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Abstract 

The potent neurotoxin saxitoxin (STX) belongs to a group of structurally 

related analogues, collectively known as the paralytic shellfish toxins, 

produced by both marine and freshwater phytoplankton. This group of toxins 

act by blocking the voltage-gated sodium channels, halting the inflow of 

sodium ions and the subsequent generation of action potentials. While acute 

exposure has been well researched, with safety guidelines applied, chronic 

low dose exposure from neither marine or freshwater sources has been 

investigated. Given the role of cellular electrical activity in neurodevelopment 

this latter pattern of exposure may be of significant public health concern. 

This background has been addressed in chapter 1; “Low dose extended 

exposure to saxitoxin and its potential neurodevelopmental effects: a review”, 

and the published manuscript can be found in Appendix 1. 

Given this lack of investigation we aimed to determine if STX had an adverse 

effect on neurodevelopment following low dose extended exposure using two 

models of neuronal development. Further, we aimed to establish an assay 

which could be used to determine if any adverse neurodevelopmental effects 

recorded were due to direct STX toxicity.  

Firstly, using model neuronal cell lines it was shown that STX at or below the 

current drinking water guideline (0.25-3µg/L) caused a significant 

concentration dependent decrease in the development of neuronal 

morphology following an extended exposure period. This research is 

presented in chapter 2; “Extended low-dose exposure to saxitoxin inhibits 
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neurite outgrowth in model neuronal cells” and the published manuscript can 

be found in Appendix 2. 

In addition to investigating the neurodevelopmental effects of STX, an assay 

measuring viability indirectly through cellular metabolism was established to 

be used with STX. The assay was used to eliminate the possibility of non-

specific cell toxicity as a cause of the effects on neurodevelopment. The 

assay was successfully optimised in two cell lines and tested with STX (0.25-

10µg/L) and ZnSO4 (10-4-10-1M), a known cytotoxic compound. The assay 

showed that STX is not toxic in our cell line under the conditions used for 

chapter 2. These results are reported in Chapter 3; “Optimisation of a real 

time resazurin based assay for use in OVCAR-3 and SH-SY5Y cells”. 

Moving to a model which more accurately models mammalian neuronal 

differentiation, the effect of STX at the drinking water guideline (3µg/L) and a 

predicted algal bloom concentration (10µg/L) was investigated using 

embryonic stem cells. Cells were differentiated using a previously described 

method of neuronal differentiation and assessed by examination of 

morphological development of neuronal features and expression of gene 

markers. A concentration dependent decrease in morphological neuronal 

index scores was recorded, confirming the results of chapter 1, in addition 

the expression of neuronal markers nestin and MAP2 were increased 

following exposure to STX (3µg/L) while ßIII-Tubulin was delayed by 3 days in 

both STX treatment groups. This research is presented in chapter 4; “Low 

dose exposure to saxitoxin affects neuronal differentiation of D3 embryonic 

stem cells”. 
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These results suggest that STX, and potentially its analogues, interfere with 

proper neuronal development at environmentally relevant concentrations. 

Whilst further work is required to investigate the mechanisms causing the 

adverse effects seen, the work presented here raises awareness that this 

pattern of exposure could be of significant public health concern and 

deserves further investigation. 
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1.1 Abstract 

Saxitoxin (STX) and its analogs, the paralytic shellfish toxins (PSTs), are a 

group of potent neurotoxins well known for their role in acute paralytic 

poisoning by preventing the generation of action potentials in neuronal 

cells. They are found in both marine and freshwater environments globally 

and although acute exposure from the former has previously received 

more attention, low dose extended exposure from both sources is possible 

and to date has not been investigated. Given the known role of cellular 

electrical activity in neurodevelopment this pattern of exposure may be a 

significant public health concern. Additionally, the presence of PSTs is 

likely to be an ongoing and possibly increasing problem in the future. This 

review examines the neurodevelopmental toxicity of STX, the risk of 

extended or repeated exposure to doses with neurodevelopmental effects, 

the potential implications of this exposure and briefly, the steps taken and 

difficulties faced in preventing exposure.  
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1.2 Introduction 

STX is a neurotoxin most commonly known for its role in paralytic shellfish 

poisoning (PSP) and the majority of past research has been focused on 

acute exposure from this source. However, there is also the potential of 

extended exposure to low doses of the toxin, from this source and others, 

and this pattern of exposure has not been thoroughly investigated. While 

exposure to high doses of STX can be fatal, low dose extended exposure 

has the potential to affect neurodevelopment through the action of the 

toxin at voltage-gated sodium channels (VGSCs) which have been shown 

to play an important role in a developing nervous system. 

Low dose extended exposure from shellfish may occur in communities 

which rely heavily on a seafood diet, consuming more than the daily 

average and for considerable periods of time. Additionally at risk are small 

isolated coastal communities who may harvest untested shellfish. It has 

been shown that tolerance can occur in some populations [1] so that 

communities harvesting untested shellfish may be exposed to 

concentrations higher than safety guidelines, which would cause acute 

poisoning in a sensitive individual, but would go unnoticed in a tolerant 

individual. In such cases, while acute poisonings may not occur more 

subtle low dose adverse effects may be taking place. 

The toxin is also produced at lower concentrations by freshwater 

cyanobacteria which can be found in fresh water sources from which 

drinking water is sourced [2]. Based on human data from acute paralytic 
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shellfish poisoning events, a drinking water guideline value of 3µg/L has 

been established in multiple countries including Australia, Brazil and New 

Zealand [3, 4] and there have been no acute poisonings to date [5]. 

There are multiple water treatment methods available for the removal of 

the cyanobacterial cells responsible for the production of STX and the 

extracellular dissolved toxin [2]. The percentage of each removed 

depends on the methods used and while consumers are protected from 

acute toxicity, low dose exposure can still occur and could occur for 

extended periods of time considering the duration of algal blooms. 

Although extended low dose extended exposure is more likely via drinking 

water there is no guideline for long-term exposure as there has been no 

research into this pattern of exposure. 

It has been suggested that the predicted future climatic changes of global 

warming such as increased water temperatures, nutrient loading and 

stratification as well as altered hydrology will favor freshwater 

cyanobacterial growth and give cyanobacteria a competitive advantage 

over other phytoplankton. In fact harmful algal blooms in marine settings 

have already been seen to increase since the 1970s [6, 7] and an 

increase in total cyanobacteria numbers and individual algal bloom 

durations has been noted since the 1980s [8]. Additionally the link 

between algal blooms and eutrophication has been noted since the 1980s 

[9]. 
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1.3 STX and its analogs 

STX itself is part of a large group of analogs collectively known as the 

paralytic shellfish toxins (PSTs) or in some cases the saxitoxins. This 

group has a long history with human poisonings dating back to at least 

1793[10]. Despite this history the toxin was not isolated until 1957 from 

the butter clam Saxidomus giganteus, after which the toxin is named [11]. 

Due to its noncrystalline and highly polar nature, the structure of the toxin 

was not determined for almost another 20 years [12]. STX is one of the 

most potent natural toxins known, with a place on Schedule 1 of the 

Chemical Weapons Convention [13].  

The PST analogs all share a 3,4,6-trialkyl tetrahydropurine skeleton with 

two guanidinium groups [12](Figure 1.1). Variations to the side chains give 

the analogs varying levels of toxicity and the analogs are grouped 

depending on their side chain variations. STX and neoSTX are non-

sulfated, the Gonyautoxins (GTXs) mono-sulfated and the C-toxins di-

sulfated, each respectively less toxic than STX. Further variants include 

decarbamoyls. Authors have described up to 57 analogs [14], with the 

most common shown in Table 1.1. STX is highly polar and stable in 

solution [11] while the c-toxins and GTXs are not particularly stable and 

can degrade to produce more toxic analogs [15]. So while the 

concentration of individual analogs will vary the group of toxins can persist 

in water for long periods of time, therefore there is a potential for extended 

exposure periods. 
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Figure 1.1 The tetrahydropurine skeleton of STX and its analogs 

, for R group substituents see Table 1.1. 
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Table 1.1 Side chain variations to the tetrahydropurine skeleton for STX and its analogs. 

 Adapted from [13, 14]. 

Toxin R1 R2 R3 R4 R5 Mouse 

Bioassay1 

STX H H H OCONH2 OH 1656 - 2483 

neoSTX OH H H OCONH2 OH 1038 - 2300 

Gonyuatoxins  

GTX1 OH H OSO3
- OCONH2 OH 1638 - 2468 

GTX2 H H OSO3
- OCONH2 OH 793 - 1028 

GTX3 H OSO3
- H OCONH2 OH 1463 - 2234 

GTX4 OH OSO3
- H OCONH2 OH 1803 

GTX5 H H H OCONHSO3
- OH 160 

GTX6 OH H H OCONHSO3
- OH Not done 

C-toxins  

C1 H H OSO3
- OCONHSO3

- OH 15-17 

C2 H OSO3
- H OCONHSO3

- OH 237 - 329 

C3 OH H OSO3
- OCONHSO3

- OH 33 

C4 OH OSO3
- H OCONHSO3

- OH 143 

Decarbamoylated  

dcSTX H H H OH OH 955 - 1274 

dcneoSTX OH H H OH OH Not done 

dcGTX1 OH H OSO3
- OH OH Not done 

dcGTX2 H H OSO3
- OH OH 1617 

dcGTX3 H OSO3
- H OH OH 1872 

dcGTX4 OH OSO3
- H OH OH Not done 

1Mouse units/µmol where 1 mouse unit is the amount of toxin what kills a 20g mouse in 
15minutes  
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1.4 Sources of STX Exposure	  

As mentioned, STX and its analogs are produced in both marine and 

freshwater environments. It was originally thought that both marine 

dinoflagellates and freshwater cyanobacteria produce PSTs by the same 

biosynthetic pathway [16], which is mediated by the stx gene cluster in 

cyanobacteria [17, 18] but the genes responsible for toxin production in 

dinoflagellates are now thought to be quite different [19]. It has been 

recently shown that only a small number of the proteins involved in the 

biosynthetic pathway in cyanobacteria are present in dinoflagellates, so 

that the later steps in the pathway may be performed by different reactions 

or enzymes [20]. 

The reason why either of these organisms produce the toxin is unknown 

although there are theories, the most common being defense but from 

what is not known.  Another theory suggests a relationship between 

intracellular Na+ levels and STX production, where toxic strains of 

cyanobacteria would be at an advantage under conditions of high pH or 

Na+ stress[21, 22]. Based on genetic analysis it has been suggested that 

the stx gene cluster could have emerged at least 2,100 Ma, in an 

environment significantly different to today.  At that time organisms had 

not evolved VGSCs, the most well known target of the PSTs, and so 

another theory is that the evolutionary predecessor of the channel, the 

potassium channels, could have been the target of the toxin [23]. 
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1.4.1 Marine production of STX 

The most well-known and researched source of the STXs are the marine 

dinoflagellates from the genera Alexandrium, Gymnodinium and 

Pyrodinium [24-26]. The marine dinoflagellates produce PSTs which are 

consumed by invertebrates such as shellfish, crustaceans and molluscs, 

and rarely fish [27]. The majority of these vectors are not affected by the 

toxin. The toxins become concentrated by these vectors and are ingested 

by shellfish consumers, causing PSP [14]. There are strict regulatory limits 

for this source of exposure, a maximum of 80µg STXequivalents/100g of 

shellfish tissue, and there are prevention programs set up globally as the 

number of countries affected by harmful algal blooms (HAB) containing 

PSTs increases [7, 28]. This regulatory limit was first established in the 

1930s, originally in Mouse Units, before the structure and toxicology of the 

toxins were fully understood, but has been effective in protecting seafood 

consumers since [29]. The vast majority of poisonings in recent times 

have been a result of harvesting shellfish from quarantined areas, 

knowingly or unknowingly, or from harvesting untested shellfish which 

could be a problem for small isolated coastal communities. More recently 

acute exposure to the PSTs has been reassessed by the European Food 

Safety Authority (EFSA) [30] and a guideline of 7.5µg STXeq/100g has 

been suggested, considerably less than the regulatory limit stated above. 
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1.4.2 Freshwater production of STX 

STX and its analogs are also produced by freshwater cyanobacteria 

including those in the genera Dolichospermum (previously Anabaenea 

[31]), Cylindrospermopsis, Aphanizomenon, Plankotothrix and Lyngbya 

[32-38]. Their presence in freshwater has been recorded globally with 

different genera being responsible in each country. There are toxic and 

non-toxic sub populations of these cyanobacteria and there is additional 

variation in which toxic analogs each produce (Table 1.2). 

With seasonal changes in cell numbers, the toxin concentration can vary 

in fresh water bodies throughout the year and between water sources (<1- 

approx. 23µg/l raw water, 5-3400µg/g dry weight)[1, 2]. The toxins can 

persist in water for several months and analogs can undergo 

transformation to become more toxic, so that concentrations of individual 

analogs continuously vary [39]. Even when there is a predominance of 

less toxic analogs, the toxicity of a mixture of these toxins is still largely 

defined by the lower concentrations of more toxic analogs [40]. 
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Country	   Toxic	  species	   PST	  analogs	  produced	  

Australia	   Dolichospermum1	   C1,	  C2,	  GTX2,	  GTX3	  and	  STX	  

Brazil	   Cylindrospermopsis	  raciborskii2	   neoSTX	  and	  STX	  

USA	   Aphanizomenon	  flos-‐aquae3	  

Lyngbya	  wollei4	  

neoSTX	  and	  STX	  

dc-‐GTX2,	  dc-‐GTX3,	  dcSTX	  and	  6	  unidentified	  

analogs	  

Portugal	   Aphanizomenon	  flos-‐aquae5,6	  

	  

Aphanizomenon	  gracile7	  

neoSTX,	  dcSTX,	  STX,	  GTX6,	  GTX5,	  GTX4,	  GTX1,	  

GTX3	  

neoSTX	  and	  STX	  

Germany	   Aphanizomenon	  gracile8	   GTX5,	  STX,	  dcSTX	  and	  neoSTX	  

Italy	   Planktothrix	  sp.9	   STX	  

China	   Aphanizomenon	  flos-‐aquae10,11	   STX,	  neoSTX,	  GTX5,	  dcSTX	  and	  dcGTX3	  

Table 1.2 Locations and characteristics of freshwater PST production 

. 1[33] 2[34] 3[35] 4[32] 5[37] 6[41] 7[42] 8[43] 9[38] 10[44] 11[45]. 
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PSP producing cyanobacteria have been shown to carry the stx gene 

cluster. It is suggested that the stx gene cluster has a single origin 

amongst cyanobacteria because only a small number of genes have 

recombinations between species [18], and that this strong conservation of 

the stx gene cluster over time shows it has a vital role in the survival of the 

species that possess it [23]. 

As mentioned above the predicted future climatic changes of global 

warming will favor the growth of cyanobacteria. These favored growth 

conditions could have implications for the frequency, timing, size, duration 

and distribution of algal blooms, with the general consensus that these will 

all increase [41-44]. While the effect this will have on toxin production is 

still unclear it is predicted that toxin production will increase as growth 

conditions are more favorable [45] which will subsequently alter the 

concentrations of toxin reaching drinking water and the patterns of 

exposure to toxin, having potentially serious consequences for drinking 

water [46]. 

 

1.5 STX activity 

The most well-known action of STX is its ability to block VGSCs, but it has 

also been described to act at calcium [47, 48] and human ether-a-go-go 

(hERG) potassium channels [49]. Furthermore it binds to the protein 

saxiphilin, a transferrin-like protein originally isolated from the North 
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American bullfrog, Rana castesbeiana [50] as well as a pufferfish protein 

isolated from Fugu pardalis [51]. 

 

1.5.1 Activity at sodium channels 

The VGSCs are transmembrane proteins made up of an α-subunit and 

one or more β-subunits.  The α-subunit is made up of 4 identical domains 

each with 6 transmembrane segments [52](Figure 1.2). The domains are 

arranged around the central pore of the channel with segment 6 forming 

the inner surface. STX binds to Site 1, which is located on the hairpin-like 

pore loop (P-loop) between segments 5 and 6 [53], blocking the pore of 

the channel and preventing the flow of Na ions [14, 54] with the gating of 

VGSC having no effect on the blocking action of STX. It has been 

suggested that there are two predominantly negatively charged rings of 

carboxylated amino acids within the proximity of the channel pore on the 

P-loop and this is where the positively charged guanidinium groups of 

STX bind, with the IC50 shown to be 1.2±0.2nM in wild type rat sodium 

channel type 2 [55]. Alterations such as the addition of a hydroxyl group or 

a sulfate group can change the affinity of the toxin for the channel giving 

the different analogs their varying toxicity [13]. 

Nine different isoforms of the α-subunit have been described (Nav1.1 to 

Nav1.9) each with varying distribution throughout the human body and 

each with varying sensitivity to STX [56-58].  
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Isoforms Nav1.1, Nav1.2, Nav1.3 and Nav1.6 are found mainly in the 

central nervous system, while Nav1.7, Nav1.8 and Nav1.9 are found in the 

peripheral nervous system. These groups of isoforms are known as ‘brain 

type’ or ‘neuronal-type’ sodium channels. Nav1.4 and Nav1.5 are both 

non-neuronal with Nav1.4 mainly found in skeletal muscle and Nav1.5 

being cardiac-exclusive [54]. Hence different regions of the body will have 

varying sensitivity to the PSTs. Isoform expression additionally varies 

during development so that sensitivity to the PSTs may vary over time 

[59](Table 1.3).  

While all of the α-subunit isoforms have been classified as either sensitive, 

resistant or insensitive to tetrodotoxin (TTX), a structurally different toxin 

which also acts on VGSC, this has not been done for all isoforms in 

regards to the PSTs. Testing the sensitivity of each isoform would be 

beneficial to better understanding which regions of the body would be 

more at risk to extended low dose exposure to STX and during which 

stages of life. 
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Isoform	   Spatial	  expression1	   Temporal	  expression	  

Nav1.1	   CNS	   Postnatal	  to	  adult	  nervous	  tissue1	  

Nav1.2	   CNS	   Embryonic	  to	  adult	  nervous	  tissue1,2	  

Nav1.3	   CNS	   Embryonic	  to	  adult	  nervous	  tissue1	  

Nav1.4	   Skeletal	  muscle	   Postnatal	  to	  adult	  cardiac	  tissue3	  

Nav1.5	   Cardiac	  muscle	   Embryonic	  to	  Adult	  cardiac	  tissue1,3	  

Nav1.6	   CNS	   Adult	  nervous	  system2	  

Nav1.7	   PNS	   Adult	  nervous	  system1	  

Nav1.8	   PNS	   Embryonic	  to	  adult	  nerve	  cells4	  

Nav1.9	   PNS	   Embryonic	  to	  adult	  nerve	  cells4	  

Table 1.3 Spatial and temporal expression of the VGSC isoforms.  

 CNS = central nervous system, PNS = peripheral nervous system 1[64] 2[65] 3[61] 

4[66] 
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The β-subunits, which can be found in excitable and non-excitable cells in 

both the central and peripheral nervous system, are made up of an 

extracellular domain, a transmembrane domain and an intracellular 

domain [54, 60]. Each α-subunit is can be associated with one covalently 

linked β-subunit (β2 or β4) and one non-covalently linked β-subunit (β1 or 

β3). The β-subunits have a role as regulatory proteins which can modulate 

the expression of VGSC on the cell surface, and can modulate cellular 

migration as well as neurite extension [60]. As mentioned STX binds to 

the α-subunit and is not known to have any direct effect on the β-subunit. 

The primary function of VGSC is to produce action potentials. Neurons 

and other excitable cells have an electrical potential between the intra- 

and extracellular environments caused by an imbalance of ions across the 

cellular membrane. By eliminating and reestablishing this potential, 

neurons can transmit electrical signals along their axons. Removal of the 

potential due to certain stimuli opens the VGSC allowing an inflow of Na+ 

ions rapidly depolarizing the cell, closure of the channel then allows for 

repolarization by the oubaine sensitive Na/K antiporter and a return to 

steady state completing the action potential. By blocking the movement of 

Na ions through the channel, STX halts the generation of action potentials 

and the neurons lose their ability to transmit electrical impulses. 
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1.5.2 Activity at calcium channels 

Voltage-gated calcium channels are also transmembrane proteins and 

can be made up of four components, α1-subunit, β-subunit, α2δ-subunit 

and calmodulin [61]. The α1-subunit forms the channel pore similarly to the 

VGSC, having 4 homologous domains each with 6 transmembrane 

segments and having a similar amino-acid sequence [62](Figure 1.2). 

Again there are multiple isoforms of this channel with varying distribution 

and sensitivity to STX. The high-voltage activated channels including the 

L-, P/Q- and R-type are made up of all four components mentioned above 

whereas the T-type which is low-voltage activated needs only the α1-

subunit to function [61]. N- and P-type calcium channels are mainly 

neuronal, with T- and L-type channels being muscular and neuronal [13]. 

It has been shown that STX blocks calcium currents in bullfrog 

sympathetic neurons expressing N-type channels with an IC50 of 400nm 

[47] and more recently it was shown to partially block L-type calcium 

channels with an IC50 of 0.3µM [48]. It has been suggested that STX’s 

binding site on this channel is external and may be  similar to the VGSC 

binding site [48]. This suggested binding site is not surprising considering 

the similarities in the α1 -subunit of the calcium channel and the α1 -subunit 

of the VGSC. This same group demonstrated that greater concentrations 

of STX were required for the same level of channel blockade in calcium 

channels as in neuronal VGSCs, but lower than those required for cardiac 

VSGCs. 
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The channel is responsible for control of cellular calcium entry and has a 

role in multiple cellular functions including, but not limited to, muscle 

contraction, neurotransmitter and hormone release and calcium-

dependent gene regulation [61, 62]. 
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Figure 1.2 Arrangement of the sodium and calcium channel α-subunit , 

 showing the 4 identical domains each with 6 transmembrane segments, redrawn from 

[70]. 
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1.5.3 Activity at potassium channels 

Also a transmembrane channel, the hERG K+ channel is made up of four 

α-subunits each with six transmembrane segments (S1-S6) [63]. S1-S4 of 

each α-subunit make up the voltage sensing domain surrounding S5-S6 

which make up the central pore domain [49]. The hERG K+ channel has 

small structural differences from the majority of other voltage gated K+ 

channels which could explain why PSPs have only been seen to bind 

hERG K+ channels [64]. 

Mainly found in cardiac myocytes and neurons, the hERG K+ channel 

controls the duration of cardiac action potentials through repolarization 

and has been linked to syndromes which can cause fatal cardiac 

arrhythmias [65-67]. The channel has also been detected in human 

pancreatic β-cells [68]. Unlike in VGSCs, STX did not act by blocking the 

ion pore of this channel, but instead modified the gating of it in HEK-293 

cells. Stronger depolarization was required to open channels bound with 

STX and upon repolarization the channels closed much faster [49]. 

Modification of the channel was membrane potential dependent, at -50mV 

EC50 was 5.6µM and at 50mV EC50 was 0.3µM. 

 

1.6 Exposure to STX 

1.6.1 Acute exposure to STX 

Acute exposure to STX occurs as a result of eating contaminated 

shellfish, potentially resulting in PSP, or from ingestion of contaminated 
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freshwater. As mentioned above no acute human poisonings have been 

recorded from freshwater, yet there have been livestock deaths [69, 70]. 

However, close to 2,000 PSP cases are reported yearly around the world 

with a fatality rate of 15% [6] and fatalities have been recorded in marine 

life also [71]. 

Following exposure to STX, action potentials in nerve and muscle fibers 

are interrupted. Symptoms can be both gastrointestinal and neurological 

including; paraesthesia, nausea, vomiting, incoordination, diarrhea, 

weakness, ataxia, shortness of breath, dysarthria, dysphagia, hypotension 

and, depending on the amount of toxin consumed, can result in complete 

paralysis of the victim and death via respiratory depression [28, 72]. The 

outcome of PSP is variable between individuals, for example children 

have been shown to be more susceptible with a higher mortality rate [72-

74]. 

Death can occur within an hour of a lethal dose and there is currently no 

antidote, with the only sufficient treatment being artificial respiration [13]. 

PSP victims may also be treated with activated charcoal to remove any 

unabsorbed toxin [75]. Victims surviving more than 24 hours have much 

greater chances of making a full recovery [76]. 

It has also been shown that PSTs can be bioaccumulated in the 

freshwater environment in the same fashion as the marine source, but 

with different vectors. The filter-feeding freshwater mussel Alathyria 

condola Iredale has been shown to accumulate PSTs when fed A. 
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circinalis for 7 days and extracts from mussels produced typical PSP 

symptoms in the mouse bioassay [77]. Whilst these mussels are not 

commonly consumed, they are occasionally consumed by populations of 

Indigenous Australians and they are consumed by aquatic animals. 

Exposure to PSTs can also occur during recreational water use. In 

addition to the PSTs cyanobacteria are also known to produce 

lipopolysaccharide (LPS) endotoxins [78] so that during recreational 

exposure adverse reactions may be a result of the PSTs and/or LPS. In a 

large international cohort study the majority of symptoms recorded 

following recreational exposure to cyanobacteria were mild respiratory, 

however there was not a significant increase compared to controls [79]. 

 

1.6.2 Pharmacokinetics of STX 

The effects of exposure to the PSTs obviously depends on the 

pharmacokinetics of the toxins. Beginning with absorption, GTX 2/3 

epimers have been shown to be readily transported across the epithelium 

by both paracellular and transcellular routes [80-82] in Caco-2 and IEC-6 

cells as well as in human intestinal samples. Analysis of tissue and body 

fluids taken post-mortem from victims of PSP show distribution of the toxin 

in the brain, bile, cerebrospinal fluid, liver, spleen, heart, thyroid and 

adrenal glands, kidneys, pancreas and lungs [83]. Pharmacokinetic 

studies in cats again showed distribution throughout the body in the brain, 

medulla oblongata, liver and spleen, with the largest percentage of the 
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dose reaching the spleen [84]. This widespread distribution explains both 

the neurological and gastrointestinal symptoms resulting from PSP and 

demonstrates the capability of the PSTs to cross the blood-brain barrier. It 

is worth noting that these studies used high concentrations of STX which 

caused death in the cats and the post-mortem analysis were from victims 

of PSP, therefore receiving high concentrations of toxin also. This 

questions whether the ability of STX to cross the blood-brain barrier would 

be seen at low concentrations. Cardiovascular burdens and hypercapnia 

can significantly alter the permeability of the blood-brain barrier, conditions 

which have been recorded following exposure to high doses of STX [85, 

86], but if these effects are not seen at low doses of STX exposure will the 

toxin still be able to cross the blood-brain barrier? If not, the toxin will still 

exert its effect on the peripheral nervous system. 

In a more recent study in cats using GTX2/3 epimers it was shown that 

the toxins are mainly excreted via glomerular filtration [84] which supports 

the earlier work in cats and rats which suggested excretion through urine 

[81, 87]. There is some difference in opinion as to whether or not the 

PSTs are metabolized. In the same pharmacokinetic study mentioned 

above only GTX2 and GTX3 were recovered in urine and following 

incubation of GTX2/3 epimers with cat liver supernatant 100% of the toxin 

was recovered, suggesting that no metabolism took place [80]. Similarly 

the urine of rats treated with dihydrosaxitoxin did not show any other toxin 

analogs [87]. 
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In contrast the post-mortem analysis mentioned above recorded STX and 

GTX1-5 in the gastric content, yet in the body fluids, spleen and pancreas 

neoSTX was recorded, as was dcSTX in liver, kidneys and lungs 

suggesting that transformation of the analogs does occur in humans [83]. 

The same group has shown that GTX2 and GTX3 can undergo oxidation 

and subsequent glucuronidation by human liver microsomes in vitro, 

converting them to four major metabolites; glucuronic-GTX3, glucuronic-

GTX2, GTX4 and GTX1 [88] and have also shown the same conversion of  

neoSTX and STX to glucuronic-neoSTX and glucuronic-STX respectively 

[89]. In each study they recovered only 6% and 15% of the original PSTs 

respectively, suggesting that the majority are converted. This 

glucoronidation metabolic pathway could explain the increased sensitivity 

to PSTs in children as glucoronidation develops during childhood [90] and 

the earlier work which did not record any metabolism of the PSTs in cats 

is likely to be due to the fact that glucouronidation is not a metabolic 

pathway found in cats [14]. 

Metabolism is also supported by findings from another post-mortem 

analysis of a PSP victim where the toxin profile of the gut varied greatly 

from that of the urine [91]. The gut content was made up primarily of STX 

with lesser amounts of GTX2, GTX3 and neoSTX, whereas in the urine 

only half of the toxin found was STX; GTX2 and GTX3 were almost 

completely removed and there was an increase in neoSTX and dcSTX. 

The group proposed that the N1 group of STX underwent oxidation for the 

conversion to neoSTX and hydrolysis of the carbamoyl group for 
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conversion to dcSTX. The different toxin profile seen post-mortem 

compared to the microsome results could suggest that further metabolism 

occurs in the kidney or bladder. 

As mentioned above the toxicity of a mix of toxins is largely defined by the 

more toxic analogs even if they are at a lower concentration in comparison 

to the less toxic analogs [40]. Therefore, it is worth noting that the effect of 

metabolism on the overall toxicity of a mix of PSPs analogs may be quite 

small. 

 

1.6.3 Chronic exposure to STX 

To date there has been little research into the reproductive, teratogenic, 

genotoxic or carcinogenic effects of the PSTs [5, 92] despite extended low 

dose exposure being a possibility.  

The majority of work that has been done on extended exposure to STXs 

was carried out in amphibians and fish. It was shown that extended 

exposure to STX in zebrafish had significant adverse effects on 

morphology, growth and survival [93]. Similar morphological effects were 

seen by another group using zebrafish who also observed an increase in 

mortality during larval development and altered hatching time, this altered 

hatching time was also seen in axolotl [94]. Due to the high concentrations 

used in both experiments (10-500µg/L STX), it is likely that the effects on 

growth and survival were a result of paralysis and reduced feeding, which 

was noted in the treated fish of the first study. Concentrations used in both 
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experiments were much greater than those which people are likely to be 

exposed to for an extended period so that no suggestions can be made of 

what would be expected to result in humans, but it does highlight the lack 

of research into this pattern of exposure.  

When exposed to lower concentration of PSTs both fish and mammalian 

models have shown significant changes to antioxidant mechanisms[95] as 

well as DNA damage suggestive of apoptosis [96]. Antioxidant enzymes 

superoxide dismutase (SOD) and glutathione peroxidase (GPx) were 

significantly reduced in the liver of mice exposed to sub-lethal 

concentrations of GTX2/3 (300µg//kg and 200µg/kg respectively) as were 

the xenobiotic metabolizing enzymes ethoxyresorufin-0-deethylase 

(EROD) and penthoxyresorufin-0-deethylase (PROD).The less toxic 

analogs C1/2 (450µg/kg and 1960µg/kg respectively) also significantly 

lowered the activity of PROD and GPx [95]. 

Further, rats ingesting STX spiked drinking water (3µg/L and 9µg/L in 

drinking) for 30 days had significant changes to antioxidant mechanisms 

in both the brain and liver including total antioxidant capacity and levels of 

reactive oxygen species, lipid hydroperoxides and oxidative enzymes [97]. 

At the drinking water guideline of 3µg/L there was a reduction in the total 

antioxidant capacity in the hippocampus but not in the pre-frontal cortex 

suggesting that not all areas of the brain would be affected equally 

following extended low-dose exposure to the PSTs.  
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These changes in antioxidant mechanisms could cause an increase in 

oxidative stress and have adverse effects on neurodevelopment as the 

brain has an increased vulnerability to oxidative stress and fewer 

defenses [98], especially the developing brain having increased metabolic 

demand required for growth and fewer glia [99], which have been shown 

to protect neurons from oxidative stress [100]. How the PSTs mediate 

these changes to antioxidant mechanisms is unknown. 

By reducing the action of metabolizing enzymes STX may alter the 

metabolism of other compounds or it may very well reduce the rate of its 

own metabolism creating the potential for enzyme polymorphisms to result 

in inter-individual differences in response to STX. This supports the idea 

that the PSTs may have adverse effects not just in the nervous system. 

Non neurological adverse effects have been seen in wild fish following 

extended exposure to PSTs (4.6 - 83.44 STX eq ng/L) [101]. These 

included epithelial hyperplasia in the gills as well as necrosis and Melano-

macrophage centers in the liver. 

Another potential outcome of extended exposure is alterations in 

neurogenesis as electrical activity has been described as playing an 

important role in normal CNS development [102]. Therefore the activity of 

low concentrations of STX at voltage gated ion channels could have 

implications for neurodevelopment. For example, disruption of electrical 

activity using TTX has been shown to inhibit neurite outgrowth mediated 

by the β1 subunit of the VGSC channel [102], triggering neuronal 
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apoptosis mediated by a rise in postsynaptic response to glutamate and 

reduced ability to clear intracellular calcium [103]. In Drosophila, an 

increase in sprouting from the transverse nerve onto muscle fibers at 

neuromuscular junctions has been shown to occur following treatment 

with TTX [104].Furthermore it has also been shown that STX 

administration can change levels of neuroactive amino acids in multiple 

brain regions of rats, yet the particular channel-blocking action of STX 

causing these changes is unknown [105].  

Calcium channels have also been implicated in proper neuronal 

development. These channels have been shown to have an important part 

in the activity-dependent refinement of connections at neuromuscular 

junctions in Drosophila [106], suggesting that STX’s action at these ion 

channels could have a further effect on development.  

 

1.7 Measures taken and difficulties faced in preventing exposure 

As there is no antidote and limited treatment available for PSP, it is of 

great importance to prevent exposure. As mentioned there is a guideline 

of 80µg STXeq/100g of shellfish and this has been very successful at 

preventing acute lethal poisoning from this source, however low dose non-

symptomatic exposure can still occur. Given that the assumed daily 

consumption of shellfish is 200g this would equate to a total of 160µg STX 

eq or 2.7µg STXeq/kg body weight (b.w) for a 60kg adult. In comparison 

drinking water guidelines are 3µg/L STX and the assumed daily 
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consumption of water is 2L which would equate to a total of 6µg STXeq or 

0.1µg STXeq/kg b.w for a 60kg adult making it even more precautionary in 

preventing exposure. Additionally, as the 2L is an assumed daily 

consumption and STX does not accumulate in the body the actual 

concentration of STX an individual is exposed to at any one time is likely 

to be less than this. 

As mentioned above the EFSA has suggested lowering the regulatory 

guideline for shellfish to 7.5µg STXeq/100g of shellfish, based on an 

estimated no-observed-adverse-effect level of 0.5µg STXeq/kg b.w. They 

have also noted the large variation in the amount of shellfish consumed in 

different populations and that the current guideline for shellfish exposure 

is not protective enough and should be adjusted to protect people 

consuming large amounts of shellfish [30]. These communities which 

consume large amounts of shellfish could be at risk of extended low dose 

exposure to STX if consumed on a daily basis. 

The first approach to preventing PST exposure in drinking water is 

prevention of algal blooms that produce the toxins. Reservoir mixing or 

destratification can be used to reduce cyanobacterial growths. Secondly 

freshwater can successfully be treated so that PST concentrations are 

below guidelines of 3µg/L. The best approach is to have a multi barrier 

method so that both intracellular and extracellular toxins can be removed.  

As STX is predominantly intracellular, treatments such as coagulation and 

filtration are effective in removing cells and therefore the majority of toxins, 
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then the addition of powdered activated carbon (PAC) is used to remove 

extracellular toxins, and chlorination for disinfection. The combination of 

coagulation, PAC and ultrafiltration has been shown to remove all 

cyanobacterial cells and 90% of intracellular PSTs, but extracellular PSTs 

could not be successfully quantified due to their low concentration [107]. 

Other treatments can include granular activated carbon filtration and 

ozonation [107, 108]. 

Although treatments are successful at lowering the concentration of STX 

below guidelines, low concentrations may still be present in drinking 

water. For example spot checks following treatment recorded PSPs close 

to 0.5µg/L [2]. This same group has shown that PSTs can persist in water 

for consecutive months. 

To guarantee the safety of drinking water, methods used to quantify 

concentrations of PSTs must be accurate and precise, for which there are 

numerous techniques each with their own advantages and drawbacks 

[109]. With further research into this pattern of exposure it is also 

important to have methods available which can accurately and precisely 

quantitate concentrations of PSTs, if the investigation of low-dose 

extended exposure to the PSPs resulted in lowering of the guidelines, 

current analytical methods may not be sensitive enough. 
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1.8 Conclusion 

The PSTs are a group of potent neurotoxins with a long history of 

poisoning from marine sources with their production by freshwater 

cyanobacteria being a more recent discovery. The public health risk of 

acute exposure via marine sources is well managed with regulatory 

guidelines and monitoring programs and acute poisoning from freshwater 

is unlikely due successful water treatment. So while acute PST poisoning 

is uncommon low dose extended exposure, about which very little is 

known, is still a public health risk 

This pattern of exposure is of particular concern considering the action of 

STX on multiple ion channels and the role of ion channels and their 

associated electrical activity in neurodevelopment. It is likely that the PSTs 

will not just be causing an inhibition of action potentials via their activity at 

VGSC, but could in fact be preventing more complex cellular pathways 

orchestrated by these multiple ion channels. Evidence of this has already 

been seen with significant effects on cellular antioxidant mechanisms. 

Additionally, it is likely that production of PSTs will be an ongoing concern 

as cyanobacteria growth has been predicted to increase with the predicted 

future changes to climate. This together with the lack of research and 

possible neurodevelopmental effects of extended exposure makes low 

dose STX in freshwater a significant public health concern which must be 

addressed. 
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2.1 Abstract 

The potent neurotoxin saxitoxin (STX) belongs to a group of structurally 

related analogues produced by both marine and freshwater phytoplankton. 

The toxins act by blocking voltage-gated sodium channels stopping the inflow 

of sodium ions and the generation of action potentials. Exposure from marine 

sources occurs as a result of consuming shellfish which have concentrated 

the toxins and freshwater exposure can occur from drinking water although 

there have been no acute poisonings from the latter source to date. 

Previously the majority of research into this group of toxins, collectively 

known as the paralytic shellfish toxins, has focused on acute exposure 

resulting in paralytic shellfish poisoning. While acute exposure guidelines 

exist for both sources there are no chronic exposure guidelines and there 

has been minimal research into this pattern of exposure despite the known 

role of electrical activity in neurogenesis. We aimed to investigate this pattern 

of exposure and its potential effects on neurodevelopment using model 

neuronal cells. PC12 and SH-SY5Y cells were exposed to STX (0.25-3µg/l) 

for seven days, after which time they were stained with TRITC-Phalloidin, to 

observe adverse morphological effects. Cells exposed to STX had a 

significant decrease (18 - 85%) in long axon-like projections, instead 

exhibiting a significant increase in shorter projections classified as filopodia  

(p<0.05). The results suggest that extended low dose exposure to STX can 

inhibit proper neurite outgrowth at concentrations well below guideline levels 

for both sources of exposure making it a potential public health concern. 
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2.2 Introduction 

The paralytic shellfish toxins (PSTs) are a group of structurally related 

neurotoxins produced by both marine and fresh water phytoplankton. The 

PSTs share a 3,4,6-trialkyl tetrahydropurine skeleton with side chain 

variations giving up to 57 analogues [1]. These analogues can be grouped 

depending on their side chain variations including STX, the gonyautoxins 

(GTX) and the C-toxins. PSTs act by reversibly binding to axonal voltage 

gated sodium channels (VGSC), blocking the inflow of sodium ions and 

subsequently the generation of action potentials so that neurons lose their 

ability to transmit electrical impulses [2]. The result can be numbness, 

paralysis and even death by respiratory depression. Additionally the PSTs 

have also been shown to act on calcium and potassium channels [3]. Acute 

exposure through consumption of marine shellfish has been well researched, 

giving the toxins their name, yet little is known of the effects of extended low 

dose exposure from either source. 

The most well-known and researched source of the PSTs are the marine 

dinoflagellates [4], which are consumed by invertebrates such as shellfish, 

crustaceans and molluscs without being affected by the toxin. The toxins 

become concentrated by the invertebrates and are then ingested by 

consumers, causing paralytic shellfish poisoning [1]. There are strict safety 

guidelines for commercially produced seafood that stipulate a maximum of 

80 µg STXeq/100g of shellfish tissue. 
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Although seafood monitoring programs have been set up globally to prevent 

acute poisonings, low dose extended exposure may occur in coastal 

communities who rely heavily on a seafood diet. These communities are 

likely consuming more than expected daily averages of shellfish and for 

considerable periods of time. So while acute poisoning may not occur, more 

subtle low dose adverse effects may be taking place. In fact recently it has 

been suggested that the current guideline is not protective enough, 

especially for populations of people consuming large amounts of shellfish, 

and should be lowered to 7.5µg STXeq/100g of shellfish [5]. 

In the freshwater environment the PSTs are produced by cyanobacteria [6], a 

concern for public health as these freshwaters can be the source of drinking 

water for humans. The cyanobacteria responsible for the production of PSTs 

as well as the analogues produced vary globally [7]. Drinking water quality 

guidelines based on acute paralytic shellfish poisoning events suggest a 

health alert level of 3µg STX eq/l [8] and, while there have been live-stock 

deaths from drinking untreated water [9], water treatment practices aimed at 

meeting these guidelines have ensured that there have been no human 

fatalities from this source. However,  although cyanobacterial cell numbers 

vary seasonally [10] the PSTs can persist in water for several months so that 

extended low dose exposure below guideline levels is possible [11]. 

Additionally it has been suggested that the predicted future climatic changes 

associated with global warming such as increased water temperatures, 

nutrient loading and stratification, as well as altered rainfall, will favour 

freshwater cyanobacterial growth. This could have implications for the 
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frequency, timing, size, duration and distribution of algal blooms [12]. While 

the effect this will have on toxin production is unknown, it has been predicted 

that toxin levels will increase as growth conditions become more favourable 

[13, 14]. Therefore the potential presence of low concentrations of PSTs in 

drinking water is likely to be a continuing issue in the future. 

Given the action of the PSTs at VGSC, one potential but more cryptic 

outcome of extended exposure is alterations in neurogenesis as electrical 

activity has been described as playing an important role in normal CNS 

development [15]. This hypothesis is supported by the fact that the 

structurally different but similarly acting toxin tetrodotoxin has been shown to 

disrupt normal CNS development [16]. 

Therefore we aimed to determine if extended low dose exposure to STX 

could affect normal neuronal development of axon-like processes by 

measuring dose-related morphological changes in model neuronal cells. We 

found that extended low dose exposure to STX inhibited neurite outgrowth in 

two model neuronal cell lines, PC12 Ordway and SHSY5Y, which have 

previously been used to study neuronal development [17]. Both cell lines are 

known to produce neuronal morphology representative of neuronal 

differentiation, including long axonal-like outgrowths. Additionally PC12 cells 

are a model of peripheral neurons of the autonomic nervous system while 

SH-SY5Y cells are a model for neurons from the central nervous system, 

allowing us to examine the effects on both nervous systems. To our 

knowledge this is the first paper to look directly at extended low dose 

exposure to STX and its effects on mammalian neurodevelopment. 
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2.3 Material and Methods 

2.3.1 Materials 

All materials were sourced from Sigma Aldrich Australia unless stated 

otherwise. 

 

2.3.2 Cell culture 

PC12 Ordway cells (Donated by Prof. John Piletz; Loyola Medical School, 

Chicago, USA) and SH-SY5Y cells (American Type Culture Collection, 

ATCC) were grown in Roswell Park Memorial Institute (RPMI) medium and 

Dulbecco’s Modified Eagle Medium (DMEM), respectively.  Each medium 

was supplemented with 5% fetal calf serum and 2mM L-glutamine, 1% non-

essential amino acids, 1000U/ml penicillin and streptomycin. Cells were 

cultured at 37oC with 5% CO2 and passaged every 3-4 days. No exogenous 

growth factors were added. 

 

2.3.3 STX exposure 

1x105 cells were plated on poly-L-lysine (PLL) coated glass coverslips in their 

respective growth mediums and incubated overnight (n=3). Cells were 

treated with STX dihydrochloride (NRC, Canada) (0.25 - 3µg/l) and incubated 

for 7 days, an exposure time which is considered chronic in these cell lines 

based on previous studies [18]. Medium and toxin were replaced on day 4. 
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2.3.4 F-actin staining 

Following 7 days of treatment cells were stained with TRITC-Phalloidin, an F-

actin stain. Briefly; medium and toxin were removed, cells were fixed in 3.7% 

formaldehyde for ten minutes and permeabilised in 0.1% Triton-X100 for ten 

minutes. Non-specific binding sites were blocked with 2% BSA for 1 hour at 

room temperature and then cells were incubated at room temperature with 

1.5µm TRITC-Phalloidin for 15 minutes in the dark. Coverslips were mounted 

on glass slides with 50% glycerol. Cells were viewed with an Olympus BX50 

fluorescence microscope using a narrow green filter (750nm) at 60x 

objective. Cells were imaged using SPOT image software (Diagnostic 

Instruments, Inc. Australia). 

 

2.3.5 Morphology analysis 

Four fields were randomly chosen per slide, with an average of 36 cells 

analysed per slide. Using ImageJ (National Institutes of Health, USA) the 

number of projections per cell and the length of these projections were 

measured. Cellular projections were classified based on their length. 

Projections with a length greater than 23µm were classified as axonal like 

(axons) and projections with a length less than this were classified as 

filopodia. This length classification was based on a description in which cells 

were deemed positive for neurite extension if processes were longer than a 

cell body [9] . F-actin staining distribution was plotted by transecting 

individual cells. 
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2.3.6 Statistical analysis 

All statistical analyses were performed using GraphPad Prism. Two way 

ANOVAs with Tukey’s multiple comparisons test were used to compare the 

mean length and classification of projections between treatment groups. One 

way ANOVA with Tukey’s multiple comparisons test was used to compare 

mean number of projections per cell between treatments groups. 

Significance p<0.05. 

 

2.4 Results 

2.4.1 PC12 cell exposure to STX 

Over the 7d exposure period control cells developed a neuronal morphology. 

They had an elongated cell body with long axonal like extensions (Figure 

2.1A). There were few projections per cell (2±1 mean ± SEM, Fig. 5) and the 

vast majority (85%) were classified as axons (Figure 2.6). Following 

exposure to STX, cells remained in a circular habit with multiple short 

extensions (Figure 2.1B-G). There was a significant increase in the number 

of projections per cell at 1µg/l and 2µg/l (Figure 2.5) and the length of these 

projections was greatly reduced at 0.5 µg/L and above (Figure 2.7). Even the 

lowest dose of 0.25 µg/l significantly reduced the percentage of projections 

classified as axons (Figure 2.6). The number of projections per cell increased 

in a concentration dependent manner up to 2µg/l followed by a decrease at 

3µg/l. Of the projections which were classified as axons, their length was 

significantly shorter following exposure to 0.5 µg/l STX (Figure 2.7) and 

above compared to the projections classified as axons on control cells. 	  
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Figure 2.1 Morphology of PC12 cells following exposure to STX.  

 PC12 cells grown on PLL coated coverslips in 6 well plates were exposed to A. culture 

medium alone, B. 0.25µg/l, C. 0.5µg/l, D. 0.7µg/l, E. 1µg/l, F. 2µg/l or G. 3µg/l STX with 

medium and toxin replaced on day 4 before histochemical staining for F-actin on day 7.	  
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Additionally exposure to STX caused changes in patterns of F-actin staining. 

For control cells F-actin was localised to one pole of the cell body 

represented by one prominent peak in the cell profile (Figure 2.2A). In 

comparison exposure to STX lead to disordered F-actin staining with an 

overall more diffuse distribution within the cells seen as wide peaks in cell 

profiles (Figure 2.2B-G). 

 

Figure 2.2 F-actin distribution in PC12 cells following exposure to STX.  

 PC12 cells grown on PLL coated coverslips in 6 well plates were exposed to A. culture 

medium alone, B. 0.25µg/l, C. 0.5µg/l, D. 0.7µg/l, E. 1µg/l, F. 2µg/l or G. 3µg/l STX with 

medium and toxin replaced on day 4 before histochemical staining for F-actin on day 7. 

Distribution of staining was plotted from transects of individual cells. 
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2.4.2 SHSY5Y cell exposure to STX 

Similar to the PC12 cells, control SHSY5Y cells produced a neuronal 

morphology over the 7d period with long axonal like extensions. In contrast to 

the PC12 cells, these cells have a pyramidal shaped cell body (Figure 2.3A). 

Again there were few extensions per control cell (4±1, Figure 2.5) and the 

majority were classified as axonal like extensions (54±10%, Figure 2.6). 

Following exposure to STX the same effects were seen as in the PC12 cells. 

Cells remained in a circular shape with many short extensions (Figure 2.4B-

G). Again there was an increase in the number of projections per cell (Figure 

2.5), although less than in the PC12 cells with statistically significant effects 

seen only at 2 µg/l.  The percentage of projections classified as axons was 

also significantly less following exposure to 0.7 µg/l STX and above (Figure 

2.6), and those that were classified as axons were shorter (Figure 2.7). 
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Figure 2.3 Morphology of SHSY5Y cells following exposure to STX.  

 SHSY5Y cells grown on PLL coated coverslips in 6 well plates were exposed to A. culture 

medium alone, B. 0.25µg/l, C. 0.5µg/l, D. 0.7µg/l, E. 1µg/l, F. 2µg/l or G. 3µg/l STX with 

medium and toxin replaced on day 4 before histochemical staining for F-actin on day 7. 
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As with the PC12 cells there were changes in the pattern of F-actin staining 

following exposure to STX (Figure 2.4A-G). Again there was a more diffuse 

distribution of F-actin as well as instances of concentrated staining at the 

periphery and the base of the projections. 

 

Figure 2.4 F-actin distribution in SHSY5Y cells following exposure to STX.  

 SHSY5Y cells grown on PLL coated coverslips in 6 well plates were exposed to A. culture 

medium alone, B. 0.25µg/l, C. 0.5µg/l, D. 0.7µg/l, E. 1µg/l, F. 2µg/l or G. 3µg/l STX with 

medium and toxin replaced on day 4 before histochemical staining for F-actin on day 7. 

Distribution of staining was plotted from transects of individual cells. 
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Figure 2.5 Effect of STX on number of projections per cell in PC12 and SH-SY5Y cells.  

 Cells grown on PLL coated coverslips in 6 well plates were exposed to culture medium 

alone or 0.25 - 3µg/l STX with medium and toxin replaced on day 4 before histochemical 

staining for F-actin on day 7. Data is expressed as mean ± SEM, n=3 separate experiments. 

Data were subjected to two way ANOVA and Tukey’s Multiple comparisons test comparing 

treatments to vehicle control, *p≤0.05, **p≤0.01 
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Figure 2.6 Effect of STX on percentage of projections per cell classified as axons in PC12 

and SH-SY5Y cells.  

 Cells grown on PLL coated coverslips in 6 well plates were exposed to culture medium 

alone or  0.25 - 3µg/l STX with medium and toxin replaced on day 4 before histochemical 

staining for F-actin on day 7. Data is expressed as mean ± SEM, n=3 separate experiments. 

Data were subjected to two way ANOVA and Tukey’s Multiple comparisons test comparing 

treatments to vehicle control, **p≤0.01 ***p≤0.001, ****p≤0.0001. Where no SEM bar is 

visible, error is smaller than symbol. 

	   	  



 65 

 

Figure 2.7 Effect of STX on length of projections classified as axons in PC12 and SH-SY5Y 

cells.  

 Cells grown on PLL coated coverslips in 6 well plates were exposed to culture medium 

alone or. 0.25 - 3µg/l STX with medium and toxin replaced on day 4 before histochemical 

staining for F-actin on day 7. Data is expressed as mean ± SEM, n=3 separate experiments. 

Data were subjected to two way ANOVA and Tukey’s Multiple comparisons test comparing 

treatments to vehicle control, *p≤0.05, **p≤0.01, ****p≤0.0001. Where no SEM bar is visible, 

error is smaller than symbol.	  
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2.5 Discussion 

We aimed to determine if extended low dose exposure to STX would have an 

effect on normal neuronal development and found that model neuronal cells 

exposed to STX in this way had inhibited development of axonal like 

extensions and cells remained in a circular habit. These findings are not 

entirely surprising as disruption of electrical activity has previously been 

shown to inhibit proper neuronal development [19] but the fact that dramatic 

effects were seen at such low concentrations is surprising and raises 

awareness that this pattern of exposure may be a public health concern. 

These findings are significant as the two types of extensions measured, 

axonal like and filopodia, have different functionality. Axons are capable of 

neurotransmission whereas filopodia have a role in cellular adhesion, 

exploration, migration and initiation of neurite outgrowth [20]. This change to 

a predominance of filopodia after exposure to STX will have functional 

implications for neuronal cells. 

During axonal outgrowth, growth cones made up of filopodia and/or 

lamellipodia progress through a series of processes which lead to the 

elongation of axons [21]. The increase in number and decrease in length of 

filopodia together with the decrease in length of axonal like extensions in this 

study suggest that the cells exposed to STX are remaining in an immature 

state or developing at a slower rate. 

F-actin is essential for proper axon guidance and is the primary cytoskeleton 

element which maintains growth [21]. Following exposure to STX there was a 

disorganisation of the F-actin staining. Given the important role of F-actin in 
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the initial outgrowth of axons it is likely that STX is indirectly disrupting the 

proper activity of F-actin and subsequently the number and type of 

projections seen here. 

In comparison to F-actin, microtubules play an important role in axon 

elongation and are essential to axon structure [21]. It would therefore be 

beneficial in future studies to stain for both F-actin and tubulin to increase our 

knowledge of the effect STX is having on axonal outgrowth. 

One potential outcome of these adverse effects could be a loss of the cells 

capability of neurotransmission, or their ability to form axonal links with other 

neurons and target tissue could be reduced so that neuromuscular 

development is compromised.  

Recently it was shown that following administration of low doses of STX and 

high doses of tetrodotoxin to cultured primary murine motoneurons (1-10nM 

and 100nM respectively), axonal outgrowth was reduced [22]. These STX 

concentrations equate to 0.37-3.7µg/l, taken together with our results this 

demonstrates the ability of STX to adversely affect multiple cell types 

including those from the autonomic and central nervous system and 

motoneurons. Additionally effects were seen in cells from both rodent and 

humans and appear to represent mechanisms common to both species. 

Similarly reduced axonal outgrowth was seen in motoneurons of knockout 

mice lacking the Nav1.9 VGSC isoform of the sodium channel [22]. 

Interestingly, the knockout mice with reduced axonal growth showed defects 

in pain perception, but otherwise developed normally. This raises questions 

as to how the adverse effects we have seen here in individual cells would 
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translate to an entire nervous system in vivo and will depend greatly on how 

much ingested toxin reaches neurons and the location of these neurons.  

PSTs have been shown to be readily transported across gastrointestinal 

epithelium [23] and distributed throughout the body including the brain, 

cerebrospinal fluid, liver, bile, spleen, heart, thyroid and adrenal glands, 

pancreas and lungs [24]. Additionally the PSTs have been shown to have a 

rapid absorption with an absorption rate constant of 1.32l/h with the total 

amount of toxin administered being absorbed [25]. This efficient uptake and 

widespread distribution, as well as the ability to cross the blood brain barrier, 

show that a multitude of different neurons throughout the body could be 

affected, even at low exposure concentrations. It is unknown whether the 

PSTs are capable of crossing the placental barrier, potentially affecting a 

foetus. 

Both the VGSC and calcium channels have multiple isoforms, each with 

different sensitivity to STX. For example there are 9 different isoforms of 

sodium channels (Nav1.1 to Nav1.9) each varying in spatial and temporal 

distribution in an organism and each being linked to different disease states. 

In humans Nav1.1, Nav1.2, Nav1.3 and Nav1.6 are found mainly in the central 

nervous system and Nav1.7, Nav1.8 and Nav1.9 are found mainly in the 

peripheral nervous system [2]. Calcium channel isoforms include N- and P-

types which are mainly neuronal and T- and L-types which are both muscular 

and neuronal. STX has been shown to block N-type channel activity and 

partially block L-type channels[3]. Therefore the adverse effects seen in vivo 

could vary between cell types depending on channel isoforms present. This 



 69 

variation between cell types was evident here as the increase in the number 

of cellular projections was significantly greater in PC12 cells following 

exposure to 2µg/l STX than in SH-SY5Y cells. PC12 cells have been shown 

to express Nav1.2 [26] and Nav1.5 [27] whilst SH-SY5Y have been shown to 

express mostly Nav1.2, Nav1.3 and Nav1.7 in addition to some Nav1.4 and 

Nav1.5 [28] and Nav1.9 [29]. 

While the results themselves are significant and raise awareness about the 

possible consequences of this pattern of exposure, the underlying 

mechanisms causing this change in cellular morphology will still need to be 

determined. As mentioned above the PSTs have also been shown to act on 

other voltage gated channels and they have also been shown to affect 

antioxidant machinery [30] suggesting that the actions of the PSTs may be 

more complex than originally thought. 

In conclusion, this work shows that extended exposure to environmentally 

relevant low concentrations of STX had an adverse effect on the proper 

development of model neuronal cells in culture. Concentrations administered 

were below both the shellfish and drinking water guidelines, concentrations 

which could very well be consumed on a daily basis, and significant effects 

were seen even at 1/10th the drinking water guideline concentration. These 

adverse effects could have implications for the development of the nervous 

system as a whole. Further investigation is certainly needed into this pattern 

of exposure, including in vivo studies and exposure to a mix of the toxin 

analogues which is more likely from both sources. 
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3.1 Abstract 

Assays which can accurately and reliably assess the anti-proliferative or 

cytotoxic activity of test compounds are essential to pharmaceutical drug 

design and toxicology. Ideally an assay would be cost-effective, high-

throughput, non-hazardous to users and would allow repeated 

measurements using non-destructive assessment methods. Many assay 

exist but each have their drawbacks and none deliver each of these 

described characteristics. One such assay that may meet these requirements 

is a colourmetric resazurin based assay. Resazurin indicates viability 

indirectly through cellular metabolism. Here we describe an expanded and 

optimized resazurin based assay previously described using the OVCAR-3 

cell line. OVCAR-3 cells were exposed to resazurin (50-700mM) for 1-72h 

and SH-SY5Y cells exposed to resazurin (100mM) for 1-64h with absorbance 

read on the same cells at multiple times during the exposure period. The 

toxicity of resazurin was assessed at 16, 40 and 64h with a crystal violet 

assay. Linear ranges of dye reduction were determined in each cell line. 

Resazurin was not toxic at 16h, but caused a significant reduction in cell 

viability following 40h. Following optimisation the assay was tested with SH-

SY5Y cells. Cells were exposed to STX (0.25-10µg/L) or ZnSO4 (10-4-10-1M) 

in resazurin (100µM) containing medium with absorbance read at 0, 12 and 

24h. The assay correctly identified the concentration dependent cytotoxic 

effect of ZnSO4, but no change in reduction was seen following exposure to 

STX. We have shown that following proper optimization a resazurin-based 

assay can be used for a continuous monitoring of cell viability, indirectly 

through cellular metabolism. 
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3.2 Introduction 

Assays which can accurately and reliably assess the anti-proliferative or 

cytotoxic activity of test compounds are essential to pharmaceutical drug 

design and toxicology. Ideally an assay would be cost-effective, high-

throughput, non-hazardous to users and would allow repeated 

measurements using non-destructive assessment methods. 

Many assays are available but none deliver all of these appealing 

characteristics. The commonly used MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide], crystal violet, ATP bioluminescence, 3H-

thymidine incorporation and lactate dehydrogenase (LDH) leakage assays all 

have endpoints that require cell death so that multiple assessments cannot 

be made on the same culture plates [1, 2]. As a result, a separate cell culture 

plate is required for each time point which increases costs of labor and 

reagents. These assays also have multistep protocols that increase the 

duration of the assay and the 3H-thymidine incorporation assay requires the 

use of a radioactive compound. A non-destructive continuous assay which 

allowed the assessment of viable cell numbers at consecutive time points 

would be more cost effective and also generate invaluable data regarding the 

half-life or stability of test compounds in vitro. 

Further, in these above mentioned assays multiple steps are required. 

Having a multistep protocol not only adds to time required to carry out an 

assay it also increases the chances of variation between repeats. For 

example the crystal violet assay requires a rinsing step which is vulnerable to 

variation as has been recorded previously [3]. 
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Compared to other metabolic assays such as the MTT or lactate 

dehydrogenase leakage assay (LDH), which only measure the activity of one 

enzyme, a resazurin based assay measures the activity of many enzymes 

facilitating a comprehensive assessment of integrated metabolic activity of 

the cell, which may be a more informative measurement of overall cell status 

and viability than a single enzyme. 

Cytotoxicity assays are based on different mechanisms of action. Crystal 

violet (Tris (4-(dimethylamino) phenyl) methylium chloride) stains DNA [4] 

and has been described as a stain for cell nuclei [5, 6]. As such, the crystal 

violet assay measures the number of viable cells rather than their metabolic 

activity. Rothman [7] reported using crystal violet to quantify HeLa cells after 

exposure to toxins, and Gillies et al [3] presented a crystal violet assay with a 

linear correlation between cell number and optical density. Kueng et al [6] 

introduced 10% acetic acid as a destain and also described a standard 

curve. Different versions of a crystal violet cytotoxicity assay have compared 

well with other methods for assessing cytotoxicity [8, 9], although cell lines 

with high proliferation rates can have an increased proportion of binucleate 

cells, which result in over-estimates in a crystal violet assay [10]. A single 

crystal violet assay protocol applied in 14 different laboratories was highly 

reproducible [11].  

In the Trypan Blue exclusion assay viable cells possess intact cell 

membranes which exclude the dye, whereas dead or damaged cells lacking 

an intact plasma membrane are stained blue. A cell suspension is mixed with 
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the Trypan Blue dye and examined using a microscope and hemocytometer 

to determine the number of viable cells per milliliter. 

The Alamar Blue (AB) assay is a cheap, one step assay which is non-toxic to 

users, high-throughput, does not require cell death and has shown high 

reproducibility [2, 12]. The active compound of AB, blue resazurin (7-

hydroxy-10-oxidophenoxazin-10-ium-3-one), is taken up by viable cells and 

irreversibly converted to pink resorufin which is then excreted to the culture 

media causing a color change [13]. Resazurin is an intermediate electron 

acceptor reduced by numerous enzymes within the cell, mostly mitochondrial 

and cytosolic as well as microsomal [2, 14], without interfering with normal 

electron transport [2]. Hence resazurin reduction is a measure of general 

cellular metabolic status and not of any single enzyme. The reduction of the 

dye can be measured quantitatively by either colormetric or fluorometric 

readings. The fluorescent signal can be quenched by proteins in culture 

media [15] so although measuring fluorescence may be more sensitive, 

measuring absorbance avoids interference.  

Exposing cells to resazurin for extended periods of time however can result 

in secondary reduction of resorufin to colorless dihydroresorufin [2] and 

prolonged exposure to resazurin has been shown to be toxic. Exposure to 

resazurin for 6h reduced cell proliferation and caused mitochondrial changes 

and initiation of apoptosis after 24h [16]. The extent of these changes 

depended on the cell line and were thought to be a result of increased 

reactive oxygen species (ROS) production [16], exposure and concentration 

of AB or resazurin. The toxicity of resazurin after extended periods in culture 
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may give false positives for toxicological screening of test compounds. 

Hence there is a need to define concentration and exposure regimes which 

are not cytotoxic. 

The reduction of resazurin to resorufin is dependent upon the metabolic rate 

of the cell line [17], and perhaps also upon the resistance of the cell line to 

the cytotoxic effects of the dye. The metabolic status of a cell line is related 

to proliferation rate, which in turn can be related to cell density and for some 

cell lines low cell density is associated with low proliferation rates and low 

resorufin production [2]. It has been recommended that cell lines should be in 

the exponential growth phase, and should be incubated with at least three 

concentrations of resazurin at various cell densities and incubation times to 

determine optimal resazurin assay conditions [17].  

When AB was used to examine the ovarian OVCAR-3 cell line the linear 

range was 0.05 - 2x104 cells per well in a 96 well plate, with an AB 

concentration of 4% v/v in a 3h exposure [18]. The Molar concentration of 

resazurin in the AB was not stated, but in a separate study the concentration 

of resazurin in AB was determined to be 400µM [13], which suggests that the 

OVCAR-3 study used a resazurin concentration of approximately 16µM. This 

second study however used AB from a different source. 

The conditions used to examine the OVCAR-3 cell line [18] were repeated 

and extended in the present study, and were additionally applied to the 

neuronal SH-SY5Y cell line, to develop a real time assay which could later be 

used to monitor the effects of test compounds on cellular proliferation and 

metabolism. We aimed to determine resazurin concentrations and exposure 
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times which did not significantly affect cell viability. Since resazurin reduction 

is dependent on the metabolism and proliferation rate of a cell line, we 

examined and compared the proliferation rate of the cell lines using 

resazurin, the Trypan Blue exclusion assay, and a crystal violet assay. 

Following optimization of the assay, it was tested using the SH-SY5Y cell line 

exposed to ZnSO4, a substance known to induce apoptosis through various 

pathways [19], and Saxitoxin (STX), a substance which blocks voltage gated 

sodium channels and disrupts the morphology of SH-SY5Y cells in culture 

but does not cause cytotoxicity [20] .  Using the 3 assays we aimed to 

distinguish between effects on metabolism, cytotoxicity and proliferation rate 

in these cells. 

 
3.3 Methods 

3.3.1 Cell culture 

Human ovarian adenocarcinoma cells, OVCAR-3, and human neuroblastoma 

cells, SH-SY5Y, were obtained from the ATCC. The OVCAR-3 cell line was 

maintained in Roswell Park Memorial Institute (RPMI) 1640 with sodium 

bicarbonate (1.5g/L), HEPES (10mM), 1mM sodium pyruvate (0.11g/L), 

penicillin/streptomycin (5000µg/ml), glucose (4.5g/L), L-glutamine (2mM), 

insulin (0.01mg/ml) and 20% heat inactivated fetal bovine serum. The SH-

SY5Y cell line was maintained in Dulbecco’s Modified Eagle Media (DMEM) 

supplemented with 5% fetal bovine serum, 200mM L-Glutamine, 1000U/ml 

penicillin and streptomycin and 1% non-essential amino acids. Cells were 

cultured at 37oC with 5% CO2 and passaged every 3-4 days. 
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3.3.2 Determining optimal seeding density, exposure time and resazurin 

concentration 

OVCAR-3 cells (1.6x105 cells per well) were added to 6 replicate wells of ten 

96 well plates in 200µl media and 100µl media were added to the remaining 

wells. Cells were serially diluted 1:2 giving a gradient of 0 to 8x104 cells per 

well in 100µl media. This cell line was allowed to adhere for 24h after which 

time media were aspirated from 5 plates and replaced with 200µl media 

containing a different concentration of resazurin per plate (50, 175, 350 and 

700µM). One hour after the addition of resazurin the plate containing 50µM 

resazurin was sealed with a sterile plate sealer and absorbance was read at 

570 and 600nm. The remaining plates with different concentrations of 

resazurin were first read at 2h. Absorbance was read again after 3, 4, 5, 6, 

24 and 48h for the 50µM resazurin plate and after 4, 6, 24, 48 and 72h for 

175, 350 and 700µM plates. The remaining plates (no resazurin) were 

assessed using the crystal violet assay after 2, 4, 6, 24, 48 and 72h. The 

experiment was repeated on three separate occasions (n=3). 

SH-SY5Y cells were seeded into six 96 well plates in the same manner as 

the OVCAR-3 cells, to generate a gradient of 0 to 8x104 cells per well in 

100µl media. SH-SY5Y cells were allowed to adhere for 6h after which time 

media were aspirated from 3 plates and replaced with 200µl media 

containing 100µM resazurin. One hour after the addition of resazurin 1 plate 

was sealed with a sterile plate sealer and absorbance was read at 570 and 

600nm. The plate sealer was removed and the cells were returned to 

incubation. Absorbance was read on the same plate again after 16, 18, 20, 

22, 24, 26, 40, 42, 44, 46, 48, 50 and 64h. At 16, 40 and 64h two of the 5 
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replicate plates had media (one plate contained resazurin and the other 

media only) removed. The cells were washed before completing the crystal 

violet viability assay (see below) to determine the cytotoxicity of resazurin. 

The experiment was repeated on three separate occasions (n=3). 

 

3.3.3 Comparison of MTT and resazurin based assays for detecting OVCAR-

3 viability 

OVCAR-3 cells (1.6x105 cells per well) were added to 6 replicate wells of one 

96 well plates in 200µl media and 100µl media were added to the remaining 

wells. Cells were serially diluted 1:2 giving a gradient of 0 to 8x104 cells per 

well in 100µl media. OVCAR-3 cells were additionally seeded at 2x104 

cells/well in four 96 well plates. After 24h the serially diluted plate was 

subjected to MTT assay and a standard curve was created. Remaining 

plates had medium removed and replaced with medium alone, medium 

containing 1% DMSO or medium containing 0.1g/ml H2O2, two plates 

additionally received 50µM resazurin. At 4 and 48h one plate without 

resazurin was subjected to the MTT assay and one with resazurin had 

absorbance read as described above. Absorbance values were converted to 

viable cell numbers using MTT standard curve and resazurin standard 

curves. The experiment was repeated on three separate occasions (n=3). 

 

3.3.4 Crystal violet assay 

Media were removed from all wells and replaced with 50µl of 0.5% crystal 

violet in 50% methanol. After 10 minutes crystal violet was removed and cells 
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were gently washed with running water. Plates were left to dry overnight, 

after which time 50µl of 33% acetic acid was added and incubated at room 

temperature for 10 minutes. Absorbance was read at 570nm with 630nm 

correction. 

 

3.3.5 MTT assay 

Media were removed from all wells, replaced with 100µl of 0.5mg/ml MTT (3-

(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium Bromide) and incubated at 

37oC with 5% CO2. At 18h 80µl of 20% SDS in 0.02 HCl was added to each 

well and incubated at room temperature for 1h in the dark. Absorbance was 

read at 570nm with reference correction 630nm. 

 

3.3.6 Proliferation and doubling time of SH-SY5Y cells 

SH-SY5Y cells were added to 3 wells of 5 replicate 6 well plates at 3 different 

densities (1, 2.5 and 5x104 cells per well) in 2mL of media. Cell numbers 

were determined at 24hr intervals until 120h. Media were not replenished to 

allow comparison with the resazurin based assay where media 

replenishment is not possible. At the end of each 24hr interval, cells in one 

replicate plate were trypsinised and counted using the Trypan Blue exclusion 

assay. Briefly, 20µl of cell suspension was added to a 1.5ml Eppendorf tube 

and diluted with 20µl trypan blue, 10µl of the mixture is added to a 

hemocytometer. Using a microscope cells were viewed and the number of 

living cells (those not dyed blue) in the four 4x4 squares are counted. 
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The number of viable cells per ml was determined using equation 3.1 below. 

Cells/ml = (cell count / 4) x 2 x 104 

Equation 3.1 

These data were used to determine the doubling time using equation 3.2 

below where t equaled time of incubation, N0 equaled initial number of cells 

and Nt equaled final number of cells. The experiment was repeated on three 

separate occasions (n=3). 

Doubling time (Td) = t x (log2 / log2 (Nt/N0)) 

Equation 3.2 

 

3.3.7 Effect of ZnSO4 and STX on SH-SY5Y metabolism using resazurin 

SH-SY5Y cells were seeded at a density of 2x104 cells/well into two 96 well 

plates in 100µl media. Cells were allowed to adhere for 6h after which time 

media was removed and replaced with 200µl media alone, 200µl media 

containing 100µM resazurin, 200µl media containing 100µM resazurin and 

ZnSO4 (10-4-10-1M) or 200µl media containing 100µM resazurin and STX 

(0.25-10µg/L). Immediately following addition of treatments one plate was 

sealed with a sterile plate sealer and absorbance was read at 560 and 

600nm, before removing the plate sealer and being returned to incubation. 

Absorbance was read again at 12 and 24h. The experiment was repeated on 

three separate occasions (n=3). 
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3.3.8 Data analysis 

Intra- and inter-assay co-efficient of variability (%CV) were calculated for the 

SH-SY5Y resazurin assay. The intra-assay %CV was determined by 

calculating the standard deviation of technical replicates, dividing that by the 

mean of the technical replicates and multiplying by 100. The %CVs for each 

density were then used to determine the average intra-assay %CV. The 

inter-assay %CV was determined by calculating the standard deviation of 

experimental means, dividing by the mean of these, and multiplying by 100. 

The %CVs for each density were then used to determine the average inter-

assay %CV. 

The cytotoxicity of resazurin to SH-SY5Y cells and viability of OVCAR-3 cells 

following exposure to DMSO or H2O2 was statistically analyzed using two-

way ANOVA with Sidak’s multiple comparisons test (p≤0.05). Reduction of 

resazurin by OVCAR-3 and SH-SY5Y cells, proliferation of SH-SY5Y cells 

and ZnSO4 and STX toxicity was statistically analyzed using two-way 

ANOVA with Tukey’s multiple comparisons test (p≤0.05). Comparison of 

MTT and resazurin assay were analyzed using one-way ANOVA with Dunn’s 

multiple comparisons test (p≤0.05). 

 
3.4   Results 

3.4.1 Effect of cell density, exposure time and resazurin concentration on 

resorufin production by OVCAR-3 cells 

In cultures exposed to 50µM resazurin there was a cell density and time 

dependent linear increase in resorufin production in the first 6h of culture for 

a broad range of cell densities (0.06-8x104cells/well), but linearity was 
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reduced for longer incubation times. Significant increases in resorufin 

production compared to initial 2h measurements were seen for seeding 

densities above 1x104 cells/well (Figure 3.1A, select times shown).  

This linearity decreased as the concentration of resazurin increased making 

it more difficult to differentiate between the higher cell densities when cells 

were cultured with 175µM or 300µM resazurin for the same periods of time 

(Figure 3.1B-C). Further when seeding density exceeded 2x104cells/well, 

resorufin production was not proportional to time in culture for longer than 

24h. Significant increases in resorufin production were seen at all densities 

compared to the initial 2h measurement for these 2 midrange concentrations 

(Figure 3.1B-C, select times shown). 

A resazurin concentration of 700µM did not support the relationship between 

cell density and resorufin production (Fig 3.1D). The rate at which resorufin 

was produced was reduced at the two highest concentrations but similar 

maximum ODs were still reached. Significant increases in resorufin 

production were seen at cell densities greater than 0.25x104 compared to the 

initial 2h measurement for this highest resazurin concentrations (Fig 3.1D, 

select times shown). 
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Figure 3.1A Reduction of resazurin by OVCAR-3 cells. 

Cells were plated in 96 well plates and exposed to resazurin at 50µM (A) (for clarity only 

select times shown), 175µM (B), 300µM (C) 700µM (D) for 1-72h before absorbance was 

read. R2 and P values calculated using linear regression for each initial cell density over 

time. Data is expressed as mean absorbance minus background ± SD (n=3) and was 

subjected to two-way ANOVA with Tukey’s multiple comparisons test. *p<0.05 compared to 

initial 2h reading for same density. 

0.0
3

0.0
6

0.1
3

0.2
5

0.5
0

1.0
0

2.0
0

4.0
0

8.0
0

0

1

2

Initial cell density per well x104

R
es

or
uf

in
 a

bs
or

ba
nc

e

A

*

*

*

*

Initial cell density per well x10 4 0.03 0.06 0.13 0.25 0.5 1 2 4 8

R 2 0.9906 0.9909 0.8802 0.9937 0.9824 0.9739 0.9108 0.9017 0.8156
P value <0.0001 <0.0001 0.0006 <0.0001 <0.0001 <0.0001 0.0002 0.0003 0.0021

48

2
4
6

24



 91 

  

Figure 3.2B Reduction of resazurin by OVCAR-3 cells. 

Cells were plated in 96 well plates and exposed to resazurin at 50µM (A) (for clarity only 

select times shown), 175µM (B), 300µM (C) 700µM (D) for 1-72h before absorbance was 

read. R2 and P values calculated using linear regression for each initial cell density over 

time. Data is expressed as mean absorbance minus background ± SD (n=3) and was 

subjected to two-way ANOVA with Tukey’s multiple comparisons test. *p<0.05 compared to 

initial 2h reading for same density. 
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Figure 3.3C Reduction of resazurin by OVCAR-3 cells. 

Cells were plated in 96 well plates and exposed to resazurin at 50µM (A) (for clarity only 

select times shown), 175µM (B), 300µM (C) 700µM (D) for 1-72h before absorbance was 

read. R2 and P values calculated using linear regression for each initial cell density over 

time. Data is expressed as mean absorbance minus background ± SD (n=3) and was 

subjected to two-way ANOVA with Tukey’s multiple comparisons test. *p<0.05 compared to 

initial 2h reading for same density. 
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Figure 3.4D Reduction of resazurin by OVCAR-3 cells. 

Cells were plated in 96 well plates and exposed to resazurin at 50µM (A) (for clarity only 

select times shown), 175µM (B), 300µM (C) 700µM (D) for 1-72h before absorbance was 

read. R2 and P values calculated using linear regression for each initial cell density over 

time. Data is expressed as mean absorbance minus background ± SD (n=3) and was 

subjected to two-way ANOVA with Tukey’s multiple comparisons test. *p<0.05 compared to 

initial 2h reading for same density. 
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3.4.2 OVCAR-3 viability over exposure period 

The measurement of OVCAR-3 viability was compared using MTT and 

resazurin assays over 48h (Fig 3.2). The MTT and resazurin assays gave 

consistent results; exposure to 1% DMSO did not affect viability at either 4 or 

48h, whereas viability was significantly reduced increasingly from 4 to 48h 

after exposure to H2O2 (Fig 3.2). There was no significant difference between 

assay types for each treatment group. 

 
 
Figure 3.5 Comparison of MTT and resazurin assays for detecting OVCAR-3 viability. 

Cells were plated in 96 well plates at 2 x104 cells/well and exposed to medium alone (light 

grey bars), medium with 1% DMSO (dark grey bars) or medium with 0.1g/ml H2O2 (black 

bars) and assessed using the resazurin assay (patterned bars) or MTT assay (empty bars) 

after 4 and 48h. Optical density values were converted to cell number by comparison with a 

standard curve and data expressed as average cell number ± SD  (n=3) Data were 

subjected to two-way ANOVA with Sidak’s multiple comparisons test. *p<0.05 compared to 

medium with 0.1g/ml H2O2 at same exposure. 
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3.4.3 Doubling time of SH-SY5Y cells 

Proliferation was supported for the first 96h of culture with the largest 

increase in cell numbers seen between 48-72h and 72-96h for the initial 

seeding densities of 5x104 cells/well and 2.5x104 cells/well respectively (Fig 

3.3). Following 96h cell numbers for these 2 higher densities decreased likely 

due to nutrient depletion and/or space limitations. Doubling times were 

fastest between 24-48h for the two larger seeding densities correlating to 

larger percentage increases in cell numbers, which slowed over time (Table 

3.1).  

 
Figure 3.6 Proliferation of SH-SY5Y cells. 

Cells were plated in 6 well plates at 1x104 cells/well (light grey circles), 2.5x104 cells/well 

(dark grey squares) and 5x104 cells/well (black triangles). Viable cell numbers were counted 

using the trypan blue assay every 24h for 120h. Data is expressed as mean cell counts ± SD 

(n=3) and was subjected to two-way ANOVA with Tukey’s multiple comparisons test. 

*p<0.05 1x104 cells/well compared to all densities at 72h and 96h and 5 x104 cells/well 

compared to all densities at 120h. 
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Table 3.1 Doubling times (h) of SH-SY5Y cells. 

Cells were plated in 6 well plates at 1x104 cells/well, 2.5x104 cells/well and 5x104 cells/well. 

Viable cell numbers were counted using the trypan blue assay every 24h for 120h and 

doubling times were calculated from mean cell counts (n=3) for 24h periods for 24-96h. 

 

3.4.4 Resazurin cytotoxicity in SH-SY5Y cells 

The crystal violet viability assay was conducted after incubation for 16, 40 

and 64h in the presence or absence of resazurin. Toxicity was not significant 

in the presence of 100µM resazurin at 16h (Fig 3.4). However, following 40h 

control cells at all seeding densities continued to proliferate while cells 

exposed to resazurin had significantly lower crystal violet staining. Similarly; 

control cell numbers continued to grow over 64h for initial densities fewer 

than 2x104 cells/well but for high seeding densities viable cell numbers 

decreased between 40 and 64h suggesting limitations on nutrition or space. 

Staining at 64h for cells exposed to resazurin was significantly lower than the 

relevant control when initial seeding densities were greater than 1x104 

cells/well. 

Seeding density per well 24-48h 48-72h 72-96h 

1x104 26 76 23 

2.5x104 16 20 25 

5x104 13 16 50 
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Figure 3.7 Effect of resazurin on SH-SY5Y cell viability. 

Cells were plated in 96 well plates and exposed to resazurin (100µM, black circles) or 

medium alone (grey squares) for 16, 40 and 64h before undergoing crystal violet assay. 

Data is expressed as mean absorbance ±SD (n=3) and was subjected to two-way ANOVA 

with Sidak’s multiple comparisons test. *p<0.05 resazurin exposure compared to medium 

alone for same time point. 
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of 0.5 x 104 cells/well but these differences did not reach statistical 

significance. The intra-assay variation was in the order of 2.3-4.3% and inter-

assay variation was in the order of 16.3-20.7% 

 

 
Figure 3.8 Reduction of resazurin by SH-SY5Y cells. 

Cells were plated in 96 well plates and exposed to resazurin (100µM) for 1-64h (for clarity, 

only select times shown) before absorbance was read.   R2  and  P  values  calculated  using  

linear  regression  for  each  initial  cell  density  over  time.  Data is expressed as mean 

absorbance ± SD (n=3) and was subjected to two-way ANOVA with Tukey’s multiple 

comparisons test. *p<0.05 compared to initial 1h reading for same density. 
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3.4.6 Effect of ZnSO4 and STX on SH-SY5Y metabolism using resazurin 

SH-SY5Y cells (2x104 per well) that had adhered for 6h, then had 100µM 

resazurin added, produced a background OD value of 1.2 ± 0.05 with no time 

to produce resorufin at 0h. After 12h incubation with resazurin, the OD value 

significantly increased to 2.3 ± 0.1 but an additional 12h incubation did not 

result in a significant increase in resorufin. The 0h OD values were the same 

as controls after the addition of ZnSO4 or STX to resazurin indicating that 

they did not affect the OD or interfere with the assay. ZnSO4 concentration 

dependently decreased resorufin production following 12 and 24h, with all 

concentrations resulting in significantly lower OD values compared to 

controls for the same time (Fig 3.6A). 

Following 12h exposure to STX there was no change in resorufin production 

with a similar increase in OD value for all concentrations and controls (Figure 

3.6B). A small non-significant increase was seen at 24h with the exception of 

4µg/L and 8µg/L STX where OD values were significantly lower. 



 101 

 
Figure 3.9 Effect of ZnSO4 and STX on SH-SY5Y cells. 

Cells were plated in 96 well plates and exposed to ZnSO4 (0-100mM, A) or STX (0-10µg/L, 

B) for 24h with resorufin absorbance read at 0h (white bars), 12h (grey bars) and 24h 

(striped bars). Data is expressed as mean absorbance ± SD (n=3) and was subjected to two-

way ANOVA with Tukey’s multiple comparisons test. *p<0.05 compared to all ZnSO4 

concentrations at same time point (A) and medium only control at same time point (B). 
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3.5 Discussion 

The aim of the present study was to repeat and extend a previous study [18] 

to use resazurin to establish a continuous real time non-destructive 

cytotoxicity assay. The previous study used OVCAR-3 cells while the present 

study extended this work and included SH-SY5Y cells, and additionally 

tested this assay with known cytotoxic and non-cytotoxic substances. A wider 

range of OVCAR-3 cell densities, exposure times and resazurin 

concentrations were examined which provided a linear relationship between 

cell density and absorbance than in a previous report [18]. Having a wider 

range of exposure times make the assay more flexible and customizable. 

For cells exposed to 175µM and 300µM resazurin there were linear 

increases in resorufin absorbance 0.06-0.5 x104 cells/well in addition to lower 

variation and significant increases in resorufin absorbance for all seeding 

densities (Fig 3.1B-C), suggesting these would be optimal conditions for a 

resazurin based assay in this cell line. Although there were linear ranges for 

OVCAR-3 cells exposed to 50µM resazruin there was large variation and 

significant increases in resorufin absorbance were only seen after 48h for the 

highest densities suggesting these conditions were not optimal (Fig 3.1A). 

Again, although there were linear ranges at the highest resazurin 

concentration for the OVCAR-3 cells, the densities were narrowed, 

additionally using a lower concentration of resazurin makes for a more cost-

effective assay and avoids potential cytotoxic effects which is evident by no 

production of resorufin at the lower densities and reduced production at 

higher densities and longer exposure periods. Whilst the rate at which 
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resorufin was produced was reduced at the highest concentration (Fig 3.1D) 

similar maximum ODs were still reached suggesting either resazurin toxicity 

to a percentage of the cells leaving a smaller number of cells to reach this 

maximum, which is supported by the greater production of resorufin at lower 

densities for the lower resazurin concentrations, or that the increased 

resazurin concentration slowed the cells ability to produce resorufin. 

To test the use of a resazurin based assay to successfully identify cytotoxic 

agents the assay was compared to the well-known MTT assay (Fig 3.2). 

Comparable results were obtained with the resazurin based assay 

successfully identifying H2O2 as cytotoxic and with greater sensitivity. 

Further, resazurin toxicity was not observed with cell numbers increasing 

from 4 to 48h. Together this supports this use of a resazurin based assay in 

OVCAR-3 cells  

Expanding to a second cell line, the SH-SY5Y cell line was investigated. 

Firstly the proliferation and doubling time of SH-SY5Y cells were monitored 

at increasing seeding densities using a trypan blue exclusion assay to 

measure cell numbers (Fig 3.3 and Table 3.1). Seeding densities used here 

were equivalent to 0.0625-0.25x104 cells/ml in the 96 well plate format when 

considering surface area which is 3 times smaller with one fifth of the 

medium volume used. We found that the doubling time of SH-SY5Y cells was 

very rapid, ranging from 13 to 20h for the first 72h of culture for the 2 higher 

densities, and it was also noticeable that the proliferation rate increased as 

cell density increased. These two densities were almost parallel for the 120h. 
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In comparison to other cell lines, a ‘fast’ JAr cell line derived from a 

choriocarcinoma of the placenta has a doubling time of 15h [21] and 

embryonic stem cells have equivalent doubling times to the SH-SY5Y cells 

[22]. The doubling time of OVCAR-3 cells has been determined to be 48h 

[23], considerably longer than the doubling time of 13-20h we found for 

moderate SH-SY5Y cell densities under non-limited culture conditions. Since 

the reduction of resazurin to resorufin is dependent on the metabolic and 

proliferation rate of the cell line, this would suggest that OVCAR-3 cells 

would require longer exposure times to reduce the resazurin compared to 

SH-SY5Y cells. Although not in a cell culture set up pH has been shown to 

effect the rate at which resazurin is reduced to resorufin [24]. This could 

affect the results of extended exposure periods where the pH of medium is 

likely to decrease as cells proliferate. Given that SH-SY5Y cells proliferate at 

a faster rate than OVCAR-3 cells changes in pH will be inconsistent. 

The large 6-well cell culture format with trypan blue exclusion assay indicated 

that 2.5x104 SH-SY5Y cells/well doubled in 26h, after 24h in culture (Fig 3.3). 

The small 96 well format with resazurin detection showed an increase in OD 

value between 24 and 40h, but not a doubling in OD value. The relationship 

between cell number and resorufin-associated OD value was not direct or 

linear, and these data acknowledge that decreased cell metabolism and 

associated resorufin production may have been caused by resazurin toxicity 

as well as media depletion related to increased cell densities. Following 120h 

cell densities dropped for the 2 highest densities (Fig 3.3). Given that 2.5x104 

cells/well did not continue to increase to the same maximum as 5x104 

cells/well at 96h it suggested that the decrease was not simply a results of 
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media depletion and limitations on space but perhaps a maximum number of 

division following initial seeding. 

While a resazurin based assay has the advantage of being able to monitor 

viability continuously on the same cells over an extended period of time it is 

limited by culture conditions. Medium cannot be refreshed during the assay 

resulting in nutrient depletion and adherence surface is limited in the wells of 

culture plates. We have shown using both the Trypan Blue and crystal violet 

assays that a loss in viability is unavoidable after extended culture periods 

and hence it is important to optimize cell density and exposure periods to 

avoid this. This inevitable decrease in viability after extended exposure 

periods is likely the major cause of the loss of linearity in the resazurin 

standard curves over time. 

Before optimizing the assay in the SH-SY5Y cell line, the toxicity of resazurin 

was investigated (Fig 3.4). While the mechanism of action is unknown, here 

100µM resazurin was significantly cytotoxic (p<0.05) at 40h but viability was 

not effected at 16h. Decreased viability following exposure to Alamar Blue 

(10% v/v, equivalent to 44µM) has also been recorded in other cell lines [1]. 

Two leukemia cell lines, Jurkat and HL-60, were exposed to resazurin at 

varying concentrations (22-88µM) and resulted in a decrease in proliferation 

which was greater in HL-60 cells [16]. Levels of resorufin in Jurkat cells were 

higher than HL-60 cells suggesting that it is not resorufin which is toxic rather 

resazurin-mediated ROS production which was higher in HL-60 cells. We 

have shown that OVCAR-3 cells exposed to 700µM resazurin had much 
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lower absorbance in the first 6hrs compared to the lower concentrations, 

supporting this theory that it is resazurin which is toxic.  

When comparing the morphology of each cell line in the above mentioned 

study after exposure to resazurin both cell lines showed signs of apoptosis-

like death which can be a result of autophagy and again the HL-60 cells were 

more affected. It appears that the Jurkat cells are more resistant to the 

effects of the dye, therefore it is important to choose an appropriate cell line 

when designing an assay with resazurin. 

When optimizing the resazurin assay in the SH-SY5Y cells we expanded to 

the exposure time to 64h (Fig 3.5). We anticipated that 64h culture without 

replenishing the culture medium would limit cell proliferation and resazurin 

reduction, and found that production of resorufin increased in a linear fashion 

when the initial cell density was ≤ 4 x 104 cells/well. From our results the 

optimal conditions for SH-SY5Y cells were; 0.06-2x104 cells/well for 16 to 

26h with 100µM resazurin. Given the large increase in OD values from 1 to 

16h, this data set confirms that 100µM does not cause significant cytotoxicity 

during 16h. Additionally it does not appear that resazurin is cytotoxic to all 

cells as OD values continued to increase following 40h (Fig 3.4B). There is 

still a need to determine a shorter exposure period, between 1 and 16h, 

which will give a cell-dependent linear increase in resorufin or for an 

exposure period between 16 and 40h which will not result in cytotoxicity.  

Confirming the crystal violet assay results (Fig 3.3) it appears that 8x104 is 

the maximum seeding density for this cell line as the crystal violet OD values 

did not increase from the initial 16h reading nor did the production of 
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resorufin increase here. This confirms the need for lower seeding densities in 

order to ensure that sufficient increases in OD are seen over the exposure 

period. 

Although there were decreases in viability due to both the dye itself and the 

extended culture periods the assay could be useful for high throughput 

preliminary screening of compounds. This would be especially useful if 

compounds are scarce and/or expensive, and to identify a bracket of time 

when cell death occurs for later accurate examination with another assay. A 

previous study which noted anti-proliferative effects of AB suggest that these 

effects should not deter one from using AB and that it is suitable for short 

exposure periods with serum free medium [25]. Interference by serum and 

other medium constituents has additionally been reported by others [26]. 

An optimized assay was then tested with SY-SY5Y cells with two 

substances; ZnSO4, known to be cytotoxic, and STX which is not cytotoxic in 

culture (Fig 3.6). A seeding density of 2x104 cells/well was chosen as it fell 

within the linear range and measurement times of 12 and 24h were chosen 

as it was expected that OD value increases would be discernable and they 

were before 40h when significant cytotoxicity was measured. 

As predicted there was a significant concentration-dependent decrease in the 

reduction of resazurin to resorufin following exposure to ZnSO4 for 12 and 

24h. As mentioned STX is not directly cytotoxic to cells but it was unknown if 

the toxin would have an effect on cellular metabolism. The constant increase 

in the reduction of resazurin to resorufin in the first 12h suggested that it had 

no effect on cellular metabolism and the lack of increase from 12 to 24h 
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suggests a maximum reduction has been reached. Further investigation of 

STX’s affects would be beneficial but for the scope of this article, this 

experiment demonstrates that the assay was successfully optimized in SY-

SY5Y cells and successfully identified a known cytotoxic compound, ZnSO4. 

While a resazurin based assay has the advantage of having a straightforward 

high-throughput protocol, which can provide a wealth of data and is quick 

and cheap in comparison to other available assays it also has its drawbacks. 

Aside from the significant decrease in viable SH-SY5Y cells we also 

identified a large variation in results. We have shown a large amount of 

variability between repeats in the SH-SY5Y cells with inter-assay %CV being 

in the range of 16.3-20.7%, higher than previously recorded using AB [12] 

and higher than other calibrated assays such as the MTT assay [21].  

In conclusion the assay optimized here has some drawbacks as do many 

others but given proper optimization it can be of benefit. Given the simplicity 

of the assay it is easily customizable to suit optimal conditions of each new 

cell line used. In addition to this assay it would be advantageous to use a 

variety of viability assays with different detection mechanisms in order to 

better understand the effects of a test compound on cells, which has 

previously been suggested [27]. 

To our knowledge this is the first report of a non-destructive cell metabolism 

and viability assay using resazurin that allows the same cell cultures to be 

assessed at multiple consecutive time points using SH-SY5Y cells. The 

assay format described herein is novel, inexpensive, technically simple and 
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requires only a plate spectrophotometer for data acquisition. Additionally, it is 

applicable to a wide variety of drug development scenarios. 
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4.1 Abstract 

The potent neurotoxin saxitoxin (STX) belongs to a group of structurally 

related analogues produced by both marine and freshwater phytoplankton. 

The toxins act by blocking voltage-gated sodium channels stopping the inflow 

of sodium ions and the generation of action potentials and acute exposure 

can lead to paralysis and death by respiratory depression. Guidelines for 

acute exposure from both sources exist, yet chronic low dose exposure 

which is a possibility has not been thoroughly investigated. Previously, we 

have described the adverse effects of low dose extended exposure to STX 

on modal neuronal cells. Moving to a model which more accurately models 

mammalian neuronal differentiation we aimed to investigate the effect of the 

drinking water guideline level (3µg/L STX) and a typical algal bloom 

concentration (10µg/L STX) on D3 embryonic stem cell differentiation. 

Following previously described methods cells were differentiated into a 

neural lineage using retinoic acid. Cells were assessed by examination of 

morphological development of neuronal features, expression of gene 

markers (oct4, nestin, mixL1, ßIII-Tubulin and MAP2) and positive 

identification of neuronal cells with immunohistochemical staining of ßIII-

Tubulin. Morphology results show a concentration dependent decrease in 

neuronal index scores following exposure to STX, increased expression of 

nestin and MAP2, whilst expression of ßIII-Tubulin was delayed. These 

results suggest that STX disrupted proper neuronal differentiation and that 

this pattern of exposure may be of concern to public health. 
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4.2 Introduction 

Paralytic shellfish toxins (PSTs) are a group of structurally related naturally 

occurring toxins produced by both marine and freshwater phytoplankton, and 

include saxitoxin (STX), the gonyuatoxins (GTX) and the C-toxins, which all 

share a 3,4,6-trialkyl tetrahydropurine skeleton [1]. The PSTs act by 

reversibly binding to axonal voltage-gated sodium channels (VGSCs), 

blocking the inflow of sodium ions and subsequently the generation of action 

potentials so that neurons lose their ability to transmit electrical impulses via 

action potential [2, 3]. Additionally the PSTs act on calcium and potassium 

channels [4-6] and are capable of crossing the blood brain barrier (BBB) so 

that both peripheral and central neurons can be affected [7]. The result can 

be numbness, paralysis and even death by respiratory depression [1]. 

Exposure to marine PSTs occurs following the consumption of shellfish 

which have fed on phytoplankton which produce the PSTs and historically 

this pattern of exposure has been the focus of public health concerns, given 

the potentially fatal outcome. Monitoring and prevention programs are set up 

globally, with a maximum allowable PST concentration of 80µg STX 

equivalents/100g of shellfish tissue, to prevent poisonings from this source 

[8, 9]. However it is possible that low dose extended exposure to the PSTs is 

occurring in communities which rely heavily on a seafood diet, and in which 

more than the expected daily average is consumed for considerable periods 

of time, an issue which has been recognised by the European Food Safety 

Authority (EFSA) [10]. In these circumstances there may be no obvious 

symptoms of PST poisoning, but there may be more subtle sub-clinical 

adverse effects. 
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The PSTs are also produced by freshwater cyanobacteria globally [11-18] 

and can be found in water sources from which drinking water is sourced or 

used recreationally. Effective water treatments ensure that concentrations of 

the PSTs stay below an acute drinking water guideline of 3µg/L STX [19-21] 

which has been implemented in Australia, New Zealand and Brazil [22, 23] 

and to date there have been no acute poisonings or fatalities from this source 

of exposure [24]. Again it is possible that low dose extended exposure may 

be occurring from this source as well because spot checks of final drinking 

water have indicated that low concentrations of STX (0.5µg/L) can survive 

conventional treatment [19]. The toxins can persist in water for several 

months and low toxicity analogues can undergo transformation to more toxic 

structures, so that concentrations of individual analogues continuously vary 

[25].  The toxicity of a mixture of these toxins is largely defined by the more 

toxic analogues, even when present at lower concentrations than the less 

toxic analogues [26]. It is likely that the climate changes associated with 

global warming will favour the growth of the source cyanobacteria, possibly 

leading to subsequent increases in toxin production [27-29], so that their 

presence is likely to be an ongoing problem in the future. 

Although low dose extended exposure to the PSTs is likely there has been 

little research into this pattern of exposure, despite the fact that neuronal 

electrical activity which is disrupted by the PSTs plays a critical role in 

neurodevelopment [30]. For example the structurally unrelated but similarly 

acting toxin tetrodotoxin (TTX) has been shown to disrupt regular neurite 

outgrowth [30, 31] and we have previously shown using model neuronal cells 

that concentrations of STX below the drinking water guideline can cause 
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significant adverse effects on cellular neuronal morphology [32]. In both PC-

12 and SH-SY5Y cells we saw a concentration-dependent increase in the 

number of cellular projections per cell but a decrease in the percentage of 

the projections which were classified as axonal-like based on length.  

Exposure to neurotoxins during the critical period of neurodevelopment has 

been shown to disrupt normal embryonic development and have long term 

effects on an individual [33] and we hypothesise that STX too may cause 

these effects. 

D3 ES cells have previously been used to study the effects of developmental 

neurotoxins [34-36] and have been shown to express voltage gated Na+ and 

Ca2+ channels [37, 38]. It is known that transmembrane ion distribution is vital 

for cellular homeostasis and induced electrical activity has been shown to 

increase neuronal differentiation with Ca2+ playing a role [39].  

In vitro, D3 ES cells are undifferentiated pluripotent cells which represent 

ICM cells of an in vivo blastocyst approximately 3 to 6.5 d.p.c., around the 

time of implantation [34]. Murine ES cells grown in suspension culture in the 

absence of leukaemia inhibitory factor (LIF) aggregate to form embryoid 

bodies (EBs) which represent a post-implantation embryo [40] and their in 

vitro differentiation is an accepted model of in vivo embryogenesis [41].  

Therefore we report here an investigation of the effect of STX at the drinking 

water guideline level (3µg/L) and at an algal bloom level (10µg/L) [42], 10 

and 30nM respectively, on the differentiation of D3 murine embryonic stem 

(ES) cells down a ectodermal (neural) pathway. D3 cells will be directed 

towards neural differentiation using retinoic acid(RA). We hypothesise that 
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exposure to STX will alter sodium ion homeostasis with a consequent 

decrease in neuronal differentiation. 

 

4.3 Materials and Methods 

All chemicals and reagents were from Sigma Aldrich unless otherwise stated. 

 

4.3.1 Cell culture 

Undifferentiated D3 ES cells were grown in Dulbecco’s Modified Eagle’s 

Medium (DMEM, Gibco, Australia) supplemented with 2mM L-glutamine, 

1000U/ml penicillin and streptomycin, 1000U/ml LIF (Merck Millipore, 

Australia), 0.1mM β-mercaptoethanol and 20% foetal bovine serum (FBS). 

Cells were grown at 37°C with 5%CO2 and passaged every second day. EBs 

were grown in DMEM/F12 (1:1) (Gibco, Australia) supplemented with 2mM L-

glutamine, 1000U/ml penicillin and streptomycin, 0.1mM β-mercaptoethanol 

and 20% FBS. EB medium was replenished every second day unless 

otherwise stated. 

 

4.3.2 Preparation of Retinoic Acid 

RA was reconstituted in 100% dimethyl sulfoxide (DMSO) then further diluted 

in EB medium giving 0.01M RA in 10% DMSO and stored in the dark at -

20oC until required. For experiments RA was further diluted in EB medium so 

that cells were exposed to a maximum of 0.001% DMSO. 
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4.3.3 Preparation of Saxitoxin 

CRM-STX-f (National Research Council, Canada), a certified calibration 

solution, was diluted in EB medium to 30µg/L (10mM) and 100µg/L (30nM) 

and stored in the dark at 4oC. 

 

4.3.4 Induction and expansion of EB populations 

On EB day 0 (EB0) 1x106 D3 ES cells were seeded into each of 6 non-

adherent 100mm petri dishes in 10ml EB medium. The remaining cells, 

designated EB0, had RNA extracted. Following 48h incubation ES cells, no 

longer suppressed by LIF, had aggregated into EBs which were distributed 

into 12 dishes in 10ml EB medium. Following 24h incubation 1 dish had RNA 

extracted, designated EB3, and the remaining 11 dishes continued 

incubation. 

 

4.3.5 The effect of STX on ES cell neural differentiation 

On EB day 4, EBs were viewed under the microscope and EBs from the 8 

best dishes were distributed into 16 dishes and allocated to 1 of 4 treatment 

groups, giving 4 replicate dishes per treatment group. Treatments were; 1) 

Non-neuronal control in EB medium, 2) Neuronal control receiving 1µM RA 

3) low dose STX receiving 3µg/L STX and 1µM RA and 4) high dose STX 

receiving 10µg/L STX and 1µM RA. EBs from one remaining dish were 

photographed, designated pre-treatment, and the remainder discarded. 
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On EB day 6 single EBs from one dish per treatment group were added to 

each well of four 24 well plates previously coated with 0.1% gelatine and 

containing 1ml EB medium with corresponding treatments (One 24 well plate 

per treatment group). EBs from one dish per treatment group had RNA 

extracted, designated EB6, and two dishes per treatment group remained in 

culture. 

On EB day 8 EBs from one dish per treatment group were photographed. 

The remaining dish per treatment group had medium replaced with EB 

medium without any treatments in accordance with the 4-/4+ principle [37] 

and cultured for 24h. These final dishes had RNA extracted on EB day 9 

which was designated EB9. 

Media in 24 well plates were replaced with EB medium without any 

treatments on EB8 and were replenished every 2 days thereafter, until day 

14 when media were replaced with serum free EB medium and incubated for 

a further 2 days. 

The experiment was repeated on three separate occasions (n=3) for the first 

three treatment groups and once (n=1) for the fourth treatment group (STX 

10µg/L). 

Refer to Table 4.1 for clarification. 
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Table 4.1 Workflow of iv. Induction and expansion of EB populations and v. The effect of 

STX on ES cell neural differentiation 

 

4.3.6 Morphological assessment 

On EB day 16 cells in the 24 well plates were assessed for neural-like 

morphology. A Nikon IMT2 Inverted microscope with Dino-Eye AM7023 

camera was used to capture images of cells through the x10 lens.  Each well 

was assigned a confluence score of 1-3 where 1= low confluence, 2= 

intermediate confluence and 3= high confluence. Degree of neuronal 

development was assigned as score of 1-5 where 1= slightly elongated cell 

types, 2= elongated cells types resembling axons, 3= typical neural-like 

morphology of cells with cell body, axons and dendrites, 4= morphology 

suggestive of neural tubes and 5= neural network-type structures [34]. These 
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two scores were multiplied to give a neuronal index score for each well, 

which were averaged to give a mean neuronal index score per treatment 

group. 

EB sizes were measured on EB days 4 and 8 using the same microscope 

and camera as described above. Diameters of EBs were measured using 

ImageJ (National Institutes of Health, USA) and measurements were 

averaged to give a mean diameter per treatment group. EB size was 

measured on one occasion (n=1) 

 

4.3.7 RNA extraction and quantification 

RNA was extracted using a Maxwell 16 LEV simplyRNA Cells Kit (Promega, 

Australia) according to the manufacturer’s instructions on an AS2000 

Maxwell 16 Instrument (Promega, Australia). Briefly cells and EBs were 

harvested on EB0, 3, 6 and 9, 200µl homogenisation solution was added to 

each and the cells were vortexed until pellets were dispersed, 200µl lysis 

buffer was added to each sample and vortexed for 15 seconds before being 

placed on ice. 400µl of each sample was loaded into a cartridge provided 

with the kit followed by addition of 50µl nuclease free water and 5µl DNase1 

solution. Cartridges were placed in the Maxwell 16 instrument for automated 

RNA extraction. Following the extraction, the RNA was stored at -700C in 

Nuclease-free water. 

To quantify RNA, 2µl of each sample was added to a Take-3 micro-volume 

plate. A Synergy MX Spectrophotometer (Millennium Science, Bio Tek) and 

Take-3 software was used to determine the concentration (ng/µl) of RNA. 
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4.3.8 Production of cDNA 

Total EB RNA was reverse transcribed into cDNA using a High Capacity 

RNA-to-cDNA Kit (Applied Biosystems) according to manufacturer’s 

instructions. Briefly, 10µl reverse transcriptase buffer, 1µl reverse 

transcriptase enzyme mix, 2µg RNA and nuclease free water to make up 

20µl were added to each well of a PCR quality white 96 well plate. The 96 

well plate was centrifuged briefly at 1000g and placed on ice. Reverse 

transcription was carried out using a FX96 Touch Real-Time PCR Detection 

System (Biorad) at 37°C for 60min then contents of each well were 

transferred to sterile eppendorf tubes, quantified as described above, 

adjusted to a working concentration of 25ng/µl and stored at -200C. 

 

4.3.9 Real time semi quantitative PCR 

Expression of Oct4, MixL1, Nestin, ßIII-tublin and MAP2 were measured 

relative to Actb using TaqMan Real-Time PCR gene expression assay kits 

(Predesigned validated primer and probe sets, Thermo Scientific, Australia) 

according to the manufacturer’s instructions. Briefly, reactions were in 20µl in 

PCR quality white 96 well plates with 1µl FAM-labelled TaqMan gene of 

interest (GOI), 1µl VIC-labelled TaqMan Actb, 10µl iTaq universal probes 

supreme (Biorad), 4µl RNase-free water and 4µl cDNA (100ng). The 96 well 

plate was centrifuged briefly at 1000g and placed on ice until use. PCR 

reactions were performed using a CFX96 Touch Real-Time PCR Detection 

System (Biorad). The reaction conditions were 98°C for 3m then 49 cycles of 



 126 

950C for 55s and 60°C for 30s. The quantification cycle (Cq) was determined 

as the mean of 3 technical replicates by using CFX Manager software. ∆Cq 

expression values (GOI expression relative to Actb) were calculated using 

equation 4.1 below: 

∆Cq expression = 2 x -(Cq GOI - Cq Actb) 

Equation 4.1 

 

4.3.10 Statistical analysis 

The mean neuronal index scores and mean ∆Cq of gene expression ± SEM 

of 3 repeated experiments were analysed using GraphPad Prism 6 with one 

and two-way ANOVA and Sidak’s and Tukey’s multiple comparisons test 

respectively. Significance was assigned at p<0.05. 

 

4.4 Results 

4.4.1 Neuron-like morphology 

The lowest neuronal index scores were for the non-neuronal control cells 

(2.1±0.05, Figure 4.1) and the highest were for the neuronal control cells (5.5 

±0.3, Figure 4.1). Non-neuronal control cells were circular with limited short 

projections (Figure 4.2A and B). In comparison the neuronal control cells 

were elongated in appearance with multiple long cellular projections (Figure 

4.2C and D) and had significantly greater neuronal index scores compared to 

non-neuronal controls (p<0.01). These cellular projections were often 

branched and had made connections with neighbouring cells. 
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Exposure to 3µg/L STX reduced the neuronal score by 24% (Figure 4.1). The 

presence of STX during differentiation gave rise to circular cells which had 

shorter projections (Figure 4.2E) as well as cells with typical neuronal 

appearance (Figure 4.2F). However, these cells with typical neuronal 

appearance appeared to be isolated and had not made connections with 

neighbouring cells. 

Exposure to 10µg/L STX reduced the neuronal score by 59% (Figure 4.1) to 

a score similar to the non-neuronal control. Similar to 3µg/L the higher 

concentration of STX resulted in cells which were circular (Figure 4.2G) and 

cells with typical neuronal appearance with long extensions but were not 

arranged in advanced networks (Figure 4.2H). 
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Figure 4.1  Effect of STX on morphology of embryonic stem cells during neuronal 

differentiation.  

 Embryoid bodies (EBs) were grown on 0.1% gelatine in 24 well plates and exposed to 

culture medium alone, 1µM retinoic acid (RA), 1µM RA with 3µg/L STX or 1µM RA with 

10µg/L STX from EB4 to EB8, then cultured for an additional 8 days before microscopic 

examination on EB16. Each well was assigned a confluence score of 1-3 where 1= low 

confluence, 2= intermediate confluence and 3= high confluence. Degree of neuronal 

development was assigned as score of 1-5 where 1= slightly elongated cell types, 2= 

elongated cells types resembling axons, 3= typical neural-like morphology of cells with cell 

body, axons and dendrites, 4= morphology suggestive of neural tubes and 5= neural 

network-type structures. Confluence and degree of development scores were multiplied 

together to produce a neuronal index score for each well. Data is expressed as mean index 

scores ± SEM, n=3. Morphological data for medium control, RA control and 1µM RA with 

3µg/L STX were subjected to One-Way ANOVA with Sidak’s multiple comparisons test 

comparing treatments to non-neuronal control, *p≤0.05, **p≤0.01. 
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Figure 4.2 Effect of Saxitoxin (STX) on morphology of embryonic stem cells during neural 

differentiation.  

Embryoid bodies (EBs) were exposed to culture medium alone (A and B), 1µM retinoic acid 

(RA) (C and D), 1µM RA with 3µg/L STX (E and F) or 1µM RA with 10µg/L STX (G and H) 

from EB4 to EB8, then cultured for an additional 8 days in 24 well plates coated with 0.1% 

gelatine before microscopic examination on EB16. Cells were photographed on a Nikon 

IMT2 inverted microscope at 10x. Arrows indicate cells with typical neuronal morphology. 

Bar = 500µm 
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4.4.2 EB growth 

From EB4 to EB8 the size of EBs increased by 62% in neuronal controls 

(Table 4.2). Compared to day 8 neuronal controls exposure to 3µg/L STX 

and 10µg/L reduced expected growth of EBs by 44% and 35% respectively. 

 

4.4.3 Relative gene expression 

The undifferentiated cell marker Oct4 had the highest relative expression on 

EB0 (Figure 4.3A). Expression decreased at each of the following days in the 

non-neuronal control and was not present on EB6 or EB9 for the 3 treatment 

groups directed towards neuronal differentiation with RA. The non-neuronal 

mesoderm marker MixL1 expression increased from EB0 to EB6 in non-

neuronal controls, where it was significantly greater than all other treatments 

groups and times, before rapidly decreasing on EB9. There was negligible 

MixL1 expression by cells directed towards neuronal differentiation with RA 

(Figure 4.3B). 

Nestin, expressed in neuronal precursor cells, was increasingly expressed on 

EB6 and EB9 following exposure to RA (Figure 4.3C). There was also an 

EB4 EB8 

Pre-treatment Neuronal control RA + 3µg/L STX RA + 10µg/L STX 

839±25µm 1362±87µm 761±43µm 881±90µm 

Table 4.2 Effect of Saxitoxin (STX) on size of embryoid bodies (EB).  

Diameter of EBs grown in EB media for 4 days followed by exposure to culture medium 

alone (“Pre-treatment”), 1µM retinoic acid (RA) (Neuronal control), 1µM RA plus 3µg/L STX 

or 1µM RA plus 10µg/L STX for a further 4 days. Data is expressed as mean ± SEM of 

technical replicates (n=1). 
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increase in nestin on both EB6 and EB9 following exposure to 3µg/L STX 

whereas exposure to 10µg/L STX stalled nestin expression on EB6. 

The neuronal marker ßIII-tubulin was expressed on pre-treatment days EB0 

and EB3 and decreased on each following day in non-neuronal control cells 

(Figure 4.3D). Exposure to RA increased expression on each day and 

greatest expression was seen in neuronal control cells. Exposure to STX 

delayed expression of ßIII-tubulin to EB9. 

Similar to Nestin and ßIII-tubulin, MAP2, the mature neuronal marker, was 

increasingly expressed on EB6 and EB9 following treatment with RA in 

neuronal control cells and cells exposed to 3µg/L STX, with expression being 

significantly greater on EB9 in cells exposed to 3µg/L STX (Figure 4.3E). 

Expression in cells exposed to 10µg/L STX was similar to pre-treatment 

levels.  



 134 

 
0 3 6 9

0.00

0.05

0.10

0.15

0.20

Days

∆C
q 

Oct4

Pre-treatment

Non-neuronal
Control
Neuronal
Control

STX (3µg/L)
STX (10µg/L)

A

0 3 6 9
0.00

0.01

0.02

0.03

0.04

0.05

Days

∆C
q

MixL1B

0 3 6 9
0.00

0.01

0.02

0.03

0.04

Days

∆C
q

NestinC



 135 

 

Figure 4.3 Figure 4.3 Effect of Saxitoxin (STX) on gene expression in embryonic stem cells 

during neural differentiation. 

Embryoid bodies (EBs) were exposed to culture medium alone (White bars), 1µM retinoic 

acid (RA) (Grey bars), 1µM RA with 3µg/L STX (Black bars) or 1µM RA 10µg/L STX (Brick 

bars) from EB4 to EB8. RNA was extracted from cells on EB0, 3, 6 and 9 after withdrawal of 

leukaemia inhibitory factor. 2µg of each sample was reverse transcribed and 100µg cDNA 

was analysed using TaqMan Real-Time PCR gene expression assay kits; Oct4 (A), MixL1 

(B), Nestin (C), ßIII-tubulin (D) and MAP2 (E) with ß-actin as an internal control. Data is 

expressed as mean ∆Cq ± SEM, n=3 for 1µM RA and 1µM RA with 3µg/L STX, n=2 for 

culture medium control and n=1 for 1µM RA with 10µg/L STX. ∆Cq data were subjected to 

Two-Way ANOVA with Tukeys’s multiple comparisons test where n=3. *p<0.05 compared to 

non-neuronal control for same day. 
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4.5 Discussion 

Extended exposure to low doses of the PSTs has not received much 

attention. We have investigated the effect of low dose (3µg/L) STX and an 

expected bloom concentration (10µg/L) on the differentiation of D3 ES cells 

into a neural lineage, to date the first investigation of its kind. 

Firstly, STX reduced the growth of EBs. This failure to grow suggests that 

STX slowed cell division or caused cell death within the EBs. If STX caused 

cell death, then the EBs which were plated into the 24 well plates comprised 

cells which have survived the effects of STX and may have continued to 

grow from EB8 to EB16 in the same manner as the neuronal controls. 

However, the concentration dependent decrease in neuronal scores 

suggests that STX had a lasting effect on the cells which survived the initial 

exposure period.  

Secondly, exposure to STX at the guideline level reduced neuronal index 

scores of cells directed towards neuronal differentiation and confirmed 

previous work [32] showing that STX had an adverse effect on the ability of 

cells to develop neuronal morphology. Previously the numbers and lengths of 

axonal like projections per cell were decreased by STX (0.25-3µg/L). This 

requirement for cellular sodium ion homeostasis for neuronal outgrowth has 

also been recorded by others [43]. 

STX affected both the degree of neuronal differentiation and the confluence 

of cells with neuronal-like appearance. There were instances when there 

were many cells with very limited neuronal morphology, remaining circular in 

appearance with short projections, as well as instances of isolated cells with 
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advanced neuronal morphology. This suggests that STX is not completely 

inhibiting the cells from developing advanced neuronal morphology, but 

disrupting the process. This change to shorter projections will have functional 

implications for the cells as shorter extensions such as filopodia and longer 

axonal extensions serve different functions [44]. 

Where cells have progressed to advanced neuronal morphology their 

isolation may be caused by STX-activity at VGSC with consequent 

impairment of intercellular communication. In a developing nervous system 

this formation of connections between neurons and their targets is critical. 

Cells with advanced neuronal morphology which are isolated and 

unconnected to surrounding cells equates to fewer axonal links with other 

neurons and target tissue. 

While the cellular morphology in this study paralleled earlier studies with 

model neuronal cells, the changes to gene expression were more complex. 

Oct4, expressed almost exclusively by undifferentiated ES cells, maintains 

the pluripotency of cells [45] and its expression is down-regulated as cells 

differentiate [46]. Oct4 is seen in EBs in vitro from days 1-6 following the 

removal of LIF [47]. Oct4 expression was greatest on EB0. As cells 

aggregated to form EBs the expression of Oct4 decreased demonstrating 

that cells were losing their pluripotency and differentiation had been initiated. 

This is comparable to previous studies showing a time dependent decrease 

in Oct4, with it being undetectable at day 6 [47].  

MixL1, a homeobox gene, is expressed in the primitive streak during 

gastrulation by precursor cells for the mesodermal and endodermal lineages 
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[48], has restricted expression in EBs between days 3 and 4 [49] and can be 

used as a negative marker of neural differentiation. Expression of MixL1 was 

seen on EB6 in non-neuronal control cells. Expression of MixL1 has been 

seen between embryonic day 5.5 and 11.5 in whole mouse embryos [50] but 

has been shown to be expressed earlier, EB4, in culture [49]. 

Nestin, which codes for an intermediate filament protein [51], is expressed in 

neural precursor cells [52] increasingly from days 3-9 in cells directed 

towards neural differentiation with retinoic acid (RA) [53] and is an early 

neuronal marker. As neuronal precursor cells progress into neuronal cells 

they express the neuron specific cytoskeleton proteins ßIII-Tubulin and MAP2 

[36, 54-56], markers for immature and mature neural (ectoderm) cell 

differentiation respectively [57], with expression of both seen increasingly in 

EBs from day 5 [58]. 

There was comparable expression in the present study in neuronal control 

cells with the exception of ßIII-Tubulin, as described above.  

For cells exposed to RA and 3µg/L STX, the expression of nestin and Map2 

was greater than in cells exposed to RA alone, suggesting that STX 

enhanced neuronal differentiation whilst delaying ßIII-Tubulin expression. 

Given the role of Nestin and MAP2 proteins in cellular structure and growth, 

changes to morphology are not surprising following changes to expression. 

Further, the nestin protein, an intermediate filament (IF) protein, has an 

important role in cellular structure during the cell cycle to reorganise filament 

networks, controlling dynamic changes in cell ultrastructure [51]. Additionally, 

this protein may be associated with trafficking within progenitor cells. The ßIII-
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tubulin protein is specifically expressed in post-mitotic differentiating neurons 

[36], and together with α-tubulins forms heterodimers which make up 

microtubules (MTs)[54]. The ßIII-tubulin protein is upregulated in microtubules 

as axons and dendrites continue to grow and mature and mutation studies 

have shown ßIII-tubulin to have a role in the growth and/or guidance of axons 

in the brain and spinal cord [55]. MAP2 codes for microtubule-associated 

protein 2 (MAP2) which binds to MTs, stabilising them and allowing MT 

bundling to take place. 

However, the direction of the change in expression was unexpected given 

the reduced morphology scoring and our previous work where we also 

recorded an adverse effect of STX on neuronal-like morphology. Activity 

during early development plays a role in feedback loops regulating 

developmental activities [59], this increased expression of neuronal makers 

could be a result of STX’s disruption of this electrical activity causing 

unchecked increases in expression forcing the cells into an uncoordinated  

differentiation altering their subsequent development. 

In comparison to the lower dose of STX, exposure to 10µg/L STX resulted in 

reduced expression of neuronal markers nestin and ßIII-Tubulin and 

expression of MAP2 was almost completely switched off suggesting that the 

higher concentration of STX had an inhibitory effect on neuronal 

differentiation consistent with the morphology scoring. 

It is worth noting that given that gene expression was measured on EB9 and 

earlier and morphology was graded on EB16, expression may have 

decreased in the STX treated and at EB16 gene expression may reflect the 
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decreased neuronal scores. Extending measurements of gene expression for 

the length of the protocol would be advantageous in the future. Additionally, 

although neuronal gene expression was seen on EB9 that doesn’t 

necessarily translate to protein production. There may be a longer lag time 

before proteins are assembled and then have actions within the cell and a 

longer protocol may be needed to see the carry on effect in morphology.  

Whilst the best-known action of STX is blockade of the VGSC, it has also 

been shown to block voltage-gated calcium channels (VGCC) [4, 6]. 

Spontaneous calcium activity during early developmental stages may play a 

role in feedback loops which regulate intrinsic excitability and subsequently 

the expression of excitatory and inhibitory neurotransmitters, axon 

pathfinding and dendritic outgrowth [59]. It is therefore possible that STX’s 

activity at VGSC and VGCC is disrupting this regulation of excitability 

causing downstream effects within the cells that culminates in altered 

morphology. 

The results presented here are of concern for public health as the low 

concentration used here is the drinking water guideline and is also below the 

current seafood safety guidelines. However further investigation is needed as 

any adverse effects seen in humans following exposure will depend on the 

toxicokinetics of STX. Previously it has been shown that a single intravenous 

injection of 10µg/kg STX to cats resulted in concentrations of 1.81ng/g and 

2.5ng/g STX in the brain and medulla oblongata respectively [7]. 

It is currently unknown if the PSTs are capable of crossing the placental 

barrier to reach a developing foetus. However during the progression from a 
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single celled zygote to a hatched peri-implantation blastocyst, which takes 

place in approximately 6 days in humans, embryos are bathed in the luminal 

fluid of the oviduct and uterus and it is possible for toxins to reach this 

luminal fluid following ingestion [34]. 

In conclusion we have shown that STX at the Drinking water guideline 

concentration (3µg/L) affected murine ES cell neuronal differentiation in vitro. 

Whilst further work is needed, this work raises question about exposure to 

STX and its analogues during neuronal development and highlights the lack 

of research into this pattern of exposure. 
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Conclusion 

The work presented here has drawn attention to low dose extended 

exposure to saxitoxin and its analogues, to our knowledge the first research 

of its kind. In chapter one we have reviewed the currently available literature, 

highlighting the lack of research into and the potential complications of this 

pattern of exposure which could be of significant concern to public health 

given the action of STX at multiple ion channels and the role of ion channels 

and their associated electrical activity in neurodevelopment.  

In chapter 2 we have shown that exposure to STX at or below the drinking 

water guideline caused significant concentration dependent decreases in the 

development of neuronal morphology following extended exposure. 

In chapter 3 we have established an assay to determine if the adverse 

neurodevelopmental effects seen in chapter one were a result of direct STX 

toxicity. We found that STX did not cause toxicity, eliminating any non-

specific cell toxicity as the cause for the adverse effects seen at the 

concentrations used in our research. 

In chapter 4 we moved to a model which more accurately models 

mammalian neuronal differentiation. We found that STX at the drinking water 

guideline again decreases the development of neuronal morphology, 

confirming the results of chapter one and altered the expression of neuronal 

markers. 

 Whilst the work presented here does raise awareness on the lack of 

research into extended exposure to STX, further work is still required. 
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Investigation of the mechanisms at play is required to determine if it is the 

well-known channel blocking activity of STX which has caused the effects 

seen here, if there are downstream effects of this channel blockage or if an 

unrelated mechanism is responsible. 

Further, as STX belongs to a group of structurally related toxins investigation 

into these analogues would be highly beneficial as the analogues have 

varying levels of toxicity and it needs to be confirmed if the adverse effects 

seen here would occur following exposure to a mixture of the analogues 

which is how exposure occurs in a real world scenario. 

In Vivo experiments are also required to established if the adverse effects 

recorded in cell models are also seen in whole organisms when toxins are 

not directly applied to cells but instead are subject to the toxicokinetics of an 

animal. 

In conclusion, the work presented here provides a contribution of new 

knowledge to the fields of environmental toxicology and public health and 

raises awareness that this acutely toxic substance cannot be ignored at low 

doses in drinking water or in shellfish. 

Not only is this body of work significant for being this first of its kind, it is 

significant to public health given that exposure to STX can occur globally 

from both freshwater and marine sources and is likely to increase with 

predicted future climate changes. These predicted future climatic changes 

such as increased water temperatures, nutrient loading and stratification as 

well as altered hydrology will favour not only freshwater cyanobacterial 
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growth but also marine, giving them a competitive advantage over other 

phytoplankton.  
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