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Abstract

Cycads are long-lived tropical and subtropical plants that contain azoxyglycosides (e.g., cycasin,

macrozamin) and neurotoxic amino acids (notably β-N-methylamino-L-alanine L-BMAA), toxins

that have been implicated in the etiology of a disappearing neurodegenerative disease,

amyotrophic lateral sclerosis and parkinsonism-dementia complex that has been present in high

incidence among three genetically distinct populations in the western Pacific. The neuropathology

of amyotrophic lateral sclerosis/parkinsonism-dementia complex includes features suggestive of

brain maldevelopment, an experimentally proven property of cycasin attributable to the genotoxic

action of its aglycone methylazoxymethanol (MAM). This property of MAM has been exploited

by neurobiologists as a tool to study perturbations of brain development. Depending on the

neurodevelopmental stage, MAM can induce features in laboratory animals that model certain

characteristics of epilepsy, schizophrenia, or ataxia. Studies in DNA repair-deficient mice show

that MAM perturbs brain development through a DNA damage-mediated mechanism. The brain

DNA lesions produced by systemic MAM appear to modulate the expression of genes that

regulate neurodevelopment and contribute to neurodegeneration. Epigenetic changes (histone

lysine methylation) have also been detected in the underdeveloped brain after MAM

administration. The DNA damage and epigenetic changes produced by MAM and, perhaps by

chemically related substances (e.g., nitrosamines, nitrosoureas, hydrazines), might be an important

mechanism by which early-life exposure to genotoxicants can induce long-term brain dysfunction.
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INTRODUCTION

There is substantial evidence that human exposure to cycad plant toxins is an important

etiological trigger of a prototypical neurodegenerative disorder (tauopathy) in the western

Pacific with features of amyotrophic lateral sclerosis, atypical parkinsonism, and

Alzheimer’s-like dementia (ALS-PD; Spencer et al., 1991; Borenstein et al., 2007; Kisby

and Spencer, 2011; Spencer et al., 2012). Among the Chamorro people of Guam,

parkinsonism-dementia complex (PDC) and Guam Dementia are strongly associated with

exposure to cycad plant toxins during childhood or adolescence, critically important periods

of normal development of the human brain. Unknown is whether earlier-life exposure (e.g.,

in utero, neonatal) to cycad plant genotoxins disrupts the human brain to increase risk for

neurodevelopmental disorders (e.g., epilepsy, schizophrenia). Despite a lack of human data,

the active metabolite of the principal cycad plant toxin cycasin, methylazoxymethanol

(MAM), has been widely used as a tool by neurobiologists to explore the complex

mechanisms underlying brain maldevelopment in neurodevelopmental disorders. Depending

on the period of brain development, MAM can induce an animal model that exhibits certain

features of drug-resistant epilepsy, schizophrenia, or ataxia.

This review describes the opportunities for human contact with MAM, based on the

distribution and uses of cycad species, the human disorders linked with cycad exposure, and

the variety of neurodevelopmental disorders that can be experimentally induced in

laboratory animals exposed systemically to MAM (in the form of MAM acetate) at different

periods during prenatal and postnatal development. The mechanisms underlying cycasin-

induced central nervous system (CNS) developmental perturbation are linked with MAM-

induced DNA lesions that modify cell signaling and change neuronal behavior.

Although this article is focused on cycad toxins, their links with experimental and human

brain disorders during development and later life, respectively, the traditional use of cycad

seed for medicine or food in the three populations affected by ALS-PDC is disappearing

hand in hand with declining disease rates. Although human exposure to cycad toxins has

declined and is highly restricted to certain populations, the reader should recall that

substances related to MAM are widely distributed worldwide in food, water, and the

environment. MAM-like substances include (a) nitrosamines, which are formed in

significant concentrations from nitrates and nitrites in preserved foodstuffs, as disinfection

by-products in drinking water, in tobacco smoke, in certain industries (rubber), in industrial

waste, and (b) hydrazines, which are found in mushrooms, polymer foam, rocket propellant,

and antituberculous medicine (isoniazid). The reader will also note that nitrosamines and

hydrazines, as well as MAM, are genotoxic substances widely known for their mutagenic

and carcinogenic properties. Discussed elsewhere is the relationship at the molecular level

between the mutagenic properties of MAM on cycling cells and the toxic properties of
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MAM on noncycling cells, namely neurons (Spencer et al., 2012). The present review is

restricted to the neurotoxic action of cycasin/ MAM on the human and mammalian nervous

system.

DISTRIBUTION AND USE OF CYCAD PLANTS

Although these plants are used for ornamental purposes worldwide, living indigenous

species of cycads are confined to the tropics and subtropics (Fig. 1). The 11 genera of the

single surviving order of the Cycadales include: the Australian genera Macrozamia (east,

central, and south-west), Bowenia (northeast Queensland), and Lepidozamia (north-east

Queensland and New South Wales); Zamia of the Americas (southern Florida, USA, West

Indies, southern Mexico to the Amazon and Peru); Stangeria of southern Africa; and Cycas,

which extends from northern Australia, through Oceania, across to the Indian subcontinent,

and along the east African coast.

Because cycads have food and medicinal potential, and are resistant to drought, cyclone, and

fire, they have been used throughout human history as a subsistence and famine food

(Whiting, 1964). Cycad seed and sago (extracted from the overground stem) have been used

for food in certain cultures since ancient times. Australian Aboriginal groups have used

cycad seed for food for at least 4500 years (Beaton, 1977); in 1996, certain Aboriginal

groups in the Northern Territory, Australia, continued their practice of careful seed

detoxification for occasional food use. In the Florida Panhandle, Zamia floridana was eaten

by Aboriginal people (16th century), subsequently by Seminole Indians, and later by slaves

and white settlers; the last cycad-processing plant closed in Miami, Florida, in 1926

(Spencer, 1990). By 1950, nearly six million pounds of sago (prepared from Cycas revoluta)

was imported into the United States for use in the preparation of food, syrup, beer, and

adhesives, as well as sizing for paper and textiles (Spencer, 1990). Incompletely detoxified

cycad flour (Cycas spp.) was an important source of food for the Chamorro people of Guam

during and following the Second World War (Whiting, 1963). There is a high correlation

between the incidence of ALS (both of males and females) in districts of Guam during the

period 1956–1985 and the cycasin content found in cycad flour prepared in those districts in

the 1980s (Zhang et al., 1996).

The poisonous properties of cycads were exploited in former times as instruments of

chemical warfare (Costa Rica), homicide (Celebes), and state-approved execution

(Honduras; Whiting, 1963). In various parts of Oceania (Guam, New Guinea), the highly

toxic seed pulp of cycads was used as a poultice to treat superficial and deep wounds

(Whiting, 1963; Close and Gelegel, 1975; Spencer et al., 1987). Dried seed of C. revoluta

was used to prepare a tonic for young children in Kii peninsula, Honshu Island, Japan

(Spencer et al., 1987). Cycad leaves can be found in some apothecaries in China

(unpublished data), and the underground caudex of Stangeria eriopus was used by South

African ethnic groups as an emetic and ingredient in magical potions (Osborne, 1994).

THE CHEMISTRY AND TOXIC PROPERTIES OF CYCAD TOXINS

Macrozamia and Cycas contain the primeveroside macrozamin and/or the glucoside cycasin,

and macrozamin undergoes conversion to cycasin (Tate, 1995). Cycasin is present in cycad
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seed in concentrations of 2–4% (w/v; Yagi and Tadera, 1987), and readily undergoes

hydrolysis under acidic conditions (e.g., stomach) to yield methanol, formaldehyde,

nitrogen, and glucose (Woo, 1988). The β-D-glucopyranosyloxy linkage of cycasin is

susceptible to hydrolysis by bacterial, plant, or mammalian β-glucosidases to liberate MAM,

a colorless liquid that is unstable in acid or alkali and miscible with water and ethanol

(Matsumoto and Strong, 1963; Laqueur and Matsumoto, 1967; Fig. 2). The activity of

cytosolic β-glucosidases is reportedly 500-fold higher in the rodent brain than any other

organ examined, including the liver (Kisby et al., 1999). Therefore, cycasin that is taken up

by the brain would be rapidly converted to MAM. MAM can also be formed from

azoxymethane, a synthetic compound used to induce colonic tumors in rodents (Zeller,

1992), an animal model of nonfamilial colorectal cancer (Perse and Cerar, 2011). MAM

spontaneously breaks down to release formaldehyde and highly reactive methyladiazonium

ions and carbon-centered free radicals (potent alkylating agents) that methylate nucleic acids

at the O6-, N7-, and C8 positions of guanine (Matsumoto and Higa, 1966; Shank and Magee,

1967; Nagasawa et al., 1972; Kisby et al., 1995). Although MAM and its glucosides (i.e.,

azoxyglycosides) are the principal toxic moieties in cycads, these plants also contain a

number of other potentially neurotoxic materials, including the nonprotein amino acids, β–

N-methylamino-L-alanine (BMAA, Cycas spp.; Chiu et al., 2011) and β-N-oxalylamino-L-

alanine (Macrozamia spp.; Beaton, 1977), and the water-insoluble phytosterol glucosides of

which β-sitosterol β-D-glucoside (BSSG) is the predominant form (Wilson et al., 2002;

Tabata et al., 2008).

Cycasin and its aglycone MAM have teratogenic, mutagenic, hepatotoxic, and carcinogenic

properties in rodents and primates (Kobayashi and Matsumoto, 1965; Sieber et al., 1980).

Hepatic and spinal lesions develop in ruminants fed with cycasin (Shimizu et al., 1986).

Cycasin is transported by the intestinal Na+/glucose cotransporter, but with a lower affinity

than D-glucose (Hirayama et al., 1994). In contrast, cycasin is efficiently (100× lower

concentrations) transported by the brain Na+/glucose cotransporter (Matsuoka et al., 1998),

suggesting that this CNS transport system is responsible for its entry into the brain of orally

fed rats (Dastur and Palekar, 1974; Matsuoka et al., 1998). Cycasin is readily hydrolyzed by

gut bacteria or metabolized by the liver to form MAM, which is also able to enter the brain

(Kisby et al., 1999).

THE NEUROTOXIC PROPERTIES OF CYCAD PLANT GENOTOXINS

Human Studies

Soon after ingestion of cycad plant products, there is sudden onset of nausea and vomiting,

enlargement of the liver, convulsions, loss of consciousness, and death or recovery (Hirono

et al., 1970). Chamorro folklore links the practice of handling and consuming cycad

materials to a disease known as lytico, many cases of which were diagnosed as ALS

(Whiting, 1963, 1964, 1988). Epidemiological studies show that preference for traditional

Chamorro food is significantly associated with an increased risk for parkinsonism-dementia

(Reed et al., 1987). Other studies show a highly significant positive association between

ALS and the cycasin content of flour prepared by Chamorros (Kisby et al., 1992; Zhang et

al., 1996). Some Japanese and Guamanian ALS/PDC patients exhibit (in addition to the
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well-described cerebral neurofilamentous pathology) multinucleated and ectopic neurons in

the cerebellum and vestibular nuclei, an observation suggesting that exposure occurred

during the later phases of brain development (up to the age of 1 year) to a genotoxic agent

(such as MAM) that altered the proliferation and migration of developing neurons (Yase,

1972; Shiraki and Yase, 1975). These data are consistent with more recent studies showing

that Guam dementia and PDC are significantly correlated with exposure of Chamorro

children or adolescents to cycad plant products (Borenstein et al., 2007). Chamorro migrants

from Guam to the United States mainland carry the risk of developing ALS-PDC decades

later (but their children born and bred outside of Guam do not), and a few immigrants to

Guam who adopted the traditional Chamorro lifestyle developed the disease 10–15 years

later. Thus, western Pacific ALS-PDC and dementia are long-latency neurodegenerative

disorders that may be acquired years or decades before clinical expression (Spencer et al.,

1991; Spencer and Kisby, 1992). The declining patterns of cycad utilization in all western

Pacific communities at risk for ALS/PDC suggest a diminishing environmental factor as an

etiological link to this disappearing neurodegenerative disorder (Spencer, 1990).

Although there is strong experimental evidence showing that cycasin/MAM are potent

developmental neurotoxins in laboratory species (see below), nothing is known about their

role in human neurodevelopmental disorders. Since early life exposure to toxic chemicals

can precipitate seizures (Jett, 2012), the higher-than-expected rates of epilepsy (excluding

febrile convulsions) that were reported on Guam (Lessell et al., 1962; Chen et al., 1968)

might be explained by intrauterine exposure to cycad genotoxins (e.g., MAM). The ability of

MAM to produce a rodent model of drug-resistant epilepsy following in utero administration

is certainly consistent with such a notion (Harrington et al., 2007; Potschka, 2012).

Animal Studies

Cycasin and MAM reproducibly induce pronounced changes in rodent brain that vary with

the neurodevelopmental stage (Ferguson, 1996; Ferguson et al., 1996; Cattabeni and Di

Luca, 1997; Colacitti et al., 1999; Fig. 3). Between days 13 and 15 of gestation, fetal

exposure to MAM via treatment of dams induces microencephaly of the cerebral cortex

(Balduini et al., 1986; Cattabeni and Di Luca, 1997) and displaced hippocampal neurons

(i.e., heterotopias), leading to an increased susceptibility to seizures (Calcagnotto and

Baraban, 2005; Harrington et al., 2007). The disruption of DNA by MAM during fetal brain

development is reportedly responsible for the abnormal patterns of cell formation and

migration that culminate in heterotopic neuronal clusters (Schwartzkroin and Wenzel, 2012).

The increased sensitivity of these heterotopic clusters to seizure generation has been

ascribed to alterations in the expression of glutamate receptors/transporters (Harrington et

al., 2007), the dampening of inhibitory neurotransmission (i.e., GABA) via increased

extracellular GABA (Karlsson et al., 2011), and/or a direct antiangiogenic effect in

heterotopic areas of the adult brain that are caused by persistent cerebrovascular dysfunction

(Bassanini et al., 2007). Thus, MAM induces both direct and indirect persistent effects on

early brain development to produce an animal model that is prone to seizures. Since drug-

resistant epilepsy frequently occurs in pediatric patients with neuronal migration disorders,

the MAM-E13–15 animal model might be particularly useful for elucidating the underlying

mechanisms of drug resistance and developing novel therapeutic agents (Potschka, 2012).
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Schizophrenia is generally considered to be a neurodevelopmental disorder because several

neuroanatomical and cytoarchitectural abnormalities (e.g., misplaced/clustered neurons,

fewer dendritic spines/ arborizations, reductions in interneurons and oligodendrocytes) have

been identified in the brains of patients with the disease (Fatemi and Folsom, 2009; Insel,

2010). The detection of these neurodevelopmental changes prompted the development of

animal models that focus on disrupted neurogenesis to elucidate the underlying

neurobiological processes of schizophrenia. The MAM rat model is widely thought by

neurobiologists to be a valid neurodevelopmental disruption animal model of schizophrenia

(Jongen-Relo et al., 2004; Lodge and Grace, 2009; Powell, 2010; Sanderson et al., 2012;

Lodge, 2013). When MAM is administered to rat dams on gestational day 17 (E17), the

cycad genotoxin induces neuroanatomical, pharmacological, and neurobehavioral changes in

the adolescent offspring that are consistent with those observed in schizophrenia (Chin et al.,

2011; Flagstad et al., 2004; Moore et al., 2006; Lodge and Grace, 2009; Lodge, 2013). In the

MAM-E17 animal model, the plant genotoxin specifically targets the developing prefrontal

cortex, entorhinal cortex, and hippocampus, brain regions that also show prominent deficits

in schizophrenia patients. MAM reduces cerebral cortical volume, causing an increase in

neuronal density without neuronal loss, and induces heterotopias and reduces spine density

in hippocampal pyramidal neurons, subtle neuroanatomical changes also observed in the

schizophrenia brain (Chin et al., 2011; Flagstad et al., 2004; Moore et al., 2006; Lodge and

Grace, 2009). Adult MAM-E17 rats also exhibit impaired social interaction and increased

locomotor deficits in response to dopamine or psychostimulants (Le Pen et al., 2006; Moore

et al., 2006). As in schizophrenia, these neurobehavioral changes emerge during adolescence

in the MAM-E17 rat model.

How the cycad plant toxin MAM induces subtle neurodevelopmental changes in E17 rats is

unknown. MAM might disrupt the expression of genes that regulate neurodevelopment

either through DNA damage (Kisby et al., 2009; Kisby et al., 2011) and/or epigenetic

mechanisms (Kisby and Spencer, 2011; Mackowiak et al., 2013). In support of a DNA

damage-mediated mechanism, adult rats given O6-benzylguanine (a DNA-repair inhibitor)

before MAM treatment at E17 showed more pronounced hippocampal dysgenesis than E17

rats treated only with MAM (Fig. 4; H. Moore, unpublished data). Moreover, the

hippocampus of adult MAM-E17 rats showed changes in the expression of genes involved

in DNA repair and neuronal and glial development (Merker et al., 2009). An examination of

the medial prefrontal cortex of adult MAM-E17 rats also revealed a pronounced effect on

the methylation of histone proteins (i.e., H3K4, and H3K9). H3K9me2 levels were

decreased before puberty (PND 15 and PND 45) and H3K4me3 levels were significantly

decreased when rats reached adulthood (PND 60 and PND 70). Therefore, MAM

administration at E17 reduced H3K9me2 and H3K4me3 levels (markers of histone H3

methylation) in the prefrontal cortex before and following puberty, respectively (Mackowiak

et al., 2013). These histone H3 methylation changes were also associated with altered levels

of enzymes that methylate (ASH2L) and demethylate (LSD1, JARID1c) histone proteins.

Since histone lysine methylation and altered levels of methyltransferases and demethylases

are also a molecular signature of the schizophrenia brain (Akbarian, 2009), the MAM-E17

animal model might provide important clues about the contribution of environmental and

epigenetic factors in the molecular pathogenesis of schizophrenia.
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Postnatal exposure (days 1–5) to MAM leads to microencephaly (e.g., reduced folia and

fissures) of the cerebellum that is characterized by specific targeting of glutamatergic and

GABAergic precursor cells (especially granule cells) resulting in misalignment of Purkinje

cells, and ectopic and multinucleated granule cells (Sullivan-Jones et al., 1994; Ferguson,

1996). However, repetitive administration of lower concentrations of MAM (1–5 mg/kg vs.

20–25 mg/ kg) to adolescent mice induced neurodevelopmental changes, consisting of

reductions in GABAergic hippocampal interneurons and sensorimotor gating deficits (Guo

et al., 2013). An enriched environment produces long-lasting effects on rodents by

epigenetic mechanisms (Arai and Feig, 2011). The ability of environmental enrichment to

reverse the sensorimotor deficits and improve learning in young adult rodents after injection

of neonatal mice (Guo et al., 2013) or fetal rats (Wallace et al., 2003; Ueda et al., 2010) with

MAM suggests that this plant genotoxin induces neurobehavioral changes in part by an

epigenetic mechanism (e.g., histone methylation).

MAM has been administered to young adult rodents to determine the role of neurogenesis in

learning, memory, and ischemia. Neurogenesis was reduced by 80% in the dentate gyrus of

adult rats after daily administration of MAM (7 mg/kg, s.c.) for 14 days (Shors et al., 2001).

A substantial reduction of newly generated dentate gyrus neurons in the adult rat impaired

some but not all types of hippocampus-dependent memories. When young adult mice (6–8

weeks old) were injected subcutaneously for 2 weeks with “several doses” of MAM (3 mg/

kg), the plant genotoxin severely reduced hippocampal neurogenesis and associated

formation of (contextual fear) memory (Ko et al., 2009).

MAM has also been used to clarify the importance of neurogenesis in ischemia (Maysami et

al., 2008). Ischemia-induced neurogenesis was severely impaired in adult mice (7–9 week

old) that had been pretreated daily with MAM for 1 week before occlusion of the middle

cerebral artery. The size of the infarct was significantly larger in adult mice that had been

pre-treated with MAM prior to occluding the middle cerebral artery.

NEURODEVELOPMENTAL MECHANISM OF CYCAD PLANT GENOTOXINS

Our studies and those of other investigators show that MAM, the active metabolite of the

plant toxin cycasin, has a pronounced influence on both brain (Cattabeni and Di Luca, 1997;

Germano and Sperber, 1998; Kisby et al., 2005) and neuronal development (Hoffman et al.,

1996; Kisby et al., 2006). Yet, the mechanism by which MAM alters brain development is

not well-understood. It has long been thought that MAM alters brain development by

indirectly killing dividing neurons or supporting cells (e.g., radial glia) by a DNA damage-

mediated mechanism (Nagata and Matsumoto, 1969; Matsumoto et al., 1972). This

hypothesis was tested by comparing the effect of MAM on developing neurons from

transgenic mice that are proficient or deficient in DNA repair (Kisby et al., 2009). The

development of “knock-out” and transgenic mice for DNA repair (Friedberg and Meira,

2004) provides a novel approach for assessing the influence of different types of MAM-

induced DNA lesions (i.e., N7-methylguanine, O6-methylguanine) on brain development.

Alkyladenine DNA glycosylase (Aag) repairs N7-mG DNA lesions, whereas O6-

methylguanine methyltransferase (Mgmt) repairs O6-mG DNA lesions (Bugni et al., 2009;

Lee et al., 2009). We compared the sensitivity of neurons from the cerebellum of neonatal
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mice that are deficient in base-excision repair (BER; i.e., alkyladenine alkyltransferase,

Aag−/−) and O6-methylguanine methyltransferase (Mgmt−/−), or that overexpress MGMT

(MgmtTg+) to MAM-induced N7-mG or O6-mG DNA lesions. The in vitro studies showed

that immature cerebellar granule cell neurons from Mgmt KO mice were more vulnerable to

MAM than neurons from either wild type or Aag KO mice. Granule cell development and

motor function were also shown to be more severely disturbed by MAM in Mgmt KO mice,

whereas both of these neurotoxic features were preserved in comparably treated MgmtTg+

mice (Fig. 5). The O6-mG DNA lesions formed by MAM in the neonatal brain (Kisby et al.,

2009) appear to play a major role in altering the intrinsic processes that regulate neuronal

development (mitosis and migration). The correlation of specific brain DNA lesions (e.g.,

O6-mG) with the differential expression of genes in several cell-signaling pathways (i.e.,

MAPK, Akt) in MAM-treated young adult mice is further evidence that MAM targets cell-

signaling pathways by a DNA damage-mediated mechanism (Kisby et al., 2011). These

findings indicate that MAM predominantly perturbs molecular pathways that regulate

neuronal maturation and migration, changes that are consistent with the neurodevelopmental

changes observed in Mgmt KO mice (Kisby et al., 2009) and in some individuals with

western Pacific ALS-PDC (Yase, 1972; Shiraki and Yase, 1975). More specifically, MAM

appears to perturb the expression of genes that regulate the development of neuronal

processes (i.e., axons, dendrites), with the result that the pathfinding function and motility of

neuronal growth cones are impaired (Hoffman et al., 1996; Hatten, 1999). The preferential

targeting of developing neurons by MAM is also consistent with the ability of this plant

genotoxin to disrupt unique molecular networks during brain development, either at the fetal

stage (Merker et al., 2009) or postnatally (Kisby et al., 2005). These studies with transgenic

mice also show that DNA repair plays a key role in protecting the genome of neurons from

genotoxicant insult during critical periods of brain development. However, since the repair

of O6-mG DNA lesions is particularly low (comparable to Mgmt KO mice) during the fetal,

neonatal, and adolescent periods of human brain development (Silber et al., 1996; Bobola et

al., 2007), such factors are pertinent to understanding how early-life exposure to

environmental genotoxicants might perturb neurodevelopment to induce long-term brain

injury.

SUMMARY

There is substantial evidence to support the hypothesis that human exposure to cycad plant

toxins is an important etiological trigger of a prototypical neurodegenerative disorder in the

western Pacific with features of ALS, atypical parkinsonism, and Alzheimer’s-like dementia

(ALS-PD; Spencer et al., 1991; Borenstein et al., 2007; Kisby and Spencer, 2011; Spencer et

al., 2012). Among the Chamorro people of Guam, PDC and Guam Dementia are strongly

associated with exposure to cycad plant toxins during childhood or adolescence, critically

important periods of normal development of the human brain. Unknown is whether earlier-

life exposure (e.g., in utero, neonatal) to cycad plant genotoxins disrupts human brain

development to increase risk for neurodevelopmental disorders (e.g., epilepsy,

schizophrenia). Despite a lack of human data, the genotoxic metabolite (MAM) of the

principal cycad plant toxin cycasin has been widely used (as MAM acetate) by

neurobiologists as a tool to explore the complex mechanisms underlying brain
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maldevelopment in neurodevelopmental disorders. Depending on the developmental stage at

which the brain is exposed to MAM, this substance can induce animal models with certain

features of drug-resistant epilepsy, schizophrenia, or ataxia. If MAM is given to adult

animals, its effect is primarily restricted to brain regions (e.g., hippocampus) where neurons

are still actively proliferating (i.e., neurogenesis). There is evidence from these studies that

mature animals treated with MAM also develop cognitive deficits or are especially prone to

ischemia.

The use of transgenic mice with different DNA-repair deficits has provided insight into the

molecular mechanism by which MAM perturbs brain development. These studies

demonstrate that MAM-induced DNA damage (i.e., O6-mG, N7-mG lesions) plays an

important role in disrupting neurodevelopment, and multiple DNA-repair pathways are

required to protect the developing brain from insult by environmental genotoxic agents (e.g.,

MAM). The pronounced influence of MAM on genes that regulate neuronal development in

Mgmt KO mice (Kisby et al., 2011) and in mature neurons from the cerebellum of wild-type

mice (Kisby et al., 2006), also support this notion. Since epigenetic changes (i.e., histone

lysine methylation) were recently observed in the adolescent rodent brain after in utero

MAM administration, this cycad toxin might disrupt neurodevelopment by inflicting both

DNA damage and epigenetic changes. Thus, MAM is an important tool to investigate

mechanisms underlying neurodevelopmental disorders, as well as late-life

neurodegenerative diseases.
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Figure 1.
World-wide distribution of cycads (green). [from Wikipedia, 20 March 2006].
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Figure 2.
Structure of the cycad genotoxins cycasin (methylazoxymethanol-β-D-glucoside),

methylazoxymethanol (MAM), and the related compound azoxymethane (AOM). Cycasin is

converted to MAM by plant and animal β-glucosidases, whereas azoxymethane is converted

to MAM by mixed function oxidases (i.e., P450, Cyp2E1).
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Figure 3.
Effect of MAM on rodent brain development. (A) Intrauterine exposure to a single injection

of MAM produces an animal model with neuroanatomical and neurobehavioral features of

drug-resistant epilepsy or schizophrenia. After birth, neonatal or adult rodents that have been

treated with single or multiple injections of MAM develop motor dysfunction (i.e., ataxia) or

cognitive dysfunction, respectively. Adult rodents that have been treated with azoxymethane

(metabolic precursor of MAM) daily for several weeks also develop hepatotoxicity or colon

cancer. (B) Growth of neonatal (PND22) mice after treatment on postnatal day 3 with a

single injection of saline or MAM (325 μmol/kg; top). Note the pronounced effect of the

cycad genotoxin on development. Light micrographs of representative areas from cresyl

violet stained parasaggittal sections (10 μm) of the cerebellum from postnatal day 4 (PND4)

and 22 (PND22) C57BL/6 mice pups similarly treated at PND3 with either saline or MAM

(bottom). Note that the staining in the granule cell layer is significantly reduced (cerebellar

atrophy) only in PND22 mice. [modified from (Kisby et al., 2009)]
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Figure 4.
The neurogenesis of pyramidal neurons is more severely disrupted in the adult rat

hippocampus after treatment of E17 rats with MAM plus a DNA-repair inhibitor, than with

MAM alone. E17 rat dams were pretreated with the MGMT inhibitor O6-benzylguanine

(BG; 50 mg/kg, i.p.) and, 12 h later, given a single injection of MAM (22 mg/kg, i.p.). The

hippocampus of the offspring was examined at PND 60 for morphological changes. Note the

more pronounced effect of MAM on the migration of CA1 and CA2 pyramidal neurons

(arrows) in E17 rats pretreated with BG. (H. Moore, unpublished data)
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Figure 5.
Cytoarchitecture of the cerebellum of Mgmt KO and Mgmt overexpressing mice treated with

MAM. Light micrographs of representative areas from cresyl violet stained parasagittal

sections (10 μm) of the PND22 cerebellum from C57BL/6J (Wild), Mgmt KO (Mgmt−/−), or

Mgmt-overexpressing (MgmtTg+) mice treated on PND3 with a single subcutaneous injection

of saline (left panels) or MAM (325 μmol, right panels). Mag × 3.85. [modified from (Kisby

et al., 2009)]
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