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I. Abstract 

 Polybrominated Diphenyl Ethers (PBDEs) are chemical pollutants that are becoming 

increasingly abundant in our everyday lives as well as in many marine habitats. Due to their 

prevalent use as flame retardants in many common commercial products their concentrations 

have become exponentially higher in certain regions. The hydrophobic properties characteristic 

of these brominated compounds result in their concentration in the sediments and tissues of biota 

in the marine environment. Long-lived and toxic, it is crucial to determine the effects of the 

various forms of PBDEs on the health and future of marine life. The objective of this study is to 

provide information regarding the sub-lethal effects of 7 of the most common PBDE congeners 

measured in California waters on a bioluminescent ophiuroid, Amphipholis squamata. Through 

light production measurements taken at various levels of toxicity, this model organism can offer 

insight into the potential neurological effects of exposure. Treatment concentrations were based 

on commonly recorded concentrations in water and sediment between 1-100 ng/L, with two 

additional concentration to measure outside this range. All concentrations of PBDEs showed 

variations in light production and intensity when compared with those individuals exposed only 

to the controls. Arm autotomy was observed at higher frequency in exposed individuals, with this 

sign of stress observed from the lowest concentration of 0.1 ng/L to the highest concentration of 

500 ng/L. The toxicity of PBDE exposure also resulted in mortality in the very lowest 

experimental concentration of 0.1 ng/L after 7 days of exposure. This research has the capacity to 

provide important information pertaining to the neurotoxic effects of these flame retardants 

which have covertly entered our marine ecosystems at alarming rates.  
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II. Introduction 

Environmental pollution is an issue of increasing concern as the long term effects of our 

industrialized lifestyles are becoming the focus of more research. Along with population growth 

comes a variety of related adverse effects, including some major concerns such as degradation of 

air and water quality. Rapid changes and advancements in technology encourage a culture in 

which we generate massive amounts of material waste. Researchers are finding that this volume 

of waste is leaving traces of noxious elements in our environment and in our bodies. 

 In the case of the chemicals at the focus of this study, Polybrominated Diphenyl Ethers 

(PBDEs), their hydrophobic and bioaccumulative properties make them of special concern. Their 

affinity for sediments and tissues cause them to build up and remain in our bodies and marine 

substrates. As they are distributed worldwide they are transported by air, water and biological 

processes throughout the food chain.  Unfortunately, the cessation of use of toxins of this nature 

does not provide an immediate remedy, PBDEs continuously to leach from products we already 

own.  Attaching nearly everywhere, from the substrate of the marine environment to the lipids in 

our own bodies, further emphasizing the importance of close monitoring and regulatory action 

(Clark, 2005). 

 This study aims to measure the impacts of these emerging pollutants of concern on the 

health of the marine ecosystem through focus on a small indicator species. Amphipholis 

squamata, a bioluminescent brittlestar, has often been used as a proxy for neurological health 

when assessing the effects of environmental toxins. As a result of this organisms ability to 

control the production of light via chemical messages sent through the nervous system, it has 
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become a special tool in gaining insight into neurotoxicity. Due to constant exchange with their 

environment, as osmoconformers Echinoderms become an especially interesting model organism 

for ecotoxicity assessments of toxins abundant in sediment. When there are unknown effects 

from chemicals we are chronically exposed to it is important to have indicators of sublethal 

toxicity. Here we performed a dose response experiment exposing A. squamata to a range of the 

most common forms of PBDEs in California waters.   

III. Materials and Methods 

 A. Amphipholis squamata 

Amphipholis squamata (Delle Chiaje, 1828) is a small, cryptic species of brittlestar, in the family 

Ophiuroidea, occurring across a wide range of the marine environment. With a nearly worldwide 

distribution this species is found to occupy the largest percent of the benthic habitat of any 

coastal ophiuroid (Hendler, 1975). They characteristically aggregate in dense local populations in 

various microhabitats (Dupont et al., 2001). As a benthic osmoconformer, continuously 

exchanging fluids with its’ environment, it is heavily impacted by anthropogenic contaminants 

that collect in the substrate (Tullock & Earle Bridges, 2002). This species is distributed from 

intertidal habitats just below sea level to depths exceeding 1300m (Sponer and Roy, 2002; Gage 

et al., 1983). Their ability to migrate is limited due to protective brooding behavior, which omits 

a pelagic larval stage (Fell, 1946). This hermaphroditic and viviparous echinoderm spends its 

entire life inhabiting and feeding in the sediment  Eggs, larvae and juveniles are known to be 

retained in the bursa for up to seven months (Dupont et al., 2001; Dupont and Mallefet, 2000). 

They are released into the environment, able to crawl away, at a disc diameter of approximately 
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800 µm (Sponer and Roy, 2002; Fell, 1946). At their adult size an individual’s disc diameter will 

typically measure ~3.5mm with an arm length of ~15mm (Deheyn et al., 1998).  

 This small species has a intriguing biological trait that has made it the focus of many 

interesting studies. Bioluminescent cells found in the arms produce light via an intracellular 

process occurring primarily in the spines or lateral plates (DeBremaeker, N. 1999).  Investigating 

the effects on light production following exposure to toxins is especially interesting in A. 

squamata because the bioluminescence is controlled by the nervous system. This process occurs 

in specialized cells known as photocytes when a messages is sent via Acetylcholine (ACh), 

stimulating light production (Deheyn, et al., 2000; DeBremaeker et al., 1999). This reaction is 

triggered when the nervous system experiences stress or stimulation, created through interaction 

of several excitatory and inhibitory neuromodulators (Deweal & Mallefet, 2002)(Figure 1).  
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Figure 1. A more detailed diagram illustrating the excitatory and inhibitory neuromodulators involved in the light 
production in a photocyte. (De Bremaeker, 1999.) 



 It plays an important role in the ecology of many ophiuroids due to its use as an anti-

predatory defense strategy (Herring, 1995; Deheyn et al., 1998). This species has also been noted 

to autotomize the bioluminescent limb, leaving behind a lure-like distraction for predators 

(Deheyn et al., 1998). Sublethal toxicity and detriment to nervous system function that affect the 

bioluminescent ability of these brittlestars could have detrimental impacts due to the importance 

of luminescence in their ecology and physiology (Hastings and Morin, 1991). 

 For this research brittlestars were collected from specimens bred in captivity in Hubbs 

Experimental Aquarium at Scripps Institution of Oceanography. Specimens were held in an 

aquarium setting maintained with seawater from La Jolla, CA. The specimens were separated 

into six different holding containers, each with its own aeration system. A secure lid was 

customized for each container to fit the airline, preventing cross contamination resulting from 

potential splashes during aeration. Individuals were provided with a piece of fine mesh for 

shelter and structure. Each treatment jar contained one liter of solution, consisting of seawater 

combined with specified concentrations of a PBDE solution acquired for this exposure study. All 

of the containers and supplies included in this portion of the experiment were pre-treated with 

their assigned solutions. This process allowed for the holding systems to be primed, eliminating 

any alteration of the desired concentrations. 

 B. Polybrominated Diphenyl Ethers 

With the growth of human population and industry, the variety of chemicals and by-products we 

are exposed to also grows. A major emerging pollutant that will be the focus of this study is a 

class of chemicals known as Polybrominated Diphenyl Ethers (PBDEs), which have been widely 

used, but not widely studied, despite exhibiting harmful side-effects on humans and the ocean 
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(Hale et al., 2004). Researchers worldwide are been increasing efforts to study the detrimental 

impacts of these compounds on the biotic and abiotic world around us. There have been many 

legislative efforts worldwide to eliminate production of PBDEs,   a few of which have been 1

followed, as approaches to mitigate the pollutants have been discussed. 

 Polybrominated diphenyl ethers are abundant chemical pollutants found in the far reaches 

of the globe (De Wit et al., 2006). This subgroup of brominated compounds have been important 

for use as flame retardants in manufacturing products such as polyurethane foam, electronics and 

textiles for furnitures (Hale et al., 2008).  Their lack of a chemical bond with the products they 

coat facilitates their leaching into the air, sediment and biota, in both the oceans and on land 

(U.S. EPA, 2012). Their lifespan is dangerously persistent, far beyond the lifespan of goods they 

are used in. These contaminants have become a considerable problem across the world and are 

classified as persistent environmental pollutants (Hale et al., 2004).  

 According to data published in a 2004 Environmental Working Group report titled ‘In 

The Dust’ (Sharp & Lunder, 2014), the highest concentrations of flame retardants were found in 

household dust samples. The majority of dust washes out of our homes and workplaces and into 

the ocean through our waste water. As these widespread sources create a significant risk to public 

health, issues of this nature are addressed under the Clean Water Act. Of the variety of types of 

pollution we encounter on a daily basis, water pollution raises the most widespread concern for 

 Polybrominated Diphenyl Ether (PBDE): Assembly Bill 302. 2003 Reg. Sess. Aug 9, 2003. Web. 7 Dec 2014. 1

<http://www.leginfo.ca.gov/pub /03-04/bill/asm/ab_0301-0350/ab_302_bill_20030811_chaptered.html>
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the well-being of the planet as a whole. Regulations have been issued for certain PBDEs due to 

evidence of bioaccumulation in human and animal tissues (NOAA, 2011). 

  

 The most commonly used forms of PBDEs are penta-bde, octa-bde, and deca-bde (Sharp 

& Lunder, 2003)(Figure 2). They have been noted as the second largest class of additives used by 

the plastics industry, with deca-BDEs being very common in the manufacturing of electronic 

housings (Tullo, 2003) . It has been reported that different congeners vary in their level of 

absorption into sediments and tissues. Studies show that the penta-bde congeners have a high 

absorption rate directly into tissues due to a high affinity for lipids (Covaci et al., 2003). This is 

especially problematic for marine species such as cetaceans and pinnipeds, as well as humans.  

 Movement of penta-bde through the trophic levels produces cumulative concentrations in 

the tissues and blood of higher predatory species, generating levels high enough to cause adverse 

health effects (Helleday et al., 1999). The other congeners, octa-bde and deca-bde, require 

attention as well, as they become increasingly abundant in our homes and work places. Through 
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Figure 2. The three commercial forms of  Polybrominated Diphenyl Ethers (PBDEs) commonly found in furniture, electronics & baby products. 
Penta_BDE (left) and Octa-BDE (center) have been included in more regulatory action due to evidence of  harmful effects. While Deca-BDE (right) 
remains heavily in use. (Image: wikipedia.com)

http://wikipedia.com
http://wikipedia.com


their dispersal into our environment they are exposed to UV rays and other destructive processes, 

causing chemical breakdown into more harmful and bioaccumulative forms (Vesely et al., 2014; 

Sharp & Lunder, 2003). The complexities involved with accounting for and understanding the 

effects of these many forms present difficulties for policy making action.  

 Regarding their effects on human health, it should be noted that these toxic chemicals are 

structurally analogous to human thyroid hormones and may block receptors, inhibiting proper 

endocrine regulation (NRDC, 2006). These vital hormones are crucial to brain function and the 

regulation in many animals of metabolic processes (McDonald, 2002). With the United States 

and Canada being the leading producers and consumers of PBDEs, it is unsurprising that these 

regions exhibit the highest global concentrations found in human tissues. The levels recorded in 

human samples in the U.S. are 10 to 100 times higher than that found in Europe and Japan (Hale 

et al., 2004). Despite these alarming numbers there is still little education about these dangers to 

the North American public, and little popular understanding of what risks these high toxin levels 

pose.  

 There is much need for in-depth research on the various forms abundant in our 

environment. Additional studies show that female residents in California carry more of these 

toxins in their bodies than any other population currently studied globally, with concentrations 

increasing “fortyfold in human breast milk since the 1970s.”  Findings suggest that childhood 2

exposure to the double-dose of PBDEs passed through breast milk and absorbed from the 

environment could result in permanent behavior problems, brain damage and other 

 Id. 1 (CA Assembly Bill 302, 2004. 2
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developmental issues (McDonald et al., 2002). Despite such chemicals being introduced into our 

homes to keep our families safe, they have proven to do just the opposite.  

 In this exposure study we used a 1 mL vial of solution that was composed of 7 common 

PBDE congeners in California Environment (BDE-CAE-1) 10  µg/mL in Isooctane. The 

congeners included were 2,4,4’-Tribromodiphenyl ether (BDE-28), 2',3,4-Tribromodiphenyl 

ether (BDE-33), 2,2’,4,4’-Tetrabromodiphenyl ether (BDE-47), 2,2’,4,4’,5-Pentabromodiphenyl 

ether (BDE-99), 2,2’,4,4’,6-Pentabromodiphenyl ether (BDE-100), 2,2’,4,4’,5,5'-

Hexabromodiphenyl ether (BDE-153) and 2,2’,4,4’,5,6'-Hexabromodiphenyl ether (BDE-154). 

Each PBDE congener is 0.001% concentration of the solution while Isooctane comprises 

99.993% concentration of the solution. The combination of analytes was purchased from 

Accustandard Chemical Supply (New Haven, CT). A control treatment was maintained 

containing sea water with pure Isooctane, added in the same percent concentration used in the 

dilution of the Common PBDE Congeners in California Environment (BDE-CAE-1) solution. 

This concentration was reached by adding 0.050 µL of Isooctane to 1 L of sea water. The control 

environment served to monitor the health of the organisms in the absence of the environmental 

pollutants. 

 C. Experimental Design 

Eighteen brittlestars were kept in each jar at specific concentration levels set at 0.1 ng/L, 1 ng/L, 

10 ng/L, 100 ng/L and 500 ng/L. Concentrations were mixed in batches that were increased in 

strength by one order of magnitude each, with a final, calamitous dose of five time the normal 

levels found in the environment. The study concentrations encompassed and surpassed federal 

	                                                                                                                                                                                    "11



guidelines currently existing for PBDE water concentrations. Freshly prepared stock solutions 

were mixed and diluted to reach the desired concentrations. All containers and components 

utilized were pre-treated with these specified concentrations to saturate the surfaces that are 

likely to bind with PBDEs due to their hydrophobic properties. The experimental containers and 

entire area where treatment was conducted were clearly marked, indicating the use of 

Polybrominated Diphenyl Ethers (PBDEs). Water changes were performed one time weekly, 

occurring on Day 5 and Day 10 of the experimental period. 

 Brittlestars were exposed to different concentrations of seven common PBDE congeners 

found in California waters for 14 days. Measurements of light production were done on days 1, 

3, 7, 10 & 14. A total of three brittlestars were removed from each concentration on each 

measurement day and the levels of light production were recorded for each specimen. An 

anesthetizing solution containing Artificial Sea Water (ASW) and 3.5% Magnesium Chloride 

(MgCl2) was prepared. On each measurement day three brittlestars were removed from each 

concentration and placed in a mixture of the anesthetizing solution and seawater.  After the 

specimens underwent anesthetization they were placed on the microscope stage with a drop of 

3.5% MgCl2, allowing the morphological measurements to be taken. 

 Measurements were confirmed beneath the dissecting microscope to quantify disc 

diameter and arm length. The disc diameter was measured from the edge of the disc at the base 

of one arm to the edge across the disc directly between two arms. Arm length was measured from 

the outermost edge of the disc to the most distal point. Any observations regarding specimen 

condition or activity were carefully recorded. After measurements were completed and recorded, 
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dissecting tools were used to remove the two longest arms. The arms were separated at their base 

just beneath the outer edge of the disc with a scalpel blade.  

 Each removed arm was placed in a clearly labeled luminometer tube containing 50µL of 

ASW. Following the dissection, the second arm was placed directly into the Berthold Inc. Sirius 

luminometer, while the other was stored in the refrigerator for KCl injection. In a comparative 

study by Mallefet et al., 1991 evidence showed that luminous capacities are not quickly 

diminished during the time from isolation to stimulation of the measured arms. This analysis of 

light production in the arm in the luminometer was an important indicator of nervous system 

function at the various treatment concentrations.  

 The emission from tissue in the luminometer tube were initially measured for 30 seconds 

to record the spontaneous light produced by the single arm. The data prior to injection provides 

an indication of the existing level of light the test specimen was already producing. During the 

course of these measurements the emission of light was recorded consistently at intervals of 0.2 

seconds. Next an Acetylcholine chloride (ACh) solution, created from 2mM ACH made with 

ASW, was injected into the brittlestar arm at 30.2 seconds to stimulate a nervous system response 

triggering light. Following these measurements the brittlestar arm was injected with a Potassium 

Chloride (KCl) solution, created with 400mM KCl in ASW, at one minute and twenty seconds. 

The addition of 50µL (v:v) of the KCl solution caused the total chemical potential of 

bioluminescence to be expressed through a large flash of light. After this solution exhausted the 

chemical reaction of bioluminescence the level of light production was measured for ten seconds 

per specimen.  
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 Subsequently, the second arm was stored in the refrigerator was placed in the 

luminometer next to record the maximum chemical potential of light capable of being produced. 

Due to the stimulation the second arms produced intense levels of light requiring a filter 

eliminating 99% of the light to be used. The use of this filter will prevent errors due to 

limitations of the luminometer when recording high intensity light production. The second arms 

were placed in the luminometer, measuring the spontaneous light production again at consistent 

0.2 second increments, over a thirty second period of time. Immediately following these 

measurements the arm was injected with 50µL of the KCl solution, this time at 30.2 seconds this 

time. Again, initiating a total exhaustion of the chemical reaction responsible for 

bioluminescence in one bright flash. We continued to measure and record this light production 

for an additional 1 minute and 30 seconds following stimulation. The recorded levels of light 

production illustrated the level of the neurological control of the chemical reaction responsible 

for bioluminescence in treated and untreated brittlestars.  

 D. Data Analysis 

Raw data recorded from the Berthold Inc. Sirius luminometer were retrieved through FB12/

Sirius PC software and exported into Microsoft Excel 1997 files. Each brittlestar arm that was 

measured was represented in a separate spreadsheet with light emission values recorded every 

0.2 seconds during every run. The data has been processed using a custom-build program written 

in Fortran 90 by Annick Bay, a postdoctoral researcher in the Deheyn Lab. The output of this 

program is the maximal intensity, the time elapsed to reach the maximal intensity for each 

sample and the standard deviation for a given group of samples corresponding to one specific 
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analysis day and one specific concentration. A graphical representation of all the measurements 

was obtained using a subroutine written in R to verify the data.  

 Data were organized into Microsoft Excel and analyzed using varying comparisons 

across concentrations and experiment days. Excel data was represented through line graphs and 

charts. The error bars on the line graphs were calculated using the standard deviation amongst 

individuals exposed to the same treatment on each specified measurement day. The values 

illustrated on the line graphs were analyzed in comparison to the natural amounts of light 

production exhibited by the untreated specimens on Day 0 and the individuals in the control 

solution containing the solvent Isooctane. We analyzed statistical data to shed light on the effects 

of these different forms of emerging pollutants on nervous system function in brittlestars.  

IV. Results and Discussion  

 A. Arm Autotomy 

Arm autotomy was a very prevalent physical response seen in individuals exposed to every 

concentration of California’s most common PBDE congeners in our study. The loss of 

appendages is a very common sign of stress seen in a large majority of Echinoderms (Wilkie, 

1978). Individuals exposed to a range of five concentrations from 0.1 ng/L to 500 ng/L were 

shown to sever more appendages than unexposed individuals (Figure 3). The peak of arm 

autotomy occurred on Day 7, with 24 arms missing from 18 individual specimens across the 

concentrations containing PBDEs. For both individuals in only seawater and individuals exposed 

to seawater combined with Isooctane (0 ng/L of PBDEs) the average number of arms lost were  
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0.16 and 0.1, respectively. The physical condition in brittlestars was observed to obviously  

decline in all of the PBDE exposed holding systems.  

 The consistently low and overlapping range of the appendage loss in the controls not 

containing any brominated compounds illustrates the evidence of the link between the chemical 

stress and autotomy. These signs of stress were observed very early in the study, indicators that 

the chemical effects were rapid. Degeneration resulting in the shedding of a limb can affect 

locomotion, foraging, survivorship and reproduction in situ (Maginnis, 2006). These are 

important signals of the detrimental impacts PBDEs have on the physical and neurological health 

of marine organisms. A severe decline in health as impactful as losing a limb could limit 

mobility, survivorship and more in the daily life of an ophiuroid. 
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Figure 3. Average number of appendages lost by individuals exposed to PBDEs and control solutions at each 
measurement day of study. 



 B. Changes in Light Emission 

There were notable variations in the amounts of light produced measured in all individuals in the 

every treatment concentration containing PBDEs. When comparing light produced by exposed 

individuals (Figures 5 & 6) to levels of light production in the aquarium control individuals 

(Figure 4) an increase in overall light is observed. In the data analysis comparing RLU/mm we 

found evidence of an increase in light emitted per unit of arm in the exposed specimens. This can 

be observed in the light data from individuals in every concentration from Day 1 through Day 

14. Occurrence across all concentrations including the lowest of 0.1 ng/L indicates that 

neurotoxic effects are present at every experimental concentration in our study.  
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Figure 4. Aquarium control concentration containing Isooctane solvent. Average light emission data (RLU/mm) for 18 
brittlestars throughout the study period. 



  

  

There was a great deal of variance on the light emission, but the general trend illustrates an 

increase in the average light emission measured in the Acetylcholine measurements.  
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Figure 5. Average light emission data (RLU/mm) of  3 individuals from each treatment in the study on Day 1 
injected with Acetylcholine (ACh) at 30.2s-120s. Purple and green bars overlaid to represent the range of  light 
emission recorded in the aquarium control.  

Figure 6. Average light emission data (RLU/mm) of  3 individuals from each treatment in the study on Day 14  
injected with Acetylcholine (ACh) at 30.2s-120s. Purple and green bars overlaid to represent the range of  light 
emission recorded in the aquarium control.



Another signal of stress, exhibited through the bioluminescence of this species, is the increased 

amount of light production recorded prior to injection of any stimulating chemical. This 

heightened level of emission in the background prior to treatment with ACh suggests that the 

individuals were already experiencing stress from the chemical exposure. Review of the raw data 

measured by the luminometer revealed an increase in spontaneous light emission from arms of 

individuals exposed to all treatment concentrations containing PBDEs.  

 In a comparison of  PBDE-exposed and unexposed specimens, the RLU/sec light 

production data show there were many individuals experiencing more sporadic light emission;  

both before and after the injection of ACh. In a normally-regulated light response under the 

control of a healthy nervous system one would expect to see very tight and continuous peaks 

(Figure 6). This pattern is indicative of a well-controlled emission of light. The total chemical of 

bioluminescence, triggered by Potassium Chloride (KCl) is typically represented on a light 

production curve showing the same lack of spontaneous light emission prior to exposure, with a 

one large peak on light production at the time of injection (Figure 7). The comparison in 

response to ACh and KCl allow us to eliminate any problems with the chemical reaction itself, 

determining whether the the results produced are indicative of a change in nervous system 

function. This use of bioluminescence as a proxy for organism health can give us insight into the 

detriment caused by the pollutants in question. 
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 However, the very erratic light pattern often observed in the individuals exposed to 

PBDEs indicates the presence of these toxin affect the neurological response. In our research 

much of the data showed this raised level of spontaneous light production when compared to the 

control prior to ACh stimulation. In Figure 8, the volatile peaks of light produce by the individual 

exposed to brominated flame retardants express signs of neurological dysfunction. While the 

control treatment expressed a much more consistent, tight peaks, typical of what would be  

	                                                                                                                                                                                    "20

Figure 7. A normal Potassium Chloride (KCl) light production curve, expressing light 
emission (RLU) over time. Illustrated is a lack of  spontaneous light production prior to 
injection with one large flash of  light in which all of  the chemical potential of  
bioluminescence is expressed. This is shown in one large peak. (Deheyn, 2000)

Figure 7. A normal Acetylcholine Chloride (ACh) light production curve, expressing 
light emission (RLU) over time. Illustrated is a lack of  spontaneous light production 
prior to injection with rapid flashing of  light expressed by tight peaks. (Deheyn, 2000)

Ach

30 s

2 Mq/s

(10mM)

RLU



 

illustrated in a normal aposematic flashing display. This pattern graphed in the light production 

curves as a less clean and stable emission, exhibiting lack of control. This pattern of light would 

be seen in the form of a glow, resulting in a disadvantageous use of this anti-predatory defense 

mechanism. 

 Another interesting result to note is that the level of light was obviously heightened in the 

control treatment containing Isooctane, the solvent used to carry the pollutants in the other 

various concentrations. This can be viewed in the increased average amount of light emitted by 

individuals in the 0 ng/L concentration (containing the solvent Isooctane), when compared with 

individual exposed to plain seawater on various measurement days. This indicated that the 

solvent is another potential source of stress exhibiting alteration to the neurally-mediated 
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Figure 8. This figure presents light production data over time in an unexposed individual (blue) compared to an individual 
exposed to 500 ng/L of  PBDEs (red) on Day 14 of  exposure. The first 30 seconds shows an increase in sporadic light emission, 
followed by an atypical curve lacking control after ACh injection. 



bioluminescent response. Though the effects of Isooctane appeared to be consistent in the light 

emission data it was not linked to other detrimental effects, such as arm autotomy.                                                                                                                                              

  

C. Mortality 

With little information known about the effects of Polybrominated Diphenyl Ethers on health, 

much uncertainty exisited regarding the survival rate of brittle stars due to exposure. The aim of 

this experimental design was to reach sublethal concentrations, allowing data to be collected in 

regards to the change in light production. Unfortunately a small percentage of treatment 

specimens experienced mortality. Interestingly, over the course of 14 days there were 3 

individuals recorded as mortalities, occurring even in the lowest concentration of 0.1 ng/L 

(Figure 9). The earliest mortality following exposure was recorded on Day 7 in the lowest 

concentration of our PBDE solution, 0.1 ng/L. Though mortality did not occur in a large 

percentage of the exposed sample, it is important to note no mortalities were recorded in the 

unexposed specimens treated with unaltered seawater or the control solution containing 

Isooctane over the entire 14-day exposure study.  
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Figure 9: (Left) Individual experiencing detrimental health effects, arm autotomy and disc rupture, on Day 7 of exposure to the 0.1 
ng/L concentrations of the PBDE solution. (Right) Healthy individual in the control treatment containing Isooctane on Day 7 of 
exposure study.



V. Summary 

The study assessed the detrimental impacts of Polybrominated Diphenyl Ethers on the health of 

Amphipholis squamata, a bioluminescent brittlestar. Through analysis of light production data 

evidence illuminated toxicity across the entire range of concentrations from 0.1 ng/L to 500 ng/

L. Experimental concentrations were selected in consideration of environmentally relevant 

concentrations and current federal environmental quality guidelines set for PBDEs. Extreme arm 

autotomy was observed in individuals exposed to the solutions containing PBDEs. The control 

containing Isooctane, which was the solvent present in all of our PBDE treatments, did not 

exhibit an increased occurrence of limb shedding. This is an area in need of research due to the 

little known impacts of these persistent and unregulated compounds. The light emission data 

showed that PBDE-exposed brittlestars experienced inability to properly regulate the expression 

of bioluminescence. This lack of luminous control is a indicator of damaging neurotoxic effects. 

Currently, this is the only assessment of the deleterious neurological effects of this class of toxins 

on a marine invertebrate.   

VI. Future Directions & Recommendations 

For the future expansion of this study we will aim to analyze the concentrations present in the 

tissues of every brittlestar from the experiment. Through Gas Chromatography/Mass 

Spectrometry the future of this research will be to record PBDE concentrations in the tissues of 

the exposed specimens. We will acquire data regarding the amounts of each of the seven PBDE 

congeners absorbed and retained at each concentration on the specified measurement days. This 
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will provide more information about how this combination of PBDE congeners interacted in the 

environment and the tissues of the brittlestars.  

 A replicate exposure study designed using a variety of lower concentrations will be of 

great interest, allowing further research to find a dose response. By locating a level of PBDE 

concentration where the first signs of neurotoxic effects are present in the data we can provide 

insight into the threshold for toxicity of these brominated compounds. Being that detrimental 

health effects were found in brittlestars at every concentration we would like to pinpoint the 

exposure at which individuals are unaffected. During this future work, control treatments 

containing corresponding concentrations of Isooctane will be carried out for each concentration. 

Results showing the light production increase in concentrations containing these additions could 

be further refined with investigation into the effects of the solvent at each exposure level.  

 In expansion of this research a replicate experiment will be conducted exposing 

Microtox®, a bioluminescent bacteria, to environmentally relevant PBDE concentrations. This 

type of study utilizes the same concept of measuring light production as an indicator of stress. As 

an EPA approved bioassay that is widely-used and recognized worldwide, Microtox® can give us 

more information on the toxicity of these compounds. This is a rapid experiment that can be 

easily replicated, increasing the potential for larger, more informative datasets. The unexpected 

toxicity found in our study across all concentrations, even those falling within guidelines, show 

the importance of further investigation in regards to the sensitivity of response in a bioassay 

commonly used by regulatory agencies. Research has proven that various bioassays can exhibit 

differing sensitivity to certain toxins, we hope to further investigate the effectiveness of 

bioluminescence as a proxy for PBDE toxicity (Deheyn et al., 2004). 
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 It is also important to continue research on the effects of the persistent forms becoming 

prevalent in our environment. By increasing the information we know about toxins and their by-

products leaching into our lives we provide data to policy makers and manufacturers alike 

regarding detrimental chemicals. These types of studies present informative data when 

regulations and bans are needed to protect our environment and future generations from 

pollutants of concern. As with many of the Persistent Organic Pollutants (POPs), PBDE sources 

are largely results of anthropogenic waste, meaning we have the direct ability to control the 

solution.  

 Legislative action has been triggered by increased concentrations of these substances in 

our water, food sources, and bodies. Despite the lack of federal oversight in the United States in 

the form of bans other regulations for all forms of PBDEs, there have been some notable efforts. 

The U.S. Environmental Protection Agency developed a voluntary agreement in 2004 under 

which the lone U.S. manufacturer of penta-BDE and octa-BDE, Great Lakes Chemical, 

discontinued their production entirely (U.S. EPA, 2013). This bit of progress was a start, 

resulting in the elimination of a key local source.  

 California became the first U.S. state to discontinue use through a ban issued in 

California Assembly Bill 302. In this bill California acted to eliminate the “production, 

processing and distribution of products containing more than 10 percent penta- or octa-BDEs by 

January of 2008.”  Within the U.S., both Maine and Washington followed California’s lead by 3

banning these PBDEs in 2005 and 2007, respectively. ,  Additionally, Maine doubled down by 4 5

 Id. 1 (CA Assembly Bill 302, 2004. 3

 State of  Maine Ban of  penta-BDE and octa-BDE 38 M.R.S.A. § 1609. 2005.4

 State of  Washington Ban of  penta-BDE and oct_BDE 70 REV. CODE WASH. § 70.76.030, 2007.5
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enacting a statewide ban on the use of deca-BDE in the production of mattresses and upholstery . 6

In more recent agreements, the sole U.S. manufacturer of deca-BDE set a goal to end production 

by the end of 2013 (U.S. EPA, 2010). Undoubtedly, these changes in chemical flame retardants 

production are a step in the right direction, but combining policies that aim to end production and 

facilitate proper disposal of existing sources are an essential next step. 

 In terms of regulatory legislation, these bromide compounds have become the focus of 

more international attention in recent years. The European Union was the first to place a ban on 

use of penta-BDE and octa-BDE in all products in 2004 and to eliminate deca-BDE in electronic 

manufacturing by July 2006 (EU, 2002). International policy actions have been put in place to 

eliminate detrimental toxins, with most of the actions pertaining to PBDEs currently in Canada 

and Europe. The Stockholm Convention on Persistent Organic Pollutants is an international 

environmental treaty that has been effective since 2004, and regulates and eliminates the use of 

noxious chemicals. This was an important collaborative action, especially for emerging 

pollutants of concern. There are still deca-BDE in use,  which while safe in their intact state, 

further breaking down in the environment into more dangerous forms. It was estimated that in 

2001 the total amount of PBDE use worldwide measured over 67,000 metric tons, with deca-

BDE accounting for 56,100 of those metric tons (Washington State Department of Ecology, 

2006). Being that the United States is a region of high concern for concentrations of PBDEs, it is 

important to carefully regulate and monitor waste.  

 State of  Maine Ban of  deca-BDE (ME. REV. STAT. ANN. tit. 38 § 1609. 2010.6
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 Within the U.S. there has been legislation to provide protection from exposure to toxins 

and water contamination though several acts. The Clean Water Act (CWA), also referred to as the 

Federal Water Pollution Control Act, was initiated by Congress in the 1970s as the nations 

commitment “to restore and maintain the chemical, physical, and biological integrity of the 

nations waters.”  Through this act Congress created the legal framework to enforce the 7

protection of U.S. waters from dangerous levels of degradation. The Act clearly states that 

national policy prohibits “the discharge of toxic pollutants in toxic amounts.”  The specification 8

of the wording “in toxic amounts” are an area that raises question when addressing contaminants 

such as PBDEs, due to the uncertain long-term effects of exposure. When emerging 

environmental pollutants arise, research surrounding the health risks and dangerous levels of 

toxicity are important when building a case to issue a ban or regulation. Much of the 

enforcement of this act is reliant upon water quality analysis in combination with a permit 

system for certain types of discharge. In an effort to better control various pollutant sources 

amendments to the CWA in 1977 categorized these as point and non point sources.  9

 Despite the successful elimination of several point sources through regulations present in 

many regions ending the production and processing of PBDEs, our waste water is still a large 

contributor to environmental accumulation of the harmful compounds. In the development of 

methods to address water pollution the CWA outlines in section 402 that point source permits can 

 Clean Water Act of  1972, 33 U.S.C. §  1251. Retrieved from http://epw.senate.gove/water.pdf.7

 Id. 7 (CWA, 1972)8

 Clean Water Act of  1977, 33 U.S.C § 1251. Retrieved from http://epw.senate.gov.water.pdf.9
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be obtained for the “discharge of any pollutant or combination of pollutants.”  This stipulates 10

that any release of pollutants from a non-permitted point source is unlawful. The alarming 

concentrations previously mentioned to be found in household dust are an example of how the 

toxins are constantly being flushed into our waters through showers and drains, and into our 

bodies through ingestion (Sharp et al., 2004). These varied sources are equally as important, 

especially with regards to PBDEs because of their wide ranges of origin (Sharp et al., 2004). 

 Another action of the United States Congress was to enact the Toxic Substances Control 

Act (TSCA) of 1976  to mandate the regulation of new and existing chemicals to which the 11

public and environment are exposed. Under administration of the U.S. EPA, this Act has 

enforced the discontinuation of various harmful chemicals from production. In a more well 

known example, a chemical which is thought to be very closely related to flame retardants, PCB 

was regulated under this act, stating “no person may manufacture, process or distribute in 

commerce or use polychlorinated biphenyl in any manner other than in than in a totally enclosed 

manner.”  In light of the chemical similarities between PCBs and PBDEs the regulations and 12

disposal requirements of these noxious chemicals should be important policy measures (U.S. 

EPA, 2014).  

 The Toxic Substances Control Act has been successfully used to address issues regarding 

existing contaminant containing products that were used prior to bans and regulations. This use 

 Id. 7 (CWA Section 402, 1972).10

 Toxic Substances Control Act (TSCA). U.S. EPA. Environmental Protection Agency, n.d. Web. 06 Dec. 2014. 11

<http://www.epw.senate.gov/tsca.pdf>

 Id. 13 (TSCA -  subsection (2)(A), 1978).12
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of the TSCA is also applicable in the case of PBDEs which are continuously leaching into our 

environment through products remaining in our homes and workplaces. 

 In future studies it is also crucial to ensure that in-depth research is conducted to 

determine the health impacts of any proposed alternatives to brominated flame retardants. Due to 

the chemical behavior of brominated compounds and other alternatives that work well to reduce 

the risk of fire, future effects that move away from the use of these compounds entirely would 

offer the most promising outlook. An important step for consumers is to be conscious of the 

products they purchase and the companies they support, and to buy PBDE-free alternatives 

whenever possible. Many corporations such as IKEA, Apple, IBM and Hewlett Packard for 

example, have made positive effects to cease these compounds in their products. (EWG, 2008). 

Increasingly proactive designs have also been the focus of some manufactures to remove the 

need for flame retardants in devices. 

 One of the most important areas of future work in combination with various types of 

research is dealing with these contaminants from the source. Their increased abundance in 

marine ecosystems has clearly been the result of synthetic anthropogenic forms washing in 

through our waste waters, so action must begin at the source. Through continued research into 

eliminating sources in production we can neutralize a major entry point. The development of 

methods to remove existing sources from our homes and offices through effective forms of 

disposal could be another avenue for reducing the longevity of their impact on the environment. 

Attention to the deleterious effects of toxins we introduce into our systems will benefit 

organisms at all trophic levels. 

	                                                                                                                                                                                    "29



VII. Conclusions 

This study aimed at determining the effectiveness of using bioluminescence as an indicator of 

neurotoxicity to PBDEs while also analyzing the various effects at concentrations set in a range 

to highlight the effectiveness of federal guidelines currently suggested for water concentrations. 

The data shows that this measure of nerve system detriment is observable in this method of 

study. The results support the careful regulation and elimination of these toxins in industrial 

production due to their observable detrimental effects at all concentrations. The light production 

data expressing the inability of the nervous system to control light emitted, as well as the 

escalation of appendage loss are evidence of the toxicity of environmental contamination.  

 In the case of hydrophobic compounds such as PBDEs this data illustrates the damage 

that high concentrations could have, specifically on the benthic marine community, with 

continuous magnification throughout the trophic levels. This information, in combination with 

additional future directions could provide beneficial support to government officials in the 

reevaluation of regulatory actions involving these brominated flame retardants. The effects 

observed at very early and minimal amounts of exposure reinforce the importance of additional 

research of the ecotoxicity.  
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