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The American Horseshoe Crab, Limulus polyphemus, is both economically and 

ecologically important and has been used in the laboratory for decades as a model 

organism for neurobiological studies. More recently, the locomotor activity and 

biological rhythms of this estuarine keystone species have been shown to be strong 

and robust, allowing for these behaviors to be used to assess the effects of 

environmental and physiological perturbations.  

An emerging threat for marine species is the appearance of hundreds of 

pharmaceuticals in their environment. Over the past several decades, pharmaceutical 

sales have increased dramatically worldwide and over four billion prescriptions were 

issued in 2017 in the United States alone. Unfortunately, a large percentage of these 

pharmaceuticals pass through humans and wastewater treatment plants virtually 

unchanged and enter marine and freshwater environments. Thus, pharmaceuticals have 

been characterized by the EPA as “contaminants of emerging concern” and dozens are 

readily detected in many of these environments globally. While numerous studies have 

documented the prevalence and concentration of these compounds in these 

environments, few studies have addressed the potential harm that these chemicals may 

have on the development or behavior of these aquatic organisms. Since horseshoe 

crabs develop and often live in estuaries, this species may be especially affected by 

pharmaceuticals in the aquatic environment. The first aim of this research was to 

determine the developmental and behavioral effects of three pharmaceuticals that are 

readily found in marine systems on juvenile horseshoe crabs, Limulus polyphemus. 

Fertilized horseshoe crab eggs were reared in environmentally relevant concentrations 

of carbamazepine (0-100µg/L), fluoxetine hydrochloride (0-1000 ng/L), and 

propranolol hydrochloride (0-100 µg/L) for approximately two months and 

developmental observations were recorded. After metamorphosis into juveniles, a 



portion of these animals were further exposed to an environmentally relevant mixture 

of all three pharmaceuticals. After exposure to one, or all three of these chemicals, 

activity (linear velocity) was recorded in individuals over 10 days using a video 

recording system. When horseshoe crabs were exposed to a mixture of all three 

pharmaceuticals, linear velocity was significantly decreased. Exposure of any one of 

these pharmaceuticals alone did not significantly affect developmental measures, 

biological rhythms, or linear velocity. These findings are among the few to indicate 

behavioral impacts of environmental pharmaceuticals and may be especially important 

as Limulus is a keystone estuarine species. 

The second research aim was to determine if the molecular processes of 

transcriptional and/or post translational regulation control the circatidal rhythms in 

juvenile horseshoe crabs, Limulus polyphemus. Virtually all organisms, including 

horseshoe crabs, exhibit a variety of endogenous biological rhythms including 

circadian and circatidal rhythms. Protein synthesis and subsequent phosphorylation are 

important parts of the ubiquitous circadian clock mechanism and similar processes are 

likely involved in the mechanism controlling circatidal rhythms. In this study, kinase 

inhibitors caused significant lengthening in periodicity as the dose of casein kinase 1 

inhibitors increased, suggesting protein kinases play an important role in the molecular 

mechanism of circatidal rhythms. Additionally, cycloheximide,  a translational protein 

synthesis inhibitor, significantly affected the phase of circatidal rhythms in horseshoe 

crabs, while the transcriptional inhibitor, actinomycin D, did not. These results suggest 

that translational regulation plays a more important role than transcriptional regulation 

in horseshoe crab circatidal rhythms. Overall, the results of this thesis show that 

juvenile horseshoe crabs are an excellent model for investigating the mechanisms of 

circatidal rhythms as well as the effects of environmental toxins and pharmaceuticals. 

The recording system used in this investigation can also be used very broadly with 

other early developmental stage organisms for both toxicological and behavioral 

rhythm research. 
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CHAPTER 1: GENERAL INTRODUCTION 

 

1.1 Pollution 

There are over 7.5 billion people worldwide and as this number continues to 

increase, more resources are consumed and more waste is produced (US Census 

Bureau, 2019). Waste in the form of air pollution is one of the largest health and 

environmental problems, causing an estimated 3.4 million deaths worldwide in 2017 

(Global Burden of Disease, 2018). Artificial light pollution affected an estimated 

22.2% of global coastlines in 2010 and this appears to be growing at an estimated rate 

of 6% each year (Davies et al., 2014). Plastic detritus is now very common in marine 

environments and makes up 60-80% of the total marine debris (Gregory and Ryan, 

1997; Derraik, 2002). Pollution is one of the biggest anthropogenic threats to coastal 

marine environments and yet the long-term impacts of most of the pollutants have not 

been studied (Crain et al., 2009). A recently identified threat to marine environments 

has been the increase in human-produced chemicals that are in personal care products 

and pharmaceuticals such as endocrine-disrupting chemicals, industrial chemicals, 

herbicides, pesticides, antibacterial compounds, and pharmaceuticals (EPA, 2015; 

Golding et al., 2007; Yogui and Sericano, 2009). Increased concentrations of these 

chemicals, termed Contaminants of Emerging Concern (CECs; United States 

Environmental Protection Agency [EPA], 2005), have been detected globally over the 

past 15 years in virtually all bodies of water, both freshwater and marine (Peck, 2006), 

and currently have no regulatory standard or monitoring programs (EPA, 2005). 

1.1.1 CECs Pathways into the Environment 

 The high-volume use of these chemicals in household, agricultural, and 

veterinary settings allow for CECs to enter the environment in a variety of ways. Soil 

that is contaminated with insecticides and pesticides from agricultural uses, as well as 

antibiotics and veterinary medicines from farm animals’ excretions (Meyer et al., 

2000), can be washed into aquatic environments from rain accumulation and surface 

water runoff. In addition, chemical compounds disposed of in landfills can leach from 

these landfills and accumulate in aquatic environments via surface water runoff 

(Masoner et al., 2015). Leachate from these landfills has high concentrations of 

prescription pharmaceuticals, followed by industrial chemicals, household chemicals, 

and nonprescription pharmaceuticals (Masoner et al., 2015).  However, the main route 

of aquatic environmental contamination of these chemicals is through the dumping of 

treated sewage from wastewater treatment plants, where often only 50% or less of 

these chemicals are removed (Ternes, 1998). 

 1.1.2 Pharmaceuticals  

Because roughly 50% of humans in the United States are thought to have been 

prescribed at least one pharmaceutical within the past 30 days (2015-2016 - Center for 

Disease Control and Prevention, 2019), it is easy to understand why up to an estimated 

100,000 tons of waste from the pharmaceutical industry are processed by wastewater 

treatment plants annually in the US (Roshchangar et al., 2014). Pharmaceuticals are 

comprised of large and diverse groups of chemical compounds designed to treat a 

variety of symptoms in humans, livestock, and pets. Over 80 general types of 

pharmaceuticals have been detected in aquatic environments globally such as 
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contraceptives, steroids, antibiotics, antidepressants, cardioactive compounds, and 

analgesics (Kostich et al., 2014; Fabbri et al., 2016; Fabbri & Franzellitti, 2016). 

1.1.2.1 Fates and Dispersion 

The distribution of pharmaceuticals in aquatic environments is a global issue as 

pharmaceuticals have been detected in concentrations high enough to cause 

physiological and behavioral changes in organisms (ng/L to µg/L range ; Rehman et 

al., 2015; Fabbri et al., 2016) in freshwater (Kolpin et al., 2002; Weissinger et al., 

2018), estuaries (Benotti and Brownawell, 2007; Cantwell et al., 2016; Meador et al., 

2016), and marine environments (McNeff et al., 2014). One of the most commonly 

prescribed antidepressants is fluoxetine (Prozac®) and this pharmaceutical has been 

found in concentrations ranging from 0.3-300 ng/L in several marine areas (Peters et 

al., 2017), with higher levels (560 ng/L) reported in estuaries (Benotti and 

Brownawell, 2007). The commonly used analgesic acetaminophen has been found in 

concentrations as high as 1,000 ng/L in coastal waters in Costa Rica (Fabbri et al, 

2016). CEC detection is not limited to marine bodies of water; CECs ranging from 

antimicrobial disinfectants to flame retardants were detected in about 80% of the 

streams (~111 of 139 streams) sampled throughout the U.S. (Kolpin et al., 2002). 

Since nearly all streams eventually flow into estuaries, this ecosystem in particular is 

an area of concern for the accumulation of these compounds. 

1.1.2.2 Sediment/Sorption 

Once pharmaceuticals enter the aquatic environment, many of these 

compounds can accumulate and adhere to the sediment (Brooks et al., 2003; Fabbri et 

al., 2016). These compounds can subsequently be redistributed throughout the 

environment as tides and currents disrupt the sediment (Gaw et al., 2014). 

Concentrations for the antiepileptic, carbamazepine, has been detected in sediment 

ranging from 0.7-1.4 µg/kg (Li, 2014; Wu et al., 2010), while estrogen (primarily from 

birth control pills) is the most commonly detected hormone with concentrations as 

high as 130 ng/g (Fabbri et al., 2016). The physicochemical properties of the 

environment including pH and salinity are very important factors for pharmaceutical 

concentration. In general, an increase in pH causes a linear increase in pharmaceutical 

lipophilicity (Brooks et al., 2003).  With increased lipophilicity, adsorption and/or 

bioaccumulation occurs more frequently in sediment as well as in marine organisms 

(Fu et al., 2008; Owen et al., 2009; McEneff et al., 2014).  

1.1.2.3 Bioaccumulation 

While these compounds can accumulate in sediment, many can also 

accumulate and be magnified in aquatic organisms as they are filtered from the water 

or passed up through the food chain. Because of this bioaccumulation, 

pharmaceuticals have been detected in the tissues of a variety of organisms such as 

bivalves (McEneff et al., 2014; Oliviera et al., 2017), insects (Brodin et al., 2014), and 

fish (Brooks et al., 2005), often in concentrations higher than those found in the water. 

Damselfly larvae contained an average of 5.8 µg/kg in body tissue, while perch had an 

average of 25.7 µg/kg in their tissue after a 7-day exposure to the anti-anxiety 

pharmaceutical, oxazepam (Brodin et al., 2014). The bivalve filter feeder, M. 

galloprovincialis, had higher concentrations of the anti-epileptic pharmaceutical, 

carbamazepine, in the organism’s tissue during a chronic exposure of 28 days 

compared to an acute exposure of 96 hours (Oliveira et al., 2017). Several 
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antidepressants were measured in concentrations greater than 0.1 ng/g in several fish 

species’ liver, brain, and muscle tissues (Brooks et al., 2005). The accumulation of 

pharmaceuticals in aquatic organisms’ tissues, with even acute exposure times, is 

concerning because these chemical compounds are designed to target specific 

receptors or transmitters in the nervous system and may lead to potentially deleterious 

physiological and/or behavioral changes.   

 

1.2 Pharmaceutical Effects on Marine Organisms 

1.2.1 Physiology 

 Environmental levels of pharmaceuticals have been shown to affect 

physiological processes in aquatic organisms ranging from mussels (Gagne and 

Gelinas, 2010; Schmidt et al., 2011; Rivetti et al., 2015) to fish (Al-Habsi et al., 2016). 

Exposure to environmentally relevant concentrations of a lipid regulator (gemfibrozil) 

and a non-steroidal anti-inflammatory (diclofenac) caused an increase in DNA damage 

through lipid peroxidation in marine mussels (Schmidt et al., 2011). Similar DNA 

damage was seen in estuarine crabs exposed to the nonsteroidal anti-inflammatory, 

ibuprofen (Aguirre-Martinez et al., 2013). Sewage treatment plant effluent containing 

an anti-anxiety pharmaceutical (diazepam) increased the levels of dopamine in 

freshwater mussels (Gagne and Gelinas, 2010). Reproduction was enhanced in the 

water flea, Daphnia magna, after exposure to low environmentally relevant 

concentrations of a beta-blocker (propranolol), an anti-anxiety medication (diazepam), 

and the anti-epileptic carbamazepine (Rivetti et al., 2015). A decrease in heart rate was 

seen in D. magna (Dzialowski et al., 2005) and zebrafish larvae (Zhao et al., 2017) 

after exposure to both environmentally higher levels of propranolol (55 µg/L) and an 

environmentally relevant concentration of a cholesterol reducer, simvastatin (8 ng/L). 

1.2.2 Behavior 

The effects of pharmaceuticals on behavior have mainly focused on locomotor 

activity. The anti-depressant fluoxetine caused a reduction in locomotor activity of 

crayfish (Tierney et al., 2015), marine snails (Fong et al., 2016), estuarine shore crabs 

(Mesquita et al., 2011; Peters et al., 2017), and several freshwater crustaceans (De 

Castro-Catala et al., 2017). Overall activity was significantly decreased in a freshwater 

amphipod crustacean when exposed to environmentally relevant concentrations of the 

anti-epileptic, carbamazepine (1-100ng/L; De Lange et al., 2006). Environmentally 

relevant concentrations of the anti-anxiety medication, oxazepam (1.8 µg/L), caused 

an increase in activity and a decrease in sociality among wild European perch (Brodin 

et al., 2013). Even lower concentrations of progestins or corticosteroids caused a 

decrease in locomotor activity of zebrafish larvae, while locomotion increased with 

estrogen exposure (Zhao et al., 2017).  

1.2.3 Development—Early organisms/young 

Environmental exposure to pharmaceuticals can also have developmental 

effects on aquatic organisms. A ten-day exposure of the anti-depressant fluoxetine 

(500 ug/L) led to increased growth in both weight and carapace width of crayfish 

(Tierney et al., 2015), while zebrafish embryos exposed to 10 µg/L had decreased 

body lengths (Wu et al., 2017). Sea urchin embryos exposed to 12.5 µg/L of the beta 

blocker, propranolol, exhibited decreased larval length and an increased percentage of 

abnormalities (Ribeiro et al., 2015) and the percentage of viable eggs of Japanese 
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medaka was significantly decreased after a 4-week exposure to environmentally 

relevant concentrations of propranolol (0.5 and 1 µg/L; Huggett et al., 2002). 

Interestingly, amphipod crustacean growth was not affected by several propranolol 

concentrations ranging from 1-500 µg/L (Ribeiro et al., 2015). Similar findings of 

increased abnormalities in sea urchin larvae were seen with exposure to the anti-

depressant, sertraline (Ribeiro et al., 2015). Environmentally relevant levels of 

simvastatin, a cholesterol reducer, caused increased abnormalities in both zebrafish 

larvae (8 ng/L; Barros et al., 2018) and sea urchin embryos (2-5 µg/L; Ribeiro et al., 

2015).  

1.2.4 Pharmaceutical Mixtures 

Aquatic organisms are not exposed to a single contaminant at a time, and while 

several studies have focused on the behavioral or developmental effects after exposure 

to a single pharmaceutical, further research on how several pharmaceuticals combined 

are affecting these organisms is needed. To our knowledge only a handful of studies 

exist that focus on exposing aquatic organisms to several pharmaceuticals at once, and 

those studies have focused on either toxicity on freshwater invertebrates (Di Poi et al., 

2017), zooplankton microcosms effects (Richards et al., 2004), or biochemical 

responses in saltwater clams (Almeida et al., 2018). In these few studies, mixtures of 

pharmaceuticals have shown toxicity is enhanced (Di Poi et al., 2017; Almeida et al., 

2018) and the effects are observable across different trophic levels in terms of 

abundance, diversity, and mortality (Almeida et al., 2018). Pharmaceutical mixtures 

can potentially have antagonistic or synergistic effects, and other measures, such as 

developmental and behavioral effects can be used to study these effects. 

 

1.3 Horseshoe Crabs and their Importance 

1.3.1 Economic Importance 

The American Horseshoe Crab, Limulus polyphemus, is a commercially 

important organism that develops and enter estuaries for spawning and other behaviors 

and thus may be affected by pharmaceuticals in the aquatic environment. Several 

hundred thousand horseshoe crabs are harvested annually by biomedical companies 

for their blood (500,000 in 2017; ASMFC, 2017; Walls and Berkson, 2003). The 

harvested blood is used to create Limulus Amoebocyte Lysate (LAL) that is used as a 

very sensitive assay to detect bacterial contamination on medical equipment, 

implantable devices, and injectables used by humans (Raloff, 1980; Walls and 

Berkson, 2003). The biomedical bleeding process involves the removal of ~30% of a 

horseshoe crab’s blood and exposes crabs to the additional stressors of high 

temperature and low humidity (Walls and Berkson, 2003; Hurton and Berkson, 2006; 

James-Pirri, 2012). This process causes a significant behavioral change and lowers 

hemocyanin levels which could impact the organism’s health and survival (James-

Pirri, 2012; Anderson et al., 2013; Owings et al., 2018). Several studies report 

mortality rates of 15-30% during this process (Walls and Berkson, 2003; Anderson et 

al., 2013; Owing et al., 2018). This harvesting is also thought to be responsible for the 

skewing of sex ratio of males to females in these fisheries from 2:1 to as high as 9:1 

due to the preference to bleed female horseshoe crabs because of their larger size and 

increased blood volumes (Carmichael et al., 2003; James-Pirri, 2012).  
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Horseshoe crabs are also harvested in large numbers for use as bait for whelk 

and eel fisheries (Hooker et al., 2010). In the whelk fishery, Virginia fishermen alone 

used 1.4-1.5 million horseshoe crabs in 2000, although these numbers have since been 

reduced because of regulatory changes (Fisher and Fisher, 2006). Even so, nearly one 

million horseshoe crabs were collected along the east coast for commercial use as bait 

in 2017 (ASMFC, 2017). This industry may also contribute to sex skewing since 

females are again preferred because of their larger size (Manion et al., 2000) as well as 

the increased chemical attractiveness of their eggs to whelk and eel (Ferrari and 

Targett, 2003).  

1.3.2 Ecological Importance 

Because of both their burrowing and reproductive behavior, horseshoe crabs 

are considered to be a keystone intertidal species in estuaries along the eastern coast of 

the United States and the Yucatan peninsula (Castro and Myers 1993; Botton et al 

1994; Kraeuter and Wetzel 1986). Horseshoe crabs burrow 11 cm or more into the 

benthic sediment to spawn, look for food, or overwinter (Kraeuter and Fegley, 1994; 

Lee, 2010). Each of these activities disrupts the sediment, leading to oxygenation of 

the benthic substrate and contributes to the cycling and resuspension of nutrients back 

into the surface sediment and water column for easy accessibility by other organisms 

(Baptist et al. 1957; Rhoads, 1967; Kraeuter and Wetzel 1986). When viewed from 

above, this burrowing activity of horseshoe crabs makes the benthic surface look 

almost completely cratered indicating the robustness of this activity (Lee, 2010).   

In addition, horseshoe crabs’ eggs feed migratory birds and shore birds 

(Botton, 2009). During the spawning season, a female horseshoe crab will lay several 

hundred eggs in each of several nests under several centimeters of sediment (Rudloe, 

1980). Female crabs generally approach the shoreline with a male attached (amplexed) 

that will release sperm as he is dragged over the eggs to fertilize them (Brockmann, 

1990). Subsequent activity by other female horseshoe crabs will often expose some of 

these eggs and provide the primary food source for several species of long distance 

migratory birds, such as the threatened red knot, which use horseshoe crab eggs as a 

vital energy source to fuel the remainder of their migratory flight of about 4,000 km 

(Myers, 1983; Castro and Myers, 1989; Castro and Myers 1993; Botton et al 1994). In 

the Delaware Bay area, red knots alone are estimated to consume over 18,000 eggs per 

day (Castro et al., 1989). Along with red knots, sanderlings, ruddy turnstones, and 

gulls are estimated to consumed 110 tons of horseshoe crab eggs each season (Castro 

et al., 1989; Botton et al., 1994; Botton, 2009). 

1.3.3 Early Development 

  Horseshoe crabs are excellent organisms for laboratory experiments because 

the rearing and development of horseshoe crabs has been extensively studied in these 

settings (McMannus, 1969; Hannan and Evans, 1973; Brown and Clapper, 1980; 

Laughlin, 1983; Sekiguchi et al., 1988; Carmichael et al., 2003; Ehlinger and 

Tankersley, 2004; Schreibman and Zarnoch, 2009; Botton et al., 2010). During 

development, horseshoe crab eggs experience extreme conditions of temperature and 

salinity differences, exhibiting the capability of surviving temperatures between 20-

35º C and salinities of 10-40 ppt, suggesting that these animals are rather resilient 

(McMannus 1969; Hannan and Evans 1973; Laughlin, 1983; Ehlinger and Tankersley, 

2004). Approximately two-four weeks after fertilization, horseshoe crabs complete 
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four embryonic molts in the egg case prior to hatching (Sekiguchi et al., 1988). 

Roughly 28 days after fertilization, embryos hatch as first instar larvae (Sekiguchi et 

al., 1988; Botton et al., 2010). The yolk provides enough nutrients for larvae until their 

first post-hatch molt into second-instar juveniles, which typically occurs 7-10 days 

later (Sekiguchi et al., 1988; Botton et al., 2010). Horseshoe crabs molt about 6 times 

in their first year (Sekiguchi et al, 1988) and, due to their small size, rely primarily on 

suspended and benthic particulates of matter (Carmichael et al., 2009). The ease of 

raising these animals and their small size in early developmental stages makes them an 

excellent organism to investigate behavioral and developmental effects in the lab. 

While these organisms are resilient, the findings of this research could also be used to 

potentially provide warnings of sublethal impacts on aquatic environments. 

 

1.4 Chapter 2 Aim: To Determine the Effects of Three Environmental 

Pharmaceuticals on the Development and Behavior of Limulus polyphemus. 

The first research aim is to determine the effects of three commonly detected 

pharmaceuticals on the development and behavior of the keystone intertidal species, 

the American horseshoe crab, Limulus polyphemus. These particular pharmaceuticals 

affect the ubiquitous serotonin receptor and are found in the water, sediment, and 

organisms in all types of aquatic environments. While environmental levels of a select 

few chemicals, in isolation, have been shown to cause behavioral and developmental 

effects in several species, few studies have researched how mixtures of 

pharmaceuticals and the interactions of pharmaceuticals impact marine organisms. In 

Chapter 2, eggs were raised in either environmentally relevant or higher 

concentrations of carbamazepine, fluoxetine, and propranolol to assess possible 

developmental effects or behavioral effects. In addition, juvenile horseshoe crabs were 

subsequently exposed to a solution containing all three pharmaceuticals to determine 

potential additive or synergistic effects. We hypothesize that juvenile horseshoe crab’s 

development and behavior, including the expression of their biological rhythms, will 

be significantly affected after exposure to the pharmaceutical mixture, and that 

exposure to this mixture will further accentuate the behavioral effects.   

 

1.5 Biological Rhythms 

Virtually all organisms, including horseshoe crabs, exhibit a variety of 

biological rhythms. These rhythms are manifested in cycles of molecular, 

physiological, and behavioral processes which synchronize to periodic environmental 

signals (Edery, 2000; Albrecht, 2012). Because some aspects of an organism’s 

external environment change in a cyclic pattern, the presence of an internal timing 

system that allows the organism to anticipate these changes is thought to provide an 

increase in fitness (Shearman et al., 2000). There are many types of biological rhythms 

that serve to coordinate animals with the external world, each of which differs in the 

frequency of expression depending on environmental cues (Refinetti, 2006).  The most 

ubiquitous of these biological rhythms, circadian rhythms (circa- “about” and -dian “a 

day”), serves to coordinate animals with the solar day and virtually all organisms 

exhibit circadian rhythms (Dunlap, 1999; Shearman et al., 2000; Allada and Chung, 

2010). For example, the American lobster, Homarus americanus, exhibits significant 

nocturnal increases in locomotion and heart rate (Golet et al., 2006; Chabot and Webb, 
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2008) causing these to occur roughly every 24 hours.  Another type of rhythm, 

circatidal rhythms, are important for organisms that occupy the intertidal zone. These 

behavioral and physiological processes are synchronized to the tides, which occur 

roughly every 12.4 hours along most marine shorelines (Barnwell, 1966; Palmer, 

1995; Raible et al., 2011). A third type of rhythm with a longer period of about a year, 

circannual rhythms, have been demonstrated in many fewer species because of the 

time that it takes to record these endogenous rhythms. Examples of these kinds of 

rhythms includes the varied carpet beetle which only pupates in the spring (Miyazaki 

et al., 2006) and the hormone levels of ground squirrels which peak in April and May 

(Licht et al., 1982). Importantly, all of these biological rhythms persist in the lab in 

constant conditions in many species even after the organism is removed from the 

natural environment, and are thus considered to be controlled by one or more 

endogenous clock systems. Multiple clock systems in animals appear to be the rule 

rather than the exception and these clocks virtually always control multiple rhythmic 

outputs as well (Stoleru et al., 2004; Gracey et al., 2008; Tomioka et al., 2012; 

Robinson and Reddy, 2014). 

In order to be useful, an individual’s clock must be synchronized or entrained 

to the periodic cycles in the environment. For instance, environmental light cues that 

are transduced by photoreceptive proteins serve to synchronize the circadian clock. 

These cues, more commonly known as zeitgebers (German: zeit – “time”; gebers 

“givers”), are “clock-type” dependent and, while light is the dominant input into the 

circadian clock (Allada and Chung, 2010; Peschel and Helfrich-Forster, 2011; 

Tataroglu and Emery, 2014), water pressure changes appear to be the dominant input 

into the clock controlling circatidal rhythms (Chabot et al., 2008; Watson et al., 2009; 

Chabot et al., 2011; Tessmar-Raible et al., 2011). 

1.5.1 Circadian Clock 

Research on a variety of eukaryotic organisms has focused on the molecular 

bases of circadian clocks to better understand how clocks might work (Dunlap, 1999). 

Generally, circadian clocks at a subcellular level are composed of transcriptional and 

translational feedback loops that have both positive and negative elements (Shearman 

et al., 2000; Allada and Chung, 2010). Although the specifics of the genes and 

proteins involved in controlling circadian rhythms differs between animals, the general 

makeup of genes and proteins that are involved appears to be conserved among 

arthropods (Peschel and Helfrich-Förster, 2011).  

1.5.2 Molecular Mechanism of Drosophila Circadian Clock 

In animals, there are two main negative feedback loops: the PERIOD 

(PER)/TIMELESS (TIM) loop and the CLOCK (CLK) loop, each of which involves 

regulatory clock genes that become activated followed by the subsequent translation of 

the mRNA into protein products (Dunlap, 1999; Allada and Chung, 2010; Tataroglu 

and Emery, 2014). Over the course of several hours, these proteins accumulate and 

feedback to inhibit their own transcription. At the same time, the protein products 

become phosphorylated which targets them for enzymatic destruction (Etchegaray et 

al., 2009; Allada and Chung, 2010) and causing a subsequent decrease in the 

accumulation of the products for several hours (Hardin, 2005). Over time, these falling 

levels allow for the genes to be actively transcribed again, thus leading to an eventual 

increase and accumulation of proteins again (Peschel and Helfrich-Forster, 2011). The 
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clock mechanism has been especially well elucidated in the circadian “model” species, 

the fruitfly, Drosophila melanogaster. In D. melanogaster, the core clock proteins are 

CLK, CYCLE (CYC), PERIOD (PER), and TIMELESS (TIM) (Dunlap, 1999; Smith 

and Kay, 2000; Allada and Chung, 2011).    

In the PER/TIM loop, CLOCK and CYCLE form heterodimers and act as 

transcriptional activators by binding to the E-box promotors of per and tim genes 

around mid-day (Hardin, 2005). This binding activates these genes and leads to the 

accumulation of per and tim mRNA during late afternoon (Dunlap, 1999; Peschel and 

Helfrich-Forster, 2011). As these mRNAs are translated into proteins, PER and TIM 

accumulate within the cytoplasm (Ishida et al., 1999; Hardin, 2005). When these 

proteins reach certain levels, they heterodimerize and are phosphorylated via protein 

kinases which allows for the translocation into the nucleus (Allada and Chung, 2010; 

Peschel and Helfrich-Forster, 2011; Tataroglu and Emery, 2014). There, they directly 

interact with CLK-CYC complexes (Dunlap, 1999; Peschel and Helfrich-Forster, 

2011) and cause the CLK-CYC to disassociate with the E-box promotor region, thus 

inhibiting transcription of per and tim (Yu et al., 2006; Kim and Edery, 2006; Allada 

and Chung, 2010). Hyperphosphorylation of PER and TIM target these proteins for 

destruction and a falling concentration of these proteins allows for CLK-CYC to again 

bind to the E-box promoter region of the per and tim gene, thus restarting the their 

transcription (Tataroglu and Emery, 2014). 

The second feedback loop is composed of at least two accessory proteins and 

two core proteins (Allada and Chung, 2010). Here, CLK and CYC dimers bind to the 

E-box promoter regions of the Vrille (vri) and pdp1 genes (Tomioka and Matsumoto, 

2015). When expressed, pdp1 activates clk’s transcription, while vri downregulates the 

expression of clk, thereby negatively regulating this gene (Tomioka and Matsumoto, 

2015). This secondary negative feedback loop is also crucial to the functioning of 

circadian clocks (Darlington et al., 1998; Dunlap, 1999). 

1.5.3 Effect of Protein Synthesis Inhibitors 

The role of protein synthesis in the generation of circadian rhythms was 

initially elucidated in part by examining the effects of transcriptional and translational 

inhibitors. These inhibitors can induce phase shifts or changes in the periods of 

circadian rhythms in several invertebrate species (Rothman and Strumwasser, 1976; 

Khalsa et al., 1992; Tomioka, 1999).  The administration of the translational 

inhibitors, anisomycin or cycloheximide, to the eye of the mollusk Bulla gouldiana 

causes a lengthening of circadian period (Khalsa et al., 1992), while advances or 

delays of the circadian rhythms of the eye of Aplysia can be effected when six-hour 

pulses of puromycin are administered in the night or day, respectively (Rothman and 

Strumwasser, 1976). Cycloheximide pulses cause similar effects in the mangrove 

cricket, while continuous application of cycloheximide to this species abolishes their 

circadian rhythms (Tomioka, 1999).  

1.5.4 Role of Phosphorylation 

Besides the role of the cycling of protein synthesis in the circadian clock 

mechanism, phosphorylation is also a key factor in allowing the feedback loops to 

function. The protein kinases GLYCOGEN SYN-THASE KINASE 3β 

(GSK3β)/SHAGGY (SGG), DOUBLETIME (DBT), CASEIN KINASE Iε (CK1ε), 

and CASEIN KINASE 2 all poly-phosphorylate target proteins such as PER and TIM 
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and labels them for destruction (Allada and Chung, 2010; Peschel and Helfrich-

Forster, 2011). For example, as morning returns, TIM is more quickly degraded (light 

can cause degradation via the action of another protein photoreceptive cryptochrome, 

pCRY) than PER the faster degradation of TIM leaves PER unbound and susceptible 

to phosphorylation via the protein kinases DBT, CK1ε, and CK2 (Kloss et al., 1998; 

Allada and Chung, 2010). As PER and TIM are modified through phosphorylation and 

eventual degradation, the CLK/CYC complex can bind to the E-box promoter region 

and upregulate the expression of tim and per mRNA (Tataroglu and Emery, 2014).  

During the evening, when PER and TIM are less susceptible to 

phosphorylation-induced degradation, casein kinases singly or doubly phosphorylate 

PER/TIM dimers and these modifications allow for translocation into the nucleus 

(Peschel and Helfrich-Forster, 2011). In the nucleus, PER/TIM dimers bind to 

CLK/CYC dimers leading to competitive debinding of CLK/CYC from the per/tim 

Ebox promotors, and thus inhibit transcription of tim and per (Allada and Chung, 

2010; Peschel and Helfrich-Forster, 2011).  

1.5.5 Effects of Casein Kinase Inhibitors 

As described above, phosphorylation of core proteins is an important post-

translational control mechanism in the circadian clock (Meng et al., 2010; Storz et al., 

2013). Thus, if this process is inhibited, there should be a measurable effect on the 

circadian rhythms. For example, inhibition of the protein kinase, CK1ε shifts the 

circadian rhythms of locomotion of both rats (Badura et al., 2007) and zebrafish (Storz 

et al., 2013). Administration of an inhibitor to the less specific kinase, CK1 δ/ε 

lengthens the circadian period (tau) of hamsters (Meng et al., 2010) while it abolishes 

locomotor rhythms in zebrafish larvae (Storz et al., 2013). Interestingly, the non-

specific CK1 δ/ε inhibitor dampens, but does not abolish, the circadian rhythm of 

chromatophore dispersion in the sea louse, suggesting that the effects of these 

inhibitors may be species specific (Zhang et al., 2013; Storz et al., 2013). 

 

1.6 Horseshoe Crab Rhythms 

1.6.1 Circadian 

During the spawning season, horseshoe crabs use vision to find a mate (Barlow 

et al., 1982) and this behavior occurs during the day or the night, depending on the 

tidal cycle. Horseshoe crabs exhibit robust circadian rhythms of eye sensitivity in 

which this measure increases 1 million-fold during the night, and essentially allows 

them to see as well during the night as during the day (Barlow, 1982). Eye sensitivity 

increases around dusk, continues throughout the night, and then decreases near dawn 

(Barlow, 1982; Barlow et al., 2001). In the lab, these rhythms entrain to a light dark 

cycle but can also persist in constant conditions for more than a year (Barlow, 1983), 

indicating the presence of a circadian oscillator that regulates these circadian rhythms.  

Recent findings in horseshoe crabs indicate that this species has 25 orthologs 

of animal circadian clock-related genes such as PERIOD (PER), TIMELESS (TIM), 

CLOCK (CLK), CYCLE (CYC), and non-photoreceptive cryptochrome (npCRY2; 

Chesmore et al., 2016;). A whole suite of accessory proteins have also been detected 

in the horseshoe crab transcriptome including several casein kinase genes including 

CK1α, CK1ε, CK2α, and CK2β (Chesmore et al., 2016). Two core circadian genes, 

tim and cyc, show some evidence of variation in expression as a function of time and 
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tide, suggesting that these core circadian genes are not only involved in circadian 

rhythms, but possibly circatidal rhythms as well (Simpson et al., 2017). Identification 

of homologues of key clock genes in the horseshoe crab (Chesmore et al., 2016; 

Simpson et al., 2017) allows for future investigation to understand the unknown 

mechanisms involved in the clocks that control circatidal rhythms (Chabot et al., 2004, 

Chabot and Watson, 2010; Tessmar-Raible et al., 2011). 

1.6.2 Circatidal 

Animals that inhabit the intertidal zone in marine systems are often 

synchronized to the large changes in environmental conditions driven by tidal cycles. 

However, the activity patterns that are often exhibited by these animals are not as 

clearly rhythmic or robust as are many circadian rhythms (Palmer, 1990). The 

American horseshoe crab has very robust and clear circatidal rhythms in adults 

(Chabot et al., 2004; Chabot et al., 2007; Chabot and Watson, 2010), juveniles 

(Dubofsky et al., 2013; Dubofsky-Porter et al., 2017), second instar juveniles (Thomas 

et al., submitted), and larvae (Ehlinger and Tankersley, 2006). In this species, 

locomotor activity is usually expressed in two bouts of activity per day roughly every 

12.4 hours (Chabot et al., 2004) although, as discussed more fully below, recent 

findings have indicated that one bout of activity/day is also not uncommon (Thomas et 

al., submitted).   

1.6.3 Circalunidian hypothesis 

While much is known about the location and the mechanism of circadian 

clocks, much less is known about the clock(s) controlling circatidal rhythms. These 

rhythms were first described in animals in the 1950’s (Bennet et al., 1958) and, since 

circatidal rhythms usually have periods of ~12.4 hours, the early explanation for the 

control of these rhythms was the presence of a ~12.4h circatidal clock controlling each 

of the two bouts of activity per day (Naylor, 1958; Naylor, 1996).  However, more 

recent evidence suggests that each of the two 12.4 hour bouts is more likely controlled 

by two separate clocks, each with a period of 24.8h, and 12.4h out of phase with one 

another (Palmer, 2000). This “circalunidian (“about a lunar day”) hypothesis” was first 

proposed by Palmer and Williams in 1986 and evidence has accumulated that seems to 

support it across several species (Palmer and Williams, 1986; Palmer, 1990; Palmer, 

1997; Palmer, 2000).  In particular, several aspects of circatidal rhythms better fit the 

circalunidian hypothesis: 1. the two bouts of activity a day can often exhibit different 

periodicities, 2. one of the two bouts of activity often ceases for several days 

producing “skipping” (i.e. – only one bout of activity occurs for several days) and, 3. 

one bout can be observed to “split” into two bouts occasionally (Palmer and Williams 

1986; Chabot et al., 2016). Overall, “splitting” or “skipping” cannot be easily 

explained by a single ~12.4h circatidal clock system, but rather by the presence of two 

separate clocks controlling these rhythms (Palmer, 1990; Chabot et al., 2007; Chabot 

and Watson, 2010; Chabot et al., 2016). While these aspects can be accounted for by 

two clocks, each with a period of 24.8 hours, they cannot be easily accounted for by a 

single 12.4 hour clock. 

The circatidal rhythms of horseshoe crabs provide clear evidence supporting 

the circalunidian hypothesis (Chabot et al., 2004, Chabot et al., 2007, Chabot et al., 

2016; Thomas et al., submitted). Both adult horseshoe crabs (Chabot et al., 2007; 

Chabot and Watson, 2010) and second instar juveniles (Thomas et al., submitted) 



 11 

 

display all of the different behavioral variant rhythm expressions (skipping, splitting, 

etc) that are better described by circalunidian clocks, especially skipping and 

switching. Adult horseshoe crabs can also exhibit two activity bouts of activity with 

different periodicities both with and without environmental water level changes 

(Chabot and Watson, 2010; Chabot et al., 2007). Interestingly, second instar juveniles 

from the same geographical area very commonly display only one single bout of 

activity each day, although two bouts/day are also seen in some individuals (Thomas 

et al., submitted). While this might seem to indicate the presence of circadian clock 

control of this activity, water level changes affect the timing of this activity in adults 

while light dark cycles have little effect (Chabot et al, 2016). Whether they display 

one or two bouts of activity, that activity generally occurs at night in juvenile 

horseshoe crabs (Thomas et al., submitted). The behavioral plasticity that allows these 

juveniles to switch their activity to the tides that occur at night and to skip diurnal 

activity bouts may be beneficial for this more delicate life stage to minimize 

interactions with predators.  

1.6.4 Molecular Understanding of Circatidal Rhythms 

While current evidence suggests that the clock system controlling circatidal 

rhythms is composed of two clocks, little is known about the molecular mechanism of 

these clocks. Thus far, studies on the molecular mechanisms of these clocks have been 

limited to two marine species. In a study of the speckled sea louse, phosphorylation 

appears to be involved, since CK1ε and CK1δ/ε inhibitors lengthened the period (tau) 

of their circatidal rhythms (Zhang et al., 2013). Conversely, the core circadian clock 

genes per and clk do not appear to be involved in the clock system controlling 

circatidal rhythms in the mangrove cricket, since RNAi knockdown had no effect 

(Takekata et al., 2012; Takekata et al., 2014). However, similar RNAi knockdown 

experiments need to be conducted with additional species and on additional core 

circadian clock genes in order to rule out any role of these genes in the generation 

circatidal rhythms. In addition, the activity patterns that are exhibited by these two 

species are generally not as clear or robust as the circatidal rhythms of horseshoe 

crabs. The strength of rhythmicity displayed by horseshoe crabs (Chabot et al., 2004; 

Chabot et al., 2007; Thomas et al., submitted), makes them an excellent species to use 

to investigate the molecular components of the clocks controlling circatidal rhythms. 

 

1.7 Chapter 3 Aim: To determine the role of Protein Synthesis and 

Phosphorylation in the Circatidal Rhythms of Limulus polyphemus. 

 

The research aim of this chapter was to determine if transcriptional and post-

translational regulation mechanisms control circatidal rhythms in the American 

horseshoe crab, Limulus polyphemus. Both post transcriptional modifications and 

protein synthesis are involved in the circadian clock mechanism, while little is known 

about the molecular mechanism controlling circatidal rhythms. In Chapter 3, the 

protein synthesis inhibitors, cycloheximide and actinomycin D, were administered to 

juvenile horseshoe crabs to examine if shifts in biological rhythms occur. In order to 

determine if phosphorylation is involved in the mechanism controlling circatidal 

rhythms, protein kinase (CK1ε and CK1δ/ε) inhibitors were administered to juvenile 

horseshoe crabs to measure biological rhythms. Because there is evidence from other 
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circadian clock systems that protein synthesis and phosphorylation are important parts 

of the mechanisms of biological clocks, we hypothesize that both protein synthesis and 

phosphorylation inhibitors will affect the circatidal rhythms of juvenile horseshoe 

crabs. 
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CHAPTER 2 

Introduction 

Over four billion prescriptions were issued in 2018 in the United States alone, 

and this number is expected to increase by over 8% over the next 6 years (Statistica, 

2019). Recent analyses suggest that nearly half of the population had been prescribed 

at least one prescription drug in the past 30 days; 11% of that total was prescribed an 

anti-depressant, followed by 9% prescribed a beta-blocker, and lastly 5% prescribed 

an anti-convulsant (CDC, 2017). Unfortunately, many of these pharmaceuticals pass 

through the human body and wastewater treatment plants virtually unchanged (Kosjek 

et al. 2009; Hedgespeth et al., 2012 Kostich et al., 2014; Evgenidou et al., 2015; Yank 

et al., 2017) and are dumped in their bioactive forms into marine or freshwater 

environments. This has led the EPA to label pharmaceuticals as “contaminants of 

emerging concern” and dozens of these compounds are easily detected in marine and 

freshwater environments (Khetan and Collins, 2007; Kostick et al., 2014; Cantwell et 

al., 2016).   

Some of the most commonly detected pharmaceuticals act at serotonergic 

synapses to treat seizures (carbamazepine), depression (fluoxetine (Prozac®)), or 

hypertension (propranolol). Fluoxetine is a selective serotonin reuptake inhibitor and 

helps to inhibit neurons from reabsorbing serotonin, thus increasing the amount and 

availability at the receptor. While carbamazepine acts as a sodium channel blocker 

(Kuo et al., 1997; Williams et al., 2002), it may also increase the synaptic release of 

serotonin (Dailey et al., 1998).  Likewise, propranolol blocks the actions of 

epinephrine and norepinephrine as a non-selective beta-adrenegic receptor antagonist 

and inhibits sympathetic stimulation of the heart (Langer et al., 1980; Macdonald and 

Kelly, 1995; Fischer, 2002), but can also act as an antagonist at serotonin receptors 

(Sprouse et al., 1986).  Each of these drugs has chemical properties that allow them to 

pass through the human body and into water treatment plants and to persist in the 

environment at detectable levels (Redshaw et al., 2008; Kosjek et al., 2009; 

Yamamoto et al., 2009). Because of this environmental persistence, aquatic organisms 

may be chronically exposed to these pharmaceuticals throughout their lifespan 

(Daughton and Ruhoy, 2009; Silva et al., 2015) (Gury and Cousin, 1999; Redshaw et 

al., 2008; Yamamoto et al., 2009).  

While the effects of these drugs on human behavioral and physiological 

processes are well understood, the effects on aquatic organisms are less well known. 

Fluoxetine, carbamazepine, and propranolol hydrochloride are all found in the 

environment at detectable levels (Fabbri and Franzellitti, 2016) and have been shown 

to have effects on some aquatic animals. Acute fluoxetine exposure (several hours to a 

week) increased the righting time in marine snails (Fong et al., 2016) and locomotor 

activity in an estuarine shore crab (Mesquita et al., 2011).  Similar behavioral effects 

occurred with longer exposures (8-15 weeks), with an increase in activity and 

aggression in an estuarine shore crab (Peters et al., 2017), and changes in the 

reproductive health of mussels (Peters and Granek, 2015). A two to three week 

exposure to carbamazepine increased stress in clams (Aguirre-Martinez et al. 2015) 

and decreased growth and reproductive measures in mussels (Oliveira et al. 2017). 

Over a shorter exposure time (9 days), this drug causes a decrease in swimming speed 

and increase in feeding time in fish (Japanese medaka; Nassef et al. 2010). The beta-
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blocker propranolol caused a decreased heartrate in the freshwater water flea after a 9 

day exposure (Dzialowski et al. 2005), as well as many developmental measures in 

vertebrates following chronic exposure (4 weeks; Huggett et al., 2002) and 

invertebrates with an acute exposure (48-80 hr; Ribeiro et al., 2015). Overall, there has 

been much more research on behavioral and developmental effects of acute exposure 

to pharmaceuticals on freshwater water organisms and mollusks (Aguirre-Martinez et 

al. 2015; Oliveira et al. 2017) than on marine organisms.  

The goal of this study is to determine the developmental and behavioral effects 

of three common pharmaceuticals on the American horseshoe crab, Limulus 

polyphemus. The American horseshoe crab is a critical, keystone species in estuarine 

environments because its feeding behavior helps to recycle limiting nutrients through 

the process of bioturbation (Kraetuer and Fegley, 1994) and its eggs provide a vital 

energy source for at least ten species of threatened long distance migratory birds 

(Botton, 1984), as well as resident birds and fish (Botton 1984; Castro et al., 1989; 

Botton and Loveland 1993). Thus, any impacts that these drugs have on horseshoe 

crabs development or behavior may have compounding or cumulative effects on the 

estuarine environment through its impact on other organisms.  

 

Materials and Methods 

Animals and Environmental Conditions 

 Collection. Horseshoe crab eggs were collected from Great Bay Estuary in 

mid-June. Roughly 11-15 nests totaling ~1000 eggs were collected and pooled 

together. Eggs were transferred to Plymouth State University with a small volume of 

sea water and sediment from the collection site and the sediment and debris removed. 

Each experimental treatment group contained triplicates of 50-60 eggs (Brown and 

Clapper, 1981) evenly distributed throughout a 10cm diameter petri dish with 40 

milliliters of artificial saltwater (Instant Ocean, Blacksburg, VA; 26-28 psu) held at 

21-23ᵒC. Eggs were maintained in a light dark cycle (LD 13.5h: 10.5h) with 0.56 

µmoles/m2/s of light exposure (Coralife 05509 Mini Compact Fluorescent 50/50 

Colormax Lamp, 10-Watt). After metamorphosis into 2nd instar juveniles, animals 

were fed a diet of crushed algae tablets and shrimp pellets (50:50) every two-three 

days (Shinn et al., 2015). 

 Pharmaceutical solutions and administration. Carbamazepine (Sigma-

Aldrich, St. Louis, MO - CAS number 298-46-4), fluoxetine hydrochloride (CAS 

number 56296-78-7), and ± propranolol hydrochloride (CAS number 318-98-9) were 

dissolved in dH2O mixed with artificial sea salt (Instant Ocean; 26 psu) at five 

concentrations. Animals were exposed to five different concentrations of 

pharmaceuticals: The mid concentrations for each pharmaceutical were based on 

average concentrations found in wastewater effluent and aquatic environments 

(Benotti and Brownawell 2007; Kostich et al. 2014; Cantwell et al. 2016) and there 

were also two concentrations higher, and two lower than environmental 

concentrations. Carbamazepine concentrations consisted of 0, 0.1, 1, 10, 50, 100 µg/L, 

while propranolol concentrations were 0, 0.5, 1, 5, 50, 100 µg/L and fluoxetine 

concentrations were 0, 1, 10, 100, 500, 1000 ng/L. A 100% water change was 

conducted every 3 days over the 55-day exposure using an automatic pipette with a 

minimal disturbance of the eggs to ensure pharmaceuticals remained close to 100% 
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active throughout the animals’ development. Any moldy eggs were removed daily to 

reduce contamination (~3% total).   

Development measures. The number of eggs and developmental measures 

were recorded in each petri dish for each pharmaceutical and its concentration. One of 

these measures included non-viable eggs, which usually turn a red color and have been 

shown to never hatch. A second measure was the number of eggs that completed 

eclosion and hatched into larvae  

Three Pharmaceutical Mixture Administration. After animals were 

chronically exposed to single doses of pharmaceuticals (55 days), a subset of 2nd instar 

juveniles (n = 12 for each treatment group) were subsequently exposed to 16 days of a 

combination of all three drugs in “environmental doses” (carbamazepine 10 µg/L, and 

fluoxetine 100ng/L, propranolol 5 µg/L) and “high doses” (propranolol and 

carbamazepine- 100 µg/L, fluoxetine 1000ng/L) to determine the effects of exposure 

to all three pharmaceuticals and determine if there were any antagonist or synergistic 

effects. An additional subset of horseshoe crabs (n=12) that were not exposed to any 

of three pharmaceuticals during the 55 day initial treatment were only given the “high 

dose” mixture solution.  

 

Behavior monitoring 

After animals had hatched into larvae, six individuals from each treatment 

group were placed in individual well plates (Falcon® 6 Well Clear Multiwell Plate; 

35mm) at a warmer temperature (30º± 1C) for behavioral recording. Previous results 

in our laboratory had indicated that animals capped at 30 degrees C exhibited more 

robust circuit title rhythms than animals kept at 25 degrees C (C Chabot, Pers. 

Commun.) Each well plate contained artificial saltwater (12 ml, 26 psu) plus 

pharmaceutical treatment. A total of 16 well plates were used and the animals were 

exposed to the same light/dark cycle as during rearing (LD 13.5:10.5), but with a 

much lower intensity (0.001 µmoles/m2/s; 10 Watt Mini Fluorescent Aquarium Bulb, 

Lights Of America, Chino, CA) to minimize the influence of the LD cycles on 

behavior and to improve behavioral tracking by the Ethovision software. The 16 well 

plates were placed on a ¼” sheet of clear Lexan placed 7” above an infrared blacklight 

array (Noldus Information Technology, Wageningen, Netherlands) that provided 

trans-illumination. Digital infrared cameras (Basler Monochrome GigE camera, 

Ahrensburg, Germany) were mounted approximately 0.36 meters above the well 

plates and animals were recorded continuously for a total of 10-11 days using Media 

Recorder (v. 4, Noldus Information Technology). A second trial was repeated  in the 

same set-up with different animals to increase the number of animals in each 

experimental group (n=12). The first trial occurred on July 21st and continued until 

July 28th, while the second trial started on August 1st and ended August 10th.  

 

Data analyses 

Media Recorder videos were analyzed at 1 frame/second using video tracking 

software (Daniovision detection settings, Ethovision XT 13, Noldus Information 

Technology). This software quantified the linear velocity (mm/0.5hr) and total 

distance moved (mm) for each larva. Since the larvae often metamorphosed into 2nd 

instar juveniles several days after being place in the recording chamber, videos were 
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also monitored to determine time of molt. Total distance moved was exported from 

Ethovision into a Python (Python, Beaverton, OR) pipeline that created one-minute 

bins of total distance moved for each individual. These data were then analyzed using 

actograms produced using Clocklab (ActiMetrics, Wilmette, IL). Because the rhythms 

of larvae are often not as robust as those of 2nd Instar juveniles, only locomotor data 

from 2nd Instars were analyzed for the presence of significant activity rhythms. The 

resultant actograms were subsequently analyzed via Lomb-Scargle periodogram 

analyses. Period (tau) value peaks exceeding P=0.001 in the 12.4 ±2h range were 

classified as circatidal and peaks in the 24.8 ±2h range were classified as circalunidian 

rhythms (Anderson et al., 2013). Since the linear velocity data did not fall into a 

normal distribution, the data were normalized using a natural logarithm 

transformation. A two-way ANOVA (p<0.05) was conducted for linear velocity data 

of each pharmaceutical and developmental group (larva versus 2nd instar). A one-way 

ANOVA was conducted for the mean percentage of each developmental measure (% 

non-viable, % larvae) after 33 days of exposure as well as the linear velocity data for 

mixture solution exposure. Tukey post-hoc tests were used to determine significant 

differences between means (p<0.05).  

 

Results 

Behavioral Rhythms 

 Locomotor rhythms were present in 2nd instar juvenile animals exposed to 

varying doses of all three pharmaceuticals, with no significant differences between 

doses or pharmaceuticals (Figures 1-3). For this reason, only the middle dose and 

highest dose from each pharmaceutical is shown along with 0 μg/L concentration. 

There was no significant difference in period values (tau) for animals exposed to 

varying doses of carbamazepine (F(5, 45) = 0.81, p = 0.55), fluoxetine (F(5,43) = 1.3, 

p = 0.28), or propranolol (F(5, 49) = 2.6, p = 0.06) compared to controls. Average 

period values (tau) for all three pharmaceuticals at varying concentrations ranged from 

24.6-25.3 hours. For carbamazepine and fluoxetine exposure, unimodal rhythms were 

present in 83.3%-91.7% of animals. Propranolol exposure caused 50-75% of animals 

to exhibit unimodal rhythms. At least half of the animals in each treatment group for 

all three pharmaceuticals exhibited nocturnal behavior as well (Figures 1-3).  

 

Linear Velocity  

 Exposure to Single Pharmaceuticals. There was a significant difference 

between the linear velocity of larvae and tiny juveniles exposed to carbamazepine 

(F(1, 114) = 69.78, p < 0.001). Similar findings were seen with the two developmental 

stages exposed to fluoxetine (F(1, 114 = 103.69, p < 0.001), as well as propranolol 

exposure (F(1, 114) = 120.87, p < 0.001). However, after running a two-way ANOVA 

there was no significant difference in linear velocity at different developmental stages 

when exposed to varying concentrations of carbamazepine (F(5, 114) = 3.12, p = 0.72; 

Figure 4). Similarly, fluoxetine exposure did not significantly affect linear velocity in 

developmental stages of horseshoe crabs (F(5, 114) = 6.85, p = 0.28; Figure 4). Lastly, 

exposure to propranolol had no significant effect on linear velocity in juvenile or 

larval horseshoe crabs (F(5, 122) = 2.4, p = 0.86; Figure 4).   
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Pharmaceutical Mixture Exposure. Animals that were first raised in an 

environmental dose of one of the three pharmaceuticals for 55 days and then exposed 

to the environmental mixture exhibited significantly lower linear velocities compared 

to the controls (Figure 5; carbamazepine [F(3, 806) = 5.59, p < 0.001], fluoxetine [F(3, 

806) = 22.96, p < 0.001], and propranolol [F(3, 770) = 9.62, p <0.001]). Interestingly, 

horseshoe crabs raised in a high dose of a pharmaceutical for 55 days and then 

exposed to the “high dose” triplicate pharmaceutical solution did not lead to a 

significant change in linear velocity for animals raised in carbamazepine, fluoxetine, 

or propranolol. However, animals that were raised without exposure to any of these 

pharmaceuticals and then subsequently exposed to the “high dose” mixture were not 

affected by that later exposure (Figure 5). 
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Figure 2.1: Representative locomotor activity rhythms of early instar Limulus 

polyphemus exposed to three concentrations of carbamazepine (0, 10, 100 μg/L). Large 

panels double plotted actograms. Activity indicated by black marks. Each individual 

animal’s transition from larva to 2nd instar juvenile indicated by horizontal gray lines 

(larval activity above, 2nd Instar below). Small panels show Lomb Scargle periodograms 

of the 2nd Instar activity. Peaks extending above the horizontal black line indicate a 

significant period (p < 0.001). Numerical values indicate the highest period within the 

10.4-14.4 or 22.8-26.8h range. Y axis represents relative Q(p).  
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Figure 2.2: Representative locomotor activity rhythms of early instar Limulus 

polyphemus exposed to three concentrations of fluoxetine (0, 100, 1000 ng/L).  
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Figure 2.3: Representative locomotor activity rhythms of early instar Limulus 

polyphemus exposed to three concentrations of propranolol (0, 5, 100 μg/L). 
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Figure 2.4: The effects of pharmaceuticals on linear velocity of horseshoe crabs at 

different developmental stages. Natural logarithm of mean linear velocity (mm/0.5hr) 

was recorded over 9 videos that were roughly 24 ± 2 hours in length with horseshoe 

crabs reared in varying doses of carbamazepine, fluoxetine, and propranolol at two 

different developmental stages (larvae and 2nd instar juvenile).  
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Figure 2.5: The effects of pharmaceutical mixture on linear velocity. Natural logarithm 

of mean linear velocity of animals reared in an environmental and high dose of each 

pharmaceutical for 50 days and then exposed to a triplicate solution (carbamazepine, 

fluoxetine, and propranolol) compared to the control animals. 
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Development 

Exposure to single pharmaceuticals had no significant effect on hatching 

success.. No statistical differences were seen in the number of larvae hatched in 

varying concentrations of carbamazepine, fluoxetine, and propranolol [F(5, 13) = 

0.09-0.17, p = 0.86-0.99; Figure 6]. The number of non-viable eggs that did not hatch 

was not statistically different at any doses of the three pharmaceuticals [F(5, 13) = 

0.27-1.30, p = 0.32-0.92; Figure 6]. Likewise, there was no significant difference in 

the number of eggs that generated mold as a function of pharmaceutical exposure [F(5, 

13) = 0.36-1.2, p = 0.29-0.87; Figure 3].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: Developmental effects of chronic exposure to pharmaceuticals. Mean 

percent of eggs (triplicates of 50 +/- 10 eggs) at each concentration were measured for 

hatching success (larvae), non-viable eggs, and moldy eggs after 33 days and prior to 

behavioral analyses. 
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Discussion 

Cocktail 

In the wild, aquatic organisms are exposed to multiple contaminants 

simultaneously, and while several studies have focused on the toxicity or behavioral 

effects of a single pharmaceutical, there are few papers on how multiple 

pharmaceuticals combined may impact the behavior of aquatic organisms. In the 

current study, when horseshoe crabs were raised in any one of the individual 

pharmaceuticals and subsequently exposed to the “environmental dose” triplicate 

pharmaceutical solution, there was a significant decrease in linear velocity following 

exposure (Figure 5).  Interestingly post hatch fathead minnows had a decreased 

velocity and total escape response only at a low concentration of a mixture of four 

antidepressants but not at the medium or high dose mixture (Painter et al., 2009). 

However, no significant effect in average velocity or maximum velocity were seen in 

striped marsh frog tadpoles after a 12-day exposure of a pharmaceutical mixture 

ranging from 0.1 to 1000 μg/L (Melvin, 2015). Lastly, marine clams exposed to 

carbamazepine increased a biomarker of oxidative stress, but when co-exposed with 

cadmium had similar values to the control, suggesting an antagonist effect (Almeida et 

al., 2018).   

In the present study, significant effects on linear velocity were observed at only 

the environmental mixture and not the high mixture concentration. Hormesis, an 

adaptive response that demonstrates a reversal of response between low and high 

doses of chemicals (Calabrese and Baldwin, 2002) may explain these findings. This 

response is a biphasic response curve that demonstrates a threshold of concentration 

where effects will be seen, but if concentrations are raised above that threshold effects 

will no longer be present or become toxic after long term exposure (Calabrese, 2008; 

Calabrese et al., 2016). However, this response has only been measured during 

exposure to single pharmaceuticals. In the present study we used a mixture of 

pharmaceuticals and there are few studies exhibiting hermetic effects on mixtures. 

There are other factors that can affect hormesis, such as time of exposure. In a 

bioluminescent bacteria, Vibrio fischeri, the highest hormetic effect, a stimulatory 

behavioral effect on bioluminescence, occurred when V. fischeri were exposed to a 

low concentration of a mixture of 22 pharmaceuticals for short exposure times (Garcia 

et al., 2015). As the pharmaceutical mixture concentration and exposure time 

increased, the behavior shifted to an inhibitory effect (Garcia et al., 2015).  

Horseshoe crabs exposed to these concentrations at a single dose did not have 

significant effects on linear velocity, but when all three pharmaceuticals were 

combined a significant decrease in linear velocity was documented, suggesting an 

interaction between the three pharmaceuticals. Interestingly, the pharmaceutical 

mixture caused a significant effect on linear velocity independent of the type of 

pharmaceutical the animals were raised in.  

There appear to be few studies focusing on the effects of animal behavior after 

exposure to pharmaceutical mixtures. However, mortality of sunfish and a decrease in 

growth of some aquatic plants was seen after exposure to mixtures of ibuprofen 

(60µg/L or higher), fluoxetine (100µg/L or higher), and ciprofloxacin (100µg/L or 

higher), while diversity and abundance of phytoplankton and zooplankton were 
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affected when exposed to the same mixture in concentrations of 600 (ibuprofen), 1000 

(fluoxetine), and 1000 µg/L (ciprofloxacin; Richards et al., 2004). Because aquatic 

organisms are exposed to a variety of pharmaceuticals within their environment at a 

time, more research should focus on the effects of pharmaceutical mixtures on 

behavior and better understanding the interactions between commonly detected 

pharmaceuticals. 

 

Behavioral Effects 

While newly hatched larvae move significantly less than 2nd instar juvenile 

horseshoe crabs, the exposure to either carbamazepine, fluoxetine, or propranolol had 

no significant effects on linear velocity on either developmental stage. However, the 

p-values were exceptionally low suggesting possible effects with different 

experimental design.  These findings differ with some previous findings examining the 

effects of these drugs on other species. with the significant decrease in activity seen in 

a freshwater amphipod crustacean (Aguirre-Martinez et al. 2015) and increase of 

stress in clams (De Lange et al., 2006) when exposed to environmentally relevant 

concentrations of carbamazepine. Likewise, fluoxetine exposure, caused an increase in 

swimming in an amphipod (De Castro-Catala et al., 2017), an increase in righting 

times in marine snails (Fong et al., 2016), and an increase in aggression and overall 

locomotor activity in estuarine shore crabs (Mesquita et al., 2011; Peters et al. 2017). 

Lastly, although there are no locomotor studies with propranolol exposure, 

propranolol decreased Daphnia magna heart rate at a concentration of 55 ug/L over a 

nine-day exposure time (Dzialowski et al. 2005).  

 

Development 

 There was a lack of significant effects of the individual pharmaceuticals on 

horseshoe crab development. All groups, no matter the doses, showed similar 

percentages of non-viable eggs compared to the controls (Figure 6). However, in 

Japanese medaka, exposure to concentrations of propranolol as low as 0.5 and 1 ug/L 

over a 4-week exposure period caused a decrease in egg viability (Huggett et al., 

2002). Zebrafish embryo development was affected at concentrations of fluoxetine as 

low as 0.5µg/L (Cunha et al., 2016), while embryos exposed to 10µg/L had a 

significantly decreased body length once the animals developed into larvae (Wu et al., 

2017). Similarly, an increase in sea urchin larval abnormalities were seen when 

exposed to propranolol concentrations of 12.5 and 125 µg/L (Ribeiro et al. 2015), but 

amphipod crustacean growth was not affected by several propranolol concentrations 

ranging from 1-500 µg/L (Huggett et al. 2002).   

While we didn’t see significant developmental effects, other studies have seen 

effects on growth when exposed to all the pharmaceuticals tested in this experiment 

(Huggett et al., 2002; Ribeiro et al., 2015; Tierney et al., 2016; Chen et al., 2019). 

Therefore, juvenile horseshoe grab growth (measured as carapace length or molting 

rate) may be future measures to study after pharmaceutical exposure. Both larval 

zebrafish and sea urchins displayed a significant decrease in body length after 

exposure to propranolol (Ribeiro et al., 2015), while an amphipod crustacean was not 

impacted by the propranolol exposure (Huggett et al. 2002). Interestingly, body length 

was enhanced in adult crayfish after exposure to fluoxetine (Tierney et al.,2016).  
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Another measure to consider testing on horseshoe crabs in future experiment are 

molting rates, which coincide with growth rates. Molting and growth was inhibited in 

the Chinese mitten crab after carbamazepine exposure (Chen et al., 2019). Several 

studies have shown both growth and molting to have significant effects after 

pharmaceutical exposure, which suggests that growth rate in juvenile horseshoe crabs 

may be a more sensitive assay in determining pharmaceutical effects on 

developmental rates.    

 

Overall Conclusions  

Behavior may be a more sensitive measure than developmental measures for 

determining possible detrimental effects of pharmaceuticals on marine organisms 

because horseshoe crabs showed statistically significant behavioral effects following 

exposure, but no statistically different developmental impacts. The fact that horseshoe 

crabs were able develop after exposure to several commonly detected pharmaceuticals 

at and around their environmental levels suggest that these organisms are rather 

resilient and can be used in the future to possibly detect sublethal effects or 

concentrations for other aquatic organisms. Future studies should be conducted on 

horseshoe crabs focusing on pharmaceuticals that may target different receptors as 

well as testing more pharmaceuticals in duplicate or triplicate solutions. These 

findings are among the few to indicate behavioral impacts of environmental 

pharmaceuticals and may be especially important because of Limulus status as a 

keystone estuarine species. 
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CHAPTER 3 

 

Introduction 

Virtually all organisms have endogenous biological clocks which regulate 

physiological and behavioral processes (Dunlap, 1999; Edery, 2000). These clocks 

allow organisms to anticipate and prepare for changes within their environment, thus 

increasing their survival and overall fitness (Shearman et al., 2000). While there are 

several types of biological clocks that each control rhythms that help to synchronize 

the organism to periodic changes in the environment(Refinetti, 2006), the most 

ubiquitous of these is the circadian clock (circa- about and -dian a day); Dunlap, 1999; 

Shearman et al., 2000; Allada and Chung, 2010). The mechanism of the clock of 

animals appears to be composed of both the synthesis of proteins and post-

translational modifications of those proteins, especially phosphorylation (Dunlap, 

1999; Allada, 2003).  

 Several studies have shown that the transcription and translation of proteins are 

necessary for the animal circadian clock to function properly (Dunlap, 1999; Ishida et 

al., 1999; Harmer et al., 2001). A common set of “core” genes have been identified in 

animals and some, such as period (per) and clock (clk), have been shown to be 

transcribed and translated rhythmically in several species (Lee et al., 1999; Yu et al., 

2006). The rhythmic transcription and translation lead to an accumulation of core 

proteins in the cytoplasm and these proteins are later translocated into the nucleus and 

inhibit subsequent transcription, forming a negative feedback loop (Dunlap, 1999; 

Hardin, 2005; Helfrich-Forster, 2011). Overall, protein accumulation lags mRNA 

production by several hours (Harmer et al., 2001). For example, per mRNA levels 

peak in the late day, whereas PER protein levels peak several hours later in early night 

(Dunlap, 1999; Wagner-Smith and Kay, 2000; Peschel and Helfrich-Forster, 2011).  

The role of protein accumulation in the generation of circadian rhythms has 

been elucidated in part by examining the effects of transcriptional and translational 

inhibitors.  These inhibitors can induce phase shifts or changes in the periods of 

circadian rhythms in several invertebrate species (Rothman and Strumwasser, 1976; 

Khalsa et al., 1992; Tomioka, 2000).  The administration of either protein synthesis 

inhibitor anisomycin or cycloheximide to the eye of the mollusk Bulla gouldiana 

causes a lengthening of circadian period (Khalsa et al., 1992), while advances or 

delays of the circadian rhythms of the eye of the mollusk Aplysia can be effected when 

puromycin pulses are administered in the night or day respectively (Rothman and 

Strumwasser, 1976). Similarly, cycloheximide pulses cause phase shifts in the 

circadian behavioral rhythms of the mangrove cricket, while continuous application of 

cycloheximide to this species abolishes these rhythms (Tomioka, 2000).  

The phosphorylation of proteins by protein kinases is also a crucial component 

of the molecular mechanism of circadian rhythms. In Drosophila melanogaster, casein 

kinase 1 (CK1) phosphorylates PER allowing its translocation to the nucleus and, after 

additional phosphorylation, targets it for enzymatic degradation (Meng et al., 2010; 

Storz et al., 2013). Inhibition of CK1ε by the selective inhibitor, PF-4800567 shifts the 

circadian rhythms of rats (Badura et al., 2007) and zebrafish (Storz et al., 2013). 

Administration of the less specific inhibitor CK1δ/ε, PF-670462, lengthens the period 

of hamsters (Meng et al., 2010) while it abolishes locomotor rhythms in zebrafish 
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larvae (Storz et al., 2013). Interestingly, the non-specific inhibitor, PF-670462 only 

dampens the circadian rhythm in the sea louse’s chromatophore dispersion, suggesting 

that the effects of these inhibitors may be species specific (Zhang et al., 2013; Storz et 

al., 2013).  

While protein synthesis and phosphorylation are important parts of the 

molecular mechanisms of circadian rhythms, it is unknown whether this mechanism is 

involved in other biological rhythms. Organisms that live in the intertidal zone often 

exhibit circatidal rhythms that allow for anticipation and synchronization to the large 

environmental changes in water pressure, temperature, and salinity caused by the ebb 

and flow of tides (Dunlap, 1999; Chabot and Watson, 2014). These rhythms are often, 

and most easily, monitored by measuring an organism’s overall locomotor activity 

(Naylor 1964; Chabot et al. 2007). 

There has been substantial debate whether circatidal rhythms are controlled by 

a single “circatidal clock” that has a self-sustaining rhythm of 12.4 hours (Naylor, 

1995) or by two “circalunidian clocks” that have rhythms of 24.8 hours (length of a 

lunar day) and are out of phase (180 degrees apart) to produce the circatidal, 12.4 hour 

rhythms (Palmer, 1995). Among other evidence, the “splitting” of one bout into two 

(with two different free-running periods) is supportive of the two clock (circalunidian) 

hypothesis (Palmer and Williams 1986; Chabot et al., 2004). Further evidence 

supporting this hypothesis is the pattern of “skipping” of one of the two daily bouts of 

activity seen in several species (Palmer and Williams, 1986; Chabot and Watson, 

2010). Similar evidence has been used to support the hypothesis that mammalian and 

insect circadian rhythms are driven by two separate clocks.  When one of the two daily 

bouts of activity is skipped, this produces a ~24.8h pattern of activity rhythms that 

may at first glance, seem to be a circadian rhythm. However, circatidal rhythms can 

easily be distinguished from circadian rhythms by their much weaker entrainment to 

LD cycles and their stronger entrainment to tides. These tidally synchronized 24.8h 

bouts of activity can persist for many days or even weeks in constant conditions 

(Palmer, 1995; Chabot and Watson, 2016). Interestingly, while most adult horseshoe 

crabs collected from a two tide/day area exhibit two bouts of activity/day (Chabot et 

al., 2007), almost 50% of juveniles collected from the same area exhibit one bout/day 

(Dubosky et al., 2013). Similarly, over 50% of first instar juveniles that are hatched 

from eggs collected from the same area exhibit one bout/day (Thomas et al., 

accepted). Again, while at first glance, these rhythms appear to be circadian rhythms 

because of their frequency of one bout/day, they are clearly circalunidian rhythms 

because they entrain much more strongly to tidal, rather than to daily cues (Chabot et 

al., 2016; Dubosky et al., 2017). 

Although much is known about the molecular mechanisms underlying 

circadian rhythms, much less is known about the mechanisms underlying circatidal 

rhythms. The protein synthesis inhibitor cycloheximide has no apparent effect on the 

circatidal rhythms of the estuarine amphipod, C. volutor at low concentrations, while 

at higher concentrations, their circatidal rhythms do appear to be suppressed (Harris 

and Morgan 1983). However, unlike with circadian rhythms, phase shifts of the 

circatidal rhythms were apparently not produced. In the only other investigation of the 

mechanisms of these rhythms of which we are aware, the non-specific casein kinase 

inhibitor, caused a period lengthening in the circatidal rhythms of the speckled sea 
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louse (Zhang et al., 2013). These very limited studies of the effects of inhibitors on 

circatidal rhythms leaves an opening for research in this area.  

 The goal of this study was to determine if transcriptional, translational, or post-

translational regulation are involved in the molecular mechanism controlling circatidal 

rhythms in Limulus polyphemus by investigating the effects of inhibitors of these 

processes. While clear circatidal rhythms are not common in intertidal animals 

(Palmer, 1990), horseshoe crabs have clear, robust circatidal rhythms as adults 

(Chabot et al., 2004; Chabot and Watson, 2010), juveniles (Dubofsky et al., 2013; 

Dubofsky-Porter et al., 2017), and first instar juveniles (Ehlinger and Tankersley, 

2006; Thomas et al., submitted) making them an ideal organism in which to address 

this goal. 

 

Materials and Methods:  

Animals and environmental conditions  

Freshly spawned horseshoe crab eggs were collected from 5-7 nests in Great 

Bay, NH on June 2, 2018 and June 15, 2019. Eggs were immediately transported to 

Plymouth State University where they were placed in small square containers (15.24 x 

13.7 cm; 150-200 eggs) with screened tops and bottoms to allow saltwater to flow 

through. Five of these small containers were then placed into larger plastic aquaria 

(27L) into which artificial saltwater flowed (150 ml/min) from 100L reservoirs 

(Instant Ocean Reef Crystals Reef Salt; Blacksburg, VA, 26-28 PSU, 20-22ºC). Eggs, 

hatched larvae and metamorphosed juveniles were exposed to LD 13.5:10.5 (0.13 

µmoles/m2/s; 10 Watt Mini Fluorescent Aquarium Bulb, Lights Of America, Chino, 

CA). Once organisms metamorphosed into 2nd instar juveniles, animals were fed a diet 

of crushed algae tablets and shrimp pellets (50:50) every two-three days (Shinn et al., 

2015). Later, roughly 500 hundred animals were combined into a large tank (114.3 cm 

diameter, 21 cm deep) to provide more space and reduce the occurrence of mold. A 

weekly 50% water change was conducted to keep nitrate levels below 40 mg/L. These 

animals were used in identical experiments from September of 2018 to January of 

2019, and then after fresh eggs hatched in summer of 2019, from June-August of 

2019.  

Behavioral monitoring 

After one week at an increased temperature (30o ± 1C; LD 13.5:10.5) to 

enhance activity levels, 2nd -3rd instar juveniles (molting of animals occurred over 

experimental period; July- August) were placed in individual well plates (Falcon® 6 

Well Clear Multiwell Plate; 35mm) that contained 12 ml of artificial saltwater (26 psu) 

at 30o ± 1C (16 well plates total, n=96) in a video recording chamber in constant 

darkness (DD). The well plates were placed on a ¼” sheet of clear Lexan placed 7” 

above an infrared light source (Noldus Information Technology, Wageningen, 

Netherlands). Digital infrared cameras (Basler Monochrome GigE camera, 

Ahrensburg, Germany) were mounted 0.36 meters above the well plates and videos 

were recorded and saved daily using Media Recorder (v. 4, Noldus Information 

Technology).  

Pharmacological agent solutions 

To determine if transcriptional regulation plays a role in circatidal rhythms, the 

transcriptional inhibitor, Actinomycin D (Sigma Aldrich; St. Louis, MO; CAS 50-76-
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0) and the translational inhibitor, cycloheximide (Sigma Aldrich; CAS 66-81-9) were 

dissolved in salt water (28 psu) to produce 0 μM, 0.001 µM, and 0.05 µM of 

cycloheximide (n = 20, 13, and 9 respectively) and 0 mM, 10 mM, and 20 mM of 

actinomycin D solutions (n = 20, 7, and 8 respectively).  

To determine if post-translational regulation  was involved in controlling 

circatidal rhythms, the protein kinase inhibitor CK1δ/ε  (PF-670462 MedChemExpress 

(Monmouth Junction, NJ) and the more specific protein kinase inhibitor, CK1ε (PF-

4800567, MedChemExpress) were dissolved in artificial saltwater (PF-670462; 28 

psu) or in 0.001% of DMSO in artificial seawater (PF-4800567) at concentrations of 0 

μM, 0.1 μM, 0.5 μM, and 1.5 µM (n = 15, 15, 9, and 14) and 0 µM, 0.1 µM, and 1 µM 

respectively (n = 15, 6, and 4).   

Pharmacological agent administration 

After a baseline of the juveniles’ circatidal rhythms was obtained (5-7 days) in 

the behavioral monitoring system, the inhibitors were administered to specific well 

plates. Inhibitor solutions were warmed to 30+ 1 ºC thirty minutes prior to 

administration and two milliliters of each inhibitor solution was added to individual 

wells to bring the wells to the pre-determined final concentrations. To minimize any 

possible disturbance to the animal’s rhythms caused by osmotic changes, these 

solutions were delivered in a 28 psu vehicle since evaporation over the prior days of 

experiment caused an increase in salinity from the initial 26 psu. Administration 

occurred in the middle of animals’ active period (~2200-2300). Both casein kinase 1 

inhibitors were administered chronically and remained in the wells for the remainder 

of the experiment (Zhang et al., 2013). However, the protein synthesis inhibitors were 

administered as three-hour acute pulses. Following the pulse, wells were rinsed three 

times with artificial saltwater (28 psu) before being refilled with 12ml artificial 

saltwater (28 psu). 

Data analyses 

Media Recorder videos were analyzed at 1 frame/second using video tracking 

software (Daniovision detection settings, Ethovision XT 13, Noldus Information 

Technology). Total distance moved data were exported from Ethovision into a Python 

(Python, Beaverton, OR) pipeline that created one-minute bins of total distance moved 

for each individual. These data were then analyzed using actograms produced using 

Clocklab (ActiMetrics, Wilmette, IL). Animals were selected for the administration of 

inhibitors based on a minimum of at least three days of clear, robust rhythms. In this 

species, adults (Chabot et al. 2004, Chabot et al. 2007, Chabot et al. 2008), juveniles 

(Dubosky et al., 2013; Dubosky et al., 2017), and first instar juveniles (Thomas et al., 

submitted) often display only one bout of tidal activity per day. These “unimodal” 

rhythms were observed in nearly all animals tested (98%) and are considered to be 

tidal and circalunidian in this species (Palmer and Williams 1986; Chabot et al., 2004; 

Chabot and Watson, 2010). 

The activity (total distance moved) of animals displaying clear rhythms after 

CK1 inhibitor administration subsequently underwent Lomb-Scargle periodogram 

analyses. Lomb-Scargle peaks (tau) exceeding P=0.001 in the 12.4 ±2h range were 

classified as circatidal rhythm periods and peaks in the 24.8 ±2h range were classified 

as circalunidian rhythm periods (Anderson et al., 2013). The difference in period 
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lengths (tau) pre- and post- CK1 inhibitor administration were calculated and averages 

for each treatment group were obtained.  

The effects of protein synthesis inhibitors were measured in animals that 

expressed clear rhythms of at least three days before and after inhibitor administration. 

Phase shifts, or bouts of activity that are shifted to start several hours early (phase 

advance) or late (phase delay) were measured. To determine phase shifts of the free 

running rhythmicity, a best eye-fit line was drawn through the of activity before and 

after administration (Menaker and Chabot, 1992). The time differential between the 

pre administration onset and the post administration onset was recorded (Menaker and 

Chabot, 1992; Chabot et al., 2008).   

Statistical Analyses 

Repeated measures t-tests (P<0.05) or one-way ANOVAs (P<0.05), followed 

by a Tukey post-hoc (P<0.05) were used to determine significance between mean tau 

differences from pre- and post- administration. Fisher’s exact tests were conducted to 

determine significant differences (P<0.05) in rhythmic activity before and after 

administration of the inhibitors and whether higher doses of the inhibitor increased 

arrhythmicity. Pairwise Fisher’s exact tests were conducted using the Bonferroni 

correction with a significance level (P<0.0083) to determine the concentrations of 

CK1 inhibitors linked to arrhythmicity. Pairwise Fisher’s exact tests were conducted 

using the Bonferroni correction (with a significance level of p<0.01 [cycloheximide] 

and p<0.013 [Actinomycin D]) to determine which concentrations of protein synthesis 

inhibitors affected arrhythmicity.  

 

RESULTS 

Post-translational inhibition - CK1δ/ε 

 The effects of the CK1δ/ε inhibitor, PF-670462, on juvenile L. polyphemus 

circalunidian rhythms are presented in Figure 1. At doses above 0.1 µM, there was a 

significant lengthening of period (tau; Figure 1; (F(3, 51) = 15.66, p < 0.001; Figure 2 

- top). With the Bonferroni correction of p < 0.0083, the CK1δ/ε inhibitor did not 

significantly affect rhythmic behavior after administration (FET, p = 0.009; Figure 2 - 

bottom). There was no evidence of phase shifts of the rhythms upon application of the 

inhibitor (Figure 1).  While there was no skipping before the administration of CK1δ/ε 

inhibitors, some animals (11%) did skip daily bouts after administration exhibiting 

evidence of circalunidian rhythms.  

Post-translational inhibition - CK1ε 

 Similar results were seen with the more specific CK1ε inhibitor, PF-4800567. 

There was a significant lengthening of period (Figure 1; (F(3,31) = 20.04, p < 0.001; 

Figure 4- top) at the highest dose 1.0 µM. With the Bonferroni correction of p < 

0.0083, the CK1ε inhibitor did not significantly affect arrhythmicity after exposure 

(FET, p = 0.03; Figure 4 - bottom). There was no evidence of phase shifts of the 

rhythms upon application of the inhibitor (Figure 3).  
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Figure 3.1: Representative locomotor rhythms of juvenile horseshoe crabs exposed to 

CK1 δ/ε inhibitor. Large panels: Double-plotted actograms of horseshoe crabs exposed 

to four concentrations of the CK1 δ/ε inhibitor : 0, 0.1, 0.5, and 1.5 µM (* -  indicates 

beginning of exposure). Black bar at top indicates animals were kept in constant 

infraredlight for the entirety of the experiment. Solid black line indicates best eye-fit 

line of onset of activity pre-administration and dashed grey line is best eye-fit post 

administration. Small panels: Lomb-Scargle periodogram analysis of actograms (top: 

pre administration; bottom: post-administration). Significant periods (p<0.001) in the 

circalunidian range (22.8-26.8h) indicated by the peaks above the bold black line (often 

indistinguishable from x-axis graticule).  
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Figure 3.2: Mean period (tau) differences and arrhythmic activity after CK1 δ/ε 

exposure. Significant period (tau) lengthening between pre and post administration of 

CK1 δ/ε exposure indicated by letters in dose dependent manner. No significant 

differences between arrhythmicity after varying concentrations of CK1 δ/ε (µM).   
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Figure 3.3: Large panels: Double-plotted actograms of horseshoe crabs exposed to four 

concentrations of the CK1 ε inhibitor: 0, DMSO, 0.1, and 1 μM (star indicates first day 

of exposure). Black bar at top indicates animals were kept in constant infrared light for 

the entirety of the experiment. Solid black line is pre-administration and dashed grey 

line is post administration. Small panels: Lomb-Scargle periodogram analysis of 

displayed actograms (top: pre administration; bottom: post-administration). Significant 

periods (p<0.001) in the circalunidian range (22.8-26.8h) indicated by the peaks above 

the bold black line which is often indistinguishable from x-axis graticule.  
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Figure 3.4: Mean period differences and arrhythmic activity after CK1 ε exposure. CK1 

ε inhibitor (1 µM) significantly lengthened the period (tau) indicated by asterisk. 

Varying concentrations of CK1 ε inhibitor (μM) did not cause significant differences in 

arrhythmic activity.  
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Transcriptional regulation Inhibition 

Administration of the translational inhibitor, cycloheximide caused significant 

delays in the phase of activity at the highest dose (Fig. 5; Fig 6 [F(2, 52) = 5.5, p = 

0.007]). However, after the Bonferroni correction of p < 0.01, administration of 

cycloheximide did not significantly affect the percentage of arrhythmic behavior 

(FET, p = 0.04; Figure 6, top). Additionally, there was no evidence of period changes 

or significant difference between the different concentrations and the control animals 

(Figure 5; F(2,40) = 1.42, p = 0.255). 

Interestingly, the application of Actinomycin D did not cause significant phase 

shifts (Figure 7; Figure 8 – top; (F(2,45) = 2.43, p = 0.1). In addition, after the 

Bonferroni correction of p < 0.013 Actinomycin D did not significantly affect 

rhythmicity in horseshoe crabs rhythms (FET, p = 0.58), as less than 15% of animals 

became arrhythmic after treatment (Figure 8 - bottom). There was no evidence of 

lengthening or significant difference in period values between the different 

concentrations and the control animals (data not shown; F(2,47) = 0.62, p = 0.435). 
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Figure 3.5: Representative double-plotted actograms of horseshoe crabs exposed to 

cycloheximide. Black bar – indicates constant infrared light. Black, solid line are days 

prior to administration and dashed, grey lines are post administration. 
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Figure 3.6: Mean phase shift (h) after administration of cycloheximide at varying 

concentrations: 0, 0.001, and 0.05 µM. Cycloheximide exposure led to significant 

phase delays. The percent difference relative to control of arrhythmic activity at 

varying doses for cycloheximide (µM) is shown. 
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Figure 3.7: Representative double-plotted actograms of horseshoe crabs exposed to 

various concentrations of cycloheximide: 0, 10, and 20 mM. Black bar indicates animals 

were kept in constant infrared light for the entirety of the behavioral analysis. Dark grey, 

solid line are days prior to administration and dashed, grey lines are post administration. 
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Figure 3.8: Mean phase shift (h) after administration of actinomycin D at varying 

concentrations: 0, 10, and 20 mM. Actinomycin D had no significant effects on phase 

shifts. The percent difference relative to controls of arrhythmic activity at varying doses 

for cycloheximide (µM) and actinomycin D (mM) inhibitors.   

 

 

DISCUSSION 

Casein kinase inhibition affects biological rhythms 

Administration of the CK1δ/ε inhibitor, as well as the more specific casein 

kinase ε inhibitor, caused a significant lengthening of the circalunidian activity 

rhythms of juvenile horseshoe crabs (Figures 1-4). Our findings are further supported 

by the fact that the protein kinase CK1ε is found in the horseshoe crab transcriptome 

(Chesmore et al., 2016; Simpson et al., 2017). To our knowledge, this is only the 

second study to suggest that phosphorylation is involved in the clock mechanism 

controlling circatidal rhythms. Similar results were seen in the sea louse, Eurydice 

pulchra, where tidal periodicity was also lengthened in a dose-dependent manner with 

either the CK1δ/ε or CK1ε inhibitor (Zhang et al., 2013).  

While few studies have examined the effects of protein kinase inhibitors on 

circatidal rhythms, the role of protein kinases on the more ubiquitous circadian 

rhythms has been more fully elucidated. Among other sub-cellular processes, these 

enzymes are central in the mechanism of the circadian clock. CK1 phosphorylates and 

reduces the stability of  PER proteins, leading to a delay in per/time transcription and 

the formation of the PER/TIM complex , a crucial component of the negative feedback 

that leads to the molecular rhythmicity of the circadian clock (Edery et al., 1994; 

Dunlap, 1999; Price et al., 1998; Peschel and Helfrich-Forster, 2011; Zheng et al., 

2014). Phosphorylation of PER and TIM also allows for these two proteins to dimerize 

and to enter the nucleus where they inhibit their own transcription (Ishida et al., 1999). 

This is one of the two negative feedback loops that control the cytoplasmic levels of 
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the core proteins and result in the cycling of one or more of these clock proteins 

(Dunlap, 1999) and which subsequently drive their behavioral circadian rhythms 

(Peschel and Helfrich-Forster, 2011). When the activity of casein kinases is inhibited, 

PER is more stable and is expressed for longer periods of time, leading to a 

lengthening or dampening of period (Etchegaray et al., 2009; Zheng and Sehgal, 2013; 

Zhen et al., 2014). Fruit flies with a mutation (K38R) that specifically removes kinase 

activity exhibited longer periods of locomotor activity as well as arrhythmic behavior 

(Muskus et al., 2007). Similarly, casein kinase δ/ε inhibitor injections significantly 

lengthened circadian running wheel rhythms in hamsters (Meng et al., 2010). 

However, inhibition of the more specific CK1ε had no significant effect on the period 

of the hamster’s behavioral rhythms (Meng et al., 2010). Interestingly, in rats, CK1ε 

inhibitor injection caused a phase shift in locomotor activity and only delays were 

observed (Badura et al., 2006). Thus, the results suggest there may be a species-

specific effect on circadian between the two CK1 isoforms. Protein phosphorylation 

by kinases appear to be an important part of the mechanism underlying the 

endogenous clocks that control both circadian and circatidal rhythms. 

We also observed a near significant effect of casein kinase inhibitor on 

rhythmicity, which suggests that casein kinase does not affect arrhythmicity. Results 

on arrhythmicity are observed in circadian rhythms but have yet to be reported in 

circatidal rhythms. Injections of CK1δ/ε at 2.5µM or higher into mice fibroblast cells 

abolished their circadian rhythms (Meng et al., 2010).  In zebrafish larvae, the CK1ε 

specific inhibitor had no significant effect on locomotor rhythms, while the CK1δ/ε 

inhibitor caused locomotor rhythms to be abolished (Storz et al., 2013). Overall, since 

these protein kinase inhibitors affect period of the rhythms, these results suggest that 

phosphorylation by casein kinase is a key mechanism for circatidal rhythms in 

Limulus polyphemus.   

 

Transcriptional and post-trasncriptional regulation effects 

A second aim of this study was to assess the role of transcriptional regulation 

in the clocks controlling circatidal rhythms. The transcriptional inhibitor, 

cycloheximide, induced significant phase shifts at 0.05 µM (Figures 5 and 6), which 

supports our hypothesis that transcriptional regulation is involved in the mechanism 

controlling circatidal rhythms. We found that cycloheximide exposure did not 

significantly affect arrhythmic behavior (Figure 6), which suggests that higher 

cycloheximide concentration do not affect rhythms to the point of arrhythmicity. In the 

only study of cycloheximide effects on circatidal rhythms, cycloheximide injections 

caused a suppression of circatidal rhythms, but phase shifts were not observed in an 

estuarine amphiphod (Harris and Morgan, 1983). In horseshoe crabs, we found that 

while cycloheximide did not significantly affect rhythmicity after administration, this 

inhibitor still significantly affected the phase of circalunidian rhythms. These results 

suggest an important role for transcriptional regulation in the control of circalunidian 

rhythms. 

In contrast, there have been several studies on the effects of transcriptional and 

translational inhibitors on circadian rhythms and the role for protein synthesis in this 

clock is clear. As detailed above, the main component of this clock is a protein 

synthesis driven negative feedback loop involving a set of core clock proteins (Peschel 
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and Helfrich-Forster, 2011). Pulses of anisomycin or cycloheximide administered to 

the eye of Aplysia caused either advances or delays of the circadian rhythms 

depending on the time of administration (Rothman and Strumwasser, 1976). The 

protein synthesis inhibitors anisomycin and cycloheximide affect circadian rhythms in 

the eye of the mollusk Bulla gouldiana causing a lengthening of circadian period 

(Khalsa et al., 1992). Additionally, cycloheximide abolishes circadian rhythms when 

administered to the cultured compound eye of mangrove crickets (Tomioka, 2000). 

  Interestingly, we did not observe significant phase shifting or period effects of 

the transcriptional inhibitor Actinomycin D on circatidal rhythms (Figures 7-8). To our 

knowledge this is the first study to measure the effect of protein synthesis inhibitors on 

circatidal rhythms in any species. Further, with increasing doses we did not observe an 

increase in the percentage of horseshoe crabs displaying arrhythmic locomotor activity 

(Figure 8). However, experiments using other compounds that inhibit transcription, 

such as 5,6-dichloro-1-&beta;-D-ribobenzimidazole (DRB; Koumenis et al., 1996; 

Khalsa et al., 1996) should be conducted to determine if different transcriptional 

inhibitors affect the circalunidian rhythms of horseshoe crabs. This is the first 

evidence that transcription may not be involved in controlling circalunidian rhythms, 

or that there is some other mechanism that allows transcription to continue for several 

days even after inhibited. Clearly, more research needs to be conducted using other 

transcriptional and translational inhibitors in this and in other systems to better 

understand the molecular mechanism controlling these circalunidian rhythms. 

 

Circalunidian rhythms 

We documented only one bout of activity and activity patterns that have some 

skipping behavior in the horseshoe crab. These results support Palmer’s circalunidian 

hypothesis (Palmer and Williams, 1986). This hypothesis suggests that two clocks 

with a period of 24.8 hours are 180º out of phase with each other leading to bouts of 

activity roughly every 12.4 hours (Palmer 1990). Here, 100% of animals showing 

clear and robust rhythms displayed one bout of activity with periods of activity 

ranging in the 24.8 ± 2h range. Interestingly, Thomas et al. (submitted) used the same 

population of horseshoe crabs as our experimental animals and reported roughly 30% 

of animals displayed only one bout of activity in the same range.   An even larger 

percentage of animals (~50%) displayed the two bouts of activity, a pattern more 

commonly seen with organisms displaying circalunidian rhythms. The only apparent 

differences between the two studies were the time of year during which the 

experiments were conducted, as well as the age of the horseshoe crabs. Thomas et al. 

(submitted) measured 2nd instar juvenile locomotor activity immediately after 

metamorphosis in late summer of 2018. Our experiments did not begin until 

September of 2019. This suggests the possibility of early developmental stages 

exhibiting variation in activity patterns depending on time of year. Current research is 

underway to investigate this question.  
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CHAPTER 4 

 

 This thesis makes several contributions to the fields of biological rhythms, 

pharmacology, and environmental toxicology. In addition to the original findings that 

contribute to these fields, a new model organism is proposed. Juvenile horseshoe crabs 

are an excellent animal to research the effects of pharmacological and toxicological 

substances for numerous reasons. First, the eggs are easy to collect from the 

environment and they are fairly easy to raise based on previous research settings 

(Brown and Clapper, 1980; Carmichael et al., 2003; Schreibman and Zarnoch, 2009) 

and the research presented here. This allows for a researcher to successfully rear 

thousands of early juveniles from eggs in only a few weeks. Furthermore, we have 

shown that early stage horseshoe crabs are small enough to be housed in very small 

containers, yet large and opaque enough to be analyzed by behavioral tracking 

software. 

Very importantly, from a biological rhythms perspective, second instar 

juveniles exhibit robust behavioral rhythms (Thomas et al., submitted; Chapters 2 and 

3) unlike the vast majority of the species that exhibit circatidal rhythms. Thus, this 

measure is very sensitive to possible perturbational effects of pharmaceuticals and 

toxins. In addition, this species has two clear outputs (ERGs and locomotor rhythms) 

from two separate clock systems: the circadian and the circatidal systems, 

respectively. This allows researchers to distinguish the potential differential effects of 

perturbations on these two clocks and their respective physiological and behavioral 

outputs. While other intertidal organisms such as mangrove crickets (Satoh et al., 

2008), shore crabs (Naylor, 1958; Aagaard et al., 1995), and fiddler crabs (Bennet et 

al., 1957; Honegger, 1973) also exhibit circadian and circatidal rhythms, the fact that 

these rhythms are generally monitored with the same output (i.e. locomotion) creates 

difficulty in the interpretation of the results. 

 

Pharmaceuticals in the Environment 

 Although marine estuaries have had detectable amounts of toxins and 

pharmaceuticals that humans dump into the environment, research on the effects of 

environmental toxins on marine animal behavior is limited to a few species and a 

model system has not emerged. The American Horseshoe Crab (Limulus polyphemus) 

is a keystone intertidal organism that is readily kept in captivity and exhibits robust 

locomotor activity. The results from Chapter Two demonstrate a significant decrease 

in linear velocity when horseshoe crabs were simultaneously exposed to a mixture of 

three pharmaceuticals. Locomotion may be an excellent measure for toxicological and 

pharmacological studies because it is used in several activities such as feeding (Lee et 

al., 2010) and spawning (Rudloe, 1980; Barlow et al, 1986). Thus, the observed 

decrease in linear velocity may affect their overall fitness and lead to a population 

decrease. Any decrease in population could, in turn, negatively impact several species 

such as migratory shore birds (Castro and Myers 1993; Botton et al 1994), other 

intertidal organisms that rely on the bioturbation horseshoe crabs provide (Kraeuter 

and Wetzel, 1986; Kraeuter and Fegley, 1994), and industries such as the biomedical 

field that use horseshoe crab blood to detect bacterial contamination on medical 

equipment and injectable devices used by humans (Raloff, 1980; Walls and Berkson, 
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2003). Indeed, population decreases caused by human overharvesting in the mid-

Atlantic of the U.S is thought to have caused significant decreases in populations of 

threatened migratory shore birds (Baker et al., 2004; Niles et al., 2008) 

We found no significant effect of any of the pharmaceuticals on development 

in this study. However, rather than focusing on percentage hatched and percentage 

non-viable, future studies could focus on more specific measures that have been 

reported in other studies (Huggett et al., 2002; Ribeiro et al., 2015; Tierney et al, 2016; 

Giraudo et al., 2017; Chen et al., 2019). Two examples of these would be body length 

measurements (Huggett et al., 2002; Ribeiro et al., 2015; Tierney et al, 2016) or rate of 

molting (Giraudo et al., 2017; Chen et al., 2019), since juvenile horseshoe crabs molt 

several times in their first year (Sekiguchi et al., 1988). The developmental effects of 

exposure to mixtures of pharmaceuticals on marine animals has received far less 

attention compared to behavioral effects and could provide more understanding of the 

interactions of these pharmaceuticals, as it was the mixture of pharmaceuticals that 

caused significant behavioral effects.  

This was the first study to our knowledge that used an organism with robust 

locomotor rhythms to study the effects of pharmaceuticals on behavioral rhythms. 

While no significant effects were found, future studies could be conducted in constant 

conditions, since experiments occurring in a light-dark cycle can mask circatidal 

rhythms (Chabot et al., 2007). That said, the method used here can be easily used to 

study the effects of other pharmaceuticals on this species or on other species 

organisms that display behavioral rhythms.  

Interestingly, even though many tons of CECs are dumped into estuaries where 

horseshoe crabs live and breed, the ambient concentrations of pharmaceuticals have 

not been measured in these areas. As scheduled or illicit drugs become abused and 

overused, monitoring and measuring these concentrations in wastewater treatment 

effluent, as well as in aquatic environments, is necessary. Monitoring should be 

expanded to other CECs as well to determine which mixtures, and the relevant 

environmental concentrations, of CECs are most prevalent in aquatic environments. 

While we exposed our animals to pharmaceuticals that are commonly found in sewage 

effluent, very few studies have looked at the effects of more than one CEC at a time. 

In the wild, organisms are likely to be exposed to a multitude of CECs simultaneously.  

A next step that should be done involves exposing aquatic organisms to sewage 

effluent and measuring the behavioral effects that may occur. Results from these kinds 

of experiments may help us to understand why we need to develop chemicals that are 

safer for in environment or more easily and efficiently broken down by wastewater 

treatment plants. 

 

Molecular Mechanisms Controlling Circatidal Rhythms 

While numerous organisms exhibit circatidal rhythms (Bennet et al., 1957; 

Naylor, 1958; Honegger, 1973; Aagaard et al., 1995; Satoh et al., 2008; Zhang et al., 

2013), virtually nothing is known about how these rhythms are controlled. This thesis 

has helped to provide some clues to the control of these rhythms. In particular, we 

found that phosphorylation and translation are involved, while transcription does not 

appear to be as important, at least over the course of several days.  
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Our finding that the administration of CK1 inhibitors affected circatidal 

rhythms indicates that phosphorylation is an important part of the clock mechanism 

controlling this rhythm. This is the first study to report such findings in early instar 

horseshoe crabs, and the only the 2nd study to show similar effects on circatidal 

rhythms (Zhang et al., 2013). Our findings are supported by the fact that the protein 

kinase CK1ε is found in the horseshoe crab transcriptome (Chesmore et al., 2016; 

Simpson et al., 2017). Future studies should be conducted to determine if the tidal 

periodicity lengthening caused by CK inhibitors can be reversed, as was shown in the 

circadian timing system of zebrafish (Storz et al., 2013), to further support that casein 

kinases are involved in controlling circatidal rhythms. This could be done by washing 

the wells of the inhibitor concentrations with artificial saltwater several days after 

administration and continue to monitor behavioral rhythms.  

Transcriptional regulation also seems to be involved in the clock controlling 

circatidal rhythms. The translational inhibitor, cycloheximide, caused significant phase 

shifts in circatidal rhythms of horseshoe crabs. Future research should focus on 

determining if phase shifts are affected in a dose-dependent response as the 

concentration of cycloheximide increases. An attempt to replicate these findings with 

different translational inhibitors such as anisomycin (Jacklet 1979; Khalsa et al., 1992) 

or puromycin (Rothman and Strumwasser, 1976) should also be made to determine if 

these also cause phase shifts of the rhythms (Rothman and Strumwasser, 1976; 

Jacklet, 1979; Khalsa et al., 1992). Since these inhibitors affect different parts of the 

translation process (elongation and termination, respectively), results could help to 

shed additional light on the mechanisms.  

Interestingly, the transcriptional inhibitor, Actinomycin D, did not appear to 

affect circatidal rhythms in horseshoe crabs. Experiments using other compounds that 

inhibit transcription, such as 5,6-dichloro-1-&beta;-D-ribobenzimidazole (DRB; 

Koumenis et al., 1996; Khalsa et al., 1996) should be administered to determine 

whether this part of protein synthesis is involved in controlling circatidal rhythms. 

Many transcriptional inhibitors degrade quickly over short time periods, so different 

administration techniques, such as injection, should be considered.  

Future studies should also use other chemicals besides those that inhibit 

protein synthesis and phosphorylation to further understand the mechanism controlling 

circatidal rhythms. Both ethanol and lithium chloride administrations cause effects on 

the more ubiquitous, circadian rhythms. After 10 or 20% ethanol solutions were 

ingested by rats, their circadian activity periods were both lengthened or shortened 

(Rosenwasser et al., 2005). Similar results were seen in mice that exhibited shortened 

activity periods, but activity delays were also seen (Seggio et al., 2009). Activity 

rhythms of goldfish (Kavaliers et al., 1981), fruitflies (Dokucu et al., 2005), and 

cockroaches (Hofmann et al., 1978) were lengthened after lithium chloride 

administration. Experiments using these chemicals that affect circadian rhythms 

should be conducted to see if these compounds affect circatidal rhythms.    

In conclusion, the results presented in this thesis show that juvenile horseshoe 

crabs are an excellent model organism for investigating the mechanisms of circatidal 

rhythms, as well as the effects of environmental toxins and pharmaceuticals on 

behavior and development. Horseshoe crabs are a keystone intertidal species, making 

them an excellent model for toxicological research because if this organism is affected 
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several other organisms, such as shorebirds or mussels can be impacted. Horseshoe 

crabs also display robust circatidal rhythms, making them a model organism to study 

the molecular mechanisms that may be controlling these rhythms. The behavioral 

recording system used here can also be used very broadly with other small organisms 

for both toxicological research and behavioral rhythm research. 
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