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ABSTRACT: Trimethyltin (TMT) induced lesions in the rat
hippocampal formation was reviewed. Adult rats were treated
with a single dose of 6.0 mg TMT/kg b.w. and were sacrificed be-
tween 3-60 days following exposure. On the hippocampal forma-
tion, the granule cells of fascia dentata showed early changes
which subsided considerably at a later time when the destruction
of the pyramidal neurons of the Ammon’s horn became increas-
ingly pronounced with time, leading to severe destruction of the
structure. It is interesting to note that there was an inverse
relationship of pathological involvement between the f.d. granule
cells and the Ammon’s horn neurons; i.e., when there was a
large sparing of the granule cells, there was an extensive damage
to the Ammon’s horn and vice versa. This inverse relationship
was also true between the CA, neurons and the CA1_2 neurons in
the Ammon’s horn. Progressive zinc loss, as demonstrated by
Timm’s method, on the Mossy fibers was also observed. Similar
Mossy fiber zinc depletion has been demonstrated in electrical sti-
mulatory excitation condition of the perforant path to the hippo-
campus. Depletion of corticosterone, an inhibitor to the hippo-
campal neurons, by means of adrenalectomy will exaggerate the
TMT induced hippocampal lesion. Neonatal study revealed that a
unique degenerative pattern of the Ammon’s horn could be es-
tablished in accordance with exposure to TMT at specific matura-
tion periods of the hippocampal formation: increasing destruction
of the Ammon's horn with increasing synaptogenesis between the
f.d. granule cells and the Ammon’s horn neurons. Thus it is ap-
parent that the damage of the Ammon’s horn, upon exposure to
TMT, may depend on the integrity and functional state of the f.d.
granule cells. A hyperexcitory scheme and mechanism as the tox-
icity basis of TMT in the hippocampal formation is proposed and
discussed.
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INTRODUCTION

Organotin compounds have been used as stabilizers of plastic, as chemosterilants,
and as fungicides (Smith and Smith, 1975). Recent investigations have demonstrated
that organotin compounds, such as trimethyltin (TMT) and triethyltin (TET), are po-
tent neurotoxicants producing rapid and extensive damage to the central nervous
system. While TET is known to be primarily myelinotoxic in the central nervous system
(Watanabe, 1977, 1980), TMT is found to be extremely neuronotoxic (Brown et al.,
1979; Bouldin et al., 1981; Chang et al., 1982a, b, ¢; Chang et al., 1983c, 1984;
Wenger et al., 1982; Dyer et al., 1982b).

Induction of overt neurological and behavioral changes in rodents, including aggres-
sion, hyperirritability, tremor, spontaneous seizures, hyperreactivity, and changes in
schedule-controlled behavior by trimethyltin (TMT) compounds are well documented
(Brown et al., 1979; Wenger et al.. 1982, 1984a, b; Dyer et al., 1982a, ¢). In rats,
such behavioral changes have been referred to as “the trimethyltin syndrome” (Dyer et
al., 1982a).

Pathological investigations with rats have demonstrated that the limbic system, par-
ticularly the Ammon’s horn of the hippocampal formation, is extremely sensitive to the
toxicity of TMT (Brown et al., 1979; Changetal., 1983c, 1985a). It was observed that
there was an inverse relationship in lesion development between the entorhinal cortical
cells and the dentate fascia (d.f.) granule cells, the d.f. granule cells and the Ammon’s
horn CA, neurons, as well as the Ammon’s horn CA, neurons and the CA| , neurons
(Chang and Dyer, 1983b). Investigation with neonatal rats also revealed the
dependency of intact, functional d.f. granule cells for lesion development in the Am-
mon’s horn (Chang, 1984a, b).

Based on the patterns of the neuropathology development and various
neurochemical alterations following TMT exposure, a working hypothesis for the
neurotoxic mechanism of trimethyltin in the limbic system is constructed and propos-
ed.

NEUROPATHOLOGY

Mice (adult)

The neuropathology in mice following TMT injection (3.0 mg/kg b.w) was extensi-
vely studied by Chang and co-workers (Chang et al., 1982a, b, ¢, 1984; Wenger,
1982, 1984a, b). Severe tremor was observed in all the animals within 48 hours of
TMT injection. Extensive and rapid damage to the d.f. granule cells with little or no ob-
servable pathology in the Ammon’s horn was found (Chang et al., 1982a, b, c). While
there were marked neuronal changes in the brain stem neurons (Chang et al., 1983b),
little change was reported in the entorhinal cortex (Table I).

Rats (adult)
TMT-induced neuronal destruction occurs in a number of CNS areas (Chang et al.,
1983b), but is more prominent in the hippocampal formation and other limbic struc-
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Table 1. Comparison of lesion development in mice and in rats

MICE RATS
Entorhinal cortex + + +
d.f. granule cells ++ + +
Ammon’s horn neurons - ++ +

tures of both rats and mice (Chang et al., 1983c). While published accounts of TMT
toxicity in rats describe high vulnerability of hippocampal pyramidal neurons, the most
sensitive pyramidal cell field has not been convincingly established. Brown et al.,
(1979) described thinning of CA,, with sparing of CA,,, but extensive damage to
CA,,. Similarly, Valdes et al. (1983) have described sparing of CA,, , in the face of
extensive CA, damage. In contrast, Dyer and co-workers (Dyer et al., 1982a, b) de-
monstrated prominent destruction of CA,,, CA, and CA,_ in the hippocampal forma-
tion with relative sparing of CA, ,. Careful review of the literature reveals that those stu-
dies showing CA |, sensitivity and CA,_ , sparing were based mainly upon coronal sec-
tions, while those showing CA,, , sensitivity were based upon sagittal sections (Chang
and Dyer, 1985a).

In an attempt to resolve this controversy, Chang and coworkers (1985a) studied the
time-course pathological lesion in TMT-treated rat hippocampus by means of step-sec-
tioning technique on both sagittal (longitudinal} and coronal (cross sectional) planes of
the brains. Assessment of the septotemporal distribution of TMT-induced neuronal ne-
crosis appears to have resolved the discrepancy between reports claiming that CA,,
and CA,, cells are resistant (Brown et al., 1979; Valdes et al., 1983) vs. those describ-
ing sensitivity (Dyer et al., 1982a, b). Based on serial sections in coronal and sagittal
planes, it is evident that the fascia dentata granule cells were most involved ventrally
and dorsolaterally (temporally) while CA,, and CA,, pyramidal cells were most affec-
ted dorsomedially (septally) (Chang and Dyer, 1985a). These investigators also noted
that CA,, cells were involved throughout the entire extent of the dorsal hippocampus
with the septal pole being most severely affected, and CA |, cells were most affected at
mod-septotemporal levels. Since the population of CA, cells in the ventral hippocam-
pus (extreme temporal pole) of rats is relatively small and the functional significance of
the ventral hippocampus in rats is still obscure, the full toxic impact or damage to these
cells becomes difficult to evaluate accurately.

An interesting phenomenon illustrated by these findings is that there seemed to be
an inverse relationship between regional lesion severity for the granule cells and for the
Ammon’s horn pyramidal neurons, particularly those in fields CA,, and CA,,. Portions
of the hippocampus which showed extensive granule cell destruction showed little
damage to the CA,, and CA, pyramidal neurons, while areas showing significant da-
mage to these pyramidal neurons had relatively intact granule cells in the correspon-
ding fascia dentata (Table 1). Similar reversed pathological relationsip was also appa-
rent between the CA; and CA, , pyramidal neurons.

This inverse pathological condition between the d.f. granule cells and the Ammon’s
horn CA, neurons echoes that observed in mice where upon severe destruction of the
d.f. granule cells, the Ammon’s horn was spared (Chang et al., 1982a, b). Indeed,
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upon extensive destruction of the granule cells in rats, by single highdose exposure to
TMT (12.5 mg/kg b.w.), there was also no lesion found in the Ammon’s horn
(Chang, unpublished observations). Furthermore, when severe destruction of the
entorhinal cortex in rats was induced by multiple, low-dose exposures to TMT (0.8
mg/kg for 14 days), no lesion was observed either in the d.f. granule cells or in the
Ammon’s horn of the hippocampus (Chang, unpublished observations) (Fig. 1). Thus,
there appears to have a dependency of lesion development for the hippocampal
formation (dentate fascia and Ammon’s horn) on the integrity of the entorhinal cortex;
and lesion development on the Ammon’s horn pyramidal neurons may depend on the
integrity of the d.f. granule cells.

Neonatal Rats

Despite the extensive study of TMT neurotoxicity in recent years, most of these in-
vestigations were performed on adult animals. Comprehensive studies on the impact
of TMT on the developing nervous system were relatively few (Chang, 1984a, b;
Reuhl et al., 1983; Reuhl and Cranmer, 1984). Among these studies, the most signifi-
cant observations were perhaps those made by Chang and his co-workers (Chang et
al., 1984a, b). These investigators injected TMT (6.0 mg TMT/kg b.w) to neonatal rat
pups at various neonatal ages and demonstrated selective populations of neurons in
the hippocampal formation to be destroyed. The patterns of injury in the hippocampal
Ammon’s horn were dependent on the neonatal age at which animals were exposed to
the toxicant. No lesion was observed in animals exposed to TMT between postnatal
day (PND) 1-4. After PDN 5, however, increasing damage in Ammon’s horn was ob-
served in animals exposed to the same dose of TMT. The extent of involvement pro-
gressed with exposure at later neonatal ages. The general correlation for injection
day vs. loci of involvement were: PND 5-6, CA,,;; PND 7, CA,, ; PND 8-10, entire

(contralateral) ( perforant path) (ipsilateral)
_______ R >
DENTATE FASCIA GRANULE ENTORHINAL CORTEX DENTATE FASCIA GRANULE ¢-,
CELLS CELLS :
]
!
|
mossy fibers mossy fibers
' I

Subiculum <« cA 2 , (Schaffer collateral) CA, Ch - -- H

\< AMMON'S HORN )/

Various parts
of brain

Fig. 1. Limbic path vs. TMT-induced lesion development

1. Elimination or destruction of entorhinal cortex (rats, 0.8 mg/kg/day, 14 days), spares damage to the
entire hippocampal formation (dentate fascia and Ammon's horn).

2. Elimination or destruction of dentate fascia granule cells (mice, 3.0 mg/kg; rats, ventral hippocampus,
6.0 mg/kg; rats, dorsal hippocampus, 12.5 mg/kg), spares damage to the Ammon’s horn neurons.

3. Elimination or destruction of Ammon’s horn CA; neurons at the septal portion of the hippocampus
(rats, 6.0 mg/kg), spares damage to the CA, , neurons.
Sparing of the Ammon’s horn CA; neurons at the temporal portion of the hippocampus (rats, 6.0
mg/kg), results in damages to the CA, , neurons.
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Table 2. Correlation between hippocampal development and TMT-induced lesions in neonatal rats

PND 1-4 PND 5-6 PND 7 PND 8-10 PND 11-12 PND 13-15
Mossy fiber and + + + + + + + + + + + + + + +
synaptic develop- (CA3y) (CAzy (CAz, ) (CAz, 1.0
ment”®
Functional effi- None Weak Stronger Responsive but  More mature  Strong and
ciency* {Electrical response inconsistent and responsive  consistent
stimulation response)
Damages in Ammon's None + + + + + + 4+ + + 4+ + +
horn as a result (CAg, only)  (CAg, ) (CAzp o {CAy. CAy (CAp3)

of TMT exposure

*Data interpreted from: Bliss et al.. 1974; Stirling and Bliss, 1978; Cowan et al., 1980.

CA, (CA,, , J; PND 11-12, CA, and CA,; PND 13-15, entire Ammon’s horn (CA,,
CA,, CA,). The sensitivity of vulnerability of Ammon’s horn pyramidal neurons to
TMT toxicity, however, became greatly reducad again after PND 20 mimicking those
of adult animals. These patterns were very consistent among pups in the same trea-
tment groups and were duplicable with pups from different litters.

It is of interest to note that the distribution of injury observed correlates extremely
well with the morphological development and functional maturation of the hippocam-
pal formation in rats, and the functional responsiveness of pyramidal neurons (Bliss,
1974; sterling, 1978; Cowan, 1980). This correlation is summarized in Table 2.

The observations from the neonatal time-course study clearly demonstrated that lit-
tle or no damage in Ammon’s horn could be induced when the mossy fibers were still
immature or nonfunctional. Increased lesion development occurs when the develop-
ment and functional states of mossy fibers (granule cell axons) projecting to Ammon’s
horn (CA,) approached maturity (PND) 7-9). Involvement of pyramidal neurons in
other fields (CA, ,) after PND 10 might indicate the full establishment and functional
maturity of the CA, pyramidal cell axons (Schaffer collaterals) projecting to and synap-
sing with pyramidal neurons in CA, , (Chronister, 1975).

From these data, it becomes apparent that induction of lesions by TMT in the neon-
atal Ammon’s horn was closely associated with and heavily dependent upon the func-
tional maturity and integrity of the neurons and the circuitory in the hippocampal
formation. This observation strongly suggests that damages induced in Ammon’s horn
may not be simply a direct toxicity of TMT on the pyramidal neurons, but, rather, may
be the result of altered functional interactions between the granule cells and pyramidal
neurons under the influence of TMT. This concept of “functional toxicity” is also
supported by observations on the inverse pathological relationship between d.f.
granule cells and Ammon’s horn neurons in adult mice and rats treated with TMT
(Table 1).

BIOCHEMICAL FINDINGS

Based on the pathological patterns observed, it appears that the TMT-induced le-
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Table 3. TMT effects on brain glutamate metabolism & system

— | glutamate uptake (Naalsund et al.. 1985;
Patel et al., 1990)

— |} glutamate synthesis (Patel et al.. 1990)

— | GABA Synthesis (Docter et al., 1982;

De Haven et al., 1984;
Mailman et al., 1985)

— t glutamate release (Patel et al., 1990)

— t brain tissue glutamine {Wilson et al., 1986;
& serum amonia Hikal et al., 1988)

— t damage to GABAergic neurons (Chang and Dyer, 1985)
(basket cells)

— ¢ CI' flux, reverse GABA’s inhibitory
{hyperpolarization) effect ?

All these events would lead to neuronal hyperexcitation

sion development in the limbic system is “neural circutry dependent”: entorhinal cor-
tex - d.f granule cells — Ammon’s horn CA; neurons — Ammon’s horn CA ,
neurons (Fig. 1). Such lesion development may also be related to the chain of neural
activity and excitability along this neural pathway. Indeed, electroneurophysiology
study {Dyer et al., 1982c) demonstrated an reduction of recurrent inhibition (increased
excitability) in the dentate gyri after TMT exposure. Pathological survey of these anim-
als further revealed destructions of basket cells (GABAergic neurons) in the dentate
fascia within hours of TMT exposure (prior to lesion development in the hippocampal
neurons) {Chang and Dyer, 1985b). These observations suggested a disruption of the
GABAergic system (inhibitory system) of the hippocampal formation by TMT.

Biochemical studies on the brain of TMT-exposed rats further confirmed that there
was a reduction in glutamine and GABA uptake and synthesis {Doctor et al., 1982a,
b, c; De Haven et al., 1984; Mailman et al., 1985; Naalsund et al., 1985; Patel et al.,
1990). An increased synaptic release of glutamate was also observed (Patel et al.,
1990). These events will deplete the interaneuronal glutamate level which, together
with a reduction in brain taurine (Hikal et al., 1988), may be responsible for the tra-
mors observed in the TMT-treated animals. The excessive neuronal release of gluta-
mate (Patel et al., 1990) may be responsible for the elevations of brain tissue glutamine
{breakdown product of glutamate) (Hikal et al., 1988) and serum ammonia (break-
down product of glutamine) in TMT-treated animals (Wilson et al., 1986; Hikal et al.,
1988).

The alterations on glutamate and GABAergic system as a result of TMT exposure is
summarized in Table 3.

PROPOSED NEUROTOXIC MECHANISM OF TMT ON
HIPPOCAMPUS

Based on the toxicopathological patterns induced by TMT in the limbic system of
adult and neonatal animals, a working hypothesis on the neurotoxic mechanism of
TMT on the hippocampus may be proposed.
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When one compares the pathological patterns of TMT on the hippocampal forma-
tion, there seemed to be a different pathological pattern of involvement in the septal
and temporal portions of the rat hippocampus: while the temporal portions of the
hippocampus showed more granule cell damage and little CA, pyramidal cell changes,
the septal portion of the hippocampus showed more extensive destruction of the CA,
pyramidal neurons with comparatively less involvement of the granule cells. The in-
verse pathological pattern between the fascia dentata granule cells and the CA, pyra-
midal neurons of the Ammon’s horn suggested that the functional relationship bet-
ween these two cell types may play an important role in the pathogenesis of TMT toxi-
city in the hippocampal formation. That is, the extent of damage to the CA, cells may
be a function of the density of input from intact granule cells of the fascia dentata.
Thus, the absence or reduction of granule cells (cell loss) might reduce or spare some
of the Ammon’s horn neurons from damages. Coupled to this hypothesis is the obser-
vation that the density of mossy fiber innervations of CA, cells decreases as one pro-
ceeds more temporally (Gaarskjaer, 1978a), potentially accounting for the septotemporal
gradient of CA,, , damage. The invariably more extensive damage to CA,_ than CA,, |
may reflect the heavier input of mossy fibers to these neurons {(Gaarskjaer, 1978b),
particularly including the input from the infrapyramidal bundle (Haug, 1974).

Data generated from the neonatal studies (Chang, 1984a, b) also support the con-
cept that the destruction of Ammon’s horn pyramidal neurons required the develop-
mental maturity of the mossy fibers (axons of the granule cells) which project from
fascia dentata to the CA, pyramidal neurons of the Ammon’s horn. These findings
strongly suggest that the functional status of the granule cells and their fibers (mossy
fibers) play an important role in the inducton of neuronal damage in the CA, pyra-
midal cells of the Ammon’s horn.,

The concept of “hyperexcitation” of the fascia dentata granule cells in the induction
of CA, neuron necrosis have actually been demonstrated by other means rather than
by TMT: such as by sustained electrical stimulation of the perforant path (Sloviter,
1981a) or by kainic acid administration(Sloviter, 1981b).

It has been demonstrated that heightened synaptic activation of granule cells can
produce necrosis in the CA, target neurons of the granule cell axons (sloviter, 1981a).
Such hyperactivation has been postulated as a mechanism of both kainic acid-induced
(Sloviter, 1981b) and TMT-induced (Chang, 1986) CA, degeneration. Indeed, gra-
nule cell destruction prevents kainic acid-induced CA, degeneration (Nadler and Cuth-
bertson, 1980). Other investigators have also shown that TMT or Kainic acid-induced
CA, damage in mice or rats can be prevented by eliminating the granule cells (Chang
et al., 1982a, b; Nadler and Cuthbertson, 1980; Nadler, 1981).

There is also indirect evidence that TMT induces hyperactivation of the dentate gra-
nule cells. It was found that TMT reduced recurrent inhibition in the dentate gyrus,
which would increase granule cell activity (Dyer et al., 1982c¢). It has been shown that
both sustained electrical stimulation of the entorhinal cortex (perforant path) input to
the granule cells (Sloviter, 1984) and TMT administration (Chang and Dyer, 1984)
produced a similar change in the dentate gyrus-a loss of hippocampal and mossy fiber
zinc contents. Zimmer et al. (1982) have also shown that stimulation of the prepyri-
form cortex produced, via a dysynaptic route, a response in the granule cells which
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was greatly potentiated following TMT. Monosynaptic activation of the granule cells,
however, did not seem to produce this potentiation, thereby suggesting that the
change was probably not in the granule cells themselves, but rather in the way in which
they were activated.

Elimination of corticosterone to the hippocampal formation by adrenalectomy was
found to exaggerate lesion development in the hippocampal formation by TMT, and
supplementation of this hormone served to reduce or alleviate lesion this development
(Chang et al., 1989). Since corticosterone is rich in the hippocampal formation
(McEwen et al., 1975) and is believed to inhibit or modulate the neuronal firing rate
(excitation) in the hippocampus (Pfaff et al., 1971), this observation further supports
the “hyperexcitation” theory as proposed. The TMT toxicity relationship with hippo-
campal corticosterone is summarized in Table 4.

Biochemical data have also lent support to this general concept of hyperexcitation of
the granule cells. Works by Doctor and co-workers demonstrated TMT inhibits the up-
take of GABA by synaptosomes both in vivo and in vitro (Doctor et al., 1982c). These
investigators suggested that a blockade of GABA uptake, at least initially, could lead to
a prolongation of the postsynaptic inhibitory action of released GABA. However, a
long-term sustained increase in the extracellular concentration of GABA due to a sus-
tained inhibition of uptake, as observed with TMT, may lead to a depletion of GABA in
presynaptic vesicles as well as impair the efficiency of the recurrent inhibitory system
(Doctor et al., 1982a, b, c; 1983). Dose-dependent alterations in the uptake of endo-
genous glutamic acid and GABA have also recently been reported in synaptosomes
isolated from mature rat hippocampus (Valdes, 1983). These investigators suggested
that damage to GABA-utilizing basket cells led to decreased inhibition to the recurrent
loop involving dentate granule cells. Indeed, by means of electro-physiology, Dyer
and co-workers demonstrated a rapid (within hours) reduction of recurrent inhibition
in the granule cells following TMT administration and proposed a reduction of basket
cell inhibition in the dentate gyrus (Dyer et al., 1982c). Furthermore, electron micros-
copic investigation of rats intoxicated with TMT also revealed morpake and 32X and
degenerative changes in the dentate basket cells Thesely as 24 hours after TMT ad-
ministration (Chang and Dyer, 1985b). Recent works by Patel and co-workers (1990)

Table 4. Hippocampal corticosterone

BINDING : CA,,>CA;>dentate fascia granule neurons
(McEwen et al., 1975}
FUNCTION : inhibition and modulation of neuronal firing rate in the hippocam-
pus
(Pfaff et al., 1971)
GENERAL VULNERABILITY TO TMT TOXICITY:
d.f. granule neurons >CA;>CA, , (Chang, 1986)
EFFECTS OF ADRENOECTOMY ON TMT TOXICITY:
— adrenoectomized animals show more lesion than intact
animals
— corticosterone supplementation blocks TMT-induced lesion
development
(Chang et al., 1989)
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also demonstrated and confirmed a reduction in glutamate uptake and synthesis by
neurons under the influence of TMT. These investigators further showed an increased
glutamate release by neurons under the exposure to TMT. This increased glutamate
release may well explain the elevated brain tissue glutamine (breakdown product of
glutamate) and serum ammonia (breakdown product of glutamine) in animals exposed
to TMT (Wilson et al., 1986; Hikal et al., 1988).

In sum, there is ample evidence from both neuropathological, neurophysiological,
and neurochemical investigations to indicate that TMT may act on the inhibitory sys-
tems (GABA metabolism, and inhibitory basket cells and/or other interneurons) of the
hippocampus to stage an hyperexcitory state of the dentate granule cells and to pro-
duce hyperstimulatory damage to their target cells (Ammon’s horn pyramidal
neurons).

Other cellular events such as increased Cl ion flux and seen in organolead exposure
(Cremer, 1984) may also occur. The flux of Cl” ion would further reverse the GABA
inhibitory effect. The hyperexcitation of hippocampal neurons would also tend to
deplete extracellular Ca** and hippocampal Zn"" and corticosterone which may in
turn promote more neuronal activity. Thus, a vicious cycle of hyperactivity may be set
up (Fig. 2). Neuronal injury may be derived from exhaustion of neuronal ATP, from
increased lactic acid accumulation as a result of increased glucose utilization and gly-
colysis and/or from direct over-depolarization of the neurons under continuous, high
potential excitation. The general proposed toxic mechanism for TMT is summarized in
Fig. 2.

- injury to GABAergic neurons

—
( basket cells )
fef flux EM lcellular glutamate uptake & snythesis
induce depolarization dGaBa synthesis —._wicellular glutamate
o1 level
cat { brain taurine level
1 \
reverse GABA hyperpolarization T glutamate release tremors
(inhibitory) effect
(breakdown) T tissue (breakdown) 1 serum
glutamine ~ " ammonia
4
—_— Telectrical activity «—
depletion of hippocampal Zn (& corticosterone ?)
-
L release of GaBa HYPEREXCITATION ——— 3 "mini-seizure” activities
l ex:rac;:llular (———T hippocampal CA exhaustion of Tglucose utilization
ca neurons stimulation ATP system
T glycolysis
~
| neuronal injury prruvate and lactic acid

accumulation

Fig. 2. Proposed neurotoxic mechanism of TMT on rat hippocampus
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[t must be emphasized that our present proposal only represents a postulation and a
working hypothesis. It helps to explain most, though not all, of the pathological pat-
terns in the limbic system in mouse and in rat as a result of TMT intoxication. Needless
to say, direct toxicity of TMT on the neurons certainly exists (such as those in the brain
stem and spinal cord). Based on the rapid and early cellular edematous change obser-
ved on many neurons following TMT exposure (Chang et al., 1982a, b; 1983a, b;
1984), one would suspect a direct disturbance of the neuronal ATP system by TMT
may also occur.
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