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ABSTRACT 

ANXIETY-LIKE BEHAVIORS AND C-FOS EXPRESSION IN ADULT ZEBRAFISH: 

EFFECTS OF HOUSING CONDITIONS, ALCOHOL, AND CAFFEINE 

by Adam Douglas Collier 

May 2017 

Alcohol abuse is the third largest risk factor for disease world, responsible for an 

estimated 3.3 million deaths each year. The concomitant ingestion of alcohol and caffeine 

is hypothesized to increase risk factors associated with alcohol use alone by reducing 

subjective effects of intoxication. The zebrafish (Danio rerio) has recently garnered 

attention from researchers as an effective pre-clinical in-vivo animal model in behavioral 

pharmacology research, largely due to small size, low-cost and ease of drug delivery. A 

number of studies have reported the effects of alcohol and caffeine on zebrafish behavior 

at a variety of doses. However, the combined effects of alcohol and caffeine have rarely 

been reported. This study examined the effects of alcohol, caffeine, and alcohol and 

caffeine combined on anxiety-like behaviors and locomotor behaviors in the novel tank 

test. Caffeine combined with alcohol produced an antagonistic effect on locomotor 

behaviors and anxiety-like behaviors compared to alcohol alone. Furthermore, 

concomitant alcohol and caffeine exposure revealed increased c-Fos protein expression, a 

biomarker of neuronal activation, in the zebrafish brain region homologous to the 

mammalian amygdala, the medial pallium. In a separate experiment, zebrafish were 

housed in enriched or barren environments either isolated or in groups of three for two 

weeks prior to administration of alcohol and caffeine and novel tank testing to investigate 

the effect of housing environment on behavior. Overall, the effects of alcohol and 
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caffeine on zebrafish behavior and the brain in this study are evolutionarily conserved, 

paralleling findings in rodents and humans and reinforcing the translational relevance of 

the zebrafish model in behavioral pharmacology research. 
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CHAPTER I - INTRODUCTION 

Alcohol and Caffeine 

Substance use disorders are complex and ubiquitous problems characterized by 

patterns of pathological behavior related to the use of the psychoactive substance 

(American Psychiatric Association, 2013). Alcohol and caffeine are two such substances 

that are readily available and frequently used throughout much of the world. Alcohol 

abuse is associated with over 200 health conditions and is the third largest risk factor for 

disease globally, responsible for an estimated 3.3 million deaths each year (WHO, 2014). 

In 2010, the economic cost of alcohol abuse reached about $250 billion dollars in the 

United States (Sacks, Gonzales, Bouchery, Tomedi, & Brewer, 2015). Despite these 

devastating effects on public health and the global economy, efficacious pharmacological 

treatments remain few in number. The development of novel pharmacotherapies for 

alcohol use disorder will be facilitated by a better understanding of the underlying 

mechanisms of alcohol in the brain and the factors that are responsible for an individual 

becoming a compulsive drinker.  

Caffeine is comparably a less harmful substance than alcohol. However, caffeine 

is the most commonly used drug in the world (Winston, 2005) with over 85% of children 

and adults consuming it regularly, more than 70% of which experience at least one 

withdrawal symptom following cessation of use (American Psychiatric Association, 

2013). Heavy caffeine use, especially in vulnerable individuals, may result in adverse 

medical and psychological effects such as heart, gastrointestinal, and urinary issues, as 

well as anxiety, depression, insomnia, irritability and cognitive problems (American 

Psychiatric Association, 2013; Nawrot et al., 2003).  Currently, there is a lack of 
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consensus among academics and clinicians on whether caffeine use can lead to a 

clinically defined substance use disorder (Budney, Brown, Griffiths, Hughes, & Juliano, 

2013). The Diagnostic and Statistical Manual of Mental Disorders (5th ed) has indicated 

that more research is needed before recognizing caffeine use disorder as a formal 

condition (American Psychiatric Association, 2013). Therefore, understanding the effects 

of caffeine on behavior and the brain is critical, and is likely to provide important insights 

into the addictive potential of caffeine. 

The ingestion of alcohol and caffeine simultaneously is hypothesized to increase 

behavioral and health-related risk factors associated with alcohol use (Heinz, de Wit, 

Lilje, & Kassel, 2013). Caffeinated alcohol beverages (e.g., alcohol mixed with energy 

drink) are becoming increasingly popular among younger drinkers, to whom they are 

predominately marketed towards (O’Brien, McCoy, Rhodes, Wagoner, & Wolfson, 2008; 

Simon & Mosher, 2007). College students report that caffeinated alcohol beverages are 

appealing because they increase the onset of intoxication, are stimulatory and have a 

pleasurable taste (Marczinski, 2011). In laboratory studies, human volunteers 

administered alcohol mixed with energy drink reported feeling less impaired by the 

effects of alcohol compared to subjects who consumed alcohol alone, but both groups 

showed similar deficits in motor coordination and visual reaction time (Ferreira, De 

Mello, Pompéia, Souza‐Formigoni, & Oliveira, 2006; Marczinski & Fillmore, 2006). In 

an online survey of college students, 19.4% of the sample reported monthly consumption 

of alcohol mixed with caffeinated drinks and were more likely to report other drug use 

and engage in high-risk sexual behaviors (Snipes & Benotsch, 2013). In another survey 

of college students, those who consumed beverages containing alcohol and caffeine in the 



 

3 

last 30 days reported increased instances of binge drinking, serious injury, sexual assault, 

and drunk driving (O’Brien et al., 2008). Therefore, consuming alcohol mixed with 

caffeine appears to reduce the subjective perception of intoxication, which may increase 

the risk of negative alcohol-related consequences. This study employed a vertebrate 

animal model, the zebrafish, to characterize the effects of alcohol and caffeine on 

behavior and the brain.  

The Zebrafish Animal Model 

Rodent models of human brain disorders (e.g., substance use disorder) are primarily 

employed in an effort to elucidate clinically relevant mechanisms underlying disease 

pathogenesis but are often impeded by high-cost and experimental inefficiency (Cryan & 

Holmes, 2005). The zebrafish (Danio rerio) has recently garnered attention from 

researchers as an effective pre-clinical in-vivo animal model of a wide range of human 

disorders that are highly amenable to experimental, pharmacological, and genetic 

manipulations (Barros, Alderton, Reynolds, Roach, & Berghmans, 2008; Brennan, 2011; 

Bruni et al., 2016). A host of favorable and versatile characteristics are inherent to this 

evolutionary ancient species (Kalueff, Echevarria, & Stewart, 2014b; Kalueff, Stewart, & 

Gerlai, 2014; Stewart et al., 2015). Generally, zebrafish are a small, low-cost, and 

genetically tractable aquatic teleost vertebrate that show a high degree of neurochemical, 

morphological, physiological and genetic similarity to humans (Kalueff, Echevarria, & 

Stewart, 2014a; Kalueff, Stewart, et al., 2014). For instance, the zebrafish genome has 

been fully sequenced and is roughly 70% orthologous to the human genome, with 

zebrafish orthologues corresponding to approximately 82% of disease-related genes in 

humans (Howe et al., 2013).  



 

4 

Several features of zebrafish neuroendocrine and neurotransmitter systems 

increase their translational validity even further. Most notably, zebrafish release cortisol 

as a stress hormone (Canavello et al., 2011; Yeh, Glöck, & Ryu, 2013) and the zebrafish 

hypothalamic-pituitary-interrenal (HPI) axis is highly homologous to the human 

hypothalamus-pituitary-adrenal (HPA) axis (Alsop & Vijayan, 2009). As a vertebrate 

species, zebrafish exhibit substantial neural homology to humans, including the 

expression of major brain structures, neurotransmitters, receptors, and hormones (Panula 

et al. 2006, 2010; Alsop and Vijayan 2008). Zebrafish are highly suitable for 

pharmacological studies, especially given a simple method of drug administration, such 

as by immersing fish into water with a dissolved concentration of drug to allow it to 

diffuse through the gills into the bloodstream (Collier, Khan, Caramillo, Mohn, & 

Echevarria, 2014; Goldsmith, 2004).  

Adult zebrafish exhibit a complex behavioral repertoire spanning numerous 

domains that are relevant to human behavioral disorders, such as learning and memory 

(Blaser & Vira, 2014; Gerlai, 2016), drug reward (Collier et al., 2014; von Trotha, 

Vernier, & Bally-Cuif, 2014), social behavior (Gerlai, 2014; Qin, Wong, Seguin, & 

Gerlai, 2014), and anxiety-related behavior (Gerlai, 2013; Jesuthasan, 2012; Wang et al., 

2016). A wide range of experimental paradigms historically employed with rodents have 

been aquatically converted for zebrafish models to investigate relevant behavioral 

phenotypes, which tend to be well-conserved in zebrafish compared to their mammalian 

counterpart (Stewart, Braubach, Spitsbergen, Gerlai, & Kalueff, 2014). For example, 

zebrafish habituate to novelty over time in the open-field test and their exploratory 

activity is dependent on the size of the arena and is temporally stable throughout the 
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testing period, as is seen in rodents (Champagne, Hoefnagels, de Kloet, & Richardson, 

2010; Eilam, Dank, & Maurer, 2003; Kalueff, Keisala, Minasyan, Kuuslahti, & 

Tuohimaa, 2006).  

Rats and mice are currently the most commonly employed animals to study 

normal and abnormal brain functioning. In 2015, 32% of all published neuroscience 

papers utilized rodent models and less than 1% used all other animal models (e.g., 

zebrafish) (Keifer & Summers, 2016). However, the rate of zebrafish publications is 

growing faster than any other model organism and experimental tools and resources are 

becoming increasingly available (Kalueff, Echevarria, et al., 2014b; Wyatt, Bartoszek, & 

Yaksi, 2015). Adopting a comparative approach using a variety of alternative animal 

models to address questions related to the function and dysfunction of behavior and the 

brain is a critically important strategy (Kalueff, Wheaton, & Murphy, 2007). This 

increases the ability to identify evolutionarily conserved functions, mechanisms, and 

targets across model organisms and to translate findings that are relevant to treating 

human brain disorders. Albeit the zebrafish is a new animal model that still requires 

validation across multiple domains, the zebrafish has a broad range of advantageous 

applications and is becoming an increasingly useful animal model for screening the 

effects of drugs on the brain and behavior.  
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CHAPTER II – EXPERIMENT 1 

The Novel Tank Test 

Traditionally, animal models of anxiety are often based on behavioral responses 

to novel environments (Belzung, 1999; Kurt, Arik, & Celik, 2000). In many taxa, 

exposure to a novel (and therefore, potentially dangerous) environment often triggers the 

expression of avoidance-related behaviors in animals that likely serve evolutionarily 

conserved ‘anti-predatory’ functions (File, 2001; Sousa, Almeida, & Wotjak, 2006). 

Novelty exploration is believed to underlie behavioral organization in a new environment 

and reflect the emotional state of animals (Kallai et al., 2007; Stewart, Gaikwad, Kyzar, 

& Kalueff, 2012; Treit & Fundytus, 1988). Typical ‘spatial’ behaviors include total 

distance traveled, average velocity, and spatial distribution of exploratory activity. Initial 

exploratory behaviors tend to attenuate over the testing session as animals habituate to 

novel environments, the impairment of which may be associated with increased anxiety 

(Champagne et al., 2010; Wong, Elegante, et al., 2010b). Like in rodents, zebrafish 

novelty-based paradigms and associated behaviors are highly sensitive to exposure to 

acute and chronic pharmacological manipulations and can, therefore, be used to screen 

drug effects (Bencan, Sledge, & Levin, 2009; Borsini, Podhorna, & Marazziti, 2002). 

Accordingly, a number of novelty-based paradigms traditionally developed and used for 

rodents have been applied to zebrafish behavioral testing. 

The novel tank test is a novelty-based paradigm that is unique to zebrafish and 

other aquatic species and is often used for behavioral phenotyping and testing drug 

effects. This test is conceptually similar to the open field test used for rodents, but rather 

than measuring horizontal exploration, the novel tank task primarily measures vertical 



 

7 

exploration (Stewart et al., 2010). The novel tank apparatus typically consists of a narrow 

tank delineated horizontally into a top and bottom zone (Figure 1).  

 

Figure 1. The novel tank test apparatus 

A trapezoidal narrow 1.5-gallon housing tank is delineated into two horizontal halves. Side view 

Upon exposure to a novel tank apparatus, zebrafish initially exhibit anxiety-like 

behaviors such, as diving to the bottom of the tank (i.e., geotaxis), reducing exploration, 

increasing freezing behavior, and increasing erratic movements (Cachat, Stewart, 

Grossman, Gaikwad, Kadri, Chung, Wu, Wong, Roy, Suciu, et al., 2010). Over the 

testing, session zebrafish habituate to the novelty of the environment and reduce anxiety-

like behaviors. Additionally, exposure to the novel tank test induces stress-related 

physiological responses, such as elevated cortisol levels, increased breathing and 

increased heart beat frequency (Kalueff et al., 2016). The novel tank test is an excellent 

assay for screening anxiotropic (e.g., anxiolytic and anxiogenic) agents, as zebrafish 

locomotor and anxiety-like behaviors are highly sensitive to such manipulations. 

The Effects of Alcohol on Adult Zebrafish 

Alcohol (e.g., ethanol) has been one of the most frequently studied substances in 

adult zebrafish, likely due to the simplicity of drug administration via mixing ethanol 
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directly into the tank water (see Table 1 for a brief summary of select behavioral and 

physiological effects of both acute and chronic alcohol in adult zebrafish). 

Table 1  

Select alcohol effects in adult zebrafish 

Alcohol 

dose 

Duration of 

treatment 

Behavioral test 

or physiological 

measure 

 

Major effects Reference 

0.2% v/v 14 days 

continuous 

exposure 

Novel tank test  anxiety 

 habituation 

(Wong, Elegante, et 

al., 2010a) 

0.25% v/v 20 minutes Conditioned 

place preference 
 reward (Collier et al., 2014) 

0.25% v/v 60 minutes Open field  locomotion (Gerlai, Lahav, Guo, 

& Rosenthal, 2000) 

0.25% v/v 14 days 

continuous 

exposure 

Open field  locomotion, 

indicative of  

 tolerance 

(Gerlai, Lee, & Blaser, 

2006) 

0.25% v/v 60 minutes Mirror test  aggression (Gerlai et al., 2000) 

0.25% v/v 60 minutes c-fos mRNA  galanin c-

fos mRNA in 

hypothalamus 

orexin c-fos 

mRNA in 

hypothalamus 

(Sterling, Karatayev, 

Chang, Algava, & 

Leibowitz, 2014) 

0.3% v/v 5 minutes Novel tank test  anxiety 

 

(Wong, Elegante, et 

al., 2010a) 

0.3% v/v 5 minutes Novel tank test  anxiety (Egan et al., 2009) 

0.3% v/v 7 days 

continuous 

exposure  

Novel tank test  anxiety (Cachat, Stewart, 

Grossman, Gaikwad, 

Kadri, Chung, Wu, 

Wong, Roy, & Suciu, 

2010; Cachat, Stewart, 

Grossman, Gaikwad, 

Kadri, Chung, Wu, 

Wong, Roy, Suciu, et 

al., 2010; Egan et al., 

2009)  
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Table 1 (continued). 

0.3% v/v  12-hour 

withdrawal 

after 7 days 

of 

continuous 

exposure  

Whole-body 

cortisol 
 cortisol (Cachat, Stewart, 

Grossman, Gaikwad, 

Kadri, Chung, Wu, 

Wong, Roy, Suciu, et 

al., 2010) 

0.50% v/v 60 minutes Open field  locomotion (Gerlai et al., 2000) 

0.50% v/v 20 minutes Conditioned 

place preference 
 reward (Collier et al., 2014) 

0.50% v/v 10 minutes Shoaling  shoal 

cohesion 

(Gebauer et al., 2011) 

1.00% v/v 60 minutes Open field  locomotion (Gerlai et al., 2000) 

1.00% v/v 60 minutes Novel tank test  anxiety (Gerlai et al., 2000) 

1.00% v/v 17 days of 

30 min 

exposure 

T-maze  spatial 

learning 

performance 

(Yang, Kim, Choi, 

Koh, & Lee, 2003) 

1.00% v/v 20 minutes Open-field   anxiety 

 locomotion 

 brain 

alcohol 

content 

(Rosemberg et al., 

2012) 

1.00% v/v 20 minutes Novel tank test  anxiety (Mathur & Guo, 2011) 

1.00% v/v 20 minutes Light dark test  anxiety (Mathur & Guo, 2011) 

1.00% v/v 60 minutes Open field  anxiety 

 locomotion 

 brain 

alcohol 

content 

(Rosemberg et al., 

2012) 

1.00% v/v 60 minutes Whole-body 

cortisol 
 cortisol (Tran, Chatterjee, & 

Gerlai, 2015) 

1.00 % 

v/v 

8 days of 20 

min 

exposure 

and 6 days 

of 

withdrawal 

Novel tank test  anxiety 

 velocity 

(Mathur & Guo, 2011) 
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Table 1 (continued). 

1.00% v/v 20 minutes Conditioned 

place preference 
 reward (Collier et al., 2014; 

Kily et al., 2008) 

 

Acute exposure (e.g., a single administration) to ethanol often produces a biphasic 

response on zebrafish locomotor activity, that is to say, lower doses (e.g., 0.25% and 

0.50% v/v) are stimulatory and increase locomotor activity, and higher doses (e.g., 1.00% 

v/v) are depressive and reduce locomotor activity (Gerlai et al., 2000; Tran, Facciol, & 

Gerlai, 2016). This biphasic response in zebrafish is similar to the biphasic stimulant and 

depressant effects of alcohol observed in rodents (Gingras & Cools, 1996; Moore, June, 

& Lewis, 1993) and experienced by humans (King, Houle, Wit, Holdstock, & Schuster, 

2002). Alcohol effects in zebrafish tested in the novel tank test have been shown to be 

dependent on the duration of ethanol exposure, with 20 minutes of acute exposure to 

1.00% v/v ethanol producing anxiolytic-like behaviors and increasing locomotor activity, 

and 60 minutes of acute exposure to 1.00% v/v ethanol producing anxiogenic-like 

behaviors and decreasing locomotor activity (Rosemberg et al., 2012). This biphasic 

response was also reported to correlate with brain alcohol levels in zebrafish, with 60 

minutes of 1.00% v/v ethanol administration having resulted in significantly higher brain 

alcohol levels compared to 20 minutes of 1.00% v/v ethanol (Rosemberg et al., 2012). 

Blood alcohol levels in zebrafish have been reported to significantly increase following 

0.25% and 0.50% v/v ethanol exposure for 60 minutes (Sterling et al., 2014). Another 

study found acute 30-minute exposure to 0.25% ethanol to reach a pharmacologically 

relevant blood alcohol concentration of ~0.08 % (Echevarria, Toms, & Jouandot, 2011).  
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Moderate to high doses of ethanol (e.g., 0.50% and 1.00% v/v) tend to be the most 

commonly studied doses in zebrafish neurobehavioral research (Mathur, Berberoglu, & 

Guo, 2011; Tran et al., 2015; Tran & Gerlai, 2013). This proposed study will expose 

zebrafish to the lower dose of 0.25% v/v for 30 minutes prior to evaluate anxiety-like 

behaviors and locomotor behaviors in the novel tank test, as this dose is less well 

characterized and this exposure time results in a relevant blood alcohol concentration of 

~0.08%. 

The Effects of Caffeine on Adult Zebrafish 

Caffeine has been less commonly studied in zebrafish models compared to 

alcohol. A variety of zebrafish anxiety-like behaviors in the novel tank test are increased 

following acute caffeine administration, such as increased latency to enter the top half, 

increased freezing bouts and freezing duration, and decreased average velocity (Table 2) 

(Cachat, Stewart, Grossman, Gaikwad, Kadri, Chung, Wu, Wong, Roy, & Suciu, 2010; 

Egan et al., 2009) 

Table 2  

Select caffeine effects in adult zebrafish 

Caffeine dose Duration of 

treatment 

Behavioral or 

physiological 

test 

Major effects 

(compared to 

control) 

Reference 

25 mg/L 20 minutes Novel tank test  velocity (Ladu, Mwaffo, Li, 

Macrì, & Porfiri, 

2015) 

50 mg/L 7 days of 20-

minute 

exposure 

Conditioned 

place 

preference 

 reward Own unpublished 

observations 

50 mg/L and 

100 mg/L 

60 minutes Object 

discrimination 

task 

 distance 

traveled 

 anxiety 

(Santos, Ruiz-

Oliveira, Oliveira, 

Silva, & Luchiari, 

2016) 
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Table 2 (continued). 

100 mg/L 15 minutes Novel tank test  anxiety 

 habituation 

(Wong, Elegante, et 

al., 2010a) 

100 mg/L 5 minutes Novel tank test  anxiety 

 

(Egan et al., 2009) 

100 mg/L 60 minutes c-Fos protein  c-Fos 

protein 

(Chatterjee, Tran, 

Shams, & Gerlai, 

2015) 

250 mg/L 20 minutes Whole-body 

cortisol 
 cortisol (Cachat, Stewart, et 

al., 2011) 

250 mg/L 20 minutes Novel tank test  anxiety 

 

(Cachat, Stewart, 

Grossman, 

Gaikwad, Kadri, 

Chung, Wu, Wong, 

Roy, & Suciu, 

2010; Cachat, 

Stewart, et al., 

2011) 

250 mg/L 20 minutes Novel tank test  anxiety 

 distance 

traveled 

 cortisol 

 average 

velocity 

 

(Wong, Stewart, et 

al., 2010) 

 

One study reported that 20-minute exposure to 25 mg/L caffeine decreased 

average swim velocity (cm/s) compared to control animals and had no effect on time 

spent in the top half in the novel tank test, although the effects on other anxiety-like 

behaviors and distance traveled are unreported. Caffeine has largely been studied in adult 

zebrafish at the doses of 100 mg/L and 250 mg/L administered for  20 minutes. It is 

currently unclear whether caffeine has a biphasic effect on zebrafish behavior as alcohol 

does, as the majority of doses tested have been reported to increase behavioral measures 

of anxiety and decrease locomotor behaviors, suggestive of a depressive effect. In 

rodents, low doses of caffeine have a stimulatory effect on locomotor behavior, while 
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high doses have a depressive effect (Yacoubi et al., 2000). Measures of anxiety behavior 

in rodents have been reported to consistently increase at all doses tested (Bhorkar, 

Dandekar, Nakhate, Subhedar, & Kokare, 2014; Jain, Hirani, & Chopde, 2005; Pellow, 

Chopin, File, & Briley, 1985). This study exposed zebrafish to 25 mg/L caffeine for 30 

minutes to characterize this largely unreported dose and duration of exposure on anxiety-

like and locomotor behaviors in the novel tank test.  

The Effects of Alcohol and Caffeine on Adult Zebrafish 

Although the effects of both ethanol and caffeine have been tested individually in 

zebrafish, the behavioral effects of co-administration of these substances has rarely been 

reported. One study reported the combined effects of alcohol and caffeine on zebrafish 

cognitive performance, although this study exposed zebrafish to alcohol or caffeine 

chronically for 27 days followed by withdrawal of the chronic drug and then acute 

exposure to alcohol or caffeine for 60 minutes on day 28, thus not administering the 

drugs simultaneously (Santos et al., 2016). One finding of this study was that zebrafish 

improved cognitive performance following administration of chronic 0.50% ethanol for 

27 days and administration of acute 50 mg/L caffeine on day 28 compared to animals that 

were administered chronic 0.50% ethanol for 27 days and received no caffeine or ethanol 

on day 28, indicating that this lower dose of caffeine may have reduced the negative 

effects of alcohol withdrawal on cognitive performance (Santos et al., 2016).  

A recent study reported that 1.00% ethanol increased total distance traveled and 

decreased the distance to the bottom of the novel tank, and 250 mg/L caffeine reduced 

total distance traveled and decreased the distance to the bottom of the novel tank (Tran et 

al., 2017). Following co-administration of 1.00% and 250 mg/L caffeine, total distance 
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traveled and distance to the bottom of the tank resembled that of 250 mg/L caffeine 

alone, indicative of an antagonistic mechanism. Similarly, in rodents, a high dose of 

caffeine administered in combination with a high dose of ethanol was found to reduce 

locomotor activity compared to ethanol alone (Waldeck, 1974). This finding is line with 

human research suggesting that caffeine’s effects may mask some of the effects of 

alcohol (Ferreira et al., 2006; Marczinski & Fillmore, 2006). However, a low-dose of 

caffeine administered in combination with a low dose of ethanol was found to increase 

locomotor activity compared to ethanol alone in rodents, suggestive of an additive effect 

when low doses of alcohol and caffeine are combined. (Waldeck, 1974). Thus, it is 

unclear if a low dose of ethanol combined with a low dose of caffeine will have an 

additive or an antagonistic effect on locomotor behaviors and anxiety-like behaviors in 

zebrafish. This study exposed zebrafish to 25 mg/L caffeine combined with 25 mg/L 

ethanol for 30 minutes to characterize the unreported combination of low doses of these 

substances on anxiety-like and locomotor behaviors in the novel tank test. 

Specific Aim 1 

Characterize the effects of acute 0.25% alcohol, 25 mg/L caffeine, and 0.25% 

alcohol and 25 mg/L caffeine combined on locomotor behaviors and anxiety-like 

behaviors using the novel tank test. 

Hypotheses 

It was expected that 0.25% v/v ethanol administered for 30 minutes would 

increase locomotor behaviors and decrease anxiety-like behaviors in the novel tank test. 

It was also expected that 25 mg/L caffeine administered for 30 minutes would decrease 

locomotor behaviors and would increase anxiety-like behaviors in the novel tank test. It 
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was less clear what the effect of 0.25% v/v ethanol combined with 25 mg/L caffeine 

administered for 30 minutes would be on locomotor and anxiety-like behaviors in the 

novel tank test, as it was expected that 25 mg/L caffeine would increase anxiety-like 

behaviors and decrease locomotor behaviors and 0.25% ethanol would decrease anxiety-

like behaviors and increase locomotor behaviors.   

General Zebrafish Laboratory Housing 

All fish were maintained and protocols were carried out according to the 

Institutional Animal Care and Use Committee (IACUC) of the University of Southern 

Mississippi, Hattiesburg MS, USA. Adult zebrafish of a randomly bred genetically 

heterogeneous ‘wildtype’ strain were obtained from a local distributor (Pet Palace, 

Hattiesburg MS 39401). All fish acclimated to the laboratory environment for a minimum 

of 10 days, were housed in groups of 20-25 within 10 L tanks maintained in a circulating 

system equipped with biological, chemical, and mechanical filtration, aeration, and 

sterilization by UV light. Ceiling-mounted fluorescent light tubes provided illumination 

during a 14/10 hour light/dark cycle. Tank water consisted of reverse osmosis deionized 

(RODI) water supplemented with 60 mg/L dissolved sea salts (Instant Ocean: 

Blacksburg, VA 24060), and was maintained at ~28 Cº. Fish were fed once in the 

morning with brine shrimp (Premium Grade Brine Shrimp Eggs, Brine Shrimp Direct, 

Ogden, UT), and once in the afternoon with flake food (Tetra: Blacksburg, VA). All 

animals were drug and experimentally naïve prior to experimental testing. 

Novel Tank Testing Methods 

Following ten days of acclimation to the laboratory environment, zebrafish were 

tested in the novel tank test to evaluate the effects of 0.25% ethanol, 25 mg/L caffeine 
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and co-administration of 0.25% ethanol and 25 mg/L caffeine on locomotor and anxiety-

like behaviors (Table 3). Individual zebrafish were carefully netted from their home tanks 

of ~20-25 fish and individually placed in 1-liter beakers containing 1 liter of housing 

system water at ~28 C that was either void of drug or contained the appropriate drug 

concentration mixed in the water. Each beaker was covered with parafilm to reduce 

evaporation and prevent fish from jumping out of the beaker. Each beaker was transferred 

to an adjacent experimental testing room and individually placed within a testing 

chamber for zebrafish to acclimate to the new environment. Each testing chamber 

contained the novel tank test apparatus placed flush against a white wall of the chamber 

to provide contrast, two overhanging fluorescent lights to produce adequate lighting, and 

a USB web camera pointed horizontally at the novel tank to record behavior (Figure 2). 

Three fish were tested simultaneously, with one fish being tested per chamber. After 30 

minutes in the beaker, zebrafish were carefully netted out and placed directly into a novel 

tank test apparatus filled with 1.2 liters of system tank water at ~28 C. The experimenter 

then initiated behavioral recording, gently closed the doors to each testing chamber, and 

left the experimental room. Zebrafish explored the novel tank test apparatus for 6 minutes 

and behavior was later evaluated. 
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Figure 2. The testing chamber for the novel tank test 

Behavioral Analysis 

Videos of zebrafish behavior in the novel tank test were recorded using 

QuickTime for Mac and then decompressed and converted from “.mov” to “.avi” format 

using MatLab (MathWorks: Natick, MA). Each video file was enhanced using ImageJ 

software to provide sufficient contrast between each fish and the background of the 

apparatus. Zebrafish swimming behavior was tracked over the 6 minute testing period 

and expressed as x and y pixel coordinates using the idTracker program (Pérez-Escudero, 

Vicente-Page, Hinz, Arganda, & de Polavieja, 2014). Finally, MatLab was used to 

produce the behavioral measures of interest using the x and y coordinate data previously 

generated by idTracker. Table 3 contains the locomotor and anxiety-like behavioral 

measures evaluated using the novel tank test. 

Table 3  

Novel tank test behavioral measures 

Behavioral measure Definition ↑ Value indicates 

Total distance 

traveled 

A measure of locomotor activity, 

the total distance traversed (e.g., 

cm) during the testing session. 

↑ total distance traveled 

indicates ↑ hyperactivity 
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Table 3 (continued). 

Average velocity Magnitude of zebrafish speed, 

distance (e.g., cm) traveled per 

second. 

↑ average velocity 

indicates ↑ hyperactivity 

Freezing bouts Number of times spent freezing. 

Freezing is a complete cessation 

of movement (except for gills 

and eyes) for over 3 seconds.  

↑ freezing bouts indicates 

↑ anxiety 

Freezing duration Total time spent freezing ↑ freezing duration 

indicates ↑ anxiety 

Time in top The amount of time spent in the 

top half of the tank during the 6-

minute testing session 

↑ time in top indicates  

anxiety 

Latency to enter the 

top half of the tank 

The time it takes for a zebrafish 

to enter the top half of the tank 

after being placed in the novel 

tank test apparatus 

↑ latency to enter the top 

indicates ↑ anxiety 

 

Statistical Analysis 

Comparisons were made for each behavioral measure between each of the four 

drug groups (i.e., control, 0.25% v/v ethanol, 25 mg/L caffeine, 0.25% v/v ethanol and 25 

mg/L caffeine combined). If the homogeneity of variance assumption was met, each 

behavioral measure was analyzed using a one-way ANOVA (factor: drug) to determine if 

there was a significant overall effect (p  0.05) of drug on each behavior. Following a 

significant overall effect, posthoc Tukey HSD test was used to evaluate significant 

differences between drug groups for each behavior. If the homogeneity of variance 

assumption was not met, the Welch’s F correction was applied followed by the Games-

Howell post hoc test to evaluate significant differences between groups. The accepted 

level of significance was p  0.05. Data is presented as mean  SEM. 
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Experiment 1 Results 

 One-Way ANOVA revealed a significant effect of drug condition on total 

distance traveled (cm) over the 6 minute testing session, F (3, 56) = 11.198, p < 0.001. 

Post-hoc analysis revealed that 0.25% ethanol significantly increased distance traveled 

compared to control (p = 0.006), 25 mg/L caffeine (p = 0.001) and 0.25% ethanol + 25 

mg/L caffeine (p   0.001) (Figure 3).  

 

Figure 3. Novel tank test: mean distance traveled 

Mean Distance traveled (cm) for control zebrafish and zebrafish administered 0.25% ethanol, 25 mg/L caffeine or 0.25% ethanol + 25 

mg/L caffeine. Data expressed as mean (±SEM). **p  0.01. *** p  0.001 

One-Way ANOVA revealed a significant effect of drug condition on mean swim 

velocity (cm/s), F (3, 30.6) = 11.252, p < 0.001. Post-hoc analysis revealed that 0.25% 

ethanol significantly increased mean swim velocity compared to 25 mg/L caffeine (p   

0.001) and 0.25% ethanol + 25 mg/L caffeine (p   0.001) (Figure 4).  
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Figure 4. Novel tank test: mean swim velocity 

Mean swim velocity (cm/s) for control zebrafish and zebrafish administered 0.25% ethanol, 25 mg/L caffeine or 0.25% ethanol + 25 

mg/L caffeine. Data expressed as mean (±SEM). *** p  0.001 

One-Way ANOVA revealed a significant effect of drug condition on mean 

freezing bouts, F (3, 23.3) = 217279.03, p   0.001. Post-hoc analysis revealed that 0.25% 

ethanol significantly decreased freezing bouts compared to 25 mg/L caffeine (p = 0.045) 

and 0.25% ethanol + 25 mg/L caffeine (p = 0.027) (Figure 5) 
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Figure 5. Novel tank test: mean freezing bouts 

Mean freezing bouts for control zebrafish and zebrafish administered 0.25% ethanol, 25 mg/L caffeine or 0.25% ethanol + 25 mg/L 

caffeine. Data expressed as mean (±SEM). *p  0.05. 

One-Way ANOVA revealed a significant effect of drug condition on mean 

freezing duration, F (3, 23.3) = 11658524, p   0.001. Post-hoc analysis revealed that 

0.25% ethanol significantly decreased freezing duration compared to 0.25% ethanol + 25 

mg/L caffeine (p = 0.016) (Figure 6).  
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Figure 6. Novel tank test: mean freezing duration 

Mean freezing duration (s) for control zebrafish and zebrafish administered 0.25% ethanol, 25 mg/L caffeine or 0.25% ethanol + 25 

mg/L caffeine. Data expressed as mean (±SEM). *p  0.05. 

One-Way ANOVA did not reveal a significant effect of drug condition on mean 

time (s) spent in the top half of the tank, F (3, 29.8) = 1.694, p = 0.190 (Figure 7).  

 

Figure 7. Novel tank test: mean top time 

Meantime (s) spent in the top half of the tank for control zebrafish and zebrafish administered 0.25% ethanol, 25 mg/L caffeine or 

0.25% ethanol + 25 mg/L caffeine. Data expressed as mean (±SEM). 
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One-Way ANOVA revealed a significant effect of drug condition on the latency 

(s) to enter the top half of the tank, F (3, 27.9) = 6.576, p = 0.002. Post-hoc analysis 

revealed that 0.25% ethanol significantly decreased latency to enter the top half of the 

tank compared to 0.25% ethanol + 25 mg/L caffeine (p = 0.007) (Figure 8). Table 4 

shows descriptive statistics for each drug condition and behavior. Table 4 includes a list 

of descriptive values for experiment 1 

 

Figure 8. Novel tank test: mean latency to top 

Mean Latency to enter the top half of the tank for control zebrafish and zebrafish administered 0.25% ethanol, 25 mg/L caffeine or 

0.25% ethanol + 25 mg/L caffeine. Data expressed as mean (±SEM). **p  0.01.  
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Table 4  

Experiment 1 novel tank test descriptive statistics 

 
Control Ethanol Caffeine Ethanol+ 

Caffeine 

n M SD n M SD n M SD n M SD 

Distance Traveled  

(cm) 

15 1078.24 325.74 15 1509.2 300.81 15 1004.4 249.8 15 807.17 458.67 

Velocity  

(cm/s) 

15 3.32 0.91 15 4.2 0.78 15 2.82 0.7 15 2.37 1.25 

Freezing  

Bouts 

15 0.27 0.46 15 0.00 0.00 15 0.87 1.36 15 0.93 1.03 

Freezing Duration 

(s) 

15 22.05 51.41 15 0.00 0.00 15 76.49 126.39 15 121.61 166.05 

Time in Top (s) 15 94.29 50.36 15 108.38 41.47 15 104.78 110.93 15 58.25 74.38 

Latency (s) 15 75.56 81.23 15 34.22 44.92 15 140.31 151.61 15 192.71 154.91 
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CHAPTER III – EXPERIMENT 2 

C-Fos Protein 

C-Fos is an immediate-early gene (IEG) that is transcribed and translated rapidly 

in response to neuronal activation (Hoffman, Smith, & Verbalis, 1993; Salierno et al., 

2006). As a result, c-fos mRNA and c-Fos protein expression profiles have been utilized 

by researchers as reliable biomarkers of neuronal activity in various species, including 

humans (Zhang, Hirsch, Damier, Duyckaerts, & Javoy-Agid, 1992) rodents (Erdtmann-

Vourliotis, Mayer, Riechert, & Höllt, 1999; Moreno, Holloway, Albizu, Sealfon, & 

González-Maeso, 2011; Näkki, Sharp, Sagar, & Honkaniemi, 1996) and zebrafish 

(Chatterjee et al., 2015; Lau, Mathur, Gould, & Guo, 2011).  

For example, elevated whole-brain c-fos mRNA expression in zebrafish has been 

reported following MDMA and ketamine using PCR (Stewart et al., 2011; Zakhary et al., 

2011). Zebrafish administered an acute stressor consisting of 5 minutes of net chasing 

and 1 minute of air exposure exhibited an upregulation of whole-brain c-fos mRNA 

expression at 15 and 30 minutes post-stressor, which returned to baseline levels at 60 

minutes post-stressor (Pavlidis, Theodoridi, & Tsalafouta, 2015). In-situ hybridization 

has also been employed to localize expression of c-fos mRNA in the zebrafish brain. For 

example, when placed in an apparatus containing a light zone and a dark zone, zebrafish 

avoided the light zone and exhibited increased c-fos mRNA in the medial pallium, the 

homologous region to the mammalian amygdala (Lau et al., 2011). The amygdala has 

been reported to be activated during a decision making task in humans as measured by 

fMRI, suggesting an evolutionary conserved role of this brain area in zebrafish (De 

Martino, Kumaran, Seymour, & Dolan, 2006).  
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Although c-fos mRNA has been evaluated in adult zebrafish followed various 

experimental manipulations, c-Fos protein expression in the zebrafish brain has rarely 

been investigated. 100 mg/L of acute caffeine administration for 60 minutes upregulated 

c-Fos protein expression in the central zone of the dorsal telencephalic area, the tectum 

opticum, and the lateral longitudinal fascicle, but not the dorsal telencaphalic area or the 

lobus caudalis compared to control animals (Chatterjee et al., 2015). It is unclear what the 

roles of these brain areas are on zebrafish caffeine responses, although this study 

demonstrates that acute caffeine administration differentially affected c-Fos protein 

expression across brain regions.  

The Limbic System 

The limbic system in the mammalian brain is made up of a number of 

interconnected brain areas (e.g., the amygdala, hippocampus and hypothalamus) that 

regulate motivated behaviors such as eating, reproduction, fleeing and fighting (Isaacson, 

1982). It has been hypothesized that these limbic structures are integral in mediating the 

behavioral responses towards naturally rewarding stimuli (e.g., food) and that this system 

becomes “hijacked” during drug addiction (Kauer & Malenka, 2007; Kelley & Berridge, 

2002). Given that the limbic system mediates motivated behaviors necessary for survival 

(e.g., eating), these systems are evolutionary ancient and well conserved across species. It 

has been reported that acute amphetamine administration increased c-Fos protein 

expression in the zebrafish medial pallium and the lateral pallium, two zebrafish brain 

areas homologous to the mammalian amygdala and hippocampus, respectively (von 

Trotha et al., 2014). Another study found that 60 minute administration of a dose 

equivalent 0.25% v/v ethanol upregulated galanin mRNA in the ventral zone of the 
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paraventricular nucleus of the zebrafish hypothalamus, which is a neuropeptide believed 

to mediate alcohol intake (Barson & Leibowitz, 2016; Lawrence, Cowen, Yang, Chen, & 

Oldfield, 2006; Sterling et al., 2014). Figures 9 and 10 illustrate the location of the adult 

zebrafish medial pallium (Dm), lateral pallium (Dl), and the ventral zone of the 

periventricular nucleus of the hypothalamus.  

 

Figure 9. The adult zebrafish medial and lateral pallium 

A brain section illustrating the adult zebrafish medial pallium (Dm) and lateral pallium (Dl), homologous to the mammalian amygdala 

and hippocampus, respectively. Image from (Wulliman, Rupp, & Reichert, 2012) 
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Figure 10. The adult zebrafish paraventricular hypothalamus 

Two brain sections illustrating the location of the adult zebrafish paraventricular hypothalamus. Images from (Wulliman et al., 2012) 

Brain areas in the limbic system are also implicated in mediating anxiety in 

humans (Etkin & Wager, 2007; Shin, Rauch, & Pitman, 2006). Increased amygdala 

activity measured by fMRI was observed in human subjects viewing images of faces with 

fearful expressions and was found to correlate with reported levels of anxiety 

(Somerville, Kim, Johnstone, Alexander, & Whalen, 2004). Furthermore, a meta-analysis 

of brain imaging studies in patients with posttraumatic stress disorder, social anxiety 

disorder, and specific phobias found greater activity in the amygdala in patients with each 

of these disorders compared to healthy subjects (Etkin & Wager, 2007). In rats, c-Fos 

protein was reported to be upregulated in various regions of the hypothalamus and 

amygdala while avoidance an electrical shock and being placed into a novel environment 

(Duncan, Knapp, & Breese, 1996). In another study, c-fos mRNA and c-Fos protein were 

reported to be upregulated in the periventricular nucleus of the hypothalamus of rats 

(Ogilvie, Lee, & Rivier, 1998). Furthermore, c-Fos protein was upregulated in the 

periventricular nucleus of the hypothalamus and the amygdala of rats administered 
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alcohol (Singewald, Salchner, & Sharp, 2003). In summary, brain areas of the limbic 

system (e.g., the amygdala, the hippocampus and the hypothalamus) are implicated in the 

response to drugs and to anxiety-inducing stimuli (e.g., novelty), and c-Fos protein 

expression is a viable biomarker to evaluate neuronal activity in these areas.  

Specific Aim 2  

Characterize the neuroanatomical correlates of acute 30 minute administration of 

0.25% alcohol, 25 mg/L caffeine, and 0.25% alcohol and 25 mg/L caffeine combined 

following novel tank testing via expression profiles of the immediate-early gene (IEG) c-

Fos protein in the medial pallium (e.g., amygdala), the lateral pallium (e.g., 

hippocampus), and the periventricular nucleus of the hypothalamus. 

Hypothesis 

It was expected that acute administration of 0.25% v/v ethanol, 25 mg/L caffeine, 

and 0.25% v/v ethanol and 25 mg/L combined would differentially increase c-Fos protein 

expression in the medial pallium, the lateral pallium, and the periventricular nucleus of 

the hypothalamus in the zebrafish brain.  

C-Fos Immunohistochemistry Methods 

Four groups were evaluated for c-Fos protein levels in the brain, with 3 animals in 

each group. Groups consisted of zebrafish from the four groups tested previously in the 

novel tank test. After novel tank testing, zebrafish were netted out of the NTT tank, 

placed on a paper towel, and decapitated just posterior to the gills. Heads were then 

placed into plastic containers containing 4% paraformaldehyde/1X PBS for 12 hours at 

4 C. To cryoprotect the tissue before freezing, heads were sequentially placed in 10% 

sucrose for 2 hours, 20% sucrose for 4 hours, and 30% sucrose for 24 hours. Zebrafish 
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heads were then placed into plastic molds, covered in OCT, and frozen by submerging 

the molds into a bath of dry ice and 100% ethanol. Zebrafish heads were then sectioned at 

20 m using a Tissue-Tek Cyro3 Cryostat at ~ -28 C.  

Tissue sections were transferred onto Fisherbrand Tissue Path Superfrost Plus slides 

and fixed immediately with 4% paraformaldehyde/1X PBS for 7 minutes. Sections were 

then transferred to 1X PBS following fixation, washed two times in 1X PBS for 10 

minutes each, and then permeabilized in 1 X PBS containing 0.1% triton for 30 minutes. 

To block non-specific binding, sections were incubated in 5% goat serum in PBS 

containing 0.1% triton for 30 minutes. Sections were incubated overnight at 4 C in the 

primary anti c-Fos polyclonal antibody (Santa Cruz Biotechnology, CA) 1:200 in PBS 

containing 5% goat serum. On the following day, sections were washed with PBS 

containing 0.1% triton 3 times for 10 minutes each and then blocked for 30 minutes in 

PBS containing 0.1% triton and 5% goat serum. Sections were then incubated with Alexa 

Fluor 488, the secondary fluorescent antibody (Abcam, MA), diluted 1:200 in PBS 

containing 0.1% triton and 5% goat serum for 2 hours at room temperature in the dark. 

Sections were then washed with PBS containing 0.1% triton for 5 minutes, 3 times, and 

then counterstained with the DNA stain DAPI. Slides were mounted with FisherBrand 

coverslips and immunoreactive cells were be imaged using a Nikon Fluorescence Eclipse 

80i microscope. Brain areas of interest were identified based on surrounding landmarks 

and by referencing a zebrafish brain atlas (Wulliman et al., 2012). Photomicrographs 

were taken for each brain area of interest across conditions. The researcher manually 

quantified immunoreactive cells while blind to the experimental conditions of each 

respective slide.  
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Statistical Analysis 

Comparisons were made for C-Fos immunoreactive cells present in the 

hypothalamus, medial pallium and lateral pallium between each of the four drug groups 

(i.e., control, 0.25% v/v ethanol, 25 mg/L caffeine, 0.25% v/v ethanol and 25 mg/L 

caffeine combined). If the homogeneity of variance assumption was met, each 

comparison was analyzed using a one-way ANOVA (factor: drug) to determine if there 

was a significant overall effect (p  0.05) of drug on the number of immunoreactive c-Fos 

cells. Following a significant overall effect, posthoc Tukey HSD test was used to evaluate 

significant differences between drug groups for each behavior. If the homogeneity of 

variance assumption was not met, the Welch’s F correction was applied followed by the 

Games Howell post hoc test to evaluate significant differences between groups. The 

accepted level of significance was p  0.05. Data is presented as mean  SEM. 

Experiment 2 Results 

One-way ANOVA did not reveal a significant effect of drug treatment on c-Fos 

protein expression in the periventricular nucleus of the hypothalamus, F (3, 11) = 0.349, 

p = 0.79 (Figure 11).  
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Figure 11. C-Fos expression in the zebrafish hypothalamus 

Images taken of zebrafish brain sections containing the hypothalamus. The green colored row depicts c-Fos protein expression as 

represented by greater fluorescent expression. The graph represents the number of immunoreactive c-Fos-positive cells present in the 

hypothalamus of control zebrafish and those administered 0.25 % ethanol, 25 mg/L caffeine, and 0.25% ethanol combined with 25 

mg/L caffeine. Red = control, green = 0.25% ethanol, blue = 25 mg/L caffeine, yellow = 0.25% ethanol and 25 mg/L caffeine 

combined 

There was a significant effect of drug treatment on c-Fos protein expression in the 

medial pallium, F (3, 11) = 15.25, p   0.001. Post-hoc analysis revealed that 0.25% 

ethanol combined with 25 mg/L caffeine (E+C) significantly increased c-Fos expression 

compared to control (p = 0.04). The difference between 0.25% ethanol combined with 25 
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mg/L caffeine (E+C) and 0.25% ethanol was marginally significant (p = 0.056) (Figure 

12). 

 

Figure 12. C-Fos expression in the zebrafish medial pallium 

Figure 12. Images taken of zebrafish brain sections containing the Medial Pallium. The green row depicts c-Fos protein expression as 

represented by greater fluorescent expression. The graph represents the number of immunoreactive c-Fos-positive cells present in the 

Medial Pallium of control zebrafish and those administered 0.25 % ethanol, 25 mg/L caffeine, and 0.25% ethanol combined with 25 

mg/L caffeine. Red = control, green = 0.25% ethanol, blue = 25 mg/L caffeine, yellow = 0.25% ethanol and 25 mg/L caffeine 

combined. # p  0.06, *p  0.05 

One-way ANOVA did not reveal a significant effect of drug treatment on c-Fos 

protein expression in the lateral pallium, F (3, 11) = 2.94, p = 0.10 (Figure 13). Table 5 
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shows descriptive statistics for c-Fos protein expression in each brain area for each drug 

condition. 

 

Figure 13. C-Fos expression in the zebrafish lateral pallium 

Images taken of zebrafish brain sections containing the lateral pallium. The green row depicts c-Fos protein expression as represented 

by greater fluorescent expression. The graph represents the number of immunoreactive c-Fos-positive cells present in the lateral 

pallium of control zebrafish and those administered 0.25 % ethanol, 25 mg/L caffeine, and 0.25% ethanol combined with 25 mg/L 

caffeine. Red = control, green = 0.25% ethanol, blue = 25 mg/L caffeine, yellow = 0.25% ethanol and 25 mg/L caffeine combined 
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Table 5  

Experiment 2: C-Fos protein expression descriptive statistics 

 
Control Ethanol Caffeine Ethanol+ 

Caffeine 

n M SD n M SD n M SD n M SD 

Hypot-

halamus 

3 3.3

3 

1.52 3 4.0 2.65 3 4.67 2.08 3 3.33 0.57 

Medial 

Pallium 

3 13 2.65 3 13 1.00 3 18.66 2.08 3 23.66 3.21 

Lateral 

Pallium 

3 10 3.00 3 9.33 3.05 3 13.66 3.51 3 15.66 2.51 

 

 



 

36 

CHAPTER IV – EXPERIMENT 3 

Social Isolation and Environmental Enrichment 

Social isolation in humans is reported to be a significant risk factor for morbidity 

and mortality (Cacioppo & Hawkley, 2003). Adults who reported to feel socially isolated 

reported higher levels of anxiety, negative affect, perceived stress, lower levels of 

optimism, happiness and life satisfaction compared to non-isolated adults (Cacioppo et 

al., 2000; Cacioppo et al., 2002). Social isolation has been shown to produce a variety of 

deleterious effects on non-human animal wellbeing. For instance, socially isolated 

baboons living freely in the wild showed elevated cortisol levels compared to non-

socially isolated baboons (Sapolsky, Alberts, & Altmann, 1997). Rats socially isolated 

for 1 week from conspecifics show increased stress hormone (i.e., corticosterone) levels 

and delayed neurogenesis in the hippocampus following exercise compared to group-

housed rats (Kempermann, Gast, & Gage, 2002). Anxiety-like behaviors in rats produced 

by caffeine administration were increased in animals that had been individually housed 

(Sudakov, Medvedeva, Rusakova, & Figurina, 2001). Furthermore, socially isolated fruit 

flies (Drosphila melanogaster) have been reported to have decreased lifespans (Ruan & 

Wu, 2008).  

Zebrafish are a highly social species that prefer to spend time in proximity to 

conspecifics and naturally form cohesive mixed-sex groups called shoals, with visual 

exposure to conspecifics having been employed as a rewarding stimulus in studies of 

associative learning (Al-Imari & Gerlai, 2008; Engeszer, Ryan, & Parichy, 2004; 

Saverino & Gerlai, 2008). In zebrafish, animals that were individually housed with no 

visual or olfactory cues from conspecifics for two weeks have been reported to display 
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reduced anxiety-like behaviors in the novel tank test, both in control fish and those 

administered 1.00% v/v ethanol for 20 minutes, compared to group-housed fish (Parker, 

Millington, Combe, & Brennan, 2012). These individually housed zebrafish also had 

significantly lower whole-body cortisol levels compared to fish housed in groups of ten 

(Parker et al., 2012). The fact that individually housed zebrafish showed reduced anxiety-

like behaviors in the novel tank test compared to group-housed fish may be attributable to 

habituation to being socially isolated, as fish are tested individually in the novel tank test.  

Another study found that zebrafish individually housed in a narrow tank similar to 

the novel tank apparatus before testing were reported to not display geotaxis or changes 

in swim velocity, although these effects were observed in fish housed in a wider tank 

(Bencan et al., 2009). This was likely the result of habituation to the narrow tank 

dimensions of the apparatus employed in the novel tank test and reduction of its novelty. 

The high cortisol levels reported in group housed fish may have been the result of the 

establishment of dominant-subordinate relationships characterized by patterns of chasing 

and biting by dominant fish (Larson, O’Malley, & Melloni, 2006; Oliveira, Silva, & 

Simoes, 2011). Both dominant and subordinate zebrafish housed in pairs for two hours 

showed increased cortisol levels compared to individually housed fish, indicating that this 

dominance hierarchy is likely stressful for each fish involved (Pavlidis et al., 2013). 

Overall, the effects of social isolation and group housing on anxiety-like behaviors have 

not been well characterized in zebrafish, especially regarding drug responses. 

Investigating these differences will be a valuable contribution to the zebrafish field, as 

laboratories engage in different practices in zebrafish housing (e.g., individual housing 

vs. group housing) prior to behavioral testing.  
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Environmental enrichment, often defined as living within a naturalistic 

environment and spatially complex environment containing functionally relevant stimuli 

has been reported to improve animal welfare (Van Praag, Kempermann, & Gage, 2000; 

Young, Lawlor, Leone, Dragunow, & During, 1999). For example, in rodents, 

environmental enrichment typically includes a large area covered with bedding material 

along with various forms of stimulation such as exercise wheels, toys, and tunnels, as 

well as the presence of conspecifics (Rampon et al., 2000). Mice living in an enriched 

environment for 10 months show increased neurogenesis in the hippocampus, improved 

learning and increased habituation to a novel environment compared to control animals 

(Kempermann et al., 2002). In a separate study, rats were housed for 9 weeks in an 

enriched environment, alone or in groups of three, or in a barren environment void of 

stimuli, alone or in groups of three  (Schrijver, Bahr, Weiss, & Würbel, 2002). Overall, it 

was found that rats housed in enriched environments, either in isolation or in groups of 

three, showed increased habituation to novelty and improved spatial learning and 

memory, and rats isolated in barren environments showed the highest levels of anxiety-

like behaviors and increased locomotor behavior. No differences in the stress hormone 

corticosterone were found across any conditions. 

 Environmental enrichment in fish has been reported to improve overall welfare 

and has been achieved in a similar manner as in rodent studies, as for example, by adding 

environmental stimuli to the tank (e.g., gravel, stones, plants) and adding contact and 

interactions with conspecifics (Näslund & Johnsson, 2014). For instance, providing a 

piece of wood in the laboratory housing of brown trout reduced instances of aggression 

between conspecifics (Gustafsson, Greenberg, & Bergman, 2012) and the presence of 
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areas to seek shelter reduced cortisol levels in Atlantic salmon (Näslund et al., 2013). 

Zebrafish individually housed in an enriched environment consisting of gravel and 

artificial plants for one week have been reported to show reduced locomotor activity and 

increased neurogenesis in the forebrain, as measured by the expression of proliferating 

cell nuclear antigen (PCNA), compared to zebrafish individually housed in a barren 

environment (von Krogh, Sørensen, Nilsson, & Øverli, 2010).  

In another study, zebrafish raised in an enriched environment showed increased 

time spent in the light area of the light-dark test, indicative of reduced anxiety 

(Maximino, de Brito, de Mattos Dias, Gouveia, & Morato, 2010). When placed in a tank 

divided into an enriched environment compartment containing gravel and artificial plants 

and a barren environment compartment, and zebrafish were given the option to spend 

time in either environment, a strong preference was observed for the enriched 

environment (Schroeder, Jones, Young, & Sneddon, 2014). This study also compared the 

preference to spend time in a compartment containing a floating plant or a submerged 

plant, and it was found that zebrafish had a preference for the floating plant compartment. 

Although the effects of social isolation and environmental enrichment on zebrafish 

locomotor behaviors and anxiety behaviors have been reported, it is not clear what the 

effects of these conditions are on drug responses.  

This experiment employed four housing conditions, consisting of social isolation 

in a barren environment (IB), social isolation in an enriched environment (IE), social 

housing of 3 fish in a barren environment (SB) and social housing of 3 fish in an enriched 

environment (SE). This experiment also evaluated four drug conditions of control, 0.25% 

v/v ethanol, 25 mg/L caffeine and 0.25% v/v ethanol and 25 mg/L combined.  



 

40 

Specific Aim 3 

Characterize how two weeks of social isolation in a barren or enriched 

environment affects locomotor behaviors and anxiety-like behaviors in the novel tank test 

(Table 3) compared to zebrafish housed in groups of three in a barren or enriched 

environment in control animals and in zebrafish administered acute 0.25% alcohol, 25 

mg/L caffeine, and 0.25% alcohol and 25 mg/L caffeine combined. 

Hypotheses 

It was expected that zebrafish socially isolated in an enriched environment would 

show the greatest decrease in locomotor behaviors and anxiety behaviors in the novel 

tank test in all drug conditions compared to all other housing conditions. It was also 

expected that zebrafish individually and group-housed within an enriched environment 

would show decreased locomotor behaviors and anxiety behaviors in the novel tank test 

in all drug conditions compared to zebrafish individually and group-housed in a barren 

environment. 

Housing Condition Methods 

Following acclimation to the laboratory environment for 10 days, zebrafish were 

removed from their 10-liter group housing tanks and were housed for 14 days either 

individually in a barren (IB) or enriched (IE) 0.8 gallon tank, or housed in groups of three 

in a barren (SB) or enriched (SE) 2.5 gallon tank (Figures 14 and 15). All tanks were 

equipped with a 50-watt Tetra aquarium heater (Tetra: Blacksburg, VA) and Elite 

underwater mini filter (Hagen: Baie d’Urfé, QC). All tanks were covered on the interior 

with opaque blue shelf liner, sealed along the bottom of the tank with silicone aquarium 

sealant, and covered along the top of the tank with perforated black mesh to prevent 
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zebrafish from jumping out. Barren housing conditions consisted of the respective tank, 

blue shelf liner, aquarium filter, and heater. Blue shelf liner was selected due to blue 

being one of the most common colors of housing tank inserts and tank lids in commercial 

zebrafish housing systems (e.g., Pentair Aquatic Eco-Systems: Apopka, FL), which is 

employed in the Zebrafish Behavioral Neuroscience Laboratory at USM. Enriched 

housing conditions included each of the aforementioned components, in addition to a 

mixture of black and brown aquarium gravel, several larger gray stones and green 

artificial plants submerged just under the surface of the water to provide shelter. 

Following 14 days of housing in their respective environment, zebrafish were 

administered either 0.25% v/v ethanol, 25 mg/L caffeine or 0.25% v/v ethanol and 

caffeine for 30 minutes and tested in the novel tank test to evaluate locomotor and 

anxiety-like behaviors using novel tank testing methods and behavioral analysis as 

previously discussed.    

 

Figure 14. Individual housing tanks 

Individual barren (IB) and individual enriched (IE) tanks used to house one zebrafish consisted of a volume of 0.8 gallons that were 7 

“ L x 7 ” W x 7 “ H 
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Figure 15. Social housing tanks 

Social barren (SB) and social enriched (SE) tanks used to house three zebrafish consisted of a volume of 2.5 gallons that were 6.25 “ L 

x 12.25 “ W x 8.25 “ H 

Statistical Analysis 

The interaction and main effects of drug and housing conditions on each anxiety-

like behavior and locomotor behavior (Table 3) was evaluated using a 4 x 4 factorial 

ANOVA with “drug” (four levels, control, 0.25% ethanol, 25 mg/L caffeine and 0.25% 

ethanol and 25 mg/L caffeine combined) and “housing condition” (four levels, individual 

barren (IB), individual enriched (IE), social barren (SB) and social enriched (SE)) as 

between-subject factors. Following a significant interaction effect, simple effects analysis 

was conducted to investigate the interaction effect by examining the effect of drug on 

behavior at each level of environment. Due to ANOVA having been reported as 

insensitive in detecting interaction effects (Wahlsten, 1990), in addition, to sample sizes 

being unequal across groups, Hochberg’s GT2 posthoc tests were used to evaluate 

differences between all 16 groups across the factors of drug and housing condition for 
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each behavior even when interaction terms were found to be non-significant. The 

accepted level of significance was p  0.05. Data is presented as mean  SEM. 

Experiment 3 Results 

Table 6 shows the results of the 4x4 factorial ANOVA for the main effects of 

“drug” and “housing condition”, and the “drug” x “housing condition” interaction for 

each behavior. There were significant main effects of drug on distance traveled (cm), F 

(3, 128) = 3.14, p = 0.028, freezing duration (s), F (3, 128) = 6.95, p < 0.001, and latency 

to enter the top half of the tank (s), F (3, 128) = 4.21, p = 0.007. There were also 

significant main effects of housing condition on distance traveled (cm) F (3, 128) = 4.68, 

p = 0.004, average velocity (cm/s), F (3, 128) = 3,35, p = 0.021, and freezing duration (s), 

F (3, 128) = 4.49, p = 0.005. There was a significant interaction effect between the type 

of drug administration and housing environment on freezing duration (s), F (9, 128) = 

5.00, p <0.001. This indicates that the effect of drug condition on freezing duration was 

different for zebrafish depending on the housing condition. An analysis of simple effects 

showed that zebrafish administered 0.25% ethanol and 25 mg/L caffeine combined and 

housed in an individual enriched (IE) environment showed significantly greater freezing 

duration (s) compared to zebrafish administered ethanol and caffeine and housed in 

individual barren (IB) (p  0.001), social barren (SB) (p  0.001) or social enriched (SE) 

(p  0.001) environments.  
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Table 6  

Experiment 3: Two-way factorial ANOVA results 

Behavior Drug Housing Condition Drug x Housing 

Condition 

Distance traveled (cm) F (3, 128) = 3.14, 

p = 0.028 

F (3, 128) = 4.68,  

p = 0.004 

F (9, 128) = 0.85,  

p = 0.57 

Average velocity 

(cm/s) 

F (3, 128) = 2.44, 

p = 0.067 
F (3, 128) = 3,35,  

p = 0.021 

F (9, 128) = 1.05,  

p = 0.41 

Freezing bouts F (3, 128) = 1.05, 

p = 0.380 

F (3, 128) = 1.16,  

p = 0.328 

F (9, 128) = 0.85,  

p = 0.57 

Freezing duration (s) F (3, 128) = 6.95, 

p < 0.001 

F (3, 128) = 4.49,  

p = 0.005 

F (9, 128) = 5.00,  

p <0.001 

Time in top (s) F (3, 128) = 1.93, 

p = 0.128 

F (3, 128) = 2.05,  

p = 0.110 

F (9, 128) = 1.77,  

p = 0.08 

Latency to enter the 

top half of the tank (s) 
F (3, 128) = 4.21, 

p = 0.007 

F (3, 128) = 1.95,  

p = 0.124 

F (9, 128) = 1.04,  

p = 0.42 
Text bolded and underlined indicates statistical significance of p  0.05 

Figures describing the results of this experiment are reserved for conditions in 

which there was a statistically significant main effect or interaction. Figures describing 

non-significant findings in this experiment are located the appendices, along with tables 

of descriptive values for each condition. Post-hoc tests did not reveal any significant 

differences in control zebrafish or those that received 0.25% ethanol for any behavior 

across housing conditions. Post-hoc tests revealed a significant difference in mean 

distance traveled (cm) in zebrafish administered 25 mg/L caffeine between individual 

barren (IB) and social enriched (SE) housing conditions (p =0.043). No significant 

differences were revealed for other behaviors across housing conditions (Figure 16).  
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Figure 16. Effects of housing conditions and 25 mg/L caffeine on anxiety-like behaviors  

Red = IB, Green = IE, Blue = SB, Yellow = SE. A) Mean distance traveled (cm). B) Mean swim velocity (cm/s). C) Mean freezing 

bouts. D) Mean freezing duration (s). E) Time in the top half of the tank (s). F) Latency to enter the top half of the tank. *p  0.05. 

Post-hoc tests revealed a significant difference in mean freezing duration (s) in 

zebrafish housed in an individual enriched (IE) environment and administered 0.25% 

ethanol combined with 25 mg/L caffeine compared to zebrafish housed in individual 

barren (IB) (p = 0.015), social barren (SB) (p = 0.042), and social enriched (SE) (p = 

0.011) housing conditions. No significant differences were revealed for other behaviors 

across housing conditions (Figure 17).  
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Figure 17. Effects of housing conditions and 0.25% ethanol combined with 25 mg/L 

caffeine on anxiety-like behaviors. 

Red = IB, Green = IE, Blue = SB, Yellow = SE. A) Mean distance traveled (cm). B) Mean swim velocity (cm/s). C) Mean freezing 

bouts. D) Mean freezing duration (s). E) Time in the top half of the tank (s). F) Latency to enter the top half of the tank. *p  0.05. 

Post-hoc tests did not reveal any significant differences between each drug 

condition and zebrafish behavior for animals housed in an individual barren (IB) 

environment. Post-hoc tests revealed a significant difference in mean freezing duration 

(s) in zebrafish housed in an individual enriched (IE) environment and administered 

0.25% ethanol combined with 25 mg/L caffeine compared to control (p = 0.018), ethanol 

(p = 0.023), and caffeine-treated groups (p = 0.017). No significant differences were 

revealed for other behaviors across housing conditions (Figure 18).  
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Figure 18. Effects of 0.25% ethanol, 25 mg/L caffeine and 0.25% ethanol and 25 mg/L 

combined on anxiety-like behaviors in zebrafish housed in an individual enriched (IE) 

environment. 

Red = control, Green = ethanol, Blue = caffeine, Yellow = ethanol and caffeine (E+C). A) Mean distance traveled (cm). B) Mean 

swim velocity (cm/s). C) Mean freezing bouts. D) Mean freezing duration (s). E) Time in the top half of the tank (s). F) Latency to 

enter the top half of the tank. *p  0.05. 

Post-hoc tests revealed a significant difference in latency to enter the top half of 

the tank (s) in zebrafish housed in a social barren (SB) environment and administered 

0.25% ethanol combined with 25 mg/L caffeine compared to control (p = 0.018), ethanol 

(p = 0.023), and caffeine-treated groups (p = 0.025). No significant differences were 

revealed for other behaviors across housing conditions (Figure 19). 
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Figure 19. Effects of 0.25% ethanol, 25 mg/L caffeine and 0.25% ethanol and 25 mg/L 

caffeine combined on anxiety-like behaviors in the novel tank test in zebrafish housed in 

a social barren (SB) environment 

Red = control, Green = ethanol, Blue = caffeine, Yellow = ethanol and caffeine (E+C). A) Mean distance traveled (cm). B) Mean 

swim velocity (cm/s). C) Mean freezing bouts. D) Mean freezing duration (s). E) Time in the top half of the tank (s). F) Latency to 

enter the top half of the tank. *p  0.05. 

Post-hoc tests did not reveal any significant differences between each drug 

condition and zebrafish behavior for animals housed in a social enriched (SE) 

environment. 
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CHAPTER V – DISCUSSION 

The pathological use of alcohol is associated with over 200 health conditions and 

is a tremendous burden to the global economy, responsible for over $250 billion in 

economic costs in 2010 within the United States alone (Sacks et al., 2015; WHO, 2014). 

Although caffeine is comparably a less harmful substance, when combined with alcohol 

it increases behavioral and health-related risk factors associated with alcohol use alone, 

likely by reducing the subjective perception of intoxication and the depressant effects of 

alcohol (Ferreira et al., 2006; O’Brien et al., 2008). Discovering the underlying 

mechanisms (e.g., behavioral and neural) of drug action is fundamental to treatment, 

reversal, and prevention of substance use disorders (Duman, Heninger, & Nestler, 1994; 

Nestler, 2013). 

In experiment 1, this study employed the adult zebrafish to investigate the effects 

of 0.25% v/v ethanol, 25 mg/L caffeine, and 0.25% v/v ethanol and 25 mg/L caffeine 

combined on locomotor behaviors and anxiety-like behaviors in the well-validated novel 

tank test (Cachat, Canavello, et al., 2011; Stewart et al., 2014). Administration of 0.25% 

ethanol alone was found to increase the mean distance traveled over the 6 minute testing 

session compared to control zebrafish and those administered 25 mg/L caffeine and 

0.25% ethanol and 25 mg/L caffeine combined, suggestive of a stimulatory effect. 

Similarly, ethanol alone increased mean swim velocity compared to zebrafish 

administered caffeine alone and ethanol and caffeine combined. These findings are in line 

with the stimulant effects of alcohol reported at low doses in zebrafish (Gerlai et al., 

2000), rodents (Gingras & Cools, 1996) and humans (King et al., 2002). Interestingly, the 

effects of alcohol and caffeine combined on distance traveled and swim velocity 
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resembled that of caffeine alone, indicative of an antagonistic effect of caffeine on the 

stimulatory effects of alcohol, which is in line with previous findings of zebrafish co-

administered high doses of alcohol and caffeine (Tran et al., 2017). Caffeine alone did 

not affect distance traveled or swim velocity compared to control subjects, suggesting 

that 30 minute administration of 25 mg/L caffeine did not have a stimulatory or 

depressant effect. This finding is not consistent with a previous report of 25 mg/L 

caffeine reducing total distance traveled compared to control animals (Ladu et al., 2015). 

Administration of ethanol and caffeine combined increased freezing bouts and increased 

freezing duration compared to ethanol alone and largely resembled the effects of caffeine 

alone. Interestingly, there were no significant effects of any drug condition on time spent 

in the top of the novel tank, although administration of ethanol combined with caffeine 

increased the latency to enter the top half of the tank indicative of an anxiety-like 

response. Overall, these findings corroborate reports in humans that the ingestion of 

alcohol (i.e., ethanol) and caffeine together antagonized some effects alcohol alone 

(Ferreira et al., 2006; Marczinski, 2011). 

In experiment 2, the expression of the immediate-early gene c-Fos protein was 

evaluated following administration of 0.25% ethanol, 25 mg/L caffeine and 0.25% 

ethanol and 25 mg/L caffeine combined, and novel tank testing, in the medial pallium 

(amygdala), the lateral pallium (hippocampus) and the periventricular nucleus of the 

hypothalamus of the zebrafish brain. These three brain areas are implicated in mediating 

responses to psychoactive drugs and to anxiety-inducing stimuli (Duncan et al., 1996; 

Ogilvie et al., 1998; Somerville et al., 2004). The effects of these drug conditions on c-

Fos expression have not been described in zebrafish. Comparing c-Fos expression 
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profiles in each brain region of interest across drug conditions helps provide a useful 

characterization of how each experimental manipulation is acting on the zebrafish brain.  

No differences were observed in c-Fos protein expression in the periventricular 

nucleus of the hypothalamus or the lateral pallium (hippocampus). This lack of an 

observed effect may be attributable to a lack of sensitivity of these brain areas to the low 

doses of substances or the low sample size employed in this study. However, c-Fos 

protein expression was significantly increased in the medial pallium (amygdala) of 

zebrafish administered 0.25% ethanol and 25 mg/L caffeine combined compared to 

zebrafish administered ethanol alone. These findings are in line with the behavioral 

differences produce by administration of ethanol and caffeine combined compared to 

ethanol alone in the novel tank test (i.e., increased distance traveled, increased velocity, 

increased latency to enter the top half of the novel tank). Thus, it may be that the 

increased neuronal activation in the medial pallium is in part mediating these behavioral 

effects. 

Increased c-Fos protein expression in the zebrafish medial pallium has been 

reported following both acute administration of amphetamine and during drug-seeking 

behavior towards amphetamine following an associative conditioning procedure (i.e., 

conditioned place preference) (von Trotha et al., 2014). This suggests that the function of 

the zebrafish medial pallium (amygdala) is comparable to the function of the mammalian 

amygdala in mediating the effects of drugs on behavior (Koob, 2009; Koob & Nestler, 

1997). The mammalian amygdala is also reported to mediate anxiety. For instance, in 

humans, increased amygdala activity measured by fMRI was observed in human subjects 

viewing images of faces with fearful expressions and was found to correlate with 
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reported levels of anxiety (Somerville et al., 2004). Furthermore, a meta-analysis of brain 

imaging studies in patients with posttraumatic stress disorder, social anxiety disorder, and 

specific phobias found greater activity in the amygdala in patients with each of these 

disorders compared to healthy subjects (Etkin & Wager, 2007). Therefore, increased 

latency to enter the upper half of the novel tank, suggestive of anxiety, in zebrafish 

administered ethanol and caffeine may be partly attributable to increased c-Fos 

expression in the medial pallium.  

In an effort to effectively assess the behavioral effects of experimentally 

administered drugs, it is imperative that there is a baseline understanding of the effects of 

housing conditions on zebrafish behavior. Zebrafish laboratories often engage in different 

practices regarding the housing of zebrafish prior to experimental testing, with some labs 

keeping zebrafish in group housing, and others keeping them in individual housing to 

track the behavior of an individual over time. Standard laboratory zebrafish housing tanks 

are often barren and void of environmentally enriching stimuli, such as gravel and plants 

providing shelter. Experiment 3 characterized the effects of two weeks of housing in one 

of four conditions (i.e., individual barren (IB), individual enriched (IE), social barren 

(SB), social enriched (SE)) on anxiety-like behaviors and locomotor behaviors in the 

novel tank test in control animals, as well as in animals administered 0.25% ethanol, 25 

mg/L caffeine, and 0.25% ethanol and 25 mg/L caffeine combined.  

Due to the large number of groups and behaviors evaluated in experiment 3, only 

significant findings will be described here. Zebrafish housed in a SE environment and 

administered caffeine alone showed increased distance traveled compared to zebrafish 

housed in an IB environment and administered caffeine. Thus, this effect is attributable to 
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the difference in housing conditions. The fact that zebrafish were housed in an enriched 

environment in groups of 3 and then individually removed a placed in the barren novel 

tank test may partly explain this effect, although no other differences were observed 

between housing conditions in zebrafish administered caffeine. Zebrafish that were 

administered ethanol and caffeine combined and housed in an IE environment exhibited 

significantly longer freezing duration compared to zebrafish housed in an IB, SB and SE 

environment and administered ethanol and caffeine. Similarly, zebrafish housed in an IE 

environment and administered both ethanol and caffeine showed significantly longer 

freezing duration than zebrafish housed in an IE environment in all other drug conditions. 

Again, this difference may be attributable to the discrepancy between the housing 

environment and the novel tank test environment, although no other behaviors were 

significantly different across housing conditions in zebrafish administered ethanol and 

caffeine combined or across drug conditions in zebrafish housed in an IE environment. 

Zebrafish housed in a SB environment and administered ethanol and caffeine 

combined showed significantly greater latency to enter the top half of the novel tank 

compared to zebrafish housed in an SB environment in the control condition, indicative 

of increased anxiety. This finding closely parallels the finding in experiment 1 of 

increased latency to enter the top half of the novel tank in zebrafish administered caffeine 

and ethanol compared to ethanol alone and lends further support that the combination of 

these drugs at low doses increase anxiety-like behaviors. Overall, there was a lack of 

significant differences in behavior across drug and environmental conditions in this 

experiment, which may be attributable to relatively low sample sizes (n = 7-12). This 

experiment would benefit from increasing sample sizes to n =15 as in experiment 1 to 
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more accurately assess the main effects and interactions of drug and environment on 

locomotor and anxiety-like behaviors. Unfortunately, it was not feasible to characterize c-

Fos expression profiles in response to each housing condition combined with each drug 

condition due to the large number (i.e., 16) of groups in the experiment.  

The field of zebrafish research has evolved greatly beyond its origins in genetics 

and developmental biology, partly due to the growing appreciation of zebrafish as 

advantageous neurobehavioral models in comparison to rodent models, largely due to the 

low-cost, ease of handling and small size of this aquatic species. Studying the effects of 

psychoactive drugs on zebrafish is a recent enterprise in comparison to rodents, and there 

is thus a lack of information available regarding drug absorption rates (Klee, Ebbert, 

Schneider, Hurt, & Ekker, 2011). One potential limitation of this overall study pertains to 

methods of drug delivery. The most commonly employed method of administration is via 

submersion in a bath solution containing a concentration of the drug to be absorbed by 

the gills, skin, and mouth. Zebrafish are known to absorb most water-soluble drugs 

administered in this manner, but the degree of uptake can vary among individuals (Best 

& Alderton, 2008). Zebrafish may be administered compounds by injection (e.g., 

intraperitoneal), which has been reported to be a more precise method of drug delivery, 

although injections will reduce the rate of experimental throughput and may be stress 

inducing (Kokel & Peterson, 2008). 

Although the effects of ethanol immersion on blood alcohol content and brain 

alcohol content has been described for multiple doses and durations of exposure 

(Echevarria et al., 2011; Sterling et al., 2014), no studies have been reported regarding 

the uptake of caffeine in the zebrafish brain. However, as caffeine has been found to alter 



 

55 

zebrafish behavior in the novel tank test across multiple doses and to increase c-Fos 

protein expression in multiple brain areas, it is likely that caffeine is crossing the 

zebrafish blood-brain-barrier (Chatterjee et al., 2015; Wong, Stewart, et al., 2010). 

Although zebrafish have similar CNS structure to humans and possess all the major 

mammalian neurotransmitters, there are undoubtedly very large differences in animal 

physiology. For instance, two forms of the serotonin transporter, SERT A and B, are 

found in zebrafish and not in mammals or humans (Norton, Folchert, & Bally-Cuif, 2008; 

Wang, Takai, Yoshioka, & Shirabe, 2006) (Wang et al. 2006; Norton et al. 2008). 

Furthermore, as there are notable differences in neuronal architecture between zebrafish 

and mammals, the underlying mechanisms and behavioral effects associated with drug 

action are likely to differ to some degree (Eddins, Petro, Williams, Cerutti, & Levin, 

2009). Although the zebrafish brain and behavior are not homologous to that of 

mammals, neuroanatomy, neurochemistry, and physiology is generally conserved across 

vertebrates, mediating many of the same behaviors and establishing the use of zebrafish 

as an alternative animal model to mitigate limitations of rodent models (McCammon & 

Sive, 2015a, 2015b; Stewart et al., 2015). 

In summary, the results of this study reinforce the translational relevance of the 

zebrafish model in behavioral pharmacology research. The effects of alcohol and caffeine 

on zebrafish behavior and the brain are evolutionarily conserved, paralleling findings in 

rodents and humans. This study contributes to the zebrafish field and informs future 

research that aims to employ this valuable animal model to better understand the 

underlying mechanisms contributing to the pathogenesis of substance use disorders and 

in the development of novel therapies.  
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APPENDIX A – Experiment 3 Additional Figures 

 

Figure A1. . Effects of housing conditions on anxiety-like behaviors in control 

zebrafish in the novel tank test. 

Red = IB, Green = IE, Blue = SB, Yellow = SE. A) Mean distance traveled (cm). B) Mean swim velocity (cm/s). C) Mean freezing 

bouts. D) Mean freezing duration (s). E) Time in the top half of the tank (s). F) Latency to enter the top half of the tank. 
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Figure A2. . Effects of housing conditions on anxiety-like behaviors in the novel tank 

test in zebrafish administered 0.25% ethanol. 

Red = IB, Green = IE, Blue = SB, Yellow = SE. A) Mean distance traveled (cm). B) Mean swim velocity (cm/s). C) Mean freezing 

bouts. D) Mean freezing duration (s). E) Time in the top half of the tank (s). F) Latency to enter the top half of the tank. 
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Figure A3. Effects of 0.25% ethanol, 25 mg/L caffeine and 0.25% ethanol and 25 

mg/L caffeine combined on anxiety-like behaviors in the novel tank test in zebrafish 

housed in an individual barren (IB) environment. 

Red = control, Green = ethanol, Blue = caffeine, Yellow = ethanol and caffeine (E+C). A) Mean distance traveled (cm). B) Mean 

swim velocity (cm/s). C) Mean freezing bouts. D) Mean freezing duration (s). E) Time in the top half of the tank (s). F) Latency to 

enter the top half of the tank. 
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Figure A4. . Effects of 0.25% ethanol, 25 mg/L caffeine and 0.25% ethanol and 25 

mg/L caffeine combined on anxiety-like behaviors in the novel tank test in zebrafish 

housed in a social enriched (SE) environment 

Red = control, Green = ethanol, Blue = caffeine, Yellow = ethanol and caffeine (E+C). A) Mean distance traveled (cm). B) Mean 

swim velocity (cm/s). C) Mean freezing bouts. D) Mean freezing duration (s). E) Time in the top half of the tank (s). F) Latency to 

enter the top half of the tank. 
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APPENDIX B – Experiment 3 Additional Tables 

Table A1.  

Experiment 3: Novel Tank Test Descriptive Statistics for Control Zebrafish in Each Housing Condition 

 
Control IB Control IE Control SB Control SE 

n M SD n M SD n M SD n M SD 

Distance Traveled  

(cm) 

8 1179.35 475.11 8 1202.33 573.14 12 1396.79 555.82 12 1546.8

1 

554.1 

Velocity  

(cm/s) 

8 3.27 1.32 8 3.34 1.59 12 3.88 3.34 12 4.29 4.30 

Freezing  

Bouts 

8 6.75 16.7 8 4.6 11,55 12 4.6 8.92 12 0.50 0.85 

Freezing Duration 

(s) 

8 2.01 2.99 8 0.49 0.94 12 7.7 26.17 12 0.89 1.46 

Time in Top (s) 8 94.07 86.5 8 156.3 126.47 12 82.96 60.00 12 98.98 48.31 

Latency (s) 8 24.77 24.78 8 65.2 104.56 12 27.39 30.59 12 38.66 27.17 
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Table A2.  

Experiment 3: Novel Tank Test Descriptive Statistics for Zebrafish Administered 0.25% Ethanol in Each Housing Condition 

 
Ethanol IB Ethanol IE Ethanol SB Ethanol SE 

n M SD n M SD n M SD n M SD 

Distance Traveled  

(cm) 

8 1574.69 661.78 7 1402.60 346.88 9 1701.03 382.45 10 1538.9

5 

308.0

8 

Velocity  

(cm/s) 

8 4.37 1.83 7 3.89 0.96 9 4.72 1.06 10 3.78 1.37 

Freezing  

Bouts 

8 1.25 2.43 7 0.57 1.51 9 0.11 0.33 10 0.20 0.42 

Freezing Duration 

(s) 

8 0.54 0.77 7 0.21 0.56 9 0.14 0.43 10 0.23 0.48 

Time in Top (s) 8 94.83 56.28 7 126.36 111.71 9 95.02 47.75 10 95.02 47.75 

Latency (s) 8 23.14 21.52 7 76.02 59.5 9 45.87 63.36 10 72.24 88.77 
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Table A3.  

Experiment 3: Novel Tank Test Descriptive Statistics for Zebrafish Administered 25 mg/L Caffeine in Each Housing Condition 

 
Caffeine IB Caffeine IE Caffeine SB Caffeine SE 

n M SD n M SD n M SD n M SD 

Distance Traveled  

(cm) 

7 978.41 647.57 8 1187.96 326.14 10 1273.54 652.37 11 1692.6

6 

446.8

8 

Velocity  

(cm/s) 

7 3.70 .62097 8 3.30 0.90 10 3.53 1.812 11 4.70 1.24 

Freezing  

Bouts 

7 0.71 1.11 8 0.00 0.00 10 6.90 14.77 11 0.00 0.00 

Freezing Duration 

(s) 

7 0.73 0.94 8 0.00 0.00 10 1.37 3.091 11 0.00 0.00 

Time in Top (s) 7 153.34 123.98 8 183.27 139.94 10 72.46 55.20 11 88.29 54.13 

Latency (s) 7 67.70 117.36 8 55.81 62.72 10 85.80 100.05 11 67.06 109.3

2 
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Table A4.  

Experiment 3: Novel Tank Test Descriptive Statistics for Zebrafish Administered 0.25% Ethanol Combined with 25 mg/L 

Caffeine in Each Housing Condition 

 
Ethanol + Caffeine IB Ethanol + Caffeine 

IE 

Ethanol + Caffeine  

SB 

Ethanol + Caffeine 

 SE 

n M SD n M SD n M SD n M SD 

Distance Traveled  

(cm) 

8 1177.34 432.99 9 808.61 831.28 9 1191.44 526.24 10 1525.6

6 

386.7

6 

Velocity  

(cm/s) 

8 3.27 1.2 9 2.25 2.30 9 3.31 1.46 10 4.23 1.07 

Freezing  

Bouts 

8 0.00 0.00 9 1.22 1.56 9 4.44 12.59 10 1.20 3.46 

Freezing Duration 

(s) 

8 0.00 0.00 9 160.30 189.45 9 24.03 69.75 10 0.98 2.67 

Time in Top (s) 8 139.38 138.9  9 35.42 79.70 9 72.98 66.24 10 61.39 58.49 

Latency (s) 8 47.55 46.51 9 180.37 172.49 9 147.22 138.21 10 71.66 113.1

1 
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Table A5.  

Experiment 3: Novel Tank Test Descriptive Statistics for Zebrafish Housed in an Individual Barren Environment Across Drug 

Conditions 

 
Control IB Ethanol IB Caffeine IB Ethanol + Caffeine 

 IB 

n M SD n M SD n M SD n M SD 

Distance Traveled  

(cm) 

8 1179.35 475.11 8 1574.69 661.78 7 978.41 647.57 8 1177.34 432.9

9 

Velocity  

(cm/s) 

8 3.27 1.32 8 4.37 1.83 7 3.70 .62097 8 3.27 1.2 

Freezing  

Bouts 

8 6.75 16.7 8 1.25 2.43 7 0.71 1.11 8 0.00 0.00 

Freezing Duration 

(s) 

8 2.01 2.99 8 0.54 0.77 7 0.73 0.94 8 0.00 0.00 

Time in Top (s) 8 94.07 86.5  8 94.83 56.28 7 153.34 123.98 8 139.38 138.9 

Latency (s) 8 24.77 24.78 8 23.14 21.52 7 67.70 117.36 8 47.55 46.51 
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Table A6.  

Experiment 3: Novel Tank Test Descriptive Statistics for Zebrafish Housed in an Individual Enriched Environment Across 

Drug Conditions 

 
Control IE Ethanol IE Caffeine IE Ethanol + Caffeine 

 IE 

n M SD n M SD n M SD n M SD 

Distance Traveled  

(cm) 

8 1202.33 573.14 7 1402.6

0 

346.88 8 1187.96 326.14 9 808.61 831.2

8 

Velocity  

(cm/s) 

8 3.34 1.59 7 3.89 0.96 8 3.30 0.90 9 2.25 2.30 

Freezing  

Bouts 

8 4.6 11,55 7 0.57 1.51 8 0.00 0.00 9 1.22 1.56 

Freezing Duration 

(s) 

8 0.49 0.94 7 0.21 0.56 8 0.00 0.00 9 160.30 189.4

5 

Time in Top (s) 8 156.3 126.47 7 126.36 111.71 8 183.27 139.94 9 35.42 79.70 

Latency (s) 8 65.2 104.56 7 76.02 59.5 8 55.81 62.72 9 180.37 172.4

9 
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Table A7.  

Experiment 3: Novel Tank Test Descriptive Statistics for Zebrafish Housed in a Social Barren Environment Across Drug 

Conditions 

 
Control SB Ethanol SB Caffeine SB Ethanol + Caffeine 

 SB 

n M SD n M SD n M SD n M SD 

Distance Traveled  

(cm) 

12 1396.79 555.82 9 1701.03 382.4

5 

10 1273.54 652.3

7 

9 1191.4

4 

526.2

4 

Velocity  

(cm/s) 

12 3.88 3.34 9 4.72 1.06 10 3.53 1.812 9 3.31 1.46 

Freezing  

Bouts 

12 4.6 8.92 9 0.11 0.33 10 6.90 14.77 9 4.44 12.59 

Freezing Duration 

(s) 

12 7.7 26.17 9 0.14 0.43 10 1.37 3.091 9 24.03 69.75 

Time in Top (s) 12 82.96 60.00 9 95.02 47.75 10 72.46 55.20 9 72.98 66.24 

Latency (s) 12 27.39 30.59 9 45.87 63.36 10 85.80 100.0

5 

9 147.22 138.2

1 
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Table A8.  

Experiment 3: Novel Tank Test Descriptive Statistics for Zebrafish Housed in a Social Enriched Environment Across Drug 

Conditions 

 
Control SE Ethanol SE Caffeine SE Ethanol + Caffeine 

 SE 

n M SD n M SD n M SD n M SD 

Distance Traveled  

(cm) 

12 1546.81 554.02 10 1538.9

5 

308.08 11 1692.6

6 

446.88 10 1525.6

6 

386.7

6 

Velocity  

(cm/s) 

12 4.29 4.30 10 3.78 1.37 11 4.70 1.2415

9 

10 4.23 1.07 

Freezing  

Bouts 

12 0.50 0.85 10 0.20 0.42 11 0.00 0.00 10 1.20 3.46 

Freezing Duration 

(s) 

12 0.89 1.46 10 0.23 0.48 11 0.00 0.00 10 0.98 2.67 

Time in Top (s) 12 98.98 48.31 10 95.02 47.75 11 88.29 54.13 10 61.39 58.49 

Latency (s) 12 38.66 27.17 10 72.24 88.77 11 67.06 109.32 10 71.66 113.1

1 
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