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ABSTRACT

The work reported in this thesis represents part of a research
progrem aimed at elucidating the mechanism of the epileptiform afterdischarge.
The experimental preparation used was the neuronally isolated slab of cat's
cerebral cortex. Stabilisation was by m2ans of a rigidly mounted silver
trough arranged so as to wholly contain the slab below the intact pia; surface
stabilisation was by a matching 1id which also carried stimulating and
recording electrodes. Recording from single cells was by extracellular
microelectrodes arranged so that recordings from two separate points could
be made simul taneously. Intracellular recordings were also made on some
occasions,

Epileptiform afterdischarges were induced in the slabs by repetitive
electrical stimulation at the pial surface; The afterdischarge activity was
recorded by the microelectrodes as typically 5 series of repetitive slow
negative potential 'bursts' each with a superimposed train of single cell
spikes. Photographic records of large numbers of these burst-spike episodes
were examined from both acutely and chronically isolated slabs. Measurements
were made from large numbers of individual burst-spike episodes to determine
the values of certain characterising parameters. By investigating the
dependences of these on time, distance, and other relevant factors, a number
of qualitative and quantitative conclusions are drawn from the data obtained
in this study.

The individual burst is identified as a gross integration at any
moment of all cellularly developed potentials of all forms over a wide
region. The associated spikes represent activity in excitable cells

immediately adjacent to the microelectrode tip. The probability of spike
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firing is the same for all excitable cells affected simultaneously by a
burst.

It appears that the effect of stimulation is the establishment of a
shell of activity, ideally spherical with the stimulated point as its centre,
in which activity is maintained by continuous recirculation beiween the shell
itself and the central region. The shell thus behaves as a focus, and from
it at each recirculation a burst spreads out into the remainder of the slab
as a continuous wave of activity which may or may not remain coherent. 1In
the acute slab all activity ceases when the focal shell becomes exhausted;
but in the'chronic slab, perhaps because of looser interneuronal coupling
resulting from degeneration, burst activity becomes independent of any single
focus and may continue to reverberate for many hours.

It is recommended that further data should be obtained to supplement
thoge already acquired; and it is suggested that profitable extensions of
the work might be made along the lines already established; that complementary
studies should be made of the intact cortex, and that relevant histological
investigations should be undertaken. It is also stressed throughout that
there is much need and scope for a parallel theoretical development, and

some attempt is made to provide an elementary basis for this.
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TABLE OF SYMBOLS

Bipolar surface stimulating electrodes in 1igd.
Surface recording electrodes in 1lid.
The surface recording channel; or the potential recorded by it.

The d.c. microelectrode recording channel in parallel with
VF; or the potential recorded by it.

The d.c. microelectrode recording channel not in parallel
with VF; or the potential recorded by it.

The high gain high-pass filtered recording channel in parallel
with Vl; or the potential recorded by it.

Reference coordinatess vernier readings when microelectrode
tip ig at corner of slab.

Probe coordinates: vernier readings before commencing probing
by o0il drive.

Horizontal distance anteriorly from stimulated point to tip
of microelectrode recording Vl.

Horizontal distance anteriorly from stimulated point to tip

of microelectrode recording V2°

Whichever of rl or r2 has the greater scalar value.

Whichever of r; or T, has the lesser scalar value.
Used for both r; and r, when distinction is unnecessary.

Polar coordinates with pole at stimulated point and initial
line extending anteriorly.

The scalar (absolute) value of r; similarly for

T, r., and
Ar. N

The scalar mean of Ty and To3 given the sign of rF.

The scalar difference of Ty and Tos given the sign of rFe
The burst-spike delay; measured from beginning of burst to
first associated spike.

The distribution mean of d, either overall or within a
specified interval of r.




MAX1

(ix)

The maximum negative amplitude of V. during an epileptiform
burst, measured from the local inter-burst potential.

The maximum negative amplitude of V_, during an epileptiform
burst, measured from the local inteF-burst potential.

Used for both VMAXl and VMAX2 when distinction is unnecessary.
The distribution mean of VMAX within a specified interval of r.

The burst burst-delay; measured from the beginning of the burst

recorded at Ty to the beginning of the burst recorded at Tpe

The distribution mean of 8 , either overall or within a
specified interval of r.

Fraction of 4 values in interval d, d + Aa.
Number of observations in a specified group of data.
Standard deviation.

Standard error of the mean.




I. INTRODUCTION

The present work was undertaken in the Department of Pharmacology
and Therapeutics of the University of Manitoba, mainly during the academic
year 1964-1965. As part of a research program aimed principally at
elucidating the fundamental mechanisms of the epileptiform afterdischarge,
it was suggested that it would be of interest to determine what, if any, is
the relationship between epileptiform burst-spike delay and the distance of
the point-of recordihg from the point of the initiating stimulation. It
should be noted now that throughout this thesis the word 'spike' is used
to denote pulsatile potential changes of the order of one millisecondkdura—'
tion, presumably to be identified with classical action potentials; and the
word 'burst' is used to denote those slower changes in potential, of the
order of some tens of milliseconds duration, upon which, in microelectrode
recordings from the vicinity of a single neurone,-the spikes are apparently
superimposed. Such bursts evidently correspond to similar potential
changes which may be recorded from the cortical surface, the electroenceph-
alographer's 'spikes'.

The most immediate problem which arises is that the mode of
generation of the burst itself has never been clearly defined. The 'burst-
spike delay', of course, is the time delay, usually a few milliseconds,
between the commencement of the burst and the appearance of the first spike.
Since the burst and spikes are apparently in some respect interdependent,
it was hoped that, by studying this parameter and identifying the factors
upon which it may depend, some progress might be made towards determining
the mode of generation of the burst.

It was initially hoped to record these epileptiform events .
intracellularly; but this was for the most part not achievea. However,

extracellular recordings proved in most respects quite adequate, and in
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terms of results considerably more of interest was found than had been
initially anticipated. A number of parameters in addition to the burst-
spike delay were analysed, and it is evident that there are still others
which might also usefully be studied. Unfortunately, these potentialities
did not become apparent until the experimental acquisition of data was
practically completed; and some of the data are not well balanced for
statistical analysis of parameters other than the burst-spike delay.
Nevertheless, much useful information has emerged, and the indications for
further study, particularly if a computer can be used for analysis as is
hoped, are extensive. The potential application of this progress to the

- ¢linical problem of epilepsy is self-evident; and it seems by no means
improbable that some further concept of the workings of the normal cortex

may also be forthcoming.




IT. REVIEW OF PREVIOUS WORK

1. INTRODUCTION

In a recent review of research into epilepsy, Ajmone-Marsan and
Abrsham (1963) have estimated that the current rate of publication of
papers on this topic is equivalent to one every day; and they have suggested
that this rate is really a manifestation of continued frustration in attempt-
ing to discover the basic epileptogenic mechanism. The present review is
not so much historical as an attempt to outline the current state of
knowledge, especially in so far as it pertains to the work recorded in this
thesis; no particular attempt has .been made to present material in chrono-
logical order of publication, for it was felt fhat in view of the immense
volume of published work available, and the consequent unequal development
of different aspects of the subject, to do so would inevitably result in
loss of clarity. For the same reasons, the published work herein referred
to represents what it is hoped may be an adequate sample of the whole, but
certainly no attempt has been made to be comprehensive. Furthermore, a
- comprehensive historical review covering much of the same material has
recently been written in this department by Reiffenstein (1964).

Experimental epileptic seizures may be produced (Ajmone-Marsan
and Abraham, 1963) by direct stimulation of the cerebral cortex by means of
electric current, local freezing, or locally applied drugs (such as
strychnine, eserine, alumina, or penicillin), or by systemically applied
drugs (convulsants). Evidently all of these means but the latter may be
expected to produce that type of seizure known as 'focal'. The designation
’idibpathic', applied to clinical epileptic cases in which no origin can be
found for the condition other than presumed genetic, is becoming progress-

ively less applicable as 1t is realised that a wide range of aetiological
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factors, biochemical and metabolic as well as physical, may contribute to
the establishment of functional epileptic foci. Ajmone-Marsan and Abraham
(1963) have suggested that research into seizure mechanisms may be divided
into two categories, firstly studies of intrinsic local factors such as the
relation'of slow electrical potential changes in the cerebral cortex to the
activity of single cortical neurones, and secondly studies of indirect
factors such as the influence of other parts of the central nervous system.
The present work falls clearly into the first of these two categories.

The particular manifestation of convulsive activity which is
studied in the present work is the electrically recorded response of the
cerebral cortex to repetitive electrical stimulation, the epileptiform
afterdischarge. The basic characteristics and possible modes of generation
of this response have been extensively studied by Burns (1958). Burns
(1949, 1950) and, independently, Kristiansen and Courtois (1949) have
described a mefhod for the neuronal isolation of a slab of cerebral cortex
while still retaining its nutritive blood supply intact. This method, a
slight modification of which has been used in the present work, allows
stﬁdy of intrinsic cerebral cortical mechanisms without the confusion of
effects caused by interaction between the cortex and lower centres. The
epileptiform afterdischarges which may be elicited in such a slab shortly
following its isolation appear virtually identical to those which may be
elicited in normal intact cortex. However, much interest has centred on
the finding that, in slabs which have been isolated for several weeks or
months, afterdischargeé once initiated may last for many minutes or even
hours, instead of the 'normal' duration which is only a matter of seconds.
Grafstein and Sastry (1957) and Sharpless and Halpern (1962) have followed
the progress of this change from 'acute' to 'chronic' response, the latter

by means of permanently implated electrodes. Spontaneous electrical
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activity may be recorded from the chronic slab as little as two weeks after
its isolation, as compared with the acute slab which is generally considered
to be electrically silent (Burns, 1958). The slab develops decreased
threshold for initiation of epileptiform afterdischarges, and the mean
afterdischarge duration increases, over roughly the same period. A number
of investigators (Echlin, 1959; Sharpless and Halpern, 1962; and
Reiffenstein, 1964) have suggested that these characteristics of chronic
isolation may be due to the development of denervation supersensitivity to
chemical mediators; Sharpless and Halpern pointed out that the time taken
for their appearance is approximately the same as that required for the
development of denervation supersensitivity in peripheral structures.
Clinical epilepsy might thus be expected to result from functional denerv-
ation of some part of the brain due to growth of scar tissue or a tumour.
An important byproduct of work on such evoked responses as the
epileptiform afterdischarge is knowledge which may be acquired concerning
the structure and function of the normal brain. Indeed, such knowledge
must ultimately be of far more significance than that concerned specific-
ally with the origin and treatment of epilepsy; and in fact it seems doubt-
ful whether the latter can ever be fully comprehensive in the absence of
the former. It has been frequently pointed out (g.g., Burns, 1958) that
procedures such as direct electrical stimulation of the cortex must cause
many cells to fire together which would never do so in the course of normal
function; nevertheless, from any response it should be possible to draw at
least some conclusions regarding the structure producing it, and this should
be so even if the structure itself has been interfered with, providing that
the nature of the interference is known. However, most published descrip-
tions of experimental investigations of cortical physiology do not concern
themselves more than incidentally with the implications of their work in

this direction.
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There seems, in fact, to be a fairly wide dichotomy between
publications dealing primarily with specific investigations of the various
evoked responses of the cortex and those dealing with the properties of the
‘cortex as a whole. The former are largely concerned in their interpreta-
tions with effects that might be expected to arise at the level of the
single cell, or as a result of interaction between large numbers of cells
while still reflecting the properties of the single cell; in short, their
interpretations are largely within the bounds of classical neurophysiology.
Papers of the latter type, on the other hand, are often not written by
physiologists at all, but by physical scientists who see in the immense
number of interconnecting neurones which comprise the cortex a system which
should in some way be amenable to statistical analysis. The remainder of
this review is occupied for the most part in summarising knowledge which has
“been  acquired by investigators using one or other of these two separate
approaches.

Attempts to integfate these two approaches have been rather few
and far between. One of the most notable experimental contributions has
been the histological work of Sholl (1956); and a good statement of some
of the problems involved, both the direct problems and the underlying
'mind-brain' problem, has been provided by Eccles (1953); these contribu-
tions aglso will be further discussed in the pages that follow. If the
present work can lay any real claim to originality, it is perhaps chiefly
that, while the initial intention was to remain well within the bounds of
the 'single cell' approgch, some of the conclusions finally drawn suggest
that the 'statistical' approach, and, more important, the truly integrated
approach, may also usefully be brought within the bounds of experimental

physiology.
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2. THE STRUCTURAL BASIS FOR CORTICAL ACTIVITY

The histology of the cerebral cortex has been widely studied,
and many of the anatomical features of *typical' individual neurones are
well known. Sholl (1956) has suggested that there are really only two
basic neurone types in the cortex, stellate cells and pyramidal cells. The
former are most concentrated in regions concerned with the reception of im-
pulses from sensory receptors; and it is the latter which have been most
generally implicated in the genesis of evoked responses, including the
epileptiform afterdischarge. The most prominent pyramidal cells have large
somata in layer V from which their axons and basal dendrites project towards
the underlying white matter, and their apical dendrites as branching trees
towards the cortical surface.

The so-called 'neurone doctrine', the fundamental theais of which
is that the neurone is the basic structural unit of the nervous system, has,
as Bullock (1959) has pointed out, come to be understood as implying that
the neurone is also the basic functional unit. The time has come, Bullock
suggests, when this implication must be to some extent revised. Thus there
is much evidence that the axonal membrane, including probably the membrane
of the axon hillock, is specialised in & manner not shared by the somatic
and dendritic membranes, and that only in the axonal membrane can a regen-
erative action potential be established (see also Clare and Bishop, 1955;
Eccles, 1957; and Grundfest, 1958). Conduction in the soma and dendrites
must therefore be decremental, and this means that labile and integrative
processes are not restricted to synapses as would be the case if a possible
outcome of all synaptic activity were the immediate establishment in the
vicinity of the synapse of a regenerative action potential. .

Considerable interest has centred particularly on the role of

the apical dendrites both in normal cortical function and in the genesis of
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artificially evoked responses. A large area of the membrane of the apical
dendritic tree is occupied by the receptor sites of axo-dendritic synapses;
indeed, it has been suggested that this may be one reason why the dendritic
membrane differs in behaviour from the axonal membrane (Eccles, 1957, 1964).
Afferent activity in the axons may thus be expected to establish transient
potential differences across the dendritic membrane at one or many sites.
The manner in which such potential differences might be expected to spread
by decremental conduction throughout the branching tree and to the soma has
been worked out mathematically by Rall (1962, 1964), and, using Rall's
calculations as a basis, has been studied in a model by Sancés and Larson
(1965). The basic conclusion is that transient potential differences
established in the dendrites, presumably more or less pulsatile in the
immediate vicinity of their synaptic origins, will become diffuse and
attenuated in the course of conduction to the soma, and will combine with
similar potential differences from throughout the dendritic tree to produce
only slowly varying modifications of the somatic membrane potential.
Experimentally, this same general conclusion has been reached by
a number of investigators. Clare and Bishop (1955) suggested that synaptic
activity in the dendritic tree may result in either facilitation or inhibi-
tion, depending on the induced polarity, of activity induced in the soma by
axo-somatic synapses. Bishop (1958) went on to point out that the output of
one neurone is thus influenced by the integrated activity of the many other
neurones whose axons form synapses with its soma and dendritic tree; and
thus the single neurone is a fundamental unit of cortical integration.
Similar conclusions have been reached by Chang (1959), Andersson (1965), and
Wall (1965); and the latter two investigators have recorded small spike-like
potentials which they have identified asbindividual excitatory postsynaptic

potentials appearing in the dendrites. Gloor et al. (1961) have
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implicated a similar transmission of activity via dendrites to somata in the
genesis of epileptic discharges in the hippocampus. Pinsky (1965) has sug-
gested that decrementally conducted potentiagls in the dendrites may still be
of sufficient amplitude on reaching the soma to themselves initiaste action
potentials without any need for additional axo-somatic synaptic activity.
Fox and O'Brien (1965), with the aid of a computer, have shown thét the
probability of firing of a single cell following sensory stimulation corres-
ponds closely to the average potential recorded at the same point following
the same stimulation but after destruction of the cell which had been
firing. They suggest that this average potential, which thus evidently
controls the probability of firing, might be a summation of electrotonic-
ally conducted somatic and dendritic postsynaptic potentials; though it
might also be merely a summation of discharge potentials from other cells

in the vicinity.

Investigations of the relationship between single cell activity
and the electroencephalogram (EEG) recorded at the cortical surface have
produced contradictory results. A number of investigators have reported
finding no relationship at all (g,g., Mountcastle et al., 1957). However,
Enomoto and Ajmone-Marsan (1959), Verzeano and Negishi (1960), Goldensohn
and Purpura (1963), Fromm and Bond (1964), and others have all recorded
increased single cell firing during surface positive EEG waves, and vice
versa. This suggests that cells fire most readily when their deeper parts
are depolarised and their superficial parts polarised, i.e., as might be
expected, when their somata are depolarised and their apical dendrites are
not. Fromm and Bond suggested that dendritic depolarisation, corresponding
to negative EEG waves may actually inhibit cell firing. Brazier (1955)
pointed out that the periodicity of EEG waves '8 of the order that might be

expected from dendritic conduction times. Clare and Bishop (1955) and
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Schmidt et al. (1959) likewise suggest that the EREQ probably results from
dendritic activity. Klee et al. (1965) have used cross-correlation
analysis to show a close correlation between EEG waves and slow changes in
single cell membrane potentials; they suggest that EEG waves reflect integ-
ration of membrane potential changes in both dendrites and somata.

A corollary of these concepts centring on decremental dendritic
conduction is the possibility that differential depolarisation within a
single neurone might result in repetitive firing of that neurone and thus
provide a basis for seizure discharges. An action potential induced in the
axon hilldck region of the soma would be expected to cause antidromic
decremental conduction in the dendrites; the resulting dendritic depolar-
isation would persist after the soma membrane potential had recovered, and
under the influence of the dendrites the soma would again be depolarised to
generate a further action potential. A mechanism of this type was proposed
by Burns (1958), and studies of radial cortical potential gradients have
given support to the theory (g.g,, Burns, 1958; Pinsky, 1961; and Q'Leary
and Goldring, 1964). Ward (1961) observed that the same effects would
result if the dendrites became Permanently depolarised as g result of some
abnormality such as deformation by astrocytic gliosis; anatemical evidence
is consistent with this possibility. More reéently, Atkinson and Ward
(1964) have suggested that this depolarisation may- extend to the soma as
well as the dendrites, with the resulting repetitive activity restricted
entirely to the axon. A somewhat different possibility, while still
retaining the same capacity for repetitive discharge within a single neurone,
is that axonal collaterals may form synapses with the dendritic tree of their
own neurone; decremental conduction in the dendrites would provide the time
delay necessary for recovery of the axonal membrane following each circula-

tion of activity (Chang, 1959; Beritoff, 1965).
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The present discussion has thus far been restricted to consider-
ation of the structure of a single cortical neurone and the manner in which
activity might be expécted to occur in such a neurone. It is necessary
also to consider briefly the manner in which such neurones interact.

Sholl (1956), from his histological studies, has related dend-
ritic density, in terms of the number of dendrites crossing unit surface
area, to distance from the soma; in general this dependence is an inverse
exponential. Uttley (1955), assuming random axon growth and that if an
axon and dendrite approach within a certain cortical distance a functional
synapse results, has used Sholl's results to calculate the mean number of
synapses to be expected between specified axonal and dendritic systems. It
is possible that, in chronically isolated cortical slabs, this 'connect-
ivity' may be greatly increased as a result of collateral sprouting from
intact axons in the vicinity of degeneraiing neuronal structures
(Sharpless, 1964). Mountcastle et al. (1957) found that the potential
field developed around an active cell extends with significant magnitude
through a sphere of more than a hundred microns diameter; they suggest that
in view of the known proximity of neighbouring cells ephaptic interaction
may be possible. Such interaction has been shown to occur between
immediately adjacent axons (gggo, Rosenblueth, 19413 and Renshaw and
Therman, 1941), although Burns (1958) has estimated that potentials more
than ten times those considered physiologically normal would be necessary
for it to occur in the cortex. In any event, there seem to be very
adequate grounds for the frequently made assertion (e.g., Lashley, 1952)
that every cortical cell must be indirectly connected to every other
cortical cell; and that activity in any one cell may therefore be expected
to influence activity in at least a very large number of other cells.

This evidently provides the basis for a 'divergent' aspect of cortical
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integration. There also appears to be a simple structural basis for the
possibility that activity once initiated”may“recirculate indefinitely along
so-~called 'reverberating' or'self re-exciting' neuronal chains. Burns
(1953) has suggested that, in view of the experimental observation (Sperry,
1947) that multiple incisions in the cortical grey matter have no evident
effect on learned responses or behaviour, the only reasonable conclusion is
that all intracortical pathways are duplicated by extracortical (cortico-
cortical) association pathways. This does not seem entirely satisfactory;

however, the matter will not be further discussed herein.
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5. THE GENERATION AND TRANSMISSION OF CORTICAL ACTIVITY

General discussions of evoked cortical potentials have been
provided by Bremer (1958), Burns (1958), Chang (1959), and O'Leary and
Goldring (1964). On the basis of Burns' (1949, 1950) observation that a
neuronally isolated slab of cerebral cortex is electrically silent, it may
be argued that all cortical potentials are in fact evoked potentials.
Cortical potentials may be recorded either grossly from the surface as in
an EEG, or by means of a microelectrode from the vicinity of a single cell.
The only sure way to record exclusively from one cell is to have the micro-
electrode tip inside the cell; however, much can be gained from rgcordings
in which the microelectrode remains extracellular, and, apart from the
lesser technical difficulties involved, the cell itself remains undamaged.
Recordings made with surface electrodes show only slow variations in
potential, of the order of tens or even hundreds of milliseconds; while
microelectrode recordings show slow variations too, and also spikes which
are presumably action potentials. It was mentioned in the previous sub-
section that some correlation has been noted between surface positive
FEG waves and increased firing of single neurones. However, the primary
purpose of the previous subsection was to define those modes-of activity
which appear potentially possible in the light of known anatomy; whereas
the intention here is to consider the physiology of activity patterns
which actually occur.

In general, slow potentials recorded through microelectrodes
from the vicinity of single cells have been identified with postsynaptic
potentials. Eccles (1953) pointed out that the durations of-slow cortical
potentials were often of the same order of mggnitude as those of known
postsynaptic potentials recorded from spinal motoneurones; and Grundfest

(1958) has reported pharmacological confirmation of this identity.
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Gloor et al.(1963) have attempted detailed identification of the various
components of composite postsynaptic potentials observed in hippocampal
neurones as g result of afferent volleys. Purpura and McMurtry (1965),
in investigating the effect of applied polarisation at the cortical
surface on single cell activity, found changes in presumed postsynaptic
potentials which might be attributed both to the expected direct effect
on the postsynaptic membrane and also to polarisation of the presynaptic
terminals. Klee and Offenloch (1964) and Nacimiento et al.(1964) have
recorded two depolarising shifts, one following closely after the other,
in cortical neurones following electrical stimulation of thalamic‘nuclei.
They suggest that the second of these shifts results from axo-dendritic
synaptic activity more remote from the soma, where the shifts are
presumed to be recorded, than that causing the first; though Klee and
Offenloch point out that a similar double shift would result from separate
'fast' and 'slow' thalamo-cortical pathways.

| In addition to the two depolarising shifts, which they identify
as excitatory postsynaptic potentials, Nacimiento et al also observed at
low frequencies of stimulation a subsequent hyperpolarisation which the&
consider to be an inhibitory posisynaptic potential. Similar observations
have recently been made by Andersson (1965). Identification of such
hyperpolarisations as inhibitory postsynaptic potentials has in fact been
fairly common, especially in work on induced epileptiform afterdischarges;
and such work has also provided oécasioﬂ for studies on the relation of
slow potential shifts to action potentials. Goldensohn and Purpura (1963),
using epileptogenic lesions produced by local freezing, found that membrane
hyperpolarisation was invariably accompanied by inhibition of action
potential firing, whereas depolarisation might or might not potentiate

such firing; they suggest that these effects result from a combination of
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excitatory and inhibitory potentials. Atkinson and Ward (1964) on the
other hand, studying chronic alumina-induced epileptogenic foei, found
that the excitatory postsynaptic potentials recorded in normal cortex
were abolished, though action potential spikes continued to occur. As
mentioned in the previous subsection, they interpret this to mean that the
neurone somata are permanently depolarised, perhaps due to loss of inhibit-
ory afferents, so that activity is restricted entirely fo the axons. Sawa
et al.(1963) likewise relate the prolongation of afterdischarges in strych-
ninised cortex to interference by the strychnine with inhibitory synapses.
Ralston (1958) investigated the manner in which interictal
epileptiform activity in the vicinity of chronic penicillin-induced foci
may develop into ictal discharges. He concluded that randomly occurring
interictal epileptiform bursts do not merely become themselves coordinated
into an ictal discharge, but rather that they in some way facilitate the
development of such a discharge. More recently, Matsumoto and Ajmone-
Marsan (1964a, 1964b) have used intracellular microelectrodes to study
both interictal and ictal events in penicillin-induced foci. They refer

to the individual epileptiform bursts as 'paroxysmal depolarisation shifts

(PDS)', on which may or may not be superimposed individual action potentials.

The interictal PDS is often followed by a hyperpolarisation, and initiation
of an ictal discharge is characterised by shortening and disappearance of
this hyperpolarisation and increased frequency and change of shape of the
PDS. The membrane potential finally appears merely to oscillate, the
amplitude of the oscillations being more or less proportional to the
amplitude of a prolonged depolarisation on which they are superimposed;

the amplitude of the oscillations may also be increased by applied electri-
cal stimulation which is presumed to activate both inhibitory and excita-

tory synapses. Termination of an ictal discharge is apparently the result
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of excessively long depolarisations developing between the oscillations;
eventually the oscillations become indistinguishable from interictal PDS.
Not all cells show the same activity during the course of these events,
however. Some cells do not appear to take part in the ictal discharge

at all, and may either remain passive or continue to undergo PDS of inter-
ictal type. While acknowledging that PDS and hyperpolarisations may
correspond at least in part to excitatory and inhibitory postsynaptic
potentials respectively, Matsumoto and Ajmone-Marsan do not commit them-
selves on this identity. Action potentials may be recorded in the absence
of any apparent PDS; and the PDS themselves vary in shape over a wide
range. The change in shape which occurs during an ictal discharge in the
PDS recorded extracellularly is rélated by Matsumoto and Ajmone-Marsan
(1964c) either to a transitory failure of activity to invade some part of
the neuronal membrane or to a transitory neuronal swelling. Matsumoto
(1964) suggests that the PDS may even be an independent all-or-none
phenomenon arising as a result of some fundamental modification of
membrane properties in epileptogenic cells.

Pinsky and Burns (1962) have investigated the conditions
necessary for initiation of an epileptiform afterdischarge in an isolated
cortical slab by repetitive electrical stimulation in the absence of any
pre-existing focus. They have found that a critical minimum'number of
neurones, at a critical minimum neuronal density, must be put through a
critical minimum number of driven responses; this results in a critical
minimum level of 'exhaustion', and the afterdischarge apparently
commences during recovery. On the basis of these findings, Pinsky and
Burns have developed a mathematical expression for the duration of such
afterdischarges. Segal and Leclercq (1965) have demonstrated that

centres highly susceptible to the initiation of afterdischarges by
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electrical stimulation occur in regions where the convolutions of gyri

and sulci result in a high degree of cortical folding. They relate this
fact to the increased neuronal density, especially of large pyramidal cells,
which is histologically shown to accompany such folding.

Concerning the manner in which electrical activity, once initiated,
is transmitted through the cortex, it has already been mentioned that the
structural basis exists for neuronsl chains and perhaps for ephaptic trans-
mission; and there seems also some reason to suppose that neurones which
are near neighbours may have a tendency to be in the same polarisation
state at any one time (Cragg and Temperley, 1954; and see following sub-
section). The concept of neuronal chains is of course particularly obvious,
and the idea that activity may recirculate in such chains has been frequently
invoked as an explanation for various forms of repetitive or retained cortical
activity (e.g., Lashley, 1952; Eccles, 1953; Burns, 1958; and Chang, 1959).
The precise form which such self re-gxciting neuronal chains must take has
not in general been agreed upon. Hebb (1949) suggested that repeated use
of a particular neuronal pathway might in some way cause that pathway to
become more efficient for the use concerned; while continuing disuse would
result in a lessening of efficiency. Beurle (1956; and see following sub-
section) applied the same concept to his theoretical spproach. Eccles
(1953) suggested the experimentally established phenomenon of post-tetanic
potentiation as a possible basis for such an effect. It is evident, however,
that any effect of this type would favour the establishment of precise
neuronal pathways to which activify of any particular form, repetitive in
the case of closed pathways, would be restricted; and there is much
evidence that this is not the case. Thus Smith and Smith (1964), in
analysing records of spontaneous single cell firing in the cortex, have

found that action potential spikes occur in bursts of random frequency and



- 18 -

duration within which the frequency of the spikes themselves is also

random. Applied stimulation changes the frequency of the bursts but does
not affect that of the spikes within the bursts; whereas if the spike
activity resulted from recirculation of activity in closed chains, it

might be expected that local polarisation due to stimulation would'alter

the cell excitation threshold and change the firing frequency. With regard
to the epileptiform afterdischarge, Burns (1958) has pointed out that a
single applied shock of sufficient strength to excite all available neurones
simultaneously should abolish an afterdischarge it it were due to activity
in closed chains; and this does not occur.

A more satisfactory concept of the manner in which activity may
appear to recirculate is perhaps provided by postulating simply that it
may 'reverberate' without any implication that it necessarily .does so in
'reverberating chains'. Verzeano and Negishi (1960), while acknowledging
that a regularly repeating EEG pattern must result from regularly repeat-
ing activity of some sort, have pointed out also that activity which
appears at a series of recording electrodes in a particular order on .one
occasion may subsequently appear in different and apparently quite
unrelated orders. Burns and Smith (1962) found that repetitive stimula-
tion at any one point in the cortex would modify to a greater or lesser
extent the post-stimulus histogram of cells at any other point; and that
the same effect resulted from physiological sensory stimulation. They
suggest that activity in the normal brain is in the form of complex -
spatial and temporal patterns, modifiable by stimulation, and distinguish-
able from 'background' spontaneous activity only because of the very large
number of neurones involved in each pattern. This is evidently similar
to Lashley's (1958) concept of 'trace systems' and to other theoretical

approaches to be summarised in the subsection following. Stefanis and




Jasper (1964) and Andersson (1965) suggest that cortical inhibition,

possibly in the case of pyramidal cells by their own recurrent collaterals,
may serve to give increased 'contrast' between cells which are involved
in an activity pattern and their neighbours which are not.

Adrian (1936) showed that repetitive stimulation of a point on
the cortical surface causes activity to spread outward from that point in
a manner analogous to waves. The more prolonged the stimulation, the
greater becomes the distance over which the waves spread, but the less
becomes their velocity. If the stimulation should be adequate to set up
an afterdischarge, Adrian found that only initially is the afterdischarge
pattern referrable to the original stimulated point as 'focus'. Sub-
sequently the activity becomes complex, and the original stimulated point
loses its unique identity; Adrian found that this effect was more pro-
nounced in the cat and monkey than in the rabbit. Burns (1953), in seek-
ing a mechanism for 'positive afterbursts', suggested that the excit-
ability of some cortical neurones increases with each discharge and may
thus result in the establishment of multiple foci remote from the point
of stimulation. Chang (1951) has shown that waves of excitation in cats'
auditory cortex, having periodicities in the order of one hundred milli-
seconds, are preceded at a distance of about a quarter wavelength by
waves of increased excitability; he suggests this may in some way be
analogous to excitability changes observed in spinal neurones following
stimulation. Lindsley (1952) has related Chang's observations to normal
cortical excitability patterns.

It is evident that in chronically isolated cortical slabs the
normal pattern of spread of activity may in several respects be modified.
Eccles (1953) has observed that during chromatolysis in the spinal cord

monosynaptic pathways are temporarily replaced by polysynaptic pathways;
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the latter may result from collateral sprouting from‘intact fibres
adjacent to those which are degenerating. Sharpless (1964) points
out that sprouting and subsequent regeneration, both of which occur
throughout the central nervous system, may result in the establish-

- ment of synapses which are functional in the strictly local sense but
which are physiologically quite inappropriate. Sawa et al. (1963)
suggest that loss of inhibitory synapses, such as they postulate to
occur as a result of strychninisation, may facilitate the spread of
activity along neuronal chains. Finaglly, it has already been men-
tioned that denervation supersensitivity to chemical mediators, which
effectively implies increased synaptic efficiency, may also be of
importance in facilitating the spread of activity in chronically

isolated slabs.
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4. THEORETICAL APPROACHES TO THE STUDY OF THE CORTEX

While the manner in which a single cortical neurone may be
expected to behave under various conditions has been reasonably well
established by direct experiment, the manner in which large numbers of
interacting neurones may behave has remained considerably less clear.
Approaches to the elucidation of this problem (Gerard, 1960) have

- remained mostly theoretical. Cragg and Temperley (1954) have suggested

that the degree of interaction between cortical neruones may be sufficient

for the cortex as a whole to behave as a cooperative assembly, i.e.,
that it may have properties qualitatively distinct from those which
would result from a simple summation of the properties of a single
neurone. The most widely known example of such a cooperative assembly
is a ferromagnetic crystal in which interaction between individual atoms
results in the formation of domains; at temperatures above the Curie
point the interaction is sufficiently strong to cause the whole crystal
to be occupied by a single domain and thereby to become a magnet. If
it could be demonstrated that cortical neurones in some way exist in
analogous domains, presumably in this case domains of polarisation
state, the implications would clearly be of fundamental importance.
Cragg and Temperley, using the histological data of Sholl (1956),
estimate that the observed degree of interneuronal connectivity could
hardly fail to give rise to such effects. A number of recent works
have presented mathematical analyses of cooperative processes, mainly
with regard to magnetism (g.g., Bates, 1961; and Mattis, 1965); more
general approaches are provided in works on classical statistical
mechanics (g.g., Fowler and Guggenheim, 1939).

Unless all cortical neurones are connected in closed circuits,

for which there is no positive evidence and much negative, it seems
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that some mechanism such as that of neuronal domains must be implicit
in Lashley's (1958) concept of 'trace systems'. Lashley supposes that
the same neurones in different permutations may participate in many
different such systems, each system maintaining 'traces' of some
particular habit or memory; the dominating system at any particular
moment is a function of afferent activity. It has already been mentioned
that Burns and Smith (1962) have arrived at a similar concept as the
result of experimental observation. They suggest that, in order to
retain specificity, the outputs from all neurones involved in any one
response must somewhere converge on an individual 'detector cell'.

A comparatively early mathematical model applicable to the
cerebral cortex, which in many respects remains the most attractive,
is that of Beurle (1956). Beurle considered a mass of neurone-like
cells connected in a statistically defined manner in accordance with
the histological observations.of Sholl (1956). He showed that a wave
of activity initiated in such a mass will be propagated through it.
However, in order for the amplitude of the wave to remain constant, a
certain critically sized initiating disturbance is essential; too small
a disturbance will give a wave which rapidly dies out, whereas too
large a distuﬁbance will give a wave which will increase in amplitude
until it eventually involves all available cells simultaneously and is
thus 'burned out'. If it can be assumed that the excitation threshold
of a cell in some way decreases as the number of excitations increases,
it can be shown that the mass of cells may be able to modify dits
response to stimulation on the basis of previous 'experience'. Lashley
(1952) has suggested that, if cortical activity can be thought of in
terms of waves, retained and repetitive activity may perhaps be thought

of in terms of standing waves and interference patterns; somewhat
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similar concepts emerge from Beurle's model. It may be noted that in
the present context the terms 'wave' and 'domain' appear to be merely
different expressions of the same fundamental coneept that neuronal
assemblies may exhibit cooperative properties.

Stahl (1965) has reviewed theories of self-reproducing
automata some of which appear to be of potential application to explain-
ing the mechanism of repetitive activity in the cortex. Of particular
interest is von Neumann's 'tesselation', or cellular, model in which
events occur on an infinitely large grid of squares. FEach active cell
(square) transmits pulses to neighbouring quiescent cells, and thus any
array of activity is able continually to reproduce itself by moving
through short distances. Possible explanations of the mechanism of
repetitive activity arise also in 're-entry' theories of cardiac fibril-
lation (e.g., Moe et al., 1941; and Orias et al.,1950).

Farley (1962) has assembled simulated neurone nets within a
computer and has shown that the result of stimulation depends on the
nature of the 'interneuronal' coupling. In 'tightly coupled'! nets, in
which each element is connected only to its nearest neighbours, the
predictions of Beyrle (1956) were largely confirmed, i.e., the excita-
tion either 'dies out' or 'burns Qut'. In 'loosely coupled' nets,
however, having a significant number of longer connections, 'backfiring!'
of -excitation may occur by conduction of impulses via these long
connections from the excited wavefront to beyond the refractory ares
which inevitably develops immediately behind the wavefront. This gives
rise to the possibility of various patterns of oscillation, the principal
characterising factor being the refractory period of the individual
'neurones’'.

At the level of the single cell, the work of Rall (1962, 1964)
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in prediciting the mode of conduction of impulses in individual dendritic
trees has already been referred to. Recent application of computers to
the analysis of data recorded from single cortical neurones <§'§"
Gerstein and Kiang, 1960) has opened the way to investigation of the
manner in which single neurones are involved in gross activity patterns.
Smith and Smith (1964, 1965) have analysed the frequency distribution of
spontaneous action potential firing in single cortical neurones (see
previous subsection). On the basis of their results they have developed
a mathematical model (Smith and Smith, 1965) in which a neurone is gated
'on' or 'off'; firing occurs with a Poisson frequency distribution only
when the neurone is 'on'.

A number of recent models have retained the basic concept of
a randomly connected network while superimposing various other properties.
Freeman (1964) has considered such a case in which the interneuronal
connections have the properties of transmission lines; the connections
terminate randomly in accordance with the histological observations of
Sholl (1956), and the resulting neuronal interaction is assumed to be
mainly inhibitory. An interesting outdome of this model, in accord with
the experimental observations of Burns (1949, 1950), is the prediction
that elimination of afferent noise in the network should result in total
electrical silence. Gerstein and Mandelbrot (1964) postulated that
variations in neuronal membrane'potential resulting from afferent
synaptic activity may be distributed as a modified random walk; they
were able to demonstrate reasonable agreement between results predicted
on this basis and observed frequency distributions of spontaneous
cortical action potentials.

Freeman (1964) pointed out that the maintenance of stability

in a large population of spontaneously active interconnected elements
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presents a theoretical problem of some magnitude. Evidently any cortical
model which is to be at all realistic must of necessity incorporate some
solution to this problem. Ashby (1950, 1960) has considered the general
case of a large number of 'dynamically active parts' connected at

random and free to interact. He observes that if all the parts themselves
are stable the whole can be equivalent to nothing more than a collection
of the separate parts; in all other cases there is an intrinsic bias to
instability which increases proportionately to the number of parts and
the degree of connectivity. Nevertheless, having considered these
problems in the light of observed cortical behaviour, Ashby (1960) has
evolved a comprehensive mathematical model to demonstrate the capacity

of such interacting systems for adaptive behaviour. Offner (1965) has
shown that the maximum useful complexity of a random network which is

to be adaptive is limited by the signal-to-noise ratio. A number of
experimental observations which appear to have some bearing on this
problem have already been referred to (Burns and Smith, 1962; Stefanis

and Jasper, 1964; Andersson, 1965; and see previous subsection).
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IITI. EXPERIMENTAL METHODS

1. PREPARATION OF NEURONALLY ISOLATED SLABS OF CEREBRAL CORTEX

(a) Acute Isolation

Cats of either sex weighing between 2.0 and 4.0 kg were used.

Anaesthesia was induced by placing the cat in a closed wooden
box having a glass door for observation and a small upper compartment
separated from the rest of the box by a wire gauze partition on which
was placed an ether-soaked pad of cotton wool. When surgical anaesthesia
was attained, the cat was transferred to the operating table and secured
on its back. Anaesthesia was temporarily continued by a cone-shaped
mask containing an ether-soaked pad which was held over the cat's nose
‘and mouth. The trachea was exposed and cannulated, and anaesthesia
was thereafter maintained from a variable-bypass ether bottle connected
to the cannula by a short polyethylene tube. An air intake was provided
at the cannula in addition to that at the ether bottle in order to
reduce the effect of the dead space represented by the volume of the
tube; in some experiments, a two-way respiration valve was interposed
at the cannula. A suitable level of anaesthesia was estimated from.
»the cat's reflex and respiratory behaviour, and was maintained by.
adjusting the ether bottle bypass valve as required.

The right femoral vein was cannulated at this stage to
provide a route for subsequent administration of drugs and fluids.

The cat was then turned over and its head clamped in a
Czermak holder, A midline scalp incision was made and the saalp was
separated from the temporal muscle on both sides, The left temporal
muscle was reflected from the skull, claﬁped as far laterally as
possible, and the free part of it cut off. A dental burr was used to

remove an approximately trapezoidal area of bone having its base along
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the line of inflection which effectively indicates the posterosuperior
margin of the tentorium cerebelli, its parallel but shorter top a few
millimetres anterior to the coronal suture, its medial side Jjust lateral
to the midline, and its lateral side as far out as the remaining
attachment of the temporal muscle would allow. Bone wax (beeswax and
phenol) was used to prevent bleeding from the venous sinuses of the
skull both while cutting it and on removal. During cutting, the region
of operation of the burr was kept irrigated with saline at 37°F to
prevent possible entry of air to the sinuses, and also, by washing away
blood and debris, as an aid to visibility. The bone was removed with
as little trauma as possible to the underlying dura, and the latter was
then cut away with scissors; vascular attachments from below were
electrocauterized, and the exposed pia was kept continuously irrigated
with saline. '

A slab of cerebral cortex was neuronally isolated from the
exposed suprasylvian gyrus by a slight modification of the method of
purns (1949, 1950) and Kristiansen and Courtois (1949). Areas of pia
at either end of the gyrus, as large as possible without infringing on
the central straight part of the gyrus, were electrocauterized.. The
cortex from these cauterized areas was removed to a depth of a few
millimetres by means of the rough tapered tip of a glass tube -attached
to a water tap aspirator. The posterior hole was deepened at a lesser.
diaméter to penetrate the lateral ventricle and thus provide a drainage
route for cerebrospinal fluid which might otherwise accumulate and
cause the brain to swell. The slab was then cut by introducing into
the posterior hole a composite knife (Fig. 1). which was pushed gently

along with the rounded tips of its two prongs just visible through the

pia and its flat blade as nearly as possible parallel to the pial surface.
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FIG. |. coMPOSITE KNIFE USED FOR ISOLATING
CEREBRAL CORTICAL SLABS. THE HANDLE IS 316"
DIAMETER BRASS ROD, THE FLAT BLADE WHICH CUTS
THE BOTTOM OF THE SLAB IS A PIECE OF STEEL

RAZOR BLADE, AND THE VERTICAL PRONGS WHICH
CUT THE SIDES OF THE SLAB ARE 0-028" STAINLESS
STEEL WIRE. THE ANTERIOR EDGES OF THE PRONGS
ARE GROUND MODERATELY SHARP, EXCEPT THAT THE
TOPMOST PORTIONS, WHICH MVST RE ORSERVED THROUGH
THE PIA WHILE WTTING THE SLAB, ARE ROUNDED OFF
AND MADE SMOOTH RY DIPPING IN ‘EPOXY? CEMENT
(BORDEN CHEMICAL CO., NEW YORK ).
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When the end of the knife emerged at the anterior hole, the neuronal
isolation was complete; yet the blood supply to the slab, descending
wholly from vessels at the pial surface, was undisturbed. The knife
was gently withdrawn by the same procedure used for its insertion.

The dimensions of a slab thus isolated are determined by
the distance between the anterior and posterior holes, and by the
dimensions of the knife. In these experiments, the length of viable
tissue between the holes was never less than 1.0 cm, and usually
congiderably more. The width and depth, determined by the knife, were
4.0 and 3.5 mm respectively. This depth should be quite adequate to
include the whole thickness of the cortex, at least in the central
part of the gyrus, since Reiffenstein (1964), using a cut depth of
4.0 mm, found on histological examination a cortex-to-slab depth ratio
of seldem less than l-to-2.

Finally, decerebration was performed by inserting a stain-
less steel spatula, of the pattern described by Pinsky (1957), below
the  cerebral hemisphere and flat against the tentorium cerebelli, and
cutting the brain stem at the mid-collicular level. Immediately prior
to the actual cutting, the hemisphere was gently raised a little from
the tentorium by means of & broad bent spatula, and any visible
vascular connections between the hemisphere and tentorium were electro-
cauterized. Following decerebration, anaesthesia was discontinued,
the exposed cortex was temporarily covered by saline-sosked cotton
wool, and the cat was transferred to the recording table.

Over the period in which results were accumulated for. this
thesis, about 50% of the cats prepared for use in the acute state died,
or their cortices became avascular, either on the operating table or

before supplying useful records. The chances of survival were
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evidently much increased by minimising the total time of anaesthesiaj
and, of those cats which did survive the initial stages, practically
all remained in tolerasbly good condition for periods in the order of
twenty-four hours. In some cases, nutrition and fluid were provided
by periodic intraperitoneal injections of 5% glucose in saline. The
body temperature was maintained at 37° by means of a rectal probe,
connected in early experiments to an electric heating pad and fan, and
later used to control the temperature of air blown through a perforated
metal plate on which the cat was supported; this modification was to
reduce electrical interference in the recording area. At the termina-
tion of experiments, cats no longer required were killed by massive

intravenous injection of saturated magnesium sulphate solution.

(v) Chronic Isolation

In experiments on chronically isolated slabs, cats were
used in which slabs had been cut in the left suprasylvian gyrus
between three and fourteen months previously. These cats were in
general heavier than those used in acute preparations, the weight
range extending to 5.0 kg; this was partly due to weight gained
during retention in the animal colony, and partly because only large
cats had been chosen for chronic preparations in the first place.

The procedure followed in initial isolation of the slab
varied only slightly from that described above for acute preparations.
Anaesthesia was by pentobarbital (35 mg/kg intraper;toneally),
tracheostomy was not performed, and the head was clamped only very
loosely to avoid injury. The scalp was shaved, opened in the midline,
and reflected laterally. The left temporal muscle was not removed,
but merely reflected laterally also. The area of bone removed was

the minimum that permitted cutting of the slab; and the dura was left
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attached and reflected medially. A minimal area of cortex was
cauterized at the posterior end of the gyrus only, and a drain hole
of small diameter was made to the lateral ventricle. The slab was
cut by a procedure similar to that used in the acute preparation,
but,there being no hole at the anterior end of the gyrus, it was
necessary to isolate the anterior end of the slab by means of a single
wire prong, identical to those attached on either side of the horizon-
tal blade of the knife (Fig. 1). The prong was pushed along one side
of the slab, moved laterally across to cut the end, and withdrawn
along the other side. The dura, temporal muscle, and scalp were
sutured back in their original positions.
These chronic isolation procedures were done under clean
but not aseptic conditions, and in some cases prophylactic antibiotics
were administered (see also Gorchynski, 1964; and Reiffenstein, 1964):
up to 0.5 gm streptomycin, and/or up to 400,000 units penicillin,
intramuscularly, the initial dose half an hour after completion of
the operation, and thereafter daily for the next three to five days.
The cats, if healthy, were then returned to the animal colony.
Re-~exposure of a chronically isolated slab for use in an
experiment was done under ether anaesthesia and by means of a
tracheostomy as described for acute preparations. The main difference
in this case was that the temporal muscle and dura, no ionger
separated by bone, were invariably found to have fused together;
their zemoval was consequently less straightforward and more time-
consuming. The exposed area of cortex, once cleared, was enlarged
by -rongeurs or the dental burr to the size used in acute preparations.
A hole was made at the anterior end of the slab, and the original

drain hole was re-opened and its upper part enlarged; often this
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necessitated the use of fine pointed scissors to break up the fibrous
scar tissue which had formed around it. In an initial experiment,

an attempt was made to re-cut along the lines of the original
isolation; but this turned out to be effectively impossible because
of scar tissue. Reiffenstein (1964), in overcoming this difficulty,
isolated a larger volume of tissue to include the original slab;
however, this was not done in the present series of experiments.

The dimensions of the chronically isolated slabs were some-
what variable, but were in general less than those acutely isolated.
This was partly due to minor variations in the original cutting
procedure, and partly due to subsequent shrinkage (see also
Reiffenstein, 1964).

Decerebration was performed as in the acute preparation;
except that sometimes, in order to minimise the time of anaesthesia,
the skull was initially opened on the previously untouched right hand
side and decerebration performed from there before proceeding to
expose the chronically isolated slab on the left.

Cats having chronically isolated slabs were evidently in
better physical condition, or better able to withstand trauma, than
those in which the isolation was acute; in the present series of

experiments, only one such cat died without giving useful results.
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2. STABILISATION FOR RECORDING

(a) Gross Stabilisation

The cat having been transferred to the recording table,
the cut edges of the scalp were tied tightly to a 4—1/2 inch diameter
steel ring supported in a horizontal plane by the same stand as that
supporting the Czermak holder; the latter had remained throughout
clamped to the cat's head. The steel ring was adjusted to as high a
level as possible so that the exposed cortex became contained, as it

were, in a cradle with sides formed by the stretched-out scalp. This

'cradle' was filled with miheral oil at 37°F, thus covering the cortex

to prevent it drying out or getting cold. In some experiments the
temperature of the 0il was maintained by an immersed electric coil,
though latterly it was found simpler to use a heating lamp directed
on to the oil surface and switched on intermittently as needed. With
regard to the experiments presently described, the oil temperature
was not found to be particularly critical within a range of a few
degrees below 37°F.

The stand supporting the Czermak holder and scalp ring, as
well as those supporting other items of stabilising and electrode-
holding equipment to be described below, was clamped to g heavy cast-
iron base plate. The body of the cat, lying on its temperature
regulating pad, was likewise supported on this base plate. Thus
these simple arrangements already described provided a high degree of
gross stability, quife adequate for recording from the cortical
surface.

(b) Stabilisation of the Isolated Slab

In order to record with microelectrodes the activity of

single units, it is necessary to stabilise not merely the head as a
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whole, within which the brain is by no means a rigid structure, but
also that particular local part of the brain from which it is intended
to record. Movements due to respiration, pulsation of the local blood
supply, and swelling of the exposed brain are all sufficient to

prevent a microelectrode tip being maintained in a constant position

with respect to a single cell for long enough to acquire useful records

of the cell's activity; and this is particularly so in the case of
intracellular recording.

As an initial step to minimising respiratory movements,
transmitted to the cortex both directly and as pressure changes in
the blood vascular system, the cat was immobilised by intravenous
gallamine injection (5 mg/kg repeated hourly), a pneumothorax was
performed, and respiration was thereafter maintained by a positive
pressure pump.

A variety of techniques has been designed to achieve local
stabilisation of the cortex. Many of these have used liquid filled
chambers attached rigidly to the skull over the exposed area so that
the cortex is stabilised by a gentle direct hydraulic pressure (3{5.,
Mountcasfle et al., 1957; Hubel, 1959; and Mandl, 1965); the micro-
electrode is mounted to be driven vertically downward through the
chamber. A different approach is the spring suspension designed by
Burns and Robson (1960) whereby the microelectrode is rendered
virtually weightless and so free to move with the cortex. Most of
these methods suffer to a greater or lesser extent from the disadvan-
tage that it is a somewhat involved procedure to change the micro-..
electrode from one line of penetration to another. A simpler and
more flexible solution is that used by Phillips (1956) in which a

celluloid window, having a small hole in it for the microelectrode,
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is pressed gently down on the cortical surface.

In the present study it was realised that the use of an
isolated cortical slab provided opportunity for a rather different
form of local stabilisation. A rectangular silver trough was made
having the same cross sectional dimensions as those of the slab
(Fig. 2). By means of a perspex handle attached rigidly to one end,
it was possible to push the trough gently into the hole at the anterior
end of the slab ;nd along the isolating knife cuts so that the entire
slab became contained within it. The handle of the trough was then
clamped rigidly (Fig. 3). As in the case of the original isolation
procedure, the presence of the trough caused no damage or interruption
to the slab's pial blood supply; and this continued to be so for as
long as the cortex as a whole remained viable. In practice, the most
critical adjustment in the insertion of the trough was the initial
positioning of it in its clamp (Fig. 3(i)); attempts to readjust the
clamp once the trough was installed were liable to prove fatal to the
whole experiment. The trough was designed to accommodate slabs up to
eighteen millimetres long, which was always adequate.

By itself, the trough provided protection against move-
ment due to swelling of the cortex and against direct mechanical
movement due to respiration. In order to minimise movement due to
pulsation and pressure changes in the blood supply, the trough was
supplied with a 1id. This was a suitably sized block of perspex
(Figs. 3(iii) and 4) into which were set a number of platinum and
gilver electrodes for surface stimulation and recording respectively.
The leads from these electrodes were conveniently led out via a
hollow handle whereby also the 1id was clamped rigidly in a stereo-

taxic manipulator (W.R. Prior Co.). In use, the 1id was lowered
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ELECTRICAL LEAD

FiG. 2. STABILISING TROUGH DESIGNED TO
CONTAIN SLABS CUT BY KNIFE SHOWN IN FIG. 1. THE
HANDLE 1S 3/16" DIAMETER PERSPEX ROD AND IS
SECURED TO THE TROUGH BY A SCREW AT ITS BASE
AND BY ‘EPOXY! CEMENT. THE TROUGH [S MADE
FROM 0-005" SHEET SILVER. THE ANTERIOR EDGE
OF THE BOTTOM OF THE TROUGH IS FAIRLY SHARP;
THE ANTERIOR AND UPPER EDGES OF THE SIDES ARE
ROUNDED BY BEING BENT DOVELE. AN ELECTRICAL
LEAD IS PROVIDED SO THAT THE TROVGH CAN BE
USED AS AN INDIFFERENT ELECTRODE.
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\DRAXN HOLE TO LATERAL VENTRICLE

MICRO -

ELECTRODE|

=

i

/W)RES TO TERMINAL BOARD

FIG. 3. DIAGRAMMATIC LONGITUDINAL

(SAGITTAL) SECTIONS THROVGH THE SLAB
TO SHOW STAGES IN INSERTION OF THE

TROUGH: (j) THE TROUGH, WITH ITS HANDLE
FIRMLY CLAMPED,. IS ADTVSTED TO A SVITABLE
POSITION. (i) THE CLAMP IS LOOSENED AND
THE TROVGH INSERTED. (jii) THE TROUGH IS

IN PLACE AND ITS HANDLE RECLAMPED. ALSO
SHOWN IN PLACE ARE THE LID (SEE ALSO
Fi6. 4) AND A MICROELECTRODE ; THE LATTER
1S CLAMPED TO THEZ BARREL OF A 5nml Oll=
DRIVEN SYRINGE (NOT SHOWN : SEE TEXT).
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(CORONAL) SECTION SHOWING LID IN POSITION ON SLAB; THE HANDLE
OF THE TROVGH 1S NOT SHOWN. THE LID IS MADE FROM SHEET PERSPEX
AND ITS HANDLE FROM 1/4." OUTSIDE DIAMETER PERSPEX TVBE.
THE RECORDING ELECTROPES (A,B,C, D) ARE 0-0i6" SILVER WIRE,
AND THE STIMVLATING ELECTRODES (X, Y, Z) ARE 0-016" 107 IRIDIVM
PLATINVM WIRE. THE ELECTRODES ARE BEADED AT THEIR LOWER ENDS
AND ARE SET IN THE LID S0 AS TO PROTECT VERY SLIGHTLY T0 ENSURE
GOOD CONTACT WITH THE CORTICAL SURFACE. THE ENTIRE AREA ON
TOP OF THE L\D WHERE THE WIRES EMERGE FROM THE ROUOW HANDLE
AND ARE SOLDERED TO THE ELECTRODES IS COVERED FOR PROTECTION
BY TRANSPARENT ACRYLIC CEMENT (PERSPEX IN ETHYLENE DICHLORIDE),
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vertically on to the surface of the slab, the final stages of this
operation being best observed through a binocular microscope.

Provided that both 1lid and trough had been initially clamped in a
horizontal plane, it was usually possible to press the 1lid gently down
until the upper edges of the vertical sides of the trough were clearly
visible through it, the two being then separated only by the still
intact pia. The 1id was then very slightly raised to prevent inter-
ruption of the pial blood supply. The presence of the 1id thus applied
was often directly observed to have eliminated previously visible
pulsations. Final positions with respect to the slab of both 1id and
trough are shown in Figs. 3(iii) and 4 (ii).

In chronically isolated slabs, since the original isolation
cuts were filled with scar tissue and were not re-cut, it was not
possible to use the trough. However, due partly to their evidently
improved blood supply and partly presumably to the incidental structural
support provided by the scar tiséue, these slabs seemed able to survive
a somewhat greater pressure from the 1lid than would have been possible
in acute cases. Such pressure was in fact applied, and was in general
found to provide sufficient stability to compensate for the absence
of the trough.

The microelectrodes used in these experiments were bent to
a right angle in the region where the stem becomes drawn out to form
the shaft; the bending was easily accomplished using the flame of a
miniature gas burner made from a l6-gauge hypodermic needle. With the
stem mounted vertically, the shaft could then be driven horizontally
into the slab from the hole at its posterior end, this being allowed
by the natural curvature of the gyrus (Fig. 3(iii)). The shaft, which

is quite flexible, was thus effectively floating in the cortical
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substance, and so this arrangement in itself provided a further
coﬁtribution to stability. A further description of the microelectrode
and its mounting apparatus is provided in the subsection following.

It was originally hoped that by means of the stabilising
arrangements described above it would be regularly possible to obtain
intracellular records. However, this did not turn out to be the case,
and intracellular records were obtained on only a comparatively few
occasions. The causes for this failure are probably several, but
there seems no reason to suppose that they include any fundamental
inadeguacy in the trough-lid method of stabilisation. This method
was designed primarily to eliminate movement due to the cat's own
vital functions, and not that due to external disturbances which would
in fact quite probably be magnified. Such disturbances should
obviously be eliminated from the recording area in any case, but it
is also essential that the various clamps and items of stabilising
equipment, and in particular the microelectrode, should be mounted
on the base plate as rigidly as possible. Inadequate attention to
this point is perhaps partly to blame for the present lack of intra-
cellular results. In addition, concerted efforts to obtain intra-
cellular recérdings were discontinued in favour of extracellular
recording at a fairly early stage in the investigation; and the
microelectrodes subsequently used for this latter purpose were by no
means ideally suited to stable intracellular penetration (see-sub-
section following, part (a)).

For extracellular recording, the stabilising arrangements
as used seemed entirely satisfactory. It was regularly possible, on
stimulating the slab surface at successive five minute intervals, to

record unit activity of a remarkably constant pattern suggesting that
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relative to the local cell population significant movement of the

microelectrode tip did not occur.



T

5. STIMULATION AND RECORDING

(a) Electrical Stimulation and Recording

A block diagram of the complete electrical arrangements is
given in Fig. 5; the following is intended to be read in conjunction
with that diagram.

The repetitive stimulation needed to elicit an epileptiform
afterdischarge was obtained from Tektronix 160-Series pulse and wave-
form generators; the waveform produced by each generator is shown to
its right in Fig. 5. "It was convenient to generate the repetitive
pulses in bursts, rather than continuously, so that during the inter-
burst silences the recording oscilloscope could be monitored for signs
of commencing biological response. A Hammond 835 1:1 transformer was
used to isolate the stimulus current from ground. The stimulus was
applied to the cortical surface through any one or more of the three
pairs of platinum electrodes provided in the 1id (X,Y,Z in Fig. 4);
switching from one pair to another was by means of connections made
to a terminal board mounted remote from the biological preparation.

No critical study was made in these experiments of the
effects of varying the stimulus parameters (see Pinsky and Burns,
1962), neither was any effect noticed in the ranges used. These ranges
weres

burst interval: 1000-1300 msecs

burst duration: 500-800 msecs

pulse interval: 32 msecs

pulse duration: 2-3 msecs

pulse voltage: 20-40 volts (-these are nominal dial
volts; in fact the cortex presents to the secondary of the

transformer an effective load resistance sufficient to
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reduce the actual stimulating voltage by 50% or

more (by 60% according to Reiffenstein (1964)

who used similar arrangements).)

Electrical recording was both from the surface by any one
of the silver electrodes provided in the 1id (4,B,C,D in Fig. 4) and
from single units by glass microelectrodes. The microelectrodes used
were mostly supplied from the Department of Physiology, McGill
University, by courtesy of Dr. B.D. Burns. Outside tip diameters
were 2 - 2—1/2 microns and the shafts were of constant diameter about
40 microns to within little more than 120 microns of the tip. Avail-
able shaft length for penetration into the slab was 10-14 mm. The
microelectrodes were filied directly from from a syringe via poly€thylene
tubing (PE 20), usually with 90% saturated sodium chloride giving a
tip resistance 400-700 kohms; occasionally, in attempting to record
intracellularly, 2 M potassium citrate was used, giving slightly
higher tip resistances up to 1 megohm. In some preliminary exper-
iments, microelectrodes were pulled from melting point capillaries
using an MI micropipette puller (Industrial Science Associates);
these microelectrodes had outside tip diameters of 1 micron sr less,
but they were much more fragile and their use was discontinued when 45”;_{
it was decided to concentrate on extracellular recording. |

In order to record simultaneously from two different points
in the cortex, two microelectrodes were used in most experiments. For
both surface and microelectrodes, the indifferent electrode was
provided by the silver trough itself; except that a silk wick elec-
trode making contact with the exposed skull bone was used in chronic
preparations where the trough could not be inserted. All connections
to fluid electrolytes in giass electrodes were made by chlorided

gsilver wires.
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Signals from the microelectrodes were amplified by Grass P6
preamplifiers, and from the surface electrode by a Princeton TA-2
amplifier. These amplifiers have differential cathode-follower
inputs. The cat, electrodes, and amplifier probes were supported in
a shielded enclosure on a grounded recording table, and the cat itself
was also grounded via the tooth bar of the Czermak holder. Also, most
experiments were performed in a shielded room.

The amplifier outputs were applied.directly to three channels
of the Grass Polygraph, and those originating from the microelectrodes
were applied also to the Tektronix CA dual-trace preamplifier (beam
splitter) and thence to the lower beams of the 502 oscilloscopes.

In addition, the amplified signal from either one interchangeably

of the two microelectrodes was passed through a resistance-capacitance
high-pass filter having a sufficiently short time constant (0.3 msecs)
to eliminate practically all variations in potential of time course
longer than that of classical action potential spikes. This filtered
signal was applied to the upper beams of the 502 oscilloscopes at

fairly high gain, and also to a gated loudspeaker for auditory
monitoring.

The two 502 oscilloscopes were connected in parallel, one
being used for visual monitoring and the other for photographic
recording. In order to conserve within reasonable limits the amount
of film used, the camera was turned on its side so that the direction
of motion of the film was at right angles to the osoillsscope sweep.
The image on the film thus appeared as successive sweeps running
transversely with a gradient determined by vector addition of the
film and sweep velocities; this gradient appears in the samples

taken from filmed records to illustrate this thesis. In order to
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avoid overlapping of the images of successive sweeps on the film,
since each sweep involved three independent tracesg,it was found
necessary to reduce the sweep frequency by triggering the camera
oscilloscope externally from a Grass 3D5 stimulator. This provided
in effect an automatic sampling, not altogether disadvantageous, such
that the equivalent of only a little more than every alternate sweep
was recorded. However, in recording the chronic phases of afterdis-
charges from chronic preparations (see Section IV, 1) in which epil-
eptiform burst frequency is comparatively low, this 'sampling' was
dispensed with and the triggering was made recurrent. As a con-
venience, a conﬁéction was provided from the camera drive to a spare
channel on the Polygraph whereby whenever the.camera shutter was open
and the film moving an indicator signal was recorded on the paper
record. The film used in these experiments was Kodak Linagraph
" Ortho.

Principal dial settings on the various items of recording
apparatus are summarised as follows:

Grass P6 D.C. preamplifiers: amplification 500;
half amplitude freguencies O c/s, 10 kc/s.

Princeton TA-2 D.C. amplifier: amplification 1000;
half amplitude frequencies O c/s, 3 kc/s.

Tektronix CA dual-trace preamplifier: volts/cm 0.2,

Tektronix 502 dual-beam oscilloscopes: upper beam vertical
sensitivity 50 mV/cm; lower beam 1V/cm; time base 20 msecs/cm.

Grass SD5 stimulator: frequency 2.6-3.6 pulses/seo.

Grass Polygraph D.C. driver amplifiers: half amplitude high
frequency 60 c¢/s.

Grass Polygraph oscillograph: paper speed 5-10 mm/sec during
stimulation and response, otherwise 0.25 mm/sec,
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In a few early experiments involving oﬁly one microelectrode,
the Princeton amplifier was not used and the surface record was
amplified by a Grass P6. The CA dual-trace preamplifier was not
needed, and in its absence the 502 oscilloscope lower beam vertical
sensitivities were set at 2 V/cm. With only iwo traces per sweep the
SD5 was not necessary and the camera oscilloscope sweep was set to
run free.

A simplified diagrammatic summary of the usual arrangement

of the recording equipment is given in Fig. 6.

(b) Recording of Microelectrode Tip Position

Pine adjustment of the microelectrode in a direction parallel
to its shaft was by means of an oil filled hydraulic drive consisting
of two syringes connected by a length of polyethylene  tubing. The
microelectrode was clamped to the barrel of the larger syringe (5 ml),
while the barrel of the smaller syringe (1 ml) was controlled by a
micrometer and spring; such a system is described in more detail by
Burns (1961). Rotation of the micrometer head through one small
division (50 divisions per rotation) caused longitudinal movement of
the microelectrode shaft through less than two microns. The syringe
carrying the microelectrode was itself mounted on a stereotaxic
manipulator which provided both the coarse longitudinal adjustment
needed for penetration and the lateral and vertical adjustment needed
for initial positioning.

In use, it was necessary to arrange that both the micro-
electrode shaft itself and its line of motion provided by one .of
the horizontal movements of the manipulator should be both horizontal

and parallel to the sides of the slab. The microelectrode was then
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lowered gently into the oil until the shaft, observed through a

binocular microscope, Jjust touched the upper surface of the 1lid. The
manipulator's vertical vernier was read, and, allowance being made for
the thickness of the 1id, this gave the reference coordinate, 25 (Fig. 7).
The microelectrode was then moved clear of the 1id and adjusted to the
point where its tip was at the medial posterior upper corner of the slab,
this being arbitrarily defined as the point where the posterior edge

of the 1id crossed the upper edge of the medial side of the trough
visible through the pia. The micrometer having previously been turned

to its maximum withdrawal, i.e., 25.00 mm, the manipulator's horizontal
verniers at this position gave the reference coordinates, Xq and Yo°

In experiments in which two microelectrodes were used, two independent
sets of reference coordinates were established, Xoms Toms ZoM and Xop,0
&OL’ Zoy,» the microelectrodes being temporarily distinguished as medial (M)
and lateral (L).

Still using only the stereotaxic manipulator, the microelectrode
was driven horizontally into the slab at some desired point in its cross
section and for some desired distance. In chronic slabs, this operation
was complicated by the presence of numerous obstructions in the micro-
electrodéts path, presumably scar tissue or increased vascular tissue or
both. Fortunately, these obgitructions were rarely suffiéiently rigid
actually to break the microelectrode tip, and while it was sometimes
necessary to break up the tissue at the end of the slab with fine
pointed scissors, penetration was always eventually achieved. The
vernier readings at this stage gave the probe coordinates, Xps ¥ps 2p

(two sets for two microelectrodes, distinguished as M and L as above).
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FIG. 7. ESTABLISHMENT OF COORDINATE SYSTEM
FOR LOCATION OF MICROELECTRODE TIWP: THE TIP
IS FIRST MOVED TO THE CORNER OF THE SLAB (SEE
TEXT) To ESTABLISH REFERENCE COORDINATES
(6, Yo, Zo) ACCORDING TO THE AXES INDICATED AT
THE RIGHT, AND IS THEN DRIVEN INTO THE SLAB
TO A POINT WHICH DEFINES PROBE COORDINATES
(xp,Yp, Zp)- SUBSEQUENT ADIUSTMENT BY
HYDRAULIC DRIVE IS SIMPLY ADDED ON TO yp.
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All further adjustment was made using the hydraulic drive,
the microelectrode being driven forward being connected to the high-
pass filtered recording channel so that it could be monitored both
auditorily and visually for evidence of single unit activity in the
vicinity of the tip. Such activity was usually manifest as abrupt
discharges and spikes, often highly repetitive, presumably caused by
physical disturbance of cells by movement of the microelectrode. In
stimulating and recording, the oscilloscope camera drive was set in
motion, and the oscillograph paper speed increased, in time to
include both the stimulus artifact and a few seconds of inactive
trace before it. The paper record in fhese experiments was used
mainly as a log, and on it at each stimulation were recorded the
time, the micrometer reading for each microelectrode, which micro-
electrode was connected to the filtered recording channel, and which
surface electrodes were used for stimulation and recording (X,Y, Z
and A,B,C,D, see Tig. 4). Once both microelectrodes were positioned
near potentially active single units, at least six useful recordings
could in theory be obtained without further adjustment; i.e., using
in turn each of three pairs of stimulating electrodes, X,Y, and Z, and
then repeating with the other microelectrode connected to the high-
pass filtered recording channel. Using various combinations of X,

Y, and Z, the number of possible recordings was increased still
further; but in practice not all were usually made, even of the basic
six. To avoid induction of spreading cortical depression (Burns,
1958), about five minutes was usually allowed between successive
stimulations.

Once the limit of penetration imposed by either the micro-

- meter drive or the available microelectrode shaft length had been
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reached, the microelectrode was withdrawn. With the micrometer head
turned back to 25.00 mm, a fresh penetration could be made elsewhere
in the slab cross section, a new set of probe coordinates being
established each time this was done. Provided the microelectrode was
not moved relative to its mount, the original set of reference co-

ordinates remained, of course, valid throughout the experiment.
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IV. ANALYSIS AND RESULTS

1. INITIAL ANALYSIS OF EXPERIMENTAL RECORDS AND QUALITATIVE

OBSERVATIONS

Examination of filmed records was carried out using a Dagmar
Super Microfilm Reader Model 35 which projected the image directly from the
film on to the surface of the work desk. The magnification was adjusted
so that the image of one sweep length exactly occupied an appropriate
number of divisions on a sgale marked in milliseconds on squared paper;
this was determined from a 60 c/s time calibration included on the film
at the time of the experiment.

For each afterdischarge record, the number of sweeps during
which discharge activity had actually occurred was counted and divided
into ten equal parts. As is indicated in Figs. 6 and 8, each sweep
consistea of three separate traces, two of them recording principally the
slow epileptiform bursts at two different points in the slab, and the
other recording at higher gain and with a shorter time constant thé
action potential spikes from the same point as one or other of the slow
bursts. In general, one burst-spike episode was analysed from the first
sweep of each of the ten portions of the record. The precise manner of
this analysis, and the subsequent statistical analysis of the bursi-spike
parameters measured, are discussed in the subsection following.

In the case of chronic slabs, afterdischarges were divided
somewhat arbitrarily into two parts: the 'acute phase! being the part
immediately following stimulation and apparently similar to an acute
slab afterdischarge; the 'chronic phase' being that subsequent part
which persisted often for many minutes or even hours and which was

usually characterised by bursts of high amplitude and very low frequency.
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Continuous photographic recording of these prolonged afterdischarges was
considered neither practical nor necessary. Instead the acute phase was
recorded and then, after an interval of about five minutes, a sample of
the chronic phase. The record of approximately the first ten seconds of
the acute phase was divided into ten equal parts and analysed in the
manner indicated above., Chronic phase bursts were of such low frequency
and constant shape that usually not many more than ten consecutive burst-
spike episodes were recorded, and so no sampling of the record prior to
analysis was nécessary.

It must be noted here that, of the five chronic slabs used,
the three which were less than one year chronic (3,3, and 7 months)
regularly gave afterdischarges which persisted long enough to enter
the chronic phase (iog,, for analysis purposes, of duration greater than
five minutes); while the two which were more than one year .chronic (14 and
about 18 months) most often gave shorter afterdischarges from which
chronic phase data were not obtainable.

Certain qualitative characteristics of the burst~spike episodes
became apparent in the course of examining in detail a large number of
afterdischarge records. These, apart from a few which are intimately
connected with the measurement of burst-spike parameters (see subsection
following), are briefly described in the remainder of the present sub-
section.

In general, a single epileptiform burst appears to develop
from, and sooner or later to return to, an inter-burst potential which
over times comparable to the average burst length is more or less

constant (see, e.g., Plates IX(i) and XIII). Within these limits, the
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shape of the burst itself may vary through a very wide range. However,

there are a number of trends in burst shape which recur sufficiently often

to demand attention; these may be enumerated as follows:

1. The potential most often rises to its peak (of
negativity, which is represented by upward displacement
in all the records from which the Plates are copied)
more guickly than it afterwards refuins to its inter-
burst baseline (g.g., Plates VI(ii), VII(ii), XI(i),
and XIV(i)); however, sometimes the reverse is true

(e.g., Plate VIII).

2. Whilst the majority of bursts appear virtually
monophasic negative-going (e.g., Plates VII(i) and IX(i)),
many bursts occur which are more or less biﬁhasic,fmost
often with a positive phase preceding the negative phase
(eege, Plates VII{ii) and XIII) though sometimes with it
following (e.g., Plate V(ii)). Occasionally bursts occur
which are truly triphasic, with a ﬁositive phase both
preceding and following the negative phase (g.g.,

Plate XIII(ii)). Also occasionally, bursts occur in which
there is no evident negative phase at all, only a positive
phase (gfg., Plate II). Sometimes it is hard to decide
which part of a record represents the burst and which

the baseline; and in this case, of course, the bursit

polarity must also remain doubtful.

3. DBursts not infrequently occur in pairs (305., Plates

VII(i), VIII, and.XI(i)), triplets (e.g., Plate VIII),or
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even quadruplets; following such multiple bursts there
may be a comparatively long interval before the next

burst or group of bursts appear.

4. Another noticeably <frequent burst shape is what

mey be termed the 'hump-plateau' shape. This seems to

occur most often in afterdischarges from chronic slabs,

particularly when in or entering the chronic phase

(e+g.y Plate X(ii)), and usually in such cases the

'plateau! is of far greater amplitude and duration than the

thump'; however, bursts of this shape do occur in after-

discharges from acute slabs also, most frequently towards

the end (e.g., Plates VI(ii) and XIV(i)). 'Hump-plateau'

bursts may perhaps be regarded as modified paired bursts

in which the second burst of the pair has become  the

'plateau'; Plate XI(i) perhaps represents an intermediate

stage in this modification. Occasionally the ﬁump and

plateau are reversed, giving a 'plateau-hump'. burst

(e.goy Plate XIV(ii)).

Burst shape may remain practically constant throughout an after-
discharge, or it may change slowly (g.go, Plates I anﬁ II, and V and VI),
particularly in the development of biphasicity or triphasicity (g,go,
Plate XIII(ii)), or, less frequently, it may change quite suddently so that
consecutive bursts are of quite different shapes (gogo, Plates IX(ii) and
X(i); the latter is perhaps suggestive of two different 'populations' of
burst type superimposed). To a slightly lesser extent these same remarks

may be applied also to burst frequency. In the case of chronic slab
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afterdischarges in the chronic phase, there is practically never any
appreciable change between one burst and the next; indeed, the typical
low frequency prolonged hump-plateau bursts (see paragraph 4 above) may
be characterised as 'chronic type', as compared to the generally more
frequent, shorter, and often better defined 'acute type! (see Plate IX(i)).

On average, when recording simul taneously from two separate
microelectrodes at two different positions in the slab, the microelectrode
nearer the stimulated point records bursts of greater amplitude; this
observation is considered quantitatively in subsection 4 following.
However, in any individual afterdischarge it is not uncommon to find that
this average result does not apply. Information concerning the mode-of
initiation and spread of an afterdischarge may perhaps be gained by close
study of the first few bursts of activity to appear, particularly having
regard to development of amplitude. Plate XII shows burst activity -
commencing close to the stimulated point after two stimulus bursts and
further away after three; after only one sitimulus burst in this case
(not shown in Plate), no burst aciivity was observed at either micro=-
electrodes

Despite the unsuitability for intracellular recording of most
of the microelectrodes used (see Section III, 2(b)), attempts were made
from time to time to achieve stable intracellular penetration and
recording, usually by driving the microelectrode very slowly forward by
means of the oil drive during the prolonged chronic phase of a chronic
slab afterdischarge. An example of a chronic phase burst recorded
intracellularly following a successful penetration achieved as a result
of such probing is shown in Plate XV; the recorded polarity of the

burst is reversed from the usual negative-going, and the amplitude
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appears considerably greater than usual. A later burst of the same
afterdischarge recorded with the o0il drive in the same position but with
the microelectrode having presumably become extracellular is shown in
Plate XVI for comparison. It must be added here that the number of
records of intracellular burst-spike activity obtained was only a small
fraction of the number of occasions on which a stable intracellular
penetration, judged by the appearance and persistence of a presumed
resting potential, was achieved while an afterdischarge was in progress.

Concerning burst-spike relations, the most usual pattern is
for a train of spikes to be more or less closely correlated with the
occurrence of a burst (see, e.g., Plates VI(ii), VII(i), IX(i), XI(i),
XIII, and XIV). In addition, however, it is quite common to observe
bursts with no apparent accompanying spikes (e.g., Plates II and VII(ii)),
and conversely, rather less frequently but by no means rarely, spikes
occurring independently of bursts. In the latter case several different
patterns of spike activity were observed; these were as follows:

1. Spikes may occur more or less continuously,

independently of the presence or absence of slow

bursts; the spikes themselves may be either regular

(g.8+» Plate V) or irregular (e.g., Plates I, II, and

ITI(ii)) in frequency and amplitude. Continuous spike

activity of this type seems to occur particularly

often at the beginning (as Plates III(ii) and V(i)) or

end of an afterdischarge when the bursts give the

impression of either 'building up' or *‘dying down'.
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2. BSpikes may occur individually and apparently
randomly between the burst-spike episodes of an after-
discharge (g.g., Plate I) or at some time after an
afterdischarge (or, at least, epileptiform activity)

has ceased (e.g., Plate III(i)); of course, the
distinction between such 'individually occurring' spikes
and those described as 'continuous!' in paragraph 1

above might be considered to be merely a gross difference

in frequency.

3. Very occasionally it seems that a discrete train
of spikes, such as normally constitutes the spike
activity of a burst-spike episode, may occur in the

absence of any accompanying slow burst (e.g., Plate IV).
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Note on Plates (including Scales)

The various plates which constitute the pages immediately
following this note are copies of enlargements made directly from the 35 mm
negative film used for photographic recording during the experiments.

For details of the method of this recording, and for explanation of the
apparent 'slope! (gradient) of the traces in the plates, see Section III,
3(a).

The direction of motion of the film in the camera at the time of
recording was such that in each plate the earliest sweeps are those neareét
the bottom of the plate, Bach sweep in fact consists of three separate
traces (see Section III, 3(a); Section IV, 1; and Figs. 6 and 8) except
that in experiments where only one microelectrode was used each sweep
consists of only two traces. Each individual trace in the plates is
labelled for reference at its right hand end by a subscripted letter 'V!
and a number. The subscripted 'V'! indicates through which channel the
trace was recorded (in accordance with the symbolism of Fig. 6; when only
one microelectrode was used, V2 is absent). The number separated from
the 'V' by a colon, is the number of the sweep: each sweep in each acute
and chronic (acute phase) afterdischarge was numbered in the course of

analysis, starting with the first complete sweep after the end of stim-
ulation as 'sweep 1'; thus separate traces belonging to the same sweep
may be identified as such by their numbers even though in the plate they
may be separated by one or more traces of an adjacent sweep. In chronic

(chronic phase) afterdischarges, and in other cases where no stimulation

appeared on the record to provide a basis for numbering, traces belonging
to the same sweep are not numbered,qbut are labelled by a common block

capital letter instead. Since the trace VF is a recording through a
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high-pass filter, it may be regafded as indicating a constant baseline
against which shifts in the levels of Vl and V2 may be measured.

A reference is given in brackets at the end of the caption to
each separate plate or part of a plate. This states whether the siab
concerned was acute or chronic, and in the latter case whether the after-
discharge was in the acute or chronic phases; itiprovides also the date of
the experiment and the page number of the papér (Polygraph) record. Nearly
all the enlargements from which the plates are copies have been slightly
touched-up by hand to emphasise detail visible in the original negatives
but of insufficient contrast for satisfactory photographic reproduction and
copying.

Scales (to approximately + 5% for time and + 10% for potential)

for all the plates are:

TIMEs 1 sweep length on plate = 150 msecs.

POTENTIAL: V1 and V2 (d.c. microelectrode recording channels,
providing records of epileptiform 'bursts')
gensitivity is 1.6 mVplts per centimeter height

measured vertically on plate, parallel to paper

edge.

Va (high gain high-pass filtered recording channel,
providing record of action potential 'spikes!')
sensitivity is '58 uVolts per centimeter height

on plate, measured as for Vl and V2n

-
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PLATE I. TRANSITION OF DISCRETE BURST-
SPIKE EPISODES INTO CONTINVOUS IRREGULAR SPIKE
ACTIVITY ; CONTINVED IN PLATE IL. [ACUTE:21/4[¢5: 894 ]

Vei 2l
V,:22

Ve 19
V,:20

Vg8
V,:19

Vi l7
V,:18

Vg6
V,:17

VE: IS
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PLATE II. coNTINVED FROM PLATE I: SPIKE
ACTIVITY DIES OUT, BURSTS CONTINVE, BECOMING
PREDOMINANTLY POSITIVE-GOING. [ACUTE: 2i/4]¢S: 894 ]

Ve: 31
Vr=3l

Vp:3°

V, :30

Vp:2.9
V,:29

V27

Vp:26

V126
V128



PLATE TII. sPIkES WITHOUT BURSTS: (i) SPIKES OCCURRING 3%
MINUTES AFTER TYPICAL AFTERDISCHARGE (OF [0 SECS. DURATION);
SUCH SPIKES CONTINVED A FURTHER Y% MINVTE. [ACUTE : I7]5/65:39-40]
(i) IRREGULAR HIGH FREQUENCY SPIKE ACTIVITY IMMEDIATELY FOLLOWING
STIMULATION AND BEFORE RBURSTS DEVELOP. [ACUTE : 17565 : 40]



PLATE IZ. ‘BURST oF sPIKES® (ON Vi:1) IN
ABSENCE OF ANY CORRESPONDING SLOW BURST (oN
Vi:1); SLOW BURST ACTIVITY DEVELOPS SHORTLY
AFTER (ON V;:2). [AcuTE : 17/s/¢5:44A]



PLATE Y. () REGULAR HIGH FREQUENCY SPIKE ACTIVITY
IMMEDIATELY FOLLOWING STIMULATION AND REFORE BURSTS DEVELOP ;
AND (ji) SPIKES REMAIN CONTINVOVS AFTER DEVELOPMENT OF BURSTS,

|2 SECONDS AFTER STIMULATION; CONTINUED IN PLATE 1.
CACUTE : 21|4{¢5: 926 ]
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Ve 16
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Ve 19

PLATE MI. coNTINVED FROM PLATE X : (i) SPIKE ACTIVITY
BECOMES DISCONTINUOUS, BURST - SPIKE EPISODES DISCRETE. (i) LAST
BURST- SPIKE EPISODE, 3'2 SECONDS AFTER STIMULATION; FOLLOWED
ONLY BY A FEW WIDELY SEPARATED ISOLATED SPIKES (NOT ON PLATE).
[ACUTE : 21)4]cE : 926 ]



Vp:54

Vi 54
V;:54

;153
V83
V253

} Ve52
V,:52
V,:52.

PLATE VII. () 600D EXAMPLE OF BURST- SPIKE EPISODE WITH
CLEARLY DEFINED d AND § INTERVALS ; BURSTS ARE ‘DOVBLE’ TYPE.

[AcUTE : 9/¢/e5: 340] (i) BURSTS WITHOUT SPIKES, 10 SECONDS AFTER
STIMULATION ; NO SPIKES OCCURRED AT ANY TIME DURING THIS AFTER-
DISCHARGE WHICH LASTED E MINVTES. [CHRONIC (ACUTE PHASE): 2/7/¢5 : 5i9B )



PLATE VII. INCORRELATABLE BURSTS ON V,
AND V, (SWEEP 2¢), 4 SECONDS AFTER STIMULATION
CORRELATION WAS DIFFICULT THROUGHOUT THIS
AFTERDISCHARGE . [ACUTE : 9]6[¢5 : 364 ]

)
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PLATE IX. (i) REGULAR ‘ACUTE TYPE' BURST- SPIKE EPISODES
ON V, , ‘CHRONIC TYPE’ LONG SLOW BURSTS ON V, , CORRELATION
IMPOSSIBLE ; V, SHOWED ONLY THIS PATTERN THROUGHOUT THE AFTER-
DISCHARGE. [ CHRONIC (ACUTE PHASE): 21/6/¢5: 427 ] (i) VARIATION IN
SHAPE BETWEEN CONSECUTIVE BURSTS (ON V;:20). [CHRONIC (ACUTE
PHASE) : 23/7/¢5 : 671 ]




PLATE X. (i) CHRONIC TYPE BURST-SPIKE EPISODE (COMMENGING
ON SWEEP B AT RlGHT) PRECEDED BY SEVERAL VERY BRIEF RURSTS OF
ACTIVITY (SEEN ON Vi:B). [ CHRONIC (CHRONIC PHASE): 12/7]65 : 565]
(i) TYPICAL CHRONIC TYPE BURST-SPWKE EPISODE (COMMENCING ON
SWEEP B); BURST IS REPRESENTED AS PROLONGED NEGATIVE SHIFT
IN'V, AND V; . [ CHRONIC (CHRONIC PHASE): 25/¢ |65 : 4718 ]




PLATE XI.(i) CLEARLY DEFINED § INTERVAL, YET BURST MAXIMA
ON V; AND V, ARE NEARLY SIMULTANEOUS; THIS PATTERN OF
BURST- SPIKE EPISODE PERSISTED THROUGHOUT THE AFTERDISCHARGE.
[ACUTE : 17/5/¢5: 5] (ii) REVERSAL OF SIGN OF § WITHIN ONE SWEEP;
SIMILAR REVERSALS OCCURRED THROUGHOUT ACUTE PHASE. [CHRONIC
(AWTE PHASE): 2|6|65: 408 ]




PLATE XII. DEVELOPMENT OF ACTIVITY AT DIFFERENT DISTANCES:
V, AND V, WERE RECORDED 35 mm AND 68 mm POSTERIOR TO THE
STIMULATED POINT RESPECTIVELY: (i) AFTER THREE STIMULVUS
BURSTS ACTIVITY 1S CLEARLY VISIBLE IN BOTH V, AND V, , WHEREAS (ii)
AFTER TWO 1T IS ONLY VISIBLE IN V,. [[CHRONIC (AVTE PHASE): 2[7/¢5: SIIB]




V, ON V,:27
Vy:27

V, ON Vi :26
Vy:26

PLATE XI. (i) BIPHASIC BURSTS WITH POSITIVE IN\TIAL PHASE
FOLLOWED BY NEGATIVE PHASE ; SPIKES (ON Vi) COMMENCE ONLY ON
COMMENCEMENT OF NEGATIVE PHASE (ON V,). [AWTE : 21/4[65:931]
(i) BIPHASIC BURST ON V,:26, TRIPHASIC BURST ON V;:27; BURSTS ON V|
ARE ALMOST MONOPHASIC. [ CHRONIC (ACUTE PHASE): 25666 : 487 ]




V225

V24

v, :24

Ve 31

V, : 31

V3_=3I

PLATE XIV .(1) ‘HUMP- PLATEAU' BURST OCCURRING 8 SECONDS
AFTER STIMULATION, TYPICAL OF ALL BURST-SPIKE EPISODES IN
AFTERDISCHARGE EXCEPT (ji) ‘PLATEAVU-HUMP’ BURST, 10 SECONDS
AFTER STIMULATION, TYPICAL OF LAST FEwW. [ACUTE:l|e}65: 237]




V,:5l

V, :5i
V, :5l

V4350

Vv, :50
W 50

Viid9

V’_ 149

WV, :49
Ve 48

PLATE XY .PRESUMED INTRACELLULAR BURST-SPIKE EPISODE RECORDED
4 MINUTES AFTER STIMULATION IMMEDIATEY FOLLOWING ABRUPT CHANGE IN D.C.
LEVEL OF V, REQUIRING 79mV (ON P6 "ELECTRODE VOLTAGE’) TO BALANCE :

PRESUMED PENETRATION WHILE PROBING- USING OiL DRIVE. D.C. LEVEL REMAINED

STABLE ABOUT | MINUTE, THEN SLOWLY FELL.. CONTINVED IN PLATE XVI.

[ CHRONIC (CHRONIC PHASE): 12.|7]65 : 5808 ]



V19

Vo 19

Vi 18

PLATE XVYI. PRESUMED EXTRACELLULAR BURST-SPIKE EPISODE
RECORDED 2+ MINUTES AFTER PLATE XY WITHOUT FURTHER ADTUSTMENT
OF OlL. DRIVE : COMMENCES NEAR END OF SWEEP 20, BURST REPRESENTED
AS NEGATIVE SHIFT OF Vj:2I BY COMPARISON WITH V,:20. [CHRONIC
(CHRONIC PHASE): 12]7]65 : 582 ]
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2. QUANTITATIVE MEASUREMENTS AND STATISTICAL AFPROACH

It is mentioned in the previous subsection that ten burst-spike
episodes were chosen from the record of each afterdischarge or part of an
afterdischarge, and from each of these burst-spike episodes a number of
parameters were measured. These parameters, d, VMAXl" VMAXZ’ andg y are
defined diagramatically in Fig. 8, and may be seen to have clearly measurable
values in, e.g., Plate VII(i). In one or two early experiments more than
ten bursts per afterdischarge were analysed, and a number of additional
parameters were measured, such as burst amplitude and gradient at the time
of occurrence of the first spike, amplitude of the first spike, and
approximate number and amplitude distribution of spikes. However, in
extending this analysis to a large number of afterdischarges it became
obvious that the amount of work involved in measuring all these parameters
would have drastically limited the number of afterdischarges that could
be analyzed. Attention was therefore confined to those parameters felt

likely to be the most significant, i.e,, d, V. Vaxp 204 §..

Max1’
In view of the range of variation in form of burst-spike episodes

described in the previous subsection, it may be appreciated that measure-

ment of these parameters was not always so simple as might appear from

Fig. 8. The method used was to lay a transparent straight edge along what

was estimated to be the mean inter-burst potential on either side of the

burst being analysed (i.g., its image projected by the Dagmar viewer;

see previous subsection). The burst was considered to commence at the

point where the potential first appeared to deviate discernibly in the

negative direction (iog., upward in the record) from the straight edge.

Many bursts develop quite gradually, however, so that often this point was

somewhat arbitrary within a range of several milliseconds. In the case of
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FIG. 8. DIAGRAMMATIC DEFINITION OF BURST- SPIKE
PARAMETERS d, Vuaxi , Vaxz , AND §, AND. OF
HORIZONTAL DISTANCES r, , rp, , Or, AND F. IN THE
CASE SHOWN, REPRESENTING A SLAB CUT FROM THE
LEFT SUPRASYLVIAN GYRUS SEEN FROM ABOVE, THE
BURST- SPIKE PARAMETERS ARE ALL COUNTED POSITIVE
AND THE HORIZONTAL DISTANCES ALL NEGATIVE; FOR
FURTHER EXPLANATION SEE TEXT. THE ‘STIMULATED
POINT’IS SHOWN MID-WAY BETWEEN THE POLES OF
THE SURFACE STIMVLATING ELECTRODES. FOR DETAILS
OF ELECTRICAL ARRANGEMENTS SEE FI6S. 5 AND 6.
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bursts having an initial positive phase (downward in the record), the
beginning of the burst for analysis purposes was defined as the point
where the potential first became negative with respect to the inter-burst
potential; it may be noted (see, e.g., Plate XIII(i) that associated spike
activity seems never to commence until this point is reached. Occasionally
a burst was encountered where there appeared to be only a positive phase;
and in these cases the beginning of the positive phase was counted as the
beginning of the burst. Conclusions drawn subsequent to analysis of the
records suggest this last procedure was probably not justifiable; however,
the number of occasions when it occurred were so few as to be of no sig-
nificance in the net results.

The burst-spike delay, d, was measured from the beginning of
the burst defined as above to the first associated spike. The spikes, of
course, were recorded on the high-pass filtered channel, and the bursts
on an unfiltered channel, so that measurement of d required comparison
of two separate traces on the record; this was facilitated by projection
of the image on to squared paper as described in the previous subsection.
The 'first spike' to be counted in this context was the first spike of
sufficient amplitude to be distinct from background noise and occurring
in the train of spikes apparently associated with the burst. Occasionally
the train of spikes commenced before the burst and in such cases d was

counted as negative. The maximum burst amplitudes, and V gy Were

YMAXl MAX
measured vertically from the transparent straight edge with comparatively
little ambiguity, and counted as positive if representing an upward
displacement of the trace (3,3,, a negative-going potential change) and

negative if vice-versa; conversion to millivolts was by comparison with

calibrating signals included on the film at the time of experiment by
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means of the calibrator on the P6 preamplifier. The interval, é; , (the
'burst-burst delay'), between commencement of apparently corresponding
bursts at the two different microelectrodes, was measured in the same way
as d and counted as positive when the burst appeared first at the micro-
electrode nearer the stimulated point (see below) and negative when vice-
versa; often the sign of S remains constant throughout an afterdischarge,
but not infrequently it reverses, sometimes quite abruptly (see, Bogoy
Plate XI(ii)). Usually the interval between attainment of maximum burst
amplitude at the two different microelectrodes appears roughly the same
as é: ; however, Plate XI(i) shows a case where this interval is practically
zero, clearly consgiderably less thantg o

Altogether, data were accumulated for roughly one thousand
burst-spike episodes each from acute slabs and from chronic slabs; this
represents the use of eight cats in the acute state and five in the chronic
states The number of values of any one parameter available for statistical
treatment is actually somewhat less than a thousand since it was not
possible to measure each parameter for every burst-spike episode analysed.
Occasionally several bursts occurred with too high a local frequency for
correlation between individual bursts to be possible (see, €.g.y Plate VIII);
and occasionally there was no evident correlation at all between bursts
at the two microelectrodes (e.g., Plate IX(i)). More frequently bursts
occurred at one microelectrode but not at all the other; usually, though
not invariably, the microelectrode at which bursis occurred was nearer the
stimulated point than that at which they did not. In all such cases no é;
values could be measured. Similarly, bursts without associated spikes

(eogey Plate VII(ii)) would give values for Vyaxy but not for d.
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For each afterdischarge, the horizontal distances, r1 and r2,
(Fig. 8) of the microelectrode tips from the stimulated point were calculated
using the values of the reference coordinates, Xq and Yor the probe
coordinates, %, and Ty (see Section III, 3(b)), the displacement ratio of
the 0il drive system, and the micrometer readings and stimulation data
recorded on the paper record during the experiment. The 'stimulated point!
was taken as mid-way between the poles of the surface stimulating electrodes
since the flow of current was presumably symmetrical through the intervening
cortex and its maximum spread may therefore be supposed to have occurred
in the vertical plane containing the mid-point. The depth of the micro-
electrodes, which was always kept the same for bath at any one time, was
not combined with the horizontal distances but was calculated separately
as ZO minus ZP minus the thickness of the lid. These calculations of rl
and r2 and depth were not made, nor were the relevant coordinates even
looked at, until after measurement of the burst-spike parameters was
complete; it was felt that an effective safeguard was thereby provided
against systematic subjectivity in the latter.

Since there is no reason to suppose any systematic qualitative
difference between the burst-spike episode recorded at one microelectrode
and that recorded at the other, the two will not in genersl be further

distinguished in this thesis. Thug V. and V, will be referred to

MAX1 MAX?2

without distinction as V s and similarly rl and r2 will be referﬁgd to

MAX
simply as r. Investigation of relationships involving 4, vMAX’ and é;
respectively are described in the three subsections following. The

remainder of the present subsection is gonfined mainly to discussion of

the basic statistical approach and assumptions which are common to all

three.
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It is evident that in any one burst-spike episode, the values of
d, VMAX and 5 might reascnably be expected to depend on any or all of the
following: the scalar value of r (or, in the case of é: s, of T and Z&r, the

scalar mean and difference respectively of ry and r,, defined diagramatically

2
in Fig. 8), the direction of r (or of ¥ and Ar in the case of S\), the
depth of recording, the position of the stimulated point, and variation»
(both systematic and random) between bursts within an afterdischarge, between
afterdischarges, between cats, and between acute slabs and chronic slabs,"and
in the latter case between the acute and chronic phases of the afterdischarge.

Data from acute slab afterdischarges and from the acute and chronic
phases of chronic slab afterdischarges are all treated separately in each
of the following subsections. In the case of d, Table 15 in the Appendix
shows that there are differences significant at the 5% level between the
overall distributions of observations in these three categories. The
principal difference is between acute and chronic (acute phase) datas there
is no significant difference between acute and chronic (chronic phase).
Between chronic (acute phase) and chronic (chronic phase) the difference is
mainly in the comparatively small proportidns of observations of high 4
values (the proportions being higher in the chronic phase). -

Justification for the separate treatments of YMAX in the three
separate cafegories of data is provided directly by the differences in
dependence of VMAX on r (see Fig. 11, also Appendix, Tables 18 and 21).
Similaxly, for 8\ ; comparison of the overall distribution means having
regard to their standard errors shows significant variation between the
three categories (Appendix, Tables 23,27, and 31).

Bo study has been made in the present work of variation

between afterdischarges from a single cat or between individual cats.
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Such variation, random at any rate, certainly exists, since it was
sufficiently evident to be observed incidentally in the course of analysing

the bursts. It is hoped, probably with some justification in the case

of inter-afterdischarge variation, but with rather less in the case of inter-

cat variation on account of the comparatively small number of experiments
performed, that the effects of such variation have been adequately random-
ised out.

To determine whether there is any systematic variation between
bursts within an afterdischarge, the data from each afterdischarge were
divided into three equal parts, i.e., three bursts from the first third of
the sampled portions of the afterdischarge were treated together, likewise
three bursts each from the second and third thirds. This of course
left one burst unused, since ten were usually analysed; however, in cases
where no significant difference became apparent between the thirds, all
ten bursts could then be used together. Recordings of chronic phase
afterdischarges from chronic slabs represent only tiny fractions of the
total durations of the chronic phases, and so division into thirds in-
these cases would have been meaningless and was not done. Sufficient work
has certainly been done to give a fairly clear picture of the extent and
nature of random variation between individual bursts.

No attempt has been made to investigate the effect of changes
in the depth of recording or in the anatomical position of the stimulated
point. No effect of these factors was particularly noted in the course
of analysing the bursts, although it might certainly be expected that
changes in depth should produce some effect. However, for the present
purpose any influence these factors may have is presumed to be randomised

out.
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Possible dependence of burst-spike parameters on the direction
of r was investigated by treating separately data obtained when the micro-
electrode tip was anterior to the stimulated point (r counted positive)
and the data obtained when it was posterior (r counted negative). In other
words, in terms of radial coordinates (r, ©) with the.line, 8 = 0°,
extending anteriorly from the stimulated point as origin, =r values
measured in the intervals 0° £ 8 < 90° and 270° < € ( 360° are counted as
positive and are treated separately from r AValues measured in the
interval 90°< © < 27dawhich are counted as negative (see also Fig. 8).
Similarly, ? and Ar are counted as positive if Ar represents an excess
distance anterior to the stimulated point and negative if posterior; agnd
values of 8 having # and A r positive are treated separately from those
having ¥ and & r negative. Algebraically, T = ‘rF|(|rF\ + QrN])/ZrF and
Ar = lrFl(hrFl - 'rN])/iF where . is the distance to whichever micro-
electrode is further from the stimulated point and rN is the distance to
whichever is nearer (e.g., r, and rl respectively in Fig. 8). It may be
mentioned that in'fact no systematic dependence of parameters on the
direction of r, ¥, or Ar vas actually found; however, this investi-
gation did form an integral part of the statistical procedure and is
referred to in the subsections following. Dependence of burst-spike
parameters on the scalar values of r, ¥, and_ﬁkr, which in terms of the
present paragraph are to be regarded as identical with lrl, ‘;‘9 and v511,
is the subject of a major part of the subsections following.

As regards actual statistical methods, muéh is to be inferred
from the shapes of the frequency distributions of the various parameters
grouped in various manners; and these alsc determine to some extent.the
most appropriate further studies. For the sake of clarity, intervals

of 4, é; s Ty T, and Z&r are specified in the following subsections
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and in figures as though these quantities were measured on a continuous
scale; e.ge.; consecutive intervals of d are d = ,5 msecs, d = 5,10 meecs,
and so on. Measurements of d and 8 were made to the nearest millisecond,
and of r, T, and Zkr to the nearest 0.1 mm (and of VMAX to the nearest
0.1 mV), so that consecutive intervals should really appear, €.ge, ;;;;};
d = 0,4 msecs, d = 5,9 msecs, and so on. In the Appendix, where the
various distributions and statistical tests are presented in full, this
strictly correct mode of specification is followed,
In comparing groups of data with a view to detecting significant -
differences; only two simple non-parametric tests have been used; these
are the chi-square test and the sign test, in the latter of which the
numbers of increases and decreases between corresponding positions in two
groups of data are regarded as the two species in a binomial sample. -In
addition, direct comparisons have been made of the means of grouped data
having regard to their confidence distributions. All references and implied

references in the following subsections to statistical significance are to

be understood as referring to the 5% level except where otherwise stated.
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3. STUDIES ON THE BURST-SPIKE DELAY, d

(a) Acute Slab Afterdischarges

The observed frequency distribution of all 4 values recorded
from acute slab afterdischarges is shown in Fig. 9(a); the distribution mean
is @ = 4.395 msecs (see also Appendix, Table 1). It is apparent on inspection
that the part of the frequency distribution lying to the right of zero, which
accounts for over 92% of d values used, must be approximately enclosed by
an exponential curve, Those d values lying to the left of zero; i.e., in
the negative range, may not unreasonably be regarded as having only appeared
negative on account 55 the slow commencing rise of the bursts concerned;
though perhaps the higher negative values, of which there are very few,
represent random spikes not directly associated with the bursts at all. In
any event, it was decided justifiable in fitting a curve to the distribution
to count all the negative values of d as truly belonging in the interval
d = 0,5 msecs. The frequency for this interval thus becomes 437 instead
of 377. It may then be simply derived (Appendix, Table 2) that the
exponential equation which best describes the distribution is

d + Ad
-0.16% 4
At = 0.163 e ad | (1)
d

where Af is the fraction of the total number of observations occurring in
the interval d, 4 + ZLdo The distribution mean is thus increased to a
working 4 = 6.135 msecs (1qgo, the reciprocal of the parameter, 0,163 msecs_l,
in equation (1), this being a standard relationship in such exponential
functions). Comparison by a chi-square test of observed and expected
frequencies confirms that equation (1) is a good description of the

observed distribution (see Appendix, Table 2).
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FIG. 3. DISTRIBUTIONS OF BURST-SPIKE DELAY, d, SHOWING OBSERVED

FREQUENCIES IN Bmsee INTERVALS. SEE ALSO APPENDIX, TABLES |, 6,
AND 11,
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Possible dependences of 4 on time within an afterdischarge, on
the direction of 1, and on the scalar value of r were investigated by the

means described in the previous subsection (see Appendix, Tables 3, 4 and 5).

No such significant dependences were found; superficially apparent dependences

on the direction and scalar value of r were due only to large contributions
to chi-square from very small proportions of the data (Appendix, Tables 4
and 5; for discussion of the possible significance of the last two lines of

Table 5, see part (b) below).

(b) Chronic Slab Afterdischarges; Acute Phase

The observed frequency distribution is shown in Fig. 9(b); the
distribution mean is-5-= 3,867 msecs (see also Appendix, Table 6). It may
be seen that the rate of fall off of frequency is in this case consistently
greater than in the acute slab distribution. However, in the intervals
d = 30,35 msecs and 4 = 40,45 msecs there are comparatively high frequencies
which, although comprising less than 2% of the total data, are incompatible
with description of the total distribution by an exponential equation. In
deriving such an equation, therefore, all d values of 30 msecs or greafer
are disregarded. Proceeding in other respects as described above for acute
slab data, the exponential equation which best describes the distribution
is found, and confirmed by a chi-square test, to be (Appendix, Table 7)

a+ Aa
-0.221 d
Ar =o0.221 e aa (2)
J d

The distribution mean is thus increassed to a working_a = 4.525 msecs (the

reciprocal of 0.221 msecs—l)o
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No significant dependence was found of 4 on time within an after-
discharge or on the direction of r (Appendix, Tables 8 and 9). However, a
chi-square test did indicate significant differences between the separate d
distributions for different scalar values of r, and in this case these
differences could not be ascribed merely to isolated small proportions of
the data. Inspection of the distribution table (Appendix, Table 10) shows
that the rate of fall off of the 4 distributions increases at first as r
increases, apparently reaching a maximum in the interval r = 3,4 mm, and then
appears virtually to recycle. This observation prompted calculation of the
mean value, d, of d in each r interval (Appendix, Table 10) and the results
are shown graphically in Fig. 10. On referring back to the corresponding
acute slab data.(Appendix, Table 5), although the chi-square test did not
in that case show any conclusive variation of d with distance, a somewhat
similar pattern of variation in the d distributions seemed apparent. The
variation with r of mean 4 values for acute slab afterdischarges is therefore
also plotted in Fig. 10, and likewise that for chronic slab afterdischarges
in the chronic phase (sée part (c) below and Appendix, Table 14). As some
indication of the spread of individual d values contributing to these means,
the band representing 6&% scatter for chronic (acute phase) data is marked.
and shaded. The accuracy of the means themselves is indicated for chronic
(acute phase) data by vertical bars representing their 95% confidence limits
(i.ge, +1.96 &/y{ﬁ? assuming that d is exponentially distributed so that
d = 6 and that the means are approximately normally distributed). To avoid
confusion, corresponding confidence intervals for the other two sets of
data are not marked; however, the relevant figures for all three curves are

given in the last lines of Tables 5, 10, and 14 in the Appendix.
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d (msecs)

iz

F1G. |0. DEPENDENCE OF BURST- SPIKE DELAY, d,
ON DISTANCE FROM STIMULATED POINT,r. POINTS
MARKED ARE MEANS, d, OF ALL VALUES RECORDED N
imm INTERVALS OF r. DATA DISTINGVUISHED THUS:

ACUTE SLAB DATA: —r——

CHRONIC SLAB (ACUTE PHASE) DATA! =———o——

CHRONIC SLAB (CHRONIC PHASE) DATA & weevee@roooom
SHADED AREA, AND HORIZONTAL BARS FOR INDIVIDUAL
POINTS, REPRESENT 68 % SCATTER FOR CHRONIC
SLAB (ACUTE PHASE) DATA ONLY. VERTICAL BARS
REPRESENT % 1°96 4 [JN (ie. 95% CONPIDENCE LIMITS
OF MEANS, ASSUMING d EXPONENTIALLY DISTRIBVTED
SO THAT d = &) FOR SAME. EQUIVALENT CONFIDENGE
INTERVALS FOR ACUTE SLAB AND CHRONIC SLAB
(CHRONIC PHASE) DATA ARE SIMILAR. SEE ALSO
APPENDIX, TABLES §, 10, AND i4.
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(c) Chronic Slab Afterdischarges; Chronic Phase

The observed frequency distribution is shown in Fig. 9(c); the
distribution mean is d = 3,740 msecs (see also Appendix, Table 11). Despite
the lesser total quantity of data in this case, it may be seen (in Fig. 9)
that the rate of fall off of frequency is intermediate between the rates for |
the acute and chronic (acute phase) distributions. Equation (3) below and
Table 15 (Appendix) show that in fact the chronic phase distribution is
quantitatively more similar to the acute distribution. As for acute phase
data, in deriving an exponential equation all d values of 30 msecs or greater
are disregarded. The equation which then best describes the distribution is
found, and confirmed by a chi-square test, to be (Appendix, Table 12)

+Aa
-0.171 4
Af=o0an e ad (3)
d y
The distribution mean is thus increased to a working d = 5.848 msecs (the .
reciprocal of 0.171 msecs"l)o

No significant dependence.was found of d on either the direction
or scalar value of r (Appendix, Tables 13 and 14). However, in the latter
case the mean d value in each r interval was calculated and the results are
plotted in Fig. 10. There does appear %0 be some indication‘of a cyclic

variation as r increases, though quite minimal compared to that seen in the

acute phase data (see part (b) abové)a"
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4. STUDIES ON THE BURST AMPLITUDE, VMAX

(a) Acute Slab Afterdischarges

Mean values, VMAX’ of VMAX

deviations separately for successive 1 mm intervals of distance, r, from

were calculated with their standard

the stimulated point and in successive thirds of the afterdischarges
(Appendix, Table 16). Possible dependences on the direction of r and on
$ime within an afterdischarge were investigated by means described in sub-
section 2 of this Section (Appendix, Tables 17 and 18). No consistently
significant dependence was found on the direction of r; however, fairly
consistent differences of significant magnitude were found between data for
the separate thirds of the afterdischarges. Dependence of ﬁMAX on the
scalar value of r within the separate thirds is shown graphically in

Fig. 11(a) (and see Appendix, Table 18); indications of confidence are
provided similar to those in Fig. 10. Evidently ﬁﬁAX passes - through a
maximum in the interval = = 1,2 mm and then fglls off to zero at distances
greater than r = 5,6 mm; this latter is merely an expression of the direct
experimental observation that no burst activity was ever found at distances
greater than this. That vMAX is generally greater in the second third than
in the first third was also observed experimentally in most individual
afterdischarges. There is also some slight indication in Fig. 11(a) that

the maximum of ﬁMAX shifts glightly further from the stimulated point as

an afterdischarge progresses.

(b) Chronic Slab Afterdischarges

Proceeding as described for acute sladb data, significant .
differences were found between acute phase data recorded anterior and
posterior to the stimulated point (Appendix, Tables 19 and 20(i)); in

particular, in the region of |r| = 3 mm, VMAX appears to pass through a
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minimum when r is positive but a maximum when r is negative. However,
particularly at higher values of |r|, these differences are not entirely
consistent, and it has therefore been considered justifiable (below) to
congider the dependence of ﬁﬂAX on r without further reference to
direction. In the case of the chronic phase (Appendix, Tables 19 and 20(ii)),
while significant differences certainly occur iﬁ individual . Jr| intervals
between data for r positive and that for r negative, the differences
- between the regressions of ?MAX on r in the anterior and posterior
directions considered ag a whole are not consistent at all,

Differences between data for the separate thirds of the acute
phase were found not to be of significant mggnitude (Appendix, Table 21);
however, significant differences do occur between the acute phase and the
chronic phase. Nevertheless, because a slight increase in burst amplitude
was consistently observed experimentally to accompany the progress of
individual acute phases, dependence of VMAX on the scalar value of r is
plotted separately for the separate acute phase thirds in Fig., 11(b). It
is notable from Fig. 11(b) that by comparison with acute slab data (Fig.11l(a))
there is no pronounced maximum near the interval r = 1,2 mm., On the other
hand, the rate of fall of VMAX as r increaseé is much less than in . the
acute case, and measurable burst activity is observed at considerably
greater distances from the stimulated point. It is not certain whether
any meaning can be attached to the apparent minimum (Fig. 11(b)) of
iMAX in the interval =r = 6,7 mm since the numbers of observations from
which vﬁAX is computed in this and higher intervals of r are comparatively
small (see Appendix, Table 21). The curves of Fig. 11(b), as distinct

from the individual points, have not been drawn, therefore, to show any

direct representation of this minimum.




5. STUDIES ON THE BURST-BURST DELAY, 5_

(a) Acute Slab Afterdischarges

The observed frequency distribution of all g values recorded from
acute slab afterdischarges is shown in Fig. 12(a) (see also Appendix, Table 22).
It is apparent on inspection that, apart from the particularly high frequency
observed in the interval 8 = 0,5 msecs, the distribution must be approx-
imately enclosed by a normal curve. The mean and standard deviation of the
conplete distribution are S? = 5,12 msecs and 6 = 14.11 msecs, and the
standard error of the mean is Sh = 0,68 msecs. By grouping the data in
intervals of 15 msecs on either side of the mean;‘and disregarding observa-
tions of g‘less than ~50 msecs or greater than 56 msécs (which gives
working pa,rametex;s g = 4.47 msecs and & = 13.08 msecs), a normal distribu-
tion may be roughly fitted (Appendix, Table 23), though the fit is not
found to be satisfactory at the 5% level when tested by chi-square.

Possible dependence of the observed distribution on time within
anfafterdischarge was investigated by the means described in subsection 2
of this Section (Appendix, Table 24); no such significant dependence was
- found.

Mean values,Z? , of é; were calculated with their standard
deviations separately for successive 1 mm intervals of mean distance, T,
from the stimulated point (see subsection 2 of this Section, also Fige 8),
and of separation, zﬁ:r, of the recording electrodes (Appendix, Table 25).
Unfortunately, because the interest which might attach to studies on S‘was
not fully forseen at the time of most of the experiments (see Section I),
there is an inbalance in the frequencies of observations in the separate
r and Ar intervals which prohibits graphical representation of separate

-

dependences of S on r and A r; inspection of Table 25 suggests that
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there are interaction effects between these dependences. In so far as

could be determined by a sign test within these limitations, there is no

—

significant dependence of g on the directions of l:'c" or Ar (Appendix,
Table 25(i))« Dependence of g on the scalar values of » and Ar

(Table 25(ii) and (iii)) was not found to be significant at the 5% level
but is nonetheless sufficiently evident and consistent to be worthy of
note. It appears that the absolute value of g may pass through a minimum
in the region of the interval r = 1,2 mm; at smaller values of :;, g isg
negative, and at larger values g inéreases as r increases. The absolute
value of g appears also to pass thmnough a minimum in the region of the

interval Ar = 1,2 mm and to increase positively on either side of this.

(b) Chronic Slab Afterdischarges: Acute Phase

The observed frequency distribution is shown in Fig. 12(b) (see
also Appendix, Table 26). The mean and standard deviation of the complete
distribution are g = 2.66 msecs and 6 = 20.73 msecs, and the standard
error of the mean is G‘N = 0.98 msecs. Proceeding as described above for
acute slab data (which gives working parameters g = 2,09 msecs and
6 = 18.58 mesecs) a normal distribution may be fitted (Appendix, Table 27),
in this case satisfactorily at the 5% level,

No significant dependence was found of the obgserved distribution
on time within an afterdischarge (Appendix, Table 28). Within the limita-
tions of the data obtained (see part (a) above), there appears to be no

dependence of 8 on the directions or scalar values of r or Ar

(Appendix, Table 29).




- 83 -

(¢) Chronic Slab Afterdischarges: Chronic Phase

The observed frequency distribution is shown in Fig. 12(c) (see
also Appendix, Table 30). The mean and standard deviation of the éomplete
distribution are g = -6,02 msecs and 6 = 23.02 msecs, and the standard
error of the mean is G‘N = 1.69 msecs. Proceeding as described for acute
slab data (which gives working parameters g = -2,86 msecs and 6 = 17.52
msecs), a normel distribution may be fitted (Appendix, Table 31) satisfactorily
at the 5% level.

Except in intervals of the scalar value of T, inadequate matched
data were obtained to permit very meaningful conclusions to be drawn
regarding possible dependences of g on the directions and scalar values
of T and & r (Appendix, Table 52). No such dependences are sufficiently
evident to suggest that they are present but masked by experimental

variastion.
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V. DISCUSSION

1. THE INDIVIDUAL BURST-SPIKE EPISODE

The original intention in the work described in this thesis was,
ag is explained in Section I, to determine whether any definite relationship
exists between the burst-spike delay, d, and the distance, r, between
stimulating and recording points. Fundamental to the understanding of any
such relationship, however, must be at least some understanding of the
nature of the relationship between the burst and.the spikes within the
individual burst-spike episode; and this, therefore, may be appropriately
discussed first, The possible dependence of 4 on r, and other relationships
between the various burst-spike parameters, are discussed in the subsection
following.

The commonest pattern of burst-spike episode is for a train of
spikes to be clearly and comparatively closely correlated with the occurrence
of a burst. Also, in well over 90% of the cases analysed in the present
work, the bursf wags seen to have commenced before the appearance of the first
spike (iog,, d counted positivé; see Fig. 9). It therefore seems likely,
taking the simplest interpretation of these facts possible, that the spikes
are caused by theg burst.

The spikes may reasonably be identified with individual action
potentials generated by a cell or cells, or their axons, in the immediate
vicinity of the microelectrode tip; they are much too big to be
individual postsynaptic potentials. Since any initiation of action
potentials normally depgnds on the prior application to the cell of a de-
polarising potential, it seems probable that this latter must somehow be

provided by the burst. The intracellular correlate of the burst has in
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fact been seen (Plate XV) to be a depolarising potential. Physiologically,
at the level of the single cell, such a depolarising potential might be
expected to arise as a postsynaptic potential, and this identity for the
burst.l would be in accord with Eccles' (1953) general observation that most
slow cortical potentialé are probably postsynaptic potentials. However, it
does not in fact seem that the burst as recorded extracellularly can be
identified directly with a postsynaptic potential; the reasons for this,
and the possible relationship of the burst to postsynaptic potentials are
discussed below.

In a very large proportion, certainly more than half, of the burst-
spike episcdes analysed, recordings from two different and sometimes quite
widely separated points in the slab show bursts of very similar shape
separated by a time delay very brief in comparison with the duration of the
bursts themselves. It therefore seems reasonable to regard such recordings -
as being in fact of the same burst which has spread or travelled from one
point to the other; and so it may be assumed that any one burst might be
recorded at virtually the same instant at any point within a volﬁme of
tissue large by comparison with the size of a single cell. It follows
that all cells within such a volume must be affected by the burst virtually
simultaneously, and the burst cannot therefore be dependent for its
identity on a single cell or on only a small number of cells. It must rather
be concluded that the burst represents the integrated result of all individual
cellular potential changes within a lafge volume, and that cellular activity
within such a volume is synchronised at least to an extent which
distinguishes between bursts and inter-burst silences. Contributory

cellular activity presumably includes action potentials as well as
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excitatory and inhibitory postsynaptic potentials, and also the slow
dendritic and somatic potentials which must result from synaptic activity

in the manner predicted by Rall (1962, 1964). Since the theoretical
amplitude limit of an excitatory postsynaptic potential is electrochemically
equal to the resting potential, and assuming that the dendritic and somatic
membranes are in fact inexcitable, there seems no reason why such slow
potentials should not be of comparatively large amplitude even at the level
of the single cell. The contribution made to the EEG by slow potential
changes in single cells has been demonstrated by Klee et al (1965); and in
the present work, as frequently elsewhere, direct correlation of the surface
reéord with the visual extracellularly recorded bursts was consistently
observed in the course of the experiments. This dependence of the existence
of the burst on single cell activity may be summarised as representing a
convergent aspect of cortical integration; whereas the manner in which the
burst itself apparently regulates at least single cell spike activity, as

ig further discussed in the following paragraph, may be summarised as
representing a divergent aspect.

The exponential distributions of burst-spike delay (d) values
shown in Fig. 9 have been built up by using together individual values
measured from several hundred different burst-spike episcdes recorded at
different times and in different experiments. Assuming that any effects of
these latter and all similar variables have been adequately randomised out,
the same distributions might presumably in theory be arrived at by recording
simultaneously only one burst-spike episode at very many different points
in the slab. -The fact that the distributions are exponential may therefore
be integrated to mean that within any volume within which the cells are

affected by the burst equally and gimultaneously, the separate cells fire
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following delays which are exponentially distributed; and therefore the
probability of firing must be the same for all cells within such a volune,
This conclusion has already been expressed mathematically in equations (1),
(2), and (3) (Section IV, 3), where Ar may in fact be regarded difectly as
the fraction of cells firing in a given time interval following arrival of
the burst. The conclusion of Fox and O'Brien (1965) that the probability of
single cell firing following sensory stimulation corresponds to the average
potential recorded under the same conditions at the same site but after
destruction of the cell itself is evidently closely related; since this
average pdtential in the present work must be virtually the same as that
represented by the burst. Similar, though usually less detailed, correlations
between surface potentials (EEG) and single cell spike activity have been
noted by a number of investigators (see Section II, 2).

The frequent recording of clearly defined bursts in the absence
of any corresponding spike activity (e.g., Plates II and VII (ii)) seems
hardl& surprising; and similar recordings have been reported by a number of
other inves’c:i.ga‘cors'(_zg(.g.,9 see references below). Having regard to the
postulates of the preceding paragraphs, such recordings must result whenever
the microelectrode tip chances not to be in the fairly immediateivicinity of
excitable structures. This may be the case either when it is in the vieéinity
of truly inexcitéble structures such as glial cells, or when nearby
excitable structures have become functionally inexcitable through exhaustion or
inhibition; Goldensohn and Purpura (1963) suggest that combined excitatory
and inhibitory activity may be such as to prevent spike firing yet nonetheless
produce a net depolarisation. Presumably some such conditions must hold on

those occasions (see Section IV, 1) when an apparently intracellular
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microelectrode fails to record activitys; though of course damage caused to
the cell by penetration may sometimes be responsible. However, similar
intracellular recordings have also been made by Matsumoto and Ajmone-Marsan
(1964a, 1964b) and others using microelectrodes with much finer tips. In
general, both electrotonic and volume conduction must contribute to.the
development of bursts recorded in the absence of spikes.

Patterns of variation in burst shape are probably worth a consider-
ably more detailed study than has been undertaken in the present work
(Section IV, 1). It seems likely that such a study might lead to a more
detailed knowledge of mechanisms of cortical integration, since any variation
in shape of successive bursts recorded at a single point must presumably reflect
some corresponding variation in the underlying pattern of cellular activity.
The basic observation that burst amplitude usually increases to its maximum
more quickly than it afterwards falls off may probably be regarded as a
direct correlate of the exponential distribution of d. Pinsky (1965) has shown
that the 'averaged' burst shape, in falling off after its maximum, is itself
approximately exponential.. If in regions of high spike activity the
predominant contribution in detérmining burst shape is thé spike activity -
itself, this correlation is to be expected. It would be interesting to
compare burst shapes from burst-spike episodes with well defined spike
activity and those from bursts unaccompanied by spikes; the latter might be
found not to show the exponential fall off.

Wide variations in burst shape, particularly those in which the
recorded burst appears biphasic or triphasic, may result simply from behaviour
of the cortex as a volume conductor. Hyperpolarisation following excitatory
depolarisation, which would be described herein as the positive phase of a

biphasic burst (e.g., Plate V(ii)), has frequently been considered to
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represent inhibitory synaptic activity (g.go, Nacimiento et al, 1964; and
Andersson, 1965). However, there seems no particular reason why such
inhibitory potentials should practically always come either immediately after
or immediately before, or sometimes both after and before, excitatory burst
potentials in the manner observed in the present work. Also, Plate V(ii) shows
spike activity continuing throughout both the negative and positive phases of
a biphasic burst, which would hardly be the case if the latter represented a
true inhibitory potential.

The occurrence of bursts in close groups, usually pairs or triplets,
might be due either to successive bursts of a group having travelled to the
recording point by successively longer pathways or to some sort of local
recirculation of burst activity. Similar double depolarisations recorded in
cortical neurones following thalamic stimulation have been regarded by Klee
and Offenloch (1964) and Nacimiento et al (1964) as resulting from activity
in two setg of axo-dendritic synapses, one more remote from the soma than
the other; functionally, this represents pathways of differing length. However,
it seems unlikely that substantial burst separation of this general type
could develop effectively in the comparatively homogeneous and restricted
environment of a cortical slaﬁ, particularly having regard to the not
infrequent occurrence of burst triplets (e.g., Plate VIII). Also,‘paired
burste recorded at widely separated points in a slab are often of practically
the same shape and have practically the same time delay between tﬁeir maxima.
If the second burst of the pair had travelled by a longer pathway, it might
be expected that the separation of the mexima would increase with distance
travelled. It therefore seems that some more continuously effective mechanism

must be responsible for maintaining the paired form. Local recirculation
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might occur in a closed system of many neurones, but it might also occur
within a single neurone via axon collaterals (see, e.g., Chang, 1959); and
the differential repolarisation mechanism proposed by Burns (1958) might also
be considered as a basic form of local recirculation. Some such local re-
circulation pattern might be conceived to build up synchronously throughout'
the volume of tissue affected by the afterdischarge; though the same recorded
effect would follow if recirculation occurred only in the focal region (see
subsection following). In any mechanism of this type it might be expected
that the second and any subsequent bursts of a group would be of longer
duration and generally more diffuse than the first; since successive re-
circulation would allow time for increasing loss of synchronisation. In
general this is in fact observed to be the case, and when conditions are such
that the synchronisation loss is maximised, combined perhaps with some
amplification by recruitment in the course of recirculation, the result may
be expected to be a ‘'hump-plateau’ burst (see Section IV, 1). The occasional
tplateau-hump' form must then be accounted for as a reversal of the process,
i.€., an increased synchronisation and concentration of activity. The
conditions under‘which these changes develop would clearly be worth determin-
ing.

The occurrence of spikes in the absence of burst activity (Section
IV, 1) may indicate either that the activity is too localised for bursts of
significant amplitude to be generated or else thatvthe burst generating
mechanism has somehow been inactivated in such a way that spikes can still
occur. Atkinson and Ward (1964), supporting the latter possibility, suggest
that the neurone somata involved may become permanently depolarised. 1In

their experiments, using chronic alumina-induced foci, this might be by loss
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of inhibitory afferents. It is widely accepted that regenerative spikes

occur only in the axon and axon hillock (Bullbck, 1959; and see Section II, 2),
80 that depolarisation of the soms might well result in repetitive spike
activity; though this in turn might be expected to lead quite quickly to
complete exhaustion. In the present work, repetitive spike activity in the
absence of bursts occurred most frequently either right at the end of an
afterdischarge, perhaps representing therefore an intermediate stage in
terminal exhaustion, or else near the beginning, .presumably a manifestation

of localised exhaustion following intense driven activity due to stimulation.
In the former case burst activity often continued for some time after
repetitive spiking had commenced; and in the latter spikes became discontinuocus
and associated with the bursts as the bursts themselves developed. It seems,
therefore, that during transitional or other unstable phases (see subsection
following) of an afterdischarge, not all neurones in a region pass through

the various stages of activity simultaneously. This, of course, is in contrast
to what is suggested above to be the situation during a well defined burst-
spike episode in an established afterdischarge. Continuous trains of spikes

in vhich spike amplitude and frequency are entirely regular are probably
recorded from onl& a single axon; whereas simul taneous activity in many
adjacent axons appears, when superimposed in a recording, to be quite irregular.
The occurrence of isolated spikes and bursts of spikes is hardly unexpeoted

in the wake of such gross activity as an afterdischarge. It seems gui te
possible that those patterns of neuronal activity which in many neurones
synchronously are manifest as an afterdischarge may also under suitable
conditions appear restricted to only one or a few neurones (gog,, Plate IV

perhaps).
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2. THE GENERATION AND TRANSMISSION OF THE AFTERDISCHARGE

In considering the manner in which the afterdischarge proceeds in
the slab as a whole, it may first be observed that the repetitive nature of
the bursts recorded at any one point, together with the usually obvious
correlation between recordings from'widely separated points, suggests that
the spread of burst activity may in some respects be analogous to wave motion.
There is, of course, nothing basically new in this suggestion; it has beeﬁ
made many times before (gag., Adrian, 193%6; and see Section II, 3 and 4). It
does, however, seem remarkably well in accord with both the qualitative and
quantitative results of the present investigation, and as a working concept
it may therefore usefully be enlarged upon.

Persistent patterns of activity, in which the burst shapes and
relationships remain constant, suggest stable patterns of waves; while changes
from one pattern to another suggest corresponding variations invwave pattern,
presumably caused by changes in the elements carrying the waves. In partic-
- ular, sudden changes in burst shape and pattern such as were sometimes
observed (gogo, Plate IX(ii)) suggest correspondingly sudden changes in
- the gross wave pattern. It does not seem likely that all the elements
responsible for a particular pattern would change simultaneously, e.g., by
becoéing exhausted, and it therefore seems probable that changes in only a
small proportion of wave-carrying elements, and presumably in the limit in
even only a single element if it is playing a critical role, may cause gross
changes in the entire activity pattern of the slab. Gross changes of this
type in the behaviour of an assembly, prompted by only minor changes in
individual elements, are Qell established phenomena in many physical systems.
It thus seems that there may be fairly direct experimental backing, seen only

at its crudest level in the changes of burst shape recorded herein, for the
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postulate of Cragg and Temperley (1954) that cortical activity may be
described in terms of cooperative domains.

Further correlations between present experimental observations
and previous theoretical suggestions and developments (see Section II, 4) are
not hard to find. However, due partly to the inadequacy pf the present data
and partly to the excessive generality of much of the available. theory,
such correlations must remain at present somewhat speculative and cannot be
greatly elaborated. Nevertheless, enough has perhaps been said even in the
previous paragraph (and ig further suggested below) to indicate: the potential
value of a closely integrated theoretical and experimental approach.

Concerning the mode of initiation of the epileptiform afterdischarge,
the postulate of Pinsky and Burns (1962) that a critical minimum number of
neurones must be put through a critical minimum number of driven responses
seems very much in accord with the present approach. The result of repetitive
electrical stimulation may thus be considered fto be the generation of a
domain pattern of sufficient dimensions to determine the behaviour of the
remainder of the slab and to be itself at least temporarily stable. As
stimulation proceeds, progressively more neurones are presumably recruited
into determined activity, and the point at which the minimum number neceséary
for establishment of an afterdischarge is achieved may be compared to the
Curie point in the establishment ofs a magnetic domain in a ferromagnetic
material. It is tempting to identify the point of stimulation as the focus
corresponding to that of focal epilepsy, and in fact a number of basic
concepts regarding the special role and significance of this point appear,to

emerge from the preseﬁt work and are discussed below.
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The experimental data most directly concerned with the presence and
behaviour of the burst are the various distributions of VMAX and<g « For the
sake of clarity, discussion in the present subsection is confined to acute
slab data; modifications of behaviour found in the chronic slabs are discussed
in the subsegtion following. Fig. 11 shows that in acute slab afterdischarges
VMAX’ the mean of VMAX’
Such results as were obtained for S (Section IV, S(a); and Appendix,

passes through a maximum in the region of r = 1.5 mm.
Table 25) suggest that on average the absolute value of Z: is least, and in
fﬁgt approximates to zero, in the region of r = 1.5 mm; at lower values of T,
é; is negative; i.e., bursts most often appear at a point further from the
stimulated point before they appear at a point nearer to it. Both these
results; concerning VMAX and 8 respectively and quite independently, suggest
that the true source or 'focus' of epileptiform bursts is not at the |
stimulated point itself but is an annular or spherical shell of radius about
1.5 mm‘and having the stimulated point as its centre. Bursts originating in
this shell spread as continuous waves (or domains) of activity both outwards
into the remainder of the slab and inwards towards the stimulated point.
The inward spread is of particular interest since it provides a sound basis
for supposing that the repetitive nature of afterdischarge activity may result
from a re-entry mechanism. It is mentioned in Section II, 4 that such
mechanisms have been proposed as explanations of cardiac fibrillationo The
basic requirement, which it is not hard to imagine satisfied, is that the
outward spread of activity (;ogu, towards the focal shell from the initially
stimulated central region) shall not simultaneously block all inward paths.
‘A highly schematic representation of a re-entry mechanism, in which the
inward réturn path is represented simply as a discrete gegment, is shown in

Pig. 13. Fig. 14, likewise highly schematic and simpiitied, shows how the
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FIG. 13. DIAGRAMMATIC REPRESENTATION OF A SIMPLE REPETITIVE RE-ENTRY
MECHANISM. THE REGION AVAILABLE FOR ACTIVITY |S REPRESENTED AS A
SERIES OF CONCENTRIC ANNVLAR (OR SPHERICAL) ZONES ; ONLY THE CENTRAL
FOUR OF THESE ARE SHOWN, BUT THERE MAY BE MANY MORE. DURING UNIT
TIME INTERVAL, EACH 20NE MaY BE ExciTeD ( EEJ ), REFRACTORY (7)),
OR INACTWE BUT AVAILABLE FOR EXCITATION IN THE FOLLOWING TIME |NTERVAL
(). ALSO DURING UNIT TIME INTERVAL, ACTIVITY WILL SPREAD FROM AN
EXCITED ZONE TO ANY IMMEDIATELY ADTACENT INACTIVE ZONE. ONCE A
ZONE IS EXCITED, |TS STATE DURING THE TWO IMMEDIATELY FOLLOWING UNIT
TIME INTERVALS 1S DETERMINED AS FIRST REFRACTORY, THEN INACTIVE. TO
ALLOW FOR RE-ENTRY, A SEGMENT OF THE FIRST ANNVLAR 20NE 1S POST-
ULATED TO LAG ONE STEP IN THE ACTIVITY CYCLE BEHIND THE REMAINDER

OF THE ZONE; |T MAY NOT BE NECESSARY FOR THIS SEGMENT ACTVALLY TV BE
INITIALLY REFRACTORY AS SHOWN. THE DIAGRAMS REPRESENT SUCCESSIVE WNIT
TIME INTERVALS : (i) CENTRAL Z0NE EXCITED ; (#) ACTIVITY SPREADS OUT=-
WARD ; (i) AND (¥) ACTIVITY CONTINVES TO SPREAD OUTWARD AS CONTINVOUS
WAVE, AND ALSO RE-ENTERS CENTRAL ZONE ; (v) AND (vi) OUTWARD SPREAD
AND RE-ENTRY ARE REPEATED; THIS WILL CONTINVE INDEFINITELY UNLESS
INTERRUPTED IN THE CENTRAL OR FIRST ANNULAR ZOWE (og. BY EXHAUSTION).
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F225mm, Or = 35mm, 6= +(2:0/¥) = 14 msec. FOR DEFINITIONS OF 7, Ar, AND 8,

SEE FIG: @ AND SECTION I, 2. NOTE THAT NO ATTEMPT IS MADE N THE PRESENT
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ENCE OF VELOCITY ON ¥ AND Ar. MODEL RESULTS ARE TABVLATED (ii) AND
GRAPHED (iv) ; EXPERIMENTAL RESULTS SIMILARLY, (iii) ( FOR ACUTE SLAB DATA,
SIMPLIFIED FROM APPENDIX, TABLE 25 (i)) AND (v).
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inward and outward spread of bursts from an annular (or spherical) focal
shell gives a theoretical dependence of 8 on T and Ar not unlike that
observed experimentally (see below).

In reality, the focal shell itself may be supposed to arise as a
result of the slab tissue in the immediate vicinity of and below the
stimulated point becoming totally exhamwstedas a result of the intensive
driven activity to which it is subjected on stimulation. Activity is thus
confined to the periphery of the exhausted volume, and as stimulation proceeds
both the latter and the active shell grow radially outwards. The critical
point at which stimulation can be stopped and activity becomes self-supporting
-presumably corresponds to a minimum size of both the central inactive region
and the active shell which becomes the focus° It seems probable that these
minimum 'domain' dimensions might be theoretically determinable given
adequate statistics of the neuronal populations they are not necessarily the
same as those persisting through the majority of the afterdischarge (iogo,
corresponding to the 1.5 mm radius determined herein) since once the after-
discharge is established its domain dimensions may be expected to be self-
adjusting to equilibrating values; the latter might also be theoretically
determinable. A slight increase in the presumed focal radius <VMAX maximum)
as the afterdischarge progresses is in fact indicated in Fig. 11(a). In |
addition, Fig. 13 suggests that the periodicity and duration of the bursts
spreading outwards into the remainder of the slab must depend directly on
the periodicity, and therefofe presumably on the dimensions, of the focal
re-entry mechanism; though it is not, of course, intended that the 3:1
relationship between periodicity and duration shown in Fig. 13 should be

construed to have any particular quantitative bearing on reality.
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The manner of spread of the bursts from the focal shell would be
demonstrated clearly were it possible to plot graphically the dependence of
burst velocity on r. Unfortunately, however, the ratio l&g&é can only givea
meaningful value for the velocity when lkr itself is very small. For much of
the data o.tained this condition is not satisfied and in theory, therefore, it
is not possible to deduce the exact form of the dependence of velocity'on re.
In fact, however, a much more serious obstacle as regards the present data is
the imbalance of data frequencies in the separate r and éLr intervals (see
Section IV, 5(a)). The theoretical difficulties could be largely overcome by
appropriate averaging if further data more sguitably distributed with respect
to T and Ar could be obtained.

Present conclusions concerning the dependence of burst velocity on
r and l&r cannot profitably be extended’beyond what is generally and for the
most part.quantitatively apparent from the overall trend of tabulated results
(Appendix, Table 25; however, see also Fig. 14). For T greater than 1.5 mm,
8 in general increases as T increases; and therefore it seems likely that
burst velocity decreases as the burst moves outward from the focal shell.
Further, § tends in general to be least when Ar is in the interval 1,2 mm;
i.e., the time taken by a burst to travel between two points is least when
the points are very roughly 1.5 mm apart. A simple corollary of this is
that excitation must appear less readily in the region immediately ahead of
that already excited than it does rather further ahead. This might be a
result either directly of histological structure (as seems quite possible,
see Sholl, 1956) or of some sort of functional inhibition develqped
immediately ahead of the excitation. In terms of the wave analogy, the natural
wavelength for burst activity in the cat's cortex is evidently about 1.5 mm

(see above). This being so, it is not surprising that the radius of the
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focal shell has also been found to be 1.5 mm, i.e., one 'wavelength' from
the primary stimulated point.

The occurrence of activity patterns in which bursts recorded at one
point cannot be correlated with those recorded at another, i.e., in which
bursts evidently do not travel in an orderly manner in the region between the
recording points and by inference throughout the slab, is strongly suggestive
of instability analogous to turbulence. It would be of interest to determine
the relationship between such activity and the regularly repetitive activity
in which correlation between recordings from two separate points is quite
obvious; there is perhaps some suggestion that unstable patterns occur most
frequently near the beginning and end of an afterdischarge. It might also be
instructive tc compare the mean durations of 'regular' afterdischarges with
those of afterdischarges in which instability predominates. Incorrelatable
bursts do not, of course, give any meaningful value for 8 s and even clearly
correlatable series of bursts in which«g changes progressively and may
even reverse in sign presumably represent some form of developing instability.
Data from such bursts would have to be discarded in any averaging procedure
for the determination of mean velocities from values of ékrAg 5 nevertheless,
quite sufficient data for the latter purpose are either available or could
easily be obtained from afterdischarges showing virtually constant activity
relations throughout.

Closely related to factors influencing the stability of excitation
patterns must be those which determine '‘excitation density'. The latter
term can be used only somewhat loosely at present since the balance between
excitatory and inhibitory activity during afterdischarges is not known;

however, it may be supposed to be related more or less directly to burst
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amplitude. There is certainly evidence that not all cells in the region of
a burst actually take part in it (Section IV, 1), and it is perhaps not too
far-fetched to suppose that only certain levels of excitation density,
envisaged as a function of the proportion of cells in an active region, are
naturally stable. A region either 'over-excited' or 'under-excited' might
then be expected to equilibrate’itself; this concept seems to be generally in
line with the suggestions of Stefanis and Jasper (1964) and Andersson (1965)
that boundaries between active and inactive cortical areas are 'self-sharpen-
ing' as & result of inhibitory mechanisms.

It might be expected that the probability of firing of a single
cell would be directly related to local excitation density. However, the
results shown in Fig. 10 suggest that the dependence of d onris in some
way cyclical, and, taken in conjunction with the dependence of VMAX on r shown
in Fig. 11, this certainly does not indicate a linear dependence of d on
V'M.AX° Of course, the simple observation that spikes are sometimes ;ecorded

lin the absence of bursts and vice versa shows that excitation density is

probably not itself simply related to V. (see also following subsection);

MAX
and the data of Fig. 10 are in any case barely signficant. Nevertheless,
the idea of a true cyclical dependence of d on r, and therefore on VMAX’
does not seem wholly out of keepiAg with what is suggested above concerning
the stability of only particular excitation levels. As might be expected,
Fig. 10 shows (for acute slab data) a maximum probability (& minimum) in
the region of the focal shell, r = 1.5 mm; it may even be that the activity

level in this region represents some sort of saturation. This in itself

provides one more item of evidence for the existence of the focal shell.
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3. MODIFICATIONS OF AFTERDISCHARGES IN CHRONIC SLABS

The individual bursts of an epileptiform afterdischarge recorded in
a chronically isolated slab are initially similar in appearance and frequency
to those recorded in an acute slab (Section IV, l)° Instead of decreasing in
frequency and ceasing within a matter of seconds, however, the bursts in a
chronic slab decrease in frequency to an apparently stable level and may then
continue to occur with remarkable regularity for many minutes or even hours.
At the same time, variations in burst shape such as commonly occur in acute
slab afterdischarges and during the firsf few seconds (iogog the ‘'acute
phaseﬂ) in chronic slabs also‘cease; throughout the remainder of the after-
discharge (the fchronic phase') it is quite unusual for there to be any
detectable change in shape between one burst and the next. Burst amplitunde
(VMax) increases during the acute phase and during the chronic phase is
maintained at a level roughly equal to the mean burst amplitude of acute slab
afterdischarges (Appendix, Tables 18 and 21). The dependence of VMAX on r,
however, is quite different (Fig. 11); once the chronic phase is established,
burst activity can usually be recorded throughout the slab and does not
remain restricted to a regiop around the stimulated point. The individual
burst is usually of long duration with an abrupt rise to its maximum and then
a long decay (iogop a ‘chronic type' burst as defined in Sectién IV, 1). The
increase in duration by comparison with the duration of an acute slab burst
is often of much the same order (roughly ten times) as the decrease in
freguency; and it is interesting that this is exactly what would be expected
to result in the case of a decelerated wave motion of constant wavelengtﬁ.,

" Summarising the above-described qualitative characteristics, burst
activity in a chronic slab evidently differs quite radically in nature from

that in an acute slab; and in particular, in view of its frequently prolonged



persistence, it may be said to be much more firmly 'established'. In terms

of the analogies of the previous subsection, the wave pattern, or dynamic
domain pattern, is evidently much more stable in a chronic slab than in an
acute slab. It would clearly be of interest to determine what factors, related
presumably to the prolonged isolation of the slab, contribute to this increased
stability. The remainder of the present subsection is concerned with aspects
of this problem on which present results appear to throw some light. The
simple fact of the increased excitability of chronic slabs is, of course,
already well established (see Section II).

Considering first the exponential distributions of d (Section 1V, 3
equations (1), (2), and (3), the chronic slab acute phase distribution is
characterised by a working mean significantly lower than that of the acute
glab distribution (d = 4.525 msecs and d = 6,135 msecs respectively). The
chronic phase working mean is intermediate (d = 5.848 msecs), which, taken
at face value, suggests that as an afterdischarge in a chronic slab develops
the probability of firing of any individual cell decreases towards, though
never reaches,tlie acute slab level. Table 15 (Appendix) shows that the
difference between the d distributions for chronic (acute phase) and chronic
(chronic phase) data is only marginally significanf, and that between chronic
(chronic phase) and acute data is not significant at all; whereas the overall
difference between chronic (acute phase) and acute data is quite significant.
There thus appears to be an inverse correlation during the acute phase
between the decrease in firing probability and the observed (see above)
increase in thxo This seems to be to some extent in contrast to the observ-
ation (see previous subsection) that in the region of the acute slab focus

there is a maximum of both firing probability (3 minimum) and of vMAX;
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however the sharp fall off of VMAX as r increases beyond the facus is matched
by apparent cyclicity in d (Figs. 10 and 11) rather than by a steady rise as
might be expected. It thus seems possible that the inverse correlation in
the chronic slab acute phase referred to above may represent a genuine
effect, perhaps arising from the evidenily comparatively loosely coupled
structure of the chronic slab (see below).

It is difficult with the present data to asgess the significance of
the observation (Fig. 9) that the chronic slab d distributions show higher
frequencies (not used in calculating the working means, d, given above; see
Section IV, 3) in d intervals far removed from zero than does the acute slab
distribution. The actual frequencies involved are small, and in those cases
where 4 is negative the aspikes concerned may have represented random background
activity not directly associated with the burst.

The apparent cyclical dependence of d on r is both slower and better
defined in the chronic slab acute phase than in the acute slab (Fig. 10).

In the chronic phase, however, the cyclicity indicated by the graph (Fig. 10)
is quite insignificant and d seems to be virtually iﬂdependent of r. BEven

in the acute phase, firing probability appears to be maximum (@ minimum) in
the region of r = 3 mm, twice the apparent mean radius of the focal shell in
acute slabs., It is postulated on this basis, and on the basis of observations
discussed in the following paragraphs on the dependence of VMAX and &5 on r,
that in the course of a chronic slab afterdischarge a focal shell is initially
established by stimulation much as in an acute slab, but that the shell then
quickly grows in radius and becomes more diffuse, and finally in the chronic
phase loses its discrete identity entirely. This is perhaps basically
equivalent to the suggestion of Burns (1958) that increased neuronal

excitability developed as a result of repeated discharge activity may lead to
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the establishment of multiple secondary foci; though there seems no need to
postulate continuing foci at all.

It may be seen from Fig. 11 that dependence of mean burst amplitude,
VMAX’ on r is much less marked in the chronic slab acute phase than in the

acute slab. Even in the first third of the acute phase, V remains finite

throughout the range of r used; and in subsequent thirds the dependence
becomes progressively less. In the chronic phase (Appendix, Table 21) there
seems to be no orderly dependence at all, and variations in ‘-IMAX appear
virtually random throughout the entire slab.

The normal distributions (Fig. 12) of the burst-burst delay, 8 , in
both the acute and chronic phases of chronic slab afterdischarges, are
characterised by working means, g , nearer zero (2.09 msecs and -2.86 msecs
respectively; see Section IV, 5) and standard deviations, € , much larger
(18.58 msecs and 17.52 msecs) than those of acute slab afterdischarges
( § = 4.47 msecs and & = 13.08 msecs)o The low values of g may be interpreted
to mean a lesser dependence of 8 on Ar and T, since 8 is defined (Section IV,
2) so as to be positive for bursts appearing first at a smaller value of r
and later at a larger value. This is confirmed by Tables 29 and 32 (Appendix),
which show virtually no orderly dependence of g onflr or r for chronic slab
data. The high standard deviations of the 8 distributions indicate
comparatively greater mean travel times of burst activity between any two
recording points. This correlates with the prolonged duration and greatly
decreased frequency of chronic phase bursts. It also suggests that the
character of burst activity at any one point in a ctironic slab may be less

dependent than in an acute slab on that at other points; and this itself

correlates with the evident variability of i}MAX referred to above.
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All of these various results concerning the behaviour of 4, VMAX’
and,g combine to support the postulate expressed above that burst activity

in a chronic slab becomes quickly independent of the original focus established
by stimulation and in fact cannot in the chronic phase be referred to any one
point or shell as focus. In an acute slab the afterdischarge apparently
remains dependent throughout its duration on the persistence and continued
activity of the original focal shell (see previous subsection); and it may
therefore be reasonably supposed that the whole afterdischarge ceases as soon
as focal activity ceases, by exhaustion or otherwise. Activity in a chronic
slab, by contrast, being neither dependent on any focus nor even so closely
integrated throughout the slab, may be expected to continue until either the
entire slab, or at least some critical proportion of it, becomes exhausted.
This critical proportion must almost certainly represent a much greater

volume than is occupied by an acute slab focus; and the chronic slab must
therefore be correspondingly less susceptible to functional exhaustion.

Also, although the overall means of VMAX are roughly the same in both ch:onic
and a?pte glab activity, nowhere in a chronic slab does G reach the level

MAX
which it reaches in the region of an acute slab focus (Fig. 11). If V

MAX
can be taken as representing in some respect a measure of excitation density,
this provides a further reason why chronic slab activity should lead less
quickly to exhaustion. It is suggested that these considerations together
provide the basis for a reasonable explanation of the prolonged duration of
chronic slab afterdischarges.
As regards the underlying structural basis for the modified behaviour

of chronic slabs, it is of considerable interest that afterdischarges in

slabs isolated for less than one year appear to develop into a prolonged
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chronic phase more readily than those in slabs isolated for much longer (see
Section IV, 1). The expected consequence of chronic isolation is degeneration
of severed neuronal processes. This may result in both axon collateral
sprouting (Sharpless, 1964) and possibly also in the long term in true
regeneration. BEach of these processes might be expected to lead to the estab-
lishment of fresh synaptic contacts, though it seems almost.certain that the
original synaptic pattern, presumably the one required for normal functioning
of the cortex, can never bg reproduced. The afterdischarge, however, repre-
sents such a gross form of activity that regenerated synapses, even though
functionally quite inappropriate, might well suffice to contribute in some
way to its iransmission. Since the chronic phase evidently represents a

much looser coordination between events in different regions of the slab

than does the acute slab afterdischarge, it may be specifically postulated
that the most important fibres cut on isolation are long fibres whose normal
function is integration of activity in different regionsj such regeneration
as occurs would not be expected to, and evidently does not;restore this
integrating function. The appearance of spontaneous activity in a chronically
isolated slab may thus be due not only to collateral sprouting but also to
lack of overall coupling. In an acute slab, where the integrating mechani sm
has not had time to degenerate, activity throughout the slab is effectively
quite tightly coupled under the control of the focal shell, and when activity
ceases there it is unable to persist independently elsewhere; thus an acute
slab afterdischarge appears much the same in form as an afterdischarge in
intact cortex. In a chronic slab, whilst activity is initially generated by
a focal shell and therefore appears synchronised throughout (acute phase), it
is able to persist independently throughout the slab after the initial focus

has ceased to function. It may finally be noted that these suggestions are
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well in accord with the results of Farley (1962) on tightly and loosely

coupled computer simulated neurone nets (see Section II, 4).
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VI, CONCLUSIONS AND RECOMMENDATIONS

From the numerous and, in some instances speculative, conclusions
of the preceding Section there emerges an overall picture of the nature of
epileptiform afterdischarge activity in an isolated slab which is supported
in its several aspects by most of the separate detailed conclusions independently.
The effect of stimulation appears to be the establishment of a shell of activity,
ideally spherical with the stimulated point as its centre, which grows radially
outward until, in the acute slab, it reaches a stable equilibrium radius of
roughly 1.5 mm. Activity in this shell is maintained by continuous recircula-
tion between the shell itself and the central region (Fig. 13). The shell
thus behaves as a focus, and from it at each recirculation a burst spreads out
into the remainder of the slab as a continuous wave of activity which may or
may not remain more or less coherent. In the acute slab all aotivity'ceases
when the focal shell becomes exhausted; but in the chronic slab, perhaps
because of looser structural coupling resulting from degeneration, burst
activity becomes independent of any single focus and may continue to reverbe-
rate for many hours. The relationship between the burst activity and single
unit spike activity appears to be complementary, each conitributing to the
generation of the other. However, the burst represents a gross integration
of activity to which postsynaptic and electrotonic potentials also contribute;
and while the probability of spike firing is the same for all exciiable cells
affected by a burst, some cells are evidently inexcitable.

As is indicated above, a substantial amount of the work which has
led to these conclusions could usefully be repeated with the sole object of
acquiring more and better distributed data without any actual extension in

scope. It is particularly desirable that further data on 4 and S‘ should be
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obtained, more evenly distributed throughout the possible range of r and Ar
intervals. It would then be possible to check the apparent cyclicity of d
(Fig. 10) and to determine with at least some degree of accuracy the dependence
of meam burst velocity on r. It would also be of interest to determine more

definitely the relationship between d and X’ especially since this must in

VﬂA
some respects represent quantitatively the basic relationship between spikes
and bursts. Comparison of increased quantities of data from only the first
few and last few burst-spike episodes in each afterdischarge might be expected
to reveal more clearly dependences of burst-spike parameters on time within
an afterdischarge. The initial data might also show much more definite
dependences on r than do those for the entire first third of an afterdischarge.
Finally, an increased quantity of chronic phase data from chronic slabs would
show to what extent chronic phase parameters really do tend towards acute
slab values.
Over and above the need for additional confirmatory data, a number

of direct extensions of the work readily suggest themselves. Several factors
which might be expected to influence the nature of recorded activity but the
effect of which have not been investigated are listed in Section IV, 2. In
particular these include the depth of recording and the anatomical position
on the cortical surface of the stimulated point. The possibi%ity of directional
transmission in the slab has been investigated to the extent thét.data recorded
anterior to the stimulated point are treated separately from those recorded
posterior; but no significant difference has emerged. It would be of interest
to repeat the work, but using sensory or motor cortex where directional
transmission might more definitely be expected.

_ The burst-spike parameters defined in Fig. 8 do not, of course,

characterise all aspects of the burst-spike episode, and additional
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parameters might therefore usefully be measured. For example, the rate of
initial build up of the burst to its maximum amplitude might provide further
information concerning the mode of development of the burst. Similarly,
measurements of burst duration, and of the number, amplitude, and distribution
of spikes, and determination of the interrelations between these variables and e
those already studied, would all certainly contribute to extending the overall
picture of the processes involved. Provision of a duplicate high gain high-pass
filtered recording channel would allow comparison of spike activity as well as
of bursts at the two separate microelectrode recording points (see Figs. 5 and
6). Several aspects of the burst—spike episode which have so far been considered
only qualitatively might profitably be studied quantitatively. These include
the various patterns of burst shape listed in Section IV, 1, and the conditions
conducive to spikes in the absence of bursts, bursts in the absence of spikes,
and incorrelatable bursts at different points. The evident relationship
between epileptiform activity recorded at the level of the single cell and that
recorded at the cortical surface should also be investigated.

The various measurements of burst-spike parameters and sﬁbsequent
analyses presented in this thesis were all done visually and by hand; and in
fact there seems little doubt that much of value might have been overlooked .00
had this not been the case. However, now that the pattern of the work has
been established there seems no reason why some automatic analysing or
computing device should not be used where possible. This would alsc eliminate
the possibility of variable subjectivity in standards of measurement.

Rather more radical extensions of the work should include concentra-
tion on acquiring regular intracellular recordings during activity so that

it can be quite clearly determined exactly what goes on in any one particular

cell. There seems no reason why the trough-lid method of stabilisation
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(Fig. 3) should not work well providing that the trough and lid are themselves
adequately firmly mounted. Ultimately, the entire work must be extended to
include complementary studies of the intact cortex; in this case, of course,
some other method of stabilisation will be necessary.

Turning in another direction, some of the conclusions suggested
in the previous Section imply a histological foundation which has not been
demonstrated. Histological studies should therefore be made with a view to
substantiating, for example, the postulates made regarding the structural
basis for chronic slab behaviour, and, above all of course, with a view to
demonstrating some basis for the apparent equilibrium radius of the acute slab
focal shell. Some correlation should be attempted between present results
and conclusions, particularly those concerning the nature of the focus, and
relevant work on clinical epilepsy.

It is suggested at various points throughout this thesis that there
is a need for a thoroughly integrated theoretical experimental approach to
the study of the cortex. It is hoped that the present work itself provides
some indication that such an approach is possible; more than that cannot be
claimed for it, for its theoretical considerations in particular leave much
to be desired. However, the necessary basis is available. Action potential
and synaptic theory as well as core conductor theory might be applied along
with single cell morphology and cortical neuronal distribution statistics
to volume conductor theory in determining probable net cortical potentials.
It should then be possible to see whether there is any sound theoretical basis
for cooperative behaviour in the cortical neuronal population. If there is,
such behaviour would be expected to modify the overall potential distribution
and provide a basis for the existence of discrete waves and domains of

activity. It seems quite possible that the basic complementary relationship
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between gross and single cell activity suggested in this thesis may hold not
only in the epileptic cortex but also for normal cortical activity patterns.
In the long run, it should be possible to describe theoretically the expected
response of the cortex to any specified input; and equally important to
determine what input must be responsible for any observed response. The
detailed realisation of all this is clearly a long way off. Much existing
theory is not based on realistic anatomical premises and in this context is
therefore inapplicable. However, this thesis cannot be better conc1uded than
by reaffirming the ultimate necessity from every standpoint of matching each
further experimental step by a parallel forward step in theory; and this final

observation seems no less worthwhile for its manifest unoriginality.
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APPENDIX : STATISTICAL ANALYSES OF BURST-SPIKE
PARAMETERS

NOTE : THROUGHOUT THE APPENDIX, VALUES OF x2 ARE GIVEN TO THE
NEAREST HALF UNIT. ALSO, INTERVALS OF d4,8,r, F, AND Ar ARE SPECIFIED
ON A DISCONTINUOUS SCALE (eg. d = 0,4 msecs, & = 5,9msecs, ETC. ; SEE ALSO
SECTION I¥, |) SINCE ALL ACTUAL MEASURMENTS WERE TO THE NEAREST
Imsew OR Ol mm. MEASURMENTS OF Vi WERE TO THE NEAREST O-lmV.

I. STUDIES ON BURST - SPIKE DELAY, d
(a) ACUTE SLAB DATA

TABLE | : OBSERVED TABLE 2: FITTING OF EXPONENTIAL EQN.:
FREQUENCY DISTRIBUTION: NOT POSSIBLE USING- d = 4-395msecs ; ALl
INTERVALl ORS NEGATIVE 4 MUST RE COUNTED AS ZERO.
N +Ad
OFd (mes) FRERQ. THEN, FAF = b0 Tt dd,
-30,26| | S786[792 = b § e dd
‘gg»‘;t' ‘1 WHENCE b = 0-163 mseos™
-20,- . dtdd .
-15,-11 6 AP = 0163 SJ e dd )
-10,-6 | 16 HENCE ARE CALCULATED EXPECTED FREQS.
‘%»;‘ % FOR COMPARISON WITH OBSERVED FREQS.:
59 |208 INTERVAL EXP. | 0BS. | .
0,14 | 77 OF d (= FREQ| FREQ.| X
15,19 | 32 0,4 |442 | 437 | O
20,24\ 13 59 | 195 [208 | 1
'32,3 ‘3 10,14 | 86 77 | |
30, 15,19 | 38 | 32 |
353 3 20,24 | 7 19 0
TOTAL.| 792 25,29| 8 I3 | 3
30| 6 6 0
FIG. 9 (o).
SEE ALSD ) roTALs| 792 | 792 | 6

ALSO, OBSERVED £d = 348! msecs
5d = 3481 [792 = 4-395 msesc. 6 DEGREES OF FREEDOM: %2 > 12F SIGNIFICANT

AT 5% LEVEL... EQN. (1) IS SATISFACTORY

DESCRIPTION OF OBSERVED DISTRIBUTION.
TABLE 3: COMPARISON OF FREQUENCY DISTRIBUTIONS FOR SEPARATE THIRDS
OF AFTERDISCHARGES: :

INTERVAL] OBS. FREQ. IN THIRDS | TOTAL |EXP FREQ) it

OFd (mse) 157 an~e 3** | FREQ.|PERTHIRN I 2 | 3*® |[TOTAL
£-6 i 7 10 28 9 ¥ + o] |
-5,-1 i 9 2 32 i o ¥ o ¥
0,4 | 135 | 12 16 377 | 125 ] o) | 2
59 63 69 76 | 208 | 69 ¥ 0 1z 2
10,14 23 28 26 77 | 26 ¥ o o] ¥
15,19 12 12 8 32 " o o \ |
220 9 13 6 38 13 \ o] ¥ (53
TOTALY 264 | 264 | 264 792 | 264 3% | 4 8%

i2 DEGREES OF FREEDOM: %2> 2| SIGNIFICANT AT 5% LEVEL. .. THERE IS
NO SIGNIFICANT DIFFERENCE RETWEEN THE SEPARATE THIRDS.
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TABLE 4 : COMPARISON OF FREQUENCY DISTRIBUTIONS FOR AFTERDISCHARGES
RECORDED ANTERIOR AND POSTERIOR TO STIMULATED POINT :

INTERVAL ANTERIOR POSTERIOR TOTAL|TOTAL
OFd (ssec)|{OBS. FRER{EXPFREQ] 3¢ [OBS. FREQ|EXP FREQ) w2 | FREQ. x*
<-6 10 1 o) \7 16 o] 27 0
<5, \7 15 E 19 21 o) 36 I
0,4 | 157 | 147 x 207 | 27 ¥ 364 l
5,9 75 75 o] 110 1o 0 185 o}
0,14 | 27 23 i 29 33 x 56 |
15, 19 9 10 o] 16 1S o) 25 o)
20| 5 19 10 43 29 7 48 \7
TOTALS] 300 | 300 | 1iZ | 441 | 44l 8 74\ 19%

46 DEGREES OF FREEDOM: 32 > 2%

SIGNIFICANT AT 5% LEVEL... THERE IS

APPARENTLY A SIGNIFICANT DIFFERENCE, RBUT ONLY DVE TO A FEW DATA IN
THE INTERVAL d 2 20. NOT REGARDED AS SIGNIFICANT IN THESIS.

TABLE 5 : COMPARISON OF FREQUENCY DISTRIBUTIONS FOR AFTERDISCHARGE S
RECORDED AT DIFFERENT DISTANCES,|r], FROM STIMULATED POINT:

INTERVAY 161 = 0,0:9mm | Ir} = 1,1-9mm | 1Pl = 2,29mm 1l = 3,39 mm| r] 24,49 mm] 17| = 5,5 9mn [ TOTITOT]
OF d (x| 0B RIEXF] 2 {0B FRIEXH 208 FRIDCFR %2 [OBFREXTR] x*10B.FRIEXTK] % |OBRIEXFR x| FR. X
c-1 jglwo]xlazlazli |Bl2olole| 7|0V 2]|El3|2|% 63|22
0,4 |62]|6l |0 |M2] 27| 2 N2I|U7{ O [I5|37] 14|11} 9 X|I13]113]0 A 163
5,9 |38|31|Ix|5lj6d|2k|e3|c0j0 28|94 |35} 2.1 6 | 21185} liE
0,4 |59zt fwvlilz|8l2alel6]0}5 124|524 15613
>i5 [0lizl+ |25’ |25]2410]22|8 |1BlO |2 (22|20 ]73]23]%
TotaLsl 1231122 4% |257 2571 9L 1239 239 2. | 77| 7713e | 20] 20| 8 | 25| 25] 7 |Z4l| &7
" d 48 42 50 g5 50 50
68 SCATT} 05,89 00,91 03,94 5,167 | 04,115 [-01,125

20 DEGREES OF FREEDOM: 2> 2IF SIGNIFICANT AT 5% LEVEL... THERE ARE
SIGNIFICANT DIFFERENCES, BUT ONLY DVE TO TwO INDIVIDVAL. CONTRIBVTIONS TO
x2 (14 AND 18 IN |rl= 3,3:9mm). NOT REGARDED AS SIGNIFICANT IN THESIS.

# SEE NOTE BELOW TABLE 0. SEE ALSO FiG: 10.

(b) CHRONIC SLAB (ACUTE PHASE) DATA

TABLE 6 : OBSERVED
FREQUENCY DISTRIBUTION:
INTERVAY OBS.
OFd (mug] FREQ.
-i9,-6 2
-5~ 16
0,4 | 38]
59 133
10,14 38
15,19 10
20,24 6
25,29 i
304 7
35,39 o]
40,44 3
TOTAL | 597

SEE ALSO FIG. 9(b).
ALSO, OBSERVED Zd = 2308 msecs
S d = 2308/ 557 = 3867 masca.

TABLE 7: FITTING OF EXPONENTIAL EQN.:
AS FOR ACUTE SLAB DATA (TABLE 2), ALL
NEGATIVE 4 MUST BE COUNTED AS ZERO.
ALSO, HIGH OBSERVED FREQS. IN d= 30, 34 mseca
AND d = 40, 44 msecs CLEARLY DO NOT CONFORM
TO EXPONENTIAL DISTRIBUTION. .. ALL DATA
FOR WHICH d 2 30 msecs ARE DISREG-ARDED,
GIVING REVISED WORKING TOTAL FREQ. = S87.

[ CONTINUED ON NEXT PAGE ]



[ TABLE 7 CONTINUVED:]
..580/587 = by e ™ dd
WHENCE b = 0 221 msecs™
SAF = 0-22) fiAY gm0zl gy
HENCE ARE CALCULATED EXPECTED FREQS.

(2)

FOR COMPARISON WITH OBSERVED FREQS.; SEE
TABLE (RIGHT). 4 DEGREES OF FREEDOM:
%2 > 9% 1S SIENIFICANT AT 5% LEVEL.
JEQN. (2) 1S SATISFACTORY DESCRIPTION OF
OBSERVED DISTRIBUTION.

INTERVAl EXP | OBS. X*
OF d (mseqt FREQ. FREQ.
0,4 | 353 | 39 0
59| 130 133 0
10,14 43 3% +
15,19 | 14 lo} |
20 7 7 0
ToTALS| 587 | 587 | 1%

TABLE 8 : COMPARISON OF FREQUENCY DISTRIBVUTIONS FOR SEPARATE THIRDS
OF ACUTE PHASES:

INTERVAL OBS. FREQ IN THIRDS | TOTAL [EXP FREQ) xx
OFd (msec)] 157 2™ | 3%° | FREQ. [PER THIRY  1°7 2™ 3®® IToTAL
<-l 9 4 5 18 6 ¥ | o] 2z
0,4 118 127 126 384 127 7 e} + i
5,9 | 49 40 | 44 133 | 44 x g o |
o,u | I5 2 i 38 12 x o] T \
215 | 8 A 3 27 9 o 55 | 4 9%
TOTALS| 199 199 (9% 597 | 199 3 7 5 1
¢ DEGREES OF FREEDOM : x> I5% SIGNIFICANT AT 5% LEVEL. .. THERE IS

NO SIGNIFICANT DIFFERENCE BETWEEN THE SEPARATE THIRDS .

TABLE 9: COMPARISON OF FREQUENCY DISTRIBUTIONS FOR AFTERDISCHARGES -

RECORDED ANTERIOR AND POSTERIOR TO STIMULATED POINT :

INTERVAL] ANTERIOR POSTERIOR ToTAL |TOTAL

OF d (mec)iD8S. FREQ. | EXP. FREQ] 32 |0BS.FREQ |EXP.FREQ) %2 | FREQ. x2*
<=l 14 {0 i 7 W iz VA 3
0,4 {99 195 0 200 204 O 399 (o)
5,9 60 68 O 74 72 O 40 (o]
10, 14 17 18 0 20 19 9_ 37 (o]
215 | 10 15 \z 20 IS Iz 30 3

TOTALS| 306 | 306 3 321 321 3 627 6

4 DEGREES OF FREEDOM: X% > 9% SIGNIFICANT AT 5% LEVEL. .. THERE IS
NO SIGNIFICANT DIFFERENCE BETWEEN AFTERDISCHARGES RECORDED
ANTERIOR AND POSTERIOR TO STIMVLATED POINT,

TABLE 10: COMPARISON OF FREQUENCY DISTRIBUTIONS FOR AFTERDISCHARGES
RECORDED AT DIFFERENT DISTANCES, |r|, FROM STIMULATED POINT:

d |ir1=0,09mm fIr]= 1 19 [ir) 22,29 mm 10 = 3,3 Fmm}lrd =4,49men| Il = 5, 5G| [e]= 6,69 mret Il =7 7-9:e{ TOT.TOT]
{msac) OB F{EXF| yHOBE|EXE| 0B £XH NHOBE|EXE| X HOBEIECE| *|OBEIEXF| HCBEIXH X1 OBHEXY] PRy Y
<4 |46 159 3 {3 0187]67| 6 |51 ][40 |3 6l 86| 7| 26|25/ 0 |241201 ) 114 14 {0 |420]20
5,9123|20] ¥ | 39|36 0 | U |22153|7 |1313 |41 2915151510 51711 ]5]4 10 |Wqi4
sofwlslwolsjelglziu|7z|2]7|zkj2e{B]|i2|3]4 % 3| 2| £ |e7R7s
1Al 28 188 Lizthieshies] 15 100 [inofisg 60 60 | 9k 128|128} 25|28 |28 | L 1 30]3013 | 20201 & |62A72
" d 55 40 23 29 5% 40 32 38
315 10,108 [0-7,78 04,43 | 0544 | 12,106 07,78 | 0555 |06,75

[CONTINVED ON NEXT PAGE ]



[ TABLE 10 CONTINVED: ]
i4 DEGREES OF FREEDOM: X1> 237 SIGNIFICANT AT 5% LEVEL. .. THERE ARE

SIGNIFICANT DIFFERENCES, NOT DUE ONLY TO A SMALL PROPORTION OF DATA.
# d 1S CALCULATED FOR EAULH |r] INTERVAL AS X (MID PT. OF d INTERVAL X FREQ.
IN THAT lNTERVAL)/TOTAL FREQ. 68 % SCATTER IS CALLWLATED BY CUTTING
16% OF TOTAL FREQ. OFF EACH EWD OF DISTRIBN. 8HOWN IN TABLE. EXTREMEd INTER-
VALS ARE TAKEN AS 0,4 msccs AND 10, 14 msecs FOR CHRONIC (AC.PH) DATA ; AND
SIMILARLY FOR ACUTE AND CHRONIC (CHR.PH.) DATA (TABLES 5 AND i4). IT MAY BE
SHOWN THAT THIS PROCEDURE INTRODVCES NEGLIGIBLE ERROR. SEE ALSO FlG. jO.

(c) CHRONIC SLAB (CHRONIC PHASE) DATA

TABLE 1l : OBSERVED
FREQUENCY DISTRIBUTION

INTERVA OBS.

OF d {mec) FREQ.
45,41 2
-40,-3%| |
-35,-31f ©
~30,-2b o]
-25,-| 2
-2046| 3
-5,
10,6 3
-5, 3
0,4 | I8
5,9 | 62
0,14 22
5,19 14
2024 7
25,29 2
30, 2
35,39 |
40,44 2
TOTAL. | 278

SEE ALSO Fi6- 9(c).

ALSO, OBSERVED Zd = 1036 msxes

J.d = 1036/ 278 = 3-740 msces.
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TABLE 12: FITTING OF EXPONENTIAL EQN.:

AS FOR ACUTE SLAB DATA (TABLE 2),
ALL NEGATIVE 4 MUST BE COUNTED AS
ZERO. ALSO, AS FOR ACUTE PHASE DATA
(TABLE 7), OBSERVED FREQS. N HIG-H
d INTERVALS DO NOT CONFORM TO
EXPONENTIAL DISTRIBUTION; .. DATA
FOR WHICH 4 Z 30 msces ARE DISREGARDED,
GIVING REVISED WORKING TOTAL FREQ. = 273.

5.264/273 = b et dd
WHENCE b = 0-171 msecs™

SAF = 07§ M e g4 @®)
HENCE ARE CALCWATED €XPECTED FREQS.
FOR COMPARISON WITH OBSERVED FREQS.:

INTERVA] EXP | OBS. 2
OF 4 (nxo)] FREQ. | FREQ. X
0,4 | 157 | 166 T
59| 67 62 7
10,141 23 22 I+
15,19 | 2 14 <
2201 9 9 0
TOTALS| 273 | 273 | 3

4 DEGREES OF FREEDOM: %2> 9f SIGNIFICANT
AT 5% LEVEL. .. EQN. (3) IS SATISFACTORY
DESCRIPTION OF OBSERVED DISTRIBVTION.

TABLE 13 : COMPARISON OF FREQUENCY DISTRIBUTIONS FOR AFTERDISCHARGES
RECORDED ANTERIWOR AND POSTERIOR TO STIMULATED POINT :

INTERVAL ANTERIOR POSTERIOR TOTAL | TOTAL
OF d (mecclOBS. FREQ| EXP. FKEG|  ~x%  |OBS.FREQIEXP. FREG, 2 | FREQ. | >
<-1 5 5 o] 5 5 e} o] 0
0,4 78 ‘70 | 5S 63 ) 133 2
59| 27 27 o 25 25 ¢ 52 | o
10, 14 10 1 (o) 10 9 o] 20 o
215 7 4 3t 20 12 3% ivd 7
TOTALS| 127 127 4% "o ns 4% 242 9

" 4 DEGREES OF FREEDOM: %2> 9% SIGNIFICANT AT &% LEVEL... THERE IS
- NO SIGNIFICANT DIFFERENCE.



TABLE 14 : COMPARISON OF FREQUENCY DISTRIBUTIONS FOR AFTERDISCHARGES
RECORDED AT DIFFERENT DISTANCES, Ir|, FROM STIMULATED POINT !

INTERVAL \r‘\=0,0-9mm }Y‘l= ‘,l'9mm lY‘I = 2,2'91\1!#\ h"l = 3,3'9mw l\"i=4,4'9mm I\"‘ =5,5‘9mm TOT TOT.

OFd {(msec) | OB FRIBXFR] Y2 (0B FRIEXR! 2 I0BFRIEXFR] %> OB FR{EXTR] x* |OBFUEXFK] x* JOBFRILXFKI 2 | FR.| X*
<4 RIBIrizsi4oirialis|1907]0132i291+ (231240 j1431 2
5,9 |7lejopistisio|7lelolsiejo |7 it 8l 15212
s0l6lsio i 8iR|l2]2l6el3lsisjojNjl0]l0}|6 |8 | |47]|5%

TOTALS! 26 |26 [+ [68 68 |2+ {30 |30 |35 128 [28 [0 |50 |50 | 1k [40140 | 1y |242] 9%

" d S7 57 3-8 43 49 49
(BLSCATER L, 1O 1 -5 06,75 07,90 08,1009 | 09,93

|0 DEGREES OF FREEDOM: %% > |83 SIGNIFICANT AT 5% LEVEL. .. THERE ARE NO

SIGNIFICANT DIFFERENCES.
i SEE NOTE BELOW TABLE 10. SEE ALSO FiG. i0.

(d) TABLE I5

(i) COMPARISON OF OBSERVED OVERALL FREQUENCY DISTRIBUTIONS FOR ACUTE,
CHRONIC (ACUTE PHASE), AND CHRONIC { CHRONIC PHASE) DATA:

INTERVAL ACUTE CHRONIC {AC. PR CHRONIC (CHR. PR)|TOTAL | TOTAL
oF 4 (sec)| OB FR] EX FR]  w* [oB.FR|EXFR] 2 |oB.FR| EXFR| x* |FREQ| X*
KA 1437 | 476 3 | 399 | 359 | 4% |16 | 167 | O 002 7%
5,9 {208 [ 192 | W 133 | 144 | 1 62 | 67 | £ 4031 3
10,4177 | 65 | 2 33 149 | 2x | 22 {23 | O 137 | 4%
5,19 132 | 26 | 1T j 10 | 20| & 4 {10 | | B6 | 8
>20 (38 | 33| 7 {25 | 28 | % | W \ 69 | 4T
ToTALS| 792|752 9 |Ss7 |57 | 15% | 278 [278 | 3 1667 | 27%

8 DEGREES OF FREEDOM : ¥x% > {S% SIGNIFICANT AT 5% LEVEL. .. THERE ARE
SIGNIFICANT DIFFERENCES ; HOWEVER, INSPECTION OF TABLE SHOWS SIGNIFICANCE
OF %* IS DVE ALMOST ENTIRELY TO DIFFERENCE BETWEEN ACUTE AND CHRONIC
(ACUTE PHASE) DATA.

(i) SEPARATE COMPARISONS OF ACUTE AND CrHRONIC (CHRONIC PHASE) DATA AND OF
CHRONIC (ACVTE PHASE) AND CHRONIC (CHRONIC PHASE) DATA:

INTERVALI ACUTE  |CHRONC{CHRHJTOT|TOT. INTERVAL] CHRONIC{AC.PH CHRONIC(UIR P TOT{TOT.
OF & e PR ARIECR] 2 LRI B E I FRY %] 10Fdlmed) j0BRR|EXTR] 2 |OBRRIEXFR] X*{FR | %

<4 1437447\ 0 |66 [iS6| T {603 T <4 1359 1386] £ [166 179 1 |56S| 1T
5,9 1208|200 £ |eL|70]| | 27012 5,9 |133133}0 [62]62.{0 [I95] O
10,14 7717310 |22126]% |99} % 10,14 138 {41 O j22( 0 | £ |60 %
15,19 |32 {3¢+lo M ji2f¥ 4|t isi9jofeiz halg [4Flag|6x

220 {38138 |0 |I4-]14 10 |52}0 22017 ({20 |1 4o [\ ]3L2z
TOTALSI792{792] + |278{278) 25 {1070} 3 TOTALSISS71597| 3% |278{278| 75 |875] W

4 DEGREES OF FREEDOM EACH : %% > 9% SIGNIFICANT AT 5% LEVEL...THERE
IS NO SIGNIFICANT DIFFERENCE BETWEEN ACUTE AND CHRONIC (CHRONIC PHASE)
DATA. THERE 1S A SIGNIFICANT DIFFERENCE BETWEEN CHRONIC (AcvTeE PHASE:)
AND CHRONIC (CHRONIC PHASE) DATA; BUT DVE ONLY TO A FEW DATA FOR WHICH

4d 3 15 msecs,




2. STUDIES ON BURST AMPLITUDE, Vuax
(a) ACUTE SLAB DATA

TABLE 16 : MEAN VALUES, Vuax, IN SEPARATE THIRDS OF AFTERDISCHARGES
AND AT DIFFERENT DISTANCES, r, FROM STIMULATED POINT: EViax , £Viaax
AND N (TOTAL FREQ) WERE COMPUTED DIRECT FROM INDIVIDUAL DATA BY
CALCULATING MACHINE AND FROM THEM Vi (= ZViax [ N) AND o (STANDARD
DEVIATION, = V(ZVitax [N = Vi3ax)) ARE CALCULATED:

r FIRST THIRD SECOND THIRD THIRD THIRD

IVLIVEL N Vs SVimdEViEd N |V, IValZViid N [Vl @
GUYN vy it IR Do PO kg s Rl e PO it e SR oy (0
0O,-0913%5 55.91 33 | 1-2010-62] 36-2{44-9| 33 | 1-1010+40| 30-7 41-7 33 10931063
~1,-19|57-4fi012] 51 | 143 |0-85| 658[14:3| 51 | 129 076| 571|869 | 5V | 1121067
-2,-29|66-4|857| 86 |077 02| 86:3[1275] 86 | 1:00|0-69|853(1276 | 86 | 099107
-3,-39|47-4| 560| 81 |0:59|0-58| 539|686 | g1 | 0-6710-64[599 1911 | 81 | 0-74] 076
-4,-4% 76| 67| 15 |051|043 59| 42| 15 |0D| 029 53 | 51 | IS 10:35/046
-5.-59(52 | 30| 29 |0-18|027| 64 |67 | 29 | 022043 6:8 | 62 | 25 | 0:23]0-40
-6,%30 |0 |%|0|o|o|lo|3|0o|o|o|O]|36]|0]0
0,05|228|259] 29 | 075 053[28°8 [40-3] 29 [0-99[0-ca[278377| 25 | 0%6|0€2
V)19 [6r0 | 96| 55 | 111 |02|702| 20| 55 | 128 [0-64|658 | 98:2| 55 | 120]060
2,29 |291|380| 27 | 108 |0-49(30°5|37.1 | 27 | 11303 [22:2(452 27 | 119 |0
3389|7551 | 14 |05 028 85| 6:1 | 14 |0¢1]025| 88| 65| 14 |0-63{02
4)45 44| 29|14 031|047 |30l 14 | oo|40|22] 14 |0D)027
559 = |=-1=-f{=-1-1=-1-1=1=-1=-1=1=1=|=1z
6650 |0o|3]o|ojojo|zjojojo]o]a]ojo

TABLE 17 : COMPARISON OF DATA RECORDED ANTERIOR AND POSTERIOR TO STiM -
ULATED POINT : DATA OF TABLE 16 COMBINED FOR SEPARATE THIRDS:

Ir ANTERIOR (T POSITIVE) POSTERIOR (r NEGATIVE)

(mm) [V VA N Vo) for (V) [DVoa ()] 2 V)] N Viax V)| o (mV)
0,09 794 [1039| 87 | 091 | 0601064 | 1425 99 o7 | 053
1,19 [197:0 | 3068 | 165 | 1120 | 066 [180:3 | 3024 | 153 | V18 | 076
2,29|91:8 | 03| 8i 1113 | 0-44 {2380 | 3408 | 258 | 092 | 069
3,39]|24:8 | 1727 | 42 | 059| 027|612 | 2157 243 | 06 | 067
4,49 (131 | 81 | 42 | 03| 03 [ 188 [ 160 | 45 0-41| 0-42
5,59 - - - - - {184 | 159 ]| 87 | o021 | 037
6,69 0 0 9 0 o] 0 o {108 0 0

TOTALS| 406°1 |556-8] 426 | 0-93 | 0-63 | 7231} [1032-3] 993 | 073 | 0-7)

N.B. IN TABLE |7 AND FOLLOWING SIMILAR TABLES, ‘TOTALS' FOR Viax AND o
ARE NOT ARITHMETIC TOTALS BUT ARE CALCULATED FROM TOTALS FOR ZVuux;
zv,}m, AND N. TOTALS OF Vypa ARE NOT DIRECTLY COMPARABLE BECAUSE N
IN EACH INTERVAL OF Ir] 1S NOT SAME FOR r POSITIVE AS FOR r NEGATIVE.

FOR MAX. PROBABILITY 5% THAT REGRESSION OF Vymae ON |r| IS INDEPENDENT OF
SIGN OF rr, CONFIDENCE DISTRIBUTIONS FOR SEPARATE REGRESSION LINES FOR r
POSITIVE AND r NEGATIVE MUST OVERLAP BY NOT MORE THAN 22 9 (= 0-22~ [638).
A NET 22.9%9 OVERLAP WiLL RESULT IF THE CONFIDENCE DISTRIBVTIONS CUT EACH
OTHERAT 897, & 1:6-/JN. USING ‘TOTALS' FROM TABLE, THIS GIVES APPROX. & 0-05 ¥
FOR p POSITIVE AND 3004wV FOR r NEGATIVE. .. SEPARATIONS 3 APPROX * 0-09mV
ARE SIGNIFICANT AT B% LEVEL. INSPECTION OF TABLE SHOWS GREATER SEPARATIONS
Do OGdUR; BUT EXCESS |S NOT CONSTANT IN DIRECTION AND IS COMPARATIVELY
SMALL. NOT REGARDED AS SIGNIFICANT IN THESIS.




TABLE 18: COMPARISON OF DATA FOR SEPARATE THIRDS OF AFTERDISCHARGES!
DATA OF TABLE 16 COMBINED FOR r POSITIVE AND r NEGATIVE @

Il FIRST THIRD SECOND THIRD THIRD THIRD
(mm) ZVW iV,f"Ax N \—/MA’( [ zvm\( ZV:{M N —V_MA)( a XthzV:Ax N \7M»‘\‘( o
V) |GV V) F V) | V) V) V) @V [ o) | V) @Y) |eV)

0,09 162:3} 818 | €2 | 1101 [0:S6|¢50{852] 62 |1-05/052{58:5(73-4| 62 | 034|062,
1,19 |84 [197:8]106 | 112 |0-83136:0226F 106 |1-28 |0-70{122:5( 18511106 | |16 | 0-¢4
2,2:9 9551237 U3 |0-84|0-62/116:8{164-6] 113 |1:03|0-€2|\175172:8| 13 |1-04 | 067
3,39 |54-9| 611 | 95 |0-58/0-56| 62:4| 747 95 |0-6 | 0-60{¢8-7|97:6| 95 | 0721071
4,49 [12:0] 96 | 29 |04l}o-a2|i06| 72 | 29 |o-37{024| 93|73 |29 |032/0-24
5,59 |52|30|29 [018|027| 64 | 67| 29 |0-22{0431 68 | 6:2 | 29 | 0-23/0-40
6,69/ 0o 3|0 |o|o|lo|39]oflo]ofo]a]|o]o

TOTALS|348-3477.0473 |0-74 | 0-68397:2{564-7{473 {0-84 0-70383-754%~41473 08102

PROCEEDING AS FOR TABLE 17, 89% CONFIDENCE LIMITS FOR SEPARATE REGRESSION
LINES FOR SEPARATE THIRDS ARE CALCVLATED TO BRE i O0-05wV IN EACH CASE.

C. SEPARATIONS > %0-InV ARE SIGNIFICANT AT 5% LEVEL. INSPECTION OF TABLE SHOWS
SUCH SEPARATIONS DO OCLUR ; ALSO INCREASE OF AMPUTUDE, PARTICVULARLY FROM

FIRST TO SECOND THIRD, WAS CONSISTENTLY OBSERVED EXPERIMENTALLY. VARIATION
BETWEEN THIRDS IS THEREFORE REGARDED A5 SIGNIFICANT. SEE ALSO Fi6. 11().

(b) CHRONIC SLAB DATA

TABLE 19: MEAN VALUES, \-/MAx , N SEPARATE THIRDS OF ACUTE PHASE AND IN
CHRONIC PHASE, AND AT DIFFERENT DISTANCES, r, FROM STIMVULATED POINT :
COMPILED AS FOR TABLE 16

AC. PH.: IS THIRD |AC. PH.: 2™ THIRD | AC. PH.: 3%° THIRD | CHRONIC PHASE

() FVimlSVid N [Vind o VSV N Vo o [SVEVEI N [Vaod & [EVaolDoed N {Viod &
(V) [ (V) | Gl [ (W) () [ V) | (V)] (V) W) [ e | )] V) ()]
0,-09 [16-4|164 | 3) {0-53 0-50/i7-3 122:7} 3\ {056]0-65] 147} 164 | 31 0:47]0-55[250|234| 35 [0-71{0-40;
=1,-1-9 1236 | 19-4]48 | 04510-40]265|26-3| 48 {0-56{048| 311 | 3¢-1[48 | 0-65]0-58 [S88[92:6] 70 [0-84]075
-2,-2:9 |197 | 16°1 | 33 | 0-60]0-36 1225/ 21-1| 33 [04810-42258| 31} 33 078]0-63|35-9(744] 20 | 1-80]|0-70! .
-2,-39 [16:8 |18-9 | 30 [0-56/0:56]18:2|18:0| 30 |0-61{04817:3 |19-0| 30 |0-5810°55/24-5/27-8/ 48 10°51/0-57
-4 -49|U-7}9.9 | 38 |0:29/0-20{16:2[15°038 | 04Y0-46{ 19-0116°8 | 38 1050044 -07 |43 | 30 10-0210-69
-5,-59177|50| 27 [0:29]032i89 | 61 |27 [0:33]0-36] 78 | 53 | 27 [0-29|0-34(237]|294| 20 [1-18|0:26

24

6

3

18

5%

39

r

-6 -69|-1-2|54 |24 |-005047] -0 | 3-0| 24 10-04]0-35| 4-0| 54 oizioMd]| - |~} —|~i—~
-7,-79 -t5l08] 6 |-0-2510-16{-22} }-7 | 6 |-03710-39|-1-2 {0-7 10-2010-28 |-5°'4]3-2.| 10 [-0-54017
8,89~ |- |~-|-|-|~1]|- | =] -] =]=]-1-

-9,-99l0 o |&|oflojojO|3]|0|0O}O0 |0
0,09 [135{1-6| 18 [o¥slo29[ia-1 {16 [ 18 |078]0-18 (149|153
1,19 |34-8|371|59 |0-59(0-53|31-5 305 59 |053/0-4832:1| 340

olo|-|-|~I~]|-

0-83/0-41 [-1-58-4 | 20 }-0-58/0-30
0-54/0-53{830 lis8:2| 66 |1-26]0-30

2,2:9 |16°4 [184 |39 |042/0-54]19-8 |257(39 [0-5110-63124-1 73 0-6210-58124-1 | 376 121 {0-65
3,39 14-6{27] 18 [026]0-29[4-9 33|18 [0270-33 75|59 i8,[042/0-39|87|9-3 0-87{0-4l

20
10
4,4-9 297|312 39 {0-70-50124"| 268139 |0-62|0-55|266 [30:5(39 [0-68{0-86{57-6{69-0| 60 |0-76{0-48
So
10

5,59 147|133 |4 |0361035]59 | 52| |4 (04210441 4-) |31 14 [0-29{0-37[457] 693 0-9110-74

6,69 |16{10]|3 [053j022]12 [05]|3 0400081231203 1077/{028| = | —

7,79 |83 (64 |12 [069]0:24105{107 | 12 088} 035/137|210) 12 |14 [067) — | =~
6

8,89 |— | —|—|-{=-|-1-{-|-|-|-1]~-

9,99 |24] 11 | 6 |owo]o-15[3¢|25]| 6 |0voj022| 36| 23] ¢ 060j0-M[30] Il 0-30[0-14
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TABLE 20: COMPARISON OF DATA RECORDED ANTERIOR AND POSTERIOR TO

STIMULATED POINT:

(i) ACUTE PHASE: DATA OF TABLE |9 COMBINED FOR SEPARATE THIRDS:

irl ANTERIOR (r POSITIVE) POSTERIOR (r NEGATIVE)

(mm) EVn @ EVEed N Ve )] IV i) N Ve @] ol
0,09 425 | 385 | 54 | 079 0:30 | 484 | 555 | 3 | 0-52 1056
I, t9) 984 | 016 | 177 | 0-56 | 0-52 | 81'6 | 88 | 144 | 0-57 | 0-50
2,29 603 | 720 | 17 | 052 | 059 | 68:0 | 703 | 99 | 069 | 049
3,3'9 \7.0 9 54 0-3l | 035 | 523 | 559 90 0-58 | 053
4,4:9| 804 | 895 | U7 | 0469 | 054 | 499 | 417 ) 114 | 0-44 } 042
5,59| 47 | e | 42 | 035|039 | 244 | l64 | 81 | O30 | O34
6,69 51 | 35 | 9 05702 | 38 | 138 | 72 | 0-05 | 044
7,79| 325 | 3% | 36 | 0% | 0Bl |-4» | 32 | 18 }-027 033

8,89 - - - - - - - - - -
9,99 96 | 59 18 | 053] 0 e} 0 9 0 0
TOTALS| 360-5| 372:6 | 624 | 0-58 | 0'51 |323-5{338:6| 720 |0-45 | 0-52
PROCEEDING AS FOR TABLE 17, 897 CONFIDENCE LIMITS FOR SEPARATE REGRESS~

ION LINES FOR r POSITIVE AND r NEGATIVE ARE CALLVLATED TO BE %0-03 mV IN

BOTH CASES. .. SEPARATIONS 2 # 0-06wV ARE S\GNIFICANT AT 5% LEVEL. INSPECTION
_ OF TABLE SHOWS SUCH SEPARATIONS DO OCCUR j IN PARTICULAR, IN THE REG-ON OF

Irl = 3mm, me APPEARS TO PASS THROUGH A MINIMUM WHEN r IS POSITIVE BVUT A

MAXIMUM WHEN 1 IS NEGATIVE.

(11) CHRONIC PHASE : FOR DEPENDENCE ON |r|, SEE TABLE 19 ; WHENCE TOTALS!

ANTERIOR (¢ POSITIVE) POSTERIOR (r NEGATIVE)
zvﬂ-\x("v zvy%\x ("'2? N me‘("“‘,) o ("‘V> zvmx(‘“‘"\} ZVM’;,( N VHA,((MV) r(mV)
{TOTALS| 210-6 | 352-9 | 236 | 089 [ 0-84 |161-8 | 2651 | 233 | 065 | 08

89% CONFIDENCE LIMITS ARE *0.09 mV FOR r POSITIVE AND % 0-08 mV FOR r
NEGATIVE. .. SEPARATIONS 3 0-17mV ARE SIGNIFICANT AT 5% LEVEL. INSPECTION
OF TABLE |9 SHOWS SUCH SEPARATIONS DO OOWR, THOUGH QUITE UNSYSTEHATICALLY;
VARIATION IN Viax SHOWS NO ORDERLY DEPENDENCE ON VARIATION IN |r}.

TABLE 21: COMPARISON OF DATA FOR SEPARATE THIRDS OF ACUTE PHASE AND
FOR CHRONIC PHASE : DATA OF TABLE |9 COMBINED FOR r POSITIVE AND r NEGATIVE :

el AC.PH.: 15T THIRD| AC.PH.: 2%° THIRD | AC.PH.: 3%° THIRD | CHRONIC PHASE

TUdEVET N TVnd & [TVadZVE] N [Viod o [EVand2Vid N | Viod o [DVpdZVod N (Vo] &
(som) wVW il edleneler] omlen il e [@n]et] [
0,09 (29928045 |0-¢1 [o45[3r-4[3#:3[49 [0 e4l0-54] 29-6/31:7 49 Jo-e0]0-55/13-5]a-8] 55 Jo-25072]
} . 1-9 1584 156°5/107 |0-55]0-48 {584 5681 107 |0-5510-48 163-2{ 701 107 {0-55{0-55[141-8 [250 136 |1-04]0-88
1,2'9 136°1134-5| 72 10-50]0-48142-3 1468 | 72 |0-59[055149-9| 61-0] 72.10-69|0-61 [60-0 112:0140 |1-50{0-74]
3,-3'9 2141216148 (0-4510-50{23"1 |21 4—%‘ 0-48]0-46124-8124-9 |48 |0-520-50133-21371 |58 {0-SA0-56
4,4‘9 444 [42:11 77 [0-58/0-46140-3|41'% | 77 10:52]0-52{45-6:47-3 7710:59i0-51 569{83:3| 50 {0-63/0-73
5,5'9 124 {834l 030033 14-8 13[4l |036[0-38| 11-9 %4 (41 10-2910:35{69-4| 987 70 10-99|0-66
669 04 |6:4(27 |001/049| 2.2|35| 27 o-08l03H ¢3| 74 |27 oo = | = -
779 |68| 72|16 |03s|05i |83 |z4| 18 jowsloes]iz5|27| 18 |069]085]-54|32(10 [0S0
88| =] =| =]~ -1 - - -
999 |2:4 11| 9 lozzozzlz6|25| > baojoss|ae|23|9 lowdoailza|ii [0 [osdou

TOTALS [212:2]2057]448 [0°47]0-48(2244|20 71448 |0°50]051 [aarl2a8 448 |0-55|0:56 [3724 it of4o9 o7 043
[CONTINVED oN NEXT PAGE ]
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[TABLE 21 CONTINVED:]

PROCEEDING AS FOR TABLE {7, 897% CONFIDENCE LIMITS FOR THE FIRST, SECOND,
AND THIRD THIRDS OF THE ACUTE PHASE AND FOR THE CHRONIC PHASE ARE
CALCULATED TO BE 20-04mV, :0-04mV, *0-04V, AND & 0-06mV RESPECTIVELY.
.. SEPARATIONS > & 0.08 w¥ BETWEEN THE SEPARATE THIRDS OF THE ACUTE PHASE,
AND > 0-10mV BETWEEN THESE AND THE CHRONIC PHASE, ARE SIGNIFICANT AT 5%
LEVEL. INSPECT\ON OF TABLE SHOWS SUCH SEPARATIONS DO OCCUR, ESPECIALLY
BETWEEN ACUTE PHASE THIRDS AND CHRONIC PHASE ; ALSO INCREASE OF AMPLI-
TUDE DURING ACVTE PHASE WAS CONSISTENTLY OBSERVED EXPERIMENTALLY.
VARIATION BETWEEN ACUTE PHASE THIRDS AND CHRONIC PHASE IS THEREFORE
REGARDED AS SIGNIFICANT. RE. ACUTE PHASE THIRDS, SEE ALSO FIG~ 11 (b).
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3 STUDIES ON BURST - BURST DELAY, §
(«) ACUTE SLAB DATA

TABLE 22: OBSERVED

FREQUENCY DISTRIBUTION:

INTERWALY ORS.
OF § (wa] FREQ.
-40,-3%| 2
-35-31| ©
-30,-2| 1
<25, 7
-20,-16| 9
-15,-1 | 21
-10,-6 | 30
5,7\ | 40
0,4 | 17
5,9 | 54
19,14 | 56
15,19 | 39
20,24 | 28
25,9 | 12
30,34| 9
35,39 4
40,44 8
45,49 | |
5054 | 4
55,59 |
60,64 | |
TOTAL | 444

SEE ALSO F16. 12(a).

TABLE 23 : FITTING OF NORMAL DISTRIBUTION:

ORSERVED DISTRIBUTION HAS PARAMETERS THVUS ¢
TH * 2273 msecs, 362 = 100151 msecs®, N = 444

.‘.gﬂs-m.msoox. o = U illimiees, oy = 0-68 mascs .

IN FITTING A NORMAL DISTRIBUTION, DATA FOR
WHICH § € -5! msecs OR § 2 50 msecs ARE DIS~
REGARDED ; THIS GIVES REVISED WORKING
PARAMETERS THUS:

58 = 1958 msecs, E5' r §3526 mscca?, N = 438
.. g = 447 msecs, €€ 13- 08 msecs .

HENCE ARE CALCVLATED, USING STANDARD
PUBLISHED TABLES OF AREAS BELOW THE NORMAL
CURVE, EXPECTED FRE@QS. FOR COMPARISON
WITH OBSERVED FREQS. GROVPED IN INTERVALS
OF IS msecs SYMMETRICALLY (TO NEAREST Smsecs)
ABOUT THE MEAN.

INTERYAU EXP. | OBS. xE
OF  (meck FREQ. | FREQ.
<-ll { 5 40 6
0,4 | 167 187 2%
5,19 | 16l 149 ]
20,34 | 47 49 }
235 4 13 2t
TOTALS| 438 | 438 VR

3 DEGREES OF FREEDOM : X' > 8 SIGNIFICANT
AT 5 % LEVEL. .. NORMAL DISTRIBN. |S NOT SAT(S-
FACTORY DESCRIPTION OF OBSERVED DISTRIBN.
(BYT IS SATISFACTORY AT 0-5 % LEVEL).

TABLE 24: COMPARISON OF FREQVENCY DISTRIBUTIONS FOR SEPARATE THIRDS OF

AFTERDISCHARGES ¢

TOTAL |EXP. FREY x*

INTERVAL| 0BS. FREQ. IN THIRDS
OF §{mec) 157 2™ | 3w | FREQ. [PERTHRD 1% 2% | 3** |TOTAL
<] 5 7 7 19 ¢ o o) o} o)
-15,-u) 6 o 5 21 7 o] 1z 3+ 2
-10,-6| 10 3 12 30 10 0 ¥ + |
-5,-1 | 4 14 z 40 4 0 o + *
04| 45 | 35 | 37 | w7z | 39 | ¥ 0 Iz
59| 18 21 15 54 18 0 T p 5 {
0,14 19 18 19 56 18 o} s} o] o)
15,19 ] 13 10 16 39 13 o] | i 2
20,24} 6 10 Z 28 9 i o i 2
225 | W \S 12 40 4 Y o] o] ¥
TOTALS| 148 148 148 | 444 | wg 2% 4 4 0%

|18 DEGREES OF FREEDOM : %2 > 29 SIGNIFICANT AT 5% LEVEL. .. THERE 1S Y [o)
SIGNIFICANT DIFFERENCE BETWEEN THE SEPARATE THIRDS.
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TABLE 25 : MEAN VALUES, §, IN DIFFERENT INTERVALS OF MEAN DISTANCE,
¥, FROM STIMULATED POINT AND OF SEPARATION, Ar, BETWEEN RECORDING
ELECTRODES : COMPILED AS FOR TABLE 16 : NOTE THAT THE SIGN OF Ar I8
ALWAYS THE SAME AS THAT OF ¥:

7 \Ar] =0, 0:-9wmm |Ar] = 1, -9 vam 1Ar] = 2, 29 mm lar] = 3,3 Fmm

() [EB[ES| N|S | «|Z8138I NS - (25 28 N]S |« 28|28 N|B | o
o) |Gna) (m3) | (me) (ms) {GnsY (D) [(s) | tmd) (ma) [ (ms) [(me) | d) (n8) (D

— - — - - - - — - - - -

0,-05|-7 |es3| 9 |-7932{ - | -

-1 -1-9 |180 |4s2| 24 | 75|18 ]-170{5550 36 |~47] 1w5|aeofisaad 1 |74 158} = |~ | - | = | -
~2,-2:9{205|5151| 63 | 33| 83|17 [10274 69 | 2:6}12:0] 71 11331/ 24 |38 | 64| = | = | =} =} =
3,39 = | = | = = ~|=|=1=|-]~ |75 4287] 18 |10-0}18 |238|35i0] 18 113245
4,49 = —|~| -] -|sofc0| 9 [83|8I|~|=|~|—=l—]|=f=]=1—=1"~=
0,09 |-|--1-1-1-t=1=1-1-1=-t={-|-1-1-|-|"|-
1, 1-9 |Hoal4ood 18 [-58|1-9|-25(143| 9 |-28}29|41]457| 9 |-delBe| - =~ |- |~
2,2:9(105/875|18 |5:8|38 |15 [325| 6 [2:5|67 266 (9584 33 | 81 |15°0| 75432100 30 | 264 192
3,39 - =-j~-{-|-t-|-1-|-|-1-{-{=-{=-{-{-|-1-|-1-
e P I I e I e e e e e e T B e el Bl Bl Bl il s

INSPECTION OF TABLE SUGGESTS THAT THERE ARE INTERACTION EFFECTS WHICH,
BECAVSE OF UNEQUAL FREQUENCIES (N) IN DIFFERENT ¥ AND Ar INTERVALS, WOULD
INVALIDATE COMPARISONS OF DATA COMBINED FOR EQUAL ¥ OR Ar. HOWEVER, DATA
MAY BE ROUGHLY COMPARED BY TREATING PAIRED GROUPS OF DATA AS BINOMIAL
SAMPLES (i.e. BY SIGN TEST)!

() COMPARISON OF DATA RECORDED ANTERIOR AND POSTERIOR TO STIMVLATED POINT:
IN INTERVALS OF || AND JAr], NUMBER OF INTERVALS HAVING {srmw,m s 2*1
Sepos > Benes 18 I
WHICH 1S NOT A SIGNIFICANT CONTRAST AT 5% LEVEL. .. DATA OF TABLE 25 MAY
BE COMRBINED FOR ¥ POSITIVE AND ¥ NEGATIVE :

I7 |Ar] = 0,09 mm 1Al = ), 19 mm \Ac] = 2,2:9mm | |Arl= 3,39 mm

(mm) So I3 N & |o [Es |55 N |6 | o [ZS[=s{N|§ |« [XS[SS N |§ |o
(ms) | (ms) ) {(me) |ns) Jmd) (ms) | (ms) | (ms) |(ms*) @) |(ms) | @) | ] () [ens)
0,09 |-71{¢s3| 9 |-79(32| —| = | = | = | =l =|=|=) =4 ===~ )"
b, 19 | 76 9293 42| 1'8|14-8]-195|570i| 45 |~4-3/10-4) 313 1575960 |531183] = | = =}~ -
2,29 |310 [6025) 8] 38 | 270186 [10600 751 2-5] 16 [357)10917 57 |63 |12-3| 7934|3210 30 | 264 192
39| -1 ~-{~I={=1-{t-{~-!\-1= 179 W237| 18 110-0 11-8 |2381350f 13 32 45
4,49 || -|=| =]~ [eofRoofy |82|8V|—|—-f~-|—|—|=}=|={=}~

(it) COMPARISON OF DATA RECORDED IN DIFFERENT INTERVALS OF I
NUMBER OF CONSECUTIVE PAIRS OF || INTERVALS FOR WHICH, AT CONSTANT |Ad,
Shas tFl s i
§ VAS |F1 4 1S 1 WHICH 1S NOT A SIGNIFICANT CONTRAST AT 57 LEVEL (WHICH
WOULD REQVIRE 7:0 CONTRAST) ; BUT NEVERTHELESS IS NOTED iN THESIS.

(i) COMPARISON OF DATA RECORDED IN DIFFERENT INTERVALS OF lar]:

NUMBER OF CASES FOR WHICH, AT CONSTANT ||, {:?m 009§> $ad=1,19) 15 2
' <8( do )ISO
5 (Jarl =1, 19) > s(wm,z% 1$
S( do )<8( &% JIS2
Sl =2,29)> §(ad-335) 1S 0
S do )<B( do )IS
WHICH 1S NOT A SIGNIFICANT CONTRAST AT 5% LEVEL (WHICH WOULD REQUIRE

3 X 3:0 CONTRASTS); BVT NEVERTHELESS IS NOTED IN THESIS.
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(b) CHRONIC SLAB (ACUTE PHASE) DATA

TABLE 26: ORSERVED

FREQUENCY DISTRIBUTION:

INTERVAL} OBS.
OF G (m«) FREQ.
-70,66| 2
-65,-6l| |
-60,-51| 0
-50,-46 4
~45, 4l 7
‘40'.-3'67 l
3z-38 7
-30,~26| 12
<252 4
-20,-6 19
-15,-11| 30
-10,-6| 38
-5,-1| &8
0,4 | 66
5,9 40
0,14 | 44
15,19 | 42
20,24 | 23
25,291 13
30,34 hd
35,39 4
40,44 | 12
45,491 5
80,54 | 2
5589 O
60,64 5
65,79 0
80,84 | |
TOTAL| 447

SEE ALSO F16-.12 (b).
TABLE 28 : COMPARISON OF FREQUENCY DISTRIBVUTIONS FOR SEPARATE THIRDS OF
ACUTE PHASES:

TABLE 27 : FITTING OF NORMAL DISTRIBUTION:
OBSERVED DISTRIBUTION HAS PARAMETERS THUS:
28 = 187 mscos, TBY = 195732 miecs®, N= 447

58w 206bmsscs, o = 2073 muwes, oy = 00 9B maccs.
DISREGARDING § € -5l mecce AND B 2 50 maecs (AS
N TABLE 23), THESE BECOME:
6= 9L mscws, TG e 152307 mscest, N = 436

_“fé ‘2-'09m:.m, o = 18 58 msecs .
HENCE, AS IN TABLE 23 :

WTERVALL EXR | OBS. | .2
OF §(wx) FREQ. | FREQ.

<3| 18 19 o
-30,-16{ 59 45 3%
-5, -t | 121 106 2

0,14 132 150 2%
15,291 77 | 78 0
230 29 38 3

TOTALS| 436 | 436 i
5 DEGREES OF FREEDOM : X > I SIGNIFICANT

AT 5% LEVEL.. . NORMAL DISTRIBUTION IS SATIS-
FACTORY DESCRIPTION OF OBSERVED DISTRIBUTION.

INTERVAL| OBS. FREQ. IN THIRDS |[TOTAL. [EXP. FREQ e
OF S(msee)] 17 L 3R® | FREQ. PERTHRD 15T % | 3% | TOTAL
<=2 10 19 19 49 16 2 e X 3
-0, | 7 6 6 {9 6 0 0 0] o}
15~ | U 2 7 30 10 o = ! Iz
-0,-6 | 13 8 7 33 13 o} 2 \ 3
-5,-1 \7 14 7 38 13 | o) 3 4
C,4 | 25 | 25 6 66 22 T z It | 2%
5,9 5 13 12 40 13 X o) o} +
10,14 7 n 16 44 15 + ] o) \x
s, U 15 lo 42 14 + o} ¥ |
20,24 9 5 9 23 3 o] | o i
225 | |4 21 24 5% {9 it o} Iz 3
TOTALS| 149 149 | 149 | 447 |14 6x St 9 24

20 DEGREES OF FREEDOM : %+ > 3% SIGNIFICANT AT 59% LEVEL. .. THERE
IS NO SIGNIFICANT DIFFERENCE BETWEEN THE SEPARATE THIRDS.
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[TABLE 29 CONTINUVED:]
(iil) COMPARISON OF DATA RECORDED IN DIFFERENT INTERVALS OF lAr| :
NUMBER OF CASES FOR WHICH, AT CONSTANT |¥|
§§\Arl-0,0‘9) >T(ad = 1,1:9) IS 1; VICE VERSA IS L
S(lard =1,1-9) >§ (1ar] = 2,29) 1S 3, VICE VERSA IS |
5(ar1 =2,29) > 5(1Ar1 = 3,39) IS 2; VICE VERSA IS O
E(lar] =3,39) > § (1Al r4,4-9) IS O; VICE VERSA IS |
§(1act =4,49) > § (1ol = 5,69) 1S 1 ; VICE VERSA IS O
§Uarl =5,59) > 5 (lorl = 6,69) 1S | ; VICE VERSA 16 0 WHICH 1§ NOT A
SIGINIFICANT CONTRAST AT 5% LEVEL. .. THERE IS NO APPARENT DEPENDENCE

ON |arl.
() CHRONIC SLAB (CHRONIC PHASE ) DATA
TABLE 30 : OBSERVED TABLE 31: FITTING OF NORMAL DISTRIBUTION:
FREQUENCY DISTRIBVUTION: OBSETRVED DISTRIBUTION HAS PARAMETERS THUS!
TTERVALl 0BS. E£8 = ~1119 meecs, X8 = 105327 msecs”, N« i86
OF $(msec)| FREQ. S8 w -6 0L miecs, O = 2302 miecs, oy = 1269 muees
-120,-116 DISREGARDING § € -Simccs AND 8> 50 masce (AS

“gg.‘gz IN TABLE 23), THESE BECOME:

_75'.7| T8 & =509 msecs, Se*= 56027 msu&", N = 178
)

_70’..“ S8 5 -2-8Gmsees, o = |75 mseos.

-65, -6l HENCE, AS IN TABLE 23:

0,56

-55,-51 INTERVAL EXP. | OBS.

-50,-46 OF § (miw)| FREQ. | FREQ.

-43, -4 <2| 29 | 27

-5,9| 57 | 58
10,24 3 35
»25| 10 i

TOTALY (78 178 5%

4 DEGREES OF FREEDOM : X' > 9% SIGNIFICANT
AT 5 1 LEVEL...NORMAL DISTRIBVTION IS SATIS-

X&
)
20-6| &I | 42 | &
o
t
3k

9

}

U~
CARYRO PN O-ORO—-0OnO ~

5,9 9 FACTORY DESCRIPTION OF OBSERVED DISTRIBVTION.
0,4 \7
15,19 | 16
20,24 2
25,29 6
30,34 7
35,39 2
40,44 O
45, 49 |
TOTAL | 186

SEE ALSO FIG. 12(e). -
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TABLE 32: MEAN VALVES, §, IN DIFFERENT INTERVALS OF MEAN DISTANCE,
¥, FROM STIMULATED POINT AND OF SEPARATION, Ar, BETWEEN RECORDING
ELECTRODES : COMPILED AS FOR TABLE 25

R lArl = 0,0'9mw\ lAPl - ‘, 19 mm \AP\ = Q-;?-"mm ‘AP‘ = 3, 3 %mm

(m)zszslwﬁ e 156155 N |3 |« 55|28 N|S | |28z N |§ |o

ms) | (e {ms) {s) [(ms) | (m) @) [(m) | @m3) s (ms)| fos) | (ms) | ) ms) Jms)
<1, -19]-35[1575] 10 [-3512-0[3451972 20 [72[i3:8] — | ~ | = | =) =} = | =] = =] =
-2,-2:9|-610145300 8 |-72118-7;-65 1575| 10 |-¢511071 75 (025 8 | 94| 6:3]150 (4558 20 | 75|32
~449 = | = | =] = | = |[-w0{n50/ 20 |-50/208) ~ | =} |~} —| = -] =) =]~
-5.-5-’ - - — - | - -] - -~ - - - - - -} =110 |250] 10 |’O 49
t,i9lzsfasrg o 2sfaal - - - |- |- - |- || === |~]=|-|~
2,29 - |-|=-|-|-{-{-|-|-|"~- -uoswoi 10 |-240.4-0 |-89 (2829 20 [-4-4 W10
3,39 - | == |- |- [ussfuers 20 |uA79| = | =1 =~} —|-|~|"~ -1-
5,59 (-s12s|{ 10 |-18]32{ - |- | == |-{-|-|-|-|-|=l=}-1-1|-
2esl -1 -1-1-]-1-1-]-1-]-1-1=1=]=1|-~- |50 [BSH?I

PROCEEDING AS FOR TABLE 25:
(i) COMPARISON OF DATA RECORDED ANTERIOR AND POSTERIOR TO STAMULATED POINT?
IN INTERVALS OF |¥] AND |Ar], NUMBER OF INTERVALS HAVING S8 neo > Brpos 15 2
§rpos > §rNE<} 191
WHICH 1S NOT A SIGNIFICANT CONTRAST ; THERE ARE INADEQUATE DATA FOR
MEANINGFUL CONCLISIONS TO BE DRAWN. DATA OF TABLE 32 ARE COMBINED FOR
¥ POSITIVE AND T NEGATIVE :

l-\zl IA’" = 0,0'9n\m \A\"l = \, 19 mm \At“ b 2,?'91\'\»\ ‘A\"l L4 3, 39 mm
(mm)I%IS‘N§ e 1Es[EsI N [§ | o [ss[Es{N|T |o [SS|ES|N (T | &
{ms) [(ms?) (ms) (md) }me) | Gne') {ms) | (rs) | (ons) (ms®) (<) | () [(ms) (s {s) {(ms)
) ) -9 |-10 {6150} 20 |-0-5]17-5] 3455725 20 [172 38l - -t{~-t-1-]1-t-]-1~-1-
2,29 |-6101493d 8 721187 |-65 {1575} 10 |-65| 107 |-165]6925] 18 |~9-2]17-3 6\ [7427140 1151136
3,39 | =} === -4 wersl 20 -7l 79l - | =] = -~} - =]~ -] -
4,49 |- | - |- t=}i- ~jooloisol 20 [-5oj20 8l -~ -t - - =} -1~~~ |~
5,5'9 <15l125 | W |-15]32}) -~ | - -— - - | - -l - — ~ |10 |250] 10 10 149
2,79 -1-{-|-|=-I=-l-1=-1-}-I-1-|-i-1l- -13514025] 10 |-B5{4-9

(i) COMPARISON OF DATA RECORDED IN DIFFERENT INTERVALS OF |Fl:
NUMEBER OF CONSECUTIVE PAIRS OF |Fl INTERVALS FOR WHICH, AT CONSTANT larl,
$has el f s 2
§& AS IRl § 16 5 pWHIOH 1S NOT A SIGNIFICANT CONTRAST AT 5% LEVEL.
. THERE 15 NO APPARENT DEPENDENCE ON |Fl.

(iii) COMPARISON OF DATA RECORDED W DIFFERENT INTERVALS OF |Ar|:

NUMBER OF CASES FOR WHICH, AT CONSTANT |Rl,<§ (ar=0,0:9) > §lad =1, 1918
BC b D)< S( b )2
50ad=1,1-9)> Slar =2,2:9) 1S |
§C & 1<¢8( 4 IS
3(ar= 2,29)> 8QAri=3,39)1S 0
§8( & d<BC d )81

WHICH IS NOT A SIGNIFICANT CONTRAST ) THERE ARE WADEQUATE DATA FOR
MEANINGFUL CONCLUSIONS TO BE DRAWN.




