If the logarithms of the isoheptane ratios
are functions of temperature as suggested
above, then some relation between these
functions and the rate of thermal cracking
should exist. The concentration of light
hydrocarbons in petroleum has been sug-
gested as an index to the rate of thermal
cracking (13). As temperature increases, the
rate of thermal cracking should increase
exponentially. The Sabine oils show the
predicted exponential relation between iso-
heptane concentration and the postulated
temperature functions (Fig. 3).

Guam Amyotrophic Lateral Sclerosis—Parkinsonism—
Dementia Linked to a Plant Excitant Neurotoxin

PETER S. SPENCER, PETER B. NUNN,* JACQUES HUGON, T
ALBERT C. LuporrH,T STEPHEN M. Ross, DWJENDRA N. Roy,
RicHARD C. ROBERTSON

The decline in the high incidence of amyotrophic lateral sclerosis, parkinsonism, and
Alzheimer-type dementia among the Chamorro population of the western Pacific
islands of Guam and Rota, coupled with the absence of demonstrable viral and
hereditable factors in this disease, suggests the gradual disappearance of an environ-
mental factor selectively associated with this culture. One candidate is seed of the
neurotoxic plant Cycas circinalis L., a traditional source of food and medicine which
has been used less with the Americanization of the Chamorro people after World War
II. Macaques were fed the Cycas amino acid B-N-methylamino-L-alanine, a low-
potency convulsant that has excitotoxic activity in mouse brain, which is attenuated by
N-methyl-p-aspartate receptor antagonists. These animals developed corticomoto-
neuronal dysfunction, parkinsonian features, and behavioral anomalies, with chro-
matolytic and degenerative changes of motor neurons in cerebral cortex and spinal
cord. In concert with existing epidemiological and animal data, these findings support
the hypothesis that cycad exposure plays an important role in the etiology of the Guam
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disease.

MYOTROPHIC LATERAL SCLEROSIS

(ALS) is a progressive, fatal disorder

of adults stemming from degenera-
tion of anterior horn cells in the spinal cord,
certain motor nuclei of the brain stem, and
neurons in the motor cortex. Elucidation of
the etiology of ALS has been sought for
over 35 years through intensive longitudinal
study of the indigenous (Chamorro) popu-
lation of the Marianas islands of Guam and
Rota, among whom the disease and a par-
kinsonism-dementia (PD) clinical variant
thereof have been remarkably common (1).
In the 1950s, ALS prevalence ratios and

N-methylamino-r-alanine  or L-BMAA)
(11), agents that possessed certain neurotox-
ic properties but failed to induce an experi-
mental disorder akin to ALS-PD (12). Cy-
cad research in relation to Guam ALS-PD
was then abandoned (13), even though pro-
longed feeding of “cycasin-free” flour (r-
BMAA content unknown) had been noted
(14) to induce limb muscle atrophy, nonre-
active degeneration of anterior horn cells,
and degeneration and partial loss of pyrami-
dal neurons of motor cortex in a single
rhesus monkey (Macaca mulatta). We report
here that repeated oral administration of L-

{(1)' g gziamﬂf“g&{, ; Z?"it;’;ft‘;t ﬁ iﬁS( 5_1;)/[61;;) 3 death rates for Chamorro residents of Guam  BMAA to macaques (Macaca fascicularis)
MH) has been noted: A. Z. Koblova, M. G. Frik, V. Of Rota were 50 to 100 times the estimates  produces signs of motor-neuron, extra-
b %5'}22&??’;’;‘&@(’&& li)r1L71}Z: g f?i?s)élm vari for the continental United States and other  pyramidal, and behavioral dysfunction, con-
. el wi v predicl 2 ¢ invari- . . . . . .
ance in the ratio of sums if the ratio in Eq. 4 were developed countries (2). The decline of ALS  duction deficits in the central motor path-
one and if the k& ”lmOS in Eq.5 vere equal fUnL{“"l“? of after 1955 on Guam (3), and the absence of ~ way, and neuropathological changes of giant
emperature. hus the ratio of sums in idecal ho- . . . . .
molﬂgous sets should show change with Chan?mg demonstrable inherited (4) or viral (5) fac-  Betz cells in motor cortex and of anterior
tC'g)llTCmtléf Ld'ﬁ}iIml\ ever, these dl,”"k‘]gtls “’OU:‘ ,btl tors in this discase, has led to the search for  horn cells in spinal cord.
subtle an cult to measurc with the anaivtica . .
estem currently in hand. ¢ e cnv1r9nmental agents that have b;cn de- Thlrtecp li—year~old malp cynomolgus
13. B. dPO'llssot andSD H. W\L]ltc] Pzrg)lelum Flogwgiurwn creasing as the Chamorro population has  monkeys in six groups received by gavage
ang Qccurrence (Springer-Verlag, Berlin, 1984), - pecome Americanized. An early suggestion  varying doses of synthetic L-BMAA identi-
14. R. G. Mathews, J. Torres, R. D. Schwartz, J. High  (6) incriminated the highly toxic seed of the  cal in composition to the natural free amino
fsegptccnfg”c?”{%%)F‘K"a’g‘."?g“‘,;r”t’f?gg D}’B:sz false sago palm (Cycas circinalis L.), which  acid in C. circinalis seed (15). Treated and
seaux, J. Anal. Chem. 35, 1374 (1963). was used in food and traditional medicine  control animals were inspected daily, clini-
15. The distinction in means between the Midland set (7 yuntil the acculturation of this people cally examined weekly, evaluated neuro-
tion in the types of source Tocks that generated the after World War II to the contemporary physiologically before and during the pcriod
respective scts. This would suggest that the large  practices of the continental United States led  of treatment (16), and subjected to neuro-
data set in Fig. 1 is some composite of homologous . o
sets from the various types of source rocks and their 10 @ decline in cycad use (8). Descriptions of
;‘;’S‘t;ﬁq})}‘\j similarity in means in the S;})‘Zf‘t‘“'? a degenerative locomotor disease in animals  Institute of Neurotoxicology, Departments of Neurosci-
possibly the marine shales often found in the Gulf of  grazing on cycad species (9) fueled interest (c)rrui;iI\LLu::!ogfgggdi/}:)tl:oloig’{,k/\ l/l;cr‘t El? stgm ?xoug%;
Mexico. Additional variability in the large database in the pOSSiblC CtiOlOgiC role of this plant in 1046; 1cine, rrs Lark Avenue, Bronk,
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pathological examination (17). Neurological
deficits appeared insidiously after 2 to 12
weeks. Signs of motor-neuron dysfunction
developed symmetrically or asymmetrically
in the extremities. In eight animals, the
forelimbs were affected first, with wrist-
drop, clumsiness, and difficulty in picking
up small objects. Muscle weakness and loss
of muscle bulk followed. Six animals dis-
played unilateral or bilateral extensor hind-
limb posturing, with or without leg cross-
ing, a primate sign linked to toxic or trau-
matic impairment of corticospinal function

S18

Fig. 1. Motor cortex (A through E) and lumbar
spinal cord (F) of M. fascicularss (group 4) with
prominent signs of L-BMAA~induced motor-sys-
tem disease. (A) Early chromatolysis of pyramid-
shaped Betz cell, with partial peripheral displace-
ment of Nissl substance (arrow). (B) Later chro-
matolysis with globular enlargement of perikary-
on and apical dendrite (clear spaces correspond to
increased neurofilaments) and peripheral displace-
ment of nucleus (n). (C) Advanced chromatolysis
showing a markedly eccentric nucleus in a globu-

increased density of perikaryal cytoplasm (corre-
sponding to numerous mitochondria and multi-
vesicular, vacuolar, and dense bodies). (E) Large
intranuclear body (arrowheads) in chromatolytic
Betz cell perikaryon. (F) Severe chromatolysis of a
pair of anterior horn cells with partial peripheral
displacement of Nissl substance (arrows) (36).
One-micrometer epoxy sections stained with tolu-
idine blue. Tissue preparation methods as in (17).
Magnification: X200 (A through D); x250 (E
and F).

lar perikaryon. (D) Extreme chromatolysis with

Table 1. Electrophysiological data (mean + SD) obtained from three animals (group 2) prior to
baseline and after 1 month of L-BMAA treatment when clinical signs were apparent. Mean central
latencies for the motor pathway rcgulating hand and (to a lesser extent) foot muscles were abnormally
prolonged after administration of L-BMAA; concurrently, conduction velocity of the spinal cord
between vertebraec C; and L; was mildly decreased. Latencies for the whole motor pathway (cortex to
abductor pollicis brevis in hand or extensor digitorum brevis in foot) include the peripheral latency
(vertebra Cg to abductor pollicis brevis; L4 to extensor digitorum brevis) and central latency (whole
motor pathway latency minus peripheral latency). Examination of the peripheral and central compo-
nents of the somatic sensory nervous system was unremarkable, except for a possible decrease in the
mean conduction velocity (CV) of the long asecending sensory fibers of the spinal cord between
vertebrae Ly and C;. The central latency (C, to first cortical component) after median nerve stimulation
was unchanged. Significance attributed to mean values for treated animals greater than 2 SD from mean
baseline values which were comparable with controls (group 7, # = 5), data for which are not shown.

Pathwa Baseline L-BMAA
y (day 0) for 1 month
Motor pathways
Cortex/hand (msec) 9.9+ 0.1 13.8 £ 0.7
Central latency (msec) 4401 7.0 £ 0.6
Peripheral latency (msec) 55+02 6.8 +0.2
Cortex/foot (msec) 159 £ 0.5 182 +0.2
Central latency (msec) 9.3x0.5 104 = 1.0
Peripheral latency (msec) 6.6 04 78 +1.0
Sensory pathways
Median: central latency (msec) 81+0.1 8103
L, to C; spinal CV (m/sec) 540+ 33 47.7 £ 5.2
Median: wrist to C; (m/sec) 77.0 = 3.0 723+ 4.0
Peroneal: fibula to L, (m/sec) 75.7 £ 6.0 73.7 5.2

(18). After 1 month of drug administration,
all seven animals in groups 2, 3, and 4
exhibited a stooped posture, unkempt coat,
tremor in and weakness of upper or all four
extremities, and a reduction or loss of char-
acteristic aggressive behavior. Three of these
macaques seemed disinterested in their envi-
ronment and showed changes in their nor-
mal diurnal pattern of vigilance (for exam-
ple, falling asleep during examination).
More prolonged treatment (up to 13 weeks)
led to periods of immobility with an expres-
sionless face and blank stare, a crouched
posture and a bradykinetic, shuffling, biped-
al gait performed with the legs flexed and
the rump close to the ground. Animals (two
of two) treated with an oral antiparkinson-
ian drug (19) showed, within a period of 30
minutes, selective recovery of marked facial
muscle movement and spontaneous activity.

Clinical and electrophysiological signs of
motor deficit (Table 1) preceded the appear-
ance of concrete structural alterations in the
corresponding areas of the central nervous
system (CNS). The hierarchy of regional
susceptibility appeared to be motor cortex

(most affected), spinal cord (less affected),
and substantia nigra (mostly unaffected).
Light microscope examination of the motor
cortex (area 4, arm and leg regions) revealed
giant Betz cells (and some smaller pyramidal
neurons) undergoing chromatolysis (Fig. 1,
A through D). Some Betz cell perikarya and
the basal portion of their apical dendrites
were swollen with pale-staining material
(Fig. 1B) (identified as 10-nm neurofila-
ments), and a few contained intranuclear
inclusion bodies (consisting of altered chro-
matin) (Fig. 1E) (20). Scattered pyramidal
neurons were more densely stained, as in
chronic cell degeneration (simple atrophy).
Large anterior horn cells of the spinal cord
were similarly affected to a lesser degree
(Fig. 1F), and giant axonal swellings and
myelin debris were more frequently encoun-
tered in treated animals than controls. After
13 weeks, one animal (group 4) showed
isolated neuritic swellings in the pars com-
pacta of the substantia nigra (20). Other-
wise, the basal ganglia, hippocampus, and
cerebellum of all sampled animals were simi-
lar to those of controls.
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These studies provide clinical, neurophys-
iological, and neuropathological evidence
that L-BMAA induces a primate motor-
system disorder with involvement of upper
and lower motor neurons, the extrapyrami-
dal system, and possibly other regions regu-
lating various behaviors. Under the dosing
conditions used, it is evident that Betz cells

in motor cortex are more vulnerable than
anterior horn cells in spinal cord, and that
the corticomotoneuronal pathway is func-
tionally compromised before the appearance
of wrist-drop. The early dominance of the
upper-motor-neuron lesion induced by L-
BMAA presumably finds clinical expression
in the loss of skilled finger movements and

Fig. 2. Distribution of Cycas spp. in
relation to high-incidence foci of
ALS in Guam and Rota, Kii Penin-
sula (Japan), and Irian Jaya (Indo-
nesia). Area contained within the
dotted lines shows earlier distribu-
tion [Encyclopedia Americana (30));
that within the broken punctuated
line is taken from Read and Solt
(30). Interest in possible foci of
ALS has also centered on the North
Philippines and Groote Island,
Australia (30). No cases of ALS-
PD have been reported in the Caro-
line Islands or in the islands east
(Marshall and Gilbert Islands) or
west (Palau Islands) thereof, al-
though C. circinalis was formerly
used for food in Palau, Sonsorol
(Palau Islands), Yap, Nukuoro
(Caroline Islands), Majuro, and
Arno (Marshall Islands) [see Fos-
berg and Sachet (7)]. Other Cycas
species were highly prized for food
in Japan in the 18th century (37)
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and, more recently, used in the

Ryukyu Islands (South Japan) and Batanes Islands (North Philippines), and by the aborigines of

northern Australia [see Whiting (7)]. Cycads are common in many parts of New Guinea, and the stem
of C. circinalis was a source of sago in the Moluccas and Timor (Indonesia). Delayed-onset locomotor
dysfunction of cattle, sheep, and horses has been recorded on numerous occasions in northeastern
Australia (9). Banks (38) and Grey (39) mention the acute poisonous effects on humans of eating seed
of the Australian cycad Macrozamia spp., which also contain .-BMAA [see Bell ez al. (12)].
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Fig. 3. (a) Concentration-dependent inhibition of acute (3.2 mo) .-BMAA-induced neuronotoxicity
(postsynaptic vacuolation) observed after pretreatment with AP7 (A) (0.1 to 1.0 mM). [Preliminary
studies with 1.-BMAA (1-B) demonstrated concentration-dependent increases in postsynaptic vacuola-
tion from 0.16 to 3.2 mM (EC, = 1.6 mM)]; (b) 1.56 mM NMDA (N)-induced postsynaptic
vacuolation was blocked by pretreatment with MK801 (MK) or AP7 (A) (1 mM); (¢) 1.6 mM 1-
BMAA-induced neuronal changes were attenuated by MK801 in a concentration-dependent manner
(0.1 to 10 wM); ND, no vacuolation. Five to ten explants were used to collect data for each
concentration point in the .-BMAA, AP7, and NMDA studies, and three to ten explants per data point
were utilized in the 1-BMAA plus MK801 experiments.
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in the extensor posturing of the lower limb.
Signs of upper-motor-neuron dysfunction
are also early and prominent features of
Guam ALS or PD (2). The motor-neuron
deficit in macaques is attended later in the
course of L-BMAA administration by L-
dopa—sensitive features resembling the
extrapyramidal signs reported in animals
receiving  1,2,5,6-methylphenyltetrahydro-
pyridine (MPTP) (21), an agent that in-
duces nigrostriatal degeneration. The pres-
ence of minor pathological changes in the
substantia nigra of animals receiving L-
BMAA suggests, as in the case of primates
receiving low doses of MPTDP, that pharma-
cologically mediated parkinsonism may be
expressed without loss of neurons in the
pars compacta. Experiments with a more
prolonged period of L-BMAA administra-
tion will be required to determine if more
extensive neuronal damage is the sequel to
functional compromise of the extrapyrami-
dal system, as shown for pyramidal neurons
of the motor cortex.

Our demonstration of a primate motor-
system toxin in C. circinalis suggests that
oral and percutaneous exposure to cycad
seed in Chamorro food and medicine may
play a significant role in the etiology of
ALS-PD in the Marianas Islands. This pro-
posal is consistent with (i) the restriction of
the disease to Chamorros and others who
have shared their culture (22), (ii) the reli-
ance by Chamorros of Guam and Rota on
cycad seed during World War II (7, 23) and
the high prevalence of clinical (2) and sub-
clinical neurodegenerative disease after the
war (23), (ii1) the historically low incidence
of ALS-PD on Saipan where little cycad was
available (24), (iv) the direct relation be-
tween the declining incidence and increased
age at onset of Guam ALS and PD, and the
disappearing practice of cycad consumption
(8, 25), and (v) the induction of a degenera-
tive motor-system disease in animals fed com-
ponents or products of Cycas spp. (9, 14).

Uncertainties in linking the experimental
observation of L-BMAA~induced primate
motor-system disease to Guam ALS-PD in-
clude (1) the time lapse (up to three decades
or more) sometimes observed between ex-
posure to the Chamorro environment of
Guam and disease onset (22, 26), (ii) the
usual occurrence of the disorder in the sec-
ond half of life (25), and (iii) the presence of
extrapyramidal and Alzheimer-type neuro-
pathology in the human disease (27). How-
ever, our primates received relatively large
amounts of L-BMAA over a short period of
time, the motor disorder evolved with great
rapidity, and the neuropathology was stud-
ied weeks to months—rather than years to
decades—after initial exposure to the neuro-
toxin and commencement of the pathologi-
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cal process. Furthermore, primates were not
exposed to other peculiar environmental fac-
tors that have been proposed as causally
related to Guam ALS-PD (28), to the com-
bined effects of toxic damage and decades of
age-related attrition of susceptible neurons
(29), or to other cycad toxins.

Because human neurological disorders
comparable to ALS-PD are reported to oc-
cur frequently elsewhere in the distribution
of Cyeas spp. (30) (Fig. 2), it will be impor-
tant to determine whether early exposure to
“slow toxins” in plants such as cycads played
an etiologic role in these conditions. If
cycads in isolation or in combination with
other factors are responsible for western
Pacific ALS-PD, an explanation must be
provided for the differential clinical expres-
sion of this stereotypic neurodegenerative
disorder. In this regard, it is noteworthy
that signs of motor-neuron dysfunction de-
veloped early after a high dose of L-BMAA,
whereas signs suggestive of extrapyramidal
compromise and behavioral change surfaced
later in animals receiving smaller daily doses
of the toxin. Because Guam ALS tends to
develop in younger subjects whereas PD
generally affects older individuals (25), the
differential clinical expression of motor-sys-
tem disease in humans and primates might
be related to differences in the rate (or
degree) of intoxication.

L-BMAA bears a chemical and neurophar-
macological relationship to B-N-oxalyla-
mino-L-alanine (L-BOAA), another “unusu-
al” plant-derived nonprotein amino acid that
induces corticomotoneuronal (but not
extrapyramidal) deficits in primates after
repeated oral administration (31). L-BOAA
[undetectable in C. circinalis seed, Bell et al.
(12)] is etiologically implicated in human
lathyrism, an upper-motor-neuron disease
(spastic paraparesis) caused by heavy con-
sumption of the chickling pea (Lathyrus
sativus) or a related species (31). This amino
acid—a potent stereospecific glutamate ago-
nist—shares with L.-BMAA the property of
eliciting convulsions in rodents (12, 32) and
inducing the appearance of selective post-
synaptic dendritic edema and dark shrunken
neurons in exposed regions of the CNS, a
pattern of neuropathology associated with
excitotoxic amino acids (32). Postsynaptic
vacuolation also develops rapidly (seconds
to minutes) and in a dose-dependent man-
ner in mouse “motor” cortex explants treat-
ed with the v-isomers of BMAA (ECjop =
1.6 mM) or BOAA (ECjg0 = 28 pM), or
with other glutamate-receptor agonists in-
cluding N-methyl-p-aspartate  (NMDA),
quisqualate, and kainate (33). In this system,
the acute toxic action of L-BOAA is largely
mediated by quisqualate or kainate receptors
(or both) (33), whereas that of L-BMAA is

520

substantially attenuated (but not obliterat-
ed) by AP7 or MK801 (Fig. 3), selective
antagonists for the NMDA receptor and the
associated ion channel, respectively (34).
Because L-BMAA lacks the characteristic
dicarboxylic acid structure of a glutamate
analogue, its acute seizuregenic and neuro-
notoxic properties are probably attributable
to a metabolite or to some other indirect
mechanism. The receptor species associated
with the acute neuronotoxicity of L-BOAA
and -BMAA may also be involved in the
motor-system disorders that develop in pri-
mates treated with subconvulsive doses of
these agents. Results of preliminary dose-
finding experiments, in which eight male
cynomolgus monkeys received daily, for up
to 6 months, L-BMAA (100 to 250 mg/kg
by mouth) with or without a prior daily
gavage of MKS801 (250 to 500 ng/kg),
encourage formal studies to test rigorously
the possible protective role of this orally
active NMDA antagonist (34).

The broader importance of our observa-
tions lies in the demonstration that two
chemically related convulsant amino acids
(L-BMAA and L-BOAA) of exogenous ori-
gin are linked to human motor-system dis-
cases (Guam ALS-PD [cycadism?] and lath-
yrism, respectively). Others (35) have pro-
posed that motor-system diseases (Hunting-
ton’s chorea, Parkinson’s disease, and
olivopontocerebellar atrophy) and Alz-
heimer’s disease may be related to the toxic
potential of endogenous excitatory amino
acids.
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Transient Morphological Features of Identified
Ganglion Cells in Living Fetal and Neonatal Retina

ARY S. RaMOA,* GREGOR CAMPBELL, CARLA J. SHATZ*

The function and morphology of retinal ganglion cells in the adult mammalian visual
system has been well studied, but little is known about how the adult state is achieved.
To address this question, the morphological changes that retinal ganglion cells
undergo during development were studied. Ganglion cells were first identified by
retrograde labeling with rhodamine latex microspheres deposited in retinorecipient
targets in fetal and early postnatal cats. The structure of ganglion cells was then
revealed by intracellular injection of Lucifer yellow in living retinas removed and
maintained in vitro. As early as 2 weeks before birth, a morphologically diverse
assortment of ganglion cells is present, some of which resemble the a, 8, and vy classes
found in the adult. However, in contrast to the adult, developing ganglion cells exhibit
several transient features, including excessive axonal and dendritic branching and
exuberant somatic and dendritic spines. These morphological features indicate that
there is a transient network of connectivity that could play an important role in the
final determination of retinal ganglion cell form and function.

N THE ADULT MAMMALIAN CENTRAL

nervous system there is an enormous

diversity of cell types and connections.
For example, the retina of the adult cat
contains a variety of retinal ganglion cell
types that are well characterized on the basis
of their form, function, and unique pattern
of connections (I, 2). At least three distinct
classes have been extensively studied and can
be distinguished from each other on mor-
phological grounds: the a, B, and vy cells.
Alpha cells have the largest cell bodies and
long, sparsely branched dendrites; B cells
have medium-sized cell bodies and short,
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extensively branched dendrites; and vy cells,
although possibly heterogeneous both mor-
phologically and physiologically, have small
cell bodies and long, relatively unbranched
dendrites (1, 2). Although the exact size and
shape of ganglion cells vary with their dis-
tance from the central retina, at each retinal
locus cells of all three classes can be identi-
fied (1). What developmental events lead to
the establishment of these ganglion cell
classes? We have begun to answer this ques-
tion by studying the morphological devel-
opment of ganglion cells during fetal and
neonatal life to determine if and when mor-

phological remodeling of ganglion cells
plays a role in the acquisition of adult mor-
phology.

The morphology of ganglion cells was
revealed by intracellular injection of Lucifer
yellow in living fetal and neonatal cat retinas
maintained in vitro. We studied 187 gangli-
on cells in 16 retinas from 14 animals be-
tween embryonic day 36 (E36) and birth
(E65), and between postnatal day 3 (P3)
and the adult. Fetal animals were anesthe-
tized via the maternal circulation: mother
cats received a mixture of halothane and
nitrous oxide [see (3) for complete details].
Postnatal animals were anesthetized with
Nembutal (intraperitoneal, 30 mg per kilo-
gram of body weight) and were subsequent-
ly killed with an overdose of Nembutal. Eyes
were removed and immediately placed in
cold Ringer solution (4). Retinas were dis-
sected free from the pigment epithelium and
lens and placed in a tissue-slice chamber
mounted on the stage of a compound micro-
scope so that ganglion cells could be injected
intracellularly with Lucifer yellow.

Retinal ganglion cells were identified by
the retrograde transport of rhodamine-la-
beled latex microspheres (5, 6) that had been
injected into the central targets of the retinal
projection. To do so in the fetal animals, the
head was exteriorized by cesarean section,
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