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“ . DESCRIPTIVE SUMMARY -

Epilepsy 1s a disorder of the nervodg syétém which 1s

characterized by recurring episodes of‘paroxysmnl, synchronized nerve

o2

cell activity, often accompanied by convulsions. The basic mechanisms

N

‘responsible for the ‘seizures are unclear, and the experiments described

. N . _
“in this thesls have utilized an animal model of epllepsy to study the

r

cellular abnormalities associated with this state.

The experimental epilepsy was created by daily repetition of

"mild-electrical stimulation “to certainlg?aih regions which, through an

effect known as kindling, produced an increased disposition to seizures.

OQur experiments involved the hippocampus, a brain structure which has a

)

low threshold for seizures and which 1s suspected to be a critical site

for the generation of epileptic.seizures. ‘ > )

Slices of hippocampus were dissected from unkindled and kindled
rats, and maintainéd'in an artificial apparatus mimicking the fluid

environment of the brain. This technique permitted ready access to the

’

tissue for purposes of stimulation and recording, and enabled the

-

manipulation of the lonic envi omment of the nerve cells. I

Our major findings may be summarized as follows: a) Hippocampal

slices from kindled rats did not display an increased tendency to

generate spontaneous épileptiform discharges, either in normal perfusing

~
\

"fluid, or in that contalning elevated levels of potassium. In sobme

s

“experiments, however, electrical stimulation evoked respounses which

reflected an increase in the excitability of the nerve cells generating
’

" the résponse. b) Electrical récordingq from single nerve cells showed

.
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that the basic properties of h¥ppocampal cells ‘from kindled, rats are \
a
unchanged. However, several more subtle alterations in the résponses of,

these cells to electrical stimulation were observed. These included an

~
N

"increased inhibitory‘response and an enhanced response to direct
. . 13

[
~

stimulation of the nerve cell membrane. .
These findings suggest that the hippocagpus may not develop

strong epileptogenic properties in a chronic f;rm of epilepsy. More

subtle alterationg in nerve cell proparties, however, may be components'

of the epileptic process.

LY
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N . ABSTRACT - e

:l ) .
“Repeated electrical stimulationof gertain brain sites in
animals leads to the pgogféssive development of clinical seizures, a

phenomé@on known as kindling. The basi® neuronal mechanisms underlying
/

‘this kﬁfect.may be similar to those invg}ved in human epileggy, but are

.
.

. . ‘ ) o\
not well urderstood)\ We have examined the properties of single qeuronis

_and populations of neurones in hippocampal slices derived from rats

~

kindled in the hippocampus, fimbria/fornﬁ&, perforant path, or amygdala,
and compared them with those of unstimulated gnimals.
At the neuronal population level, tissue from kindled rats did

not display an increased tendency to generate spontaneous epileptiform

activity. This was also the finding in ionic substitution ere?iments,
’ . ' . .
here the levels of. extracellular potassium were increased as high as 9.

-

mE4q/l. Electrical stimuiation of afferents to the CAl region evoked
synaptically-mediated population responses which é?re similar to those

»

of controls, except ‘for tissue derived ff;ﬁ rats kindled in the fimbria

TN .

or in the amygdala. In thege expériments, there was a tendency for

L]

multiple population spikes to appear in the responses 'to stimulation ané

this may reflect an increased excitability of the neuronal population.

[\

L4 N

e

Intracellular studies ¢f hippocampal CAl neurones from
amygdala-kindled rats revealed that the basic active and pfssive
‘membrane properties did not differ from-those of countrols. 'However, the
amplitude of the aftdrhyperpolarization follpwing synaptic activation

was increased in these neuromnes. In addition, the response to

intracellular injection of depolarizing current was altered in some

: (v) .o
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neurones, observed as an increased action éotentfal discharge during the
initial bhase of depolarization. ; -
" These find{ngs ar; discussed in terms of an apparent lmmunity of
-the hip;ocampus towards the development of chro?ic epileptog;nic
properties, and the ionic and membrane mechanisms which may be

responsible for the observed differences between kindled and unkindled

\ tissue. '

~ 2

¥

2



ACKNOWLEDGEMENTS

>
.

To my shpervisor, Dr. Grant Smith, go my heartfelt thanks énd
appreciation for Q}s enduring support of my graduate research. My ]
interest in nervous system organiz;tion and function was‘initiated by,
and nurtured through, numerous stimulatf%g discussions witﬁ'him. His
contributions\to my scientific and technical\training have made my stay
in his laboratory a most rfwarding one; -

My indebtedness to, and admgration fﬁr Dr. Ron Racine go beyond
words. He has been a constant source of motivation, ideas, and
encouragemsnt, and has contributed significantly to the
conceptualizations contained in this thési?.

Drs. Jack Diamond and David Inman have ﬁrovided invaluable
training and guidance throughout my graduate career. I consider myself
exceptionally fortunate to have had them as teachegs, and they receive
my deepest gratitude.

’

I thank the Russell Fellowship and Govermment of Ontario for
financial supﬁort.
\ Sﬁaron Hafner's skillful assistance in thé preparation of most
of the animals used In this thesis is gratefully agknowledged.
Denise Stevens has been a constant source of love, patience, and
(most importantly), amazement. Her assistance in the preparagion of

this thesis deserves much thanks.

Finally, I thank my parents, for thelr gift of understanding.
\ :

(vid)



d

TABLE OF CONTENTS

Descriptive Summary «c..ceceecoeen cteectenanns sesevetone vecseveene 114
ADSEFLACE e verocnvecsosonctsoasoassosasossesssossnsssosssssosacnms v
Acknowledgements «.ceosseieccsssteososasecncasersasorscssrsasvssssase Vil
Table OFf CONEEOLS ccecerescceccsocssccsssssnscsssonasvcvnossacnaes VIii1
LISt Of FIGUIES seeeeeaseevesvrsocssossssnssanasssasssssnsansnass X
List of Tables .esevvierecerenernrentassdoccororsionnrenonosonens X1

CHAPTER 1 GENERAL INTRODUCTION

Objectives of the Present Study Ceeeeeeteenrecanneantenans
An Overview of Human Epllepsy cceceevtocrecctervsocsanansas
Basic Features of Human EpllepSy ¢ecceetreerireencansvnnes
Selzures vg. Epllepsy scesteetescenassorocnsoscnnccscnonns
The Diversity of Epllepsies eceeiecetioseresaciosssccsnssnnss
What Are the Important Questions? R S § |
Experimental Approaches to Epllepsy .ievecstevecscesseasss 13
Acute vs. Chronic Models eececasesesvssctoscnssrossrsancssses L&
HYPOLHESES eevereoeseoncareonsosoosvorocsanessnasesnnsanass 19
The Kindling Phenomenon «.eceeeeicercencrssosarasarsasssases 21
Bagsic Features of Kindling .cceievecennrecetancoccnevenses 22
Electrophysiological Aspects of Kindling «eeeeeececrcnooss 24
HypothesSes eecenssersscioctsccancrsasescensonssssssnnvases 27
Kindling As an Experimental Model of Human

EPLlepSY teveercostoosorsonsetssssssaqrovrovecosasscavse 28
The Hippocampus and Epilepsy svescriercerecorennsasnsaonnses 29
Anatomy and Physiology of the Hippocampus ..cecveescereces 30
Peculiar Epileptiform Properties of the Hippocampus ...... 32
Clinical Observations esievescsesscenssccsososecnonosseses 33
In Vitro Studies of Epileptic Phenomena in the

HippOCAMPUS eoeestocossssenssosnsssstnstasasssstosastsecnces 36
SUMMATLY +eoeteasososrassasnenssvestsasavssccasasssasaareness 36

TN .
CHAPTER 2 EXTRACELLULAR STUDIES®
N

IntroductiOn cevececeencrorcoransssessssesssssssassseasnses 39
General MethodS esssceeeressccesiescseassssarsonsssssnsncas 40
KINdlIng ceovesesesscnaceocscscasssacocasssnsapsensssnsnees &40
Preparation and Maintenance of Hippocampal Slices ........ 4l
Electrophysiological Techniques s.ccecvesssscvececasennes 44
Selection of Slices Slices for Study .eeeivecsescsennnossnes 45
ReSults sieseesvvenasoaces steececssan Sieetsecrestmnrssrnnans 49
Slices From Unkindled rats ¢eieecerocsvrsscononcasssacnses 49
Hippocampal KIndling eevecereescerecsceccseccnrcnnosassses S4
Kindling of Hippocampal INputs «essscesersscsnccersvoncses 57
Kindling of Amygdala cedeeeeeecesrsesseasssessostecssassees 959

Summary otnonoocooooo--o;--oouoooo-oo.qcconooooo.--oa-o... 61

¢« o
N e W~
-
Om\lU\p—“

» * e & e © o 0o o
WWWWWRNN N = O
« s . o o
W -

T e N S o e S e N ]

PSR

.
SW -

P s
.

st
.
w

. .
>

. s . PR
. » . . te .
S W - & W -

NN ON NN DN DN N
WR N PN N =0

-

L3

(viii)
-



-

pls
) L] () - Y ) L]
S

.

.
& o -

., e

WWLWLWLWWLWLWLWWLWWLWLWWWL
.

WRNNDN NN ~ - O

.
.

e o o o o o o
e o o o .
P BN FLRN S WM -

.
WWNhoON NN ~~ 0O

PP R R R N R LR R R A

« o e
& LM —

s
S W ww

CHAPTER 3 INTRACELLULAR STUDIES

Introduction ..... Seeeenns teeeens et ertinaenanas eeerseanae 102
MethodS weceeosinicasnossvensrssnsessnsessosnsatsseresassnas 102
Subjects eveoesacesrssess s sre™esssssassrevessescessntsoecssces 102
Apparatus for Intracellular Recording «e.veveceveeceasesss 103
Methodology of Impalement and Recording ..........c.. sese. 105
General Criteria for Acceptable Penetrations seseesecess,. 109
Recording Protocol sveeeececsrevacisorsostocscssnssnsonsse 111
RESULLS 4 ovecosososcssssossscsveosvsassassossensssnsssascsas 112
Properties of Subthreshold Synaptic Responses «...usveeee.. 112
Properties of the Action Potential ...ccveveeeerrnceedenes 113
Hyperpolarizing Potentials ssveeevevecroconnsvsnsseesneres 113
Effects of Polarizing Current «.c.coeesececocsccsscocescos 114
SUMMATLY sevsaassasessnansas eeenean Chieesacsrens P 115

CHAPTER 4 GENERAL DISCUSSION

Summary of Findings ..l..ceieiicciiianialiiiinnnn. veeeer.. 128
Extracellular Studies ...cveceeeecesecesorsnavssssceasseses 128
Mulriple Population Spikes in Hippocampal Slices ¢.ocoes.. 128
Spontaneous IIS Discharges in Hippocampal Slices ....evees 132
Comparison With Other Studies civieivvevecseccecananns ceeea 133
Intracellular Studles civeseecreecscnsrvacsossssnerssssssas 135
Resting Membrane Properties and Action Potentials ........ 135
Synaptically Activated Potentials ceeeeeerveverseeosevansss 136
Current-Induced Bursting «e.ceseveseoeiccsoomosseasasseess 137
Comparison With Other Studies scciveeviccitvereveesncesess 138
~ Implications for Role of Hippocampus in Epilepsy «vsevssss 139
Hippocampal Immupity to Kindling-Induced .
Hyperexcitability P P |
Artifacts of the In Vitro Technique ............. crteevseas 142
_ Insensitivity of the TechniqUe «+eeveeresireerasonssnnsons 143
Lack  of Critical Neuronal Aggregate ....... ceersasreensees 144
‘Further Studiles ceeeseceeessecnstessscseciossnssccesssaves 145

REFERENCES « e ¢ et e v vopecesossnesnossnssosasesscsasaaneses 147

(ix)



LIST OF FIGURES .

Fig. 1-1 Schematic Diagram of HippocampusS ..eeeececcececsscsecss 38
Fig. 2-1 Photograph qf Slice Chamber «eieeivecvscesceeseaacssnas 71
Fig. 2-2 Schematic Diagram of Stimulating and Recording

APPDAratu8 o eveeecvovscossearsoosscscssaseassecassssosases 73

Fig. 2~-3 Responses of Normal Hippocampal Slice ieeecesceesensass 75
Fig. 2-4 Additional Features of CAl Response iticicespecscenseoee 77
Fig. 2-5 Additional Features of CAl ResSponse .eiceveieccvncecseass 79
Fig. 2-6 Responses to Elevated [K+] in Perfusate -seeececovanene . 81
Fig. 2-7 Typical Responses from Hippocampal-Kindled Rat ........ 83
Fig. 2-8 Atypical CAl Field Potentials from Hippocampal-

Kindled RAL veccrosvesorseccssesassssrasssassrsonsssses 85
Fig. 2-9 CA3 Bursts Transmitted to CAl ....... ciacesassseas seess 87
Fig. 2-10 Additional Features of CAl Field Potentials ...icovqee. 89
Fig. 2-11 Additional Features of CA3 BUTSLS ceevvecsvonreoncssoss 91
Fig. 2-12 Additional Examples Of CA3 BUISES eeveensesascscssscsss 93
Fig. 2-13 Peunicillin Effects ...civceermrrrvroeviacsnnns cresrreas 95
Fig. 2-14 Spontaneous BursSts .escceecesesccssssvsoccarsossosssancnss 97
Fig. 215 Isolated CAl NeuUYONES «.scoseeseccsssconssonsssasvasenss 99
Fig. 2-16 Isolated CAl Neurones: Responses to Stimulation ...... 101
Fig 3-1 Input Resistance Measurement «+..eeveesossssessoceosenses 119

Fig. 3-2 Synaptic ReSpONSES .teevesesesessscssaserosassa cesaas .o 121
Fig, 3=-3 Action Potentials ...vvsevcvensnnenens vessshiesaesnaees 123
Fig. 3-4 Responses to Direct Activation e.eeevessnrsoscccsonsses 125
Fig. 3=5 Responses to Direct Activation ...eeiecevsenceennnnnons f27.

‘ -

“4
¢

1

(x)



ranl

Table
Table
Table
Table
Table
Table

Table

-

LIST OF TABLES

-

Stergotaxic Coordinates «evesssecesieatccnececcsreecenss 64
Control S1iCeSs cevecercovcennsetsnacsassssssarsnsssnnsss 65
CAY KINd1iNg seeveeosonmecssnassscnsssssssccscssnsansess 66
Fornix/Fimbria Kindling «..veeececrrecscsenecsaccsncess 67
Perforant Path Kindling .eeieevsescessorsseccscrsesenceas 68
Amygdala Kindling .ecevevecocecrccssacssscesosscsvessse 69
Neuronal Properties .eeeeeeeececsnsesrscsnssssovocesessas 117

. e

(x1)



-

CHAPTER 1l: INTRODUCTION

£

1.0 The Objectives of the Present Study

The human epilepsies are disorders of the nervous system,
4

characterized by recurring episodes of neuronal seizure activity which
may generalize to produce convulsions. The basic cellular mechanisms
responsible for the abnormal neuronal discharge, and the means by which
seizures propagate to involve many areas of the brain, are not well
understood. Clinical data describe precipitating factors,
neuropathological characteristics of biopsy and autopsy tissue. The
experimental study of epilepsy in the human, however, faces severe
limitations. Ethical and technical considerations limit the range of,
experimental manipulations which may be attempca& with human subjects.
As a result; numerous animal models of epilepsy have been‘deQeloped,
which offer varying degrees of control over (a) the nature and site of -
the epileptogenic lesion and (b) the duration and severity of the
seizures. o

A §§rtiCUlar1y interesting method for the experimental

)

production of epilepsy involves the repeated induction of seizure
activity in certain brain regions. The stimulation may be electrical
current or a chemical rconvulsant, and the parameters are chosen such
that the initial application of a low intensity stimulus produces only a
local epilepfz}s?m;afterdischarge. With daily repetitions, however, the

seizures intensify, propagate to other areas and evengually generalize,

-~



This progressive alteration in brain excitability, termed 'kindling" by
Goddard, McIntyre and Leech (1969), reflects apparently permanent
modifications at one or m&r; levels of nervous system organization. The
use of kindling as an experimental model for human epile;sy rests on the
assumption that these changes may be analogous to those involved in
certain types of clinical seizures,’particularly to complex partial

seizures of temporal lobe origin (Adamec, Stark-Adamec, Perrin and

Livingstone, 1981; Albright and Burnham, 1980; Perrin and Hoffman, 1979;

.

Wada, 1978),
Many of the important questiéns in this form of epilepsy concern
the concept of focus, its origin, localization, adh neurophysiology. 1s
there only one primary focus, or are there 'several foci? What is the
relationship between the pathology (in clinical epilepsy) and the focus
of\epileptiform discharge? What are the properties of neurones in a
focus? What are the mechapisms underlying the development of focal
hyperexcitabilit&, and how do these contribute to the generalization of
selzures? ‘ - )
The hippocampus is often suspected of p{aying a key role in
temporal lobe epilepsy. Medically-intractable seizures of temporal lobe
Y origin are often treated neurosurgically by resection ofaEemporal lobe
\\\ergctures (Purpura,'Penry, and Walter, 1975). The most commonly
employed techniqde involves removal of varying amounts of hfppocampal
tissue as well as other limbic and cortical glssue (Falconer and Taylor,
1968; Olivier, 1983). Glaser (1980) maintains that removal 6f the

hippocampus is critical for successful surgical therapy of complex

partial selzures. Ammon's horn sclerosis, or hippocampal neuronal loss
t

.



is the most common neuropathological finding in epileptic patients

(Mathiesen, 1975; Mourigzen Dam, 1982).

~

Experimental studies of normal hippocampus have demonstrated

N

that (a) it is ope of the most seizure-prone areas of the brain (Green,
r

1964); (b) it is highly sensitive to many convulsant agents, such as

kainic acid (Lothman, Collins and Ferrendeli, 1981; Nadler, Perry and

-

Cotman, 1978a, 1978b; Nadler, Perry, Gentry and Cotman, 1980) and

’

penicillin (De Feo, Cherubini, Mecardli, Dicorato and Ricci,,1982;

. Gloor, Hall and Coceani, 1966); (c) it display; properties
characteristic of hyperexcitable neurones, such as paroxysmal cell
bursts (Kandel and Spence?\\l961; Fujita,‘l975) and spontaneous
electroencephalographic (EEé) spikes (Vanderwolf, Kramis, Gillespie and
Bland, 1975; Wadman, Lopes da Silva and Leung, 1983); and (d) it
displays a high degree of synaptic plasticity (Bliss and Lomo, f973;.

Lynch, Gall and Dunwiddie, 1978), .
. L

Direct evidence that the hippocampus develops epileptogenic
properties and plays a pacemaker role in seizures has been difficult to
-obtain. One reason.for this difficulty is the extensive
interconngctivity of the hippocampus with limbic and other structures,
such that the origin of epileptiform-activity is difficult to ascertain
with hrecision. In addition, measurement of neuronal properties in the
in situ hippocampus is hampered by many methodological obstacles. For

example, high quality intracellular measurements are difficult -to

obtain, and the ionic microenviromment of neurones is difficult to
‘ 4
control., The development of in vitro brain slice preparations suitable

for electrophysiology (Yamamgto and McIlwain, 1966) offered an
AN



~ .
v

opportunity to examine the mechanisms of seizure generation with a
degree of resolution n¢f available in vivo. The hippocampal slice’

(Skrede and Westgaard, 1971; Yamamoto, 1972), while maintaining much of
the intrinsic circuitrx of the hippocampus, is free from the influences

of other brain structyres. In addition, its ionic and pharmacological

'
a

A
enviromment can be manipulated with relative ease. .
¢ ’

The cellular and synaptic substrates required for seizure
generation are present in the hippocampal. slice .preparatiomw., a

Application of convulsants such as penicillin or bicuculline can trigger

robust- spontaneous seizure activity (Schwartzkroin and Prince, 1977).
v

.

The mechanisms of epileptiform discharge generated by acute expoSure to
“convulsants are now understood in considerable detail (e.g. reviews by

S
Andersen, 1983; Schwartzkroin, .1980), but the relevance of these

.

findings to the chronic epileptic state remains‘togbe tested.

The experiments in this thesis address 'the role of the

) N
hippocampus in the generation of epileptiform activity in kindled rats.

Slices of hippocampus were taken fram animals squecteg to kindling ¢

-

. stimi;ation in a variety of brain areas, and their in vitro
electrophysioloélcal properties were compared with those, of normal
animals. Our hypothesis was that the hippocampus, being predisposed to
seizures, should display an increased incidence of epileptiform activity

in the kindled preparation. The mechanisms underlying this activity

~

could be pursued utilizing the advantages afforded by the in vitro

technique. Specifically, the responses of neuronal populatiouns to
. 5 .

specific afferent inputs were examined, and the membrane and synaptic

properties of individual neurones were measured.

i
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1.1 An Overview Of Human Epilepsy

€

There are two major reasong why it is important to search for
the neural mechanisms of epilepsy. It has been estimated that 0.2%-0.5%

of the world's population suffers from epilepsy. While some forms of -

epilepsy are relatively innocuous, its most severe manifestations can

produce total invalidism, or even status epilepticus and death.

~

Epileptic individuals may also experience social and psychological
problems, as well as side-effects of anticonvulsant msdication. A
better understanding of the neuronal basis of epilepsy should be of

value in designing more effective strategies for diagnosis and therapy. -
>

The second reason, perhaps of more "importance to a

neurosc ientist, is a heuristic one. It has been discussed quite

eloquently by Arthur Ward:

""The application of [the Aristotelian approach] to biological
problems has not been easy. As a consequence, there is a segment of.

modern research in the neurosciences which consists of the documentation

of elegant data obtained with sophisticated instrumentation under
precisely controlled counditions which may ultimately make little

contribution to our undérstanding of the functioning brain. However,

L
¢

there is a research strategy that almost ensures that the data generated
L L .

will be relevant. This is to utilize the experiments of nature to

provide clues, which can now be taken to the laboratory and studied with
our modern, powerful tools. Epilepsy is such an experiment of nature...

-

Experiments generated utilizing the clues provided by a study of
the condition of epilepsy in the human brain may not necessarily yield

data and hypotheses that increase our understanding of epilepsy, but it

*
]
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‘ a
is probable that they will add relevant knowledge to the neurosciences.

It has been said that physics owes more to the steam engine than the

1

steam engine owes to physics., It was, after all, an attempt to

,understand the physics of the steam engine that led to the development

v

of thermodynamics. Thus neuroscience may ultimately owe more to
epilepsy than epilepsy owes to neuroscience." (Ward, 1980, page 1)

This 'prophecy' had aiready seen some degree of fulfillment,
A%

b

Perhaps the best example of this was the kﬁoy}edge gained about the
localization of function in the cortex as a result of stimulation
mapping during neurosurgery fo; medically intractable epilepsy (e.g.
Penfield, 1969).

| Epilepsy has proven to be a most difficult phenomenon not only
to diaénose and treat, but simply to define. Although H;ppgcrates was

convinced of a natural origin, it has been attributed to gods, demons
L

.and unnatural acts (Temkin, 1971). It was first perceived as a
Y

distinctly neurodlogical phenomenon by nineteenth century physicians such
et - , S :

as William Gowers and ‘Hughlings Jackson. Jackson's contributions were

many, but two stand out in importance. First, he clearly distin@%ished

between seizures which were of unilateral origin and spread througho#t a

limb in a stereotypical fashion, from those which showed & nearly

simultaneous onset on both sides of the body. A second, and perhaps
more fundamental contrtbution, was the postulate that all forms of
epilepsy were due to a common pathology which resulted in a "sudden

excessive temporary discharge of neural ,tissue' (in Taylor, 1931). This

[y

"epileptic neuromne" hypothesis continues to generate controversy in

experimental epileptology, and is central to the experiments in this



thesis. Gowers, on the other hand, differentiated "idiopathic' from

organic forms of epilepsy, and argued that an "imbalance of nervous

Aenefgy" was responsible for epileptic seizures (Gowefs, 1901). In spite

of considerable progress in clfﬁical and experimental methodoiogy, our
present-day undérstanding of the cellular mechanisms undefi;ingafll
forms of:epilepsy has advanced remarkably little over that of these
pioneering neurologists.

4 ' -
1.1.1' Basic.Features of Human Epilepsy
‘ The principaf characteristic of epilepsy is the epileptic
seizure, or ictus. Our present—day concept of a seizure owes much to
the idea; forwarded by Hugbl%ngs Jackson, who prOposed.that:
"Convulsions and'oéhgr paroxysms are .owing to sudden, excessive, and
temporary nervoug.dischgrges...h (in Taylor, 1931). "The
ele?troencephalogram (EEG) of an epileptic individual can displa} a wide

variety of abnormal patterns representative of seizure activity. The

simplest is a transient epileptiform "spike" or "spike-wave complex",

O“

which m;y be obéervéd during the period between seizures. These are ,
called "interictal" spikés.(IIS), and their EEG localization in the
brain is an important technique for-identifying the site of an epileptic
focus. The ne:rones responsiblg for LIS generation éxperience sudden
and excegsive depolarizatisnS'of Membrane potential, usually accompanied
by a high frequency discharge of action potentials. This "paroxysmal
depolarization shift" (PD;; Matsumoto and Ajmone-Marsan, 1964) is now

considered to be the hallmark of an acute epileptiform event, although

the mechanisms of its generation are the subject of some controversy



(see section 1.2). Ictal EEG phenomena .are characterized by a phase of
periodic, high voltage, synchronous, oscillations (tonic phase) followed
by bursts of complex waveforms interrupted by silent periods (clonic

phase). The ictus may last from several seconds to many minutes, and is

followed by a period of depressed neuronal and EEG activity. If
electrical stimulation is applied to a tissue which is pfedisposed,fo
épileptic aétivity, then a seizure which outlasts the stimulation may
result. This event is referred to as an afterdischarge (AD), and is

seen in the EEG as a prolonged series of sharp deflections on the order

of 100 uV and at a freqﬁency of about l/second.

.

& The behavioural events associated with seizures vary, depending

on the anatomical location of the discharge, its duration, and its
pattern of propagation throughout the nervous ‘system. Interictal events

. I3 .' . A - '
may not be perceived by the individual experxegcxng them. .
‘ 4
Alternatively, if they .involve an area of the brain which is associated

with control of movement, a brief muscular contraction or twitch may

occur. A seizure yhfch does not generalize, but remains restricted to a

particular region of the brain (focal seizure), will produce a behaviour

’

representative of the functional output of that region. A generalized

seizure which

.

and loss of consciousness.

involves brain areas extensively .may produce a convulsion

1.1.2 Seizures vs Epilepsy

Two important distinctions  must be made in the study of

epilepsy. One is the distinction between non-epileptic and epileptic

seizures; the other i§ to differentiate between a seizure and epilepsy.

»

The first issue is of considerable importance. in the clinic, for
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epileptics are sometimes misdiagnosed as having other conditions.
Equally often, disturbed forms of behaviour are mistaken for epilepsy.

A .

N \ .
Examples are anxiety attacks, hysterical (or "psychogenic") attacks, and

L)
fits due to a variety of biochemical and vascular disorders (transient

*

ischemia, hypoglycemia, etc.). These often mimic behaviourally, the

major components of petit mal, absence, and other forms of partial

seizure. Only the specific high voltage electroencephalographic
discharge characteristic of epilepsy should be accepted as evidence of

an epileptic bas?s to any particular symptom, Pedley (1984) points out,

however, that the EEG recorded at the cortical surface is not an

unequivocal indicator of the presence or -absemce-of egilepsy, gince

patients with confirmed epilepsy have shown normal EEGs. As an

. 1 . 13 . . - . " -
b
operational definition, however, it is useful to associate a ''genuine

. "
eplleptic seizure" with the "EEG spike'", the signature of epileptic

”

hypersynchrony. (.

The ocher.distinction to be made, that between epileptic
seizﬁres'end epilepsy, is of primary importance in the development of
experimental models of epilepsy. A single, isolated occurrence of a
seizure cannot be taken to represent genuine epilepsy. For this
purpose, the definition.of epilepsy most commonly adopted.is one which

emphasizes/ the recurrence of epileptic seizures. "By definition; human

on characterize y excessive discharge of

~c"erebr'al neurons." (Jasper, 1972, p. 585)., Similarly, there are many

agents which can induce epileptiform seizures in an experimental animal,

but unless the seizures recur over an extended period of time, the
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preparation is of value only as a model of eplleptic seizures, not of

eplilepsy.

1.1.3 The Diversity of Epilepsies
The recurrent seizures of epilepsy are seen in a wide variety of
clinical and electrographic manifestations. As pointed out by Jasper

(1972), this may be attributed to the inherent diversity of the neuronal

P

circuitry of the nervous éystem. It may also reflect a heterogeneity of
mechanisms underlying the generation and propagation of seizures.
Jasper supports thé view that the human eplilepsies may be symptoms of a

variéty of diseases of the brain, rather than a disease in {tsef%.

\,

The perplexing diversit? of eplleptic phenomena 1s evident_from
2 points of view: neuropathology or precipitating causes, and the

different clinical manifestations of selzures.

-~

Meldrum (1981) has surveyed the numerous genetic, biochemical
and metabolic factors which are known to trigger seizures, or creage a

predisposition to sefzures. Precipitating factors such as trauma or

.+

disease could act via a number of possible pathways to initiate

seizures. Neuronal loss and/or deformation, and astrocytic

-

proliferation are the wmost common neuronal pathologies associated with

selzure activity, and could be a result of, the seilzures as well as a
cause. ‘ .
Epileptic seizures can usually be classified according to their
) {

clinical and electroencephalographical characteristiss (Gastaut, 1979),
and include: (a) partial selzures or seizures beginning locally; (b)

" generalized selzures or seizure§ without local. omset;- and (c)

b
- -
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predominantly unilateral seizures. Partia% seizures may posgsess
elementary symptamology such as localized epileptic myoclonus or
somato-sensory signs. Depending on Lhe anatomical substrate, they may
also be associated with ideational and affective disturbances, and a
loss of consciousness. Generalized seizures do not display any sign
referable to a specific anatomical swustem, and are usually bilaterally
synchronous and symmetrical. They may result in "abseqies" and léss of
consciousness, or tonic clonic ('grand mal'z convulsions.

Since an epileptic patient may have several d&fferent kinds of
seizures, a classification of the epllepsies is more difficult to
establish. A modification of the selzure c%gsgific%éion has been
proposed by Gastaut (1969) and basically divides the epilepsies into
primary generalized, secondary generalized, and gartial epllepsy. A
study of over 6000 p;tients accordigg to this classification indicated
£hat 23.5% of all cases were unclassifiable. The remaining cf;ssifiable
cages consisted of 37.7% generalized epilepsx and 62:3% partial epllepsy
(éaﬁtaug, Gastaut, Goncalves de Silva and Sanchez, 1975). The single
largest su%group (39.7% of all classifiable éases) was that identified
as partial efilepsy with complex symptomology ('temporal lobe ‘

epilepsy').

LY
1.1.4 What are the important questions? (

As with any other phenomenon involving the nervous system and

A

behaviour, a satisfactory understanding of epilepsy must involve

. , L
explanation at, and extrapolatioh between, levels of organization. In

rEd
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the case of human epilepsies, many questions appéar at each level of
ﬂervous system organization. )

a) Molecular: What is the genetic locus for tﬁe inherited
predisposition to cextain forms of seizure? What are the molecular
mechanisms whereby many drugs and métabolites trigger‘seizuresé

b) Cellular: Some neurones in an epileptic focus display”
paroxysmal bursts of high-frequency discharge. Is this due toLt;;
abnormal development of membrane hyperexcitgbiliiy? Is It due to an
imbalance of synaptically-mediated inhibition and excitation?

¢) Neuronal Aggregate: What are the mechanisms by which largé
ensembles of neurones display hypersynchronous discharge (interictal’
activity) between perlods of seizure activity (ictal activity); How
does the transition from fnterictal to ictal activity take place? How
does selzure activity terminate?

d) vNeural Subsystem: Why are some regions of the brain more
seizuré-pipne than others? Are there certain reglions of the braim which
tend‘to develop ifto primary focl and act as pacemakers for other’ areas?
What 1s the#nature of an eplileptic focus in terms of number of
participating neurones and thelr intrinsic abnormalities?

e) Nervous System and Clinical Expression: Why are many cases
of epiiepsy not assoclated with a detectable pathology% When a certain
pathology Is presentw why does {t result in epilepsy in one individual,

but not in others? Why do many patients with abnormal EEGs never

experience clinical seizures, while wmany seizure-sufferé?s have -

apparently normal EEGs? Why do some ¢pilepsiés appear suddenly, with no ’

obvious precipitating factor, while others show spontaneous remission?



Why do some seizures generalize? Why are some generalized from their

onset?

1.2 Experimental Approaches to Epilepsy

The role of experimental models 1s a central issue in the
investigation of the mechanisms of egilepsy. Our ultimate goal is to
‘ understand epileptic phenomena in the human, and to use this knowledge
to develop effective diagnostic and therapeutic techniques. However,
experimentation with h;man ebileptic patients poses many ethical and
mechodologicai problems. The developmen;'ofugood animal models of
epilepsy has become a major challenge for experimental neuroscience, and
has resulted in a‘broad ar;az,of preparations, each with its advantages

and disadvantages. Wada (1977) has proposed the following properties as

Indicators of a good experimental model: (1) It should be possible to
exercise precise control over the volume of neural tissue which becsmes
epileptic. (2) The process of creating an epileptic focus should not
involve destruction of tissue. (3) The time course of seizure
development should be subject tg manipulation by the experimen{er.
(4) It ;hould be possible to trigger seizure activity in a controlled
manner and with a clearl; identifiable stimulus. (5) The preparation
should eventually develop spont;neous selzyre activity. (6) The °
chronol&gy of development of the pathophysiology should mimic that of
many human epilepsieg, i.e. possess characteristics of persistence,
éfogression, and even spontaneous remission.

« Jasper (1972) offers similar considerations, and scress;s the

’ .

{mportance of verifying that the electrical and behavioural properties

- -
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of the model can be tightly I%Pked to the analogous events in the human
condition. That this is not always a straightforward task is

illustrated by the obserEZCion, in an animal preparation, that

electrical seizures and the correspouding behavioural events can be

uncoupled during certain behavioural states. Therefore, both the

electr?cal activity and itsyrefétionship to convulsive movements must) S
resemble those in the human.

N The many different experimental models currently being studied
are extensively reviewed in the volumes by Chalazonitis and Boisson
(1978), Jasper, Ward and Pope (1969), and Purpura, Penry, Tower,
Woodbury and Walter (1972). The following sections summarize the
results obtained using two models i;lparticular, the penicillin focus
and the alumina gel primate model. Section 1.3 will examine the
kindling model in greater detail.

1.2.1 Acute vs Chronic Models

Two very different models of seizure activity have contributed a
substantial portion.of ouUr understanding of the mechanisms underlying
epilepsy. The first is a model of focal motor epilepsy and is created
by the subpial injection of aluminum hydroxide in regions of
sensorimotor cortex in monkeys (reviewed by Ward 1969; 1972; Lockard and
Ward, 1980). This techniﬁue produces, after some delay, a chranic,
recurrent, spontaneous epileptic state which closely resembles the hu(;n
condition in terms of nedropathology (Westrum, White and Ward, 1964;

Harris, 1980), seizure development (Ward, 1972), and electrophysiology

(Wyler,'Burchiel and Ward, 1978; Wyler and Ward, 1980).
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Several important findings have emerged from studies using this
" model. ‘ N

1. Neurones in the focus display a spectrum of
hyperexcitability, ranging from normal to highly epileptic (Wyler et
al., 1975). The highly eplileptic neurones generate all-or-none bursts
and may recruit surrounding neurones into a collective seizure
discharge.

2. The proportion of pacemaker neurones within a focus is
logarithmically proportional to the frequency of ictal ev;nts (Wyler et

al., 1978).

.

3. Gamma~aminobutyric acid (GABA) is probably the major
inhibitory neurotransmitter in the mammalian central nervous system
(Krnjevic, 1974). The alumina focus is characterized by reduced GABA
levels and a loss of GABAergic receptors (Bakay and Harris, 1981).’
These findings correspond to‘a loss of'GkBAergic nerve terminals in tﬁe
focus (Ribak, Harris,, Anderson, Vaughn and Roberts, 1979; Riﬁak,
Bradburne and Harris, 1982). '

4. A v‘riety of subtle neuronal changes .are seen in the focus,
but the most prominent are loss of dendritic spines and bulbous
distortions of the dendrites (Westrum et al., 1964).

In spite of these findings, the model suffers from several
drawbacks: 1Its effgctiveness is limited to cortical sites in primates;
it is expensive; aﬁd the focus devélops only after a delay of 35 to 60
days (Ward, 1972). Aﬁ aluminum granuloma or gliotic scar develops
(Ward, 1972), which presents technical diffiéulties to intraceliuiar

-

recording. Finally, the experimenter possesses little control over the
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intensity of, and the pattern of prépagation of, the electrical
seizures.

Most of our knowledge concerning cellglar events in focal
epllepsy 1s derived from another popular experimental model, the
penicillin focus (see reviews by Ajmone~Marsan, 1969; Ayéla, Dichter,
Gumnit, Matsumoto and Spencer, 1973; Prince, 1969, 1972, }983):;VTopical
application oé penicillin to the cat neocortex or hippocampueresults in_
synchronous epileptiform discharges generated by the underlying tissue.
This is an acute focus in the sense that the interict;1 and/or ictal
episodes persist only during the presence of.the drug, and thug lacks
the persistence and, recurrence characteristic of human foci. Another
disadvantage of this model is that most experiments using topical
convulsants also employ general anesthetics, thereby introducing a
potential source of interference. The major advantgge; of the
preparation are rapidity of onset, and control over the intensity and
theaanatomical extent of the epileptiform response. Unlike fhe alumina -
focus, intracellular recording is unhampered by scar tissue,.and
numerous studies have described the behaviour of neurones in the
penicillin focus under a variety of conditions.

Understanding of the cellular mechanisms which are responsible
for epileptiform activity has been the major contribution of studies
with the penicillin model. The following is a summary of the important
findings, derived from in situ studies of c;E neocortex and hippocampus, -
and from more recent w;rk on in ;itro brain slices exposed to penicillin

~

(see also section 1.5.4, below) -
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1. The precise mode of action of penicillin in generat;ng IISs
remains unceftain. It has been shown to reduce GABA-mediated inhibition
(Curtis; Game, Johnston, McCulloch agd McLacchlan, 1972; Davidoff, 1972;-
Dingledine and Gjerstad, 1979, 1980; Hill, Simmonds and Straughan, 1976;
* MacDonald and Barker, 1977; Meyer and Prince, 1973; Pellmar and Wilson,
' 19773 Van Duijn, Schwartzkroin and Prince, 1973; Wong and Prince, 1973),
induce reﬁetitive firing in presynaptic terminals (Noebels and Prince,
1977), decrease resting chloride conductance (Futamachi and Prince,
1975; Hochner, Spira and Werman, 1976), and ilncrease the excigability of
neuronal membranes.(Ayala, Lin aﬂd Vascorrett;, 1970).

2. Exposure~of neocortex to penicillin produces IIS's of 20-30
mV amplitude and 50-100 ms duration (Matsumoto and Ajmone~Marsan, 1964).
Simultaneously, the intracellularly-recorded membrane potential reveals
a PDS of up to 30 mV depolarization, and 90-150 ms in duration
(Matsumoto and Ajmone-Marsan, 1964). These potentials occur
sponténeously, and can also be evoked by afferen£ stimelation.
Qualitatively similar events have been seen in other brain areas exposed
to penicillin or other convulsants (e.g. Ajmone-Marsan, 1969;
Schwartzkroin, Brimley and Shimada, 1977; Schwartzkroin and Prince,
1977). |

3. The membrane properties of neurones exposed to penicillin
appear to be normal. Input resistance, membrane potential and action
potential characteristics are within the normal range (Andersen, 1983;
Ayala et al., 1973; Matsumoto, Ayala and Gumnit, 1969; Schwartzkroin

and Prince, 1978). There appears to be no change in the threshold,
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T
conduction velocity, or refractory period of afferent fibres_(Cjerstad,

4

Langmoen and Andersen, 1977), although Futamachi and Prince (1975) have
observéd an increase in the presynaptic fibre volley.

4. The PDS in neocortical and hippocampal neurones canqot'be
triggered by antidromif stimulation (Matsumoto gﬁ_;l., 1969; Mesher and
Wyler, 1976) or depolarizafion of the membrane by direct current
injection (Matsumoto et al., 1969; Prince, 1968a; Courtney and Prince,
1977). However, Kao and Crill (1972) have triggered PDSs by current
injection in motoneurons exposed to penicillin. )

5. The effects qf penicillin on excitatory post-synaptic
potentials (EPSP) are controversial. No effect has been repo;ted in
pencillin ;reated spinal cord (Du;n and Somjen, 1977; Davenport,
Schwindt and Crill, 1977), Mauthner fibre/giant synapse (Spira and
Bennett, 1972), Aplysia neurones (Wilson and Escueta, 1974), hippocampal

neurones (Schwartzkroin and Prince, 1980), and neocortex (Matsumoto et

al., 1969). However, Walsh (1971) and Gjerstad, Andersen, Langmoen,

Lundervold and Hablitz (1981), have observed an increase in the
amplitude and duration of EPSPs in motor cortex and hippocampus,
respecgively.

. 6. The effects of penicillin on inhibitory post-s§naptic
potentials (IPSP) are also ambiguous. Matsumoto and Ajmdéne-Marsan
(1964), Matsumoto et al., (1969), Prince (1968b), and Davenport et al.,
(1977) have reported no significant effects of penicillin on IPSP's in
contrast to most studies which report a suppression of GABA-mediated
IPSPs. Andersen (1983} suggests that the effects\gﬁ penici&lin on IPSPs

(in hippocampus) are likely to be complex in view of the presence of

several types of GABA receptors on both the cell bodies and dendrites of
’-s_\ "
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' . . . t
pyramidal neurones (Andersen, Dingledine, Gjerstad, Langmoen and

Mosfeldt-Laursen, 1980).

7. The ionic mechanisms underlying penicillin-induced PDS

generation are controversial. The 'giant EPSP' hypothesis (Ayala et-

al., 1973) is based on evidence that the PDS has many properties of an

®

EPSP (e.g. Dichter and Spencer, 1969b; Johnston and Brown, 1981;
Matsumoto et al,, 1969; Prince, 1968a, 1969). The "intrinsic
mechanisms" hypothesis (Prince, 1983; Schwartzkroin, 1982; Schwartzkroin
and Wyler, 1980) \is derived largely from in vitro studies on hippocampal
slices perfuséd with penicillin and ‘proposes that certain neurones
possess intrinsic burst generating mechanisms which are "disinhibited"
by penicillin. These mechanisms may involve the depolarizing
afterpotentials (DAPs) of spikes, fast prepotentials;, and
calcium-mediated dendritic depolarizations (Schwartzkroin and Prince,
1978; 1980). Reduction of GABA-mediated inhibition by penicillin (or
other means) gives rise to more intense EPSP-induced depolarizations of
these cells,;hich generate PDSs through these intginsic mechanisms .

1.2.2 Hypotheses u//\
The above discussion summarized the evidence that experimental
modification of synaptic and/or nonsynaptic properties can result in
epileptiformfactivity. Two very geheral hypotheses have emerged from
this work. Schyartzkroin and Wyler (1980) have combined the data from
the alumina and penicillin foci studies into a unitary hypothesis of
epileptiform neuronal dis;harge. . They propose that (i) neurones possess

intrinsic burst-firing properties which are "released" or '"triggered" by

extrinsic influences; (2) the PDS is an exaggeration of the normal

L
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burst-producing mechanisms; and (3) an excess calcium ion (Ca++) influx
underlies PDS generation.

The imbalance between hyperpolarizing and depolarizing
influences which leads to excess Ca't influx can be brought about in a

[N

number of ways.’' In the alumina focus, changes in cell morphology could
shorten the electrotonic length of the neurone. A more effective
depolarization of the action potential initiation zone (at the initial

segment) by synaptic and voltage-dependent ca™ currents would result. ,Q}

‘The loss of bABArérgic influences seen in the alumina';ocus would also
favour &epolarization of the neuron. .Similarly, inhibitory bléckade,
and possible enhancement of exclitatory synaptic drive, could trigger
excess Ca't influx and leaé to éell bursts\}n the penicillin-treated .
preparation. Other factors, such as changeslin the extracellular
Qflieu, specific membrane properties;, and dendritic ionic éonducténces,
are also proposed as contributing towards PDS generation.

&he secofid hypothesis postulates that'the PDS 1s a gian£ EPSP
(Ayala et al., 1973; Johnston and Brown, 1981). The strongest direct
support for this hypothesis Wis the Eonfirmagion of the synaptic nature
of the PDS éJohnston and Brown, 1981) by showing that it fulfilled all
of the characteristics one aog}d expect of a synaptic'potential. For
example, the probability of oc;:rrence of the spontaneous PDS was found
to be uninfluenced by changes in membrane potential. However, PDS
amplitude was dependent on membrane potential in a manner consistent
with the exigtence of a synaptic driving pozential. Fthherﬁ;re, it

could be reversed by depolarization of the neurone beyond the synaptic

equilibrium potential. Finally, voltage clamping of the neurone
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revealed the presence of synaptic currents larger than those assoclated
/
with spoantaneously-occurring EPSPs. This scheme proposes that a

Hecreage of inhibition leads to abnormally large EPSPs, but is not

¢

specific with respect to these mechanisms. While these observatiouns do

-
~

not contradict the presence of intrinsic mechanisms in PDS generation,

they do demonstrate that synaptic currents make an important

contribution.

To what extent are these hypotheses applicable to human
. ]
epilepsy? Both”propose that disinhibition is a major factor in the

generation of epiieptiform4act}vity, although they disagree with respect
to the underlyfﬁ% mec¥anisms of both the diéinhibition and the nature of
the PDS. Roberts (1980), drawing on a broad range of observations
complementary to those discussed above, also proposes that a loss of
GABA-ergic function'is consistent with many clinically and
ﬁ;experimentally observed corréiates of seizures, and that the tranpition

from an excitable to an epileptic focus hinges on a loss of GABA-ergic
t

efficacy.

1.3 The Kindling Phenomenon

The term "kindling” refefs to both a procedure and a process.
The kindling\procedure consists of the repeated induction of
!
eplleptiform afterdischarges by discrete electrical or chemical
stimulation of the brain, spaced over an extended period of time. The
kindling process is the sequence of widespread morphological, chemical,

and physiological changes which result from these afterdischarges, and

’)
which are specifically responsible for the development of an
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increasingly epileptic (kindled) state. The intriguding characteristic
of this state is that a stimulus which prdduced only a relativel} brief,
local epileptiform event in the normal state now triggers widespread
seizure activity, even convulsions, and bh%s effect appears to be
permanent. Something in the nervous system ﬁas changed, and the goal of
research on the kindiing phenomenon is to determine the nature and locus
of tlie change (or c@anges) and secondarily, to demonstrate how this
change generates the kindled statg. .

-

1.3.1 Basic Features of Kindling

»

The basic kindling procedure consists of the intermittent

\

application of low-level electrical stimylation to a brain regibn by
méans of chronically-implanted electrodes. Typical stimﬁlation
parameters are a one-second train of 60 Hz ;iﬁhasic constant current
pulses. The intensity of the pulses is usually adj;sted to be slightly
above the threshold for the production of a local afterdischarge. If
the electrographic events during and afterzthe stimulation are
monitored, it 1s‘found that the initial stimulations produce only a
brief, non—-propagating AD éf low-frequency (1—2 Hz) spikes.' With daily
repetition of the same stimulus, however, a series of electrograﬁhic and
Fbehavioural events develops. The locall};reCPrded AD becomes lodger-and
increases in amplitude and complexity. Other brain area;; which had
previously showed no response to the stimulation, bégin to develop
eplleptiform activity. Behavioural manifestations of the selzures begin

to appear, initially as facial and forelimb clonus, and increase in

severity until fully generalized convulsions develop. These are
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accompanied by widespréad selzure activity thrdhghout the brain.

Long-term repetition of the kindling stimulus can result in

spontaneously~recurring motor seizures.
— ]
Kindling possesses a number of interesting features., The effect
—_—

is long-lasting, since an animal that has been kindled and ief;

unstimulated for a period of up to several months, will still respond to

~~»

stimulation with a convulsiop. Kindling is not associated with major

structural damage at the site of stimulation (Goddard and Douglas, 1975;
Goddard et al., 1969; Racine and Zaide, 1978; Racine,; Tuff and Zaide,

1975), although more subtle ultrastructural alterations may be present. .
. -

Not all brain areas kindle ‘equally rapidly. The amygdala apﬁ pyriform

v

regions of the brain require the fewest stimulations to develop

generalized convulsions, while the hippocampus {equires.thé wost

Vs

(Goddard et al., 1969). g .
All of the conditions necessary for kindling have not yet been

identified, but two factors3mppear to be critical. The stimulation must

3

trigger AD activity for kindling to develop (Raéipe, 1972a), although

repeated subthreshold stimulation can reduce AD threshold and

<

subsequently lead to kindling. Secondly, protein synthesls‘is

necesséry, since its inhibition by anisomycin blocks the development of

e

kindling (Cain, Corcoran and Staines, 1980).

In examininé the kindling phenomenon, it is important to

‘ —

distinguish among the immediate, the short-term, and the long-term

”

effects of kindling stimulation. Peterson and Albertson (1982) propose
k -

A

a division of the phenomenon into (1) the kindling process (or Jfﬁ

acquisition phase); (2) the kindled seizure; and (3), the kindled state.

-



According to this scheme, repeated stimulation triggers various
biochemical and physiological changes, 4and these represent the dynamic

phase of kindling, or the kindﬁing proceé%. The end-product of this

phase is the establishment of the kindled stéte, which i§ characterized
by generalized convulsions, épontaneous*seizpres, etc.> Kindled seizures

represent a distinctive state of the aniﬁaf, as the physiologital /
‘ ) ’.

alterations which take place dufihg the se€izure and the bost*ictal

° - 1

period may be quite different from tﬁose.whiéh distinguish the kindled

- R

Péterson and Aibg?fson (1982) emphasize

*

state from the nofmal state.

>

the importance of this fact in evaluating exbérigenta} evidence; data

derived from an aﬁimal’severalvhours post-ictally may not be compérable
. ! o} B i
with that taken several weeks-.after the last kindled seizure.

Several reg}ewg have summarized most of thg available kindling
‘ . \ :

data (Goddard, 1983; McNamara, %yfne,,Dasﬁeiff:and FitZz, 1980;.Petersbn

. |

and Albertson, 1982; Racine, 1978; Wada, 1978). Much of the work to
. ) L ‘ 3 R
date has been directed tbyards exploting the phenomenology of kindling

in greater detail. Two specific topics will be discussed in degail

below: the elgctropﬁysiology of kindling, and the hypotheses concerning

kindling mechanisms. a -

-
N \ .
. * 1

1.3.2 Electrophysiological Aspects of Kindling

>

The first thorough studies of the electrical correlates of
kindling were performed by Racine (1972&f57i§ﬁa Racine, Okujava, and
Chipashvili (i972).‘ Thegé_s;udies described the properties of’. ’
developmen; and spread ofrthe afterdischarge, and the subsequent

patterns of motor inv?lvement. The basic electrographic phenomena
, M 7 .

. Y

-
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agsociated with kindling have gince been verified by other laboratories,
and in other species’(cf. review by‘Racine, 1978).

Racine, Gartner, and Burnham (1972) demonstrated an increase 1in
the amplitude of potentials evoked in secondary sites by single-pulse
stimulation of the kindling site. It was prop;sed that kindling was
accompanied by a strengthening of the connections mediating neural
transmission. This gtrepgthening, or patentiation, can be demonstrated
using a variety of kindling paradigms (Goddard and.Dogglas, 1975;
Racine, Newberry ana Burnham, 1975; Racine, Tuff, and Zaide, 1975;
Racine and Zaide, 1978) and bears a partial resemblance to the long-term
post—activ;tion potentiation (LTP) resulging from high frequency tetanus
of certain forebrain pathways (e.g. Bliss and Lomo, 1973; Douglas and
Goddard, 1975). However, it doeg not appear that LTP can account for
all aspects of the kindling phénomenon (Raéine, Kairiss, and Smith,
1981).* Evoked poiential studies have provided some indirect evidence

~th§§ kindling produces a lasting increase in inhibition iﬂ the dentate
gyrus (Goddard, 1982; Tuff, Racine and Adamec, 1983).

Spontaneous IISs résult from kindling, but their temporal
.patterns and mechaniéms of generdﬁion afg\fontroversiai. Fitz and
MacNamara (1979) reported the development of spontaneous IISs in all
amygdala-kindled animals, and thefr subsequent decline over a 5-day. .
period f0118wing the completion of kindling. These results are {n R
general agreement with those of McIntyre an@ Goddard (1973), Racine
(1972a), and’Wadé aq§ Sato (1974). Rats which demonstrate spontaneous
selzures as a result of long—terﬁ stimulation show a more persistiné IIS

activity (Pinel and Rovper, 1978).
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While most studies claim that the IIS is absent in the unkindled
animal, there have been.observations of IIS~like activity in the normal
hippocampus (Lopes da Silva, Wadman, Leung and Van Hulten,® 1982; Suzuki,
1983; Vanderwolf et al., 1975; Wadman et al., 1983). Several lines of:
evidence suggest that the IIS in the hippocampus of kindled rats may be
due to:an inhibitory process (Engel and Ackermann, 1986; éngel et al.,
1981b;'Fujita, Harada, Takeuchi,’ Sato an? Minami, 1983; Fujita, Sato,-
Takeuchi, Sato and Minami, 1983).

Compared to other models of epilepsy, there have been relatively
few gtudies done at the single—celi level in kindled animals. Racine
and Zaide (1978) and Racine et al., (1975) have studied the firing
patterns of ce®ls in the stimulated ;egion, and in the regions to which
it projects. The duration of evoked cell bursts and the action
potentﬁél frequency during the bursts was increased by kiﬁdling, both in
the st;?ulated‘site and to an even greater extenq~in projection sites.

Fujita and Sakarunaga (1981) recorded incracelluiarly from
pyramidal- cells of the kindled hippﬁcampus in cat, and found that
membrane hyperpolarizations acéompanied the gindled Ils: These
hyperpolarizations were larger in cells in kindled hippocampus than in
unkindled liippocampus (Fujita et al., 1983a), and could be evoked by
brain stem stimulation (Fujita et al., 1983b). ’

In a modification of the kindling procedure, Burchfiel,

Duchowny and Duffy, (1979) investigated the response of hippocampal
pyramidal Yells to iontophorétically—applied acetylcﬁoline (ACh) during

the period following an evoked afterdischarge. They found that a

2
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long~lasting supersensitivity to ACh developed after a latency of 40-60
minutes, and persisted for the duration of the recor?ing.

» Rece;tly, several electrophysiological experiments on the in
vitro hipp;campus taken from kindled rats have beeﬁ reported. Oliver,
Hoffer and Wyatt (1980) found that hippocampal slices taken from
pentylenetetrazole kindled guinea pigs could develop spontaneous IIS
activity by exposing them to elevated levels of potassium. The presence

\ -
of a convulsant was not required, Oliver aﬂa Miller (1982) reported
unchanged IPS? characteristics in CAl pyrami?al neurones from
commissural-kindled rats. However, Oliver and Miller (1983) have

reported a prolonged inhibitory process in granule neurones of

similarly-prepared rats.

1.3.3 Hypotheses

An hypothesis which ean account for all of the observed
features of kindling has not yet been put forward. The underlying
mechanisms could possibly involve disinhibition, by means of either
structural or biochemical degeneration. Observations of an apparent
increase of certain‘inhibitory phenomena accompanying kindling speak
sgainst this as the sole responsible mechanism., Similarly, the
enhancement of* synaptic connectivity between regions of the brain
participating in the seizure discharges cannot account for all of the
electrographic observations, but could represent a necessary component
for seizure spread and generalization. Corcoran ﬂ1980) has proposed a
model af kindling based on potentiation combined with an erosion of
inhibitory noradrenergic iéfluences. Racine et al., (1981) have

suggested that a chronic disinhibitory mechanism could provoke
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paroxysmal bursting using mechanisms similar to those responsible for
- e ‘ .

penicillin-induced bursts. Data at the cellular level is presently

insufficient to provide conclusive support for these proposals.

1.3.4 Kindling As An Experimental Model of Human Epilepsy

v

The criteria for‘f good experimental model of epilepsy which
3
were discussed in section 1.2, appear to be met by the kindling

»

preparation. Wada (1977) has summarized the attractive features of

electrical kindling as the following:

(1) The stimulated site may be chosen with stereotactic precision;

(2) No identifiable destructive pathology is introduced; .
'(3) The experimenter has control over the initiation and development
) of the-seizures.
(4) Seizure stages can, 1in most cases, be readily identified; ,
(g)rSpontaneous selzures may eventually develop; ) ‘
(7) Remission o{ seizures may also‘take place. .
No other labor?tory model of epilepsy offers as many advantages to the
experimenter.

nga (1977) also argues that the kindling preparation is useful
in the evaluation of antiepileptic drugs. Control é%er the development
and stage of the epileptic state in kindling facilitates the screening
of drugs for their prﬁphylactic action against developing seizures, and
their action against well-developed seizures. On the basis of
dose-response studies of anticonvulsa;ts on kindled rats, Albright and
Burnham (1980) propose that the amygdala kindled focal selzure mimics

14

closely the pharmacological behaviour of the complex partial seizure.

r
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This form of seizure has in the past lacked a sﬁicable pharmacological
model for the study of anticonvulsant drug efflcacy and mode of action.
The clinical relevance of kindling has several other aspects.
An important issue 1s !heﬂérogressive nature of the epilépsy, which
seems to involve the maturation of a focus, the development of secondary
focil, and the generalization of seizures. The "silent period” between a
head injury andcthe on§et of clinical selzure activity may be of several
months' or longer dd;ation. Pharmacologicaf'prophylaxis (Mutani, 1983)
during this period may avert the onset of epilepsy. In cases of
suspected complex partial -epilepsy of non-traumatic etiology, early

. , Y ~
surgical intervention has been advocated to avoid an intensification of

the seizures (Glaser, 1980; Olivier, 1983). These and other
observations have led to th;ssuggestion that a procéés similar to
/kindling may take place in human epileptic disorders (Adamec et al.,
1981; Goddard, 1983; Perrin and Hoffman, 1979). _Ongoing epileptiform
activity due to trauma or other sources codld serve as the‘kfédling
stimulus for other regions of the brain, andflead té a progressive
intensification of the seizure activity. Kindling may thus pro@ide \

useful hypotheses for the progressive development of clinical

epllepsy.

1.4 The Higgocampus and Epilepsy
As outlined é; the beginning of the chapter, the hippocampus

possesses a number of unique properties with respect go selzures and

epilepsy. This section outlines the physiology of the hippocampal

formation and discusses its epileptic properties.

4
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1.4.1 Anatomy and Physiology of the Hippocampus

The hippocampus is the most conspicuous structure of the‘limbic:
system. It is a long, horn-shaped body whose dorsal surface forms the
curvature of the lateral ventricles. The hippocampal complex consists
of the hippocampus proper and the dentate gyrus (or fascia dentata; see
Figure 1-1). Both of these structures can be further subdivided into
cytoarchitectonic sgrata and subfields. The hippocampus proper.consists

Fof four major subfields, CAl-4 (CA stands for Cornu Ammonis, derived
from the gross resemblance qf the hippocappus.to the horns on the sgatue
of Ammon; the term hippocampus reflects its similarity to a sea~horse).
These subfields, first characterized by Lorente de No (1934), differ in
certain details of neuronal morphology and connectivity. All are
composed of pyramidal neurones whose cell bodies are localized to
stratum pyramidale (refer to the ;ross~section of hippocampus in Figure
1-1), with their apical and basal dendrites extend%ng into str;tum
radiatum and stratum oriens, ;espectively. Cell bodies range from
20~-40 pm at their base and 40-60 um in height (Shepherd, 1979), the
larger ones being found~in CA3. The principal neurone of the dentate
gyrus is the granule cell.

The major fiber patﬁyays of the hippocampu§ are a) the perforant
pathway, which originates in'the entorhinal cortex and terminates on
granule celi dendrites; b} the mossy fibre system, ansisting of the
axons of granule celig and t%;ginating on CA3 apical dendrites; and c)

PR

, : P e
the schaffer collaterals (axon collaterals of CA3 neurones), which

course through stratum radiatum to make en passage synaptic contact with

-
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CAl apical dendrites. Further details of anatomy are presented in

Andersen (1975).

//’\\\ A remarkable feature of the hippocampus is its strikingly
stereotyped internal organization. The synaptic and cellular
organization outlined in Figure 1-1 is recapitulated throughout the
length of the structure. The hippocampus may be pictured as consisting
of a series of parallel lamellae, each of which is an elaboration of
this basic circuit (Blackstad, Brink, Hem and Jeune, 1970;°
Hjorth-Simonsen and Jeune, 1972).

This étructure has been one of the most extensively studied
areas of the mammalian central nervous system (CNS), and various
aspects of 1its physiology have been reviewed by Andersen (1975), Brodal
(1947), Green (1964), Isaacson and "Pribram (1975), Lopes Da Silva and
Arnolds (1978).,, 0'Keefe and Nadel (1978), and others. The
characterisciq response evoked by stimulation of an afferent pathway is
referred to as a population field potential, whiéh is the summated
extracellular potentiélhof all activated neurones (see Figure 2-2 of
Chapter 2). This response contaiqs pomponents which represent the
activity.of presynaptic fibres, and the postsyﬁhptic EPSP and action
potential (Andersen, 1975; Lopes Da Silva and Arnolds, 1978). The
latter responses are termed the "pbpulation\EPSP" and "population
spike”, respectively. . 3

-The hippocampal pyramidal cell rivals the Mauthner cell and the
spinal motoneurone as the most thoroughly investigated neurone in the

- vertebrate CNS. Intracellular studies of hippocampal neuronal

properties have been reported in cat (Andersen and Lomo, 1966; Andersen

-
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et al., 1964, 1969; Kandel and Spenéer, 1961; Kandel, Spender and
Brinley, 1961;‘Purpura, McMurtry, Leonard, and Mg}lian13 1966; Spencer
and Kandel,-1961a,b), rabbit (Fujita, 1975; Fujita and Iwasa, 1977;
Fujita and Sato, 1964), and rat (Finch and Babb, 1977, 1980a,b). Since
the He;elopment of tbe hippoc?mpal slice preparation (Skrede and
Westgaard, 1971; Yamamoto, 1972), numerous’investigations of pyramidal
cell membrane behaviour have been reported in vitro (e.g; revieys by
Langmoen and Andersen, 1981; Lynch and Schubert, 1980).
1.4.2 Peculiar Eplleptiform Properties of the Hippocampus

Comparisons -of the seizute threshold of different brain areas
have re;ealed the hippocampal formation to, be one of the most
seizure-brone areas of the brain (Andy and Akert, 1955; Correll and
Ingram, 1956; Delgado and Sevillano, 1961; Elul, 1964; Gibbs and Gibbs,
1936; Green and Shimamato, 1953; Jung and Kornmulle}, 1938; Kaada, 1951;‘
Leclercq and Segal, 1965ab; Liberson and Akert, 1953; Niemer, Powell
and Goodfelloy, 1960; Segal and Leclercq, 1965). Seizure activity in
the hippocampusréan be triggered secondarilyvfa sFimulation of other
brain reéion; (Elﬁl, 1964; Von Euler and Green, 1960) without triggering
an AD in the stimulated site. “The hippocampus is also exquisitely
sensitive to couvulsant agents, such as penicillin (DeFeo EE_QL.,*1982;
Gloor et al., 1966) and kaipic acid (Lothman et al., 198la,b; Nadler et
al., 1978a,b; ?adler, Perry, Qentry and Cotman, 1980; Robinson and
Deadwyler, 1981).

The normal hippocampus also displays some degree of spontaneous
eplleptiform activity. IIS-like activity has been reported to occur,

' L]
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though at a low frequency (Hartse ané Rechtschaffenr, 1982; Hart;e;
Eisenhart, Bergmann and Rechtschaffen, 1977; Metz and Rechtschaffen,
1976; Suzuki, 1983; Vanderwolf et al., 1975; Wad;an et al., 1953).
Single pyramidal neéurones, particularly those in the CA3 region, show
;pileptiform bursting characteristics. These cell bursts occur
spontaneously or in response to afferent stimQIation, and have been
recorded under a variety of conditions: (1) in the intact, anesthetized
preparation (Fujifg, 1975; Fujita and Iwasa, 1977; Fujita and Sato,

1964; Kandel et al., 1961); (2) in the freely behaving animal (Ranck,

19?3); and (3) in the in vitro hippocampal slice preparation -
(Schwartzk;oin, 1977;.:1978; Wong and Prince, 1978; 1981). Addition.of ////"“‘
convulsants to the slice preparation enhanges the, bursting and leads to YED

the generation of spontaneous population IISs ;Schwartzkroin and Prince,

1977, 1978, 1980).

1.4.3 Clinical Observations
Three families of clinical evidence implicate the hippocampus as
playing a key role in epilepsyf‘

(1) Neuropathological Ev%dence: A consistent finding in the -
neuropathological study of temporal lobe tissue from epilepti& patienté.
is hippocampal sclerosis (Brown, 1973; Falconer, 1971; Falcouer,
Serepetinides and Corsellis, 1964; Margeriséﬁ and Corsellis, 1966;
Mathieson, 1975; Meldrum, -1981; Mouritzen Dam, 1982; Scheibel) 1980;
Scheibel, (randall and Scheibel, 1974). 1In addition, Scheibei (1980)
and Scheibel et al., (1974) have reported loss of dendritic spines, and

.the development of nodulations along the dendritic shafts.

R



AN

34

(2) Neurosurgical Fvidence: When(temporal lobectomy is indicated
for treatment of mediciiiy intractable seizures, removal of the
'hipbocampus has been considered essential for effective seizure control
postoperatively (Falconer and Taylor, 1968; Glaser, 1980; Olivier,
1983). Howeve£, Rasmussen k1975, 1983) claims that residual spikiné in
unreseétedehippocampal tissue does not trigger clinical seilzure |
activity. - -
(3) Localization, Studies: In addition to the scalp-~derived EEG,
several other techniques are being used to assist in déte:mination of
_the site of an epileptic focus.  These include depth reco;ding with
stereotactically-implanted electrodes (stereocencephalography) (e.g. -
Cra;dall, Walter and Rand, 1963) and functional imaging of the brain ,
{Engel, 1983). The value of these tgchniqueq in cases of partial
7om;lex selizures is still controversial (e.g. Rasmussen, 1975).
However, individual patients sometimes show the onset of seizure
activity to be localized to the hippocampus (e.g. Brazier, 1972;\Lieb,

L 4

Walsh, Babb, Walter and Crandall; 1976). . » \\

3

l.4.4 In Vitro Studies of Epileptic Phenomena in the Hippocampus

The. in vitro slice preparation offers certain advantages for the
study of normal as well as epileptiform cellular bhenomena
(Schwartzkroin, 1981): (kzktechnical simplicity; (2) controi over the
condition of the préparatioa; (3) mechanical stability; (4) improved
visuaiization of tissue; (5) d%rect access to extracellular space due to

the lack of a blood-brain barrier; (6) absence of distal brain effects

\
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or neurohumoral influences; (7) maintenance of normal neuronal
organization.

The ability of the preparation to sustain penicillin-induced
epileptifporm acfivity has led to its popularity as an experimental
epllepsy model (Andersen;-1983; Prince, 1978; Schwartzkroin, 1980).
Slice étudies have shown that the mechanisms of PDS generation appear to
invo®fve several factors: (1) an antagonism of GABA—mediated inhibition
(Dingledine and Gjerstad, 1979, 1980; Schwartzkroin and Prince, 1980);
(2) an exaggeration of E?SP activity (Johnston and Brown, 1981); (3) an
activation of dendritically~located voltage-dependent calcium influx
(Schwartzkroin and Prince, 1977; 1978; Prince, 1978; Prince and
Schwartzkroin, 1978). -

The ability to manipulate the extracellular concentra€ions of
drugs has led to studies on the pbtency ofﬁgﬁiiconvulsahg agents against
penicillin-induced paroxysmal activity (Mueller and Dunwiddie, 1983;
Oliéer, Hoffer and‘Wyatt, 1977). The mechanisms of synchronization of
neurdnal populations 5;ring pénicillin;induced bursting (Traup and Wong,
1983a,b; Wong and Traub, 1983) hav; been studied by microsurgically
isolating small fragments of the slice and by mu%fi—electrode Fécording.
These studies have revealed that the CA2 region of the slice is a
trigger rggion, and thét locél synaptic integration processes serve to
syn¢chronize neuronal aggregates during the IIS. Recently, Milesland
Wong (1983) havé demonstrated,thgt single neurones can initiate and
synch;onize paroxysmal éctivity. .

Other in vitro studies have revealed that the hippocampal slice

can sustain paroxysmal ADs even when synapfic transmission is blocked by

J
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lowering the extracellular Ca** concentrations (Jefferys and Haas, 1982;
Taylor and Dudek, 1982). Ephaptic interactions among the tightly-packed

pyramidal neurones, fluctuations in extracellular ions or electrotonic

.

coupling between cells (MacVicar and Dudek, 1981) may underly this

~
phenomen%n.

1.5 Summary

_r Studies of the penicillin-induced LIS have provided insight into

\

the cellular mechanisms of burst generation and hypersynchrony. There

o .

are two major drawbacks of this'approach. First, it is limited to an
analysis of the acute, focal IIS, which is only one component of
epilepsy. It cannog address the questions of seizure spread,
geperalization, interictal-ictal gransfofmatidh, etc. Second, it
remains ;o Be demonstrated that the penicillin-induced IIS is an
accurate model of the IIS of!chronic human epilepsy. The alumina model
\ o~ '
of primate focal motor epileps§'is a chronic preparation, and bears a
stronger resemblance to certain forms of human epilepsy. However, it is
not an advantageous neurophysiological preparation, and it is not a good
model for the most common form of human epilepsy, that involving complex
partial seizures of temporal lobe origin. ‘

It was argued above that the kindling model overcomes many of
these disadvantages. Extensive neuropﬁysiological analyses of the
kindled brain have not been carried Sut, and the brain-slice p;eparation
offers an opportunity to perform experiments similar to$those whiéh have

studied the mechanisms of the penicillin~induced IIS, but on tissue

taken from an animal with a chronic form of epilepsy.

-
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FIGURE 1-1: SCHEMATIC DIAGRAM OF HIPPOCAMPUS (£roh Shepherd, 1979,
p. 309).

Inputs: right, fibers in the perforant (perf) and alvear (alv)
pathways; left, fibers arriving through the fornix (f); below, mossy
fibers (mf) from dentate fascia.

Principal neuron: pyxamidal'neuron (P); recurrent Schaffer
collaéeral (Sc).

Igtrinsic neuron: basket cell (B).

The hippocaméal regions are indigated by CAl-4.

The 1ayeré aré indicated on the right: S0, stratum oriens; SP,
stratum pyramidale; SR,‘gkratum radiatum; SL-M, stratum
lacunosum-moleculare. Another léyer, stratum lucidum, OCCurS(at the
"level of mossy fibers (mf) in CA3. -

Neuronal elements of the dentate fascia are shown at DF.

Inputs: from thg'right, perforant (perf) pathway; form the left
fibers arriving through the fornix (f). .

~

Principal neuron: granule cell (Gr) gives rise to mossy fibers

(mf).

Intrinsic neuron: basket cell (B).
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CHAPTER 2: EXTRACELLULAR STUDIES

2.0 Introduction

N

As desFribed in Ehe previous chapter, an in vitro preparation oF
the hippocampus exposed to a low concentration of a convulsant drug will
develop spontaneous bursts of multipeaked field potentials. The
extracellularly-record'd evoked responses, which dg;mdily consist of a
population EPSP and a single population spike, also develo? paroxysmal
characteristics. These events are believed to result largely from a
reduction of GABA-mediated inhibition, although the convulsants which
have been\studied may also have other effects. If similar processes
occur as long-lasting effects of kindling, then epileptiform activity
may be detectable in slices éf hippocampus taken' from kindled animals.
= .In the experiments described below, we have examined tissue from
animals which had been ﬁindled.by stimulation of the hippocampus. The
properties of the hippocampal population responses evoked by afferent
stimulatio;, as well as spontaneouys ;ctivities, wer; studied and
compared:with those of control rats. Several other groups of rats were
also exaﬁined, and these had received kindling stimulation either in a -
. pathway projecting to the hippocampus, or in another region of the
1imbic-syste£. For convenience, the term '"kindled slice" will refer to
a hippocampal slice.taken from an-animal which had received kindling
stimulation in any of the brain regions described below., It does not
imply that the tissue contained in the slice jitself has been kindled, or

~

is in a "kindled stafe". It is ome of the gogls of these experiments to

\
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determine whether the slices taken from kindled animals possess

epileptic propertfes.

2.1 General Methods

2.1.1 Kindling
The experimental animals used in the following study were
kindled to the stage 5 seizure level (Rai?ne, 1972b). The most recent

stage 5 seizure was evoked 24 hours prior to sacrifice of the animal and

preparation of the hippocampal slices. . During the course of kindling, a

P

N

variety of electrophysiological characteristics of kindling were

<

examined in situ (Kairi§g, Racine, and Smith, 1984)., The experiments

described below were concerned with the characteristics of the

hippogampal slices taken frém these and control animals.

.
+

The kindling stimulus was a one second train of biphagic, one
millisecond durétionhpulses, with a péak'co peak current intensity of
400 pA and a frequency of 60 Hz. Stimulations were applied daily; Four
kindling sites were used in this study: the hippocampus, the perforant
pathway, the fornix, and the amygdala. The stereotaxic coordinates for
these sites are listed in Table 2-1. Four different groups of animals
were studied, each stimulated in one of the above kindling s&tes until
at least three stage 5 (evoked) seizures had developed. A fifth group
of animals served as a control group .and consisted of implanted

(unstimulated) aniwmals.

rd
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2.1.2 Preparation and Maintenance of Hippocampal Slices

The in vitro techniques émployed in these experiments were
similar to those reported by many laboratories (c.f. reviews in Kerkut
and Wheal, 1981). Adult male rats, of the Long~Evans strain, weighing
between 150 and 400 grams were used in these stqgigs. They were either

—

purchased from Quebec Breeding Farms Ltd. or raised fr a breeding

population maintained within Ehe Department of Psyéhology a
University.

The rat was anesthetized with ether (anesthesia grade,
Mallinckrodt, Paris, Kentucky) and decapitated. If a skull cap

connector was present, it was carefully pried off with a spatula
v

o

assisted by bone scissors. The scalp was slit along the midline to
expose the skull, which was removed with a pair of rongeurs. Care was
taken to avoid excessive compression of the underlying brain. The dura
usually came off with ;he bone, but if it remained a small scalpel was
used to slit it at the margins of the exposure. The brain could tﬂén be
lifted out of the skull caviE& with a small periosteal elevator; which
also cut the remaining cranial nerves. The brain thus freed was dropped
immediately into a small beaker of ice cold oxygenated artificial
cerebrospinal fluid (ACSF).

Following a brief (10 s) immersion in this bath, the brain was

placed onto a block of frozem ACSF, .with a small depression in its

centre which served as a dissection chamber. With the brain lying on

.
-

i1ts ventral surface, the cerebellum and anterior third of the brain were
cut off by-a scissors~like motion of a palir of number 1! surgical

scalpels, A small midline cut severed the callosal and commissural
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fibres, and the right neocortex was peeled away with a spatula, exposing

the darsal portion of ghe hippocampus. Reflection of neocortex and

entorhinal cortex continued until‘ the entire right hippocampus was

visible. The spatula was then used to cut the fimbrial and entorhinal

connections, thereby freeing the hippocampus. It was lifted out and
placed in a small dish of ice cold ACSF, and allowed to cool for -~

approximately 30 seconds. The hippocampus ipsilateral to the stimulated

region (usually the right lobe) was removed for study. In a few cases,

- , -~

both hippocampi were dissected. .
The tissue chopper (based on the design of Duffy and Teyler
(1976)) was prepared by gluing, with rubber cement, a disc of No. 1
filter paper onto the teflon cutting surface, and wetting it with a few
drops of eold ACSF. The hippocampus was positioned, dorsal surface ﬁp,
on this cutting stage ana chopped into slices of 450 micrometres
(pm) nom%nal thickness. The slices génerally adhered R?‘the cutting
blade (Valet "Auto Strop'") and were removed by a fine sable hair brush
and transferred back to the cold ACSF. In most experiments, from 4-10
slices were cut from‘the middle third of the hippocampus. The tissue
was transferred to the recording chamber (described below) using a
D .

wide-bore gl;ss p&pqp{é. The entire procedure, from decapitation to
placement 6f slices in the“final incubation environment, occupied
approximately 5 minutes. ~ .

\ Ipitial éxpe}i;enﬁs were performed in a chamber constructed
according to the description of Spencer et al., (1976). This was a

static (non-perfusion) design and consisted of .a thermostatically-

controlled water bath and inner recording chamber. Later experiments
' A T '

}
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were performed As a perfusion chamber (purchased from West Coast
Instrumentation, Moss Beach, California) similar to that described by
Schwartzgroin (1981) (see figure 2-1). It was modified to permit better
control over the level of perfusate in the recording chamber, and a more
convenient arrangement of reference electrodes for stimulation and
recording. The slices rested on a nylon mesh covered with Kodak lens
tissue. The ACSF flowed into the recording chamber from an opening
belo§ the’mesh, flowed over the slices and drained into the surrounding
ditch, from which it was. removed by suction. fhe ACSF was prewarmed to
35°C and continuously bubblé‘g with 9-52102/57;’ C; it was then
gravity-fed to the chambe; at a flow rate controlled either by a pinch
clamp or a preqision needle valve kFisher). Flow rate was-.adjusted to
"approximately 2.5 mls/min for all experiments. The outer chamber of the
apparatus consisted of a water bath which was heated by a coil of
nichrome wire. A feedback circuit maintained the temperatur; of the
ACSF in the ﬁi ording cﬂamber at 34.5°C £ 0.5°C directly below the
.'slices. The gas mixture of 957 0,/5% CO? was also bubbled through thé‘
outer water bath and the resulting warm, oxygen—enriched atmosphere was
directed over the surface of the slices by means of a system of
manifolds built into .the cover o} the chamber.
Reference electrodes for the recording chgmber were Ag-AgCl

sintered wires (A—M Systems, Pen%:) sealed in place and led oug to gold.
pin cénnectors. The slices were illuminated’ from above by a focussed

microscope illuminator powered by a well-filtered 6VDC power supply. A

similar supply powered the heating circuit, and appropriate shielding

™
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and grounding techniques were emplgyed to minimize noise pickup by the
re;ording apparatus.
The ACSF was composed of (in mEq/l) the following ions:
Nat, 151.25; k¥, 3; Bpo,*, 1.25; Mgtt, 2; catt, 2; mco,”, 265 €17, 131;
and 10 mM dextrose. When saturated with 95% 0, /5% CO, and warmed to
34.5°C, the pH of the ACSF was 7.2. b
Slices were allowed to incubate in the recording chamber for
approximately one hour before recording was begun. During tﬁis period,
littlg electrophysiologi;al responsiveness, apart from fibré potentials,
couid be detected. Synaptic responses generally appeared 30-45 minutes
following dissection, and usually reac;;d stable values within 60
minutes. Tissue prepared as 'described above maintained stable
electrophysiological ity for perilods of up to twelve hours. Less
reliable ictivity co;i:3:: detected up to 20 hours after dissection.
Most data collection, however, took place within eight hours following

preparation of the slices as this period seemed o represent the most

stable phase of the preparation.

2.1.3 Electrophysiological Techniques

Recordihg}glectrodes were pulled from plain capillary glass, 1.5
mm OD, on a vertical puller (Model 900, David Kopf Instrﬁments, Tujunga,
California). The tips wére broken back to 1.5-2.5 uym by percussion, and
were backfilled under péessure with 4M NacCl. %hey were connected with a
Ag-AgCl bridge to either an AC-coupled (P1l3) or a DC-coupled (P16, Grass
;nstruments, Massachusetts) amplifie}. Recorded signals were displayed

on an oscilloscope and photographed, or stored in the computer (PDP/8e,

o
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Digital Equipment, Massachusetts) for further anaiysis and plotting. A
schematic of the appﬁzﬁtus, including that used in the intracellular
studies of the next chapter, appears in Figure 2-2.

Stimuli weré delivered with a monopolar or bipolar arrangemeﬁt

of etched tungsten wire, tip diameter approximately 50 jm. Stimulus

L4

pulses were géneréted by digital stimulators (Series 830, WP

\

Instruments, Connecticut) and coupled to the electrodes by photon

“

coupled, constant current isolation units (WPI series 850). Typical,

IS

stimulus paraﬁeters‘consisted of diphasic pulses, 100 us .in duration, of *
200 pA peak to peak intemsity. Stimulus current never exceeded 1000
178

The basic recording protocol consisted of the following: Upon
complétion of the 1 hour incu;ation period, a recording elegtrode was
inserted int; che‘slice in various cell body regions to detgct;;he

presence of spontaneous population potentials. The .CAl region was

examined most thoroughly, but CA2, CA3, CA4, and ‘the dentate gyrus were

2
n-

also studied. Single-pulse stimulation at ;ncreasing intensities was | ﬂ\\‘\
then applied to afferent fibres, i.e. the pgrforént pathway to activate

the dentate granule cells, the mossy fibers to-activate CA3 pyramidal

cells, and stratum radiatum (Schaffer Collater%ls) to activate CAl

pyramida} cells. Double-pulse stimulation consisted: of a pair of

pulses, with a varying inthr—puige interval (IPI). The characteristics

of the test (second) response were studied as a function of those of the X
control (first) response characteristics and of the IPI. Finally, brief
high frequency trains of stimuli were applied to the various afferents,

and the responses before, during and after the trains were compared.
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The above measurements were performed at three different levels of [K?]
in the perfusaté: 3mEq/l, 6mEq/l, and 9mEq/l. A few slices were also
studied in 12 mEq/1 [K+]. ACSF containing 3mEq/1 [K+] will be referred
to as "3K" or "nofmal medium”, since in situ measurements indicate this
to be the physiélogical concentration of the ion in the extracellular
.space. 'ACSF containing 6mEq/1 and 9mEq/l potassium levels will be
referred to as "éK" and "9K",.respectively.

-

2.1.4 Selection of Slices For Study

°

Initial experiments with the slice preparation demonstrated that

trauma or anoxia to the slices during their dissection or study could

*

‘ produce either a severe depression of electrophysiological
responsiveness, or in some cases, epileptiform activity (see Dingledine
et al., (1980). and Langmoeﬁ and Andersen (1981)). These abnormal

appearance of the slice. Unevenly cut and/or torn slices were often

electrically depressed or hyperexcitable, as were slices whose surface

®

appeared dry, probably due to inadequate humidity in thg*chamber.
- . g
Occasionally, however, slices showed abnormal behaviour, in ghé absence N
'of such physical signs, and it must be assgmed that some other fac;ors
are responsible. Possibilities include an excessive anoxia during
dissection, and compression of the kissue during sliging. Rs experience .
increased, the number of depressed or hyperexci;a@le slices per
dissection decreased. It was standard procedure howeveq, to eliminate

from study slices which failed to respond to maximal stimulation with a

CAl population spike of at least 6 mV, and the majorit; of slices
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examined in these experiments had .maximal population spikes of at least
10mV .

Another important methodological issue concerns the experimental
protocol. 'Frgm four to ten slices were usually prepared from each

i
hippocampus and transferred to the recording chamber., Slices with 4

obvious phyiical damage were immediately discarded. A preliminary
electrophysiological survey of the remaining slices identified thase
which met the above-described electrophysiolSEical criterion for
viability. The number of slices which were studied in each experiment,
tﬂén, was determined by the number of physically and

electrophysiolegically intact slices, and the particular experimental

protocol. 1Ideally, this protocol should be identical for all

experimental and control groups, but deviations from a.standard protocol

occurred for several reasons. Long-term electrophysiological stability
of recordings could»be\fhsured by minimizing the number of repeated
insertions of the eleétrodes into aﬁy particular slice. ‘The most
reliable observations were those in which the eiectr;dgs remained in one’
po§ition for an exteﬁded period of time. On the other hand, élices
taken from th; same ‘hippocampus could differ due either to differences
in their preparation, or to a& inhompgeneity of hippocampal propgrties
(in unkindle] as well 'as kindled rats). This fact demanded that as many
slices as possible be examined.. The standard protocol represents a

compromise among these factors, subject to the comstraints imposed by a

limited useful lifetime of the preparation. Slices which displayed

peculiar electrophysiological characteristics were studied more ;g
4 1
extensively and for a longer fraction of the experiment, sometimes at -

the expense of performing a thorough examination of the remaining

Ve,
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slices. . Those slices whichfwere not recorded from for a sufficient
length of time to ensure the stability and reliability of the observed
electrophysiological responses were excluded from the analysis. As a

result, the number of slices comprising each experimental group varies.



2.2 Results

This section péesents five groups of experiments: one control
group and four experimental groups. The control grodp contains pooled
'data from implanted, unstimulated controls from each of the experimental
groups, together with results from naive £ats. Each experiment will be
prefaced by an introduction, followed by a ﬁ}esentation of the data,

. o~
The results for all groups will be discussed together Lin Section 2-3,

~

2,2.1 Slices From Unkindled Rats

3

Data for this group of experiments are summarized in Table 2-2.
No spontaneous field.potentials (in 49 slices) were observed in any
slices perfused with normal (3mEq/l [K*]) medium. Comparisons of the

potential fecqrded by the extggbellular electrode when immersed in the

v

ACSF in the recording chamber and the potential when it was inserted

into a slice revealed no differences greater than approximately 500 V.

14
Such small differences are likely to represent electrode tip potentials

due to partial ébstruc;ion of the ngn/iip by tissue. These potentials

D)

.

were usually quite steady and persisted even when the slices became

unresponsive as a result -of deterioration or prolonged anoxia.

. v

Single~cell activity was sometimes encountered during
. ’ ’ '
advancement of the microelectrode through a cell-bi;y—containing region
of the slice. The extracellular action potentials /of one or more

neurones could be identified as .brief (<1 ms) di- or triphasic due to a

mechanical perturbation of a neuronal membrane by the advancing
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microelectrode. Spontaneous single-cell activity which seemed to be
less influenced by electrode movement was seen only when the ACSF
contained elevated [K*]. :)

P}ramidal neuiones of the CAl region.could ge activated by
stimulation of stratum radiatum (SR) thrnghout the CA3, CA2, and CAl
regions. This stimulation activated several groups of fihres, including
commissural and associational fibres, and the Schaffer collaterals of
CA3 neurones. The chdracteristic CAl field potentials to SR, stimulation
are illustrated in Figure 2-3A. Diphasic pulses of increasing current
intensities were administered by the stimulating electrode, which was
situated approximately 500 pm from the recording sites. The top set of
responses were recorded from the cell bodyi}ayer of CAl, and stratum
pyramidéle (sp). The‘iower set was recorded simultaneously by another
micrdélectrode situated in the corresponding dendritic region in CAl.
The smaller monophasic responses in.each set are population EPSPs, and
are generated by the summed extracellular currents of all neurones
generating an EPSP. Note that this respounse is negative in the
dendritic régi;n, -and positive in tﬂé cell body layer which is due to
the dipole nature of the potential generated by the neurones. In this
case, the negativity is associated with an active,‘inward flow of
positive ious, while the positivity reflects passive outward flux. The

.o
strength of the stimulation activates a larger population of afferent

J

A v
fibres, and increases the size of the EPSP until some neurones are
depolarized to the threshold for action potential (AP) generation. This

appears in the field potential recordings as a~negative deflection

superimposed on the positive EPSP in the cell body layer and is(igferred

. o 0
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to as the populaﬁ%gp;%pike. The dipole reflection of this event appears
as a positive—going'notch on the dendritic pppulation EPSP. Population
splkes usually appeared at stimulus CUrrenss of 50-100 uA.

The amplitude and duration of the poPQiation spike are governed
by the number ;f discharging neurones and thelr relative synchrony ’
(Andersen_gg_gl., 1971a). Maximal population spikes of 20 mV in ‘
amplitude were routinely recorded in healthy preparatiouns.

A similar pattern of responses was recorded in the granule cell
region of the dentate gyrus. Stimulation of the perforant pathaay, on
either side of the hippocampéi fissure produced responses lige those
shawn 15 Figure 2-3B. The CA3 regiong also generated ,a population
EPSP-population spike pattern (Figure 2-3C), but the potentials were of
a smaller peak ampiitude than those seen in CAl. This is due to the 0
lower neurone density of CA3 and the correspondingly lower current
density resulting from its activation.

In summary, CAl populétion potentials evoked by stimulation of

afferent fibres in stratum radiatum consisted of graded population EPSP;
upon thch were superimposed single population spikes.. The generation
.of a second population spike was/Very unusual (1/49'slices, cf, Table
2-2). Mo slices'developed sponéaneous population potentials.

Respohsés To Paired-Pulgse Stimulation:;, A typiéal CAl respounse

to stimulation with a pair of stimulus pulses 1s shown In Figure 2-4A.
Note that the test response 1s potentiated.with respect to the
conditioned response at all of the interstimulus (C-T) intervals shown.

This facilitation can be on the order of several hundred percent, as

“ ’

seen in Figure 2-4B, where only a very small population splke appears in

3
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response to the conditioning stimulus, but a much larger one 1is

trigéered by the\Cest stimulus. The maximum C-T interval at which -
facilitation was still detectable varied considerably among fLices, and
ranged from 350 to 1000 ms. It was dependent on the 1ocatio; éf ;he }
stimulat{on and recording sites, as well as on the magnitude of the
conditioning responses. The only consistent obsérz?tion aﬁong slices,

and among pfgparations, was that the maximal facilitation invariably

- PRy

occured within the 30-50 ms C~T interval.

Pa;red—pulse facilitation of the population EPSP was readfly
observed when Botﬁ‘stimuli were subthreshold-for a popélation spike. In
) most-cases, however, the degree of facilitation was sufficient for the
production of a popul%tion spike, and a pure EPSP respouse to the
second stimulus could not be examined (Figﬁre{Z—SA)g

Some slices displayed an inﬂibition of“che population splke over
tge 10-30 ms C-T interval (Figure 2-5B). This inhibition could only be ,
demonstratéd with carefully séiected recording and stimulation sites,
and by suitable adjustment of the.stimulus strength. %he phenomenon
could not be correlated either with any elé;trophysiologfcal 1ndicat;rs
of slice viability, or with slice thickness or‘appearance. In spite of
the infrequent occurrence of paired-pulse fnﬂibiéion, once detected,
it was a robust effect; it c;uld be observed to 5ersist for the duration
of an experiment.

-

Responses To High Frequency Tetanus: The application of a brief

(e.g2+,400 ms) train of high frequency stimuli (e«g. 100 Hz) often.
resulted in some degree of post—activation potentiation (Figure 2-4C,

upper record). Note that the first population spike has approximately



doubled in size, and a second spike has appeéred. This substantial
degree of potentiation rapidly subsided over.10-15 seconds following the
tetanus, and a longer-lasting potentiation remained (Figure 2-4C, lower
trace). This effect was found, in several cases, to persist for sevérai
hours, and may represent the in vitro form’of the long~term potentiation

phenomenon seen in situ (Bliss and Lomo, 1973). Not all~slices

receiving high frequency stimulation displayed this effect, however, and

it did not appear to be correlated consistently with slice viability or
electrophysiologicgl responsiveness. ' i . '
High-frequencyxétimulation sometimes triggered an afterdischarge
(AD) (Figure 2-5C). These were always quite brief (100-300 ms ard were
most commonly elicited in the CAI and CA3 reglons of the slice. The
dentate gyrus never generated an AD when the perforan% path fibers were

stimulated with brief trains.

Effects of Elevated [K+] in Perfusate: Figure 2-6(A) illustrates

‘ the effect on evoked responses of raising the potassium concentration to
6 mﬁq?l agd 9 mEq/1. The applitude of the population splke increased,
and the latency decreased, as the K; concentration increased. A second
population splke appeared in 9K and sometimes a;Béared in 6K as weliv
(Figure 2~6B; Table 2-2). Elevating the potassium concentration to 12
mEq/1l inevitably resulted in mulgiple population ;pikes (lower trace in
Figure 2-6B).

Sponta;eous 8ingle-cell activity was more commonly encountered
{n 6K and 9K than'in normal medium. Extensive extracellular

observations of single-cell behaviour were not performed in these

experiments, but the impression was gained that the sensitivity of

.
NS
[y
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neurones to mechanical disturbance was increased during perfusion with

'

elevated potassium levels.

Spontaneous epileptiform field potentials, which were never

) opserved under normal conditions, appeared in a small number of slices

in the elevated potassium experiments (10% of slices in 6K, 18% in 9K;

see Table 2-2). They appeared only in those slices which also generated
multi-peaked field potentials in response to stimulation. An example of
this type of potential appears in Figure 2-14, where 1t Is compared with

that seen in a kindled preparation.

2.2.2 Hippocampal Kindli;g

This group of animals had'receized kindling stimulation to the
CAJ region of the hippocampus, and all subjeéts had experienced several
stage 5 motor seizures. It was expected that, in comparison with
control tiésue‘which did not generate spontaneous epileptiform activity
under normal in vitro conditions, hippocampal slices from these rats
would display some significant degree of abnormal behaviour.

A total of 56 hippocampal slices from 8 kindled rats were
stﬁ?ied, and the'results for this group are presented in Table 2-3.
Sliceé from 3 other animals in this experiment displayed very weak

electrophysiological responses and were not accepted for analysis.

Spontaneous Activity; Most preparations did not show any signs

of spountaneous electrical activity, either from single neurones or from

populations of neurones. A small number of slices (4/56 from 3 animals

in 3K) showed spontaneous epileptiform field potentials (e.g. Figure

2-14). This value was found_not to be significantly different from

v
€
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' controls (Fisher Exact Test, p=0.05). These spontaneous bursts occurred

0

with a frequency of 0.07-0.5 Hz, and could also be elicited by
electrical stimulation té a Qariety of areas within the slice. They
appeared to originate in the CA3 region, and always resulted in the
appearance of a multi—spikéd fiela potential in CAl, presumably through
activation of the Schaffer collaterals.

The slices which displayed these spontaneous discharges, as well
as some which did not, also contained some spontaneously active single
cells (Figure 2-15). Some of these could be synaptically driven (Figure
2-16) while others showed behaviour independent of stdimulation. Cells
were most easily isolated in the CAl region, presumably due to the high
packing density of somata in this region: CA3 neurones were not

recorded, although their activity might be expected to show more intense

paroxysmal characteristics. .

Respopnses to Affergnt Stimulation: The majority of slices
(50/56 1in 3mM [KT]) responded to stimulation of afferent fibefs in a
fashion indistinguishable from controls. Figure 2-7 illustrates typical
field potentials 4o response to single pulse activation of stratum
radiatum aﬁduﬁgssy fibers. High frequency tetanus often produced a
transient potentiation of the responses, but never produced a prolonged
afterdischarge (Figuée 2-7D). Multiple population sp&kes were seen In
the remaining 6/56 slices, a number not significantly different from
control experiments (Table 2-3). The morphology of these atypical
responses ranged from the appearance of a small 2nd p;pulation spike
following the primary one kFigure 2-8A) to a long-lasting (> 200 ms )

paroxysmal discharge (Figure 2-8C,D). 1In some slices, stimulation of
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. -

the CAl region tfiggergd, in addition to a primary CAlL population

£ fe;poﬁse, an al?—or—none'discharge in the CA3 region (Figure 2-9). A
re;arkable feature of this response was its vdriable latency following
stimulation, ranging from approximately 21 ms to 60 ms. This CAS‘
activity appeared to reactivate the CAl region, presumably via the
Schaffer coliateral System; resulting in an irregularly-shaped field

ﬁoten}ial in the cell body region. Dendritic recordings, however

(Fiéure 2-10A,B,C) revealed a smaller field potential in the region of

. ¢
Schaffer collateral termination than that associated with the primary
response. This all-or-none CA3 paroxysm could also be evoked By
stimulation of stratum radiatum in the CA3 region and by stimulating the

dentate hilus, thereby activating the mossy fiber afferents (Figure’
. o 4

2-11). A similar pattern of responses was seen in other slicgs (e.g.

Figure 2-12).

-+

Observations in Perfusate with Elevated [K*]: The percentage of

slices demonstrating multiple population .spikes and spontaneous
.

activities in 6K and 9X did not differ sign}fgcadfly (p=0.05, Fisher
o 1
Exact Test and Chi-Square) from

gcontrol experiments. The slices which

had generated spontaneous discharges in normal medium maintained this

activity in the elewated potassiﬁgi levels, with an intensification in
’ e

~

amplitude, frequency 'and number of spikes
Summary: Slices .taken from animals which had received kindling
stimulation in the hippocampus did not show significant increases in

the frequency of either multiple population spikessor spontaneocus
i ,

>

epileptiform bursting. Although’mot statistically significant, 4/56

slices did generate spontaneous epileptiforin behaviour in normal medium;
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no other experimental group (see below) displayed this behaviour under

the low potassium condition.

2.2.3 Kindling of Hippocampal Inputs

The results of the previous experiment, in which electrqdes had
been implanted directly into the hippocampus for kindling stimulation,
demonstrated no profound increase in epileptogenicity in h#bpocampal
slices. It is possible that removal of the electrodes during dissection °
traumatized the hippoc;ﬁpus to a degree sufficient to depress
eplleptiform activity during the subsequent study. T£e following
experiment attempts to circumvent this difficulty by examining slices
de;ived from animals whiéh had been stimulated in either of the two
major input pathwéys to the hippocampus. The perforant pathway, °
originating in the entorhinal cortex, makes extensive en passage .
synaptic connéctions with granule cells of the dentate gyrus which,lin
turn activite the CA3 pyramidal neurones through the mossy fiber system.
The CAl region 1s also’ activated by stimulation of the perforant
pathway, both monosynaptically by a component of the perfor;;:\gethway,
and polysynaptically through the Schaffer collaterals. The
fimbria/fornix system contain§>fibets from numerous regions and provides
extensive activation oé CAB and CAl regions, Duridé kindling the

-

hippocampus receives powerfu; synaptic input directly from the

° N 1 . R -
stimulated site,.and indirectly from other areas participating in the
seizure discharge. This equ{lment tests whether this activity has led

to the productioh of eplleptogenicity expressed in the glice

&

"
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preparations, and eliminates the possibility of direct electrode-induced

!

damage to the hippocampus.

v

.

Seventeen slices were studied from seven animals that received

fimbria/fornix stimulation, and fifteen slices were studied from 5

animals that received perforant path stimulation. The results are

summarized in Tables 2-4 (Fimbria-Fornix) and 2-5 (Perforant Path).

- w
Sponttaneous Activity: No slices from either of these groups

displayed spontaneous field potentials, either in the CA regions or in

the dentate gyrus. The spontaneous activity of single neurones, when

detectéd, did not appear to be different from that seen in unkindled
slices. These rpsults are not statistically different from control
values.,

»

Responses to Afferent Stimulation: In the fornix/fimbria group

4/14 slices (29%) in normal medium responded to afferent stimulation

with multiple population spikes. This value is significantly different
<
from the control data at the 0.01 level (Fisher Exact Test). However,

these slices were strongly clustered (3 slices from one animal, 1 slice

from another). Only 1 slide from the perforant path group displayed a
double population spike in CAl (not significant, p=0.05), No multiple

population spikes were ever evoked in the dentate granule cell réxionr
' High frequency tetanus to thg Schaffer qollaterals or to Fhe perforant
pathway did not induce sustained afterdischarges. Expe;imenCS in which
double-pulse stimulation was applied ;eYealed a pattern of facilitation

and inhibition similar to that seen in unkindled tissue.

Responses in elevated [K*]: The same slices of the

fornix/fimbria group which displayed hyperexcitability in normal medium

maintained multiple-spike evoked responses in 6K and 9K, An additional
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slice (from another experiment) developed multiple population spikes in

6K. The number of slices in the perforant-path group generating .

A )
Jﬁﬁﬁh;tiple spike responses also showed an increase, but in neither of
N T d ! T .

-~ - 1

these groups were the results stat?stiéally different from the unkindled

{

control values. The evoked resP?nses of the dentate gyrus did not
o )

generate multiple population spikes at either level of elevated
potassium,

An interesting feature of these experimental géoups was the
absence of spontaneous epileptiform field potentials in 6K and 9K. In
control experiments,\a small proportion (see Tables 2-3 and 2-4) of the
slices which develop multi-spike responses also develop spontaneous IISs
in 6K and 9K, but this was never seen in these experimgnkal groups.
Klthough\the statistical comparisons show these differences to be

insignificant, the trend may represent a suppression of underlying

epileptogenicity.

~. -

Summary: Hippocampal slices taken from rats Kindled in the
fimbria/fornix or perforant pathway displayed no significant increases
in epileptogenicity. The only exception to this was the finding, in the

-

perforant path group, of a significant increase in the proportion of
slices generating multiple populatioff spikes in response to Schaffer
collateral activation. This effect was observed only in normal

(containing 3mEq/1 of potassium) perfusate. * .

2,2.4 Kindling of the Amygdala

The amygdala is one of the most rapidly-kindling regious }n the *
rat brain. Amygdaloid projections to the hippocampus are indirect,since

it projects to the entorhinal cortex, which then acts as a relay to the
N £

e
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hippocampus by way of the perforant path (Price, 1981). The direct -

"stimulation of the hippocampus or its inputs employed to kindle the rats

~

in the. previous experiments may have produced a suppression or
inhibition of hippocampal epileptogenicity because of excessive

activation. Stimulatidn of the amygdala may produce 'a different pattern

of hippocampal activation during kindling, and trigger an epileptogenic
mechanism. Twelve slices from four amygdala-kindled rats were studied

in this group of experiments, and the results are suftmarized in Table
2-6 . . N

Spontaneous activity: None of the slices studied generated IIS

activity in normal medium. This result is similar to that found in the
previous groups, and is not significantly different from the control
behaviour.

Evoked Responses: Three out of twelve (2§Z) of the slices

generated multiple population spikes in CAl in résponse to Schaffeg
collateral stimulation. This diffefs significantlﬁ from the observed
control value of 1/49 slices demonstrating multiple population spikes
(Fisher Exact fest, p=0.05). The characteristics of paired pulse
facilitation and inhibition were not different from those seen in
unkindled slices. ‘

Effects of Elevated {K+]: Six out of twelve slices in 6K

developed multi-spike responses, and the same six slices maintained this -
behaviour in 9K. These 6 hyperexcitable slices were distributed 'over 3
experiments. Only one slice (in 9K) developed sponpaheous IIS activity.:

These results are not significantly different from controls.

™
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Summary: Hippocampal slices derived from amygdala-kindled
animals showed a significant (at the p-0.0B level) increase in
multiple~spike populat%on responses under conditions of normal
perfusate. No significant differences were found at higher levels of
potassium concentration, or in the de§elopment of sﬁontaneous

epileptiform actiwvity. \L

2.3 Summarz

The above experiments have examined several electrophysiological

properties of hippocampal slices taken fﬁgm kindled rats. Two types o{.
electrophysioclogical features were studied. The first property was the
appearéhce of spontaneous IIS activity in the CAl, CA3, or denfate gyrus
regions of the slice. The other principle measuremenf involved the
application of electrical stimulation to afferént fib;evsystems and
study of the population EPSP and spike responses. Thése observations
were performed wﬁile the slices were bathed in ACSF containing normal.
potassium ion concentrations (3 mEq/1l) or elevétgd leVels of this fon (6
and 9 méq/l). ' ' ‘_ ‘ 3
Hiépocampal slices taken from unkindled rats, when bathed in
normal ACSF, didgnot geY§1op spontaneous epileptiform ;ctivigy. Except
for one group, none of the slices taken from kindled animals showed IIS
acéivity. In the group kindl@d in the CA3 region, 7% of the slices did

shsw spontaneous spikes, but this value is not signifiﬁant at the 0.05

1Y

level. Interpreted as a trend, however, this observation suggests that
/

g

‘ /
kindling stimulation applied directly to the hipp;7ampus may produce a
M

" small degree of hyperexcitability within hippéﬁam al circuitry.
: . - /
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In ACSF containing elevated levels of potassium, some slices
from ;nstimulated animals did generate séontaﬁeous epileptiform spikes
(10%Z of slices in 6K, 18% in 9K). Although the results from the kindled
groups do not show a statistigally significant difference from those of
the cqptrol group, several interesting trends qppear; The grouﬁ whicﬁ
had reogi&gé direct stimulation to the hippocampus, the kA3gkindled
animals, showed a slightly higher occurrence of IIS acé}vity than did
controls (12% vs 10%Z in 6K, 34% vs 18% in 9K). With the exception of
slices from amygdala—ki;aled animals in 9K, slices from the other -
kindled groups did not generate IIS activity under an& of the conditions
tested. Although the number of slices inciuded in the anaiysis is
rather small, these observations suggest that kindling of certain inputs
to the hippocampus mﬁy in fact reduce the tendency of the hippocampus to
generate IIS activity. - \

v
1

Application of electrigal stimulation to the stratum radiatum
region in the hippocampal slice resulted, in unkindled tissue, in the
appearance of field potentials with gfaded characteristics in the CAl
cell bo;y layer. When studied in norm;l medium, this responsekcqnsisted°
of a population‘ffSP with a population spike supgriqposéd at higher
gtimulgtion intensities. A second population spike was a rare event
(1/49 slices). Exposure to elevated potassium lon concentration
resulted in an increase in the occurrence of multiple populatio; spikes
(26% in 6K, 53% in 9K). Two groups of kindled slices d;parted from this
behaviour. The fornix~fimbria kindled slices (in normal ACSF) and
amygdala-kindled slices (als%\in normal ACSF) bot£ demonstrated ‘a
significantly h*ghe; occurrence of multiple-population spikezresponseé

A,

[t [
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than did control slices. Several interesting trends were present in
other groups. The CA3-kindled slices, which had a temdency towards -
increased IIS activity when compared with controls, tended towards a
lower occurrence of’multiplé population spikes at higher potassium

lévels. In contrast, the perfofant—path group appeared to show a

7sﬁa11er frequency of multiple population spike occurrence as well as IIS

activity.
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TABLE 2-1
STEREQOTAXIC COORDINATES (mm)
Brain Site A-P M~L D-V
- (from Bregma) (from skull)
CA3 —206 4-25 4525
Fornix/Fimbria 0.0 . 1.5 ! 5.0 ,
Perforant Path ~6.0 5.5 4.5
‘Amygdala -1.0 5.5 8.5
_ Abbreviations: A-P Anterior-Posterior
M~-L Medial-Lateral
D-v Dorsal-Ventral

(2]
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Normal  ~ ACSF 6K 9K
) Frequency of multi- )
. spike evoked response’s 1/49 13/49 18/34
Frequency of spontaneous
epileptiform bursts 5/49 6/34

0/49

- . ks T . e G o et e i o o o A T e i o S

> o - ——

-

NOTE:
1. The fractions indicate the number of slices
demonstrating either multiple population spikes
or bursts out of the total number of slices studied.

-

.



TABLE 2-3: CA3 KINDLING

A. TFrequenty of Multiple Population Spike
Evoked CAl Responses

3K 6K 9K
Kindled (N=8) 6/56 8/41 15/41
Control (N=12) 1/49 13/49 18/34

B. Frequency of Spontaneous Epileptiform Bursts

. 3K 6K 9K , ,
Kindled (N=8). 4/56 5/41 14/41
Control (N=12) 0/49 5/49 6/34

NOTES:
1. The fractions indicate the number of slices demonstrating

either multiple population spxkes or bursts out of the total
number of slxges studied.

9 <

2. Application of Fisher's Exact Probability test (for

. frequencies less than 5) or Chi-squared analysis to the .2X2
table formed at each potassium level reveals no significant
differences between kindled and control frequencies.

3. The use of either €hi-squared or Fisher's Exact test in this and .
subsequent analyses assumes that all slices, including those derived
from the same animal, are independent.

- ~
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TABLE 2-4: FORNIX/FIMBRIA KINDLING
A. Frequency of Multiple Population Spike Evoked
CAl Responses

3K . 6K 9K
Kindled (N=7) 4/14 * 5/15 4/5
PIRN
Control (N=12) 1/49 13/49 18/34

" B. Frequency of Spontanecus Epileptiform Bursting

( 3K 6K 9K

Kindled (N=7) 0/14 0/15 0/5
Control (N=12) 0/49 5/49 6/34

NOTE: * indicates a value significant at the
0.01 level (Fishers Exact Test).

8



t

TABLE 2-5: PERFORANT PATH KINDLING
CAl Responses )

3K 6K 9K
Kindled (N=5) 1/15 2/15 5/12
Control (N=12) 1/49 13/49 18/34

B. Frequency of Spontaneous Epileptiform Bursting

. 3K 6K 9K
Kindled (N=5) 0/15 0/15 0/12

Control (N=12) 0/49 5/49 6/34

NOTE: No significant effects were detected
(Fishers Exact test and Chi-square analysis).
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TABLE 2-6: AMYGDALA KINDLING

-

A. Frequency of Multiple Population Spike Evoked

3K 6K 9K
Kindled (N=4) 3/12 * 6/12 6/12
Control (N=12) 1/49 13/49 18/34

B. Frequency of Spontaneous Epileptiform Bursting

3K 6K 9K

Kindled (N=4) 0/12 0/12 1/12
Control (N=12) 0/49 5/49 6/34

NOTE: * indicates a value significant at 0.0S.Aevel
(Fishers Exact test).
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‘ FIGURE 2-1: PHOTOGRAPH OF SLICE CHAMBER .

Details of the chamber are described in the text. A glass

70

0N

recording pipette is positidned on the left,.while a pair of thngsten

b : .
stimulating electrodes is seen on the right.

r
*
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\7IGURE 2~2: SCHEMATIC DIAGRAM OF STIMULATING AND RECORDING APPARATUS

hY
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FIGURE 2-3: RESPONSES OF NORMAL HIPPOCAMPAL SLICE.
Top trace of each pair is from cell body layer, bottom trace

from dendritic layer. A. 'CAl response to stimulation of stratum
radiatum at increasing i;tensities. Both recording sites show a
progressive increase in the response, characterized by an increasing
population EPSP, with eventual superposition of a population spike.

B. Dentate response to perforant path stiTulatio;. The afferent
volley, or fibre response, is clearly distinguisﬁable in the dendritic -
recordi;g. C. Response of CA3 region to a pair of stimulus pulses,

applied to the mossy fibres at near-maximal stimulus strength\;gNote

the smaller peak amplitude of the population spike, comparéd with CAl

.response. Arrows mark stimulation. The calibration: pulse in each

v

'X

figure 1s 2 ms and 2 mV.
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FIGURE 2-3
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FIGURE -2-4: ADDETIONAL FEATURES OF CAl RESPONSE.

-’

.A. Superimposed responses to stimulus pafrs separated by 10,
30, and 60 ms. Note‘pngnounced facilitation, and small degree of

_inhibition. B. Similar to A, but conditioning stimulus is of smaller
¢

ampligude,}to exaggerate the degree of facilitation. C. Responses to

.

high frequ%29§ tetanus. Top trace, control response (single small

- .

population spike) superimposed on the test resﬁbnse (double population
spikes) evoked 5 seconds following a 400 ms train of 100 Hz stimulus
pulses at the same strength as test pulses.szLower trace, the response

10 minutes later, demonstrating some degree" Qf post-activation

-

potentiation. The calibration pulse in each figure 1s 2 ms and 2 mV.

1
<

1
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FIGﬁRE 2¢5: ADDITIONAL FEATURES OF CAl RESPONSE.’
v A:\ Example of strong. paired-pulse potentiétion with the
respon;e to the first pulse consisting only of a population EPSP.
B. When first response contained a populafion spike, some‘&egrég of "
. inhibition of.the‘éecond population' spike could. occur. c. Brief .

afterdischarge following é.‘high-frequency stimulus train. The

calibration pulse in each figure is 2 ms and 5 mV.
° 'y "
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FIGURE 2-6: RESPONSES TO ELEVATED IK+] IN PERFUSATE.

A. CAl cell‘bodj layer (top) and dendritic layer (bottom)
responsesGto stratum radiatum stimulatién,uin 3,6, and 9 nEq/1
potassium. ‘fhe résponses‘in 3K and 6K sﬁow single population spikes,
that in 9K has a double spike. B. Toﬁ trace, cell body layer.response
in 6, 9, and 12 mEq/l [K+], in another preﬁaration. Bottom trace,

response in 12 mEq/1 [K+], in another slice from same experiment.

Calibration pulse i3 2 mV, 2 ms. »
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FIGURE 2-6
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FIGURE 2-7: TYPICAL RESPONSES FROM HIPPOCAMPAL-KINDLED RAT.

A. CAl response evoked by increasing stimulus current applied
to stratum radiatum afferents. ‘B. Population response of dentate
granule cells to stimulation of perforant paEhway. C. Response of CA3
region to stimulation of mossy fibers. D. Response of CAl to a 50 ms

. ®
train of 300 Hz pulses. Note lack of afterdischarge.
Calibration: horizontal= 8 ms (A,B,C,);

40 ms (D),

vertical = 2 mV (all)

g
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FIGURE 2-8: ATYPICAL CAl FIELD POTENTIALS FROM HIPPOCAMPAL KINDLED RAT.
A and B are from different prepar;tions;lc and D are from the

same slice, but different preparations from A or B. Note different time
scales. Stimulation was a single pulse to stratum radiatum {n all
cages.
Calibration: horizontal= 8 ms (A);

116"ms (B); ) : ‘

40 ms (C&D).

vertical = 1 mV (all).
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FIGURE 2-9: CA3 BURSTS TRANSMITTED TO CAl. f

.

Top trace of each pair is from CA3; Bottom trace from CAl.
Single pulse stimulationfapplied to stratum radiatum in CAl. The CA3

potential possesses all-or-none characteristics, displays a wide range

?

of latencies (from 21- ms to 60 ms in these examples), and always

A

1

precedes the secondary response in¢CAL.
' %

Calibration: horizontal= 10 mg

\,

" vertical = 2 mV

-
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FIGURE 2-9
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FIGURE’2—10: ADDITIONAL FEATUﬁES OF CAl FIELD POTEﬁTiAL.

Responses are- from s;me slice as FIG. 24Q. Stimulation applied
to CAl stratum radl A and B. Top trace is the field potential recorded
in stratum radiatum (dendritic layer) of CAlL. Bottom trace is CAl ce%}y
body layer. Noté rela;ively small dendritic potential during L
CA3-}riggered response. C. Same slice, approximately 30 minutes later.

Top trace = CA3 cell body layer; bottom trace = CAl cell body layer.

Potentials are larger, but CA3 potential is still all-or-none and of

variable latency.
Calibration: horizontal = 10 ms \\\ V.

vertical = 2 mV..

¥
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FIGURE 2-11: ADDITIONAL FEATURES OF CA3,QURSTS. ’

Top response in all figures is from CA3 céll body layer, bottem
i8 vCAl cell body layer (except A2, where gabtoyuresponse is from CAl
dendritic layer). 'A: Stimulation applied tAICA3 stratum radiatum .
resufts in all~or—-none burst in CA3 and "spiky” fielg potential in CA{.
The CAl response 1s assocliated with a large dendritic field potentiél
(A3). l: Similar to Al,ﬁbut ?ote different latency. 32,83:
Stimula?&on‘applied to dentate hilus. Note the longer latency of both

responses, {(B2), and the occasional failure (B3).

Calibration marker: 10 ms between pulses, large pulse is 2 mV.

oy
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FIGURE 2-12: ADDITIONAL EX%yPLES OF CA3 BURSTS.

¢

CA3 (top trace) and CAl (bottom trace) responseg from another
slice in the same experiment as previous figure. Stimulation applied to
stratum radiatum of CA3.

Calibration as in FIG. 2-11.
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FIGURE 2-13: PENICILLIN EFFECTS. )

¥

* A. CAl evoked potential 10 minutes followiné introduction of
ACSF containing 100 ug/ml penicillin. .

‘B. Spontan?ous epfieptiform potential, typical of that which
appeared approximately 5 minutes after the above recording. The

e
potassium concentratifon of the ACSF was 6 mEq/l. The large calibration

pulse i{s 2 mV; each pulse is separated by 10 ms.
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FIGURE 2-14: SPONTANEOUS BURSTS '

Top trace of each pailr represents a spontaneous field
éotential. The bottom traces illustrate the corresponding evoked
responses. The responses on the left are taken from a
hippocampal-kindled preparation in 6K, while those on the right are f;:m
a codt;ol experiment. Both are representative of the IIS éctivigy seen

in all preparations., Calibration as in previous figure.

“



97

Pl=

[

Jdanivby

-

L.

[N



FIGURE 2-15: ISOLATED CAl NEURONES.

;pontaneously active neurones in CAl region. Top 3 tracings are
from one expé%iment, bottom two from another. Spontaneous population
potentials were not present in either preparation. Recording bandwidth
was 300 Hz to 10 kHz.

Calibration: horizontal = 8 ms

vertical = 300 uV

o
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FIGURE 2-16: ISOLATED CAl NEURONES: RESPONSES TO STIMULATION.
Recaordings taken from same experiment as those in lower records
in Figure 2-15.

Calibration: same as in Figure 2-15.

L3 .

-
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CHAPTER 3: INTRACELLULAR STUDIES

3.0 Introduction

.

Neither spontaneous nor evoked epileptiform activity was a
consistent finding in the~preced}ng extracellular studies of hippoc¢ampus
ffo; kindled rats. However, kindling could have altered the properties
of individual pyramidal cells in a manner which was not readily s
detectable at the populatiof level. Either the magnitude of the changes
or the number of neurones affected may have been too small to produce
measurable differences in the field potential generated by the
popuf;tion. l

The observations described i this chapter were performed using
intracellular microelectrodes to study the properties of individual
pyramidal neurones. The aumber of cells studied is relatively small,.
due to unexpected difficulties in obtaining satigfactory impalements,
and also because the criteria used for acgepcing impalements for
analysis were quite strict. Nevertheless, thgse observationﬁ.provide a

preliminary iandication of thé degree of epileptiform behaviour seen in

pyramidal neurones from the hippocampus of the kindled rat.

3.1 Methods >
3.1,1 Subjects

Rats used in these studies were all adult males of the
Long-Evans striin. Procedures for the kindliné and pféparétioh of

102 .
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slices were identical to those descri?ed in the previous chapter.

Slices were taken from 1l notmal (unkindled) rats and and 13
amygdala-kindled rats. The latter group had been.kindled to tge stage 5
seizure level, and had experienced an evoked stage 5 selizure
approximately 24 hours prior to the slice experiments. All studies were

performed ‘in ACSF containing 3 mEq/1 K*.

3.1.2 Apparatus for Intracellular Recording

The instruments specialized for the intracellular studies
included an hydraulically-driven micrerive, an.electrometer amplifier
with a high impedance headstage, ultrafine microelectrodes, and a
computer system tailored forliqpracellular data acquisi%ion and
analysis. The hydraulically~driven micréérive system was constructed in
the laboratory and was designéd to mechanically uncouple the manipulator
which positioneq and held the microelectrode. from visracions associated
with advancement of the electrode. It consisted of 2 syringes (B-D
Ultrafit) connected by 1.5 feet of teflon tubing. This system was
sealed and filled with eithe: hydraulic fluid or a light-weight machine
oil. The slave cylinder was a 1 cc syringe cylinder thch was mounted

A

in a specially constructed holder together with the-electrometer probe
and°c1amped into a Narishige'maﬁf;ulator of conventional de;ign. The '
plunger of this syringe was fitted with a lightweight assembly with
facilities for the eiectrical connection of the microelectrode to the

electrometer probe. The master cylinder consisted of a 2 cc syringe

clamped intq a supporting device. 1Its piston, which was fitted with a
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t

return spring, could be advanced by a micrometer screw. The overall
mechanical gain of the system was such that a 20 degree turn of the
micrometer, screw advanced the electrode by one micron. When situated

remotely from the slice chamber and manipulators, this master cylinder
H

could be activated with little concern for mechanical disturbance of the
tissue slices or non-axial movements of the microelectrode.

The electrometer amplifier utilized in these experiments (WP

° \

Instruments, Model M4a or M707) possessed several iﬁportant
characteristics. The active headstage had an input resistance of 101!

ohms, which was necessary to satisfactorily couple electrodes with DC

1

resistances on the order of 100 MOhms. Secondly, current could be
injected thrqugh the microelectrode by means of an active bridge
circuit. This permitted simultaneous recording of membrane potential

and current induced depolarization or hyperpolarizations. Control

signals in the form of steady voltages of pulses were generated by
either manually operated pulse generators, or digital-to-analog

o

converters on the laboratory computer (PDP8/e). Finally, neutralizatigp <

\ -
[
“

of stray input capacitance (due to connections between the electrode and ’

the amplifie; input) was achieved using‘positive é;p;citative feedback.
Although the output stage of the amplifier was unfiltered (bandwidth of
DC to over 30 KHz), the overall frequency response of the recording
system was limiCeé by any uncompensated input capacitance.

Electrodes used in Ehese studies were pulled f;om giass 1.0 mm

0.D. with an internal capillary to assist in filling. The profiles were

pulled on a Brown-Flaming design horizontal puller (Sutter Instruments,
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San Francisco) using elther a circular or trough-shaped filament. The
electrodes were filled by capillary action with a solution of 4M
potassium acetate and 0.01M potgfsium chloride. éevelliné was

accomplished by introducing the electrode tip into a jet jﬁ;eam of 0.05 \////;j
I

um alumina particles suspended in saline (Ogden, Citron; and Plerafiteni,

v

1979) while monitoring the fall in resistance. Electrodes were bevelled ;’
- i
from Initial resistances of over 200 MOhms to approximately 100 MOhms. ;
The apparatus for intracellular work was schematized in Figure

o

2-2. Action potential data could be reforded in several ways:
photographed from the oscillosc;pe scr;en, recorded on magnetic tape,
stored in the.memory of the digital oscilloscope and plotted on an X-Y
recorder, or sampled and stored in the memory of the computer. Control
pulses of hyperpolarizing and depolariziné steps were generated by the
_computer and used to inject current into the neurone unde? study; the
resulting membrané responses were sampled and on~line computation of“
input resistance, time constant, and interspike—intervals was performeds

The responses, together with membrane potential, could be stored on mass,

storage for further analysis off—line.

[

\\'&
3.1.3 Methodology of Impalement and Recérding
;

_ The intracellular electrode was positioned, under visual
guidance, onto the surface of the élice in the region of interest.
Contact with the saline-woistehed gurface was sigﬁalled by: a) a brief
tranéient in the.audio monitor corresponding to closure of the rgcording

¢ircuit; B) recovery of the oscilloscope trace to the preGiously defined

zero level; and c¢) a very small, but ofqen detectable, meniscus formed
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around the electrode tip. At this poiant, the ma;ipulator Z-agis
position was noted as a surface position reference. in addition, th? DC
offset control on the intracellular amplifier was adjusted to bring the
amplifier:output to zero. This manipulation resulted in the
establishment of a zero ‘reference potential in the extracellulﬁr space,
and counterbalanced the presence of electrode tig potentials and
asymetric junction potentials at the silver—éhloride/electrolyte
interfaces. The bridge circuit of the amplifier was balanced by passing
a small amplitude depolarizing current pulse through the electr9de and
adjusting the bridge balance until only the onset and offsef transients
c;ﬁld be detected. The resistance and current-passing properties of the
electrode were examined at this stage, and if determined to be
unacceptable, the electrode was rejected. éénerally, the most
successful recordings were achieved with electrodes whose DC resistance
fell in the -range 60 to 130 MOhms, and which could pass up to 1.5 nA of
current in both directions without either severe rectification or ’
substantial increase in resistance. Potassium acetate-filled electrodes
of this moderate resistance unavoidably rectify to a small extent.

Consequently, we adopted the following 'rule of thumb' criterion that

the passage of up to .5 nA in either direction should not result in

bridge imbalance in excess of approximately 2 millivélts. In early

experiments, less than 20%Z of the electrodes tested were acceptable.
Electrodes which were fabricated on the Brown-Flaming pulle} and
subsequently bevelled were found to be considerably superior, and the

yield of acceptable electrodes increased to approximately 50%, As the

électrode tip was advanced through the slice, spurious deviations from
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"'a
zero ( often in the order of 20-30 miilivolts) of either polariéy; could
be observed.” These presumably represent electrode tip potentials
generated by charged p;rticles which adhere to the glass near the tip of
the electrode. Not uncommonly, these potentials were-accompanied by a
dramatic increase in electrode resistance, revealed as an imbalance of
the bridge‘circuit. This was most likely due to partiéi obstruction of
the electrode tip by either sub-micron particulates or a cell membrane.
In most cases, wheresfurther manipulation of the electrode did not yield
a neuronal impalement, the electrode could be Jcleaned' by the passage
of high amplitude and high frequency current pulses (}.e. by briefly

~—

overad justing the capacity compensation to produce oscillatiohs). The
DC offset and bridge balance were readjusted as reéuired. If the
- electrode tip became severely obstructed as signalled by excessivem
resistince and severe rectification, it was discarded and réplaced.

The electrode was advanced through the slice manually, by
turning thg micrometer attached to the master hydraulic cylinder.
Initial efforts at facilitating cell penetration (by abrupt stepping of

‘
the electrode achieved by coupling the micrométgr with an electronically
controlled stepping motor) were unsuccessful, and the technique was
abandoned. The step size achleved by manual advancemeqt ;f the
electrode was usually abgPt 1 micron, and the maximum j::éfbf
advancement never exceeé;d one step per secopnd.

Several electrical signs were used to anticipate neurdgal s
impglemen;. Orthodromic stimulation'of afferents excitory to the region

under study produced characteristic extracellular field potentials,

‘which, when recorded by the microelectrode, could be used as an
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indication that the electrode tip was in the vicinity of neuronal
somata. For example, the presence of a negative going population spike

when recording from the CAl area of the hippocampus signifies active,

(1.e. spike) current-lnwardly directed at the soma-initial segment

\
region. The electrode position was adjusted until this population spike
was of maximal amplitude, and then impalements were sought. Increased
electrode resistance, small positive-going action poéentials (either
spontdneous or superimposed on the p0pulation splke), and deviati&h of
the recorded poten%}al from zero were all rel}able indications that the
tip was very close to a neuronal membrane. Impalement could then oc%ur

. <
spontaneously, or could be assisted by either gentle percussion of the
manipulator, or, more commonly, a bgief (< 50 ms ) oscillation of the
amplifier. Penetration of th; membrane was accompanied by the sudden
appearance of a negative potential and, usually, by a brief high
frequency discharge of action potentials. In most cases, the recording
deteriorated within several seconds and the recorded potential fell back
to zero. However, where the penetration produce§ minimal damage to the
membrane (and other conditions were favourable), the impalement was
méintained, and often improved and stabilized over the subsequent four
or five minutes. It was found.helpful tolappiy a sma%l level (up to
0.5n4A) ﬁf hyperpolarizing current continuously for the first several
minutes f;llowing penetration of the membrane. This proceduré of
applying a 'holding' current hyperpolarized the membrane, quelled -~
spontaneous activity, and assisted the 'sealing' of the membrane around
the electrode as indicated by the gradual rise in input resistance

'

during its application. The medhanism for this prbcess is unclear, but

>
-



may involve a voltage-dependent stimulation of a membrane pump. Holding
current was never maintained during the study of neuronal properties

unless a particular measurement called for it, and these instances will

,

"be clearly indicated.

Criteria for an acceptable impalement are discussed below. The
neurones described in these exper%Pents céuld be held for periods
ranging from several minutes to over 3 hours, often witi’little or no
signs of deterioration. Following the withdrawal (intentional or
unintentional) of the electrode from the neurone, the extracellular
potential was often observed not to be zéro, but some‘residual'value.
This probably resulted from 1) incomplete withdrawal from the impaled
neurone, with the resuylting potential representing a severely
deteriorated membraﬁe_potential; 2) an artifactual tip potential due to
plugging of the tip during withdrawal; or 3) the DC offset was .
improperly adjusted prior to penetracioq, and the post-withdrawal
potential reflects the true extracellular potential. Possibilities I
and 2 could be verified by further movement and c}eaning of the
electrode. If :he potential still did not return completely to the
previously established zero, then the intracellular potential measured
during the penetracibn was corrected by adding (or subtracting) one ﬁalf
of the residual value. This correction rarely amounted to more than a

few millivolts.

-

3.1.4 General Criteria for Acceptable Penetrdtions

L
i

Four basi¢ criteria were used as initial indications of a

successful penetration of a neurone. 1) A resting membrane potential of
. . .

.

i 109
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. at least =55mV (measured with reference to a potential of 0 mV

immediately prior to penetrating the membranei, 2) Restipg input

'~

resistance, mpasured with a 0.5nA, 100 ms hyperpolarizing pulse, of at
least 20 MOhdé; 3) a splke overshoot of at least IO,QV; 4) a.low

frequency of spontaneous spiking (less than approximately 1/sec).

-~

The above criteria are, to some extent, arbitrary and spheir
strict observance could introduce a serious bilas into the data,
particularly since these experiments were attempting to detect abnormal
cellular behavioursﬁ This difficulty, and other issues related to the
intracellular technique will be dealt with more extensively in the
discussion chapter. The basic procedure for intracellular data
collection, then, was to continue observation of a penetrated neurone if
several, but not necessarily all, of the above conditions were met. In

*

some cases, for example, a neurone with a sati{sfactory membrane

potential, splke overshoot, and response to direct stimulation could be

encountered, but its input resistance measured below 20 MOhms. Data
collection on a cell with these properties would not be terminated
because a) as the penetration w'mat:ur:ed', the input resistance could
eventually increase (presumably due to an lmprovement of membrane
sealing around the electrode) or b) the measured resistance may reflect
the real, albeit isomolous, resistance of the neurone. For similar
reasons, a8 recording which met all of the other criteria but had a high

spontaneous rate of firing would not necessarily be dismissed as

injured.
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3.1.5 Recording Protocol I

Following impalement of the neurone, the tesés described in the
preceding sectioﬁ were applied to determine if the criteria for an
acceptable penetration were met. Manipulations of the electrode
position and holding current were made if necessary. Resting membrane
. properties were then measured, including membrane potential, input
resistance, and the frequency of spontaneous spilking, if present. Input
resistance was measured by injecting hyperpolarizing current pulses and
measuring the ‘resulting voltage deflection. Input resistance was then
computed by application of Ohm's law, R=V/I to the measurements obtained
at several levels of current injection (see Figure 3-1). Stimulation to
stratum radiatum was applied, and measurements of the amplitude of the
EPSP peak were made. The EPSP recordeg intracellularly i{s usually
followed by a long hyperpolarization, and its peak amplitude and
duration were also measured.” By increasing the stimulus strength, the
cell discharged an action potential, and i:s‘thresgold, overshoot, and
width at the base was measured. The threshold injected current for
action potentilal discharge (rheobase) was determined, and the pattern of
firing with Increasing current injection was observed. These
measurements were repeated as many ¢imes as the maintenance of the

penetragion permitted.

-
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3,2 Results ! -

A total of 24 neurones (from 1l experiments) from normal rats
and 20 neurones (from i3 experiments) fréﬁ amygdala-kindled rats were
studied. A summary and compa}ison of these measurements 1s presented in
Table 3-1. Resistance of neurones from the two groups of studies did
not giffer significantly (Table 3-1). Three neurones from each group
disp%ayed some spontaneous activity, which in all cases could be
eliminated by the passage of no more than 0.1 nA of hyperpolarizing
current. Measurements of input resistance in these cases were performed
without this steady current, but’during pé;iods of low spontaneous

firing. No instances of spontaneous biurst-firing were encountered in

either group of neurones.. .

3.2.1 Properties of Subthreshold Synaptic Responses.

All of the recorded neurones responded to stratum radiatum
stimulation with a sequenceé of depolarization followed by a
hyperpolarization (Figure 3-2), representing a superposition of
feed%orward and feedback EPSPs and IPSPs. Some components of this
response may also be due to voltage~dependent ionic fluxes.
Measurements were made of the peak depolarization which was just
subthreshold for action potential discharge. The range of values for
this parameter was quite lirge (1-1lmV in control neurones), and the

mean values did not differ significantly between the two groups (p=0.03,

Students t-test).
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3.2.2 Properties of the Action Potential,

With stimulation adjusted to be slightly above threshold,
neurones generated a single action potential (Figure 3-3A). The
amplitude and base-width (at threshold) were not significantly different
between groups. The AP appeared to be triggered at the peak of the
EPSP, and its latency relative to onset of the EPSP decreased with
further increases in stimulus strength. Multiple -spike discharges were
seen only with very intense stimulation or when paired-pulse
potentiation produced a large EPSP on the second response. Onehneurone
(from the kindled group) did generate a double spike with only moderate
stimulation applied to)afferents (Figure 3-3C and 3-3D), but the typical

response resembled that in Figure 3-3A and 3-3B.

3.2.3 Hyperpolarizing Potentials.

The depolarization and action potential produced by synaptic
activation was invariably followed by a hyperpolarization (HP) of the
membrane (Figure 3-3). Nicoll and Alger (1981) have identified the
first phase of this potential as a GABA-mediated IPSP, and it has a
maximum duration of approximately 100 ms (Thalmann and Ayala, 1982). A
second, long-latency, hyperpolarizing potential (not mediatedyby GABA)
is sometimes seen in CAl neurones (Alger, 1984; Nicoll and A}ger, 1981;
Lancaster and Wheal, 1984). The peak of tﬁis late hyperpolarization has
a latency of approximategy 135ms (Lancastgr and Wheal, 1984). Since our
measurements of peak—amﬁlitude and paired-pulse facilitation were '
performed within an 80 ms interval following séimulation, they are

likely to répresent only the GABA-mediated potential. The mean peak
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amplitude of this response was 10.2 mV in kindled slices, and 7.4 mV in
controls (Table 3-1). These are the only measurements which differ
significantly between the two groups of neurones (p=0.05, étudents '
t-test, two tailed).

The hyperpolarization following the EPSP-action potential
response was quite variable in its abiliFy to inhibit subsequent action
potentials. Paired-pulse potentiation of the EPSP was quit; evident ;;‘
all neurones (Figure 3-zB,D), but the second stimulus did not invariably
result in action potential discharge. Figure 3-3C (control) represents
an example where the hyperpolarization is rather small but nevertheless
effective in inhibitisg the action potential. 1In contrast, the
.hyperpolarization seen in Figure 3-3D (control) is much larger but is
ineffective in inhibiting the spike. Both types of behaviour were
commonly observed in neurones of control and kindled slices, even in the

same neurone at different times during the impalement.

3.2.4 Effects of Depolarizing Current,

Injection of depolarizing currents resulted in depolarization of
the membrane and cell discharge (Figure 3-4).. The rheobasic curren; did
not differ between groups, and the pooled mean value was 0.12 nA. The
pattern of cell discharge was similar for all neurones when the current
injected was at a low level., One or two spikes appeared at a long
latency after current onset (Figure 3-4A,B). The latency of the first
spike rapidly decreased as the injected current increased, and the
frequency. of ceil discharge increased. The train of spikes elicited by
the current persisted for the duration of the current pulse; no spikes

related to the applied current were triggered during the recovery of the

membrane towards resting potential.
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With increasing current levels, neurones responded with an
intense gpike train (Figure 3-5B,C). Some neurones developed a short
(<2 ws ) lst, and sometimes 2nd, interspike interval (ISI) (Figure
3-5A,B,C) but higher order ISIs were longer. An interesting feature

unique to the responses of cells in kindled slices was a paroxysmal
burst of spikes at the onset of the pulse (Figure 3—-4D, 3-5A thru D).
This type of rééponge was seen in 12 of the 21 'cells recorded in kindled
slices. These bursts consisted of 3 or 4 high frequency spikes, and
were followed by a relatively long in;ervai before the next spike,
These bursts never appeared later during thé current—induced
depolarization, although pulses longer than 1000 ms were not tested.
They could be triggered with pulses as short as 50 ms but ounly one
neurone ‘demonstrated some degree of all-or-none éﬁaracteristics (Figure
3-5D). In this éarticular example, the action potential discharge and
the deﬁolarization outlasted the period of current iqjection. Smaller
levels of injected current did not produce this effect.

The presence of this form of bursting in a given neurone did not
appear to be correlated with other neuronal propertiesr The bursting
cells had input resistances ranging from 21 MOhms to 38 MOhms, and
membrane potentials from -67mV to -80mV. Bursts could not be evoked by

synaptic activation of these neuromes.

3.3 Summary

A total of 21 neurones from normal rats and 20 neurons from
amygdala~kindled rats were studied in the hippocampal slice preparation.

Resting membrane properties and properties of the action potential did
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not differ between groups. The mean value of the hyperpolarizing phase
of the synapt%cally-induced responses was larger in neurons from the
kindled slices, although this difference was significant only at the
0.05 level. Finally, a qualitative difference in the firing patterns to
depolari;ing current ¥njection was observed. Twelve of 21 neurones gn
the kindled group responded to moderate levels of depolarization with a
brief high-frequency burst of action potentials, a pfoperty not observed

in control slices. ~
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TABLE 3-1: NEURONAL PROPERTIES

Parameter Group N X SD Range Units
Resting Membrane K 19 66.3 6.3 60-80 mV
Potential C 24  65.8 8.7 56-84
Resting Input K 19 31.0 7.0 21-40 MOhms
Resistance C 24  31.5 8.4 20-48
Peak Subthreshold K 11 9.4 5.0 1-17 mV
EPSP C 13 6.8 3.6 1-11
Action Potential K 19 83.2 6.5 72-93 nV
Amplitude 'C 20 83.0 8.9 68-100
Action Potential K 19 1.62 14 1.4-1.8 ms
Width c 17 1.67 .09 1.5-1.8 ‘
Peak Afterhyper- K « 15 10.2*% 4.8 2-18 mV
polarization c 14 7.4 3.0 2-12
(4 ‘ ,

Rheobase K 12 0.2 .13 05-.53 nA

* these values differ significantly "/f\

(p=0.05, two-tailed t-test).

Abbreviations for Units: .

mV ’ millivolts
MOhms megohms
ms milliseconds

nA nanoamps
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FIGURE 3-1: INPUT RESISTANCE MEASUREMENT

Respouses of the membrane to.the Injection of pulses o;
hyperpolarizing current. Top frace: current monitor. Bottom trace:
membri?e potential recorded by the microelectrode. Input resistance in

this case is 25 MOhms. Calibratiom: the vertical bar represents 0.5 nA

and 20 mV, the tg;izontal bar represents 100 ms.

/
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FIGURE 3-1
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FIGURE 3-2: SYNAPTIC RESPONSES
The left column contains examples from normal neurones, the

right from kindled s}ices. Calibration'signalz “the bottom trace is a
calibration signal which also appears in subsequent figures. The large
vertical pulses represent ZO'mV (for voltage signals) and 0.5 nA (for
current monitor signals).' The time between small p?lses (overlapped in
this figure) is 10 ms while the large phlses’are separate& by 100 ms;
A: Upper trace is extracellularly-recorded field potentialﬁ
demonstrating a popuiation EPSP subthreshéld for a population splke.

- . «
Lower trace is the simultaneously-recorded intracellular potential from
a CAl pyramidal neurone. The two recording electrodes were in the same
reglon of CAl, separated by no more than 50 um. Both kindled and normali
examples show the depolarizing-hyperpolarizing sequence typical of
responses elicited by stimulation of stratum radiatum. Calibration for
extracellular recording is lmV/small pulse on calibration trace.
B; éimilar to A, butlwith a slower time base. Note that in the kindled
case, a second sti;ulus pulse was applied during the hyperpolarization,
and an EPSP appeared. In contrast, the initial response consisted of
only a very small depélarizatton followed by the hyperpolarization.
C: Similar to A, but from two other neurones. ‘ ‘
D: Responses of two different neurones, displayed at a slower time base.

Note that the hyperpolarizing phase of the response may extend for

several hundred milliseconds.



FIGURE

3=-2

LRSI

et ———— .

121




122

FIGURE 3-3: ACTION POTENTIALS

The left column contains examples from normal neuroues, the

right from kindled slices. Calibration signal as described in Figure
3_2. B - .‘ ’

- 3 . " 3 " .
A: Action potentials superimposed on graded synaptic potentials, The

example from normal tissue’coh;ains Several superimposed tracings with
. hd ) ~ 3 - N ' ]
increasing levels of stimulus current.
. [ .

B: Activation by a palr of stimulis pulses. In thésaféxamples, the
“ * : . P 4
single—-cell potentials (middle trdces) discharge jction potentials in

direct correspondence with the population regsponses (top traces). In
o ) ‘ ‘ ‘

other cases, a neurone could discharge an action potential even when the

pobulation response did mot display a population spike. The response of

the kindled neurone demondtrates paire@ pulse-potentiation Qith the

first response consisting only of an EPSP. ‘Calibration for the

R hY
. ~

extracellular signal is 2 mV/smal% pylse. N
C: Control response deﬁonstrétes 2 deéreé of inhibition of action -
potential discharge in a paired-pulse, stimulation. The kindled example

\

is' from a neurone (the only one encountered in this study) which
dis;harged double action potentials in response to a single stimulus
pulse.

ég Further examples of paired-pulse stimulation. Note'the‘robust
potentiation in both examples. The #indled response 1s from the same

cell as abovs, “and the double-spike discharge matches the pattern seen®

in the extracellular recording.

- °
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FIGURE 3—4:.kESPONSES TO DIRECTIACTIVATION

) The left column contains examples from normal neurones, the
right from kindled slices. Calibration signal as described in Figure
3-2. A,B,C and D represent the responses of neurones to increasing
levels of current injected directly‘into the neurone through the bridge .
circuit of the recording system. In this and the following figure,
spikes have been retouched for clafity. Each frame is taken from a
different neurone, except C and D from the kindled group, which are from

the same neurone. Note the high frequency discgzrg? apparent at the

onset of current injection.
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FIGURE 3-5: RESPONSES TO DIRECT -ACTIVATION

The left column éontains examples from normal neurones, the
right from kindled slices. Calibration signal as described in Figure
3-2. Similar to the previous figure. DB and C of the kindled group are
from the same neurone. . Note that the discharge of dction potentials

outlasts the current injection in D.
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CHAPTER 4: GENERAL DISCUSSION

4.0 Summary of Findings

The experiments reported in this thesis demonstrate that the
electrophysiological properties of hippocampal tissue from kindled rats,
wheﬁpstudied under in vitro conditions, do not differ dramatically from
those of control tissue. No differences in the pattern of appearance,
or [K*] sensitivity, of spontaneous IISs was observed. The properties
of CAl evoked potentials were generally similar between the control and

~experimental groups, although slices from two kindled groups showed a
significantly higher Sccurrence of multiple~population spike responses
than did control slices. Intracellular recordings from CAl neurones
revealed no differences in resting membrane properties. The
hyperpolarizing phase of the membrane response to ét;atum radiatum
stimulation had a larger mean peak amplitude in neurones of kindled
slices. Intracellular injeciion of depolarizing current prbduced, in

/
some kindled neurones, a pattern of action potential discharge that was

qualitatively different from that of controls. Other neuronal

parameters were unchanged,

4.1 Extracellular Studies

<
4.1.1 Multiple Populatioé Spikes in Hippocampal Slices
Our extracellular studies were concerned with the measurement of
two types of "abnormal" electroghysiological activities in the GAl

14
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region of the hippocampal slice: multiple population spikes in the

field response evoked by stimulation of afferents, and spontaneous IIS

//ﬁisgharges. What are the cellular mechanisms underlying these

activities?

o

A complete answer to this question is not available, but the

.

most tenable explanation at the present involves the integrity of
inhibitory synaptic ingluences. Intracellular recordings from CAl
pyramidal neurones have revealed that the normal membrane response to
synaptic activation consists of a depolarizing-hyperpolarizing sequence
(e.g. Schwartzkroin, 1975). The depolarization is most likely an EPSP
resulting from the action of excitatory neurotransmitters released from
afferent fibres onto t?e dendrites of pyramidal neurones. The source of
the hyperpolarization is less clear, A feedforward inhibitory pathway
has been suggested by Alger and Nicoll (1982) and Ashwood, Lancaster and

Wheal (1984) and may involve direct synaptic inhibition of

somatodendritic membrane by afferent fibres, or the action of an
[{

inhibitory interheuronel\ A recurrent inhibitory pathway, activated by

-

pyramidal neurone action potential discharge, is also present

(Kndersen,l975; Knowles and Schwartzkroin, 1981). Another component of
the hyperpolarizing phase may involve a calcium—activated potassium ‘
conductance. Studies by Nicoll and Alger (1981) have demonstrated that
the postsynaptic influx of Ca** during synaptic activity and action
potential discharge activates a potassium conductance, the overall
effect of ‘which is-dnhibitory to further action potential generation
(but see Lancéster and Wheal (1984) who.demonstrate that this potential

is resistant to calcium buffers injected intracellularly). In summary,
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GABA-mediated IPSPs and the calcium-activated potassium conductance
combine to control EPSP-driven spike generation. )

In the simplest conceptualization of this schéme, multiple
spikes are generated when the normal balance between excitation and
inhibition, is upset in favour of excitation. This could result from an
increase in the net excitatory influences, and/or a decrease in the
inhibitory ones. The majority of ;vidence in support of the existence
of such a mechanism comes from studies in which the slice has been
exposed to agents which selectively block GABA-mediated inhibition.
Penicillin, for example, has little or no effect on presymaptic fibre
activity, EPSP properties, passive membrane properties, or action

potential mechanisms in the hippocampal slice (Andgrsen, 1983).
However, it appears to reduce'postsynaptic inhibition in pyramidal cells
(Dingledine and Gjerstad, 1979) concomitant with the appearance of
multiple action potential discharges in response to synaptic ;ctivgtion.
Other GABA antagonists, such as p{crotoxin and bicuculline
(Schwartzkroin and Prince, 1980), have similar effects. Interfefence
with the calcium-activated potassium conductance also produces multiple
spiking. Johnston, Hablitz, and Wilson (1980) havé shown that exposure
of slices to barium, which enters the cell through calcium channels but
does not activate calcium-activated potassium conductance, results in

.

7
cell bursting.

In our experiments, multiple population spikes were observed

under conditiods of elevated {K*] in the perfusing medium. The

mechanisms by which this occurs are likely to involve at feast three
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factors. (1) Elevating extr;cellular potassium has a depolarizing
effect on neural membranes, as predicted by the role of Kt conductance
on the regulation of resFing membrane potential (e.g. Huxley and |
Stampfli, 1951). Although this reduces the driving force for the EPSP,
less membrane depolarization is required to at;ain action potential
threshold. \(Z) Similar effects on nervé terminals may produce a
reduction of transmitter release Erulkar and Weight (1977), but this may
not hold for all exci;atory and inhibitory synapses (Kriz, Sykova, Uzic
and Vyklicky, 1974; Singer and Lux, 1973). (3) A reduction in the
driving force for K" would resulf, and the net hyperpolarization due to
calcium—activated potassium conductance activation would decrease. The
overall effect of these mechanisms is an excitatory one, which may
account, at 1€ast in part, for the observed increasg.in the appearance
of multiple population spikes with elevated extracellular [K+].

Slices from two experimental groups of kindled rats showed a
significant increase in the appearance of multiple population spikes
when compared with controls. This effect was seen in slices from rats
kindled in the fimbria-fornix and in the amygdala, but not in those from
rats kindled directly in the hippocampus or the perforant pathway. This
increase may involve wechanisms similar to those which increase
multiple spilking under conditions of elevated extrgcellulér potassium,
although no‘attempt was made in these studies to identify these
mechanigms. For example, the neurones may have been depolarized,
excltatory transmitter release may have been Iincreased, or inhibito;y
mechanisms may have been compromised. Results from our intracellular

5

'
L

\ ' ' 2
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studies (discussed below) suggest that the first two are unlikely, but
that a reduction in inhi?itory potentials may be a possibility.

Alternatively, the increase in multiple spiking may involve
mechanisms quite diffefent from those discussed above. For example, an
increase in the density of demdritic calcium conductances would result
in abnormally large dendritic calcium currents when triggered by
synaptic potentials, and additional somatic spikes would then be
triggered. fhis possibility remains to be investigated,
4.1.2 Spontaneous IIS Discharges in Hippocampal Slices

The mechanisms by which sPontaneous LIS activity is generated in
slices are less clear than those'Le3ponsible for the multiple action
-potentials seert during disinhibition. The IIS activity comsists of
rhythmic, high-amplicude spikes which are clustered in bursts of varying
duration. In the penicillin-treated slice, IISs appear at rates varying
from 1/minute (or even lower),‘to\as high as 0.5/second (Schwartzkroin
and Prince, 1977a). The sa&e manipulations which result ip multiple-
population spike generation (convulsant agents, elevated KL), can also
generate IIS discharges. Schwartzkroin and Prince (19775) have
demongtrated that when slices are perfused with peniciilin, multiple
population spikes ;ppear first, while the tissue concentration of the
drug is still relatively low. As the concentration increasgs, the
multiple population spikes fﬁerease in number and intensity until
paroxysmal discharges are observed., Eventually these occur
spontaneously in the absence of applied synaptic activation. A similar

pattern is seen in preparations exposed to elevated extracellular
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[K*] (Hablitz and Lundervold, 1981; Ogata, 1975; Ogata, Hori and
Katsuda, 1976; Chapter 2). As discussed at length in Chapter 1,
intracellular studies by a number of laboratories have demonstrated that
the intracellular correlate of the IIS is a large amplitude '
depolarization of the membrane, termed the paroxysmal depolarization

shift (PDS), but details of the ionic mechanisms underlying PDS

generatiow remain controversial.

4.1.3 Comparison With Other Studies

Oliver, Hoffer and Wyatt (1980) kindled guinea pigs with daily
intraperitoneal injections of pentylenetetrazol (PTZ). Hippocampal
slices were prepared from these animals 3 to 20 days after the last
injection. When exposed to ACSF containing 8 mEq/l K*, some of the
slices developed spontaneous LIS discharges. Tﬁt%é.discharges did not
appear in their "normai" ACSF, which contained 6 mEq/1l K*. The ¢
probability of abnormal discharge depended on the number of PTZ-induced
seizures, ‘and ranged from 1;ss than 10% (in animals with 2 seizures) to
approximately 90% (in animals with 5 seizures). The effect persisted
for at least 20 days following the last seizure. A previous study é;;m
the same laboratory (Oliver et al., 1978) found that elevating K* alone
did not induce epileptiform activity in slices from unkindled animals;
the addition of a convulsant agent such as penicillin was necessary.
They concluded, therefore, that kindling with PTZ produced long-term
changes in hippocampal excitability. .

There are several important differences between the the study of

Oliver et al., (1980) and the experiments reported here: (1) Systemic

I
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convulsants may produce a qualitatively different pattern of seizure

_activity than focal electrical stimulation and thus the degree of

hippocampal involvement could have been different in our studies from

those of Oliver et al., (1980). Our kindled rats had experienced at

N

least two sta%e 5 convulsions, and had progressed through preliminary
stages of kindling over an extended period of daily stimulafion. In A2
contrast, Oliver et al. triggered daily motor seizures for, at the most,
5 days in succession. Thus, the total afterdischarge activity ddring
kindling was very different in the two studies., (2) In Vitro
hippocampal properties: In our preparation, a small percentage (10%) of
slices from normal rats display spontaneous IISs when exposed to ACSF
containing 6 mEq/1 [K']. Oliver et al., (1978) report that "very few"
slices in 6.2 mEq/l [K*] show spontanéous discharges. In a study
specifically examining the K* threshold for IIS activity, Rutecki and
Johnston (1983) report that 6.0 méq(l/jK*] is sufficient to induce
epileptiform discharges in hippogamp;I slices, in the absence of a

convulsant. Oliver et al., (1978) reported no IIS activity even when

the K* was increased to 8 mM. One might expect, ceteris paribus, that

their kindled slices would show a lower degree of epileptiform behaviour
than our preparations, but this was not the case. (3) Oliver et al.,
(1980) performed their studies at least 3 days following the last PTZ
injection. In contrast, our experiments were performed 24 hours aftér
the last stage 5 convulsion triggered by electrical stimulation. Our
studies may have been more sensitive to short-term post—ictal events

than those of Qliver et al. This point is discussed in greater detail

in a subsequent section.
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In summary, while the study of Oliver et al. bears a close

similarity to ours in terms of hypothesls and overall design, the ahove

differences make a direct comparison rather difficult.

4.2 Intracellular Studies

4.2.1 Resting Membrane froperties and Action Potentials

Our measured values for resting membrane potential, input
resigtance, and action potential amplitude and width are within the
range reported in other studies using similar techniques (e.g.
Schwartzkroin, 1975). ‘Our intracellular recordings presumably invol;e;
‘somatic impalements, since electrodes were visually guided into the cell
body layer of the CAl r;gion of the slice. As a result, these
measurements are less sensitive to dendritic membrane:phenomena than to
those involving‘the cell body. The fact that the parameters listed
abové did not differ between neurones from control and kindled rats
suggests that kindling may not produce long-lasting aiteratioﬁs in the

«

mechanisms underlying the control of resting membrane potential. These

//a/“ include resting sodium and potassium conductances and {fonic

concentration gradients. A similar integrity of action potentiai—
generating mechénisms, including voitage-dependent sodium and potassium
channels and the corresponding.lonic gradients, is implied. Neurones
did noé display spontaneous burst firing, which, in the convulsant-

—

treated slice, reflects eplleptogenic alterations in synaptic and

non-synaptic factors.
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4.2.2 Synaptically Activated Potentials

Some of the mechanisms involved in the depolarizing-
hyperpolari;ing sequences seen in response to stimulation of stratum
radiatum have been discussed above. Our measurements indicated a small
but significant difference in the the peak amplitude of the
hyperpolarizing phase of the synaptically-triggered response. Our
studies did not attempt to differentiate between the various components
of this response. These components include GABA mediated IPSPs (Alger
and Nicoll, 1982a,b), located on somatic and dendritic membrane
(Andersen, Dingledine, Gjerstad, Langmoen and Mos feldt Laursen (1980))
and intrinsically-generated currents such as those mediated by
calcium~activated potassium conductance (Nicoll and Alger, 1981). The
peak value of this hyperpolarizat}on was increased in neurones from
kindled rats. This increase may be a resporse to the epileptiform
activity experienced during kindling, and may represent a mechanism by
which any kindling-induced hyperexcitability or tendency towards
_epileptiform buréting is maintained under control.

Another possible mechanism for the apparent increase of the
hyperpolarizing phase of the response would involve an effeccivé
decrease in excitaFory (depolarizing) potentials. When summated with a
hyperpolarizing potential of normal amplitude, the net hyperpolarization
would appear to. be decreased. This wo;ld appear to be unlikely in these

recordings, as the peak subthreshold EPSP appeared to be unaltered. A
more sensitive test of the changes underlying these potentials could be

made by measuring membrane conductance during synaptic activity.
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4,2.3 Current-Induced Bursting

Several neurones from the kindled group demonstrated a high
frequency discharge in response to direct current injection. This
pattern differed from the normal one in the shorter intervals between
action potentials and in the appeefance of increasingly lower amplitude
spikes as the burst progressed. Studies by Wong and Prince (1979) and
Masukawa, B/ ardo and Pﬂ}nce (1982) have suggested ég;c dendritic
calcium channe are in Involved in the mechanisms by whiéh pyramidal
neurones fire bursts in response to direct stimulat10n"by curren;
injection. Critical depolarization of the dendritic membrane activates
valtage-sensitive calcium influx which contributes to soma
depolarization and high—ffequency firing. The reduction in action
potential amplitude as the burst progresses presumably reflects a
significant conductance shunt of the membrane in the vicinity of SpiLe
generation.

Control over the frequency of discharge is exerted by sé&eral
factors, including calcium and sodium channel density, relative
distribution over somato-dendritic membrane, and the balancing effect of
calcium-activated potassium conductance. The modelling studies of Traub
and\Plinas (1979) have demonsttated that relatively subtle alterations
in the distributions of these conductance channels over the pyramidal
cell membrane can dramatically alter the cell’s response to injected

current.
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@.2.4 Comparison With Other Studies

The results of our intracellular experiments may be compared
with several related findings. Oliver and Miller (1982) reported that
CAl IPSPs were unchanged following commissural kindling. Our
experiments, however, revealed a small decrease in the
afterhyperpolarization, only one component of which may be an IPSP.

The other comparable study .is that,qf Schwartzkroin, Turner,
Knowles and Wyler (1983). They measured égé membrane properties of
neurones from two kinds of chronic epil@btic foci using the in vitro
slice preparation to maintain human biopsy material and tissue from the
cortex’'of the chronic ale@ina gel monkey model. Intracellular
recordings were performed on neurones from the presumably focal regions
and cogpared with those from.more peripherally involved sites (human) or
from n;rmal cortex (mounkey). Theirogésplts were equivocal and
inconclusive. They saw no major diffefencgs in cell properties between
epilepic tissue and normal cortex. Spontaneous eplleptiform activity

'
was never observed, agd bursting neuroﬁes were encoyntered in both types
of tissue. These bursts, however, did not resemble those seen in
penicillin—treateé preparations, as chgy were graded with stimulus
{ntensity and did not possess the all-or-none characteristics of the
PDS. Schwartzkroin gg_gi. were f%gc%d to conclude that (a) neuronal
chronic eplleptic focus, and (b)[%he 1? vitro preparatiop may be of

little value or relevance in the study of chronically epileptic

tissue.
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4.3 Implications for Role of Hippocampus in Epilepsy

The f;ilure of these experiments to detect a significant degree
of epileptiform beha;iour was unexpected. In applying thesge data
towards a rejection of the hypothesis that the hippocampus plays a
significant pacemaker role in kindling-induced epilepsy, four
possibilities nust be considered.

1. Hippocampal immunity to kindling-induced hyperexcitability:
The hippocampus does not de;elop epileptic propegties during kindling,
and the atypical eplleptiform responses are artifactual.

2., Artifacts of the in vitro technique: The hippocampus does
develop epileptic prgéerties, but they are masked or suppressed in the
slice because of specific unphysiological properties of the
preparation. '

3. Insensitivity of Ehe‘technique: The hippocampus does develo;
eplleptic properties, but they are very subtle and were not detected, qr
triggered, by the experimental protedures that were used.

4. Lack of critical neuronal aggregate: The hippocampus does
develop epileptic properties, but these are highly localized and ~
anatomically discrete. The examples of atypical behaviour seen here
represent "true"” epileptic modifications resulting from kindling.
Interictal spikiné and ictal discharges are not strongly expressed in
the slice because more intact tissue and extra—hippocampal inp;t is
required. ’

The four, possible explanations are not mutually exclusive, but

will be given separate discussion.

/"—\
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4.3.1 Hippocampal Immunity to Kindling-Induced Hyperexcitability

. The first interpretation, that the hippocampus is resistant to
kindiing-induced alterations in neuronal prope;ties, is the strongest
that can be drawn from the present data. The majority of slices did not
display any spontaneous epileptiform behaviours, and their response to |
challenge with Kt-elevated perfusate was similar to that of control

slices. Field potential recordings revealed little evidence of

stimulus—evoked paroxysmal activity,. and paired-pulse tésts indicated

-

inhibitory function to be similar to that of controls. At the neuronal
level, intracellular recordings showed that the characteristics of the
resting membrane and synaptic pote;tials are Iindistinguishable from
control values. ‘E;ceptions to these similarities between control and
kindled slice;<did occur, however, and are not easily explained by this
interpretation. Other studies lend some support to the interpretation.
Oliver and Miller (1982) measured the duration and\inhibitory
efficiency of IPSPs in CAl pyramidal cells of the commissurally-kindled
hippocampal slice. TheyA}ound no difference in theyproperties of IPSPs
between kindled and control rats. A subsequent report (Oliver and
Miller, 1983) indicated that there was an increase in a non-GABA
inhibitory process in the dentate gyrus of kindled rats. Several other
in vivo studies also indicute that hippocampal inhibitory syst;msvare
not e;sded by kindling stimui;tion. Goddard (1982) examined the time
course and strength of dentate Iinhibition in kindled rats using the
pafred pulse paradigm, and found a smgll strengthening of inhibition.

Tuff et al., (1983a) have reported a.similar increase in paired pulse

depression. Studies of the neurotransmitter receptor systems in the
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hippocampus of kindled rats h%\é, in general, failed to reveal
. / \
modifications which may refle%t‘an increased eplleptic tendency. Tuff,

Racine and Mishra, (1983) fédhd no change in labelled muscimol GABA
\binding in the hippocampus ipsilateral to perforant path-applied
“ 1\'
kindling stimulation. Receptors.for benzodiazepines were found to
increase as a result of kindling. McNamara et al., (1980, 1981) also
found an increase in hippocampal.benzodiazepine (BDZ) receptors
ot o ‘
following a large number of seizures, and Valdes, Dasheiff,,Birmingham,
7 |

i

Crutcher and McNamara (1982) found this increase to be iocalized to

'

granule cells. Liebowitz et al., (1978) found an increése in the

~ 4

potassium-stimulated release of GABA fro@ hippacampal slices of

~
~

entorhinal-kindled rats.

These studies indicate that inhibitory processes remain intact,
or may even be augmented in the hippocampus of kindled ;nimals.
However, an augmentation of excitatory mechanisms, or tﬁe enhancement of

"intrinsic hyperexciﬁability" could still provide the basis for

/J

hipgpcampal epileptic behaviour. The present experiments, however;
showed little evidence for such processes. ' Excitatory field potentials
were reliably triggered by afferent stimulation, but were not larger
than those seen in unkindled tissue. Intracellularly-recorded EPSPs
possessed similar characteristics in kindled and unkindled slices, and
no instances of PDS activity were {Fcorded. No other stLdiés are
available to directly support these findings, but a nmmJer of indirect
observations are consistent with a lack of {ncreased hipLocampal

epileptogenicity. Acetylcholine (ACh) has been demonstriated to be a

powerful excitatory agent in the hippocampus (Benardo and Prince, 1982;
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Dodd et al., 1981), and produces disinhibition (Ben Ari et al., 1981)
and seizures (Vosu and Wise, 1975) when applied to hipﬁgcampal neurones.
An increase in hippocampal excitability could result if kindling-
produces an increase in cholinergic activity in the hippocampus. A
variety of studies, however, have demonstrated either a transient
decrease (Byrne et al., 1980; Dasheiff and McNamara, 1980; Savage et
al., 1983) or no change (Blackwood 1982; Noda et al., 1982) in
hippocampal ACh receptors following kindling. l

’ In sgmmary, the evidence from a variety of sources ané from
these experiments supports the hypothesis;that the hippocampus 1s

o
resistant to kindling—induced epileptic changes.

_

4.3.2 Artifacts of the Efzgitro Technique
A second possible Hnterpretation of these results is that the

hippocampus in kindled rats does develop epileptic properties, but these
are suppresse? due to the nature of the slice preparation. The trauma
of dquﬁitation, dissection, slicing, etc. could produce a long—lasting
(for the duration.of the experiment) depression}of epileptogenic
mechanisms. For example, exclitatory transmitter 'release could be
partially blocked due to’Ferminal depolarization in decentralized axons.
Neuronal depolarization could inactivate intrinsic epileptogenic
processes, such as Cq++ influx. However, the application of penicillin
to the slices (when bathed in 6 mEq/l K*) invariably led to epileptiform
behaviour, suggesting that at least;;ﬁe set of epileptpgenié substrates
is not suppressed by the preparation of the’slices. The cellular

elements involved in kindling, however, could be different from those
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involved in penicillin-induced epilepsy. Since the cellular and field
‘properties of the slices studied in these experiments closely resembled
those reported by other inwestigators, Including in situ exéeriments, it
is un}ikely that trauma alone suppressed any kindliné—induced
hyperexcitability.

Another possibiiity is that the perfusing medium may be lacking
critical levels of some ion or other substance which is necessary for
ki;dled epilept{form activity. The perfusate used in most slice
experiments is not identical to extracellular fluid or cerebrosplnal
fluid (CSF). Amino acids and CSF proteins are absent, and the levels of
Ca++,\Mg++ and KT are somewhat higher than those measured under
physiological conditions. These differences do not seem to influence
the responses of the hippocampal slice, although exhaustive coéparisons
with in vivo properties have not been carried out. There is a lack of
information concerning the influence of such factors on the in vivo
propertles of kindled hippocampus, and therefore it 1% impossible to
speculate what elements in the perfusate might influence kindled
responses.

In summary, the in vitro technique does i;troduce certain
artifacts into the electrophysiological properties of hippocampal
tissue, but instfficient evidence exists to pinpoint any possible

I

sources of suppression of epileptiform activity.
4.3.3 1Insensitivity of the Technique
Kindling-induced alterations in hippocampal ‘electrophysiology

may have escaped detection in these experiments because of the
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particular experimental procedures used. This is a limitation in any
scientific experiment, but several points deserve emphasis with respect
to the present experiments. Spontaneous IIS were readily detected,
since they possesse ll-or-none characteristics and were large in
amplitude. The obsérvation period in any given slice varied from a
miniﬁum of 5 minutes to several hours. Usually, electrodes ;ere
reinserted into all élices several times during the course of an

experiment. Very low frequency IISs could have been missed, but they

would be very rare events.

4.3.4 Lack of Critical Neuronal Aggregate

The hippocampal slice miy not contain the necessary cellular
gubstrates for the expression of kindling—induced epileptiform activity.
If, as mentioned above, the mechanisms of kindling-induced
hyperexcitability differ from those involved in the penicillin-treated
slice, thep our experiments‘may not disclose these phenomena. For
example, the expression of kindled epiLeptif?rm activity in Yitro may

require a larger mass of neuronal elements, perhaps that resulting from _

-

a thicker slice. The only evidence speaking against this possibility is
the'observation that the electrophysiological properties of the
hippocampal slice are relatively insensitive to slice thickness, at '
least over the range where slice viability is ngt limited by metabolic
and.oxyéen demands. Nevertheless, a "critical mass” of tissue may be

required, and it may exceed that which can be successfully maintained

under in vitro conditions.
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4.4 Further Studies

The experiments in this thesls generate a number of questions
amenable to further study. The principal one involves the mechanism
responsible for the increases in multiple-spike field potehtials seen in
the extracellular experiments. In&racellular recordings during these
events should beﬁcarried out in order to determine whether they are
accompanied, at the cellular level, by PDS activity. Similarly, the
ionic basis for the deq%ease in afterhyperpolarization seen in neuron;s
from kindled slices should be examined. Ionic substitution experiments
may be carried outiﬁo assess the relative contributions of chloride-
mediated IPSPs and calcium—activated potassium currents to this

- ¥
potential. The high-frqu;ncy discharge seen in kindled neurones when
depoiarized by direct current injection also merits further study. In
particular, it may be possible to éetermine whether/? dendritic calcium
current underlies this behaviour by means of intracellular calcium
buffer injection and extracellular 102}& manipulations.

Another important queétion Eﬁ/be addressed involves the '
long-term changes associated with kindling. Since the present
experiments were performed within 24 hours of the last kindled seizure,

>
some of the obsexvations may reflect post-ictal changes rather than the
permanent modifications underlying kindling. Similar measurements
should be performed several weeks following the last triggered seizure
to distingulsh post-ictal phenomena from those directly associated with
the kindled state.

. Finally, an attempt should be made to replicate these

observations in situ. Technical difficulties notwithstanding, questions

ORI



concerning a critical neuronal aggregate and triggering inputs can be

directly attacked in the intact preparation.
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