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Kindling and Plasticity of the Hippocaapal

Inhibitory System

Kindling-induced changes in the ease with which a signal is

transmitted from one set of neurons to the next were studied in this

thesis. Kindling involves the application of epileptogenic stimu~atidn

to brain sites until fully generalized behavioural seizures· occur. It

is known that hippocampal inhibition is increased as a result of

kindling hippocampal neurons or pathways. Experiment 1 of.this thesis

showed that the kindling-in~uced increase in inhibition was not

associated with the permanent change produced ~ the kindling
, I

stimulation but was dependent on the stimulation itself. If kindling

stimulation was terminated. inhibition. returned towards pre-kindling• _ 0

•
levels. Experiment 2 indicated that an increase in benzodiazepine

receptors may underly the kindling-induced increase in inhibition.

These plasticity characteristics of the hippocaapal inhibjtory system

are similar to·those of a form of neural plasticity observed in the

hippocampal excitatory system named long-term potentiation (LTP). LTP

is of special interest to psychologists because of its potential

jnvolvement in information storage processes. The reeults of the

•

experiaents in this thesis raise ~he possibility that

inhibitory systems aly also play :~ important' role in

storage processes.

plast~city of

information

,
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ABSTRACT

Kindling involves the repeated application of epileptogenic

stimulatio,\ to cer.tain brain sites until fully generalized behavioral

convulsions occur. Input/output relationships (determined by recordin~ ,

responses evoked at ,different stimulation intensities) and palred-

pulse facilitation/depression effects were monitored in the hilus of

the hippocampal dentate' gyrus as stimulation pulses were applied to

the perforant path. These effects were measured before, during and..
"after kindling the perforant path or the hilus of the dentate gyrus.

After kindlin~ was completed, the perforant path-kindled

'animals showed an increase in population spike height (related to the

numb~r of cells firing) at the higher intensities but a decrease at

lower inte'nsities, A small increase in the slope .tr the risin~ phase

of the population EP~P was observed at the higher intensities. The

dentate gy,us-kindled animals' showed a p~ogressive'decrease in

population spike height during kindling. while the slope incre~sed in

ma~n~e. All of th~~~-kindling-inducedeffects. except for the

increase in slope. 'appeared to decay towards pre-kindling levels over

a 4 week stimulation-free period after the cOMpletion of kindling.
"

Paired-pulse depression of the population spike height was

"potentiated" in both groups as a result of kindllng. Paired-pulse

effects returned towards pre-kindling levels over a 4 week

stimulation-free period post-kindling. This decay was especially clear

in the perforant path-kindled ~roup.

iii



•
Kindling the perforant path resulted in a significant

increas: in number ofbenzodiazepine receptors. This incr'ase in

receptor number is believed to underly the kindling-i~dUred;ncrease

in paired-puise depression. Results indicated that the 7ncrease in
I

receptor. number may decline with time after kindling it terminated.

It was con9luded that almost all kindling-induced effects

studied disappear over time after kindling is terminated. They are

dependent on the occurrence of epileptogenic stimulation.

Charecteristics of potentiation of the hippocampal inhibitory system

appear to be similar to those of potentiation of the hippocampal

excitatory system.

--

--



•

•

I

Acknowledgements
f.

During my years in university I have had two teachers of the
---

highest calibre. Dr. J. Hueting from the Free University of Brussels

provided me with all the necessary psychological and experimental

background needed to enter the Ph.D. program .•From then onwards, Dr.

R. Racine has guided me through the Ph.D. program of the Psychology

department at McMaster University. Dr. Ra~e has given.me a solid

background in the electrophysiology of kindlIng and neural plasticity

by always taking time to answer my numerous qu~stion~, by giving

valuable adyice when I designed experiments. and by letting me satisfy

my personal interests. His contribution to the realization of this

thesIs. in all its aspects. has been enormous. Finally, Dr. Racine

aade it possible for me to look into the future with confidence. For

all this I wish to express my gratitude.

Of course. there are many others to which I am indebted. Dr.

Burnham and coworkers from the University of Toronto did the binding

assays for me. Dr. Smith helped me out with answers to specific
.~

neurophysiological questions. Dr. Platt, who gave me yaluable advice

in the earlier phase~ of my research. is largely responsible for the

improvement in my writing skills in English. I learned a lot from

discussions with Don Wilson, Ed Kairiss, Kim Riexinger and Gil

Robinson. Gil taught me how to implant electrodes. Last but not least;·

I want to thank Mike Mosher for providing the necessary materials in

~ime and for executing part of an experiment.

v



Page
1

Table of Contents

CHAPTER 1 PlasticitY6lif the Central N~rvous System: .

1 .1 Introduction ' :..... 1
1.2 Long-Term Potentiation (LTP) of excitatory Synapses..... 5

1.2.1 The Phenomenon and its Characteristics ..... \...... 5
1. 2.2 Mechanisms of LTP................................. 10

'1. 3 LTP. Memory and Learning.... . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.4 LTP of (Inhibitory) Local Circuit Systems...... ..... .... 18

CHAPTER 2 Kindling:......................................... 24

2.1 The Phenomenon and its Characteristics. 24
2.2 Mechanisms o{Kindling................................... 26

2.2.1 Anatomy ... ,........................................ 26
2.2.2 Neurochemistry ". . . . . . . . . . . . . . . . . 27
2.2.3 Disinhibition..................................... 28
2.2.4 Kindling and Long-Term Potentiation (LTP)......... .29
2.2.5 Abnormal Bursting Cells........................... 30
2.2.6 Biochemistry......................... . . . . . . . . . . . . . 31

CHAPTER 3 The Hippocampus......................... 33
/' --~

\ ,
3.1 Gross Anatomy .. ;.j'. . • . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2 The Excitatory Syste.................................... 33

3.2.1 Anatomy and Phauacology ..• r. o • . • • • . • • . . . . • • . . • • • • 33
3.2.2 Electrophysiology............................. . . . . . 37

3.3 The Inhibitory Systell................................... 38
3.3. 1 Anatomy...................................... . . . . . 38
3.3.2 Pharllacology......................... . . . . . . . . . . . . . 39
3.3.3 Electrophysiology..... . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.4 Objectives......................... 47

CHAPTER 4 General Method................................... 48

-:4."1
4.2
4.3

Surlrery .........•................................... : ...--Apparatus " " .
Stimulation Parll.JDeters ; '.
4 . 3 . 1 Kindling .
4.3.2 Electrophysiology .

4" 3.2.1 Evoked Response Measures .
4.3.2.2 Input/Output .
4.3.2.3 Paired-Pulse Stimulation .

vi

48
49
50
50
50
50
51
51



...

./

Table of Contents (cont'd) .,
CHAP~ER 5 Experiment I. Electrophysiology: Development and

Decay of the Kindling-Induced Increase in
Paired-Pulse Depression. 53

5.1 Introduction ' '.' . . . . . . . . . 53
5.2 Procedures.............................................. 56
5.3 Results................................................. 58

5.3.1 KIndling ~ . . . . . 58
5.3.2 Input/Output Measures- Spike Height............... 60
5.3.3 Input/Output Measures- .Slope. . . . . . . . . . . . . . . . . . . . . . 60
5.3.4 Paired-Pulse Measures- Spike Height ... :........... 61
5.3.5 Paired-Pulse Measures- Slope...................... 63
5.3.6 Re-Kindling Stimulation... 63

5.4 Discussion '... 74

CHAPTER 6. Experi~ent II. Pharmacology: The Number of Bz
Recep~ors at Various Times Post-Kindling.... ..... 79

6.1 Introduction............................................ 79
6.2 Procedures.............................................. 80

6.2.1 Tissue Preparation , 80
6.2.1.1 Removing the Hippocampi.. 80
6.2.1.2 Preparing the Membrane Homogenates... . 81

6.2.2 Binding Assay. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
6.3 Results....... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

6.3.1 Kindling ,......................... 83
6.3.2 Binding........................................... '83

6.4 Discussion ,.................... 85

CHAPTER 7 General Discussion............. 89

7.1 Kindling-Induced Plasticity: Electrophysiology.. 89
7.2 Kindling-Induced Plasticity: Phar.acology............... 91
7.3 Kindling-Induced Plasticity and Learning................ 92

REFERENCES. . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

vii ~
'-



AD:

Bz:

CNS:

EI:

E2:

EEG:

EPSP:

GABA:

GAD:

1M:

IPI:

IPSP:

LTP:

PI:

-

List of' Abbreviations

Afterdischarge

-Benzodiazepine

Central Nervous System I

Conditioning Slope (Population EPSP)

Test Slope (Population EPSP)

Electroencephalogram
. ,

Excftatory Postsynaptic Potential'

G8JRJlla AminobutyricAcid

Glutamic Acid Decarboxylase

Intramuscular

Interpulse Interval

Inhibitory Postsynaptic Potential

Long-Term Potentiation

Conditioning Population Spike Height

•

P2:--PNS:

Test: Population Spike Height

Peripheral Nervous System

viii

.' ,

---



" Figure 1.

Figure 2.

Figure 3.

Figure 4.

LIST OF FIGURES

A top view of the rat hippocampal formation
after removing the left cortex. As the
hippocampus extends "posteriorly. it curves
ventro-Iaterally into the temporal lobe.

A diagram of the internal circuitry of the
hippocampal lamella, oriented at right angles
to the longitudinal axis (as indicated by
the dashed lines in the previous figure).
Perforant path (pp) fibres, arising in the
entorhinal cortex (ENTO), make contact
with granule cells (Gr). Axons pf the granule
cells, the mossy fibres (mf), innervate CA3
pyramidal cells. Axons from CA3 neurbns, the
Schaffer collaterals (sch), project to the
CAl pyramidal cells. CAl and CA3 cells send
their axons via the alveus (alv) into the
fornix-fimbria (fim).

Top: A typical response evoked in the hilus
of the dentate gyrus by perforant path
stimulation. The first 3 components are the
stimulus artifact, the population EPSP (slopel,
and the population spike.

Bottom: The solid line is the same response
as above. The dashed line represents the
response, evoked by an identical stimulus-"
pulse to the perforant path, after high '
frequency stimulation of the perforant path.
Vertical calibration: 3 mv; Horizontal
calibration: 4 as.

A schematic diagram of the small dashed area in
Fig. 2. Perforant path (pp) fibres innervate
granule cells (Gr). The latter send projection
axons, the mossy fibres (mf). to CA3 cells.
Collateral axons project to the inhibitory
basket cells (B) which feed back onto the
granule cells. The dashed lines represent
pathways that are not well characterized at
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present (e.g. the feed forward inhibition ~ 20
befieved to be mediated by the perforant path).
Excitatory synapses are indicated by (+l,
inhibitory synapses by (-) .

Figure 5.

Figure 6.

Figure 7.

l

A depth profile of responses evoked by
perforant path stimulation. The recording
electrode is lowered through the region
indicated in the 'rectangular box of
dashed lines in figure ,2 of which a
close-up is 'prese~ted on the left in this
figure. The different layers are termed
stratum orlens. stratum pyramidale. stratum
radiatu~. lacunosum-moleculare, stratum
granulosum. and the hilus. Vertical
calibration: 1 mV; Horizontal calibration:
1 ms. Adapted from Douglas snd Goddard, 1975.

An ~xample of potentials evoked in
theJdentate gyrus by paired-pulse
stimulation of the perforant path. The

'left-hand column shows the conditioning
response of each pair, the right-hand
column shows the test response of each pair.
The interstimulus intervai increases from
top to. bottom (see text for actual values).
Each evoked potential is 20 ms long and
has a magnitude of about 6 mV.

Top,'The test spike heights from Fig. 6
expressed as a percent from the conditioning
spike height (Pl=conditioning spike height:
P2-test spike height).

Bottom: The same for the population EPSP
(El-slope of the conditioning response;
E2-slope _of the"" test response).
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Figure 8

Figure 9.
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An exampie of responses evoked in the 46
dentate gyrus by pulses applied to the
perforant path during determination of
input/output relationships. Each evoked
response is an average of 10. evoked at
1 of the 10 indicate~,i~tensities.

Vertical calibration: 6 mv; Horizontal
calibration: 4 ms.

This figure shows the effects of kindling 64
the perforant path (PERFORANT PATH: SPIKE
DEVELOPMENT) or the hilus of the dentate
gyrus (DENTATE: SPIKE DEVELOPMEN~) on the
population spike ampiitude vs stimulus
intensity. Squares; pre-kindling baseline
measures; Triangles: after afterdischarges 1.
10, 19, 28, and after the 1st and 4th Stage 5
seizure. Since perforant path-kindled animals
kindle faster, there are fewer data points

. for this group until the 1st Stage 5 seizure
(as indicated by the arrow between the AUla
data and the 1st Stage 5 seizure). Bo~ group
averages and standard error bars are shown.
Standard error bars were used as a descriptive
statistic in all figures. The rational behind the
use of standard error bars in this manner. is that
the interest is in the time course of the kindling
induced changes. not in testing a hypothesis:

Figure 10. This figure shows the decay of
kindling-induced effects on the population
spike 3 days. 1 week, 2 weeks. and 4 weeks
post-kindling in the perforant path-kindled
group (PERFORANT PATH: SPIKE DECAY) or in
the dentate gyrus-kindled·group (DENTATE:
SPIKE DECAY). Solid lines and squares:
pre-kindling baseline measures. Solid lines
and 'triangles: population spike height after

. the 4th Stage 5 seizure. (post-kindling
measures). Dashed lines and diamonds:
population spike height at various times
post-kindling. Group'averages and standard
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This figure shows the effects of kindling
the perforant path (PERFORANT PATH: SLOPE
DEVELOPMENT) or the hilus of the dentate
gyrus (DENTATE: SLOPE DEVELOPMENT) on the
slope amplitude vs stimulus intensity.
Squares: pre-kindling baseline measures;
Triangles: after afterdischarges 1, 10, 19,
28, and after the 1st and 4th Stage 5
seizure. Both group averages and standard
error bars are shown.

This figure shows the "decay": of
kindling-induced effects on the slope 3 days,
1 week, 2 weeks, and 4 weeks post-kindling in
the pe,forant path-kindled group (PERFORANT
PATH: SLOPE DECAY) or in the dentate
gy~us-kindled group (DENTATE: SLOPE DECAY).
Solid lines and squares: pre-kindling
baseline measures. Solid lines and triangles:
slope amplitude after the 4th Stage 5
seizure. (post-kindling measures). Dashed
lines and "diamonds: slope amplitude at
various times post-kindling. Group averages
and standard error bars are shown.

An example of the effects of kindling on
paired-pulse depression. The evoked
potentials were taken from one randomly chosen
animal in each group (the dentate gyrus-kindled
animal was not randomly chosen; see p. 58):
the controi group (CONTROL), the pefforant
path-kindled group (PERFORANT PATH), and the
dentate gyrus-kindled group V(DENTATE). Solid
line: an average of 10 conditioning evoked
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Vertical calibration: 3 mv; Horizontal
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The effects of kindling the perforant path
(PERFORANT PATH: SPIKE DEVELOPMENT) or the
hilus of the dentate gyrus (DENTATE: SPIKE
DEVELOPMENT) on the population spike
paired-pulse measures are shown above.
Squares: pre-kindling baseline measures;
Triangles: after afterdischarges 1, 10. 19,
28, and after the 1st and the 4th Stage 5
seizure. (P1=conditioning spike height;
P2=test spike height).

This figure shows the decay of
kindling-induced effects on the population
spike paired-pulse measures 3 days, 1 week.
2 weeks, and 4 weeks post-kindling in the
perforant path-kindled group (PERFORANT PATH;
SPIKE DE~Y) or in the dentate gyrus-kindled
group (DENTATE: SPIKE DECAY). Solid lines and
squares: pre-kindling baseline measures.
Solid lines and triangles: paired-pulse
measures after the 4th Stage 5 seizure
(post-kindling). Dashed lines and diamonds:
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kindling-induced effects on the slope
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weeks. and 4' weeks post-kindl1ng'in the
perforant path-kindled group (PERFORANT PATH:
SLOPE DECAY) or in the dentate gyrus-kindled
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squares: pre-kindling baseline measures.
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.easures after the 4th Stage 5 seizure
(post-kindling). Dashed lines and diamonds:
paired-pulse measures at various times
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measures and measures taken ONE DAY after
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This table summarizes the sequence of
treatments to which experimental animals
were subjected. The upper row indicates
when animals received kindling stimulation
in the perforant path or in the hilus of the
dentate gyrus. The lower row indicates when
measures (I/O: Input/Output; PP: Paired-Pulse)
were taken. These measures were derived from
responses evoked by perforant path stimulation
while recording in the hilus of the dentate
gyrus.

This table shows the data obtained {rom the
binding experiment. Bmax (fmol/mg protein)
and Kd (nM) values are shown for each
perforant path-kindled animal and its
non-kindled paired control in each of the
three decay groups (24 hours, 2 weeks. and
4 weeks).

This table shows the results of the analysis
of variance. The source of variance, the
sum of squares. the degrees of freedom (dfl,
the mean squares. the F-ratios (Fl, and the
probability of the F-ratios (P) are shown.
TheDECAV factor refers to the 24 hour,
2 week. and 4 week decay groups. The GROUP
factor refers to the number of Bz receptors
(B.ax in rmol/mg protein; Top) or to the
affinity of the receptor" for the ligand
(Kd in nM; Bottom) in kindled and control
animals. The interactionvbetween the DECAV
and GROUP factor is designated GO.
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CHAPTER 1

PLASTICITY IN THE CENTRAL NERVOUS SYSTEM

1.1 Introduction

"'lIebb (1949) wrote in the introduction of his book "The

Organization of Behavior":

'" that behavior and neural function 'are perfectly correlated.

that one is completely caused by another. (p. xiii).

and

Psychologist and neurophysiologist thus chart the same bay -

working perhaps from opposite shores, sometimes overlapping

and duplicating one another, but using some of the same fixed

points and continually with the opportunity of contributing

to each other's results .. (p. xiv).

The two main points of Hebb's theory about information

storage in the nervous system were that:

1. Synaptic connections can be strengthened as a result of repeated

and persistent use (a strengthened synaptic connection i.plies

an increased efficiency in transmission from one nerve cell to

an~ther). Hebb proposed a growth of synaptic terminals as the

mechanis. for the change in synaptic strength but did not

believe that the type of mechania. underlying synaptic change

was crucial for his theory.

1

--
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2. Cell assemblies are formed in which neural activity can

reverberate for varying lengths of time. Which cells will be

part of any particular assembly depends on the external stimulus
\

conditions and on the state of the central nervou~ system (CNS)

at the time of learning or trace formation.

The details of the theory are not as important as,the effect

it had on subsequent thinking about the nervous system and its storage

capabilities. The notion that "memory" is determined by synaptic

alteration was attractive because of the enormous number of synapses

present in the human brafn. a structure with an enormous memory

capacity. Furthermore. synaptic modifiability Is amenable to

experimental analysis. The idea of cell assemblies was important. in

part, because of its Implicit warning against a simple equation of

specific anatomical structure with function,.

Even prior to the publication of Hebb's book. there were

numerous examples of short-term increases in synaptic strength as a

result of stimulation. Most of these 'effects were found In the

peripheral nervous system (PNS1. Sechenov (1863) described how

pinching one of the toes of a decapitated frog's hind leg led to

flexion in all joints. After t~is reflex.had subsideG. Sechenov

observed that the leg remained bent in all joints for a period of half

an houf. This effect wa~ particularly clear in the joint between shank

and foot. Sherrington (1906) fou~d that certain reflexes could be

triggered if stilluli were repeatedly...adllinisiered at a moderate

frequency (11.3 Hz). Identical sti.uli applied in isolation would not
- -~"
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trigger these refiexes. Schaefer et al. (1938) and Feng (1941)

reported an increase in endplate potentials after repeated activation

of the pre-synaptic axon. The action potentiai traveling along this

axon did not appqar to be affected by the stimulation. These

potentiation effects at the neuromuscular junction were later studied

by del Castillo and Katz (1954a,b,c) using quantal analysis. But it

w~.Liley (1958a,b) who provided crucial evidence showing that post-

activation phenomena observed at the neuromuscular junction were the

resuit of a stimulation-dependent increase in output of transmitter

sUbstance~~e findings have been confirmed by numerous other

investigators (see Martin, 1977). Only a few experiments investigated

post-activation potentiation phenomena in the CNS. Hughes et al.

(1956) reported such potentiation effects in the lateral geniculate

nucleus after stimulating the optic tract. Campbell and Sutin (1959)

found that "spike-like" events could be recorded in the hippocampal

gyrus after stimulating the fornix. Gloor et al. (1964) reported that

'repeatedly activating the perforant path led to short-lasting (about

10 si potentiation effects in the hippocampal dentate gyrus.

Short-lasting increases in synaptic strength at the

neuromuscular junction could be divided into three types. Depending

..' .

--
on the strength, duration and frequency of stimulation, one of 3 post-

activation potentiation effects could be induced: facilitation,

augaentation or potentiation. These.~eases in synaptic efficacy

decayed exponentially with ti.e constants ranging from milliseconds,

seconds, to minutes respectively (Barrett and Stevens', 1972: Magleby

--- .


















































































































































































































































































