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PREFACE

This research was initiated by the Toxicology Branch, Toxic Hazards Division,
Aerospace Medical Research Laboratory, under Project 2312. Experiments were
performed from February 1, 1981 to January 31, 1982 under Contract AF F33615-
79-C-0506 by the Departments of Anatomy and Pharmacology, University of
California, Los Angeles, California 90024.

The experiments were conducted by M. B. Sterman, Ph.D. and R. A. Kovalesky of
the Veterans Administration, Sepulveda, California 91343 and Department of
Anatomy, University of California, Los Angeles, California 90024 and M. D.
Fairchild, Ph.D., Department of Pharmacology, University of California, Los
Angeles. Kenneth C. Back, Ph.D. was contract monitor for the Aerospace
Medical Research Laboratory.
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INTRODUCTION

Previous studies in this program have focused primarily on neurophysiological
processes which mediate monomethyihydrazine (I4MH) induced generalized seizures and
have provided a sound basis for exploring therapeutic strategies for this toxic
compound. It has been clearly established that MMH ultimately disrupts normal sen-
sory and motor regulatory mechanisms within the Central Nervous System (CNS). This
may well reflect a disturbance in neurotransmitter synthesis and metabolism, but
the functional implications of this disturbance can best be understood physiologi-
cally as a failure in sensory control processes at thalamic and cortical levels, a
corresponding hyper(:xcitability in cortical neuronal populations and the eventual
propagation of abnormal discharge throughout the CNS, resulting in generalized
convulsions. During the hyperexcitable phase of this sequence virtually any stimu-
lus can elicit seizures.

Studies of sensory regulatory mechanisms in ventrobasal thalamus, and of re-
lated sensorimotor cortex EEG patterns, provided a unique perspective on the medi-
ation of these changes. The basic elements of this conceptual approach have been
well documented (for reviews see Creutzfeldt, 1974; Sterman and Bowersox, 1981).
Normally, when sensory signals are being processed within the somatosensory pathway,
neuronal interactions mediated by both sensory specific and nonspecific neurons fac-
ilitate relevant conduction while suppressing activity in adjacent elements of the
pathway. Activation is reflected by a low voltage, high frequency EEG pattern in
localized areas of somatosensory cortex and suppression by a pattern of rhythmic
activity in adjacent areas. The rhythmic EEG activity is mediated by recurrent
inhibitory neurons which are central to an intrinsic "gate" mechanism in thalamic
sensory relay nuclei. The activated pathway "closes" this gate in adjacent path-
ways, thereby producing a lateral inhibition which increases the sensory signal-to-
noise ratio. When attention is directed to other sensory systems (i.e., visual or
auditory), suppression becomes generalized within the somatosensory system and these
rhythmic EEG patterns appear intermittently over the entire somatosensory cortex,
again contributing to an increased signal-to-noise ratio.

The physiological importance of these neuronal dynamics was documented by
studies of interactions between CNS state, EEG patterns, and neuronal excitability
in the cat as determined through the application of evoked potential methods (Goff
et al., 1967; Howe and Sterman, 1973). The presence of rhythmic 12-15 Hz EEG
activity during both wakefulness and sleep is associated with an attenuation of con-
duction through the somatosensory relay nucleus of thalamus. In fact, during slow
wave sleep (SW) with 12-15 Hz "spindles," this sensory pathway is maximally sup-
pressed. However, as the states of sleep progress, the cortex itself becomes in-
creasingly responsive to stimuli applied directly to extrathalamic somatosensory
projections (SI). Nevertheless, even in the presence of intense phasic discharqe
during rapid-eye-movement (REM) sleep, seizures do not occur because the "gate"
remains partially closed.

When a convulsive dose of MMH was administered several things happened. First,
as seizures approached, both sleep and rhythmic EEG patterns were virtually abol-
ished. Second, cortical excitability reached unprecedented levels; however, there
was no attendant suppression of thalamic conduction. Instead, the thalamic "gate"
appeared to be wide open. This combination of events within sensorimotor regula-
tory systems may account for the bizarre sensory and motor behavior seen in the pre-
ictal state following MMH exposure, and in the eventual "triggering" of generalized
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seizures. It also provides a bridge between acute seizure susceptibility with MMH
exposure and the chronic propensity for convulsions in epileptic patients suffering
from primary or secondary motor seizures. This group of epileptics shows a con-
sistent attenuation of normal rhythmic activity in the sensorimotor cortex EEG and
a corresponding increase in slower (4-7 Hz) frequencies (Sterman, 1981). These
slower patterns are thought to result from abnormal excitation in cortical neurons
(Kostopoulos and Gloor, 1982). Apparently, the thalamic gate mechanism is also
disturbed in these epileptics but in a more fundamental sense, and this is associ-
ated with abnormal increases in cortical excitability.

The sensorimotor EEG can thus be used as a means of monitoring these neuronal
dynamics and, together with a consideration of the concurrent state of conscious-
ness, can be exploited as a tool for evaluating neuronal responses to both patho-
logical and therapeutic interventions. The present study was directed to this con-
cept in an effort to evaluate potential therapeutic strategies for protection
against MMH neurotoxicity.

METHODS

Five adult rhesus monkeys (macaca mulatta) were prepared surgically for re-
cording appropriate sensorimotor and alternative EEG activity during long-term
polygraphic studies. After surgical recovery these animals were adapted to re-
straining chairs and habituated to a standardized sleep recording situation in a
sound attenuated and isolated recording chamber. Successive six hour polygraphic
recordings (2000-0200 hours) were obtained on paper and on magnetic tape during a
week of baseline data collection, two nights of which included intramuscular saline
injections administered just prior to the start of the recording period. During
subsequent weeks each animal was administered a sequence of five anticonvulsant
compounds with a two-week interval between each drug, using the identical paradigm.
The drugs tested included carbamazepine (10.0 mg/kg), diazepam (0.75 mg/kg), pheno-
barbital (2.0 mg/kg), pyridoxine (10.0 mg/kg), and valproic acid (50.0 mg/kg). The
sequence of drugs administered was counterbalanced for the group so that each com-
pound was received first in one animal and at various stages in the test sequence in
each of the others. Because of limitations in time and resources only one dose of
each compound could be tested. The dose was estimated from experimental and clini-
cal literature and in each instance was chosen to approximate established therapeu-
tic levels in man for that compound. After two hours of recording, blood samples
were drawn from the femoral vein to verify actual serum levels for each test com-
pound. The polygraphic records were scored for sleep and waking stages according
to standard criteria and a 10 min. sample of slow-wave-sleep identified at the end
of the recording just prior to blood sampling. This EEG sample was drawn from the

tape record, digitized, and subjected to Fast Fourier Transform in order to gener-
ate power spectral density profiles for comparison with similar baseline data.
Standardized procedures for this analysis have been described elsewhere (Sterman et
al., 1977; Sterman, 1981).

RESULTS

All of these compounds produced a similar pattern of spectral change in sen-
sorimotor cortex relative to baseline while having little effect on the EEG of
other cortical areas. This pattern consisted of a significant decrease in frequen-

cies below 7 Hz, and particularly in the 4-7 Hz band, and an increase and stabiliza-

tion of power in the rhythmic 8-15 Hz range (figure 1). This pattern of change is
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the exact reciprocal of the pathological changes associated with both acute and
chronic motor seizures, as discussed above, and may therefore constitute an "anti-
convulsant signature" in the sensorimotor EEG. An evaluation of serum concentra-
tions for these test compounds taken at the time of sleep EEG sampling indicated
low therapeutic blood levels.

Following this phase of study, a second series of tests was 'performed. The
animals were given essentially the same sequence of anticonvulsant compounds at the
same dose levels, but in this case each trial was preceded by the administration of
a 15 mg/kg dose of MMH 10 minutes prior to the test anticonvulsant compound. Thera-
peutic effects were measured in terms of latency to generalized seizures, a measure
found in previous studies of the monkey to be a reliable indicator of protective
effects (Sterman et al., 1979). These values were compared with stable, normative,
seizure latencies established in previous studies of untreated animals. The results
of this comparison are shown in figure 2, with the exception of phenobarbital, which
was not tested in this series.

By convention, any challenge which is not followed by generalized convulsions
within three hours after exposure to MMH was terminated by the administration of an
anesthetic dose of phenobarbital. As can be seen in figure 2, only two of the test
anticonvulsant compounds provided significant protection at the dose levels admin-
istered. These were pyridoxine, which completely suppressed seizures, and diazepam,
which more than doubled the mean latency to seizures. In contrast, carbamazepine
and valproic acid provided no reliable protection.

A comparison of spectral profile changes associated with protective vs. non-
protective compounds showed significant differences. It will be recalled that these
data were collected during control recordings prior to MMH challenge. The major
effect on the two drugs found to protect against MMH toxicity was a stable reduction
in 4-7 Hz activity while the other compounds showed more of a tendency to preserve
rhythmic and higher frequencies at more normal levels.

DISCUSSION

Evaluation of power spectral profiles during stable sleep conditions with ref-
erence to a specific sensory pathway provided clear evidence for functional anti-
convulsant properties. The suppression of somatosensory cortex 4-7 Hz activity and/
or the facilitation of 12-15 Hz activity characterized anticonvulsant compounds.
From previous studies of somatosensory function (see above) we know that increased
4-7 Hz activity reflects cortical hyperexcitability while decreased 12-15 Hz activ-
ity is indicative of decreased thalamic regulation. Since drugs that protected
against MMH convulsions (i.e., pyridoxine and diazepam) primarily suppressed somato-
sensory 4-7 Hz EEG activity, it may be suggested that the critical pathological
effect of MMH resides in its alteration of cortical neuronal excitability. In pre-
vious work with evoked potential methods we found evidence for a disinhibition of

somatosensory neurons just prior to hydrazine-induced seizures (Goff et al., 1967),
and suggested that a disturbance in GABA synthesis could mediate this effect. The
present findings reinforce this conclusion since pyridoxine and diazepam are known

to restore the synthesis and facilitate the post-synaptic inhibitory actions of
GABA, respectively (Tower, 1976; Costa et al., 1975).

The other anticonvulsant compounds tested here appear to exert a primary effect

on thalamic inhibition, as indicated by changes in 12-15 Hz activity, which may also
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attenuate cortical excitability and thereby reduce 4-7 Hz patterns. These drugs
might be expected to be most effective in chronically developing seizure disorders,
where abnormal cortical activating discharge is a part of the pathophysiology. In
this case, a disturbance of thalamic regulatory function may be a primary factor in
the etiology of seizures (Sterman and Shouse, 1982).

Figure 1. Mean power spectral
density changes obtained from

" EEG patterns recorded two
hours after administration of

... saline (base nights 3 and S)
and five anticonvulsant compounds

/ in four rhesus monkeys. Data
in each case are based on 10

"'. minute samples drawn during
sustained slow wave (nonREM)

*. ."sleep from cortical areas
indicated. Note specificprofile changes localized to

.somatosensory cortex, bilaterally.
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Figure 2. Mean
latencies to general-
ized convulsions,
measured in minutes
post-MMH administration 300 (nociz.)
(15 mg/kg), in a
group of four rhesus 0
monkeys with and 200

without subsequent
treatment with four 10o6
anticonvulsant drugs. _
In each case drugs
were administered 10 120
minutes after MMH.
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