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Introduotton 

A. General Introduction 

Experimental electroconvulsi ve seizure (ECS) has been used in the 

past twenty years for the analysis of the effects of drugs on brain excita

bility and function. Unfortunately, after initial work was performed in 

the early 1950's, the use of ECS was narrowed to the more restricted field 

of anU-epileptic pharmacology and its potential usefulness for the phar

macological analysis particularly of neurotransmitters of the central nervous 

system was disregarded. This thesis is intended to illustrate the value of 

ECS in analyzing centrally-act1119 drugs of all types. 

This study touches upon two major categories of problems. The first 

involves the theories of mechanisms of ECS and the second the effects of 

drugs on the various parameters of ECS. In reference to the former problem, 

the literature and speculation ls voluminous: there are as many theories of 

ECS as there are workers in the field. To paraphrase all of these would be 

beyond the scope of this thesis. Instead. a novel physiological mechanism 

·will be proposed and enlarved upon as a foundaUon !or a pharmacological 

analysis whereby certain parameters of ECS are defined and correlated with 

this physiological mechanism and with the effects of drugs on the parameters. 

The physiological mechanism presented here is based on the hypothesis 

-.hat the electroconvulsive shock ts a maximal stimulus in the sense that most 

cells of the brain are affected and that the organism through its homeostatic 

construction maintains stability of certain variables within physiological 

limits. The centrally-acting drugs modify the various sub-systems in the 

central nervous. bYtitem so that this maintenance of stability ls affected to a 
' greater or lesser degree. The two variables, latency and duration, which 

this study utilizes as measurements of this maintenance of stability are 

perhaps limited as to the type of information, which they yield, but they 
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are practical in that they are convenient to test and quantitate accurately. 

B • .Ih!. Unstable Neuron 

1 • Biochemistry 

There has been evidence presented in the literature of the relation

ship between certain biochemical parameters and neuronal excitability. 

This section will deal with several of these parameters previously shown 

to result in an unstable neuron. 

The administration of aptmonium salts has been shown to induce 

convulsions in animals: similarly, during preconwlsive and convulsive 

phases of maximal seizures the ammonia concentration in brain tissue in

creases rapidly (Richter and Dawson, 1948; Benitez et al., 1954). However, 

Takahashi et al. (1961) demonstrated that rat brain ammonia level and cere

bral excitability are not caTelated but that ammonia increases are a result 

of the excitation of the neurons. Ammonia might be metabolized into an 

abnormal "convulsant", 9~nobutyric acid, as suggested by Waelsch 

(cited by Tower, 1960). There is known to be an accumulation of ammonium 

ions after the seizure (Torda, 1953) which Kreindler (19 65) suggests may lead 

to the arrest of the convulsive episode. In any case, although ammonia is 
' 

associated with cerebral excitability, its specific role has yet to be pre-

cisely defined. 

The presence in the brain of gamma-aminobutyric acid (GABA) was 

initially demonstrated by Roberts and Francke! (1950). Bazemore et al. 

(1956) and Lovell et al. (1963) showed that the inhibition of seizure activity 

ls closely related to the brain GABA level. Convulsant drugs have been 

shown to decrease to GABA levels which anti-conwlsant drugs increase 
~ 

these levels (Killiam and Bain, 1957: Killiam, 1958; Lovell, 1963). Killiam 

(1957) demonstrated that the effect of hydrazines is due particularly to the 

blocking of glutamic acid decarboxylase which results in the increase of 
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GABA concentration. Similarly. it has been shown by Roberts et al. (1958) 

that the relative activities of qlutamic acid decarboxylase andG'BA trans

aminase are decreased with acidification: this, in tum, increases the con

centration of GABA and the neuronal excitability decreases. The ancient 

treatment for epilepsy consisting of a ketOgenic diet is assumed to have 

operated on this mechanism. Worum and Porszasy (1968) found that age is 

correlated with a decrease in cerebral excitability and an increase in GABA 

concentration in the central nervous system. 

Closely associated with ammonia-GABA cycles and neuronal excita

bility is the finding by Gershenovisch et al. (1963) that both glutamine and 

qlutamine synthesis increases during the preconvulsive stage of seizures 

induced by oxygen poison1n9. Mtson-Crighel et al. (1964) found a decrease 

in glutamic acid and qlutamine and an Increase in glutaminase within two 

minutes after a topical application of Mescaline. Vrba (1955) demonstrated 

that cerebral activity stimulated by prolonged muscle movements ls asso

ciated with a fall in amino nitrogen of the brain proteins and concomitant 

increase in frt:1e c;;lutamic acid and olutamlne. He believes that the func

tional activity of the brain depends on a certain level of the glutamic-acid

glutamine cycle. 

The level of oxygen has been shown to play an important part in the 

excitatory process of seizure activity. It has been shown that oxygen con

sumption 1nc.ree.ses dt!rirag en apUeptic seizure while a lack of oxygen in

duces the arrest of electrical activity in the cortex (Jasper and Erickson, 

1941: Gibbs et al., 1947). In generalized convulsions induced by electrical 

stimulation. Laacar and Pintille (1955) demonstrated that an inhibition of 

cellular oxidation takes place due to a decrease in cytochrome oxtdase ac

tivity and an increase 1n succinic dehydrogenase activity in the rabbit motor 

cortex. The nerve tissue presumably consumes a larger amount of oxygen 
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after the seizure to compensate for and utilize the excess lactic acid and to 

restore the bound phosphorus high-energy compounds which have been shovvn 

to decrease during seizure (GurdJan et al., 1947). Several other findings 

correlate somewhat with these results. Klein and Olsen (1947) found that in 

generalized conwlsions induced by electrical stimulation the cerebral glu

cose, glycogen and cerebral glucose: blood glucose ratio were found to de

crease. Elliott (1955) found that the increase in cerebral circulation seen 

during seizure activity was a result of vasodilitation from a build-up of lac

tic acid and a resultant acidification. 

Changes in concentration of various ions have been associated with 

cerebral excitation. Mison-Crighel et al. (1955) demonstrated that magne

sium levels increase considerably in the renal vein after a convulsive seizure. 

This may point to an excessive release of magnesium during a seizure. 

Since the synthesis of glutamine from glutamic acid and ammonia occurs in 

the presence of magnesium this may explain the increase in glutamic acid 

(Vrba, 1955) and decrease in glutamine (Mison-Crighel et al., 1964) seen 

after seizure activity. Gordon and Waelsch (1955) believe that in the passage 

of a nerve impulse across the membrane, calcium is liberated and that its 

restoration is necessary for a stable condition to return. If magnesium were 

to replace calcium at the membrane level, prolonged firing and seizure ac

tivity would result. On the other hand, Flink (1956) has shown that with a 

magnesium deficiency, generalized convulsions can occur and clinically, 

in epileptics, serum magnesium levels are low. 

In conjunction with ionic changes, the theory of a change in membrane 

permeability has been brought forth in numerous papers. The permeability of 

the neuron would determine its excitability and stability. Woodbury et al. 

(1958b) described an increase in intracellular sodium which appears to precede 

the convulsive activity in convulsions induced by co2 inhalation. He be

lieves the change in cation distribution causes the membrane excitability to 
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increase (partial depolarization) bringing about repeated discharges. An in

crease in intracellular sodium causes a decrease in the membrane responses 

to minimal stimuli. Colfer and Essex (1947) have found that during ECS, in

tracellular potassium decreases. 

In summary it may be stated that evidence has been presented that am

monia levels, glutamine-glutamic acid-GABA cycles, metabolic byproducts, 

oxygen levels correlated with high-energy bound compounds and concentra

tion of various ions all play a part in the activity of an excitable neuron. 

most probably through membrane permeability changes. The exact mechanism 

awaits explanation. 

2. Electrophvsiology 

The cortical neuron according to Kreindler (1965) consists of three 

separate yet highly interrelated areas. The axon consists of a membrane re

sponding to the all-or-none principle: it is electrically excitable and plays 

the part of a message transmitter. The perikaryon (cell body) membrane also 

responds to the all-or-none principle and it too, is electrically excitable. 

The dendritic membrane, however, is gradually responsive, electrically un

excitable and responds to chemical transmitter substances released by 

button-like formations covering the greater part of the dendritic surface. 

The dendritic membrane generates "standing post-synaptic potentials" which, 

according to Purpura (1959), may influence through electrotonic spread, the 

electrically excitable membrane of the perikaryon. These "standing post

synaptic potentials" evoked by the dendritic membrane do not spread except 

through electrotonic propagation. Bishop (1956) demonstrated the absolute 

refractory period of the perikaryon and axon, but the dendritic membrane was 
< 

described as decremental and had no absolute refractory period. 

Schmidt et al. (1959) in describing chronic epileptogenic foci in mon

keys using extracellular electrodes postulated that the autonomous activity 
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of the epileptic neuron is due to a relatively prolonged dendritic depolariza

tion with a resultant difference in potential between dendrites and cell body. 

The cell body's membrane would recover rapidly and acting as a current 

source produce a current flow to the depolarized dendrite acting as a sink. 

If the current flow reaches a threshold, a high frequency discharge occurs. 

During the earlier phase of a maximal tonic-clonic seizure, the frequency of 

a neuronal discharge is approximately 100 per second but may go as high as 

800 per second (Morruzzi, 1950; 1953). As the dendritic tree is progressively 

involved, increasingly synchronized slow wave activity replaces the rapid 

neuronal discharge. In the later phases of a maximal tonic-clonic seizure, 

maximum "invasion" of the dendritic tree has taken place. 

Brazier (1955) established a close relationship between dendritic de

polarization and epileptic discharge holding that epileptic spikes may be 

generated by apical dendrites of the cerebral cortex. Other authors (Beri

tashvili et al., 1958; Rosenblueth et al., 1942; Morrell and Torres, 1958) 

either directly or indirectly point to the 11 superficial" i.e. the apical den

dritic layer of the cortex as the main initiating point in the production of 

seizures. Rayport 0.960) taking microelectrode records from the somato

sensorial area I in the cat after repetitive stimulation found four different 

types of cortical units: (1) units that respond with a short latency; (2) units 

that fire together synchronously with the appearance of spindles from the 

electroencephalogram; (3) units that respond to isolated shocks applied to 

the surface of the cortes; and (4) units whose activity is not correlated with 

any of the above listed activities. 

Moruzzi (1950, 1953) believes that the unstable neuron has abnor

mally great potentials in the cell body and dendrites and a high frequency 

potential spreading along the axon up to 1000 spikes per second. However 

there is a disequilibrium in the unstable neuron which amplifies the exci

tatory post-synaptic potential and inhibits the inhibitory post-synaptic 
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potential. Eccles (1957, 1959) points out that metrazol-induced convulsions 

are examples of the former while strychnine-induced convulsions are exam

ples of the latter. 

Sawa et al. (19 63) using extracellular electrodes, demonstrated that 

with repetitive electrical stimulus at high intensity and frequency, a pro

gressive decrease of the hyperpolarizing wave and a temporal summation of 

the depolarizing wave occurred. After stimulation ceased, a state of sus

tained depolarization was maintained and large and long-lasting depolari

zation waves occurred periodically with concurrent waves in the cortico

gram. During the final phases of the seizure the falling phase of the de

polarizing wave became more marked and finally the depolarization was re

versed and hyperpolarization ensued. A long-lasting hyperpolarizing wave 

was observed ans subsequently a period of silence in the electrocortico

gram. The author postulates that the decrease of the hyperpolarizing wave 

with the increase of the depolarizing wave results from a gradual loss of 

inhibitory substance while the excitatory transmitter remains active. He 

also suggests that an observed latency period prior to the polarizing changes 

may be due to an initial prolonged depolarization or to a stage of asyn

chronous activation. 

Thus, there seems to be two lines of explanation for the self-sustained 

spontaneous activity of the unstable neuron. The first, postulated initially 

by Eccles (1951) and later by Bodian (1967) regards synaptic activity as the 

core of the excitability acting through excitatory or inhibitory transmitters 

or neurons. The second brought forth by Bishop (1958) regards the dendritic 

electrical activity as the major focus for the neuronal discharge in an un-
' 

stable state. However, it is well to remember that any activity recorded by 

the electroencephalogram or corticogram represents the composite, more-or

less additive activity of myriads of elements in the central nervous system 
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during convuldve seizure. Any individual neuron may react differently from 

the responses of the neuronal aggre9ate. Several writers have gone so far as 

to suggest that self-sustaininq activity exists only in the neuronal ac;;gre9ate. 

This will be discussed later. 

C. !h! N euronal-Glial Interaction 

1 • Introduction 

Within the past few years increasing attention was paid to the role of 

neuroglia in nerve activity. Once the hypothesis of glial interacUon with 

nerve tissue ts accepted as tenable, 1t appears that there is a possibility of 

an intrinsic relaUonship between the modulation of a maximal stimulus (e.9. 

ECS) by the gila and neuronal stability. This E:ection of the thesis will be 

presented, not as a foundation for a theory of ECS mechanics, but as an ef

fort to provide a meaningful over-all view of convulsive activity. 

2. Anatomy 

Earlier studies {Cajal, 1909: del Rio-Hortega, 1932; Penfield, 1932; and 

others) considered qlia as the interstitial upportive tissue composed of a 

tangled mass of non-nerve ti£sue and fibers with numerous intracellulor 

spaces, capillarie!.i and homo9enous intercellular sub~tance. Some of these 

early authors feel that the term neuroqlia connotes a "neural glue" that 

separates .':ind holds together the neuron population. However, Palay (1967) 

admits that the cellular units of the nervous system, at vvhatever level con

sidered, are organized by means of their connections and their intrinsic pro

perties for integrative action. 

Bodian (1967) divides the neuroglia into three major c:ate9ories: 

astrocytes, oltgodendrocytes and microglla. The microglia occur irreqularly 

in the central nervous system and a£ yet have not been linked with any basic 

functional aspect of the neurons. They are found in both grey and white 

matter, have no foot plates, but ;:ire often closely opposed to neuron bodies 

as pertneural satellites or to the walls of blood vestals as perivascular 



satellite~. In trauma or destructive lesions of the nervous system they are 

transformed into large, actively pha9ocyt1c scavenger cells which exhibit 

ameboid movement. They are, for the most part, considered part of the 

reticulo-endothellal system {Truex and Carpenter, 1964}. 

'rhe astrocytes, present in both white and grey matter, have foot plates 

which are anchored to the outer walls of the blood vessels lying within the 

central nervous system. They form a continuous glial membrane around the 

blood vessels and the exterior surface of the brain. They play a major role 

in preserving the integrity of the nervous system. DeRobertis (1965) men

tions that astrocytes are thought to be involved in the transport of water, 

electrolytes and metabolites in the brain and are the site of an active homeo

static mechanism that regulates in the brain the content of water and a pool 

of electrolytes containing a high sodium concentration. 

The ol!godendrocytes lack cytoplasmic foot plates, are present in l:>oth 

grey and white matter, but predomlnenUy tn the latter, and contain numerous 

cytoplasmic bundles. They are intimately related to the axon and qenerally 

are believed to play the same role in the case of the central nervous system 

as the Schwann cell in peripheral nerves. They also have a characteristic 

slow pulsatile activity as in the Schwann cell (Pomerat, 1952). Hyden and 

Pigon (1960) and Hamberger and Hyden {1963) have shown that oltgodendro

cytes have a metabolic interaction with neurons and are linked in an active 

!'ystem with regards to the control of the neuronal membrane permeability. 

The membrane connections of the neuroglia are under much study. 

Schmitt (1967) states that neuroglla are, in general. separated from neurons 
0 

by a space of 100 to 200 A. They never intervene between presynaptic and 

postsynapttc components of a synapse, but in certain reqions may circum

scribe a synaptic zone insulating the functional synaptic Junction (Bodian, 

1967). Work .by Gonzalez and DeRoberUs (1963) bave demonstrated that the 

plasma membrane of the glial processes adhere to the membrane of the 
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synaptic ending. This sealing, either partial or total, of the extra-cellular 

space around the synaptic complexes, may physiologically act as a kind of a 

synaptic qllal barrier either slowing down or preventing diffusion of trans

mitters. Palay (1967) ascribes synaptic inhibition to a gross alteration in 

the tonic environment surrounding the postsynaptic membrane rather than to a 

precise action of an inhibitory transmitter at a specific receptor of the mem

brane. In synapses in which there is a prolonged or residual action after a 

presynaptic stimulation, there has been physiological evidence for a preven

tion of diffusion of transmitters (Curtis and Eccles, 1959). 

3. 81oghemistr;y l!!!Q_MetaboUsm .2! Glial Dssue 

It has been fairly well established that the gila do have intrinsically 

different metabolic properties from the neuron. The gUal dry material has a 

lipid-to-protein ratio of around eighty-to-twenty whereas corresponding values 

for large neurons ia twenty-to-eighty (Hyden, 1960). The enzyme systems 

for the hydrolysis of adenosine triphosphate differs between the two types of 

cells (Whittman 1969; Cummins and Hyden 1962). On the iMer side of the 

neuronal membrane adenosine triphosphate activity activated by sodium and 

potassium with a mrud.mal activity at a pH of 1.40 is carried out. The adeno

sine tdphosphate activity of the qlia ls activated by potassium alone and 

exhibits a maximal activity at a pH of a.oo. Hyden and Lanqe (1966), Gia

cobini (1964), Friede (1965) and Lowry (1957) have demonstrated that oxygen 

consumption is five to ten times higher in neurons than in gila, while the 

capacity for anaerobic glycolysis is higher in glia which shows a predomi

nence of glucose shunt mechanisms. 

Giacobini (1961, 1962) has shown that the carbonic anhydrase activity 

is one hundred times higher in gila than in neurons: he believes that carbon 

dioxide built up in the neurons is released and converted to carbonic acid in 

the presence of this enzyme. Svaetichin et al. (1965) in their work on reti

nal cells in fish found a reciprocal electrical excitation-inhibition between 
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the 9lial and neuronal elements. The amplitude of the neuronal potential was 

inversely related to the height of the glial membrane pctentlal. The mem

branes of the non-neural cells were electrically inexcitable and membrane 

activity depended on excitation spread from cell to cell. The authors reason 

that the position of carbon dioxide as the final metabolic product and regu

lation parameter of the respiratory rate makes it a critical parameter in this 

neuronal-9lial interaction. Since carbon dioxide accelerates the Kreb's cycle 

as well as the respiratory rate due to a production of hydrogen ions in the 

presence of carbonic anhydrase, the gllal cell membrane potential would be 

decreased, 1.e. its membrane would be hyperpolartzed as the neuron mem

brane potential would be increased, 1.e. its membrane would be depolarized. 

The authors further suggest that the double membrane formed by the opposed 

glial and neuronal cells could be compared to a mitochondrial membrane. 

Through energy shifts along the electrically 1nexcitable membranes, invol

ving the respiratory chain, the non-neuronal potential would affect the 

neuronal one. Svaetichin and his co-workers consider this mechanism to be 

an important one in controlling the excitability in the grey matter and basal 

ganglia where electrical insulation provided by the oligodendrocytes is 

larqely absent. 

There is further evidence for an energetic coupling between the neuron 

and its olla. Hyden (1967) demonstrated that the amount of RNA. protein and 

respiratory activities increase in the neurons as a function of stimulation. 

In the glia, the changes of amount of RNA and respiratory activity were in

versely related to stimulation. However, the anaerobic qlycolytic activity 

measured by production of carbon dioxide per nerve or gllal sample, de

creased in the neuron~ and increased in the glia after stimulation. Ham

berger (1963), usinq a mtcrometric technique, found similar inversely re

lated enzyme changes in neurons and qlia after stimulation. Pevzner (1965} 

using electrical stimulation found that the content of RNA increased in the 
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neuron and decreased in the qlia. Interestingly, Hamberger (1963) found 

that the capillary 'lllial tissue did not decrease their enzyme activities as 

a response to stimulation. 

Hyden (1967) postulates that the 9lla are metabolic stabilizeni of the 

neurons. The rate of :Oiosynthesis of the functioning unit can alternate be

tween two states. Furthermore, Landauer (1964), Roberts (1964) and Schmitt 

(1964) have speculated on the phenomena of RNA transfer from glia to neurons 

especially with the production of u memory" responses. There has been re

ported a non-ribosomal bound RNA in the axoplasm of the Mauthner nerve 

cell. This RNA has the $ame base composition as the RNA in the myelin 

sheath and Schwann cell, but differs from that of the nerve cell body (Edstrom 

et al., 1962). 

Altman (1967) has indicated that the packing density of the glia may 

show a metabolic relationship to the neurons. Brizzee and Jacobs {1959) and 

Brizzee et al. (1964) have found that the packing density of glia in rats and 

cats increases after birth while that ol the neurons decreases. Friede (1954) 

reported that the 9lia/neuron ratio increases a1 one goe sup the phylogenetic 

scale reaching a maximum in man. He postulates this ratio as a possible 

evolutionary index of brain development. 

4. £lectrophysiolo;y of !b!t Neuronal-Glia.1 Interaction 

As ~tated previously, qlia have been demonstrated to have a spon

taneous pulaatory movement. Pomerat (1952), Canu et al. (1935), and 

'fasaki (1965) demonstrated that glia, in vitro, respond to a ::.trong electrical 

stimulus with a slow contraction lastino one to three minutes in duration 

followed oy a phase of relaxation laaU."lg up to ten minutes. rasaki (1965) 

using the method of Chang and Hild (1959) for electrical stimulation of single 

gila in vitro found that the total impedance of the brain slice increases as 

the phase of relaxation occur&. This author further st.ates: 

.. A strong electrical shock applied to a 
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glial cell with a large extracellular electrode 
is known to bring about a revenible, transient 
reduction in the resting potential of the cell. 
·rhe degree of reduction depends upon the in
tensity of the applied shock. There is evidence 
indicating that this reduction in the resting po
tential ts associated with a simultaneous re
duction in the membrane impedance. The inten
sity of current needed to induce such a potential 
variation seems too large to link the phenomena 
with physioloqical events in living brain tissue." 

It is t•afe to assume that with a !:.itimulus large enough to induce a convulsive 

se.lzure, these mechanisms might come into play. 

Adey et al. (1965) suggest that the gila play a role as impedance mod

ulators to neurophystological processes. They reason that, by subtle 

changes in shape, the glia are able to modify the impedance load on neurons. 

The glia performs this function by modifying the width and therefore the con

ductance of the intra-cellular conducting channel. Schmitt (1967) mentions 
0 

that this intra-cellular channel of approximately 100-200 A in width is the 

usual channel for the flow of sodium and potassium ions and currents. 

Spreading currents such as electro-tonic or self-regeneraUnq ones are thou9ht 

not to influence glial processes. 

Li (1959) believes that the glia play a part in the synchronization 

mechanism of a convulsive seizure. He states that both the electrical phe

nomena and the mechanical contraction of the qlia could influence the neuro

nal electrical activity t.o produce synchronization. In this regard, Ward 

(1961) has shown that dendrites :ohow an unusual responsiveness to mechanical 

contraction of the gila. 

On the other hand. glia may alter events through a functional action on 

the synapse@ Koelle (1962) has demonstrated the presence of a non-specific 

cholinesterase in 9lla that surround the synapses. Through a mechanism of 

positive feedback he postulates that the secretion of large amounts of acetyl-
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choline counterdct the Clctivity of this: cholinesterase thereby mod.Hying £he 

electrical activity at the synapse. Moreover, it has been shown that synap

tic vessels which may release acetylcholine are present in the Schwann cells 

of normal and denervated peripheral nerves (Birks et al •• 1959; 1960). 'this 

would explain the mini-end plate potentials seen i.n skeletal muscle several 

hours after denervation (Thesleff. 1960). 

D. Functional Patterning and Electroconvulsive 3e1zure 

l. Introduction 

It iS impossi.ble to review comp1etely the mechanisms that have been 

postulated to explain experimental ECS. 'fhe preceding two sections in this 

thesis survey some of the factors which are fundamental to model-ouiidin9 

and theorizing. These factors direct consideration of the ECS to the smallest 

possible physiological unit as a frame of reference, and the pertinent studies 

were interpreted in regards to isolated neurons anci qlia. However, the cen

tral nervous system consists of neuronal a<;iqregates and in this case, con

vulsive behavior may oe a property of the whole aggregation and not the sum 

of the properties of its parts. Karl Jaspers (1963) states: "Even the simplest 

phenomena (of behavior) are so complex • • • th.at in order to orin9 them 

a.oout the whole brain is necessary." 

fhe Justification for the following theory of the ECS is .based, to a 

certain degree, on a linguistic analysis of our conceptual difficulties in 

regard to seizure as behavior. 'there is a tendency to segment the whole oe

bavior and correlated brain ;;;tructures, not because the two are divided in any 

visible way, but because both our current techniques and language of the 

··scientific method" necessitates this approach. As a result, the overview is 

lost and the other possible patterns of the phenomena under study are not 

perceived. The "pattemin9 11 which is perceived is .based on certain assump

tions which may or may not be valid according to the level of organization 

with regard to which the "patternln9 .. is perceived. For example, the data 
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may lJe incorporated into a mechanism which presumes certain rhythmic can

ters of the central nervous !>ystem which impose a pattern upon the maximal 

firing of neurons in any specific pattern. Another hypothesis might suggest 

that the organism is striving for stability when it receives an overpowering 

electrical stimulus, and the course of the seizure is a result of this regula

tion. This thesis employs this the latter "pattern" as the basis for the inter

pretation of the data presented. 

The observations of this study are comprised of two principal events: 

a specific eh ctrical stimulus of known intensity and duration and .:.s specific 

series of muscular contractions. The following are the assumptions: (1) the 

stimulus, in some way, affects the motor components of the brain. (2) rhese 

motor components are effected through a final common neuronal pathway which 

when activated is invariable. (3) Whatever is variable in the muscular 

movement, changes as a result of acttv1ty within the dynamic framework of 

the central nervous system. (4) The basic mechanism explains observed 

changes by postulatinq spatial or temporal changes in circuits. (5) The 

electroencephalog'ram mirrors the activity of neurons involved in the ECS. 

These five assumptions and the basic "pattern .. provtde a meaningful frame 

of reference in which to study the phenomena of ECS. 

2. Description of~ 

Woodbury and Davenport (1952) described vartous motor components 

in rats following ECS. When a mild shock was delivered, far below in 

current required for generalized convulsions. a brief tonic .::.pasm occurred 

after which the animal quickly resumed its normal behavior. At a current of 

1.0 to 1.5 mtliamperes below seizure threshold, a response, labeled "furor" 

occurred which consisted of violent running or leaping with shrill squeaking. 

At a current of 0. 5 miliamperes below seizure threshold the animal underwent 

a brief tonic spasm followed by a near catatonic state. At a current of l. 0 

mUtamperes above seizure threshold the animal exhibited clonic movements 



of the head and forelimbs, And finall5t, r.:t currents above le 0 m11L~nnpere~> 

above seirure threshold the animal exhibits maximal seizures consh;tinq of: 

l) hindle9 fle,x:ion in tonus, 2) hindleg extension in tonus, 3) intermittent 

wholebody clonus and 4) muscular relaxation and post-fetal depression. For 

these authors, tonic extension of the hindlimbs signify that a maximal sei

zure ts occurring. Generally, this maximal seizure movement pattern is not 

influenced by factors that increase or decrease the threshold. 

Toman et al. (1946) described five motor components of maximal ECS in 

rabbits. The first they described as "latency" or a period of muscular tn

acti vation. The second was described as an extreme flexton component of 

the tonus while the third was described as an extreme extension component 

of the tonic phase. The fourth was descrtbed as the clonic phase with one 

or more extensor thrusts and finally, the fifth was described as a post-sei

zure depression of muscular activity. The authors feel that tonic seizures 

are evidence of maximal seizure due to the tnabUity of various factors to 

change the duration or severity of tonic seizures. The brain would appear to 

be maximally active during a tonic seizure and once the latter ls initiated 

the seizure would be independent of the stimulus. 

It is generally agreed that tontc-clonic convulsions indeed indicate 

maximal seizure activity (Rosenblueth and Cannon, 1942; Toman et al. 1946; 

and others). For purposes of this paper Toman•s description of the seizure 

actlvtty is adequate. It consists of four essential phases: a latency phase, 

a tonic phase consisUnq of first hindleg flexton, then extension, a clonic 

phase and lastly a post-ictal depressive phase. The latency phase was 

defined as that period of time from the initial shock to the hindleg extension 

compcnent of the tonic phase (roman et al •• 1957). Regretably, this period 

which is defined as "latency .. includes the fleXion component of the tonic 

phase. However the definition is a convenient one and permits accuracy in 

observation. The period of time between the initial izhock and the beginninq 
i 

;i.....--~--~~~~--------~------------~--------~~~-----.~-~~-,~M~ 
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of the clonic phase was defined as the duration of the seizure (for further 

explanation see the Methods and Materials section). 

3. The Pattern of Latency 

Toman et al. (1946, 1948): Penfield and Jasper (1954); Bonnet and 

Bremer (1956); Gerin (1960): and Rosenblueth and Cannon (1942) have ob

served that following a maximal shock there is a brief period of what appears 

as a reduction of both electrical and motor activity as seen by the EEG and 

clinical observation. This inactivation represents inhibitory mechanisms 

acting in a temporal sequence, 1. e. before the excitatory mechanisms, in

activating neuronal firing (Jeans and Toman, 1956). These authors have 

shown that this latency re~ches a minimum which is inversely related to 

the shock intensity. 

A phenomerumdescribed by Leao and Morrison (1945) may be associated 

with latency data. This "spreading depression" was found in the EEG of 

rabbits, under dial anesthesia, following subthreshold moderate tetanic 

stimulation. The authors postulated a neuronal mechanism acted on by 

changes in the blood-brain barrier brought on by the electrical stimulation. 

Subcortical structures were not thought to play a part in this 11 spreading 

depression 11
• However, the phenomenunwas of the order of thirty seconds to 

four minutes; thus, it was not reducible to the latency of approximately two 

seconds described by Toman (1946). 

McCulloch (1944) and Bailey et al. (1940) describe a suppressive area 

of the cortex which actively suppressed both the electrical and motor activity 

when stimulated. This 11 suppression 11 acted with a slow time course through 

cortico-subcortical circuits, by unknown pathways, to block thalamo-corti

cal circuits. Dusser de .Barenne et al. (1942) and Sloan and Jasper (1950) , 

subsequently proved that this suppression was actually a spreading depressio* 
I 

i elicited by electrotonic or chemical influences along cortico-cortical cir- •: 

J cuits. 1 
(, ______________________________ :\!l~.i!;~.'IID.-~~ 
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Propa9ation of the seizure discharge may be explained by several 

mechanisms. For Green and Naquet U9 67) propagation represents extra

synaptic irradiation from cell-to-cell following dendr1Uc depolarization. 

French et al. (1956) suwests that it may be ephaptic and 1nterdendr1ttc. 

Kretndler (1965) compared propagation to an oil spot that comprises larger 

and lar9er qroups of neiohboring neurons by certain preferential circuitry. 

While one or several of these mechanisms may be active it is the contention 

of this thesis that the question of pathways involved and synaptic or extra

synaptlc transmission of the seizure actiVity are not significant in this 

early period followino maximal stimulation. The reasoning ts thus: (1) we 

deal here with a maximal stimulus of high frequency and duration. It is 

loqical to assume that all neurons capable of firing will fire; (2) the current 

will travel quickly throughout the brain as indicated by the fact that Russell 

(1949) and Spiegel (1942) have shown that as the intensity of the stimulus 

increases, the impedance of the brain tissue decreases. The time period 

fo~ this current to pass through is in the order of 500 miliseconds or less. 

(3) Pathways are not significant in this early staqe because of the total 

depolarization. This depolarization should result in an essentially un

patterned, random neuronal firing. 

On an indiVidual neuron level Sawa et al. (1963) did studies on the 

motor cortex. hippocampus and pyramidal tract areas during maximal elec

trical stimulus. It was demonstrated that there was a progressive decrease 

in hyperpolariz1ng waves and a oradual increase in depolarizing waves with 

a temporal summation. Following this phase, there was a sustained depol

arization with no record of activity 1n the corttcogram. Bullock (1967) states 

that one type of neuronal inhibition may .be due to sustained depolarization. 

Sawa et al. (1963) further suggests that this sustained depolarization could 

be due to a blocking of inhibitory transmitters and a prolongation of the 

actiVity of Ute excitatory transmitters. In any case, this phenomena may 

l 
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constitute a sufficient explanation for Toman' s (1946) phenomena of latency. 

However, the EEG notoriously records only the superficial level of 

neuronal activity. And. as stated before, the neuronal aggre9ate may act 1n 

a different manner from the individual neuron. The electrical stimulus ap

plied to the whole brain ls a maximal one and fires all neurons sometimes at 

rates approximating 1000 per second (MoruzzJ., 1939). Moreover, 1t is cer

tainly possible that ephapUc transmission as well as synaptic transmission 

occurs, as suggested by Bullock (1967), and that maximal stimulus alters 

glial-neuronal relationships, thereby altering membrane excitability. There

fore, all neurons fire during the latency in an essentially random manner; by 

so firing they may destroy whatever functional order that existed previous to 

the stimulus. Both inhibitory and excitatory synapses are active and con

sequently their cumulative effects tend to cancel one another in terms of their 

influences on circuitry patterns. Intemeuronal patterns, with this acute 

stimulus, become unclear and disorganized. The EEG reflects the summed 

effects of inhibitory and excitatory influences. The motor activity reflects 

massive neuronal firing in a random manner with both peripheral flexors 

and extensors activated and consequently, an increase in muscle tone with

out an exhibition of predomtnently flexion or extension. 

If several EEG tracings following maximal stimulus are observed, an I 
initial period of absent spike activity lasting in each record for api:roxtmately I 
one second to one second-and-a-half may be seen (See outlined patterns in i 
Figures 1 and 2). Penfield and Jasper (1954) label this first period as a period I 
of asynchronous activation. Rosenblueth and Cannon (1942) call it a latency I 
phase. I 

Before further explanation ts attempted it would be wise to suggest that I 
there are certain correlations between EEG tracings and motor activity. Rosenf 

blueth and Cannon (1942), Adrian and Moruzzi (1939), and Bremer (1938) re- j 
port that potential waves tn the cortex and discharge waves in the pyramidal 1 



STIMULATION AFTER-DISCHARGE 

~M1r~~~~~l(f(ffrt.Vi~ 

·,~i~(f~~~B,J{ trf 
4 5 

• Sec 

Ftgugt l· Electrocortlcogram showing dlffel'9nt atagea of electrical after
dlacbarge (From Penfleld ud Jaaper, 1954, p. 201. cited by Krelndler, 1965, 
p. 3). 



A 

B 

I 
I 

-~11111111111111!11.,'1.l1111111.,.11•··1ll111,,1111lill 
,,~ .... ,, 

J •11 11111•1111 11 111 1111111111111 11111, 111 11 ,', 11 n, ,, ~n~,, 1 ,,,,, .. 

111111111111 I 1 I I I I' I I I' I I I I I 
I 

~~~~Mt~~M~MM/1 /1 /1f1/1 /1 ."1 t1.'"1 ,"'/'-- '--, '--. "'--- '-- "'---- "--- · 
'I ' r 1 I ' 

ngure. L 01cUlographlc tractno of the cortical surface electrogram of ar•a 
4 following stimulation of thi• .-a. SUmulu1 was induced at point A. The 
Ume interval between A and B 1• one aecond (From Roaenblueth and Cannon. 
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tract are closely related .but not inseparable. Unfortunately, the latency 

phase has the poorest temporal correlation with the EEG and until the matter 

is investigated further. It may be stated only that there is an initial period 

after maximal ECS of approximately one to two seconds during which there is 

a flat EEG and an increase in muscle tone with no evidence of predominently 

flexor or extensor contraction. 

4. The Pattern .21, Tonus 

In decerebrate animals, rigidity of posture has been demonstrated by 

many investigators. Bazett and Penfield (1922) reported that with chronic 

decerebrate animals, flexor rigidity resulted while Ranson and Hinsey (1929) 

described the tensor rigidity resulting after decerebration. 

As early as 1913, T. G. Brown noticed that stimulation of the reticular 

formation in decerebrate animals caused a decrease in rigidity. Ingram et al. 

(1932) demonstrated this in normal animals. It is well known however that 

the major portion of the reticular formation, when stimulated, facilitates or 

augments reflexes and cortically-induced movements (Truex and Carpenter, 

1964). 

According to Truex and Carpenter (1964) there are three general regions 

of the reticular formation. The first, a median region, contains the nuclei 

of the raphe and the paramedian nuclei. Thia region is apparenUy unimpor

tant in generalized seizure acttvtty. The second, a medial reqion, consis

ting of approximately the medial two-thirds of the total reticular substance, 

l 
I 
i 
I 
I 
I 

is regarded as the effector area. The third, a small lateral region, is ref- j 
fered to as the sensory area because of the large amounts of collateral fibers 

projected to it from sensory pathways. The reticular formation can .be further I 
divided into rostral and caudal divisions, the rostral extending from the upper I 
medulla to the hypothalamus and subthalamus, while the caudal extends 

through the medulla. The former, as stated previously, appears to .be a 

facilitatory area while the latter is concerned with inhibitory functions. 
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Ward (1947) postulates that decerebrate lesions cause rigidity by inter

rupting all afferent impulses to the bulbar suppressor region: this deafferen

tation induces a paralysis of that region. The facilitatory region (in the 

lateral pontile tegmentum) continues to receive afferents from the cord and 

its influences continue to inbalance the behavioral manifestations. 

Bergmann et al. (1963) induced generalized tonic-clonic conwlsions 

accompanied by abolition of pupillary and corneal reflexes by stimulation of 

the mesencephallc reticular formation. The EEG showed cortical desynchroni

zation. Gastaut (1958a) suggested that gross telencephalic discharges, in

duced by Metrazol, might liberate the tonic discharge of the bulbar reticular 

formation resulting in tonua. Kreindler et al. (1958) showed that in rats a 

tonic-clonic conwlsion was induced .by stimulation of the brain stem. The 

marked tonic component in the peripheral musculature constituted by the 

flexor system. These authors postulate that in the reticular substance of 

the brain stem there are neuronal structures which permit the development of 

a convulsive attack. The stimulus can give rise to neuronal reverberation 

and potent1at1on which preserve and intensify the excitation for a certain 

length of time. Decerebration. they point out, neither prevents the seizure 

nor alters its neuronal counterpart. Smith and Purpura (1960) found that a 

high frequency stimulation of the reticular formation inhibited low frequency 

afterdischarges of epUeptogenlc lesions which. in tum, facilitated hioh 

frequency afterdischarge. Gastaut and Fischer-Williams (1959) postulated 

that in orand mal seizures functional elimination of the thalamo-corttcal 

system allows for loss of consciousness and liberation of the reticular system 

to product tonus. Gas taut (1958b) hypothesized that the tonic neuromuscular 

seizure depends on the caudal retl'cular formation while loss of consciousness 

would depend on the rostral reticular formation, the thalamus and the cortex. 

Thus, throughout the literature, the reticular formation has been heavily im

plicated in the causation or functional relation with the seizure discharge. 

! 
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If the data point to the role of the reticular formation exerting control 

over tonic seizure actiV:lty, there is ample evidence that both peripheral and 

specific regions of the brain exert modulating influences on this control. 

Granit and Kaada (1952) demonstrated that as the facilitatory area of the re

ticular formation was stimulated, the efferent discharge of the garmf' ( j' ) 

motor neurons was increased and the proprioceptive input from the muscle 

spindle was strengthened. Furthermore it b known that the gamma efferents 

are actively controlled by the reticular formation. Ward (1947) states that 

muscle proprioceptors play a role in the maintenance of rigidity in the de

cerebrate state. Sherrington and Frohlich (1902) and Rhines and Magoun 

(1946) demonstrated that stimulation of the direct spino-cerebellar tracts 

resulted in an increase in rigidity. Other peripheral sensory input involvtng 

the baroreceptors. {Kreindler, 1946), the sympathetic nervous system (Var

daptean, 1963), and the viscera (Kreindler, 1955) has been shown to influence 

the activity of the facilitatory mechanism involving maintenance of rigidity 

tbroU<Jh decerebration. 

The specific regions of the brain that appear to modify tonic seizure 

actiV:lty are, besides the reticular formation, the cerebellum, thalamus and 

hippocampus. Stertade (1960) demonstrated that penicillin-induced hyper

synchrony of the derebral cortex occurred against a background of diffuse 

desyncbrony brought about by cerebellar and thalamic stimulation. Suppres

sion of the spikes by the cerebellum and diffuse thalamlc nuclei would occur 

early in the seizure with facilitation of the spikes by these structures as the 

seizure proceeded. Generally, as the amplitude of the spikes increased, 

the facilitation increased. Inhibition of rigidity produced by decerebration 

has occurred by stimulation of the anterior lobe of the cerebellum. (Miller 

and Banting, 19221 Warren and Olmstead, 1923) AblaUon of this region in

creased the decerebrate rigidity. Kreindler and Steriade (1964) reported that 

a high rate of stimulation of the dorsal amygdaloid structures resulted in a 

! 
I 
I 
I 
i 
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reticular-like desynchronizing reaction while stimulation of the ventral amyg- l 
I 

daloid structure resulted 1n synchronization of the EEG. 

It is 9enerally agreed that after the initial ECS there is a period of 

rapid low voltage waves in the EEG tracing. Followtnq this, there is a 

gradual decrease in the wave frequency and an increase ln the wave voltage 

with a characteristic spike-wave complex appeaiing. The spike-wave com

plex ts an intermittent one alternating with periods of no apparent electrical 

activity. There is some correlation between the ;;:pike-wave complex and 

the clonic phase of the seizure {Rosenblueth and Cannon, 1942); this will be 

discussed later in the thesis. However, if a comparison is made between 

EEG recordings of the early phase of the seizure v.'1th recordings of stimula

tion of the cortex through the reticular formation a similarity vlf.11 be ::een. 

(Outlined in Figures 3 and 4). 

The evidence presented above points to an important funcUon of the 

reticular formaUon 1n the tonic phase of the ECS. It ts the belief of many 

of the authors mentioned above that tonic-clonic conwlsions produced by 

maximal stimulation are not essentially cortical seizures, but subcortical 

ones induced primarily as a reaction to the supra-maximal stimulus. It is 

certainly Possible that the EEG tracings and neuromuscular activities are 

correlated if only in a general manner. As Rosenblueth and Cannon (1942) 

and others imply, the EEG represents a complex of brain structures while 

the neuromuscular activity represents only the manifestation of activation 

of the final common pa th way. 

During the latency period of the ECS there ts a phase of maxtmal 

firing of all neurons and maximal 9lial interaction. In the single neuron 

there is a gradual decrease in the membrane hyperpolarization and an in

crease 1n the depolarization. While the latency conststs of maximal un

pattemed, essentially random firinq, during the tonic phase of the ECS 

the reticular fonnation fires to pattern the random activity of the cerebrum. 
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Figure]_. Electrooorticogram showing different stages of electrical after
discharqe (From Penfield and Jasper, 1954, p. 201, cited by Kreindler, 
1965, p. 3). 
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Figure i· Facilitatory effect of reticular stimulation on neocortical dis
charge. A = backoround activity; B • afterdischaroe induced by stimulatino 
the left slqmold ;yrus; C • marked increase in siomoidal after-discharges 
aasoclatino the neocortical stimulation to a fast repetitive reticular stimu
lation. Vertical bars indicate a lapse of 5 seconds. (Kreindler, 1965, p. 
147). 



This results in two activities: the descending activation of the reticular for

mation influences the flexor rigidity of tonus (due, in part, to the inhibition 

by the anterior cerebellum) 
1 

and the ascending activation influences the de

synchrony pattern of the EEG. It is important to realize that the animal is 

functionally decerebrate at this time, 1. e. it exhibits no patterned cortical 

acti v:ity. 

Following this phase there is no longer a clear correlation between the 

EEG and neuromuscular activity, although certain speculations seem permis

sible. Flexor proprioceptive input, particularly from the gamma-efferent, and 

facilitation by the cerebellum results in an abrupt change from flexor to ex

tensor rigidity as seen in decerebrate animals. The EEG shows a gradual in

crease in voltage and decrease in frequency of spike activity. This may be 

explained as a competitive phenomenon among the reticular formation, cere

bellum, hippocampal and reverberating thalamic circuits. Another possibility 

is the neuronal-glial interaction with a decrease in excitability due to a 

change in individual membrane permeability. 

It is known that after a convulsive attack the ascending reticular ac

tivating system is one of the first functional systems to resume pre-ictal 

activity (Kreindler, 19 65), thus illustrating the biological priority of this 

system. For purposes of this thesis the tonic phase will represent total 

activation of the reticular formation as a result of an overpowering stimulus. 

The muscular activity seen in the tonic phase represents modulation of the 

reticular activity by cerebellar and hippocampal influences. The EEG tracings 

demonstrates a gradual summation of these modulatory influences after a 

period of initial reticular de synchrony. 

5. The Pattern of Clonus 

Rosenblueth and Cannon (1942) reported that the clonic neuromuscular 

contractions correlated in rate and amplitude with the irregular, low fre

quency and high voltage spike-wave complexes in the EEG tracings. On the 
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EEG tracings (See non-ouUined patterns of Figures 1 and 3) it is seen that a j 
development of the spike-wave complex does indeed occur which according to I 
Kreindler et al. (1956) ts originated from cortical and thalamic areas in commo~ 
vvith the phenomena of paroxysmal hypersynchronism. Penfield and Jasper 

(1954) propose a thalamic origin for this activity. Petsche (1963) reported 

that this activity is of cortical origin due to a process of synchronization 

while the thalamus plays a small role in its appearance. As stated before, it 

has been shown that cerebellar influences (Kreindler and Steriade, 1960b; 

Sterlade, 1960) cause a facilitation of hypersynchrony and that these influence 

can act on a cortical level. 

Gas~,u t (1958) believes that the thalamo-caudate system produces the 

slow wave dctivity and actively inhibits the reticular desynchrony. He also 

states that convulsions involving the telencephalon and diencephalon have 

only a clonic phase. Kreindler (1955) suggests that the cortex disassociates 

the tonic attack and is stgnificam ly involved in the arrest of the epileptic 

seizure. Von Euler (1958) reported that the hippocampus, non-specific thala

mic systems and the c..:1udate nucleus are inhibitory structures acting on the 

high frequency, low voltage EEG waves. Fernandez-Guardiola (1962) states 

that in Metrazol seizures the cerebellum functions during clonus by an in

crease in fn~~uency of unit discharges with each spike-wave complex. Other 

authors believe that clonus repre3ents an active inhibitory process by the 

caudate nucleus {Junq, 1949), ventral thalamic nuclei {Votnescu et al., 1956) 

or fatigue and decrease of metabolic reserves (Gastaut, 1954). Kreindler 

(1965) postulates that separate neuronal chains distinct from the ones in

volved in the seizure activity of tonus as they exhibit longer refractory per

iods, are involved in the clonic neuromuscular movements. 

It is here maintained that clonus represents the first signs of cortical 

influences on neuronmuscular activity. As the EEG tracinq demonstrates a 

gradual change, the clonic movements represent abrupt activity on the part of 

I 
.~ 
~ 
~ 
I 
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the cortex and reverberant activity on the part of subcortical structures. The 

qradual build-up of the spike-wave complex in the EEG represents these re

verberant circuits overriding the decreasing tonic desynchrony of the reticular 

fo1mation. The demonstrated flexor movements are adjustments from the 

severe tonic extensor stretch. Statistically, most neurons are becoming- more 1 

hyperpolarlzed (Sawa et al., 1963) and Inhibitory mechanisms are coming Into I 
effect to off set the maximal bursts produced during latency and tonus. 

S. The End of Seizure AcUvity 

It ts probable that the hyrerexcitable neurons become anoxic rapidly 

during the ECS. Lactic acid and other toxic metabolites are formed to a 

qreater extent than tn the course of normal activity. Undoubtably, this 

neuronal exhaustion plays a significant part in the termination of seizure 

activity. As for active inhibitory mechanisms, they are many, quite varied 

and subject to much discussion (Kreindler and Zuckermann, 1956; Femandez

Guardiola et al., 1962; Tersuolo, 1954; Jasper, 1955 and others). In this 

thesis, the fatality rates of ECS will be discussed in this context. and fur

ther references will be presented. 

7. Summary 

Correlation between the EEG tracing, neuromuscular manifestations, 

functional patterning and stages of the ECS ts qi ven in Table I. 

E. lb.! PhwmacolOSJy ~ !b.!. ElectroconvuJslye Seizure 

l . Introduction 

The drugs utilized in this study will be presented tn four major cata

gories: chollnerqic, serotonergic, adrenergic and miscellaneous compounds. 

Earlier data on the former three categories of drugs and their influence on the 

ECS, behavior and the EEG ls most controversial. A general review of the 

literature ls presented ln this section as a background to the data presented 

in this thesis. 
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Stage of the ECS Skeletal Musculature 

Manifestations 

Latency- generalized increase in 
muscle tone 

J 
gradual shift 
to: 

Ton us- extreme increase in 

Flexion: 
flexor muscle tone 

! abrupt shift 

Extension: extreme increase in 
extensor muscle tone 

I 
i abrupt shift 

'II 

Clonus- irregular, jerky flexion 
movements 

Functional 
Patterning 

all neurons and circuitry 
firing in an unpa tterned 
fashion-essentially a de
cerebrate animal 

l abrupt shift 

firing of reticular formation 
with modulation by the an
terior cerebellum, hippo
campus and other regions (?} 

1 abrupt shift 
to: 

cortico-thalamic reverberation 
and modulatory affects of 
peripheral input 

--~---~=w~· ··-1 EEG Tracing 

inactivation 

l gradual shift 
to: 

de synchrony with 
gradual increase in 
amplitude and decrease 
in frequency 

l abrupt shift 
to: 

high amplitude low 
frequency spikes cor
related with flexor 
movements 

I 

Table I. Correlation of the stages of the ECS with skeletal musculature manifestations, functional 
patterning and EEG tracing in the generalized tonic-clonic seizure. 
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2. CholinersJic Drugs 

Richter and Crossland (1949) demonstrated that within a few tenths of a 

second after the appltcatlon of an electrical sUmulus the level of acetylcho

Une (ACh) in the protein-bound form in the brain dropped rapidly. They sug

gested that convulsive activity is associated with a release of free ACh so 

that the concentration of bound ACh decreases and the rate of the formaUon 

of free ACh increases as a compensaUon. Mcllwain (1955) and Takahashi et 

al. (1961) suggested that an lncre;;ise in ACh ls necessary for convulsive ac

tivity. Pope et al. (1947) and Tower and Elliott (1952) demonstrated an in

crease in activity of cholinesterase in epileptic foci which could be inter

preted as a compensation for the increase in free ACh due to its increased 

synthesis. Bose et al. (l958a, 1958b) showed that anticonvulsant drugs 

usually reduce the amount of ACh in the brain. {Elliott (1955) measuring ACh 

level& during seizure, reported that when the concentration of ACh decreases 

to forty per cent of normal in the brain, convulsive activity ceases). Voicu

lescu et al. (1957) showed that at the end of seizure activity the free ACh 

concentration falls to normal values and that a compensatory increase in 

bound ACh, sometimes up to three hundred per cent, occurs. It seems rea

sonable to assert. therefore, from this evidence that ACh in the free form 

9enerally increases neuronal excitability. 

However, behaviorally, there is data suggestive of a central choliner- , 

gic system inhibiting general central nervous system responsiveness (Carlton, I 
1963; Warburton, 1969). Grossman and Grossman 0.966) have found that stt- I 
mulation with carbamylcholine in the mid-brain reticular structure decreased 

avoidance behavior but increased apetative behavior. They postulate that 

their data points to a decrease in the level of general reactivity which in 

tum decreases irrelevant response tendencies. Warburton and Russell 0.969) 

conflrmed these results involving the hippocampus as one site of the inhi

bition of the general reactivtty. Anderson (19 66) found fibers from the septo-
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hippocampal area terminating in excitatory synapses on the pyramidal den

drites. Shute and Lewis 0.966), in tum, traced a "cholinergic" pathway 

from the reticular formation to the septa! area. In any case, there does 

appear to be some type of cholinergic mechanism acting on the reticular for

mation in the brain stem to inhibit or modulate certain behaviors. 

3. Serotonergic Drugs 

In single doses, serotonin has not been reported to affect seizure ac

tivity. In multiple doses. given by a general route, serotonin causes an an

tagonism of Metrazol-induced convulsions {Cahn, 1957). However, Wada 

(19 61) found that in cats and monkeys, five-hydroxytryptophan (5-HTP) favors 

epileptic activity. 

After ECS treatment, an increase in 5-HTP has been reported without an 

increase in monoamine oxidase activity (Spilman, 1960). Electroshock was 

observed to elevate the brain serotonin levels even after the administration 

of anticonvulsant drugs (Garattini et al., 1960). These results have been 

questioned by other investigators. Several studies (DeSchaepdryver et al., 

1962; P'An et al., 1961) have indicated that there is no relationship between 

sensitivity to convulsions and brain serotonin levels. 

Serotonin has been described as a depressant of the electrical activity 

of the brain (Curtis, 1959; Pineda and Sunder, 19 63). Monnier (1960) de

scribed a depressant action with low doses of 5-HT or 5-HTP and an exci

tatory effect with high doses on brain electrical activity. It has been shown 

that serotonin depresses the monosynaptic reflex in the isolated spinal cord 

of the frog (Carels, 1962) Koelle et al. {1960) ascribe a modulating role to 

serotonin. 

Behaviorally, Brodie et al. (19 60) believe that the sedative effect of I
! 

I reserpine is due to its depletion of bound centrally-acting serotonin. Smith f 

~ (1960) and Himwich and Costa (1960) contradicted this principle in their i I \ 
1 studies of ~ -methyldopa and 5-HTP. Giarman and Schanberg (1961) believe ' 
~ I 
L~--~----~----------------------------------------==----··--'~' 



that the sedative effect of 5-HT is due to an increase in the ratio of free 

s-HT to bound 5-HT in the cell. Lysergtc acid as an excitant is a power

ful and specific antagonist of 5-HT on peripheral tissues but not in the 

brain where these two drugs stimulate some cenrers and inhibit others 

(Gaddum, 1962). Udenfriend (1957) found that low levels of free S-HT 

caused sedation while high levels caused excitement. 

4. Adrenergic Drugs 

Norepinephrtne and epinephrine are found in various areas of the 

central nervous system especially in areas concerned with central auto

nomic regulation including the reticular formation (Vogt, 1954). Kety 

(1967) implies that norepinephrtne and dopamine are ubiquitous regulators 

but are located predominantly in the higher brain centers including the 

hypothalamus and mid-brain. Dahlstrom and Fuxe (1964) found cate

cholamlnerglc neurons in the lateral regions of the pons, medulla and 

mesencephalon while serotonergtc neurons were located primarily in the 

Raphe nuclei of the brain stem. 

Bonvallet (1954) and Dell and Bonvallet (1956) postulate an adren

ergic mechanism in the reticular formation having ascending and de

scending influences. Both epinephrine and norepinephrlne cause EEG 

arousal when given intravenously but not by close arterial injection. 

Gaddum (1962) and Rothballer (1956) confirmed these studies. DeMaar 

and Martin (1956) demonstrated that in unanesthestzed cats epinephrine 

caused EEG arousal and spindle bursts while norepinephrine die not. 

Repeated administration of noreptnephrine caused EEG slowing. Reserpine 

causes depletion of catecholamines with resultant depregsion, out Spec·· 

tor et al. (1960) believe that there is oetter evidence relati<lq increased 

levels of the catecholamines with arousal. 

BulbrinQ et al. (1948) found that epinephrine facilitated the exten

sor and depressed the flexor movements evoked by stlmulatlnq the de-
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scending motor tracts. Skoglund (1952) found that epinephrine directly in

creases the mono£ynaptic extensor responses. 

Behaviorally, Toman (1957) found that monoamines generally increased 

seizure latency and relate this to a "diffuse inhibition" following maximal 

ECS. Carlton (1963) on the basis of the studies of the sympathomimetic 

dni9, amphetamine, postulated an adrenerqic activating system antagonized 

by a cholinerotc system. Brodie and Shore (1957) working with amphetamine 

and lyserolc acid postulated a sympathetic center activated by norepinephrine 

and antagonized by serotonin. It has been shown that 5-HTP and dopamine. 

Precursors for serotonin and norepinephrine respectively, compete with each 

other for the same transport mechanisms in the brain {Schanberg, 1963). 

In summary, there is a plethora of confl1ctin9 data concerning the 

neurohumors; but cholinergic and serotoneroic inhibitory functions with 

adrenergtc activating functions predominate in terms of both EEG and be

havioral data. Further correlation is discussed later in this thesis. 

l, ____________________________________________________ ......., ______ --J 
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Materials and Methods 

A. Laboratory Animals 

The mice used in this study were adult, male albino .M:!!! musculus 

SC-1 obtained from Abrams Breeders in Chicago, Illinois. This strain or

iginates from the inbred strains of CF-1 from Carworth Farms. All mice 

weighed between twenty-five and forty-five grams and were approximately 

fifty-nine to ninety days old. During a two week post-reception period 

the mice were housed in a room maintained a.t a constant temperature of 

75° F. :±: 5° F. Food and water were available ad libitum. All electro

shock experiments were carried out between 9:00 A.M. and 3:00 P.M. 

B. Apparatus 

The stimulator for inducing the maximal electroshock eeizure was 

similar to that described by Woodbury and Davenport (Woodbury and Daven

port, 1952). The shock duration was 0. 2 seconds in duration and the cur

rent intensity was a constant 21 miliamperes at 60 cps measured directly. 

This current was approximately three times the minimum current used to 

produce tonic-clonic convulsions in the strain CF-1 (Scudder et al., 19 66) 

and below the current value inducing irreversible damage to nerve tissue 

and blood vessels (Ferraro et al., 1946). This current was also at the level 

of the EDlOO value measured previously in this laboratory for this strain of 

mice. Since the impedance was quite high despite the use of both Spiegel 

corneal electrodes (see below) and a primary continuous variable auto

transformer which varied the voltage up to 2000 volts, the current was 

assumed to be independent of the small changes in resistance of the tissue 

(Russell. 1949; Spiegel and Henry, 1942). The resistance (electrical) of 

the animals was assumed to be 500 ohms. In this study, tonic-clonic 

convulsions were considered as evidence of the induction of maximal 

seizures and of the corresponding electrical activity of the brain (Toman et 

al., 1946). 
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C • Procedure 

Electric shocks for producing tonic-clonic convulsions were delivered 

through corneal electrodes (Spiegel, 1937). This technique .:c>wers the high 

tissue impedance when current is applied through the intact skull of the 

animal. Several drops of 2. 0% sodium chloride solution were put on each 

electrode before the shock. The animals were held firmly in place by hand, 

the shock was administered and simultaneously two electrical elapsed-time 

meters were started. Immediately after receiving the shock the animals 

were placed in a clear plastic cage. 

The first timer was stopped at the beginning of the extensor thrust of 

tonus and this measurement was J.a':>eled latency. The second timer was 

stopped at the first siqns of clonic movements, i.e. short, Jerky flexor 

movements of the hind limbs which follow the tonus: this measurement ex

pressed the ECS duration (Toman et al., 1946; Toman et al.~ 1957). The 

changes in latency and duration were measured for cootrol animals and 

animals in various drug-t1eated groups. 

D. Druqs and Dosages 

All drugs and drug combinations were given intraperitoneally. Dilu

tions of drugs were such that all animals received a constant volume of so

lution per unit of body weight (o.ol mVg.). 

The total duration of the study covered a period of approximately three 

months. During this time period, four separate groups of mice used as con

trols were shocked at various intervals to obtain any change in latency or 

duration which might be age or situation related. These groups were stag

gered throughout these three months so that a control check was carried out 

during the entire study. 

Tables II through VI illustrate the drugs, dosages and regimens uti

. lized in this study. 

I E. Statistical Analysis 1, ________ ............... 



Table II. Adrenergic and serotonergic drugs utilized in thls study with methods of preparation, 
dosages and administration. 

Drug 

Reserpine 

D, L-Dopa 

Alpha-methyl
para-tyrosine 
( ' -MPT) 

Pargyline 
{Abbott Labs, 
MO 911) 

Pre1?9ration 

Dissolved in 0.9% sodium chloride 
solution 

Warmed and dissolved in 0.9% 
sodium chloride solution 

Mixed and dissolved in C .1% 
sodium chloride solution and 2 
mgm of tragacanth per cc of 
solution; suspension is spinned 
until homogenous 

Dissolved in o. 9% sodium chloride 
solution 

five-hydroxy- Warmed and dissolved in 0.9% 
D, L-tryptophan sodium chloride solution 
(5-HTP) 

p-chlrophenyl
alanine 

(CP-10) 

Dissolved in O. 9% sodium 
chloride solution and 2 mgm 
of tragacanth per cc of solution; 
suspension is spinned until 
homogenous 

Dose 

10 mgm/Kgm of 
body weight 

50 mgm/Kgm of 
body weight 

80 mgm/Kgm of 
body weight 

100 mgm/Kgm of 
body weight 

100 mgm/Kgm of 
body weight 

316 mgm/Kgm of 
body weight 

Time Elapsed Prior to ECS 

4 hours 

15 minutes 

One injection every four 
hours until a total of three 
injections; 4th injection 
one hour prior to ECS, 11 
hours later 

24 hours 

15 minutes 

One injection per day for 
three days; on fourth day, 
one hour prior to ECS 



Table III. Cholinergic drugs utilized in this study with methods of preparation, dosages --~~'"'~- · 1 
and administration. 

Drug Preparation 

Scopolamine Dissolved in 0.9% sodium chloride 
. Hydrobromide solution 

Physostigmine Dissolved in 0 ~ 9% sodium chloride 
Salicylate, solution 
u.s.P. 

Diisopropyl- Dissolved in peanut oil 
fluorophosphate 
(DFP) 

Dose 

0. 03 mgm/Kgm of body weight 
0 e 03 U II II II n 

1
0
00 U II ti It II 

1.00 II II II II II 

2 
0 

00 II It II II II 

2.00 It II II 11 II 

0. 001 mgm/Kgm of body weight 
o. 001 ti It II JI II 

o. 005 II 11 
ti H JI 

0.005 II H ti II II 

0 o 010 II II II OI II 

0 
0 

010 II II II 11 II 

o. 050 II II II U II 

o. 050 II II II II ll 

0. 05 mgm/Kgm of body weight 
o. 05 II II ti If II 

0.10 U II II U II 

0.10 II II II 11 II 

1. 00 II II II ti ti 

1. 00 11 II II II II 

Time Elapsed 
Prior to ECS 

15 minutes 
60 minutes 
15 minutes 
60 minutes 
15 minutes 
60 rnimtes 

15 minutes 
60 minutes 
15 minutes 
60 minutes 
15 minutes 
60 minutes 
15 minutes 
60 minutes 

15 minutes 
60 minutes 
15 minutes 
60 minutes 
15 minlt es 
60 minutes 

l L-----------------------------------------------~·-·· 



'fable IV. Miscellaneous drugs and regimens utilized in this 
study with methods of preparation, dosages and administration. 

1 

Drug .Qr 

Regimen 

Ethanol, U. S • P. 

, u n 

Enovid, 10 

Isolated Mice 

Fighting Mice 

Mice shocked 
after frustration 

L-methionine-
D, L-sulfoxamine 

Parahexyl 

Preparation and/or dosage 

15% by volume; O. 01 mgm/Kgm of 

II II II 

body weight 
; 0 • 01 mgm/Kgm of 

body weight 

Dissolved in 0.9% 0.10 mgm/Kgm of 
sodium chloride body weight 
solution 

Mice were isolated for fourteen days 

Mice were isolated for fourteen days 
and on fifteenth day pairs of mice 
were placed in cages together 

Mice received 5 second foot shock 
with 65 second rest period between 
shocks; repeat for fifty times 

Dissolved in 25 mgm/Kgm of body wt. 
0. 9% sodium 25 mgm/Kgm of body wt. 
chloride solu-25 11 11 11 11 11 

tion so II II II II II 

50 11 JI II ti II 

50 II II II II II 

75 ti II II II II 

75 11 It 11 II 11 

75 II II II It fl 

100 II II II II II 

100 II It II II II 

100 II II II II II 

Boiled and 3 • 0 mgm/Kgm of body weight 
dissolved 3 • 0 mgm/Kgm of body weight 
in 0.9% 7.0 II II II " It 

sodium 7.0 II II It II II 

chloride 15.0 II II II " II 

solution 15.0 II II II " II 

Time Elapsed 

5 minutes 

60 minutes 

60 minutes 

ECS was induced 
on fifteenth day 
of isolation 

ECS was induced 
during fighting 

ECS was induced 
immediately after 
frustration 

15 minutes 
60 minutes 

240 minutes 
15 minutes 
60 minutes 

240 minutes 
15 minutes 
60 minutes 

240 minutes 
15 minutes 
60 minutes 

240 minutes 

15 minutes 
60 minutes 
15 minutes 
60 minutes 
15 minutes 
60 minutes 

I 
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'I' able V. 'fhe preparation, dosage and method of administration of 
rnethamp11etarnine utilized in this study. 

Dissolved in 0.9% 
sodium chloride 
solution 

Method of Administration 

Acute 
II 

II 

" 
" 
" 

Drug given twice a day 

Dose 

3.0 mgm/Kgm 
6.0 • " 

12.0 II ti 

24.0 ti " 
48.0 ii II 

96.0 II II 

3.0 mgm/Kgm 

Time El~~ed Prior. 
to ECS -----

of body weight 60 minutes 
If II II 60 minutes 
tl 14 II 60 minutes 
" " II 60 minutes 
" " " 60 minutes 
II II " 60 minutes 

of body weight Day#l 60 Dissolved in 0.9% 
sodium chloride 
solution 

at increasing doses, 6.0 II ,, II II " Day#.2 60 minut·s 

Dissolved in 0.9% 
sodium chloride 
solution 

Dissolved in 0.9% 
sodium chloride 
solution 

ECS induced after mor-
ning injection 

Constant dose; drug 
given twice a day, 
ECS induced after 
morning injection 

Constant dose; drug 
given twice a day, 
ECS induced after 
morning injection 

12.0 " II 

24.0 II II 

48.0 II " 

3.0 mgm/Kgm 
3.0 II II 

3.0 " II 

3.0 II " 
3.0 I• II 

7.0 mgm/Kgm 
7.0 II II 

7.0 II II 

7.0 II " 
7.0 " fl 

Ii II II Day#3 60 minut 
ti ti " Day#4 60 minut 
II " " Day#-5 60 

of body weight Day#l 60 minut 
II II " Day#2 60 mi nut 
II II " Day#3 60 
II II II Day#4 60 
" II II Day#5 60 

of body weight Day#l 60 minut ' 
II " n Day#2 60 mi nut 
" 

,, II Day#3 60 mi nut 
II " If Day#4 60 mi nut 
Ii " II Day#S 60 minut 
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Most groups of mice contained ten to twenty animals for a given con

trol run or an experimental drug run. The means and standard errors for the 

latency and duration were determined for each run from the values obtained 

from these ten to twenty animals. The various values obtained for the four 

control groups during the period of experimentation were placed into four 

separate control blocks respectively and each block was analyzed for 

significant variation between each other. The four separate blocks were 

then pooled for a mean control value for latency and duration. Each ex

perimental drug run was analyzed with Fischer's unpaired "T" distribution 

versus the major control value (Dunn, 1964). The degree of freedom were 

assumed to be infinite. All data was analyzed at the Data Processing Center 

of Loyola University. 



Results 

A. Control Groups 

The data for the four series of control groups is presented in Figures 

s through 7. Figure 7 illustrates the percentage of fatalities occurring on 

each shock trial of the control animals to the age of the animals. ·rhere 

was initially a relatively high rate of fatalities (up to 30 per cent) which 

gradually decreased to zero and remains at this level for the remainder of 

the experimental period. Figure 5 illustrates the mean control latencies of 

the four control groups to the age of the animals. There is no significant 

change in latency in any of the four groups (p > • 3) when analyzed for vari

ability against the lowest and highest values of each group. Figure a demon

strates the changes in duration of the four control groups with the age of 

the animals. In control group II there was a gradual decrease in variability 

of the duration value as the age of the animal increased. In control qroups 

I and III there is a gradual decrease in duration as the age of the animal 

decreases. However, these changes were not significant (p ~ • 3) when 

analyzed for variation against the lowest and highest values of each group. 

The four control group values were pooled to yield a single control 

value. (mean± SE, seconds) The latency and duration values of this control 

were: l.947 - .048 seconds (259 animals) for latency and 16.638 - .309 

seconds (253 animals) for duration. 

B. Adrer:iergi~ 51nd -~q!.9.!l!rg!c Drugs 

The data for these drugs are presented in Table 7 and Figure 8. In the 

figure (as with the remainder of the figures in this study) the data is pre

sented as percentage above or below mean control levels, the probability 

of each value included with the data. When a large number of fatality rates 

prevented a legitimate statistical analysis VI.1th any p::.rt.t.::ular drug regimen 

the term SEE TEXT is given in the figure. These large fatality rates will be 

discussed in a subsequent section in this study. In Figure 8 it is seen that 
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Flqvq 1· Daily control fatalities for the four control groups dur1n9 the 
experimental period. 
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Table z. The effect of adrenergic and serotonergic drugs on 
the 1c:ter1c1 .:rnd durntion 11alue~·. (me,'!n * Sf., recond.,-) of ECf 
ln mice. 

Control 

Reserpine 

D, L-Dopa 

5-RTP 

CP-10 

Nwnber..Qf 
Determinations 

259 

10 

14 

13 

16 

16 

I,atency Number ..Q! Duration 

1.947±.048 253 16.539~.309 

1.745:1:.069 10 17.810:t.683 

2.279*.166 14 15.604:t:.341 

1.sso.=.013 14 18.2!)4:t:.65o 

2. 063:.t::. 090 16 16. 84l:i:. 336 

~; 



% CHANGE OF 
LATENCY FROM 
CONTROL 

D 
+40 

+20 

+10 

-10 

-20 

-30 

-40 

DRUG 

THE EFFECT OF ADRENERGIC AND SEROTONERGIC DRUGS 

ON THE LATENCY AND DURATION OF ECS 

P<Dll 

P<.Oll 

RESERPINE D,L-DOPA ct-MPT 5-HTP CP-10 

+40 

+30 

+20 

+10 

-10 

-20 

-!O 

-40 

"CHANGE OF 
DURATION FROM 
CONTROL 

figure J,. Percent change from control latency and curatton values for the 
values foe the var1oua adrenervtc and 1wotonergtc drugs uUlized in thia 
study. P values are gtven for% changes for each drug in the expedmental 
group. 
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D. L-Dopa. A drug that 1ncreas2 the lev•ls of catechohmlnot In the contra! I 
nervous r;ystem induced an 1ncrc:&se in latency valuea; and a decrease in dura-1 

tion values. 5-HTP which may selecUvely increase central serotonin levels 

caused an increase in duration value with no significant change in the laten

cy value. Para-chlorophenylalantne. (CP-10, a drug which induces a dif

ferential lowering of serotonin levels in the central nervous system is cor

related with an increase in both latency and duration in the seizure. 

The administration of reserpine induced changes opposite to that seen 

with the administration of D, L-Dopa, i.e. a t>ignificant decrease in latency 

and increase in duration. The addition of«. -MPT resulted in a slight, non

significant decrease in latency and a significant increase in duration. 

C. Chgllnergtc Dn.toa 

The data for the scopolamine are presented in Table 8 and Figure 15. 

This drug was administered to the mice in various dosaqes and they were 

schocked at various times after injection. At the lowest dosage, 0.03 mgm/ 

Kgm. at fifteen minutes after injection. there was a decrease in duration and 

no significant change in latency. When ECS was induced one hour after 

injection, there is no significant change in either variable. With the two 

higher dosages, fatalities prevented a meaningful statistical analysts when 

the drugs were~ ven fifteen minutes prior to ECS. When ECS was induced oni 

hour after injection there was an increase in latency and duration values for 

the highest dosage. 

The data for the drug physostigmine are presented in Table 8 and Figure 

14. At the lowest dose, 0.001 m;m/Kgm, there was a significant decrease in 

duration at the fifteen minute period, but no change in latency or duration 

for the one hour period. At the dose level of o. 005 mgm/Kgm there was a 

d~cre&se in duration after fifteen minutes and one hour but no sic;inificant 

change in latency at either time period. With 0.01 mgm/Kgm there was a 

decrease in duration after fifteen minutes while after one hour there is an 



Table 8. The effect of scopolamine, physostigmine and di-
isopropyl phosphorof louridate on the latency and duration 
values (mean ~ SE, seconds) of ECS in mice. 

Drus: and Method Number of Latency Number of Duratio 
of Ad.ministration Determinations Determinations 

Control 259 1.947:1:.048 253 16.638±.309 

scopolamine 

0.03mgm/Kgm 
15minutes prior to ECS 16 2.047+.087 14 15.132:1:.325 
60 minutes prior to ECS 12 1. 996;. 089 10 16.275±.914 

1.00 rngm/Kgm 
15 minutes prior to ECS 94.0% Fatalities 
60 II II II " 12 2.221±.095 9 16.224:1:.570 

2.00 mgm/Kgm 
15 minutes prior to ECS 100% Fatalities 
60 II fl II II 14 2.214±.079 10 19 .140:±1. 963 

Physostigmine 

0.000 mgm/Kgm 
15 minutes prior to ECS 13 1.812:1:.080 14 15.318:t:.r.4~ 
60 II fl II II 14 1. 868±. 073 12 15.829:Jc.392 

0.005 mgrn/Kgm 
15 minutes prior to ECS 10 1.990•.141 12 15.027±. 392 
60 II " " If 14 1. 957±.105 13 15.185:1:.312 

0.01 mgm/Kgm 
15 minutes prior to ECS 10 1.775%.056 10 14.875:t.598 
60 II II II II 14 2.lSO:t.109 14 15.900:S.567 

0.05 mgm/Kgm 
15 minutes prior to ECS 14 1. 771±. 066 15 15.567:1:.747 
60 II fl II ti 15 2.023:t.087 15 15.647±.242 

Dii.sopropyl phosphorof louridate 

'). 15 11gr1/Kgm 
15 minutes prior to ECS 12 1. 800±. 064 11 14.995:S.515 

< 
60 II II II II 18 1. 989:t. 091 18 15.478±.362 

0.10 mgm/Kgm 
15 minutes prior to ECS 12 2.046±.115 11 14.649:l-.517 
60 ti II II II 12 1. 9 3 8:1: • 0 9 0 12 16.479±.651 

1. 00 

60 " II " " 14 1.982:1:-.147 14 17.382±.372 

"' 



% CHANGE OF THE EFFECT OF PHYSOSTIGMINE ON THE % CHANGE OF 
LATENCY FROM LATENCY AND DURATION OF ECS DURATION FROM 
CONTROL CONTROL 

D 
+40 +40 VlJ 
+30 +30 

+20· +20 

+10 P<.Ot 
+10 

-10 -10 

-20 -20 

-30 

-40 L-~~~~~~~~~~~~~~~~~~~~~~~~ -40 

DOSE mo/ko· 0.001 O.OOI Q005 O.OOll 0.01 0.01 0.06 0.06 

ELAPSED TIME 15 80 15 60 15 10 15 10 
BEFORE ECS (MIN) 

FiqureJ!. Percent change from control latency and duration values for 
physostigmine given in various doses and time pedods prior to ECS. P 
values are given for% changes for each regimen in the experimental group. 
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'Yo CH ANGE OF THE EFFECT OF SCOPOLAMINE ON THE % CHANGE OF 
LATENCY FROM 

LATENCY AND DURATION OF ECS DURATION FROM 
CONTROL CONTROL 

D 
+40. +40 

t7J 
+30 +30 

+20 +20 

P< .~ 
+10 +10 

P<. I 
P<.2 

SEE TEXT SEE TEXT 

P>.4 

-10 -10 P<.01 

-20 -20 
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increase in latency with no significant change in duration. At the highest 

dose of 0. 05 m;m/Kom of body weight there was a decrease in latency a.'\d 

duration after fifteen minutes and a deorease in duration after one hour. 

The data, diisopropyl phosphoroflouridate (DFP) is presented in Table 

8 and Figure 16. There we:s no significant change in latency at any dose or 

time period with this drug. At all doses there is a decrease in duration, but 

at tha hlghect dos~. 1. 0 mgm/K9m of body weight, after one hour the increaBe 

i~; stat1sUca!ly non-d9nificant. There was a greater chan9e with all doses 

in dure:.tion after the fifteen minute period than after one hour. 

£·. Adreoer21c 1!!l2. Serotonerqtc l2IYa Comb1nat1ons 

rhe data for these drug combinations df6 presented in Tables 11 and llb 

'~nd in Ftgurei, 9 and 9b. Reserpine given wilh CP-10 is associated With a 

l&rge decNar~e in latency and a marked increase in duration while reserpine 

given with 5-HTP increased duration .but caused no significant change in 

latency. Reserpine 9iven with D, L-Dopa resulted in no significant change 

in latency or duration. Reserpine given with 9(. -MPT is associated with a 

decrease in latency and an increase in duration. Reserpine given wttho< -lvIPT 

and CP-10 resulted in an increase in duration and a decrease in latency. Re

serpine given with o( -MPT, CP-10, 5-HTP and pargyllne is associated with 

an increase in latency and duration. Pargyline given with 5-HTP resulted in 

an increase in letency and decrease in duration. Pargyline with D, L•Dopa 

markedly increased in latency and decrease in duration while pargyline with 

o(-MPT increased both the latency and duration. Pargyline 7iven v;ith 

CP-10 ,;nd S-HTP showed an increase in latency and decrease in duration. 

Pargyline given with D, L-Dopa and o(-MPT ¥\'as associated with an increase 
< 

in latency and no significant change in duration. Pargyline given with 5-HTP 

ando(-MPT increased in the latency and decrea£ed duration while pargyline 

given with o(-MPT, CP-10, and 5-HTP increased the duration, but c.1used no 

significant change in latency. 



Table 1 • The effect of var ous adrenergic and seretonergic 
drug combinations on the latency and duration values (mean 
+ SE, seconds) of ECS in mice. 

~rug. . 
combinations 

Control 

Reserpine 
CP-10 

Reserpine 
5-HTP 

Reserpine 
D, L-Dopa 

Reserpine 
<X.-MPT 

Reserpine 
o£.-MP'£ 

CP-10 

Reserpine 
-MPT 

CP-10 
Pargyline 
5-HTP 

Pargyline 
5-H'I'P 

Pargyline 
O, L-Dopa 

Pargyline 
Q(.-MPT 

Pargyline 
CP-10 
5-HTP 

Pargyline 
D, L-Dopa 
o(-MPT 

Parygyline 
D, L-Dopa 
5-HTP 

259 

13 

13 

12 

11 

11 

9 

10 

13 

18 

9 

15 

Latency NumLer of Duration 
determlnaITons 

1.947+0.048 

1.438+0.031 

1.973+0.090 

2.046+0.061 

1.623+0.034 

1.668+0.046 

2.156+0.138 

2.755+0.166 

2.527+0.153 

2.239+0.110 

2.467+0.253 

2.450+0.157 

81.8% Fatalities 

253 16.638+0.309 

8 28.738+0.759 

12 18.775+0.693 

11 16.255+0.491 

9 26.378+0956 

6 28.608+2.513 

8 20.888+1.422 

10 14.655+0.701 

13 14.342+0.305 

18 18.125+0.960 

11 1,41.514±_0.894 

15 16.443+0.747 



Table llb. The effect of various adrenergic and 
serotonergic drug combinations on the latency and 
duration values (mean % SE, seconds) of ECS in mice. 

~ Number of 
comb--rriation Deteririinations 

Latency Number of Duration 
determinations 

Control 

Pargyline 
5-HTP 
<0

-MPT 

Pargyline 
CP-10 
5-HTP 
v..( -MPT 

CP,-10 
,;\-MPT 

5-HTP 
V\, -MPT 

259 
259 

5 

12 

16 

14 

1.947±.048 253 16.638±.309 

3.260±.474 5 ll.340±.423 

1.888±.070 12 20. 717±1.65; 

1.766±.067 11 19. 946:rl. 83: 

1.761±.049 11 25.936%1.59" 
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P values are given for the % changes for each drug combination in the ex
perimental group. 
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The administration ofoC-MPT and CP-10 together resulted in a decrease 

in latency and an increase in duration. ~-MPT given with 5-HTP caused a 

marked increase in duration, but no significant change in latency. 

The administration of o(-MPT and CP-10 together resulted in a decrease 

in latency and an increase in duration, while that ofo(-MPT and of 5-HTP re

sulted in an increase in duration and a decrease in latency. 

The fatality rates are interesting in this series in the fact that five 

combinations of drugs had somewhat increased fatality rates. These combi

nations are: 

1. pargyline and 5-HTP 
2. o(-MPT, reserpine and CP-10 
3. pargyline, 5-HTP and -MPT 
4. pargyline, 5-HTP and CP-10 
5. pargyline, D, L-Dopa, 5-HTP 

36.5% 
37 .4% 
61.6% 
40.0% 
81.6% 

In the case of the last combination the fatality rates were increased to 

diminish, statistically, any appropriate statement that could be made as to 

the latency or duration values (Figure 9b) However, as can be seen from 

these combinations, the drugs 5-HTP and pargyline are given together in 

four of these combinations and in three of these combinations (1, 3 and 5) 

the serotonin levels were raised to 400% or ma e above mean levels (Richard

f;on, unpublished observations} with varying levels of catecholamines from 

35% below mean to 200% above mean levels. 

r:. ~,,retham_phetamine 

1 • Acute Regimen 

The data for methamphetamine given at various doses one hour prior to 

ECS are given in Table 9 and Figure 1 O. At all dose levels and one hour past 
< 

injection, there was an increase in latency while there is a gradual, dose 

response, decrease in duration. The two higher dosages were associated 

with a 100.0% mortality following the seizure. 

2. Chronic, constant, .L..Q. msim/Kgm of body weight dose 



Table 9. The effect of acutely-given methamphetamine 
and chronic, increasing doses given over a five day 
period on the latency and duration values (mean ± SE, 
seconds) of ECS in mice. 

Number of Latency Number of Duration Drue;: and 
Regimen determinations determinations 

Meth amphetamine 
Acute 
60 minutes prior to ECS 

3.0 mgm/Kgm 13 

6.0 rngm/Kgm 14 

12.0 mgm/Kgm 11 

24.0 mgm/Kgm 8 

48.0 mgm/Kgm 

96.0 mgm/Kgm 

Methamphetamine 
Chronic, Increasing dose 

Day il 3.0 mgm/Kgm 23 

Day #2 6.0 mgm/Kgm 23 

Day #3 12.0 mgm/Kgm 19 

Day #4 24.0 mgm/Kgm 3 

Day i5 48.0 mgm/Kgm 

Control 259 

2.262±.088 13 

2.471±.103 14 

2.391%.092 8 

2.200%.187 7 

100.0% Fatalities 

100.0% Fatalities 

1.776±.018 

1.872±.035 

2.313±.114 

2.250±.155 

22 

21 

16 

4 

100.0% Fatalities 

1.947±.048 253 

16.554+.763 

13.679±.579 

12.506±.728 

11.206%.764 

15.934±.280 

17.076%.484 

17.631±.565 

18. 800%.1. 46 

16.638±.309 
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The data for this particular regimen are given in Table 10 and Figure 

11. In all cases, there is an increase in latency and decrease in dura

tion which is apparently not dose-related. 

3. Chronic, constant 7. 0 mgm/Kgm of body weight dose 

The data for this particular regimen are given in Table 10 and Fig

ure 12. In all cases, there is an increase in latency and duration. 

However, there is evidence for habituation to the effects produced by 

methamphetamine on the durational changes. There is no evidence for 

habituation to changes in latency. 

4. Chronic, increasing regimen 

The data for this regimen is presented in Table 9 and Figure 13. 

There was a gradual increase in latency and duration from non-signifi

cance to significant statistical levels. 

F. Miscellaneous Drugs and Regimens 

The data for this series is presented in Table 12 and Figure 17. 

1. Ethanol 

Ethanol given at 15.0% by volume after both five minutes and one 

hour prior to ECS very markedly increased the latency and decreased the 

duration of the seizure. Interestingly, it was difficult to distinguish 

the tonic phase from the clonic phase, i.e. the tonic phase was not 

abrupt and tended to run into the clonic phase. 

2. Enovid 10 

Enovid 10 given at 1. 0 mgm/Kgm of body weight and one hour prior 

to ECS failed to change the latency or duration. Female mice were ana

lyzed against a female control after the female control failed to show any 

" significant change in lntency or duration agc!nst the male control group. 

3. Isolated Mice 

Mice isolated for a period of fourteen days with ECS induced on 

the morning of the fifteenth day failed to show a significant change in 
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Table 10. The effect of chronic, steady doses of methamphetamine 
given over a five day period on the latency and duration values 
(mean ~ SE, seconds) of ECS in mice. 

Drug and Regimen Nwnber of Latencx Number of Duration 
determinations determinations 

control 259 1.947+0.048 253 16.638+0.309 

Methamphetamine 
Chronic, steady 

Day #1 3.0mgm/Kgm 22 2.014+0.037 23 13.193+0.551 

Day 12 3.0 mgm/Kgm 17 2.118+0.057 15 12.643+0.461 

Day f. 3 3.0 mgm/Kgm 17 2.147+0.065 16 12.809+0.419 

Day #4 3.0 mgm/Kgm 18 2.100+0.057 21 13.431+0.480 

Day #5 3.0 mgm/Kgm 16 2.094+0.061 17 13.253+0.554 

Methamphetarnine 
Chronic, Steady 

Day il 7.0 mgm/Kgm 21 2.119+0.036 22 23.789+1.112 

oay #2 7.0 mgm/Kgm 16 2.131+0.104 17 19.412+0.946 

Day i3 7 • 0 Illgrn/Kgm 14 2.009+0.064 14 19.311+0.768 

Day f 4 7.0 mgm/Kgm 12 2.196+0.144 13 18.504+1.143 

Day f 5 7.0 mgm/Kgm 9 2.128+0.049 8 19.288+0.808 
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Table 12. The effect of miscellaneous drugs and regimens 
on the-"Tatency and duration values (mean : SE, seconds) 
of gcs in mice. 

Duration Drugs and/or Number of Latenc~ Number of 
Regimen determinations deternu.nations 

control 259 1.947±.048 

Ethanol-15% 

5 minutes prior to ECS 10 3.155±.196 
0 " " " " 16 2.784±.229 

Enovid 10 
1.0 mgm/Kgm 31 

female control 11 

Isolated 14 

Mice shocked after 11 
stress 

Fighting 5 

1. 871±. 046 

1.882±.046 

2.043:1::.123 

2.127±.107 

2.230±.134 

253 

13 
16 

29 

11 

14 

10 

6 

16.638±.309 

11.277±.583 
13.625±.741 

15.605±.339 

15.973±.331 

16.354±.582 

14. 815±1. 017 

13.642±.428 
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Figure 17. Percent change from control latency and duration values for the 
miscellaneous drugs and regimens utilized in this study. P values are given 
for% changes for each drug and/or regimen in the experimental group. 



latency or duration. 

4. Fighting Mice 

Mice were isolated for fourteen days and were allowed to fight after 

being placed in pairs in cages. The latency was significantly increased and 

the duration was significantly decreased during this activity. 

5. Stress 

Mice, after undergoing an unavoidable shock situation, showed an 

increase in latency and a decrease in duration. 

C. Methionine Sulfoxamine 

The data for this drug given in various dosages and time periods prior 

to ECS is shown on Table 13 and Figures 19a and 19b. At the lowest dose, 

2 5. 0 mgm/Kgm after fifteen minutes and duration of the seizure was decreased 

but there was no significant change in latency. After one hour, the latency 

is increased with no significant change in duration. After four hours, there 

was no significant change in latency or duration. 

At the 50. 0 mgm/Kgm there is an increase in latency and a decrease in 

duration fifteen minutes after the drug. After one hour, there was no signi

ficant change in latency or duration. After four hours, there ls an increase 

in both the latency and duration. 

At the 75. 0 mgm/Kgm there was no significant change in latency at any 

time period following the drug. After fifteen minutes there is a decrease in 

duration which disappears and then increases after one and four hours respec

tively. 

The administration of 100. 0 mgm/Kgm of body weight dosage, after 

fifteen minutes there is a decrease in duration and no change in latency. 

After one hour, there was a significant increase both of latency and duration. 

After four hours, the latency increased and the duration of the seizure de

creased. 

H. Parahexvl. 



Table 13. The effect of methionine sulfoxamine and parahexyl 
on thelatency and duration values (mean ± SE, seconds) of ECS 
in mice. 

Drug_ Number of Latency Number of Duration 
determinations determinat!ons 

Control 259 1.947±.048 253 16.638+.309 

Methionine Sulfoxamine 

25. 0 mgm/Kgm 
15 minutes prior to ECS16 1. 988±. 076 16 14.913•.483 
60 II II II 

II 17 2.241:1:.121 16 16.297:1:.347 
240 " II II II 12 2.017±.093 12 16.598±.523 
50.0 :mqm/Kgm 

15 minutes prior to ECS14 2.204±.084 12 14.188•.365 
60 It II II " 12 2.004±.071 11 15.686±. 719 

240 It II II II 14 2.16l:t.ll2 17.732:1:.450 
~5 ~'O mgm/Kgm 

15 minutes prior to ECS19 1.963±.058 16 14.797:1:.390 
60 " " II II 12 2.021±.516 14 15. 761±. 516 

240 " II II " 13 l. 988±. 083 15 17.320:t.515 
100.0 mgm/Kgm 

15 minutes prior to ECS13 2.023:t.095 14 14.664±.797 
60 II " II n 17 2.076±.069 17 18.032:1:.503 

240 fl II II II 16 2.281%.174 15 15.587±.460 

Parahexyl 

3.0 mgm/Kgm 13 1. 892±. 059 13 15.812±.720 
15 minutes prior to ECSll 2.018±.099 11 16 .100±. 515 
60 II " 11 ti 

7.0 mgm/Kgm 
IS minutes prior to ECSlO 1.850±.072 11 15.364±.475 
60 n " " " 8 2.144±.144 6 14.817:.t.603 

15. 0 mgm/Kgm 
15 minutes prior to ECS16 1. 978±. 077 16 17.244±.563 
60 !I " II " 16 2.147:!:.106 15 17.380±.767 
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The data for this drug is given on Table 13 and Figure 18. At the lowest 

dose of this drug there was no significant change in latency or duration at any 

time period. At 7. 0 mgm/Kom after fifteen minutes there was a decrease in 

duration while after one hour there was an increase in latency and decrease 

in duration. At 15. 0 mgm/Kgm after fifteen minutes there was no significant 

change in latency or dw-ation. After one hour there was an increase in la

tency with no significant change in duration. 
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Discussion 

A. Int!Oductton 

This diacusaion is divided into two sections. The first, dealing with 

a phermacologtcal analysis of the data, attempts to present the results in the 

light of recent pharmacological information on some of the mechanisms and 

action of these drugs. The second revtews the data in reference to a general 

systems analysis. It represents an effort to synthesize the patterns, shown 

by ECS latency and duration, of the organism's reaction to the overwhelming 

stimulus and bring them into a coherent whole. These sections are not 

clearly separable; the second section builds and enlarges on the concepts 

developed and clarified in the first. Therefore, the latter section assumes 

mechanisms that are postulated and discussed in the preceding parts of the 

thesis. In part thia analysis demon1trate1 that there are many waya of per

cei Ying or interpreting the data, all of them interconnected in a suitable 

frame of reference without which they may appear to be independent. 

B. Phannacoloqictl Analraia 

1 • Mreneraic .US Serotonemc Dnlqt 

From previous studies it has been shown that reserpine deplete• the 

brain of its dopamine, norepinephrine and serotonin contents (cf for instance 

Carlsson et al., 1958). The mechanism underlying this phenomena is open 

to debate at the present time, but generally it ii thought to be one concerned 

with a long-lasting block of the storage function of the amines (Dahlstrom 

et al., 1965). In a different manner, D, L-dihydroxyphenylalanine employed 

in the dose range utilized in this study, has been shown to increase dopamine 

and to a lesser extent, norei>tnephrine levels in the central nervous system. 

However, this drug has minimal effects on the levels of serotonin in the 

brain (HUlarp et al., 1966). Alpha-methyl-paratyrosine (r<'..~MPT) an inhibitor 

of tyrosine hydroxylase. has been shown to inhibit catecholamine synthesis 
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(Spector et al •• 1965), while para-chlorophenyalanine (CP-10) inhibits 

tryptophan hydroxylase resulting in a depletion of serotonin in the central 

nervous system with little or no effect on catecholamine levels (Koe and 

Weissman, 1966) Five-hydroxytryptophan (5-HTP) is the immediate precursor 

of serotonin (Udenfriend, 1959) resulting in a spectf1c increase of serotonin 

levels in the brain. Finally, pargyltne is a monoamine oxtdase inhibitor 

(MAOI) which acts to raise levels of serotonin and dopamine in the central 

nervous system (Richardson, unpublished data). 

The data on the ECS effect of the adrenergic drugs are relatively con

sistent. permitting convincing correlations. As shown before (Toman et al •• 

1946) increasing levels of amines centrally leads to an increase in latency; 

the decrease of the levels of central amines, leads to an increase in latency. 

However, Toman (personal communication, 1969) was never able to demon

strate a change in duration of the seizure correlated with catecholamine 

levels. In Figures 8, 9a and 9b we would show that with increases in a.mine 

levels there is a decrease in seizure duration and with decreases in central 

catecholamine levels there is an increase in seizure duration. In Figure 8 

the seizure duration value• for reserpine and D, L-Dopa were directly opposed 

which was correlated with their opposing effects on catecholamine concentra

tion in the brain while from Figure 9a it is seen that D, L-Dopa given with 

reserpine will directly antagonize its action resulting in no significant 

change in either latency or duration. Thia antireserpine effect of D, L-Dopa 

has been demonstrated many times both phannacoJogtcally and behaviorally 

(Carlsson et al., 1957; Blaschko and Chrusciel. 1960). Additionally a MAOI 

potenttates the effect of D, L-Dopa on the seizure pattern (Figure 9a), as 

would be expected if the effects of D. L-Dopa on the seizure were mediated 

through catecholamine levell. 

Similarly, c.{~MPT as a specific depletor of central catecholamines 

increased seizure and possibly decreased latency (Figure 8). However, when 
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given in combination with reserpine the results are incUcative of a depletion 

of catecholamines (Fii\11'8 9a). Furthermore the changes in duration are JX> -

tentiated suggesting that the catecholamines may be more closely aasociated 

with durational changes than latency changes. Although this point is debated 
, : I 

and others have shown an initial rise in catecholamines with :\-MPT given in 

combination with reserpine (Spector. 1966). data from this laboratory (Richard

son. unpublished obseivation1) have demonstrated a synergistic depression of 
;; 

catecholamines with reserpine and ~-MPT given in combination. CP-10 given 

in combination wtth reserpine and :;{.:..MPT (Figure 9a) reaults in a potentiation 

of the former combination with extremely high durational values. When·'-.-MPT 

was given in combination with a MAOI (Figure 9b) an increase in latency and 

duration resulted. Data from this laboratory indicates that with this particular 

combination there is a decrease in brain catecholamines of approximately 25%· 

30% thus accounting for the increase in duration. but also a 380% increase in 

serotonin levels which could possibly account for the increase in latency. 

The data for the drugs which affect the central serotonin levels are less 

clear. S•HTP alone (Figure 8) increased latency and duration while CP-10 

alone resulted in an increase 1n latency and caused no significant change in 

duration. Both these drugs appear to act specifically on serotonin levels 

(Richardson. unpublished observations) to raise or lower the levels of sero

tonin respectively. Moreover, CP-10 potentiatea reserpine's effect resulting 

in the largest decrease in latency and inc:reaae in duration in this series 

(Figure 9a). Data from this lab confirms thia fact with levels of brain amines 

and serotonin. 5-HTP given with reserpine results ln an increase in duration 

corresponding with a decrease in catecholamines while the latency values 

return to mean levels (Figure 9a) Again, data from this laboratory confirm 

this result with serotonin returning to mean levels while catecholamine levels 

remain decreased. This data may indicate that serotonin' s role may be that 

of a potentiator of the catecholamines as far as the durational values are 
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concerned, but exert its own distinct effect on the latency of the seizure. 

Pargyline, as an MAOI, results in an increase tn central serotonin and nor

epinephrine levels (Shore, 1962: Richardson, unpublished observations). 

Given in combination with 5-HTP (Figure 9a) it induces a potentiation of the 

effects seen with increased levels of catecholamines such as D, L-Dopa 

given alone (Figure 8). However, the effect of an increased duration when 

5-HTP ts gtven alone is completely antagonized by pargyline. This may sug

gest that the increase tn catecholamines play a major role with regards to 

the durational values. This may be bome out by the results due to the com

bination of CP-10, pargyltne an:l 5-HTP (Figure 9b). Here the increase tn 

serotonin and amine levels is not as great as in the case of 5-HTP-pargyllne 

combination (Richardson, unpublished observations), and consequently the 

effect of the increased amines ts diminished somewhat. 

CP-10 given with:,{-MPT and 5-HTP given wtthu<::.MPT (Figure 9b) both 

potentiates c{-MPT' s effects on the duration of the seizure. As the serotonin 

levels 1n the brain rise the durational clumges are potenUated. Yet with both 

combinations the changes in catecholamines, were decreased tn a similar 

manner as did the latency values. When i~MPT, pargyltne, CP-10 and 5-HTP 

were oi ven in combination {Figure 9b) the amine, serotonin and durational 

lEJr•ls remain approximately the same aa ·,¥1.th the,1-MPT, and 5-HTP combina

tion yet the latency does not slgntftcantly change. This may point to a spe

cific effect of pargyltno or of CP-10 on the lat&ncy values.. If a comparison 

ls made with r:{-MPT and S-HTP versus :x'.-MPT, 5-HTP and pargyltne (Figure 

9b) it is seen that the addition of parqyllne reverses the latency and duration 

values to a great degree. Recent experimental evidence (AghaJanian et al., 

1970) demonstrated that the MAOI in the same dosage used in this study exerts 

a specific response in depressing the fitino of serotonin neurons tn the Raphe 

nuclei of the bralnstem, while 5-HTP does not exert this effect. 



In summary, it I& seen that wt th an Increase In cate::olamlne s result l. 
in an increase in seizure latency and a decrease in seizure duraUon; the I 
opposite effects were found to hold true. D, L-Dopa will antagonize res er-

1
1.· 

pine's effects on the seizure parameters while 5-HTP antagonized only the l 
D, L-Dopa induced increase in latency. In general, drugs that act on the 

serotonin levels will potentiate the effects of the changes in catecholamines 

in so far as durational calues are concerned. The effect of serotonergic 

drugs on the latency of ECS remains unclear and further work must be done 

to clarify its mechanism. 

Bertler and Rosengren (1959) as well as Carlsson (1959) reported that 

the levels of dopamine in the brain were highest in the caudate nucleus and 

putamen while levels of norepinephrine were highest in the hypothalamus. 

Hillarp et al. (1966) state that cells that stain for five-hydroxytryptamine 

(5-HT) are in the lower brain stem localized in the Raphe complex while 

catecholaminergtc nerve cells were located laterally in the same area. 

Hornykiewicz (1966) states that dopamine cells are found predominently in 

the cephalic portion of the mesencephalon while norepinephrine and 5-HT

containtng cells are found in the caudal portion of the mesencephalic re

ticular formation. In the spinal cord, Hillarp et al. (1966) reported that 

5-HT and norepinephrine-containing cells occupy approximately similar dis

tribuUons, i.e. hi<JhlY concentrated in the sympathetic lateral columns and 

the lateral motor cell area. There are :to dopaminerqtc neurons yet found in 

the spinal cord. 

Physiologically a case may be stated for catecholamines and serotonin 

causing behavioral excitement and electrophysioloqical alerting (Marley, 
< 

1966) and depression respectively. Dispute has adsen over the effects of 

dopamine versus that of norepinephrlne as mediators of catecholamine ac

tivity. Some authors feel (KrnJevic and Phillis, 1963) that L-Dopa may have 

an effect of its own rather than merely as a precursor for dopamine or nor-

i 



46 

epinephrine. The data presented in this study indicates that catecholamines, 

acting through the reticular formation, affect a behavioral and electrophysio

logical excitatory activity. It might be postulated that the latency is in

creased because there is increased random firing from the disorganized neu

rons. The duration, however, is decreased because there is activation of 

the reticular formation resulting in less time for the tonic phase to be com

pleted. Serotonin' s role, as potentiator of the adrenergic system is shown 

only in the durational values and therefore the reticular formation activa

tion. This effect of serotonin is a late one in terms of pregression of the 

seizure; the data on its initial effects on latency are confusinq and need 

further clarifying. Koella et al. (1960) believe that serotonin's primary role 

lies in its modulating behavioral activities. 

Data from this laboratory on brain amine levels in association with the 

drugs used in this study do not point to a specific effect of either dopamine 

or norepinephrine as a primary mediator of the catecholamine effect. Rather 

the data point to a centrally located, catecholamine action. 

On the other hand, there is good evidence that the role of catechola

mines in seizure may be peripherally located. Certainly the location of 

norepinephrine-containing neurons in the lateral aspect of the reticular 

formation may point to a role in sensitizing this structure and raising its 

level of activity. Bau st et al. (1963) believe that arousal after injection 

(I. V.) of catecholamine in cat encephale !sole preparations was peripheral 

in origin and mediated through the reticular activating system. Living.£ton 

(1957) has shown that the reticular activating system does, in fact, mediate 

se:nsory cortical input. Similarly, the lethal effect of the combination of 
< 

5-HTP and pargyline may be a peripheral one stemming from either highly 

increased peripheral levels of serotonin or increased activity, beyond tol

erance levels, of the reticular formation. Further studies in this area are 

certainly needed to clarify these mechanisms. 
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2. Methamphetamine 

Amphetamines are generally believed to act through a mechanism in

volved with catecholamines (Dingell et al., 1967: Hanson, 1965) although 

the specific action is disputed. Smith (1963) and others have found that 

reserpine and the reserpine-induced norepinephrine depletion does not 

exert an anti-amphetamine effect, yet Weissman et al. (1966) found that 

Alpha-methyl-tyrosine ( -MT) which blockades the synthesis of norepineph

rine antagonizes amphetamine effect with regard to certain behaVioral para

meters. In Figure 10 it is shown that a various doses of methamphetamine, 

the latency is increased while the duration is decreased. The latter value 

shows a dose-response relationship. 

In this study it is assumed that methamphetamine is closely related 

pharmacologically to the amphetamines although exhibiting a larger than 

amphetamine central to peripheral effect ratio (Goodman and Gilman, 1970). 

At 12 mgm/Kgm of body wei1ht the fataility rate was 38.0% while at 24 mgm/ 

Kgm of body weight the fatality rate was 60.0%. At 48 mgm/Kgm of body 

weight the fatality rate was 100. 0% which shows an acceptable lethal dose-

response curve. 

Methamphetamine is seen to act on the seizure variables in a manner 

similar to the catecholamines, i.e. induces increase in latency and decrease 

in duration. It is interesting to note that while the effect on latency was 

relatively fixed, the duration shows a dose-response curve. The latency 

values follow those shown by Toman et al. (1957) using amphetamines. Data 

from this laboratory (Richardson, unpublished observations) shows that with 

measurements taken one hour after injection of methamphetamine at these 
< 

dosages the neurotransmitters concentration rises, although the dose-res-

ponse relationship is seen only with the rise exhibited in serotonin levels. 

This will be discussed at length later in this section. 

Figure ll shows the changes in latency and duration associated with 
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methamphetamine at 3.0 mgm/Kqm given twice a day for five days. The amine 

levels measured at this laboratory and by others (McLean and McCartney, 

1961) shows that this response induces a gradual decrease in the catechola

mine levels in the central nervous system. Yet, the ECS pattern does not 

indicate this concentration change in any way. However, McLean and 

McCartney (1961) measured a significant increase in the serotonin levels in 

brain. This may be a possible explanation for the response observed. 

A dose of 7. 0 mgm/Kgm of body weight, given twice a day for five 

consecutive days, induced a more or less fixed increase of latency while 

the duration showed first an increase and then significant tolerance with 

regard to the durational changes. Two possible explanations arise: first, 

the durational values may be associated with the rise in serotonin levels 

previously shown by McLean and McCartney (1961). Confirmation of this is 

given in Figure 8 for 5-HTP given alone. Therefore at this dosage metham

phetamine affects serotonergic receptors in the caudal mesencephalon. 

Secondly, the effects observed may be specific for this dosage of metham

phetamine acting to combine with norepinephrine receptors made available 

by depletion of this neurotransmitter by the administration of methampheta

mine as shown previously by Handon (1965). The latter explanation appears 

to be more tenable since the amphetamines have been shown to activate 

the reticular formation (Goodman and Gilman, 1970) resulting in both electro

encephalographic and behavioral evidence of alerting. (Bradley and Elkes, 

1953; Bradley, 1957) 

Bradley and Key (1958) demonstrated that amphetamines lower the 

threshold of the reticular formation to electrical stimulation. However, this 

was not dose dependent. As shown from Figure 11 an:i 12 strikingly dissimilar 

changes are produced in durational values dependent on the dosage of meth

amphetamine that was used. 

In the case of methamphetamine given in gradually increasing doses 
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over a five day period, no tolerance is shown to the fatality rates with this 

regimen due to the fact that at 24. 0 mgm/Kgm the fatality rate was 60. 0% 

while at 48.0 mgm/Kgm the rate was 100.0%. As can be seen 1n the figure 

there is an abrupt increase in latency on the third day while the duration 

values show a gradual change from a non-significant decrease on the first 

day to a significant increase on the fifth day (Figure 13). A threshold phe

nomena would not be expected in regards to latency particularly when pre

vious data (Figures 11 and 12) show at lower dosages, slight a large increase 

1n latency. Data from this laboratory (Richardson, unpublished observations) 

do not show any abrupt changes in catecholamine at this time; however, 

there is an abrupt rise in serotonin levels on the fourth and fifth days. This 

may lend further support that serotonin may augment catecholamine effects 

on duration values through serotonergic pathways in the lower reticular for

mation. On the other hand, as the dose in increased to above 6. 0 mgm/Kgm 

of body weight changes appear to shift in the seizure pattern so that the 

duration is increased. Thus the change in duration from chronically injected 

methamphetamine at 3. 0 mgm/Kgm of body weight (Figure 11) to 7. 0 mgm/Kgm 

of body weight (Figure 12) reflects an increase in duration while with chroni

cally increasing doses above 6.0 mgm/Kgm of body weight the duration in

crease significantly. (Figure 13) This may reflect a specific effect of meth

amphetamine related to low or high dosages when given 1n a chronic regimen. 

In acute regimens, the duration shows a dose dependent decrease (Figure 10). 

In summary then it is seen that 1n the case of acute administration of 

methamphetamine the latency is increased while the duration decreases in a 

dose dependent manner. This may reflect methamphetamine's effect as a 

sympathomimetic aqent asso"ciated with rises in catecholamine and serotonin 

levels in the central nervous system. At b~:.~ chronic doses, methampheta

mine acts again as a sympathomimetic agent. No tolerance is shown at the 

lower dosage. At higher doses methamphetamine may exert a specific effect 
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or attach to serotonin receptors rather than catecholamine receptors. The dos 

of 6. 0 mgm/Kgm of body weight may represent a threshold limit in a gradual 

shift from sympathom1metic activity to serotonergic activtty. 

3. Controls _yg Fatality rates 

Figures 5 and 6 show the findings for the control groups (each control 

group consisting of twenty or more animals) and the changes of latency and 

duration values of the ECS with the ag,3 of the animals. There was no sig

nificant change 1n latency or duration for a period of thirty to forty days during 

which the animals were randomly shocked approximately twice a week. This 

period of time represents approximately 3. 5% of the total life span for this 

species of mouse (Abrams Breeders, personal communication). This non

significant change in latency is in confitct with a earlier report (Toman et 

al., 1957) which states that latency increases with age. However, the study 

cited does not give any variables associated with that statement, nor ta there 

any repcrted data concerning the duraUon values. Woodbury and Davenport 

U952) state that the threshold for ECS in male Sprague-Dawley rats increases 

0.022 mA with each gram increase of .body weight. They also associate the 

increase in threshold to age of the animal. Worum and Proszasy U968) re

port that an increase in GABA occurs in the central nervous system with 

agtno and relate this to an over-all inhibition of activity. However, these 

differences were measured over a six month pedod for Sprague-Dawley rats, 

rather than to mice. 

To view the data differently perhaps repeated ECS may result in a 

change in the concentration of neurotransmitters resulting tn the reported 

increase in latency. Huesley et al. (1968) found that twenty minutes and 
< 

24 hours, respectively after single or multiple shocks, the 5-HT levels in the 

pons and medulla rose significantly while twenty-four hours after this treat

ment the norepinephrine levels rose significantly. Ho• ver, in rats treated 

with pseudoshock similar results occurred and the authors state that over-all 
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r:Jgntftcanc~ of the data ts lacking. Kety ,3t ?.l. (1367) !ou11d an increase in 

noreptner.-hrtne turnover in the central nervous syste•n \11.'ith rats treated ¥ith 

ECS once a day for eleven days. Pryor and Ctis (1969) reported an increase 

in acetylcholinesterase activity in rat brains after t;.vo weeks '"'hile £1n in

crease in W.O occurred after one week. HO\'v·aver, the rats were treated 

either daily or twice daily w1th maximal !:CS. The results presented in this 

study are not lnconststent wtth these findings primarily because the mice 

·were ehocked approximately twice a we;ek for only a thirty day period. These 

other f:'.tudi~s include far greater frequencies of ECS and duration of study thus 

allowtn; for changes to appear that may be compensated for 1n this particular 

regimen. 

Ftqure 1 ehows the fatality rates for the control groups. After reaching 

a peak of 21. 0% rate the fatality percentaqes dropped after the control groups 

were subjected to repeated ECS. The.re are several alternative explanatiotis 

for these data. It is possible th! t the animals with lower threEhold s for ECS 

were diminished after repeated shocks; the lower thresholds to EC3 resulting 

in a htqher state of excitement within the brain stem and a consequent des

truction of centers Vital to 11fe. It ts also conceivable that this excitability 

is related to neurotransmitter leveb and consequently the control groups 

after the first deaths had chan9ed transmitter values and were no longer 

randomized. This pa2sibility does not hold when the changes 1n time for 

letenoy and duration are seen. Since there were no significant change-~•. one 

must conclude that if the levels of neurotransmitters had changed thoy ,.._·ere 

at a level that if the levels of neurotransmitters had changed they were at a 

level that did not affect the latency or duration values. Concdvably, some 
< 

animals expired and were not included in the mean values; thereafter, the 

latency and duration did not change because these animals were not included. 

This is a poseiblltty, but intuitively one might feel that the means would 

not be! as conetstent as the dat~ ':'howr. 
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It is possible that peripheral effects may have played a part in the 

fatality rates. That the ECS is an overwhelming stimulus which requires a 

totally efficient organism is an important idea. One may say that a selective 

process was taking place with each trial of seizures for it is obvious that 

the animals which could adapt to the stimuli without destroying vital brain 

centers, survi11ed. However, any infections, any pathological process in 

the lung tissue resulting in poor tissue perfusion and a period of hypoxia 

exceeding that tolerated by the organism would result in death of the animal. 

Any myocardial damage previous to the stimuli would certainly be aggravated 

by the tremendous demands put on this system by the convulsive process • 

• 7:,,r1y structural abnormalities resulting in weakness of arterial walls would 

lead to massive hemorrhage and death. These and a host of other peripheral 

effects are sufficient to account for the fatality rates observed in the study. 

It is maintained here that the initial deaths represent a removal of these 

randomly aberrant animals. 

As 27. 0% wab the highest value for the fatalities, this figure was 

arbitrarily selected as a cut-off point and any value in the experimental 

groups that exceeded it was reported as a significant increase in fatality 

rates. These "abnormal" rates have already been mentioned and will be so 

stated in the entire discussion of the thesis. 

4. Cholinergic Drugs 

Although there has been no direct evidence of acetylcholine' s (ACh) 

fw1ction as a neurotransmitter in the central nervous system there is solid 

indirect evidence of its activities (Karczmar, 197 0). Eccles (19 64) and others 

have given the criteria for the prerequisites for a substance to be considered 
< 

as a chemical synaptic transmitter, and Sobotka (19 69) has reviewed the evi-

dence for ACh's role and found it entirely favorable. In any case, the pre

sumption of a central cholinergic mechanism does not, at the present time, 

seem unwarranted. 
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Hano, et al. (1964), Karczmar et al. (1968) and others have found ACh 

to be present in brain of mice including Mus musculus. Furthermore, ACh 

does seem to be specific for grey matter of the brain (Macintosh, 1941) al

though fibrous areas such as the corpus collosum and the internal capsule 

have siqnificant amounts thus arguing for a specific function. Fink and Urban 

(1966) found that ACh levels were highest in the basal ganglia. Others have 

found that the midbrain-diencephalon area (comprising the hypothalamus, 

thalamus and micbrain) contain the largest amounts with the pons-medulla, 

telenoephalon and cerebellum following in that order in decreasing concen

tration (Aprison et al., 1968; Bowers et al., 1966; Macintosh, 1941). 

On the other hand, Krnjevic 0.969) using acetylcholinesterase deter

minations (AChE) found a general aqreement with the distribution of ACh, 

although he states that the cholinergic pathways, if present, must belong 

to a sertes of pathways distinct from the fast conducting tracts best known 

to the neurophysiologists. 

Despite the classical work reviewed by Eccles (1969) and Curtis and 

Eccles (1958a, 1958b) and others on the activity of Renshaw cells, there is 

still much dispute concerning the chollnergic mechanisms elsewhere (for 

review cf. Karczmar, 1969). The Renshaw cell with its nicotinic character, 

high sensitivity to ACh and rapid excitatory effect seems to be opposed to 

the general cholinergic response in the central nervous system which is slow 

in its excitatory effects, may be blocked by atropine and is muscarinic in 

character. There have been numerous studies concerning the muscar:lnic 

excitatory effects of forebrain cells innervated by an ascending system origi

nating in the striatum and tegmentum (Kmjevic and Silver, 1965; Krnjevic 
< 

and Phillis, 1963). On the other hand the nicotinic excitatory effects in the 

thalamus (Anderson and Curtis, 1964) and medulla (Bradley et al., 1966) and 

the muscar:lnic depression of neuronal firing in various areas. (Bradley et 

al., 1966; Curtis et al., 1966). 
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The significance of these findings vary with the investigator• s opinion. 

Krnjevic (1969) believes that the data points to ACh mediating the durational 

response of the central nervous system to stimuli. ACh promotes repetitive 

discharges in response to single stimuli resulting in a "general facilitatory" 

action on the cortex. Its muscarinic, slow-acting effect may mediate tonic 

arousal of the brain. As a caution to this type of interpretation Karczmar 

(1969) warns that in many areas, the cortical cells' response depends on the 

state of arousal of the central nervous system and not on how the cell reacts 

to applied ACh. Cholinergic synapses may mediate noncholinergic, inhibi

tory phenomena or they may be coupled with inhibitory interneurons. To 

make the issue even more intractable, the Burn-Rand hypothesis (Burn and 

Rand, 1962) states that the cholinergic synapse may operate through the 

release of another non-cholinergic transmitter or mediator. Functional ac

tivity may result in decreases of ACh levels in the brain (Giarman and Pepeu, 

1962) or increases in ACh levels in the brain; the latter is suggested in

directly by the increases in AChE activity (Rosenzweig et al., 1968) induced 

by certain behavioral paradigms. As Karczmar (1969) states: 

"The functioning of the cholinergic synapse 
has to be carefully evaluated in terms of 
the state of its membrane, of simultaneous 
activity of other synapses, and of the inter
play of ACh with other transmitters or modu
latory substances. Indeed, studies of the 
cholinergic system demonstrated admirably 
the cybernetic character of the central ner
vous system. 11 

Scopolamine, a potent central nervous system cholinolytic (Goodman 

and Gilman, 1970) decreased the duration significantly at 0. 03 mg/Kgm given 

fifteen minutes prior to ECS while the latency was increased very slightly. 
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This pattern is similar as that seen with an increase in brain catecholamines 

(Figure 8). However, after one hour the latency and duration values re

mained unchanged. This pattern may represent several different effects. 

Scopolamine has been shown to lower the ACh levels in both the cerebral 

and mesencephalic areas of the brain (Fink and Urban, 1966; Sobotka, 1969) 

with brain levels approximating those of the control after one hour. Although 

dissimilar results have been found (Beani et al., 1964) it is postulated that 

scopolamine does indeed alter ACh levels allowing several possible alter

natives. The first may be a lessened antagonism to a generalized adrenergic

serotonergic system allowing this system to assume dominance over the ECS 

patterning (Carlton, 1963; White and Rudolph, 1968). This is possibly the 

most likely explanation for the changes seen after one hour. However it is 

conceivable that scopolamine due to its EEG depressing action (Bradley, 

1968) may depress the cholinergic arousal system (Rinaldi and Himwich, 

1955; Krnjevic, 1969) altering the ascending reticular formation. Another 

theory put forth by Meyers and Domino (1964) states that the depression of 

the cholinergic system interferes with the organization of sensory stimuli. 

This would explain the increase in latency as a function of disorganization, 

but wouldnnot explain the decrease in duration which represents significantly 

greater organization of the stimuli and a resultant shorter seizure period. 

At the dose of 1. 0 and 2. 0 mgm/Kgm of scopolamine administered 

fifteen minutes prior to the ECS the fatality rate was 94. 0% and 100% res

pectively ending the colle:ction of signlficant data as to the ECS parameters. 

These fatality rates may represent a lowering of ACh levels to the point of 

a minimal reaction to the stimuli by the organism resulting in death. So-
' 

botka (1969) found that with 2. 0 mgm/Kgm of body weight of scopolamine 

given in the same regimen, the levels of ACh dropped to 51. 0% of control 

value in the telencephalon and 37. 0% of control value in the midbrain-dien

cephalon area respectively. Behavioral excitant effectssof scopolamine 
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could also explain the increased fatality rates at these dosages and regimens. 

Following Meyers and Domino (19 64) theory, a paralysis of the sensory sys

tem might result in complete disorientation during the convulsion and sub

sequent anoxia of the medullary respiratory centers. In contrast to these 

theories, it has been suggested (Takahashi et al., 1961: Kurokowa et al., 

1963) that seizure intensity is directly related to ACh levels of the central 

nervous system. Therefore one would not expect a higher seizure intensity 

resulting in greater fatalities with lower ACh levels as demonstrated by 

Sobotka (19 69) • 

At 1. 0 and 2. 0 mgm/Kgm of scopolamine given one hour prior to the 

ECS significantly increased the seizure latency paralleling the effects seen 

at the lower dosage, while the duration showed significantly increased only 

with the larger dose. This data are in keeping with the disorganization of 

sensory stimuli theory of Meyers and Domino (1964):. a general lowering of 

ACh level would lead to a disorganization of sensory stimuli, a consequent 

loss of habituation to sensory stimuli (Carlton, 1968). This would explain 

prolonged latency and duration. Sobotka (1969) found that one hour after the 

administration of 2. 0 mgm/Kgm of scopolamine the levels of ACh in the mid

brain-diencephalon had returned to normal control levels while the levels of 

ACh in the telencephalon had remained significantly below control levels. 

This may suggest a cortical control of the temporal activity of the seizure 

with lower ACh levels resulting in lower cortical excitability and therefore 

less feedback into the reticular formation resulting in a prolonged tonic 

phase. In this regard, Longo (1966) postulated that a lowering of ACh in 

the cortex retards integration of an aggression-generating stimulus. If this 
< 

were so, the initial integration of the low amplitude, high frequency arousal 

input of the ascending reticular formation seen in the tonic phase of the 

seizure (Figure 1 and 3) could be retarded and the duration thus prolonged. 
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Multiphasic effects were obtained with physostigmine given at various 

doses and times prior to the ECS~ At o. 001 mgm/Kgm of body weight given 

fifteen minutes prior to the ECS there is a significant decrease in duration 

with no change in the latency value from control levels. This dose given 

one hour prior to the ECS shows no si9nif1cant change in either latency or 

duration. This effect of a shortened duration at the lowest level of physos

tigmine dosage is a minimal one and certainly open to question. Although 

physostigmine is a potent anticholinesterase (anti-ChE) resulting in in

creased levels of ACh (Goodman and Gilman, 1970) in the central nervous 

system, this data parallels that of an increase in catecholamine pattern. 

(Graph 8) However, antiChE's are known for their propensity in inducing 

the "divorce" phenomena (Karczmar, 1969) in which EEG alerting is produced 

without concomitant behavioral arousal. Similarly, the propensity of these 

compounds to produce "fast" sleep suggests that they may act through a 

thalamic-reticular activating pathway thus not affecting the latency yet 

shortening the duration of the seizure. Koelle's hypothesis (Koelle, 1966) 

of the anti-ChE' s acting through a percussive mechanism liberating modula

tory substances particularly catecholamines, may explain the data. As can 

be seen at the dose of 0. 005 mgm/Kgm of body weight given at both fifteen 

minutes and one hour prior to the ECS this same relationship holds i.e. a 

decrease in duration with no significant change in latency with a general 

tendency for the changes in duration to return to control levels after one 

hour. 

However, at the two higher dosages, i.e. 0. 01 mgm/Kgm and 0. 05 

mgm/Kgm changes in latency are seen after fifteen minutes with a curious 
< 

"rebound" phenomena after one hour. The changes in duration parallel the 

changes seen at the two lower dosages. Thus the pattern seen at the two 

higher doses are closely related to the pattern associated with increased 

levels of catecholamines (Figure 8) and the lower dosage of scopolamine, 
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(Figure 15) and may be a result of an increase in the activity of the adrenergic

serotonergic system or a depression of the cholinergic system allowing for a 

dominance of the former system. (Carlton, 1963; Goodman and Gilman, 1970) 

The data in this dose range may point to Koelle's percussive mechanism 

acting on generalized cholinergic pathways releasing amines. The tendency 

for antiChE' s to produce long-acting repetitive responses and through a 

basically adrenergic actiVity may illustrate the "cholinergic-link" phenomena 

described by Burn and Rand (19 62). 

At O. 005 mgm/Kgm of body weight given fifteen minutes prior to ECS 

there was a significantly higher fatality rate of 36.5%. This isolated find

ing is not given any significance for the drug in this particular regimen. 

Figure 16 illustrates the effect of diisopropyl phosphoroflouridate (DFP) 

on the seizure pattern. DFP is unique in the fact that it results in a so

called "irreversible" inactivation of AChE through a mechanism of alkyl

phosphorylation of the esterase. However, Karczmar et al. (1970) warn that 

the term "irreversible" may be a misnomer for the chemical reactions are si

milar for all inhibitors of AChE. In addition, compounds known as reactiva

tors activate AChE whether the enzyme is inhibited by reversible or irreversi

ble inhibitors. In any case, it is generally agreed that the duration of in

hibition of DFP is certaily longer than one hour which is the longer of the 

two time periods utilized in this study. 

From the figure it is seen that there are no significant latency changes 

at any given dosage or time period. Although this general lack of effect on 

latency does parallel that seen with physostigmine given at lower doses, 

there is no "rebound" phenomena on the latency values as seen with the highe 
'( 

doses, of physosUgmine, i.e. an abrupt reversal of values at two different 

time periods prior to ECS. While durational changes there does seem to be a 

recovery period after one hour. In all dosages after fifteen minutes the du

ration is significantly prolonged while at the two higher dosages after one 
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hour the duration is not significantly prolonged. At the dose of 0.05 mgm/ 

Kgm of body weight the duration remains significantly shortened after one 

hour. Data from this laboratory (Richardson, unpublished observations) con

cerning the amine changes with this regimen of DFP shows that after fifteen 

minutes in all the dosages there is a significant increase in serotonin levels 

while after one hour only the lower dose (O. 05 mgm/Kgm of body weight) 

returnf: to control levels. The catecholamines at this lower dosage show a 

significant increase with a return to control level after one hour. At the two 

higher doses the catecholamines show a gradual decrease (not statistically 

significant) with return to control levEi after one hour. There may be a 

slight case rnada for the adrenerglc-serotonergic system reflecting the changes 

in duration, but the patterns do not correlate well and it is assume? that 

DFP acts predominently on the cholinocepttve neurons in a manner generally 

parallel to physostigmine. 

In summary with regards to the cholinergic drugs it is seen that sco

polamine exhibits a biphasic effect which is dose dependent. At lower 

doses, it is seen to act in a manner parallel to the prevK>usly described 

adrenergic-serotonergic system while at higher doses it acts in a manner 

consistent with a cholinolytic effect. This biphasic effect of atropinics 

has been previously reported (Karczmar and Scudder, 19 69) with reference to 

aggressive behavior and cholinergic mechanisms. Whether the effects of the 

adrenergic-serotonergic system is equivalent to a cholinolytic effect can 

not be decided, phannacologically, from this data. The antiChE's act in a 

manner that is qutte dissimilar from the adrenergic-serotonergic system, 

although there is no direct polarity. In general their effects are in direct 
< 

polarity from the higher doses of scopolamine. Physostigmine, at higher 

doses, shows an abrupt reversal in latency values (11 rebound 11
) at fifteen 

minutes and one hour prior to the ECS while DFP shows a recovery of the 

latency to control levels during the same two time periods. These anttChE' s 
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may act through a variety of mechanisms which have been discussed. In any 

case, a complete pharmacological investigations is warranted using various 

combinations of cholinolytics and cholinomimetics in an effort to clarify 

further reciprocal relationships. 

5. Miscellaneous Drugs 

a. Methionine Sulfoxamine 

Methionine Sulfoxamine (MSI) has been shown to mimic human epilepsy 

more closely than any other known drug {Tower, 1955; Tower and Elliott, 1953) 

The seizure induced by the administration of MSI includes running fits, di

lated pupils, piloerection and a "fearful expression" (Wada et al., 1967). 

These seizures, closely related to the so-called "psychomotor" seizures in 

man are frequently accompanied by typical tonic-clonic seizures. However, 

there is a latency period of one to several hours, depending on the dosage 

and type of animal used, from the time of administration to the seizure proper. 

Hams (1964) conducted EEG studies during this latent period and found a 

polarity of effects. Inittally, immediately after administration of MSI, the 

cortical potentials were increased; prior to the onset of conwlsions after 

a specific latent period, the cortical potentials decreased signalling the 

onset of convulsions. 

There have been conflicting theories concerning the biochemical effects 

of MSI with resultant conwlsions. DeRobertis et al. (1967) and Lamar (1968) 

found that in vivo MSI irreversibly inhibits glutamine synthetase some time 

before seizure activity. However, since MSI depresses the activity of sev

eral other enzymes in the glutamic :lCid-glutamine-GABA cycle, e.g. glutamic 

acid decarboxylase, aspartate-amino-transferase, alanine-amino-transferase 
< 

(DeRobertis et al., 19 67) and glutamine transferase (Lamar and Sellinger, 

1965), Lamar (1968) did not postulate that the development of seizures due to 

the inhibition of glutamine synthetase alone. Tower (1955) found that with 

administration of MS! there was a concomitant decrease of glutamic acid, 
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glutamine and GABA. Since methionine or asparagine could restore glutamic 

acid and/or GABA to control levels and prevent seizure actiVity, Peters and 

Tower (19 59) Postulated that a deficiency of qlutamine synthetase resulting 

in a deficiency of qlutamine normally derived from glutamic acid and ammonia 

results in the seizure activity. 

Naruse et al. (1960) found that in convulsive strains of mice there was 

lower levels of GABA, glutamine, gllJti'\mic acid and ammonia as well as 

higher levels of ACh than in the non-convulsive strains. Demonstration of 

the function of increased levels of ACh in the development of seizures has 

been amply shown by preVious investigators (Tower and Elliott, 1953; Ta

kahashi et al., 1961; Fink, 1966; Reeves, 1966) but the mechanism is dis

puted. Tower and Elliott (1953) believe that a deficit of glutamine results 

in an interference of ACh-binding without changes in free or bound ACh 

levels. Wada and Ikeda (19 66) found that scopolamine reduced the frequency 

of MSI-induced seizures while esertne facilitated such activity. Sobotka 

(1969) found with various dosages of MSI a significant change in ACh levels 

post-injection and prior to convulsions. Lamar and Sellinger (1965) found a 

direct time-response relationship with the inhibition of glutamine synthetase, 

glutamine transferase and seizure activity. However in conflict with these 

findings, Gershoff and ElvehJen (1951) found that there was no change in 

whole brain levels of ACh in the MSI-convulsed animals compared to normals. 

DeRobertis et al. (1967) because of Gershoff and Elvehjen' s findings 

and because they found decreased levels of norepinephrine ancl 5-HT with 

treatments by MSI dismissed the cholinergic mechanism of MSI convulsions. 

Associated with these changes in amine levels, Scudder et al. (1966), 
<t 

Schlesinger et al. (1968) and Toman and Everett (1958) found that an increase 

in amine levels could be related to a decrease in seizure susceptibility. 

The opposite effects also held true. 
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A third theory of MSI induced seizures was postulated by Heath (1966). 

He attributed an anticholinerotc effect to the drug and a promotion of a 

schizophrenic-like behavior in control patients. He reasoned that MSI due to 

its antimetabolic effects of methionine (Gershenovich et al., 1963) tnterfers 

with the formation of ACh by blocking the synthesis of choline in which 

methionine participates. Similarly, it has been found in this laboratory 

that MSI depresses aggression and increases exploration of mice at lower 

dosages which ia similar t.o the effect of antichollnergic agents {Richardson, 

unpublished observations; Bradley, 1968). In addition, Sobotka U969) found 

that lower dosages of MSI do potentiate hexobarbital sleeping time as is 

characteristic of atropine and scopolamlne (Giarman and Pepeu, 1962). 

Our own data on the effects of MSI on ECS showed in the case of all 

lower subconwlsive dosages (25. 0 mgm/K;m of body weight through 75.0 

mgm/Kom of body weight) there is a striking similarity of pattern with re

gards to seizure duration (Figures 19a-19b). Beginning at fifteen minutes 

after injection and through one hour and four hours past injection, the 

duration changes from a significant decrease to no significant change to a 

significant increase. '11\e latency values, if significantly changed, were 

all increased, although there was no apparent pattern associated with dose 

or time. This pattem of an increase in latency and decrease in duration 

seen at the lower subconwlsive dosages after fifteen minutes was also seen 

at the conwlsive dosage of 100.0 mgm/Kgm after fifteen minutes. It is 

interesting to note that scopolamtne with tncreaslng dosages and time after 

inJecUon produce the same result as outlined above (Figure 15). Correlated 

with this ts Sobotka' s finding (1969) that after fifteen minutes at 100. O mom/ 
< 

Kgm dosage, the ACh levels are decreased in the telencephalon and mid

bratn-diencephalon but increased in the pons-medulla area. After four 

hours he found that ACh levels were increased in all three areas. This in

dicates that the durational changes as a result of MSI administration are 
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directly correlated with ACh levels in the telencephalon and mtdbrain-dien

cephalon areaa of brain and in general, MSI has an anttcholinergic effect on 

the pattern of subconvulsant dosages. Although this result has been arrived 

at in the prevtous literature (Sobotka, 1969: Heath, 1966) there is a dis

crepancy in the fact that at four hourR poBt-L"lJection the pattern with sub

conwlsive dosages showed a pattern similar to higher dosages of scopola

mine yet the ACh lewla were increased in the total brain tiasue (Sobotka, 

1969). Hexobarbltol sleeping times were prolonged (Sobotka, 1969) with 

this regimen and the animals appeared to be behavtorally depressed which 

indicates a high degree of biological inacUvtty with a subsequent depression 

of the central cholinerqic system. These increased ACh levels could be the 

result of a variety of mechanisms involved in MSI action. Ammonia and olu

tamic add may be building up disrupting the mechanism of ACh•binding 

capacity and further resulting in increased ACh levell (Peters and Tower, 

1959). However this ACh does not have to be in the active form, but could 

be inactivated in the bound form as this dlsNption can also explain a de

crease in ACh levels. Since the ACh levels had been raised during the four 

hour period in the telencephalon and midbratn-cliencephalon areas it ts con

ceivable that these areas control the seizure durattom due to a build-up of 

ammonia and glutamlc acid and a subsequent disruption of the ACh•btncling 

mechanism, there may be an inhibition of the cholinergic mechanism in these 

areas. Aprinaon et al. (1968) believe that a telencephalic cholinergtc system 

is active in states of behavtoral excitation, thus confirming in part, these 

speculations. 

The latency chanc;ies due to MSI w«e those seen with the adrener;tc-
" aerotonerqtc druqs with methamphetamtne and higher doses of t;copolamine ~ 

They are consistent with the postulate of an anttcholiner;ic effect inducing 

a dominance of catecholamine activity (Carlton, 1963). However, there is 

no tnie pattern observed and the significant increases in latency appear 
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randomized in terms of the regimen of the drug' moreover the majority of la

tency changes with MSI were not significant. 

The convulsant dose of MSI (100.0 mgm/Kgm) shows a pattern of the 

ECS quite distinct from the nonconwlm nt dosages. Fifteen minutes and one 

hour after MSL the duration dose change from a significant decrease to sig

nificant increase but after four hours the durational pattern changes to that 

seen at fifteen mtnute1. Sehavtorally, there ia no evidence of any radical 

change at this time aside from a more severe form of motor depression (Rich

ardson, unpublished observations). It 11 interesting to note that at this time 

the threshold to seizure 1• lowered to a great extent, yet the ECS pattern 

takes the same form, i.e. increased latency and decreased duration. as that 

seen with an increase of catecholamines. Previous data relate that an in

crease in amine levels lowers the susceptibility to seizure (Toman and 

Everett. 1958: Schlesinger et al., 1965: Scudder et al., 1966). Data from this 

laboratory indicates that with this dose the total catecholamine levels are 

slgnWcantly increased (Richardson, unpublished observations). 

Various authors have suggested that the increasing ammonia levels dis

rupt the ACh-binding mechanism (Quastel. 1962) allowing a greater conversion 

to free ACh. Sobotka 0.969) postulated that a triggering mechanism in the 

form of strong sensory stimuli could complete this disruption and release ACh. 

If thta wera the ease the conwlaive doses lower the level of ACh due to this 

disruption of the binding mechanism. This wc:uld account for the catechola

mine-like pattern of the ECS if a dominance of the adrenergic-serotoner;te 

system occurred. However, Sobotka• s (1969) own data on the increased levels 

of ACh immediately prier to the seizure in the total brain tissue offers evi-
' 

dence against this theory to some degree. Certainly, further research into 

the exact mechanism of release of ACh by a disruption of the ACh•bind1ng 

system is warranted and may clarify the conflicting data. 
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That MSI can result in a conwlalon given by itself has been well 

documented (Hams, 1964: Lamar and Sellinger, 1965). Some authors feel 

that anoXia resulting from admintatratton of MSI results in the eonwlstve 

activity through a release of ACh (Sobotka, 19 69). However 1t ha.a been 

well documented that anoxta can induce catecholamine release (Goodman and 

Gilman, 1970) peripherally and in this way may influence the seizure pattern. 

There was one case of high fatalities at the dosage of 25.0 mgm/Kgm 

of body weight four hours after tnjection. Here the rate increased to 27 .4%. 

This finding ls not, perhaps, of any sic;inWcance in the overall pattern. It 

is well to note that Sobotka 0.969) found that scopolamine enhanced the lethal 

effect of MSI. With the high fatality rates noted wtth scopolamtne (Flgure 15) 

it is an indication of the efficacy of anUcholinergic effects in producing res

piratory death during the ECS. 

Altogether, it ts seen that at subconvulsant doaes, MSI produced an 

ECS pattern strikingly similar to that of higher doses of scopolamtne, 1. e. 

an lnltial decrease in duration followed in time by a return to normal levels 

or an lncrease in duration. The latency changes are consistent with an 

antioholiner;ic/adrener;ic effect. At conwlsant doses, MSI produced, 

initially, a pattern simulating subconwlsant doses, but this pattern is of 

shorter duration than that seen With the subconwlaant dosages. Prior to 

conwlstons induced by MSI the patt•m of the- ECS changes to one that is 

consistent with an increase in catecholamines in the central nervous system. 

b. Pttaht!Q'l 

Parahexyl (Synhexyl) 11 a derivative of tetrahydrocannabinol (THC), 

first synthesized by Adams et al. (1940). Soon after its synthesis it was 
~ 

subject to several clinical trials and 1t was found to have several similar 

actions and a remarkably high tn50 • (Adams et al., 1945: Lowe, 1945) 

In the late 1940' s the drug was cllnieally tested for use in alcohol and opiate 

withdrawal with conflicting results. (Himmelsbach, 1944: Thompson and 
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Proctor, 1953). Stockings (1947) reported that synhexyl was effective in 

alleviating neurotic depressions, but a later report failed to validate this 

opinion (Parker and Wrigley, 1950). Because of these diacoura9ing early 

results very little was done wt th this drug1 the majority of re search has been 

limited to the natural or semi-synthetic analogs of THC • 
.I 

In 1964, 1- ~ -3, 4-trans-THC was identified as a naturally occurring 

constituent of marihuana resin and the year following, its synthesis was 

achieved (Gaoni and Mechoulam, 1964). Since tho.t ~'11,,, thi.., r;o~povnci 

has been recognized as the major psychoactive component of manhuana 

(Pillard, 1970). Synhexyl differs from this compound in that it contains an 

n-amyl group instead of an n-hexyl radical at the 4' position (monoterpene 

numbering). 'l'he levorotatory form is several times less active than its 

dextrorotatory form (Stockings, 1947). 

The potency, pharmacological and psychological properties of Synhexyl 

has been compared to THC by Hollister et al. (1968). It is three times as 

potent as THC, has a latency of one to two hours and a duration of affec

ttveness of upwards of twenty-four hours, which has significantly larger 

than that of THC. In comparable doses, the physiological and psycho

logical effecte were considered to be similar. Thus, a brief review of the 

literature on the effects of THC (marihuana) may be pertinent. 

It is useless to describe the difficulties investigators have exper

ienced in working with Cannabis satiya or its extracts. Both federal law 

and ignorance of active components have hindered investigators up unUl 

several years ago. (Pillard, 1970) Pharmacologically, marthuana is in a 

class by itself. Both THC and Caqnabis extract have been shown to poten

Uate hexobarbitol sleeping time (Gershon, 1970) and amphetamine stimu

lation (Gamott et al., 19 67) in a variety of animals. In man, transient 

physiological changes consisting of a slight increase in pulse rate and 

conJungtival injection have been reported (Weil et al •• 1968). However 
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there was no change ln pupil size or respiration rate and minimal changes in 

blood pressure and body temperature. There baa also been noted a dlsUnct 

lack of other sympathomimetic effects such as increase in serum free fatty 

acids (FFA) or hyperglycemia (Pillard, 1970; Hollister et al., 1968: Weil et 

al., 1968). 

Garatttnt (1965) and Carlini (1969) found in laboratory animals that 

Cannabis extract decreases fighting behavior in doses below that required 

to reduce total activtty. However, Carlini and Masur (19 69) found that in 

starved rats with similar doses of Cannabis extract. aggressiveness was 

markedly increased. In man, the behavioral results do not differ from those 

often found in the study of effects of many other drugs on complex behaviors 

(Clark and Nakeshima, 19 68). Digit symbolization. complex reaction time, 

serial addition have all been reported as being impaired with a great deal of 

variability among chronic or acute users (Mayor' a Committee, 1944; Weil 

et al., 1968). With increasing doses of THC feelings of eupot,orla and 

relaxation gave way to hallucinaUons, depersonalization and loss of reality 

tesUng. However, marthuana can not be classed as a tNe hallucinogenic 

as it shows no cross-tolerance to lyserqio acid diethylamtde (LSD, dimethyl

tryptamine (DMT), mescaline or peyote all of which are hallucinogenic and 

show partta.1 cross-tolerance to each other (Silva et al., 1968: Isbell and 

Jasinski, 19 69). 

Perhaps, at the present time, one of the biggest questions in Cannabis 

research is the dose standardization with regards to the extract and THC. 

Generally speaking, the extract ii used in the dose range of 20 mgm/Kgm 

while the pure THC is used in doses of 5-10 mgm/Kgm (Carlini, 19 68). 
' 

Synbexyl, although 1t has been used in doses of lS mgm/Kgm of body weight 

{Himmelsbach, 1944) in opiate addicts without any untoward effects, is 

generally oiven in do1e1 of 2-3 mgm/Kgm of body weight (Hollister et al., 
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1969). 

With regard to its action on ECS, parahexyl caused in small doses no 

significant change 1n latency or duration values when it was given at several 

time periods preceding the ECS {Figure 18). At the two higher doses (7. 0 and 

15. 0 mo/Kgm) which are considered pharmacologically high doses, although 

well below the I.D
50

, there was no demonstrable pattern of change. At 7 .O 

mgm/K.gm the duration was significantly decreasedaat fifteen minutes, and de

creased further when parahexyl was given sixty minutes prior to the ECS. At 

the end of sixty minutes which is also the minimum latent period observed for 

the phannacologlcal effects of parahexyl to appear (Hollister et al., 1968) the 

latency was increased producing a pattern similar to that consistent with an 

increase in central catecholamines. However, at the higher dose, i.e. 15.0 

mgm/Kqm the duration did not significantly change at any time period while the 

latency was increased at the end of one hour as in the case of lower dosage. 

Data from this laboratory (Richan:lson, unpublished observations) indicates 

that parahexyl given at 7 .o mgnv'JC:gm increases central serotonin levels 

while not affecting the catecholamine levels. Partially confirming this are 

the studies of Holtzman et al. (1969) which demonstrate that the administra

tion of THC results in an elevation of serotonin with a minimum of depression 

of catecholamines in the brain tissue. The data presented in this study are 

not consistent with those findings. The response at 7. O mgm/Kgm of para

hexyl approximates that shown by physoatigmine {Figure 14) at higher dosages 

with an initial cholinerqic dominance and "rebound11 phenomena. However, 

this response is not seen at the higher dose of 15.0 mgm/Kgm. The increases 

in latency at 7. 0 mgm/Kqm and 15. 0 mgm/Kgm after sixty minutes can be 
< 

explained at eorticolthalamic sympathomimettc effects (Stokings, 1947) which 

ts correlated with the potent1ation of amphetamine toxicity as shown in THC

treated mice (Garriott, et al., 1967) • This might explain the cholinolytic-like 

effect of potentiatton of the hexobarbitol sleeping time (Gershon, 1970) as due 
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to an imbalance of neurotransmitters with dominance of the adrenergic-sero

tonergic system. The slight sympathomimetic peripheral effects would also 

correlate with this explanation. 

The only statistically significant increase in fatalities was seen at 1. 0 

mgm/Kgm of body weight with a rate of 50. 0%. No pharmacological interpre

tation can be given to this isolated finding. 

In summary, the data indicates that parahexyl at pharmacologically 

active does not affect the ECS pattern in a manner comparable to other drugs 

used in this study. At higher dose levels, increased latencies are seen one 

hour after the administration of the drug. At an intermediate doae the dura

tion 1s significantly decreased at fifteen and sixty minutes post-injection. 

At high doses, the duration is not significantly changed. These erratic pat

terns may point to activation of a hiqher level adrenergic-serotonertic sys

tem by extremely high doses of this synthetic CtMtbis derivative or to a 

direct effect of the drug independent of the various neurotransmitter 1y1tems. 

Altogether, the pharmacological data do not fit readUy into any set pattern. 

Certainly with this drug, the difficult method of preparation (See Materials 

and Methoc1s section) may account for inexplicable effects at various dose 

levels • Direct effects of the drug on neuronal populations independent of · 

neurotransmitter levels also have to be taken into account for a more complete 

explanation. 

c. Iaolated and f1aht1nsi .M!£t 
It is well known that tsolatton in certain strains of .MY! for a period of 

approximately three weeks will produce aggressive activity when these mice 

are placed in an aggregate situation (Karczmar and Scudder, 1966: Yen et al., 
' 1959). It is also known that this behavior will only occur in the male animal 

and then only 1f there is an intact pituitary-gonadal a.xis (Valzelli and Garat· -

tini, 1967; Sigg et al •• 1966). Scott and Fredrioson (195l) theorized th.at an 
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endocrine center located in the pituitary body with nerve connections to the 

hypothalamus was responsible for the aggressive behavior during isolation. 

Several biochemical changes have been reported for isolated animals. 

Norepinephrine (NE) brain levels have been found to either increased (Geller 

et al., 1965; Welch and Welch, 1964; Richardson, unpublished observations) 

or remain unchanged (DeVanzo et al., 1963). Serotonin levels have been re

ported either decreased (Welch and Welch, 1968) or unchanged (DeVanzo et 

al., 1963). ACh levels in the midbrain-diencephalon areas have been reportec 

as decreased (Sobotka, 1969) which is correlated witht the findings of Gia

colone et al. (1968) and of Agrawal et al. (1967) that this area of the brain 

is associated with decreases in serotonin and brain amino acids in isolated 

animals. Biochemical findings in the blood stream include a decrease in 

corticosteroids (DeVanzo et al., 1963) and blood levels of FFA (Giacolone et 

al., 1966). 

Behaviorally, isolated mice are hyperexcitabl.e and more responsive to 

tactile and arousal stimulation (Yen et al., 1959: Agrawal et al., 1967). This 

increased responsiveness was infe1Ted when Welch and Welch (1966) found 
' 

that isolated mice are more sensitive to amphetamine stimulation than aggre

gate animals. Scott and Fredricson (1951) postulated that isolated animals 

which are removed from stimulation of other mice would become dishabituated 

to the presence of other mice and upon introduction of a strange animal would 

allow aggression-generating stimuli to act to promote fighting. Sobotka (1969; 

states that decreased levels of ACh in the midbrain-diencephalon areas in 

isolated animals points to a loss of the cholinergic habituation mechanism 

first postulated by Carlton (1963). Further biochemical confirmation of this 
' 

cholinergic mechanism is afforded by Geller et al. (1965) and Rosenweig et 

al. (19 60) who reported decreased subcortical AChE activity in isolated 

animals. 

The present data indicate that in isolated animals there is no signifi-
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cant change in latency or duraUon values (Figure 17). However, once these 

animals were placed in a cage with another isolated male and ECS induced 

during the subsequent fighting,. the latency was increased and the duration 

was significantly decreased. Data from this laboratory (Richardson, unpub

lished observations) indicate that a fighting animal has significantly in

creased levels of catecholamines. Welch and Welch (1968) indicate that a 

stressed animal has an increased activity of the adrener;tc system and Weiss 

et al. (1961) report an increase in the activity of the serotonergic system 

during stress. Additionally, in animals under stress, plasma FF.A. pitultary

adrenal activation and urinary catecholamines are all markedly increased 

(Mallov and Witt, 1961: Michalova et al., 1966 and Moore, 1966). This 

would indicate a strong sympathomimeUc effect both peripherally and cen

trally. This adrenergic-serotonergic pattern is strongly eVident in fighting 

animals. The lack of change in the ECS pattern in isolates can be attributed 

to a lack of neurotransmitter change sufficient to result in a change in 

patterning. However, this lack of response to the overwhelming stimulus of 

ECS is opposed to the theory of general hyperexcitabWty of the isolated 

animal (Welch and Welch, 1966: Yen et al •• 1959). It still remains consis

tent with the theory of habituation of the animal to incoming stimuli which 

in effect would result 1n no significant change to the stimulus of the ECS. 

One would expect, however, some evidence of a correlation of a depression 

of ACh levels in the mtdbrain-diencephalon shown by Sobotka (19 69) with the 

seizure pattern. 

d. S1tessed Mice 

Chronic stress of the type used in this experimental design has been 
' 

used previously as a negative reinforcement in conditioning (Sobotka, 1969). 

During the stress, the animals show initially a typical alarm reaction i.e. 

squeaking, wild runnino and Jumping, urination and defecation (Mallov and 

Witt, 1961). This seems to correlate with the theory of increased central 
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excitation also confirmed by EEG patterns exhibited during chronic stress 

which demonstrate a gradually increasing state of arousal (Mindy-CasUe, 

1951). However, as the stress continues, the animal's behavior changes to 

a type of freezing or catatonic state followed in time by behavioral depression 

or withdrawal during the remainder of the intershock interval (Mallov and 

Witt, 1961; Ruther et al., 1966; Sobotka, 1969). There are several interpre

tations in explanation of this apparent maladaptive behavtor. Winters (19 67) 

observed that this behavior may occur during hyperexcitability while Bovet 

et al. (19 69) stated that freezing behavior is indicative of increased emo

tional arousal. Okin et al. (19 60) theorize that the animal restricts the 

central reception of the stressing stimulus: the phenomena of freezing could 

be therefore related to habituation. Winters (1967) proposed a model indi

cating that sensory input systems show increased modulation during these 

states of activity. 

Malmo (1966) stated a theory of opposing systems, continued stress 

may suppress optimal levels of neural activity so that the systems cancel 

one another out. Other theories have proposed that the animal gradually 

learns that a behavioral act fails to reduce the adversive stimulus; this ac

tivateE:> a nag3tiva iet.:r!huck s1stem in the reticular format!.on leaciing to the 

inhibit ion oft.he tJehdvior. Continu.3d ope:at!on o! this system would lead to 

a reduction of a,1aila:Ole beha vi.oral acts. 

Biochemically, the stressed animal has been shown to have decreased 

central NE levels ~Ruther et al., 1966; Corrodi et al., 1968) which is indica

tive of increased activation(Scudder et al., 1966). Central and peripheral 

sympathetic mechanisms are activated as shown by an increase in plasma 
' 

FFA and an increase in urinary catecholamines (Michalova et al., 19 66). 

Moore (19 66) has stated that adrenalcorticotropin release from the pituitary 

is increased during stress. 

As with the adrenergic system, the serotonergic system has been demon· 
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strated to be activated durtng stress. Liberson et al. (1964) and Corrodi 

et al. (1968) found decreased central levels of 5-HT in the cortex and hip

pocampus which were interpreted by Welch and Welch (1968) to be indicative 

of an increase in serotonergic activity. 

Krause et al. (1964) found increased cholinergic and adrenergic acti

vity in the telencephalic-diencephalic region of the mouse brain during emo

tional excitation while Sobotka (1969) found an increase in telencephalic 

ACh level during chronic shock stress. This may point to a cholinergic ac

tivation of the phylogenetically younger areas of the central nervous system 

during stress. 

In the case of our experiments, the effect of frustration on ECS showed 

an adrenergic pattern seen with increased levels of catecholamines {Figure 8) 

and with low dosages of methamphetamine (Figure 11). Data from this labor

atory (Richardson, unpublished observation) have shown that animals that 

have been exposed to chronic shock stress of the type used in this study have 

significantly decreased levels of catecholamines with an increase in sero

tonin levels. This finding would be opposed to the pattern seen in Figure 17 

(compare Figures 8 and 17). Quantitatively, the changes were not as great as 

those seen in fighting animals in regards to latency and duration {Figure 17). 

The diffarences may be ascribed to several mechanisms. The decreased leveh 

of catecholamines may point to an active adrenergic mechanism both cen

trally and peripherally which would account for the seizure pattern (Corrodi 

et al., 1968). As discussed above (pp. 40-44) serotonin is able to potentiate 

the adrenergic effects on duration; since 5-HT levels have been shown to be 

increased during chronic stress (Richardson, unpublished observations) and 
< 

the serotonergic system has been reported to be activated during stress 

(Welch and Welch, 1968) it is conceivable that the levels of serotonin in 

stressed animals is sufficiently high to override the lowered levels of cate

cholamines and thus result in a pattern which is essentially similar to that 
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shown with high levels of catecholamines. Serotonin has been described as 

a modulator and this would correlate with Winters (19 67) theory of an in

crease of serotonin of the modulation of incoming stimuli. With pargyline, 
.·, 

.)\-MPT and 5-HTP given in combination, the levels of serotonin were in-

creased while the levels of catecholamines were lowered (Richardson, un

published observations} and this may correspond to the pattern of the ECS 

seen (Figure 9b}. 

It is also conceivable that an active telencephalio cholinergic mechan

ism in combination with an activation of the serotonergic system may result 

in an increase in latency and decrease in duration. With some doses of 

antiChE' s (Figure 14) there has been shown a decrease in latency occurred 

while with combinations of drugs that result in an increase of serotonin there 

has been shown an increase in duration (Figure 9a and 9b} Sobotka (1969) found 

that scopolamine modified the behavior of the frustrated animal while Ruther 

et al. (19 66) using a cholinolytic agent, imipramine, found similar results. 

It is possible that the decrease in catecholamines may represent a 

gradual loss of these amines due to the chronicity of the experimental design. 

Although with acute stress, the catecholamines are increased (See section on 

fighting animals), with chronic stress a loss may occur due to a depletion or 

increased turnover. This would account for the adrenergic pattern seen in 

Figure 17 with the quantitative decrease in central catecholamines as re

ported by Richardson (Richardson, unpublished observations). 

e. Enovid !Q.Sfil! Female Control Mice 

Comparatively little work has been done on the effect of hormones on 

the seizure pattern. Toman et al. (1957} first reported that the seizure la-
' 

tency in female mice was not significantly changed from male controls. This 

correlates well with the data reported in Table 12 as neither the latency nor 

duration in female mice differed significantly from control males. 
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However, several authors have found in rats significantly sex-related dif

ferences in the electroshock threshold for seizure (Woolley et al., 1961). 

Kawakami and Sawyer (19 59) postulated that the sex steroids affect changes 

in threshold of an "EEG arousal system" involving the brainstem reticular for

mation, while Beach (1958) concurred with a theory of a change in the thresh

old activity of the central nervous system with a change in the level of sex 

steroids. ·o 
The drug Enovi~given in this experiment consisted of 10 mgm of nor-

ethynodrel and 0 .15 mgm of mestranol, a 3-methyl ether of ethinyl estradiol, 

the most biologically active of the estrogens (Goodman and Gilman, 1970). 

Since the combination of the two hormones was given, the effects of each on 

the electrical activity of the central nervous system W. ll be briefly reviewed. 

Estradiol, administered in various forms, has been shown to lower the 

electrochock threshold in rats (Sitt and Kinnard, 1968) which is due to a spe

cific effect of the hormones itself, as it lowered the threshold in hypophe

sectomized rats and when administered to male rats (Wooley and Timiras, 

1962). Furthermore, the dosage was in the physiological range of 0. 25 to 

4.0 µgm/100 gm of body weight. Logothetis et al. (1959) believe that the eY c i+ia: 

acerbation of epileptic seizures in females observed just prior to menstruatic : 

are a result of increased plasma levels of estrogens at this time leading to a 

hyperexcitable state. They further report that topical application of water-

soluble estrogenic conjugates (Premarin<Rj on the brain of normal female rab-

bits results in EEG activation. 

Progesterone has been reported to raise the seizure threshold in female 

rats but not in male rats in doses comparable to those given in the form used 
< 

in this study (Wooley and Timiras, 1962; Wooley et al., 1960). Kawakami 

and Sawyer (1959) reported that a decreased EEG arousal was observed approx 

imately five hours after administration of progesterone. Laidlaw (1956) pos

tulated that the exacerbation of seizure activity in females prior to menst:rua-
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tlon was due to a falling of serum progesterone levels resulting in increased 

excitability of the central nervous system. However, Sitt and Kinnard (1968) 

report that progesterone has no effect on minimal seizure threshold. 
:'R: 

In our hands Enovid given one hour prior to the ECS caused no signi-

ficant changes in latency or duration values when compared to female or male 

controls. If the estrogen compound has been reported to lower seizure thres

hold and progesterone compounds have been reported to raise the seizure 

threshold then it is safe to assume that there may be a cancelling of effects 

resulting in no change. This would be mirrored in the seizure pattern which 

demonstrated no siqnif1cant change. However, this finding does conflict 

somewhat with Sitt and Kinnard (19 68) findings that this combination of sex 

steroids results in a decrease in seizure threshold. These latter findings 

were demonstrated after a one week period of administration of the drugs, 

while we used a single dose treatment; moreover, a decrease in seizure 

threshold may not mean that a significant change in the seizure pattern 

should occur. In any case, further study into seizure patterns with steroids 

given alone or in combination may clarify the relationship. 

f. Ethanol 

Of all the drugs used in this study ethanol induced the largest change 

of the latency and durational values. The pattern is one of increased latency 

and decreased duration (Figure 17). The decrease in duration which is in 

part a measure of the tonic phase of the seizure, may be correlated with 

McQuarrie and Fingl's (1958) findings that ethanol, given prior to the ECS, 

gradually abolishes with increasing doses the tonic phase of the seizure. 

This also may be related to Caspers' (1958) work in which ethanol was in-
' 

j ected microphoretlcally into the reticular formation resulting in a prompt 

decrease in the spontaneous activity of this structure. This effect is a 

selective one (Kalant, 19 62) possibly due to the fact that the reticular forma

tion consists of groups of nuclei of polysynaptic connections; the effect of 
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ethanol is most obvious with regards to polysynaptic rather than monosynaptic 

reflexes. However, the question is open to debate for Kolmodin (1953) found 

that ethanol depresses equally w9ll both polysynaptic and monosynaptic 

reflexes in the cat. 

The striking increase in latency, which was also seen with increase of 

catecholamines and serotonin levels and decreases in ACh levels has not 

been studied in regards to ethanol previously. Kinard and Hay (1960) found 

that after doses of alcohol higher than the ones given in this study, levels 

of AChE in the brain were lowered and, as a result. ACh levels were raised. 

Data from this laboratory (Richardson, unpublished observations) indicate 

that ethanol in this regimen will result in a highly significant increase in 

catecholamines after five minutes. However, after one hour the catechola

mines returned to mean levels, while the seizure pattern showed a con

tinued increase in latency. This laboratory found no change in serotonin 

levels after the administration of ethanol. 

Although the data given in Figure 17, suggestive of a catecholamine-like 

effect, the results are inconclusive at the present time as to whether ethanol 

is related to its role as a modulator of catecholamines in the central nervous 

system. 

Ethanol is known to excite the cerebral cortex at lower doses and to 

depress it at higher doses (Grenell, 1959; Masserman and Jacobson, 1940). 

It has been shown also to raise seizure threshold but only at doses that cause 

general depression of the central nervous system (Goodman and Gilman, 

1970). Ethanol has been found to prevent electd.cally-induced convulsions in 

mice (Workman et al., 1958). McQuanie and Fingl (1958) found that a phase 
< 

of hyperexcitabillty did occur after an acute dose of ethanol, but only after 

a five hour latent period. Since ECS was performed five minutes and one hour 

after the administration of ethanol, and the tonic phase of the convulsion was 

severely shortened it may be assumed that there is at this time a general 
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depression of the central nervous system due to ethanol's irreversible de

polarization of neurons at this dose level (Gallego, 1948). The EEG has 

shown that as the concentration of ethanol in the bloodstream rises the brain 

waves slow gradually which is not unlike the pattern seen in anoxia (Toman 

and Davis, 1949). This gradual depression may account for the changes seen 

in the latency values. 

In summary, the changes seen in the seizure pattern with ethanol ad• 

ministered I.P. reflect a pattern of ECS as seen with increased levels of cen

tral catecholamines and decreased levels of ACh. Although data from this 

laboratory suggests that catecholamines may function through an adrenergic 

transmitter, the previous published data would seem to indicate that a gen

eral depression of the central nervous system occurs, particularly the reticu

lar formation. This depression is sufficient to explain the striking increase, 

in latency as a result of a lack of reticular activity on the disorganized neu

ron. The decrease in duration reflects a depression of the reticular substance 

which is unable to perform adequately and as a consequence the tonic phase 

is severely shortened and exhibits no clear activity as distinct from clonus. 

B. Systems Analysis 

1 • Introduction 

Von Weimann (1951) has stated: 
11 Living systems are of enormous 
complexity and it is clearly necessary 
to subdivide the problem that they 
represent into several parts. One 
method of subdivision ••• is this: 
the organism can be viewed as made 
up of parts which to a certain extent 
are independent, elementary units. 
We may, therefore, to this extent 
view as the first part of the problem 
the structure and functioning of such 
elementary units individually. The 
second part of the problem cons! sts 



of understanding how these elements 
are organized as a whole and how the 
functioning of the whole is expressed 
in terms of elements. The first part 
of the problem ••• is closely connected 
with ••• organic chemistry and physical 
chemistry and may indue course be 
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greatly helped by quantum mechanics ••• 
The second part is connected with logic ••• " 

The purpose of this section is to deal with the problem of ECS as a whole, the 

total behavior of the organism serving as the frame of reference. Consequent 

ly the language and the thought content shifts from an orderly deductive pro

ces s to an orderly inductive one. lb.e shift is subtle, yet important for a 

new intellectual approach which may bring refreshing unity to what is a 

seemingly disordered and fragmented view of the seizure mechanism. 

The introduction of this thesis is, in a sense, a primer for this section. 

In the i"ltroduction the physiological approach to interpret the observations 

on ECS was presented and expanded to include pharmacological data. This 

effectively subdivided the phenomenon and allowed for modification of the 

subunits; the resulting change may be evaluated. However, when dealing 

with the central nervous system the evaluation of individual sub-systems may 

be confusing both statistically and pharmacologically. lb.e complexity of 

interaction and multiple control feedback within the mammalian brain permits 

an analysis of probabilities rather than of absolutes, in reference to behavior 

Consequently. one may not be speaking of the accuracy of the sub-systems; 

one may only refer to the reasonable probability that given the same variable 

parameters the sub-systems would function and interact in a predictable 

manner. Even that would be enough to satit:fy the most rigorous of scientists 

except for the fact that when one deals with behavioral or physiological sub

systems of the central nervous system the term "parameter" is difficult to 

specify accurately. Herein lies one of the advantages of ECS studies; with 
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systems and undefined and unmeasurable complex stimuli. ECS is a massive 

stimulus delivered in a short period of time. ECS given to a computer would 

probably cause a complete malfunction; when given to a mouse, the system 

survives only through the grossest of adaptive homeostatic mechanisms. At 

this present stage of neuroscience, insight into any real functional system is 

desperately needed. The term 11 parameter" then, is effectively restricted in 

this case, and given the well-controlled and measured secondary variables 

of drug administration one may mocUfy these more-encompassing sub-systems 

with relative confidence. 

It is important to review the physiological theory of the ECS at this 

stage. Latency, as has been preser,ted, it s function of the unpattemed firing 

of neurons in the total brain. It is quantitated initially with voltage, impe

dance and changes in impedance in the neurons and in the nervous tissue, 

and to the current passing through the systems. Since the current is a maxima 

one, large enough to produce full seizure activity, it is assumed that all 

neurons are discharged and discharged in a random manner. DuratioD. as a 

function of the tonic phase of the seizure, is a measure of the length of time 

that the reticular formation, ~ A functional unit, is discharging. The flexion 

and extension phases of tonus may be measures of cerebellar and/or hippo

campal sub-system recovery under the modal committments of the reticular 

formation. The end of tonus and the beginning of clonus is a function of two 

separate but important systems. The first and probably the major factor is 

corticol-thalamic reverberation or oscillations as cortical control is re-es

tablished after the massive stimulus. The second is the peripheral input to 

the reticular formation and thalamus establishing secondar~~ feedback factors 
< 

causing in the hypersynchrony seen in the EEG of this phase. The end of the 

seizure may be due to full cortical control as balance becomes re-established 

and as the excitatory impulses are inhibited due to tissue anoxia and to a 

build-up of metabolic byproducts, e.g. lactic acid, carbon dioxide, etc. 
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To describe the organism more fully in a systems o">ntext several 

assumptions must be made. The primary one is that the organism regulates 

itself homeostatistically; adaptiveness implies homeostasis in a systems 

context. This may seem contradictory but as W. Ross Ashby (1952) states: 

"The primary fact is that all 
state-determined dynamic sys
tems are selective; from what
ever state they have initially, 
they go towards states of equil
ibrium. The states of equilibrium 
are always characterized in their 
relation to the change-inducing 
laws of the system, by being ex
ceptionally resistant. 11 

In order for an organism to react adaptively yet homeostatically, Ashby 

postulates a "step-mechan1sm11 whereby input may result in a series of events 

dictating a "new" output, "new" in the sense of novel output for this parti

cular input. However, homeostasis implies negative feedback and adaptive

ness, at least indirectly, implies positive feedback. These two are recon

ciled by this "step-mechanism" which is a functional hybrid system. The 

reticular formation represents in this paradigm a hybrid-step-mechanism. 

A second assumption deals with computer analysis of the central ner

vous system. Although it may be easier to say that any system or sub

system is either discrete or continuous in its function, one can hardly say 

that this is so for the total activity of the brain. Rather, the brain acts like 

a hybrid computer containing components which are both digital and analogue. 

Schade (1970) showed that the neuron itself, is a hybrid computer shifting 

from digital to analogue and back to digital in its operation. It is not rea

sonable to fit the brain into one or the other category even though resultant 

behavior may appear to be either discrete or continuous. This assumption 

will carry with it a certain flexibility of thinking which will become apparent 

as the discussion oroceeds. 
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The third assumption deals with the durational values. It is assumed 

that generally, a :iecrease in duration has a functional survival value for 

the organism because the tonus, the period of time the organism spends with

out active respiratory mechanism, is decreased and, consequently, tissue 

anoxia will be limited. There is a much greater probability that the organism, 

other conditions being equal will expire if the ECS duration increases. Thus 

the attempt by the reticular formation as it becomes activated to shorten the 

seizure duration. This assumption provides a continuum of action for the 

organism from one degree of adaptiveness to another even though the output 

is discrete. Of necessity, when dealing with neurotransmitters, the behavior 

al output is discrete. Yet the levels of neurotransmitters fluctuate con

tinuously. Threshold phenomena will not logically provide an adequate ex

planation when systems are dealth with. The mode, at the same time, must 

be continuous in function. Duration as it fluctuates from control levels pro

vides the continuity. 

2 • The Reticular Formation 

Scheibe! and Scheibe! (19 58) first postulated a structural basis for a 

functional theory of the reticular formation. Seen in cross-section and den

drites of the reticular formation appear to be relatively straight, long and 

radiate widely. However, when viewed in the sagtttal plane, the dendrites, 

although still radiating in the transverse dimension, show little or no pro

jection in the rostral-caudal direction. The authors likened this to a stack 

of poker chips consisting of a series of flattened dendritic domains; this 

arrangement results functionally in a signiflcant localization of input because 

each cell reviewed only a limited series of inputs from a single level of the 

input continuum. Furthermore, in confirmation of this concept, it was seen 

that virtually all incoming axonal elements approach the reticular formation 

at right angles to the long-gitudinal avis and synapse in a parallel fashion on 

the dendrites. 
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These same authors theorize further (Scheibe! and Scheibe!, 1967) that 

since each reticular cell lies in a matrix of fibers largely core (of the reticular 

system) derived whose axonal elements 9ive off collaterals at right angles 

along their path, each cell will have a host of axodendritic feedback synapses 

which are for the most part. non-specific. The moment-to-moment dendrittc 

input would then represent an integrate of specific and non-specific inputs. 

Thus: 

"It seems beyond question that the 
output of each l'E'ticular element re
presents a vector of this type; it 
therefore follows that specific infor
mational content. iptrtnsic !2. each 
.Q! Jib.!. afferent sources, !.!. 12.!! .!n.. 
!h! integrative process. The output 
of each unit must represent intensity 
only ... 

Kilmer et al. (1965) have used this anatomical modular pattern as a 

paradigm for a new generation of computers which will show increased degrees 

of flexibility in dealing wtth data influx and wtll habituate over time to 

iterative stimuli. What these authors have tried to do. then, ls to define an 

ultrastable system. i.e. one that wtll show adaptiveness or degrees of flex

ibility when presented with a variety of stimulJ. (Ashby. 1952). The reticular 

formation has the ability to analyze intensity of input, determine critical state 

of intensity, and affect a change in the organism's line of behavior (so-called 

"adapting"). This fits readily to Ashby's concept of a "step-mechanism". 

3. Positive and Negative Feedback 

In its simplest terms, the step-mechanism must be one that is able to 

function in a temporal sense,' beyond the moment of the initial input. It also 

must be able to shift modes of operation although the time involved in this 

shift may be either long, e. 9. several hours or short, e. 9. several seconds. 

There are several control mechanisms familiar to bloengineers which 

allow for this shlftin and time lag; all these control mechanisms contain both 
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positive and negative feedback mechanisms in various combinations. A dis

cussion of the most pertinent system will be given. 

For the most part. the systems in the central nervous system are con

sidered to be dynamic and linear although static and non-dynamic systems can 

exist. The discussion will deal with linear and dynamic systems. Let us 

assume that there is a functional element in a system labeled as: 

Figure 1 
This element has many inputs and one output and for our purposes will be 

linear in function. We shall represent input and output by arrows: 

ill > Flgure2 
Now, let us assume there is a static linear element equipped for simple sum-

mation of feedback signals. Thus we may represent it as: 

fJ~{f]__,.> 
Figure 3 

If negative feedbac is represented by arrows and a minus sign (-) and posi-

tive feedback is represented by arrows and a plus sign (+) we may illustrate 

Figure 4 
There are several rules for operation of this system involving both types of 

feedback which will be stated and which may be proved mathematically, the 

proof will not be provided in this discussion (See Milsum, 1970). 

1. The systems basic response pattern is 
independent of which input produced the 
initial "kick" to set off the response. 
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2. For any given systems model, each 
sub-systems response sequence depends 
on the whole loop. 
3. A positively connected loop is not 
necessarily unstable; stability depends 
on the level of input signal. 
4. A time interval, ll t, does not affect 
the response pattern, only its time scale. 

If the basic unit of this synamic linear element is a time delay and it ts fed 

back with a positive regeneration of unity, it will reproduce a response 

characteristic for the so-called staircase integrator. The integrator may be 
+- ~{I}--,---1 

h_J-...,,.._~ 
Figure 5 

The two-dimensional graph which has replaced the former sign of the func-

tional element represents the values of an independent and dependent variable 

associated with the element. If this whole response if Figure 5 is alternately 

fed back into another feedback summator with a negative feedback of the valu 

unity then the pattern of response is represented as: 

~ -_· +~-~_-J-1--ill.lt-----4-) 
______________ _.11~]__ Fi9ure 6 

We have then a model that produces time lag and a shift of modes of operatio 

(variables) through feedback. However, this system is one of several that 

could be illustrated; more important is the recognition that, although the 

basic element is time delay, the response pattern is, in effect, independent 

of time. "The values of variables change in time because the values of other 

variables change, not simply because time flows" (Ral aport, 197 0). In the 

equation: 
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f (x, y, ••• ) 

f(x, y, ••• ) 

"t" must not appear as an argument on the right hand side. However, solu

tions of the equation will be given by specifying "x" and "y" as functions of 

time. This is essentially what this tudy has done by using time as a function 

of brain operation. 

4. Pharmacology of the System 

The purpose of the systems approach is to enable the investigator to 

observe patterns not in the framework of one class of drugs, but in view of 

the total system. There are two striking patterns that emerqe from the data; 

most drugs and regimens act to increase the latency and decrease the dur

ation in an inverse fashion. These regimens include the adrenergic and sero

tonergic drugs, most doses of methamphetamine and some doses of scopola

mine. However the cholinergic and high dosage of methamphetamine act to 

change latency and duration in a direct manner, i.e. an increase in ACh 

levels' decrease both values while a block of ACh or high dosages of meth

amphetamine {cf. Figure 12) results in an increase in both variables. 

This may be explained by observing our hypothetical system when the 

intensity of feedback is altered. If we assume that the levels of ACh affect 

the gain of the positive feedback loop by decreasing the total loop gain with 

increasing levels of ACh the initial integrator will act in a more direct fashion 

to initiate a change of mode. Thus: 
+ ~1l:_·r-~~~ 

u > ,_ 
---r ---------- +--

Figure 7 [[] _____ -d 
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Therefore. when fed into the neqative feedback loop the staircase integrator 

will shift to the left on our graph and will reach a new level more directly than 

before. If time were one of the measured variables on the two-dimensional 

graph, we may say that the integrator would act more rapidly. 

If we modify both feedback loops by increasing the negative and the 

positive loop gain we will see that the staircase integrator although de

creasing the total time required to reach specific mode of operation will also 

take longer to perform the initial step. The final result lies ln a functionally 

quicker adaption to the initial stimulus • 

..------IT]·--

-k-_ Jr-...,._J ~,-~). 
t-

Thus by altering levels of catecholamines, both feedback loops are 

affected. By increaeino the catecholamines, the gains of both loops are in

c.eased; in the seizure pattern, this results in an increase in time required 

for initial reticular performance but also in a more effective homeostatic 

performance once the latter is 1niUated. By tncreaslng the levels of ACh only 

the pcslUve loop gain is increased resultinq in a decrease 1n total seizure 

duration due to a shorter time required for the initial .. kick" by the reticular 

formation. Notice that the perfcrming efficiency of the reticular formation ls 

not affected by this loop gain: only the initial .. kick" of the formation as a 

result of the stimulus ts involved. The terms of the survival of the Of'9anism, 

either high levels of amines or of ACh would decrease the ECS duration and 

there will be less time for hypoxia to build up. 

Thus, when ACh levels are modified by cholinolyUc agents e.g. sco

polam1ne. the latency and duration are generally increased (Figure 15): when 
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ACh levels are changed by the antichollnesterases e.g. DFP or physostig

mine (Figures 14 and 16), the latency and duration are generally decreased. 

As the catecholamine levels are raised by various drugs, the latency ts in

creased while the duration ts decreased and as the catecholamine levels 

are lowered, the opposite effects result (Figures 8, 9a and 9b). 

However, to fully explain all the data one must assume a functioning 

balance between these two neurotransmitter systems as previous authors 

have done {Carlton, 1963; Aprison, 1962; Karczmar and Scudder, 1966). The 

two feedback loops are independent In function as the gain or loss of each 

loop is attributed to the single loop, yet the mechanism of change, i.e. the 

neurotransmitter level, may be an 1nterpendent one. When levels of one 

transmitter are decreased, the visible effects on seizure may be a result of 

the decrease 1n that transmitter or an increase 1n the functioning of the op

posing transmitter. For example, scopolamine (Figure 15) at lower doses 

gives a pattern that is consistent with an increase in catecholamines. yet at 

higher doses, gives a pattern consistent with a cholinergic block. Acute 

methamphetamine (Figure 10) and low dosages of chronic methamphetamlne 

(Figure 11) give patterns consistent with a sympathomimetic effect. yet at 

high dosages of methamphetamine {Figure 12) the effect on the pattern is 

similar to that dose of chollnerglc block with habituation to the block. To 

further substantiate this interdependency. the time-related effect of chronic 

administration of increasing methamphetamine (Figure 13) shows a pattern of 

continually increasing chollnerglc block. 

Data for methionine sulfoxamlne {Figures l9a and 19b) shows that at 

doses low enough to lower the ACh levels (Sobotka, 1969) an adrene19ic 

pattern is seen while after a period of time, a chollnergic block pattern ls 

seen. Teleologically, this may represent a system's effort to adjust the 

loop gains more efficiently for in all these cases, with increasing doses of 

any drug, the pattern of the ECS approaches the one pattern that ls consis-
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I 
tent with a block of the positive loop. i.e. a block of the one loop which whel 

not blocked would lead to instability. 

The data for the serotonergic drugs may clarify this interdependency of 

the two neurotransmitter systems. With 5-HTP (Figure 8) and an increase in 

serotonin levels. the pattern is one consistent with the blockade of the cho

linergic system, yet in many instances (Figures 9a and 9b) the levels of 

serotonin potentiate the adrenergic pattern. In bioengineering, a differential 

operational amplifier serves the same purpose, i.e. to control the utilization 

of a positive and/or negative feedback system. Functionally, its use would 

appear to be similar to that of Ashby's "null function" (Ashby. 1952) or a 

mechanism to control independency of system function resulting in a poly

stable system. 

There is one drug that does not fit into the system which we have out

lined. Ethanol, although it does give an adrenergic pattern, is unique as 

it abolishes tonus eventually inducing a seizure pattern that is inconsistent 

with any adrenergic or cholinolytic drug. This pattern, in all probability. is 

a result of functional depression of the reticular system itself and of its input 

circuitry as a whole. Thu~ latency is increased greatly because of this de

pression yet duration is decreased simply because the reticular formation is 

severely depressed and unable to initiate tonus properly. This represents 

then not an active inhibitory feedback loop but merely a depression of the 

entire system. 

s. Summary 

Jn summary then. we have given a systems mechanism to explain the 

data in view of a unified whole. The neurotransmitters function as interde

pendent modulators of independent feedback loops. The cholinergic system 

affects primarily a positive loop resulting in directly related latency and du

ration values. while the adrenergic system affects both a more-encompassing 

negative feedback loop and the former positive loop resulting in indirectly 
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related latency and duration values. The levels of serotonin may function as 

differential operational amplifiers, with these levels determining which of the 

two former neurotransmitter systems will predominate. 
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Summary and Conclusions 

The two primary purposes of this study were to present a novel hypo

thesis of the mechanism of electroconvulsive seizure, and to test the effects 

of various drugs and regimens on the parameters of the ECS; finally, an at

tempt was made to synthesize a viable theory concerning these drugs' effects 

on the hypothesized mechanism. 

In the introductory sections, the mechanism of the ECS was described 

and predicated on the assumption that the organism reacts homeostatically 

to the overwhelming stimulus of induced ECS. It was seen, that the maxi

mal tonic-clonic seizure has four well-defined stages: latency, tonus, clo

nus and postictal depression. The core of the theory involved the reticular 

formation which when activated by the electrical stimulus resulted in tonic 

neuromuscular manifestations. Physiological and biochemical data was given 

to build on this reticular activation concept in an effort to clarify the four 

stages of seizure activity. Correlation was drawn between the EEG, mus

culoskeletal observations, and functional patterning of the organism when 

ECS was induced. 

The drugs have been shown for the most part to induce changes in the 

central nervous system neurotransmitter levels. Various drug regimens as 

well as non-drug experimental situations were included for completeness. 

It was seen that the adrenergic and cholinolytic drugs and low dosages of 

methamphetamine induced similar changes in the latency and duration of the 

seizure. It also was demonstrated that chollnergic drugs and high dosages 

of methamphetamines caused similar ECS patterns distinct from the former 

groups of drugs. The data for the serotonergic compounds and methionine 

sulfoxamine were inconclusive while the data for ethanol demonstrated a 

unique effect on the seizure patterns. 

An effort was then made to synthesize both the mechanism of the homeo

static organism with the various neL.rotransmitter systems demonstrated in the 
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data. It was seen that the bioengineering concepts of the staircase inte

grator and differential operational amplifiers clarified the diverse evidence 

in a new frame of reference for the ultrastable organism's reaction to the 

overwhelming stimulus. A positive feedback loop enclosed in a negative 

feedback loop both acting independently whose loop gain would be affected 

by two interdependent opposing neurotransmitter systems was see:--i to ade

quately explain the data in a unified manner. 

Finally, in an effort to justify the assumptions of the science of sys

tems analysis, it was stated that in order to clarify by means of verifiable 

theories the mechanisms involved 1~ organismic behavior be it as a reaction 

to massive or to complex subtle stimuli the neurosciences must not stop at 

the sub-system level. The data must be utilized with the assumption that 

the whole is greater than the sum of its parts; and to view the whole, the 

context of systems analysis provides a readily understandable general and 

mathematical framework. 
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