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Pfiesteria piscicida, a dinoflagellate first identified and described in 1991, has been

implicated as a causative agent in major fish kills in estuaries of the southeastern United States,

The organism goes through a number of life stages during which the flagellated vegetative phase

produces a toxic compound  Burkholder er. al., 1992!. This putative exotoxin, now thought to be

composed of at least two toxins, has been described as highly lipophilic and is thought to be

secreted into the estuary rather than being retained within the algal cells. While laboratory and

field exposure studies have demonstrated the apparent toxicity of exposure to P, piscicida toxin

 Pptx! by various finfish and shellfish no information is currently available regarding the

consumer health risks due to incidental exposure of fish or shellfish harvested in close proximity

to fish kills.

In 1992, scientists culturing Pfresteria in the laboratory reported significant health effects

due to exposure to the toxin, Major symptoms included tingling of the extremities, joint pain,

weakness, headaches, nausea, abdominal cramps, eye irritation, mood changes, memory loss and

skin lesions  Glasgow et. al., 1995!. It has since been determined that the scientists were exposed

to high doses of the toxin s! due to poor ventilation in the culture facility and improper handling

techniques. Attempts to determine whether serious health effects have occurred in individuals

exposed to the toxin outside the laboratory is still under investigation.

Recently, Dr. Glenn Morris and his laboratory at Johns Hopkins University in their report

to the US Congress indicated that watermen exposed to a related organism in Maryland might

have suffered adverse health effects. This study is still under investigation and complete details

are unavailable at this time. Anecdotal reports in NC have suggested that Pfiesteria may be

responsible for the production of skin lesions in crabbers and fishermen working on the Neuse

River, N, C. However, a recent epidemiological study funded by NC Sea Grant found no



significant increase in illness in persons working in impacted areas and those working in clean

environments. Therefore, while accidental laboratory exposures have demonstrated the apparent

toxicity of this compound in humans no definitive evidence has been observed in the field

especially through the consumption of fisheries products. Therefore, the goal of this project was

to address the issue of public health and whether an individual could be at risk from consuming

fish caught during an active fish kill.

Methodology: The initial phase of this study involved identification of morphological

and cytotoxicological changes to tissue culture cells that had been exposed to the partially purified

toxin. Dr. Ed Noga from the North Carolina State University College of Veterinary Medicine

supplied the crude toxin, Due to the unknown nature of this toxin it was shipped bound to C�

cellulose in a 20/0 acetonitrile buffer, The toxin was eluted with 100'/o acetonitrile, dried under a

stream of N, at room temperature, resuspended in dimethylsulfoxide  DMSO! and frozen. Human

colon  Caco-2! epithelial cells and mouse neuroblastoma  Neuro 2A! cells were grown in culture

to near confluence then exposed to increasing concentrations of the crude toxin,

Cells were grown in T75 flasks at 37'C with 5'/0 CO, using Eagles Minimum Essential

Media supplemented with Earle's salts, 0.1 mM non-essential amino acids and 10 'r'0 fetal bovine

serum, The cells were subcultured by treatment with 0.05 'ro Trypsin, 0,53 mM EDTA. Twenty-

four well culture dishes were seeded at a density of 100,000-200,000 cells per well. These

subcultures were allowed to adhere overnight and the density visually checked prior to beginning

the assay. Extracts of the crude toxin were added in an appropriate volume of dimethylsulfoxide

 DMSO!. Control wells were treated with DMSO. Triplicate wells were analyzed for each



sample,

Each assay was evaluated on the basis of cell viability, morphology and biochemical

endpoints such as alterations in ATP content or lactate dehydrogenase leakage, Each plate was

examined for rounding, blebbing of the membranes, graininess and the presence of visibly dead

cells. These parameters were scored from I to 4 based on the degree of severity, 4 being the

worst, for each well, At the end of the exposure period, the media was removed and saved for the

determination of lactate dehydrogenase leakage. The cells were trypsinized to remove them from

the flasks. The cells were resuspended in one milliliter of fresh culture media and the absorbance

of the titurated sample measured at 800 nm  McClellan-Green et. al., 1997!, This absorbance was

plotted against a standard curve for live Neuro 2A cells as determined by counting with a

hemocytometer, The absorbance of unstained cell suspensions at 800 nm is linearly proportional

to cell density  Mohler et. al., 1996!. A linear regression equation was calculated and the slope

used to predict the number of cells present in each well following exposure to fish tissue extracts.

These cells were then analyzed for their ATP content by the method of Adams, 1963, using

phosphoglycerate kinase, LDH leakage into the media was determined by monitoring the

conversion of pyruvate to lactate as described by Amador et. al., 1962.

The major goal of this study was to determine whether consumers could be at risk due to

consumption of fishery products exposed to the toxin during a fish kill. We contacted Mr, Ken

Eagleson of the Department of Environmental Health and Natural Resources. He agreed to inform

our laboratories if and when a fish kill occurred so samples could be taken immediately. The

Neuse River Rapid Response team has not reported any Pfiesteria related kills on the river this

year. This was recently confirmed in a phone conversation on September 25, 1997. The last major

fish kill reported on either the New River or Neuse River in which P, piscicida may have played a



role in the death of the fish occurred on September 1, 1996. At that time a major fish kill was

reported in Northeast Creek, a tributary located in the upper portions of the New River, On

September 3, 1996, Dr, David Green and his laboratory collected live, apparently healthy fish from

Northeast Creek with the aid of N. C. Marine Fisheries Division personnel. It should be noted that

dead fish were still apparent on the river at that time and that some of the fish collected had visible

sores, i.e. some menhaden, Species of fish sampled include Spot  Zeiosromus xanthurus!, Striped

mullet  Mugil cephalus!, Croaker  Micropognius undulatus!, Spanish mackeral  Scombermouus

maculatus!, Silver perch  Bairdiella chrysaura!, Pinfish  Lagodon rhomboides!, and Atlantic

inenhaden  Brevoorira tyrannus!. Southern Flounder  Paralichthys lethosrigma! were added as an

internal negative control. The Southern Flounder were collected from Bogue Sound and held in

filtered seawater for several months prior to their analysis. No shellfish were sampled. The fish

were transported to the laboratory on ice and immediately frozen at -20'C, The frozen fish were

removed from the freezer and the muscle tissue removed in a manner similar to commercial

filleting. The fish reinained frozen during this process and were not allowed to thaw.

Four-gram aliquots of tissue were removed from the lateral muscle of the fish and placed in

sterile 50 ml disposable tubes. Methanol was added and the mixture was homogenized with a

Polytron in a biosafety fume hood. After centrifugation, the supernatant was transferred to a clean

tube and 2 ml of nanopure water added. The mixture was then extracted with ten milliliters of

hexane and the upper phase discarded. Four rnilliliters of nanopure water and 16 milliliters of

chloroform were then added to the methanol phase and the mixture vortexed. Following

centrifugation the lower chloroform was transferred to a clean tube and the methanol phase re-

extracted with a second portion of chloroform, The two chloroform phases were combined and

gently dried under a stream of nitrogen at room temperature  Quilliam et. al., 1993!. The dried



extract was resuspended in an appropriate volume of DMSO and stored at � 80'C until analyzed.

Analysis of tissue extracts was carried out as described above for the crude toxin.

Results: Both Neuro 2A and Caco 2 cells were exposed to decreasing concentrations of the

crude toxin s!. These cells were examined microscopically for cytotoxic effects by monitoring for

any morphological alterations such as blebbing, rounding, graininess or lysis  see Figure 1 and

Table 1!. Cells exposed to concentrations of Pptx greater than 1 X 10 " g/ml exhibited extreme

morphological changes. The cells began rounding within a few seconds of exposure to the

toxin s!. Additionally, severe blebbing of the cell rnernbrane occurred followed by the formation

of what appeared to be lipid droplets in the media. The resulting loss of membrane integrity

resulted in the appearance of a grainy texture within the cells followed by cell lysis, Cells exposed

to 1 X 10 "g/ml to 1 X 10" g/rnl exhibited fewer or no changes in their morphology. Figure 1

shows light micrographs of both Caco 2 and Neuro 2A cells exposed to the toxin.

The cells were then examined for retention of cell viability as analyzed by the Live/Dead

Eukolight Viability/ Cytotoxicity Assay  Molecular Probes, Inc.!  see Figure 2! and quantified via

the method of Mohler et, al., 1996  Figure 3!, The Live/Dead Viability Assay functions on the

presence of ubiquitous intracellular esterase activity that is determined by the enzymatic

conversion of a non-fluorescent compound, calcein AM. Viable cells convert this compound to the

fluorescent compound calcein. The calcein is retained in viable cells producing an intense green

fluorescence in live cells, EthD-1, a second dye utilized in this assay, enters damaged membranes

and upon binding to nucleic acids produces a bright red color. As shown in Figure 2, cells exposed

to Pptx at high concentrations, 1 X 10 ' g/rnl, do not exhibit esterase activity indicative of living



viable cells. Additionally, the presence of EthD-1 can not be detected via the occurrence of a

bright red color. Indeed, there are very few cells from the original 100,00 cells remaining intact at

this concentration, Therefore, instead of being able to determine viability using green and red

color indicators, we were presented with ambiguous collections of yellow and orange along with a

high background staining. This indicated that Pptx possessed the capacity to disrupt both the

cellular membrane and the nuclear membrane resulting in the complete destruction of the cell.

This allowed an apparent mixing of the dye components and an increase in the background

fluorescence. Additionally, it appears that DMSO at high concentrations, 5'/0, damaged the cells

sufficiently to increase the background staining of the control cells. Therefore, a smaller sample

size would have been necessary to implement this protocol for toxicity screening and therefore

another method for quantifying the toxicity of Pptx was employed in these studies.

Mohler et, al. �996! demonstrated that the absorbance of unstained cells in suspension is

linearly proportional to the cell density at 800 nm. This method which was originally used to

standardize the number of cells seeded into each well for the Live/Dead Eukolight

Viability/Cytotoxicity assay was employed to quantify the viability of cells exposed to the toxin.

A dose response curve for Pptx was established by monitoring the total number of live cells present

in the wells after a 24hour exposure  Figure 3!. Previous in vifro cell bioassays have been

established for a variety of marine toxins. These assays are largely based on the conversion of

various dyes to a fluorescent product or on color development assays such as the reduction of

tetrazoliurn compounds  Manger et, al, 1993! and rely heavily on the mechanism of action of the

toxins. As seen in Figure 3 our crude preparation of Pptx s! exhibits an apparent LC�of 1 X 10 "

g/ml in Neuro 2A cells using the Mohler method. This was compared to the effect of tetrodotoxin

 TTX! in the same assay. Here TTX exhibited an apparent LC�of 1 X 10 " g/ml or 10pg.



Previous reports using an in vitro cell based bioassay reported a detection limit of 3 nM for TTX

 Kogure et. al., 1988! while others have indicated the ability to detect this toxin in the picogram

range.

Table l. Morphological Characterization of Cells Exposed to Pptx
 Neuro 2A/Caco 2!

L sisGraininessBlebbinRoundnessConcentration /ml

+/++/++/+

Therefore, our assay for the presence of marine toxins is extremely sensitive and should be

sufficient for the detection of Pfiesteria toxin. A similar LC�was obtained for Pptx using the

Caco 2 cells  Figure 4!. The dose response curve for the Caco 2 cells does not show as dramatic a

shift in absorbance as the Neuro 2A cells and visual examination of the titurated suspension

revealed a large amount of cell clumping by the Caco2 cells, Therefore, the use of the Neuro 2A

1 X 10

1X10s

1 X 10 '

1 X 10'

1 X 10'"

i X 10'"

1 X ip-'"

1X ip-"

1 X 10"

1 X 10-"

1 X 10 I'

i X 10-"

1 X 10"

1 X 10 "

1 X 10'"

i X ip-'"

i Xip'"

1 X 10-"

++++/++++

++++/++++

++++/++++

++++/++++

++++/+-H-+

++++/++++

++++/++++

++++/++++

++++/++++

++++/++++

++++/++++

++++/+++

+++/+++

++/++

++++/++++

++++/++++

++++/++++

++++/++++

++++/++++

++++/++++

++++/++++

++++/++++

++++/++++

++++/++++

++++/++++

++++/+++

+++/+++

++/++

++++/++++

++++/++++

++++/++++

++++/++++

++++/++++

++++/++++

++++/++++

++++/++-.+

++++/t+++

++++/++++

++++/++++

++++/+++

+++/+++

++/++

++++/++++

++++/++++

++++/++++

++++/++++

++++/++++

++++/+-H-+

++++/++++

++++/++++

++++/++++

++++/++++

++++/++++

++++/+++

+++/+++

++/++



Pptx Dosed Neuro 2ADMSO Dosed Neuro 2A

Pptx Dosed Caco2DMSO Dosed Caco2

~Fi are i. Light photomicrograph   i OX! of pptx exposed Nearo 2A aori Caco o ceiis Ceiis were
exposed to 1 X 10-5 g/ml of crude toxin from P. piscicida. The cells were then examined for
morphological changes such as blebbing  9!, rounding  R!, graininess  G! and lysis  L!.

ce! ls for the quantification of cell viability as per Mohler er. al., �996! is preferred over the Caco 2

cells duc to the prevalence of clumping by the latter cell type,



Pptx Dosed Neuro 2ADMSO Dosed Neuro 2A

Pox Dosed Caco2DMSO Dosed Caco2

Analysis of the ATP content and lactate dehydrogenase leakage into the surrounding media did not

produce any significant results. An extremely high variability was seen in the levels of ATP

present in the cells following Pptx exposure  Figure 5!. !t is possible that the release of cellular

proteases and enzymes from the lysed cells inhibited this assay. Indeed it has been reported that

~Fi 'ure 2. Fluorescent micrograph of control cells exposed to l X l p-5 g/mt of pptx. Live, viaMe
cells actively retain calcein to produce a bright green color. Damaged but intact cells allow EthD-I
to enter the cell where it binds to nucleic acids producing a bright red color.



other nucleoside triphosphates such as GTP, ITP and UTP can interfere with the assay  Bishop et.

al,, 1959!.

~Fi ure 3. Dose Response Curve for Neuro 2A cells exposed to decreasing concentrations of
toxins. Tetrodotoxin was used as a control to validate the sensitivity of the assay. Pptx assays
used 200,000 cells per ml and the TTX assays utilized 150,000 cells per assay. Samples are mean
+ the standard deviation of triplicate samples.
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The analysis of lactate dehydrogenase  LDH! leakage into the surrounding media likewise

produced insignificant results. As seen in Figure 6, the level of LDH activity in the media was

extremely variable and could not be correlated to the level of toxin exposure, Therefore, these

biochemical assays are not suitable for the determination of cell viability using the Pfiesteria toxin,

After establishing the utility of the in vitro cell bioassay for the determination of the presence

of the Pptx, our next objective was to examine environmentally exposed samples. On September



3, 1996, during a major fish kill Dr. David Green and his laboratory collected live, apparently

healthy fish from Northeast Creek with the aid of N. C. Marine Fisheries Division personnel.
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Portions of the lateral muscle were extracted as described above and utilized in our in vitro cell

bioassay. As seen in Figure 7, a total of eight species were analyzed for the presence of toxin.

~Fi ure 4. Dose Response Curve for Caco 2 cells exposed to decreasing concentrations of toxins.
Pptx assays used 200,000 cells per ml, Samples are mean+ the standard deviation of triplicate
samples.



~Fi ure 5. ATP content of Pptx dosed Neuro 2A and Caco 2 cells. Cells were dosed with
increasing concentrations of crude Pptx and allowed to incubate for 24 hours. At the end of the
exposure, the cells were removed and their cellular ATP concentration determined as described.
Concentration is the mean of three assays.
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Species of fish sainpled include Spot  Leiostomus xanthurus!, Striped mullet  Mugil cephalus!,

Croaker  Micropognitts urtdwtarus!, Spanish mackeral  Scombermouus maeulatus!, Silver perch

 Bairdiella chrysaura!, Pinfish  Lagodort rhomboides!, Atlantic menhaden  Brevoorifa tyrannus!

and a blind internal negative control, Southern Flounder  Paralich hys lethostigma!. The samples

were numbered from 1-33 and the individual perforining the assays was not informed of the



~Fi ure 6. Lactate dehydrogenase activity of Pptx dosed Neuro 2A and Caco 2 cells. Cells were
dosed with increasing concentrations of crude Pptx and allowed to incubate for 24 hours. At the
end of the exposure, the media was removed and the level of LDH activity determined as
described.
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specific species until the completion of the assays.

The majority of samples analyzed showed no effect on the viability of Neuro 2A cells

 Figure 7!. However, samples 1, 2, 4, 9 and 10 exhibited a significant decrease in the number of

live cells present after 24 hours as compared to the DMSO or Control Fish Tissue extracts.

Control fish tissues examined in this assay included southern flounder, croaker and pinfish. All



controls behaved in a similar manner and are therefore depicted by a single bar on each graph,

Samples 27 and 29 exhibited a significant increase in the number of live cells present after a

24hour exposure.

Average Viable Cell Count of txleuro 2A Cells
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~pi ure 7. Avera e Cell Count. Neuro 2A Cells were plated at approximately 100,000 cells per
well, Cells were treated with 10 p,l DMSO, control fish tissue extract or experimental fish tissue
extracts �.5g tissue ml DMSO!. Samples were incubated for 24 hours at 37'C and analyzed as
previously described. The total cell count was predicted using a linear regression equation
obtained from the standard curve. Values equal mean+ standard error. Significance determined
by Student's t-test.
' represents a significant difference between experimental sample and DMSO  p> 0.05!
' represent a significant difference between experimental sample and control extract  p>0.05!
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~Fi ure g. Average Lactate Dehydrogenase Activity. Following the incubation period of 24 hours,
50 p.l media was combined with I ml reconstituted Lactate Dehydrogenase Reagent  Sigma!.
Conversion of NADH to NAD was used to estimate the quantity of enzyme leakage into the
media. Values equal mean + standard error. Significance determined by Student's t-test,
' represents a significant difference between experimental sample and DMSO  p> 0.05!
' represent a significant difference between experimental sample and control extract  p>0.05!

In addition to the viability assays, both LDH activity and ATP content of the cells was examined.

As seen in Figures 8 and 9 several samples produced results that were significantly different than



the control samples. However, neither LDH activity nor ATP content could be correlated with a

particular species or to the behavior of the extracts in the cell viability bioassay.

Average ATP Content
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F~iure 9. Average ATP Content. The amount of ATP present in the cells was calculated based on
the conversion of NADH to NAD for an aliquot of cell suspension using glyceraldehyde phosphate
dehydrogenase  GAPD! and phosphoglycerate phosphokinase. Values equal mean+ standard
error. Significance determined by Student's t-test.
' represents a significant difference between experimental sample and DMSO  p> 0,05!
' represent a significant difference between experimental sample and control extract  p>0.05!



An examination of the cell viability influenced by exposure to the fish tissue extracts

revealed that only one species, Atlantic menhaden, consistently produced a significant reduction in

Species Variability
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~Fi ure 10. Species Variability. The average total cell count was compared between each species
and it's control as described. Values equal mean+ standard deviation. Significance determined by
Student's t-test. ' represents a significant difference between experimental sample and DMSO  p>
0.05!, ' represents a significant difference between experimental sample and control extract
 p>0.05!

the number of live cells  see Figure 10!. This reduction in cell number occurred in 5 of the 8

individuals analyzed  Samples 1, 2, 4, 9 and 10 as shown in Figure 7!, The other menhaden

samples  Samples 3, 11 and 12! did not significantly differ from the control fish tissue extracts. It
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is possible a species-specific effect is responsible for the decreased viability of cells exposed to the

menhaden extracts. Although some menhaden extracts did not affect the viability of the cells in

culture  see Figure 7! this aspect should be further investigated by preparing tissue extracts from

control menhaden tissues, Although the extraction protocols used in this assay were previously

employed by Quilliam e/. al., �993! for the identification of diarrhetic shellfish poison, okadaic

acid and dinophysistoxin, it is possible these methods were insufficient to detect all toxins present

in the tissues. Future studies should einploy a step-wise extraction process that will maximize the

recovery of Pptx from naturally and artificially dosed tissues.

Other samples, such as Samples 27 and 29, Croaker and Silver Perch respectively, appear

to produce an increase in the number of cells present at the end of the exposure period. However,

closer examination of the data indicates that the controls used in the analysis of these latter

samples possessed a significantly higher number of cells than the other assays  DMSO=206,866

cells, Control Fish Tissue = 172,233 cells, Sample 27 = 213,200 cells and Sample 29 = 221,166

cells!.

Conclusions: In summary, Pfiesteria piscicida produces an extremely potent biotoxin s!

having an apparent LC» of 1 X 10" g/ml to 1 X 10 " g/ml. This concentration was estimated by

measuring the weight of the residue present following extraction of the lipophilic portion. It is

highly probable that more than one bioactive compound was present in this residue. Previous

studies using other marine biotoxins have resulted in LC»s of 1 X 10 " for ciguatoxin to 2 X 10 '

for saxitoxins and brevetoxins  Manger et. al., 1993!, At this time, the LC» for our crude



preparation of Pptx s! should only be considered an estimate. This value will have to be

reassessed once pure compounds are obtained.

Morphologically cells exposed to Pptx exhibit characteristics similar to those experienced

with other marine toxins. These include rounding, membrane blebbing, graininess, and lysis.

Visual comparison of cells exposed to both tetrodotoxin and Pfiesteria toxin reveal a more rapid

and severe progression of the symptoms in the Pfiesteria dosed samples. The greatest difference is

in the rate and degree of membrane blebbing. The mechanism responsible for this reaction by the

cells is unknown. Many marine toxins, such as the brevetoxins enhance the action of the sodium

channel causing an alteration in the morphology of exposed cells. Other marine toxins, such as

saxitoxins, act to block the sodium channel thereby resulting in an altered cellular morphology,

Thus far it is unknown whether the Pfiesreria toxin functions as a sodium channel-specific toxin or

whether it carries out its activity through some other mechanism.

Use of our analysis system with a second marine toxin, tetrodotoxin, tended to validate our

assay. Other cell-based bioassays using TTX have relied on the sodium channel blocking ability

of this compound to antagonize the combined effects of veratridine and ouabain. The method used

in this study relies on the ability to detect live cells based on their absorbance at 800nm. Mohler

et, al, �996! hypothesized that the red-infrared absorbance of live cells in suspension was due to

the size and structure of intact cells and not to any chemical component of the cells themselves.

These phenomena proved very useful for the detection of cell viability in the Pptx-treated cells as

the mechanism of action of this toxin is currently unknown. Preliminary studies  Burkholder and

Glasgow, 1997! on a water-soluble compound isolated from Pfiesteria have demonstrated

cytotoxic activity in GH4C1 rat pituitary cells. This system has been used to identify toxins that



influence the ser/thr protein phosphatases and inay ultimately provide some insight into the

inechanism of action of Pptx.

The analysis of environmentally exposed samples revealed that only one species, Atlantic

inenhaden, possessed a compound that was biologically active, These fish along with Spot,

Croaker, Stripped Mullet, and Spanish Mackeral, were collected during an active fish kill.

However, because no biomarker has been identified for the presence of Pfiesreria and the chemical

structures of its toxins have not been identified we cannot conclusively state that Pfiesteria was

responsible for this cytotoxic effect. At the time of the fish kill two dinoflagellates were reported

to be blooming in the river. These included Gyrodinium aureolum, a red tide organism, and

Pfiesreria piscicida. Both dinoflagellates produce toxins and although our assay cannot

distinguish between the two it can serve as a useful first screen in the labor intensive and

expensive process of toxin screening. If a toxic compound were present in the other species it is

anticipated that our in vitro cell bioassay would be able to detect its presence.
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