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ABSTRACT

Repeated electrical stimulations of the brain via a chronicaliy
lmplanted electrode induce gradually stronger epileptiform responses
until the animals show fully developed bilateral, clounic ceonvulsiouns.
This experimental epilepsy model is called kindling. Most of the
experiments doune con this phenomenon have compared kindled to non-kindled
animal;. Consequently, the changes observed are often secondary, rather
than primary, to the developing epileptogenesis. v .

As an alternative approach, two strains of rats were outbred
from a common parent generation on the basis of amygdala kindling rates

(the number of evoked epileptiform discharges (ADs) required to reach

the fully developed seizure stage). After 5 generations, we succeeded

s
/

in producing two groups of rats that demoustrated no overlap in amygdala
kindling rates. Kindling-prone or FAST rats required 11.0 ADs, whereas
kindling-resistant or SLOW rats required 42.1 ADs to develop fully
generalized seizures.

We have used.electrophygiological and pharmacological tests in
an attempt to determine the mechanisms %pdarlying the differences in
epileptogenesis in these two strains.

The electrophysiological experiments were designed to test the
hypothesis that FAST rats- have either a greater plasticity in excitatory
neural systems, or a faster rate of alteration in those systems. Both
short-term and long-term potentiation effects were examined in 2
different forebrain pathways. The results did not support the

(1ii)



hypothesis. Rather, the results indicated that FAST rats may have lower
levels of inhibition, as reflected in measures of paired-pulse

depression. .

-~

Pharmacological experiments were performed in order to ;ﬁallenge
speciéic inhibitory neurotransmitter systems. The results indicated
that PAST rdts had significantly lower thresholds for convulsants that
are known to interfere with GABA-related inhibitory ?géhanisms. -A )
preliminary study of GABA receptors, however, showed,that {38]-Muscimol
binding did not differ between the strains.

It was argued that FAST rats may be deficient, relative to SLOW
rats, in levels of inhibition mediated by other thanm GABA

neurotransmittem systems, or that they may differ in membrane mechanisms

that mediate late after hyper?olarizationa.
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CEAPTER 1 GENERAIL, INTRODUCTION
A, HUMAN EPILEPSY

Epilepsy is among the most common of chronic disorders of the
central nervous system (CNS), and it is estimated that at least 0,5-2%
of the world's population suffers from epilepsy (Prince, 1978).

The extent and intensity of behavioral disturbance varies widely
depending on the anatomical and physiological substrate of the seizure.
There are two major groups of seizures: one is the 'primafy
generalized seizure' which involves the sudden onset of generalized
attack with losds of conmsciousness, and the other is the 'partial
attack’, which may or may not evolve into generalized seizure (which
wotild then be called 'secondary gemeralized seizure').

Grand mal is the most dramatic of the primary generalized
seizure disorders. The sequence of motor events usually proceeds from a
generalized muscular tonus, particularly in extensor systems, to clonic
jerks, the entire process lasting about 2 minutes. Autonomic reactions
include sweating, salivation, increased heart rate, respiratory
difficulties, and emptying of the bladder.

The subject is likely to remain in a deep stupor for several

h .
minutes after the cgrmindtion of'a convulsion. Upon recovery from the
stupor he may be confused and disoriented. Typically, the patient will
sleep for several hours, then wake up with severe headache and aching
muscles,

One of the mild forms of generalized seizure is called petit mal
and is characterized by widespread, bilaterally synchroncus three-per-

1 -



second spike and wave activity in the electroencephalogram (EEG). The
attack often lasts no longer than 5 to 10 seconds, and the accompanying
motor movements often involve only eyes and face. Other types of
seizurﬁs, such as wmyoclonic seizures (arm jerks and trunk flexion) and
astatic seizures (loss of muscle tonus or postural control), may also
occur with sudden onset and loss of counsciousness, although these
attacks are so brief that it is often impéssible to determine cﬂe extent
of any disturbance of consciocusness. The sudden bilateral onset of
primary- generalized seizures suggests to some researchers that central
brain regions are critically involved (Penfield and Jasper, 1954).°
Partial seizures affect motor and sensory functions localized to
specific parts of the body. Such seizures may trigger uncontrollable
motor movements in an orderly sequence {(the Jacksonian march).
Stereotyped deviations oflposture, vocalization, or eye movements may
also be triggered. The seizure wmay affect somatié sensory processing
related to localized parts of the body, eliciting sensations of
numbness, tingling, pins and needles, heat, water running over the skin,
or a sense of movement. The seizures can also distu;b visual, auditory
and vestibular systems, and may elicit hallucinations. Other types af
partial seizures are accompanied by olfactory hallucinations, gustatory
sensations, visceral sensations or ewotional symptoms such as happiness,
fear, anxiety or rage reactions. These paétial seizures may or may not

develop into secondary generalized seizures.

Amoug seizures with a focal ouset are those that originate in

the temporal lobe. Temporal lobe epilepsy'(TLE) is often characterized

by the psychomotor attack, during which the patient appears to respond
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in a limited fashion to his environment, although he later remembers
»n

nothing of what transpired during the attack. The patient behaves as if

conscious but confused {automatism), and experiences a variety of

emotions, illusions of increased reality, hallucina;ious, vivid-recall
of the past and visceral semsations. At the oanset of the attack, lip
smacking, chewing, facial grimacing and_swallowing movements are
frequent. Such psychomotor automatisms rarely last more than & to 5
minufes, but the patient.may experience prolonged periods af pest-ictal
confusion.

Even when controlled by anticonvulsant drugs, seizures are known
to recur over many years. The mechanisms sustaining the properties of
the neuronal substrate of chronic epilepsy may be quite different than
th;se underlying acute seizures induced by fever or drug intoxication.
Although the majority of seizﬁres are spontanébgs and recurrent in
nature, some types of seizures can be evoked by specific stimuli. Such
stimuili can be a flashing light (Jeavons & Harding, 1975),:certain
visua1 patternsj(wilkins, Darby & Binnie, 1979), auditory patterns
(Servit, 1963), or even the emission of motor pakterns such as speech
{Lee, Sutherling, Persing & Butler, 1980) ?j(gating SRobertsou &
Fariello, 1979). '

Electrographic indices of seizure activity can be detected by
EEG recordings from the ;kull surface, even when the clinical signs are
ambiguous or undetectable. Primary generalized seizures are often
characterized by an abrupt onset of spike-wave discharges, bilaterally

synchronous from the onset, and recordable from all gsurface electrodes,

The termination of such paroxysmal discharges is also abrupt. Partial’

2



seizures, in coantrast, have a relatively distinctive focus. The
paroxysmal discharge appears to be generated within this focus and then
to propagate t; other regions. The quality of -the seizure is.determined
by its specific anatomical substrare.

The tempqral lobe, with its subcortical nuclei, appears to be a
relatively common site for the development of epileptic foci. The
paroxysmal discharges during temporai lobe epilepsy (TLE) are usually
detected arouand the anterior tembéral_lobe by skull surface EEG
recordings. The hippocampal forma%ion and amygdala (Fig. 1) éppear to
be the two most critically and frequently involved structures in cases
of TLE (Falconer, Serafetinides é Corsellis, 1964). Amygdaloid
responses (evoked potentials, EPs) evoked by test=pulses applied to the
ipsilateral hippocampal formation are well developed in patients with
TLE but not in patients with an epiieptic focus outside the temporal
lobe (Buser, Bancaud & Talairach, 1973). This observation s;ggests that
the excessive paroxysmal activity may result in a strengthening of or
creation of functional connections within the limbic system;

Although causes for the formation of epileptic foci are often
apparent, such as scar tissue formed by trauma or degenerative tissue
produced by organic-disease, many patients develop epileptic foci in the
absence of detectable physical abnormalities (Ajmone-Marsan &
Goldhammer, 1973). Some epileptic foci méy contain neurons that are
otherwise normal but excessively excitable due to functionmal
abnormalities of the synapse or cell membrane.

Extracellular recordings of sinéle'heurons in human ep;leptic

cortical foci demonstrated high frequency burst responses (200-500
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Figure 1

The temporal lobe (shaded area), together with the amygdala

(A) and hippocampus (H) are shown fo
and the rat brain (below).

r the human brain (above)-
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action potentials per sec) during the inter—ictal peried. These burste
often showed characteristic stereotyped intraburst patterns {(Calvin,
Ojemann & Ward, 1973) with variable interburst fréquencies. Such
observations led Prince (1976) to speculate that the burst respoases of
neurons in epileptic foci are the reflection of functionally abmormal
neurons synchroncusly bursting in stereotypical fashion, rather than
nermal peurons being driven to burst by an abnormally synchronous
synaptic input. Another characteristic of-the epileptic focus is the
progressive increase in strength of the pathological response over time,
This increase could reflect a type of plésticity, or simply a
pgsgressive increase in degeneration — as in Parkinson's disease. A
clinical observatioéﬂ(Perrin & Hoéfman, 1979)‘indicates that the
symptoms are more likely to persist, after surgical excision of the
epileptic focus, in patients with a longer history of pardxysmal
discharge. The continuous excessive-bombardmenﬁ by discharges from the
epileptic focus may iﬁduce functional alterations in adjacent normal
neurons which then become epileptic.

The standard treatment for epilepsy is the use of anticonvulsant
drugs., Most of these are found to enhance the activity of putative
inhibitory neurotransmitter systems. Intravenous or oral administration
of such drugs appears to suppress the paroxysmal activity within the
focus and/or limit the propagation of discharges. This has suggested to
some that the undeflying mechanisms of epilepsy may involve a deficit in
inhibitory neurotransmitter systems (e.g. Meldrum, 1975).

As a summary, human epilepsy with focal onset presents several

important features to be investigated experimentally. First, the



bursting neurcus within the epileptic focus ﬁay be abnormal in their
response properties, or they may receive abnormally synchronous synaptic
input, resulting in stereotypical synchronous bursts., Second, the
background inhibition within the focus or along the propagation route
may be depressed and so fail to suppress the paroxysmal discharges.
Third, the repeated activation of propagation pathways appears to
potentiate the synaptic transmission in target sites. And finally,
thsre may be a central brain region which, when activated, is

responsible for synchronizing the discharges bilaterally.

B. EXPERIMENTAL MODELS OF EPILEPSY
| In order to facilitate the investigation of mechanisms of human
épilepay, a number of experimental ;nimal models of epilepsy have been :
developed. Seizures 'or seizure semsitivity are manipulated in these
models by thermal or electrical stimulation, chemical stimulation or
genetically.
Physical stiaulation such as local freering of the brain surface
«
is known to produce regular low-frequency discharges within a few hours
of application (Goldensohm & Purpura, 1963). The intracelfhlar
recordi;gs from such epileptic foci revealed that EEG spikes and sharp
waves are temporally related to prolonéed membrane .depolarization,
accompanied by high frequency cell firihg, and subsequent after-—
hyperpolarizatiag
One can<;::o induce seizures by applying an electroconvulgive

shock (ECS) through earclip electrodes (Nutt, 1981). ECS seizures vary

in severity from those "characterized by facial clonus and rhythmic



movements of vibrissae, jaws and ears', to the maximal seizure pattern
consisting of tonic extenmsion (Vernadakis & Woodbury, 196%).
Kindling is another model which emgloys electrical stimulatioﬁs.
™ .
Unlike ECS, the kindling stimulat}on iﬁ,applied to certé&n brain
structures via chroanically implanged electrodes. Infitially it does not
induce convulsions (except from the motor cortex) although it -may
trigger brief focal epileptiform ifﬁﬁ}discharges kADs - Fégu:c 2).wh{;H
outlast the offset of the kindling stimulatioun. With th; spaced
repetition of stimularion, however, the ADs become prblougéd'a:f
complex. Behavioral seizures begin to occur during ADs and béébme

increagingly strong inéyesponse to the same kindling stimulation.

f
L

Amygdaloid kindling in'tbe rat, for example, develops_;hrough the
followinghfive stages (Racine, 1972): 1. facial clo;us, i. head
nodding, 3. forelimb clonus, A. rearing, and.S. loss of poatﬁral -
control, Once the animals reach stage 5, the absence of stimulation for
as long éa 3 months will notu?everae the seizure susceptibility to tﬁgx\\
kindling stimulation (Racine, 1969). The(kindling effect was reported

to lést for at leagr 12 months in cats (Wada, Sato & Corcoranm, 1974).

"1f kindling stf;ufationsrare continued beyo;a stage 5, the animals
eventually develop spontaneous motor seizures (although several hundre?
stimulations are required). These spontanecus motor seizures may then
recur for as long as 7 months after the discontinuation of kindling

stimylation (Pinel & Rovner, 1978). Therefore, kindliing has elements of

‘both chromic and ac¢ute epilepsy. Kindling as an epilepsy model will be

discussed more thoroughly in a subsequent section.
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Figure 2 An example of epileptiform afterdischarges (ADs) evoked by
amygdala (AMYG) stimulation. The lst, 3rd and 8th ADs are

shown. Other sites are pyriform cortex (PYR), hippocampus
‘(#pC), caudage nucleus (CAUD), thalawus (THAL) and

mesencephalic reticular formation (MRF).



A T % i %3 [ PN muﬂw

YV A A b Ezg.siié%
f&riifzpt:_::ts::g;ff%%a% LA MG B sl

i
U?,_ Lk %ﬁgﬁgﬁﬁg i _;%?%%3

il -
;éézs%zé%_i e e Rt L AT —— Y]

8 'ON Q< D .
s TVHL

&

e ————— SUNE— anvo
i AR S : - A e : m..__>n_

— %%éé - ;,%,%% % - DANV
’ e e 44

€ 'ON av | | |l 'ON dV



12

4

Certain chemicdl agents are epileptogenic when applied .
systemically (e.g. pentylenetetrazol, picrotoxin, etc.} or topically
(e.g. penicillin) alumina). Other chemicals that produce acute
epileptic foci when appliéa topically are strychnine (Cﬁaug & Kaada,
1950; Cobb; Cowan, Powell & Wright, 1955), picrotoxin (Usunoff, Atsev &
‘Tchavdarov, 1969), acetycholine (Ferguson & Jasper, 1971), tungstic acid
(Mesher, Wyler & Neafsey, 1§78), ouabaine (Bignami & Palladini, 1966;
Lewin, 1971), isomiazid (Sakai, Yoshikawa, Kinoshita, Oshika & Nakai,
1964), thiosemicarbazide (Baker & Wratkey, 1967) and conjugated
_estrogens (Marcus, Watson & Goldman, 1966). Penicillin is known to
induce synchronous epileptiform dis;harges from neurons underlying the
region of topical application, typically the cortical surface (Prinmce,
1978). The penicillin focus remains epileptic for 2 to 6 hours after
one application (Séhwartzkroin & Wyler, 1980). Swelling of dendrites
and pyknosis of neurons were found in the cortical penicillin focus
(Okada, Ayala & Sung, 1971), while no significant ijpHoloéical changes
have yet been found in hippocampal foci (Schwartz, Broggl & Pappas,
1970). Ietracellular recordings from neurons in chemically induced foci
showed higﬂ\amplitude'prolonged membrane depolarizétions,-commonly
refer;ea to as depolarization shifts (DSs), w&ich.gave rise to bursts of
action potentials Gﬂatsgmoco, Ayala & Gumnit* 1969; Wong & Prince,

1379). 1In one study, over 90X of the sampled neuroans exhibited

alterations in membrane potentials and spike generation during surface
: \
epileptiform events\fnacﬁumoto, & Ajmone-Marsan, 1964).

Intracortical idgéction of alyminum hydroxide (alumina} to th;;>f.

sensorimotor cortex in monkeys produces slow waves and spikes by 3-5
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weeks. Subarachnoid injection triggers similar activity but requires 2

months (Harris, 1975). Partial motor seizures in the upper extremities

begin in 6-8 weeks (intracortical iqjecﬁion) or 4-6 mouths (subarachnmoid
injec;ién) and persist thereafter. The morphological abaormalities of

neurons ac.the intracortical for¥ite parallel those found. in some
human epileptic foci. These abnorma ';;es include granuloma, a mild to

P
moderate depopulation of neurons, and deformations in dendritic

structure in and around the epileptic foci. The amplitudes of surface

spikes as well as.cellular PSs are considerably smaller in chromic »

alumina foci compared to acute penicillin foci (Prince & Futamachi,

b ]
L]

1970). Only about half of the sampled neurous in peaicillin foci o

exhibit alterations in firing pattern during surface epileptiform waves.
Pyramidal tract neurons in alumina foci show structured bursts with a
stereotypical long—first-inter;al intraburst pattern (Calvin, Sypert & .
Ward, 1968). This burst structure has not been found in peni;iLlin foci
(Mesher & Wyler, 1976), but has been reported from human epileptic
cortex (Calvin, Ojemann & Ward, 1973).

Other agents, such as cobalt (Payan, 1967; Dow, McQueen %,;

Townsend, 1972) and methionine sulfoximide (Hrebicek & Kolousek, 1968},

P

. . . . e . R
are known to produce chronic epileptic foci when applied topically. A
: . g
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Pure metals, antimony and nickel, produced severe necrotizing lesions

following intracortical implamtation, and occasional spontaneous

13 1 ‘ ~r ' , "
clinical seizures were\feen for 1 to 6 months (Chusid & Kopeloff, 1962).

Other metals such as bismuth, cadmium, iron, mercury, molybdenum,
.o -

. . . 2 - . - »
tautalum, titanium tin, tungstéh, vanadium and zirconium induced

M

§f
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subclinical (oot behavioral) EEG epileptic activities (Chusid &

N ,
Kopeloff, 1962). R
Another group of experimental models of epilepsy employs

systemic application of convulsant chemical agents, and generally
provide acute rather than chronic preparations. Pentylenetetrazol (p1Z,

or Metrazol) is the most frequeatly used convulsant drug, inducing
seizures which consist of the following three phages: myoclonus

" manifested as a whole-body twitch, clonic spasms involving forelimbs amnd
jaw, and clonic~;onié hindlimb extension which is usually lethal

(Orloff, Williams & Pfeiffer, 1949). PTZ is often used to assess the
strength of anticonvulsants (Desmedt, Niemegeers, Lewi & Janssen, 1976),

but the exact mechanisms underlying PTZ seizures are yet to be

determined,

Most of the remaining convulsants manifest their epileptogenic

- -

effects by suppressing specific inhibitory neurotransmitter systems, OT

interfering with the transport of cations across neuronal membranes.

For example, strychnine suppresses hyperpolarization and depression of

-~

spinal neurons induced by glycine (a putative inhibitory
‘ \ =

neurotransmitter in sﬁin{f cord), without affecting that induced by

.

another inhibitory neurotransmitter, Y-amino butyric acid (GABA)

(Curtis, Duggan & Johnston, 1971). The convulsions induced by systemic
administration of strychnine .start immediatgl; and consist of tomic
extension and e;tensor jerks that can b; triggered by any sensory
stimuli (Esplin & Zablocka-Esplin, 1969). Ali voluntary muscles engage

in full comtraction, and respiration ceases leading to frequent death by

brain hypoxia (Gilman, Goodman & Gilman, 1980).
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The convulsants which interfere with the GABA system are also
well stuﬁied, and the mechanisms underlying théir convulsant effects are
to some extent documented, Bicucullipne, for example, has been shown to
block the postsynaptic inhibitory action of GABA (Simmonds,.1980), as
well as GABA transport (uptake) systems (DeFeudis, Maitre, Ossola,
Elkouby & Mandel, 1979). The systemic administratign of bicuculline
induces body jerks within two minutes, and et high doses the jerks
evolve directly into a full tomic séizure followed by a clonic phase
(personal observation). Picrotoxin, another drug that affects GABA
systems, interf;res with GABA-induced inhibition presynaptically
(Eccles, Schmidt & Willis, 1963) and postsynaptically (Bruggencate &
Engberg, 1971). At convulsant dose levels, body jerks appear within 10
minutes after systemic administration. The -jerks gradually inteunsify
over the next few minutes, and the generalized seizure suddenly occurs
with tonic extension of the limbs followed by forelimb clonus and head
nodding (personal observatiom). Finally, isonicotinic acid hydrazide
(INH or isoniazid) is also a.GABA inhibitor. It interferes with the
activity of glutamic acid decarboxylase (GAD), the rate-limiting enzyme
for GABA synthesis -(Horton, Chapﬁan & Meldrum, 1979). The systemic
admlnlstrat1on of INH induces sexzures within an hour. These consist of
rearing and forelimb clonus, followedH\}xlﬂas ‘of postural control with
continuing limb clonus (personal observ;tion).

Quabain is one of a group of coﬁvulgant drugs which interferes

with cation transport. At high concentrations, ouabain is capable of
total inhibition of the active transport of sodium and potassium
(Donaldson, St. Pierre, Minnich & Barbeau, 1971). The intraventricular

T ——

\
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injection of ouabain in rats induces seizures that comsist of ruﬁning
fits and leaping or jumping (Izumi, Donaldson, Minnich & Barbeau,
1973).

Rather than inducing acute or chromic epileptic animals by
exogenous agents, the genetic models of epilepsy provide inbred strains
that are genetically susceptible to epileptogenic stimuli as well as
stimuli that would not normally be epileptogenic, such as loud noise,
flashing light and postural stimulationm.

For example, 3 to 4 week old DBA/2J mice reliably exhibit
severe, often fatal, ;eizures in response to an auditory stimglus of
adequate intensity (Collins, 1972). The audiogenic seizure pattern of
mice {Horton, Anlezark & Meldrum, 1980) and rats (Cousroe, Picchioni &
Chin, 1979) consists of a burst of wild rumning, which often develops
into clonic spasms with loss of postural control. Another inbred strain
of mice, El mice, has a convulsive disposition to postural stimulaticn
(Suzuki, 1976). This strain of mice shows a violent tonic-clonic

. ~ .
generalized convulsion when "thrown—up" 10 cm in the air several times
at about f weeks of age., Cortical EEG recarding during ictal and
interictal periods showed bilatera} and sporadic spikes &Suzuki, 1976).

Another well known genetic.model of epilepsy is provided by the
photosensitive Sen;gal baboon, Papio papio (Naquet & Meldrum, 1972).
When these baboons are exposed tolntermictent-lightjstimulation (1ILS),
more than 601 of the total sample (N > 800) show clonus of the facial

and neck musculature, Some of them show self-sustained clonus

continuing after the end of ILs;‘and about 10% of the total sample

~

respond with generalized seizures (Naquet & Meldrum, 1972). The
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excessive photosensitivity of Papio papio has been found to be
characteristic of the baboon group in Casamance (the Southern part of
Senegal), and not of a'species or a genus, EEG recordings show the
spread of the paroxysmal discharges from the fronto-rolandic regiom to
deep structures including the thalamus, the reticular formation and

certain hypothalamic structures (Fisher-Williams, Poncet, Riche &

Naquet, 1968).

C. EKINDLING AS A MODEL OF EPILEPSY

1. Phenomenon

Boast and McIntyre (1977) demonstrated that rats kindled
bilaterally in the amygdalae subsequently had difficulty in learning a
passive avoidance task. Pinel, Treit and Rovmer (1977) examined the
behavior of rats that had received many kindling stimulations in the
amygdala or hippocampus (although they had not reached the spontanecus

seizure stage), and they found that these rats reacted to tail tap and
handling with increased aggression, compared to rats that were kindled
in the caudate nucleus.

Some of these characteristics of limbic kindling in rats are
siﬁilar to those seen in humaa patients with temporal lobe epilepsy
(TLE). The initial facial seizure, the memory dysfunction, and tﬁe
emotional responses are also seen in patients with TLE.

It has been reported that neurons within the kindled focus
exhibit bursts of action potentials with a higher intraburgt frequency

and longer burst duration, compared to neurons of non-kindled brain

(Racine & Zaide, 1978). Kindling has been demonstrated in the frog

(Morrell & Tsuru, 1976), reptile (Rial & Gouzdlez, 1978), mouse (Leech &
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McIntyre, 1976), rat (Goddard, McIntyre & Leech, 1969; Racine, 1972b),
rabbit (Tanaka, 1972), cat (Wada & Sato, 1974), monkey (Wada, Mizoguchi
& Osawa, 1978) and baboon (Wada & Osawa, 1976). §}amka, Sedlak & -
Nddvornik, (1977) described what appears to be a kindling effect in a
human pa;ient who.received daily stimulation of the thalamus for 2 weeks
(ip order to relieve phantom pain). On the other ﬁand, Blackwood, Cull,
Freeman, Evans and Mawdsley (1980) claimed that repeated seizures
produced during eleccfoconvulsive therapy did not result in a kindling
effect. The speculation among kindling researchers is that humans are
likely to be susceptible to kindling if such a diversity of other
species can be reliably kindled {Adamec, Stark—Adamec, Perrin &
Li%ingston, 1981).

AD thresholds vary depending on structure and species. Low AD
thresholds are typically found in hippocampus, septum, amygdala, and
pyriform cortex, whereas neocortical and brainstem sites require higher
intensity to evoke ADs., Many brainstem sites, in fact, do not appear to
suppbrt AD activity, For amygdaloid kindling, AD thresholds are lowest
in the rat, followed by cats and then pFimates (Racine, 1978).

The number of stimulations necessary to develop kindled seizures
also varies depending on the structures and species. The amygdala,
pyriform cortex and olfactory bulbs kindle most rapidly (require the
smallest number of stimulations), foliowed by the entorhinal cortex,
septal area, ventral hippocampus and dorsal hippocampus, Neocortical

areas tend to kindle rather slowly. There seems to be some tendeACy for

phylogenetically more advanced species to kindle slowly (Tsuru, 1981)

although they may develop spontaneous foci more readily (Racine, 1978).
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The iatervals for kindling stimularion can be as short as 1 hour

(Racine, Burnham, Gartner & Levitan, 1973), and as long as 7 days

-
!

(Goddard, McIntyre & Leech, 1969).

2. Mechanisms

a. Manifestation of bilateral seizures =- Centrencephalic system:
T

Penfield introduced the term "centrencephalic system" in 1950, referring

to "the neuron systems which are symmetrically connected with both
cerebral hemispheres and which serve to coordinate their function"
(Penfield & Jasper, 1954, p. 27). Although this hypothetical system has
not been given precise anatomical identification, "it should occupy a
central position between the two hemisphereg'(Penfield & Jasper; 1954,
p. 43), and so it is presumably located in the brain stem. ‘Furthermore,
the invariable lapse of consciousness at the onset of a primary
generalized seizure seems to indicate the involvement of the ascending
regicular formation, which is known to control a;Ousal level (Lindsley,
Schreiner, Knowles, and Magoun, 1950). Therefpre, the term
"centrenéephalic system”" is usually taken to include the reticular
formation of the mesencephalon and upper pons, together with the
nonspecific thalamus (Penfield, 1969). Since many of the structures
that show a strong kindling effect are not directly involved in the
control of Qotor functions, it is presumed that motor systems in the
brainstem must be activated before a convulsion can be triggered.
Whatever the relation between this brainstem system and the

"centrencephalic" system proposed by Penfield, several attempts have

been made to identify it as well as other structures significantly

involved in the expression of behavioral seizures.
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Using amygdaloid kindling in Hﬁe cat, Wada and Sato (1974) noted
that "a very active and entirely independent pattern of AD" emerges in
the ipsilateral and then contralateral mesencephalic reticular formation
(MRF) coincident with the appearance of head—nodding (comparable to
stage 2 in rats). MRF AD frequency was 9-20 Hz compared to 3-8 Hz for
the forebrain structures that were tested. Bilateral MRF ADs were
typically followed by a further dissemination of ADs into contralateral
structures, resulting in the final bisymmetrical discharge pattern, and
the appearance of the tonic-clonic generalized convulsion. This pattern
of MRF AD development was undisturbed even when total or partial
forebrain bisection was performed prior to amygdaloid kindling (Wada &
Sato, 1975a). Recently Baba, Cano and Mori (1980) used a computer
program to analyse the EEG data through a vultidimensional
autoregressive model. They determined that a "reactive" (as opposed to
a propagated or "independent") component of AD was augﬁented markedly in
MRF (and thé antgroventral thalamus) coincident with the development of
amygdaloid kindled convulsions in cats.

Wada and Sato (1975b) performed unilateral lesions in the MRF,
ipsilateral to the amygdaloid kindling site, after the cats had
developed generalized kindleﬁ seizures. They found that the MRF lesion
markedly elevated the stimulation intensity necessary to trigger the
generalized seizure, and that it also reduced the susceptibility of
these cats to convulsant effects of pentylenetetrazol. Similar lesions
of globus pallidus produced no such effect.

Burnham, Albright, Schneiderman, Chiu and Ninchoji (1981) tested

the effect of direct stimulation of the MRF. At a stimulation intensity
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of about 1000 WA peak to peak for 10 séc, first-trial, self-sustained
bilateral convulsive seizures could be triggered that ocutlast the
stimylation offset by 10-15 sec. The pattern of the convulsion,
however, was primarily tonic, and did not resemble the standard stage 5
kindled seizure. Furthermore, there was complete absence of
synchronized paroxysmal discharge at the scimﬁlating site, or 1im
forebrain sites, duriang this generalized coovulsionm,

It has been suggested that forebrain paroxysmal discharges
gradually converge on to the MRF, which in turn initiates the spread of
discharges down the brainstem to the spinal cord and the final'ouCput
cells for the triggering of convulsive activity (Burnham et al., 1981).

In addition, the MRF may produce "synchronous" discharges (and clomic
couvulsions§%hhen it is paced by forebrain discharges, but
"asynchronous" discharges (and tonic convulsions) when triggered
directly (Burnham et al., 1981).

Tanaka (1972) reported that rhythmic sharp waves in the frontal
cortex of rabbits also evolve coincident with the manifestation of motor
seizures during amygdaloid kindling. This observation was confirmed by
Corcoran, Urstad, McCaughran and Wada (1975) who reported the appearance
of "independent" AD in the motor cortex during stage 3 amygdaloid
seizures in rats. On the other hand, lesions of various parts of the
cortex in rats (Corcoran, Urstad, McCaughran & Wada, 1975) or in cats
(Wada & Wake, 1977) had relatively weak effects, or no effect at all, on

motor seizures triggered during amygdala® kindling. Lesions of the
nonspecific thalamus were also found to be essentially without effect on

subsequent kindling (McCaughran, Corcoran & Wada, 1978a).

A
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Wada and Sato (19752) reported that forebrain bisection resulted
in marked lateralization of AD propagatiom until the late stage of

seizure development, Nevertheless, cats reached the stage of fully

developed bilateral seizures at a considerably faster rate than control

cats, although these generalized convulsions never became bilaterally

synchronized. Similar experiments performed on rats {(McIntyre, 1975;

McCaughran, Corcoran & Wada, 1977; McCaughran, Corcoran & Wada, 1978b)

also showed a marked lateralization of the AD propagation and

agymmetrical motor seizures. Amygdalpid kindling rates, however, were
~

not affected by the forebrain bisectiom, nor was ‘transfer' kindling
{i.e. the facilitated subseauent kindling of a secondary site, in this
case the contralateral'amyg la - Hc;ntyre, 1975). 1In fact, McCaughran,
Corcoran and Wada (1977) found tranfer kindling to be more rapid after
forebrain bisection.

The sFria terminalis is one of the major pathways to and from

the amygdala, and is known to contain afferent catecholaminergic fibers
from the locus coeruleus (Lindvall & Bjorklund, 1974; Ungerstedt, /‘w“//'ﬁl\
1971la), and efferent inhibitory fibérs to the ventromedial nucleus_?é X
the hypothalamus (Dreifuss,.1972). Radio frequency lesions of the/stria

® !

terminalis were found to facilitate amygdaloid kindling in rats (Engel &

4
!

Katzman, 1977). The olfactory system is also known to be a source of
input to the amygdaloid complex. Large aspiration lesions that included
the olfactory penduncle were found to facilitate amyg;aloid kindling 1in
rats (Cain &‘Corcoran, 1978).

b. Development of AD propagation - Transsynaptic alterations:

Neurons within the kindling site way undergo some change which results
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in a progressively strooger output to target sites. Altermatively, the
strength of synaptic transmission may increase between the kindled site
and its target sites,or the neurons in target sites may become more
susceptible to discharge recruitment by a stable input from the kindling
site. These hypothetical mechanisms are not mutually exclusive, and
there have been studies claiming focal as well as extrafocal changes
induced by kindling.

One of the kindling phenomena that %uggests a focal change in
agsociation with kindling is the reduction of AD threshold at the
stimlated site. Goddard, McIntyre and Leech (1969) originally
interpreted their findings of progressive seizure development as
evideqce of progressive reduction in seizure threshold. Tress and
Herberg (1972) examined the effect of rePeated electrical stimulation in
thé septal area. They also reported long-lasting reduction im
subsequent seizure threshold, which was localized to the stimulatgd site
and specific to electrical stimulatigu. Racine (1972a) systematically
investigated AD threshold in rat limbic kindling, and found that
repeated electrical stimulation (at either above or below AD threshold
intensity) reduced AD threshold significantly at the stimulated site.
The AD threshold remained reduced for at least 100 dafs after kindling,
and lowering the AD threshold in amygdala did not alter it in the
contralateral amygdala, septal area or hippocampus, suggesting that this
long lasting plastic chaﬂge is localized. The long-term reduction of AD

threshold due to kindling has now been reported in many studies (e.g.

Pinel, Skelten & Mucha, 1976; Cain, 1977).

[N
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Racine (1972a) demonstrated that repeated amygdaloid
i
stimulations at an intensity below AD threshold resulted in AD threshold
reduction, but mo savings on subsequent kindling. Also, Pinel, Skelton
and Mucha (1976) demonstrated that administering high intensity
stimulations (400 ) resulted in an increase rather than decrease in AD
threshold while kindling ;roceeded normally. Other features, such as
time course, also differ between the threshold alteration phencmena and
the kindling phenOm;non (defined as the increase in strength of
electrographic and motor seizures). These resuigs suggest EPat
. \
different mechanisms may be involved (Racine, 1972b; 1978).

Repeated injection of small doses of peniciliin into rat motor
cortex will-eventually lead to recurrent bilateral clonus (Collins,
1978) comparable to that seen in rats injected with a single large dose
of penicillin (Collins, Kennedy, Sokoloff & Plum, 1976)l Collias (1978)
examined the size and intensity of metabolic activity in the |
'penicillin-kindled' focus, using the deoxyglucose autoradiography
technique. This technique uses 2-deoxyglucose, or Q-DG, labelled with
radioactive carbon { !'C). 2-DG is an aéalogue of glucose and is taken
up. by active neurons that require immediate enmergy. 2-DG, however, is
lacking an oxygen on the second carbon atom and camnot be metabolized.
It remains in the neurons that were most active at the time of 2-DG
administration, and can be detected.radiographically {Rennedy,
DesRosiers, Jehle, Reivich, Sharp & Sokoloff, 1975). When Collins
(1978) examined the tissue from his penicillin-treated animals, he found

that the most intensive activity was within the focus itself even after
. p

development of severe bilateral clonus. He suggested that the principal
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alteration underlyinig the increased seizure susceptibility took place
within the restricted region of the focus. LT |

Engel, Wolfson and Brown (1978), on the other hand, ran a 2-DG
study of rat amygdaloid kindling and found a.shift in dominance of
labelling as the seizures became stronger. The amygdala and its direct’
projection sites showed strong labelling during early stages of
kindling, but other sites, suc: as the substantia nigra, became dominant
(were heavily labelled) during the later phases of kindling.

There is other convincing evidence for changes in extrafocal
mechanisms. Goddard, McIntyre and Leech (1969) reported the-
facilitatory effect of amygdaloid kindling on subsequent comtralateral
amygdaloid kindling.. Racine (1972b) examined this "transfer" effect
further, and demonstrated tﬂat.destruction of the primary kindled
am}gdala did not abolish the facilitated rate of subsequent kindling of
the contralateral amygdalé. This fiﬁding was céufirmed by McIntyre and
Goddard (1973). Mcintyre (1975) demonstrated that the total forebrain
transection did not interfere with the transfer effect in forebrain
sites.

Additional support for kindling-induced transsynaptic changes
was presented by Messenheimer, Harris and Steward (1979) with kindling
of the entorhinal cortex (EC) in rats. In intact rats, EC kindling
requires an average of 23 stimulations to reach the maximal motor
seizure stage, and subsequent kindling of the contralateral EC requires

+

an average of 5 stimulations. Messenheimer, Harris and Steward (1979)

kindled the EC of one hemisphere and then destroyed it by electrolytic

lesions. It was known that a lesion of the EC in one hemisphere would
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trigger massive deafferentation at its major target site, the dentate
gyrus. This, in turn, would elicit sprouting of the surviviné ;ffereﬁts :
to the dentate ueurons including the sparse projection from the
contralateral EC (Goldowitz, White,Steward, Cotman & Lynch, 1975;
Goldschmidt & Steward, 1980). . Two weeks later, when the sprouting of
the contralateral EC afferents were presumed to have reinnervated the
deafferented ipsilateral dentate gyrus, Messenheimer and colleagues
kindled the contralrteral EC. Nine out of ten rats responded to the
first or second stimulation with fully developed motor seizures. This
transfer rate was signifiéﬁntly highe; than any of several control.
grougﬁ. The authors reasoned that the primary EC kindling had produced
transsynaptic alterations either within the dentate gyrus or beyond.
ihe strengthened projecﬁion from the contralateral EC now 'tapped into’
the altered ipsilateral dentate and triggered fully developed kindled
responses. Some cautioﬁ, however, is called for in the interpretation
of these results, sincerthe electrolytic lesion itself has been shown to
induce seizure activity (Dasheiff, Savage & McNamara, 1982). The
question remains as to whether kindling-induced transsynaptic
alterations are a necessary or sufficient condition for the development
of AD propagation and convulsive activity.

Studies assessing evoked pﬁtentials, rather than epileptiform
activities, have provided further evidence for kindling-induced
transsynaptic alterations caused by kindling stimulation.

v
¢. Long-term potentiation (LTP) effects: Racine, Gartner and

Burnham (1972) measured the potentials (EPs) evoked within various

limbic structures by test pulses applied to the kindling site, or other

v

/'\.



27 -

structures, before and after ipsilateral amygdaloid kindling in rats.
They found that the amplitude of EP components increased by as much as
802 (in hippocampus) due to kindling. This increased amplitude.of EPs,
or "potentiation effect", remained unchanged for at least 7 days after
the completion of kindling (and discontinuation of stimulationm).
However, when the test pulse was applied to structures other tham the
kindled site, there was no poﬁentiatiou effect seen, even at the kindled
_ amygdala. This suggested to the aughors that kindling results ;ﬁxz\\~
change in synaptic transmission specific to the pathways directly |
activated by the kigziﬂng stimulations:

The development of pdteqtiation during kindling was éurther
agsessed by Douglas and Goddard (1975). They demonstrated that
potentials evoked in the dentate gyrus by test puiseé applied to the Y
perf;rant path (PP, the majér fiber system cﬁnveying monoayngpcic inputs
from the ipsilateral entorhinal cortex to granule cells in dentate

. - .
gyrus) gradually increased in amplitude during PP kindling. —~-

Racine, Néwberry and Burnham (1975) pretreated rats with
repeated non-AD-triggering stimulation trains, applied to the amygdala.
The result was a potentiation of-responses evoked in several target
sites by pulse atimulati;n of the amygd:la. This potentiating
pretreatment aignificantly facilitated the subsequent amygdaloid
kindling rate, indiéating that potentiation effects and kindling effects

may share some common mechanisms.

A similar potentiation effect was reported by Tanaka (1977) who-

measured EPs from temporal cortex (anterior sigmoid gyrus and anterior

sylvian gyrus) of cats, before and after ipsilateral amygdaloid

-
-

N
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kindling. The sigmoid gyrus is not known to have direct connections

from the amygdala (Rrettek & Prince, 1974; Prelevic, Burnham & Gloor,:

1976), and no detectable EPs could be recorded prior to kindling. When

o
tHiRcats had developed the generalized kindled seizure, however, Tanaka

(1977) observed an emergence of large EPs in the sigmoid gyrus with test
pulses applied to the kindled amygdala. *

Racine, Tuff and Zaide (1975) kindled the anterior neocortex in
rats, and reported a potentiation effect in the transcallosal response
(the response evoked in the contralateral homologous area by pulse

stimulation of the callosum). In this case, however, potentiation 1in
the reverse direction (back into the kindled site) was also observed.

Several recent studies have focused on the mechanisms of the
!

potentiation effect itself. The long lasting potentiation ef/ect in

—

mammalian brains was first investigated by Bliss and his co—workers
(Bliss & Gardner-Medwin, 1973; Bliss & Lémo, 1973). They measured EPs
in the_dentate'gyrus-while test pulses were applied to the ipsilateral

perforant path. They reported that the application of noun-epileptogenic
! ¢ :

stimulation trains (e.g. 10-20/sec for 10-15 sec) produced potentiation

in dentate EPs lasting for hours or days. o .
A :

Unit recordiftgs from gpygdaloid kindling sites (Racine ‘& Zaide,

1978) revealed tRat the basic pattern of electrically evoke&A o

epileptiform discharge consisted of high frequency bursts of action

N
potentials at about 300/sec for 50 msec, which is comparable in pattegn

to the pulse trains that producé strong LTP effects (Racine et al.,

1975a).
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McNaughton (1978) carefully measured-the time course of the

o

potentiation effects, and demonstrated at least two or more apparently
,independent types of postactivation potentiation in the perforant path
to dentate system. One is short-term potentiation (STP), typically

lasting for minutes (McNaughton, DOuélas & Goddard, 1978), and another -

is long-term potentiation (LTP), usually lasting for hours or days
(Blise & Lémo, 1973; Barnes, 1979; Racine, Milgram -and Hafner 1983).
A further challenge to the hypothetical causal relationship
-

between LTP and kindling was the demonstration of reversed effécta on

the 2 phenomena by drugs which depress-the cagecholamine (CA) systems.
Reaerpine;(which depletes CAs) and 6-BYdroxydopamine (which destrOyj/eAl
terminals) are known to facilitate kindling'(hrnold, Racing_& Wisg:

1973; McIntyre, Saari, & Pappas, 1979). If LTP is a primary underlying
mechani;m of kindling; thén the same drugs'sﬁould also facilitate LTP.

On the contrary, Bliss, Goddard, and Riives (1983).found:a 50% reduction

of LTP by these drugs. Robinson and Racjne (in béeparation), however, -

failed to replicate this finding.

d. Involvement of neurochemical systems - Loss of tonic inhibi

>

One of the most efficient treatments for the majority of epileptics h
been drug therapy. Intra-venous injection of valium (a benzodiazepine),

for example, is very effective for the arrest of status epilepticus

(continuous grand mal seizure, fatal if uninterrugted - Gastaut &

Broughton, 1972, pp. 165, 225), whereas oral.administration of phenytoid
. £y T _ S :

(diphenylhydantoin) is generally the best choice for the prevention of

generalized seizures or psychomotor seizures (Gastaut & Broughton, 1972,

pPp. 223-224),

Ot
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Many anticouvulsants appear to exert their effects by depressing
or enhancing activity in neurotransmitter systems. There are three

major groups of putative neurotransmitters known in mammalian braias:

s acetylcholine (generally an excitatory neurotransmitter), monoamines

(generally inhibitory neurotransmitters) and amino acids (some
P

excitatory and some inhibitory). ~

(1) Acetylcholine: Several studies have indicated a role for

acetylcﬁoliue (Ach) systems in kindling. Repeated injection of
carbamylcholigiﬂga,éholinergic agonist), via a cannula implanted inFo
the amygdala, prodﬁces a kindling-like seizgre development (Vosu & Wise,
1975; Wasterlain, Jonec & Holm, 1978). These developments could be
blocked by muscarinic blockers, but not by nicotinic blockers
(Wasterlain & Jonec, 1981), Atrbpine, a cholinergic blocking agent,
significantly retards subsequent amygdala kindling in Sprague-Dawley
rats (h:nold, Racine & WiBQ:1973). Corcoran, Wada, Wake and Ursctad
(1976) failed to find an afropine effect on Long Evans rats, but

Albright, Burnham and Okazaki (1979) replicated the effect in both

Sprague-Dawley ‘and Long ‘Evans rats. Girgis (1980) demonstrated that

physostigmine/{which elevates Ach activity by blocking the enzyme

acetylcholinesterase) facilitated amygdala kindling in rabbits. Leech
and McIntyre (1976) reported that the DBA/2 strain of mice, which is
known to have a high level of brain Ach, kindled faster than C3H/He

strain of mice, which have a lower brain Ach level. On the other hand,

_Fitz and McNamara (1979) demounstrated that the frequency of 'spontaneous

. . sy ] . - _ , .
ilnter—-ictal' spiking was increased by muscarinic antagonists (e.g.,
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atropine, scopolamine) and decreased by muscarinic agdhists (e.g.,
physogtigmine, choline).

In any case, the brgif level df Ach seems to have a modulatory
effect on the kindling fﬁ?gﬁjaﬁd the epileptic'egsivities of neurons.
It seems unlikely, however, that Ach systems are critically in&élved in
the Aeveloping epileptogenesis,

Muscarinic cholinergic receptor binding was reported to be

fr—e
unaffected by kindling at anm unspecifi%ﬁ timé after the lst appearance
of the generalized seizure (McNamara & Toowin, 1977). This negative

finding was repl} with a 3 day interval between the final
f B .

+

generalized seizure and facrifice (HcNamﬁré; 1978a). The same authof,
however, later reported a significant reduction in muscarinie
t;;chdlinergic_: receptor binding, in both.the stimulated and contralateral
amygdaloid regions, 15 hrs after the appearance of the generalized
seizure. The kindling stimulations in this experiment had been applied
once ;gr hour (McNamara, 1978b). A similar decrease was reportéd by

¢ X
Byrne, Gottlieb and McNamara (1980), although repeated seizures induced

by injections of pentylenetetrazol had no effect on muscarinic binding.
Dasheiff, Byrne, Patrone and McNamara (1981) confirmed that the

) 1} .
muscarinic receptor binding decrease found at 15 hrs is transient and

disgppea;s by the third day after the last kindling stimulation.
Dasheiff, Savage and McNamara (1982) found that a similar
reduction in muscarinic receptor binding occurred with lesion-induced
and ‘electroconvulsive seizures, with a time course parallel to that seen
during kindling. ~Reduction in-muscarinic receptor binding appears to be

a consequence of seizures in general. McNamara, Byrne, Dagheiff and
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Fitz (1980) have proposed that such a reduction may provide a means of

reducing seizure susceptibility in a system undergoing repeated

seizures.
(ii) Monoamines: The facilitatory effect of monoamine depletion
was demonstrated as.early as 1954 by Chen, Ensor and Bohner, who

injected mice with reserpine and then administered electroconvulsive
¢ &
shock. Reserpine is assumed to block reuptake of brain monoamines .

(noradrenaline, dopamine and serotonin) by synaptic vesicles in

-

monoaminergic nerve terminals. Intraperitoneal injection of reserpine
results in extensive depletion of brain monoamines with the peak effect

at about 18 hours after the injection (Azzaro, Wenger, Craig & Stitzel,
)

1972). Chen et al. (1954) found that the electroconvulsive seizure was
considerably intensified in reserpine-treated mice. The seizures could
be evoked at a lower intensity, and the latency to onset was reduced. A

similar facilitatory effect of reserpine on electroconvulsive seizures

in mice was reported by Wenger, Stitzel and Craig (1973). ‘The effect
has also been found in rabbits (De Schaepdryver, Piette & Delaunois,

1962), and with pentylenetetrazol seizures (Lessin & Parkes, 1359).

Arnold, Racine mnd Wise (1973) tested the effect of
1 .

catecholamine (CA) depletion on amygdala kindling. They injected rats

-

with reserpine and applied kindling stimulations every 2 hours, so that

.

the kindling would develop within the period of the reserpine effect.
Reserpine—tréated rats required sigﬁificantly fewer amygdaloid

stimulations to develop motor seizures compared to saline-injected rats.

A

The effect of reserpine on cortical kindling was found to increase the

strength of convulsions but not the electrographic responses (Racine,

g )

I
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Burnham & Livingston, 1979a)}. The rats in the latter study were
injected with reserpine only three times during a session of 20 daily
kindling stimilations, The prolonged CA-depleting effects of reserpine,
however, and the relatively mild effect of reserpimne on cortical
kindling, led the authors to conclude that'kiudiing is not likely due to
a depletion or degeneration in brain monocamine systems. ‘Sato,
Nakashima, Mitsunobu and Otsuki (1976) reported a small reserpine-
induced increase in the frequéncy of spoantaneous inter—ictal spiking in
amygdaloid- and hippocampal-kindled cats. .

Intracerebral and intraventricular injectioné of 6-
hydroxydopamine (6-OHDA) destroys both norad;enaiine (NA) and dopamine

" (DA) nerve terminals, while largely sparing serotonin- (5-HT) coataining

L}
nerve terminals. The degeneration of catecholaming neurons is still

evident two years later (Ungerstedt, 1971b}. Arnold, Racine and Wise

<
-

(1973) pretreated rats with intraventricular injection of 6—OHDA, which

depleted NA and DA extensively (89.3% and 96.3%1 d&pletion, 0
respectively). .Subsequent amygdaloid kindling was significantly

facilitated. Corcoran, Fibiger, McCaughran and -Wada (1974) found a.

similar , but not significant,1faci1itatory effect of 6-0OHDA. A

- -

significant effect was ‘obtained only when rats were treated with
combined injections oé 6—0HDA and tranylcypromine sulfate (a monoamine
oxidase inhibitor), which depleted DA extensively while not increasing
NA depletion over that produced by 6-OHDA alone. These authors

1

concluded that the destruction of dopaminergic neurons may be involved

in kindling. Similarly, McIntyre, Saari and Pappas (1979) pretreated

rats with intraventricular injections of 6—OHDA alone, or 6-0HDA plus

-

[
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subcutaneous injection of desmethylimipramine (DMI). DML protects
noradrenergic neurons, again resulting in a relatively selective DA
depletion (Peters, Pappas; Taub & Saari, 1977). Contrary to the results
obtained by Corcoran, Fibiger, McCaughran and Wada (1974), McIntyre et
al, (1979) found no facilitatory‘effect on kindling rate. In agreement

with Arnold, Racine and Wise (1973), however, 6—0OHDA treatment alone

significantly facilitated ;he subsequent kindling rate. This finding
has been replicated recently (McIntyre & Edson, 1981). Futthermore, -
McIntyre (1980) ‘administered 6-QHDA directly into the amygdalae
bilaterally. This produced a 62 to 69 depletion of NA, restricted to
the amygdala-pyriform region, without significantly affecting the DA
level (80 to 100Z of its normal level). Subsequent amygdaloid kindling
was significantly facilitated. .

In order to produce a still more selective depletio; of either
NA or DA in Eor;brain, several attempts have been made to inject 6-OHDA
directly into the ascending fibers of the ventral NA system or into the
ascending fibers of the DA systems (e.g., the nigro striatal bundle).
Using this approach, Corcoran and Mason (1980) selectively depleted
either NA (90X deplétion) or DA (60% depletion) in rat forebrain.. They
found that NA, but not DA, depletion significantiy facilitated |
subsequent amygdaloid kindling. A similar facilitatory effect of
selective NA depletion on amygdaloid kindling was also reported by Mohr
and Corcoran (1981). Furthermore, Ehlers, Clifton and Sawyer (1980)

surgically cut the ascending noradrenergic pathway, thereby selectively
*

depleting NA in the amygdala and periamygdaloid cortical area. They

demonstrated a significant positive correlation between the increasing
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degrees of NA depletion in these areas and the increasing rate of
aﬁygdaloid kindling. \‘

Serotonin (5-hydroxydopamine, or 5-HT), the 3rd major wonoamine,
has also been examined-for its potential cont?ibution to the kindling
process. Kovacs and Zoll (1974) stimulated the median raphe nucleus
(the major source of S-HT fibers) at low intensity for an hour
preceding, and for 5 min following, the kindling stimmlation in pre;
kindled animais. They found that rats with raphe stimulation were
significantly protected against tﬂe seizure compared to those with
similar stimulation of non-raphe midbrain areas.

The dorsal raphe nucleus (DRN) has been shown to have a marked
inhibitory influence upon neurons in the amygdala, via the direct DRN-
amygdala serotonergic pathway (Wang & Aghajanian, 1977). Racine a;d
Coscina (1979) destroyed the midbrain.dorsal and median‘raphe onuclei of
rats, and then measured rates of cortical or amygdaloid kindling, The
lesion pretreatment significantly increased the strength of the co;tical
convulsion, weakly facilitated amygdaloid kindling and lowered AD
threshol@s. Systemic injection of the 5-HT synthesis inﬁibiCOr, p;
chlorophenylalanine, however, mildly strengthened the cortical
convulsion, but significantly weakened the amygdaloid kindled
convulgion, ' \\

Other studies have also demonstrated an inhiETSQEY effect of
increased 5-HT levels onlsubsequent amygdaloid'kindling rates (Bowyer,

1982; Munkenbeck & Schwark, 1982), or on the amygdaloid AD threshold

(siegel & Murphy, 1979). The facilitatory effect of decreased 5-HT level

on amygdaloid kindling rate has also been confirmed (Munkenbeck &
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Schwark, 1982), but none of these effects are robust. It was

- ‘¥_/‘ .
demonstrated in one study that a 5-HT depletpr and a 5-HT precursor both

iucreaaed AD duration in fully kindled rats (Munkenbeck & Schwark,
1982).
e

Other experimen%s have attempted to show that the NA system (or
the DA system) undergoeg some fuactional changes in association with
kindling. These experiments bear more directly upon the question of
underlying mechanisms. Unforgunately, there is still a good, deal of
controversy in this area. Sato and Nakashima (1975) reported that, 2
weeks'agter tﬁe 10th generalized seizure had been triggered in cats
kindled in the hippocampus, there was a significant reduction in the ;A
levels in the whole brain, and DA levels in the anterior half of the
brain. This finding was indirectly supported by Farjo and Blackwood
(i97é), who measured tyrosine hydroxylase (the rate-limiting enzyme of
catecholamine synthesis). IPey foundlthatltyrosine hydroxylase was
eruced in the stimulated compared to the non-stimulated amygdala
"weeks" after thellagk\amygdala stimulation. This may indicate that
local catecholamine synthesis is suppressed. Kant, Meyerhoff and
Corcoraun (}980), however, measured the spontaneous and potassium—induced
reléase of endogenous catecholamines in vitro and found no difference
betw;en kindled brains and non-kindled brains.

More specific measureﬁents.of NA or DA activities following
kindling have not resolved the controversy. Ohshimo (1978) measured DA'
levels in 1l discrete brain_ structures up to 24 hours afiter evoking the
last of 5 generalized seizures in amygdala kindled cats. His finding

was unexpected in that there was a significant increase in DA level, but
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only in hippocampus. Callaghan and Schwark (1979) measured both NA and
DA 7 days after the establishmeﬁt of "stable" generalized amygdaloid
seizures in rats.:'They found a significant reduction of NA, but not DA,
levels in hippocampus, midbrain, frontal cortex and limbic lobes.
Wilkison and Halpern (1979) measured the turnover rates of NA and DA 7
days afgér the 10th generalized seizure had been triggered 'in amygdala-
kindled rats. In their study it was the DA, not NA, turnover rates that
were sigﬁificantly elevated, indicating increased DA activity. Eagel
and Sharpless (1977) measured NA and DA levels 1 month after 3
consecutive class 5 seizures had been evoked in rats and found a
significant decreépe in DA level in the stimulated, compared to the
contralateral, amygdala. N
McNamara (1978a) examined the &-adrenergic receptor binding in
amygdala kindled rats. He demoustrated a significant reduction‘in
binding sites 3 days-after a single clgss 5 seizure (established by
hourly stimulation of the amygdala). Gee, Hollinéer; Bowyer aﬁd Killam
(1979) reported significant but bidirectional alterations in affinity
and density of dopaminergic binding sites in the amygdala and frontal
cortex of rats 24 hours after 4 consecutive class 5 seizures
(established by twice daily amygdaloid stimglacion). They also measgured
the dopamine-sensitive adenylate cyclase (Gee, Killam, Hollinger & Giri,
1980). The twe studies appeared £§ indicate that kindling results in an
overall reduction in dopaminergic neuroreceptor fumctions. A series of

experiments by Sato, Hikasa and Otsuki (1979), however, indicate that

kindling enhances the sensitivity of cats to dopaminergic agonists, sugh

as apomorphine.
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Less work has been done on the 5-HT system but the results are

still confusing. Ohshimo (1978) reported that levels of 5-HT and 5-
-

hydroxyindoleacetic acid (5-HIAA, metabolic breakdown product of 5-HT)

!
did not differ from control levels in any of 1l brain regions exafiimed’ 7
: i

days after the establishment of amygdaloid kindling, except for a small
, . '
but. significant increase of 5-HIAA levels in the stimulated amygdala.

Recently, Munkenbéck and Schwark (1982) reported}q significant reduction

of 5-HT and 5-BIAA in the midbrain region, but not in the kindled
amygdalé.
Taking all this information together, it apﬁears that kindling

generally reduces the levels of brain monoamines, and more consistently
-

NA levels. Hoveyer,‘the data are often inconsistent and the precise
! ,«4\ f )
. . Loed - - .
time course otgunderfylng mechanisms for these alterations are yet to be

determined,

'

(iii) Amino acids: For the vertebrate CNS, there is evidence
that at least thgée amino acids may each serve as inhibitory
neurotransmitters. They are Y-aminobutyric acid‘(G%BA, see Krnjevid
1974'for:%eview), taurine (seg Mandel & Pasanﬁes-Horalés 1978 for
review) and glycine’(see De Feudis 1977 for reviewd. 'Each of these
three principal free monocarboxylic w-amino acids occurs in
approximately equal concentrationqtin whole cat brain (Tallau, Moore &
Stein, 1954). Glycine concentratibns, however, have been shown to be

almost four times higher in the spinal cord than in the cortex (Uhr &

- Sneddon, 1972), and is therefore considered to be a spinal cord

inhibitory neurotransmitter, .



\\\v’/’\Experimentally-induced epilepsy (penicillin or cobalt foci) is
geéeraliy associated with decreased levels of several amino acids, .
inéluding the 3 mentioned above; The extent of Aepletion in cats is
proportional to the severity of the motor seizures (Mutani, Durelli,
Mazzarino, Valentini, Monaco, Fumero & Mondime, 1977). A simiigr
decline in GABA levels has been reported for patients with epilepsy ]
(Manyam, Kats, Hare, Gerber & Grossman, 1980). It has also been
demoustrated.that‘manipulations which decrease brain GABA concentrations
result in the occurreﬁce of céuvulsious in animals (e.g., Wood &
Abrahams, 1971). The failure of GABA systems has been suggested as a
mechanism underlying the development of epilepsy (Meldrum, 1975).

Conversely, manipulations which incres¥e GABA activity often

. .
have an anticonvulsant effect. Diazepam (the generic name for Valium)

is one of 6 derivatives of the benzodiazepines (BZD), which are

_effectiQe against several fjpes of hum;n epilepsy. Diazepam is konown to

occupy a group of receptors that are different from those occupied by

GABA or other putﬁtive-ﬁransmitters (Coupet, Rauh, Lippa & Beer, 1981). ¢

BZDs, however, have been :epéa;edly shown to Eaciiitate the action of

GABA systems (see Costa & Guidotti 1979 for review; also see Choi, Farb

& Fischbach, 1977; McDonald & Barker, 1978). .
Babington and Wedeking (1973) were the first to examine the

effect of diazepam on kind}ing, and demonstrated that diazepam (I mg/kg

IP) completely blocked the motor seizures in fully kindled (amygdaloid)

rats., This finding was confirmed by Wise and Chinerman (1974) and
Racine, Livingston and Joaquin, (1975) in rats, and by Wauquier, Ashton

and Melis (1979) in beagle dogs. Ashton and Wauquier (1979) estdgated

,,_/
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. the ED50 value of diazepam against forelimb clonps in kindled Wistar
rats to be 0.28 mg/kg (IP}, and Albertson, Peterson and Stark (1980)
estimated that the ED 50 for reduction of AD duration in kindled ‘

Sprague—Dawley rats to be 1.2 mg/kg (IP).
Racine, Burnham and Livingston (1979b) reported that diazepam

:ﬁ/////// (0.5 or 1;0 mg/kg IP) was relatiQely ineffective in blocking the tonic

component of the cortical-kiudled seizure, although it was effective
against'ghe clonic components (i.e. the limbic type seizure
comgguents).

Other drugs which affect the GABA 5ys#em have also been tested
on the kindling preparatio:. GABA inhibition can be potentiated by'
suppressing its degrading enzyme, GABA~transaminase. Valpfoic acid has

L]

such an effect and was found to retard the development of amygdaloid

b

‘kindling and to block established seizures in kindled rats (Leviel &
Naquet, 1977}. “A similar GABA—tfansaminase inhibitor, Y-vinyl GABA,
decreased the severity of the amygdala kindled seizure in half of the

rats’ tested (Myslobodsky, Ackermann & Engel, 1979). Similarly,
adétxlenic GABA was reported to "mnoticeably diminish the motor seizure"
=~ \

in.amygdaloid kindled rats (Myslobodsky et al., 1979; Myslobodsky. &

Valenstein, 1980). ,

-

- Compared to thg effects of diazepam, however, these inhibitory

. - effects were quite mild. Furthermore, another GABA-transaminase
-D- N .
inhibitor, aminooxyacetic acid, was found to lengthen AD duratiom in

about 202 of the rats tested, although it did reduce the severity of
5
convulsive activity in over half of the rats (Le Gal La Salle, 1980).

Finally, Kalichman and Burnham (1980) demonstrated that not all GABA

. \—r*\
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agonises (e.g. Yvinyl-GABA, imidazole acetic acid), or antagonists
(e.g. picrotoxin) affected -the development of amygdaloid kindling in
ratsa, 1

Another putative inhibitory neurqtransmitter, taurine, has been

showr to have no suppressing effect on kindled seizures in rats (Osawa,

Sato & Wake, 1977; Burnham, Albright & Racine, 1978), cats or baboons

(Osawa etjal., 1977).
(

Ihé effect of kindling upon brain amino acids has E;ﬂh examined
by onlg-a few investigators. Liebowitz, Pedley & Cutler (1978) measured
the release of amino acids in hippocampal slices obtained from rats

kindled via entorhiral cortex electrodes. Twenty four hours after the

5th-7th stage 5 seizure, the slices were incubated in a medium

containing either normal or highl + concenfragibn. The Ca #-dependent
rel‘ease- of GABA, linduc‘if-d by high Kf pedium (Hedburn & Cotman, 1974), was
100% greater in the hipéocampus om the zindled hemisphere compared té
that from‘the';ontralatéral h misphere.“No other amino acid release‘was
found to be affected by kindling. It is not clear whether the increased
GABA release simp%ywreflects increased recurrent inhibiEor& activity,
dﬁe to increased excitarion, or whether GABA release mechanisms are
. —
K directly alteréﬂfﬂﬂ;heﬂéelease of glutamate (one of the major putative
~@;:1tatory transmit&ers in the hippocampus), however, was not altergd.

X In any case, these data runm counter to the theory that epilepsy (or at

least kindling) is associated with a failure in GABA systemsn(Metggggt

1975). |

_ : e
Paul and Skolnick (1978) reported a tramsient (less than one

hour) increase in BZD receptor binding fol}owing seizures induced by

¢
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electroconvulsive shock or pentylenetetrazol. McNamara, Peper and

\ ' .
Patrone (1980) observed a significant increase in the number o
[ ) Y
hippocampal BZD receptor binding sites 24 hr after the last amygdaloid

kindled seizure. These changes were not seen in the hippocampus from

rats that were stimmlated but not kindled, or from rats-that were

—

repeatedly made hypoxic. A significant increase in BZD binding was also

induced by repeated electroconvulsive shocks.

Tuff, Racine and Mishra (1983) examined BZD receptor binding two

.

weeﬁs_after the completion of .amygdaloid or dentate kindl;dgjﬁand found

\\;\\,/k significant increase in the number of BZD receptor binding sites in

. -/ v
the pyriform lobes and hippocampi in both hemispheres, and a decrease in

binding in the caudate nuclei. These changés in BZD binding were

congistent with the électrophysiological demonstration that kindling

enhanced recurrent inhiﬁit;oﬁ (presumed to be GABA mediated) in the

dentate gyrus., b .0

e. Cellular mechanisms - Ca® influx theory: Racine and Zaide

(1978) reported that, during an electrically evoked épileptifopm
digcharge, cells in thé kindled focus responded with bursts of actioen
pgtentiaLs'with“h;gher intraburst frequency and longer duration,
compared to cells of non-kindled rat brains. . The neurons in the
vicinity of the kindling site appear, to undergo some functional changes
and generate stronger bursting responses. Racine, Bufnham and Gargner
(1973) demonstrated that high frequency pulse trains, similar in pattern

to the bursts seen in such "kindled" neurons, can trigger first trial

motor seizures. The cell bursting phenomenon in the focus, therefore,

may be one of the keygvents for the development of kindling.
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BRecently, Racine, Kairiss and Smith (1981) examined interictal
burst responses, which are characteristic of kindling as well as other

epilepsy preparations. They suggested that the development of such

burst responses is more likely due to "an alteration in the intrinsic

response characteristics of the membrane itself", rather than "an

increase in specific synaptic drive." Their argument is partly based on
the following observations. They recorded evoked potentials from
several secondary sites as test pulses were applieqrto the kindling
site, During the course of kindling, they noted the evolution of new
components in the evoked potentigls. These components occurred with a
somewhat longer latency than the potentiated primary componeant and
tended to occur most” frequently when the animal.was showing inter—ictal
spiking activity. These components were also similar in morphology to
the spontanéoua epilepciférm bursts. Unlike synaptically driven
responses, these burst-iike components appeared in an "all-or-none"
fashion in response to a series of graded intensity stimuiations (Fig.
3); Furthegmore, these components could be blocked by, drugs, such ﬁs
diazebam, while leaving the primary potentiated synapfic comp;nents
intact., Finally, following the ictal discharges, when the potentiated
primary responses are totally suppressed, thesé bursts occur more
frequently.

Further analyses of the cell-bursting phenomena seen in kindliﬁg
are yet to be done. A preliminary experiment’ by Rairiss Racine and

Smith (1981) found few differences between response properties of cells
-in the hippocampus of kindled, compared to control rats. In the same

experiment, however, there was evidence that the amygdala was the



Figure 3

Left:  An example of responses evoked during I/0 tests before
(PRE, above) and after (POST, below) kindling. EPs were
recorded from the entorhinal cortex as test pulses were
applied to the ipsilateral amygdala (kindling site). Note
that diazepam (.75 mg/kg) diminished the late onmset tomponents
(bottom). Each EP was based on an average of 20 sweeps.
Right: An example of I/0 curves for hippocampal ‘EPs. The
late onset, ‘burst-like' response appeared with maximal
amplitude, at an intemsity of 400 14, after kindling had been
established. These burst responses actually developed into
ADs, accompanied by stage 5 seizure (S5), when evoked by
several test pulses at 1150 W. Note that the primary
responses were smaller after the kindling.



—vii gaL : ———— i 0oL

\/\I
. dud s . ‘
80L TYWINY - ¥Z9 TYWINY



>

——

46’

generator of inter—ictal discharge, even when another structure had been

kindled. Inter-ictal spikes appeared first from the amygdala and

usually with the largesf amplitude as well. Work on amygdala cell

. ‘s ) |
properties 18 now Ingerway.
ta

Similar burst responses have been recorded intracellularly in
many other models of epilepsy. These cells stereotypically elicit
regular, all-or-none, high-amplitude (20-30 mV), long duration (50~100
mgec) intracellular depolarization shifts on which appear high frequéncy
bursts of act&;n potentialg (e.g. Dichter & Speucer,-l969a). Such
paroxysﬁal depolarization shifts (DSs), coincident with epileptiform
spikes in the EEG‘recording, are also found in neurcns in human

epileptogenic cortex (Calvin, Ojemann & Ward, 1973).

There are two major hypotheses that attempt to explain the

* mechanisms underlying DSs. One theory maintains that DSs are produced

by an aggregate of normal neurouns responding to an augmented
hype;synchronous synaptic input (Ayala, Dichter, Gumnit, Matsumoto &
Spencer, 1973). Another theory ciaima that they are generated by
intrinsic properties of the cell, partié&larly the cell membrane, and
that relatively nofmal synaptic events serve as a mechanism for
synchronizing a population of these burst-prone neurons (Atkinson &

Ward, 1964).

The first theory, postulating hypersynchronous synaptic inputg,

'is mainly based on evidence from studies with penicillin foci. DSs in

.

these focl respond in much the same way as excitatory synaptic

potentials when the membrane potential of the neuron is altered by

application of iatracellular current pulses (Dichter & Spencer, 1969b;
. .y
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Haﬁsuméﬁo, 1964; Matsumoto, Ayala & Gumnit, 1969; Prince, 1968).
Furthermore, transitions between ?ormal synaptic events and the large
DSs have been observed; after the application of a convulsant drug
(Prince, i§68; H;tsumcco & Ajmone-Marsan, 1964). In immature neurons,
where synaptic coonectivity is not well developed, clear transitional
forms between EPSPs and DSa_have also %een recorded (Prince & Gutnick,
1972).

As to the synaptic pathways supporting such‘DSs,ihyala and
Vasconetto (1972).and Dichter and Spencer (1969b) postul;:ed a role
played by recurrent excitatory pathways. They transected inputs ro
cortical neurons and hippocampal pyramidal neurons, respectively, and
activated these cells antidromically by stimslating the deafferented
transcallosal fibers and deafferented formix. Both groups recoréed
essentially the same intracellular characterisgics of DSs as obtained
from intact preparations. The authors, therefore, suggested that the
collateral pathways (the axon-collateral-interneuron chain) in these
systems are sufficient to produce D?s when evoked.

Based on these observations, Ayala, Dichter, Gumnit, Matsumocor
and Spencer (1973) h}péthesized that the DS and the ;ubsequent

hyperpplar%fatidn is. a giant recurrent EPSP-IPSP sequence, According to

their theory, the epileptogenic agents either increase EPSP {as recently

1

Y
demonstrated by Futamachi & Prince, 1974; Schwartzkroin & Prince, 1978)*7

or decrease IPSP (as recently demonstrated by Wong & Prince, 1979;

Schwartzkroin & Prince, 1980), thereby -"enhancing the positive feedback
operation of recurrent.excitation (relative to inhibition) so that truly

gigantic recurrent EPSPs were generated" (Ayala, Dichter, Gumnit,

CV
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Matsumoto & Spencer, 1973, p. 15). This dual recurrent hypothesis would
predict that synchronous discharges cannot be generated in structures

which lack .a recurrent excitatory system. The cerebellar cortex is one

- such structure (Brookhart, Moruzzi & Snider, 1950), and the olfactory

bulb, although it has a long latency excitatory recurrent system,
appears to be dominated by a short latency inhibitory recurrent system
(Frankenhaeuser, 1951). Both structures failed‘to show "strychnine
spikes" when strychnine was applied topically.

The other theory, which postulates an inherent abnormality in
the cell membrane, is also based on observations from the penicillin
focus, as well as other models, including the alumina foci. DSs are
known to appear abruptly at some threshold'when.evokbd by stimulation of
gradualiy increasing intensity (Hasgumoto, 1964). When they are
tfiggered, DSs are strikingly regular in form and amplitude, even when
the latency for DS generation varies over a 100 msec period (Prince,
1966). After the genergtion of DSs, there are long periocds of
refractoriness (Mﬁtsumoto, 1964), beyond the length of normal IPst.

3
This regularity in form cannot be explained by the involvement

of extensive interneuronal pathways, because these would have to be
activated with an invariant pattern each time the DS was griggefed.' But
a stereotyped response might be expected if DSs were generated as a
result of intrinsic neuronal activities.

Speckmann and Caspers (1973) d?mdnstraféd.that synapti?alfy

isolated snail cells were capable of responding to pentylenetetrazol,

added to the bathing fiuid, with DSs resembling those produced.in intact

cells. It appea}s, herefo%e, that cells are equipped to generate



large, long-lasting membrane depolarizafions without being driven by
synaptic inputs. Barker and Gainer (1974).also demonstrated that
e R

molluscan neurons can produce bursts of spikes that resemble the bursts

geen in mammalian epileptiform cells. These bursts were triggered by

the removal of most of the extracellular calcium and magnesium and in

’

the absence of synaptic imput,

Prince and q}s colleagues examined the possibility of an
S :

- . . . . b
abnormal ion microenvironment as an underlying mechanism for the
. ! f

generation of cellular epileptiform activity (Prince, Lux'& Neher, 1973;
Futamachi, Mutani & Prince, 1974; Moody, Futamachi & Prince, 1974). They
found a 2- to 3-fold increase in the extracellular potassium .

N
concentration ({k+lo) 15-60 msec -after the onset of epileptiform.:;;;;é.
Such changes in [R+]o, however, did not appear to be a criticai factor
. for the initiation or termination of the interictal or ictal
discharges.

Neither the synaptic nor the non-synaptic theory has been
conclusively shown to account for the generation and characteristics of

paroxysmal DSs., A recent hypothesis proposed by Schwartzkroin and Wyler

(1980}, focuses on features coumon to epileptiform cellular activities

across several different models. They proposed that "the proclivity for

burst firing is present in many CNS neurons but is manifested only when

normal sEabilizing influences are removéd" (Schwartzkroin & Wyler, 1980,

P. 96). The mechanisms by which these stabilizing influences may be

. -~ . .— .
removed are as diverse as the numbbr of different models. They further

1
argued thd& "the hyperexcitability of epileptogenic neurons is based on
disruption of the balance between depolarizing and hyperpolarizing

r
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factors" (p. 104). According to their hypothesis, calcium influx serves
as‘the most important depolarizing factor and potassium efflux as one of
the,more important hyperpolarizing factors (stabilizing influences).
Their list of factors that can upset the balance between the two
includes a change in local circuitry and impinging synaptic drive, a

change in cell morphology, disruption of hyperpolarizing conductances,

~

N alteration of specific membrame properties, and a change in the
¢ extracellular milieu. Therefore, apparently conflicting findings from
different hodels are not necessarily incompatible if the common end
N result is‘the removal of "stabiliz{ng influences."
This cogcepc of disturbed balance between excitaco:? and
inhibitory influences has also been entertained by Récine, Kairiss and
‘Smith (1981). According to their view, neurons can become "bursters”
and/or show long-term.potenciation, dépeuding on several factors: the

strength of tonic inhibition, the strength of recurrent inhibition, the

éusceptibility to failure of tonic and recurrent inhibition, the
strength of plastic excitatory drive, the effectiveness of modulatory
inputs, and the level of Ca‘“—conductgnce.

Clearly, the understanding of mechanisms unde;lying.focal_
cellular activities must await further résearch.

—

3. Evaluation of kindling as a model of epilepsy

Kindling, kindled seizuréé; and related phenomera appear to
"model" some of the characteristics of human epilepsy reaéonably well,

Kindling results in the development of chronic,spontaneously discharging .

epileptogenic foci with no apparent morpﬁological abnormalities,

Kindling is known to alter aggressiveness and.other indices of emotional



51

reactivity in animals, and similar effects have been reported in some

human patients with seizure disorders. The respouse of kindled seizures

to pharmacological agents is similar to that of certain types of human

-

seizures (see discussioﬁ by Ragine and Burnmham, 1983),

As an experimental preparatioﬁ, kindling is Eélg;iyelf/éaay to
develop and maintain, and provides a means of producing a relativély
'uncontamiuaCed‘focua {unlike most chemical lesion models). The.

experimenters can control the location of the kindling sites and the

1

extent of seizure severity.
L}

' There are certain disadvantages of kindling that are shared by
]

other models as well. It is rarely clear if a given observation is
attributable to kindling per se, or to seizures (ictal or inter—ictal)
that result from kindling. This is a particular problem for biochemical

assay studies.

\ —_—

D. KINDLING AS A MODEL OF NEURAIL PLASTICITY

.Although kindling would appear to be a useful éxperimental
epilepsy model, many reéearchers have used it as a potential model of
memory processes. One of the clasasic questions in physiological
psychology concerns the mechaniams of ‘engram' formation (Fhe neural
substrate of memory traces that must develop in the CNS when learning
occurs). The prevailing view is that memory processes depend upon the
strengthenigﬁ qf existing synaptic comnections or perhaps the
developmeqﬁﬁ?f new connections.~. The apparent diffuseness of the engram

precludes the easy identification, isolation and analysis of those

connections (e.g. Lashley, 1950). Consequently, neuroscientists have

[N
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resorted to model phenomena that demoanstrate forms of synaptic
-, \

plasticity that are more amenable to experimental investigatiom.

Such models should fulfill certain criteria. First, the model .

. . . Vo, .
should yield a relatively permanent change in neural function, resulting
from some form of neural activation. Second, the process should not

involve the degeneration of neurons or their surrounding milieu.  Third,

the changes should occur in a sufficieat number of elements so that

analysis of mechanism is possible.

As has been repeatedly suggested (Goddard, McIntyre & Leech,
»

1969; .Goddard & Douglas, 1975; Racine, 19723; Leech & McIntyre, 1976;
-

Adamec, 1975, etc.), the kindliﬁg phemonenon appears to fulfill those
) : 2

- criteria reasonably well. Kindling produces lasting changes in neural

function and results in an increase in strength of both epileptiform
activity (ADs) and non-epileptiform activity (measured by evoked
potentials). Kindling produces np gross abnormalities inimorphology of

neurons in or around tgs focus, and the convenience of the model for

-,

various types of experiments has been demonstrated.
]

A serious criticism of kindling as a memory model is that its

epileptogenic characteristics obviously have no parallel in normal

learning mechanisms (Sato, 1975; 1976). Kindling, then, may be a better

'3

model for epilepsy than for learuing and memory. On the other hand, it
is possible that-a pathological outcome can be produced by abnormal
driving of otherwise normal synaptic mechanisms. In other words,

‘ L]

although the activation of populations of neurons by kindling

stimylations results in the development of an abnormal epileptogenesis,

<

. . ~

B



the plastic changes taking place at "éach individual element (synapse?)
may be based on otherwise normal physiological me;hanisms.

-

If similar mechanisms are involved, rats that differ in kindling.
response should differ on some measures of learning and memory as well. “jzy/
Although this assumption, as'stated, is debatable, there have been a few

, attempts to demonstrate correlates. Systematically inbred rats that

were 'fast' learners on a maze task {'Tryon bright') had 4 Wignificantly

lower amygdaloid AD threshold than did slow learners ('Tryom

LY .
The 'dull’ strain, however, was found to kindle fasEEE\fi.e.. rqquired

11").,
fewer stimulations to develop gemeralized convulsions) (Zaide, 1974). .
Racine (1969) chdge the brightest and dulles;‘rats on a visual | ‘“\J/
discrimination task, and then measured their rate.of AD threahold)) '
reduction produced by repeated electrical stimulation. He f9dﬁa‘that
fagt learners showed a gresgter reéuccién of cortical AD thééshplds,_
compared to slow learmers.

Such learning task parameters as trial schedule also appear to 4
affect both kindling rates and learning. Leech and McIntyre 61976)'

kindled two strains of mice that differ in performance on a shuttle box

~

avoidance task according to the trial distribution. DBA/2 mice are 6}' 5 ‘
- . N 2
e

deficient in learning the task on a massed schedule, whereas C3H/He mi
are defigient on a distrfﬁuted schedule, Similarly, a di rib§£gdq\

-
" schedule of amygdala-pyriform kindling stimulations {one ‘per day)

i

e
résul;ed in a faster kindling rate for the DBA/2 strain. The DBA/2
strain still kindled faster on the massed schedule (50 per day, 60 sec
intervali, but after a 3 week rest it was the CBH[He strain that showed
evidence ‘of "savings'" or retention of Eg; kindling effect. p \L/
Pt
)



v

54

L

= ‘ Other experiments have shown that both kiandling and memory are

susceptible to protein synthesis blockers. Protein synthesis is.
L]

considered to be necessary for the changes in neural function underlying

\

long-term memory, and protein synthesis blockers have been shown to

;MJ/_/qaif?’disrupt memory processes (Duon, 1980 for review). Similarly, the

protein synthesis blockers cycloheximide (Ogata, 1977) .and anisomycin

(Jonec, Holm, Masuoka & Wasterlain, 1977) have been shown to retard

kiddling, an effect that would not be expected if kindling were based on

purely degenerative mechanisms, -

3

Other links with memory mechanisms have been established via the

$peg;term potentiation (LTP) phenomena. Thik LTP effect has also been

T

observed using nou-epilebtic.preparacions and has been intensively
investigated in the hippocampal formation of rats. Although LTP appears

to be a component phenomenon in the kindling model, its features have

)
. T
QE_*\Q‘ been most effectively studied in the non-kindled preparatipn.}\}
« - . ¢ /
1f brief trains of pulses (eyg. 200-400 hz) are applied to the

\1‘\perforant path {PP - the pathway between entorhinal cortex and dentate

R ¢

gytus granule cells), one observes an increased amplitude of potentials

evoked from granule cells by single test pulses applied to the PP .

?

(Fig. 4). The d;jay curve for this potentiation effect reveals at least
omponents. One decays within a few minutes (short term

two independent
.

<
+ + 3 B - 3
potentiation;»SPP), and the other remains potenl1ated for 20 minutes or

. more {LTP). @?a step wise increment of train inténsity, as 1is the

case in Fig. 4, there is an eventual saturation of LTP, although STP

does not show much change. The amount of LTP seems to be correlated
with the number of synapses activated. By increasing the train

-

./

. . . .- 7
M ' .
P B N -
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Figure 4

_Location,of hippocampus in the rat braingiﬁ shown i
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the upper
er right)
(PP) and the

14an

left. A parqg:giqal iection of the rat brain (u
shows the relatignshlp between the perforant pat
dentate gyrus (FD). In'this diagram, ‘only the me

“entorhinal cortex (MECX) is seen. The lateral ent&khinal

cortex can be seen in Fig. 1| bottom. Other areas shown in the
figure are the corpus callosum (CC), the inferior coljiculus
(CI), caudate/putamen (CP), lateral ventricle (LV), and
thalamus (TH). Two pyramidal cell regions of hippocadmpus (CAl
and CA3) are also indicated. An exapple of short-tefm and
long-term poteptiation effects in the PP-FD system ig_shown at
the bottom. Averaged FD EPs before (PRE, dotted line) and
after (POST, solid line) the application of potentiatiing °
trains are shown in the insert. Each point in the main~figure
indicates the averaged (N=10) amplitude of the population\EPSP
expressed as a percent of baseline. Eight trains were appllied
every 20 minutes at an increasing intensity. The rapidly
decaying component (short-term potentiation) remains
superimposed upon the long—lasting component (long-term
potentiation) which reached a plateau after the 6th train
application (data from Robinsom, 1980).

R
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intensity, more PP fibers and synapses are activated. The LTP (and STP)
A .
observed 1s specific to the synaptic pathway that was activated. A

train applied to lateraliPP, for example, produces LTP only in that

pathway and not in the medial PP even though both sets of PP. fibers

1 . ’ [
transmit %nputs to the same pool of granule cells. On the er hand, “
i . 3 \'\-./‘
if both sets of PP fibers are activated concurrently,qthen ~

interaction effect can be observed. LTP at either PP circuit is then
increased considerably, and this 'cooperativity' effect has been <
proposed as a model for associative memory mechanisms.

Barnes (1979) has demonstrated yet more direct parallels between
-

LTP and learning ability. Since the hippocampal system has been shown

. \
to play an important role in spatial learning (0'Keefe & Nadel, 1978),

she chose a spatial learning task to probe memory processes in young and
S
old rats. She found a clear correlation betwen LTP decay time and

learning ability on the maze task. The senescent rats (28-34 mouths
old) required significantly more trials than mature adulf rats (10-16
mouths old) to acquire the correct choice in the“compiex maze, They
also showed significantly more rapid decay of LTP. The correlation
between performan;e on the memory task, and LTP decay, was aléd true
within each age group, with slow learners showing more decay of ﬁhe LTP

effect. If LTP was produced before the maze learning session, the 2
"senescent rats showed a significant impairment in the acquisition of

learning, whereas the younger adult rats absorbed the LTP effect without

P

ény interference (see McIntyre and MoIlmo, 1972, for a somewhat similar

effect of bilateral amygdala kindling on conditioned emotional response

«

learning).

L
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Barnes' interpretation was that there are limited numbers of

plastic synapses (capable of adapting to new envirommental conditions)
available in the hippocamﬁal system. The old animals had utilized a
large proportion of such synapses to the level of saturation., The LTP
treatment resulted in a saturation ¢of most of the remaining plastic

synapses in senescent rats, leaving them further impaired compared to

joung rats.

+

o~

A further p;saible link between memory and potentiation
mechanisms was provided by Van Harreveld and Fifkovd {(1975). She
P
initially reported that the dendritic spines of dentate granule cells in
mice were increased in size as a result of applying train stimulation to
the entorhinal cortex. In a later study, a similar swelling was’
observed in the same area after classical conditioning, using tone and
food pairings (Fifkggi & Van Harreveld, 1978).

&There is good evidence that-the LTP effect is a component of the
kipdliﬁ§~process, s0 ﬁae iinks that have been established betwen LTP .and
memory mechanisms apply to kindling as well. Although the kindling
effect appears to be contaminated by édditional mechanisms that relate
more directly to epileg;ogenesis,‘the LTP effects duging kindling are
consistently strong and may serve as a good starting point for the study
of LTP mechanismg.

E. RATIONALE FOR THE BREEDING STUDY

Near1§ all kindling experiments have compared kindled w%ph noa-

kindled gréups. As previously mentioned, a major problem in such

comparisons is that it is difficult to separate the primary pRenomena

from the secondary phenomena, such as transient reactions to ongoing
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seizure activities. Such transient reactions have been reported by
Dasheiff et al. 1981, for changes in muscarinic binding, and by Frenk

and Yitzhaky (1981) for changes in pain threshold.

An altgrnacive approhch to the study of underlying mechanisms of
kindling is based on the observation that the risksrof eplilepsy are-;
somewhat higher for the siblings or offsprings of a proband with
epilepsy (6?81), compared to the general population (2-3%), (Ehrman &
Parsons, 1981, p. 294). This means that the underlyiﬁg_mecﬁanisms of
epilepsy may be subject to genetic controi. Furthermore, a number of
studies involving selective breeding for seizure susceptible vs. seizure
resistant rodents_have been successfully performed with epileptogenic
agents such gs\igud sound énd postural stimuli. We attempted,

therefore,fg@ginbreed seizuﬂglsdsceptible vg. seizure-resistant rats

-

based on susceptibiﬂity td kindling stimulation. As a result of such

breeding, two spraigk_of rats were obtained which differed significantly
in seizure susceptibility, THi§ provided an opportunity to examine

~ }‘

‘mechanisms that determine seizur hausceptibility! without the necessity

of triggering the contaminating seizure activity.-

~

It seems'ligeLy that- several genotypes may collectively creafé
the predispositional susceptibility to the kiﬁdligé treatmen?._ It
should be possible to observe differences in other phenotypic traits’
that are concomitantly ;xpresqed by al{ or some of these polygenes
determining kindling rates. Such peliotropic effects may involve
morphological, physiological and behavioral traits. An examinatiom of

some of these traits may lead to the discovery of those mechanisms that

most directﬁxhggtermine the development of epileptogenesis. The results

e

3
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~ -

obtained from comparative studies omn these inbred strains are to be

interpreted with caution, but may provide additional data to test

Vo
.

hypotheses based on other approaches. -

:AQ Schlesinger 'and Griek (1970} have rightly stated (with
studies oflaudiogeﬁiciseizurea in inbred wmouse), such comparative
studie;:bécome trﬁly interdisciplinary, involving biochemistry,
genetics, physiology, pharmacology, psychology and psychiécry. For tﬁe

purpose of’this'project, it was necessary to restrict the realm of

topics to those most currently advocated in the kindling literature. N

One of the major hypotheses of the project was that kindling-
prone rats would have a greater capacity for symaptic plasticity. This

would result in greater potentiation effects, thereby facifi;ating the
prosagatiou of epileptic neural activity and the‘dévelspment of the
final stage of seizure. Therefore, LTP experiments were unde;taken with
these strains using primarily non-epileptogenic stimulation trains.
Another hypothesis was that kindling-prone rats would be

deficient in tonic or recurrent inhibition mediated by specific

neyrotransmitters. Therefore, several known convulsant drugs, that have

¥

b demonstrated to interfere with certain neUZiijjpsmitter systems,
wer sted on the two strains. In addition, etéctrophysiological

indice;\;zflnhibition were measured in the 2 strains.

Other measures, including behavioral measures, were also taken

to see'i& the change in function between these strains was reflected in

behavior. : "?

N
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CHAPTER II COMPARISON OF FAST vs. SLOW STRAINS: BASIC OBSERVATIONS

INTRODUCTION

Selective breeding was pursued for eleven genmerations. Seizure
susceptibility was measured in terms of amygdaloid kindling rate, tbe
number of amygdaloid kindling stimulations required for the subject to
develop the first gemeralized motor seizure (Stage 5, Racine, 1972b).

The amygdaloid kindling rates in the 2 parent strains (Wistar
and Hooded? were previously found to range from 8 to 28 (Racine,
Burnham, Gartner & Levitan, 1973). This range appeared to provide
enough variability to allow for the development, by seleétive breediug,-\
 of 2 distributions of kindling rates, In this chapter, the breeding
procedures and results will be described, as will some of the basic

electrophysiological differences between the 2 resulting strains.
: .

These b#sic electrophysiological variables include AD threshold,
initial and Einal.AD durations, AD.spiké amplifudeu, ;pontaneous
interictal spiking, secondary afterdischarge and seveéal evoked
potential measures. These measures were taken to determine the
differences in thé strength-of synaptic pfopagation and epileptogenic
activity in the non—kindled‘naivé rat, as well as to track the
developmeﬂt of these processes during kindling. These experiments were
designed, in part, to determine if the seizure prone (FAST) animals |

showed stronger epileptogenic responses prior to kindling or if they

showed a more rabid development of these responses, or both.

61
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METHODS

KINDLING PHASE I (SELECTIVE BREEDING)

.

" Animals: The foundation population consisted of 24 male and 24

female rats, obtained from Canadian Breeding Farms, St. Constant,
. -

Quebec, Half of the male and female rats were albino Wistar rats, while

the rest were hooded Long Evans rats. The combination served to

increase the variability of the initial gene pool. The rats were housed

-

individually in wire cages, and were allowed free access to Purima rat
~~ . .
chow and water. The animals weighed 250° <.350 g at the time of surgery.

Surgery and histology: The rats were anaesthetized with 65 mg

Somnotal (sodium pentobarbital) per kilogram body weight. Bipolar
stimylating and recording electrodes, made from isonel coated nichrome
wires (0.25 mm}, were implanted unilatérally into the basolateral
amygdala, The éo*ordinates ware A.P. 1.0 mm posterior to Bregma, M.L.
5.0 mm lateral to midline, ;né Dp.V. 8.5 om below the skull surface
(PellegrinoUd Cushman, 1967). A stainless steel 0.086 fillister head

1
screw, with a male Amphenol pin attached, was inserted .into the skull

\ Vs
just posterior to lambda and used as the ground electrode. All three
électrode pins yere secured with dental cement and anchored by two
additional screws Mnserted in the skull. All.rats were given 15,000
units of penicilli (i.?.) at the end of surgery. "

After the gcompletion of the experiment, all rats were
administered an overdigsﬂpf somnotai. They were perfused through the
ﬁE:;rt with_physiologicsi sQline, then with 10% formaline solution in

physiological saline, The brains were removed and placed in formol-
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saline for at least two weeks. Frozen SECtioné\EEniELm were taken and
stained with thionine, and the electrode ﬁlacements w;re determined.
Apparatus: A Grass stimulator (model $S88) was used to generate
the kindling s;imulation, which consisted of biphasic 1.0 msec square-
wave pulses at 60 c/sec for 1.0 sec at 400 1A intensity. The »
stimulation was delivered through photoelectfic stimulus isolation uﬁits

| . . .
(Grass, model PSIU 6B) to obtain constant curreat outputs and isolation

from ground.

B " The EEG responses were-led into a wide-band A.C. EEG pre-
amplifier (Grass, modell7P5A) and polygraph D.C. drﬁver amplifier

!

(Grass, ?odel 7JDAC), and plotted on chart paper at a speed of 1.5
Cm/sec.- The amplification was adjusted for each,rac so that the EEG
response would not exceed the maximum pen excursion during the ictal
.se"izure. {‘ 1

All reco€?ing and stimulation was performed while the rat was
freely moving in an observation box (60 x 64 x 50 cm)..

Kindling: 'Subjects were given one week postoperativg recovery
period, during which they were handled and introduced to the
experimental environment. Each rat was then giveq one kindling
stimulation each day. The stage of motor seizure as well as th?
duration of amygdaloid afterdischarges (ADs) were recorded. Kindling

was continued for each animal until stage 5 of motor seizure

development, which consisted of head and forelimb clbnﬁgj\rearing and

g

—

‘falling, - -
(/{Qe 'fastest' 13 rats (5 males and 8 females) from the parent
AN '

generation’ required a mean of 8.8 AD's and were selected ag‘breeders for:

>

L
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the kindling prone strain (FAST). The 17 rats (8 males and 9 females)
that required the greatest number of ADs (a mean of 15.0) were selected
as breeders’ for the kindling resistant (SLOW) strain.

Breeding procedure: In each group of FAST and SLOW breeders,

the male rats were randomly housed with one or more female rats in wire
mating cages (49 x 24 x 18 cm). After 21 days, all females were then
caged individually in 35 x 30 x 18 cm plhscic cages with nesting
material.’ The date of birth for each litter was npted. In order to
keep comparable developmental conditions for both groups, the litter
size was reduced to a maximum of eight (4 males and 4 females, if
possible) within 2 days after the birth. Care was taken to keep the
pups with the healthiest appearance and most v?garous movehants,:and an
ahteppt was made to maintain the phenotype ratio for fur color (albino

vs. hooded) unchanged as much as possible.

One month after birth, pups were weaned and caged together in

plastic cages with siblings of the same sex. Each individual was

> . .

labelled with an identification number which included the birth date and
. } <

code for parental idencifi?ation. Successful breeders were often used

‘o

to produce more than one litter. THese kindiing and breeding procedures
. \

were repeated until'thé establishme%t of the F6 generationm.

KINDLING PHASE II (ELECTRS#HYSIOLOGICAL MEASURES)

Animals: A sample of 10 FAST and 10 SLOW male rats were
randomly selected from the F6 generation and_kin§1ed to stage 5 geizures
to confirm that the two strains had achieved significantly different
kindling rates. A total of 142 male rats from FAST (74 rats) and SLOW

—

<



(68 rats) strains were subsequently randomly selected from the F7, F8,

F9 and Fl0 generations to make up the subject pool for the
' . ‘-' -
electrophysiological experiments described below.

- Surgery: All 142 rats were implanted with a unilateral
amygdaloid electrode. 111 rats had additionmal electrodes implanted into
one or more’6g’the following areas: hippocampus (HPC), dentate gyrus '
(FD1 ;nd FDZ),?the entorhinal cortex (ENT), and the perforant path (PP).
These ﬁlﬂqsments were based on coordinates from the Pellegrinc and
Cushman (193&) atlas, and were confirmed histologically (Fig. 5).

The maximumxpuﬁgpr of electrodes was 5, in the FD2 group, and
included two monmopolar recording electrodes bilaterally in FD2, two
bipolar stimulating electrodes in bilateral PP and ome bipolar
émygdaloid (AMY) electrode. - The stimulating/recording electrodes in tﬁg
remaining cases were all standard bipolar electrodes, as previously

describéﬁi ’

The surgical technique was identical to that of Phase I, except

ltt;.at all electrode pins in Phase II were collected iato a 9 pin
connector.

Kindling: Of these 142 rats, 51 were kindled prior to ;ny
additional manipulations being performed ("No pre K" group in Table I).
Unlike the.previOus groups {up to the F6_gener;tion), ﬁhese rats were
kin&led at an intensity just above the AD threshold.

The remaining 91 rats were f@n in one of the following 2 tests
prior to kindling: 1) post—activation potentiahiou {details in chapter
IV) and 2) convulsant and anticonvulsant drug response (details in

chapter V). Group l was then kindled at -intensities just above AD

s



'‘threshold, while group 2 was kindled at a fixed intensity of 400 . It
had been previocusly determined that the.pre-kindling manipulations had
no effect on subsequent kindling measu;es. It is the kindling measures
that will be described in this chapter.

In order to obtain the AD threshold, the rat was first
stimulated at an intemsity of 25 IA. If there was no afterdischarge,
another stimulation at 50 A was applied 5 min. later, Failure at that
stimulation led to a further doubling of the intensity to 100 A, then
200 1A and so on, until ADs appeared that were longer than 3.5 sec ?n
duration. The inteusity which evoked the first AD in this manoer was
defined as the AD threshold, and comstituted the'kindling'stimulation
fo;-that rat,

| During the course of the kindling session, if the rat failed to
rgspond.with an AD on two csnsecutive Aaily trials, then its AD
threshold was asaumgd to have risen and the following kindling
stimulation intensity was increased in 25 A steps dﬁaii reliable ADs
feappeared. | ’

Rats were kindled until they reached the first stage 5 selzure,
and kindling rate was defined as the number of ADs required to reach
that stage. Additional kindling stimulations were applied until five
stage 5 seizures had been‘evoked, except for 27 rats tﬁat had bilateral
amygdaloid electrodes. The latter gréup was kindled to the first stage
5 seizure in a randomly chosen hemisphere, after which the identical

kindling procedure was repeated at the contralateral side uantil stage S

seizures had again developed.

&



Evoked potential recordings during kindling: Twenty-three (13 \\\\\\

FAST, 10 SLOW) rats were. used to investigate possible differences
between the strains in synaﬁfié responses evoked in various amygdaloid .{/”’,,///\
target sites. These responses were evoked by pulse stimulation of the _
amygdalaj before and after kindling, and were measured as fidld
potentials in thé target sites. ‘
Prior to kindling, these rats were stimulated in the amygdala
with single 0.l msec biphasic square wave pulses at vgzgous iufensitieaf:j'
in order to assess the threshold and maximum intensities for elicigégg/“J _
" evoked potentials (EPs) from the target areas. The inteﬁsity rangé was

then divided into 5 steps, which evoked EPs at amplitudes near zéfgfﬁ\

(threshold), 20%, 40%, 602 and 80% of the maximum (100%) amplityde.
These input/output (I/0) measures were taken before the first nd
after the completion of the stage 5 seizures. The atimulatién intensity

that evoked 80 of the maximum amplitude was selected as the test pulse

intensity, and was applied during the kindling session, typically on

. - EP amplitudes can vary due to changes in behavior, ar{fﬁhl level :

every othef™Hay, just before the application of the kindling

stimulation.

and other variables, so -averaging techniques were usgd. Twenty biphasic

0.1 msec tests pulses were delivered at a frequency of 0.5/sec. ~ Also,

an attempt.was made .to collect EPs while the rat was settled and

J

relaxe%zzzghen this was not possible, the accompanying behaviqral state

was recorded for later interpretation.

= :

-

“w
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The evoked potential responses were fed into a PDP8 computer and
' -

)
averaged® The averaged EP's were plotted by an X-Y recorder (Hew{gét*
‘ L
v \

Packard, model 7015A) :{

/

-

N

. ak 7’ .
/é RESULTS

—

Histology: .The d1scr1 ution of implanted electrbdes was

-

determined in 142 rat fro e F7 to F10 generations. The amygdala

electrodes were well 3;ed in 11% rats (Fig. 5).

KINDLING PHASE I (SELECTIVE BREEDING) . ot

4\ : Kindlingf?ntes: Figure 6 shows the amypdaloid kindling rates of

ested from the pérent generatlon to the Fl{ generation. The

1 rats

gradual paration of the two strains over the generations is clearly
indicaied. Table I summarizes several measures taken during .kindling in
‘the three m%jof experimental subgroups. |

Regardless’ of pre-kindling treatments, or intensity of the
kindling stimulation, the kindling rates were signific;;tly'jiz?:rent
between tﬁe FAST and SLOW strains. The difference in thg kindling rate
tended to be larger in groupg that were kindled at 400 lg than in the
groups kindled near thrésQPld.

- ’ P .
Motor seizure development: Latency to the onset of forelimb

clonus, recorded at the time of first stage 5 seizure (a mean of 9.5 Aés
for FAST rats and 18,2 for SLOW Eitéj, was determined in 11 FAST rats

and 14 SLOW rats from the F3 generation., The average latency for FAST

rats was 24,3 sec, whereas SLOW rats had an average latency of 12,7 sec,

W
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Figure 5 The electrode placements for amygdala (A,B,C, & D),
hlppocam‘pus (E & F), dentate area (G, H, & I for !, J &K

£qE\FD 2, entorh:.nal cortex (L, M, N & 0) and perforant path

( The at}\ diagrams are Erom Pellegrino and Cushman _ )
/ 1967). .
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Figure 6 The distributions of amygdala kindling rates are shown for
the parent generation (*), and for FAST (A, ® and SLOW (4 9
rats for each generation. Rats were kindled at a fixed
intensity of 400 W {* A A or just above AD threshold level
(% 9. Some SLOW rats (& 9) had not yet developed stage 5 -
seizures when kindling was terminated, so the number of ADs to .
that point, though an underestimation, was used as their
kindling rate. There was no overlap in the distributions for

- the F6 and F10 genrations. The kindling rates of FAST and
SLOW rats were significantly different for generatioms F6
(U=0), F7 (z=3.612, p<.0002), F8 (Z=3.980, p<.0001), F9 .
(z=7.559, p<.0001) and F10 (U=0). ’
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A summary of the major Yependent variables, examined during
the kindling experiments, are listed for three experimental
subgroups. The EEG measurements for all the ratsygnu the
potentiation (LTP) group (Chapter IV) and Propramolol group -
(Chapter V), and a further group with no additional pre-

kindling tests ('No pre-K' group) were taken from the 2

stimulated amygdala, or, for half the animals in the 'No pre-

K' group, from the ipsilateral entorhinal cortex. Since these

two recording sites showed nearly identical values for these

measurements, the data were pooled.

Q- . | .
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Table 1
: Propranolol
No pre- LTP (or NacCl)
Pre-kindling kindling then then
Treatments experiment kindling kindling* !
Kindling ‘
Variables .
N (FAST/SLOW) 22 / 13 17 / 13
K-rate (number of ADs) 10.5/23.4 7.1/20.0
AD threshold (|a) 62.5/105.8 61.8/61.5
Threshold increase (%) 18.2/15.4 11.8/69.2 § mme———
First AD duration (sec) 10.0/10.0 21.3/7.7 25.7/27 4% 2
First #5 AD duration (sec) |- 49.6/56.9 71.6/646.9  49.,3/52.6
Longest AD durahi;n (sec) | 86.2/70.2 102.5/86.5‘  63.9/101.5
*l gindling a® 4004
* 4 Seconﬁ'Tﬂ?n-drugged) AD ;uratiou T
' 5 v -
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The diﬁjereuce was statistically sigﬂfffbant QMann-Whithey U-test, z =

]

2.148, p < .04, two-tailed).

: - <
Seventy one percent of the FAST ratg examined (N = 62) advanced

directly from head clonus (stage 2) to s%ge 4% 5. A similar rapid

~ \

progression of the motor ' seizure was seen in omly 23.1% of SLOW rats. (N

= 39). The difference in the proportions of the two strains was highly

significant (z = 24773). 1In addition, 51.5% of the FAST rats showed an
n

immediate loss of postural control, with no preceding rearing component,
Pt _ _

at least once during the five stage 5 selpures. These animals typically
< -
fell on their side immediately following the appearance of forelimb

cloaus and engaged in clonus of all four limbs. This phase of the

-

convulsion was then often follou:?fhy a regaining of postural control, a

. . J .
resumption of forelimb clonus, .and thé appearance of the more-typical

f
i

rearing and falling sequence. A similar pattern was found in only 33.3%

Al
of the SLOW rats. The difference in the proportions of the two strains

wag significant (z = 2.052, p < .05, two-tailed).

. TN .
The latency to the falling component, at the time of the Ist

stage 5 seizure, also differed between the strains. FAST rats showed an

.

average latency of 46.5 sec, whereas SLOW rats hpd'hn averageziz}gncy of -
82

hfpzh{i\;ec. The difference was statistically significant (z =
.04, two-tailed test),. :

]

Among the rats that were run to a total of 5 stage seizures
. s

» P S

(47 FAST, 33 SLOW}, 70,27 of th *FAQF Efts completed the five stage 5-

seizures within five consecutive stimulations. Only 42.4Z of the SLOW
rats showed a similar sequence, and the difference in the proportions of J;/

the two strains was significant (z = 3 3,}p < .0003; two-tailed). The
. 4
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™ n
remaining SLOW rats—fééressed to weaker stages one or more times during

this last phase of kindling. \\\\\g//J

In conclusion, the FAST rats showed faster kindling rates, often

advancing directiy from stage 2 to stage 5 coﬁgtlsions, and more

reliable scage\é_conVulsions during late phases of kindling.

KINDLING PHASE II (ELECTROPHYSIOLOGICAL MEASURES) -

Primary afterdischarges: Measures of the electrographic

responses are sutmarized in Table I. AD thresholds, measured via an
: _ <
entorhinal electrode in the "LTP group" or via amygdaloid electrodes in
. ——

the remaining groups, did not differ between the two strains, although -
there was a tendency for the SLOW rats to have higher AD thresholds.
There was also a tendency for AD thresholds to increase, during

M \
kindling, in the SLOW group compared to the FAST group. This threshold .

rise was only significant in the potentiation group (z = 5,582, p <

N

.0002). AD durations wefe not significantly different either early or

late in kindlingy,—but the FAST-group achieved their longest AD durations
more rapidly than did the SLOW group.

AD amplitude, measured on the first kindling day and on the :

first stage 5 seizure day, also did not differ between the strains.
Other variables such as epileptiform spike frequency and the complexity -
of the spiké wavefoT: appeared comparable in the 2 strains at given

séages of seizure development. . —/)

Propagation of afterdischarges:’ Of 22 rats with bilateral

amygdaloid elecé%odes, lx (12 FAST and‘&JBLOW) Sere found to have botﬁﬂ///ﬁ—\\

: ’

! RV
electrodes accurately placed within the amygdaloid complex. .  These
_ T i _
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I

animals provided information about AD propagatiom bet:Eeu the two
amygdalae. All but two rats showed clgar e#ideuce of propagated ADs in
the contralateral amygdala-recordings within 8 kindling stimulations;
The reﬁaining 2 were from the SLOW group and requiréa 13 and 23
stimilations before bilateral amyédaloid ADs became eQident. Due to thé

limited data available from SLOW rats and the apparent overlap on these

measures it remains inconclusive  whether SLOW rats.tend tc develop

- bilateral discharges more slowly than FAST rats. Once primary site

kindling was complete, transfer kindling in the coatralateral site

§howed no differences between the two strains.
The propagated entorhiqtl (ipsilateral) discharge was evident on

the first kindling trial in 100% of the rats (19 FAST, 15 SLOW). The
propagated ipsilateral hippocampal discharge was clearly seen on the

\first kindling day in 59% of the rats ﬂno difference between the 23

'FAST aund kf SLOW), and there was no difference in the remaining rats in

the number of ADs required before the appearance of propagated discharge

e
e ) - (‘ .

iﬁ\tpe hippocampus.

B ¥

It appears that the rate of development of discharge duration,
& * L
amplitude and propagation, as measured here, does not correlate well?

with kindling rates. It is gqgsible, however, that the recruitment of

3\

L]
the brain structures tested had little effect on the subsequent

development of cou#ulsiy; responses, Other sites (e.g., brainstem

sites) may prove to'be more critical. Also, it may not be possigle to
o ’
determine from EEG measures the extent to which a strdhture,ﬁp

participating in the'ihileptogenic activity; the spike:E§;§ be large but
4 * i
the output may gfill be relatively weak. /- a

- R ’ F . ) (

. 5

£
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Pre— and post-ictal spikes: Additional EEG recording was done

for some of the rats (16 FAST, 9 SLOW) from the F9 generation to allow

the observation of pre— and post-ictal spontaneody spikes:\\sgsf*

,

recording was taken for 2 win prior to the delivery of the kindling

stimulation. Similarly, 2 min of EEG was recorded postictally.
Four FAST rats (25%) showed pre-ictal spikes after 7 to 9

kindling stimulations, and developed stage 5 seizures éfter an average

8.5 ADs. On the other hand, 8 SLOW rats (89%) exhibited such spikes,

-

after 8.to 16 kindling stimulations, and teached the stage 5 seizure

: R Y :
with an average of 21.9 Aﬁ;. The remainidg at&'shoued no pre-ictal
. . f
spiking activity during ;he-recording acpsion. With these methods, pre-

. e - Ly
T ~ictal spikes were more likely to be seen in $LOW rats (z = 5.9727, ﬁut

the timing of their appearance was not associated with the developument

of convulsive activity and did not predict the kindling rates. All rats

-+, -

from both strains showed 2 or more post-ictal spikes after 2 to 8

v

" kindling stimulations. The average latency to the first spike was 534
Becénds from the offset of the ictal discharge. The time of appearance
of post-ictal spikes di& not correlate with kindling rates.

vy ' The development of pre~ and post-ictal spiking appéars to be

s B

determined by the number of Ap's rather than the extent of development

toward convulsive responses. The post-ictal spikes appear within a week

of %fﬁly kindling, and pre;ictal spikes appear in the second week,
w - .

; - regardless of kindling rates. ' o : (?\\4]

* Secondary afterdischargés: Secondary ADs. were measured in 52

FAST and 39 SLOW rats. 39 FAST (75.0%Z) and 20 SLOW (51.3%) rats were

found to show secondary ADs emerging after the clear termination of the

™
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n

primary ADs. At leastfg/:;c separated the two discharges. The first
incidence of secondary AD occurred om the 9th kinﬁiing day for the FAS?
group and the 15th kindling day for the SLOW group (median values). The
.difference was not statistically significant. Both groups showed
comparable secondary AD duration as well (median values of 14.5 sec va.
19.0 sec for FAST and SLOW respectively). The lateacy to the onset of
the secondary AD, however, differed significantly b;tween the groups. ;—ﬁ_m\_“
FAST rats took 1?.0 sec whereas SLOW rats took 33.5 sec (both median /
v&lues, U~test; z = 2.196, p < .05, two-tailed), suggesting that FAST

rats had a shorter or weaker postfictq"depresaion.

Evoked potentials: A typical response evoked in the entorhinal

cortex by pulse stimulation of the_ipsilateral amygdala is shown in
Figure 7a. The amplitude of the first peak from the pre-artifact :
baseline was measured on pre-ADl, pre-stage 5 (the last average taken
before appearance of stage 5 seizures), and post~stage 5 days. A_second
type of entorhinal response is shown }q Figure b, Among 10 FAST and 7
5LOW rats, both types of EPs occurred with roughl} eiual ffequency.
: . | ‘\H )
As is shown in Pig. 7 (brokenm lines), t er?ﬂ lictle

difference between the strains with respect to eitMer pre-kindled ~ , \

baseline amplitudes or to the degree of kindling—induced potentiation of
. S

y

the response. Regardlesa of kindling rates, or the number of ADs ‘;]
experienced by each rat, both strains reached cogpparable levels of EP -
potentiation (about 60X above baseline). This iﬁ:;ease in EP amplitude

was evident just prior to theirst stage 5 seizure. T
’ . )

The responses evoked in the hippocampus by amygdala stimulation

fell into 2 categories based on the morphology of the wavéform. Thgge A

~ V

,_ L
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Figure 7 Average EP amplitudes before (Pre AD!), during (Pre. S5) and
after completion of kindling. amplitude of entorhinal EPs
(open symbols) increased for both FAST (N=10) and SLOW (N=7)
rats. The two groups showed comparable increases, but the
FAST group requitred only 9.0 ADs, whereas the SLOW group.
required 16.7 ADs, to reach the atage 5 seizure level. The
amplitude of hippocampal EPs (closed symbols) showed a
kindling-induced decrease in both FAST (N=7) and SLOW (N=7)
rats. The FAST rats reached stage 5 seizures, and the.
accompanying change in EP amplitude, after 7.4 ADs compared to
19.7 ADs in SLOW rats. These data were obtained from rats }
showing stable EP respomses that fell into 2 categories for

both the entorhinal (a and b) hippocampal (¢ and d)
‘placements.

3 -

- <;
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_patterns are shown in Figures 7{c and d}, and were found to occur

e
roughly equally betweenrthe strains. Seven rats from each strain

prbviggd reliable EPs throﬁghouﬁ the kindling session. —~

N,

’. " -
Both strains showed a decrement of about 20X in EP amplitude T

just prior to the stage 5 seizure, and a further decrement of 10X by the

time the stage 5 seizure was.established. Again, these effects did not

*

correlate with kindling rates. - -

—

CONCLUSIONS AND DISCUSSION '

The selective breeding procedure ‘successfully produced two

strains of rats that differed significantly from each other in terms of

- * v * :
their amygdaloid kindling rates., FAST rats reached the full seizure

-

stage within a week of‘so, whiye the SLOW rats typically reached the
.same gtage only after 3 or more ;éeks of kindling. The 2 qtraiug éz
‘not differ on most of the measuregtof the élec:rOgraphic discharge
either early or late in k{ddiing. Nor did they differ on selected

evoked response measures early or late in kindling. The fact that the

At

strains did not differ in initial AD duratiouns, AD thresholds, AD spike g

amplitudes or baseline evoked responsg/émplitude, indicates that the
i \

—

FAST animals did not start out in a state that could be considered as
'partially kindled'. It appears more likely that the difference between

Epe strains lies in one or ms;L of the mechanismas that determine the
[y

rate at which kindling proceeds. The fact that spontameocus interictal
: . I ' .
spiking develops after the same numberbnf“discharges in the 2 strains,

.suggests that the difference in rate of kindling may not be due to focal
\ -

/

—
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" inhibitory systems may be stronger,.or less susceptible torﬁaxlure, in

83
)
mechanisms but rather to the recruitment of distant structures. The

apparently greater inter—ictal spike frequency seen ig,SLOﬁ animals, =

. ofﬁgf!?i iﬁg fppeared, may have been due to behavioral differences

between the strains. FAS? rats, for example, migﬁE\have been more

active and aroused during,.the Rindling sessions compared to SLOW rats.

e - . :
This would have the effect of suppressing) sponfaneous spike activity,

which is known to increase in frequency when the animals are relaxed and

drowsy. ) - . i

FAST rfts did differ from SLOW rats in terms of motor seizure

. 3 . N " - )
manifestation, fatency to clonic seizures, frequeﬁfy of spontaneous
L] . .

) . . ‘
spiking, latency to the secondary ADs.and’seizure suppression™duripg the

last phase of kindling. : : .
L ' :

FAST rats were more likely to advance abruptly from stage'ﬁ to

- -

stages 4 or 5, and ofte:jengaged in full body clonic seizures with
ats showed a longer latency to the onset_ of

hindlinb clonus. FAST

. .
forelimb clonus and fa{}ing compared to SLOW rats., FAST rats had a

shorter latency co.the onset'of-tﬁe'secondary ADs. Finally, the
majority of FAST Tats compleced f1ve atage 5 geizures within five days

without a sxngle faxlure, whereas more thaﬁ half of the SLOW rats showed
‘seizure suppreaalon (fallure of fulL selzu:e)_ least once. The longer.
!

latency to secondary dzscharge and the gteater occurrence of failure of

atage 5 se1zures in the SLOW animals raises thae poss1b111ty -that certain

"

e

the SLOW vs. the FAST animals. .

) x
- . :

> It, is known that kindling stimulation produces powerful

- - - - ‘-f_-_-—ﬁ - - ) Vi '
potentiation effects in the neural pathways ‘that are ‘activated by the
v v - '

. -
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stimulation. FAST rats may be more suscepciblé.to such
electrophysiological aiterations. The previous experiments showed that
comparable levels of kindling-induced potentiation were achieved i; the
2 groups,lalthough the rate at which these effects were Produced
differed between the strains,

These.data‘then raise two hypotheses: 1) FAST animal; are
deficient, compared to SLOW animals, in the function of one or more
inhibitory systems; 2) FAST animals show a more rapid potentiation as a
result of driving certain excitatory synapfic systems (e.g. the

_monosynaptic pathway between the entorhinal cortex aund dentate gyrus).

L .

These two hypotheses do not exhaust the list of possible
underlying mechanisms, but they are the 2 most common hypotheses
expressed in the kindling literature and they are, at least Lo some

extent, testable. Experiments designed to test these hypotheses are

described in chapters IV and V.



CHAPTER III BEHAVIORAL COMPARISONS
INTRODUCTION

Three approaches have bgen taken to thé‘study of behavioral
correlates of kindling. One is to study the effect of kindling on
behavior (e.g. Adamec, 1975; Boast & McIntyre, 1977; Bawden & Racine,
1979; Frenk & Yitzhaky, 198); Pinel, Treit & Rovmer, [977, etc.), and .
another is to measure kindling rates in bepavioyally different strains
(e.g., Leech & McIntyre, 1976; Racine, Burn artner & Levitan, 1973;
Zaide, lg}&). The third approach is a correlational study of pre—
kindling behavioral measures and subsequent kindling measures (Ossenkopp"
& Sanberg, 1979).

Ossenkopp and Sanberg (1979) found that rats which yrinated more
often in the Open-field:tests, prior to amygdaloid kindling, tended to
show longer latencies b the onaetjof ¢lonic convulsions. In a éreviou
study {Sanberg and Ossenkopp, 1978}, they reported a positive

correlation between kindling rates and latency to onset of comvlusionm,
. = J

so slow kindlers would presumably. also urinate more often in théir open
field test. ‘;-C-\- o

| Pinel ei al. (1977) reported that rats kindled in amygdala or
hippocampus weré more reactive to_certain-stimuli and reactea more
;ggressi;ély to handling., Caudaté kindling did nét have the game
~effect. Rat-killing behavior was found to be feduced in cats when
amygdaloid AD threshold was lgwérqé (Adamec, 1975), but muricide in rats
was either not affected (Bawden & Racine, 1979), or slightly facilitated

by kindling (Mclntyre, 1978).

85 . ~
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Paip threshold, meaiuzﬂd’ky latency to tail-flick in respoase to
radiant heat stimulation, was foun® to be elevated in amygdala kindled
rats (Frenk & Yitzhaky, 1981). This effect was evident at 2 min, 24 hrs
and % day%/after kindling and then disappeared. The early onset

suggests that the effect may have been initiated by an immediate

enkephalin secretion, triggered by the amygdaloid ADs, and then

maintained by inter-ictal focal activity.

1

Boast/agg_ﬂclntyre (1977) reported that bilateral amygdaloid

- . + §

'kindling impaired tﬁe subsequent acquisition of one-trial avoidance
behavior in rats. This finding‘;as in agreement with an ggrlier study
(ﬁcInt é & Molino, 1972)-which demonstrated that the combination of a
1esion¥z;?one amygdala ‘and kindling of the contralateral amygdala
impairéd subsequent acquisition of éaqditioned emotional responses

‘

/CEEBP,. This "functional lesion" effect on CER learning was peculiar to

amygdaloid kindling; cortical kindling did anot produce such an effect

. A .. :.
unless the kindled seizure had reached the generallfed 'limbic’ ae1zure(f/,z/

stage (McIntyre, 1970; 1979). -

-

On the basis of these reported correthtes, it is reasonable to

. . . AP |
suspect that rats that are different in their susceptibility to the

kindling freatment may behave differently on selected behavioral tasks. "

-

Consequently, several behavioral measures were taken for the FAST and
SLOW strains; including open-field behavior, miricide, hot plate pain
sensitivity and passive avoidance behavior. Finally, both FAST and SLOW

rats were tested for their sensitivity to audiogenic seizure
1 -

hd \

stimulation. -
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METHODS

OPEN-FIELD STUDY o

r

Twen:ﬁ-six male and female rats (9 FAST) 17 SLOW) were randomly
selected from the Fl generation and tested individuallf in an open field
(75 x 75 x 9 cm). Their reactions tb the experimenter's attempt to
capture them by hand were rated according to the categories of "no
resistance", "squealing", and "biting".

Another 23 mgle rats (8 FAST, 15 SEdW) from the F{ generation

were observed in an open field of 90 x 90 x 45 cm with black stripes

dividing the field into a 4 by 4 gridzk‘zach rat was placed in the

.
\ e

corngr of thg field, and the number of moves across grid squares was
recorded for 2 minutesf
- From the F3 generation, 66 male‘and female rats (33 FAST, 33

SLOW) were randomly selected, and tested on the same open field. Each
rat was'placed in the corner of the field and observed fq; two minutes
for 3 consecutive daily trials. The occurrence of vocélizations during
removal from the cage was recorded. The aumber of boluses and the
incidence of urina;ion during the observation period‘were also recorded

as was the number of grid squares where the rat placed at least both

forelimb paws.

Finally, 64 male and female rats (20 FAST, 20 SLOW, 24 CONT)

*

‘were randomly selected from the F6 generation, and tested for their
reagtion to haqdling, acquisiﬁion on a passive avoidance task, and ﬂ?use
killing behavior.

' All these rats were first taken out of their group cages and,

» 4

placed into iadjvidual‘'wire cages. Twenty four hrs later, each rat was
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taken out of the wire cage and placed in an open field (75 x 75 x 9 cm).
At 5, 10, and 15 seconds after placing the rat in the field, the

experimenter attempted to grasp the rat. The rat's reaction to the
experimenter was scored on each of the three trials according to
following scale: 6, littlé or no avoidance; I, av;ided, struggled
and/or squealed while being grasped but ceased when in hand; 2, avoided,
struggléd and/or squealed for several seconds; 3, avoided, struggled
and/or squealed continuously; and 4, same as 3 but also showed biting of
the glove. 1In order to ensure reliable measures, scoring was done by
two independent observers. These tests were repeated over the next two

days, for a total of 9 trials.

MURICIDE TEST -

The same 64 rats from the F6 generation that were subjected to

a3

the handling test were later tested for mouse-killing in their

individual home cage.' An experimentally naive mouse was placed in the

cage for 15 minutes, and the latencies for the rat to approach
(physically contact) and to kill the mouse were recorded together with

the location of the bite(s) delivered. These measures were also taken

by 2 independent observers.

HOT PLATE PAIN SENSITIVITY TEST

A total of 61 FAST rats (33 male and 28 female) and 60 SLOW rats
'(32 male and 28 female) were randomly selected from the F7 generation.
Animals we}e coded to mask their strain identity. Thehueight of the rat

and the number of siblings caged together were recorded for later

analyses and interpretation of the results.
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The hot plate apparatus was made of a rectangular copper
container (19 x 19 x 15 ¢m) in which a 1200 ml mixture, consisting of
equal parts by volume of acetone and ethyl formatg, was kept boiling. A
plastic cylinder (15 cm in diameter, 50 cm high) was ﬁlaced on the
surface of the'vessel. Tge”gémperature at the surface of the copper
contaicer (now the floor’ of the cylindrical tube in which rat was
placed) was constantly mogétoted and maintained at 54.5 &. Pain
sensitivity was assessed bi placing.the rat, inside the tube, on top of

. l
the vessel surface and recording the latency to either the first paw

licking or the first jumping response. )
The experiment was replicated as described with 110 FAST rats
(33 male and 77 female) and 118 SLOW rats (32 male, 86 female) randomly

selected from the F8 generation, together with 83 control rats (46 male,

37 female).

PASSIVE AVOIDANCE TASK

' The same rats tested on the muricide experiment were
subsequently tested ¥n the passive avoidance task (19 FAST, 20 SLOW, 24
CONT) .

- Each~rat was placed on a retractable wooden platform (15.5 x 11
x 5,5 cm) within a plywood box (34 x 34 x 29 cm). s soon as the rat
stepped off of the platform with all 4 limbs onto the scrambled electric
grids, a 1.6 mA shock was delivered for 3 sec, while the safe platfornm
was retracted. Thus, all rats received shocks of the same intenmsjty and

duration, After receiving the shock, the rats were returned to their

cages. On the following day, the rats were placed on the same wooden

platform with no electric gshock delivered. The latency for each rat to
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step off of the platform and onto the grids with four limbs was

~

measured. If no response was seen within 300 sec, the observation was
terminated,

L)

Another 30 male rats (15 PAST, 15 SLOW) were randomly selected
from the F7 generation and coded roymask their strain identity. They
were subjected to the same procedure, except that the shock intensity
was increased to 3.5 mA. The latency for each rat to step off the
platform was measured on each of the following 3 days. The experiment
was partly replicated with another 14 male rats (7 FAST, 7 SLOW)

randomly selected from the F9 generation, together with six male countrol

a

rats. The procedure was the same except that the shock intensity was
reduced to 1.0 mA for 2.0 sec, and the effect of the shock was measured
only once on the following day.

AUDIOGENIC SEIZURE TESTS

Twenty-three FAST rats (9 male, 14 female) and 26 SLOW rats (11
male, 15 female) were randomly selected from the F7 and P8 gener;iions.
The rats were randomly coded ;nd the measurements were done blind.

Rats were placed in a glass cylindrical container (30 cm in
diameter, 30 cm high) with sawdust bedding.‘ An electric door bell
attached to the lid of the container generated a sound level of
approximately 110 db measured at the bottom of the inside of the
container. This stimulus was continued until the oanset of convulsion or
for 120 sec, The evaluagion of convulsive behavior was made.according

to a standard audiogenic response scoring system (Jobe, Picchioni &

Chin, 1973). Rats that failed to show convulsive behavior on the first

day were tested three more times. In order to obtain objective scoring,
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two assistants provided additional independent measurements during this

test.

RESULTS

QPEN-FIELD STUDY

0f the 26 rats tested from the Fl generation, 77.82 of the FAST
rats (7/9) reacted with biting when grasped by the experimenter. Oaly
41.2% of the SLOW rats (7/17) attempted to bite, and a test for
significance of difference between two proportions indicated that the
tw? groups were significantly diffetenc on this measure (z = 2.8%7, p <
.005, two-tailed).

The open—-field observation of another group of Fl rats showed
that eight FAST rats tested entered an average of 3.0 squares,
significant}y le;s than the 5.1 squares entered by 15 SLOW ;acs (z =
2,024, p < .05, two-tailed U-test).

F3 rats (N = 68), however, did not show any difference in the
number of squares eatered. They did show a difference in vocalization
in response to the experimenter's handling. More FAST rats squealed on
days 2 and 3 (61.8% and 55.9%, respectively), compared to SLOW rats
(35.3% and 38.2%, respectively), and the test for aignificanée of
difference between two proportions confirmed the difference (z = 3,206,
P { .002 and z = 2,10}, ﬁ < .04, two-tailed, respectively). Another
;}riking difference between the groups was found in the incidence of

defecation and urination (Fig, B). There were fewer FAST rats that
defecated in the open field during the three daily trials (31.4%, 20.0%

and 37,1 respectively), compared to SLOW rats(61,6%,)70.6% and 82.4%
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Figure 8 (a) The prdportions of rats that defecated at least once
during the open-field observation test (two minutes each day
for three days). The differences seen between the groups on
all three days were highly significant (see text for p
values). _ ‘

(b) The proportions of rats that urinated at least once during
the open-field observation test (two minutes each day for

- three days). The differences seen between the groups on days
2 and 3 were statistically significant (see text for p
values).
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respectively). The difference was highly significant (z = 3.758, 6.933
and 6.117, respectively).

Cn the other hand, there were ﬁore FAST rats that urinated on
days 2 and 3 (61.8% and 55.9%, respectively), compared to SLOW rats
(35.3%7 and 58.21, respectively). This differeace was also significant
(z = 3,206 and 2.101, respectively).

Finally, 40 rats from the F6 generation, together with 24
control rats, provided further information on behavioral differences
between the FAST and SLOW groups. The reactionlto the experimenter's
handling again proved to be differen&'iu FAST compared to éLOW rats.
More FAST rats reacted uitﬁ.bi:ing (7/20) than SLOW rats (1/20) on the
first test trial. The difference was statistically significant (z =
3.618, p < .0004), but disappeared on the second triak 5 seconds later
(FAST; 1/20 vs. SLOW;‘O/ZO). The control rats {1/24) were similar to
SLOW rats, suggesting that FAST rats were unusually reactive to,

handling on the first trial.

MURICIDE TEST -

Among 64 rats tested, 13 showed mouse-killing behavior. FAST
rats were more likely to kill mice (7/20).than SLOW or control rats
(3/20 and 3/24, respectivély). The differences between FAST and SLOW or
;ontrol ratslwere statistically significant (z = 2,123, p < .03 and z =
2,571, p < .02, respéctéyely,"two-tailed test), The latency to approach
the mouse did n?t diffg;)between FAST.rats gf = 12,2 ;gp).énd control

rats (X = 17.4 sec » but SLOW rats showed a significantly longer latency

to approach the mouse (X = 95.3 gec, z = 2.789, p < .006 against

control). ' /"“’/“

) -
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SLOW rats, then, approached the mouse with a 1onger latency but
killed as re#diLy as control rats, whereas FAST rats approached the,
mouse somewhat more rapidly than c;utrols (though the difference did not
reach significance) and were more likely to kill the mouse.

HOT PLATE PAIN SENSITIVITY TEST

The results are shown in Table II. FAST animals had a
significantly shorter latency before licking of the paws or jumping,
compared to control animals (izsz = 5,24, p < .001, two-tailed), and

control rats had, in turn, shorter latencies than SLOW rats (tzs9 =

+ 2,24, p < .05). Body weighta did not differ between the strains.

PASSIVE AVOIDANCE TASK

FAST rats from the F6 generation were less likely to step down
on the test day (8/19), compared to SLOW or control rats (13/20 and
14/24, re;pectively). The difference between FAST and SLOW rat; was
statistically significant (z = 2.083, p < .OL, two-tailed test).

. There were no significant differences, however, when F7 rats

(N=30) were tested with a higher intensity shock (3.5 mA for 3.0 sec),
or when F9 rats (N = 20) were tested with a lower intensity shock (1.0

mA for 2.0 sec) (Fig. 9).

T

AUDTOGENIC SEIZURE .

\ :
In response to a high intensity sound, applied for four daily

5

trials, both strains showed a comparable ratio of seizure incidence

(Table I1I). The differences in seizure susceptibility of the 2

strains, then, did not generalize to seizures that are presumed to be of

brainstem origin. -
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1, ' | ' * - L] - - )
T __Table 11 A summary of the response latencies (paw-licking/ jumping) to
. thermic pain. Latencies for PAST rats were significantly

shorter than for comtrol rats (p<.00l) whose latencies were
I significantly shorter than SLOW rats (p<.05).

-
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Table 1T

Strain FAST * SLOW " CONT

' Sex M F M F M F
Gen.

SEC (N)
F7 9.1(33) 10.7¢28) 12.9(32) 1&.1(28)'
12.8(46) 10.4(37)

F8 9.6(33) 8.4(77) 11.0(32) 13.6(86)

Total 9,2(171) 13.1(178) 11.7(83)
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Figure 9 A sumary of the data from the passive avoidance test is shown -
opposite. At the intermediate shock idtemsity level (1.6 1A
for 3.0 sec), more FAST rats ( ®) showed the avoidance response
{in the step down task) than SLOW rats (B), The difference in
proportions was significant (Z=2.083, p<.04, two-tailed). At

lower and higher intensities, however, the two groups behaved
comparably).
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Table III The effect of administration of an epileptogenic auditory
stimulus. Although SLOW rats were more than twice as
likely to show epileptic effects than FAST rats on this
test, the difference was not statistically significant.

i
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{
Table II;

) - No (2
Seizure -Tonic (a) Runiiing (b) Effect (a) + (b)
Strain

1 0 8
FAST 8.7
0 1 13
0 1 10
. | SLOW 19.2
: 1 3 11
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CONCLUSIONS AND DISCUSSION

One of the most consistent findings was that FAST rats were
excessively reactive. They squealed when grasped by an experimenter,
and their tendency to biﬁe the glove was deponstrated in two
experiments. FAST rats also responded to thermal pain with a shorter
latency, suggesting that Lhey may be less tolerant to.stqess in general,
compared to SLOW and coatrol rats. The bitiﬁg reaction of FAST rats may
also be related to their increased aggression. They were more than
twice as likely to kill miée than were SLOW or control rats. These

findings were in agreement with the verbal reports of all of the people

- who have dealt with these two strains, that FAST rats are "jumpy",

"hyperreactive' and "aggressive."
FAST rats were less likely to defecate on all three comsecutive
daily trials in an open field test, and yet they were more likely to

urinate on days 2 and 3. Although defecation and urination have been

used as sorrelated measures of emotionality, these observations indicate

that the two behaviors may reflect quite different underlying processes.

In support of this conclusion is the fact that both groups showed a

steady 3 day increase in the number of rats showing defecation and a
decrease in the number éhowing urination. The SLOW group showed the
changes more rapidly than did the FAST animals. The 2 strains may,
then, differ in the rate of habituation, with the FAST rats remaining
hyperreactive to the stress of being pléced in a novel environment.
Previous studies have reported that rats that urinate and

defecate more frequently (e.g. Tryon maze brights -.Searle,_l949;

Powell, Martin & Kamano, 1967) tend to be more resistant to seizures
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(zaide, 1974). This correlation was also found in other strains by
Martin and Hall {1941). Our defecation measures were consistent with
these findings, with the seizure resistant SLOW rats showing more
defecation in the open field measures. Our other measures (e.g.
urination, response to handling and pain, etc) however, indicated that
FAST rats were more emotionally reactive than SLOW rats.

> Finally, FAST rats did not differ in ;ugceptibili:y to.
audiogenic seizures, suggesting that the difference in geizure
ﬁusceptibility did not extend to those brainstem systems activated by
high intensity auditory stimulation.

The amygdala is known &o contain relatively high concentrations
of oﬁiatéhgipdiug gites and eddogene;;s opioids (Hokfelt, Elde,
Johansson, Terenius & Stein, 1977; Simantov, Kuhar, Uhl & Sonyder, 1977).
One study with rats {(Uhl, Kuhar & Snyder, 1978) indicated that there is
an enkephalin-containing fiber system that arises from the central
nucleus of the amygdala, and sends output via the stria terminalis,

Abott and Melzack (1978) demonstrated that ADs evoked in the lateral

septal nucleus and hiﬁpocampus {but not in amygdala or cortex) produced

analgesic effects of morphine (Yitzhaky, Frenk & Urca,

reduces the severity of the morphine withdrawal syndrome (Le Gal La

Salle & Lagowska, 1980). Other studies (Hong, Wood, Gillin, Yang &



104

\
L

Costa, 1979; Hong, Gillin, Yang & Costa, 1979) indicate that seizures
increase opioid levels (up to 300%Z of normal levél) for as long as 14
daysa. -

The opioids may be involved in secondary, rather thaa primary,
effects of kindling, as the manipulation of opioid~eystems by naloxone
did not alter the rate of amygdaloid or caudate kindling itself
(Corcoran & Wada, 1979). The difference in pain sensitivity between the
strains, then, may reflect mechanisms.secon;ary to epilegtogegésis and

may be due to a difference in the reactive secretion of opioids in

stressful situaticns.

a



CHAPTER IV ELECTROPHYSIOLOGICAL STUDIES

INTRODUCTION

Ratiounale for electrophysiological studies

One of the hypotheses proposed to explain the physioclogical
mechanisms of kindling is that kindling stimulation produces long-term
potentiation (LTP) of synaptic transmission in excitatory pathways
leading from the kindled site.

It is now certain that kindling does produce powerful LTP
effects (QOshima, 1981). A causal relationship between the LTP effect
and kindling has not, however, been proven. Recent evidence, im fact,

-

suggests that éhanges in the response characteristics of cells in
kindled foci may be more important (Racine et al., 1981). Nevertheless,
kindling does produce LTP and prior development of LIP in .forebrain

pathways has been shown to facilitate subsequent kiQﬁling (Racine,

~
Newberry & Burnmham, 1975). ~

In the preceding chapters, it was "shown that FAST rats kindled
significantly faster than SLOW rats. It was also noted that FAST rats
showed alterations in the amplitudes of evoked responses faster than
SLOW rats. These alteratious in EP amplitude could reflect an
under;ying difference in potentiation mechanisms or of some other
correlates of the developing epilepﬁogenesis (e.g. a change in OuEE;t
from stimulated cells). In order to exagine the role of potentiation
effect§ in seizure susceptibllity, the two strains of rats were tested
on several potentiation para&igms involving non-epileptogenic

r

gtimulation.

105
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Selection of pathways for potentiation studies

Most forebrain potentiation expe;iments have focused on pathways
into the hippocampal formation, particulafly the perforant path fibers
from the eutorhin;l cortex to the dentate gyrus.

When a train of high frequency stimu}ation is applied to the
entorhinal cortex or perforant path, subsequent respon&es evoked by

. single pulse stimulation of that pathway are te L,y increased in

amplitude (Fig. 4). These field potential responses have.been shown Lo

reflect the intracellular events of granule cells fairly acdurately.
The rising phase of the first 66;;3nent has been sho o reflect
cqollective EPSPs, whereas the sharé negative component (Fig. 4) depends
upon the number of cells ig which action potentials have been triggered
(Lémo,r1971). .

For the purpose of the present project, potentiation effects
were examined in 2 pathways, the monosynaptic pachwa§,fr6m_amygdala to
entorhinal cortex (Experiment 1) and the monosynaptic pathway from
entorhipal cortex to dentate gyrus (Experiment 2). Both short-term

potentiation (STP) and loag-term potentiation (LTP) phenomena were

.examined and compared between the strains.

13

EXPERIMENT 1: AMYGDALA TO ENTORHINAL POTENTIATION \\"ﬁ\\\/
One of the output pathways from the amygdala arises from the

lateral and basolateral‘nuclei and projects to layer III of the ventral

«

part of the lateral entorhinal “cortex (Krettek & Price, 1977). This
latter neural circuit was chosen for the electrophysiological studies

because it is the primary route via which the amygdala communicates with

$
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~
the hippocampus and becaqsé it has been shown to support long-term
potentiation (Racine er al., 1983).
b

Several questions were addressed in these experiments. One was
whether the amygdala of FAST rats uoulé requife lower intensity’

- “\ B
stimulations to evoke EPs in the entorhinal area compared to SLOW rats.

If so, then kindling stimulations might be expected to affect target
\\\\aftes more strongly, or to affect a larger cargé&'area, in FAST rats.
In order to test these baseline responses, and to determine thresholds

-~
and asymptotic response levels, input/output curves were determined.

Such curves were obtained for entorhinal EPs by stimulating the amygdala

¢ at various intensities ranging from just above threshold to that
required to evoke the muximum amplitude response. The threshold and
maximal inteansities, as well as the slope of the I/0 curves, were used
as indices of baselineyexcitability.

The next set of experiments were’designed to test the
responsivity of the system (i.e. how the system respénds to repeated
stimzlation). The first experiment was designed to test paired pulse
effects. If~2 identical pulses are ;pplied to‘a pathway, the response

evoked by the second pulse will often be smaller or larger than the

\

response to the first pulse. In most pathways the second response will }
: y

"initially be depressed {at interpulse intervals of 5 to 30 msec) after .

which a period of facilitation is evident. The facilitation can last

for several hundred msec after which the responses may again be

depressed (for up to several sec). The first period of depression is =

likely due to recurrent inhibition {(Adamec, McNaughton, Racine &

Livingston, 1981), while the facilitation may be due to an increase-in
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transmitter release (Wigstrom, McNaughton & Barnes, 1982). It is

possible.that the FAST rats are capable of producing more faciliﬁii?on

o

and/onf}ess recurrent inhibition effects. VThe paired pulse %?asure
provides us with an initial test of this hypothesis.

The next experiment was.designed to measure differences ia ‘
response to high fré@uency'trains'of stimilation. In particular,

differences in long-term potentiation (LTP) were examined in the two

. strains. The hypothesis was that FAST rats would show a greater amount

of LTP, reach asymptotic levels soomer or show longer retedtion of the
effect than SLOW rats. This would result in a more effective
transmission and propagation of epileptiform activity. In order to test
this hypothesis, brief trains ;f stimulation pulses were apélied to the
amygdala, and the entorhinal EPs (evéked~by single pulses applied to the

amygdala) were tested before and.after application of the trains.

: " METHODS
Animals: Fifty-two male hooded rats (28 FAST, 24 SLOW),
weighing 300.0 g to 450.0 g were randomly selected from the F7 to F9
generations. Bipolar electrodes were iiblan:ed into the basbLateral‘
X .

amygdala, the lateral entorhinal cortex, hippocampus, and the dentate

gyrus (FDl). These placements were confirmed histologically aund are

" shown in Fig. 5.

All electrodes, together with one ground screw implanted in the

skull just posterior to lambda, were connected to male amphenol pins and

collected into a 9 pin head cap. - Subjects were given a two week
\ .

i
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recovery period during which they were handled regularly and introduced
* i

.to the experimental environment. : _)

Apparatug: Two stimulators {Grass S 88) were used to‘generate
stimulation pulses and trains. One of the stimulators also triggered a
dual beam oscilloscope (Tektronix, model D 13) for the purpose of
monitoring the responses, and a PDP 8 céfputer for‘the purpogse of data
acquigition and averaging of the responses.  The sﬁimuiition‘ as

delivered through photoelectric stimulus isolation units (GrAss, model

PSIV 6B) to obtain isolation from ground as well as ant current

-

cutputs.
" The EEG responses were delivered to a wide band A.C. EEG pre-

amplifier (Grass T?SA). After amplification and computer averaging, a

display unit (Tektronix 602) was used to monitor the curreatly averaged
responses. The final averaged outputs were plotted on graph paper by an

X-Y recorder (ﬁeQLeCt—Packard 7015A).

1/0 curves: Immediately after the recovery period, two sets of
input/ou#put curves for each rat were asseséed”by stimulating first the
amygdala "and then the entorhinal cortex. Meaduremeat of the amplitudes

of the EPs recorded from the target sites provided the data from which

L

the I/0 curves were’ constructed. .. )

The test reg%onses were evoked by single biphasic square wave
pulses, (0.1 msec pulse Auration), and 20 pulses were delivered, at a
freque;cy of 0.2/sec, at each intensity. The threshold in;ensity _
induciﬁg'a just detectable response from the immediate target site

(entorhinal cortex for amygdaloid I/0 curves, hippocampus for entorhinal

I/0 curves), and the intensity inducing the maximum response amplitude,
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EPs were averaged and recorded. The facilitation and depression effect} .’

110

were first assessed visually on the oscilloscope by a trial-and-error
method. Then the range between the two intensities was divided into 5

steps, which providedVB points for the 1/0 curves: threshold, 20%, 40%, -
60%, 80 and 100X of the maximal intensity. Twenty EPs were collect;d
and averaged at each of the six intensities. The behavioral status of
the animal was also recorded for each EP average.

The test pulse intensity for the facilitation and potentiation
experiments was determined according to the I/0 curves. The intensity
that induced 80Z of the maximal EP amplitude was chosen for the test
pulses, because it was atrong enmough to evﬁke réliaﬁ;e EPs while

allowing for another 20% increase before the pretrain maximal response

. wag reached. It was not kaown whether the potentiating trains could

increase EP amplitudes above this pre~train asymptote, The train pulse

' intensit& was also set at this 80X level.

Paired-pulses: Those rats that demonsFrated stable EPs were
stimulated in the am}gdala'with fwo biphasi; square-wave pulses. AThe
intervals between the two pulses (interpulse intervals - IPIsilwere 1,

5, 10, 20, 30, 50, 70, 100, 156 and 200 msec, The intensity was set at

e vere g,

repeated 8 rimes at each IPI, at a frequency of O;Z/Eec.__The resulting.»,
o

the 807 level, as described, for both pulses. The pulse pairs were

b
were calculated by dividing the amplitude of the second EPs by the s

amplitude of the baseline (first) EPs. For comparison purposes, SLOW
s ——

rats were paired with FAST rats on the basis of initial response

characteristics (including morphology, threshold, maximum amplitudes and

intensities required to trigger waximum amplitudes).
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Long-term ﬁotentiation: Prior to the ‘tests for LTP, the animals
vere subjected to a 2 week period during which EP averages were
continually measured. These measures provided a control baseline
against which to compare the effects of subsequent tetanic stimlation.
During the control run, the test pulses’were delivered on the same time
schedule as in the subsequent train sessions but no trains were
delivergd. Duriﬁg the first three days in both the control and
experimental sessions, EPs were measured at eight different times per

day. They were measured {1) pre-trains, (2) immediately/after each

train, (3) immedistely aftér the end of 20 trains, (&) 15 min, (5) 30

win, (6) 60 min, (7) & hourk and (8) 8 hours after the end of th

trains. Again, each set of EPg was obtained by averaging 20 EPs

o

2
. '
frequency of 0.2/sec, except for category (2) where a test pulse

L]
followed each train. The test pulse in this case was applied at the
same frequency as the trains, which was 1/30 sec. On the fourth and the
fifth days, as well as one week and two weeks later, additional EPs were

measured. The behavioral state during each EP test was labelled as

. 11
"asleep", "very relaxed", '"relaxed", "restless", "motionless",

Ve
h

"grooming/feeding" or\“minor{gigorous movement”, When it was possible,
| v .
. \\_‘.// . .
test pulses were selectively delivered when the rat was judged to be in

- a particular state, usually relaxed, in order to collect homogeneous EPs

and to minimize extraneous factors.

After bﬁf completion of the control sessions, those rats that

showed consistently reliable EPs were finally-subjectéd_to the actual

train session. In this session, twenty tetanic trains, consisting of

biphasic 0;1 msec square-wave pulses at 400 p/sec were delivered to the
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amygdala, at a frequency of one train per 30 sec. The c;ain duration
was 20 mgec and the pulse intensity was the same as for test pulses..

.For the an;lysis of data; the pre-train EPs on the first train
day was used as'the baseline for all EP; of that session,

RESULTS ’
1/0 curves:\ A total of-48 rats (24 FAST, 24 SLOW) provided” .
: 1

reliable evoked potential data for the construction of I/0 cﬁrvéa. The
average amplitudes of the.threhhold and maximal EPs from the e&torhinal
and dentate recording sites are shown in Table IV. The EPs in both
sites were comparable between the strains, confirming the' observaticn
reported in Chapter II.. Although there was 2 tendency for the FA;F
animals to show slightly smaller dentate EPa,‘the difference was not

significant.

Paired-pulges: Of the 52 rats tested, the entorhinal EP data of

28 rats were matched (td produce 14 pairs) according to the response
morphology, amplitude and stimulation intensity. Fig. 10 shows the
percent increase or decrease of the responses evoked by the 2nd pulse

across the range of interpulse intervals. There was no difference
" between the strains in the amount of facilitation or depression seen in

e

this particular neural circuir.
The amygdala to hippocampal EP data of 10 rats were matched and
the results are shown in Fig, 11.‘_Tﬁere was a tendency for FAST rats to

show a larger facilitation effect; The average intensity of the paired-
pulses, however, was also slightly higher for FAST rats (by* 72 wA).

Neither difference, however, was significant,



Table IV
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A sumary table showing the threshold and maximal amplitudes
of entorhinal (top) and dentate (bottom) EPs, together with
the stimulation intensities that evoked those responses.
SLOW rats tended to produce larger EPs at higher intensity
than FAST rats, but the differences were not significant.

x
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The amplitude of the second of a pair of euntorhinal EPs,
expressed as a proportion of the first EP, is shown for
interpulse intervals between-l wnd 200 msec. The test
pulses were applied at the ipailateral amygdala at a
stimulus intensity producing about 80 of the maximal EP
amplitude. Each data point is the ayerage of 8 sweeps for
14 animals. There was a small paired-pulse depression at
10 maec, The remaining intervals yielded-a cousistent

paired-gulse facilitation effect which peaked at 30 mgec.
FAST (®) and SLOW rats (m) showed similar depression/
facilitacion effects. '

-
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Figure 11
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Paired pulse effects for hippocsmpal EPs are shown for
interpulse intervals between 1 and 200 msec. The test
pulses were appl1qd to the 1p3113teral amygdala at a
stimlus intensity producing 80X of the maximal EP

amplitude. Each data point is the average of 8 sweeps
for 5 rats. There was a cousistent facilitation effect
which peaked at 30 msec. Although there was a tendency
for FAST rats (®) to show stronger paired-pulse

facilitation than SLOW rats (m), the difference was not
statigtically significant.
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The dentate EP data from 26 matched rats, on the other hand,
revealed the same difference between the strains (Fig. 12). The
difference was significant at the 70 and 200 msec intervals. In this
case, the average intensity for SLOW rats turned out to be 100 MA higher
than éor FAST rats. Although it is possible that the higher intensities

produced a stronger recurrent inhibition for SLOW rats, resulting in a
correspondingly smaller facilitation, Tuff, Racine and Adamec (1983b)
s -

found that increasing intensity produced about the same amount of

measurable peak facilitatiom.

Long-term potentiation: There were.l6 rats (8 FAST, 8 SLOW)

that completed the LTP experiment. As can be seen in Figures 13 and 14,

the 2 strains did not appear to differ on any of the LTP measures.

y. -

.

CONCLUS IONS AND DISCUSSION

The electrophysiological measures utilized here did not reveal
any differences between the strains except for the paired pulse
facilitation in the dentate, which uas‘larger in FAST animals (or,
conversely, a concurrent paired pulse depression may have been larger in
SLOW animals). Otherwise, baseline responses, I/0 curves, paired pulse
responses and potentiation phenomena did not differ between FAST" and
SLOW animals. '

The relevance of F:f differences in.cthe shoFtQterm potentiatian

effect in the dentate area to differences in kindling rates is

uncertain, The hippocampal formation, however, is.believed to be

involved in temporal lobe epilepsy (Falconer, Serafetinides & Corsellis,
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Figure 12

Paired pulse effects for the dentate  gyrus are shown for '
interpulse intervals between 10 and 200 msec. The test
pulses were applied to the ipsilateral amygdala at a stimulus
iateénsity producing 80X of the maximal EP amplitude. Each
data point 'is the average of 8 gsweeps for 13 rats. There was
a2 consistent paired-pulse facilitation effect.which peaked at
30 to 50 msec. At the 50 and 200 msec intervals, FAST rats
(®) showed a significantly larger facilitation effect than
SLOW rats (W) (p<.025 for both cases, U-test, one-tailed).

&
+
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Figure 13
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The amplitudes of entorhinal EPs (expressed as a percentage

of the pre-train baseline amplitude) are shown for a 24 hr

period following the application of stimulation trains (+).

The trains were applied to the ipsilateral amygdala. The

pulse intensity was that which produced 80% of the maximal

pretrain EP amplitude. There were no significant differences
between FAST (®, n=7) and SLOW (®, n=8) groups in the amount ~&
of potentiation produced by the trains. The data for days 2

and 3 (not shown) were essentially the same.
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Figure 14
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The amplitudes of hippocampal EPs (expressed as a percentage
of the pretrain baseline amplitude) are shown for a 24 hr
period following the application of stimulation trains ().
The trains were applied to the ipsilateral emygdala. The

.pulse intensity was ‘that which produced 80Z of the waximal
. -pretrain EP amplitude., There were mo significant .

differences between FAST (®, n=6) and SLOW (R, 0=8) rats og
any of the 3 test days.

-

N
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1964), and differences within that structure might account for the

L

increased epileptogenesis of the FAST animals.

In order to extend the findings pertaining to the differences in

dentate responsivity, a series of experiments was designed to test the

monosynaptic ¢ireuit from the entorhinal cortex to the dentate area. *

EXPERIHENT 2:" PERFORANf'PATE TO DENTATE POTENTIATION o

The monosynaptic pathway from the entorhinal corteg to the
dentate area has proved useful for the study of neural plasticity. The -
most recent studies have examined the mechanisms of 1ong—térgﬁ )
potentiafion of the response of dentaté granule cells following high
frequency stimulation of the perforamt path. -

Tg;;;lis some evidence that both pre- and poatsfnapcic Ve

méEhanismﬁ'ﬁay underly the‘LTP effect. It has been suggested, fbr

example, that an anreased amount of neurotransmitter is released
following the administration of a high frequency traln (Dolphxn
Errington & Bliss, 1982; SETEde & Malthe-sdrenssen, 1982). The
increase in output of tramsmitter may, in turm, be caused by increased
amounts of free calcium ions within the presynapt?; terminals
(Baimbridge & Miller, 1981; Turner, Baimbridge & Miilef, 1982; Browming,
Dunwiddie, Bennett, Gispean & Lynch, 1979; Browning, Bennett, Kelly &
Lytich, 1981). -~

There are.other findings that point to a postsynaptic mechanism,

'

such as enlarged postsynaptic dendritic spines (Fifkovd & v3n Harreveld,
1978) and increased numbers of neurotransmitter binding sites (Baudry,

Oliver, Creager, Wieraszko & Lynch, 1980). fﬁrthermore, heterosynaptic
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interactions between two distinct inputs to common target sites have
been shown to siguificantly affect the resultant LT? effe;ts (Douglas,
Goddard & Riivers, 1982; Robinson & Racine, 1982). Theée interactions
seem more likely to occur post—~ rather than pre-syu;ptically.

On the basis of these data, Bliss and Dolphin (1982) have
suggested that both pre- and post-synaptic mechanisms are involved in
the LTP effects, Whatever the mechanisms, it remains to be seenfuhether
they can be genetically manipulated. The larger paired pulse
facilitation in the amygdaia to dentate respon#e, reported in the
previousisection, suggests that such a possibility exists for short term
potentiation effects. The following experiments were designed as a
further test of the hypothesis that the FAST strain may possess
circuitry that is more 'plastic"than in the SLOW strain. For these
experiments, the focus was on the perforant path to dentate response.
Input/output curves were measured to compare the baseline excitability
of the system, and paired-pulse depression/faciiitation was compared for
short-term effects. Hiéh frequency tétauic stimilation was.then applied
to the pathway and EP responses to single test pulses were sampled and

LTP effects were measured.

METHODS

Animals and surgical procedures: The experiments were performed

on adult male rats, weighing from 350 to 500 gm. These were randomly
obtained from the F9 and Fl0 generations of the FAST and SLOW strains (7

FAST, 8 SLOW).
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The basic surgical-proceddre was as previously‘gescribed.

.Honopolar reeérding electrodeé, made of single strands of isonel
insulated 0.25 mm nichrome wire, were implanted bilaterally in the

dentagF gyrus. Bipolar stimﬁlating electrodes were implanted
bilaterally into the perforant paths and unilateraily into the |
basolateral amygdala. The placements were monitored

electrophysioclogically dufing_surgery. Small Holes were drilled

bilaterally in the skull for the dentate recording sites (4.0 om
posterior to and 2.5 wm lateral from bregma) and for the perforant path
stimulating sites (8.0 mm posterior to and 4.9 mm lateral from bregma),
with the séull plane being orienCedAhoFizon;ally on a stereotaxic -4 )

frame. .

The dura membrane beneath the skull hole was slit with a sharp
peedle just prior to the lowering of the electrodes. The remaining
holes were covered with cotton balls soaked with normal saline. The
wound edges wé:;?cofered with cotton soaked with mineral oil. The
stimulﬁtiné and recording electrodes weré lowered slowly, while
monitoriné EEG background activity. This activity provided some clues
as to which cell layers the recording electrode was pene rating.. When
the electrodes werk near the destination (3.8 mm and 4.0 low skull
surface for dentate and perforant path, respectively), single test
puls;s'wefe applied to evoke dentate responaeé ' Both electrodes were

then lowered, in small steps, until the optimal placements were found.

. EEG and EPs were amplified by a Grass P15 AC preamplifier, with

the high and low frequemcy cutoffs set at 3K Hz and 1 Hz respectively.

The signal was further amplified by Grass polygraph EEG amplifiers and
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monitored by a Tektronix 5114 storage oscillosocpe. When necessary, the
amplified signals were fed to an LSI 11 digital computer. The data

acquisition -and analysis program for the computer was providediby Dr.

R.M. Douglas (McGill University) and modified by Dr. R.E. Adam?c (Scott

P o

Laborator&, Wellesley Hospital, Toronto).
-

When all electrodes were placed properly, they were secured to
the skull with dental cement, and the Amphenol pins were collé%te@ into
a 9 pin connector. All animals were injected with 15,000 units of
peﬁicillin intramuscularly.

At the conclusion of the chronic experiment, the brains were

-

fixed and extracted from the rats by the standard perfusion method, and

»

a histological examination was carried out in order to verify the

electrode placements.

Electrical stimulation: ‘All three types of stimulation, single

pulse, paired pulse, and trains, consisted of biphasic rectangular

waves, and were delivered to the animal through photoelectric stimulus

—~jblolation units. "

The test pulses were 0.1 msec duration biphasic pulses with a
0.1 msec inter-pulse intervai, delivered at a frequency of 0.1 Hz. The
paired pulse stimulaficn consisted of two of the;e biphasic ﬁulses with
inter—pulée intervals ranging from 20 msec to 1000 msec. Finaliy, the
train stimulation consisted of 8 of the above biphasic pulses delivered
at a frequency of 400 Hz, for a train du?ation of 20 msec.

The stimulation intensity was based on the input/output curves
obtained from each rat, and varied between 10uA to 1400uA, depending on

the purpose of the experiment. .
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Two weeks after electrddelimplantation, the perforant path to
dentate EP was tested in each hemisphere. The hemisphere showing the
largest amplitude and most stable responses was chosen for further
testing. The selected pathway was then stimulated at varying pulse
intensities to determine threshold and ma;imal amplitude dentate EPs,
These were initially determined by visual imspection on ‘the
osci}loscope. The arbitrary maximum current intemnsity (1400MA) was
tested first and then reduced .by 100uA until the EP amplitude gtarted to
decline (maximal intensity). The minimum intemsity that produced
detéctable‘EPs wag estimated by applying ghe lowest intensity (10uA) and
increasing it in steps of 10uA. -

Pre-train fixed-interval paired-pulse 1/0 curves: A series of

paired-pulse stimulations, withea 20 msec fixed interpulse iﬁterval, was
apﬁliednto thérperforaut path .at ten graded intensities, covering the
range between the minimum and maximum intensities as previously
determined. In er to obtain reliaple measures, the stimulation at
each inﬁensity was ‘repeated five times at a frequency of 0.l1.Hz. The
averages of 5 pairs of EPs at each intemsity were calculated by the
computer and plotted on graph paper. The data from the first EPs in
each pair were used to create baseline input/output cutves, whereas the
data from the second EPs were used to measure the chilitation and

depression effects,

Pre—train variable-interval paired-pulse test: On the basis of

these I/0 curves, two intensities were selected for each rat for the

examination of paired-pulse depression/facilitation effects across

-

various interpulse intervals.

N -
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The lower intensity was selected to be high enough to produce

reliable population EPSP responses but low enough to avoid the

appearance of the population spike. This was done in an attempt to
measure paired-pulse facilitation without evoking the cell discharge
which Qould produce recurrent inhibition. A

The higher intensity was set above the population spike
threshold, in order to examine both the paired-pulse depression effect

and the facilitation effecgy at higher stimulation intensities.

The interpulse intervals tested were 20, 30, 50, 70, 100, 150,
200, 300, 500 and 1000 msec. Again, the stimulation at each interval
was repeated five times at 0.1 Hz, and the averages of 5 pairs of EPs

for each interval were calculated and plotted. 3

Post-activation potentiation (PAP) edperiment: Based on the I/0

curves, a test pulse stimulation intensity was selected so that the
evoked responses would be just above the threspold of the population
sﬁikg. We had previously determined that potéutiacion effects would be
detected most clearly at this intensity. .

.The test pulses were applied at 0.1 Hz for the 10 minutes prior
to the application of the first of 9 pairs of high frequency trains.
This provided a total of 60 pre-train baseline EP's. After the 60th
test pulse, the first pair of trains was applied to the perforant path.
The first frain of the pair was applied at 4 sec and the second at 2
sec prior to tﬁe 6lst test pulse. The dentate EPs continued to be
evoked by the test pulseshat 0.1 Hz for the next 10 minutes? The second
pair of trains were given at 4 sec.and 2 sec prior o the 121st test

pulse. This cycle of train-test pulse application was repeated 9 times.

. -~
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The last pair of trains was given before the 54lst test pulse. These

o
trains were also followed by 60 additional test pulses, providing a
total of 600 EPs. \-

The intensity of the pulses within the first pair of trains was

-
"

the same as for the test pulses (just abo#é spike threshold). The next
four train pairs were.given at gradually higher intensities. The last
four train pairs were given at the maximal intensit;es. This procedure
allowed us ro estimate the threshold intensity for PAP effects, and also
to drive potentiation to asywptotic levels by applying several high

intensity trains.

Post—traip I1/0 curves: Immediately after the conclusion of the
train experiment, the paired pulse I/0 pfocedures were repeated to see
how the train épplication affected subéequent measures of paired-pulse
depression/facilitation effects.

Data analysis: The slope of the population EPSPs, as well as

the areas under the population spikes, were calculated by the computer.

The. EPSP slope was measured between two-points on the initial rising

-

component of dentate EPs. These points remained fixed throughout the

experiment for each rat. The spike area was measured within the

-

boundary formed by the spike and a tangent line joining the spike onset

and offset (Fig. 15). Paired-pulse depression/facilitation effects were

expressed as the ratio of the second to the first EPSP slopes times

100,

The EPSP slope and popuiation spike areas were measured for all
600 EPs obtained in the train experiment. The average rate of decay of’

potentiation was determined across the 9 train runs. The 9 sets of 60
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oy

A typical field potential, evoked in the dentate gyrus by
paired pulse stimulation of the perforant path, is shown
opposite. The amplitude of the population EPSP was
determined by measuring the slope (Y/X) between 2 points on
the leading edge of the respouse. The amplitude of the ,
population spike was determined by measuring the area withinm °
the boundary formed by the spike and a tangent line joining
the spike onset and offset. '

7

Y
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EP values following the trains were added and the avérage calculated for
each of the 60 points.. The resulting data were displayed and plotted

and an attempt was made to fit the decay curves with exponential

- .

functions. The time constants for the best fit curves were used as a,

(St

measure of decay rate. . B

RESULTS

4

Baseline EP's were stable in all but one SLOW rat. This rat -

also showed an immediate population spike (no measurable population

EPSP), so its.data were excluded from further aualysis. ' B

-Pre-train fixed-interval paired-pulse I/0 curves: The EP

thresholds varied between lI0pA to 150MA and were of similaf levels in

e

both strains.|{ The thresholds for the population spike also did not

differ significantly between the groups. These th;gsholds varied
between 40uA to 500vA. Similarly, the-intenqitiés required.to evoke

| maximal EPs were Fomparable-for the 2 strains, varying between 500uA to

1400uA, and the slopes of the I/0 curves were zlso comparable (Fig.

16).
) ¥

There was a tendency for FAST rats to att;?n maximal EP

-

amplitude with lower intensities, and to show higher thresholds for the

population spike. Neither of these differences,.however, reached

statistical significance. N

Five pairs of FAST and SLOW rats were matched for EP waveform

and spike size and subjected to further investigation of the strength of
recurrent ichibition, In Table V, the EPSP slope of tHe 2ud EPs are

+

expressed as a percentage of the slope of the lst EPs at 10 “graded

\
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Figure 16 The pre—train I/0 curves for the dentate population EPSP

slopes are shown for FAST (®, n=7), and SLOW (®, n=7)}- fats.
Graded increases in the intensities of the stimulation pulses,
applied' to the perforant path produced graded increases in
the EPSP slopes. Similar curves were generated for the 2

strains. The insert shows typical responses evoked by low
and high intensity stimulatiom pulses.
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The pre-train paired—pulse depression in dentate responses in
five matched pairs of FAST (top) and SLOW (bottom) rats. The'
amplitude of the second EP, evoked at a 20 msec interpulse

interval, is expressed as a percentage of the amplitude of the

- - first EP. As the stimulation intensity increased in a step-

wise manney, paired pulse depression increased, SLOW rats
demonstrated a_strdnger pairedfpulse depresaion than FAST ratsa.
L ) . ’ -

o . o . .

o
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intensities for each rat, Although the groups were matched on the basis
of wave éorms, there was. still a tendency for SLOW rats to require
higher intensitieé to achieve maximal responses. Consequently, the data ;
were analyzed both with and without matching for stimulation intensity.
This was done to insure that any difference in levels of recurreat
inhibition were not merely due to stimulation iuteuaities: Seventeen
out of 45 SLOW averages showed a reduction of the 2nd EP slope to less
than 502 of the lst EP slopgb Only 7 out of 50 FAST (12Z) averages
showed comparable reductions. Spike thresholds we?g about the same
between tﬁe 2 groups and the spike shapgs were roughly matched, so this

result may indicate that FAST rats have a lower baseline level of

recurrent inhibition than. SLOW rats.

L
Pre—train variable-interval paired-pulse test: Data from six
pairs of FAST and SLOW rats were chosen for the analysis after matching

of the EPs. The average spike areas for.the lst EPs for the SLOW rats

was 35.4 mm?%, and for FAST rﬁts it was 31.4 mm’ measured at 1000uv/cm
/]

calibration. As mentioned previously, however, the FAST rats required a

somevhat higher intensity stimulation (and a correspondingly larger EPSP

.310pe) in order to evoke these spikes. Although the differences were -
not significant, ﬁhey do indicate that the matches were not ideal.
Attempts weré made to match primarily on Ehe'basis of' popitlation a?ikes,
because our primary interest in this phase of, the éxperiment was/in the

recurreant inhibition which is evoked by granule cell discharge.& Fig. 17

shows that the SLOW rats showed a consistently stronger paired—pﬁlse

depression, particularly between 70 msec and 1000.msec. énochen/paired
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Paired pulse effects for the dentate gyrus, over interpulse
intervals between 10 and 1000 msec, for six matched pairs of
FAST (®) and SLOW (™) rats. The test pulses were applied to
the perforant path at an intensity that evoked dentate EPs
with comparable population spike areas in both PAST and SLOW
animals. The data points represent the amplitude of the
second population EPSP as a percentage of the first. Values
higher than 100Z indicate paired-pulse facilitation, and
values less than 100X indicate paired-pulse depression.
Fisher randomization two-sample t-test revealed that SLOW
rats showed significantly stronger paired-pulse depression
effects at 30 msec and at all intervals between 70 msec and
1000 msec (p<.05 or less).
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pulse series was run on these animals with the stimulation intensity
(SLOW X = 201.7uA va_Fasr'i = 216.7uA) and the lst EPSP slopes (SLOW X =
1.24 vs FAST X = 1.32) mafched, rather éhan thé population spike. The
results were.similar to the previous run. The 2nd EPSP slope of the ,
FAST rats varied betwe;u 87.9% and 97.0% of the lsp EPSP slope, while
that of SLOW rats varied ggfween 61.4% and 90.1Z. The differences were
statistically—significant‘at the.intefbulse intervals of.20, 70, 100,

-

200 and 1000 msec.

Post-activation potentiation (PAP) experiment: - Six rats-from _
each strain vere matcheg‘agcording to EP Yaveform, amplitude and test
pulse stimulati;n intensity. The averaged decay curves wefe subjected
to exponentiai curve fitting procedures. Based on previous experiments,
it .was assumed thac.sh;rt'term effects would decay to near Easeline
levelg within 10 minutes. The values at 10 min post;train were
‘consequently subtracted from the raw averages. The curve fitting
procedures‘weFe tﬁen applied.

The'STP effect in FAST rats decafed steadily over theigntire 10
minute‘teriod following the train. The average time constﬁnt‘of decay
was estimated to be 225 sec. The STP effect for SLOW rats appeared to
decay more rapidly than for FAST rats within the first third of the
period, following the train, Decay then proceeaed more slowly than in
FAST rats. Aitémpts to Eit_chese d;ta,with single exponentials yieldéd5
congistently poor fits. The slowly decyying final 2 thirds of the SLOW

curve yielded an average time constant of about 585 sec. Although the
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decay_process appeared to differ between the 2 strains, the peak

measurable potentiation did not differ significantly.

Post—train I/0 curves: Paired pulse I/0 curves were determined

at the completion of the train series. Three out of five FAST rats
showed a residual potentiation of the EPSP slope, whereas none of the

five matched SLOW rats showed EPSP potentiation. In fact, 35 out of 50

.

(70%) of the samples from the SLOW rats during the I/0 tests showed a
decrease in EPSP slope measures. Examination.of the wa®form showed
" that the post-tetanic "depression" of EPSP slope was not due to

contamination of the EPSP slope-with an earlier spike onset.

CONCLUSIONS AND DISCUSSION
The hypothesis that FAST rats have a greater plasticity in
ekcitator§ systems ggé oot supported by these data. The baseline
respouse levels also did not differ significantly between the strains,
'alEhough‘there was a tendency for FASI rats to require glightly lower
intensities to igdﬁce'maximal amplitude EPa'kbut with smaller p;;ulation

spikes). There was, however, a significantly larger paired pulge

depression effect in SLOW vs FAST animals.

-

There appeared to be some differences between the groups in the
way in which the short-term potentiation effects decayed. FAST rats
consistently showed a smooth exponential decay, whereas SLOW rats'ahowgd
an initial rapid decay followed by a slower deca;. The peak measurable

effects, however, were not different between the strains. The long-term

potentiation effects also did not differ between the strains, .although
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there was a tendency for SLOW animals to show a greater incidence of

post—train depression of the EPSP slope.

The strounger paired-pulse depression seen in SLOW animals may
reflect stronger inhibitory mechanisms. It seems unlikely that the
differences are entirely due-to recurrent inhibition, however, as they
were still present at intervals of 1000 'msec.

The differences in seizure sensitivity between these strains,

then, may be due to an iacreased strength of inhibitory mechanisms in
SLOW animals rather :h;n an increased plasticity in FAST animals. The
question remaing as to the nature of the inhibitory process. The
increased paired pulse depression that we observed in SLOW animals
exceeded the normal tiﬁe duration for simple recurreat collateral
inhibition, at least for granule cells of the dentate area (220 maéc,
Matthews, McCafferty & Setler, 1981).

After-hyperpolarizations (AHPs) lasting as long as 2-5 secounds,
have been recorded from pyramidal cells of CAl (Hotson & Prince, i980£
Gustafsson & Wigstrdm, 1981) and CA3 (Dingledine & Langmoen, 1980;

Hablitz, 1981), as well as in the °granule cells of the dentate area

(Thalmana & Ayala, 1982). These long-lasting AHPs were found to be

. activated by Ca‘+~-influx and mediated by a long-lasting conductance
inc%ease to potassium (Nicoll & Alger, 1981). The full AHP, then, is
made up of at least 2 components. The first, primarily recurrent .
inhibition; lasts aboug 100-200 msec, with a peag a; 10—15 mgec after
‘the stimulus. Thé'long duration AﬁP héé a half-d;cay time of about 250
msec and a peak at abo?t 150 msec after the stimulation (Thalmann &
Ayala, 1982). These two prbcesaes are distinguishable, not only for

"\ -

~
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their durations, but also for their mechanisms. .The long-lasting AHP,

but not the short-lasting AHP, can be eliminated by Mn?+ (manganese, a

Ca®+ channel blocker) (Botson & Prince, 1980). The short-lasting, but

not the long-lasting, AHP was reduced by antagonists of GABA-mediated

Cl7conductances, such as picrotoxin (Thalmann & Ayala, 1982).
The fact that SLOW animals ghowed a stronger paired pulse

depression suggests that one or more of these inhibitory processes may
3 ' -
differ between the 2 strains. This could be due to difféyrences in
C - , R /
synaptic mechanisms (e.g. in GABA systems) or to differences 'in iom

channels in the neuron membrane (particularly for Cl-, Ca’+ and/or K+).



CHAPTER V REUROPBARMACOLOGICAL STUDIES
’ INTROﬁUCTIOﬁ
Epileptiform résponses can be triggered by alterations in the
function of. specific neurotransmitter systems. For example, selzures
can be triggered or facilitated by drugs that interfere with GABA .
(penicillin, picrotoxin, bicucullime, etc.); glycine (strychnine); or
catecholamines (reserpine, 6-hydroxydopamine). Seizures can also be

\ rd
triggered by activation of excitatory transmitter systems (e.g., Ach;

glutamate).

In addition, the development of epileﬁsy in some chronic
epllepsy models is accomparnied by permanent alterétiﬁﬁs in the function
of certain transmitter systems.- The a{umin? focus preparation shows
reduced GABA levels in apd around the focus (Ribak, Harris, Vaughn &
Roberts, 1979) and the'amygddla~kind1ed preéaration shows alterations in
catecholamine systems (McNamara, 1978a; Engel & Sharpless, 1977).

‘ In orde:'éo further test the generality of the epileptogenic
differences between the FAST and SLOW strains, and to provide
information about the relative responsivity of the various transmitter
systems between these strains, various convulsant drugs were applied in
a series of dose response tests.

The convulsant drugs that were tested were pentylenetetrazol

~

(PTZ), strychnine, picrotoxin, bicuculline and)i)ohiazid. The first 2

drugs, PTZ and strychnine, are.the 2 most commonly used forebrain (PTZ)

-

and brainstem/spinal cord (strychnine) convulsants.

147
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Strychnine has been shown to exert a specific blocking action
against glycine receptors. Since glycine is known to be the dominant

inhibitory neurotransmitter in the spinal cord, and strychnine seizures

are restricted. to brainstem and spinal cord, the test for strychnine

seizures was _included to determime if the neural differences be;ween the
2 strains extended into the spinal cord or brainstem. PTZ, on the other
hand, is believed to specifically affect the Cl” chanmel and
consequently should reduce the effects of GABA.  Picrotoxin and
bicuculline were used to further test the hypothesis that FAST rats were
deficient in GABA-mediated inhibitiod (e.g.; most types'offtecurrent
inhibition in the Fforebrain). This hypothesis was. based on our
electrophysiological experiments which showed that paired pulse

depression in the dentate gyrus (in part a reflection of GABA-mediated

recurrent inhibition) was weaker in FAST than in SLOW animals. Finally,
isoniazid was administered to see if the blockade of GABA synthesis
would affect tye strains differeatly.

The effects of diazepam (a benzodiazepine) and propramolol (a g-
adrenergic receptor blocker) were also tested on the two strains. Since
diazepam has an anticonvulsant effect, it was necessary to test the drug
on kindled seizu;eg._ Propranolol, on the othér hand, does ﬁo§ appear to

affect convulsions, so its effect on the electrographic discharge was

determined.
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METHODS
CONVULSANT EFFECTS ON NAILVE ANIMALS \
Animalg: The animals were randomly selected from generations F7

through Fll. They were kept food deprived for 24 hours 'prior to the

test. The two strains of rats were tested in pairs, either against each

other or against control. rats.

Dose-response tests: Before a formal series of dose-response

tests were begun, a pilot experiment was run for each drug with a wide

range of dose levels. The seizure incidence rates and the onset

an - .
latencies were recorded for each dose level. On the basis of these
pilot tests, a maximum observation time (beyond which first seizures did

not appear) was determined. In additjon, an estimation of the EDSO for

the generalized coavulsion was determined for each drug. All subsequent

dose-response tests were started at this 'key' dose level. The rats

were coded sc that the experiménter was unaware of the strain to which

- -

the rats belonged. At the conclusion of the "blind" test on the key

dose level, a statistical test of difference in proportions was carried

out. Additional data were then obtained on lower and higher dose levels

in order .to create the dose/response curves and to confirm the findings

at the selected key dose level.

.

The nuqber of dose levels and rats tested was based on the

requirements for the creation of reliable dose/response curves, and on

the availability of rats. Most drug tests were completed across two
generations. Although it was unlikely that the neurochemical

characteristics of one generation should be significantly altered in the

next generation, the PTZ test was repeated, at the key dose level,

3 -
LY L . -
N
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.across four generations. This provided a counfirmation of the stability .
of our measures. p
. ) 6
The females had not been kindled after the 5th” generation,
raising the possibility that the seizure_ausceptibility might have

become specific to males. Therefore, female rats were also examined .

with each convulsant drug.

v

All drugs. were freshly prepared on the test day,

which was purchased in sterile gsolution (100 mg/cc) from Knol

. 3
Pharmaceutical Company, Toroato. The res

of the ,fogi{rugs we:;

obtained from Sigma Chemical Company in powdkr form.' The key dose level

or'males, and the ! *.\\//

for PTZ was 25 mg/kg for females and 30 mg/kg
. \ ' ‘ .
observation time was 5 minutes. ,D)

- Strychnine sulphate was dissolved in sterile water at a .

o
concentration of 1 mg/cc. The key dose level for strychnine was 1.6

I

mg/kg and the observation time was 15 minutes.

Picrotoxin was also prepared in sterile water at a concentration %

of 1 mg/cc and was kept in the dark throughout the'experimeﬁt. The key

. dose levels were 1.0 mg/kg for females and 2.5 mg/kg for males, and the

.

observation time was 30 minutes. : ‘ _ T /{ E
, ' z
A small

Bicuculline wai'first dissolved in sterile water.

amount of 0.1 N hydrochlo®ic acid.was added.tb facili;até"
y . ,.-/“\?‘
solubilization. Sodium hydroxide (0.1 N) was added to reduce the .

- \_____—--/.

acidity of the solution to a pH of 4.8. 'The final solution was adjusted

to a concentration of 2 mg/cec, and was kept on ice during the
experiment. The key dose levels were 6.5 mg/kg for, females and 5.0

mg/kg for males, and the observation ‘time was 5 minutes. \\,,
. - . P -

N )

— ; r o
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Finaliy, isoniazid was dissolved in sterile water to a -

3

concentration of 100 mg/cc. The key dose level was 200 mg]kg'forh
\ females and 175 mg/kg for males, and the observation time was, 90

-minutes.

;,’,;/fiii~ The experiments were performed in a quiet room. This was

particularly importanﬁ for the strychnine tests, as seizures can be

triggered in strychnine-treated animals by sensory stimulation. Each

. rat was weighed and promptly injected with the randomly assigned drug.
For the PTZ and bicuculline tests, each rat was tested individually in a

[N . v - ’
cylindrical glass coutainer (30 cm diameter, 30 cm high). For

in and isoniazid, three to five rats-were tested concurrently.

;ééwplaceﬂ in ahgépa;ate'plywood observation box (30 x 40 x 30

ith a meshed wire front and a mirror on the back wall: For
-

N .

nine, the same box was used but only one rat was tested each

time. T
ime, . ~
. , /M
If the injection was incomplute, or misplaced, the déﬁa were
I
N, . . . ! . . 5
\;‘dlscarded. The first sign of clonus (usually involving the head or
[

forelimbs) was noted with its onset latency. The range and maximum

v

severity of the convulsive responses were alsc noted together with the

time of OCCurrence} In the case of strychnine, the act of -picking up
. ,

-

the animals at thf end of the observation frequently triggered tfnic
) : ™

- * ™, . *
convuisions and death. These convulsions were ;¥ted accordingly but

. separately ﬁ:the within—-session measures,
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’
EFFECTS<QF_DIAZEPAM AND PROPRANOLOL ON KINDLING -

-

*'§Iv§uCy~four‘FA§T and 14 'SLOW rats that ‘completed unilateral

amygdaloid kindling with five consecutivg—stage 5 seizures were obtained

»

LY

from the F7 to F10 generdtions. They were cousidered to be "stable
Lo ) : : .
kindlers” suitable for the evaluation of -sfiticonvulsant drug effects.

LT~ . .
These rats were administered with a fixed dose of diazepsm (.75 mg/kg

4

.I.P.) on the day following’therfifth stage 5 seizure.. Teh minutes after

the drug admihis atiog,At e kindling stimula(ﬁon wag delivered. The

effect of the drug on the electrographic and motor responses was

measured. An additional uopﬁdrugged control AD was evoked on the

following Jhy. Twenty four hrs following the control AD, the diazepam

. , ; .
dose was reduced to .50 mg/kg. If the anticonvulsant effekt of diazepam
L] . .

§34’5c111 clear (< ‘stage 3), the same procedure was repeat

with a dose
level of .25 mg/kg. If, on‘:;é\efher'hand, the rats responde

to Ehe
.75 mg/kg dose of diazepam with a full seizure, they were administered a
. ’ N

1.00 mg/kg dose on the following test day. ' >

+ Propanolol was prepared inrNa01 solution for I.P).injection gt a
concentration of 10 mg/cc. Twelve FAST and twelve SLOW rats were
randomly selected.and were i;planted with unilateral amygdaloid
electrodes. Six animals in each strain were administered propranolol

(30 mg/kg) and 6 with NaCl (1.5 cc/kg), on the first day of kindling.

o
The kindling stimulation was applied 30 min after the injection, when

. & .
rats were typically ataxic and dure?pézgive. The effect of the drug on
- o
‘ L P -
the electrographic response {(particularly AD ddration) was measured.
/e
—

' ‘ ‘ 3
— .
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RESiILTS -
For the five conVulsaﬁt drugs, a total of 2B dose levels were
tested on 535 male rat# Fl76 FAST, 156 SLOW, é03 CONT), and a total of
39 dose levels were te;tgd_ou 712 female fats (2644 FAST,,ZSQ SLow, 214

CONT) .

~

. 'Pentylenetetrazolz .Shortly after the iﬁjection (within 2

minutes), slight head«twitching was commonly seen. 'This gradually
developed into clonjb movemenfs {nvolving heéﬁ, fore~ and ﬁind—limbs. A
genera¥iz$d convulsion was typically observed within three minutes. The
results are shown in Fig. 18. At a dose 1e§el of ZS.mg/kg, ér
significan;ly_higher pnopogtloﬁ éf animals in the FAST group showed the
fully generalized seizure (p < .001). This was true for both males and

‘females.

Strychaoine: tween 5 aud 12 minutes after the injection,
animals started to ghow clonic movementa. These typically started as

mouth twitches, head jerks or whole body jerks. The frequency and the

intensity of these jerks increased until the sudden transition to tonic—

. extension, A ﬁsw animals died during these tonic extensions, probably

'

due to respiratory arrest.
| The results are shown jin Fig. 19, Unlike the PTZ-cest,‘the

scfychnine tests failed to show a significant difference between .the two

groups. | ‘
"fPicrotoxin: Within 5 to 10 minutes after the injection, the

— T —— - : A
rats settled into a stereotypical posture (prone on the sxentral’ "
surface). buriug the next several minutés, the rats.showed bursts oﬁ

sniffing~-like movements and weak body jerks. The body . jerks o

e /"’*
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2

Dose-response curves for pentylenetetrazol. The key dose

level for male~rats (right) was 30.0 mg/kg, at which a
significantly larger proportion of FAST rats (®) showed

seizure responses gompared to SLOW rats (m, 2=12,000,

p<.0001, onme-tail) or control rats (a, £=2.761, p<.003,

one-tail). A similar difference was found for female rvats .
(left) at their key dose level of 25.0 wg/kg (FAST vs SLOW: /5
2=9,669, p<.0001l, one-tail; FAST vs Comtrol: £=5,476, N
p<.00001, one-tail; Control vs SLOW: g=3,119, p<.005,

oune-tail). :

(e
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Figure 19
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Dose-response curves for strychnine. The key dose level for
both male (single closed data points) and female (broken
lines)- rats’ was 1.6 mg/kg, at which there wag no difference
betwﬁsgiFAST and SLOW{iioups for either males or females. .-—
There 8, however, a significantly smaller proportiom of

male control gats showzng seizures compared to FAST (g2 ~
=4,899, p<.0001, one-tail) or SLOW rats (£=3.438, p<.001l,
two-taxled)
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intensified, and occasionally developed into bursts of forelimb clonus.
After some delay (20-25 min post=injection) the whole body started to
show continuous clonic jerks after which the rat would suddeniy fall on

its side with extension of the limbs followed by forelimb clonus and

.

head nodding.

The results are shown in Fig. 20. The FAST and SLOW strains’

showed dramatic differences in geizure incidence at nearly all dose

levels. There were also substantial sex differences.
L]

Bicuculline: Within one minute following the injection, rats
showed the first incidence of ¢lonus (typically a body jerk). At higher
dosés,-this led directly to a full tomic extension. Lower doses
vafécted rats gradually, and the body jerks continued and intensified

over a period of about 3 minutes after which tonic extemsion appeared.

\ :
These rats often showed a second tonic extension which was nearly always

-

fatal. The results are shown in Fig. 21. Males showed a tendency to
respond with full seizures at lower dose levels than females. 1In both

males and females, FAST rats showed higher seizure susceptibility to
bicuculline.

Isoniazid: Within 30 minutes following the injections, the rats

. - . -

began showing sudden bursts of sniffing.movefients. Although not cléarly

epileptic, .this béhavior was reliably triggered and preceded the onset

of weak bod; jerks. These body jerks were quite mild, so th&t the

subsequent generalfzed convulsion appeared to occur rather suddeunly

during a post—injection ;eriod ranging between 27 minutes to 90 minutes.
~

—i . .
The full convulsive pattern was characterized by myoclonus of the

forelimb, flexion of the head and falling on the side with continuing

-
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Figure 20 Dose-response curves for picrotoxin. The key dose level for
‘male rats (right) was 2.5 mg/kg, at which a significantly
larger proportion of FAST rats (®) responded with seizures
compared to SLOW rats (®) or control (A) rats (2=7.654,
p<.00001, one—tail). The key dose level for female rats
(left) was 1.0 mg/kg, at wvhich the same significance level
(p<.00001) was found between FAST and SLOW or control rats.

L] ’

&’ : >
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N

Figure 21 Dose-response curves for bicuculline. * The key dose level for.
' male rats (right) was 5.0 mg/kg, at which assignificantly
smaller proportion of SLOW rats (B) ghowed seizures compared
" to FAST rats (®) or control (A) rats (2=3,786, p<.0002,
-one—tail). The-key dose level for female rats (left) was 6.5
mg/kg, at which a significantly larger proportion of FAST
rats responded with seizures compared to SLOW rats (2
.. =4 _304, p<.0001, ome-tail) or comtrol rats (2=2.878,

p<.005, one-tail, .

‘b\

Ay

N
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clonic limb movements. The results are shown in Fig. 22. FAST rats

were consistently more likely to show seizure activity than SLOW rats at

all dose levels.

Diazepam and propqsnolol: The anticonvulsant thresbold dose
level of diazepam, operationally defined ;s the minimumm dose fequired to
reduce the seizure severity to at least stage 3, was found to be almost
idenfical for FAST and SLOW rats (.65 wg/kg vs. .64 mg/kg,
respectively).

The administration of‘propanolol on the first day of kindling
indicated that the two strains might differ'in'their respouses to drugs
which affect catecholamine systems. The results are sho;;-in Table VI.
SLOW rats tended to show shorter AD durations under the influence of
propanoclol, %;ﬁpared to FAST rats (p < .064), This effect appeared to

-

be due priﬁarily to suppression of‘discharge activity in the SLOW rats.
CONCLUSIONS AND DISCUSSIOI-NI !

 The results of tgbse tests confirmed that the FAST rats are more
susceptible than SLOW rats to a range of epileptogenic agents. ‘The
results of the strychnine testé, however, indicated that the
susceptibility seen in FAST rats iﬁ\probably not due to spinal cord or
lqwer brain~stem mechanisme. This was in accordance with the results of
tﬁe audiogenic seizure tests, in which no differences were found betuéeu
FAST and SLOW rats. -

All of the drugs that differentially affected the SLOW and FAST
strains are believed to exert their effects ;ia the GABA system.

2

Together with the apparent differences on a presumed measure of GABA-

O,

a



Figure 22
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e
»

Dose-response curves for isoniazid. The key dose level fo
male rats (single closed data points) was 175.0 mg/kg, at
which a significantly larger proportiom of FAST rats (w)
showed seizure responses compared to SLOW rats (m; 2=5.256,
p<.0001, one-tail) or control rats (4; 2=2,734, p<.005,
one—tail). The key dose level for female rats (broken
lines) was 200.0 mg/kg, at which a significantly smaller

proportion of SLOW (1) rats had seizures compared to FAST (o)

rats (2=2,.878, p<.005,.oune~tail) or control rats (&o; £
.=3.098, p<.001, cne-tail.

/.' -
T
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irst ki mg train (at 400 uA). AD's tended to be

tt r in drug treated SLOW rats compared to SLOW rats ',

" Table VI Thg-{fect of j rOpranolol administration on the response to
/t:reated with NaCl (U=6, p<.06&, two-tailed).

' . . N
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Fant
'4
e
Table VI
Treatment Propranolol NaCl
Strain FAST SLOW FAST SLOW
41.0 15.0 *31.5 43.5
s AD 28.0 13.0 21.0 25.0
duration 17.0 7.5 14.5 16.5
¥
(sec) 13.5 7.5 11.0 12,5
] 11.5 0.0 9.5 11.0
0.0 0.0 0.0 11,0
X 18.5 S 7.2 14.6 19.9
' .
SD 14.3 6.3 10.8 12.7
M 15.3 7.5 |- 12.8 14.5
Fa |
s
- e
A\ L. (_\“ Pl
- K i I -
(\( 1 * f.“
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mediated recurrent inhibition (Chapter IV), these results raise the

possibility that the differences between the 2 strains m{ghc be duye to

differences’ in levels of activity in GABA systems. The response of the

2 strains dzz:?ot differ to diazepam (also believed to affect GABA

systeps}, but these responses were measured in fully kindled animals.

Assay techniques wmay be required to determine differences in

transmitter systems between the 2 strains., A preliminary study, with . ,

blind-procedures, indicated that [3H]-muascimol binding to the GABA-

'l F—
receptor did not differ between FAST and SLOW animals (Oshima, Tuff and

Miahr;, unpublished data). It is still possible that a deficiency in

GABA function becomes apparent only when. the system is drivem to high

-

levels of activity. -

The effect of propanolol on the first evoked AD was unexpected.

We reasoned that FAST animzls, if deficient in catecholamines, would

show greatly exaggerated seizure responses under propaualél. Instead,

we found that SLOW animals showed depressed ADs under propanolol.

Nevertheless, we measured NA levels in the pyriform lobes -of the 2

strains (Oshima, Racine, Burpham and Kish, unpublished data) and found

r

significantly higher levels in SLOW compared to FAST animals (X = 0.45 =

ng/mg tissﬁe, SE = 0.03, vs 0.36 ng/mg, SE = 0.02,respec;ive1i}
Clearly, further work must be done in these'andﬁgther (e.g.

benzodiazepine and peptide) transmitter systems. “l

4



CHAPTER VI GENERAL DISCUSSION ~

AD thresholds, AD durations, AD spike amplitudes, 'transfer’

kindling, and EP's evoked in'limbic pathways did not differ” between the

strains. It seems likely, therefore, that the difference between fAST

-

'and SLOW animals cannot be attributed ro differences in local, baseline

o~ :

"

excitability.
One of the possible mechanisms uﬁderlying an increased rate of

kindling is an increased rate of potentiation in exci:;tory systems,

This hypothesis was rejected when FAST and SLQH tats were found to show

comparable levels and rates of potentiation. There were, however,

differences in paired pulse facilitation/depression effects. FAST rats

~ <4

" showed less depression at interpulse intervals up to 1000 msec.

e
- ‘
Fl -
.
v
- -t
I

These Sesults suggested that a weakness in inhibitory mechanisms
may :7derly the ineteased rate of seizure development ip FAST rats.
Consistent with this hypoth*sig were the observations that FAST rats

showed fewer failures of stage 5 seizures, @ tendency to show fewer AD

threshold rise&, and a shorter latency to secondary AD onset. It has

-

been proposed that deficiencies in GABA-mediated inhibition may underly

some” human and expérimental epilepsies (Meldrum, 1975). Also, GABA

agonisgs are chékﬁoat effective anticonvulsants, and GABA is believed to
w Ty

mediate the recurreat inhibition in hippocampal complex,, where the

paired pulse deprpssion was .found to be stronger in SLOW rats.

=%

Consequently, it was further hypothesized that FAST rats _may be

specifically deficient in GABA-mediated i@hibiﬁioﬂ' _
P g ~_
N )

. 16? - ..
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The data from the pharmacological stu&igs were comsistent with C*\

this hypothesis. The 2 strains reacted quité differently tosdrugs that

aﬁ{gCCed the GABA system. A preliminary GABA binding study, hd;ever, . »
) .

-~

revealed no differences between the strains. It is now known that
kindling actualXly enhances GABA-mediated recanhnt inhibition (Goddard,

1981; Maru, Tatsuno, Okamoto & Ashida, 1982; Tuff, Racine

press). Another possibjility is that baseline GA?Armedia:ed inhibici
is normal but more pg;né)to failute vhen driven to-high levels of l‘ AN
;ctivation. Tuff, Racine ;nd Ad;mec (in press), howe;er, found that .

kindling results in a decrease-in failure of inhibitioﬁ.m There is also

some evidence that the number of benzodiazepine receptor sites -

(associated with the GABA ystem) is increased by kindling (Tuff, Racine

-
& Mishra, in press). . ' Lo

a

Another mechanism is suggested by a further look at the ngred

.pulse depressiomn data. It was found that the greater depression, seen

in SLOW rats, extended as far as 1000 msec. This is well beyond the
duration geuéraf&y£§§humgd for recurrent inhibition. The late after—

hypolarization, which presumably underlies the.late depreésion in the
\\/\\\4/ | .

paired(pulse test,-is believed to be a Ca‘+-mediated K+ efflux. This

" Miller (1982) have re;ently'r-ported that Cazt-binding prgtein levels
: . : :

- are decreased in dentate gyrus, granule cells as a ‘result §h§kindling.
Further research on membrane characteristics, and %? the Ca’+ buffering : y

. o : ﬁ)
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properties of neural cells, might reveal the critical differences
between the FAST and SLOW strains.
In summary, two strains of rats with different seizure

susceptibilities were successfully bred out of the same original parent

strains. Kindled seizures appear sensitive to some genetic

predisposition, as are some types of human epilepsy (Gastaut &

Broughtom, 1972). ihe selective bfﬁeding of these strains has péovided

preparations that are ideally suited for the testing of hypotheses that.
cannot be tested in-other preparatiocns. The present experiments have
paralleled the general direction followed by research on epileptogenesis
in'khe last decade. It was generally believed that kindling was dve_to
potentiation'of excitator& function, then to loss of tonice Ar recurrent

inhibition, and finally to alterations in the membrane properties of

certain cell types (e.g. Racine et al., 1981). The data from the
t ,

present experiments would appear to exclude differenc®s in potentiation
or recurr?nt inhibition, at least in the systems tested, as mechanisms

underlyin e strain differénceé. The preliminaryffindiné of lower RA
levels ing;zzl animals, however, leaves open the ppssibility tﬁat levels

of Jome types of synaptic inhibition may ﬂifiﬁi\?etween the two

- " ' - I
strains. . ' "“\\\
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