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Kindling and Plasticity of the Hippocampal

Inhibitory System -

Kindling-induced ?hanges in the ease.with which a signal is
transmitted from one set of neurons to thé next wére studied in this
£he315. Kindling involves the application ofwgpileptogeniq stimulation
to brain sites until fully generdlized béhavlour;l seizures- occur. It
is known that hippocampal Inhibition is increased as a result of
kindling hippocampal neurons or péthﬁays. Experiment 1 of this thesis
showed that the kipdling-inﬂuéed Increase in inhibigion was not
associated with the permanént change produced by the kindliné
stimulation but was dependent on the stimulation its;lff If kindling
stimulation was terminated, 1nh1b1tioﬁ.returned towards pre—&indl}ng
levels. Experiment 2 1ndicatgd that an increase in bénzodiazapine
receptors nﬁy underly the kindling-induced increase in inhibition.
These plasticity characteristics of the hippocampal inhibitory system
are similar to 'those of a form of neu;;1 plasticity observed in the
higpocanpal excitatory system named iong—term potentiation'(LTP). LTP
is of speclal interest to psychologists because of its potential
involvement in information storage processes. The results of the o
experiments In this ;hesia raise Epe posaibllity that plasticity of
inhibitory systems iLy also play an important role in information

storage processes.



ABSTRACT
Kindling involves the repeated application of epileptogenic
stimulatloa_to ¢ertain brain sites until fully generallzed behavioral
convulsicns occur. Input/output relationships {(determined by recording .
responses evoked atldifferent stimulation intensities) and paired-
pulse'facilitatioq/depression effects were monitored in the hilus of
the hiphocampal dentate gyrus as stimulatlon pulses were applied to

the perforanE patﬁ! These effects were measured before, during and
éfter kindling the pe?forant path or thg hilus of the dghtate gyrus.,

‘ After kindling was completed, the perforant path~kindlied
‘animals showed an Increase ln population spike height (related to the
number of cells firing) at the higher Intensities but a decrease at
lower intehsifles, A small incfease in the slope & the rising phase
of the population;EPSP was ébserved at the higher intensities. The
de&tate gygus-&gndled animals showed a progressive decrease in
population spike height during kindling, while the slope increased in
nagniﬁude. All of thqgé?kindling—inddced effects, except for the )
increase in slope, ‘appeared to decay towards pre-kindling levels over
a4 wé%& stimulation~free period after the compleifon‘of kindling.

- ﬁgired-pulse depression of the poﬁqlation spike height was
"potentiated" in both groups as a result of kindling. Paired-pulse
effects returned towards pre-kindling leQels over a 4 week . |

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

in the perforant path-kindled group.

’g;;,'(.
ii4 . -



-

) Kindling the perforaﬁt path resulted in a signif}cant
increase in number of-behzodiazepine receptors. This increase in
receptor number_{g_believed to unﬁerly the kindling-indupred increase
in paired-pulse depression. Results indicated that the }ncrease in
receptor number may decline with time after kindling ﬂ#!terminated.

It was con¢luded that almost all kindling-induced effects
studied disappear over time after kindling is terminated. Theb are
dependent on the occurrence of epileptogenic stimulation.
Char#cteristics of potentiation of the hippocampal inhibitory system
appear to be similar to those of potentiation of the hippocampal

excitatory systen.
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CHAPTER 1

PLASTICITY IN THE CENTRAL NERVQUS SYSTEM

1.1 Introduction T

“Hebb (1949) wrote in the introduction of his book "The
Organization of Behavior™:
... that behavior and ﬁeurﬁl function 'are pérfectly correlated,
that one is completely caused by another. (p. xiii),
aqd
Pasychologist and neurophysiologist thus chart the séme bay -
working perhapé 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 synap;ic connection implies
. Qn increasedAefficiency in transmission from one nerve cell to
another). Hebb proposed a growth of synaptic terminals as the
mechanism for the change in synaptic strength but did not
beljeve that the type of mechanism underlying synaptic change

was crucial for his theory.
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2. Cell assemblies are formed in which neqral activity can
reverberate for varying lengths of time. Which cells will be
part of any particular assembly depends on the external stimglus
conditions and on the étate of the centrél nervous system (CNS)
at the time of learniné or trace formation.

The detaiis of the theory are not as important as the effect
it had on subsequent thinking about thé nervous system and 1ts storage
capabilities. The notion that Jmemory“ is determined by synaptic
alteratlion was attractive becausé of the enormous number of synapses
pqesent in the human brain, a structure with an enormous memory
capacity. PFurthermore, synaptic modifiability is amenable to
experimental analysis. The iaea of cell assemblies was important, in
part, because of ité-implicit warning against a élmple'equation of
specific anatomical structure with function,

Even prlor to the publicationrof 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 (PNS). Sechenov (1863) describeg how
pinching one of the toes of a decapitated frog's hind leg led to . \%,
flexion in all joinfs. After this reflex had subsided, Seéhenov
observed that the leg remained bent in all joints for a period of half
an houf. This effect was particularly clear in the joint between shank
and foot. Sherrington‘(lébﬁf found thaf c;;tain reflexes could be
triggered if stimull were repeatedly. administfered at a moderate

frequency (11.3 Hz). Identical stimull applied in isolation would not



trigger these reflexes. Schaefer et al. (1938) and Peng (1941)
reported an Increase in endplate potentials after repeated activation
of the pre-synapt;c axon. The action potential traveling along this
axon did not appdar to be affected by the stimulation. These
potentiation effects at the neuromuscular junction were later sfﬁdied
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 wer; the
result of a stimulation-dependent increase in output of transmitter

o h
substance” These findings have been confirmed by numerous other

!
!

investigators (see Martin, 1977). Only a few éxperimepts investigated
;post—activation potentiation"phenomené 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 "splike-like" events could be recorded in the hippocampal
gyrus after stimulating the fornix. Gloor et al. (1964) reported that
':fepeaiedly activating the pgrforant path led to short-lasting {(about
10 s) potentiation effects in the hippoca;pal dentate gyrus.
Short-lasting increases In synaptic strength at the
heuronuacular 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: facilifation,
augnentatlon or potentiation. These _increases In synaptic efficacy

decayéd exponentially with time constants ranging from milliseconds,

seconds, to minutes respectively (Bﬁrrett and Stevens, 1972; Magleby

»
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and Zengel, 1975a,b, 1976a,b,c; Magleby, 1973). After McNaughton
(1980) described similar events at the perforant path-dentate granule
cell synapse in the hippocameS. Racine and Milgram (1983) found that
such short-term potentiation‘phenomena could be induced in a large
number of limbic fofébrain pathways. Although these synaptic changes
”did not last long enough to accounﬁﬂfor long-term memory, they do
fulfill the temporal requirements for the basis of at least some types
of,short—term memory (d%ddard, 1980). -
Although most post-activatjion potentiation effects appeared
to be short-lasting (seconds or minutes), there were some reports of'
longer-lasting effects. Eccles and Mclntyre (i951) found that
potentiation of a monosynaptic reflex arc in the spinal cord could
last for haurs. After ﬁpplyiég‘long trains of stimulation (over 1/2
hour) to spinal cdrd inputs of cats, Spencer and Wiédor (1965)
observed potentiétion effects lasting several hours. Simlilar, and
éven longer-lasting, changes could be induced in certain parts of the
CNS by electrlcél stimulatiqp of nerve pathways. Such changes were
named "long-term potentiation" (LTP). This effect could remain for
weeks, sometimes months, after the last stimulation was applied (Bllss
and Gardner-Medwin, 1973; Douglas and Goddard, 1975; Barnes, 1979;
Racine et al., 1983). The duraticn of LTP makes it one of the more
attractive candidates for the neural basis of long—terﬁ memory
(Goddard, 1980). Since this is the phenomenon of interest in the
present thesis, it will be discussed in more detail in the following

section.



1.2 Long~-Term Potentiation {LTP) of Excitatory Synapses
]

1.2.1 The Phenomenon and its Characteristics

In 1971, Lomo analyzed the monosynaptically evoked response
that could be recorééd in the hippocampal dentate gyrus when a
stimulating pulse was applied to the perforant patli. The perfocant
path conveys input éo the dentate gyrus from the entorhinal éortex
(Figs. 1, 2). The first component of this response was thought to
reflect the sum of synaptic current flow in a population of neurons.‘
because 1ts onset time was ldentical to the onset time of the
intraceliularly recorded EPSP (Excitatory Post-Synaptic Potential)i
Lomo (197£5 also found that if the intensity of stimulation was
—increased, a compound spike appeared superimposed on the "population
EPSP" (fig. 3). He proposed this "popiulation spike" was due to the
synchronous discharge of gfanule cells and that size of the spike

N _ reflected the number,of‘cells flring. This was confifmed by Andersen
/7J/ et al. (1971b).

Bliss and Lomo (1973) stimulated the perforant path with a
train of pulses (10-20 Hz for 10-15 s or 100 Hz for 3-4 s) and
observed a potentiation of test responses evoked in the g;énule cells.
Thig potentiation lasted from 30 minutes up to 10 hours and was
reflected in a decrease in latency of the population spike and an
increase in the amplitude of the population EPSP and spike height -
(Bottom of Fig. 3). No such pbtentiation was observed in the

contralateral control pathway. ‘Bliss and Gardner-Medwin (1973} found



Figure 1.
A top view of the rat hippocampal formation after removing the left
cortex. As the hippocampus extends posteriorly, it curves ventro-
laterally -into the temporal lobe.
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Figure 3.

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

Bottor: 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 af the perforant
path. Vertical callbration: 3'mv;'Horizontal calibration: 4 ms.

\
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that this long-term potentiation (LTP) of the-perforant path-dentate
granule cell synapse could last frgm 3 hours to 3 days in freely
moving, unanaesthetized rahbits.

It has now been established that LTP dévelopa within minutes
of stimulation apd reaches peak values 5-20 minutes post stimulaplonf
LTP-related amplitude increases in the EPSP range from_o—lbox;-

M?yplcally 50%. The population spike amplitude can 1ﬁcreagg from 0- .
1200X with an avefage of 250% (Swanson et al., 1982).

A wide vquety of stimulation parameters can be used to
produce LTP; The most effective stimulation pattern appears to be
repeated high frequency trains. Douglas (1977) found tralns of.8—10
pulses.deliveréd at a frequency of 400 Hz to be optimél.'LTP. however -
hasﬁbgen_proﬂuced by frequencies from 1 Hz to 500 Hz {see Swanson et

' al.i 1982). The trains are usually déiivered at intervals of seconds
or minutes.-The optimal frequency with which thé individual pulses are
‘delivered (i.e. 400 Hz) correspbnds rather closely to the normal burst
discharge patterns of hippocampal cells (Fox and Ranck, 1975; Kandel
‘and Spepcer, 1961; Ranck, 1973). Although the stimulation fre&uency is
an important variable, the 1;tensity of the stlnulatiﬁp affpears to be
a'more salient factor. There is a threSho}d intensity below which no
LTP can be induced (McNaughton et al., 1978). This implies that a

minimum number ‘of fibres must be activated in order to,produce LTP

since stimulation lntenélty determines the number'bf activated nerve
fibres. Furthermore, it appears that the intensity also deternines.

peak LTP levels {McNaughton et al., 1978).



" 10
"

The development of LTP is not dependent on massive discharge
of the granule cells., In fact, LTP of the perforant path-granule cell
synapse can be obtained even if firing of the granule cells is
inhibited. This inhibition was accomplished by application of a single
pulse to the contralateral hilus'prlor to the QTP-lnducing stimulation
of the perforant path (quglas et al., 1982). Release of
neurotransmitter substance from the terminals of the stimulated i\\,
pathway, however, must occur in order to establish LTP (Dupﬁiddie et ‘

al., 1978).

o

¢

1.2.2 Mechanisms of LTP

At this peint in timg some researchers believe that
{(hippocampal) -LTP is caused »y an increased transmttter'outgut from
the pre-synaptic terminals resulting from high frequency stimulation
of the afferent pathway (Bliss and Dolphin, 1982; Dplphin et ﬁl.:
’1982: Skrede and Malthe-Sorenssen, 1981; Feasey et al., 1985). Others
advocate an lncreage in the number of post-synaptic receptors as the
‘principle mechanism underlying LTP (Baudry and Lynch, 1982; Lynch and
Baudry, 1984). Proponents of either position égree on the importance
of Ca++ influx as a link in the chéin of events igading to LTP. It has
been demoﬁstrated that Ca++ plays a, cruclal réle in the prodﬁgtion of
LTP (Lynch et al., 1983; Baimbridge and Miller, 1981; Dunwiddie and
Lyhch. 1979). There {s disagrqement on where the criticéi Ca++ lnf}qf
occurs and what sequence of eventslit trigpers. For example, those who.

: L
advocate a .post-synaptic mechanism, propose that Ca++ influx into

+
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* post-synaptic dendrites (Kuhnt et al., 1985) activates a proteinase
termed calpain. Calpainlin turn changes the properties of a proteln
(fodrin) which affects the post synaotic membrane structure. One of
these effects would be to uncover latent glutamate receptors (Baudry
‘and Lynch, 1982; Lynch and Baudry, 1984; Siman et al.,‘1985}. The
blockade of LTP in pyramidal oells.-by-intracellular Injections of,
'EGTA, a Ca++ thelator, supports this hypothesis (Lynch et al., 1983).
A problem for the post-synaptic theory, in which the toansmittor
glutamate plays an important role, is the evidence showing that
'glufamate may not be critically involved in the production of LTP
(Fagnl et al. 1983; Hori et al., 1982; Dolphin, 1983; Goh and Sastry,
1984). Advocates of a pre-synaptic mechanism propose that Ca++ 1nflux_
intoythe pre-synaptic terminai leads to the activation .of processes
that eventually increase transmitter outpot. However, ;he proponents
of a pre-synaptic mechanism have not been able to give a satisfactory
exp]aoation of cooperativity effects (see below).

Calmodulin also appeors to play an lmpobtant role in the
production o} LTP. Calmodulin is a protein which becomes active when
bound with Ca++ Active calmodulin can increase Ievels ;;\\\\
phosphorylation (phosphorus incorporation) of certain protein;\\
{Cheung, 1980). Pinn et al. (1980) found that trifluoperazlne. ak
neuroleptic which interferes with calmodulin activity, blockogn/jxi\‘-*»;w
hippocampal LTP. This was later confifmed in a otuoy by‘Mo et al,

(1984). - /

Recently, Chang and Greenough (1984) found that high

P

frequency activation of hippocampal ‘CAl cells, leads|to an increase In

| -
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the number of shaft and sessile sping synapses within a period of 15
minutes after stimﬁlationl These resn'ts are consistent witﬁ both the
pre-synaptic and the post-synapfic-nechanlsm underlyingrLTP. An
increase in the number of synapses necessarily implies an increase in
post-synaptic receptors as well as an increase in pre-synaptic
transmitter output.

Finally, it was found that‘hippocampal’LTP—inducing
étimulation. and no other type of stimulation, leads to an increase in
phosphorylation of a 47kD (kD: 1000 x Dalton, a measure of moleéular
weight) protein (F1). Tﬂe amount and perseverance over time of the
increased phosphorylation appeared to correlate well with extent and
duration of LTP respectively {Nelson and Routtenberg, 1985; '
Routtenberg, 1985). As the F1 protein is believed to be localizéd to
éynaptic regions, this phenomenon might be involved in any of the
mechanisms described above. There is some evidence, however, that this

protein is very active in growth cones (Nelson et al., 1985)

supporting the possibility that new synapses develop.

1.3 LTP, Memory and Learning

Although LTP ih itself is an interesting phenomenoﬁ, most
psychologists study LTP with the belief it may be one the
physiological aechaﬁisns underlying memory formation. The evidence
supporting this belief is mainly circumstantial. A review of LTP
would not be complete without a sunuﬁny of that evidence ey;n though

the“experiments in the present thesis do not deal with this aspect of

LTP,

[y
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If LTP has anything to do with memory and learning it should
occur'in other sites as well. In fact, LTP can be found in several
.sites within the CNS. LTP has been induced in the cortex (Wilson and
Racine, 1983; Lee, 1982}, in most of the limbic forebrain (Racfne et
al., 1983; Bliss and Gardner-Medwin, 1973; Bliss and Lomo, 1973; Alger
and Teyler, 1876:; Andersen et'al.. 1977: Lynch et al., 1977;
Schwartzkroin and Wester, 1975), in the superior cervical ganglion
(Brown and McAfee, 1982), and in the magnocellular medial geniculafe
nucleus (Gerren and Weinberger. 1@33). ‘However, LTP in the
hipﬁocampus is largest, develops with the smallest magnituQe of .
stimulation and appears to laat'longer in comparison to other limbic
forebrain structures (Racine et al., 1983). The hippocampus is
belleved to play an 1méortant role iﬁ the storage of knowledge
(Scoville and Milner, 1957; Douglas, 1967; 0'Keefe and Nadel, 1978;
Thompson et al., 1980; Berger et al., '1980; Olton et al., 1980). One
‘might expect to find less LTP nearer the "sensory side” of the CNS and
PNS. Sensory transmission -must be relatively stable if It Is to be oq-
ahy value to an organism. The lateral olfactory tract does not appear
to support LTP of the monosyngptic response in the pyriform cortex
(Racine et al., 1983). This supports the argument thafallttle LTP
should be supported by.sensdry projection pathways. However, no
studies have systematically addressed that hypothesis.
Most people tend to think of neﬁory as relatiyeiy permanent,

whereas LTP decays over time. How pernanen; is membry? It is possible’

that the so-called permanent memories are actually "refreshed”
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frequently, even if the read out of their contents does not reaeh a
level of conscious awareness. On the other hand, it .is possible thét
the duration of LTP hight be fpcreased by certaln manipulations.
A

Perhaps the pattern of activation plays an important role in
determining the duration of ﬁTP. With the present techniques employed,
the optimal stimulation parameters might n;t, as yet, have been
deterylned. Finally, it is possible that some "reinfercing” input is
required at the time of high-frequency stimulation to make LTP
permanent. The following experiments partially address these
questions.

Douglas and Goddard (1975) were able to induce hippocampal
LTP in rats lasting from 12 days up to 2 months. They also found that
successive trains of stimulation hqd a cumulative potentiation effect,
* even when spaced as long as 24 hours apart, until saturation was
reached. However, stimulation parameters used in this study elicited
afterdischarge'(eleeptogenic actibity) in most of their animals.'[t
is known that triggering afterdischarge (AD) profucea additional .
changes in néural function that are not, apparently, related to LTP
effects (Kairiss et al., 1984). HcNaught;n et al. (1978) showeg that
high frequency stimulation at a fixed intensity and aéplied at &
minute intervals did not lead to additional increases in LTP levels.
Rather, the amount of LTP tended to.asynptote after a few
atiyulations. Howevep: increasing.the intensity of thé high frequency

stimulation did lead to higher levels of LTP. De Jonge and Racine

(1985) were also unable to detect residual effects on LTP levels when
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observed if septal activation preceded perforant path activation by

15

LTP was repeatedly induced. Although LTF‘decayed somewhat more slowly
with subsequent LTP-inducing stimulation, the decay times were well
within the normally observed range and the effects were definltely not
permanent.IThis is also true for qther studies in which LTP was found
to decay at a slower rate when repeatedly induced (e.g. Barnes, 1979).

It 13 now clear that the activation of one input can
influence the levels of LTP induced by concurrent activation of a
separate input. Such heterosynaptic interactions could underly such
phenomena as assocjiative memory, effects of attention and arousal on
memory formation and, perhaps._traéé consolidation through

"reinforcing"'lnput. The levels of LTP achieved by stimulating elther

the medial or the lateral'perforant path were lower than those

:fobserved when stimulation was applied to both pathways at the same

time (McNaughton et al.._lgﬁa: McNaughton, 1980}. Leﬁy and Steward
. _

{1983) found that LTP could not be induced at the contralateral

perforant path-ipsilateral granule cell synapse if only this crossed

pathway was stimulated. However, 1f stimulatién of the crossed
pdthway was followeﬁ by.stimulation of the ipsilateral perforant p;th.
LTP of the crossed iﬁput could be obtalined. Delays of at least 20 ms
between stimulation of both pathways did not interfere with the
effect. Combining septgl stimulation with pertprant path stimulation
algo led to increased peak LTP lévels of the perforant path-dentate

evoked response. In fact, this cooperativity effect could stfll be

—_—

2 sl *
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The strongest effectsl however, were obtained with delays of
100 ms or less between activation of the se;tum and thé perforant path
(Robinson and Racline, 1982; Robinsén. 1986). Bloch and Laroche (1985)
wefe able to increase the magnitpde and duration of,LTP at the
-perforant path-granule cell sy;apse by stimulating the mesencephalip
reticular formation within 10 s after the’activg?ion of the ﬁérfarant
path. Finally, high frequen¢y stimulation of the contralateral! hilus
of the hippocampal deniate gyrus 50 ms before or 1 ms after high
frequency stimulation of the ipéilateral perforant path prevents LTP
from developing at the perforant path-granule cell synapse (Douglas et
al., 1982).

Few studies have diréctly addressed the involvement of LTP in
memory and learqing. Landfield et al. (1978) reported that old rats,
as compared with &pung'rats; showed synaptic depression (é dgcreage in
the ease of synaptic transmiséionj when repetitively stimulated. More
importantly.'synaptic plasticity was impaired un;er certain ‘
Vclrcumstanceg. It is not clear whether some of the observea pla§t1c1£§
phenomena should be labeled LTP. Thése older rats were previously
shown to have memory deficits. A study by Barnes (1979)'shoé;d that
there is a différence between senescent and mature adu1£ rats in the
ability to uaintain‘LTP. This difference appeared to ke correlated
with performance on a number of tasks. For examﬁle, older rats showed
poorer memory for a rewarded place on a circular platform than ydunger

rats. Also, the induction of hippocampal LTP impaired the performance

. of older rats on a spontaneous alterpation task in a T-maze. Somewhat

-
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contradictory were the findings py Bergér (1984). He found that
conditioning of the nictitating membrgne response to a tone was
accelerated in animals that received LTP-inducing stimulation in the
perforant path before training was started. This result could be due
to an.lncreased sallence of the relatively simple stimﬁlus (tone) as a
result of the stimulation.
Thompson et al. (1980) described an increase in gmplitud; of

&

the perforant path-dentate population spike durlhg the course of \
nictitating\gembrane conditioning. They suggested qhat tﬁis might be
equivalent to an LTP effect. As pfevlously nentloned. Chang and

. Greenough (1984) found an increase in number of synapses and dendrites
as é result of high fre&ﬁency stimulation. Similar changes were found
in animals brought up in a stimulus-rich envirégment as opposed to a
stimulus-poor enVironment (Turner and Greenougﬁ, 1985: Sirevaag and
Greenough, 1985). The former tend to outperform the ;atter on several
tasks (see Hebb, 19686) indicating a possible relationship between LTP
and memory and.learningL, It has.also been mentioned that
administration of leupeﬂtinf which is assumed to_prevent LTP, led to a
decrease in perfofuance'on a spatial maze task ‘(Staubli et al., 1984).
Finally, lnduciqg epiléptogenic'dctivlty In.the hippocampus shortly
aftér LTP had E?en produced (in CAl), strongly reduced the amount of .
LTP. If, after a recovery period ranging from 20-50 minutes, LTP-
inducing stimulation wag applied again, LTP levels increaaeq but never

reached pre-epileptogenic-stlnulation levels (Hesse and Teyler, 19786).

It has been known for a long time that animals receiving an
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electroconvulsive shock after learning trials do not learn the task
(see McGaugh, 1986). More specifically, inducing epileptiform_activity

in the hippocampus was found to interfere with the acquisition of

- several tasks (McGaugh and Herz, 1972; McGaugh and Gold, 1976; Salafia

et al., 1977). It 1s also well established that memory Impairments
occur in humans after suffering an epileptic attack (Aird et él.,

1984},

1.4 LTP of (Inhibiteory) Local Circuit Systems

Surprisingly little is known about the plasticity of

interneurons or local circuit neurons. The absolute and relative

number of local circuit neurons increases systematically in phylogeny,
peaking 'in the human brain. The same is true for the elaboration ;é_
these cell's processes and the frequency with whiéh they synapse onto
projectioqlcells,(see Rakic, 1975).-This‘raises the possibility that
the increased processing and storage capacity of the huﬁan brain might
be attributable, in part, to this increase in local circuit neurons
and the increased conplexity_of their éénnective pattérns. Birth
trauma and anoxic events at the ﬁeonatal stage often lead to
retardation of intellébtual ability and to an abnormal pattern of
connectivity éf the inhibitory intérneuronslof the hippocampus (local
cfr;tit neurons are belleved to Ee nostly.inhibitnry: see Rakic,
1975) ..

Hippocampal inhibitory interneurons, the basket cells, are

known to receive collaterals from principal cells (granule and
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pyramidal cells) and are responsible for recurrent inhibition '
(Andersen et al.,01964). It now appears that these baskét cells also
receive direct lnput from several afferent pathways to the hippocampus
and, therefore, can act in a feedforward manneg (Buzsaki and
Eidelberg, i982: Buzsak;, 1984; Fig. 4). Thesehfindings support the
idea—tdﬁ%ﬁinhibitbry intern;ufonq play a major role in lnformatioq-
pr&cesslng. since they can participate.in information transfer as well
as in feedback loops. Furthermore, the possibility of direct
activation of basket cells via afferent pathways greatly simplifies
the study of piasticity of the input portion of the inhibitory
citcult. Target cells‘generally respond withaonly one or a few action
potebtialé ir higﬁ~frequency stimulation is applied to an afferent
pathway (Lomo, 1971). Thus, If sket cells were innervated only by
colléterals of principal ce;fsT’éhey might not.be strongly activated
and, consequently, might dgMonstrate little plastlcity. Attempts to -
stimulate these cells directly often results in the triggering of
epileptogenic activity (Kalriss et al., 1984).

Misgeld et al. (1979) were among the first to report long-
lagting changes in 1nh£b1tory post-synaptic potential {(IPSP)
amplitudes. These were reccrded from CA3 neurons before and after
repetitive agtivatién of tﬂe mossy fibres in guinea pig hippocampal
slices, These increases in IPSP amplitudes, however, disappeared with
subsequent‘trains of stimulation. Also, many cells actually showed a

decrease in IPSP amplitude as a result of the repetitiﬁe stimulation.

Yamamoto and Chujd (1978) reported only a depression of the IPSP in



Figure 4.

- gchematic diagram of the small dashed area in figure 2. Perforant
path (pp) fibres innervate granule cells (Gr). The latter send
projection axons, the mossy flbres (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 characteri.ed at present (e.g. the feedforward inhibition
believed to be mediated by the perforant pafh). Excitatory synapses
are indicated by (+), inhibitory synapses by {-).
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CA3 neurons using the same preparation and similar stimulation
parameters as used by Misgeld et al. (1979). Buszaki and Eidelberg
{1982) applied direct afferent stimulation (40 Hz for 5 s) to eleven
interneurons, presumably basket cells, located in.the (rat)-

\
hippocampal slice. They found a post-train increase In probability of
_ cell discharge to subseguent stimulatioﬁ. This inecrease in discharge
probability could last from 2 minutes up to 2 hours (the median was 30
minutes). Three of those interneurons required more intense
stimulation than the other ejght to induce the LTP-like effect
(Buzsaki and Eidelberg, 1982). Douglas et al. (1982) applied high
.frequency stimulation to the‘hllus. This was believed to activate
' contralateral basket cells, but no changes were found in the dentatg
field potentials. The authors stated.that the intensity of the
stimulation was such that it would not havé produced much LTP in, for
example, the perforapt pgth—dentate granule cell {excitatory) synapse
{low intensity stimulation was used in order to prevent AD). The
stimﬁlation was, however, able to prevent LTP of the ipsilateral
perforant path-dentate synapse if contralateral hilus stimulation was
applied within a cettain,time period of initiating ipsilateral
perforant path stimilation. Abraham and Goddard (1983) described a
small, heterosynaptic depressioﬁ that could'lastifor at least 3 hours.
High frequency atiaﬁlation of either the medial or lateral perforant
path led to a dépression.of synaptic transmission of the non-

stimulated pathway. This effect might be due to potentiated

1nh1b1t4§n{_1n oﬁq laboratory, Tim Kennedy was unable to show a change

- .
* n i ‘
. . -

r
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in ;aired—bulse inhibition in the hippocambnl dentate gyrus after high
{requency activation of the perforant patﬁ. It wés expected that if
the perforant path activéted bagsket cells in a feedforward manner,
those synapses might increase in strength. Only the perforant path-
dentate granule cell sﬁnapses potentiated. Abraham and Goddard (1983)
‘found that they could not obtain heté?osynaptic depression if LTP. was
induced in both combonents of the perforanf path. These results are
consistent with those of Tim Kennedy, who was probably stimulating
both components of the pathway. : |

Inducing LTP via the ipsilateral pertforant path decreases the
amount of potentiation previously inducéd_via the contralateral -
perforant path, possibly via poteptiated feed forward inhibition {Levy
and Steward, 1579: Wilson et al., 1981). Recently, Stripling et al.
{1984) found that high frequency stimulatipn of the olfactory bulb in
. chronically implanted rats did not lead to LTP of its connections with
the pyramidal cells in the pyriform cortex but aid produce LTP in an
electrophysiologically recorded late component beileved t? reflect
inhibition in the pyriform cortex.

From the above it is clear that the evidence related to
. plésticjty of (hippocampal) inﬁibitory synapses ié frdgmentafy and not
alwpys convincing. Aléu. for most of the reported changes in the
strength of_ihhibitory'??ﬂapses. the duration is not yet sufficiently
long to merit ihe term LTP (e.g. Bﬁzéhki and Eidelberg, 1982). In some

of the experiments the LTP-inducing stimulation was of a low intensity

in order to prevent AD from occq?r}ng (Douglas et al., 1982)., It s
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well known that a minimum number of fibres must be activated to
produce LTP of excitatory synapses (McNaughton et al., 1978). Since
the stimulation intensity determines the n?mber of fibres activated,
it is possible that the hippocamﬁal basket{cells have not been
activated strongly enough to prgduce LTP Et’their synapses. Another
possibility is that the'patfern of activation of the basket cells is
cruéial in determining whether long-term p&astic changes will occur.

At present, the only reliable way to induce loﬁg~term changes
at inhibitory synapses is to kindle an animal (Tuff et al., 1983a;
Oliver and Miller, 1985). As mentioned ahbove, triggering AD leads to
LTP effécts.as well as neural changes that do not appear related to
LTP effects. Therefore, it is important to compare the

-,

characteristics of the increased inhibition®due to kindling to those
of LTR; This was.the aim of the present fhesis. Before discussing the
phenomenon of kindling-induced potentiatlonl?f—i?hibitibn. a short

review of the kindling phenoﬁenon wiil,bE\pgﬁvidéd.'



CHAPTER 2

KINBLING

271 The Phenomenon and its Characteristics

Kindling can be defined as a progrgssive increase in-
epileptogenic.responsivlty préduéed by spaced and repeated
epileptogenic stimulation of certain brain structures (Racine, 1978} .
This increase in neural responsivity is reflected in the aniﬁal's
behavior as well as in ifs electroencephalogram (EEG). Except.for
behavioral a;rest followed by explorator& behavior, there Is little
. behavioral response to the first few electrical stimulations. With
continued stimulations, however, the animals develop fully generalized
motor seizures. The term kindling is ﬁsed to refer to the process
during which animals receive repeafed epllepéogenic brain stimulation
ags well as to the pheﬁomenon itself. Racine (1972b) observed a

consistent pattern of behavioral change during the course of amygdala

kindling. During the 1st phase of kindling, mouth movements appeared -

(Stagell). As stimulation was cnnplnued the following behaviors were
observed} Head cionus (Stage 2), forelimb clonus (Sﬁage 3; initially
on the contralateral side ﬁo that of stimulation but eventually
spreading to the ipsilateral side), a seizure driven clonic rearing
{Stage 4), and finally a loss of poséhral control (Stage 5). Each

latef stage also included the behavioral responses of -the preceding

stages. An animal is generally sald to be fully kindled when 2 or more

24
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Stnée 5 selzures have 6déurred successively. During the Interictal
period (the period between seizures) long-lasting changes in emotional
behavior ¢an occasionally be obsepved as measured by standard
psychological tests (e.g. Boast and McIntyre, 1877: passive avoidance:
Adamec, 1975: predatory behavior). .
The epileptiform afterdischarge (AD) evokedle the first
epileptogenic stimulation is relatlvely brief {about 10 s) and the EEG
- "gpikes" that characterize tﬁe AD occur at a low frequency-(l—a Hz).
‘At a more.advanced stage of kinaling; the AD spike frequency increases
fo 4-5 Hz and the AD duration increases to about 60-100 s. The spike
/}/piﬁffzhde. and uorghological complexity also increases as does the
propagatioﬁ tc other brain sites iRacine} 1978). It is possible to ’
cont{nue the stimu;ation treatment until animais show spﬁntaneous
seizures. The occurrence of spontaneous_seizures does not appear to

v

depend on stimulation of any specific bra;n area. A large number of
gstimulations (an_avérage Jf 348) are required'to'reach that stage in
rats (Pinel and Rovner, 1978: Pinel, 19é1). However, cats (Wada et
al., 1574) aﬁd baboons (Wada and Osawa, 1976) onlﬁ requiped about 50
ADs until seizures appgared‘ﬁpontaneouslyh

The EEG during the interictal period is characterized by the
spontaneous occurrence of isolated epileptiform spikes. The frequency
of occurrence of these interictal spikes declines to low levels within '
days (Goddard.llgss) or weeks (Racine and Burnham, l984)_of the last
stimulation. ‘

A wide variety of stimulation parameters will produce

klnﬁllng (e.g. Cain, 1981; Goddard et al.{ 1969). The most important
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requirement appears to be that stimulation produces an AD in the
'gffected brain site (Racine, 1972a}). Howeve;. stimulation not
elicltingKQQ‘Egﬁ affect the. AD threshold and thus render previously
ineffective stimulation effective in triggering AD at a 1hter point in
time (Caiﬂ. 1981;rRaclne. 1972a). It has been found that massed
séimulation is less successful and often fails to produce kindling
(Coddard et al., 1969). The smallest Interstimulation interval not
interfer{pg with the development‘of kindling is about 2 hours for
amygdala kindling in the Long-Evans rat {Racine et”al., 1973).

Obvious similarities exist betweeq the kindled state of an
anima! and various forms of humén epilepsf (Adamec et él.. 1981b;
Racine ‘and Burnham, 1984). Consequently, kindling has been accepted as
a model for epilepsy.'The kindling effect hés also generated Interest
because of its implications for the plasticity of the central nervous .
system. Kindling appears to Involve permanent changes in bralin
function._becausehlz months after the last éindling treatment -only a
few kindling stimulations are required to brigg the animal once more
to a fully_kindled state (Wada'et al., 1974). The inhibitory circuitry
of the hippocampus also‘shows long-term changes as a result of the
kindling process (Tuff et al., 1983a; Oliver and Miller, 1985; Adamec

and Stark-Adamec, 1933).

2.2 Mechanisms of Kindling
2.2.1 Anatomy
It is generally accepted that kindling does not produce'any

observable tissue damage. Using Nissl stains, Goddard et.al. (1988)
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were unable dete;t tissue damage directly undef the stimulating
electrode. In fact, if the tissue underneath.the stimulating electrode
was Intentlonally damaged via electrolytic lesions, kindling was
unaffected (except that higher curfent intensities were required).
Racine et al. (;9758). using Golgl stains, did not observe any changes
in morphology of cortical pyramidal cells due to kindling; Although
changes 16 dendritic spines as a result of non-eplleptogenic LTP-
inducing stimulation (see chapter 1) have been reported (Fifkoéa and
van Harreveld, 1877; Fifkova et al., 1982), such changes have not been
found in the kindled prep;ration (Rdcine et al., 1975a; Crandall et

*

al., 1979; dedard and Douglas, 1975). Alterations In synaptic

" terminals have been reported by Goddard and Douglas {1975) and by

®

Racine and Zaide {1978), but these findlngs.have nof—beeh‘replicated
and 1t is still uncertain whether kindliﬁg_produces any observable

changes in neuron morphology. .

2.2.2 Neurochemistry

Racine and Burnham (1984) stated that experimenfal support
for a blochemical mechanism of kindling must include evidence that "i)
induction of the abnormality accelerates kindling; i1) tﬁe‘abngpmality
exigts in the kindled braln tissue; and iii) that correction of the .
abﬁornality*antagopizes‘kJndled seigures" (p. 158). Prom existing .
reviews on this topic it is evident that no conclusive evidence

s

related to the above criteria is available about any known
L]

neurotransaitter system (McNamara et al., 1980; Kalichman, 1982;

7N



Peterson and Alberison. 1982). Disruption of.norepinephrine (NE)

systems does reliably facilitate kindling (Gorcoran, 1981; Mcintyre,
1981}, It Is not yet clear whether kindled animals show.abnormal NE
levels (Kalichman, 1982; see, however, McIntyre and!Robe;ta. 1983).
Cain (1981) found that the development of kindling could be
"prevented by the inhibition of protein synthesis even.,though
background neural activity and AD were not disrupted by the treatment.
The AD;'though reliably triggered, did not develop in animals treated

r

with anisomycin (a protein synthesis inhibitor). Preliminary results

from the same laboratory-(Cain, 1981} point to a role for the cyclic
¥

nucleotide systems in kindling. When activated by hormones or by

neurotransmitters, cyclic nucleotides direct a cell's response to

these substances. After altering cyclic nucleotide levels, Cain
¥ ’ '

observed a significaht decrease in the nuhber of ADs required to

Induce motor selzures.

2.2.3 Disinhibition

AD is triggered by an excess of neural excitation. -This.
excess could arise as ; result of exéeséive excitatory input or a lack
of inhibitory input. Since GABA (Gamma Amino Buteric Acid) iIs an v
important inhibitory neurotransmitter in the CNS, a dysfunctlion in the
GABA system could underly epilepsy apd kindiihg (Ribak et al.. 1979;
RiQak. i985). Reports have appeared in the literature showing that
hibpocampé] inhibition caﬁ indeed faiJ (transiently) duriné'periods of

excess activation (Ben-Ari et al., 1979; Dingledine and Gjerstad,
-7
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1980;1 This could provide a mechanlsm for the triggering o; AD and
furthgr failure in these systems could account for incréases in the
strength and propagation of the discharge. After replicating the aboﬁe
“failure of inhibition" findings using paired-pulse stimulation, &
however, Tuff et al. (1983a)} found khat the latency to AD onset was

actually increased rather than decreased after kindling. These

results, together with the finding that .paired-pulse Iinhibition .itself

is increased after kindling (Tuff et al., 1983a), suggest that
kindling prfoduces an 1ncreﬁse in GABA-mediated inhibition in the
dentate gyrus of the hippocampus (Tuff et al., 1983a,b).

B3

2.2.4 Kindling and Long-Term Potentiation (LTP)
LTP refers to the increase in synaptic strength which
develops after the application of high frequency stimulatfpn trains to
an afferent pathway (Bliés and Lomo, 1973; Douglas, 1977; Douglas and
Goddard: 1975; see chapter 1). The kindling—induced increase in the.
amplitude of AD spikes in secondary sites suggest a possible link to
LTP. This link‘wasmconfirmed » In part, by Racine et al. (1975h).
Furthermore, kindling is facilitated when non-epileptogenic LTP-
inducing stimulation is applied prior to the kind;ing stimulation
(Racine et al., 1975b). For several reasons, howevér, LTP is unlikely
to be the primary mechanism underlying kindling. First, it was found
that kindling résulted in the development of édditional components in
evoked response measures, Theée components, the evoked epileptiform

spikes, developed independently of the LTP-induced increase in the

ir .
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qpplitude of monosynaptically evoked responses (Racine et‘al.. 1981;

Racine and Milgram, 1980). Second, structures which kindle easily

{e.g. the lateral olfactbry tract) do not produce much LTP in thelr

target structures wﬂen appropriately stimulated. The reverse also

seems to be true.‘Structures which do not kindlé very rapidly support
v .

large LTP effects (e.g. the dorsal hippocampus; Raéine et al...lgas).

Third, LTP invarliably decays over time (Racine et al., 1983; de Jonge

and Racine, 1985} while kindling appears to last indefinitely (see

.Racine, 1978}. Fourth, inducing LTP in severai diffgrent pathways did

not facilitate subsequént kindling to a greater extent than did LTP
induced in a single pathway (Racine et al., 1975b). Fifth, certalin
drugs (e.g. diazepam, reserpine), shown to'affect kindling, do not
appear to influence LTP., Finally, animals specifically bred to either
kindle rapidly or slowly do not differ in their expression of LTP
(Steingart and Racine, personal communication). lAlthough LTP may play

a role in the propagation'of AD to secondary éites. it is not likely

to be the mechanism underlying kindling.

2.2.5 Abnormal Bursting Cells

Racine and McIntyre (1986) recently formulated their latest
hypothesis about the causes o: kindling. They reviewed evidence
Qhow;ng that cells in the pyriform lobe are most sensit;Ve to the
kindling treatment compared to other cells stﬁdled. Intericfﬁl spikes
develop more rapidly 16 the pyrifor- cortex, and this site appears to

’

remain the dominant generator, regardless of which site is klpdled
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{Kairiss et al., 1984). Pyriform cells from kindled animals frequently
displayed abnormal bursting responses believed to underly the I
interictal spikes (McIntyre and Wong. 1985). Assuming that such
bursting cells are respbnsible for the development of seizures,
kindling would develop as followa; AD, triggered in a particular
braiq site, will spread, possibly dﬁe t6 LTP of activated synapses,
and evehtually reach the pyriform cortex. Response characteristics of
pyriform cells aré'altered in such a manner that they.become bursting
cells. The authors pqint to the possibility of a decrease jin tonic
inhibition (probably a decrease 1n NE levels or receptors), a change
in membrane properties of the cells, or a change in cation-buffering
mechanisms. Pyriform burst generators induce similar altérations in
target neuroﬁs. possibly after prolonged and iIntense adﬁlvafion.
After the level of forebrain activation reaphes a.qritical level,
activity is projected to mofor nuclei in the brain stem which in turn
drive. the skeletal motor response. The type‘and strength of the
convulsive response would depend on the amount of excitation reaching

the brain stem motor nﬁclei.

2.2.6 Blochemistry -

Although no one has advanced a specific biochemical
hypothesis for epllepsy or kindling, some blochemical correlates do
exist. Wadman et al. (1985} found an increase in dendritic Ca++

conductance in hippocampal slices of kindled animals. Wasterlain and

Farber (1984) regor%ed that septél kindling decreased levels of
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Ca++/calmodulin induced phosphorylation (phosphorus incorporation) of
certain membrane proteins of the hippocampus. Finally, Baimbridge a}ad
Miller (1984) showed a decrease in Ca++ - binding protein levels after

kindling.



CHAPTER 3

- THE HIPPOCAMPUS

3.1 Gross Anatomy . "

v

The hippocampus siarts medially at the septum and'Qurves
posteriolaterally, along the medial wall of the inferiof horn of the
lateral ventricle, into the temporal lebe (Carpenter, 1872:; Fig. 1. p.
6). The hippocampal formation has a pecullar anatomy. It can be

conzidered as a series of parallel lamella oriented at right angles to

thelongitudinal axis of the hippocampus. Each of'these lamella

cont?in a very similar neural circuitry {Andersen et al., 1971a:; Fig.

-

2, p. T). w

The "hippocampus proper” refers to the area containing the

-

4
.pyramidal cells wh;le the area containing the granule cells is termed

thé "dentace gyrus". In this thesis the term "hippocampus” refers to
both the hippocampus proper and the dentate gyrus. The area between
the upper and lower granule cell body layérs is called the "hilus"

(Pigs. 2. 5)}.

3.2 Tie Excitatory System

h]

-3.2.1 Anatomy and Pharmacology

~

ff Andersen et al. (1971a) described the intralamellar circuitry.
Axons from granule cells in the dentate gyrus, the mossy fibres,

synapse onto CA3 pyramidal cells. These CA3 neurons send their axons

v . 33

v
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" l Figure 5

a4
A depth profile of responses evoked by perforant path stimulation. The
recording elect odeJighlowered through the region indicated in the
rectangular box.of dashed lines in figure 2 of which a close-up is
presented on the left in this figu&‘e. The different layers are termed
stratum'orjeﬂh; stratum pyramidale, stratum radiatum, stratum -
lacuﬂdsunaméleculare. stratum granulosum, and the hilus. Vertical

calibration: 1 mV: Horizontal calibration: 1 ms. Adapted from Douglas
and Goddard, 1975.

N
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as the Schaffer collaterals to the apical dendrites of CAl pyramidal-
cells (The hippocémpus proper, the part thai contains thé pyramid
shaped;cella. is also known as "Cornua Amonis"; hence ‘the abbreviation
"CA";JFig. 2, p. 7). Both granule and pyramidal cells have collateral
axons that innervate inhibftory basket cells (Andersen et al., 1984;
Fig. 4. p. 20). |

Hippocampal afferents come from at least six different areas
{Segal and Landis, 1974). The major input into the hippocampus is
formed by fibres of the perforant pathl The site of origin and
iernination of these fibres were described in more detail by Hjorth-"

|
Simonsen (1972), Hjorth—Sihonsen and Jeune (1972) and Steward (1976}.

They found eviaence fOﬁ the existence of a mediél and lateral ‘
component of the perfor;ht path. The medial perforant path consists ofv
axons from stellate neurons in layers II and III of the dorsomedial
entorhinal cortex which contact granule cell dendritgs in the middle
third of the molecular layer. The lateral peﬁfbrant path originates
from cells in the ventrolateral entorhinal cortex and synapse onto the
dendrites in the outer third of the molecular layer. The perforant
path fibres, mossy fipres and the .Schaffer collaterals appeaf to
qontain the neurotransmitter glutamate (White et al.: ;977; Sandoval
et al., 1977; Storm-Mathisen and Iversen, 1979). A second source 6!
h{ppocanpal input is forued by axons of septal neurons. Chollnefgic
fibres arising from septal nuclel ascend via the fornix to Fhe

hippoéampus where they contact CA3 and granule cells (Segal and,

- Landis, 1974). Third, axons from CA4 cells in the contralateral

[N
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. hippocampus project via the anterior commissure to the dentate gyrus

(Swanson and Cowan, 1977; Hjorth-Simonsen and Laurberg, 1977;
Laurberg, 1979). These fibres are believed to terminate on inhibitory
interneurons as well as on the granule cells. The main effect of this
pathway is inhibitory however (Douglas et al., 1983). Fourfh, fibres
from the nucleus coeruleus terminate ip the ipsilateral hippocampus
where they have a long-lasting {up to 2 min) Inhibitory effect,
presumably mediated by nor?pinephrine (Sé%al énd Bloom, 1976). Fifth,
the raphe nuclel provide the hippocampﬁs with serotonin contgining
fibres. A final soufce of hippocampal input has been traced back to
thé supramamallary area (Segal and Landls; 1974; Segal. 1979). These
fibres terminate in the dentate gyrus where they inhibit granule cell
activity with a short latency (5-5 m3) for a long period of time

+

{(about 30 ms; Segﬁl. 1879). The tfansnitter used by this pathway
remains unknowﬁ. .

Hippocampal efferents are formed by CA3 and CAi neurons. CA3
neurons send their axons via the fimbria to the fqrnix system
(Ahdersen et al., 1973). Fornix fibres project to the lateral septum,
to the contralateral hippocampus, to thg_lateral preoptic, thalamic
and hypothalamic areas or the mammillary conplek‘(lsaacson. 1974:
Swanson and Cowan, 1977). Finch an& Babb (1981)'found that some CAl
axons aiso project to the lateral septum via the fimbria and fornix

but the majority of these fibres terminate in the subiculum.
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3.2.2 Electrophysiolopy

-  When the perforant path is electrically stimulated, a
characteristic evoked response can be recorded in the hippocampus. The
form of the evoked response depends on the position of the recording
electrode in the hippocampus. Figure 5 (p. 34) shows the shape of the
evoked response recorded at various depths. Note that when the
recording electrode 1§sposltioned in hilus of the dentate gyrus. the
evoked responsé is largest.

Focusing on the evoked response recorded in the hilus, three

components become apparent (Top of Fig. 3, p. 8). The first component

represents the stimulus artifact and is large1§ caused by current

- ~
i flowing ditectly from the stimulating electrode to the recording

5

electrode via low resistance cytoplasm. The second component consists
of a positlée‘chahge.ln potential which is caused by the N
depolarization of the granule cell dendrites. The slope of this
component is believed to be proportional to the amplitude of the
cellular EPSP and is often called the population EPSP (Lomo, 1971;
Bliss, 1979; Dunwiddie and Lynch, 1979). If the intensity of the
stimulation is large encugh, a tEird component can be observed. It
consists of a negative inflexion, the population spike..auperimposed
on fhe poﬁulation EPSP and reflects the near synchronous dischargé of

granule cells (Lomo, 1971; Andersen et al., 1971b). The population

spike height 1is proportional to the number of granule ce!ls firing.

I3
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3.3 The Inhibitory System

3.3.1 Anatomy

Buzsaki (1984) recently summarized a substantial body of
information about hippocampal interneurons. Although interneurons
account for only 2-4% of hippocampal neurons, ;hey do not constitute a
uniform class 6f cellsl The most common hippocampal interneuron is the
basket cell of which there are believed to be five types. Basket cells
are responsible for the GABA-mediated inhibition in the hippocampus.
Investigations using electron micfogcopy and studies using antisera to*
GAD (Glutamate Acid Décarbokylase is an enzyme that catalyzes the
formation of GABA and is restricted to GABA-ergic heuroﬁs) show that
baskét éells can be found within the princlﬁal cell lavers of the
hippocampuh (the pyramidal and granule cell layers) or within 10-50 um
of these layers. Occasionally ghey are found In the molecular layer as
well. Basket cell axons form complex networks aroﬁhd many principal
cell sonqta (hence the name basket cell}. They may also terminage on
the proximal dendrites or on the distal apical depdrites of these
pfincibal.cella. Since the pérforant path also innervates the distal
apical dendrites of the granule cells, it is possible that the
inhlbition_ln this area is of the axo-axonic type. Buzéaki and
Bidelberg (1982) proposed the existence of axo-axonic contacts between
commissural and perforant path flbrgs. Evidence for axo-axonic
synapses of GABA containing cells in cat hippqcampus (as well as in
the cat visual_cortex) was reported by Somogyi et al. (1985).

Valentino and Dingiledine (1981) described a presynaptic inhibitory
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)
correspondence exists between-type of basket cell and the area
projected to by that type of cell.
It is known that hibpocaupal basket cells play a key role in
recurrent inhibition. Thus, collateral axons of principal cells
a f?vate bqsket cells which in turn inhibit those same principal cells
{ ndersen(et al., 1964; Fig. 4, p. 20}. Graduglly. evidence is
ébcumulatiﬁg showing that basket cells are activated in a feedforward
manner as well. Buzsaki (1984) argues. that basket cells receive

substantial‘anounts of feedforward inﬁaf-fron the contralateral
hippocampus via the commissure, from the perforant‘path. the septal
afferents, hypothalamic afferents, afferents from the raphe nuclet,
from the locus coeruleus and from other subcortical regions. Again,
the possibility arises that the type of basket cell determines whether

it receives feedback and/or feedforward input. No evidence s

available on that matter.

3.3.2 Phatmacology

Although interneurons have been found to secrete a number of
substances, the basket cells are GABA-erpgit (see Buzsakl, 1984). The
membrane sites to which GABA molecules bind are receptor complexes
rather than simple receptor sites {(Olsen, 1982). There are two kinds
of GABA receptors, GABAa and GABAb receptors. Thé GABAa receptor,
affecting Cl-channels (Olsen, 1982; Haefely, 1984}, is associated with
regulatory sites., These sites, when occupied by certaln drugs an& by

particular lnternally produced substances, elither potentlate or

Y
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inhibit the effects of GABA (Siﬁnonds. 1983; Meldrum, 1980). Some of
these regulatory sites bind barbitu;ates and picrotoxin-like
substances (Olsen, 1982). Other regulatory sites correspond to the
benzodiazepine (Bz) receptors discovered by Squires and Braestrup p//’/
(1977). When Bz receptors are acti;ated. the probability of GABA
activatiqnfaf the Cl- channels is increased (Haefely, 1984). 1In
agreement with this is the evidence showing that Bzs (e.g. valium)
increase recurrent inhiﬁiiion in the hippocampal dentate gyrus (Adémec
et al,, 1981a; Tuff et al., 1983a ). Interestingly, Bzs are also
poten} anticonvulsants (E;die and Tyrer} 1980). Some evidence
indicates that Bzs may exert their action via the Ca++/calomodulin .

r

protein kinase system in brqin membranes (Delorenzo et al., 1981).
GAB:L receptors, at least in the PNS].aEe not associlated with Bz
receptors (Doble énd Turnbull, 1981; Muhyaddin et al., 1982). The
GABAb receptor, when activated, 1; believed to modulate voltage-

dependent Ca++ channels (Dunlap, 1981; Dunlap and Pischbach, 1981).

3.3;5‘Electroghisioldgg

Intracellular recordings of basket cell activity has
eatabll#hed the following characteristics. Action potentials of basket
cells have a very short duration, lgss than 1.2 ms (Knowles and |
Schwartzkroin, 1981). These cells have a low threshold and fire
repetitively at a high frequency (up to 700 Hz) in response to
afferent stimulation. 'Basket cells in the hippocampal dentate gyrus

.appear to support LTP in the form of an increase in probability of
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afferent stimulation. Basket cells in tﬁe hippocampal dentate gyrus
ap%eaﬁ to support LTP in the form of an inckease in probability of
fir}n& when activated by commissural or perforant path stimulation
(Buésaki and Eidelbgfg. 1982)~—Basket cell activity 1§ maximal at
about 10-15 ms after stimulating axons that lnnervate thesg cells and
subsides after about 100 ms (Thalmgnn and Ayala, 1982). This first

. Ilnhibitory phase is Cl- mediated {Eccles et al., 197#: Thalmann'and
Ayala, 1982). Electrophysiolzgical records .often ‘reveal a second
inhibitofy component, beiieved to be medlated by a K+ current, which
peaks at about 150 ms and may last fqr several hundreds of ms. This

&

late hyperpolarization of principal cells may be’voltage-dependeht
assgﬁgggzijJﬁgpeﬁdent,(Nicolland Alger, 1981; Thalmann and Avala,
1982). This raises the interesting possibility that activation of
GABAb receptors {see previous section) is fesponsible for the latg
inhibttory component. In support of this;hypothesis._uewberry and
Nicoll (1984) found that baclofen, which activates GABAb receptors,
strongly hyperpolarized hippocampal CAl cells, possibly due to an
increase in K+ conductance.
The characteristics of hippocampal inhibition have also been

investigated by means of the paired—pulsé paradigm (Adamec et al.,

" 1981a; Tuff et al., 1983a; Oliver and Miller, 1985). In a ;ypical
paired-pulse experiment thg first pulse delivered to an excitatory
pathway will activate targét cells which, via collaterals, activate

inhibitory basket cells. The recorded evoked response of .target cells

to the first pulse (the conditioning pulse) is not affected by



42

depressed 1f the time between the two pulses (the Interpulse interval
or IPI) falls within the period of peak recurrent inhibition {about
10-30 ms}. At IPIs longer than 30 ms, the tést response is often
increased in amplitude relative to the conditiqqing response.
Presumably this facilitation is due to an increase in neurotransmitter -
output to the test pulse (Creager et al., 1980). The net effect during
the first 100 ms will depend upon the balance between the inhibition
and fac;litation effaects. A second Inhibitory component is apparent in
many cells. It is d{fficult to determine when this late inhibition
- begins becau#e of the presence of the facilitatory component. The late
ﬁ.lnhlbitory compohent lasts longer than 500“n3, however, and is
believed to ca;respond to the iate‘component of inhibition discussed
earlier. Thusg, the nagnithg\of'th%'test evoked response is determined
by the net contribution of each of the three phases just described
(ed;ly inhibition, facilitation, and lagé inhibition). '

FPigure 6 shows a typicéyﬁexanple of the effects of the

\ .

gpplication of paired—pulse.atlnul%fion to the perforant path while
recording from the.dentate g}anule %alls. The left-hand column depicts
the first response of each pair. From top to boftoq, the IPIs between
the two members of each pair are 20, 30, 50, 70, 100, 150, 200, 300,
500, and 1000 ms. Pulse-pairs are separated by 10 s. The amplitude of
the populétion spike (reflecting the amount of cells firing ﬁore or
lesas synchrono;q}y; Lomo, 1971; Andersen et al., 1971b) is about the

same for all first members of the pairs. The spike amplitude of the

test evoked response, however, is depressed at short IPIs (recurrent



inhibition), then faeilltated and, finally, shéws a second phase of
slowly recovering inhibition (presumably due to K+ mediated late
hyperpolarization). It 1s common practice to express the test spike
amplitude as;a percent of the conditionigg spilke amplitude (i.e.
P2/P1x100) such tpat 100% implies identical conditioning and tést
spike amplitudes. Anyth;nk below 100% reflects a deprgssion of the
test spike amplitude while measures above 100% Imply a facilitation.
Expressed in this manner the data of figure 6 appear as depicted in
figure 7 (Top). Paired-pulse measures of the slépe of the onset of the“
 evoked responses (reflecting the population EPSP; Lomo, 1871;
Dunwiddie and Lynch, 1979) can be expressed in a similar fashion
{Bottom of Fig. 7). ‘

Often, input/output relationships are determined during

electrophysiologicai experiments involving the hippocampus. The

procedure invelves recording responses evoked by st
. \ i

nerve pathway at a number of diffprent intensities

sulation of a
-éure 8 provides
an example of recordings taken féonnthe dentate gyrus while the
perforant path was sfinulated at the indicated intensities.
Input/éutput relationships provide informatioq ébout the tonic effects
of an experimental treatnent.ﬁFor-exanple. a sﬁal; Increase in tonic
inhibition migﬂt result in a smaller population spike at the lower
stimulation intensities since the'basket;celis are believed to have a
very low threghold (Buzsaki and Eidelberg, 1982). At higher
intensities, however, excitation might overcome any lncreased
inhibition. Input/output relationships also indicate what stimulation

intensity must be used to maintain a constant populatfon spike helght.

F3
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Figure 8. R
An example of potentials evoked in the dentate gyrué 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 interval 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.

J
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Figure 7.

Top: The test spike neignts from figure 6 expressed as a percent from

the conditioning spike height (Pl= conditioning spike height; P2=test
apike height).

Bottom: The same for the population EPSP (El=s]ope of the conditioning
response; Ea=slope of the test response)
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Figure 8.

An example of responses evoked In _the dentate gyrus by pulses applied
to the perforant path during determination of input/output
relationships. Each evoked response istan average of 10, evoked at 1

.0f the 10 indicated intensities. Vertical calibration: 6 mv;

Horizontal calibration: 4 ms.
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3.4 Objectives

In chapter 2 {Kindling) it was mentioned that kindling
increases paired-pulse depression. This increase was deduced from the
observed down;agg,shift of the wheole curve in figure 7 (Top) after
kindllhg (Tuff et al., 1983a). Kindling-induced changes in responses
evoked by sinﬁle pulses can also be observed (Racine, 1978; Goddard.
1982; Giacchino et al., 1984). However, all these kindling-induced
changes were measured after the animals were fully kindled (i.e. after
seéeral Stagé 5 selzures). Furthermore, evoked responses were only
looked at once after kindlding. Therefore no information is.available
on ﬁhen. during the kindiing process, these changes occur and how long
they last after kindling is conpieted.

The kindling-induced increase in paired-pulse depression is
believed‘fo.be caused by an increase in the number of Bz receptors
(Tuff et al’, 1983a,b). If this is true, ‘then the time course of this
increase in the number of receptors aftéer kindling should parallel the
time course of the increase in paired-pﬁlse depression.

;

The following experiments were designed to answer these

questions.



CHAPTER 4

GENERAL METHOD

4.1 Surgery

Male Long Evans hooded rats, weigﬁing between -350 and 450
grams, were used in all experiments. Bipolar électrodes Qere‘lowered
to the hippocampal dentate gyrus and to the perforant path of the
animals participaﬁing in the J&ectrophyaiological experiment, while

rats used in the binding study received electrodes in the perforant

-

path only. All animals received bilateral lmbiants undet sodiqm
pentobarbital anaesthegia (50 mg/kg) while fixed in a stereotaxic
apparatus (David Kopf Instruments) wifh bregma and lambda ~ipn the same
horizon}al plane.

All electrodes cqnsisted of two teflon coated stainless steel
wires (130 um in diameter) twisted together. The coordinates of the
recor@ing electrodes. posftioned in the hilus of the hippocampal
dentate gyrus, were 3.8 mm posterior and_a.a mm lateral relative to
bregma. Sti;ulating electrodes were placed 8 mm posterior.qnd 4.8 mm
lateral to bregma. Optimal placement of the electrodes was achieved by
monitoring the evoked response to electrical stimulation of the
perforant path while slowly lowering recordiﬁg and stimulating:
electrodes. Only one pole of the recording ‘electrode was used for‘
recording. As mentioned earlier (p. 37), the rate of rise (slope) of

the population EPSP provides a relatively uncontaminated measure of

48
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response ampllitude. This component was monitored, as the electrodes
were lowered, until no further increase in ﬁagnitude of the evoked
response could be obtained. Dépth of the electrodgs in animalé
receiving perforant path implants only, was based on the depth of the
electrodes recorded In animals that received implants under
electrophysialogical control (3.0 mm from brain surface).

Electrodes were fixed In place with dent;l acrylic.
Subsequently, the connecting pins of each recording, stimulating and
grohnd electrode were leh into a plastic headcap which was also
cemented in place. Finally, all animals received penicillin (Derapen

C, 0.2 cc intra muscular) in order to prevent infections. All anlmals

were allowed to recover from surgery for at least two weeks.

4.2 Aégaratus

Electrical stimu]ation was delivered by means of a Grass S88
stimulator. Constant current output was proviaed by photoelectric
stimulus isglation units (Grass: model PS106). During the experimental
phasé a Grass Wide Band A;C. EBEG Pre-Anplifief (model 7PSB} and a
Polygraph D.C. Driver Amplifier (model 7DAE) were used when recording
evoked responses or EEG. Duélng surgery evcked responses were
pfeaiplified by a Grass P15 A.C. pre-alplifiér:before being fed into
the Wide Baqg A.C. EEG pre-amplifier. Cutoff frequencies ﬁere set at 1
Hz and 3 kHz. Data were stored and analyzed by means of a computer

program written by R. Adamec and R. Douglas (1978) which was run on an

on-line LSI-11 microcomputer :
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.4'3 Stimulation Parameters

© 4.3.1 Kindling
Rats were k;ndled {1 s train of 1 ms biphasic pulses, at a
frequency of 60 Hz and an'intensity of 400 uA) In elther the dentate
gyrus or in the perforant path. Alllanimals participating in the
- binding study were kindled in the perforant path. On the day kindling ¢
was started only 1 Aﬁ was triggered. Afterwards three ADs were
triggered each day, 3 hours apart._until a Stage 5 seizure occurred (a )
tonic/clonic rearing and falling generalized convulsion:; Racine,
1972b). Only one Stage 5 seizure was then triggered a dayr EEG was
always monitored during kindling. Control animals regeived no kindling
stimulation but were treated 1den£ically ctherwise.

A

J

4.3.2 Electrophysiology

4.3.2.1 Evoked Response Measures —_—

»

Measures were derived from evoked responses recorded from the
dentate gyrus in response to‘perforant path stimulation. Evoked
response measures consisted of the height of the ponulation gpike and
the slope of the population éPSP {Top of Fig. 3, p. 8). The population
;pike was measured from a tangent drawn between the first and«third
turnover points of the evoked response. This measure of populatién
gpike height was preferred to the one obtained from the first turnover

point only. This preference (s based on observations from paired-pulse

experiments indicating that the latter method often yields similar
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spike helpghts for condltioﬂing and test evoked potentials (not unlike
some of those in Fig. 13, p. 68) even though unit activity in response

to the test pulse {s depressed (R. Racine, unpublished observations}.

4.3.2.2 Input/Qutput

In order to determine input/output relationships, 100 pulses
were delivered to the perforant path at a rate of 0.1 Hz. After every
10 pulses the intensity of the gstimulation was increased. The lower
and upper limits for stimulation intensity were 10 uA to 1200 uA.
Different ranges of intensities were ugsed for individual animals,
however, in order to obtain similar increéﬁes in evoked potentials

with increasing intensities for all animals.

4.3.2.3 Paired-Pulse Stimulation

'Interpulse intervals (IPIs) used during paired-pulse
stimulation were 20, 30, 50, 70, 100, 150, 200, 300, 500, and 1000 ms.
Pulse pairs were separated by 10 s (0.1 Hz). At the beginning of the
experiment the intensity of the paired-pulse stimulation was set so
that the test spike height was about 70% of the conditioning spike
height at an IPI df 20 ms. During the rest of the experiment the
intensity was always adjusted so as to maintain siéilar amplitudes for
all conditioning response-population spikes (i.e. the population
spikes evoked by the first member of each stimulus pair). ’

In what folléwg. the term "baseline" refers to the average of

those measures collected over the 4 days before the 1st AD was
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triggered. Data obtained during input/output sessions were
standardized to 1000 as follows: All input/output measures from any
one animal were divided by its maximum basellne value and subsequently

multiplied by 1000. This was done to facilitate individual -and group

comparisons.



CHAPTER 5

EXPERIMENT I. Electrophyslology: Development and Decay of the

Kindling-Induced Increase in Paired-Pulse Depression.

5.1 Introduction

At present, the only reliable way to induce long-term changes
at (hippocampal) inhibitory synapses 1s to kindle an animal. (The
reader will_remember that in order to kindle an animal, epileptogenic

—

stimulation, which elicits AD, must be applied repeatedly to brain ,
sites with a minimum of tworhours‘éﬁapsing between successive .
Q;imulation sessions; Racine._1978). A first indication that
hlppocampai inhibition might he Increased two weeks following kindling
in the hilus of the hippocampal dentate gyrus was reported by Tuff et
al. (1981) and later by Goddard (19¢82), In the Goddard study,
responses were evoked in the den;ate gyrus by pulses épplied to the
perforant ﬁath. the contralateral hilus, eor both. In the latter case,
the contralateral pulse preceded the lpsilateral pulse, providing a
measure of inhibition. The responses were recorded before and two
weeks after kindling. The results, although not significant, suggested
in increase, rather than a decrease, in inhibition.

Using paired-pulae atinulatlon of the perforant path to

asaess the zmount of inhibition in the rat hippocampal dentate gyrus,

Tuff edfal. (1981: 1983a) were able to show that jpaired-pulse
!

A
\\
.
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inhibition was Increased two weeks after the last kindling stimulatlon-
was applied. Similar results were reported by Oliver and Miller (1985)
who used hippocampal slices from kindled and Aon-kindled animals, and

recorded from granule cells.

It is not clear whether this -kindling-induced increase in
inhibition 1s a form of LTP. It is not known, for example, whether the
increased inhibition aecays over time as LTP invariably does (Racine
et al., 1983; de Jonge and Racine, 1985). The kindled state itself
appears ta be based upon a permanent change in cell function, as
revealed by the permanently incfeased responslvlty'to epileptogenic
stimelation (Wada et al., 1974). .

There are some similarifies between the increased lﬁhibition
due to kindling and LTP in excitatory systems. For example, there is

an increase in bénzodiazepine'(éz) receptors, which might underly the
‘increased inhibition (Tuff et ai.. 1983b; McNamara et.al., 1981;.Sh1n
et al., 1983), and an increase in the numbe?;gﬁ active glutamate

' receptors is believed by some to be the mechanism underlying LTP of
excitatory synapses in the hippocampus (Baudry and Lynch, 1982).
Furthermore, the increase in dentate Bz receptors, due to amygdala
kindling, seems inversely related to the amount of time elapsed
between last kindling treatment and time of sacrifice of the animal.
Thus, McNamara et al. {1981) found a 35% increase in Bz receptors 24
hours after the last kindling stimulation. Tuff et al. (1983b) found

only a 14x-1ncreaae in Bz receptors in kindled animals 2 weeks after

the last kindling treatment. Shin et al. (1985) were unableé to detect
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an Increase in Bi receptors 28 days after the last kindling
stimulation. If the i{ncrease in inhibition is an LTP-1ike phenomenon,
and 1f the increase {n Bz receptors underlies the increase in
inhibition, then electrophysiological measures of 1nhibit{on should
also show a decrease over time.

It is not known whether generalized convulsiona need to be
elicited in order to obtain the increase in inhibition or whether the
occurrence of AD is sufficient. The data regarding the }nérease in Bz
receptors after kindling indicate that triggering AD might be
adequate. These receptors appear to decline in number after kindling
during a periqd‘when convulsions, if triggered, would still be fully
generalized, suggesting receptor number is independent of the kindled
state. In further support of this argument is the positive correlation
between the-nuuber of Bz receptors and the nu;ber of ADs administered
{McNamara et al., 1981). The assunption.'of course, is that the
increase in Bz receptors underlies the increase in inhibition induced
by kindling.

It is now evidéni that fhe inhibitory action in the

hippocanpua has at least two components. An early inhibitory phase is

' Cl-nedigted and peaks at 10-15 ms. A second inhibitory phase, believed

to be mediated by K-current, réizhes its maximal efféct at about 150 .
ms a;d may last for several hundreds of ms (p. 41). Both inhibitory
components, as revealed during paired-pulse stimulation, potentiate as
a result of kindling (Tuff et al., 1983a; Oliver and Miller, 1985).

Possibly. the two components pgﬁentlate through independent
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.

mechanisms. If so, then the rate of development as well'hé the rate of
decay of the increase in inhibition might differ for the 2 inhibitory
components. Oliver and Miller (1985) suggested that a decrease in

latency to onset of the second inhibitory component is responsible for
the increase in early inhibition. Consequently, in their view only one

component - is affected.

The following study investigated development and decay of the
P .
increase in paired-pulse depression in the rat dentate gyrus due to

kindYing.

5.2 Procedures

On the first 4 days after recovery from surgery, baseline
measures wereutaken for each animal. These measures consisted of
" evoked responses recorded during input/output and paireg-pulse
" stimulation. Half o£ the animals in each group receiJ;J input/output
stimulation firpt. immediately followed by the paired-pulse
stimulation;-The other animals received each type of stimulation in
the reversed order. The order of stimulation for each ani;ul was
maintained throughout the experiment. On the 5th day, animals in the
dentate gyrqsfkindled group (n=8) received 1 kindling train in the
hilus of the dentate gyrus. A second group of animals, the perforant

- a—_— .

.path-kindled group (n=8}, received an ildentical train of pulses in the
perforant path. Animals in the third group, the control group (nfa).‘

were treated in the same manner as animals in the two preceding groups

except that they never received any klndlink stimulation. The k}ndling

2
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trﬁin of pulses always eliclited at least’l AD; lasting a ﬁinimum of 10
s, as verified by EEG recoraings. On Day 6, 24:hour§ after the first
AD was elicited. or after a stimulation-free period treatment for
control animals, input/output and paired-pulse measures were taken
again. Immediately gft¢rwards. 3 kindling trains separated by 3 hours
were given to the animals. On Days 7 and 8, the animals again received
3 kindling gralns. On Day 9, after the animals had‘acéumulated a total
of 10 ADs, Input/output and paired—;ulse tests were reapplied. This
was followed by another 9 evoked ADs, 3 per day, followed by a repeat
of the 1nput/ou£put neasures_and paired-pulse measures. This was
continued until the animals showed S;age 5 seizures, 34 hours after
which input/oufput and paired-pﬁlse measures we;e_again taken. Three
additional Stage 5 seizures were eliclited on subsequent dayg after
which input/output and paired-pulse measures wére again coliected.
This phase |s termed "develcopment"”. These same measures were collected
3. 7. 14, andﬂza days after the last Stage 5 seizure was evoked. This
ﬁhase is terted " decay ". Finally, animals received 1 more kindling
train, aftef the stllulation—free'decny period, followed by
‘1nnut/oﬁtput.and paired-pulse measurements 24 hours later. Thislfinal
" AD un; evoked to teat.for possiﬁle résidunl effngts. If kindling-
induced increases 1n'1nh1b1tion“aeca§ back to pfe—kindling baseline
levels dur{pé the 4-week dqchy period, a final AD light_§{ill

reinstate these effécts to their full extent. If so. it would bq'

inappropriate to speak about a simple “decay" of -the kindling-ihduced

effects. The final AD was induced to investigate that possibility.

q
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Input/output And paired-pulse data for control animals were
taken on ﬁaya 1-4 (Baseline), Days 6, 9, 12; 15, 18, and 21
(Eﬁuivalent'to the development phase in the\exﬁérimental groups), Days
24, 28, 35, and 49 (Equivalent to the decay phaée in th; experimehtal
groups), and on Day 50 (Equivalent to the day after the final AD in
the experimehtal groups). This choice was based on' the ;&ﬁimum amount
of time requi;ed by dentate-kindled aniéals to show a Stage 5
seizure). Table 1 summarizes the procedures.

In what fo&}oua. baseline data implies the average of those

measures collected over the first 4 days {see General Method, p. 48}.
. >

5.3 Results ' . -

.5.3.1 Kindling

Animals kindled in the perforant path required an averége of
20.175 !sd=5.26; ﬁ=8) ADs to reach criterion, Fhe 4th Stage 5 seizure,
This was Qignificantly fewer (t=3.31; 0.001<P<0.01}) than the average

of 72.50-(3d=40.42; n=8) ADs réquire% by the déptate-kin&led animals
- - :

to reach criterion. Two animals in the latter group,déﬁar showed a
“
Stage 5 selzure.®The kinQiing—lnduced electrophyslological effects In

these two animals, howevefu were similar to those of the other animals -

»

In the dentate-kindled group. Inifact. the gvoked potentialq-displayed
in Figure 13 TBgNTATE. p.: 68), are from an animal that did not fully
kindle. Consequently, their results were included in the data-

anelysis. No other differences between the two groups could Pe

observed, with respect to the kindling effect.
: ' . -~ '
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5.3.2 Input/Qutput Measures- Spike Heipght

After the first AD, the spike heipght of animals in both
experimental groups was potentiated at the higher stimulation
intensities. This effect was relatively small in the dentate-kindled
group. Control anima;s showed a small decrease in spike height (Fig.
9). Subsequent stimulation did not appear to have any additional
effect on the spike helght of perfora&t path-kindled animals although
a small decrease in spike height at low stimulation intensities was
apparent when kindling was. completed. Qpike height of dentate-kindled
animals became progressively depressed with subsequent stimulation.
Thls‘yepression was first obvious at lower intensities‘and gradually
spread to the higher stimulation 1nte;sities {({Fig. 9). Pour weeks
after kindling was completed, the lncreaseq spike height of the
perforant path-kindled group had returned to pre-kindling baseline
levels. A recovery of‘the depressed spike height of the dentate-
kindled animals was also apparent 4 weeks post-kindling. This recovery
began at the higher stimulation intensities. The splke height of

control animals remained stable, slightly below baseline, over a

comparable period of time (Fig. 10).

5.3.3 Input/Output Measures- Slope

After the first AD, the slope was Increased for both

_experimental groups at the upper half of the input/output'curve. When

-

kindling was completed the slope magnitude of the perforant path-

kindled ahilula was similar to that observed after the firs; AD. The

—/{) )

&h
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slope of the dentate-kindled animals however, increased progress ﬁély
after the 10th AD. The increase was largest, about a 100% increase
from baseline when kindling was terminated, at the higher stlmulatiqn
intensities. The slope of control animals remained very stable over a
comparable period of time, deviating only slightly from baseline
levels (Fig. 11). Interestingly, the slope remained increased over the
4 week period post-k{mdling. In fact, the slope of both experimental

@

groups increased even more during this period. However, & similar
i

small increase in slope was observed In control animals (Fig. 12).
ot :

-

5.3.4. Paired-Pulse Measures— Spike Height

Figure 13 shows an example of palred-pulse depression before,

L ]

during and after kindling for one animal in each group (Interpulse -
interval=20 ms). Baseline paired-pulse ;easures of the spike height
were typical for all three groups (Fig. 14; squares). An initial,
early depression of the test spike helght, presumably due to recurrent
inhibition, was apparent at an interpulse interval (IPI} of 20 ms. A
net facilitation of the test splke height‘was observed when. IPls
ranged frdn 30-100 ms. Pinally. a secondary, late depression of the
test spike height began at an IPI of 150 ms, peaked ét an IPI of 300
ms, and decreased'with longer IPIs.

After the first AD, the‘éarLy dopresslén was increased and
prolonged (to IPI=30 ms) in both experi;ental groups. This effect was

strongest in the dentate-kindled group where all animals showed this

increased and prolonged early inhibition as opposed to 5 out of 8
- -

h

LW
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animals in the perforant path-kindled group. Most of the control
animals (8 out of 8) showed a slight incre;sé‘in depression, but to a
smaller degree than the experimental qnimals (Fig. i4). The dentate-
kindled animals showed what appeared to be a decrease in inhibition at
longer IPIs {70-200 ms) whereas inhibitlon at these IPIs In the other
two groups did not change.

After AD 10, an increase in inhibition was apparent at all
IPIs in both ekperlmental groups, althoﬁgh there was some varijability
in the dentate-kindled animals at the longer IPIs. The ipcrease in
inhibition appeared to peak after about 19 ADs. Subsequent éti;ulation
did not alter the levels of inhibition at any IPI#IFig 14).

5
4& The early inhibitory component remained potentiated for at

least 2 weeks after kindling and some potentiation was still evident 4
weeks after the last stimulation was applied. It was quite clear in

1
the perforant path-kindled animals, however, that the increase in

7ear1; inhibition was returning towards pre-kindling levels {Pig. 15).
The decay process appeared to be considerably slower for the denhtate-
kindled group.

One week post-kindling, the late 1nh1b1t§ry compqnent in the
perforant.path-kindfed.group had returned ﬁo pre-kindling levels. This
return to baseline of the late inhibitory componenf was already well
underway 3 days after_kindling. The late inhibitory componenf of the
dehtate-kindled group }eturned to baseline withim 2 weeks post-

kiadling (Fig. 15). The paired-pulse measures of the spike height in

control animals remained close to baseline levels with the exception
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of the one aberrant measure at IPI=70 ms four weeks after kindling

(Fig. 15).

5.3.5 Paired-Pulse MeasureSf Slbpe
Both experimental troups showed an increase in pairéd—pulse

depression of the population EPSP. This increase was first obvious at
short IPIs qnd. with subsequent stimulation..spread gradually to
longer IPIs. This effect was particularly plear in the dentate-kindled

animals. Contrel animals did not show any change in paired-pulse
depression of the EPSP over time (Fig. 16). Although this d;presslon
was s8till potentiated four weeks after kindling, a movement towards

baseline levels could be observed (Fig. 17).

5.3.86 Re;Kindling Stimulation

4

Four weeks after kindling, at the end of the post-kindling
decay period, the final kindling stimulation was given to the
experimental groups. All animals in the perforant path-kindled group

responded with a Stage 5 seizure to the stimulation, while the animals

in the dentate-kindled group showed nothing strohﬁer than a Stage 1

seizure (mouth ﬁoveuents: Racine, 1972b).
The effects of the post-decay stimulation on tﬁe input/cutput
relationships of both experinenéal groups were simjlar in magnitude
\,
and d};;qtion to those observed after AD 1 (Top of Fig. 18). although
paired-pulse measures of the dentate-kindled:apimals and palred-pulse
slope measures of the perforant path-kindled anlqels were not affgcted

-

by the stinulat}on (Botgon of Fig. 18).
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Figure 9.

This figure shows 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 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. 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 AD10 data and the 1st
Stage 5 data). Both 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 Lesting a hypothesis.

>
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Figure 10,
This figure shows the decay of kindling-induced effects on th;J$
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 haseline 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
error bars are shown.
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Figure 11.

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.
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Flgure 12,

This fipure shows the "decay” of kindling-induced effects on the slope
3 days, 1 week, 2 weeks, and 4 weeks post-kindling in the perforant
path-kindled group (PERFORANT PATH: SLOPE DECAY) or in the dentate-
gyrus-kindled group (DENTATE: SLOPE.DECAY). Solld lines and squares:
pre-kindling baseline measures. Solid lines and triangles: slope
amplitude after the 4th Stage 5 selzure. (post-kindling measures}.
Dashed lines and diamMonds: slope amplitude at various times post- —
kindling. Group averages and standard error bars are shown.
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Figure 14.

The effects of kindling the perforant path (PERFORANT PATH: SPIKE
DEVELOPMENT) or the hilus of the dentate gyrus (DENTATE: SPIKE
DEVELOPMENT) on the population spikp palired-pulse measures are shown
above. Squares: pre-kindling basel{ne measures: Triangles: after
afterdischarges 1, 10, 19, 28, and after the lst ‘and the 4th Stage 5
seizure. (PI=conditioning spike height; P2=test spike height).
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Figure 15.

This figure.shows the decay of kindling-induced effects on the

population spike paired-pulse measures 3 days, 1 week, r§ 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.
'Solild lines and triangles: paired-pulse measures after the 4th Stage 5
seizure (post-kindling). Dashed lines and diamonds: paired-pulse °

measures at various times post-kindling. S
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Figure 16. o

The effects of kindiing the perforant path (PERFORANT PATH: SLOPE
DEVELOPMENT) or the hilus of the dentate gyrus (DENTATE: SLOPE
DEVELOPMENT) on the slope paired-pulse measures.are sirown above.
Squares: pre-Kindling baseline measures; Triangles: after
afterdischarges 1, 10, 19, 28, and after the 1st and the 4th Stage 5
gselzure. (Pl=conditioning spike height; P2=test spike height).’
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Figure 17.

This figure shows the decay of kindling-induced effects on the s]ope
palred-pulse measures 3 days, 1 week, 2 weeks, and 4 weeks post- v
‘kindling in the perforant path-kindled group (PERFORANT PATH: SLOPE
DECAY) or in the dentate gyrus-kindled group (DENTATE: SLOPE DECAY).
Solid lines and squares: pre-kindling baseline measures. Solid lines
- and triangles: paired-pulse measures after the 4th Stage 5 selzure
(post-kindling). Dashed lines and diamonds: paired-pulse measures at
various times post-kindling.
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i Figure 18. !

This figure shows the effect of the final afterdischarge (AD). The
solid lines without symbols represent pre-kindling baseline measures
and measures taken one day after the completion of kindling. The solid
line with squares shows measures after the 4 week decay period. The
dashed line with triangles shows the effect of the final AD.

{

Top: INPUT/OUTPUT MEASURES of the population spike for the control
group (CONTROL), the perfob nt path-kindled group {PERFORANT PATH),
and for the dentate gyrus-kjindled group (DENTATE) - are shown in the
upper. graphs while those for the slope are shown in the lower graphs.

Bottom: PAIRED-PULSE MEASURES of the population spike for the control
group (CONTROL), the perforant path-kindled group (PERFORANT PATH),
and for the dentate pyrus-kindled group (DENTATE) are shown in the
upper graphs while those for the siope are in the lower graphs,



STANDARD UNITS

(P2/P1X 100

(E2/E1)X100

Comray,

“#

INPUT/QUTPUT MEASURES

Lol TR

- CLiL

INTENSITY

PAIRED-PULSE MEASURES

PLRFCRAKT Faln

oENTAIL

1?

" mwh

O e T e

F I B B BN BRE R B IR L)

INTERPULSE INTERVAL (MSEC.)

W 4%

S e M LA 10N



|

74

5.4 Discussion

It is known that animals kindle faster when stimulated in the
entorhinal cortex than when stimulated in the dorsal hilppocampus
(Goddard et al., 1969). In the above experiment, kind g—éfimulation
was applied to the perforant path or directly Fo the dentate gyrus.
Cells in the entorhinal cortex are driven antidromigglly. and possibly
orthodromically as well, if kindling s;imulation is applied to the
perforant path. Since stimulatioﬂ?of these q1fferent loéations leads
to the recruitment of different populations of neufons. this is most
likely the cause pf the difference in kindling rate between the two
experimental groups. The number of ADs required to induce kindling
when stimulating the entorhinal cortex corresponds well to the number
of‘ADs required when stimulating the perforant path. In the above
experimentrtpe perforant path-kindled animals required an average of
20.75 ADs until the 4th Stage 5 selzure occurred:'Giacchino et al.
(1984) reported that animals kindled in the late;ai entorhinal portex-
reqﬁifed an average of 15 ADs until the 3rd Stage 5 seizure (their
criterion) was observed. In the Goddard et al. (1969) stiudy., animals
stimulated in the entorhinal cortex required 37 ADs until a behavioral
gseizure was seen. The stimulétion intensity used in the latter study,
however, ﬁas very low (50 uA for 60 s at 60 Hz), and EEG recordings
were not taken, -

. The input/output curves for the perforant path-kindled

animﬁls revealed a kindling-induced Increase in splke height as well

as a small increase in slope. Howgver;'the increase in spike height
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from baseline was never more than 60%, much less than is typically
observed during LTP experiments {(300-700%). Furthermore, a decrease in
splke height at lower stimﬁlatlon intensities was apparent at the end
of kindling. The increase in slope was small (maximum 26% from -
baseline) and only visible at the higher stimulation intensities. This
result is consistent with the findings of Giacchino et al. (1964).
They were unable to detect any consistent changes in population.EPSP_
at the’perforant path-dentate granule cell synapse during or after
k;ndling the lateral entorhinal cortex. The smaller potentiating‘
effects observed after kindling compared to those obsérved affer LTP,
could be due to the almost simultaneous, intense activation of
hippocampal excitatory apd inhibitory systems. Douglas et al. (1982)
have shown that sliultaneous activation of these two systens
interferes'with phe development of LTP. Possibly, the increased
activity In the inhibitory system leads to an increiég in Bz-activity
whichlhas been foun%fggfinterfere with the Ca++/ca;modu11n profein
kinase.system (Delo;énzo et al., 1981). As was mentioned in the
,_iétfoductibn {p. 11), the calmodulin systém appears to play an
Important role in producing LTP (Finn et al., 1980: Mody et al.,
1983): Wasterlain and Farber (1984) found that septal kindling leads
to a decrease in Ca++/calmodulin stimulated phospﬁorylation of certain
ﬁroteins. Non-kindled control animals showed a large Ca++/calmodulin
.stinulated phosphorylatisn of those proteins. Apparently, the results
were most pronounced in the hippocamﬁus and the amygdhlold—entorhinal

area. One of these proteins had a molecular weight of 50 kD which
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indicates that it could be the same-p;oteln as the one implicated in
the mechanism underlying LTP (p..12). Tﬁus. a kindling-induced ~
decrease in the phosphorylation of this protein might in;erfere,with
the development of LTP which requires an increase in phosphorylafion
of that protein.

The spike height of the déntate—kindled animals was depressed
after kindiing was completed. This depreésion was particularly clear
at lower stimulation intensities. Sincé kindling stimulation was
applied to th@ molecular layer, it is unlikely that a lot of perforant
path-dentate granule cell synapses were strongly activated. It is not
surprislng. therefore, that there was little evidence of LTP. In
addition, the inhibitosy system should be more strongly activated if
kindling takes place in the dentate than if it takes place in the
perforant path, particularly if the fee@forward activation of
inhibitory neurons by the perforant path is weak. If the stimulﬁtlon
is applied directly to the dentate gyrus the two systems should be
activated virtually ;imultaneoualy. The inhibitory system might in
fact be activated first since hippocampal basket cells havéﬂbeen shown
to have lower fﬁ}esholds than thelir excitatory counterparts, the
granule and pyramidal cells (Buzsaki and Eidelberg, 1982). It has ﬁeen

-argued above that simultaneous activation of hippocampal excitatory

and inhibitory systems inté;feres with the development of LTP in

excitatory synapses. If the inhibitory synapses are capable of
potentiation, the result would be a net increase in inhibition.

The slope measures for the dentate-kindled animals were

greatly increased after kindling. Such a dissociation between the
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spike and the slope after kindling the dentate gyrus has been reported-
before (Goddard, 1982). However, the mechanism underlying this
dissoclation remaina unclear. An increase in feedforward inhibition
was Initially thought to be responsible for the dissociation. The
hypothesis was that an incpease in Cl-conductance at the cell body
layer must add to the positive change in potential due to-the -
virtually simultaneous depolarization of the distal dendrites. At the
same time it would shunt the depolarization at the cell body layer
leading to a smaller population spike. However, the paired-pulse data
were not in agreement with the hypothesis. At an IPI=20 ms, recurrent
inhibition ls‘clearly present. This is reflected by the smallethest
spike height compared to the conditioning spike height {(Fig. 14)}. But
the test slope is also depressed relative to the conditloningV;lope
(Pig. 16) at thié IPI.

A decrease .in Na+ conductance might account for the
dissoclation data. This would shift the resting potential away from
threshold, leading to a smaller population spike while increasing EPSP “
magnitudes’, ‘ . : // ' )

The increase in paired-pulse depression developed and decayed
gradually. This {ndicates that the increase in paired-pulse &épression
due to kindling might very weil be an LTP-1like effect. The same can be
sald of the changes in anEt/output relationships of the spike height
observed after kindling. Since 3}1 animals‘in the perforant path-
klndled.group responded with a Stage 5 seizure to kindling stimulation
after the 4 week decay period, the kindling-induced effects on the

measures studled here are independent of the ‘kindled state.
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The differences between the two experimental groups in
development and decay rates of the kindling-induced effects might be
due to the different amounts of stimulation they feceiv&d as a result
of the difference in kindling rate. Towards the completion of kindling
in the perforant path group, a decrease in splke height emerged at
lower stimulétion intensities supporting this argument. On the other
hand, it is possible that direct stimulation of the dentate gyrus
pro&uced a much stronger activation of the inhibitory basket cells.
The stronger effect of the first AD oh palred-pulse depresslon ot the
spike height for the dentate-kindled animals 1s consistent with this
arpument (Fig. 14).°

The late inhibitory component}potentiated last and decayed
first. This indicates that either the duration of the early inhibitory
component increases such as.,to overlap with the late inhibitory

component, and/or both components potentiate and decay thrdugh

independent mechanisms. The results do not agree with a decrease in

7latency of the late Inhibitory component as proposed by Oliver and

Miller 1985).

&7



CHAPTER 8

¢

EXPERIMENT II. Pharmacology: The Number of Bz Receptors at Various

Times Post-Kindling. - '

6.1 Introduction

The increase in Bz receptors in the hippocampus due to
kindling appears to be inversely related to the amount of time
elapsing between the ;onpletion of kindling and sacrifice of the
aniuali McNamara et al. (;981) found & 35% increase ia the number of
Bz receptors 24 hours after kindling the right amygdala. A gimilar
increase (38%) was found by Shin et al. (1985) 24 hours after kindling
the right amygdala. The latter were unable to detect an increase in
the number of Bz receptors 28 days after kindling was completed. Tuff
et al. (1983b), however, detected a 14% increase in the number of Bz
receptors 2 weeks post-kindling in the amgg@ala.

From the above it appears that the kindliné—induced increase
in Bz receptors decays over time after completion of amygdala
kindling. The results of Experiment 1 showed that the %pé?base in
paired-pulse depression due to kindling the perforant path decays ;ver
time as well. Since the increase in Bz receptors is believed to
underlie the increase in paired-pulse inhibitjion, it is importan# to

confirm that the increase in Bz receptors also occurs in perforant

path-kindled anilaia. and that the increase in number of Bz receptors

79
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shows a decay similar to that found for the increase in paired-pulsg
depression (Experiment i). The cited literature 1s consistent with a
decay over the approprilate perloed, but the techniqués varied and the
issue was not directly addressed; The time course musthbe eatablished

with the appropriate control procedures.'ﬂ¥;following experiment

addressed this issue.

6.2 Procedures

Three groups of ten animals participated in this experiment.
gll animals recelved bipolar stimulating electrodes in the perforapt
path as described in Chapter 4. Half of the animals in each group weré
kindled in the perforant path as described in Experimeﬂt 1. The other
half served as controls. Each control animal was paired with an
experimental an{Eeﬁl_Control animals never received any stimulation
iﬁﬁt spent an equal amount of time in the same stimulation chamber,
Animals In the first group were sacrificed one day after completion of
kindling (the occurrencé of the 4th Stage 5 seizure).‘Both hippocampi'
were removed from the kindled animal as well as from the paired
control animal. Hippocampi from animals in the second and third group

were removed 2 weeks and 4 weeks post-kindling, respectively. All

hippocampi were subsequently assayed for the number of Bz receptors.

s

6.2.1 Tissue Preparation

6.2.1.1 Removing the Hippocampi

Animals were sacrificed by decapitatién. Immediately

afterwards, the brain was removed from the skull and dissected on ice.
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While the brain rested on 1ts ventral surface, the cerebellum and
about 0.5 cm of the frontal brain were removed by cutting in a plane

at right angles to the longitudinal axis of the brain. Subsequently,

left and right bfain were separated by cutting)the midline, along the
~ .

Longitqginal axls of the brain. The cortex of each half was removed

~and the hippocampi exposed. The hippocampi were pealed back from

ﬁﬁderlylng structﬁres and placed into plastic Eppendorf tubes which’
were then submerged in dry ice. After completion of the dissections

the tubes were placed in a freezer kept at a temperature of -70 C.

86.2.1.2 Prepa;jng the Membrane Homogenates
‘ The washed membrane procedure; described by Niznik et al.

{1984), was used for binding assays. Washing membranes removes
endogenous substances which interfere ;ith the binding of the ligand
to the membrane receptors.

The frozen hippocaﬁpi were homogenized in the presence of 50
volumes ice-cold 50 mM Tris-HCl buffer {(pH 7.4). Homogenates were
lsubaequently centrifuged at 48,000 xlg for 15 minutes at a temperature

of 0-4 C. The resulting pelletd were resuspended (Brinkmann polytron,

" gsetting 7.2 x 15 8) in 50 volumes of ice-cold deionized water (osmotic

shock) and incubated for 30 minutes at a temperature of 0-4 C. These
suspensions were centrifuged, and the resulting pellets were
ponoganized in an original volume of water. These homogenates were

then incubated on ice for an additjiona)l 30 minutes. Membrane pellets

- were- resuspended in 50 volumes of ice-cold 50 mM Tris-HCl buffer, at a-

)
- \
. : A
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pH of 7.4, and subsequently frozen at -80 C. After a minlmum of 16
hours, the samples were thawed and centrifupged. The resulting pellets
were washed 3 times in an original volume qf 50 mM Tris-HCl buffer,
and were then frozen at a temperature of -80 C. On the day that
binding assays took place, the frozen suspensicns were thawed,
centrifuged, and finally washed twice in 50 volumes of Tris-HCl buffer

at a pH of 7.4.

6.2.2 Binding Assay

LY

Total (specific + non-specific) binding was determined by
_lppubating washed membranes {100 ul containing 40-70 ug protein) with
six differgnt concentrations of [3H]flunitrazepam (0.3-6.0 nM, final
concentration for saturation analysis) in 100 mM Tris-HCl buffer (pH
7.4). The blank -(non-specific binding) was determined by the same
inCﬁbatlon procedure but in the presence of 1 uM unlabeled clonazepam,
Three samples for each concentration under each.of two incubation
gituations (with or without clonazepam} were incubated for 90 minutes
at 0-4 C in a final volume of 200 ul. Binding was measured by means of
filter assay technique. After the incubation period, samp}es were
rapidly filtered- under reduced pressure through Whatman GF/B glass
fibre filters and rinsed three times with lce-cold Tris-HCl buffer.
The filters were subsequently placed in 10 ml Aquasol (scintillation
fluid, New England Nuclear). ngﬁoactivlty was extracted overnight at
4 C and counted on a Searle Analytic Mark III liquid scintillation

counter (efficiency > 51%). The amount of displaceable binding
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(specific) Is given by the difference between total binding and the
blank. From these data Scatchard plots werelderived. The intercept on
the abscissa gives Bmax, the concentration of receptors. The affinity
of the receptor for the ligand, Kd, is a function of the slope (slope=
-1/Kd). Protein content of membrane homogenate was deteémined
according to the method of-Lowry et al. (1951) using bovine serum
albumin (Sigma Chemical) as a standard. '

6.3 Results
6.3.1 Kindling

The 15 animals that were stimulated had 4 Stage 5 seizures
after an avérage of 25.07 (Sd¥13.29) stimulations. The 24-hour group,
the 2-week group, and the 4-week group reqpired an average 18.40
(Sd=5.22), 28.80 (Sd=15.74), and 30.00 (Sd=15.91} stimulations,
respectively. None of these averages differed significéntly from each
‘other, nor did they differ significantly from the 20.75 {Sd=5.26; n=8)
stimulations required by the‘perforant path-kindled aniuéls in

Experiment 1 {p. 58; t-tests were used).

6.3.2 Binding

The data (Table 2) were ahalysed by means of an analysis of
variance. Decay time was entered as a between group variable with 3
levels (24 hours, 2 weeks, or 4 weeks). The group factor was treated
as a within group variable with two levels, the experimental‘and the

control group, since animals were treated in pairs.‘Each member of a
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Table 2.

This table shows- the data obtained from 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).
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DECAY GROUP KINDLED PAIRED CONTROL

Bmax .Kﬁ Bmax Kd

{fmol /mg protein) {nM) {fmol/mg protein) (nM}

982 - 1.23 903 1.00

1080 0.89 - 897 0.94

24 HQURS 891 0.99 732 1.05
1138 1.09 1085 1.14

992 0.88 1074 0.93

1010 0.98 . 972 0.99

1136 0.93 1057 0.93

2 'WEEKS 942 . 0.96 879 0.90
. 937 1.18 8gs | 1.01
886 1.04 894 i 1.06

1022 0.87 929 0.85

845 1.08 809 0.97

4 WEEKS 1027 1.00 989 1.06
885 1.12 817 1.20

892 1.00 960 1.00
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palr received identical éfeatmgnt except for the kindling stimulation
which only the experimentallanimals receiveﬁ. The dependent variable
was the number of Bz receptors (in fmol/mg protein). The results lIn
Table 3 (Top) show that only the main group effect feached
significance (F(1,12)27.07: P=0.0209). The average kindling-induced
increase in number of Bz receptors was 5.92% from control levels. The
number of receptors was increased by an average of 9.402 twenty four
hours after kindling. Two wéeks and four weeks post-kindling the
number of receptors was increased by an average of 4.45% and S.Qfx.

-

respectively.

At no time did the affinity (Kd) of the Bz receptor for the

ligand differ significantly between kindled and control animals

{Bottom of Table 3).

6.4 Discussion . -
These data show that kindling the perforant path leads to an
increase in the number of Bz receptors.-
There is no simple explanation for the difference in
magnitude of the increase in number of Bz receptors described in the
literature and those found in\;gé above expefinent. The site of
stimulation, treatnept of contrulraninals, and type of binding assay
differed from previous studiep. Twenty four hours after kiﬁdling the
amygdala ,an increase of about 36% was found by McNamara et al. (1981)

and by Shin et al. (1985). The increase described above was in the

order of 10% at the 24-hour interval. Two weeks after completion of

LY

/
N
e
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)
) Table 3.
,) ' This table shows the results of the analysis of variance. The source

of varlance, the sum of squares, the degreés of freedom (df), the mean
squares, the F-ratios (F), and the probability of the F-ratios (P) are
shown. The DECAY factor refers to the 24 hour, 2 week, and 4 week
decay groups. The GROUP factor refers to the number of Bz receptors
(Bmax in fmol/mg protein; Top) or to the affinity of the .receptor for
the ligand (Kd in nM; Bottom) in kindled and control animals. The
interaction between The DECAY and GROUP factor is designated GD.

7/



ANOVA RESULTS

Number of Receptors {Bmax)

Source .. Sum of Sqguares df Mean Square
MEAN 27166276.80 1 27166278.80
DECAY 18643.40 2 9321.70 °
ERROR 1 - 207875.80 12 17322.98
GROUP ’ 19354.80 1 19354.80
GD -2563.40 2 1281.70
ERROR 2 32871.80° 12 2738.32

™

AFFPINITY (Kd)

Source Sum of Squares df " Mean Square
MEAN 30.5021 1 30.5021

- DECAY ’ .00186 ‘ 2 .0008
ERROR 1 .2183 12 .0182
GROUP .0012 1 .0012
GD .0020 O 2 .0015
ERROR 2 .0b36 12 .0045

+

*. 0.02 < P < 0.05

’

P

1568.22
.54

7.07
.47

F
1677.01
.04

.27
.33

.60

.02*
.64

.96

.61
.73
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amygdala kindling, Tuff et al. (1983b) described a 14% lncrease in the
number of Bz receptors. The above results showed an increase of about\
4.5% tﬁo weeks post-kindling. The paired-pulsg data from the Tuff et
al. (1983a) study indicatéd that amygdala kindling might have had a
stronger and longer-lasting effect on paired-pulse dépression than
perforant path kindling. The increase in paired-pulse depression
observed by Tuff et al. (1983a}) 2 weeks post-kindling, was similar in

magnitude to the increase which was observed in the above study 24

hours after completion of perforant path kindling. If the kindling

) -

site accoupts for the observed‘binding differences, ahd 1f an increase
in Bz receptors underlies the increase in paired-pulse depressioﬁ.
then the Similar 10-14% increase in the receptor number in the 24 hour
pérforant path-kindled group and the 2 week amygdala—kiﬁhled group
could account for-the gimilar increases in paired—pulée depression.
The kindling-induced increase in the number of Bz receptors was_ larger
24 houfs after kindling than it was 2 weeks or 4.weeks post-kindling
(9.40% vs 4.45% and 3.91%). Although this result was in the predicted
direction, it was not statisticaily sigqificant, presumably due to the
small numbef of obsepvations. Furthermore, there was no difference
between the 2-week and 4-week decay groups. If the increase in paired-

-

pulse depression 24 hours after kindling is indeed due toc a 10-15%
increase in Bz receptors, the range over which decay can take place is
snali. Although the evidence as to whether the number of Bz receptors

decreased over time after kindling remains inconclusive, the results

of the present time-course study, together with the separate studies
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in the literature, sugges{ rather strongly that such a decline
actually occurs. Furthermore, the decay values obtained are consistent

with those obtained in the electrophysiologlical experiments,



CHAPTER 7

GENERAL DISCUSSION

7.1 Kindling-Induced Piastig}ty: Electrophysiology

The resulta of Experiment 1 confirmed that kindling the
perforant path or the hippocampal dentate gyrus leads to an increase
in péired-pulse depression. Presumably, thils increase in paired-pulse
depression reflects the way in which the CNS defends itself against an
excess.of stimulation resulting in AD. On the other hand,-plasticity
of inhibitory systems may serve other functions as well. For exéﬁple.
this blasticlty may have evolved to Improve information storage
mechanisms (see section T7.3}.

The results of the dentate-kindled group showed that the
increase in pairéd—pulse depression developed loné before an animal
could be said to be k%ndled {after about 10-19 ADs). The occurrence
of AD appeared to be the main cause of the increase in paired-pulse
depression. The perforant path—kiqdled-group showed thatrthe increase
in paired-pulse depression returned to pre-kindiing levels if AD was
not elicited. This leads to the interesting possibility that, if the
kindled state has been established but no seizures are Induced for a
period of time, AD threshold? may be reduced compared to those at the
beginning of the kindling. This in turn indicates that it would be a
good policy to keep those who had AD, because of same traumatic blow

to the head for example, on medication for a long period of time after

- 89
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seizures have subsided. The length of this period would depend on how
far the abnormality underlyiﬁg the kindled state had progressed.

All kindling-induced effects, except for the increase in
slope, appeared to return towards pre-kindling levels ﬁfter kindlinp
was terminated. They do not appear to be assoclated with the kindled
state. Therefore, none of these effects can provide information aboﬁt
‘the nature‘og the klndled state. It is unlikely that the increasehln
slope is associated with the kindled state, since the increase was not
very large in the perforant path-kindled group., and it was this group
that showed the least disruption of kindling after a 4 week delay.
Furthermore, 1t would be difélcult to account for the kindled state by
means of an increase in glope only. Cell discharge, which is reflected
in the population spike, is required for the propagation of AD.

The laté inhibitory component (IPI=300 ms)'evoked during
paired-pulse tests showed smaller, delayed kindling-induced
potentiation, cqmpared to the early component. It also returned to
pre-kindiing levels more rapidly (within 2 weeks bost»klnd}ing). The
early inhibitory conpopent {IPI=20 ms) in the perforant path—klndléd
group had not fully returned té pre-kind?lng levela by 4 weeks post-
kindling. The decay of the early conpoﬁeht in the dentate-kindled
group was even slower. The decay rates for both components in both
groups, however, are within the range of those reported for LTP in
excitatory pathways {see Chapter 1). If the ﬂostsynaptic neéhanisn of
LTP proposed by Lynch and co-workers is correct, the me;hanisms

underlying both phenomena would appear to be similar, as well.
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7.2 Kindling-Induced Plasticity: Pharmacology

Kindling the perforant-patﬂ resulted in an increase in the
number of Bz receptors. The results from Experiment 2 indicated that
this increase in receptor number may decline over a perlod of time
during whieh no stimulation is applied. Although the differences were
not significant, thé proportional decreases in mean binding were
similar ta the Aecay of paired-pulse depression. That similarity also
applies to tﬁe binding data in the literature. It must be stressed,
however, that the eviéence for an increase in re;eptor number as a
mechanism, for either kindling or LTP, is far from conclusive.
Problems with the LTP-rélated ebidence have been mentioned before {p.
11). With respect to kindling, it remains to be shown that the
kindling-induced increase in Bz receptors actually underijes the
increase in paired-pulse depression. This problem might be régolved by
making ﬁse of a Bz receptor blocker. First, the amount of interference
of the drug, at saturating concentrations, w%th paired-pulse
depression would be determined by comparing pre- and post-drug values.
Animals would then be kindled in the usual manner. Shbsequently. the
drug effect would be evaluated again. If the effect of the drug on
paired-pulse depression post-kindling were larger thaAn the pre-kindled
drug effect, then it could be concluded that the increase in number of
Bz receptors was responsible for the kindling-induced increase in

-

paired-pulse inhibition.

LS
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7.3 Kindling-Induced Plasticity and Learning

The iﬁhibitory system seems plastic in much the same way as
the eécitatory system. In both cases the function of this plasticity
remalns unclear. LTP has been proposed to play an important role in
memory processes (see Chapter 1). The most obvious function of
plastic inhibitory systems, in the context of these experiments,
appear; to be to protect the CNS from an excess of excitation.
However, it is possible that such inhibitory systems play an important
role in memory processes as well. If this were so, 1t should be
possible to induce plasfic cﬁénges in the inhibitory system by other,
less drastic, means than epileptogenic stlmulationf At this point,
however, no conclusions as to the function of plasticity of inhiﬁitony

systems in memory processes canh be made.
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