autoimmune and various neurologic disorders (Simons and Simons 2011).  Given their 

widespread use and diverse applications, antihistamines have become the largest class of 

pharmaceuticals employed for treatment of allergic diseases with more than 45 

antihistamines currently on the market (Simons and Simons 2011). Like other human 
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pharmaceuticals, antihistamines are primarily introduced to the environment from 

untreated sewage, onsite systems and water reclamation plants, following excretion as 

parent compound and improper disposal of unused medicines. For example, as high as 

60% of the original dose of cimetidine may be excreted as parent compound (Hoppe et al. 

2012). As many aquatic systems are increasingly dominated by or dependent on effluent 

discharge of differential quality (Brooks et al. 2006), chronic antihistamine exposures to 

non-target species must be considered in these urbanizing surface waters (Berninger et al. 

2011).  

Identifying where environmental risks of specific pharmaceuticals are elevated 

has recently been identified as a critical research need (Boxall et al. 2012; Rudd et al. 

2014). Here, we present a novel global assessment of antihistamines in surface waters 

and effluents. The primary objective of this study was understand the current knowledge 

of antihistamine occurrence and associated hazards in water resources.  Antihistamines 

were identified, literature occurrence and ecotoxicology data for these identified APIs 

was collated, therapeutic hazard values (THVs) for each API were calculated, and 

environmental exposure distributions (EEDs) of the APIs were compared to ecotoxicity 

thresholds and drug specific THVs to estimate hazards in surface waters and effluents in 

different parts of the world.   

 
Materials and Methods 

 
 
Literature Review of Antihistamines  
 

A comprehensive list of antihistamines was compiled from DrugBank (Wishart et 

al. 2006), and the Mammalian Pharmacokinetic Prioritization For Aquatic Species 
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Targeting (MaPPFAST) database (Berninger et al. 2016).  Literature searches on the 

occurrence of the identified antihistamines in environmental matrices prior to July 2016 

returned 391 relevant publications from 3,005 total hits.  Additional evaluation refined 

this to a total of 111 unique occurrence publications of antihistamines in the environment 

(Table S1).  A similar literature search was conducted for ecotoxicity studies on the 

identified APIs and resulted in 11 ecotoxicity publications from 46 search engine hits. 

Quantitative data on the antihistaminergic APIs in these publications was collated along 

with study parameters and analytical instrumentation, and sorted by major global 

geographic region: Africa, Asia – Pacific, Europe, North America, and South America.  

Probabilistic environmental hazard assessments were conducted and graphed in Sigma 

Plot 11.0 (Systat Software, Inc.) following methods further described below. 

 
Probabilistic Environmental Hazard Assessments 
 
 

Environmental Exposure Distributions. After data were compiled from primary 

literature, they were utilized to perform probabilistic environmental hazard assessments 

(PEHA), in which the probability of the environmental occurrence of each antihistamine 

at or above ecotoxicological or pharmacological thresholds are estimated.  PEHA models 

were formulated using Environmental Exposure Distributions (EEDs) because this 

approach has been employed for the prediction of hazard to multiple classes of non-target 

organisms from a variety of stressors. EEDs were created with Measured Environmental 

Concentrations (MECs) similarly to as was previously described (Solomon and Takacs 

2001), and recently employed (Connors et al. 2014; Dobbins et al. 2009; Dreier et al. 

2015; Corrales et al. 2015) by our research team. Maximum reported MECs of 
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antihistamines were ranked in ascending order, and Percent Rank assigned using a 

Weibull formula (equation 1): 

  j = (i * 100) / (n + 1)    (1) 

where j is the percent probability, i is the numerical rank, and n is the number of data 

points.  A linear regression was then fitted to the Percent Rank vs MECs plot (probability 

and log normal scales, respectively; SigmaPlot 11.0). The resulting slope and intercept 

from the linear regression were used to estimate probabilities of observing MECs at given 

concentrations with the NORMDIST function in Microsoft Excel: 

 y = NORMDIST((m*log10(x)) + b)  (2) 

which can be rearranged to identify a concentration at a specific centile value: 

 x = 10(NORMSINV(y) – b / m)  (3) 

 
 

Therapeutic Hazard Values. To predict whether antihistamines in surface waters 

may adversely affect aquatic organisms, THVs were calculated for each antihistaminergic 

API and compared to published maximum MECs.  These values can then be used to 

identify potential therapeutic water quality hazards to aquatic life (Du et al. 2014a; Scott 

et al. 2016).  A THV is a water concentration of a pharmaceutical that is predicted to 

result in plasma levels in fish that are equivalent to a human therapeutic dose (Cmax; 

equation 4; (Brooks 2014)).  

    (4) 

The THV is derived from initial plasma modeling efforts conducted by Fitzsimmons et al. 

(Fitzsimmons et al. 2001) to predict fish blood:water partitioning of hydrophobic 

chemicals in rainbow trout (equation 5). 



31 
 

   (5) 

This blood:water partitioning relationship was incorporated in early efforts to prioritize 

pharmaceuticals for environmental concerns by Huggett et al. (Huggett et al. 2003) 

wherein fish plasma levels of pharmaceuticals subsequent to aqueous exposure were 

estimated as follows: 

 Fish plasma concentration = [Aqueous] x log PBlood:Water   (6) 

 
Results and Discussion 

 
 
Global Occurrence of Antihistamines 
 

Articles on antihistamine detection have steadily increased over the past decade 

(Figure 1). A number of these pharmaceuticals have been reported to occur in a range of 

environmental matrices (e.g., surface water, groundwater, drinking water, reclaimed 

water, influent, effluent, sediment, suspended solids, invertebrates, fish tissues, fish 

plasma; Appendix A). Similar antihistamines were observed in influent, effluent and 

surface waters (Tables 1 – 3), which allowed for direct comparisons among these 

matrices for commonly studied antihistamines (Table 4). Distributions of antihistamine 

occurrence were subsequently examined among matrices (Figure 2) and geographic 

regions when data availability was sufficient (Figures 3 & 4) to characterize differential 

hazards.  However, environmental occurrence data was limited or not available for many 

regions, despite a number of recent publications from Asia-Pacific (19), Europe (56) and 

North America (35) (Figure 1).  Unfortunately, environmental occurrence of 

antihistamines in specific parts of Europe, The Middle East, Russia and Asia-Pacific 

(e.g., Vietnam, Philippines), and more broadly in the continents of Africa, Antarctica and 
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South America, are limited and thus environmental risks of antihistamines in these 

regions remain poorly understood.   
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Figure 1: Refereed studies identifying the occurrence of antihistamines in environmental matrices through 
time (until July 2016). 
 
 
Antihistamines in Influent 
 

Eighteen antihistamines were studied in influent wastewaters, and of those 

evaluated all but ebastine, loratadine, and methdilazine were observed (Table 1). The 

most frequently studied compounds in sewage influent were cimetidine (8), 

diphenhydramine (9) and ranitidine (16) with.  However, publications on antihistamine 

occurrence in wastewater influent are lacking from developing regions as evidenced by 

no manuscripts detailing occurrence were found during our literature review for the 

continents of Africa or South America (Table 1). This observation is in stark contrast to 

the European and North American regions where the majority of data was identified. 

Sixteen different compounds were examined in the European region, 7 in North America, 

and 4 in Asia-Pacific (Table 1).   Interestingly, geographic unit trends were evident for 

the specific antihistamines studied. Diphenhydramine was the most frequently evaluated 
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antihistamine in North America, while European studies included the target analyte 

ranitidine at least three times more frequently than any other compound assessed 

regionally or globally (Table 1).  Influent MECs did not appear dependent on frequency 

of detection, as concentrations ranged from no detects to 11,664 ng/L (ranitidine; 

Kasprzyk-Hordern et al. 2009b) and 17,651 ng/L (cimetidine; Choi et al. 2008) 

Table 1: Detection frequency and geographic distribution of antihistamines in influent wastewater. 

N.D. = not detected.

Antihistamines in Effluent 

Publications evaluating antihistamines in effluent discharges from water 

reclamation plants have analyzed a suite of 24 unique compounds (Table 2). Seventeen of 

the 24 antihistamines studied were detected in at least one study. Bromopheniramine, 

diphenylpraline, ebastine, ketotifen, meclizine, methdilazine and terfenadine have not 

been observed in effluent. However, the four most frequently studied compounds in 

global effluents were ranitidine (25), diphenhydramine (17), cimetidine (12) and 

loratadine (10), (Table 2).  Despite these global occurrence studies, the compounds most 

frequently studied differed for each geographic region.  In Asia-Pacific, chlorpheniramine 
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was the most regularly reported compound of fifteen antihistamines examined, followed 

by diphenhydramine and loratadine.  Consistent with influent observations, ranitidine was 

the most studied compound of the 18 antihistamines evaluated in Europe, followed by 

loratadine, famotidine, fexofenadine and cimetidine.  In North America, 

diphenhydramine was examined three times more frequently than any other antihistamine 

(Table 2).  Though not the most frequently reported antihistamine in any geographic 

region, cetirizine had the highest MEC in effluent (2,100,100 ng/L; Fick et al. 2009) 

followed by ranitidine (160,000 ng/L; Larsson et al. 2007; Table 2).  Both of these values 

come from India, a poorly studied, but densely populated country.  

Table 2: Detection frequency and geographic distribution of antihistamines in wastewater effluent. 

N.D. = not detected
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Twenty antihistamines were analyzed for their occurrence in surface waters at the 

global scale.  Of these literature reports, 12 of the 20 compounds were detected in at least 

one publication.  However, acrivastine, azelastine, clemastine, cyproheptadine, ebastine, 

ketotifen, promethazine and tefenadine were not detected in any samples evaluated 

(Table 3).   For the 12 antihistamines detected in surface water, the most frequently 

studied compounds across the five geographic regions were ranitidine, diphenhydramine, 

cimetidine, loratadine, and famotidine with 28, 22, 21, 16 and 13 studies for which they 

were examined, respectively (Table 3). However, these five APIs were not consistently 

studied among the geographic regions.  In Europe, 10 antihistamines were reported in 

surface water, yet ranitidine, famotidine, loratadine and cimetidine have received the 

majority of attention, which is generally consistent with influent and effluent 

observations.   

Table 3: Detection frequency and geographic distribution of antihistamines in surface water. 

N.D. = not detected.

Antihistamines in Surface Water
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Though diphenhydramine was only included in two studies from Europe, it was 

the compound most studied of nine different antihistamines reported in surface waters of 

North America (Table 3).  A similar pattern was evidenced in Asia-Pacific for which 

diphenhydramine was the antihistamine most studied of the 14 APIs evaluated.  In North 

America and Asia-Pacific, the majority of published studies focused on the top five most 

frequently studied antihistamines (Table 3).  Thus, monitoring of antihistamines in 

surface water was largely limited to diphenhydramine, ranitidine, famotidine, loratadine 

and cimetidine because greater than 50% of observations for Asia-Pacific (15/29), Europe 

(53/64) and North America (30/33), were derived from these 5 APIs compared to all 

other antihistamines evaluated in this manuscript (Table 3). 

Despite of the inclusion of antihistamines in a number of environmental 

monitoring and surveillance studies, not all antihistamines have been frequently detected 

in surface waters and wastewater influents and effluents, perhaps due to the availability 

of analytical standards, thus resulting in more commonly studied pharmaceuticals.  For 

the five most highly studied compounds in surface water (diphenhydramine, ranitidine, 

famotidine, loratadine, cimetidine), the frequency of elevated detection ranged from 

diphenhydramine (19/21), to ranitidine (20/28), loratadine (9/16), cimetidine (11/21), and 

famotidine (3/13). Additionally, none of these five compounds represented the highest 

reported MEC of an antihistamine in surface water; cetirizine was detected at 

concentrations up to 3 orders of magnitude greater than any other compound (1,200,000 

ng/L; Fick et al. 2009; Table 3).  The next highest detection was again from a lesser-

studied compound, fexofenadine, with a MEC of 2,610 ng/L (Bradley et al. 2014; Table 

3).   
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It is important to note that global occurrence data on antihistamines in surface 

waters largely resulted from freshwater studies (Table 3). Of the 20 antihistamines 

studied in surface waters, only 7 compounds have been examined in just 11 studies of 

estuarine or marine environments (Table 3; Alvarez et al. 2014; Bayen et al. 2013; Du et 

al. 2016; Klosterhaus et al. 2013; Lv et al. 2014; Moreno-González et al. 2015; Scott et 

al. 2016; Spongberg et al. 2011; Wahlberg et al. 2011; Wang and Gardinali 2012; Zhao et 

al. 2015b).  Though cetirizine, desloratadine, famotidine, and ranitidine were not detected 

in estuarine and marine surface waters, cimetidine, diphenhydramine and loratadine have 

been observed in coastal regions (Table 3). However, despite the number of 

antihistamines with environmental occurrence data in freshwater and coastal habitats, 

only 11 have been studied for toxicological effects in non-target aquatic species. 
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Figure 2: Environmental exposure distributions of measured environmental concentrations (MECs) of 
antihistamines in surface water, influent and effluent across all geographic regions.  Parenthetical numbers 
indicate the number of unique antihistamines detected each matrix; circles represent geomeans of 
maximum reported MECs for a given active pharmaceutical ingredient. 
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Figure 3: Environmental exposure distributions of maximum reported measured environmental 
concentrations of diphenhydramine, and ranitidine in effluent across all geographic regions.  Parenthetical 
numbers indicate the quantity of reported detections for a given active pharmaceutical ingredient. Vertical 
reference lines are therapeutic hazard values (THV). 
 
 
 

 
Figure 4: Environmental exposure distributions of maximum reported measured environmental 
concentrations of cimetidine, diphenhydramine, loratadine and ranitidine in surface water across all 
geographic regions.  Parenthetical numbers indicate the quantity of reported detections for a given active 
pharmaceutical ingredient. Vertical reference lines are therapeutic hazard values (THV). 
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Table 4: Equations for regression lines and values corresponding to various centiles for environmental 
exposure distributions (EEDs) of maximum reported antihistamine concentrations (ng/L) in surface water, 
influent and effluent.  For each matrix ‘n’ represents the number of unique antihistamines detected and 
reported for that matrix.  For those geographic regions and individual antihistamines with sufficient data, 
additional equations are reported, and therein ‘n’ corresponds to the quantity of instances in which that 
active pharmaceutical ingredient was reported. 

 
 
 
Aquatic Toxicity of Antihistamines  
 

Eleven antihistamines have received some ecotoxicology study, including 

cetirizine, cimetidine, cyclizine, diphenhydramine, famotidine, fexofenadine, 

hydroxyzine, promethazine, ranitidine and triprolidine (Table 5). The most prolifically 

studied antihistamines to date are cimetidine (Bergheim et al. 2014; Hoppe et al. 2012; 

Kim et al. 2007; McCoole et al. 2011), diphenhydramine (Berninger et al. 2011; 

Kristofco et al. 2015; Kristofco et al. 2016; Li 2013; Meinertz et al. 2010), and ranitidine 

(Bergheim et al. 2012; Bergheim et al. 2014; Caminada et al. 2006; Isidori et al. 2009; 

Rocco et al. 2010; Rosi-Marshall et al. 2013), which have been evaluated for various 

adverse effects to bacteria, invertebrates, and fish. Both standardized laboratory methods 

and non-standard experimental approaches have been applied during these studies of the 

ecotoxicity of antihistamines.  Perhaps in an effort to understand the adverse effects of 

biologically active substances, only a portion of the reported studies evaluated growth, 

survival or reproduction (Table 5).  Further, many studies either did not report a NOEC, 
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LOEC, or EC/LC50 value because only one treatment level was examined, or effects 

were not apparent in the range of concentrations evaluated.  Unfortunately, developing 

robust species sensitivity distributions for antihistamines were not possible due to current 

data availability, which precluded more robust probabilistic risk assessment of specific 

antihistamines in this study. 

 Endpoints evaluated ranged from standard immobility, lethality and reproductive 

assays to growth inhibition, gross primary production (GPP), respiration, chlorophyll a 

content, behavioral perturbations, genotoxicity, and cytotoxicity (Table 5).  Across the 

range of endpoints studied, diphenhydramine, a first generation antihistamine, was 

observed to elicit responses at concentrations between 0.12 and 3,319,680 μg/L (Table 5), 

though future efforts are needed to carefully examine solubility considerations for 

ecotoxicity studies with diphenhydramine and other pharmaceuticals.  The most sensitive 

response was observed for Daphnia magna reproduction, with 10d and 21d reproduction 

NOEC values of 0.8 – 2.94 μg/L and 0.12 μg/L, respectively (Berninger et al. 2011; 

Kristofco et al. 2015; Meinertz et al. 2010).  Behavioral responses of Danio rerio and 

Pimephales promelas larvae to diphenhydramine were similarly among the most sensitive 

observations with NOECs of <0.2 - 94.76 μg/L and 2.8 – 24.5 μg/L, respectively 

(Berninger et al. 2011; Kristofco et al. 2016).  Cimetidine, an H2 antihistamine (used as 

an antacid), was identified to elicit responses between 70 and 3,785,100 μg/L with a 

lowest NOEC value (70 μg/L) for growth rate in Gammarus fasciatus and Psephenus 

herricki (Hoppe et al. 2012).  Ranitidine, another antacid, has caused aquatic responses 

between 0.245 – 4,087,200 μg/L (Table 5) with the most sensitive endpoint (by 3 - 4 

orders of magnitude) for genotoxicity in Danio rerio (Rocco et al. 2010).  Though 
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invertebrates tended to be equally or more sensitive as vertebrates to diphenhydramine 

and cimetidine, invertebrates evaluated for ranitidine were 4 orders of magnitude less 

sensitive even when comparing Ceriodaphnia dubia 7d reproduction EC50 values, based 

on currently available information. 

One impetus for the relatively large number of toxicity studies evaluating 

antihistamine effects in invertebrates is the role of histamine in signaling, because 

antihistamines were initially developed to mimic histamine signaling in humans 

(McCoole et al. 2011).  However, antihistamines have a variety of intended, and un-

intended, therapeutic effects.  Antihistamines are selective of one of the 4 histaminergic 

receptors (H1-4), and since their introduction to market, pharmaceuticals have been 

developed to target each receptor type.  First generation H1 antihistamines, for example, 

were introduced in 1942 and continue to be produced (Simons and Simons 2011). Further 

developments have intended to improve first-generation H1 antihistamines because these 

small lipophilic pharmaceuticals have the capacity to cross the blood:brain barrier and 

cause side effects (González and Estes 1998) via interaction with other classes of cellular 

receptors such as the muscarinic cholinergic subtypes (Kubo et al. 1987).  Orzechowski 

et al. (2005) compared the anticholinergic activities of 10 histamine antagonists in 

mammals (six first generation and four second generation H1 antihistamines) and 

reported first generation antihistamines more commonly exhibited anticholinergic 

properties than second generation (Orzechowski et al. 2005).  More recently, a similar 

observation was evidenced in volunteers wherein some second-generation antihistamines 

affected voluntary and involuntary movement (Naicker et al. 2013).   Interestingly, both 

studies noted the cholinergic activity of a loratadine metabolite, desloratadine, which is 
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more potent than the parent compound (Naicker et al. 2013; Orzechowski et al. 2005).  

Further work with the bacterium, P. putida, reported increased toxicity (growth 

inhibition) when cimetidine was irradiated (Bergheim et al. 2014). When comparing 

bioluminescence of Vibrio fischeri, irradiated cimetidine and ranitidine showed increased 

bacterial toxicity.  Unfortunately, environmental monitoring and ecotoxicology studies of 

antihistamine metabolites and degradates are lacking, but deserve attention in the future.  

 
Table 5: Summary of studies evaluating the adverse effects of antihistamines in aquatic organisms. 
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Table 5: Summary of studies evaluating the adverse effects of antihistamines in aquatic organisms. 
(continued)  
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Table 5: Summary of studies evaluating the adverse effects of antihistamines in aquatic organisms. 
(cont’d).  

 
* = Concentration applied to TLC (thin-layer-chromatography) plate; μg not μg/L; not aqueous. 
#= Comet Test, Diffusion Assay, Random Amplified Polymorphism DNA-PCR 
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Distributions of Measured Environmental Concentration, and Percent Exceedances of 
Therapeutic Hazard Values 
 

Though we could not develop robust species sensitivity distributions for aquatic 

organisms, sufficient surface water and effluent data allowed for probabilistic hazard 

assessments of several antihistamines.  Specifically, distributions were created for 

diphenhydramine and ranitidine in effluent (Figure 3) and for cimetidine, 

diphenhydramine, loratadine and ranitidine in surface water (Figure 4).  

Diphenhydramine (19) and ranitidine (18) had the greatest number of reported MECs 

followed by cimetidine (11) and loratadine (7); however, these distributions in surface 

water were fairly similar when comparing 5th centile values (0.15 – 2.39 ng/L; Table 4).  

Again, based on data availability, diphenhydramine and ranitidine MECs were then 

further examined among geographic regions.  When comparing distributions from Asia-

Pacific and North America, diphenhydramine was slightly higher in North America (5th 

centile = 0.12 ng/L) than in Asia-Pacific (5th centile = 0.02 ng/L; Table 4).  In addition, 

there was a higher likelihood of encountering diphenhydramine compared to ranitidine, 

based on 5th centile values of 57.76 ng/L and 7.44 ng/L, respectively (Table 4).   

To explore the potential aquatic hazards in non-target aquatic organisms resulting 

from exposure to antihistamines, THVs were calculated and compared to the compiled 

maximum reported MECs for 24 antihistamines following their occurrence in surface 

water, influent and effluent (Table 6).  These THV values are calculated using an 

empirically based modeling equation based on log P values (Brooks et al. 2014). Because 

antihistamines (and ~85% of all medicines) are ionizable in the environment pH 

influences on bioaccumulation remains an important consideration (Berninger et al. 2011; 

Du et al. 2014b; Nichols et al. 2015; Scott et al. 2016). Unfortunately, we could not 
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account for location specific pH influences on ionization because such information was 

not routinely provided in the literature we identified and bioaccumulation of 

antihistamines are not occurring simply by hydrophobic partitioning (Nichols et al. 

2015). Future research is warranted to understand bioaccumulation of pharmaceuticals 

and other ionizables in aquatic life (Boxall et al. 2012; Rudd et al. 2014), including edible 

fish and shellfish.  

In the present study, THVs ranged from 0.53 ng/L to 254,209.74 ng/L for the 

twenty-four medicines examined (Table 6).  In influent wastewater, which may provide 

conservative estimates of environmental introduction concentrations in developing 

regions lacking wastewater treatment, 9 of the 17 studied antihistamines exceeded API 

specific THVs in at least one study. Conversely, cimetidine, famotidine, loratadine and 

ranitidine were not reported in influent above THVs despite higher frequencies of study 

(Table 6), suggesting future efforts should examine environmental occurrence and 

hazards of other antihistamines.  The likelihood of observing THV exceedences in 

effluent was more similar to influent sewage than surface waters (Table 6). Specifically, 

10 of 22 analytes were detected at levels in effluent exceeding their THVs, with 

fexofenadine having the greatest number of exceedences (5/8; Table 6), suggesting 

aquatic toxicity of this compound should be examined in the future. Conversely, 

chlorpheniramine, cimetidine, diphenhydramine, famotidine and ranitidine, despite 

receiving greater frequency of study, did not exceed THVs in effluent on any occasion 

(Table 6).  In surface water, only 4 of the 19 studied compounds (cetirizine, 

diphenhydramine, fexofenadine, loratadine) were reported at values greater than their 

respective THVs.  For cetirizine, diphenhydramine and fexofenadine, each only had one 
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instance of exceedence out of all analyses; however, loratadine exceeded its THV in 

surface waters 40% of the time (Figure 4; Table 6).  Here again, such analyses were 

dependent on data availability and could not be performed for many regions or coastal 

regions due to data limitations. Clearly, future studies are warranted in peri-urban areas 

of megacities in developing regions where access to medicines are occurring faster than 

wastewater treatment can be implemented. 

 
 
Table 6: Calculated therapeutic hazard values (THVs) and exceedence percentages of measured 
environmental concentrations (MECs) relative to the THV of antihistamines. 

 
1: DrugBank;  2: SciFinder;  3: Balasubramanian et al. 1989;  4: Schulz et al 2012;  5: Rohatagi et al 2001;  
6: Sarashina et al 2005;  7: Zhao et al 2015. 
 
 

Conclusions 
 

In the present study we evaluated the current knowledge of antihistamine 

occurrence in water resources.  When data was sufficient, we then estimated hazards to 

aquatic life. One hundred and eleven primary literature articles reported the occurrence of 
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24 antihistamines in water, sediment and tissue, largely from the Asia-Pacific, European 

and North American geographic regions. Unfortunately, environmental occurrence of 

antihistamines in coastal and marine systems were limited and monitoring data from 

Africa and South America were largely lacking. In fact, environmental hazards and risks 

of many antihistamines remain poorly understood for non-target species, particularly in 

coastal environments. Due to inconsistent monitoring efforts and limited ecotoxicity 

information we could not perform robust assessments for most of the rapidly urbanizing 

and large geographic regions of the world.  Implications of these data gaps from growing 

population centers require future study, particularly in regions with megacities and 

biodiversity hotspots in the central latitudes that are also vulnerable to climate change 

and land use change (Bellard et al. 2014). The unique global scanning approach presented 

here further identifies the utility of global assessment of contaminant classes to identify 

specific chemicals and locations for future environmental assessment and management 

efforts.    
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Abstract 
 

Pharmaceuticals and other contaminants of emerging concern present unique 

challenges to environmental risk assessment and management. Fortunately, mammalian 

pharmacology and toxicology safety data are more readily available for pharmaceuticals 

than other environmental contaminants. Identifying approaches to read-across such 

pharmaceutical safety information to non-target species represents a major research need 

to assess environmental hazards. Here, we tested a biological read-across hypothesis from 

emergency medicine with common aquatic invertebrate and vertebrate models. In 

mammals, the antihistamine diphenhydramine (DPH) confers protection from poisoning 

by acetylcholinesterase inhibition because DPH blocks the acetylcholine receptor.  We 

employed standardized toxicity methods to examine individual and mixture toxicity of 

DPH and the acetylcholinesterase inhibitor diazinon (DZN) in Daphnia magna (an 

invertebrate) and Danio rerio (zebrafish, a vertebrate). Though the standardized Fish 

Embryo Toxicity method evaluates early life stage toxicity of zebrafish (0-3 days post 

fertilization, dpf), we further evaluated DPH, DZN and their equipotent mixture during 

three development stages (0-3, 3-6, 7-10 dpf) in zebrafish embryos. Independent action 
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and concentration addition mixture models and fish plasma modeling were used to assist 

interpretation of mixture toxicity experiments. Though our primary hypothesis was not 

confirmed in acute studies with D. magna, DPH conferred a protective effect for acute 

DZN toxicity to zebrafish when DPH plasma levels were expected to be greater than 

mammalian therapeutic, but lower than acutely lethal, doses. We further observed that 

timing of developmental exposure influenced the magnitude of DZN and DPH toxicity to 

zebrafish, which suggests that future zebrafish toxicity studies with pharmaceuticals and 

pesticides should examine exposure during developmental stages. 

 
Introduction 

 
Pharmaceuticals and other chemicals of emerging concern (CECs) present unique 

challenges to environmental risk assessment (ERA) and risk management (1). Many of 

the scientific methodologies (e.g., model organisms, computational models) used to 

assess environmental risks of pharmaceuticals were derived from studies of historical 

contaminants such as persistent organic pollutants (e.g., polychlorinated biphenyls), 

heavy metals and pesticides, which have primarily been examined for acute toxicity to 

aquatic life (2). Pharmaceuticals are designed to be biologically active and interact with 

therapeutic targets at low concentrations; thus, with the exception of developing countries 

with  lower treatment capacity and fewer enforced water quality regulations, sublethal 

responses of aquatic and terrestrial organisms are more likely to be observed in the 

environment than acute toxicity (3).  Because these sublethal effects are poorly 

understood in wildlife, a number of timely research needs were recently identified to 

understand risks of pharmaceuticals in the environment (4).  
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Assessing risks of historical environmental contaminants is routinely hampered 

by limited toxicity information. Unlike these historical contaminants, a large repository 

of mammalian safety information exists for pharmaceuticals (5). In the US, the Food and 

Drug Administration examines potential pharmaceutical impacts in the environment 

under the National Environmental Policy Act (6,7). To begin to address the existing data 

gaps for pharmaceutical impacts in the environment, comparative pharmacology and 

toxicology approaches may be developed through “read-across” processes (8).  Because 

conservation of critical molecular receptors for pharmaceuticals exist across aquatic 

vertebrates (9-11), it appears possible to utilize such information from target organisms 

(e.g., human, mammal) to prioritize chemicals for further study (12, 13) and support more 

robust ERA and environmental decisions (14-16).  To organize the mammalian data for 

read-across to aquatic species, an adverse outcome pathway (AOP) (17) provides a 

critical structural framework for understanding therapeutic mechanism of action (MOA) 

specific responses; employing AOPs was recently recommended for future studies 

examining environmental impacts of pharmaceuticals (18). Further, a recent horizon 

scanning exercise collected over 400 research questions necessary to better understand 

risks of pharmaceuticals and personal care products in the environment (4). From these 

questions, a workshop of global experts identified 20 priority research questions (4). 

Among the top 6 research needs identified during this expert workshop were: “How can 

pharmaceutical preclinical and clinical information be used to assess the potential for 

adverse environmental impacts of pharmaceuticals?;” “What can be learned about the 

evolutionary conservation of PPCP targets across species and life stages in the context of 

potential adverse outcomes and effects?”; and “How can effects from long-term exposure 
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to PPCP mixtures on non-target organisms be assessed? Such research needs prompted 

the present study. 

In the environment, pharmaceuticals with various MOA are observed in complex 

mixtures (19), particularly in effluent-dominated ecosystems (20).  Unfortunately, 

interactive effects of pharmaceuticals in wildlife are poorly understood. In an effort to 

understand effects of similar and dissimilarly acting compounds, Backhaus and Faust 

(21) proposed a two-stage strategy first using concentration addition (CA) modeling and 

then applying an independent action (IA) model to the CA-predicted response. In both 

predictive methods, it would be ideal to know or at least anticipate MOAs for compounds 

in a mixture to develop research hypotheses a priori. Here again, employing the AOP 

framework and comparative pharmacology approaches should provide a basis for 

interpreting environmentally important mixtures.   

In the present study, we explore the use of comparative pharmacology and an 

AOP framework to interpret interactive pharmaceutical toxicity using two common 

aquatic animal models.  Though the current emergency medicine treatment for 

organophosphate insecticide (OP) poisoning in mammals is atropine, diphenhydramine 

(DPH), the active ingredient in Benadryl® and several other human medicines, is 

considered as an alternative treatment because DPH competitively inhibits the 

acetylcholine (ACh) receptor, and thus protects against OP poisoning caused by 

hyperstimulation from acetylcholinesterase inhibition (22-24). Thus, the overarching 

objective of this study was to test a read-across hypothesis for DPH protection against 

diazinon (DZN; a model OP) toxicity in the aquatic invertebrate, Daphnia magna, and 

the vertebrate, Danio rerio.  Based on emergency medicine observations in mammals and 
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conservation of ACh and acetylcholinesterase (AChE) across animal models, we 

specifically tested the hypothesis that DPH would reduce acute and chronic DZN 

toxicity. We further examined whether timing of exposure during different 

developmental stages influenced the magnitude of DZN, DPH and mixture toxicity to D. 

rerio. 

 
Methods and Materials  

 
 
Chemicals and analytical verification of treatment levels 
 

Diphenhydramine hydrochloride (CAS 147-24-0; ≥98% purity; Sigma-Aldrich 

Corp., St. Louis, MO, USA), and DZN (CAS 333-41-5; >98% purity; Chem Service, 

Inc., West Chester, PA, USA) were purchased at the highest purities available.  For 

analytical verification of stock solutions, isotopically labeled DPH-d3 (Cerilliant, Round 

Rock, TX) and DZN-d10 (Toronto Research Chemicals Inc., Ontario, Canada) were also 

acquired.   

Treatment levels of DPH and DZN from each toxicity study were analytically 

verified using isotope dilution liquid chromatography tandem mass spectroscopy (LC-

MS/MS) with electrospray ionization (ESI).  A 500 μl aliquot of undiluted or diluted 

exposure water samples was combined with 450 μL of 0.1% formic acid (w/w) and 

spiked with 50 μL of an internal standard mixture (DPH-d3 and DZN-d10) in an 

autosampler vial before analyses.  Instrumentation and strategies for separation and 

detection of target analytes were primarily described elsewhere (25, 26).  A gradient 

mobile phase condition resulted in elution of DPH at 4 minutes and DZN at 8 minutes.  

The ionization mode and monitored transitions for DZN and internal standard DZN-d10, 
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which had not been reported previously by our group, were as follows: ESI+ DZN 

305.0>169.0 and DZN-d10 315.0>170.0.  The collision energy for DZN and DZN-d10 

were -20.0V and -22.5V, respectively.   

Ten standards, ranging in concentration from 0.1 to 500 ng/mL, were utilized to 

build a linear calibration curve (r2 = 0.998).  Continuing calibration verification (CCV) 

samples were also run between every 5 samples to monitor instrument calibration. The 

majority of analytically verified concentrations (74%) fell within 20% of their nominal 

values; however, measured concentrations of DPH and DZN ranged from 39.04 - 149.6% 

of nominal concentrations.  For this reason, analytically verified concentrations were 

used in statistical analyses and to develop figures and tables.   

 
Daphnia magna studies 
 

Daphnia magna were obtained from permanent cultures, and maintained at 25°C 

with a 16hr light/ 8hr dark photoperiod.  Reconstituted hard water (RHW) (27) was used 

to maintain cultures and also served as controls for toxicity studies with D. magna.   

RHW water quality parameters included: pH 8.5 (±0.1), conductivity 607.4 (±47) µS/cm, 

hardness 170 (±5.3) mg/L as CaCO3, alkalinity 106.8 (±8.3) mg/L as CaCO3, dissolved 

oxygen 8.3 (±1.2) mg/L (28).  Cultures were fed once daily with a green algae 

(Pseudokirchneriella subcapitata) and cereal grass media (Cereal Grass Media, 

Innovating ScienceTM, Aldon Corp, Avon, NY, USA) mixture (27). 

D. magna 48hr mortality studies followed standard US EPA protocols (27).  

Briefly, acute toxicity tests utilized neonates (<24hr old) with five individuals per 

experimental unit and five replicates per treatment level. Independent acute toxicity 

studies were performed in triplicate.  Neonates were exposed for 48 hrs following this 
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experimental design for DPH, DZN or DZN x DPH mixtures.  DPH preliminary studies 

were performed to confirm treatment levels previously reported by our group (26); the 

acute DPH EC50 value used for mixture calculations, further described below, was 

374µg/L (26).  Treatment level solutions for toxicity studies were prepared with RHW, 

and for DZN and DZN x DPH mixture studies methanol was used as a solvent carrier.  

Solvent controls were included in each study, wherein methanol was equivalent and did 

not exceed 0.01%.  Analytical verification by LC-MS/MS of stock solutions and 

treatment levels occurred at study initiation and conclusion. 

Sub-chronic toxicity studies with D. magna were then performed, following 

standard 10d static renewal US EPA protocols (29) with minor modifications previously 

reported by our group (30).  Briefly, this experimental design utilized <24 hr old neonates 

with one organism per test chamber and 10 replicates of each treatment level. Duplicate 

studies were performed for DPH, DZN or DZN x DPH mixtures.   During each 

experiment, organisms were observed and fed daily with a P. subcapitata and Cerophyll 

mixture (31).  Treatment level solutions were renewed every other day with stock 

solutions, which were prepared at test initiation and stored at 4 °C.  Similar to acute 

studies, methanol was used as a solvent carrier for DZN and mixture studies and did not 

exceed 0.01%.   Water samples were collected on days 0, 5 and 10 for analytical 

confirmation of treatment levels by LC-MS/MS. 

 
Danio rerio studies 
 
 Wildtype tropical 5D zebrafish (D. rerio) were kept under standard culture 

conditions at Baylor University and followed Institutional Animal Care and Use 

Committee approved protocols.  Adult zebrafish were cultured on a filtered (Compact 
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system, Lifeguard Aquatics, Cerritos, CA, USA) recirculating system (Marine Biotech 

Systems, Beverly, MA, USA) maintained at 28°C on a 16h light/ 8h dark photoperiod 

and housed in 1L aquaria with densities of ≤5-6fish per tank.  System culture water was 

formulated by the addition of Instant Ocean® salts (Aquatic Eco-Systems, Inc, Apopka, 

FL, USA) (60mg/l) to deionized water; the media was brought to pH 7 with sodium 

bicarbonate (50mg/l).  Culture water quality parameters included: pH 6.7 (±0.1), 

conductivity 565 (±114) µS, and dissolved oxygen 7.8 (±0.6) mg/L. Zebrafish were fed 

twice daily with brine shrimp (Artemia nauplii; Aquatic Eco-Systems, Inc, Apopka, FL, 

USA) and once daily with AES flake fish food (Aquatic Eco-Systems, Inc, Apopka, FL, 

USA).      

 Though standardized experimental designs for zebrafish embryos are initiated 

shortly after fertilization (e.g., OECD test no. 236 (32)), in the present study, acute 

toxicity of DPH, DZN or their binary mixture to zebrafish was evaluated for three 

developmental periods.  The three 72hr exposure windows selected were 0-3, 3-6, and 7-

10 days post fertilization (dpf).  Following staging described by Kimmel et al (33), 

experiments were initiated between the shield and 75% epiboly stages (6-8hpf, hours post 

fertilization), or at day 3 and 7, respectively.  All studies were renewed and observed 

daily.  Stock solutions of DPH, DZN or their mixture were prepared with zebrafish 

culture water (Instant Ocean® in DI water) at study initiation and were stored at 4 °C in 

the dark.  For DZN and mixture treatment levels methanol was used as a solvent carrier, 

but did not exceed 0.01%.   Here again, solvent controls were included for DZN and 

mixture studies.   Water samples of stock solutions were taken for analytical verification 

by LC-MS/MS concentration quantification.   
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For the 0-3dpf experiments, 10 6-8hpf embryos were placed in 10mL of solution 

in a 30ml chamber, with 20 chambers per treatment level.  For both the 3-6 and 7-10dpf 

exposures, 10 larvae were placed in 80mL of solution in 100mL beakers, with five 

beakers per concentration.  Range finding tests were conducted to initially identify 

concentrations for study.  Embryos or larvae were exposed for 72 hrs to DPH, DZN or 

DPH x DZN mixtures. Water samples were collected at study initiation for analytical 

confirmation of treatment levels by LC-MS/MS.  

 
Mixture models 
 

Mixture exposures were formulated utilizing single chemical toxicity data to 

calculate mixture units (S units; see individual chemical toxicological benchmark 

concentrations in Table 8), where 1S= 0.5(EC or LC50DZN) + 0.5(EC or LC50DPH).  A 

dilution series was created from the 1S formulation, with two concentrations above and 

below this central value (e.g., 4S, 2S, 1S, 0.5S and 0.25S).  To evaluate chemical mixture 

interactions, the concentration addition (CA) and independent action (IA) models were 

evaluated; predicted values were calculated for each model, and compared to observed 

mixture toxicity data.  The CA model predicts the expected combined effect of similarly 

acting agents (34) via the summation of the fractions of individual constituents in a given 

mixture.  For example, in the case of a two component mixture, the predicted 

concentration of the two chemicals (described as a toxic unit (TU) with an S value) that 

elicits X% effect (e.g., of an LC50) is determined by the relationships of the  

concentrations of these two substances to their respective individual toxicological 

benchmark values (e.g., LC50), where Ca and Cb are the concentrations of the substances 

in the mixture as expressed in equation 1.  
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Eq.1                

Conversely, the IA model predicts the interaction of dissimilarly acting toxicants (34, 35) 

and was first proposed by Bliss in 1939 (equation 2):  

Eq. 2    Rm = Ra + Rb – (Ra x Rb)                    

where Rm = response to the mixture of chemicals a and b, and Ra or Rb = response to the 

individual chemicals (35). 

 
Statistical analysis 
 

Acute EC or LC50 values were calculated with the U.S EPA Toxstat software 

using the Probit method if data met statistical assumptions; however, if they did not meet 

Probit assumptions then the trimmed Spearman-Karber method was used (27; Table 7).  

For 10d reproductive studies  no observable effect concentrations (NOECs) and lowest 

observable effect concentrations (LOECs) were identified using analysis of variance with 

Dunnett’s post-hoc test (α=0.05; 36, 37).   

 
Table 7: Statistical analyses used to estimate EC50 and LC50 values for Daphnia magna and Danio rerio, 
respectively, following exposure to diphenhydramine, diazinon or their equipotent mixtures. TSK = 
Trimmed Spearman Karber. dpf = days post fertilization. 

Organism Age window Diphenhydramine Diazinon Mixture 
Daphnia magna NA - TSK TSK 

Danio rerio 
0-3 dpf Probit TSK Probit 
3-6 dpf Probit TSK TSK 
7-10 dpf TSK TSK TSK 
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Results 
 
 
Daphnia magna studies 
 
 Table 8 lists the analytically verified acute 48hr EC50 values and subchronic 10d 

NOEC and LOEC values for D. magna toxicity studies.  Concentration-dependent 

relationships were consistently observed for D. magna mortality and fecundity. In both 

survival and reproduction, DZN was more potent than DPH.   For example, an order of 

magnitude difference was observed between NOECs and LOECs for DZN and DPH 

(Table 8).  However, DZN exhibited a much smaller margin between acute and 

subchronic responses with little difference between the EC50 (0.896µg/L) and NOEC 

(0.35µg/L; Table 8).  Conversely, the NOEC and EC50 values for DPH differed by two 

orders of magnitude.  In the case of 10d survival, significant decreases were seen in the 

highest DPH and two highest DZN concentrations (Figure 5a).  For DZN, reductions in 

neonate production per female were noted to only be significant when significant 

reductions in survival were also observed (Figure 5a & b).  However, this was not the 

case for DPH because significant reproduction effects were evident at treatment levels 

not resulting in significant survival responses. 

 Following studies to examine equipotent mixtures of DPH and DZN, D. magna 

responses were plotted against predicted concentration addition and independent action 

model values (Figures 6, 7).  For acute mixture studies, toxicity was under predicted by 

CA below 1S, but then appeared to more closely align with predicted CA values at 1, 2 

and 4S for mortality (Figure 6).  Conversely, for the subchronic studies, at low mixture 

treatment levels both the CA and IA models over-predicted toxicity.  At higher (2S, 4S) 



73 
 

concentrations resulting in significant fecundity responses (Figure 7a), the CA model 

appeared to more closely describe interactive effects on sublethal responses (Figure 7b).   

 
Danio rerio studies 
 
 Analytically verified 72hr toxicity thresholds for DPH and DZN are listed in 

Table 8.  Similar to observations with D. magna, DZN was more potent than DPH for the 

different embryonic and larval stages (Table 8).  During each exposure window 

examined, LC50 values were an order of magnitude lower for DZN than for DPH (Table 

8).  Further, LC50 values for DZN and DPH decreased with increasing age of the fish 

(Table 8; Figure 8).  DZN LC50 values were 14.7, 12.2, and 5.41mg/L for 0-3, 3-6 and 7-

10dpf studies, respectively.  Similarly, for 0-3, 3-6 and 7-10dpf experiments, LC50 values 

for DPH were 692, 262, and 45.5mg/L, respectively.   

Following approaches employed for D. magna to examine equipotent mixtures of 

DPH and DZN, D. rerio responses were plotted against predicted concentration addition 

and independent action model values (Figures 8).  At lower mixture concentrations 

(0.25S, 0.5S, some 1S), toxicity was over-predicted by both CA and IA models (Figure 5 

A, B and C).  For 0-3 and 7-10dpf at 1S, CA under predicted acute toxicity.  At elevated 

(2S, 4S) mixture concentrations, empirical data for all three exposure windows were in 

agreement with CA but not consistently with IA predictions (Figure 9 A, B and C). 
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Table 8: Analytically verified EC or LC50 values (mean ±SD; n =3) and no observed effect concentrations 
(NOEC) and lowest observed effect concentrations (LOEC) for diazinon (DZN) and diphenhydramine 
(DPH), and their equipotent mixtures (second two rows) in Daphnia magna 48 hr acute and 10 d subchronic 
fecundity studies, and Danio rerio 72 hr acute studies.  dpf = days post fertilization. 
 

  Daphnia magna Danio rerio 
72hr LC50 (mg/L) 

 

 

  

Mean 48hr 
EC50 

(μg/L) 

10d NOEC, 
LOEC (μg/L) 0-3dpf 3-6dpf 7-10dpf 

 

Ind
ivi

du
al 

Ch
em

ica
l DZN 0.896 (±0.1) 0.363, 0.627 14.7 12.2 5.41  

DPH 374 (±142) a 2.94, 5.94 692 262 45.5 
 

M
ixt

ure
 

DZN 0.435 (±0.15)  0.42, 0.99 6.89 7.41 3.11  

DPH 205 (±78) 1.78, 3.57 269 159 19.81  

   
a Berninger et al. 2011 (24)  

 
 

Discussion 
 
 Aquatic toxicology of OP insecticides has been extensively examined, particularly 

for aquatic invertebrates and vertebrates. For example, Williams et al  (38) recently 

identified acetylcholinesterase inhibition (AChEI) hazard concentrations at the 5th centile 

of probability distributions of 0.188 and 65.07 ng/L for D. magna and Pimephales 

promelas (fathead minnow), respectively, which illustrates the potency of these common 

substances compared to other environmental contaminants. DZN is a commonly 

associated with its use as insecticide, but is also used as a veterinary medicine (39). The 

primary objective of the present study was to test a biological read-across hypothesis 

from the emergency medicine literature between mammals and common aquatic model 

organisms.  We specifically hypothesized that DPH would confer a protective effect for 

DZN poisoning in aquatic invertebrates and vertebrates.  Threshold toxicity values 

observed here for D. magna to DZN generally followed previous reports for both acute 

(40-42) and subchronic (42, 43) endpoints.  Though DPH and other antihistamine toxicity 

data for invertebrates is not as readily available as DZN (44), D. magna observations 



75 
 

from the present study are similar to previous reports by our group (26) and others (45). 

Such toxicity threshold observations for DZN or DPH are typically higher than observed 

in surface waters or effluents in developed countries; however, the objectives of the 

present study did not include examining mixture response thresholds to environmental 

exposure scenarios.. For example, we recently reported D. magna 10 d reproduction 

NOEC and LOEC values of 0.8 and 3.4 µg/L for DPH (26), which are quite similar to the 

D. magna sublethal response thresholds reported in Table 8.  

 
 

 

Figure 5: Daphnia magna subchronic (10d) (A) survival and (B) fecundity responses to either 
diphenhydramine or diazinon.  Statistical differences from controls are denoted with asterisks (*: p<0.05).   
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In contrast to our hypothesis based on the mammalian emergency medicine 

literature, DPH did not uniformly ameliorate DZN acute toxicity in daphnia, particularly 

at lower treatment levels, and, furthermore, deviations from the CA and IA models were 

observed (Figure 6). However, daphnia reproduction responses were more closely 

predicted by both the IA and CA models (Figure 7).   CA and IA represent the 

predominate approaches to predict mixture toxicity (21).  Though DPH and DZN 

displayed distinct  concentration-response toxicity to D. magna and zebrafish (Figures 5 

& 8), which then were used to estimate EC50 values and to select corresponding 

equipotent treatment levels for mixture toxicity studies, this approach does not account 

for different slopes between concentration-response relationships.  Backaus et al (46) 

recently found that formulating mixtures using ratios of EC50 values, as was done in the 

present study, resulted in difficulties in mixture modeling if tested mixture ratios utilized 

individual component concentrations eliciting <1% effect due to differing slopes for each 

of the individual chemicals. Subsequently, treatment levels derived from individual EC50 

values may differ from mixture modeling predictions particularly if these substances 

were not present at appropriate mixture concentrations and ratios to mechanistically 

interact as modeled. 
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Figure 6: Evaluation of Daphnia magna acute toxicity (48hr EC50) for equipotent mixtures of 
diphenhydramine (DPH) and diazinon (DZN).  S values denote equipotent mixtures based on individual 
chemical respective EC50 values (1S= 0.5(EC50DZN ) + 0.5(EC50DPH ). 

 
 

 
Figure 7: A Interactive effects of equipotent mixtures of diphenhydramine (DPH) and diazinon (DZN) on 
mean (±SD) Daphnia magna fecundity (10 d). B Comparison of concentration addition (CA) and 
independent action (IA) models to mean Daphnia magna fecundity.  (10d, percent of control) of equipotent 
mixtures of DPH and DZN. S values denote equipotent mixtures based on individual chemical respective 
LOEC values (1S= 0.5(LOECDPH) + 0.5(LOECDZN).  Statistical differences from controls are denoted with 
asterisks (*: p<0.05). 
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In contrast to observations for daphnia acute toxicity, zebrafish mortality more 

closely aligned with our read-across hypothesis from mammalian emergency medicine at 

lower (e.g., below 1S) but not higher treatment levels of equipotent mixtures of DZN and 

DPH (Figure 9).   Because treatment levels in the present study were selected around 

acute toxicity thresholds, DPH could have exerted toxicity through its multiple 

therapeutic MOAs or by general toxicity (e.g., narcosis) at these higher concentrations 

(Figure 9). In an effort to interpret observations from the present study across the 

equipotent treatment levels (Figure 9), we employed a fish plasma uptake modeling 

approach (10, 26, 47) to predict internal doses of DPH of zebrafish in Figure 9 using 

equation 3: 

Eq. 3    PBW = (100.73log D (pH 7)
  0.16)+0.84 

where PBW is the blood:water partition coefficient (47) and log D represents the 

octanol:water partition coefficient of DPH (a weak base) based on pH (26) of the 

zebrafish experiments.  If the mammalian DPH Cmax value (0.05 µg/ml) is used as a 

surrogate for an internal therapeutic dose in fish (10, 16, 26), then zebrafish DPH plasma 

levels would be expected to range from 30-7,500x of the human therapeutic dose. Bird et 

al (23) identified a protective DPH effect for OP poisoning in rats treated with 30 mg/kg, 

which corresponds to ~43x higher dosage than required to reach a therapeutic effect 

(0.7mg/kg). In contrast, the rat oral LD50 value of 390 mg/kg for DPH is ~557x greater 

than the therapeutic dosage. Thus, at low mixture concentrations where CA and IA 

models overestimated DPH and DZN toxicity to zebrafish (Figure 9), internal doses of 

DPH were likely consistent with internal plasma levels demonstrated by Bird et al (23) to 

be protective of OP poisoning.  Similarly, at higher equipotent mixture treatment levels 
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(e.g., greater than 1S; Figure 9), zebrafish plasma concentrations would have exceeded 

internal doses associated with rat mortality (e.g., LD50 values). Based on observations in 

the present study, the mammalian to aquatic read-across hypothesis tested appears 

plausible for zebrafish, but not daphnia, likely due to differences in evolutionary 

conservation pharmaceutical targets in aquatic vertebrates and vertebrates (9, 48). Such 

information appears to present valuable approaches for prioritization pharmaceuticals 

with higher likelihood to elicit adverse outcomes to non-target organisms (4, 49), and 

thus support more robust environmental research, assessment and monitoring (14). 

 
 

 

Figure 8: Acute (72hr) Danio rerio mortality of A diazinon (DZN) and B diphenhydramine (DPH) during 
three stages of development (0-3, 3-6 and 7-10 days post fertilization, dpf). 
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 Another high priority research need identified by Boxall et al (4) was: “How can 

ecotoxicity test methods that reflect the different modes of action of active PPCPs be 

developed and implemented in customized risk assessment strategies?” Early life stages 

are sensitive to contaminant exposure; regulatory toxicology experimental designs were 

subsequently developed to include early life stages in toxicity testing, particularly for 

common models such as P. promelas (27),   D. magna (27), and D. rerio (32).  However, 

sensitivity to some toxicants vary during developmental stages (49); for example, it has 

previously been demonstrated that sensitivities to OPs increase over development in 

amphibians (51) and fish (52, 53).   

In the present study we also observed similar sensitivity shifts; increasing 

developmental stage exhibited decreases in LC50 values for DZN (Table 7).  This increase 

in sensitivity subsequent to DZN exposure is linked to rational molecular design of 

second generation OPs insecticides wherein metabolism to a more toxic oxon metabolite 

is responsible for elevated AChEI and thus toxicity. Biotransformation  to the oxon 

metabolite of DZN occurs by cytochrome (CYP) P450 enzyme oxidation, yet expression 

and activity of CYP enzyme isoforms fluctuate in intensity and location over 

development (54-56).  Additionally, an understanding of pharmaceutical metabolism in 

fish species is lacking (15, 57, 58); although some mammalian homologues have been 

identified, functional conservation has not yet been established for most CYPs (57). 

Despite this uncertainty, DZN acute toxicity differences across development stages 

observed in the present study correlated with potential bioavailability influences by the 

presence the chorion, a selectively permeable membrane surrounding the embryo. 

Although permeability inherently varies across species and during development, it may 
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be that because zebrafish can be chorionated until 72hpf, lower sensitivity of the 0-3 dpf 

study relative to the later two development stages, possibly resulted from reduced 

bioavailability of DZN. For example, previous studies in Japanese medaka have 

attributed differences in sensitivity to decreased uptake during chorionated stages, and 

increased sensitivity to dechorionated stages due to elevated CYP activity (59, 60). Other 

studies have also noted bioavailability related effects due to the presence of the chorion 

(61-63). In fact, Embry et al (2010) noted the poorly understood influences of the chorion 

on bioavailability of various chemicals. Clearly, the influence of chorionation on 

bioavailability and toxicity of industrial chemicals and effluents deserves additional 

study.  

Interestingly, we observed a similar increase in sensitivity with development 

exposure for DPH studies.  Though an increase in sensitivity from the 0-3 dpf study to 

the 3-6 and 7-10dpf experiments may have resulted from  dechorionation (completed by 

3 dpf), a continued decrease in LC50 values for DPH (Table 7) between the 3-6 dpf and 7-

10 dpf experiments was also observed. In humans, DPH is transformed by CYP2D6 to 

several metabolites, including n-desmethyldiphenhydramine (or, nordiphenhydramine), 

which maintains some biological activity (64). Unfortunately, differential mammalian 

toxicity among these metabolites is not well documented, and information on toxicity of 

DPH metabolites to zebrafish is lacking. However, CPY 2D6 activity does not appear 

present in fish models; for example, recent observations by our group indicated that DPH 

is not transformed in vitro by rainbow trout liver S9 (15), which suggests that metabolism 

may not represent a major contributor to observations of increased toxicity with 

development observed in the present study.  
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Figure 9: Comparison of concentration addition (CA) and independent action (IA) models compared to 
observed mortality (72hr LC50) from equipotent mixtures of diphenhydramine (DPH) & diazinon (DZN) in 
Danio rerio for A. 0-3 dpf; B. 3-6 dpf; & C. 7-10 dpf studies.  S values denote equipotent mixtures based on 
individual chemical respective LC50 values (1S= 0.5(LC50DZN) + 0.5(LC50DPH). dpf = days post fertilization. 
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Though DPH is often associated with allergy treatment, resulting from H1 

receptor antagonism, it also exhibits therapeutic activity by blocking serotinergic and 

cholinergic receptors. Serotonin, histamine and acetylcholine receptors are present in 

zebrafish; some of which  display varying patterns of expression through development 

(65, 66).  For example, serotonin reuptake transporter (SERT) expression is differentially 

expressed in regions of the zebrafish hypothalamus; SERT expression is not observed 

until 4dpf, though serotonin has been detected as early as 2dpf (67).  Thus, it appears that 

pharmacodynamics or pharmacokinetic differences during development may have 

contributed increased toxicity with zebrafish age in the present study. Such observations 

indicate that standardized experimental designs for toxicity testing should consider 

initiating exposure during multiple stages of zebrafish development.  

 
Conclusions 

 
Leveraging mammalian pharmacology and toxicology data for pharmaceuticals 

presents opportunities to more efficiently and robustly assess and manage environmental 

risks. In the present study, the utility of a biological read-across hypothesis, initially 

derived from the emergency medicine literature, was observed in acute toxicity studies 

with the aquatic vertebrate D. rerio, but not the aquatic invertebrate D. magna, likely due 

to evolutionary conservation of pharmacological targets across vertebrates. We further 

observed developmental timing of toxicity test initiation to influence the magnitude of 

toxicity to zebrafish, indicating that future alternative toxicity studies with zebrafish 

should examine exposure across developmental stages. 
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Age Matters: Developmental Stage of Danio rerio Larvae Influences Photomotor 
Response Thresholds to Diazinon or Diphenhydramine 

 
This chapter published as: Kristofco LA, Cruz LC, Haddad SP, Behra ML, Chambliss 

CK, Brooks BW. 2016. Age Matters: Developmental Stage of Danio rerio Larvae 
Influences Photomotor Response Thresholds to Diazinon or Diphenhydramine. Aquatic 

Toxicology 170: 344-354. 
 
 

Abstract 
 

Because basic toxicological data is unavailable for the majority of industrial 

compounds, High Throughput Screening (HTS) assays using the embryonic and larval 

zebrafish provide promising approaches to define bioactivity profiles and identify 

potential adverse outcome pathways for previously understudied chemicals. 

Unfortunately, standardized approaches, including HTS experimental designs, for 

examining fish behavioral responses to contaminants are rarely available. In the present 

study, we examined movement behavior of larval zebrafish over 7 days (4 to 10 days post 

fertilization or dpf) during typical daylight workday hours to determine whether intrinsic 

activity differed with age and time of day. We then employed an early life stage approach 

using the Fish Embryo Test (FET) at multiple developmental ages to evaluate whether 

photomotor response (PMR) behavior differed with zebrafish age following exposure to 

diazinon (DZN), a well-studied orthophosphate insecticide, and diphenhydramine (DPH), 

an antihistamine that also targets serotonin reuptake transporters and the acetylcholine 

receptor. 72 hr studies were conducted at 1-4, 4-7 and 7-10 dpf, followed by behavioral 

observations using a ViewPoint system at 4, 7 and 10 dpf.  Distance traveled and 

swimming speeds were quantified; nominal treatment levels were analytically verified by 
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isotope-dilution LC-MSMS. Larval zebrafish locomotion displayed significantly different 

(p<0.05) activity profiles over the course of typical daylight and workday hours, and 

these time of day PMR activity profiles were similar across ages examined (4 to 10 dpf).  

10 dpf zebrafish larvae were consistently more sensitive to DPH than either the 4 or 7 dpf 

larvae with an environmentally realistic lowest observed effect concentration of 200 

ng/L. Though ELS and FET studies with zebrafish typically focus on mortality or 

teratogenicity in 0-4 dpf organisms, behavioral responses of slightly older fish were 

several orders of magnitude more sensitive to DPH. Our observations highlight the 

importance of understanding the influence of time of day on intrinsic locomotor activity, 

and the age-specific hazards of aquatic contaminants to fish behavior.  

 
1. Introduction 

 
As global entities attempt to understand structural attributes associated with 

bioactivity and toxicity profiles of consumer products and industrial chemicals, issues 

concerning limited availability of relevant toxicological information continue to surface 

(Schaafsma et al. 2009).  The roughly 68000 chemicals lacking basic toxicological data 

present a significant hurdle for regulatory decision-making, but also require an exorbitant 

amount of resources to perform the traditional suite of toxicology studies (Rovida and 

Hartung 2009; Weisbrod et al. 2007). In response to the burgeoning need to effectively 

evaluate the growing number of substances in commerce, the National Research Council 

(NRC) published Toxicity Testing in the 21st Century: A Vision and a Strategy, which 

effectively challenged the existing toxicology testing paradigm.  This report identified the 

opportunities to move from historical chemical screening efforts with in vivo apical 

observations, to more cost and time effective in vitro observations aimed at describing the 
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mechanisms responsible for adverse outcomes (NRC 2007).  To meet this end a two-

pronged approach was recommended to facilitate the use of existing data, and to acquire 

new data on previously inadequately studied compounds using High Throughput 

Screening (HTS) methodologies typically utilized for drug discovery (Rusyn and Daston 

2010).  Through the U.S. Environmental Protection Agency’s (US EPA) Computational 

Toxicology research (CompTox) initiatives, data from programs such as Tox21, 

ToxCast™ and other reference databases are advancing HTS efforts to collect 

unprecedented information on biological activities of diverse contaminants (Kavlock et 

al. 2012).   

In vitro extrapolations of HTS bioactivity information to in vivo toxicology data 

remains a challenging and critically important research need (Dobbins et al. 2008; Dreier 

et al. 2015; Huggett et al. 2003b). Parallel efforts to advance HTS efforts at the 

organismal level have also been undertaken and hold great promise for understanding 

contaminant at higher levels of biological complexity than in vitro systems (Padilla et al. 

2012, Raftery et al. 2014, Truong et al. 2014).  These in vivo HTS methodologies have 

largely examined early life stage studies with embryonic and larval zebrafish. For 

example, the Fish Embryo Acute Toxicity (FET; OECD 236) test, which is a 

standardized protocol for the evaluation of acute toxicity through apical endpoints such as 

mortality and teratogenicity (OECD 2013), is increasingly used. Such alternative toxicity 

testing approaches are receiving much attention because if they can replace historical 

aquatic toxicology methods then animal welfare benefits and economic efficiencies are 

gained (Belanger et al. 2013).  In addition to standardized endpoints, various 
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histopathological, biochemical, molecular, and physiological sublethal responses are 

frequently included at the conclusion of early life stage studies.    

There remains an increasing need to define adverse outcomes associated with 

behavioral alterations caused by aquatic contaminants (Brooks et al 2003, Brooks 2014, 

Fong and Ford 2015). Unlike standard toxicity endpoints, standardized protocols rarely 

provide requirements and recommendations for performing toxicology studies including 

nontraditional sublethal endpoints, including behavioral perturbations.  A number of 

behavioral investigations have occurred with fish models, including adaptations of 

mammalian pharmacology tests on anxiety such as light/dark preference (Steenbergen et 

al. 2011), thigmotaxis (Schnorr et al. 2012), and open field and color preference (Ahmad 

and Richardson 2013) tests. Additionally photomotor responses (PMR) are increasingly 

used to understand baseline, stimulatory and refractory zebrafish behaviors (Kokel et al. 

2010, Raftery et al. 2014). 

 Whether various behavior modifications represent adverse outcomes relevant to 

hazard and risk assessment remains an active area of study. Existing experimental 

designs such at FET method focuses on early life stage responses to contaminants, but 

whether baseline behavior changes with age or during the course of typical daytime work 

hours is not well defined. In addition, the magnitude of toxicity differs across fish 

developmental stages for some molecules. For example, we recently identified a 

sensitivity gradient over the first 10 days of zebrafish development in which mortality 

responses to the acetylcholinesterase (AChE) inhibitor diazinon (DZN) and the 

antihistamine diphenhydramine (DPH) were more pronounced in slightly older organisms 

than are employed in early life stage studies (Kristofco et al. 2015). Whether such 
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differential sensitivity throughout development extends to behavioral observations is not 

understood. Thus, the primary objectives of the current were 1) to define whether naïve 

PMR behaviors and locomotor activity of larval zebrafish differed during various times 

of day across ages commonly employed in early life stage studies (4-10 days post 

fertilization or dpf), and 2) to identify whether behavioral sensitivities to an insecticide 

and pharmaceutical differ across early life stages of larval zebrafish. 

 
2. Materials and Methods 

 
 
2.1. Zebrafish culture 
 

Tropical 5D wild type zebrafish (Danio rerio) were maintained under standard 

culture conditions at Baylor University as previously described (Kristofco et al. 2015; 

Usenko et al. 2011). Briefly, zebrafish were raised ≤5–6 adult fish per 1.5 L tank in a 

filtered (Compact system, Lifeguard Aquatics, Cerritos, CA, USA) recirculating z-mod 

system (Marine Biotech Systems, Beverly, MA, USA) maintained at 28°C on a 16 h 

light/8 h dark photoperiod. System culture water was formulated by addition of Instant 

Ocean® salts (Pentair AES, Apopka, FL, USA) to deionized water, which was buffered 

to pH 7 with sodium bicarbonate (50 mg/L).  Zebrafish were fed twice daily with brine 

shrimp (Artemia sp. nauplii; Pentair AES, Apopka, FL, USA) and once per day with flake 

food (Pentair AES, Apopka, FL, USA).  Culture and experimental conditions followed 

Institutional Animal Care and Use Committee protocols approved at Baylor University. 

 
2.2. Influence of age and time of day on larval zebrafish behavior 
 

Standardized experimental designs for zebrafish toxicity such as the FET OECD 

no. 236, (OECD 2013) method require experiments to be initiated and completed on 
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various dpf, but commonly do not require experimental observations to be performed 

during specific times during the day. We examined movement behavior of larval 

zebrafish over 7 days (4 to 10 dpf) during typical daylight workday hours to determine 

whether intrinsic activity differed with age and time of day. Adult zebrafish were 

spawned the evening prior to egg collection, and within two hours of the onset of daylight 

the embryos were collected. Organisms were then staged (Kimmel et al. 1995) and placed 

in petri dishes with clean culture water.  Embryos were maintained at 28 °C with a 14 h 

light/10 h dark photoperiod and received daily water changes. At 3 dpf spontaneously 

hatched larvae whose swim bladders were inflated were selected for baseline behavioral 

study. 

Observations of untreated individuals were recorded for 40 minutes at the start of 

each hour commencing at 09:00 and then continuing until 18:00 hrs for each day from 4 

dpf until 10 dpf.  One larvae was placed in a single well, each in twenty-four well plates 

with 2 ml culture water for observation.  Each plate was assigned an hour, and behavioral 

recordings were performed at that time from 4 to 10 dpf using a Zebrabox (ViewPoint, 

Lyon, France).  Starting at 4 dpf, after all behavioral recordings had concluded for the 

day, fifty percent water renewals were completed and larvae were fed 10μL of 0.5g/250 

mL DI water Ziegler® Larval AP100 (Pentair AES, Apopka, FL).   

 
2.3. Influence of diazinon or diphenhydramine on age-specific zebrafish behavior 
 

In the present study, the experimental design of the OECD FET (OECD 2013) 

method was used with minor modifications. In our previous research, three larval 

zebrafish ages over 10 dpf were identified to display differential mortality sensitivities to 

DPH and DZN (Kristofco et al. 2015).  We thus extended these observations to examine 
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whether behavioral responses were more sensitive than endpoints previously examined 

by the FET approach, and to determine whether behavioral toxicity thresholds differed 

with timing of developmental ages. Three 72h exposure windows were selected (1-4, 4-7, 

7-10 dpf) for study; behavioral observations were performed at the conclusion of each 72 

hr experiment.  Staging for the initiation of these studies followed descriptions provided 

by Kimmel et al. (1995).   

DZN (CAS 333-41-5; >98% purity; Chem Service, Inc., West Chester, PA, USA) 

and DPH hydrochloride (CAS 147-24-0; ≥98% purity; Sigma-Aldrich Corp., St. Louis, 

MO, USA) were commercially obtained. For all experiments, 5 embryos or larvae were 

placed in each 100 mL experimental unit (glass beakers with 30 mL of solution) for 

treatment levels and negative controls; 8 replicate experimental units were included per 

treatment level.  In additional to examining a range of sublethal concentrations, the 

highest treatment levels of DZN and DPH used in this study were age specific LC50 

values from our recent findings (Kristofco et al. 2015), and were selected to understand 

the magnitude of sensitivity differences between traditional mortality and alternative 

behavioral responses of different ages. These nominal treatment levels were 700, 250, 

and 50 mg/L for DPH, and 15, 12, and 5.5 mg/L for DZN for the 1-4, 4-7 and 7-10 dpf 

experiments, respectively.   

For DPH, treatment levels were selected to include concentrations below a 

predicted therapeutic hazard value (THV).  Building on our early work (Berninger et al. 

2011; Valenti et al. 2012), the THV (equation 1) of a pharmaceutical is a water 

concentration predicted to result in fish accumulation to plasma levels equaling a human 

therapeutic dose (Cmax; (Brooks 2014). 
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THV = log PBlood:Water / Cmax      (1) 

It was motivated by a conceptual proposal by Huggett et al. (Huggett et al. 2003a); 

equation 2) to estimate pharmaceutical levels in fish plasma following aqueous exposure, 

which was derived 

   Fish plasma concentration = [Aqueous] × log PBlood:Water  (2) 

from initial plasma modeling by Fitzsimmons et al. (Fitzsimmons et al. 2001) to predict 

fish blood:water partitioning of hydrophobic chemicals. Because DPH is a weak base 

with a pKa value of 9.1 (Nichols et al. 2015), the Fitzsimmons et al. model was modified 

to account for experimental pH (7) of the present study by using log D instead of log Kow 

(Berninger et al. 2011); equation 3).  

log PBlood:Water = 0.73 × LogD − 0.88     (3) 

Larval zebrafish were fed 0.5 g/250 mL Ziegler AP100 starting at 4 dpf until 

study initiation, or 150 μL per beaker.  Experimental solutions of DZN or DPH were 

prepared in zebrafish culture water (Instant Ocean® in DI water buffered to pH 7 with 

sodium bicarbonate) at study initiation, and were stored at 4 °C in the dark with aliquots 

warmed to experimental temperature prior to daily renewals.  For DZN solutions, 

methanol was used as a solvent carrier, but not exceeding 0.01% v/v. Water samples of 

all nominal treatment levels were subsampled at study initiation for analytical verification 

of treatment levels by LC-MS/MS (see subsection 2.6 below). 

 
2.5. Behavioral observations 
 

All behavioral observations were recorded in quantization mode using the 

Zebrabox and accompanying ZebraLab tracking software (ViewPoint, Lyon France). 

Treatment levels resulting in significant acute mortality were not included in behavioral 
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studies.  The calibration parameters for the plate and pixel detection thresholds were: 

plate width = 125 mm; pixel detection threshold = black, 13; movement thresholds: 

resting = <5 mm/s; cruising = 5-20 mm/s; bursting = >20 mm/s; data bin = one minute.  

To reduce the amount of background noise from larval reflection on the walls of the well, 

tracking refreshed after each bin and only recorded movement when the organism 

traveled ≥2 pixels. 

To determine potential influences of age and time of day on larval zebrafish, 

baseline observations were collected for 40 min, consisting of a 20 min dark period 

followed by a 20 min light period.  As noted above, one plate was examined each hour 

from 09:00 to 18:00h from 4 to 10dpf.  Hereafter, we refer to the 09:00 observation as the 

hour when light was turned on in the morning.  For all 09:00 hour behavioral recordings a 

plate was removed from a dark incubator and transferred directly to a dark Zebrabox.  

To determine influences DZN or DPH on age-specific behavior of larval 

zebrafish, following each 72 hr study period 4, 7 or 10 dpf zebrafish larvae were loaded 

one larva per well with 2mL of corresponding treatment level solution in 24 well plates 

for observation. 3 larvae from each experimental replicate beaker were selected for 

behavioral observations, and all treatment levels were included on each plate to avoid 

potential bias due to time of day.  Behavior of each plate then was recorded for 50 

minutes, and these recordings were initiated at ~ 10:30 to 11:00 hrs.  The 50 min 

observation period consisted of a 10 minute dark acclimation period followed by two 

consecutive cycles of a light stimulatory phase for 10 min followed by 10 min of a 

darkness refractory phase.  
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2.6. Analytical verification of diazinon and diphenhydramine treatment levels 
 

Nominal treatment levels of DZN and DPH were verified for each experimental 

stock solution by liquid chromatography tandem mass spectrometry (LC-MS/MS) using 

an Agilent Infinity 1260 autosampler/quaternary pumping system, Agilent jet stream 

thermal gradient electrospray ionization source, and model 6420 triple quadrupole mass 

analyzer.  A 500 μL aliquot of undiluted or diluted stock solution was combined with 450 

μL of 0.1% formic acid (w/w) and spiked with 50 μL of an internal standard (DPH-d3 & 

DZN-d10) in a standard 2 mL analytical vial (Agilent Technologies, Santa Clara, CA, 

USA) before analyses.  A gradient mobile phase condition that resulted in the elution of 

DPH at 4.1 min and DZN at 4.7 min was identified. Salts and other highly polar sample 

constituents were diverted to waste and away from the MS/MS during the first minute of 

each sample run. Chromatography was performed using a 10 cm × 2.1 mm Poroshell 120 

SB-AQ column (120Å, 2.7 μm, Agilent Technologies, Santa Clara, CA, USA) preceded 

by a 5 mm × 2.1 mm Poroshell 120 SB-C18 attachable guard column (120Å, 2.7 μm, 

Agilent Technologies, Santa Clara, CA, USA). The ionization mode, monitored 

transitions, and instrumental parameters for DPH/DPH-d3 and DZN/DZN-d10 were as 

follows: ESI+ DPH 256.2 > 167, fragmentor = 80, collision energy = 8; DPH-d3 259.2 > 

167, fragmentor = 80, collision energy = 8; DZN 305.1 > 169.1, fragmentor = 125, 

collision energy = 24; DZN-d10 315.2 > 170.1, fragmentor = 130, collision energy = 24. 

Limit of detection (LOD) and limit of quantification (LOQ) were determined by running 

several method blanks and calculating the standard deviation.  The LODs and LOQs for 

DPH and DZN were determined to be 0.017 μg/L and 0.055 μg/L, and 0.006 μg/L and 

0.020 μg/L, respectively.  The LOD and LOQ represented the lowest concentration that 
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can be detected and quantified for the current study. Eight standards, ranging in 

concentration from 0.1 μg/L to 500 μg/L, were used to construct a linear calibration curve 

(r2 ≥ 0.998). Instrument calibration was monitored over time via analysis of continuing 

calibration verification (CCV) samples, which were run every five samples, with an 

acceptability criterion of ±20%.  Calibration standards and calibration verification 

samples were prepared in 0.1% formic acid (v/v).  Nanopure water from a Thermo 

Barnstead Nanopure (Dubuque, IA, USA) Diamond UV water purification system with 

18 MΩ and 0.1% formic acid were run to validate the purity of solutions and as method 

blanks.  Analytically verified concentrations of DZN and DPH treatment levels ranged 

from 39-130% of nominal values; subsequently, all figures, tables and text hereafter 

report analytically verified treatment levels, which are provided in the supplementary 

material.   

 
2.7. Statistical analyses 
 

SigmaPlot version 11.0 (Systat Software Inc., San Jose, CA, USA) software was 

used for statistical analysis of biological observations.  All data was examined for 

normality and equivalence of variance prior to additional analyses. The Wilcoxon Rank 

Sum Test was employed to examine whether significant mortality occurred (α=0.05).  For 

locomotive studies, significant differences in distance traveled between groups were 

identified using analysis of variance (ANOVA); if the data did not meet normality and 

equal variance assumptions, analysis of variance (ANOVA) on ranks were conducted 

(α=0.05).  PMR behavioral responses were analyzed by 2-factor ANOVAs with either 

treatment level (5 levels: DPH or DZN) or time of day (10 levels: 09:00 to 18:00 hours) 

and lighting (2 levels: light, dark) as factors.  Mean distance traveled was calculated in 1 
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minute intervals and Dunnett’s or Tukey’s HSD post hoc tests, for treatment level and 

time of day, effects respectively, were performed.  

 
3. Results 

 
 
3.1 Influence of age and time of day on larval zebrafish behavior 
 

Larval zebrafish behavior was significantly different (p<0.05) over the course of 

typical daylight workday hours (Figure 10), and these time of day PMR activity profiles 

were similar with increasing age from 4 to 10dpf.  Distance traveled by larval zebrafish at 

09:00 hr was significantly (p<0.05) less than other times of day, and though this pattern 

remained significantly lower through 10 dpf it was most pronounced for organisms 

between 4 and 8 dpf (Figure 10).  Daily locomotor patterns consisted of relatively limited 

movements in the morning followed by sharp significant (p<0.05) increases in activity 

with daily high distances traveled at ~12:00 hrs that then remained consistent between 

14:00 and 18:00 hrs (Figure 10).   

Zebrafish larvae travel significantly different (p<0.05) distances within the light 

and dark periods with some exceptions, including 09:00 hr at 6, 7, 8, and 9 dpf, and for 6 

other hours at 8 and 10 dpf (Figure 10). Larval zebrafish activity levels were most 

variable between the hours of 09:00 and 12:00 across all age examined.  For both the 

light and dark photoperiods, for all ages, locomotion was most stable after 14:00 hrs.  The 

13:00 and 14:00h observation periods, although not significantly (p>0.05) different from 

later afternoon times for larvae older than 7dpf, displayed a decrease in activity relative 

to both morning and afternoon recordings between 4 and 6 dpf (Figure 10).    
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Table 9: No observed effect concentrations (NOEC) and lowest observed effect concentrations (LOEC) for 
locomotor behavior responses and associated acute to chronic ratios (ACRs) of 4, 7 or 10 days post 
fertilization (dpf) old larval zebrafish following 72 hours of exposure to diazinon or diphenhydramine.   

aValues from Kristofco et al (2015)  bACR = LC50/LOEC 
 
 
3.2 Influence of diazinon or diphenhydramine on age-specific zebrafish behavior 
 
 

3.2.1 Diazinon studies.  Because significant decreases (p<0.05) in survival were 

observed at the highest DZN treatment levels for each of the three age groups (Figure 11 

A, C, E), behavior of these treatment levels was not examined.  No behavioral differences 

were observed between negative controls and solvent controls, and no malformations 

were evidenced at concentrations below the highest treatment levels, which corresponded 

to LC50 values (data not shown). DZN affected total distance traveled during both light 

and dark photoperiods (Figure 11 A, C, E), but total distance traveled during the dark 

refractory phase was consistently significantly (p<0.05) greater than activity during the 

light stimulatory period (Figure 11). Such behavior observations were consistent with our 

initial age-specific and time of day studies reported above.  However, unlike our previous 

observations of increased DZN acute mortality with increasing zebrafish age (Kristofco 

et al. 2015), age-specific differences for DZN behavioral toxicity was not consistently 

Diazinon 
      
 Age LC50 (μg/L)a  LOEC (μg/L)  NOEC (μg/L) ACRb 

 4 dpf 14,700 1.66 <1.66 8,855 
 7 dpf 12,200 1.31 <1.31 9,313 
 10 dpf 5,410 0.32 <0.32 16,906 
Diphenhydramine      
 Age LC50 (μg/L)a  LOEC (μg/L)  NOEC (μg/L) ACRb 

 4 dpf 692,000 1,594.68 94.76 434 
 7 dpf 262,000 552.1 33.3 475 
  10 dpf 45,500 0.2 <0.2 227,500 
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Figure 10:  Mean (± SE, n=24) distance traveled per minute by naïve 4, 5, 6, 7, 8, 9, or 10 days post 
fertilization (dpf) zebrafish larvae between 09:00 and 18:00 hours in light or dark conditions.  Distance 
traveled was observed over 20 minutes of light (white bars) or dark (black bars).  Different letters denote 
significant (p< 0.05) differences among hourly groups (2 way ANOVA with Tukey’s HSD post hoc test). 
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observed in the present study (Figure 11), though several treatment levels significantly 

decreased activity of 7 dpf and 10 dpf zebrafish compared to 4 dpf organisms. DZN 

significantly (p<0.05) decreased total distance traveled relative to controls at 1.7 μg/L at 

4 dpf (following a 1-4 dpf exposure period), at all concentrations tested at 7dpf 

(following a 4-7 dpf exposure period), and at 0.3, 5.3 and 377.3 μg/L at 10 dpf (following 

a 7-10 dpf exposure period; Figure 11 A, C, E) during the dark photoperiod.  However, 

the only significant decreases caused by DZN on zebrafish on locomotion during the light 

photoperiod were at 1.3 and 13.7 μg/L at 7 dpf.  Though the lowest treatment level 

resulting in significant decreases in distance traveled for all three ages examined was four 

orders of magnitude lower than their respective LC50 values, dose-dependent behavioral 

alterations were not consistently observed (Figure 11 A, C, E). In addition to examining 

DZN effects on the total distance traveled by zebrafish, we further identified whether 

DZN differentially reduced or stimulated swimming speed.  Though significant (p<0.05) 

stimulatory increases in locomotion were evident during the dark refractory phases at 

1201.6 μg/L and 886.6 μg/L in the 4 and 7 dpf studies, respectively (Figure 12, C and F), 

the greatest proportion of locomotion occurred at cruising speeds between 5-20 mm/s 

(Figure 12).   

 
3.2.2 Diphenhydramine studies. Similar to observations for DZN, no 

malformations were observed and significant decreases in survival were only observed 

for the highest DPH treatment level examined for each age group, which corresponded to 

and were consistent with age specific LC50 values from our recent research (Kristofco et 

al. 2015).  Subsequently, behavior of surviving larvae from these highest treatment levels 
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Figure 11: Mean (±SD, N=8) percent survival, and mean (±SE, N=8) distance traveled (mm) per minute of 
4, 7 or 10 days post fertilization (dpf) old Danio rerio larvae following exposure to diazinon (A, C, & E) or 
diphenhydramine (B, D, & F) for 72 hours.  Distance traveled was observed over two 10 minute periods of 
light (white bars) or dark (black bars). Different letters indicate significant (p<0.05) differences from 
controls. The vertical dashed line represents the Therapeutic Hazard Value (THV) for diphenhydramine; 
THV = 18.6 μg/L (at pH 7).  At concentrations with significant decreases in survival, no behavioral 
observations were recorded. N.M.: Not Measured. 
 
 
were not observed (Figure 11; B, D, F).  Also consistent with the DZN experiments and 

the initial age and time of day observations described above, locomotor activity for all 

other treatment levels was significantly (p<0.05) greater during the refractory dark 

photoperiod than in the stimulatory light period. Total distance traveled by larvae 

exposed to DPH was decreased relative to control during only the dark photoperiod 
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(Figure 11).  Unlike observations for DZN, DPH reductions in zebrafish locomotion were 

observed in a dose and age dependent fashion. 

Contrary to observations for DZN but consistent with our previous observations 

of increased DPH acute mortality with increasing zebrafish age (Kristofco et al. 2015), 

DPH behavioral toxicity was more pronounced with increasing age in the present study 

(Figure 11). Specifically, whereas only the highest two treatment levels for both the 1-4 

and 4-7 dpf were significantly decreased, all treatment levels examined reduced distance 

traveled of 7-10 dpf larval zebrafish (Figure 11; B, D, F).  In fact, the lowest treatment 

levels adversely affecting locomotor behavior were 2, 3 and 5 orders of magnitude lower 

than the DPH LC50 for 4, 7 and 10 dpf larvae, respectively (Figure 11; B, D, F).  

Similarly, acute to chronic ratio (ACR) values increased from 434 and 475 to 227,500 in 

the 1-4, 4-7 and 7-10 dpf experiments, respectively (Table 9). Additionally, only larvae 

exposed during 7-10 dpf exhibited reduced total distance traveled by treatment levels 

below the predicted THV. In fact, significant behavioral responses were observed at just 

200 ng/L (Figure 11F), which was the lowest treatment level of DPH examined.  

Similar to observations with DZN, the majority of locomotion occurred at 

swimming speeds between 5-20 mm/s and distance traveled was significantly greater 

during the dark photoperiod (Figure 13).  The only instances where distance traveled was 

not significantly different between the two photoperiods occurred at bursting speeds 

greater than >20 mm/s at 94.8 μg/L (following 1-4 dpf exposure period), 552.1 and 

1638.3 μg/L (following 4-7dpf exposure period) and 0.2 and 121.4 μg/L (following 7-10 

dpf exposure period; Figure 4 C, F, I).  When examining whether DPH differentially 

reduced or stimulated swimming speed it was only noted that cruising speeds (5 – 20 
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mm/s) were significantly suppressed at 5.7 μg/L following the 1-4 dpf exposure period 

(Figure 13 B), and significantly reduced during the stimulatory light photoperiod at 10 

dpf (Figure 13 H). 

 
 

 
Figure 12: Mean (± SE, N=8) distance traveled (mm) per minute for resting (<5 mm/sec; A, D, G), cruising 
(5-20 mm/sec; B, E, H) or bursting (>20 mm/sec; C, F, I) swimming speeds of 4, 7 or 10 days post 
fertilization (dpf) old Danio rerio larvae following exposure to diazinon for 72 hours. Distance traveled was 
observed over two 10 minute periods of light (white bars) or dark (black bars).  Different letters indicate 
significant (p<0.05) differences from controls. At concentrations with significant decreases in survival, no 
behavioral observations were recorded. N.M.: Not Measured. 
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Figure 13: Mean (± SE, N=8) distance traveled (mm) per minute for resting (<5 mm/sec; A, D, G), cruising 
(5-20 mm/sec; B, E, H) or bursting (>20 mm/sec; C, F, I) swimming speeds of 4, 7 or 10 days post 
fertilization (dpf) old Danio rerio larvae following exposure to diphenhydramine for 72 hours. Distance 
traveled was observed over two 10 minute periods of light (white bars) or dark (black bars).  Different 
letters indicate significant (p<0.05) differences from controls. The vertical dashed line represents the 
Therapeutic Hazard Value (THV) for diphenhydramine; THV = 18.6 μg/L (at pH 7).  At concentrations 
with significant decreases in survival, no behavioral observations were recorded. N.M.: Not Measured. 
 
 

4. Discussion 
 

Needs to address limited toxicity data for most chemicals and legislation calling 

for the reduction of animal testing has stimulated a movement toward HTS screening 

approaches, including the early life stage studies such as the FET method with larval 

zebrafish.  Initial studies have reported relatively high agreement between FET results 

and data from historical acute toxicity testing (Belanger et al. 2013; Knöbel et al. 2012; 

Lammer et al. 2009; Nagel 2002).  In vivo HTS efforts by the US EPA ToxCast program 

(Padilla et al. 2012) and other researchers (Noyes et al. 2015; Padilla et al. 2012; Raftery 
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et al. 2014, Truong et al. 2014) are exponentially expanding the amount of toxicological 

data available for industrial chemicals.  Such unprecedented datasets on biological 

activity of environmental contaminants are anticipated to support development of robust 

computational toxicology models, and the development of sustainable molecular design 

guidelines for less hazardous chemicals (Connors et al. 2014; Voutchkova et al. 2011; 

Voutchkova-Kostal et al. 2012).  However, efforts are required to identify design 

guidelines that reduced hazards to important adverse outcomes, including behavioral 

perturbations. 

In the present study we employed an early life stage approach initially to 

determine whether larval zebrafish behavior varied with age over typical daylight hours 

of a workday.  Previous studies have examined the development of various larval fish 

behaviors through time (Kalueff et al. 2013; Saint-Amant and Drapeau 1998) in efforts to 

parameterize influences of certain intrinsic and extrinsic variables on naïve larval fish 

locomotion.  These characterizations included evaluations of well depth (Ingebretson and 

Masino 2013), well diameter (Ingebretson and Masino 2013; Padilla et al. 2011), light 

intensity (Burgess and Granato 2007; Schnorr et al. 2012; Steenbergen et al. 2011), color 

preference (Ahmad and Richardson 2013), solvent affect (Chen et al. 2011; MacPhail et 

al. 2009), and the number of behavioral endpoints were descriptive (Ingebretson and 

Masino 2013).  Behavioral differences with larval age (Ingebretson and Masino 2013; 

MacPhail et al. 2009) and time of day (MacPhail et al. 2009) has also been evaluated, but 

only for a select window during development. Initial motivation included determining an 

optimal time of day to conduct behavioral observations, while cataloguing locomotion 

during photoperiod cycling of varying durations (MacPhail et al. 2009). In the present 
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study, we expanded this work by examining the variability of locomotor activity between 

09:00 and 18:00 hours, and performing these observations for 7 consecutive days until 

zebrafish larvae reached an age of 10 dpf.   

Similarly to observations by MacPhail et al (2009) with 6 dpf zebrafish in dark 

conditions, baseline zebrafish behavior in the present study was significantly higher 

during late morning hours and less variable in the dark during afternoon hours (MacPhail 

et al. 2009).  This trend remained consistent for all 7 days examined.  Such observations 

suggest that future behavioral observations should avoid the first one to two hours 

following the initiation of the light photoperiod due to consistently significantly different 

locomotor behavior activities.  In addition to reducing the intrinsic variability of the 

quantitative behavioral measurements, reducing variability of control observations will 

likely increase the sensitivity of the behavioral endpoints in toxicity studies.  In fact, this 

recommendation is particularly relevant for startle response assays, because in addition to 

demonstrating significantly lower locomotion during the 09:00 hour, zebrafish 

locomotory behaviors in early morning hours consistently demonstrated no significant 

difference in activity level between the light and dark photoperiods (Figure 10).   

After identifying time of day and age influences on locomotor behavior of 

untreated zebrafish, we examined whether age specific sensitivity of larval zebrafish 

behaviors differed following exposure to DZN or DPH in accordance with patterns 

previously observed for mortality responses (Kristofco et al. 2015). Our recent 

observations were consistent with a previous study with Japanese medaka for which 

difference in threshold sensitivities to an organophosphate were attributed to 

toxicokinetic (e.g., biotransformation to oxon metabolite) differences across 
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developmental stages (Hamm and Hinton 2000; Hamm et al. 2001).  However, 

differences in behavioral observations following DZN exposure in the present study were 

not as pronounced across age groups as these age specific response thresholds for 

mortality of zebrafish (Kristofco et al. 2015) and medaka (Hamm and Hinton 2000).  

Though DZN could be expected to inhibit AChE enzymes, induce convulsions, 

and stimulate PMR behaviors, increased swim bursts were only evident at 10% of the 

nominal LC50 values for 4 and 7 dpf organisms.  For all other swimming speeds and total 

distance traveled measures across age groups, DZN elicited decreases in PMR behavior.  

Similar decreases in locomotion or PMR behaviors have been reported for larval 

zebrafish following exposure to DZN (Scheil et al. 2009; Yen et al. 2011) and other 

organophosphate insecticides across a variety of ages (Levin et al. 2004; Pérez et al. 

2013; Richendrfer et al. 2012; Şişman 2010; Tilton et al. 2011).  However, this trend may 

not hold true for all cases, as previous work has indicated that specific behavioral 

responses may be compound specific among different organophosphates (Richendrfer 

and Creton 2015).   

The timing and duration of developmental exposure to cholinesterase inhibitors 

can influence the nature of behavioral response profiles. In the present study, we 

performed behavioral observations after a 72 hr exposure period focusing on swimming 

speeds and distance traveled during light (stimulatory) and dark (refractory) conditions. 

But measurements following prolonged exposure may differ from shorter episodic 

responses if the synapse is overwhelmed and its capacity to return to a resting state is 

exhausted due to a depletion of AChE. For example, Beauvais et al. (Beauvais et al. 

2001) correlated decreased swimming speed of rainbow trout to increased AChE 
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inhibition following 24 or 96 hour exposures, or 96 h exposure and a 48 hour recovery 

period, to carbaryl or cadmium chloride.  Other studies have also concluded that the 

severity of behavioral alterations by organophosphates stem from duration, compound 

and concentration specific AChE inhibition because decreases in fish locomotor activity 

levels were observed at higher treatment levels (Gaworecki et al. 2009).  Because the 

type of behavioral responses may vary with timing and concentration modulations in 

swimming speed were assessed (Ingebretson and Masino 2013); we identified increased 

swimming bursts of larvae exposed to DZN at the highest doses that were not observed at 

lower treatment levels. Such early development exposure to organophosphates may also 

have consequences later in life. For example, behavioral observations in adult zebrafish 

may differ from larval fish; startle response of adults that were developmentally exposed 

to organophosphates appear more sensitive (Eddins et al. 2010). Collectively, decreased 

swimming speed and locomotor activity provide physiological indicators of potential 

adverse outcomes in the field if individual organism encounters with potential prey are 

reduced, and if their predator avoidance, schooling behavior, mate attraction, or 

migration patterns are altered ( Little and Finger 1990; Little et al. 1993).  

We further examined whether our previous age-specific mortality observations to 

DPH extended to similar changes in behavioral sensitivity. In fact, DPH influences on 

locomotory behavior were markedly greater in 7-10 dpf organisms than younger (1-4, 4-7 

dpf) age groups (Figure 11). An initial study of DPH with juvenile fathead minnows 

identified feeding behavior to be more sensitive than standardized apical endpoints 

(mortality, growth) with a LOEC of 5.8 µg/L (Berninger et al. 2011). In this previous 

work, an ACR value of 746 was determined for feeding behavior, which was an order of 
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magnitude larger than another ACR value (85) calculated for the more commonly 

measured growth endpoint (Berninger et al. 2011). In the present study, PMR behavioral 

responses of 10 dpf larval zebrafish to DPH were markedly more sensitive than fathead 

feeding behavior with an environmentally relevant LOEC of 200 ng/L. Based on these 

PMR behavioral responses, DPH ACR values ranged from 434 to 227,500 in an age 

dependent manner (Table 9), and were larger than an ACR value of 2,100 expected for 

DPH (Berninger and Brooks 2010; Berninger et al. 2011). In addition, significant 

(p<0.05) behavioral responses of 10 dpf organisms were lower than THV predicted 

concentrations, which were based on a fish plasma uptake model of DPH (see Methods 

2.4). Thus, though fish plasma modeling appears to present promise to prioritize 

pharmaceuticals for advanced research and monitoring (Caldwell et al. 2014), additional 

comparative pharmacology and toxicology studies are needed in fish models (Brooks 

2014). 

It is not clear why locomotor behavioral responses of 10 dpf organisms in the 

present study or mortality thresholds in our resent research were markedly more sensitive 

to DPH. As we previously discussed (Kristofco et al. 2015), a dispositional explanation 

for such observations due to biotransformation do not appear reasonable, because DPH, 

unlike DZN, is not transformed in mammals to a more active metabolite and it does not 

appear to be appreciably transformed in aquatic species, based on in vitro S9 studies in 

rainbow trout (Connors et al. 2013).  It is also important to note that the relatively low 

thresholds for behavioral responses of larval zebrafish in the present study are likely to be 

more pronounced in surface waters with elevated pH (Valenti et al. 2011) because uptake 

of DPH to whole tissues and plasma is markedly increased when pH approaches its pKa 
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value (Nichols et al. 2015). In the present study we maintained pH 7 across all 

experiments, but could not quantify DPH in plasma due to such limited volume in 

zebrafish larvae. Unfortunately, whether uptake of DPH or other ionizable contaminants 

occurs differentially during fish development is not understood, but requires additional 

study. It is also possible that increased sensitivity of 10 dpf organisms could have 

resulted from toxicodynamic changes during development. Though DPH is commonly 

recognized as an antihistamine, it has at least three mechanisms of action in mammals, 

including anticholinergic and, anti-serotonergic activities, that appear to be functionally 

conserved in aquatic vertebrates (Gunnarsson et al. 2008). Previous work in our lab 

identified fish antianxiety behaviors following exposure to the selective serotonin 

reuptake inhibitor sertraline during light conditions (Valenti et al. 2012).  Though such 

observations were observed for adult male fathead minnows (Valenti et al. 2012), the 

stimulatory response profile and photoperiod were not consistent with locomotor activity 

observed in the present study during dark periods (Figure 11).  Alternatively, DPH is 

commonly used as a sleep agent (Sominex™) in humans because it elicits depression of 

the central nervous system.  Previous studies have suggested that the histaminergic 

system, whose neurons appear around 85 hpf, may affect alertness in larval zebrafish 

(Eriksson et al. 1998; Rico et al. 2011) and thus could explain age dependent sensitivity 

observations of the current study. Further research is needed to define whether 

histaminergic activity alters specific behaviors of larval zebrafish and other aquatic 

vertebrates. 

A movement toward HTS has exponentially increased the pace with which new 

toxicological data is becoming available.  Identifying the opportunities and challenges for 
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utilizing this information to identify adverse outcome pathways during hazard and risk 

assessment represents a critically important research need, particularly for biologically 

active chemicals (Boxall et al. 2012; Rudd et al. 2014). Whether the experimental design 

assumptions of fish early life stage assays allow for applications to various classes of 

compounds and various toxicity pathways is not understood (Klüver et al. 2015).  Though 

previous studies have demonstrated both greater sensitivity of several acute responses in 

fish embryos (Hamm and Hinton 2000; Marty et al. 1990), and larvae (Fent and Meier 

1994; Gaikowski et al. 1996; Köprücü and Aydın 2004), influence of age on various fish 

species responses to contaminants appears to be more complex than perhaps anticipated. 

For example, neurotoxic compounds (Klüver et al. 2015; Knöbel et al. 2012) and 

substances requiring metabolic activation (Knöbel et al. 2012) appear to more toxic to 

older organisms. It is also possible that internal plasma doses vary with age of zebrafish 

and other fish models. Most previous studies with zebrafish larvae focus on whole body 

concentrations in an effort to define internal concentrations; however, disposition 

contaminants of emerging concern within various tissues and plasma of zebrafish larvae 

and most fish models is not known (Nichols et al. 2015). Such information is necessary to 

understand critical tissue levels associated with adverse outcomes (Brooks et al. 2009; 

Boxall et al. 2012). Thus, future efforts are needed to advance an understanding of fish 

toxicokinetics with age.  

With increased usage of larval fish behavior as an endpoint during hazard and risk 

assessment, increased scrutiny of the experimental design assumptions and reporting of 

these behavioral studies is warranted (Perkins et al. 2013).  Observations in the present 

study support this perspective because age specific influences on DPH induced 
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behavioral effects were observed in slightly older larval zebrafish than typically included 

in early life stage studies. Species Sensitivity Distributions are commonly employed in 

environmental hazard and risk assessments to characterize differential sensitivities across 

specifies to a chemical. Developing a conceptually similar advanced understanding of the 

influences of age on species sensitivities to contaminants, particular those eliciting 

behavioral toxicity, appears warranted.  
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CHAPTER FIVE 
 

Differential Uptake of and Sensitivity to Diphenhydramine in Embryonic and Larval 
Zebrafish 

 
 

Abstract 
 

The zebrafish (Zf) Fish Embryo Toxicity (FET) test is increasingly employed for 

alternative toxicity studies, yet our recent research identified increased sensitivity of Zf 

slightly older than embryos employed in FET methods (0–4 dpf). Here, I identified 

increased uptake of diphenhydramine by 7–11 and 14–18 dpf Zf compared to 0-4 dpf 

embryos with chorion or dechorionated, which suggests differential Zf sensitivity is 

associated with gill development.   

 
Introduction 

 
Chemical synthesis has produced tens of thousands of compounds to meet 

consumer needs, yet accompanying toxicology information for this global chemical space 

is severely deficient [1]. As many as 70,000 chemicals currently lack basic toxicological 

data, and with introduction of as many as 700 new compounds annually to commerce, the 

issue of generating toxicity data to support ecological and public health protection goals 

has become paramount [2]. Significant hurdles exist for the production of such 

toxicology data sets because traditional whole organism studies are costly, time intensive, 

and thus low throughput [3, 4]. One emerging model that satisfies the 3 Rs (reduction, 

refinement, replacement) for animal research, and overcomes many challenges posed by 

traditional whole organism toxicity test methods, is the embryonic fish testing method 

with zebrafish, Danio rerio (OECD 236). Despite appreciable advancements, challenges 
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and opportunities remain regarding its applicability domain and the translatability of 

produced data [5-10].  

Historical research has suggested that chronic fish life-cycle toxicity tests could 

be replicated with shorter-term methods that focused on early life stages (ELSs) [11, 12].  

Despite the establishment of a variety of acute and subcronic larval and juvenile methods, 

due to the consideration that exogenously (externally, ‘free’) feeding fish constitute 

protected vertebrates, a technical reduction in animal numbers within legislation such as 

REACH (Registration, Evaluation, Authorization and restriction of CHemicals), requires 

that a test encompass life stages prior to free feeding [13]. The result of the combination 

of these requirements is the Fish Embryo Toxicity (FET) test (OECD TG 236; [14]) that 

was validated in the last decade [15].  The FET has many strengths as it is a rapid (<96 h) 

whole organism method that produces less waste than traditional larval fish tests. 

Additionally, the transparent nature of early stages allows for easy observations of 

embryonic development, all while satisfying the 3 Rs requirements [16].   

Early comparisons of results from ELS and FET studies showed high correlation 

for standardized responses [17-19]. Though initial reviews acknowledged and identified 

potential constraints to be considered prior to selection of the FET for use [6], the FET 

application has recently received scrutiny [8, 10]. Previous work in developing fish 

models has identified significant relationships between embryo-larval age and sensitivity 

to toxicant exposure. For example, in medaka exposed to diazinon, edema formation, 

percent hatch, and total length demonstrated stage dependence with no age observed to be 

most sensitive for all endpoints evaluated [20].  More recent research findings in Danio 

rerio identified that later developmental stages than included in the FET method were 



127 
 

more sensitive for lethality [21] and sublethal photomotor responses [22] to both diazinon 

and diphenhydramine (DPH). Specific causes for such for sensitivity shifts across 

developmental stages are not understood. Thus, in the present study we examined 

whether uptake of a model antihistamine, DPH, differed across embryo – larval stages of 

Danio rerio. We further employed the FET design with or without the chorion to identify 

whether DPH uptake was altered by the chorion in 0-4 days post fertilization (dpf) 

embryos. 

 
Materials and Methods 

 
 
Zebrafish culture 
 

Wild type zebrafish (Tropical 5D; Danio rerio) were maintained under standard 

culture conditions as previously described [21, 22]. Zebrafish were maintained at 28°C 

on a 16 h light/8 h dark photoperiod on a filtered (Compact system, Lifeguard Aquatics, 

Cerritos, CA, USA), recirculating z-mod system (Marine Biotech Systems, Beverly, MA, 

USA). System culture water was formulated by addition of Instant Ocean® salts (Pentair 

AES, Apopka, FL, USA) to deionized water, and buffered to pH 7 with sodium 

bicarbonate. Zebrafish were fed twice daily with brine shrimp (Artemia sp. nauplii; 

Pentair AES, Apopka, FL, USA) and once daily with flake food (TetraMin, Tetra, 

Blacksburg, VA, USA). Culture and experimental conditions followed Institutional 

Animal Care and Use Committee protocols approved at Baylor University. 

 
Zebrafish experiments 
 

Standard OECD 236 testing protocols were employed [14] as previously 

described [21, 22].  Briefly, chorionated and dechorionated zebrafish embryos (6 hpf – 4 
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dpf, hereafter referred to as 0 - 4 dpf) and larvae (7 - 11 dpf and 14 - 18 dpf) were added 

to experimental units at densities of 1 organism per 20 ml solution with 100 μg/L 

diphenhydramine in zebrafish culture water (Instant Ocean® salts, Pentair AES, Apopka, 

FL, USA) brought to a pH of 7 with sodium bicarbonate. This organism density was 

selected to account for the range of ages studied, and adapted from recommended 

densities in WET testing guidelines for larval fish [23]. For comparison, the 

recommended OECD 236 density (1 embryo per 2ml) was also employed for second 0 – 

4 dpf experiment. The diphenhydramine concentration was selected based on previous 

threshold observations in Pimephales promelas [24, 25] and Danio rerio [21, 22], and 

analytical detection limits. Glass exposure chambers were maintained at 28 °C with a 14 

h light/ 10 h dark photoperiod. Fish were fed once daily with brine shrimp (Artemia sp. 

Nauplii; Pentair AES, Apopka, FL, USA) and Ziegler® Larval AP100 (Pentair AES, 

Apopka, FL), and allowed to feed for two hours prior to water renewal.   

For dechorionated uptake experiments the chorion was digested enzymatically 

following methods published by Mandrell et al [26] with slight modification. Pools of 

approximately 200 zebrafish embryos (4 - 5 hpf) in glass dishes with 50mL culture water 

were placed on an orbital shaker at 40 rpm with 100 μl of pronase (50 mg/ml; 

#10165921001, Sigma Aldrich, St. Louis, MO, USA) for 6.5 minutes. Following 

agitation, embryos were rinsed with 1L of culture water to remove pronase, and allowed 

to rest until exposure was initiated at 6 hpf.  

Tissues were collected in triplicate at 1, 3, 6, 12, 24, 48, 72, and 96 h post 

exposure initiation; unexposed organisms were collected at test initiation (0h).  Groups of 

50 organisms were pooled per replicate, except for the 14 – 18 dpf larvae, wherein groups 
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of 25 were collected. Tissue collection followed previous methods [27]. Organisms were 

collected onto 1” x 1” stainless steel mesh squares (#9319T185, McMaster-Carr Supply, 

Atlanta, GA, USA), rinsed with DI water and blotted dry with a kimwipe® before 

placement into a preweighed cryovial (cryovial and stainless steel mesh) to be snap 

frozen in liquid nitrogen, and stored at -80°C until analysis. Water samples were 

collected at test initiation, before and after water renewals, and at test termination, and 

stored at -20°C until analysis. 

 
Analytical sample preparation  
 

Extraction of DPH from D. rerio tissue followed a previously reported method 

[27].  Briefly, cryovials containing 1” x 1” stainless steel mesh (#9319T185, McMaster-

Carr Supply, Atlanta, GA, USA) and fish sample were weighed to determine sample wet 

weight (g). 500μl of MeOH and 50μl internal standard (2000 ppb DPH-d3) were added to 

each vial and homogenized for 30 seconds with Kontes Pellet Pestle. Volume in vials was 

brought to 1mL with MeOH, vortexed, and centrifuged at 14,000g for 20min at 4°C. 

Following centrifugation, supernatant was collected and blown to dryness under a gentle 

stream of nitrogen in a Turbovap (Zynmark, Hopkinton, MA, USA) set to 45°C, then 

reconstituted to 1 mL with 5:95 (v v-1) MeOH:aqueous 0.1% formic acid. Reconstituted 

samples were syringe filtered using a BD 1 mL TB syringe (BD, Franklin Lakes, NJ, 

USA) and Acrodisc hydrophobic Teflon Supor membrane syringe filters (13-mm 

diameter; 0.2-μm pore size, Pall Corporation, Port Washington, NY, USA), and then 

placed in 2 mL analytical vials (Agilent Technologies, Santa Clara, CA, USA) for 

analysis. DPH exposure water samples were prepared as follows. A 500 μL aliquot of 

undiluted or diluted sample was combined with 450 μL of 0.1% formic acid (w/w) and 



130 
 

spiked with 50 μL of an internal standard (2000 ppb DPH-d3) in a standard 2 mL 

analytical vial (Agilent Technologies, Santa Clara, CA, USA) before analyses. 

 
Analytical instrumentation 
 

Samples were analyzed using isotope-dilution liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) with an Agilent Infinity 1260 autosampler/quaternary 

pumping system, Agilent jet stream thermal gradient electrospray ionization source 

(ESI), and model 6420 triple quadrupole mass analyzer (Agilent Technologies, Santa 

Clara, CA, USA). A gradient mobile phase condition that resulted in the elution of 

diphenhydramine at 4.1 minutes was used. Salts and other highly polar sample 

constituents were diverted to waste and away from the MS/MS during the first minute of 

each sample run. Chromatography was performed using a 10 cm × 2.1 mm Poroshell 120 

SB-AQ column (120Å, 2.7 μm, Agilent Technologies, Santa Clara, CA, USA) preceded 

by a 5 mm × 2.1 mm Poroshell 120 SB-C18 attachable guard column (120Å, 2.7 μm, 

Agilent Technologies, Santa Clara, CA, USA). Flow rate was held constant at 0.5 

mL/min with a column temperature maintained at 60 °C. The injection volume was 10 

µL.  Multiple reaction monitoring (MRM) transitions for target analytes and associated 

instrument parameters were automatically determined using MassHunter Optimizer 

Software (Agilent Technologies, Santa Clara, CA, USA) by flow injection analysis. 

Cycle time was adjusted to 500 ms for acquisition of data. The ionization mode, 

monitored transitions, and instrumental parameters for 

diphenhydramine/diphenhydramine-d3 were as follows: ESI+ diphenhydramine 256.2 > 

167, fragmentor = 80, collision energy = 8; diphenhydramine-d3 259.2 > 167, fragmentor 

= 80, collision energy = 8. Limit of detection (LOD) and limit of quantification (LOQ) 
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were determined by running several method blanks and calculating the standard 

deviation. LOD and LOQ for diphenhydramine were determined to be 0.017 μg/L and 

0.055 μg/L respectively. The LOD and LOQ represented the lowest concentration that 

can be detected and quantified for the current study. 

Quantitation was performed using an isotope dilution calibration method. 

Calibration standards, containing internal standard and variable concentrations of DPH, 

were prepared in 95:5 0.1% (v v-1) aqueous formic acid–methanol. The linear range (0.1 

– 100 ng mL-1) was confirmed from plots of sensitivity (i.e., response factor; RF) versus 

analyte concentration. Our criterion for linearity required that the relative standard 

deviation of RFs for standards spanning the noted range was ≤ 15%. An internal standard 

calibration curve was constructed for DPH using eight standards within the 

corresponding linear range. Calibration data was fit to a linear regression, and the 

correlation coefficient (r2) for DPH was ≥ 0.995. Quality assurance and quality control 

measures included running a continued calibration verification (CCV) sample every five 

samples to check calibration validity during the run. A criterion of ± 20% of CCV 

concentration was held to be acceptable. One blank of Nanopure water from a Thermo 

Barnstead Nanopure (Dubuque, IA, USA) Diamond UV water purification system with 

18 MΩ and 0.1% formic acid were run to validate the purity of solutions and as method 

blanks. Bioconcentration Factors (BCFs) were calculated as DPH concentration in tissue 

divided by DPH concentration in exposure water at 48 and 96 h [25]. 

 
Results and Discussion 

 
The primary objective of the present study was to determine whether uptake of 

DPH differed across embryo – larval stages of zebrafish. To specifically test this 
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hypothesis among developmental stages, the FET was extended from its initial 48h 

duration to include hatching (48-72h) and the elutheroembryo stage (96h; [17, 28]).  We 

further examined uptake during older stages of 7 - 11 dpf and 14 – 18 dpf because 

relationships for chemical uptake among embryo and larval stages and associated toxicity 

responses of zebrafish are not understood. Clear differences in DPH uptake were evident 

among embryonic and larval developmental stages (Figure 14, Table 10). We initially 

employed the OECD TG 236 experimental design for a study with 0 – 4 dpf embryos, 

and observed rapid uptake of DPH to steady state until 2 dpf (Figure 14A). After 2 dpf 

when the natural hatching period initiated [29] we observed a sharp increase in uptake of 

DPH that continued to increase during the 96 h experimental period. We then performed 

an identical uptake experiment with enzymatically dechorionated embryos and made very 

similar observations, again with steady state conditions reached rapidly through 2 dpf 

followed by a sharp increase over the next two days of the study (Figure 14B). 

Subsequently, BCF values determined at 48 and 96 h were similar between chorionated 

and dechorionated embryos (Table 10).   

Such similar patterns of DPH uptake for dechorionated and chorionated 0 – 4 dpf 

embryos is interesting, because it has been postulated that the chorion could act as a 

physical barrier to bioaccumulation, or function to contain the osmoregulatory fluid 

(periviteline fluid) that could interact with xenobiotics and potentially alter toxicity 

response thresholds [30]. The chorion is an acellular membrane that envelopes teleost 

fish embryos [31], and is composed largely of proteins and glycoproteins that structurally 

and functionally differ between species. In zebrafish, the chorion is roughly 3.5 μm thick, 

is perforated with microvillous channels, and consists of three major layers [32]. The 
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channels, or pores, in the membrane have an average diameter of 1.5 μm and occur every 

roughly 1.5 to 3 μm [33, 34]. Previous studies with fluorescent dyes in medaka suggest 

the embryonic membrane may limit embryo exposure to some chemicals to a greater 

extent than the chorion [35]. To avoid potential experimental complications, methods for 

the removal of the chorion have been published [26] and proposed to improve the FET 

[36]. Uptake of larger molecules has been demonstrated to be affected by the chorion, 

and has been found to alter the osmotic pressure within the embryo, inducing toxicity 

[37]. In addition, previous work with metals identified complications due to interaction 

with components in the chorion [38].  These examples highlight a relatively limited 

understanding of the implications of chorionation on bioavailability, bioaccumulation and 

toxicity across chemical classes. 

Our recent research identified increased sensitivity of Zf to DPH for slightly older 

organisms than those developmental stages encompassed in FET methods (0 – 4 dpf) 

[21,22]. Such observations are contrary to a general paradigm in toxicology that 

associates earliest life stages with increased sensitivity to contaminants. In the present 

study, limited influence of the chorion on bioavailability and uptake of DPH (Figures 

14A and 14B, Table 10) indicates that increased zebrafish sensitivity with age (Figure 15) 

resulted from other factors. Future studies are needed to determine influences of the 

chorion on uptake of chemicals ranging in molecular size and physicochemical properties 

among fish models and other species.  

In addition to early developmental stages associated with the FET experimental 

design, we also examined DPH uptake in latter stages of 7 - 11 dpf and 14 – 18 dpf 

zebrafish, because older organisms are more sensitive to DPH than 0 – 4 dpf embryos 



134 
 

(Figure 15). In both of these experiments, DPH uptake reached steady state conditions 

within 24 – 48 hrs (Figure 14, Table 10). These patterns closely resemble our previous 

observations of DPH uptake in the adult fathead minnow model (Pimephales promelas) 

wherein steady state conditions were observed within 72 h at three pH conditions 

examined because DPH is a weakly basic chemical [25]. However, pH did not 

appreciably vary among experiments in the present study (Table 10).  

 

 
Figure 14 Diphenhydramine tissue concentrations in Danio rerio embryos (A, B) and larvae (C, D).  
Samples of chorionated (A), and dechorionated (B) embryos (0-4dpf) and larvae (C, 7 - 11 and D, 14 - 
18dpf (days post fertilization)) were collected at each 0, 1, 3, 6, 12, 24, 48, 72 and 96 hours after exposure 
was initiated (N=3, n=50, A, B and C; N=3, n=25, D). 
 
 

Even with the wide use of embryonic zebrafish and other fish as alternative 

toxicity experimental models, little work has been done to understand uptake differences 

across ages.  For example, previous studies on the uptake of chemicals across embryo - 
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larval stages of fish are fewer than ten, and of these, the majority of work has been 

conducted with either elutheroembryo or larval stages. Uptake of select pharmaceuticals 

[27, 39], perfluorooctanesulphonic acid (PFOS; [40]), and polycyclic aromatic 

hydrocarbons (PAH) [34, 41] have been examined in embryonic stages of zebrafish. 

Though each of the studied substances bioconcentrated in embryos, biotransformation 

and elimination capacities varied among chemicals. Similarly, previous uptake studies in 

slightly older elutheroembryo and larval stages are not much more abundant, and largely 

focused on the same or similar chemical classes, including pesticides (organophosphates, 

organochlorines and herbicides [42], and pyrethroids [43]), PAHs [44], and the 

antibacterial agent triclosan [45]. Despite occasional compounds failing to reach steady 

state [42], a number of these  elutheroembryo and larval studies estimated BCF values 

similar to those obtained with adult fish. In fact, BCF estimates for DPH in the present 

studies, which were performed at pH ~6.8, are similar (Table 10) to a BCF we previously 

estimated for DPH during an experiment with adult fathead minnows that was performed 

at similar pH [25].  

 
Table 10 Bioconcentration Factors (BCFs) in Danio rerio embryos and larvae.  BCFs were calculated as 
the concentration of diphenhydramine (DPH) relative to concentration in water at 48 and 96 h. For embryos 
(chorionated and dechorionated), and 7 – 11 dpf (days post fertilization) larvae, three pools of 50 organisms 
each were collected.  For 14 – 18 dpf larvae three pools of 25 organisms each were collected. 

 
1Exposure 2mL/organism; 2 Exposure 20mL/organism. 
 
 

Previous studies in Japanese medaka have attributed differences in sensitivity to 

pesticides, including the organophosphate diazinon, to decreased uptake during 
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chorionated stages, and increased metabolic capacity in later stages and thus increases of 

biologically active metabolites due to elevated CYP activity [20, 46, 47] because 

metabolic capacity varies over fish development [6, 28]. Metabolic development and how 

it relates to embryonic capacity to biotransform xenobiotics has received limited attention 

[6]. Biotransformation in fish often occurs by the cytochrome (CYP) P450 enzymes, yet 

expression and activity of CYP enzyme isoforms fluctuates in intensity and location over 

development [48-50]. Unfortunately, an understanding of comparative pharmaceutical 

(including DPH) metabolism in fish species is lacking [51-53]. Though some mammalian 

homologues have been identified, functional conservation has not yet been established for 

most CYPs [52] across common fish models.   

 

 
Figure 15:  Dose – response curves of Danio rerio embryo – larval stages to diphenhydramine.  0 – 3, 3 – 6, 
and 7 – 10 dpf (days post fertilization) data reanalyzed from Kristofco et al [21]. 
 
 

Based on observations in the present study, differential sensitivity to DPH across 

zebrafish embryo to larval developmental stages (Figure 15) appear to have resulted from 

increasing uptake and internal doses of DPH across these ages. Such uptake increases 
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with age may have resulted from differences in gill development.  Respiration via the 

gills is not realized until roughly two weeks post fertilization [54], which falls outside of 

current embryonic testing guidelines (0-4dpf; [55]).  Gill arches and filaments, which are 

proximal and develop first, are believed to be sites largely responsible for ion exchange, 

while the lamellae are the main sites for gas exchange that in zebrafish do not appear 

until 9-12 dpf [56, 57]. These previous studies demonstrated that the dependence of 

zebrafish larvae on gill gas exchange occurs between 14 and 21 dpf [56], when the gill 

surface area is greatly increased. Clearly, influence of gill functions on bioaccumulation 

and toxicity responses across development stages deserves future study in fish models. 

 
Conclusions 

 
The FET experimental design with zebrafish holds promise as an alternative 

animal model to examine the chemical space devoid of toxicity data.  However, in the 

present study we observed distinct increases of DPH uptake between the embryonic 

stages of D. rerio included in FET methods and slightly older larval fish. Such increased 

uptake measures correlate with our toxicity observations of increased zebrafish sensitivity 

to DPH across these developmental ages. Though the chorion did not alter DPH uptake 

by zebrafish, future studies are needed to determine whether presence of the chorion and 

gill functional changes across developmental stages influence toxicokinetics of other 

organic chemicals. 
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CHAPTER SIX 

 
Conclusions 

 
 

A burgeoning global population is projected to eclipse 11 billion by 2100.  Such 

growth is associated with the development of unprecedented urban population centers, 

including megacities with populations in excess of 10 million persons.  Subsequently, a 

‘new normal’ for an urban water cycle has been established (Postel, 2010) as the time and 

distance between consumption, disposal, and re-use has precipitously declined. This 

global megatrend is compounded by parallel increases in and concentration of global 

chemical usage, including consumer goods and medicines. However, such expansions are 

not paralleled by effective implementation of advanced wastewater infrastructure, 

especially in developing regions experiencing the greatest population growth. Thus, 

despite technological advances of chemical synthesis an understanding of hazards and 

risks of this increasingly complex chemical space is deficient (Schaafsma et al. 2009).  

With greater than 70000 chemicals lacking basic toxicological data, recent efforts have 

attempted to generate data to support risk assessment and relevant regulatory 

requirements for chemicals management (Council 2007).  Yet, significant hurdles exist 

for the production of such data as traditional methods are time intensive, costly, and low 

throughput (Rovida and Hartung 2009; Weisbrod et al. 2007). To reduce these data gaps, 

the National Research Council has proposed a new testing paradigm that promotes 

generation of toxicity data from higher throughput alternative model systems (Council 

2007). Some of these recommendations expand on earlier perspectives presented by 
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Bradbury et al (2004). Bradbury et al (2004) specifically identified the need for read 

across through data leveraging and in vitro screening as early tiered activities during 

hazard and risk assessments. Such methodologies, though poised to yield much needed 

information, require further development and examination of applicability domains. Two 

of these early tier approaches include probabilistic environmental hazard assessment 

(PEHA) and the fish embryo toxicity (FET) test. 

With heightened global chemical usage, and greater access to medicines in lesser-

developed regions, the potential for environmental loading has risen. Initial reviews of 

pharmaceuticals and personal care products in the environment (Arcand-Hoy et al. 1998; 

Daughton and Ternes 1999; Halling-Sørensen et al. 1998; Ternes 1998) identified the 

presence of diverse contaminants; much research has subsequently been undertaken to 

understand occurrence of diverse contaminants of emerging concern in wastewater 

effluents and urbanizing surface waters. However, not all classes of these environmental 

contaminants have received attention.  Most initial studies focused on endocrine 

disrupting compounds, with more recent efforts examining antibiotics/anti-infectives 

(Kookana et al. 2014) and other classes of pharmaceuticals (Brooks 2014).  One class of 

pharmaceuticals warranting attention is antihistamines, because this class was previously 

identified to present elevated potential risk to aquatic life (Berninger and Brooks 2010).   

In this dissertation, a novel global chemical scanning study employing PEHA was 

designed as a diagnostic approach to identify chemicals, habitats and urbanizing regions 

requiring future study. Chapter two evaluated 62 antihistamine active ingredients for their 

occurrence in wastewater influent, effluent and surface water (Kristofco and Brooks 

2017).  24 were identified in 111 unique publications representing largely the geographic 
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regions of Asia-Pacific, Europe and North America.  Unfortunately, the majority of 

monitoring data was observed in surface waters (63%) and effluents (85%) from Europe 

and North America.  This highlights the lack of information from many developing 

regions currently experiencing rapid urbanization, such as in Africa, Latin America and 

Asia. Additionally, less than 10% of all observations were for estuarine or marine 

ecosystems, though most human populations reside close to coastal habitats. Further, this 

exercise accentuated the lack of hazard information on active ingredients with 

observations greater than their respective therapeutic hazard values (THV).  For example, 

loratadine observations in surface waters exceeded a THV 40% of the time, indicating 

future research is needed to understand aquatic toxicology and hazards associated with 

this antihistamine. The utility of this unique scanning approach was demonstrated to 

identify chemicals requiring toxicology study, and habitats and regions where 

environmental monitoring, assessment and management efforts appear necessary. 

As introduced above, another alternative higher throughput screening method for 

toxicity testing employs fish embryos.  However, the advantages and challenges 

associated with a common fish embryo assay, the FET test, are not fully elucidated.  

Thus, a read across hypothesis from emergency medicine was developed to examine 

application to common invertebrate (e.g., Daphnia magna) and the FET assay with 

zebrafish.  Pharmaceuticals present unique challenges for environmental assessment and 

management because these molecules are designed to be biologically active. Fortunately, 

much more robust mammalian pharmacology and toxicology safety data are available for 

pharmaceuticals than for other environmental contaminants, and can allow for predictions 

of adverse effects in non-target species given genome sequence conservation (Hugget et 
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al 2003, Gunnarsson et al 2008). In mammals, the antihistamine diphenhydramine 

confers protection from organophosphate (OP) poisoning, apparently by noncovalently 

blocking acetylcholine receptors. This interaction was reproducible in the FET test with 

zebrafish exposed to the OP diazinon when diphenhydramine plasma levels were 

predicted to be greater than mammalian therapeutic, but lower than acutely lethal, doses. 

This relationship was not present in acute studies with D. magna, which highlights the 

importance of model selection and hypothesis development when utilizing read-across 

predictions for alternative toxicity testing.  

An additional uncertainty associated with the FET methodology is whether 

organism sensitivity to chemicals changes across developmental stages.  Previous work in 

Japanese medaka attributed sensitivity increases with slightly older life stages to 

diminished uptake during chorionated stages, and elevated CYP activity later in 

development (Hamm and Hinton 2000, Hamm et al. 2001).  Similar sensitivity shifts 

were observed in Chapter three (Kristofco et al 2015), wherein LC50 values for diazinon 

and diphenhydramine decreased with increasing developmental stage.  Greater sensitivity 

during larval stages compared to embyos to diazinon can be plausibly linked to molecular 

design of second generation antihistamines.  Because OP metabolites are more potent 

acetylcholinesterase inhibitors than parent OP chemicals, increased expression and 

activity of CYP enzymes at later stages was hypothesized to correlate with elevated 

toxicity due to increased metabolite production (Hamm and Hinton 2000, Hamm et al. 

2001). However, CYP enzyme isoforms’ expression intensity and location during 

zebrafish development fluctuates greatly (Goldestone et al 2010, Otte et al 2010), and an 

understanding of pharmaceutical metabolism in fish species is lacking (Connors et al 
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2013).  Interestingly, the same pattern of increased sensitivity of larval fish to the OP 

diazinon was observed for diphenhydramine.  Unlike for OPs, diphenhydramine does not 

require metabolic activation, and thus modulations in biotransformation capacity are not 

hypothesized to explain this shift increasing toxicity with slightly older organisms than 

embryos employed during FET testing.   

In Chapter four the FET was further examined to determine whether increased 

sensitivity at later stages would be observed for zebrafish photomotor behavior, an 

increasingly employed alternative toxicology endpoint.  However, standardized 

approaches for examining fish behavioral responses to contaminants are rarely available. 

Thus, naïve behavioral observations of locomotion of larval zebrafish were conducted 

prior to the evaluation of behavior responses to diazinon and diphenhydramine.  

Heightened variability for younger larvae during morning hours was observed, 

suggesting that future behavioral measures during FET testing and other methods should 

characterize naïve organism variability to minimize confounding effects on behavioral 

observations.  Subsequent studies with diazinon and diphenhydramine were restricted to 

afternoon hours, and as with lethality responses, both compounds elicited increased 

toxicity with age.  Additionally, 10 dpf zebrafish larvae were consistently more sensitive 

to diphenhydramine with an environmentally realistic lowest observed effect 

concentration of 200 ng/L. This behavioral alteration occurs at a concentration several 

orders of magnitude lower than traditional endpoints included in the 96h FET studies 

with zebrafish.  

Such observations highlight the importance of the selection of organism, 

developmental age, and toxicological endpoint. It further indicates that future studies are 
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needed to determine the extent to which age specific shifts in toxicity exist for other 

organic contaminants.  However, the cause of the age-specific hazards of these aquatic 

contaminants to fish survival and behavior have yet to be elucidated.  This consideration 

is particularly germane for the FET due to its capacity to replace traditional toxicology 

testing methodologies; understanding methodological influences on sensitivity and 

performance is paramount for its future as an animal alternative method.  

To begin to understand why slightly older zebrafish were more sensitive to 

diphenhydramine than embryos in the FET test, uptake across developmental stages was 

investigated to determine whether bioconcentration and body burden difference may exist 

across development age.  Interestingly, the chorion did not influence diphenhydramine 

uptake across ages employed by the FET test.  For older larval stages more rapid uptake, 

characteristic of previous observations in adult fish was observed (Nichols et al 2015),  

resulted in the elevated concentration factors observed in Chapter five. Such observations 

suggest that higher body burdens were responsible for the differential sensitivity to 

diphenhydramine across zebrafish embryo-larval stages.  This change in uptake may stem 

from gill development because respiration via the gill surface is not realized until ~2 

weeks post fertilization (Jonz and Nurse 2005).  Previous studies demonstrated that the 

dependence of zebrafish larvae on gill gas exchange occurs between 14 and 21 days post 

fertilization (Rombough 2002), when the gill surface area is greatly increased. Clearly, 

influence of gill functions on bioaccumulation and toxicity responses across development 

stages deserves future study for other fish models. 

PEHA and FET testing can support prioritization of chemical testing efforts and 

can be used to examine the chemical space devoid of toxicity data.  However, continued 
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efforts are needed to investigate additional advantages and vet their applicability 

domains.  Especially regarding the FET, despite initial work demonstrating high 

correlation with early life stage data for select toxicity endpoints (Lammer et al. 2009; 

Belanger et al.2013), an increased understanding of embryo-larval sensitivity and 

dosimetry are necessary within and among fish models.  Though the chorion did not alter 

diphenhydramine uptake by zebrafish embryos, future studies are needed to determine 

whether presence of the chorion and gill functional changes across developmental stages 

influence toxicokinetics of and sensitivity of different fish models employed for FET to 

other organic chemicals with diverse physicochemical properties.



151 
 

 

 
 

 

 

 

 

 

 

 

 

 

APPENDICES 

 

 

 

 

 

 

 

 

 

 

 



152 
 

 
 
 

APPENDIX A 
 

Supplemental Information for Chapter Two 
 
 

Details on the literature cited and analyzed in chapter two can be found in the Texas Data 

Repository, DOI: 10.18738/T8/S6CK58.  
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APPENDIX B 

 
Supplementary Information for Chapter Four 

 
 

Supplementary: Table 11: Nominal and analytically verified treatment levels of diazinon and 
diphenhydramine for toxicology studies of zebrafish from 1-4, 4-7 or 7-10dpf 

 
aEstimated Value 



154 
 

 
 
 

APPENDIX C 
 

Supplementary Information for Chapter Four 
 
 

 
Supplementary: Figure 16: Mean (n=24) distance traveled per minute by naïve 4, 5, 6, 7, 8, 9, or 10dpf 
zebrafish larvae between 09:00 and 18:00 hours.  Distance traveled calculated with ZebraBox and 
accompanying Viewpoint software; error bars omitted for clarity.  White background: Period of Light, 
Gray background: Period of Dark. 
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APPENDIX D 
 

Supplementary Information for Chapter Four 
 
 

 
Supplementary :Figure 17: Mean (N=8, n=3) distance traveled per minute by 4, 7, or 10dpf zebrafish larvae 
exposed to diazinon (A, B, C) or diphenhydramine (D, E, F) for 72 hours.  Distance traveled calculated 
with ZebraBox and accompanying Viewpoint software; error bars omitted for clarity.  White background: 
Period of Light, Light Gray background: Dark acclimation period; Dark Gray background: Period of Dark. 
MeOH: Methanol control. 
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APPENDIX E 
 

Supplementary Information for Chapter Four 
 
 

 
Supplementary: Figure 18: Mean (N=8, n=3) distance traveled per minute by 4, 7, or 10dpf zebrafish larvae 
exposed to diazinon for 72 hours.  Data presented as distance traveled by velocity: <5mm/s (A, D, G), 5-20 
mm/s (B, E, H) or >20mm/s (C, F, I).  Distance traveled calculated with ZebraBox and accompanying 
Viewpoint software, graphed with SigmaPlot 11.0; error bars omitted for clarity.  White background: 
Period of Light, Light Gray background: Dark acclimation period; Dark Gray background: Period of Dark. 
MeOH: Methanol control.  All concentrations analytically verified (µg/L). 
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APPENDIX F 
 

Supplementary Information for Chapter Four 
 
 

 
Supplementary: Figure 19: Mean (N=8, n=3) distance traveled per minute by 4, 7, or 10dpf zebrafish larvae 
exposed to diphenhydramine for 72 hours.  Data presented as distance traveled by velocity: <5mm/s (A, D, 
G), 5-20 mm/s (B, E, H) or >20mm/s (C, F, I).  Distance traveled calculated with ZebraBox and 
accompanying Viewpoint software, graphed with SigmaPlot 11.0; error bars omitted for clarity.  White 
background: Period of Light, Light Gray background: Dark acclimation period; Dark Gray background: 
Period of Dark. MeOH: Methanol control. 
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