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ABSTRACT 
 
 

ELIZABETH HOLLAND PITTMAN 
 
AN ANALYSIS OF THE TOXIC EFFECTS OF MERCURY CYANIDE COMPLEXES  
ON ZEBRAFISH 
 
Under the direction of: CHRISTY C. BRIDGES, PhD 
 
 
Mercury (Hg) is a unique heavy metal toxicant that is found in numerous environmental and 

occupational settings. A major source of environmental Hg is from artisanal and small-scale gold 

mining (ASGM), whereby metallic mercury (Hg0) is used to amalgamate gold from mined ore. 

Hg extraction of gold is inefficient and thus, a significant amount of gold remains in the ore. The 

leftover Hg-contaminated tailings are often subjected to cyanidation to extract the remaining 

gold. During this process, mercury and cyanide form mercuric cyanide complexes that are held 

together with a strong, covalent Hg-carbon bond. These toxic complexes are proposed to be 

prevalent in terrestrial and aquatic environments around mining sites. The purpose of the current 

study was to determine how mercuric cyanide complexes, particularly Hg(CN)2, affect the health 

of aquatic organisms in contaminated environments. We used adult and larval zebrafish (Danio 

rerio) as model organisms for this study.  Zebrafish, in various life stages, were exposed to 

several different concentrations of Hg(CN)2 to determine the physical and behavioral effects of 

this exposure. Embryos were exposed to varying concentrations of Hg(CN)2 at one-hour post 

fertilization (4th cell cycle) until 72 hours post fertilization when hatching begins. Concentrations 

ranged from 0 to 0.1 mg/L Hg(CN)2. Embryos exposed to concentrations of Hg(CN)2 above 0.08 

mg/L had a lower hatching rate and survival rate. Exposure of adult fish to various 

concentrations of Hg(CN)2 led to significant alterations in behavior and mercury content of 
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muscle. The current study is the first to report the way in which Hg(CN)2 affects aquatic 

organisms in various stages of life. 
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CHAPTER 1 

INTRODUCTION 

Mercury is a prevalent heavy metal toxicant that is found in numerous environmental and 

occupational settings. It can exist in inorganic, organic, and/or elemental forms.  Inorganic forms 

of mercury (Hg2+) often combine with chlorine, sulfur, or oxygen to form salts such as mercuric 

chloride (HgCl2).  Hg2+ is used in some industrial processes, human exposure may also occur in 

occupational environments (Centers for Disease Control and Prevention 2009).  Organic forms of 

mercury consist of mercuric ions bound to organic functional groups such as methyl, ethyl or 

phenyl groups with the most common form of organic mercury being methylmercury (CH3Hg+). 

CH3Hg+ is usually formed when inorganic mercuric ions are methylated by microorganisms under 

anaerobic conditions, and bioaccumulates in aquatic organisms and biomagnifies in the food chain.  

Large, predatory fish such as shark, swordfish, and northern pike, can contain high levels of 

CH3Hg+ and thus, the majority of human exposure to CH3Hg+ occurs following ingestion of these 

types of fish (Agency for Toxic Substance and Disease Registry).  Following ingestion, a fraction 

of CH3Hg+ is biotransformed to Hg2+ in target tissues and organs (Norseth & Clarkson 1970, 1971).  

Mercury also exists in an elemental form (Hg0).  Hg0 is unique among metals because it exists as 

a liquid at room temperature.  Agitation and heating of Hg0 leads to rapid release of mercury vapor 

into the atmosphere.  Human exposure to Hg vapor is common in artisanal and small-scale gold 

mining (ASGM) operations, where gold amalgams are heated to isolate gold (Drake et al., 2001). 
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An Overview of Artisanal and Small-Scale Gold Mining 

Artisanal and small-scale gold mining (ASGM) is the largest contributor to atmospheric 

mercury pollution. This extraction method is faster, cheaper, and more accessible than other 

methods such as cyanidation (Moody et al. 2020).  Gold is concentrated from rock and river 

sediment by amalgamation with liquid elemental mercury (Hg0).  The amalgam is then heated to 

evaporate the Hg0, which creates mercury vapor, a potent neuro- and nephrotoxicant (Drace, 

Kiefer, and Veiga 2016). Exposure to this toxicant can occur through direct inhalation of the 

vapor as well as indirect consumption of contaminated fish and other aquatic organisms. Health 

risks for the miners and local communities are due to the ability of mercury to enter the blood 

stream and oxidize rapidly into a soluble complex that can cross the blood-brain barrier and 

disseminate into tissues and organs (Drace, Kiefer, and Veiga 2016). Health consequences of Hg 

exposure may include severe pulmonary disease, kidney problems, and neurotoxicity with a 

range of symptoms associated with erethism, often referred to as Mad Hatter’s Disease (Moody 

et al. 2020; Drace, Kiefer, and Veiga 2016).  

Amalgamation of gold with Hg0 is inefficient, with a large fraction of gold remaining in 

the tailings. The remaining Hg-contaminated tailings may be sold to larger companies, which 

extract the remaining gold with cyanide.  The cyanidation process can extract up to 90% of the 

remaining gold (Moody et al. 2020). A major concern with this process is the presence of 

residual Hg0 in the tailings and the formation of Hg(CN)2 complexes following cyanidation. 

Interestingly, cyanidation of mercury-contaminated tailings facilitates mercury mobilization and 

increases the concentration of Hg in groundwater (Coles and Cochrane 2006).  
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Characteristics and Toxicity of Mercury-Cyanide Complexes 

When mercury-contaminated tailings are exposed to cyanidation, mercuric cyanide 

complexes of the general formula Hg(CN)n2-n are formed (Drace et al. 2016). Hg(CN)2 is 

expected to be highly toxic in mammalian systems (Drace et al. 2016). Indeed, a recent study 

using male Wistar rats injected intravenously with Hg(CN)2, demonstrated that exposure to 

Hg(CN)2 has significant health implications (Seney et al. 2020). In that study, rats were 

euthanized 24 hours after exposure to Hg(CN)2 and kidneys, spleen, liver, blood, urine, and feces 

were collected. The results of this study demonstrated that there is a positive correlation between 

accumulation of Hg and the dose to which animals were exposed.  The kidney was found to have 

the highest accumulation of mercury although there was significant accumulation in all other 

organs and tissues examined. Specifically, renal handling of these toxic compounds can cause a 

decrease in the efficiency of normal filtration processes, which can lead to large-scale problems 

like chronic kidney disease (CKD).  This study is the first to report the disposition and toxicity of 

Hg(CN)2 complexes in a mammalian system. 

 

Zebrafish as a Model Organism for Toxicity Studies 

 Zebrafish (Danio rerio) are freshwater fish that are regularly used as research models for 

studies in numerous fields including toxicology, developmental biology, and drug development.  

The use of zebrafish has a number of advantages.  First, zebrafish adults and embryos are readily 

available.  Zebrafish embryos develop completely outside the mother’s womb and are fully 

transparent for the first 24 hours, which facilitates observation of developmental changes. 

Second, female fish have a fecundity rate of 200 eggs per week, which provides enough samples 

for experimental replicates (Avdesh et al. 2012). Third, zebrafish have short life stages. The 



4 
 

embryonic phase of zebrafish development is from fertilization until the third day of life (Larsen, 

Ucisik, and Trapp 2005). The larval stage is from day 3 post fertilization until day 90. At this 

mark, the larval fish are three months post fertilization and finally considered adults. Since these 

life stages are short, zebrafish are great model organisms for studying toxicity of various 

compounds in different life stages.  Finally, the adult zebrafish weighs, on average, about one to 

two grams, which allows for high stocking densities and small tanks, allowing for more 

experiments and results due to access to a large sample size.     

A number of laboratories have used zebrafish as models for mercury toxicology research. 

Strungaru et al. (2018) analyzed the behavioral changes of Zebrafish acutely exposed to 

methylmercury chloride. The results were consistent with behavior that will make the zebrafish 

less successful in their ecosystem, these behaviors include decreased swimming performance, 

decreased intensity of aggression, and decreased memory (Strungaru, Andreea, and Plavan 

2018). Decreased swimming performance (i.e., decreased acceleration) makes them more 

susceptible to predation.  Intensity of aggression is important for predatory avoidance as well as 

for territorial protection and competition. When this behavior is decreased, survival decreases as 

well. Exposure to methylmercury affects memory and may prevent fish from remembering the 

best spots for reproduction and food scavenging (Strungaru, Andreea, and Plavan 2018). The 

findings from this study suggest that exposure to heavy metal pollutants in an aquatic system can 

reduce the number of fish in the area as well as alter the diversity of the population. Indeed, 

studies on Hg(CN)2 exposure show that it is toxic resembling HgCH3+, Hg2+, and Hg0  

 A similar study analyzed the effects of dietary methylmercury exposure on second 

generation zebrafish larvae (Mora-Zamorano et al. 2016). The exposure consisted of adult female 

zebrafish being exposed chronically to methylmercury in their diet for 9 weeks and then allowed 
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to breed with unexposed males. This first generation of fish were then chronically exposed to a 

methylmercury-contaminated diet for their entire life span. During this time, the fish were 

allowed to breed and their embryos (generation two) were tested for behavioral abnormalities 

and total mercury content. The results showed a significant association between methylmercury 

exposure and behavioral abnormalities. Specifically, there was a decrease in maximum velocity 

during spontaneous swimming episodes which was consistent with the visual-motor response 

pattern showing decreasing locomotor activity when exposed to quick transitions from dark and 

light (Mora-Zamorano et al. 2016). It can be inferred that the larvae would be at a greater risk for 

predation because of this behavior, which also is consistent with the previous adult exposure data 

reported by Strungaru et al (2018). This swimming behavior observed in larvae can be attributed 

to genetic changes as a result to methylmercury exposure. A study by Yang et al. (2010) showed 

that methylmercury exposure impairs tail fin development by activating two tissue remodeling 

proteases, Metalloprotease (MMP) 9 and 13 (Yang et al. 2010). Zebrafish are used in various 

studies related to heavy metal toxicology and are predicted to become even more popular in the 

future.  

 

Measurements of Mercury using Direct Mercury Analyzer 

The Milestone Direct Mercury Analyzer (DMA-80) was used to measure mercury 

bioaccumulation in the zebrafish samples. This instrument is the preferred method for measuring 

total mercury directly because it requires little sample preparation compared to other methods. A 

study by Cizdziel et al (2002) compared the total mercury content measurements of the DMA-

80, cold-vapor atomic absorption spectrometry, and isotope dilution inductively coupled plasma 

mass spectrometry when reading mercury content in fish tissue samples. It was found that all of 
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these techniques yielded similar results (Cizdziel et al 2002). In total, the direct mercury analysis 

process takes less than seven minutes for each sample and the detailed steps outlining each phase 

of the mercury analysis can be found in previous literature (Cizdziel et al. 2002). An additional 

study done by Seney et al. (2019)  also showed that results from the DMA-80 are similar to those 

measured using inductively coupled optical emission spectroscopy. It is important to note that 

these studies were not conducted in a biological system therefore they may not equate the exact 

same information. Indeed, not only is the DMA-80 the simplest way to measure total mercury 

content, but it is also accurate when compared to other instrumentation. 

 

Hypothesis and Aims 

Hg(CN)2 and other wastes contaminate water sources and aquatic environments 

surrounding ASGM sites (Drace, Kiefer, and Veiga 2016). Fish species in these areas are 

consequently exposed to these mercuric cyanide complexes but the effects of heavy metals on 

the health and viability of these fish remains unclear. Therefore, the current study was designed 

to determine how exposure of fish to Hg(CN)2 will affect the viability of adults and embryos. 

The current project will use a zebrafish model to test the hypothesis that exposure of fish to 

Hg(CN)2 complexes affects the viability and longevity of both the larvae and adult stages. 

Understanding how Hg(CN)2 impacts various life stages in zebrafish will give insight into the 

effects of toxic complexes on aquatic organisms in contaminated environments.  Moreover, these 

studies may also provide data used to make predictions regarding the effects of Hg(CN)2 on 

human health. To test the aforementioned hypothesis, the project will be divided into two aims.   

Aim 1: To test the hypothesis that exposure of Zebrafish larvae to Hg(CN)2 complexes results in 

developmental delays and reduced viability.  
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The effects of Hg(CN)2 on the developmental stages of zebrafish embryos will be 

examined using light microscopy. The time spent in each stage as well as the appearance of 

appropriate phenotypic characteristics will be assessed. Specifically, phenotypic characteristics 

such as tail length, body size, and eye development will be examined.  

Aim 2: To test the hypothesis that exposure of Zebrafish adults to Hg(CN)2 complexes leads to 

toxicological consequences in organ systems and reduces longevity.  

The effects of Hg(CN)2 on the adult zebrafish will be analyzed by measuring the 

bioaccumulation in various tissues using the DMA-80.  First, whole-body mercury analysis data 

will be obtained to show proof of concept in the exposure method. Next, specific organs and 

tissue of interest will be dissected and analyzed for further information on where the mercury 

accumulates in the zebrafish body. Specifically, the kidney, liver, heart, brain, and muscle will be 

tested. 

 The above outlined research project is the first known environmental exposure of Hg(CN)2 

on zebrafish. This study will lead to a new branch of Hg(CN)2 toxicology studies. These results 

will allow new discoveries in the field, which could lead to reform in policy regarding ASGM 

processes. The findings of this study will be important and will guide regulatory agencies when 

making changes and amendments to environmental pollution regulations.   
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CHAPTER 2 

METHODOLOGY 

Initial System Set-up 

To begin the project, the Z-habitat mini system by Pentair Aquatic Ecosystems was 

cleaned with aquarium detergent and setup for zebrafish housing. The image below shows the 

system with all of its standard components. The initial setup included adding fresh filters to each 

of the six filtration systems and filling the water intake container called the sump (Figure 1, 

letter A) with deionized water. The electrical components of the system including the heater, air 

pump, water pump, 

and Ultraviolet 

sterilizer are controlled 

by the system breaker 

box. The system was 

started and allowed to 

run at a steady pace for 

three days before any 

fish were added into 

the tanks. A water 

quality check was done to  

make sure the nitrite, nitrate, ammonia, pH, and temperature were within their respective ranges.   

Once the system was operating normally, the water quality was adequate, and the 

biosystem of nitrifying bacteria had been established, six guppy fish from Petsmart were added 

into one of the larger 10-liter tanks. This was to ensure that our system could support aquatic life. 

Figure 1. Overview of the Zebrafish Habitat. This figure is presented in color. 
Original image. 
 

A 
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These fish lived in the tank system for one week before two zebrafish from Petsmart were added. 

Since the system and water quality were keyed specifically for the zebrafish species this was the 

first test for survival. When the zebrafish proved the system was prepared, a set of one dozen 

zebrafish were ordered from Carolina Biological. These fish were received and acclimated 

according to the Carolina Biological acclimation video (https://www.carolina.com/teacher-

resources/Video/how-to-acclimate-freshwater-fish-video/tr11220.tr). Once acclimated over 

several hours, the zebrafish were added into two smaller 3L tanks.  

 

Zebrafish Husbandry Protocol 

 The zebrafish husbandry protocol used by our laboratory is a modification of protocols 

outlined in  “Regular Care and Maintenance of a Zebrafish (Danio rerio) Laboratory: An 

Introduction” (Avdesh et al. 2012) and “Keeping and Raising Zebrafish” (Brand, Granato, and 

Nüsslein-Volhard 2002). The food used for the adult fish was the Top Fin Tropical Flakes. The 

water quality checks included using the API Master Test Kit to measure the nitrite, nitrate, and 

ammonia levels and using the Orion pH meter to check the water pH levels and temperature. A 

list of optimal values was obtained from the system manual are shown in Table 1.   
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Table 1. Optimal Water Quality Parameters. These measurements were used to check the water 
quality of the system.  
 

The values in Table 1 were recorded and later entered into a spreadsheet to keep a 

running track of the system maintenance. The majority of system maintenance took place on 

Monday. This included a 10% water exchange done by removing 6L of system water and 

replacing it with 6L of fresh deionized water, replacement of the mechanical filter, replacement 

of the bottom 120-micron mesh filter pad, calibration of the pH meter, and replacement of the 

carbon filter with new activated carbon. The carbon filter was replaced every other week as 

prescribed in the Z-habitat mini system manual (Aquatic Habitats). On Tuesday of each week, all 

of the occupied tanks on the system were checked for cleanliness. If a tank was deemed dirty, its 

occupants were transferred into a new tank and the previous tank was cleaned with an aquarium 

safe detergent. On Wednesday of each week, the recurring daily steps took place with the 

addition of another 10% water exchange. On Thursday of each week, the bottom 120-micron 

mesh filter pad was replaced along with the aforementioned daily steps. On Friday of each week, 

the final 10% water exchange was done, followed by the daily steps, and the deionized water 

Parameter Recommended Range 
Temperature (oC) 26-30 
Dissolved Oxygen (mg/L) 5< DO < 10: >6 
pH 6-8 
Conductivity (micro-Siemens) 180-350; 450-1000 
TDS (ppm) <2500 
Salinity <2 
Total Ammonia Nitrogen (TAN) (mg/L) <1.0 
Un-ionized ammonia (NH3-N) (mg/L) 0.02 
Nitrite (NO2

—N) (mg/L) <0.05 
Nitrate (NO3

—N) (mg/L) <200 
Total hardness (mg/L as CaCO3) 100-300 
Total alkalinity (mg/L as CaCO3) 50-300 
Carbon Dioxide (CO2) (mg/L) <20 
Photoperiod 14hr light/ 10hr dark 
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carboy was refilled by the Ultra purification water system. On Saturday and Sunday of each 

week, the staff in the Animal Care Facility fed the fish and made sure the system was running 

correctly. The lab room where the system was housed was kept on a light timer to keep the fish 

on a 14 hour to 10 hour light to dark cycle, which was optimal for breeding. The UV sterilizer 

bulb in the system was replaced every nine months and the siporax bag was washed thoroughly 

every six months according to the system manual. 

 

Hatching Brine Shrimp 

 In order to keep the zebrafish healthy and to cut down on dietary mercury exposure, their 

diet was switched from a processed flake food to an organic diet of live brine shrimp. Since the 

shrimp were a leaner diet than the flake food, the fish had to be fed three times a day instead of 

once to remain appropriate nutrition for breeding. The shrimp were purchased as freeze dried 

cysts and were hatched using the instructions provided by Brine Shrimp Direct. A one-liter 

hatching cone was used to hold the hatching environment for the shrimp. It was cleaned 

thoroughly with aquarium detergent in order to keep contamination to a minimum. The cone was 

filled with 1 L of deionized water and the salinity was adjusted with aquarium salt to 25 ppt. A 

heating lamp was set up 18 inches away from the cone in order to keep the water at a constant 

temperature of 28oC. The pH was measured to ensure a pH value of 8.0 or higher was reached. 

Once the water reached optimal temperature, pH and salinity, one gram of brine shrimp cysts 

were added and stirred thoroughly to prevent any adhesions to the plastic cone. The system was 

aerated by filtered air for 18-36 hours before the shrimp were harvested. In order to harvest the 

shrimp, the aeration and heating lamp were turned off and the shrimp were allowed to settle to 

the bottom of the cone. The shrimp at the bottom of the cone were hatched while the shrimp 



12 
 

floating at the top were unhatched. The hatched shrimp were kept in the refrigerator at or below 

50oF for up to 48 hours. Excess shrimp were discarded after 48 hours, and a new batch of cysts 

were set up for hatching.  

 

Acclimation 

 Wild type zebrafish were ordered from Zebrafish International Resource Center (ZIRC). 

A total of three breeding pairs were ordered. A protocol was created to acclimate the purchased 

fish to the conditions in our laboratory because there is no standard protocol for this process. 

Upon arrival, the fish were left in their shipping container upright for fifteen minutes to let them 

settle down from the stress of shipment. The double layered bag was then cut open across the top 

and folded down to allow fresh air into the container. One of the small 3 L tanks was used to 

hold the plastic bag upright after it was opened. The tank was filled halfway with fresh system 

water which surrounded the plastic bag and allowed the water temperature between the bag and 

tank to equilibrate. Once the temperatures were within 2OC of each other, the water pH 

acclimation began. In this process, 200 mL of water was taken out of the plastic bag and replaced 

with system water. The pH of the bag and tank were checked using an Orion pH meter every ten 

minutes. Once the pH values were within 0.5 of each other, the fish and water were poured into 

the 3 L tank and placed on the system rack. The tank further acclimated over night by having a 

slow drip of system water coming from the aquarium tubing. This ensured the fish did not 

experience a drastic change in pH in a short amount of time. By the next morning, the tank was 

full of water and the fish showed little to no signs of stress.  
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Spawning 

 In order to replenish and increase the zebrafish stock, the ZIRC breeding pairs were bred 

in-house. The breeding method was pair-wise breeding and took place on Thursday of each 

week. Zebrafish were observed for appropriate physical appearance including female belly size 

and female and male color before breeding. Only fish that exhibited appropriate breeding 

appearance were bred. Late each Wednesday afternoon, two females and one male, each from 

different tanks, were placed into a false-bottom breeding cage, shown in Figure 2. The male was 

placed on one side of the divider and the females were placed on the other side with an artificial 

plant. The fish stayed in the breeding cage on the lab bench until Thursday morning. Shortly 

after the timer turned the lights on in the morning, around 9:00 A.M., the fish were lifted up in 

the false bottom insert and placed into a new breeding cage container full of fresh system water. 

The divider was then removed and slid underneath the insert to make a larger angle of elevation 

between the insert and the bottom of the container. The fish were observed for mating behavior 

such as aggressive swimming or chasing. After one hour, the cage was checked for eggs 

deposited on the bottom of the cage. 

If no eggs were found, the fish were 

allowed to spawn until the afternoon. 

The fish were then placed back into 

their respective tanks and the 

breeding container with system water 

and eggs was taken into another lab 

for evaluation. 

  

Figure 2. Spawning chamber used for zebrafish 
breeding. This figure is presented in color. 
Original Image. 
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Raising Larvae 

 Immediately following fertilization, embryos were obtained and transferred into a bleach 

solution outlined in a protocol from The Zebrafish Book (Westerfield 2000). The purpose of this 

process was for decontamination and to reduce the number of microorganisms passed between 

parent and offspring. The bath contained 170 mL deionized water and 100 µL of 7.25% sodium 

hypochlorite bleach and the embryos were washed for 1-2 minutes. Once decontaminated, the 

embryos were transferred in groups of 50 into petri dishes containing 80 mL of fresh embryo 

media (E3 media) (Westerfield 2000). The embryos were then placed into an incubator at 28.5OC 

until the following morning. Next, the dishes were placed under a dissecting scope to evaluate 

embryos. Fertilized embryos were translucent and unfertilized embryos appeared opaque in 

color. The unfertilized embryos were removed by transfer pipettes and discarded. The remaining 

fertilized embryos were placed back in the incubator for three days. At three days post 

fertilization (dpf), the embryos were removed and assessed for hatching activity. The majority of 

the embryos had hatched and were transferred in their respective groups into a larval zebrafish 

tank with 200 mL E3M. The larvae were fed Dry Larval Diet API100 Z1 to Z3 (Ziegler) and the 

tanks were put back in the incubator. Twenty-four hours later the tanks were removed and 10% 

of the total water was exchanged by removing 20 mL of E3M and replacing it with 10 mL of 

system water and 10 mL of deionized water. An additional 50 mL of system water and 50 mL of 

deionized water were added for a total individual tank volume of 300 mL. The larvae were fed, 

debris was removed, and tanks were returned to the incubator. This process was repeated every 

day up until 21 dpf. Once the tank volume reached 900 mL, only a 10% water exchange was 

performed with no additional water added to the tank. Once the larvae reached 21 dpf the tanks 

were placed on the system with an 850-micron baffle inserted in the back of each tank. The 
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larvae were allowed to acclimate to the system overnight by the addition of a slow drip from the 

system tubing. The water flow was increased each week as the larvae grew stronger. Once the 

larvae reached 60 dpf they were transferred into a larger 3 L tank with a regular baffle where 

they grew until 90 dpf. At 90 dpf, the larvae were considered adults and began eating the adult 

flake food. They remained in the 3 L tanks and were maintained according to our husbandry 

protocol.  

 

Embryonic Mercuric Cyanide Exposure 

Immediately following fertilization, embryos were washed in a bleach solution according 

to the protocol above. Once decontaminated, the embryos were transferred in groups of 20 into 

petri dishes containing known amounts of embryo media and mercury-cyanide. First, a 1.0 mM 

Hg(CN)2 solution was made with 5 mg Hg(CN)2 (Sigma Aldrich) and 19.7 mL of E3 media. 

Second, this solution was diluted to a 0.01 mM Hg(CN)2 stock solution by adding 0.5 mL of the 

concentrated solution into 49.5 mL E3 media. The concentrations used were 0, 0.05, 0.1, 0.15, 

0.2, 0.25, 0.3 mg/L Hg(CN)2 and the dishes were setup according to Table 2.  
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Final Concentration Hg(CN)2 (mg/L) 0.01 mM stock (mL) E3 Media (mL) 

0 0 80 

0.05 1.584 78.416 

0.1 3.168 76.832 

0.15 4.752 75.248 

0.2 6.336 73.664 

0.25 7.912 72.088 

0.3 9.504 70.496 

Table 2. Concentrations of Hg(CN)2 used for embryo experiments.  
 

The exposure dishes were placed in the incubator at 28.5oC for 96 hours. During the 

exposure, embryos were observed every few hours using an inverted microscope to measure 

developmental changes such as heartbeat, muscle twitches, eye movement, and hatching rate. 

The observations were recorded, and the developmental stages of the embryos were 

photographed and videoed for further analyses. The embryos that did not survive were discarded. 

After the exposure was over, the embryos that did not hatch were removed and placed in embryo 

media for an additional 24 hours. If they did not hatch after this period, they were discarded. The 

remaining embryos that hatched into larvae were placed in fresh embryo media and system water 

and were continued to be observed. After 15 dpf, the remaining larvae were euthanized via a 

0.01% tricaine solution before being discarded.  

  



17 
 

Adult Mercuric Cyanide Exposure 

Zebrafish embryos were raised in the lab according to the aforementioned protocol. The 

fish were fed a consistent diet of larval food until the time of the experiment. At the time of 

exposure, zebrafish from the same clutch were divided into five different exposure tanks in 

groups of five. The tanks contained system water and a known concentration of mercury-

cyanide. First, a 1.0 mM Hg(CN)2 solution was made with 5 mg Hg(CN)2 and 19.7 mL of system 

water. Second, this solution was diluted to a 0.01 mM Hg(CN)2 stock solution by adding 2.0 mL 

of the 1.0 mM solution into 198 mL system water. The diluted mercury-cyanide solution was 

used for the final exposures. The concentrations utilized were 0, 0.025, 0.05, 0.1, 0.2 mg/L 

Hg(CN)2 and the tanks were setup according to solutions shown in Table 3. 

Final Concentration Hg(CN)2 (mg/L) 0.01 mM stock (mL) System water (mL) 

0 0 1000 

0.025 9.90 990.1 

0.05 19.8 980.2 

0.1 39.6 960.4 

0.2 79.2 920.8 

Table 3. Concentrations of Hg(CN)2 used for adult experiments.  
 

Once the fish were settled, the tanks were covered with a mesh lid to ensure they did not 

escape. After the 96 hour exposure, the fish were taken out of the exposure cups and placed into 

a Y-maze with clean system water. Here, their behavior was observed by video to assess short-

term memory loss and alterations in swimming activity. First the fish were given a short 30 

second acclimation period before the opening of each leg of the maze. There was one minute 

between the opening of the previous and next leg. Five fish were allowed in the maze at a single 
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time. Following these observations, the fish were prepared according to the tissue preparation 

protocol described below for DMA-80 analysis. 

 

Tissue Preparation 

Adult Zebrafish were 

euthanized by immersion for one 

hour in a 0.01% ethyl 3-

aminobenzoate methane sulfonate 

salt (tricaine) solution (Sigma 

Aldrich).  Euthanasia was considered complete when no movement was observed in the gills.  

Fish were immediately cut into four sections (Figure 3) using a sterile scalpel blade.  The fish 

were sectioned in this manner to facilitate complete lyophilization and homogenization.  The first 

section was made by cutting posterior to the gill slits and anterior to the pectoral fins (A).  The 

second incision was made anterior to the pelvic fin (B).  The last incision was made anterior to 

the anal fin (C).  Each section was frozen and homogenized in liquid nitrogen. After the tissue 

was finely ground, it was placed into a microcentrifuge tube for lyophilization. At the time of 

lyophilization, the opening of each tube was covered with a piece of laboratory film containing 

multiple puncture holes to allow appropriate lyophilization.  Tissue samples were lyophilized for 

24 hours at -54o C using the FreezeZone benchtop freeze dry system (Labconco).  After 

lyophilization was complete, the tissue was removed and homogenized using a mortar and pestle. 

The product was a fine powder and was stored at -80o C until analysis. Figure 4 shows the tissue 

preparation process.  

Figure 3. Sectioning of Adult Zebrafish. This figure is 
presented in color. Original image. 

A B C 
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Figure 4. Adult Exposure Tissue Preparation Protocol. This method was used to prepare the 
zebrafish tissue for DMA-80 analysis. This figure is presented in color. Original image. 
 
 

DMA – 80 

To ensure accurate analyses of tissue samples, calibration curves were created for the 

Milestone Direct Mercury Analyzer (DMA-80). In the laboratory, calibration curves were 

created using an atomic absorption standard solution of mercury (Hg; 1000 ppm) purchased from 

Alfa Aesar (Cat. No. 88079).  The maximum capacity of the sample boat was 200 µL and thus, 

standards were created with this limitation in mind.  The stock solution of mercury was diluted 

with ultrapure water (Siemen’s ELGA LabWater purification system) and nitric acid (final 

concentration of 5%) to yield the following concentrations of mercury: 0.05, 1.0, 2.5, 5.0, 10, 15, 

20, 25, 30, 40 ng/200 µL for the low range calibration curve and 40, 80, 120, 200, 300, 400, 500 
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ng/200 µL for the high range curve.  The calibration curves were created using a protocol 

adapted from a previously published study (Cizdziel, Hinners, and Heithmar 2002).  Each 

standard solution was pipetted into an individual pre-cleaned, pre-weighed, quartz boat 

(Milestone).  The weight of each Hg standard was measured and recorded in the computer 

associated with the DMA-80.  Recording the weight of each sample controlled for pipetting 

errors when loading standards into the quartz boats.  Individual boats containing standards were 

inserted into the DMA in order of lowest [Hg] to highest [Hg].  When the boats were added onto 

the revolving plate of the DMA-80, two empty slots were left before the first sample to serve as 

machine blanks. To minimize evaporation and ensure accurate measurement of subsequent 

samples, two empty slots were left after each sample.  In addition, two empty slots were left after 

the last sample to serve as the final machine blanks.  Once the final sample boat was loaded onto 

the plate, the instrument was started. Collected data were exported into Excel.  The data were 

graphed and the calculated r2 values were greater than 0.995 (Figure 7).  The curves were saved 

as a calibration method within the software to quantitate future unknown samples.  

A standard reference material (SRM) was measured in the DMA to ensure the accuracy 

of the calibration curves.  A liquid Hg standard was purchased from the National Institute of 

Standards and Technology (NIST; NIST SRM 3133, Millipore Sigma).  A known amount of the 

NIST Hg SRM was pipetted into a quartz boat and read by the DMA-80.  The amount of the 

SRM should fall within the range of low calibration curve.  This process was repeated for the 

higher calibration curve.  The absorbance measured for the known value of the NIST Hg SRM 

aligned with the calibration curve.   

In addition to a liquid SRM, a solid certified reference material (CRM) was also used to 

test the accuracy of the calibration curves across matrices.  Dogfish muscle tissue (DORM-4) 
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was used as a solid CRM (National Research Council of Canada).  A known amount of DORM-4 

(within the low or high calibration curve range) was placed in a nickel boat and read by the 

DMA-80.   The measured value aligned with the calibration curve to confirm the proof of 

concept when using the liquid calibration curves for measuring solid samples.  All samples were 

analyzed in triplicate.  

Once the tissue was prepared and the calibration curves were ready, the DMA was used to 

measure the [Hg] in the tissue samples.  Nickel weigh boats were used when running solid 

samples and quartz boats were used for liquid samples.  The following steps were used when 

setting up the DMA: 

1. The computer connected to the DMA was used to set up each position on the revolving 

plate. Each slot was properly labeled on the computer and the sample mass was recorded.  

2. Positions 1 and 2 on the plate were machine blanks (MB); these slots were empty and 

used to check for any residual mercury in the DMA.  For these positions a mass of 1.0 g 

was entered into the computer software program.  Any mercury that showed up on the 

absorbance graph was residual mercury left in the machine from previous burns this is 

known as the memory effect. The first machine blank burned off any residual mercury 

and the second machine blank had a result reading of zero.  

3. Positions 3 and 4 were left empty on the plate in order to reduce any evaporation of the 

next liquid sample by the heating of the machine. 

4. Position 5 was an instrument performance check (IPC). A mid-range calibration standard 

was run in this step. The measured value (i.e., experimental value) of the standard was 

within 10% of the value predicted by the calibration curve  (i.e., theoretical value).   

5. Position 6 and 7 were left empty to ensure no evaporation in the next step.  
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6. Position 8 was an aqueous certified reference material (CRM) known as NIST. This 

sample fell along the mid-to-lower range of the calibration curve. This step proved that 

the DMA was maintaining its calibration. The liquid CRM was within 5% of the correct 

value. 

7. In position 9, a sample of solid CRM known as DORM-4 was loaded.  The estimated 

mass of the DORM-4 was calculated to fall on the mid-to-lower range of the calibration 

curve. This step ensured that the calibration curves were accurate across matrices.  The 

solid CRM was within 5% of its theoretical value.  

8. After the machine was prepared, experimental tissue samples were placed in positions ten 

through nineteen.  Those samples with the lowest predicted [Hg] were run first.  Each 

zebrafish was run in triplicate with an approximate mass of 10-50 mg. 

9. After every 10th sample, an additional machine blank was run to control for any residual 

mercury left in the DMA after the previous set of samples were burned.  An additional 

IPC, liquid CRM, and solid CRM were also run after the MB. These steps were repeated 

after every 9-10 samples until the final sample was run. 

10. After the final sample was analyzed, another IPC, liquid CRM and solid CRM were 

analyzed, followed by two MB to finish the analyses. 
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CHAPTER 3 

RESULTS 

Water Quality Measurements in Z-habitat 

  The daily water quality measurements were recorded and logged into a spreadsheet to 

keep a running tally of the averages and trends on the aquarium (Z-habitat). These values are 

displayed in Table 4. The temperature average was kept within the optimal range of 26-30oC by 

the heater system in the Z-habitat. The lowest point the temperature reached within this time 

period was 22.4oC and the highest was 31.2oC. The average pH of the system was 7.28, which is 

within the optimal range (6.0 – 8.0) for a zebrafish habitat. Overall, the lowest pH value over the 

time period was 6.15 and the highest was 8.12. Nitrate levels on the system should stay below 

0.5 mg/L; however, the average of the system was 3.7 mg/L with the lowest value being 0 mg/L 

and the highest value being 25 mg/L. Nitrite levels should be below 200 mg/L; the system 

averaged 0.13 mg/L, which was well below the toxic limit. The lowest level of nitrite was 0 

mg/L and the highest was 1 mg/L. Total ammonia nitrogen (TAN) levels should stay below 1.0 

mg/L and the system average was well under this limit at 0.15 mg/L with the lowest TAN value 

being 0 mg/L and the highest being 3.0 mg/L. 

Table 4. Water Quality Measurements. A comparison between the optimal water quality values 
and the zebrafish system 10-month average.  

Measurement Temperature pH Nitrate Nitrite Total Ammonia 
Nitrogen (TAN) 

Optimal 
Conditions 26 – 30oC 6 - 8 < 0.5 mg/L < 200 mg/L < 1.0 mg/L 

10 month 
average 27.9oC 7.28 3.7 mg/L 0.13 mg/L 0.15 mg/L 
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Exposure of Zebrafish Embryos to Hg(CN)2 

Throughout the exposure time, the embryos were observed at specific time intervals 

using an inverted Zeiss microscope. The first observation was made at 6 hours post fertilization 

(hpf) to assess for germ ring formation. All of the embryos had evidence of germ ring formation 

and the embryos exposed to 0.05 mg/L Hg(CN)2 was the most developed. The second 

observation was taken between 10 and 12 hpf to observe tail segmentation, which appeared 

normal among all embryos. The third observation was at 20 hpf to assess tail muscle twitching. 

All of the embryos displayed these twitches and averaged 6-7 twitches per minute except at the 

highest dose exposure (0.3 mg/L Hg(CN)2), which averaged 9 twitches per minute. The fourth 

observation was taken at 24 hpf to identify a heartbeat. All of the embryos displayed a prominent 

heartbeat at this time period. The fifth observation was taken at 25 hpf to determine how many of 

the total embryos in each group displayed a twitching motion. The twitching motion is displayed 

by the embryo whipping its tail back and forth inside the chorion. For the control, 0.05, and 0.1 

mg/L groups, 100% of the embryos displayed the twitching behavior. Only 73.5% of embryos in 

the 0.15 mg/L group and 66.7% in the 0.2 mg/L group displayed this behavior. Similarly, 56.3% 

of embryos in the 0.25 mg/L group and 27.3% in the 0.3 mg/L group displayed the twitching 

behavior. At 25 hpf there was an inverse relationship between the concentration of Hg(CN)2 to 

which embryos were exposed and the percentage of embryos displaying the muscle twitch 

motion. For the sixth observation, total hatching rate was observed at 52 hpf. Only the control 

and embryos exposed to 0.05 mg/L Hg(CN)2showed hatching activity.  The control embryos had 

a 42.3% hatch rate and the 0.05 mg/L group showed a 18.8% hatch rate. Therefore, at 

developmental stage, it can be concluded that embryos are unlikely to hatch following exposure 

to doses at and above 0.1 mg/L Hg(CN)2. Hatching rate was observed at 72 hpf. At this 
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developmental stage, 100% of embryos in the control and 0.05 mg/L group hatched showing that 

exposure to mercury cyanide at concentrations above 0.05 mg/L negatively affects zebrafish 

development. Furthermore, it was observed that although the 0.05 mg/L group had a 100% hatch 

rate, only 75% of the embryos that hatched were alive at 72 hpf. Interestingly, the surviving 

embryos displayed abnormal tail development. The tails grew in a bent shape, which hindered 

their swimming ability and caused them to swim in a circular motion. This data is displayed in 

Table 5.  

Exposure 
Concentration 

(mg/L) 

Germ 
ring 

presence 
(6hpf) 

Tail 
Segmentation 

(10-12hpf) 

Muscle 
Twitching 

(20hpf) 

Heartbeat 
presence 
(24hpf) 

Percent 
of 

embryos 
twitching 
(25hpf) 

Percent 
of 

embryos 
hatching 
(52hpf) 

0 Yes Yes Yes Yes 100% 42.3% 
0.05 Yes Yes Yes Yes 100% 18.8% 
0.1 Yes Yes Yes Yes 100% 0% 
0.15 Yes Yes Yes Yes 73.5% 0% 
0.2 Yes Yes Yes Yes 66.7% 0% 
0.25 Yes Yes Yes Yes 56.3% 0% 
0.3 Yes Yes Yes Yes 27.3% 0% 

Table 5. Embryo Exposure Observations. New embryos were observed for the first few days post 
fertilization.  
 

 In a separate experiment, embryos were also observed for physical changes in appearance 

along with the developmental delay checks;  exposure concentrations used were 0, 0.1, 0.2, 0.3 

mg/L Hg(CN)2. Control embryos and the 0.1 mg/L exposed embryos remained alive for 10 days 

and developed normally during that time in comparison with 0.2 mg/L and 0.3 mg/L exposed 

embryos.   Data for the 0.1 mg/L and 0.2 mg/L embryos are not shown. Figure 5 shows control 

(A) and exposed (B; 0.3 mg/L) embryos at 48 hpf. Image A shows a representative control 

embryo that is displaying all of the correct developmental signs for this developmental stage. 

Control embryos possessed prominent eyes and a strong heartbeat.  They were located at the 
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edge of the chorion and were ready to hatch. Furthermore, control embryos displayed a large 

number of melanin pigments, which is a normal developmental phenomenon. In comparison, in 

embryos exposed to 0.3 mg/L Hg(CN)2 (B)no heartbeat or other movement was observed.  

Exposed embryos appeared to be decomposing inside their chorions as evidenced by the brown 

matter (arrow) shown in image B. However, because of the presence of melanin pigment, it can 

be concluded that exposed embryos continued developing past 24 hpf. However, the presence 

and distribution of melanin was lower in exposed embryos than in controls. At 120 hpf the only 

embryos still alive were those exposed to 0.1 mg/L Hg(CN)2. Video footage was captured to 

compare the embryos exposed to 0.1 mg/L and controls (data not shown). Control embryos were 

lively and swimming freely while the exposed embryos were unable to swim upright and were 

observed lying on their side.  The exposed embryos did not appear to have the ability or enough 

energy to swim freely like the control embryos.  

 
Figure 5. Images of Embryo Exposures at 48hpf. Control embryo (A). 0.3 mg/L exposed embryo 
(B). This figure is presented in color. Original image. 
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Adult Exposures 

 Behavioral studies were performed on adult zebrafish following exposure to various 

concentrations of Hg(CN)2.  A Y-maze (Figure 6) was used to assess five fish were placed 

together as a group in the center of the maze (A). Following an acclimation period of 30 seconds 

each leg of the maze was opened. Swimming patterns of the fish were observed and recorded by 

video for future analyses. It was observed that fish in each group were curious about their 

surroundings and left the center of the maze to explore each leg. Fish in the control group swam 

freely in the maze and quickly moved to the newest available section of the maze. These fish 

swam the entire length of each leg without hesitation. Fish exposed to 0.1 mg/L and 0.2 mg/L 

Hg(CN)2 behaved in a similar fashion.  In contrast, fish exposed to 0.3 mg/L Hg(CN)2 not readily 

explore their environment. These fish were hesitant to leave the middle region (A) and spent 

twice as long in that area than controls. When these fish finally ventured out to the open legs, 

they did not swim the entire length of the legs. Rather, they stayed in the half of each leg closest 

to the middle. Leg D was the last area to be opened and the 0.3 mg/L fish did not enter this area 

of the maze. 

 

Figure 6.  Behavioral Testing Y-maze. This Y-maze 
was used to test short term memory on adult 
zebrafish exposed to mercury-cyanide. This figure is 
presented in color. Original image. 
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 In order to run tissue samples on the DMA-80, the instrument had to be calibrated first. 

The low range calibration curve was generated before the high range calibration curve to ensure 

the instrument would obtain accurate readings at lower concentrations used for the low range. 

The calibration curves (Figure 7) were generated in Excel using the height of the absorbance 

from the DMA-80 and the known concentration of mercury in each sample, these values are 

displayed in Table 6.  

Table 6. Calibration curve values for height of absorbance and known concentration of mercury 
content.  
 

The values in Table 6 were used to create a low range curve with a slope-intercept 

equation of y=0.03896x + 0.0107. The R2 value of this curve was 0.9981, which was above 0.95. 

This is important because the higher the value, the closer the values are to the fitted regression 

Low Range Curve 

Mercury Content (ng) Height of Absorbance 

0.0043 0.0021 

1.029 0.0444 

2.68 0.1182 

5.21 0.2271 

10.05 0.4099 

15.13 0.5882 

High Range Curve 

31.1 0.0219 

41 0.0292 

80.9 0.0619 

123.3 0.0919 

203.4 0.1569 

312 0.2333 

412 0.3151 

514 0.3821 
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line with 1.0 being the maximum value. The values in Table 6 were also used to create a high 

range curve generated the following slope-intercept equation: y=0.0008x + 0.00004. The R2 

value of the curve was 0.9994.  

 

 

 

 

 

 

 

 

 

 

 
Figure 7. DMA-80 Calibration Curves. Calibration curves created with liquid mercury standard 
reference material. Low range curve (A). High range curve (B). Original image. 
 

  

A. 

B. 
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The validity of the calibration curves was confirmed by measuring standard and certified 

reference materials in the DMA-80 and comparing those measurements to the calibration curves, 

the reference materials were liquid NIST and Dogfish muscle tissue (DORM-4), respectively. 

The values from these runs are displayed in Table 7. Dogfish muscle tissue (DORM-4) was used 

as a certified reference material (CRM) to assess the accuracy of liquid calibration curves when 

measuring solid tissue samples. Low range on the calibration curves ranges from 0 – 40 ng Hg 

and high range ranges from 40 – 300 ng Hg. The experimental value of DORM-4 should be 

within 5% of the certified value provided by the manufacturer. This was true for two of the three 

10-ng (low range) samples analyzed. In addition, this was true for one of the three 80-ng samples 

(high range). For the standard reference material (SRM), a mercury in water standard from the 

National Institute of Standards and Technologies (NIST) was used to confirm that the calibration 

curves could be used to accurately assess the concentration of a liquid mercury sample. These 

experimental values should also be within 5% of the certified value. This was true for all of the 

liquid NIST samples.  
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Material Height Mass (g) Experimental 
Value (ng Hg) 

Certified Value 
(ng Hg) 

% Difference 
(%) 

DORM 4 
(10 ng) 0.4485 0.0251 11.25 11.04 1.91 

DORM 4 
(10 ng) 0.4874 0.0271 12.25 11.92 2.77 

DORM 4 
(10 ng) 0.4617 0.025 11.59 11 5.39 

DORM 4 
(80 ng) 0.064 0.1933 79.95 85.05 5.99 

DORM 4 
(80 ng) 0.0662 0.1966 82.7 86.5 4.39 

DORM 4 
(80 ng) 0.0656 0.1974 81.95 86.86 5.64 

NIST  
(100 µL) 0.1293 0.1006 161.58 156.63 3.15 

NIST  
(100 µL) 0.128 0.1011 159.95 157.41 1.61 

NIST 
 (100 µL) 0.1259 0.1024 157.325 159.44 1.32 

 
Table 7. DMA-80 Standard and Certified Reference Material Checks. The experimental value is 
the value of mercury calculated by the DMA-80 and the certified value is the value provided by 
the manufacturer.  
 

Once the accuracy of the calibration curves was confirmed, tissue samples from zebrafish 

could then be analyzed via the DMA-80. Table 8 displays the resulting data. The control 

zebrafish measured an average of 12.0 ng mercury/g sample. The concentration of Hg in the 

control fish was calculated to be 0.376 ppm. In adults exposed to the lowest dose of Hg(CN)2 

(0.025mg/L), 378.75 ng mercury/g sample was detected. The calculated concentration for fish 

was 16.247 ppm. Since the DMA is unable to read more than 400 ng mercury without damaging 

the machine, the mass of the remaining samples was decreased. Ten mg of tissue was measured 

for each remaining sample. Even though the mass was reduced by half, an average of 225.88 ng 

Hg/g sample was detected in zebrafish exposed to 0.05mg/L  The concentration of Hg in these 

fish was an average of 21.928 ppm.  
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Table 8. DMA-80 Results for Adult Exposures. These values were calculated from the zebrafish 
adult tissue sample analysis on the DMA-80.  
  

Sample Mass (g) [Hg] ng Hg/ g 
sample 

Height of 
Absorbance 

Concentration 
(ppm) 

Control 1 0.0370 12.11 0.4967 0.3002 

Control 2 0.0258 11.31 0.4677 0.3931 

Control 3 0.0268 12.59 0.5148 0.4370 

0.025 mg/L 0.0247 378.75 0.3000 16.247 

0.05 mg/L 0.0104 229.38 0.1805 22.055 

0.05 mg/L 0.0102 222.38 0.1749 21.801 
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CHAPTER 4 

DISCUSSION 

Water Quality Measurements 

 The water quality parameters stayed within the optimal ranges set for the system with the 

exception of the nitrate value. Nitrate is a by-product of ammonia that can be built up due to fish 

waste. The elevated nitrate levels can be explained by the nitrogen cycle and its role in system 

maintenance. Uneaten food and fish excrement cause a buildup of ammonia, which, like nitrate, 

is toxic to fish. Nitrifying bacteria, Nitrosomonas spp. and Nitrobacter spp., convert ammonia 

into nitrate and release two protons during this process (Linbo 2015). The formula for this 

nitrification process is 2NH3 + 3O2 à 2NO2 + 2H+ + 2H2O (Linbo 2015). If the number of 

protons increases and the system becomes acidic, more ammonia will be converted into 

ammonium instead of nitrate. Ammonium cannot be converted back to ammonia and, like 

nitrate, it is toxic to the fish. The nitrogen cycle is also responsible for the wide range in high and 

low values for the total ammonia nitrogen and nitrite levels. Specifically, Nitrosomonas spp. 

oxidize ammonia to nitrite and Nitrobacter spp. further oxidize the nitrite into nitrate. The 

presence of these two nitrifying bacteria species in the system can account for the wide range in 

highest and lowest values during the 10-month average.  

The pH of the system water varied across a wide range because of the nitrogen cycle’s 

influence on the number of protons in the system. The presence of nitrifying bacteria causes the 

system to be slightly acidic. To ensure that the average pH value stayed within the normal range 

of 6-8, a 3 L tank was added onto the system and was filled halfway with crushed coral. The 

coral, also called aragonite, is thought to increase the buffering capacity of the system as well as 

inhibit some bacterial growth (Brand, Granato, and Nüsslein-Volhard 2002). The tank had a 
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stream of water flowing through it to allow the basic water to circulate throughout the system to 

neutralize some of these protons and in response bring the system pH up (Linbo 2015). This tank 

was emptied, cleaned, and refilled with fresh coral every six months. 

Temperature values on the system varied across a wide range. This can be attributed to 

the system being located inside the Animal Care Facility, which has an air conditioning system 

that fluctuates regularly due to the age of the system. The water surface area coming in contact 

with cool air at all times causes the water temperature to decrease. The system is equipped with a 

heater to keep the water temperature from going too low, but occasionally, this heater cannot 

keep up with the demands of the system. To combat this decrease in temperature, a space heater 

was added to the lab housing the system during the summer months when the air conditioning 

was running constantly. This helped stabilize the water temperature at 28.5oC. In summary, all of 

these parameters were standardized in our system and are crucial in sustaining the zebrafish 

colony in this laboratory. Each piece of information has helped to create the husbandry protocol 

that will be used for experiments to come. 

 

Exposures of Embryos to Hg(CN)2  

 During the exposures, hatching and survival rates were assessed in embryos. Two 

variables that play a role in these rates are chorion hardness due to the bleach bath protocol and a 

microorganism called Coleps. When embryos are newly fertilized, the first step in the protocol 

for raising them is to wash them in a 0.5% bleach solution for 1-2 minutes. As a result of this 

washing, the chorion, which encloses the embryos, may harden slightly (The Zebrafish 

Information Network). This can cause difficulties hatching naturally and can lead to a reduction 

in the hatching rate of embryos. The bleaching step is necessary to decrease the number of 
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Coleps in the embryonic environment. Coleps are a single cell, barrel- shaped ciliate 

microorganism that feed on zebrafish embryos (Buonanno et al. 2014). This microorganism is 

present in most zebrafish systems, which usually become contaminated when adding adult fish to 

a new system. Coleps feed on new zebrafish embryos, whether fertilized or unfertilized. They 

extend tube-like structures with toxicysts into their prey to paralyze them before they are 

consumed. Unfertilized embryos are attacked first and then when the Coleps have a large enough 

population, they begin feeding on live embryos. Figure 8 shows two unfertilized embryos that 

have been attacked by Coleps. The embryos appear to have linear structures coming out of their 

chorions; these are the tube-like structures injected by the microorganism. The only way to 

combat this is to wash the embryos in a bleach bath before transferring them into their new 

environment but this protocol can cause chorion hardness.   

 
Figure 8. Image of Unfertilized Embryos Infected with Coleps. This image was taken using an 
inverted microscope at 24 hpf. This figure is presented in color. Original image. 
 

The effect of Hg(CN)2 exposure on embryos was examined at several developmental 

stages and it was concluded that exposure led to developmental delays after 25 hpf. Specifically, 
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embryos exposed to concentrations of 0.1 mg/L Hg(CN)2 and below displayed proper 

development features such as muscle twitching and swimming ability, but embryos exposed to 

higher concentrations did not exhibit this behavior. These results show that a 24-hour exposure 

to Hg(CN)2 at concentrations above 0.1 mg/L is toxic to developing embryos. Research by Mora-

Zamorano et al. (2017) showed similar developmental delays in yellow perch embryos. In this 

study, embryos were exposed to MeHg at 0, 30,100,300 and 1000 nM for 20 hours before being 

analyzed on their survival behaviors such as locomotor activity, visual motor response, and 

foraging behavior. Results showed a change in these behaviors after MeHg exposure, which is 

consistent with the current findings on the zebrafish embryos. Another study by Mora-Zamorano 

et al. (2016) studied the effects of dietary MeHg exposure on zebrafish over generations. Similar 

results were found through this behavioral study including changes in locomotor activity and 

foraging behavior. Overall, this information leads to important findings regarding the viability of 

aquatic species in contaminated rivers in mining communities. If embryos are not surviving the 

Hg(CN)2 exposure, then fish and other aquatic organisms cannot reproduce, and the river 

environment begins to die. This phenomenon is often called “river death” and has been reported 

in aquatic habitats surrounding mining areas, for instance the Puyango River basin in southern 

Ecuador (Tarras-Wahlberg et al. 2001).  

Embryos exposed to 0.05 mg/L Hg(CN)2 displayed a bend in their tails that was not 

present in control embryos. This type of alteration was also observed in a similar experiment 

conducted by Samson et al (2001) wherein zebrafish embryos were exposed to methylmercury 

(MeHg). In this study, embryos were exposed to concentrations of 0, 0.005, 0.01, 0.015 mg 

MeHg/L for 24-hour periods and observed for physical changes upon hatching. Since the 

concentrations of MeHg used in this study were much lower doses than those used in the current 
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study; therefore, more embryos survived past the hatching phase. However, the exposed embryos 

developed the same tail bend that was observed in the current study. It was concluded that this 

bend was due to upward flexures of the spine resulting from swollen body cavities (Samson et al. 

2001). In addition, the experimental embryos that survived the 0.015 mg MeHg/L exposure 

showed reduced viability and longevity through reduced swimming ability and prey capture. 

Therefore, it can be concluded that exposure of zebrafish embryos to Hg(CN)2 causes toxic side 

effects such as abnormal flexures of the spinal cord and body cavity edema.   

Early exposure of Hg(CN)2 may lead to morphological changes such as melanin 

formation and swimming ability. Figure 5 compares a control embryo to an embryo exposed to 

0.3 mg/L Hg(CN)2 at 48 hpf. Exposed embryos displayed a delay in development compared with 

controls. The difference in development is evidenced by differences in the extent of melanin 

pigments between the control and exposed embryo. In addition, embryos exposed to 0.3 mg/L 

Hg(CN)2 displayed no movement and had no heartbeat. Both, control and exposed embryos 

hatched from their chorions and had a prominent heartbeat. However, while the control embryo 

was swimming freely and exploring its environment, the exposed embryo was on its side, 

moving slowly, and not swimming freely These results correspond with the findings from 

Samson et al (2001) showing decreased swimming ability in exposed embryos that survive past 

the hatching stage. Overall, the reduced survival rate and hatching rate in exposed embryos prove 

that exposure to Hg(CN)2 causes developmental delays and reduced viability in embryonic 

zebrafish.  

The findings from this study provide a foundation for the future directions of this project. 

Future experiments should be conducted to compare the same concentrations of Hg(CN)2 and 

MeHg on zebrafish embryos. Observing the developmental delays and behaviors exhibited by 
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embryos under various exposure conditions will yield results that provide crucial information 

regarding the toxicity of Hg(CN)2 on zebrafish and other aquatic organisms. 

 

Exposure of Adult Zebrafish to Hg(CN)2 

 Behavioral testing using a Y-maze was carried out on adult zebrafish that had been 

exposed to varying concentrations of Hg(CN)2. The Y-maze conditions were based on a study 

published by Cognato et al (2012). Initially, each leg of the maze was closed, and each group of 

fish was allowed to acclimate in the center area for 30 seconds. Each leg of the maze was opened 

in timed intervals and the swimming pattern of the fish were recorded. The control group 

displayed normal swimming patterns and swam immediately into the newly opened leg as 

expected. In contrast, adults exposed to 0.3 mg/L Hg(CN)2, did not cross into the newly opened 

leg until after a period of 7 seconds. Likewise, when the second leg was opened, the fish did not 

swim into it until 7 seconds after the barrier was lifted. When the third leg was opened, the 

exposed fish did not enter it at all during the minute of observation It can be concluded that the 

zebrafish exposed to the highest dose of Hg(CN)2 exhibited cognitive delays when swimming in 

the maze. These delays can lead to alterations in their ability to forage for food and mates. The 

information gathered from this behavioral study is preliminary and will assist in the design of 

future studies. Additional behavioral studies using the Y-maze will enhance the understanding of 

how Hg(CN)2 affects the cognitive functions,  specifically short-term memory, of adult 

zebrafish.  

 Direct mercury analysis was proven to be the most effective way to quantitate the Hg 

content found in the tissue samples (Cizdziel, Hinners, and Heithmar 2002; Seney, Kiefer, and 

Aljic 2019). The DMA-80 calibration curves were created using a liquid mercury standard 
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instead of a solid standard. This change occurred due to the size of the nickel weigh boats, the 

boats could not hold enough solid sample to reach the higher range values. Therefore, a protocol 

developed by Cizdel et al. (2002) was used to create liquid calibration curves. These curves were 

used to quantitate the Hg present in the experimental samples. This system was implemented by 

using a solid certified reference material (DORM-4) and a liquid standard reference material 

(NIST). Both the solid CRM and the liquid SRM samples were run in triplicate on the DMA-80. 

In Table 7, the values are displayed for this initial trial. The CRM (DORM-4) had samples that 

measured in the low and high range curves while the SRM (NIST) had samples that measured in 

only the high range curve. This is due to our hypothesis that the zebrafish samples would be 

measured on the higher range curve, so it was checked by both references. Table 7 also displays 

the percent difference between the literature-based value and the experimental value. This was 

calculated in order to make sure the instrument was calibrated correctly and show proof of 

concept that the liquid calibration curves could in fact be used to measure solid samples. The 

lower range DORM-4 at 10 ng had an average percent difference of 3.36%, which is within 5% 

error as laid out in the protocol aforementioned. The higher range DORM-4 at 80 ng had an 

average percent difference of 5.34%, which is higher than the 5% error. The NIST had an 

average percent difference of 2.02%, which is within the 5% error for this value. Overall these 

results supported the idea that liquid calibration curves can be used to test solid tissue samples on 

the DMA-80. These findings will be used for later experiments in our laboratory.  

Analyses of the total mercury present in zebrafish tissue showed that adult fish readily 

absorb Hg(CN)2 from their environment. In fish exposed to 0.025 mg/L Hg(CN)2, the amount of 

Hg was 30 times greater than that in controls. The amount of Hg each sample from each group 

increased as the exposure concentration increased. Unfortunately, samples from fish exposed to 
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higher concentrations of Hg(CN)2 could not be tested. This is because the Hg content of these 

samples was greater than the values in the high-range calibration curve. In order to test these 

samples a higher range calibration curve must be created used a more concentrated solid 

reference material. Overall, these results are from preliminary work that contributes to the future 

directions of this project. The findings from these initial adult exposures will guide future 

exposure concentrations as well as minimum and maximum values for the calibration curves. In 

total, the exposure of zebrafish to Hg(CN)2 contributes to the larger network of mercury research 

and can be used as a foundation for future studies that lead to changes in the handling and 

processing of mercury in the environment.   
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CHAPTER 5 

CONCLUSION 

To the author’s knowledge, the current study represents one of the first reports of zebrafish 

exposure to mercury-cyanide. Overall, these experiments showed that zebrafish in the embryonic, 

larval, and adult life stages readily take up Hg(CN)2 from their environment. Mercury-cyanide can 

be transferred across the chorion and that it has toxic effects on embryo development. Specifically, 

exposure of embryos to Hg(CN)2 at concentrations above 0.1 mg/L causes developmental delays 

as early as 25 hpf. Exposure to concentrations below 0.1 mg/L show no obvious delays until the 

early hatching stage at 52 hpf where the hatching rate appears to slow. Exposed embryos that 

survived the hatching stage exhibited abnormal spinal flexures which led to inadequate swimming 

ability. Therefore, it can be concluded that mercury-cyanide has toxic effects on embryo 

development, viability, and longevity.  

Exposures in adult zebrafish confirmed that the bioaccumulation rate of Hg(CN)2 in aquatic 

environments is significant and can lead to toxic side effects. Additional testing needs to be 

conducted in order to draw further conclusions. Overall, these preliminary studies laid the 

foundation for future exposures of Hg(CN)2 in aquatic organisms. Findings from these studies will 

make important contributions related to Hg(CN)2 toxicity.   
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CHAPTER 6 

FUTURE DIRECTIONS 

 While this study has created a strong foundation of information regarding the toxicity of 

environmental mercury on zebrafish, there are still areas that need further exploration. Additional 

experiments need to be conducted in order to determine specific toxicological consequences of 

Hg(CN)2 on different life stages in the fish and on specific organ systems.  

 For the embryo and larval studies, the focus should remain on development post hatch. A 

continuation of the current embryo exposures would be useful to determine the fine line between 

toxic and nontoxic mercury-cyanide exposure conditions. During this study, possible 

concentrations could be 0, 0.01, 0.025, 0.05, and 0.075 mg/L. This would allow observation at the 

lower end of the concentration spectrum since we know development after exposure to 0.1 mg/L 

Hg(CN)2 is minimal. Additional embryo exposure experiments need to be conducted at various 

concentrations and time periods. Since embryos are developing so fast in the first two weeks post 

fertilization, a longer exposure with a lower concentration of Hg(CN)2 would give great insight to 

its toxic effects during these pivotal moments in development. For example, starting the exposure 

immediately following fertilization and continuing it for 5-7 days. A study doing the opposite 

could also be useful, using a shorter time span and a higher exposure concentration would allow 

us to observe the strength of the fish at such a young age as well as what development processes 

are hindered by mercury-cyanide exposure.  

For developmental testing, the larvae would be observed for hatching rates and survival 

rates as well as tail shape and any other morphological changes. Behavioral testing such as 

spontaneous swimming activity can be modulated using a line-cross study by placing petri dishes 

on top of graph paper and recording the distance traveled by each larva in a time period. This 
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experiment would yield information on the swimming capability of the larvae after exposure as 

well as show how any development changes in tail shape can affect their ability to function and 

their longevity. Short term memory is another behavior that can be recorded by using a Y-maze to 

analyze the swimming patterns of exposed larvae. The Y-maze would have to be much smaller 

than the one used for observation on the adult fish but could be modeled after the same study 

(Cognato et al. 2012). The distance traveled in the time allotted will help determine the curiosity 

of the larvae as well as their memory deficits as a consequence of mercury-cyanide exposure.   

Testing for total mercury content could also be measured with the Direct Mercury Analyzer 

(DMA-80). This would give an idea of how much mercury is absorbed by the larvae during their 

first days of life. A preliminary study would need to be done to determine how many larvae would 

need to be used in order to get enough tissue for analysis. The samples could be diluted with 

additional tissue or silica gel in order to reach the required mass of 50 mg or more.  

 For the adult study, the focus should remain on finding a concentration of Hg(CN)2 that is 

low enough to fall on the calibration curves of the liquid solutions on the DMA-80 but high enough 

to be detected by the instrument. This concentration will be near ten-fold less than the 

concentrations tested previously. It should mimic the concentrations found in the water sources 

near ASGM sites. Once this concentration is decided, specific organs can be dissected out and 

analyzed for the mercury content. This study would also benefit from a higher range calibration 

curve developed using a tuna fish standard which is more concentrated in mercury. After this is 

completed, the information can be used for comparison to fish species living near ASGM sites. In 

addition to decreasing the mercury-cyanide concentration, a microwave acid digestion protocol 

could be developed and used to obtain the digestate from these samples which could subsequently 

be diluted and read on the DMA-80. 
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 Radioactive mercury can be used as another means to assess the accumulation of Hg(CN)2 

in various organs. By using the gamma counter this study could prove useful in determining where 

the mercuric ions reside once they are absorbed by the zebrafish from the aquatic environment. 

This could lead to isolation of specific cell lines from organ systems and finding direct mechanisms 

of uptake from the surrounding ecosystem.  

 A long-term chronic exposure could also be used to study toxic effects of Hg(CN)2 on fish 

populations in these areas. Since the fish are naturally exposed to lower concentrations over longer 

periods of time this might prove to be the closest way to model the setup. For example, parent 

breeders from ZIRC would be used to breed generation one (G1). This G1 would then be exposed 

from fertilization to a relatively low dose of Hg(CN)2 (approximately 0.01 mg/L) until they become 

sexually mature adults (3 months post fertilization). These G1 fish would then breed and create a 

second generation of zebrafish (G2). Observations would be conducted throughout the study 

including reproductive ability after exposure, clutch size, embryo viability, and hatching rate. Once 

these G2 fish are fertilized they will be raised in a clean Hg(CN)2 free environment. Ideally, half 

of the embryos from G2 would be used for mercury analysis on the DMA-80 immediately after 

fertilization. The other half of G2 would be raised to adulthood and then tested. This study would 

provide insight into the bioaccumulation of Hg(CN)2 through generations of zebrafish and show 

this is a real-life type setting. 

 Previous studies using Hg(CN)2  on zebrafish are few and far in between. In order to make 

this project meaningful in the grand scheme of ASGM research an experiment would need to be 

setup to compare Hg(CN)2 exposures with methyl mercury and inorganic mercury exposures. 

Adult zebrafish would be introduced to each type of mercury in the same exposure design with the 

same concentration. Through observation and total mercury analysis it would be determined how 
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comparable the Hg(CN)2 exposures are to other types of mercury. This would allow further 

conclusions to be made about how Hg(CN)2 behaves and how it compares in toxicity to methyl 

mercury and inorganic mercury. It would also lead to further discovery in ASGM research on the 

consequences of mercury contaminated tailings being subjected to cyanide after amalgamation in 

aquatic systems. 
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