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Abstract

Human exposure to naturally occurring marine toxins has been associated with a range of neurobehavioral
abnormalities. The toxins are produced by harmful algal blooms (HABs) and are typically contracted through
seafood consumption. The primary target of many of the HAB toxins is the neurologic system, and the
neurobehavioral symptoms associated with the HAB ilinesses have influenced public health policy. The
HAB-related illnesses most frequently linked to neuropsychological disturbance are Amnesic Shellfish Poisoning,
Ciguatera Fish Poisoning, and Possible Estuarine Associated Syndrome, which is associated with exposure to the
Pfiesteria piscicideorganism. Although the neurophysiologic mechanisms underlying many of the HAB illnesses
have been well delineated, the literature examining the neuropsychological impairments is unclear and needs to be
defined. This review is intended to introduce an emerging area of study linking HAB illnesses with
neuropsychological changeslINS 2005,11, 331-338.)
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INTRODUCTION of the Maryland waterways (Griffin, 1997) and the enact-
ent of new water quality legislation (Simpson, 1998).
The term, HAB, refers to a proliferation or “bloom” of

turall ina toxi duced by mi | . .~ _certain microalgae in the water, which can lead to massive
haturally occurring toxins produced by microaigae In marine g, kills, the deaths of birds and marine mammals, and

freshwater, or brackish estuarine water environments. Man¥eafood contamination. HABs have been known to cause

of the HAB toxins are highly potent neurotoxins linked to changes in the color of marine water (e.g., red tides). HABs

serious human health effects. The neurobehavioral SYMR:an deplete oxygen or block sunlight necessary for the sur-

toms associated with HAB-related illnesses have been th\t;

; . . : . vival of other organisms (Centers for Disease Control and
subject of public concern and have influenced public pOI'CyPrevention, 2004). In addition, during HABs some micro-

the h health and hological effects of Blgae, such as dinoflagellates, diatoms, and cyanobacteria,
€ human heaith and neuropsychological etiects o eXpof)roduce toxins. The toxins accumulate in digestive organs
sure to thePfiesteria piscicidaorganism led to the closure

and soft tissues of fish and shellfigia feeding, and become

bioconcentrated as they move up the food chain, ultimately

Flolijc;é':&’réeld?nzqan is now affiliated with Carlos Albizu University, Miami, affecting the humans who consume them. Human consump-
Reprintrequests to: MelissaA. Friedman, Ph.D., Carlos Albizu Univer—tlon 1S partlcularly prObIema“C because the toxins are gen-

sity, 2173 NW 99th Ave., Miami, FL 33172. E-mail: melissafried @yahoo.com erally tasteless, odorless, and heat- and acid-stable, rendering
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This review examines the neurobehavioral consequences g}
exposure to Harmful Algal Bloom (HAB) toxins, which are
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normal screening and food preparation procedures insensicutely, patients present usually with gastrointestinal, car-
tive and ineffective at detecting or preventing toxicity (Badendiac, or respiratory symptoms. They often complain of neuro-
et al., 1995; Fleming et al., 1999, 2001a). logic symptoms that can last days to years (Baden et al.,
1995; Blythe et al., 1994; Lehane & Lewis, 2000; Perl et al.,
1990; Quod & Turquet, 1996; Teitelbaum et al., 1990).
Harmful Algal Bloom (HAB) llinesses Neurologic complaints may include memory dysfunction,
abnormal sensations in the extremities, headaches, fatigue,
Table 1 displays the major HAB illnesses associated witimood disorders, and hallucinations (Baden et al., 1995; Bag-
neuropsychological symptoms, as well as the associateuis et al., 1979; Barton et al., 1995; Gillespie et al, 1986;
toxin, causative organism, route of exposure, transvectot.ewis & King, 1996; Perl et al., 1990).
molecular action, and neurobehavioral symptoms (Table This review will address neuropsychological studies con-
adapted from Fleming et al., 2002). Although Possible Estuducted on the HAB illnesses. Other comprehensive reviews
ary Associated Syndrome (PEAS), associated with expoaddress the molecular, physiological, and epidemiological
sure to thePfiesteria piscicidarganism, is presented in the aspects of these illnesses (see Baden et al., 1995; Fleming
table, research has neither identified the specific toxin asscet al., 1995, 2001a).
ciated with thePfiesteriaorganism nor confirmed that expo-
sure to it leads to human illness (Samet et al, 2001).
Human exposure to the toxins occurs usually throug
consumption of contaminated fish (especially large reef fish)here are several impediments to accurate diagnosis of HAB
and shellfish (particularly mollusks such as mussels, oysHlnesses. First, there are no human biomarkers for the tox-
ters, and clams), and may occur also through skin contact ans (Fleming et al., 2001a) and many of the symptoms are
aerosol inhalation (or drinking water such as in the case ofot verifiable by laboratory or imaging data, so clinicians
cyanobacteria). A major target of the toxins is the humammust often base HAB-related diagnoses on patients’ self-
neurologic system, which mediates central and peripheraieported symptom and exposure history. Second, the non-
nervous symptoms, as well as multisystem symptomsspecific symptoms of HAB illnesses are easily misattributed

hDiagnostic Issues

Table 1. Harmful algal bloom illnesses associated with neuropsychological symptoms

Amnesic Ciguatera Possible
Shellfish Fish Estuarine Paralytic Shellfish Neurotoxic Shellfish
Poisoning Poisoning  Associated lliness Poisoning Fugu Poisoning
Disease (ASP) (CFP) (PEAS) (PSP) (Pufferfish) (NSP)
Toxin Domoic acid Ciguatoxin,  Unknown Saxitoxin Tetrodotoxin Brevetoxin*
maitotoxin
Causative Red tide Epibenthic Possibly Red tide Believed Red tide
organism diatom dinoflagellate Pfiesteria dinoflagellate to be bacteria dinoflagellate
piscicida
Route of  Ingestion Ingestion Possibly dermal Ingestion Ingestion Ingestion
exposure or respiratory
Major Shellfish Fish, especiallyPossibly water ~ Shellfish Pufferfish Shellfish
transvector large reef fish or air
Molecular Glutamate Nat, C&* Unknown Na" channel Na* channel Na* channel
action receptor channel blocker blocker activator
agonist activator
Reported Irreversible Memory Memory Numbness, Similar to PSP, Vertigo, throat
neuro- memory impairment, impairment incoordination, plus pupil abnormality, tightness, pupil
behavioral impairment hallucinations, medullary disturbance diminished reflexes, dilation, ataxia,
effects paraesthesias, speech disturbance, progressive bulbar & muscle twitching,
hot/cold paralysis, death extraocular paralysis paraesthesias,
temperature (severe cases) hot/cold
reversal temperature

reversal

*Exposure to brevetoxinia aerosolized inhalation during Red Tide events is associated with Possible Respiratory lliness, characterized by respiratory
irritation and associated symptoms. Table adapted from Fleming et al., 2002
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to other conditions. For instance, chronic ciguatera fish poi12 of the 14 patients displayed an anterograde memory dis-
soning symptoms may include general malaise, depressionyder with other cognitive functions relatively preserved.
headaches, memory problems, peculiar feelings in extremPositron emission tomography (PET) studies on four of
ities, andor hallucinations, which are also consistent with these patients revealed decreased rate of glucose metabo-
a number of psychiatric disorders and with chronic fatiguelism in the amygdala and hippocampus in two patients who
syndrome; due to prolonged itching symptoms in ciguateraalso exhibited depressed memory performance. Neuropa-
the illness can be misattributed to dermatologic disordershology studies on four additional patients (who did not
(Lehane & Lewis, 2000). receive neuropsychological evaluations), who died 7 to
Additionally, the nonspecific symptoms of psychogenic 98 days after intoxication, revealed abnormalities in ana-
conditions may be misattributed to HAB illnesses. Somatotomical memory structures including the hippocampus and
form disorders and hypochondriacal responses are frequeatnygdala. These findings suggested memory impairment
among patients presenting for evaluations due to toxicandue to domoic acid intoxication that correlated with dam-
exposure (White et al., 2000). In the presence of lay mediage to anatomical memory substrates. The findings were of
publicity about purported HAB health threats (Barker, 1997;interest because domoic acid administration in monkeys
Grant, 1997), hysteria may be a concern (Greenberg et aland rats was also associated with damage to the hippocam-
1998), and may contribute to symptom reporting. Addition-pus and amygdala as well as with seizures (Tryphonas et al.,
ally, the fact that many seafood-poisoning patients litigatel990a, 1990b; Tryphonas & Iverson 1990). It was proposed
against fish vendors and restaurants may increase the likéhat seizure activity due to excitotoxic mechanisms medi-
lihood of intentional feigning or unconscious exaggerationated the neuropathologic and clinical features of the illness
of symptoms for secondary gain (see Dunn et al., 1995). in humans, and that treatment with anticonvulsant medica-
tions may help prevent neurologic damage in future domoic
acid poisoning cases (see Olney et al., 1990).
REVIEW OF STUDIES Although the reported neuropsychological findings in the

Studies on the neuropsychological effects of the HAB tOX_Teiteraum study are compelling, the investigators did not

ins may help clarify the diagnosis and symptom course of'se standardized methods of ac_iministering_ or sgoring the
the illnesses. They may also help clarify the consequenf€"P@ memory measures, and did not explain their method
effects on physical well being, family relationships, andOf interpreting visual memory performance. Additionally,

ability to work. Human neuropsychological studies havepreexisting medical conditions in this small patient sample,
been conducted on three of the HAB illnesses: Amnesiéncmdmg cerebral infarct, Parkinson’s Disease, and chronic
Shellfish Poisoning, thBfiesteriaassociated syndrome, and 'ena! failure, may have contributed to any neuropsycholog-

Ciguatera Fish Poisoning. ical findings.
g g Although the four neuropathology cases provide a basis

for a presumed link between hippocampal damage and mem-
Amnesic Shellfish Poisoning ory dysfunction in the domoic acid case series, these neuro-

pathology cases wereot among the 14 who received
Amnesic Shellfish Poisoning (ASP) was first recognized inneuropsychological evaluations. Nor was there any docu-
1987 in Canada after an outbreak of seafood poisoning dueentation that these neuropathology cases had experienced
to consuming mussels contaminated with domoic acid. Ofnemory deficits or other cognitive dysfunction. Moreover,
the 107 cases identified, 50-75% reported vomiting andamong these four cases (who ranged in age from 71 to 84
abdominal cramps, 43% headaches, and 25% memory losgears), three had been in coma, two had acute brain infarc-
Nineteen cases were hospitalized with serious neurologicdlons, two died of septic shock, and one of myocardial infarct,
dysfunction, of which three died in the hospital and oneall of which may have contributed to the neuropathologic
three months later (Perl et al., 1990). findings (Snodgrass, 1990).

One study (Teitelbaum et al., 1990) examined the neuro-
psychological performance of 14 of the most severerP
affected outbreak victims (10 men and four women, aver-
age age 65 years). The clinical descriptions included coma) great deal of scientific attention has addressedrfies-
ophthalmoplegia, the suggestion of bilateral sixth nerve palteria piscicidaorganism (see Fleming et al., 1999, Samet
sies, and diplopia. There was neuromotor involvement eviet al., 2001). Several reports link possible occupational expo-
denced by hemiparesis, transient hyperreflexia and Babinslsure taPfiesteriawith possible neurobehavioral effects. Glas-
sign, chronic atrophy of distal muscles and mild weaknessgow et al. (1995) reported a case series of ten laboratory
hyporeflexia, and loss of distal sensitivity to pain and tem-workers possibly exposed tBfiesteriathrough dermal
perature change. At least five patients experienced seizuresd/or aerosolized routes while working with it in the course
in the hospital, and there were chronic seizure disordersf their regular laboratory duties. Symptoms included sen-
reported for up to four months. sory disturbance, emotional lability, stomach and respira-

Neuropsychological evaluations were conducted four tdory irritation, and memory loss lasting usually until
six months after intoxication, with findings suggesting thattermination of exposure, although neuropsychological test

fiesteria piscicida
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data were not provided. Subsequently, Schmechel and Kol- Swinker et al. (2001a, 2001b) conducted two cross-
tai (2001) described the neuropsychological performancsectional, case-control studies on the persistent human health
of a laboratory scientist presenting to a memory disorderand neuropsychological effects of possible exposure to
clinic two weeks after discontinuing occupational expo-Pfiesteriain North Carolina, three months after the last
sure toPfiesteria The scientist obtained scores more thandocumentedPfiesteriarelated fish kill. One study (2001a)
two standard deviations below the normative mean on meaexamined the effects of occupational exposure in individu-
sures of mental arithmetic, reading speed, fluency, finals recruited from a roster of commercial fisherman (22
motor ability, verbal learning, and delayed recall. Six weekscases and 21 controls). The other study (2001b) examined
later, measures of learning and delayed recall were at leasite effects of occupational and recreational exposure among
one standard deviation above the mean, arithmetic wamdividuals calling aPfiesteriaHotline (11 cases and 11
within a standard deviation below the mean, and readingontrols). In both studies, the surrogate index for expo-
speed improved modestly but was still about two standarégure was having been exposed to waters associated with
deviations below the mean. Schmechel and Koltai indi-dinoflagellate-related fish kills, diseastdressed fish, or
cated that among the laboratory workers with known andhe presence of th@&fiesteria organism. Both studies
proven exposure téfiesteriacultures who presented to employed standardized neuropsychological test batteries
the memory disorders clinic, there was substantial clinicabssessing multiple cognitive domains, a measure of visual
variability. They indicated that secondary or preexistingcontrast sensitivity (VCS), and medical and neurologic
medical conditions, unconscious modeling (especially giverexaminations. Neither study identified an increased likeli-
the high publicity ofPfiesteriain the lay and scientific hood of an estuary associated syndrome, or evidence of
press), and the possibility of malingering or exaggeratiorpersistent health or neuropsychological effects attributable
of symptoms due to secondary gain may have contributetb exposure tdPfiesteriaor related organisms, despite the
to the variability. potential sampling bias in the hotline callers.

Grattan and Oldach (1998) compared 19 individuals with Hudnell et al. (2001) evaluated 22 reportedly exposed
reported occupationalPfiesteria exposure to 19 nonex- and 20 unexposed people using VCS. The authors reported
posed controls. Exposure was defined as direct contaet lower pattern detection score on the VCS test for exposed
with estuarine waters of the Chesapeake Bay during perindividuals. Shoemaker and Hudnell (2001) indicated that
ods of fish kills or at times when fish with actiRfiesteria ~ administration of cholestyramine, a medication used to lower
like lesions were present. Participants were divided intacholesterol and remove bile acids from the body, was asso-
high, moderate, and low exposure groups based on totaliated with improvement in the VCS score. The major lim-
amount of time exposed to reportedly contaminated wateiitation to these studies is that VCS deficits are not specific
Individuals reporting exposure were more likely to com-to any particular condition or etiology (Hudnell & Shoe-
plain of neuropsychological symptoms than controls, andnaker, 2003), and are seen in a wide range of medical con-
they displayed lower scores on trial 5 of the Rey Auditoryditions (Schreiber et al., 2002; Swinker et al., 2001a, 2001b;
Verbal Learning Test (RAVLT), the Stroop and the GroovedSwinker, 2003). VCS deficits, therefore, are not useful as
Pegboard. It was concluded that high exposure was ass@gele indicators of health effects.
ciated with poorer performance for each of these mea-
sures. Follow-up examination of a subgroup of the
participants reportedly revealed improvement of the RAVLT
score. Ciguatera fish poisoning is the most frequently reported

This study was limited by the lack of evidence thatfood poisoning illness caused by a marine toxin (Fleming
Pfiesteria piscicidaor morphologically related organisms et al., 2001b). It is caused by consumption of coral reef fish
were present in the water to which cases were exposeduch as barracuda, grouper and snapper, which are contam-
Additionally, the authors stated that the delayed recall andnated primarily by the natural toxin, ciguatoxin, as well as
recognition measures did not reveal significant group dif-other toxins. It is marked by chronic neuropsychological
ferences after controlling for number of words learned, whichcomplaints, and peripheral neurological symptoms such as
suggests that the ability to recall newly encoded verbal matemuscle weakness, tingling in the mouth region, and hot—
rial was intact in this group. With the small sample size andcold temperature reversal (Arena et al., 2004; Lehane &
multiple statistical tests performed, it is possible that theLewis, 2000).
trial 5 impairment was due to chance. Despite the pervasive descriptive reports of neurologic

In a separate report (Grattan et al., 1998), 18 individual@nd neuropsychological symptoms, there has been only
with alleged exposure tBfiesteriadisplayed greater like- one neuropsychological study published on the effects of
lihood of complaining of memory problems and endorsingciguatera poisoning. In this study (Arena et al., 2004), expo-
symptoms of mood disturbance than controls. However, theisure was defined by acute onset of gastrointestinal symp-
responses may have been influenced by the fact that thepms within 24 hr of ingesting a good-tasting reef fish,
were already documented as having abnormal neuropsychboypically with neurologic complaints including paresthe-
logical test results. sias and fatigue. Diagnosis was made by physicians and

Ciguatera Fish Poisoning
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confirmed by study investigators. Using a matched cohorpsychological impairments or evidence of subjective cog-
design, 12 cases and 12 age- and gender-matched friemitive and mood complaints. In studies published to date,
controls received a battery of neuropsychological tests, atowever, there is not strong evidence to substantiate the
one to nine months after exposure. presence of neuropsychological impairments due to expo-
The neuropsychological battery consisted of WAIS Il sure to HAB toxins or organisms.
Vocabulary, the Boston Naming Test, WAIS |1l Block Design,  Neuropsychological research on the effects of toxin expo-
California Verbal Learning Test, Rey-Osterrieth Complexsure can have broad, sweeping impact on public policy and
Figure, the Stroop Test, and measures of affect includingegulations. In the case of toluene, for instance, the United
the Profile of Mood States, the Beck Depression InventoryStates Environmental Protection Agency (1992) cited a sin-
and the Beck Anxiety Inventory. The battery also includedgle neuropsychological study (Foo et al., 1990) as its prin-
the NES-2 symptom severity questionnaire. Persons witlcipal information source on human central nervous system
ciguatera reported a significantly higher degree and rangeffects in establishing exposure level guidelines, despite
of neurotoxicity-related complaints than controls; 58%the study’s limited sample size and its lack of information
reported memory disturbance and 17% hallucinations, conen selection procedures and other potential confounds (see
firming prior reports that neuropsychological complaintsLees-Haley, 2000). In the case of HABs, preliminary find-
are a frequent component of the symptom presentation imgs on the neuropsychological effects of domoic acid in
this illness (Bagnis et al., 1979; Lehane & Lewis, 2000;humans led to the establishment of Amnesic Shellfish Poi-
Lewis & King, 1996). The cases also displayed signifi- soning as one of four major shellfish poisoning illnesses
cantly greater levels of distress on measures of mood andescribed by the FDA (U.S. FDA, 1992), even though the
well being, consistent with findings in workers exposed tomemory deficits in the outbreak were not substantiated by
industrial toxicants (Morrow et al., 1993), although they the measurement methods used, and the findings have yet
did not reach clinical levels. There were not significant groupto be replicated. The series Bfiesteriastudies led to clo-
differences on cognitive measures, suggesting that the fresure of the Maryland waterways, enactment of new water
quent neuropsychological complaints in patients may bejuality legislation, and the appropriation of many millions
driven in part by mood disruption. of federal dollars to fund research and manage the pur-
This study was limited in statistical power and in the ported health threat (Burkholder & Glasgow, 2001; Univer-
sensitivity of the battery, especially in its measurement ofsity of Maryland, 1998). These changes impacted the
executive functioning and psychomotor speed, which aréarming, fishing, and seafood industries, with an estimated
associated with vulnerability to toxicant effects (White et al.,$43 million dollar loss of sales, for instance, to Maryland
2000). Additionally, large variability among cases in time seafood firms in 1997 (Lipton, 1998). These policy and
since exposure may have obscured the detection of neureconomic impacts occurred even though the spePiffiies-
psychological effects. The study did not evaluate whetheteria toxin had not been identified and any human health
cases were involved in litigation against fish restaurants oeffects due té>fiesteriaexposure had not been substantiated.
vendors who sold the fish that caused their ciguatera, which
may have contributed to symptom rep(_)rtlng (see Dunn et al'Future Directions
1995). There was no confirmatory evidence of exposure to
the ciguatera toxins. Finally, the effects of Mannitol may Because of the media and government attention given to
have prevented the detection of ciguatera’s effects, becauseiman health and neuropsychological effects of HABs,
10/12 of the ciguatera cases had received intravenous Mameuropsychological investigators must continue to address
nitol treatment, which has been reported to improve ciguaterthe potential research confounds and impediments as sys-
symptoms (Bagnis, 1992; Blythe et al., 1992; Palafox et al.tematically and conscientiously as possible. Small sample
1988). In a follow-up study employing a repeated-measuressizes are an ongoing challenge due in part to the relatively
case-control design, we are evaluating the amdesus low rate of occurrence of these illnesses. We recommend
chronic neuropsychological effects of ciguatera fish poisonthe establishment of long-term collaborations among HAB
ing, the role of Mannitol treatment in ameliorating the symp-researchers and their local poison centers, hospital emer-
toms, and the extent to which subjective neuropsychologicajency rooms and community doctors, as a means of identi-
complaints are accounted for by mood disrupti@rsus fying cases and monitoring the neuropsychological effects
objectively measured cognitive impairments. of these illnesses. Another challenge pertains to sampling
bias; although subjects seeking medical or legal remedy for
SUMMARY AND IMPLICATIONS their _complaints may serve as a convenier_1t ;tgdy sam.ple,
recruitment efforts should be targeted at all individuals with
There is a substantial body of evidence suggesting that exparelevant history of exposure, whether or not they are expe-
sure to HAB toxins or organisms can have severe humanencing subsequent symptoms (Lees-Haley & Williams,
health and neuropsychological consequences. Critical revied997). Another challenge is establishing, in the absence of
of the neuropsychological studies reveals frequent and oftereliable human biomarkers, that exposure to the toxin of
compelling descriptive accounts of neurological and neurointerest has occurred. Investigators must attempt to define
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Table 2. Subject variables and proposed method of assessment

Potential confounder

Suggested method of addressing the confound

Other known occupational or environmental
exposures

Medications, current and past

Other fish consumption

Potential litigation or symptom exaggeration
for disability benefits or other secondary gain

Prior and current medical conditions affecting
neurologic system

Psychiatric history, personal and familial
Alcohol and substance use

Somatoform tendencies

Potential for suggestibility

Detailed checklist of known exposures including dust fumes
(e.g., silica, asbestos), metal (e.g., lead, mercury, arsenic), solvents
(e.g., toluolene, perchlorethylene), and others (see White et al., 1992)

Structured interview with checklist of analgesics, anxiolytics,
chemotherapy, biological therapies, and radiation therapy

Structured interview with attention to potential prior exposure to
HAB toxins or methylmercury, PCBs, and other contaminants in fish

Structured interview, formal tests of effort

Structured interview

Structured interview, with attention to depression and anxiety symptoms
Structured interview

Structured interview, with attention to prior history of medically
unexplained physical symptoms, e.g., chronic fatigue syndrome,
fibromyalgia, and multiple chemical sensitivity

Examiner clinical evaluation

exposure and inclusion criteria in a manner that minimizesase Control and Prevention, for their assistance and support in
the multitude of alternative explanations that may accounthe writing of this manuscript.

for any potential findings in their studies. Of note, current

scientific effprts are e_limed .at d_eveloping a human bio'REFERENCES

marker for ciguatera fish poisoning (Backer et al., 2004).

Also, there are potential confounds particular to HAB Arena, P., Levin, B., Fleming, L.E., Friedman, M.A., & Blythe,
research, in addition to the standard ones addressed in neuro-D.G. (2004). A pilot study of the cognitive and psychological
psychological studies. Table 2 reveals subject variables to correlates of chronic ciguatera poisonirgarmful Algae 3,

be considered in formulating HAB investigations, and meth-

ods of addressing them.

Finally, in order to reduce the likelihood of obtaining
spurious positive results due to multiple comparisoas,

51-60.
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