3. B. A. Khaw, G. A. Beller, E. Haber, Circula-
tion 57, 743 (1978); B. A. Khaw, H. K. Gold, R.
Leinbach, J. T. Fallon, W. Strauss, G. M.
Pohost, E. Haber, ibid. 58, 1137 (1978). ’

4. B. A. Khaw J. T. Fallon G. A. Beller, E.
Haber, ibid. 60 1527 (1979); B. A. Khaw, J. T.
Fallon, H. W. Strauss E. Haber, Sczence 209,
295 (1980).

. A. M. Katz, 1. Doris, C. T, Repke B. B. Rubin,
Circ. Res. 19, 611 (1965)

. Covaspheres were purchased from Covalent
Technology Corporation, San Jose, Calif.

. J. A. Scott, C. D. Leder, S. W. Miller, G. M.
Kolodny, Invest. Radiol. 16, 141 (1981).

. Cells submitted for scanning electron microsco-
py were fixed in their culture dishes after brief
washing and addition of 5 ml of cacodylate-
buffered 2 percent glutaraldehyde—paraformal-
dehyde for 2 hours. The cells were postfixed in 1
percent osmium for 1 hour, rinsed in buffer, and

@ N N W

while in buffer the culture dishes containing the
cells were cut into square pieces 1 by 1 cm. Four
to five pieces from each culture dish were dehy-
drated in ethyl alcohol, critical point—dried,
sputter-coated with 200 A of gold-palladium,
and examined in an AMR-1400 scanning elec-
tron microscope.

9. D. Acosta, M. Puckett, R. McMillin, In Vitro
14, 728 (1978).

. Supported_in part by PHS grant HL-17665,
American Heart Association Established Inves-
tigatorship 80-148 (C.H.), and a grant from R. J.
Reynolds Industries. We thank R. Rubin for
editorial assistance.

* Address reprint requests to Dr. Charles J.
Homcy, Cellular and Molecular Research Labo-
rz;tory, Massachusetts General Hospital, Boston
02114.

1 March 1982; revised 4 May 1982

Intraneuronal Aluminum Accumulation in Amyotrophic

Lateral Sclerosis and Parkinsonism-Dementia of Guam

Abstract. Scanning electron microscopy with energy-dispersive x-ray spectrometry
was used to analyze the elemental content of neurofibrillary tangle (NFT)-bearing
and NFT-free neurons within the Sommer’s sector (H, region) of the hippocampus in
Guamanian Chamorros with amyotrophic lateral sclerosis and parkinsonism-demen-
tia and in neurologically normal controls. Preliminary data indicate prominent
accumulation of aluminum within the nuclear region and perikaryal cytoplasm of
NFT-bearing hippocampal neurons, regardless of the underlying neurological diag-
nosis. These findings further extend the association between intraneuronal alumi-
num and NFT formation and support the hypothesis that environmental factors are
related to the neurodegenerative changes seen in the Chamorro population.

The indigenous (Chamorro) popula-
tion of Guam represents one of three
geographical foci in the western Pacific
region where inordinately high incidence
rates of amyotrophic lateral sclerosis
(ALS) and parkinsonism in association
with severe dementia (parkinsonism-de-
mentia or PD) are found (/). Severe
neurofibrillary tangle (NFT) formation
has been demonstrated in central ner-
vous system tissues from affected pa-
tients (2) and from a high proportion of
neurologically intact individuals of a rel-
atively young age (3). Comparatively
high levels of aluminum and unusually
low levels of calcium and magnesium
have been found in samples of drinking
water and garden soils from Guam and
two other high incidence foci of ALS and
PD, one in the Kii Peninsula of Japan (4)
and the other in southern West New
Guinea (5, 6). Accordingly, we have,
following Yase’s suggestions (7), sus-
pected that chronic nutritional deficien-
cies of calcium and magnesium and rel-
ative excesses of certain nonessential
trace metals (such as aluminum) may
produce aberrations in mineral metabo-
lism, resulting in abnormal deposition of
these elements in the central nervous
system.

Brain tissues from eight Guamanian
Chamorros (one ALS, two PD, and five
neurologically normal controls), who
were lifelong residents of the island,
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were examined. The clinical courses of
the two PD cases (ages, 57 and 66 years)
and the ALS case (age, 64 years) were
typical and the neuropathological
changes were confirmatory. The five
control cases were Chamorros who died
of nonneurological disorders, and, al-
though they had not been subjected to
careful neurological evaluation, they
were considered to be free of any signifi-
cant neurological dysfunction. Neuro-
pathologically, none of the controls had
evidence of extrapyramidal or motor
neuron degeneration. On the basis of
silver impregnation staining, four of the
control cases (ages, 48, 48, 57, and 65

years) had no NFT-bearing hippocampal
neurons, while one control case (age, 57
years) showed extensive NFT forma-
tion, despite the absence of clinically
apparent neurological deficits.

Frozen sections (20 wm) of Formalin-
fixed Sommer’s sector (H, region) of the
hippocampus were mounted onto pure
carbon disks and were viewed by scan-
ning electron microscopy (JEOL JSM-
35). Under standardized conditions of
magmﬁcatlon acceleratmg voltage (15
kV), and beam current (0.5 x 1079 A),
four sites (each measuring 0.5 wm in
diameter) in the nuclear region and four
in the perikaryal cytoplasm of each of
ten neurons were selected for elemental
analysis by energy-dispersive x-ray
spectrometry (Kevex 7000 series). Emit-
ted x-rays from each probe site were
collected for 100 seconds, and the result-
ant x-ray energy spectra were evaluated
for the presence of peaks related to the
Ko x-ray emissions of magnesium, alu-
minum, silicon, calcium, manganese,
and iron. In addition, the number of x-
ray counts after background subtraction
were recorded within a 150-eV window
centered on the Ka of each of these
elements.

Serial sections adjacent to the section
used for x-ray analysis were stained by
the Bielschowski silver impregnation
method in order to verify the distribution
and extent of NFT involvément. Since
95 percent or more of identifiable Som-
mer’s sector neurons in affected cases
contained NFT’s, the need for direct
confirmation of the presence of NFT’s in
individual neurons was unnecessary
(Fig. 1). The secondary electron surface
images of unstained sections provided
sufficient cellular detail to identify indi-
vidual neurons and landmarks for intra-
cellular probing.

Prominent peaks related to the Ka of
aluminum were found in 57.5 to 67.5

Table 1. Aluminum-related x-ray emissions (counts above background) from neurofibrillary
tangle (NFT)-bearing and normal-appearing neurons of the Sommer’s sector of the hippocam-
pus in Guamanian Chamorros with amyotrophic lateral sclerosis (ALS) and parkinsonism-
dementia (PD) and in neurologically normal controls.

Probe sites positive

Age NFT’s for aluminum (%) Alégﬁ;ﬁgm
Diagnosis (yegrs) Sex in hippo- N o (mééx;’
i campus u-~ yto-
cleus plasm + SE)
ALS 64 M 4+ 67.5 50.0 296.3 + 26.2*%F
PD 56 M 4+ 62.5 55.0 236.2 + 21.3*
PD 66 M 4+ 57.5 52.5 232.1 + 23.9%
Control (with NFT’s) 57 M 3+ 40.0 31.3 165.4 = 13.2*
48 M
Control (without 48 F 0 10.6 10.1 773+ 7.2
NFT’s) é'g 151

*P = .001 compared to control cases without NFT’s (12).

NFT’s (12)
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percent of 120 probe sites within the
nuclear region of NFT-bearing hippo-
campal neurons in the ALS and PD cases
(Table 1 and Fig. 2, a and b). Aluminum
peaks were also detected in 50 to 55
percent of probe sites within the peri-
karyal cytoplasm of these cells. In con-
trast, aluminum peaks were present in
only 10.6 percent of 160 probe sites
within the nuclear region of NFT-free
hippocampal neurons in four control cas-
es (Table 1 and Fig. 2c). The single
control case with prominent hippocam-
pal NFT formation had a peak for alumi-
num in 40 percent of 80 probe sites
within the nuclear region. Aluminum-
related x-ray counts above background
collected from probe sites within NFT-
bearing neurons of ALS and PD cases
were three to four times higher than the
x-ray counts emitted from probe sites
within NFT-free neurons of control cas-
es (Table 1). The NFT-bearing neurons
from the control case also emitted ele-
vated counts related to aluminum. The
lower mean x-ray emission seen in this
case, compared to that seen in the ALS
and PD cases, may reflect the slightly

lower concentration of NFT-bearing
cells. Furthermore, calcium-related x-
ray emissions were higher from NFT-
bearing neurons than NFT-free neurons,
but the differences were not as striking
as those for aluminum. No significant
differences were noted in the magne-
sium-, silicon-, manganese-, and iron-
related x-ray emissions.

Mineralization of the blood vessel
walls within the globus pallidus, a com-
mon finding in both neurologically nor-
mal individuals and in patients with idio-
pathic parkinsonism (8), was also noted
in the PD cases (Fig. 3). Phosphorus,
calcium, iron, and aluminum comprised
a substantial portion of the mineral de-
posits within the blood vessel walls of
these two cases (Fig. 4). However, the
extent of aluminum deposition in the
blood vessel wall was especially striking
and was considerably greater than in any
other neuropathological condition exam-
ined previously. In five cases of inciden-
tal vascular mineralization seen in Ver-
mont, phosphorus, calcium, and occa-
sionally iron were detected but alumi-
num peaks were not observed, except in

barely detectable amounts. Nonmineral-
ized cerebral blood vessels identified in
the neurologically intact control cases
were free of comparable aluminum depo-
sition.

Intraneuronal accumulation of alumi-
num has been demonstrated in lumbar
motor neurons in patients with ALS (9)
and in cortical and NFT-bearing hippo-
campal neurons in patients with senile
dementia of the Alzheimer type (10, 11).
Our observations extend this association
to include NFT-bearing hippocampal
neurons in patients with ALS and PD of
Guam, as well as in the neurologically
intact Chamorro. We recognize that
studies of the hippocampal neurons may
not reflect phenomena associated with
pathological changes of significance to
either motor neuron or extrapyramidal
dysfunction. Nevertheless, the constel-
lation of ALS, PD, and extensive prema-
ture NFT formation encountered among
the Chamorros of Guam and the Japa-
nese living in the Kii Peninsula may well
reflect shared etiological factors. The
underlying environmental factors in-
volved in the pathogenesis of ALS and

Fig. 1. Bielschowski silver impregnation stain of Sommer’s sector (hippocampus) of Guam ALS case showing extensive NFT formation

(x200).

prominent peaks for aluminum present in (a) and (b) but not in (c).
PD case showing (see arrow) vascular mineralization (x200).
blood vessel of PD case. Note prominent peaks for aluminum, phosphorus, calcium, and iron.
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Fig. 2. Partial energy x-ray spectra of probe sites of NFT-bearing neurons of (a) ALS, (b) PD, and (¢) NFT-free control. Note the
Fig. 3. Hematoxylin-eosin stain of blood vessels of the globus pallidus of a
Fig. 4. Partial energy x-ray spectrum obtained from probe site of mineralized
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PDin the three genetically and geograph-
ically isolated foci remain to be deter-
mined. Preliminary analyses of environ-
mental samples indicate that each of
these regions have soils and local water
supplies that are rich in aluminum but
are virtually devoid of calcium and mag-
nesium (5-7).
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General Anesthetics Hyperpolarize Neurons in the

Vertebrate Central Nervous System

Abstract, The effect of general anesthetics on frog motoneurons and rat hippo-
campal pyramidal cells was examined with sucrose gap and intracellular recording,
respectively. A number of volatile and intravenous anesthetics directly hyperpolar-
ized the motoneurons. The potency of these agents in hyperpolarizing motoneurons
was strongly correlated with their anesthetic potency. While the responses to
barbiturates and a-chloralose were blocked by y-aminobutyric acid antagonists and
were dependent on the chloride gradient, the responses to all the other anesthetics
tested were generated by a separate mechanism. Intracellular recording from
hippocampal pyramidal cells suggested that an increase in potassium conductance
accounts for these responses. Such a nonsynaptic action would contribute to the
decreased neuronal responsiveness observed for these compounds and thus to their

anesthetic action.

General anesthetics have been report-
ed to have numerous synaptic effects in
the central nervous system (CNS). In
general, it has been found that synaptic
excitation is depressed while synaptic
inhibition is preserved or augmented (/-
3). While physiological studies have fo-
cused primarily on synaptic transmis-
sion, there is some evidence that anes-
thetics can have nonsynaptic effects on
the postsynaptic membrane. Barbitu-
rates act directly on vertebrate neurons
in a manner similar to that of the inhibi-
tory transmitter -y-aminobutyric acid
(GABA) (2-5). Evidence from studies of
invertebrates (6), myelinated nerves (7),
and artificial membranes (8) suggests
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that general anesthetics may increase the
permeability of membranes to potassi-
um. However, except for a recent report
on ethanol (9), such an effect has not
been demonstrated for vertebrate CNS
neurons. We report here that a number
of general anesthetics hyperpolarize cen-
tral neurons and that this response ap-
pears to be due to an increase in potassi-
um permeability.

Thirty-three experiments were per-
formed on isolated frog spinal cords (10).
Frogs (Rana pipiens) were chilled on ice
and their spinal cords were removed,
hemisected, and placed in a sucrose gap
chamber. The activity of motoneurons or
primary afferents was recorded by plac-
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ing the ventral or dorsal root across the
sucrose gap, and the potential difference
across the gap was monitored with two
calomel electrodes. Intracellular record-
ing experiments were also done on CAl
pyramidal cells from rat hippocampal
slices (/7). )

Ether caused a slow, dose-dependent
hyperpolarization at concentrations sim-
ilar to that required to induce anesthesia
(Fig 1A). The maximum hyperpolariza-
tion was modest, rarely exceeding 2 mV.
In the same preparations GABA caused
large hyperpolarizations (up to 8 mV)
and the maximum responses for pento-
barbital and a-chloralose approached the
size of the GABA response (). Several
anesthetics were tested on the frog moto-
neurons; all were found to cause a hyper-
polarization. In Fig. 1B the minimum
effective concentration of these anes-
thetics is graphed against the anesthetic
concentration. There is a strong correla-
tion (r = .90) between the hyperpolariz-
ing action and the clinical effect of these
agents; furthermore, the concentrations
producing these actions are similar to the
anesthetic concentrations (/2). In four
preparations the local anesthetic pro-
caine, in concentrations up to 5 mM, did
not elicit a hyperpolarization. Xylocaine
(5 mM), another local anesthetic, caused
a small hyperpolarization (0.7 mV) in
two of three preparations.

It has been reported that both barbitu-
rates and a-chloralose have a GABA-like
effect on frog motoneurons (¢). Howev-
er, neither picrotoxin nor bicuculline,
which block the action of GABA, affect-
ed the response to cther (Fig. 2A). The
responses to the other anesthetics were
also insensitive to GABA antagonists.
Changing the chloride gradient across
the motoneuron either with ammonium
chloride, which blocks chloride extru-
sion (Fig. 2A) (13), or by reducing extra-
cellular chloride (Fig. 2A) did not reduce
the response to ether but did reduce or
abolish the hyperpolarizing response to
GABA. These results suggest that ether
and the other anesthetics tested do not
hyperpolarize motoneurons by increas-
ing chloride conductance. This conclu-
sion is supported by sucrose gap record-
ings from frog primary afferent fibers. At
this site, GABA had a depolarizing ac-
tion, presumably because of a reversed
(depolarizing) chloride gradient (/4).
While pentobarbital (/5) and GABA de-
polarized primary afferents, ether had a
hyperpolarizing action (Fig. 2B). All the
other anesthetics included in Fig, 1B also
hyperpolarized primary afferents except
for «a-chloralose and phenobarbital,
which produced depolarizations.

We studied the effects of ether and
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