
THE PHYSIOLOGY OF THE 

PAROXYSNAL AFTER.DISCHARGE 

by Carl Pinsky 

A thesis presented to the Faculty of Graduate 

Studies and Research, HcGill University, in partial 

fulfillment of the requirements for the degree of 

Haster of Science. 

Department of Physiology, 

HcGill University, 

Hon treal. August, 1957. 



ACKNOWLEDGHENTS 

I wish to express my deepest thanks to Prof. B.D. Burns, who 

directed the research done in this study, and whose invaluable help 

has been unstintingly given. His keen insight and enlightening 

critisism have been most stimulating. It has been a privilege to 

work under his guidance. 

I am deeply grateful to Prof. F.c. Yncintosh who helped to make 

it possible for me to do graduate work in his department. 

Hy sincere thanlcs go also to Prof. P. Sekelj, under vrhose watchful 

care I became familiar with the intricacies of electronic equipment. 

Hrs. J. J:-.1alin gave unfailing help with the biological preparations, 

and with the photography. Hr. G. Handl was efficient in caring for the 

electronic equipment. 

The cooperation of Hiss R. Forrer and :t-Ir. D. Cameron in preparing 

the photographs is greatly appreciated. Dr. VI. Black, of the Department 

of Zoology, provided useful information. 

Hr. G. K. Smith deserves sincere thanks for the generous way in 

which he helped prepare the illustrations. Thanks are due also to 

Dr. G. Salmoiraghi whose discussi ons and advice have proved most valuabl~ 

and to Dr. G.B. Fraruc for helpful discussion. 

To my wife, who t;Yped this thesis, I am sincerely grateful. 

This work was supported by a grant to Prof. B. D. Burns from the United 

Cerebral Palsy Foundation. 



TABLE OF CONTENTS 

INTRODUCTION 

HISTORICAL REVIEW 

I. Introduction 

II. Afterdischarges 

III. The Theory of Differentia1 Repo1arization 

FORHULATION OF THE PROBLEH 

HETHODS 

I. The Bio1ogical Preparation 

1) Initial surgery 
2) Isolation of the fore-brain 
3) Isolated slabs 

II. Stimulation 

III. Recording 

1) Types of recording 
2) Recording apparatus 
3) Presentation of records 

RESULTS 

I. The Gross Form of the Afterdischarge 

II. Parameters of Stimulation 

1) Strength 
2) Pulse duration 
3) Frequency 
4) Number of stimuli 
5) Polarity 

III. Locale of Stimulus 

IV. Stimulation with Potentiati ng Pulses 

Page 

1 

3 

3 

4 

6 

8 

10 

10 

10 
11 
12 

12 

12 

12 
14 
15 

16 

16 

17 

18 
21 
22 
23 
24 

25 

25 



V. The Ampli tude and Phase of the Paroxysmal 
Afterdischarge at Different Depths 

1) Rationale and methods 
2) Heasurements at the focus 
3) l'Ieasuremènts remote from the focus 

VI. The Paroxysmal Afterdischarge and other 
Cortical Phenomena 

Page 

27 

27 
28 
33 

36 

l) Spontaneous activity 36 
2) The surface-negative response 37 
3) The surface-positive burst response 37 
4) Spreading depression 38 
5) General relationship of the paroxysmal 

afterdischarge to other cortical phenomena 38 

CONCLUSIONS 40 

1. Independence of the Afterdischarge from Total 
Stimulus Current 40 

2. Dependence of the Afterdischarge upon the 
Number of Stimulating Pulses . 41 

3. The Chronic Net Depolarization of the Neurones 
Involved 42 

4. Location of the Neuronal Structures Involved 
in the Afterdischarge 44 

5. The Hechanism of Differentiai Repolarization 
applied to the Neurones Involved 47 

6. Discussion of the Results of Sorne Other 
Investigators 51 

7. Sorne Alternate Theories to Explain the Paroxysmal 
Afterdischarge 53 

8. Refractory Period of the Neurones Involved 54 
9. The Hyper-excitable Phase of the Neurones 

Involved 55 
10. The Spread of the Afterdischarge Away from the 

Focus 56 

INDICATIONS FOR FUTURE WORK 58 

SUNHARY 60 

BIBLIOGRliPHY 63 



LIST OF FIGURES 

Fig. 1. Spatula used to isolate the fore-brain 

Il 

tt 

tt 

Il 

Il 

Il 

Il 

Il 

Il 

Il 

Il 

Il 

Il 

Il 

Il 

Il 

2. Change in mean potential of cortex 

3. A typical afterdischarge 

4. Stimulation at threshold strengths 

5. Neasurement of cortical impedance 

6. Graph of afterdischarge duration vs. 
stimulus strength 

7. Graph of afterdischarge duration vs. 
stimulus pulse duration 

8. Graph of afterdischarge duration vs. 
stimulus pulse frequency 

9. Graph of afterdischarge duration vs. 
number of stimulating pulses 

10. Record of paroxysmal activity occurring 
during the period of stimulation 

11. Graph of afterdischarge duration vs. 
stimulus pulse frequency, at strengths 
only 10% above threshold 

12. Distribution with depth of the repetitive 
potential discharge amplitude at the focus 

13. Distribution with depth of the potential 
at the beginning of the afterdischarge 
at the focus 

14. Unit cell activity 

15. Distribution >.Jith depth of the repetitive 
potentiul discharge amplitude remote from 
the focus 

16. Failure of the paroxysmal afterdischarge 
to jump the eut margins of an isolated slab. 

17. Sorne neuronal schemas which could result in 
the observed radial potential gradients 

page 

lla 

16a 

17a 

18a 

19a 

20a 

22a 

23a 

24a 

24b 

26a 

30a 

32a 

33a 

35a 

38a 

47a 



1. 

THE PHYSIOLOGY OF THE 

PAROXYS~~ AFTERDISCHARGE 

INTRODUCTION 

Since biblical times, physicians have been challenged by the 

difficulties of finding the proper treatrnent for the disease of 

epilepsy. That challenge has not gone unanswered at any tirne in 

the recorded history of medical science. The quest for the solution 

of this problern is being carried out vigorously today on many fronts. 

The clinician and the research worker are helping each other to 

understand the nature of the disease, and to provide a rationale for 

its causes and treatment. Advances in the treatment of all diseases 

have gone hand in hand with increasing knowledge of fundarnental 

biological phenornena. This study undertakes to investigate a biological 



phenomenon known to be associated with epilepsy, namely paroxysmal 

electrical activity on the cerebral cortex. 

The work done in this investigation was designed to serve as a 

study of certain characteristics of paroxysmal electrical activity on 

the cortex. Further, experiments were done to ascertain the most 

pertinent problems to be solved in order to establish the physiological 

mechanisms whereby a cortical paroxysmal afterdischarge is mediated. It 

is the hope of the author that this study may serve as a contribution 

to the work done by others in answer to nature 1 s challenge. 



3. 

HISTORICAL REVIEVI 

I. INTRODUCTION. 

John Hughlings Jackson was the first to break through the inter-

face between the ancient era of treatment of epilepsy and the modern era 

of research which continues today. (Jackson, 1870) It was Jackson who 

first correctly described the convulsions associated with epilepsy as 

arising from a discharge in the highest centres of the central nervous 

system. This concept was promptly confirmed by the experimenta done by 

Fritsch and Hitzig, (1870). To these latter t-vro \·lOrkers belongs the 

distinction of being the first to stimulate the cortex electrically. This 

technique, used by numerous workers over the past eight decades, has made 

possible the precise mapping of the sensory and motor functions of the 

cerebral cortex. It has helped the neurosurgeon to safely excise injured 

brain tissue \-rhile leaving important cerebral tissue intact, and has enabled 

the neurophysiologist to produce paroXYsmal electrical activity on the cortex, 

in order to investigate that phenomenon under controlled conditions. (Penfield 

and Rasmussen, 1950) 

It has been kno-vm since 1875 that electrical activity exists in the 

brain. Caton (1875) recorded this activity, using a capillary electrometer. 

In 1924 Berger used a string galvanometer to record the first e1ectroencephal

ogram from the human brain. His work was first pub1ished in 1929. 

(Berger, 1929) In subsequent work he clear1y estab1ished that an epileptic 

seizure is accompanied by a paroxYsmal electrical discharge in the brain. 

This led other workers to use the paroÀrysmal afterdischarge as an index of 

the effects. of epileptogenic agents. (Adria...'1 and l-'Iatthews, 1934) 



II. AFTERDISCHARGES. 

The first use of the term 11 afterdischargen appears in the work 

of Sherrington. In his book "The Integrative Action of the Central 

Nervous System" (Sherrington, 1906) he uses the term to describe the 

reflex contraction persisting after the stimulus which initiated the 

reflex had been removed. Since that time studies of similar phenomena 

have been made on numerous sites in the mammal. Adrian stimulated the 

cerebral cortex of the anaesthetized rabbit and cat and produced an 

electrical afterdischarge of cortical neurones which he recognized as 

being similar to the electrical activity recorded from the cortex during 

an epileptic seizure. (Adrian, 1936) Burns was able to produce similar 

afterdischarges within isolated slabs of cat 1 s cortex. (Burns, 1949) 

Kristiansen and Courtois also reported comparable results from isolated 

slabs of cortex. (Kristiansen and Courtois, 1949) 

The afterdischarge vlhich followed electrical stimulation of the 

cortex closely resembled the activity present there during an epileptic 

seizure. This led many vrorkers to employ this means of inducing an 

experimental epilepsy. The afterdischarge itself became known as the 

11 epileptiform afterdischarge11 • Attempts "t-Tere made to relate the pathogenesis 

of epilepsy and the physiology of the afterdischarge. 

knong the first theories put forth to explain the afterdischarge 

was the concept of reverberating circuits. (Lorente de No, 1938) The 

objections to this theory were considerable, particularly when it was found 

that the afterdischarge could easily be obtained upon small, neuronally

isolated cortical slabs. As yet, there is no experimental evidence which 

conclusively proves that reverberatory chains of neurones play any role in 
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the paroxysmal afterdischarge, and there is much suggestive evidence 

that it does not. (Penfield and Jasper, 1954) 

Other theories presented to explain the epileptiform activity 

included the theory that a 11 triad11 of cerebral nuclei interacted to 

produce large cortical potentials. (Lennox and Robinson,- 1951) This 

theory did not take into account the fact that afterdischarges can be 

produced upon totally isolated slabs of cortex. A theory which does take 

this into account was proposed by Echlin, Arnett and Zoll.(l952) These 

workers based their theory on the fact that infrequent bursts of electrical 

activity can be recorded from bath completely and partially isolated slabs 

of cortex. They proposed that an epileptic seizure was the result of 

these bursts arising from cortical areas that had become isolated due ta 

neurological or other lesions. 

Investigations have been made to establish whether or not 

epileptogenic lesions in the cortex may be caused by disorders of cerebral 

circulation. Jasper and Erickson (1941) carried out studies of bath blood 

flo\..r and cortical pH in areas of cortex \·!here paroxysmal afterdischarges 

had been produced by electrical stimulation and by Jiletrazol. They found 

that the afterdischarge was accompanied by vasodilatation and an increased 

blood flow, but concluded that these effects were secondary to the mechanism 

which mediates the afterdischarge. Penfield and Jasper (1954) later arrived 

at identical conclusions. 

Various biochernical mechanisms have also been proposed to explain 

the paroxysmal afterdischarge. It is knovm that cholinesterase activity 

is higher in an epileptogenic cortical focus than in normal cerebral cortex • 
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(Tower and Elliott, 1952) Toi-rer (1956) suggests that this increase of 

acetylcholine rnight be the cause of epileptiform activity, either directly, 

or indirectly by interference with certain enzyme systems. The same author 

also suggests that the production of acetylcholine in epileptogenic tissue 

is related to an imbalance of electrolyte metabolism, particularly of the 

potassium ion. 

III. THE THEORY OF DIFFERENTIAI. REPOLAIUZATION. 

The isolated cortical slab proved to be a very useful preparation 

for investigating the responses peculiar to cortical t i ssue. (Burns, 1950) 

In his experiments upon isolated cortex Burns shoi..red that many forms of 

neural activity produced by electrical stimulation outlasted the stimulation, 

and that this seemed to be a distinct property of cortical tissue. (Burns, 

1950, 1951, 1954) In order to explain this property, Burns proposed his 

theory of differentiai repolarization. 

In this theory it was postulated that a depolarized type-B neurone 

would r epolarize more quickly at the superficial end than at the somatic 

end, and that this condition would give rise to afterdischarges. (Burns, 1954) 

An outline of the theory o:.:. cï.ifferent ial r epolarization, as proposed by Burns, 

is gi ven in the follm.Jing. 

The mechanism of differentiai repolarization is dependent upon 

neurones which do not r epolarize uniformly along their length when their 

membranes r ecover from depolarization. Thus, should a neurone become de

polarized due to driven excitation, one end of the neurone will repolarize 

before the other end has done so. This will set up a potential gradient 

betiveen the quickly-repolarizing end and the slowly-repolarizing portion. 
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The potential gradient will cause current to flow from the recovered 

portion of the neurone to the still-depolarized region. l!hen the current 

flow reaches a critical level, the repolarized portion will discharge, 

due to the catelectrotonus caused by the positive current streaming out 

from the recovered portion of the neurone. This will give rise to an 

action potential in much the same fashion, as an action potential in 

peripheral nerve is propagated·- (Brazier, 1951) At the end of the action 

potential the neurone is once more depolarized, and the cycle is repeated. 

In arder ta test the parameters of the mechanism proposed in 

the foregoing, Burns designed ru1 electrbnic analog of a differentially

repolarizing neurone, and constructed several networks composed of these 

madel 11neurones 11 • (Burns, 1955) The madel neuronal networks gave responses 

exactly similar to the responses of type-B cells in isolated cortex. 

Experimental evidence which substru1tiated the hypothesized 

differential repolarization was subsequently reported. liecords made inside 

the Hauthner cells of the catfish shoHed that certain neurones do indeed 

repolarize differentially in the manner postulated by Burns. (Tasaki, 

Hagiwara and Watanabe, 1954) Studies of single neurones in the cortex 

during a period of epileptiform activity led other \vorkers to postulate 

a form of differentiai repolarization as being responsible for the 

paroxysmal discharge during an epileptic seizure. (Ward, Schmitt and 

Thomas, 1955) 



8. 

FORNULATION OF THE PROBLEH 

The present study is concerned with determining whether or not 

the paroxysmal afterdischarge is the result of the differentiai 

repolarization of a group or groups of neurones in the cerebral cortex. 

In order to establish if the phenomenon of differentiai repolarization 

is the basis for an afterdischarge it is necessary to examine the 

properties of other afterdischarges which are believed to be caused by 

differentiai repolarization. 

It has been conclusively shown that the veratrin afterdischarge in 

frog's muscle is due to differentiai repolarization of the muscle cells. 

(Burns, Frank and Salmoiraghi, 1955; Fraru~, 1956) Hence there is a 

known system in which an afterdischarge is due to differentiai repolarization, 

and the particular properties of this afterdischarge can be enumerated. 

Furthermore, from the manner in which differentiai repolarization is 

assumed to ini tiate and maintain an afterdischarge, i t is possible to 

infer the general properties of such an afterdischarge. Since these 

properties are of paramount importance to this study t hey will be outlined 

here. 

In a revie"t-r of the theories proposed to explain various afterdischarges 

Burns (1957) states that an afterdischarge which is the result of differentiai 

repolarization will have the following properties: 

(a) An action potential starting from any point 

and travelling in any direction 1D.ll ini tiate 

the afterdischarge. 

( b) The afterdischarge tends to bear an all-or

nothing relationship to the stimulation 



which initiates it. 

\c) The latent period between the end of the 

stimulation and the beginning of the 

afterdischarge is greater than the time 

interval between the first t>m action 

potentials of the afterdischarge. 

(d) The maximum frequency of the repetitive 

firing of the afterdischarge does not 

occur at the beginning of the afterdischarge 

but is usually reached after the first few 

action potentials. 

(e) When the afterdischarge cornes to an end, 

its frequency does not decline asymptotically 

to zero, but after some reduction in the rate 

of discharge the series of action potentials 

stops suddenly. 

(f) The production of an afterdischarge requires 

the presence of an adequate gradient of membrane 

potential along the length of the cell or cells 

responsible for the afterdischarge. 

9. 

The investigation of the physiology of the paroxysmal afterdischarge 

desc:cibed here has attempted to establish experimentally whether or not 

the afterdischarge has the properties common to those which are the 

result of a neurone or system of nearones which repolarizes differentially. 



f.lETHODS 

I. THE BIOLOGICAL PREPARATION. 

(1.) Initial surgery. 

10. 

Cats weighing between 1.5 and 4.5 kg \vere used. Nost 

experiments, however,wer.emade upon cats weighing about 3.2 kg. On sorne 

animals the technique of Burns and Grafstein (1952) was used to isolate 

the forebrain. ( "cerveau isolé 11 of Bremer, 1935) Such animals did not 

need to be anaesthetized during the experiment. Initial surgery on such 

preparations was carried out under ethyl ether anaesthesia, induced with 

ethyl chloride. Uhere the forebrain was not isolated the anaesthesia was 

first induced wi th ethyl chloride and ether. Chloralose \.ras then inj ected 

intravenously, the dose given being 80 mgm per kilo body Height. 

A tracheal cannula vras inserted, and the carotid arteries 

were exposed and prepared for clamping off by passing loops of thread 

around them. It was found that the best results Here obtained when the 

carotids were clamped off for as short a time as possible. To this end 

the carotids were left unclamped until the bleeding in the skull or brain 

beca..'Ile profound. After the surgery at least one of the carotid clamps 

was removed. 

Follovring the tracheal cannulation and e:>.."Posure of the carotids 

the ru1imal was ttrrned on its ventral side and the head clamped in a Tshermruc 

helder with the top of the slcull about 25 cm above the table. This height 

was adjusted during the operation so that blood would just barely ooze 

from the sinuses in the skull. This reduced bleeding to a minimum whilst 

ensuring that air '\.rould not be sucked bacle into the sinuses. 
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A skin incision was made in the mid-line, the skin reflected, 

and the left temporal muscle removed. The bone was trephined and eut 

away. Sagitally,the removal of the skull extended as far forward as the 

nasal sinuses, and caudally to the upper margin of the tentorium cerebellum. 

Transversely the opening extended to ,.n. thin 3-2 mm of the mid-line, and 

included most of the temporal bone. The eut edges of the slrull were sealed 

off with plasticene. 

The dura mater 'vias removed and a drainage hole made into the 

lateral ventricle as described by Burns and Grafstein. (1952) 

At the end of the operation 20 cc of saline Has injected 

intraperitoneally. This helped to restore sorne of the plasma volume lost 

by bleeding, and animals so treated rernained in better condition than those 

uho were not given the saline injection. 

(2) Isolation of the for~brain. 

The forebrain ,.Jas isolated by the technique described by Burns 

and Grafstein, (1952) with one minor modification. The spatula used to 

eut the brain-stem was provided with a notch which served to guide the 

experimenter. Examination of the skulls of several cats led to the design 

of a spatula which ensured a complete cutting of the nerve-fibres in the 

brain-stem with less cl~ce of cutting blood vessels. 

A photograph of the spatula is shown in Fig. la.Fig.lb shows 

hol.<J the medial projection of the tentorium serves to guide the sectioning. 

In practise, the experimenter pivots the notch on the projecting bone. 

The locus of the spatula tip is such that the mid-brain is sectioned while 

blood-vessels are left intact. 



1 Cil. 

'--1 

tentorium 
cerebellum 

b 

a a cerebral arteries 

b = blood-vessels lying 
between cerebrum and 
tentorium 

lla. 

Fig. la 

Spatula used 
to isolate forebrain. 

medial projection 
of tentorium 

Fig. lb 

dorsum sellae of 
basisphenoid bone 



12. 

(3) Isolated Slabs. 

In those experiments where isolated slabs of cortex were 

prepared, the technique of Burns for undercutting and neurologically 

isolating the slab was used. (Burns, 1950) All the slabs were made 

on the suprasylvian gyrus in such a way that no sulci 'I.·Iere included. 

This makes the interpretation of the results much easier. (Burns, 1951) 

The dimensions of the slab varied vrith the experiment, and are described 

in the text. 

II. STIHULATION. 

Surface stimulation was used in all the experimenta. A pair 

of light platinum electrodes, their ends fused into balls, was placed 

upon the cortex or slab. The spacing of the electrodes was usually 

2 mm. The stimuli were electronically controlled rectangular potential 

chru1ges, obtained from Tektronix type 161 pulse generators driven by 

Telctronix type 162 waveform generators. The pulse generators were 

modified so that the output \vas controlled by a 10-turn helical 

potentiometer. (Beckman Helipot type .AJ) This enabled the stimulating 

voltage to be controlled to three significant figures. The n~~ber of 

stimuli \vas controlled either by t he gate circuit of a Te1~tronix Haveform 

generator, or by a predetermined electronic counter. (Computer Heasurement 

Corporation, Madel No. 313A) A low-capacitance isolating transformer 

(Hammond No. 935) was used to isolate the stimulating pulses from earth, 

and so reduce the stimulus artefact. 

III. RECORDING. 

(1) Types of recording . 

(i) Bioolar Surface Recording, R.C. Coupled. This type of 



recording was used where a record of rapidly-changing potentials 

on the surface of the cortex was desired. For these measurements 

l3. 

platinum electrodes, similar to the ones described for stimulation, 

were used. Since the spacing of these electrodes was small , the 

potentials recorded represent the potential gradient at t he surface 

of the cortex illeasured tangentially to the curvature of the cortex. 

The l)Otentials recordeà i n this way may be referred to as "tangential" 

potential gradients. 

(ii) l-Ionopolar Surface Recording. These records Here made 

using non-polarizable silk-wick electrodes. The wicks were imbedded 

in a gel made of 1% agar in 0.9% NaCl, and projected from the end of 

a bent tapering glass tube. Connection to the r ecording system was 

made by chlorided silver wires di pping in the agar gel. One of the 

electrodes was placed upon a reference point made on the cortex by killi ng a 

small cortical area with electro-cautery. The ether electrode is 

referred to as the 11active 11 electrode and was placed sorne dista.11ce 

away from the reference point. Potentials measured in this manner are 

refer r eà to as monopolar potentials. 

(iii) Bipolar Depth Recording. Records of potentials at 

differ ent depths i n the cor tex were made using microelectrodes as 

described by Burns . (Burns, 1954) One input terminal of t he recording 

system was connected to the microelectrode by means of a chlorided silver 

vdre dipping into the saline-filled mi croel ectrode. The ether i nput 

t erminal \Jas connected to a sillc-wick el ectrode olaced on the sur face 
~ 

of t he live cortex close to the poi nt Hhere t he microelectrode penetrated 

the sur face. 
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Since such a placement of electrodes records the potential gradient 

which appears between the surface and sorne point on the radius of the 

cortex, the potentials recorded in this way are referred to as "radial 

potential gradients. It b.a.s been shawn (lîenshm.r, Forbes and I·Iorrison, 

1940) that potentials recorded in this way are the resultant of the 

potentials of neurones randomly distributed close to the recording 

microelectrode. In this study the radial potential gradient is referred 

to as the 11mean11 potential of the cortex. This is in keeping with the 

view that the recorded potential gradient is actually the mean of 

potentials contributed by neurones in the vicinity of the recording 

microelectrode. 

Since the mean potentials referred to underwent very 

slou changes in sorne records, they were recorded direct-coupled. 

(iv) Activity of Single Neurones. Records of action potentials 

from single cells in the cortex were made using saline-îilled glass 

microelectrodes similar to those described by Burns. (1954) The tips 

of the micro electrodes used for recording unit cell acti vi ty vTere alt.rays 

10~ in diameter or less. The action potentials were obtained as a 

monopolar recording, the reference beine a silk-wic~ electrode in contact 

Hith a killed point on the cortex. Connection was made to the amplifiers 

by means of chlorided-silver wires dipping into the glass electrodes. 

Potentials obtained in this manner are referred to as 

"unit potentials 11 • 

(2) Recording Apparatus. 

Two channels of amplification l-Tere available. Each consisted 

of an input cathode-foll01·l8r wlll.ch fed into a preamplifier dri ving ei ther 
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a photographie oscilloscope or a Sanborn two-cha.nnel pen-1.-rriting recorder. 

A loudspeaker unit was available uhich made audible the potentials being 

recorded. 

(3) Presçntation of Records. 

Hherever applicable an inset diagram has been included with 

each record or set of records. Where R. C. coupling l-IaS used in the amplifier 

system, a capacitor is drawn in the functional circuit diagram and the 

effective time-constant is stated in milliseconds. Unless otherwise stated 

a...'1 upuard deflection on the record indicates that the active electrode is 

negative 1.·rith respect to the refere;.1ce electrode. In depth measurements 

an upward deflection signifies that the deep electrode is negative with 

respect to the surface. Hhere bipola.r surface recording is used an upward 

deflection signifies that the electrode nearest the stimulating electrodes 

is negative with respect to the electrode farther away. 

All dimensions are in mm unless other1.·rise stated. 

For brevity in lo.belling sorne of the graphs and records, the 

term "afterdischarge" has been abbreviated to the letters "A.D." 
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RESULTS 

I. THE G}l.OSS FOill-~ OF THE AFTERDISCHARGE. 

A general description of the paroxysmal afterdischarge could be 

given by stating that following a period of repetitive stimulation of 

the cerebral cortex there is a short interval of inactivity followed 

by a period of large oscillatory potential discharges of varying form 

WP~ch are repeated in a periodic manner. Although the method and site 

of recording these repetitive potential discharges vdll alter the observed 

vmveform to sorne degree, there are certain patterns Hhich the afterdischarge 

folloHs in alrnost all the records obtained in this study. These patterns 

can be outlined as follows: 

(i) During stimulation there is a change in the mean 

potential of the cortex. This is seen \üth all 

types of recording. Although this change is certainly 

partly due to a cumulative stimulus artefact, this 

accounts for only part of the change in mean potential. 

As can be seen from Fig. 2 reversing the polarity of 

the stimulus does not necessarily reverse the polarity 

of the change in mean cortical potential. 

(ii) At the end of stimulation there is a latent period in 

which the mean potential continues to change. This 

latent period is brought to a halt by the onset of 

the afterdischarge. The average latent period between 

the end of stimulation and the beginning of the 

afterdischarge was>200milliseconds. 

(iii) The afterdischarge begins \-lith a series of repetitive 
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discharges. The time interval between the first 

two repetitive discharges is always less than the 

latent period. The average interval between the 

first tuo dischuges, taken from the same records 

as for the latent period, was <LOO milliseconds. 

As the afterdischarge proceeds the repetitive 

discharges change in form and in frequency. At 

first the dis charges are dome-shaped wi th occasional 

bursts of higher-frequency activity superimposed on 

them. As the discharge continues,the shape becomes 

smoother and the frequency increases. Finally there 

is a slovring-doun of the discharges until they become 

infrequent bursts of activity. At this point the 

afterdischarge usually cames to an abrupt end. Fig.3 

shO\·TS an afterdischarge which folloHs this typical 

pattern. 

The results obtained from the experimenta done in this study 

involved a detailed examination of the various components of the 

afterdischarge. Conditions of preparation, stimulation, locale and 

recording were varied to provide an insight as to hoH the afterdischarge 

begins, hol: i t is maintained, and Hhy i t is terrainated. 

II. P ARAI·ŒTERS OF STIHULATION. 

The stimuli used to initiate the paroxysmal afterdischarge 

consisted of rectan.:,aular pulses of constant potential. These stimuli 

are of great conve1ùence since they have several independent par&~eters. 

Thus it is possible to vary one stimulus parameter \vhile keepine all 
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the others constant, and observe the effects upon the afterdischarge. 

The parameters of stimulation which Here investigated in this 

study are as follows: (1) pulse amplitude, refèrred to here as strength; 

(2) pulse duration; (3) pulse repetition rate, referred to as freguency; 

(4) total number of stimuli; and (5) polarity. 

(1) Strength. 

In all these experirnents bipolar surface recordings were made 

using platinurn electrodes. The paroxysmal activity of the afterdischarge 

can be recorded with R.C. coupled amplifiers, and tlus was done to avoid 

the annoyance of a drifting baseline. 

The experirnents were intended to determine (a) the threshold 

of stimulus strength needed to initiate the afterdischarge, and (b) the 

relationslup between the duration of the afterdischarge and the stimulus 

strengtt. With a pulse frequency of 20 per second and a pulse duration 

of 2 milliseconds i t vras found that a 3 second period of stimulation 

required a strength of about 5.0 volts to initiate an afterdischarge 

on most animals. (Fig.4~ 

Since the stimulating pulses were obtainod from constant

voltage pulse generators, it has been fotmd convenient 

to state the stimulus strengths in terms of volts. In 

order, houever, t o have sorne estimate of the stimulus 

cur rent deli vered to the cortex, pilot experiments \..rere 

made in trJ.s study to determine the cortical impedance 

seen by the stimulating electrodes. 

These pilot experiments were done in the f ashion indicated 

in Fig. 5 . A l.OK ohm resistance, 11R11 , was placed in series 

wi th the stimulating tm..rlSformer output and the stimulating 

electrodes. The peruc voltage, ER of the pulse obtained 
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across R was measured on an oscilloscope. The constant-

voltage output pulse E0 was set to a known value, and 

measurement of ~ enabled the peak voltage, E8, of the 

pulse delivercd to the cortex at the stimulating electrodes 

to be calculated by a simple application of Ohm's Law: 

The current 11I'l through R is given by 

I: __11ill 
R 

Since the impedance of the cortex is in series with R, 

the total current delivered to the cortex is the same as 

the current through R. 

For these determinations measurements were made with Eo 

ranging between 275 mVolts and 1 • .36 volts. At these 

strengths no visible excitation of the cortex took place. 

The results obtained with strengths in this range indicate 

that the impedance seen at the stimulating electrodes is 

in the arder of lo4 ohms. Such high values of resistance 

are in agreement with the results of Grafstein (1954) who 

found the impedance of cortical tissue to be 15X that of 

normal saline. It is also in agreement with the work of 

Frruùc (personal corrununication, 1957) who measured the specifie 

resistance of cortical tissue using rcctangular pulses. Frank 

finds the specifie resistance of cortical tissue to be 

approximately 1000 ohm-cm, which is close to lOX that of 

normal saline. 

The effects of polarization of the stimulating electrodes 



R 

Eo 
.JL 

19a. 

CORTEX 

Fig. 5 

measurement of 
cortical impedance 



20. 

probably add to the impedance measurements described 

here. Nevertheless, since these are in series with 

the cortex it is still reasonable to assume that the 

current delivered to the cortex during stimulation is 

equal to the pulse voltage divided by 104 ohms. 

This is only true if the spacing of the stimulating 

electrodes, as well as the specifie resistance of the 

cortex remains constant during the experiment. For 

this reason these results are included only to indicate 

the arder of currents used in this study. All further 

stat~~ents regarding stimulus strengths are made in 

volts to ensure reproducibility when using constant

voltage pulse-generators. 

At the threshold strength the afterdischarge is very short and 

does not always spread far from the stirnulated area. (Fig. 4b) 

The duration of the afterdischarge increases in almost all-or

nothing faslûon at any strength above the threshold. Increasing 

strength beyond the threshold value has practically no effect upon 

the àuration of the afterdischarge. (Fig.6 ) 

The upper limits of the effect of stimulus strength were restricted 

by the fact that strengths great enough ta produce the afterdischarge 

were also at times sufficient ta produce spreading cortical depression. 

This phenomenon was first described by Leao in 1944. It consists of 

a spreading front of lessened cortical activity accompanied by a marked 

decrease in cortical excitability. The advent of spreading depression 
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during an experiment, then, can obfuscate the results seriously. 

Since other workers have postu1ated that the phenomena responsible 

for spreading depression may also be responsib1e for epi1eptiform 

activity, (van Harreve1d and Stamm, 1953; Sloan and Jasper, 1950) 

the experiments described here were designed so that the afterdischarge 

could be studied without interference from the onset of depression. 

In order to detect the presence of cortical depression,a switching 

arrangement was provided so that the stimulating electrodes could be 

connected either to the repetitive stimulus used to initiate the 

afterdischarge, or to a sing1e-shock stimulus chosen to e1icit the 

surface-negative response described by Burns. (1950, 1951) It has 

been shown by Grafstein (1954) that the surface-negative response 

disappears during the large negative wave ,./hi ch accompanies spreading 

depression, and reappears at its pre-depression level about 2 minutes 

after the peak of the negative vrave. Thus the surface-negative response 

serves as a good estimate of the viability of the cortex. The absence 

of the surface-negative response was taken to mean that the cortex was 

depressed, and no further tests were made unti1 the surface-negative 

response returned to normal. Thus there is reasonab1e assurance that 

the results obtained are not complicated by the presence of spreading 

depression. 

It was found that strengths greater than 20 volts were parti cular1y 

1iab1e to cause spreading depression, and so the effects of varying 

sti;nulus strength uere never tested beyond this 1imit. 

(2) Pulse Duration. 

In these experimenta the threshold strength for initiating 
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an afterdischarge was determined for the area of cortex to be tested. 

The strength was then adjusted so that it >vas well above threshold 

for the afterdischarge but below the region where spreading depression 

was likely to occur. (Fig.6) The pulse duration was then varied while 

the strength and other stimulus parameters were held constant. Fig.7a 

sho·Hs the results of plotting the duration of the afterdischarge vs. the 

pulse duration. This graph shm•s that pulse durations shorter than 

0.3 milliseconds fail to produce any afterdischarge. The duration of 

the afterdischarge increases steeply ~dth pulse durations from 0.3 to 

1.0 milliseconds. This region is shown in an expanded form in Fig. ?b. 

Increasing the pulse duration beyond 1.0 milliseconds has very little 

effect upon the length of the afterdischarge until the pulse WJLration 

becomes greater thau 9.0 milliseconds. Beyond this point the afterdischarge 

duration falls off very quickly and no afterdischarge 1.:h8. tsoever is 

produced by stimuli whose pulse duration is 10 milliseconds or greater. 

This steep fall of afterdischarge duration is explained by the fact that 

pulse dura·cions of 10 milliseconds or greater were very likely to cause 

spreading depression of the cortex. 

(3) Freguenc~. 

These experiments were designed to test the relationsr~p 

bet>veen the stimulus frequency and t he duration of the afterdischarge. 

EJcperiments made l·d th strengths t~odce threshold shO\-T that 

the efterdischarge could not be elici ted by frequencies lOi·ler tha..î about 

6 pulses per second. Above the threshold frequency the duration of the 

afterdischarge i ncreases vdth the stimulus frequency until about 70 pulses 

per second. After this point the duration of the afterdischarge decreases 
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uith an increase of frequency until finally, at 400 pulses per second, 

the stimul:::.tion fails to produce any afterdischarge. The peak at 70 

pulses is not very sharp, the cùrve being rather broad and flat-topped. 

(Fig.8) 

(4) Number of Stimuli. 

The number of stimulating pulses used to initiate an after

discha.rge has a marked effect upon the duration of the afterdischarge. 

There is a tlu'eshold number of stimulo.ting pulses needed to initiate 

the afterdischarge. At a frequency of 20 pulses per second tr~s threshold 

number ranged between 25 to 35 pulses. An increase in the number of 

stimuli above the threshold number results in an increasc of the duration 

of the afterdischa.rge. This relationship holds almost linearly until the 

number of stimulo.ting pulses is about 4X the threshold number. (Fig.9a) 

After this point the duration of the afterdischarge increases very little 

\·li th the number of stimu.lating pulses. If the number of stimuli is 

increased beyond 6X the threshold number, then the duration of the after

discharge decreases ,.,ri th an increasing number of stimuli. The curve 

tapers of f sharply after the number of stimulating pulses reaches 15X 

threshold. (Fig. 9b ) 

\.Jhen the number of stimulating pulses is more than 6X to 8X 

the threshold number i t is [l.t times possible to see paroxysmal acti vi ty 

during the period of stimulation. (Fig. lü) Strictly spealdng this cannat 

be called an 11 after 11 - discharge, and this period was not considered as 

part of the duration of the afterdischarge unàer invest igation. The 

fact that the period of stimulation occupies part of the paroxysmal 
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activity could account for the declinin0 portion of the curve between 

6X and l5X threshold. (Fig.9~ 

\·lhen a large number of stimulD.ting pulses ( e. g. lOX the 

tbreshold number) is delivered to the cortex, spreading depression is 

likely to occur. This accounts for the abrupt termination of the curve 

in Fig.9bat 15X the threshold number of pulses. 

'\.J'hen repeated bursts of very large numbers of stimuli (JOX 

threshold and greater) Here delivered ta the cortex at intervals of one 

minute for five minutes, the depression was sometimes replaced by a 

paroÀ7smal discharge wlrich lasted for unusually long periods, often 

two to three minutes. A similar phenomenon has been described by 

van Ha.rreveld and Stamm (1953). 

(5) Polarity. 

Since the stimulating waveforn is asymmetrical it can be 

shawn t hat it has a D.C. colïlponent. Ü1oskmritz and Racker, 1951) Such 

a D.C. component could be effective in influencing·a net ion flux in one 

direction, or in polarizing cortical structures in sorne particula.r plane 

depending upon t ho placement of the stimulating electrodes. 

In arder to test whether this D.C. component had any effect 

upon the afterdischarge an exporiment was done in which the stimulus 

polarity 1-ras reversed upon alternate t ests. A slab eut in the suprasylvian 

gyrus of a chloralosed cat was stimulated every ton minutes for a total 

of 19 tests. The results sho\or that there is no significant difference 

bet<·Ieen either the probabi lity of producing an afterdischarge or the 

average duration of afterdischarge <.Jhen compo.ring the effects of different 

stimulus polarities. 
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III. WCALE OF STIH.lfLUS. 

It was round possible to initiate the discharge on any 

region of the cortex. Host of the experiments were done upon the 

suprasylvian gyrus for reasons of tec~~ical accessibility. To establish 

the effects of varying the stimulus locale, experiments were done on 

an isolated slab. The simplified geometry of a slab makes the inter

pretation of results easier than if the intact cortex had been used. 

The frontal and caudal ends of an isolated slab were st imulated 

alternately. There Has no difference betvrcen the resulting probabilities 

of producing an afterdischarge or the durations of the afterdiscl~ges. 

Hhen bath ends of the slab were stimulated simultaneously the resulting 

afterdischarge vras sirnilar to that produced by stimulation at either 

end of the slab alone. 

IV. STIHULATION lUTH PŒEUTIATING PUISES. 

For these experiments isolated slabs were prepared upon cat•s 

unanaesthetized cortex. (See page12) The stimulation consisted of pairs 

of pulses, the second pulse in each pair being referred to as the potentiating 

pulse. A pulse duration of 2 milliseconds was used and the interval between 

the two pulses was varied from 2 milliseconds to 100 milliseconds. The 

paired stimuli vrere repeated at rates which ranged from one pair every 

400 rnilliseconds to one pair every 250 rnilliseconds . 

An afterd.ischarge could be produced by a train of paired stimuli 

consisting of 27 pairs of pulses, with an interval of 3 milliseconds 

between the first pulse and the potentiating pulse, delivered to the cortex 

at the rate of four pairs per second. The strength used was twice the 

threshold strength for an aft erdischarge established •-lith a stimulating 
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frequency of 20 per second, and pulse width of 2 milliseconds. 

\·Ihen the strength vias reduced to 20% above the established threshold, 

a train of paired ptùses similar to the one first described failed to 

produce the afterdischarge. At this same strength a spacing of 15 

milliseconds between paired stimuli resulted in an afterdischarge. 

At strengths 3X the extablished threshold, a potentiating pulse spaced 

2 milliseconds from the first was no more effective in producing an 

afterdischarge than was a train of stimuli 1rithout the potentiating 

pulse. 

On one preparation a train of paired stimuli 'Hi th the 

potentiating pulse spaced 25 milliseconds from the first was able to 

produce an afterdischarge while pulses spaced at any ether interval 

in the range stated -vmre unable to ini tiate the afterdischarge. Similar 

results observed upon several ether preparations suggest that an interval 

of 25 milliseconds between the first pulse and the potentiating pulse 

is the most favorable interval for the production of afterdischarges. 

Experiments 1-1ere done in order to test the hypothesis that 

a particular interval between stimulating pulses could be found which 

-vm.s most favorable for the production of afterdischarges. To this end 

ai'terdischarges were produced using stimulus strengths of only 10% above 

thresholà., \.J'hile varying the pulse frequency. If a most favorable pulse 

intervul for the production of an afterdischarge does exist, a certain 

frequency and its integral multiples will be found which corresponds to 

tr.is moct favorable spacing of pulses. At lm.J' strengths the ability of 

these "most favorable 11 frequencies to produce longer afterdischarges 

than ether frequencies will be emphasized. 

The results of this experiment is shawn in Fig. 11. 
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A series of perucs, occuring at integral multiples of approximately 

2.0 p.p.s., is seen in the graph of frequency vs. duration of afterdischarge. 

V. THl!; Al·lPLITUDE AND PHASE o:B' THE P AROXYSNtu, AFTERDISCE.Ali.GE AT DIFlï'ERENT 

DEPTHS. 

(1) l\.ationale and Hethods. 

The experiments described so far were concerned mainly vTi th 

attempts to quanti tate the afterdischarge wr.J.ch resul ts from a particular 

stimulation, and to see what variations in the afterdischarge are caused 

by variations in the stimulus. For such purposes tl1e gross form of the 

afterdischarge, recorded R.C. coupled in bipolar fashion from the surface 

of the cor~ex, is an adequate gaugc of the effects of stj~ation. 

In arder, howèver, cri tically to test the hypothesis that 

the paroÀ7smal afterdischarge is dependent upon the differentiai repo1arization 

of neurones in the cortex, the gross form of the afterdischarge is inadequate. 

Since the theory of differentiai pepolarization presupposes t lmt following 

a perioà of repetitive stimu.lation there will be a potential gradient 

radial to the curvature of the cortex, (Burns, 1954) experiments were done 

where this radial potential gradient was measured. 

IIeasurements "1-rere made on isolated cortical slabs using 

microelectrodes with diameters from 50 ..u to 100 Jl i.d. A siDc-wick 

reference electrode was placed on tl1e live cortex immediately above the 

point of insertion of the depth electrode. In this uay bipolar records 

of the radial potential gradient are obtained, as described on page 13. 

D.C. coupling vTas used to mal~e possible measurement of the slouly-changing 



components of the potentials recorded. 

(2) Heasurer.1ents at the Focus. 
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The recording electrodes Here placed as close tof::ether 

as \-ras technically possible, and the stimulating electrodes 1-rere 

then placed so that the recording electrodes \fere sure to be in the 

region of heaviest stimulus cur:::-ent density, i.e. at the stimulated 

focus. Tuo channels of recordinc; \·rere used, the first channel being 

a bipolar record of the radial potential gradient. The second channel 

was a monopolar surface recording of the activity of the cortex at the 

focus, 1-rith reference to a killed area of cortex some distance awey. 

This second recording served as a control on the consistency of the 

afterdischarge vrhich appeared at the surface of the focal area. 

(i) The Phase of the Repetitiye Potential Discharges 

at Di~ferent Depths. Although the repetitive oscillatory 

potential discharges with \.rhich the paroxysmal afterdische.rge begins 

show great variations in form and frequency, the first phase of the 

discherge is invariably a positive-going change in potentia1 vrhen mono

polar surface recordings are made. In records of the radial potentials 

made uith microe1ectrodes belou the surface of the cortex the f i rst phase 

of the repetitive discharge may sometimes be positive-going if the micro

electrode is close to the surface. At all depths be1ovr 0.2 mm the first 

phase of the repeti tive discharge is invariab1y negative-going. 

It is now generally accepted that the appearance of surface-

positivity in monopolar surface records signifies the depo1arization of 

the 1ower parts of deep-lying neurones whose processes st retch r adial1y 

out tm.rards the pia . (Adrian, 1936; ~celes, 1951; Burns and Grafstein, 1952) 
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Furthermore, Burns and Grafstein (1952) have shawn that monopolar 

recordings of positive bursts at the surface of the cortex can be 

made sDnultaneously with recordings of radial potentials directly 

belovr the active surface recording electrode. These radial potcntials 

have the same form as the surface record, and until depths of about 

0.5 mm are reached,the tip of the deep recording nicroelectrode goes 

positive Hith respect to the surface at the same time as the active 

recording electrode on the surface goes positive with respect to an 

area of dead cortex. Burns and Grafstein further sho-vr that measurements 

made deeper than the level mentioned indicate a reversal of phase taking 

place, the tip of the microelectrode becoming negative when the cortex 

becomes positive with respect to the killed r eference point. 

The phase relationslùps, observed in this study, of the 

repetitive discharges at different depths in the cortex are consistent 

uith a system of neurones, deep in the cortex, Hhose population begins 

to fire sponta.-rJ.eously follo-vJing repetitive stimulation. In arder ta 

determine if such a system could be localized at one particular depth, 

experiments were done to investigate the distribution Vlith depth of the 

various components of the paroxysmal afterdischarge. 

(ii) The Amplitude of the Repetitive Potential Discharges at Different 

De-oths. The most obvious component among the potentials l-Thich 

appear during the paroxysmal afterdischarge is the repetitive oscillatory 

dis charge \..rhose phase relat i onships VTi th depth have already been discussed. 

The amplitude of thesc discharges was measured as radial potentials at 

different depths in the cortex, r ecordings being made in exactly the same 

manner as for the measurements of their phase . The placement of the 



JO. 

electrodes used to record the radial potentials was such that there 

was almost no separation between the microelectrode at the surface and 

the surface electrode. When anypotentials were recorded at the surface 

it was taken to mean that the potentials so recorded included a tangential 

component. This tangential component was usually small enough to be dis

regarded, particularly at depths in the cortex greater than 0.2 mm. 

Since the repetitive discharges vary greatly in form and frequency, 

their magnitude was measured as the mean peak-to-peak value estimated over 

a period of 1 second, or of at least three discharges, whichever was the 

longer. 

The result of plotting the amplitude of the repetitive discharge 

against the depth of the recording microelectrode is shawn in Fig. 12. 

The magnitude of the repetitive discharge increases with increasing depth 

in the cortex, reaching a maximum amplitude at a depth of 1.25 mm. 

The amplitude of the discharges then decreases with an increase of depth 

until the recording electrode is about 2 mm below the surface of the cortex. 

There is little further change with depth beyond this level. Since the 

slabs eut were usually about 2 mm deep, the flattened portion of the curve 

coïncides closely with the expected region of undercut tissue. 

A distribution with depth of the repetitive afterdischarge 

amplitude such as the one described suggests that a particular group of 

neurones in the cortex is responsible for the oscillatory phase of the 

afterdischarge. In order to determine l-Thether this could be correlated 

with other components of the afterdischarge, furth er experiments were done 

to examine the distribution -vli th depth of other potentials present during 

the paroxysmal afterdischarge. 
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(iii) Potentials at the End of Stimulation. In the description 

of the gross form of the afterdischarge it has already been mentioned 

that the stimulation changes the mean potential of the cortex. Measurements 

of the radial potential gradient of this mean potential were made at 

various depths at the focus. The results showed that at the end of 

stimulation the mean radial potential gradient of the cortex, at any 

depth bclow the surface, becomes negative uith respect to its mean 

potcntial before the stimulation. 

(iv) Potentials at the Beginning of the Afterdiscl~rge. Between 

the end of the stimulation and the onset of the paroxysmal afterdischarge 

there is a latent period during \-Ihich there are no oscillatory potential 

discharges. During this latent period the mean potential of the cortex 

changes. The cl~ge is always such that the mean potential tends to 

return to that recorded before the stimulation. At sorne point before 

the mean potential returns to its original value, the first of the 

repetitive discharges breaks out. 

Experiments were done to determine the difference between 

the mean radial potential of the cortex r ecorded at a given depth before 

stimulation and the mean potential at which the repetitive discharge breaks 

out. 

Hhen tlùs difference in potential is plotted against depth 

in the cortex the results shoH that there is a negative difference which 

increases in magnitude with depth until a depth of 0.8 mm is reached. 

Beyond this the difference decreases uith depth and becomes zero at a 

depth close to 1.25 nn. At further depths the difference is positive, 

and increases wi th depth lmtil the bot tom of the slab is reached. A 

rather broad positive peak is seen 1.6 mm deep. 
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Fig. 13 shows the curve obtained by plotting the difference in potentials 

against depth in the cortex at the stimulated focus: 

(v) Potentials at the End of the .Afterdischarge. At the end of the 

afterdischarge the mean radial potential gradient of the cortex at various 

depths is negative -vüth respect to the potential recorded before the 

stimulation. It can thus be seen that stimulation changes the mean 

potential of the cortex at all depths, and that this change persists 

throughout the afterdischarge. 

Such results are consistent with the vieH that repetitive 

stimulation causes a chronic fati5~e of neuronal structures in the cortex, 

and that this state of fatigue persists throughout the afterdischarge. 

(vi) Unit Cell Activity. In arder to determine the location of the 

cell bodies of neurones involved in the afterdischarge, records of llllit 

potentials were made at various depths. (See page 14) It must be pointed 

out here that the e:;,..'Periments were intended to be only a preliminary guide 

to future uork involving more exhaustive studies of unit potentials 

occurring during an afterdischarge. Even if enough data were available 

to establish \dth certain~y the region where most cell bodies involved 

in the afterdischarge are located, many problems 1wulè. remain. It has 

not been definitely established whether or not unit potentials from single 

ne"L'..rones can be directly corr.elated uith activity on the surface of the 

cortex. .Adrian and Matthews (1934) have ~:JOstulated a rather direct 

relationship between unit activity and potential discharges at the cortical 

surface. Other <·JOrkers, however, have shawn that the relationship 

betueen the two phenomena is at best an extremely tenuous one. ( Li, 
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McLennan and Jasper, 1952; Li and Jasper, 1953) For this reason the 

results of a preliminary and non-exhaustive study of unit potentials, 

such as has been done here, cannet be drawn upon too heavily when 

interpreting the connection between unit potentials and the paroxysmal 

afterdischarge. 

It is nevertheless true that sorne correlation was found in 

this study between the enormous increase, during an afterdischarge, of 

the electrical activity upon the surface of the cortex and simultaneous 

large increases of activity recorded from single cells. The ac~ivity 

of single cells during an afterdischarge was recorded close to the 

stimulated focus. A record from a cell 1.5 mm be1ow the surface is shawn 

in Fig. 14. Measurements from this record show that the average discharge 

frequency of the cell increased from 5 per second before the stimulation 

to 90 per second following the stimulation. Between the end of the 

stimulation and the onset of the rapid firing of the cell there was a 

latent period of 89.0 milliseconds during which the ce11 did not discharge 

at all. The rapid firing of the cell began before any paroxysmal activity 

was recorded on the surface of the cortex. 

Simi1ar records, and visua1 observations made during t hese 

experiments, indicate that the cell bodies invo1ved in the afterdischarge 

are found most often at depths betvreen 1.1 mm and 1. ') mm below the surface. 

Distinction between the cells t hat actua11y producè and maintain the 

afterdischarge and the ce1ls that are driven by the afterdischarge is a 

problem which i.Jill be solved only i.Jith far more complete information than 

is available here. 

(3) Heasurements Remote from the Focus. 

The results of the experiments concerned wi th the potentials 
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at the focus are consistent with a system of neurones responsible 

for the paroxysmal afterdischarge lying deep in the cortex and oriented 

tangentially across the curvature of the cortex. In arder to determine 

whether the distribution of potentials found at points distant from 

the focus vras consistent \..ri th su ch a syste.'!l, measurements of the radial 

potentials of the cortex vrere made at points remote from the focus. 

(i) The Phase of the Repetitive Potential Discharges at 

Different Deoths. The results of the experiments done at 

points remote from the focus show that the phase of the afterdischarge 

changes vdth depth in a manner identical to that observed at the focus. 

At depths belm·r 0.2 mm the first phase of the repetitive discharges 

is inva:dably such that the microelectrode tip goes negative ~od th 

respect ta the cortex imn1ediately above. This is true for bath isolated 

slabs and intact cortex. 

(ii) 'l'he Ampli tude of the Repeti ti vc Potential Discharr;es at 

Different Denths. Heasurements were made of the radial 

potential gradients set up by the repetitive potential discharges Hhich 

occur durint:; the afterdisclw..rge. The exploring nicroelectroàe vias 

inserted into the cortex at distances of from 5.0 to 9.0 mm from the 

focus, on both isolated slabs and intact cortex. The distribution 

with depth of the mae;nitude of the repetitive discharge was idcntical 

on both these preparations. As was the case vrith measurements near 

the focus, the ar..r1plitude of the repetitive discharge incrco.ses -..dth 

inc:c'easL'1g depth in the cortex until an optimal depth is reached. In 

the case of measurements made rcmote from the focus this optimwn depth 

was found to be 1.4 mmtelou t!lo surface. Beyond this the repetitive 

disclla.rge a.'Upli tude decreascs Hith depth. 'l'he re sul ts,'of j_ÜOtting the 

repetitive dischal'ge ampli tude ae;ainst depth in the cortex at a point 
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distant from the focus is sho1.m in Fig. 15. 

(iii) Potentials which Precede the Afterdischarge. Following 

stimulation the mean potential of the cortex is different from the 

potentio.l recorded bef ore the stimulus. Heasm~ement of the radial 

potential gradient of the cortex remote fra~ the stimulated focus shows 

that the stinulation causes the mean potential of the cortex at any 

depth beloH the surfac~ ta becane negative with respect ta the surface. 

'Hhen the stimulation has ended, the mean potential of the 

cortex begins to return ta the orieinal value recorded before the 

stimulation. This continues until the occurrence of the first repetitive 

discharge of the afterdischarge. Heasurements made on isolated slabs 

show that the potential which immediately follows stimulation is, at 

any depth, more negative than the potential which immediately precedes 

the afterdischarge. 

(iv) Potentials at the End of the Afterdischarge. As was the case 

at the focus, the mean radial potontial gradient of the cortex remote 

from the focus is negative at the end of the afterdisch&rge l·lith 

respect to the potential recorded before stimtùation. Thus it can be 

seen that the clu'onic fatigue postulated t o persist throughout the after

discharge is present not only at the focus, but also in cortical regions 

mvay fron the f ocus. 

The results obtained from measurements r emote from the focus 

can be seen to be quite similar to the results of similar measurements 

at the focus. The forms of the distributions with depth of the repetitive 

discha.rge amplitudes (Fig.l2 at the focus, Fig. 15 remote) are notably 

simila.r. Such r esults suggest that the neurones i n the cortex which 
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ini tiate the afterdischarge at the focus belong to the same population 

of netœones which carry the spread of the paroxysmal activity across 

the cortex. 

VI. THE PA..""\OXYSHJ\.1 AFTEil.DISCHiûtGE .4.HD OTHBR OORTICAL PHENO!-Œl{A. 

(1) Snontaneous Activity. 

(i) Intact Anaesthetized Cortex• The intact cortex under 

chloralose anaesthesia exhibits spontaneous activity which can be 

recorded with surface electrodes. (Brazier, 1951) The proèability 

of producing a paroxysmal afterdischarge upon such a cortex is independent 

of the amplitude or frequency components of the spontaneous activity. 

Afterdischarges were readily produced upon preparations 1rrhere the 

spontaneous activity of the cortex was barely apparent. 

(ii) Intact tJnanaesthetized Cortex. The cerebral cortex in 

an unanaesthetized forebrain shm-rs spontaneous activity consistine of 

large slow waves. ( 11 cerveau isolé" of Bremer, 1935) Again, the probability 

of producing a~ afterdischarge on such a preparation was not related to 

the spontaneous activity recorded on the s~·face of the cortex. At 

times the spontaneous activity vms absent while the afterdischarge could 

be produced without difficulty. 

(iii) Isolated Slabs. The isolated slab shovrs no spontaneous 

activity of its o,m, save for an occasional outburst, in about one-fifth 

of the preparations, of a shor~lived oscillatory dischar ge. This is in 

close a:;;reement vii th the ;,ro:ck of Burns, (1951) and of Henry and Scoville 

(1952). There is no relation between the presence or absence of these 

transient bursts and the probability of producing the afterdischarge. 

In general, the results show that there is poor correlat i on between 

the amount of spontaneous activity recorded from any preparation and the 



probability of producing an afterdischarge. 

(2) The Surface-negatiye Response. 
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The surface-negative response has already been mentioned 

as a criterion of the viability of the cortex. (p.21) In preparations 

where the surface-negative response could not be elicited it was impossible 

to produce the paroxysmal afterdischarge. The presence of the surface

negative response, hoY.rever, did not guarantee that an afterdischarge 

would be produced by electrical stimulation of the cortex. 

It Hould seem that the absence of the surface-negative response 

indicates that the excitability of the cortex has deteriorated to the 

extent vlhere all the structures in the cortex, including those responsible 

for maintaining the paroxysmal afterdischarge, are incapable of responding 

to stimulation. 

(3) The Surface-positive Burst Response. 

This response has been described by Burns for beth the anaesthetized 

(1950) and the unanaesthetized isolated corte~~ of the cat . (Burns, 1951; 

Burns and Grafstein, 1952) In the preparations investigated in t his study 

it was nearly always possible to produce an afterdiscbarge upon a cortex 

where the positive burst could be observed. The absence of the positive

burst response, houever, did not preclude the possibility of producing an 

afterdischarge. 

Apparently if the condition of the cortex is viable to the degree 

that the structures involved in the positive-burst response are able to 

tbrive, then the structures subserving the paroxysmal afterdischarge 1-ïill 

certainly be able to survive. 
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(4) Spreading Depression. 

Hention has already been made of the spreading depression 

of the excitability of the cortex which somet imes follows prolonged 

repetitive stimulation. (p. 20) The results of the stimulus parameter 

experiments show that it is possible to produce the epilept iform after

discharge without causing spreading depression. The onset of spreading 

depression can be said t o preclude the possibi lity of producing the 

afterdischarge. Hence it appears that there is no first-order relation

ship between the t\-TO phenomena. Furthermore Sloan and Jasper (1950) 

have shown that spreading depression can spread .through cuts in the 

gray matter. The paroxysmal afterdischarge cannet do this. Fig. 16 

s hows the records obtained from anm~eriment designed to determine 

whether the epilept iform acti vity could jump the eut margins of an 

isolated cortical slab. Stimulation of the cor tex out side the slab 

produced an afterdischarge on the cortex which was not recorded on the 

slab. The converse 1-1as true when the slab was stimulat ed. The mechanism 

of propagation of the par·o:xysmal aftcrdischar ge, therefor e, must bear 

lit tle resemblance to that of spreading depression. 

( 5) Genera l Relationship of t he Paroxysmal Afterdischarge t o ether 

Cortical Phenomena. 

The r esults of this study indicat e t hat the paroxysmal after

discha.rge Hhich foll ovrs r epet itive sti nru.l ation of t he cor tex is a 

phenomenon whose mechanisms f or production and propagation have no 

di r ect counterpart in any of the ether phenomcna discussed here. 

The afterdischar ge is not an extension of any of these, nor is it 

initiated by any of t hem. Inasmuch as the production of the afterdischarge 



stimulation 

(i) 

stimulation 

CD . ·'•·, 

3~a. 

(a) Stimulation of the cortex 
outside the slab produces 
an afterdischarge on the 
cortex, but not on the slab. 

Fig. 16 Failure of the 
paroxysmal afterdischarge 
to jump the eut margins of 
an isolated cortical slab. 

(b) Stimulation of the slab 
produces an afterdischarge 
on the slab, but not on 
the cortex. 



39. 

is dependent upon a cortical environment where conditions are suitable 

for the vis..bility of the structures in:volved, there is some correlation 

between the ?Ossibility of producing an afterdischarge and the possibility 

of eliciting sorne of the other cortical responseo. These other responses, 

particularly the surface-negative response cru1 be used as a control of 

the sui tabili ty of a gi ven preparation for experiments concerned vii th 

the epileptiform afterdisch~rge. 



CONCLUSIONS 

The results of this study, described in the preceding pages, 

can now be drawn upon in the effort to answer the questions set at 

the beginning of the investigation. These questions were, in effect, 

the following: 

(i) 

(ii) 

(iii) 

(iv) 

How is the afterdischarge initiated? 

How is the afterdischarge maintained? 

Why does the afterdischarge terminate? 

Is differentiai repolarization responsible 

for the phenomenon of the paroxysmal afterdischarge? 

Consideration of the experimental results has led to the conclusions 

which foll01-1. 

(1) Independence of the afterdischarge from total stimulus current. 

The results of varying the stimulus pulse-duration show that 

both the probability of starting an afterdischarge and the duration of 

the afterdischarge are independent of the tot~l current delivered to 

the cortex. In fact, the independence of the afterdischarge from the 

total amount of current delivered to the cor t ex during stimulation is 

borne out by most of the experiments where the nature of stimulation 

was under investigation. It can be seen from the r esults obtained by 

varying the stimulus strength that at any s trength greater than t hreshold 

the total amount of current delivered to the cortex has no effect upon 

the afterdischarge. (p. 20) The experiments where the stimulating 

frequency was varied, and the experiments with potentiating pulses, show 

that the probability and the duration of an afterdischarge can vary over 
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a wide range with stimulus conditions, although the total current 

delivered to the cortex be kept constant. Furthermore, neither the 

locale nor the polarity of stimulus has been seen to affect the after

discharge. (p. 25,24) 

These rem1lts confirm the view that the afterdischarge is a 

biological response to stimulation, and not an artefact due to injury 

of cells in the cortex as might be inferred from the results of other 

workers, such as Adrian and 1-la.tthews, ( 1934 ) or Harshall, Nims and 

Stone, ( 1941 ). 

It is therefore concluded that bath the probability of producing 

an afterdischarge, and the duration of the afterdischarge, are independent 

of the total stimulus current. The r esults of experiments concerned with 

stimulus strength (p. 2qFig. 6 ) show that the production of the after

discharge is dependent, in an all-or-nothing fashion, upon the excitation 

of a minimum number of certain neurones in the cortex. 

(2) Dependence of t he afterdischarge upon the number of stimulati ng pulses. 

The total number of stimulating pulses delivered to the cortex 

during the period of stimulation is seen to have a mar ked effect over a 

wi de r ange upon t he duration of the afterdischarge. (Fi g. 9 ) In addition 

the duration of the after discharge increases, over a small range, \dth an 

increase of stimulus pulse duration. (Fi g.?b ) I t i s r easonable t o 

assurne t !mt, over the r ange shawn in Fi g.?b, t he number of times wbich 

t he neurones at the focus are excited by the sti mulus i ncreases with the 

sti mulun pulse duration. The results, theref ore, show that the production 

of the after discharge i s dependent upon a threshold number of driven dis

charges at the focus , and that the dur ation of the aft erdischarge increases 
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\Tith increasing numbers of these driven discharges. 

Since an increase in the total number of exciting pulses 

cannat alter the spread of current, an increase in the total number 

of pulses cannot excite a larger number of neurones. This :::ust mean 

that the neurones at the excited focus give rise to longer afterdischarge c 

the nore times they are excited. If it be assumed thn.t cunulative 

excitation increnses the s t nte of fatl~Je or depolarization of the neurones, 

then a direct relationslùp is seen between the degree of depolarization of 

the neurones and the duration of the afterdischarge. Since a threshold 

number of pulses is necessary to produce an afterdischarge, the production 

of the afterdischarge must be critica.lly dependent upon a threshold state 

of depolarization or fatigue. Once this critical state has been reached, 

an afterdischarge vlll occur. 

It is therefore concluè.ed the.t an ac~.equate focus for the initiation 

of an afterdischaxge require:::; that at least tua critical conditions be 

fulfilled. The first is that a minimum cri ti cal number of neurones be 

exci tcd to gi ve all-or-nothint; dischQI'ees ui th each stimulus pulse. The 

second condition is that a critical minimum number of all-or-nothing dis-

charges be dri ven from the minimur;1 nur.1be1· of nour·ones. If i t be asswned 

that the number of driven discharges is lili.œd to the degree of depolarization 

of the neurones, then a system maJ' be postulated Hhere the focus for an 

afterdischarge consists of a critical minimun nuo.ber ·::;f neurones driven 

into a critical state of depolarization. 

(3) The chronic net depolarization of the neurones involved. 

It has been postulated that tne paroxysmal afterdischarge is 

mediated by a system of neurones wlùch undergoes a state of fatigue, or 



4J. 

depolarization, when excited by repetitive stimulation. It has also 

been su,;gested that the degree of fatigue increases -vrith an increasing 

number of driven discharges at the focus. From the results of experiments 

conccrned wi th st:Lmulus strength, and from tho se concerned 1.d th the 

number of stimulating pulses, it appears that stimulation forces seme 

neurones in the cortex into what might be called an 11 epileptogenic state". 

Furthermore, the results of varying the stimulus pulse frequency (p.22) 

shaH that if more than 200 milliseconds is allowed to elapse between the 

driven dische,rges of the neurones at the focus the paroxysmal after

discharge will not occur. (i.e. pulse frequencies lowor than 5 per second 

do not produce afterdischarges) This strongly suggests that the postulated 

11 epileptogenic state 11 of the neurones vJea:cs off in 200 milliseconds. It 

also suggests that the epileptogenic state vdll acc~~late when the neurones 

are excited more rapidly than five times per second. The results have 

shawn that stimulation changes the mean potential of the cortex in a fashion 

that indicates the depolarization of structures deep in the cortex. (p. 28) 

It is clear that the greater the nu..rnber of neurones excited by the 

stimulation the greater will be the change in mean potential. Since the 

production of the afterdischarge requires that a minimum number of neurones 

be excited at the focus, there is apparently a relationship between the 

degree of depolarization of neurones in the cortex and the production of 

the afterdischarge. This suggcsts that the duration of the afterdischarge 

increases ,.n_ th increasing numbers of stimula ting pulses because the degree 

of depolarization accumulates \.Jith each àriven discharge of the neurone. 

The concept of cw1rulative depolarization is strongly favored by the fact 

that even large numbers of stimulating pulses fail to produce an afterdischa.rge, 
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unless the pulse frequency is above five per second. It \vould thus 

appear that the proposed 11 epileptogenic state11 can be equated •rith the 

degree of depolarization of the neurones at the focus. 

For the reasons given in the foregoing paragraphs of this section, 

the neurones wrri.ch medie.te the production of the paroxysmal afterdischarge 

are postulated to unclcrgo a cumulative clepolarization \.Ji th each dri ven 

discharge. This depolarization is accompanied by a change in mean potential 

of the cortex, and this change has becn shown to persist from the end of 

stimulation w1til after the purm .. --ysmal afterdischarge has terminated. 

(p. 32) Such results are consistent vri th the view that the afterdischarge 

is mediated by a population of neurones which undergo a cumulative de

polarization Hhen excited by r epetitive stimuli. Should the stimulation 

r esult in an afterdischar ge, the neurones do not recover completely from 

their depolarized sta·~e until after the paroxysmal activi ty has ended. 

( see p .32) Thus the neurones are subj ected to a chronic state of net 

depolarization Hhich begins at the end of the stimulation and ends after 

the afterclischarge is terminated. 

(4) Location of the neuronal structures involved in the afterdischarge. 

The distribut i on '\orith depth of the r adi al potential gr~:>.dient 

of t he cortex, measured immediately before the afterdischarge breaks out, 

has been plotted at the f'ocus and is shm,m in Fig. 13. The observed 

distribution exhibits a negative peak at 0.8 mm belou the surface, and a 

r ather bread positive peak cl ose to 1.6 mm deep . Since these potentials 

are the result of the depolarization of structures deep in the cortex, it 

appears that the parts of the structur es closest to the surface are more 

depol arized by the stimulation than are the deep part s . In fact, a 
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distribution of the radial potential gradient such as is seen in Fig. 13 

,.fOuld result from the existence in the cortex of a potential dipole. 

If ~ dipole were radially oriented in the cortex, with the negative 

end 0.8 mm belm-1 the surface, and the positive end 1.6 mm belou the 

surface, then the distritution of the radial potential 5radient uould 

be similar ta that seen in the figure. Durns (1957) has nentioned the 

results of measuring the potential gradients produced by artificial dipoles 

placed in a conducting medium. Hhen the artificial dipole was oriented 

in the experimental bath in a fashion which correSl)onds to the orientation 

of the dipole postulated here to exist in the cortex, the distribution of 

the empirically-determined potential cradients was quite similar to the 

distribution shawn in ~ig. 13. 

Thus it is :possible to postulate that the stimulation uhich 

initiates the ai'terdischarge de)olarizes a system of neurones in the cortex 

in such a fashion that a virtual potentia.l dipole is created. This dipole, 

and hence the neuronal structure, is radially oriented in the cortex, and 

lies betueen o.u mm and 1.6 nn below the surface. The positive end of 

the dipole lies deepest in the cortex. 

The fact tbat the deep end of the dipole is positive 1-1ith respect 

to its upper end suggests that the neuronal structure recovers from de

polarization more rapidly at i ts deep end ti1an at the end nearer the surface. 

If this be the case, tten there would be a potential gradient across the 

neuronal stru.cture during the \·lhole of the afterdischarge. This is in 

kceping ·t-~ith the lmo1.m result that the neurones involved in the afterdischarge 

exhibit a degree of depolarization tbxoughout the afterdischarge.(p. 32) 
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The results of measuring the distribution Hith depth of the 

ruJplitude of the repetitive discharge potentials at the focus show that 

these discharges are largest at a depth of 1.25 mm in the cortex. This 

depth, then, must be the region vrhere, at any given instant, the greatest 

number of neurones involved in tl1e afterdischarge are discharging in such 

a vray as to produce rapid changes in the mean cortical potential. This 

re§;ion, located bet\.Jeen the ends of the dipole is just that region where 

the repetitive discharge vrould be expected to occur if the paroxysnal 

afterdischs.rge 1-rere caused by the differentiai repolarization of the 

neurones. (see p. 7) The rcsults of recording the activity of single 

neurones in the cortex show tl~t the cell bodies of the neur ones involved 

in the paro::...'"Ysmal afterdischarge are located mostl~r close to the . region 

Hhere the bottom of the dipole is fotmd. 

For the foregoing reasons, it is concluded that the paroxysmal 

ai'terdischarge is mediated by a system of neurones in the cortex 'vJhich 

lies betHcen 0.<:5 and 1.6 mm belov: the surface. Repetitive driven excitation 

of the neurones Hhich comprise the system leaves them in a state of de

polarization which builds up 1dth each driven ùischarge. The lovmr end 

of theso neurones repolarizes more rapidly than the superficial end. This 

rcsults in the establisr~ent of a potential dipole in the cortex, with the 

positive end of the dipole situated at the deep end of the neuronal structure. 

No direct evidence is available as to whether the proposed neuronal 

system consists of one continuous unit Hhich st1·etches over the length 

postulated. One alternate possibility is tlmt the dipole consists of a 

cont iguous system of neurones si tuated in the region vrhere the dipole is found. 
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This system uould have the smallcst percentage of its neurone population 

at the top of the dipole, and the largeot concentration of neurones at the 

deep end. A systeD consisting of a single continuous neuronal structure 

seems to agree more favorably with the evidence available from this study. 

The fact that unit potentials are found mainly below 1.2 mm deep suggests 

that only very few cell bodies of neurones involved in tl:e afterdischarge 

are founà above this depth. Fu.rthermore, a non-cm1tinuous syster.1 of neurones 

Hould not be expected to give curves as smooth as those obtained here for 

the distribution of radial potentials with depth. 

Fig. 17 shows a diagramL1atic representation of the neuronal schemes 

suggested here. On the same diab~am the postulated dipole and its resultant 

ra~ial potential gradients have been plotted. The curves can be seen to 

resenble the distributions with depth of the radial potential gradients 

in the cortex, as measured in this study. 

(5) The mechanism of differentiql r epolarization auplied to the neurones 

involved. 

The conclusions arrived at up to this point permit the description 

of a system of neurones which mediate the paroxysmal afterdischarge through 

a mechanism consis t ent with the r esults of this study. It has already been 

concluded hel~e tho.t the neurones 1..rlùch mediate the afterdischarge do not 

repolarize uniformly throughout their structures, but that the deep ends of 

these neurones r epolarize faster than the superficial parts . Since this is 

the basis for afterdischarges >Jhich are due to differentiai repolarization, 

(see p . 6) it is therefore pertinent at this ,oi nt t o examine the agreement 

bet-v1een the general properties expected for such afterdischarges, and the 
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actual properties of the paroxysmal cortical discharge investigated in 

this study. 

Inspection of the form of more than 300 recorded afterdischarges, 

obtained from 32 different animals, reveals certain properties which may be 

directly compared with the criteria as outlined on pages 8-9. These properties 

are enumerated here, for comparison, in the same arder as were the criteria. 

(a) There is no direct evidence as to whether or not the driven 

discharges produced by the stimulation need be at any particular region 

of the radially-oriented neuronal structure. However, it has been shown 

that there is no preferential location, on the cortex or isolated slab, 

for the stimAlation to produce the afterdischarge. (p. 25) This suggests 

that the production of the afterdischarge is independent of the geometry 

of the exciting currents in the cortex. 

(b) The amplitude of the paroxysmal activity recor ded from the surf ace 

of the cortex during an afterdischarge is independant of the strength of 

stimulation used to elicit the afterdischarge. In addition, it is impossible 

to adjust the conditions of stimulus strength ta affect the duration of the 

afterdischarge in any but an all-or-nothing fashion. (p.20) 

(c) The average latent period between the end of stimulation and the 

beginning of the afterdischarge is greater than the average interval between 

the first two repetitive discharges. This is true whether the recorded 

activity is f rom single cells (p.33) or is a record of the change in mean 

potential of the cortex. (pp. 16-17) 

(d) Examination of the gross form of the afterdischarge has already 
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shmm that the maxiuur:1 frequency of the repetitive potential discllarges 

occurs ul1en the afterdischarge is about one-third over. (p.l7, Fig. 3) 

\e) Touards the end of the afterdischarge the frequency of the 

repetitive dischcTges sloVJs dm·m to a more or less constant rate, and then 

onds abruptly. (Fig. 3) 

(f) No direct evidence is available fran this study that the 

afterdischm'ge is cri tica.lly dependent upon the presence of an adequate 

zradient of membrane potential along the radially oriented neuronal structure. 

However, the results strongly suggest that the production of the after

discha::·ge is linkod ta the establishment of a net chronic depolarization 

of the neurones at the initiatint; focus. The results further suggest that 

thel'e is a relationship bet\·leen the degree of the depolarization and bath 

the probability of producing the afterdischarge and its duration. 

Further evidence is available that the paroxysmal afterdiscbarge 

requires an adequate gradient of membrane potential along the length of the 

neurones involved. If the afterdischarge be recorded as a radial potential 

gradient, usinc; direct-coupling as in Fig. /~oa,iii, then the :;:oepetitive potential 

discharges are seen ta be supcrimposed upon a domo-shaped onvelope of slowly 

chan;;ing ~)otential. The peak of this slow potential is in coincidence \-Jith 

the occurrence of the largost potential discharges of the afterdiscb:n·ge. 

The afterdisclmree encls abru9tly, but the slm..r potential envel ope continues 

to decline. (Fig. 4a;iii) This is exactly what 'i.JOV~d be expected to occur if 

the production of the n.fto:-discharge depcndod upon an adequate r.1embrane 

potEmtio.l gradient. Furthermm"e, this o.C'fers o. clue as to 1..rhy the after

discharge ends so abrup·:~ly. The tenünation oZ the afterdischarge coincides 
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Hi th the declining )Ortion of the slo\-: potential envelope. This suggests 

that the te:cr.!ination of the afterdischarge coincides \.Ji th the time when 

the nembrane potential gradient has declined to t he e~~tent Hhere it can 

no longer maintain the afterdischorge. 

The resemblance, outlined in parag::caphs (a) to (f) betueen the 

general ~)ropertien of a differentially repolarizing afterdi::;charge and the 

properties of the afterdischarges observed in this study are in eood 

agreement ui th the hypothesis that the paro~;smal afterdischargc on the 

cortex is mediated b~' a population of differentially ro) olarizing neurones 

.. • .. .L ln t.ne cor uex. 

A system, co~1sistont Hith tho ro::mlts obtained in this study, 

uhicl1 exp lains the paroxys::1al afterdi scharge in tems of the theory of 

di:'ferential repolarization can noH be offered herc. This syntem consists 

of nouron·3S situated "tet;men 0.8 mm and 1.6 mm deep in the cor tex. 

P.epeti ti ve stimulation of these neuroneo r esul ts in a cumulative net chronic 

depolarization of their membranes. Hhen the stimulation has ended, recovery 

of the membrane potcn·~ial begins at the deep end of the neuronal structure, 

u.nd is co::11üete there before the menbrane potential of the superficial 

end has recovered. This s ets up a potential gradient bct\-reen the deep 

end of the nffiiTone a~d i t s superficial end, thus causing current to flow 

f rom the : ·ecovcred nortion of the neur one to the depolari zed nortion above . 
~ . 

S:L1o1.lld the current floioJ reach a cri tic al l evcl , the lo~·rer end of the neurone 

\-Jill di s char ge , a..'1d begin ta repolari 3e once more, thus re-setting the 

conditi ons for :Zurthcr dischurges . Thes o di;::;charges , occuring s ir:'1Ultaneously 
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in a population of neurones, give rise to tho elcctrical activity recorded 

on the cortex during a parorjsmal afterdisch~ge. (see p.l4) 

The peak 3I!lplitude of the repetitive discharges at the focus has 

been sho~m to occur at a depth of 1.25 mm. It has already been mentioned 

(p. 46) that the region where the la;.~gest rel)eti ti ve dis charge potentials 

are recorded is eJoected to corresDond to that. region uhere the largest . ~ 

number of discharges fro~ the individual neurones originate. Tiüs places 

the o:dgin of the discharges somewhere behreen the differentially-

repolarizing regions o.f the neuronal structu.re, rather than at either 

extreme. This is in agreement -vrith the uorlc of Frank, (1956) \·rho found 

the sru:1e for fro::;' s veratrinized muscle cells. The fuct that the first 

potential discharge occurs deep in the neuronal structure accounts for the 

fact that the first phase of the repetitive discharge, recorded monopolarly 

at the surface is alv~ys positive. (p.28) 

(6) Discussion of the results of sorne other invcstigators. 

Hot only is there aereement between the conclusions regarding 

differentiai repola~ization ru1d tl1e results obtained in this study, but there 

is agreement Hith the results of other Horkers. Goldring and 01 Leary (1950) 

have sho\-m that a surface-posi ti vc polarization of the cortex could ini tiate 

the p&ro:xysmal afterdischarge. The paroxysmal afterdischarge took place 

only after the polarizing current had been rcmoved. A polarizing current 

in the direction described \·lould result in the depolarization of st:mctures 

near the èottom of the gray matter in the cortex, ru1d hence could be expected 

t o initiate t he differentiai repolarization cycl e of the neurones. Such a 

cycle \vould begin only after the .::1olarizing current had been removed, as ~Jas 

the case. 
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The sa111e worlcers fmmd that the paroxysmal a.fterdischarge could 

be stoppod by a pcriod of surface-negative depolarization. A current in 

this direction could hyperpolarize the neuronal structures near the bottom 

of the cortical gray matter, and thus prevent the depolarization of the 

lower end of the neurone fro:n causing a..Yl action potential uhen excited 

b:- the :;_~adia.l currents arising due to differentiai repol:::.rization. 

It is, of course, possible that the surface-negative depolarization 

caused an unintentional perioà of sprcading cortical depression. This 

vlOuld terminate the afterdischarge uhatever the mechanism of its mediation. 

1Ience the \-lOr}~ of Goldring and 0 1 Lea.r~r is not presented hcre as corrobora ti ve 

proof of the postulated mechanism of differentiai repolarization, but 

rather as evidence the.t the hypothesis is consistent uith the results of 

ether uorkers. 

Further evidence of \.rork th.at is consistent vlith the conclusions 

arrived at in this study has boen published qy Burns (1955) in a description 

of his madel neurone. The results of varying the stimulus para.meters for 

the madel neurone are very similar to the results obtained here for the 

sa.mc experiments on the cat's cortex. The madel neurone Has designed so 

that stimulation would cause a chronic 11depolarization11 of potcntials in 

the madel 1·rhich corresponds to me;;1branc potentials of actual neurones. 

Chronic clepolarization of the 11 membrane potential 11 of the madel neurone 

sets up repetitive dis charges by a mechanism a'lalogous to the mechanism 

postulated here for differentiai repolarization. The similarity between 

the results for the electronic madel and tl1e actual cortex again suggests 

that the experimental results, as uell as the conclusions arrived at here 



53. 

are consistent -v.rith a system consisting of neurones uhich repolarize 

differentially. 

(7) Seme alternate theories to explain the paroJ~rsmal arterdischarge. 

Certain theories, other than that of differentiai repolarization, 

nay be presented to explain the paroxysmal afte::.'discha.rge. Among these, the 

t ~1eories of r everberating chains of neurones, and of a persistent humoral 

tra:::tsmitter are prominent. Ho-viever, certain negative evidence is available 

'Hhich strongly suggests that the tua latter phenomena can.'1ot be responsible 

for the afterdischarge investigated in this study. 

Recordings of unit cell activity shaH that, during an afterdischarge, 

cells close to the focus discharge paroxysmally for seme time before repetitive 

potential discharges axe seen on the cortex. (Fig.l4) This 1-rould be disti nctly 

characteristic of a differentic.lly repolarizing afterdischarge, since a 

reverberatory chain of neurones is not capable of producing repetitive dis

charges at one link in the chain -viithout exhibiting r epet i tive dischnrges 

throughout the reverberati n::; system. In the case of a persistent hur1oral 

transmitter· , the activity \vould again be expected to break out s i mult aneously 

over large areas of the focus, and hence give rise to an afterdischarge 

which has no lat ent peri od follo1ving the st .ùnulation, and Hhose frequency 

of re)etitive discharge is greatest at the beginning of the afterdischarge. 

7his is the case, for examplc, uith the afterdischarge produced from stimulation 

of the interneurones of the anterior hor n of the spinal cor d, an afterdischarge 

1-rlùch has been proven ta be the r esult of a per sistent humoral t ransmitter. 

(Henshau, 1941 and 1946; Eccles, Fatt and I~oketsu, 1951,; Durns, 1957). 

The afterdischarge recorded in this study do es not have these characteristi cs . 

Thus it is very unlH:el y that the cortical pe.ro},_"YSmal aft erdischarge 



is the result of either reverberating chains of neurones, or of a 

persistent humoral transmitter. 

It has beon shm-m that the paroxysmal afterdischa.ree can be 

explained by the theory of differentiai repolo..rization. This theory 

is consistent Hith the results ootained in this study, and is consistent 

uith the results obtained by other 1mrkcrs. There is good agreement 

bet'\.men the pl'operties of the afterdischarges studied here and the general 

properties expected from afterdischarges ulrich rosult fron differentiai 

repolarization. At the sane time, other theories which might explain the 

afterdischarge are not consistent with the results. It is therefore concluded 

that the paro}~smal aftcrdischarge on the cerebral cortex is due to the 

differentiai repolarization of neurones in the cortex. 

(8) Refractory period of the neurones involved. 

The rcsults of experiments done to investigate the stimulus 

frequency shou that the duration of the afterdischarge decreases 'vJith frequency 

when frequencies J~igher than 180 pulses per second are used. (Fig.S ) 

In the ranGe of strength and numbers of pulses used in this study, the 

afterdischarge was not produced by frequencies higher than 400 pulses per 

second. Hhen these results are compared 1.rith the results of the experiments 

using )Otentiated pulses,ue find a noticeable agreement. A train of pulses 

wi th a potentiating pulse placed 2 rnilliseconds fran the first '\vas no more 

effective in producing an afterdischarge than a train of non-potentiated 

pulses. ~:hen the spacin.:; l·:D.s increased to 3 milliseconds, an afterdischarge 

could be produced if high stimulus strength 'vms used. (p. 25) Jince the 
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production and duration of an afterdischarge has been linked to the 

number of times which neurones at the focus are stimulated, it is not 

difficult to conclude that pulses which fall closer together than 3.0 

milliseconds fail to excite the neurones every time a pulse is delivered, 

but rather do excite them every second or third pulse. Furthermore, a 

pulse \rhich is delivered 2.0 milliseconds or less after the neurones have 

been exciteà will fail to re-excite the neurones at any strength. 

This leads to the conclusion that the neurones responsible for 

the paro~;smal afterdischarge have a relative refractory period of about 

3.0 milliseconàs and an absolute refractOIJ' period of 2.0 milliseconds or 

les s. 

(9) The hyper-çxcitable phase of the neurones involved. 

The results suggest that stimulation of the cortex with a 

train of potentiated pulnes results in an afterdischarge most readily when 

the potentiating pulse is spaced about 25 milliseconds from the first pulse. 

The curve of frequency vs. duration of afterdischarge (Fig.8 ) sho\-rs that 

a pulse frequency of 70 per second ( uhich corresponds to a pulse interval 

of 14.3 milliseconds ) produces the loneest afterdischarges. The curve of 

frequency vs. duration of afterdischarge, made at very low stimulus s t rengths, 

shows peaks at multiples of 20 p.p.s. (Fig.ll) There is, of course, an 

interval of 50 rnilliseconds between pulses at this frequency. It has already 

been concluded that the producti on and duration of the afterdischarge i s 

dependent upon the number of times which the neurones at the f ocus are excited. 

It appears that pulses which are spaced from 14.0 to 50 milliseconds apart 

are most l i kely to excite the neurones each time a pulse is delivered. 

This implies that the neurones responsible for the afterdischarge 
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exhibit a phase of hyper-excitability which persists for about 50 

milliseconds after excitation. Such a phenomenon has been described 

for other known neurones. ( Adrian and Lucas, 1912; Norgan, 1943 ) 

(10) The spread of the afterdischarge away from the focus. 

No experiments directly concerned with the spread of 

the afterdischarge were made in this study. Ho·Hever, sorne of the resul ts 

obtained do mclce it possible to suggest sorne elements of a mechanism 

whereby the activity of the afterdischarge spreads out from the focus. 

Fig. 15 sho\JS that the distribution with depth of the repetitive 

discharge potentials has much the same form remote from and at the focus. 

(p. 34) The peclc ampli tude of these potentials remote from the focus 

is found only 0.15 mm belovJ the depth where the peak ampli tude is found 

at the focal area. The phase relationships of the afterdischarge change 

identically with depth bath rernote from and at the focus. (p. 34) 

Such results suggest that the neurones which carry the activity of the 

afterdischarge across the cortex belong to the same population as the 

neurones which comprise the initiating focus. 

If the spread of the afterdischarge is mediated by the same type 

of neurone responsible for the initiation at the focus then these neurones 

will repolarize differentially, and maintain their ovm afterdischarge, 

once they are excited by impulses arising from the focus. Thus an after

discharge which spreads is much more likely to be prolonged than an after

discharge which does not spread far from the focus. This is consistent 

vlith the results obtained at threshold strengths. (p. 20, Fig. 4b) 
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It is therefore suggested that the neurones which carry the 

spread of the afterdischarge belong to the same population of neurones 

which initiate the afterdischarge at the focus. There is not enough 

evidence, however, to firmly conclude this. Hore direct experiments 

upon the mechanisrn of spread should be done in order to clarify this 

point. The possible nature of such experiments will be discussed in 

the following section. 
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INDICATIONS FOR FUTURE WORK 

There is strong evidence in favor of the theory of differentiai 

repolarization to explain the paroxysmal afterdischarge on the cortex. 

However, a critical experiment which would conclusively establish that 

the afterdischarge is dependent upon differentiai repolarization has yet 

to be done. Whether or not such an exper iment can be devised remains to 

be seen. A useful approach would be to establish whether or not the 

production of the afterdischarge is dependent upon a critical radial potential 

gradient in the cortex. To this end, an experiment could be done in arder 

to plot a family of curves, measured at different depths in the cortex, of 

the relationship between stimulus strength and the mean radial potential 

gradient of the cortex. This would require a preparation which remains in 

good condition for several hours, a matter of sorne difficulty. Rapid and 

skillful preparative surgery would be mandatory, and certain aids to the 

animal's biological condition might be necessary. This could include blood

transfusion and automatic heat control. 

The records of unit cell acti vity made in this study are only 

prelimina~; . It will be important to extend the work done with this technique. 

Further investigation will demand a classification of the cells in the cortex 

which become involved in the afterdischarge, determination of their dis

tribution wi th depth, and a description of the relationship between the 

discharges of single cells and cortical potentials recorded during an 

afterdischarge. 

It has been concluded from the results that the paroxysmal after

discharge is mediated by neurones situated between 0.8 mm and 1.6 mm below 

the sur face of the cor tex. It would be useful to find the r egion in the 
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cortex where the excitability of such neurones is greatest. Stimulation 

of the cortex at different depths could be done with miniature stimulating 

electrodes. These could be either semi-micro metal electrodes insulated 

down to the tip, or saline-filled microelectrodes similar to the ones 

used in this study for recording. Such experiments would not only determine 

the depth of the cortex at which it is easiest to produce a paroxysmal 

afterdischarge, but would also provide an answer to the question of whether 

a single cell, of the type postulated here to mediate the afterdischarge, 

is capable of responding to repetitive stimulation with an afterdischarge. 

If single cells are found to be capable of maintaining an afterdischarge 

this would be strong evidence for the theory of differentiai repolarization. 

Parallel with experiments where deep stimulation is done, a 

study should be made of the effects upon the spread of the afterdischarge 

when gr~ded cuts are made to different depths in the cortex. Burns and 

Grafstein (1952) have shown that such cuts are useful in determining the 

geometry of the structures which transmit electrical activity across the 

cortex. It has been postulated in this study that the spread of the 

electrical activity during an afterdischarge is mcdiated by neurones belonging 

to the same population as the neurones which comprise the initiating focus. 

Experiments with graded cuts, coupled with the deep stimulation experiments, 

might shed further light upon the mechanism of spread. 

It is felt that future work, along the lines suggested in this 

section, will make a definite contribution to the elucidation of the 

physiology of the paroxysmal afterdischarge. 
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SUl~Y 

1. A study has been made of the paroxysmal afterdischarge on the 

cerebral cortex of the cat. Experiments were made upon the intact 

and neuronally-isolated cortex, anaesthetized and unanaesthetized. 

A comprehensive description is given of the biological preparation 

and of techniques used for stimulating and recording. 

2. The paroxysmal afterdischarge is not mediated by the same mechanisms 

which underlie either the surface-negative or surface-positive responses 

of the cortex. Furthermore, there is no first-order relationship between 

the afterdischarge and spreading cortical depression. 

3. Bath the probability of producing the afterdischarge and the duration 

of the afterdischarge are independent of the total current delivered to 

the cortex during the period of stimulation. This confirms the view 

that the afterdischarge is a biological response ta stimulation, and not 

an artefact due ta current flowing in the cortex during the stimulation. 

4. Two critical conditions must be fulfilled before an afterdischarge 

can occur. The first is that a minimum critical nTh~ber of neurones be 

excited ta give all-or-nothing discharges with each stimulus pul se. The 

second condition is that a critical minimum number of all-or-nothing 

discharges be driven from the minimum number of neurones. 

5. The duration of the afterdischarge depends over a wi de range upon the 

number of driven discharges at the initiating focus. This supports the 

view that the duration of the afterdischarge depends upon the degree ta 

which the neurones responsible for the paroxysmal afterdischarge are 
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fatigued or depolarized. 

6. Repetitive stimulation, of the type which produces an afterdischarge, 

results in a cumulative fatigue of the neurones responsible for the after

discharge. 7he fatigue persists from the end of the stimulation until 

after the afterdischarge has ended. This chronic fatigue is recorded 

as a change in the mean radial potential gradient of the cortex. 

7. 'i'he chronic fatigue of the neurones responsible for the afterdischarge 

creates a virtual potential dipole in the cor tex. This dipole establishes 

the location in the cortex of the neuronal structures which belong to the 

population of neurones comprising the initiating focus. This population 

of neurones is found to lie between 0.8 and 1.6 mm below the surface of 

the cortex. itecordings of single-cell activity suggest that the majority 

of the cell bodies lie below 1.2 mm deep in the cortex. 

8. The repetitive discharge potentials which occur during an afterdischarge 

originate from a region 1.25 mm below the surface of the cortex. This is 

close to mid-way between the boundaries of the region where the initiating 

focus is located. 

9. There is evidence to support the vieu that the neurones responsible 

for the paroxysmal afterdischarge do not repolarize uniformly along their 

length, and that a potential gradient is created between the ends of the 

neurones when they have been depolarized by repet itive stimulation. It 

is postulated that this potential gradient causes current to flow between 

the differentially-repolarized ends of the neur ones, and initiates the 

paroxysmal afterdischarge. 
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10. There is close similarity between the properties of the after

discharges recorded in this study and the properties expected for 

afterdischarges which are due to differentiai repolarization. Other 

theories which rnight explain the afterdiccharge are not consistent with 

the results obtained here. 

11. The neurones responsible for the paroxysmal afterdischarge have 

well-defined parameters of excitability. They have an absolute refractory 

period of 2 rnilliseconds or less, and a relative refractory period of about 

3.0 milliseconds. The same neurones exhibit a phase of hyper-excitability 

which persists for about 50 milliseconds after excitation. 

12. The results suggest that the neurones which carry the activity of 

the afterdischarge across the cortex belong to the same population as 

the neurones which initiate the afterdischarge at the focus. 

13. Proposals have been made for future work which could clarify certain 

aspects of the mechanisms which underlie the production and propagation 

of the paroxysmal afterdischarge. 
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