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All my life I'm searching for
the reasons for us being here,
lr

the universe and all that it contains.

i

Well I've tried to find the secrets of the brain.
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Twenty years I've lived hear trying to find who my creatgr wq$
and now at last the pieces fall in place,
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It's funny,

and it shows upon my face.
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and the music goes round my head.

l~

and I can't hear a thing you said.
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and my life echos through my brain.
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It's all coming
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insane.......... .
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Abstract

The present study evaluated associative and non-associative synaptic
interactions between the medial (MPP) and lateral (LPP) perforant path
projections to the ipsilateral dentate gyrus (DG) in barbiturate
anaesthetized rats. Associative interactions were investigated using 5 Hz
bursts of short 100 Hz trains delivered to one path, in association with
single pulses administered to the other path, and spaced equidistantly
between the bursts. Non-associative interactions were studied using the
conditioning trains or the single pulses alone. In some animals, pairedpulse facilitation was used to assess changes in presynaptic transmitter
release that might accompany the induction of LTP or LTD in the medial
and lateral perforant pathways. In these experiments, pairs of pulses were
administered, using a 50 ms interpulse interval, prior to and following the
induction of LTP and LTD.
The present results indicate that input specific, NMDA-dependent
LTP may be exhibited in both lateral and medial path elicited field
potentials. In addition, both forms of synaptic plasticity were shown not to
inhibit the expression of further plasticity. LTP was found to be exhibited
more robustly by the lateral pathway in naive pathways, and 5 Hz synaptic
priming was found to selectively reduce the amount of LTP exhibited by
the lateral path. The differential expression of LTP in the medial and
lateral paths was suggested to involve the differential release of
transmitters by the lateral and medial pathways. Evidence was also
presented that presynaptic changes accompany LTP in the lateral pathway,
as reductions in paired-pulse facilitation were recorded 30 minutes
following the induction of LTP.
The lateral path exhibited an associative form of synaptic depression
that differed from non-associative LTD in that it was: 1) only elicited by the
associative protocol following 5 Hz priming; 2) NMDA-independent; and
3) accompanied by changes in paired-pulse facilitation. The 5 Hz priming
stimuli appear to have exerted their effect via an NMDA-dependent
mechanism as associative LTD was not attained when NMDA-receptor
antagonism preceded synaptic priming. The medial path did not readily.
exhibit either associative or non-associative LTD .
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Chapter 1: The Hebbian Synapse
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1

1
The Hebbian Synapse

.~

r

In the last twenty years a number of experimental findings and

•·

theoretical concepts have led to new insights into the cellular mechanisms
which may underlie learning and memory storage processes in the
mammalian brain. Much of this research has centred on alterations in
synaptic transmission, and is based on the premise that such alterations
provide a means by which neural assemblies may be created, altered, or
disrupted. This notion was first clearly presented by D. 0. Hebb (1949) in his

.,

book "The Organization of Behavior". Undoubtedly influenced by the works
r,.

of Tanzi (1893) and Cajal (1911 ), Hebb proposed that certain neuronal

,>c

interactions could lead to the enhancement of synaptic connections between

>,

the neurons involved. Specifically, he postulated that:

(>

,,
r,.
~

"When an axon of cell A is near enough to excite a cell B, and repeatedly
or persistently takes part in firing it, some growth process or metabolic
change takes place in one or both cells such that A's efficiency, as one of
the cells firing B, is increased" (p. 62).

<(

'.)

Thus, the qualitative aspects of neural interplay that might lead to the

!,'

formation of larger cell assemblies were seen as the conjunction of pre- and

"'

postsynaptic activity. As little was known of the mammalian central nervous
systems capacity to undergo such changes at the time, the quantitative
details of the activity-modification relationship were not clearly specified.
In 1973, Bliss and colleagues (Bliss and Gardner-Medwin, 1973; Bliss
and Lomo, 1973) reported that long-lasting increases in synaptic responses

.>,

;)

,,

could be obtained in the hippocampal formation of anaesthetized and freely
moving rabbits. They found that responses evoked in the dentate gyrus by
the administration of single pulses to the perforant path input could be
markedly enhanced following the application of brief high-frequency stimuli
to the perforant path. The changes appeared to follow the rules set out by
Hebb over twenty years before in that the persistent excitation of the

.,

Chapter 1: The Hebbian Synapse

2

postsynaptic cell by an afferent input, led to a strengthening of that afferents
+

ability to "fire", or activate the postsynaptic cell. This phenomenon has since
become widely known as long-term potentiation (LTP) of synaptic efficacy
(Douglas and Goddard, 1975), although other terms such as long-term
enhancement (LTE; McNaughton, 1983) and long-lasting potentiation (LLP;

.\

Bliss and Loma, 1973) have also been used to describe this effect.

'f

Research on hippocampal LTP has subsequently provided the first
proof that pre- and postsynaptic interactions like those proposed by Hebb
can lead to enhancements in synaptic efficacy (McNaughton, Douglas and

:,-

Goddard, 1978). In addition, it has also revealed novel activity-modification
relationships not originally considered by Hebb.
The idea that positively correlated activity leads to synaptic
~

strengthening naturally raises the question as to what, if any, sorts of

t,,

modifications would be produced by uncorrelated or negatively correlated
activity. Stent (1973) originally proposed that negatively correlated activity

"
r,-

would lead to a weakening of synaptic strength, and utilized this notion to
explain ontogenetic synaptic plasticity in developing striate (visual) cortex.

I'-

Normally, occlusion of one eye during the critical period of development
results in a shift of the responsiveness of visual cortical neurons such that
the non-occluded eye exerts more control over these neurons (Wiesel and

t,.

,.,

Hubel, 1963; 1965). Stent (1973) believed that the synaptic connections

,,.

between a non-occluded eye and striate cortex could be seen as following

.

the Hebbian conjunctive rule for synaptic strengthening. In contrast, the

·'<

occluded eye would undergo a reduction in its ability to take part in the firing

'7'

of the postsynaptic cells, and thus its synaptic contacts would be weakened.
While Hebb did not include these decremental forms of synaptic

d,-

"·

modification in his model, the phenomenon of long-term depression of
synaptic efficacy (LTD) has been incorporated into modern versions of his
theory (Brown, Kairiss, and Keenan, 1990; Kohonen, 1984; Levy and
Desmond, 1985; Lopez, Burger, Dickstein, Desmond, and Levy, 1990;
Lisman, 1989; Marr, 1969; Palm, 1982a,b). Decreases in synaptic efficacy in

.,

,'-

the hippocampal formation were originally documented as a heterosynaptic
correlate of LTP (Dunwiddee and Lynch, 1978; Levy and Steward, 1979,
1983; Lynch, Dunwiddee and Gribkoff, 1977). The depression was only
observed in quiescent pathways, and as such, did not seem to rely on an
interactive mechanism.
Recently, Stanton and Sejnowski (1989) have shown that negatively

'\

l'

I

correlating a low-frequency test input with a high-frequency conditioning

"'
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~

input can result in a weakening of synaptic efficacy in the pathway which

t

received the test input. Levy and Steward (1985) have classified the LTD

,;

3

that results from negatively correlated activity as an anti-hebbian
modification (cited in: Brown, Kairiss and Keenan, 1990), as it may be
viewed as the interactive antithesis of Hebbian conjuctive modification.
Palm (1982a,b) in contrast, views synaptic weakening that results from

~

negatively correlated activity as Hebbian modification, and defined antiHebbian modification as: 1) conjunctive activation that results in synaptic
weakening, or 2) increased synaptic efficacy following negatively correlated

,z

pre- and postsynaptic activation (Palm, 1982a, b). Thus, according to Palm,
both Hebbian and anti-Hebbian forms of synaptic modification possess the
.'>

capacity to result in increases or decreases synaptic strength, and their
differentiation lies in the activity-modification relationship responsible for

r,..

,,

their genesis. In addition, Palm also proposed that modifications that do not
rely on either positively or negatively correlated pre- and postsynaptic

1,

activity should be termed non-Hebbian. Such modifications would rely on
purely presynaptic or purely postsynaptic changes, and would not utilize

i}

interactive mechanisms. In this sense, the heterosynaptic LTD originally
observed in the hippocampal formation would be non-Hebbian in nature.
Although a consensus as to which terminology should used appears

t~

to be lacking at present, the addition of LTD of synaptic efficacy to Hebb's
>-

original postulate expands the number of modifications that pre- and

t;

postsynaptic interactions may produce, and has also led to the suggested

..,

involvement of synaptic weakening in a variety of processes. Levy and
~

Steward (1979) note that this capacity allows for the erasure of synaptic

l.;

potentiation, and thus, theoretically, synaptic weakening could be operant

~.

during processes such as extinction or unlearning. As heterosynaptic LTD
could also lead to increased signal to noise ratios in neural circuits, the
possibility exists that it might also operate to lower the threshold degree of

~

potentiation necessary for LTP to operate in a biological system. It has also
been noted that if it were to perform such a function, LTD could greatly

~ \..__

"i

•/

enhance the capacity of the system by helping to prevent premature
saturation of synapses (Abraham and Otani, 1991; Fujii, Saito, Miyakawa, Ito
and Kato, 1991 ). Alternatively, LTD itself might be representative of memory
formation, and a reduction in synaptic strength may be equally as relevant .
as synaptic enhancement has been proposed to be.
The addition of the activity-modification relationships operant in
Palm's and Stent's synaptic modification theories can also be seen as
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t,,

"

increasing the number of possible neural representations for a variety of

r

behavioral processes. Response extinction might easily arise from
conjunctive pre- and postsynaptic activity leading to synaptic depression; the
non-conjunctive depression of a previously potentiated input; or reflect the
natural decay of potentiation in synapses. Phenomena such as
heterosynaptic LTP may have their behavioral equivalents in processes

,I

such as response generalization. Although one can be easily carried away
developing analogies between the possible outcomes of synaptic
modification and various behavioral processes, it should be emphasized
that no causal relationship has been shown to date, and in fact, many of the

,t
~

possible forms of synaptic modification proposed by Palm remain to be
adequately demonstrated.
It is the intent of this thesis to examine the characteristics of

"'

bidirectional changes in synaptic efficacy in the dentate gyrus of the
hippocampus, and to elucidate the optimal induction parameters and

I
i>

underlying mechanisms involved in such changes. Special emphasis will
be placed on the investigation of activity-modification relationships that lead
to reductions in synaptic efficacy. In order that these objectives may be

/}

defined more specifically, the following sections will review the anatomy and
electrophysiology of the hippocampal formation, and what is known of its

/o,_

ability to undergo synaptic modification. Subsequently, a specific statement
of the objectives of this thesis will given, prior to the presentation of the

"'

.

experimental results .

',
1
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'1,
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J
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2

Anatomy and Morphology of the
Hippocampal Formation
The Lamellar Hypothesis
The term hippocampal formation has come to refer to a telencephalic
structure composed of four allocortical elements, namely the hippocampus
proper, the dentate gyrus, the subicular complex, and the entorhinal cortex
(Amaral and Witter, 1989; Andersen, Bliss, and Skrede, 1971 ). This
grouping comes mainly from the fact that these structures are
interconnected by a series of massive associational and commissural
pathways. Traditionally, neurophysiologists have come to regard these
elements as being organized in parallel lamellae, linked by unidirectional
excitatory connections (Andersen et al., 1971 ). Thus, information was
viewed as flowing from the entorhinal area to the dentate gyrus and
proceeding to the hippocampus proper and subiculum (Figure 1).

DG
CA1

ENT

I

•

SUB

•

1CA3

FIGURE 1. Schematic of the unidirectional flow of information within the
hippocampal formation as proposed in the lamellar hypothesis. Abbreviations: CA1CA3, cornu ammonis regions 1 - 3; ENT, entorhinal cortex; DG, dentate gyms;

SUB, subiculum.

·(
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More recently, Amaral and Witter (1989) have proposed that the
connections within the hippocampal formation should be considered in a
more three-dimensional sense, with information flowing both transversely
and longitudinally . This model can be seen as an extension of the lamellar

1 ~
I
-r

hypothesis that incorporates more recent knowledge of the anatomical and
functional structure of the hippocampal formation. In the spirit of this
proposal, the specific elements of the hippocampal formation will be
discussed in terms of both their longitudinal (septotemporal) and transverse
(orthogonal) connections. Figure 2 illustrates the position of the
hippocampal formation in the rat brain, and indicates the septotemporal and

--- --y

-~
'Y

transverse axes.
CA1

.,
·,
ENT

i
::I

.~

j

,

~

'

''

j ~.

.,
\
•!

FIGURE 2. The position of the left hippocampal formation of a rat is shown after the
overlying cortex is removed. The main body of the hippocampus originates posterior
,.I,
~

to the septal nuclei near the midline, and broadens slightly as it proceeds
ventrocaudally, curving over the underlying thalamus. The long axis is generally
referred to as the septotemporal axis, while the orthogonal axis is termed the transverse

-'\

"'
~

axis. The major fields of the hippocampus (hippocampus proper plus the dentate
gyrus) are shown in the upper left portion of the figure in the transverse slice
(TRANS). Abbreviations: DG, dentate gyrus; ENT, entorhinal cortex; MF, mossy
fibres; PP, perforant path; SC, Schaffer collaterals; SUB, subiculum; S, septal pole;
T, temporal pole. (after Amaral and Witter, 1989).

j'

+
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Cytoarchitechtonics of the Hippocampus Proper and the Dentate
Gyrus
/'

:,

The hippocampus proper and the dentate gyrus form interlocking gyri,
and are organized such that their neuronal cell bodies lie in tightly packed

-1

laminae. The hippocampus proper or cornu ammonis is the superior gyrus
(see Figure 2), and has been subdivided into four fields based on the
morphology of its cells (Lorente de No, 1934) The entire cell body layer is
known as the stratum pyramidale, since in Golgi preparations the dendrites

,,

of these cells give them a characteristic pyramidal shape (Blackstad, 1956;
Bayer, 1985). The CA1 region is found adjacent to the subiculum and
.'>

contains medium sized pyramidal cells arranged in two layers. The CA2
and CA4 regions contain larger pyramidal cells, however, they are not

1.

~

arranged in uniform layers. The CA3 field is distinguished from the CA2 field
by the presence of mossy fibers from dentate granule cells. The mossy
fibers form a distinct layer in the CA3 region only, but Blackstad (1956)
argues that the morphology of the cells does not warrant the differentiation of

~

these two fields. Blackstad (1956) also maintains that the region of

t

scattered, morphologically atypical pyramidal cells which Lorente de No
s

(1934) named CA4, is actually continuous with the dentate gyrus, and

i

should therefore be considered part of it and not the hippocampus proper.

I

Field CA4 has come to be referred to as the hilus of the dentate gyrus.
>

The Dentate Gyrus
'I

!

The dentate gyrus is a U-shaped, structure that interlocks with the

,.1(

!I (,/

hippocampus proper, forming a cap over it's free edge. It is composed of: 1)

l

a cell body layer, the stratum granulosum, that contains densely packed

~-

granule cells; 2) the dendrites of the granule cells, which form the molecular
,\

layer; and 3) a hilar or polymorphic layer that is populated by a variety of

'i

neuronal types. The granule cells axons make up the mossy fiber system,
which collateralizes in the polymorph layer before extending into the CA3
'r

field where they form en passant synapses on the proximal dendrites of the
pyramidal cells (Gaarskjaer, 1978; 1986). The mossy fiber system first
projects transversely, synapsing with cells in the CA3 region, and then takes
an abrupt turn caudally at the border of the CA1 region, travelling parallel to
the longitudinal axis (Swanson, Wyss, and Cowan, 1978). Cells in the hilus

-r
,(

also include the basket cells, which receive recurrent collateral branches
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from dentate granule cell axons, and whose axons, in turn, terminate on the

y

granule cell soma (Lorente de No, 1934). The basket cells appear to act as

_,

8

inhibitory interneurons in the hippocampus, as activation of them by axon
collaterals of pyramidal and granule cells shows that they exert a recurrent
inhibition of these cells (Andersen, 1975). Dentate ipsilateral associational
fibers fan out from the polymorphic layer of the hilus to innervate the inner
one third of the molecular layer, almost exclusively along the septotemporal
axis (Hjorth-Simonsen and Laurberg, 1977). Phaseolus vulgaris
leucoagglutinin (PHA-L) injections reveal that this projection does not

,f

appear to be organized to provide feedback to granule cells in the same

~'

region, as the heaviest terminal labeling can occur up to 2 or 3 mm distant to
the injection site (Amaral and Witter, 1989). The cells of the polymorphic

y'

layer also send afferents to the contralateral dentate gyrus via the ventral

t,.

hippocampal commissure (Hjorth-Simonsen, 1977; Swanson et al., 1981 ).
These afferents, like the ipsilateral associational fibers, also project to the

7

inner third of the molecular layer, and in fact, it has been reported that some
hilar neurons have both associational and commissural branches
:,-

(Laurenberg and Sorensen, 1981 ). The polymorphic layer does not project
to any region of the hippocampus proper.

:,-,
''

,

The Hippocampus Proper
The most extensive contacts that arise from the hippocampus proper
come from the CA3 region. The CA3 pyramidal cells give rise to both
associational fibers terminating within the CA3 region, and the Schaffer

I

collateral fibers which project to CA1 (Amaral and Witter, 1989; Swanson,
Sawchenko, and Cowan, 1981 ). Swanson, Wyss and Cowan (1978)
showed that discrete areas of CA3 project via the longitudinal associational
bundle to other regions of CA3, and can possess terminal regions which

-,-

extend up to two thirds of the septotemporal axis. The Schaffer collateral
fibers are equally as divergent. Fibres arising from CA3 cells close to the
dentate gyrus distribute preferentially to the subicular side of field CA 1, while
f

cells closer to CA 1 project to those CA 1 cells lying closest to the CA3 region
(Amaral and Witter, 1989; Swanson et al., 1978). The CA3 region also
sends commissural projections to the contralateral CA3, CA 1 and dentate
regions (Gottlieb and Cowan, 1972).
Unlike CA3 cells, CA 1 pyramidal cells do not give rise to extensive

-r
•-/

projections to other ipsilateral levels of CA 1, but instead project mainly in
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columnar fashion to the subiculum (Tamamaki, Abe, and Nojyo, 1987) and
to a lesser extent , the entorhinal area (Swanson et al,. 1978). In addition,
the CA 1 cells of the posterior (i.e. ventral) region have also been reported to

{,1

project to the contralateral CA 1 region, while the anterior portions do not
seem to send commissural projections despite the fact they receive afferents
(Raisman et al., 1965). It should be noted that more recent studies question

~

the existence of a contralateral CA 1 to CA 1 projection, as intracellular
horseradish peroxidase injections do not reveal contralateral CA 1 efferents
(Tamamaki, Abe, and Nojyo, 1987).

·>

~

~

The Subiculum
The subiculum or subicular complex is a neuroanatomical region that

0(

extends from the CA 1 region, curving around the posterior extension of the

~

dentate gyrus, to become continuous with the medial aspects of entorhinal
cortex. Based on cytoarchitectural differences, it can be divided into three
regions (Bayer, 1985). The superficial layer of moderately packed, medium

.1

sized cells, lying next to the medial entorhinal cortex, is termed the

·'c

parasubiculum. The presubiculum, a superficial lamina of densely packed
:~

'.

\

small cells, lies adjacent to the parasubiculum. The subiculum proper has a
loosely packed deep layer of pyramidal cells, and a wide molecular layer. It
is centrally located between the presubiculum and the area abutting the
hippocampus proper, which is known as the prosubiculum.

,<,•

The subiculum proper receives substantial innervation from the CA 1
region (Tamamaki, Abe, and Nojyo, 1987), and in turn projects to the pre- and
parasubiculum (Kohler, 1985), and to medial and lateral entorhinal cortex
ipsilaterally (Beckstead, 1978; Swanson et al., 1978). The presubiculum sends

1 ••

both ipsilateral and contralateral projections to medial entorhinal cortex, as well
as minor projections to the subiculum and the dentate gyrus (Kohler, 1985).
The parasubiculum densely innervates both the medial and lateral entorhinal
areas ipsilaterally, and the medial area contralaterally (Kohler, 1985). Kohler
(1985) also found a small projection to the molecular layer of the dentate gyrus,
but apparently the parasubiculum does not innervate either the hippocampus
proper, or other regions of the-subicular complex.

The Entorhinal cortex
The entorhinal cortex is composed of six layers, and can be divided into
•(

.~

•,
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medial and lateral regions based on the appearance and cellular arrangements
of neurons within the layers (Hjorth-Simonsen, 1972; Bayer, 1985). Layers 1-111

''f
-1

,

are generally referred to as the superficial layers, while IV-VI are deeper
underneath the cortical surface. The most distinguishable cell types in the
entorhinal area are the Layer II stellate cells, which form clusters in the lateral

\

entorhinal area, and the giant pyramids of Layer IV.
Fibers emanating from layers II and Ill of the entorhinal cortex enter the
underlying white matter where they run together to form the relatively compact
angular bundle. The fibers then either travel dorsally and abruptly bend to
perforate the longitudinal axis of the subiculum, ultimately entering the dentate

-t
;,

~

gyrus and hippocampus (Hjorth-Simonsen and Jeune, 1972; Nafstad, 1967;
Raisman, Cowan and Powell, 1965; Steward and Scoville, 1976) or enter the

tr

lacunosum-moleculare layer of the hippocampus before either crossing the

l'

hippocampal fissure or extending around the tip of the upper blade of the

)

~

:,,

dentate gyrus to enter the moleculare layer (Amaral and Witter, 1989).
Early reports in the literature using degeneration studies were marked by
discrepancies as to exactly which cells received entorhinal contacts. Raisman

,)

et al. (1965) reported that perforant path lesions resulted in degeneration in the
stratum lacunosum moleculare region of the CA 1-CA2 field, the outer portions
."> ·.,

of CA3 dendrites, as well as heavy degeneration in both the middle and outer
thirds of the granule cell dendrites. Nafstad (1967) however, was unable to find
degeneration in either the CA 1-CA2 dendrites, or the outer third of the granule
cell dendrites. Some of the reasons for this discrepancy were alluded to by

~,,

Nafstad (1967), who proposed that fibres originating in the lateral part of the

-,I

entorhinal area may follow a different initial trajectory than fibres originating
from the more medial aspects of the entorhinal area. Hjorth-Simonsen (1972)

>·

later verified this conjecture by showing that lesions confined to the medial

' ..

entorhinal cortex resulted in terminal degeneration of the middle third of the
moleculare layer of the dentate gyrus and the outer portion of the moleculare
layer of the CA3 field. Lateral entorhinal cortex lesions resulted in degeneration

;,

in the outer third of the dendrites in both of these areas. Furthermore, he also
showed that the initial segments of these projections were anatomically discrete
as was originally proposed by Nafstad (1967). The outer portions of the lateral
and medial entorhinal areas (that is, the most septa! portion of the medial area,
and temporal portion of the lateral area) appear to project to the more medial

·.·i,-

aspects of the hippocampa.l formation, while the medial zone between these
two regions exhibits more temporally projecting fibers (Amaral and Witter,
1989).

(

...

~

.
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In addition to the medial - lateral differentiation in terminal fields, the
cell layers of the entorhinal region also exhibit differences in their terminal
regions. The stellate cells of layer II give rise to the strong ipsilateral
perforant path projection to the dentate gyrus and the CA3 field, and a
sparse crossed projection to the contralateral dentate gyrus, while layer Ill
pyramidal cells give rise to a bilateral projection to CA 1 and CA2 regions
(Steward and Scoville, 1976; White, Goldowitz, Lynch, and Cotman, 1976;
Zimmer and Hjorth-Simonsen, 1975). These projections are also organized
along the longitudinal axis such that caudomedially originating fibers project
mainly to the dentate gyrus, and only a minority reach CA 1 (Witter, Griffioen,

.,

~

Jorritsma-Byham, and Krijnen, 1988). Along the rostral and lateral extent of
the entorhinal area, the number of projections to the CA 1 region increases at

'r

..-

..

the expense of dentate projections, with only CA 1 projections originating
from the most rostrolateral extent.
Taking into account the projections that lie more septotemporally, as

""

well as the transverse fibers, Amaral and Witter (1989) have proposed that

""

the intrinsic circuitry of the hippocampal formation can be conceptualized as

4

shown below .

.. t>/
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FIGURE 3. Schematic showing the intrinsic circuitry of the hippocampal formation.

Arrows indicate direction of neural transmission. Abbreviations: CAl, comu ammonis
region 1; CA3, comu ammonis region 3; ENT, entorhinal cortex; DG, dentate gyrus;
PARA, parasubiculum; SUB, subiculum.
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Electrophysiology of the Hippocampus

\
\

'

Electrical Field Potentials

\

i

The relatively regular neuroanatomical organization of the
hippocampal formation makes it an ideal structure for using electrical field
potentials to assess synaptic and cellular activity. It's tightly packed cell

/.,,

laminae and layered dendritic regions give rise to focal sources and sinks of

'>

current flow, generating voltages that are easily recorded in the extracellular
matrix. Such extracellularly recorded potentials are known as 'field

.

'

"

potentials' (Speckmann and Caspers, 1979). Because of the time course of
the various membrane potential fluctuations, postsynaptic potentials are
thought to contribute primarily to the generation of extracellular field

.L

potentials (Creutzfeld and Houchin, 1974; Speckmann, Caspers and Elger,

_1-,.._

1984). With the elicitation of an EPSP, a net inflow of cations occurs across
the subsynaptic membrane. This results in the depolarization of the
subsynaptic membrane, and the development of a bioelectrical potential
gradient along the neuronal membrane in the intra- and extracellular space.

~

In response to this gradient, cations in the extracellular space move along
. _~ ;),

the membrane in the direction of the subsynaptic region. These movements
are mirrored by inversely directed current flow in the intracellular space

,J,

r

(Speckmann and Caspers, 1984). In the case of an IPSP, the events are
reversed, and cations flow from the subsynaptic region to surrounding
,)

portions of the membrane. Thus, the primary transmembrane currents
"

>

generate secondary ionic currents in the resistive extracellular space that
·'(

are directly responsible for the genesis of field potentials.
;,

-

Spontaneous Electrical Field Potentials
\

The recording of spontaneous electrical field potentials, or slow
potentials (Arduini, 1973), refers to instances in which potential changes are
recorded continuously for long periods of time. Electroencephalographic
'')

-r

recordings of this type are representative of the sum of numerous excitatory
and inhibitory postsynaptic potentials generated by both neurons and glial

-(

-,\
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cells. One type of spontaneous field activity found in the hippocampus is
known as theta or rhythmical slow wave activity (RSA). In early acute

-,'

experiments, the frequency of this activity was found to be similar to that of
neocortical theta activity, and thus the hippocampal waveform was also
called theta (Bland, 1986). It is a remarkably regular, high voltage, near
sinusoidal wave form that has amplitude maxima in the stratum oriens layer
,•

I~

of the hippocampus proper, and in the molecular layer of the dentate gyrus
(Winson, 1974; Bland, Andersen and Ganes, 1975; Bland and Whishaw,
1976). Theta activity has a frequency range of 3 - 12 Hz, and can be
recorded in a variety of small mammals, including rats (Bland and Whishaw,

)-

j

1976), guinea pigs (Sainsbury, 1970), rabbits (Kramis, Vanderwolf and
Bland, 1975), and cats (Bland, Sainsbury and Creery, 1979). In addition,
theta activity has also been recorded from the hippocampal formation in

)-

primates (Stewart and Fox, 1991 ), and in anaesthetized humans (Sano,
Mayanagi, Sekino, Ogashiwa, and lshijima, 1970) in certain instances.
Typically though, theta activity is not apparent in the EEGs of higher

;,'-

primates, and is mainly observed in subprimate species (Halgren, 1992).
On the basis of pharmacological studies, hippocampal field activity
has been differentiated into two types. Type 1 theta activity is abolished by
some anaesthetics, but is resistant to atropine sulphate (ATS04);
conversely, Type 2 theta is unaffected by most anaesthetics, but is abolished
by the muscarinic receptor antagonist ATS04 and the GABA-A agonist
muscimol (Bland and Whishaw, 1976; Kramis et al., 1975; Smythe, Colom

,-:1

and Bland, in press; Vanderwolf, 1975). It is commonly believed that Type 2
theta activity occurs concurrently with Type 1 activity, but that the reverse is
not true.

-,
.',- \)I

A variety of in vivo and in vitro investigations have shown that Type 2
theta is mediated by muscarinic cholinergic receptor activation (Bland,
Colom, Konopacki and Roth, 1988; Konopacki, Bland, Maciver and Roth,
1987; Konopacki, Bland and Roth, 1988; Rowntree and Bland, 1986; but see
also Stewart and Fox, 1989) that is accompanied by a reduction in GABAergic activity (Colom, Nassif-Caudarella, Dickson, Smythe and Bland, 1991;
Heynen and Bilkey, 1991; Smythe et al., in press). Type 2 theta occupies
the lower end of the thet-a frequency spectrum, generally being 3 - 6 Hz in
frequency when recorded spontaneously, but frequencies of up to 20 Hz

C)

have been generated with stimulation of the dorsomedial-posterior
hypothamus in anaesthetized preparations (Christie, 1989; 1990; Smythe,
Christie, Colom, Lawson, and Bland, 1991 ). Although Type 2 theta activity

-/

I/
-:el~
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has no overt behavioral correlates in the freely moving animal, it can be
elicited with sensory stimuli, either visual, auditory, or tactile in nature
(Creary and Bland, 1980; Kramis et al., 1975; Montoya and Sainsbury, 1985;
Sainsbury, Heynen, and Montoya, 1987).
Type 1 theta in contrast, has a higher frequency range (4 - 12 Hz),
and accompanies voluntary behaviors such as walking, running, swimming,
and isolated movements of the head and limbs in rats (Vanderwolf, 1969).
The neurochemical system(s) underlying Type 1 theta production is (are)

~;

JI

[·

unknown, although serotonin appears to be a prominent candidate
(Vanderwolf and Baker, 1986; Vanderwolf, Leung, Baker and Stewart,
1989). Indirect evidence for GABA-ergic involvement may also be gleaned
from the fact that inactivation of the medial septum with electrolytic lesions or
procaine microinfusions enhances hippocampal inhibition, and results in the
loss of all hippocampal theta activity (Sainsbury and Bland, 1981; Bland and
Bland, 1986). As the septa! nuclei send both GABA-ergic and cholinergic
projections to the hippocampus (Nyakas, Luiten, Spencer, and Traber,
1987), such manipulations would abolish the cholinergic activity necessary

p

for Type 2 theta production, and the GABA-ergic activity necessary for both
Type 1 and Type 2 theta.

A
~

\

.rt>-

B

y

""?-'
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FIGURE 4. Examples of spontaneous field activity recorded from the hippocampus.
Type 2 theta activity (A) and LIA (B) recorded from the dentate gyrus of a urethane·
anaesthetized animal are shown.

I
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In addition to theta activity, an irregular, slow, large amplitude
waveform with a broad-band spectrum (0.5 - 25 Hz) appears to be the other

(

predominant type of hippocampal field activity. Vanderwolf et al. (1975)
originally termed this LIA (Large amplitude Irregular Activity; see Figure 4). It
is the most prominent waveform in the electroencephalographic (EEG)
activity of immobile animals, and also appears during automatic activities
such as grooming. It is often interspersed with short bouts (1-2 seconds) of

t

irregular fast waves (20 - 60 Hz in frequency) or irregular sharp waves (40-

r

120 ms in duration). Lesions of the septal nuclei, administration of
I

7

i

cholinergic antagonists, and administration of GABA-ergic agonists all result
in an increase in the occurrence of this non-theta activity (Bland, 1986;
Smythe, Colom and Bland, in press).

Evoked Field Responses in the Dentate Gyrus
:,

Hippocampal field activity may also be investigated by analyzing the
postsynaptic effects of afferent stimulation. In this manner, the excitatory or
inhibitory nature of afferent activity on hippocampal cells may be assessed,
and insight can be gained as to the functional characteristics of the neuronal
circuitry of the hippocampal formation (e.g. Anders_en, Bliss, and Skrede,
1971 a,b; Bil key and Goddard, 1986; Bliss and Gardner-Medwin, 1973; Bliss
and Loma, 1973; Douglas and Goddard, 1975).
Single pulse activation of the medial entorhinal area, at sufficiently
·.,

high intensities, yields a characteristic field potential that can be recorded
from the hilar region of the dentate gyrus (see Figure 5). The potential
consists of an early positive going component, referred to as the field
excitatory postsynaptic potential (EPSP), and a superimposed negative

·>
;\

component, which reflects the synchronous firing of a number of granule
cells (Andersen, Bliss, and Skrede, 1971 b). The monosynaptic nature of this
afferent is indicated by the short latency of the evoked response (0.5 ms from
the fibre potential peak) and its ability to follow repetitive stimulation to

.,.,.

frequencies of up to 100 Hz. The potential also possesses an inhibitory
postsynaptic (IPSP) component that arises from the connections made by
the perforant path onto inhibitory interneurons, which in turn synapse on the
granule cells (Buzsaki, 1984). The IPSPs recorded extracellularly are
electrically positive in the hilus, as they are the result of negatively charged
chloride ions entering near the granule cell body. Owing to this,
measurements of changes in the population EPSP are usually taken on the

1.~
I
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initial rising phase of the EPSP to minimize contamination by this disynaptic

~.

,..,,.

'
e.:

IPSP.
· As a stimulation electrode is moved from the medial to the lateral
aspects of the entorhinal afferents, a step function change in the wave shape
is observed in both in vitro and in vivo preparations (Abraham and
McNaughton, 1984; McNaughton and Barnes, 1977; see Figure 5).
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FIGURE 5 Evoked responses recorded in the dentate hilar region with single pulse

~

.,.,

stimulation of the medial and lateral aspects of the entorhinal afferents. The responses
were recorded 10 seconds apart in the same animal. The inset, located in the upper
right corner, indicates the various measures normally used to quantify EPSP responses.

fl'

Note the differences in onset latency (see inset: A), amplitude of the initial rising phase

"

.......
.,_

of the EPSP (see inset: B), half-width (see inset: C), and peak amplitude (see inset: D)
between the two potentials. The negative component superimposed on the rising phase
of the inedial evoked response is the population spike, representing the synchronous

-4'

.

discharge of granule cells. A much broader negative component is also found on the
lateral evoked response on the falling phase.of the EPSP.

<ri

1

<f

---

Stimulation of the lateral perforant path evokes dentate field responses with

- y
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longer peak latencies, slower rise times, and greater half-widths (Abraham
and McNaughton, 1984; Harris, Lasher, and Steward, 1979; McNaughton
and Barnes, 1977) than the medial path elicited response exhibits. The
lateral and medial field potentials also differ in the locus of their peak
negative field potentials, being separated by approximately 130 µm in the
molecular layer. The peak negative field potential is used to assess the
point at which the greatest functional afferent terminal region lies. Bilkey
(1986) has also proposed that the late positive component of the lateral path
response may represent a granule cell IPSP that may be produced by lateral
path-induced feed-forward activation of interneurons. This component is
reduced by GABA-receptor antagonism, and thus, the broad negative trough
on the falling phase of the lateral path evoked response may be an artifact
caused by the appearance of this IPSP, rather than a true population spike.
#

McNaughton and Barnes (1977) originally proposed that the lateral
entorhinal cortex evoked responses showed a greater attenuation of
waveshape due to electrotonic decay. ~hat is, the broad, long latency,
waveform (see Figure 5) was the result of the lateral path terminal field being
located more distally from the soma than the medial path terminal field. This
hypothesis was challenged by Abraham and McNaughton (1984), as cable
theory would predict a smooth transition in waveshape as one moved from
medial entorhinal cortex to the lateral area, when in fact a sharp step
transition is seen (McNaughton and Barnes, 1977, McNaughton, 1980;
Abraham and McNaughton, 1984). In addition, the cable theory hypothesis,
in part, relies on the assumption that medial and lateral entorhinal cortex
stimulation would evoke similar potentials at their terminal regions in the
dentate gyrus, while this has been shown to not be the case (Abraham,
1982; Abraham and McNaughton, 1984). Using quantitative analysis of the
differences between the potentials recorded in the molecular layer and the
hilus, it was revealed that the electrotonic decay that accompanies passive
propagation only accounted for about 20% of the difference seen in the hilus
between the medial and lateral potentials. While these authors did not rule
out the possibility that quanta! differences in transmitter release might
explain the differences in the shape of the two potentials, they did note that
there were histochemical and biochemical differences between the two
pathways, and suggested that differences in the type of transmitter released
and in the postsynaptic receptor species might also be important
contributing factors (Abraham and McNaughton, 1984).
Stimulating electro<ies positioned in the perforant path also evoke
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field potentials that may be recorded in the pyramidal layer of the ipsilateral
CA 1 region. The potential is similar to that recorded in the dentate gyrus,
with an early positive component and a superimposed negative component
(Doller and Weight, 1982). The negative component of the field potential
appears to be similar to the population spike recorded in the dentate gyrus,
as CA 1 pyramidal cells have been shown to fire near the peak of the
negative spike (Doller and Weight, 1982). The response does not appear to
be conducted via the trisynaptic (dentate-CA3-CA1) pathway, as the latency
of the potential is similar to that of the dentate response, and far less than the
sum of the latencies in the trisynaptic pathway. In addition, moving the
recording electrode towards the CA3 region actually increases the response
latency, and reduces the amplitude of the population spike, while removal of
the CA3 region has no effect on the response (Doller and Weight, 1982).
In addition to the responses generated ipsilaterally, field potentials
may also be produced in the contralateral dentate gyrus with stimulation of
both the lateral and medial entorhinal cortex regions. Stimulation of the
dorsal portion of the medial entorhinal cortex has been shown to result in a
short latency (2.5 ms) positive field response in the contralateral granule cell
layer (White, Goldowitz, Lynch and Cotman, 1976; Wilson, Levy and
Steward, 1979). Unlike the ipsilateral response, well developed population
spikes are not produced, although the response is associated with an
increase in the probability of granule cell discharge (White et al., 1976).
Anatomical tracing studies (Hjorth-Simonsen and Jeune, 1972; Steward,
1976) and CSD (current-source density) analysis (White, Levy and Steward,
1988; 1990) have revealed that the intermediate portions (along the mediallateral axis) of the crossed component of the perforant path project in a
manner that overlaps the dendritic terminal fields of both the medial and
lateral ipsilateral projections. Fibers that originate more laterally terminate
mainly in the distal dendritic region of the contralateral molecular layer,
while the medial entorhinal area projects more proximally to the cell layer

A similar response to that seen in the dentate gyrus and the CA 1
region in response to perforant path stimulation may also be produced in the
dentate gyrus with stimulation of the associational pathway that arises from
the ipsilateral polymorphic hilar neurons themselves (Beckstein and
Lothman, 1991; Steward, White and Cotman, 1977). Stimulating electrode
positions caudal to the recording electrode appear to give rise to the largest
responses (Beckstein and Lothman, 1991 ), and the finding that potentiation
of the entorhinal afferents does not affect associational responses suggests
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that these are discrete pathways (Beckstein and Lothman, 1991; Steward et
al., 1977). It is possible however, that the responses elicited with the
activation of the "associational pathway" are actually representative of a
separate group of medial fibers. The waveshape, and the amount of
facilitation observed with paired pulse stimuli, were identical to that
produced with perforant path stimulation. This matter warrants the use of
CSD analysis to determine whether the terminal regions of the two pathways
are overlapping. If the responses do not represent the activation of discrete
subcomponents of the medial path, one would expect that CSD analysis
would reveal that the two responses would differ in the location of their peak
negative responses.
Another afferent pathway to the dentate gyrus arises from the
polymorphic neurons of the contralateral dentate hilar region. The
\y

commissural evoked response recorded in the hilar region is a short latency
(3.5 ms) waveform that possesses a large negative component that exhibits
a clear response maximum 40 microns above the reversal point of the
perforant path potential (Deadwyler, West, Cotman and Lynch, 1975; Krug,
Muller-Welde, Wagner, Ott and Matthies, 1985). An early component of the
waveform is negative in the inner third of the molecular layer and positive in
the layers both above and below. This pattern of response implies that
excitatory potentials are produced by commissural stimulation, as does the
fact that single unit activity can be recorded in response to commissural
stimulation (Deadwyler et al., 1975; Assaf and Miller, 1978). However, such
stimulation also produces a strong inhibition of the granule cells, and can
depress the usual population spike response to perforant path activation
when it precedes perforant path stimulation by 5 - 20 ms (Buzsaki and
Eidelberg, 1981; Douglas, McNaughton and Goddard, 1983). This inhibition
appears to result from excitatory synaptic connections formed by
contralateral hilar neurons on inhibitory interneurons, as the inhibition of the
perforant path population spike may be blocked with prior administration of
the GABA-receptor antagonists bicuculline and picrotoxin, revealing a weak
excitatory response (Douglas et al., 1983).
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Synaptic Plasticity
Measuring Changes in Synaptic Efficacy
Within the hippocampal formation, the strength of synaptic
transmission is typically evaluated in terms of the size of the intra- or
extracellular EPSP evoked with stimulation of presynaptic fibers, or by
measuring the size of the population spike (Bliss and Lynch, 1988). Unlike
EPSP measures, the population spike is an indirect measure of synaptic
strength, and is susceptible to factors such as the magnitude of inhibitory
transmission and postsynaptic neuronal excitability influencing its accuracy
as a measure of synaptic strength (Madison, Malenka, and Nicholl, 1991 ).
The analysis of electrophysiological activity in the hippocampal
formation has led to the discovery that synaptic transmission between
neurons is not a static process, rather, neural connectivity is capable of
exhibiting a certain degree of plasticity. The enhanced synaptic efficacy that
occurs with the induction of LTP is most often reported as an increase in the
size and rising slope of the extracellular EPSP, while the reverse is true
when efficacy is decreased in the case of LTD. At present it is unclear
whether the EPSP changes that accompany LTP and LTD reflect the
alteration of existing postsynaptic receptors, changes in the numbers of
postsynaptic receptors, or altered presynaptic transmitter release. In
addition, these EPSP changes are accompanied by alterations in neural
excitability, which may be exhibited as increases or decreases in the size of
population spikes. However, enhanced or reduced EPSP production is
often insufficient in explaining the resultant changes in neural excitability
(Bliss and Loma, 1973; Kairiss, Abraham, Bilkey and Goddard, 1987).
These findings raise the possibility that in addition to the modifications
occurring at monosynaptic excitatory junctions, changes might also occur at
other inhibitory or excitatory junctions that are able to exert some degree of
control over the postsynaptic cells' level of excitability. By testing
postsynaptic responses to a wide range of stimulus intensities, the
relationship between the EPSP and the population spike can be examined
prior to and following the induction of alterations in synaptic transmission. In
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the case of enhanced synaptic transmission, the degree of E-S (EPSP and
Spike) potentiation can be used to measure the degree of spike potentiation
that cannot be accounted for by the observed potentiation of the EPSP
alone. E-S potentiation appears to be due to a greater degree of synaptic
LTP at excitatory synapses than at feed-forward synapses on to inhibitory
neurons (Abraham, Gustafsson, and Wigstrom, 1987; Kairiss et al., 1987).
However, as E-S potentiation can occur in the absence of synaptic LTP
(Bliss and Loma, 1973), other factors, aside from inhibitory contributions,
must also play a role in controlling postsynaptic neuronal excitability.
Paradoxically, E-S potentiation has also been shown to accompany
LTD of the medial perforant path EPSP (Abraham, Bliss, and Goddard,
1985). This finding would seem to indicate that granule cells undergo a
generalized postsynaptic change following high-frequency (400 Hz)
stimulation. Abraham et al. (1985) have proposed that generalized
postsynaptic depression would result in reduced heterosynaptic EPSPs, by
causing a reduction in synaptic driving potential. The reduction in synaptic
driving potential would also be accompanied by a simultaneous increase in
the probability of granule cell discharge to a given sized EPSP. Thus, LTD
would be present at all synapses, but only overcome at those synapses
which were conditioned, and better able to generate postsynaptic EPSPs. It
is also possible, given the results of Abraham et al (1987) and Kairiss et al
(1987), that heterosynaptic E-S potentiation may reflect the involvement of
changes in inhibitory synapses. The reduction in synaptic efficacy may
therefore be specific to heterosynaptic junctions, while E-S potentiation may
reflect non-specific disynaptic changes.

Long-Term Potentiation
Following a number of early investigations into the morphology and
temporal characteristics of responses evoked in the dentate gyrus with
perforant path stimulation (Andersen and Loyning, 1962; Andersen,
Holmqvuist and Vourhoeve, 1966; Gloor, Verti and Sperti, 1963; Loma,
1971 a), Loma (1971 b) noticed that repetitive stimulation could alter the
extra- and intracellular responses of single granule cells to subsequent test
stimuli in urethane-anaesthetized rabbits. Utilizing paired stimuli, he found .
that the extracellular EPSP could be increased by as much as 100% with
conditioning intervals of 25 ms. The potentiation lasted 200 - 300 ms, and
did not seem to be due to changes in the presynaptic neuron, as the fiber
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volley remained unchanged, and even removing the entorhinal area did not
reduce the effact.

- !~
J(

., "
.....

Bliss and Lomo (1973) and Bliss and Gardner-Medwin (1973)
examined the effects of repetitive stimulation in more detail in urethaneanaesthetized and chronically implanted rabbits. They found that when
stimuli were presented as trains at 1O - 20 Hz for 1O - 15 seconds, or at 100
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Hz for 3 - 4 seconds, long-lasting increases in synaptic efficacy could be
produced. The changes lasted for up to 1O hours in the anaesthetized

-
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animals, and chronically implanted animals exhibited the effect for up to
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three days. These findings were replicated in chronically implanted rats by

-

Douglas and Goddard (1975), who also introduced the procedure of
administering tetanic stimuli as short trains of 8 bipolar pulses at 400 Hz.
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Stimuli administered in this manner were found to elicit robust LTP, and only

-·

needed to be administered for a few seconds in total. The use of bipolar
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pulses, whereby the net sum of electrical charges released is zero, also
enabled these authors to avoid the deleterious effects that monopolar
current has on tissue. Figure 6 illustrates the changes in the perforant path
evoked response which accompany LTP of synaptic efficacy.
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FIGURE 6. Schematic of medial perforant path elicited responses prior to (thick,
blue line) and following (thin, red line) LTP induction with medial path tetanization.

--'I

The enhanced wave form shows an increase in the slope of the population EPSP (A),
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and a larger population spike (B) than the original evoked response.
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recently been given more attention. While 400 Hz stimuli may result in the
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induction of stable, long-lasting LTP, the physiological relevance of these
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· The manner in which stimuli are administered to induce LTP has
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stimuli is unknown. Pyramidal cells in the hippocampus proper, and granule
cells in the dentate gyrus do not generally achieve firing rates at this high a
frequency (Bland, 1986; Winson and Dahl, 1986). Winson and Dahl (1986)
have shown that the application of 200 Hz trains to the medial and lateral
perforant path inputs, at intensities that failed to produce LTP when
administered individually, results in LTP in both pathways when the onset of
the trains is staggered by 1.5 ms. Thus, lower frequency input volleys, when
delivered asynchronously to separate pathways, may result in the activation
of some 400 Hz sensitive mechanism which is capable of integrating
spatially separated granule cell inputs (Winson and Dahl, 1986).
Larson, Wong, and Lynch (1986) found that a 200 ms intertrain
interval, for a sequence of brief trains (4 pulses at 100 Hz), was optimal in
inducing LTP in the CA 1 region in vitro. In addition, the pairing of even two
trains (4 pulses at 100 Hz) could also result in LTP in area CA 1 in vitro, as
long as the intertrain interval was between 160 and 200 ms (Larson and
Lynch, 1986). This regime was not effective when the intertrain interval was
2 seconds, or when a single train was administered alone.
It is interesting to note that the patterned stimuli utilized by Larson and
colleagues mimics the neuronal discharge rates of cells in the dentate
region during theta activity (see Bland, 1986 for review). Further evidence
for the importance of this rhythmical neuronal activity comes from the fact
-

;,1

that long-term potentiation has also been shown to be preferentially induced
at theta rhythm periodicities in the dentate gyrus (Greenstein, Pavlides and
Winson, 1989) In addition, short trains of pulses (5 pulses at 400 Hz) have
been shown to result in LTP when they are applied at the peaks of
spontaneously occurring theta activity, but not when they are applied during
the troughs (Pavlides, Greenstein, Grudman and Winson, 1988). This
evidence suggests that the physiological relevance of theta activity may be
to regulate changes in synaptic efficacy, and such a role has recently been
proposed by Buszaki and Gage (1991 ).
The ability of conditioning trains to instigate LTP of synaptic efficacy is
mainly related to the ability of the stimuli to produce sequential, overlapping
EPSPs (Gamble and Koch, 1987). Although this issue will be dealt with
more comprehensively in subsequent sections, it is pertinent here to note
why theta-patterned stimuli are particularly effective in eliciting LTP. The
theta-pattern stimuli are administered as bursts of stimuli (5 pulses per burst)
at 200 ms intervals, and their administration in this fashion produces an
activity-dependent reduction of feed-forward generated IPSPs (Larson and

Chapter 4: Synaptic Plasticity

24

Lynch, 1986). During this period, a greater degree of EPSP summation
occurs, and the postsynaptic neurons are more readily depolarized than at
inteNals outside of this refractory period.
Enhanced synaptic efficacy has been shown in every subfield of the
hippocampus, and it appears to be restricted to excitatory connections. The
ipsilateral medial (Bliss and Loma, 1973) and lateral (McNaughton et al.,
1978) entorhinal projections to the dentate gyrus have both been shown
capable of sustaining LTP. In addition, LTP has been shown in the
entorhinal contralateral projections (White et al., 1990) to the dentate gyrus,
as well as in the entorhinal projection to the CA 1 region (Doller and Weight,
1985). Within the hippocampus, the mossy fibers (Alger and Teyler, 1978),
Schaffer collateral fibers (Schwartzkroin and Wester, 1975), CA3
commissural projections to the contralateral CA 1 (Buzsaki, 1980) and CA3
(Bliss, Lancaster and Wheal, 1983) regions, and dentate associational fibers
(Beckstein and Loth man, 1991) have all been reported to exhibit enhanced
synaptic efficacy. There is also some evidence that the medial septal
afferents to the hippocampal formation may also sustain LTP (Fantie, 1982;
McNaughton and Miller, 1985), although it has been pointed out that the lack
of conspicuous field potentials weakens the case for LTP in this afferent
(Bliss and Lynch, 1988).

Long-Term Depression
~

While much attention has been focused on enhanced synaptic
efficacy, few studies have looked at decreases in synaptic transmission.
Some early reports on LTP in the CA 1 region reported a depression of nontetanized pathways, coincident with LTP induction (Dunwiddie and Lynch,
1978; Lynch, Dunwiddie and Gribkoff, 1977), but, this effect was not always
obseNed (Alger, Megela and Teyler, 1978; Andersen, Sundberg, Sveen,
Swann and Wigstrom, 1980; Andersen, Sundberg, Sveen and Wigstrom,
1977), and the prevailing opinion has been that if LTD did occur, it was not
as robust or reliable as LTP. Thus, the phenomenon has been relatively
ignored except for the concentrated efforts of Levy and colleagues.
Originally, Levy and Steward (1979) reported that following the
induction of LTP in the crossed perforant path input to the dentate gyrus with
the simultaneous tetanization of the crossed and ipsilateral perforant
pathways, it was possible to "depotentiate" LTP of the crossed pathway by
tetanizing the ipsilateral pathway alone. Subsequently, it was shown that

-
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high-frequency activation of the ipsilateral projection preceding high-
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fre_quency activation of the crossed pathway by intervals longer than 200 ms
resulted in LTP in the ipsilateral pathway and LTD of the contralateral
response (Levy and Steward, 1983). Recently, by using conditioning trains
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composed of three pulses, it has been shown that there exists a narrow
temporal window (7.5 ms) in which the production of LTP occurs with the
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conjunctive activation of these two afferents; activity outside this window
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produces heterosynaptic LTD (Hashemzadeh-Gargari, Colbert and Levy,
1991 ). Heterosynaptic LTD has also been reported in both the medial and
lateral ipsilateral projections to the dentate gyrus (Abraham and Goddard,
1983). Abraham and Goddard (1983) found that the application of
conditioning stimuli to either the medial or lateral afferents alone produced
LTD in the other set of afferents (which are not activated during the

__

conditioning procedure).
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FIGURE 7. Schematic of medial perforant path elicited dentate responses prior to
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(thick, blue line) and following (thin, red line) heterosynaptic LID induced with lateral
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path tetanization. The depressed medial path elicited wave form shows an depressed
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population EPSP slope (A), and a smaller population spike (B) than the original
evoked response (adapted from Abraham and Goddard, 1983).

- '"I

......

In addition to the heterosynaptic LTD that can be produced in the

_.,

medial and lateral path inputs to the dentate gyrus, LTD has also been

,.._

observed in the dentate commissural projection following LTP induction in
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1985). The depression observed in the commissural synapses lasted for up
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the perforant path input (Krug, Muller-Welde, Wagner, Ott and Matthies,
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to 7 days in freely moving animals, however, it is not clear whether the LTD
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occurred in the excitatory projections from the contralateral hilus to the
dentate interneurons and granule cells, or in the interneuron connections to
the dentate cells. Krug et al. (1985) acknowledge that the potentials they
recorded may have reflected to a great degree, inhibitory postsynaptic
potentials generated disynaptically (feed-forward inhibition). Thus, the
changes in the evoked responses may have reflected heterosynaptic
depression of the inhibitory interneuron connections to granule cells
accompanying LTP of the perforant path synapses, and not depression of
the excitatory connections to the interneurons themselves.
While it is not clear that specific stimulus frequencies are necessary
for the induction of heterosynaptic LTD, low-frequency activity may be
necessary for the active suppression of synaptic efficacy homosynaptically.
Following LTP induction in the CA 1 region, the administration of stimuli at 1
to 5 Hz has been shown to actively reverse enhanced synaptic efficacy
(Staubli and Lynch, 1990; Fujii, Saito, Miyakawa, Ito, and Kato, 1991 ).
Bramham and Srebro (1987) have also shown that the administration of
conditioning trains at 15 Hz to the perforant path can result in LTD induction
in pathways that were not previously potentiated. Similarly, Bear, Gold and
Dudek (1991) have shown that long trains (15 minutes) of single pulses
delivered at 5 Hz can result in homosynaptic LTD of the perforant path input.
Pavlides et al. (1988) have reported that when high-frequency tetanic stimuli
were administered at the troughs of theta waves, homosynaptic LTD of the
tetanized afferents was produced in some instances. As with LTP, this
finding indicates that stimuli utilizing the theta rhythm periodicity may help to
facilitate the induction of LTD, and also that presynaptic activity during
postsynaptic hyperpolarization may be a key factor in LTD induction (the
troughs in theta waves are indicative of synchronous IPSPs being produced
by granule cells; Bland, 1986).
Recently, Stanton and Sejnowski (1989) have shown that covariance
of presynaptic activity in two pathways can result in either LTP or LTD in the
CA 1 region, depending on whether the induced presynaptic activity in the
two pathways was positively or negatively correlated. When LTP inducing
tetanic stimuli are administered to one pathway as bursts of stimuli at 5 Hz,
and a second test pathway is weakly activated by administering single
pulses at 5 Hz, LTP is produced in the test pathway when activity in the
pathways coincides. In contrast, when the pulses are interleaved between
the bursts, LTD is produced in the test pathway. As LTD was not produced
heterosynaptically with application of the conditioning stimuli to one
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pathway, or in the test pathway when the 5 Hz pulses were administered
alone, Stanton and Sejnowski (1989) referred to this form of synaptic
depression as "associative LTD". The induction of the associative LTD
observed in these experiments seems to be the result of presynaptic activity
occurring during postsynaptic hyperpolarization, since applying the 5 Hz
stimuli alone, while the postsynaptic cell was hyperpolarized, resulted in the
induction of LTD in the activated pathway. The reliability of associative LTD
is, however, somewhat controversial. While it has been repeatedly
demonstrated by Stanton and colleagues (Chattarji et al., 1989;Stanton and
Sejnowski, 1989; Stanton et al., 1991 ), several other laboratories have had
difficulty reproducing this effect (Paulsen et al., 1990; Kerr and Abraham, in
press). In addition, it is not a ubiquitous phenomenon, as not all synapses
are capable of exhibiting associative LTD (Chattarji et al., 1989).
The issue of what conditions are necessary for the induction of LTD
remains unresolved at this point. While postsynaptic hyperpolarization
coupled with weak presynaptic activity may be necessary for the induction of
Stanton and Sejnowski's (1989) "associative LTD", it is not apparent how
these conditions would be met in the induction of homosynaptic LTD with 5
Hz stimuli (Bear et al., 1991) or in the case of heterosynaptic LTD where the
presynaptic synapses are quiescent. As these different variants of LTD are
produced under different conditions, it may initially be better to classify LTD
according to the necessity for presynaptic activity in its induction. In the case
of non-associative or heterosynaptic LTD, there is clearly no dependency
upon the establishment of presynaptic activity. The induction of "associative"
LTD at heterosynaptic inputs (i.e. Stanton and Sejnowski, 1989) on the other
hand exhibits a dependency upon the establishment of presynaptic activity,
as does the production of LTD homosynaptically (i.e. Bear et al., 1991 ).
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Electrophysiological Properties of
Bidirectional Plasticity
Cooperativity and Associativity
McNaughton, Douglas, and Goddard (1978), found that the
cooperative actions of a number of perforant path fibers, afferent to the
dentate gyrus, were required to produce LTP of the perforant path evoked
response. When high-frequency stimuli were applied at intensities
insufficient to produce population spikes, LTP was not induced. As the
stimulus intensity was increased so that a population spike was produced,
the number of fibers activated also increased, and LTP genesis became
possible. These authors termed this property of LTP "cooperativity", to
emphasize that the coactivity of a number of fibres is required for LTP
genesis. McNaughton (1981) later estimated that approximately 5% of a
granule cells afferents need to be stimulated for the cell to fire, and
suggested that 5% activation is representative of the threshold for LTP
induction.
Associativity refers to the cooperative interaction between two
anatomically discrete inputs to a given set of postsynaptic cells. Typically,

!

there is one weak input which possesses insufficient numbers of fibers to
achieve the threshold levels of depolarization necessary for LTP induction
with high-frequency activity. Associative LTP can be induced, however, if

• 7

this input is conjunctively activated with a second input that possesses the
necessary number of fibers to result in LTP. Such coincident activity will
result in LTP being generated in both pathways, as long as the postsynaptic
neurons are sufficiently depolarized (Barrionuevo and Brown, 1983; Kelso
and Brown, 1986; Levy and Steward, 1983; Larson and Lynch, 1986;
Gustafsson and Wigstrom, 1986; Sastry, Goh, and Auyeung, 1986; Wigstrom
and Gustafsson, 1983; Wigstrom, Gustafsson, Huang and Abraham, 1986).
Associative LTP may also be induced in two discrete inputs that are both
capable of sustaining LTP on their own. McNaughton et al. (1978) placed
stimulating electrodes in both the medial and lateral components of the
perforant path and first showed that by using stimulus strengths below those
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for elicitation of the population spike, no LTP could be produced.
Subsequently, they activated both pathways simultaneously using the same
stimulus strengths, and produced LTP in both pathways.
Cooperativity is not a requisite feature of LTD in the dentate gyrus,
and the conditions which must be met postsynaptically for its induction have
not been clearly defined. Normally, LTP is produced in one pathway, and
this may result in LTD at the quiescent synapses adjacent to those that are
potentiated. For this reason, heterosynaptic LTD can be described as nonassociative or activity-independent LTD. Levy and colleagues
(Hashemzadeh-Gargari, Colbert and Levy, 1991; Levy and Steward, 1983;
Levy, Brassel and Moore, 1983) described LTD production in the crossed
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path as "associative in nature" since it relied on the associated activity of the
ipsilateral pathway. It can be argued, however, that these findings are more
indicative of the temporal constraints for associative LTP production in a
system that normally is unable to sustain LTP. That is, activity in the crossed
pathway at intervals outside those for the production of associative LTP
produces LTD in the crossed perforant path input that can not be
differentiated from the LTD produced with stimulation of the ipsilateral path
alone (Colbert, Burger, and Levy, 1992; Levy, Brassel and Moore, 1983;
Lopez, Burger, Dickstein, Desmond and Levy, 1990; White, Levy and
Steward, 1990). Thus, associative interactions do not seem to be a
prerequisite condition for the induction of this form of LTD, and it may also be
considered as non-associative or activity-independent LTD.
The experiments of Stanton and Sejnowski (1989) demonstrate how
associativity can function in associative, or activity-dependent, LTD genesis.
They found that presynaptic activity in conjunction with hyperpolarization of
the postsynaptic membrane was capable of producing homosynaptic LTD,

.-,

and thus it is possible that the cooperative actions of a large number of fibers
to produce postsynaptic hyperpolarization, even if indirectly, are the
requisite conditions for LTD induction. The activity-dependency of this
associative interaction further indicates that this form of LTD possesses
properties which are markedly different from non-associative LTD, which is
activity-independent. Some evidence for this notion comes from the fact that
tetcanization of the mainly inhibitory commissural pathway is capable of
blocking the induction of LTP in the perforant path input to the dentate gyrus
(Douglas, Goddard and McNaughton, 1983). In this case, the suppression
of LTP is also activity-dependent, and may result from the production of
postsynaptic hyperpolarization, as induced by activity in the commissural
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pathway. Perhaps coupling strong commissural and weak perforant path
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acJivity in a manner similar to that used by Stanton and Sejnowski (1989)

.

could enhance this effect, and result in the production of an associative form
of LTD in the perforant path synapses.

Input Specificity

)/

A critical facet of LTP is that it is usually confined to only those
synapses that are active during high-frequency stimulation. When other
separate afferents to the same post-synaptic neuron are tested, they are
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typically not potentiated (Abraham, Bliss and Goddard, 1985; Abraham and
Goddard, 1983; Andersen, Sundberg, Sveen and Wigstrom, 1977;
Andersen, Sundberg, Sveen, Swann and Wigstrom, 1980; Krug, MullerWelde, Wagner, Ott and Matthies, 1985; Lynch, Dunwiddee and Gribkoff,
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1977; but, see also Bradler and Barrionuevo, 1989; Hanse et al., 1991 ).
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FIGURE 8. Schematic diagram of a simple circuit showing input

specificity. The application of high-frequency stimuli to input (A) results
in the induction of LTP in it, while input ( B) remains unchanged, or
exhibits a reduction in synaptic efficacy (heterosynaptic LTD).

Non-tetanized afferents do not usually show any facilitation, and in
'?'
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some instances, the heterosynaptic afferents may be depressed (Lynch et
al., 1977). The finding that heterosynaptic depression could accompany
homosynaptic LTP has been confirmed in other areas of the hippocampus
by a number of laboratories (Abraham and Goddard, 1983; Bliss, Errington
and Jefferys, 1983; King and Levy; 1986; Levy and Steward, 1979) although
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not all laboratories reported this effect (Alger, Megela and Teyler, 1978;
Andersen, Sundberg, Sveen, Swann and Wigstrom, 1980; Andersen,
Sundberg, Sveen, and Wigstrom, 1977; Wigstrom and Gustafsson, 1985).
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Most importantly, in all instances, LTP was confined to only those synapses
which received conditioning stimuli.
Recently, the phenomenon of input specificity has been shown to not
be a universal feature of LTP. Bradler and Barrionuevo (1989) showed that
heterosynaptic LTP may be induced in certain afferents of area CA3,
indicating that the efficacy of non-tetanized inputs may be upregulated in
certain instances. While it is possible that this effect is due to input specific
potentiation of local circuits, the evidence to date does not rule out the

~(

existence of heterosynaptic potentiation. In addition, heterosynaptic
_.., >

potentiation also appears to exist in the CA 1 region as well (Hanse et al.,
1991 ). As with LTD, this may reflect that LTP can also be classified as an
activity-dependent or -independent event.
Input specificity has not been shown for LTD in the hippocampal
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formation, although to date no convincing tests for its existence have been

-

performed. While the early reports described above sometimes documented
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heterosynaptic LTD, no concerted efforts were made to evaluate whether it
·1

was specific to a given population of synapses (e.g. synapses more proximal
or distal to those exhibiting LTP). Another manner in which the input
specificity of synaptic depression could be tested would involve the

·'/

production of activity-dependent LTD like that of Stanton and Sejnowski

-1

(1989), but utilize a third input to test for the generalised effects of two input
stimulation. This afferent would not be activated during the conditioning
procedure, and as Stanton and Sejnowski (1989) have reported that nonassociative LTD does not occur in their paradigm, one would not expect LTD

',

in the third test input.
While non-associative LTD may not be input specific, it may operate

~ ·?

to enhance the input specificity of potentiated synapses by reducing the
influence of neighbouring synapses. Thus, LTD at heterosynaptic inputs
would result in a greater signal to noise ratio for the potentiated synapses. It
has also been proposed that non-associative LTD is representative of a
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generalised synaptic depression that is caused by the application of
conditioning stimuli. While this synaptic depression would occur at all
synapses, it is only overcome at those synapses which are conditioned and
exhibit LTP (Abraham, Bliss and Goddard, 1985; Abraham and Goddard,
1983). Some support for this notion comes from the fact that antidromic

'.,

stimulation of cells in a bathing medium that blocks synaptic transmission
results in a long-lasting depression of synaptic potentials (Packett and
Lippold, 1986). The antidromic activation can be seen as producing
postsynaptic effects similar to those incurred with LTP inducing conditioning
stimuli applied presynaptically. Owing to the lack of coincident pre- and
postsynaptic activity, LTP was not induced, and a generalized synaptic
depression was apparent at tested inputs. However, if LTP-inducing

·X

postsynaptic activity results in synaptic depression at all synapses, it is
unclear as to why non-associative LTD is not always observed following LTP
induction (i. e. Alger, Megela and Teyler, 1978; Andersen, Sundberg,
Sveen, Swann and Wigstrom, 1980; Andersen, Sundberg, Sveen, and

~(

Wigstrom, 1977; Wigstrom and Gustafsson, 1985).

Duration
One of the first properties of LTP to attract attention was its ability to
persist for long periods of time. In the original studies, LTP was shown to
persist in the perforant path - dentate gyrus system of rabbits for periods of
·- \

hours to days following a brief period of high-frequency stimulation (Bliss
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and Gardner-Medwin, 1973). Following this, several other independent

'

researchers documented and extended this finding in rats (Barnes, 1979;
Barnes and McNaughton, 1985; Douglas and Goddard, 1975; de Jonge and
Racine, 1985; Racine, Milgram and Hafner, 1983). Douglas and Goddard
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(1975) for instance, found that both the EPSP and the population spike
;,.

remained enhanced for up to twelve days, and that changes in the EPSP
could be retained for up to two months. One difference in their study was
that they utilized diphasic test pulses in some animals, in addition to
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monophasic stimuli like those used by Bliss and colleagues. These authors
felt that the use of diphasic stimuli may have aided them in-obtaining their
long-lasting effect, as monophasic stimulation may result in small electrolytic
lesions which would mask the effect.
LTP is extremely durable as compared to short-term phenomena such

<

as facilitation, augmentation, and potentiation (Racine and Milgram, 1983).
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Racine, Milgram and Hafner (1983) found that the duration of LTP could be
seen as reflecting the operation of two processes. When time points
collected continuously for 2 hours (and then intermittently for longer periods)
following LTP induction were expressed as exponential decay functions, a

- ',
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rapidly decaying component of LTP, named LTP 1, became apparent. LTP1
exhibited a time constant of 1-2 hours, and was accompanied by a more
slowly decaying component with a time constant of 5 days (LTP2). Recently,
the decay rates reported in a number of studies were collated and
expressed as single negative exponential functions (Abraham and Otani,
1991 ). This analysis has revealed that three rough categories of LTP
duration may be made. LTP1 and LTP2, as reported by Racine et al. (1983)
had a decay constants of about 2 hours and 4 days respectively, while a

->

third component with a time constant of 25 days was also revealed (LTP3).
There is also a limited amount of evidence to suggest that these
different decay rates may reflect different biochemical mechanisms. LTP1 is
known to be protein synthesis independent, unlike LTP2 and LTP3 (Otani,
Marshall, Tate, Goddard and Abraham, 1989), while LTP3 is sensitive to
barbituate anaesthesia (Jeffery et al., 1991 ), suggesting y-aminobutryic acid
receptor involvement. As barbituate anaesthesia also prevents the induction
of c-fos -related and jun-family immediate early genes (IEG) and reduces the
induction of the IEG zif/268, LTP3 may also be representative of a
transcription-dependent phase of LTP (Jeffery et al., 1991; Abraham and
Mason, in press).
To date, there have been no long-term studies of hippocampal LTD in
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excitatory pathways in awake animals. Krug et al. (1985) reported that
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tetanization of the perforant path induced a depression of commissural
responses that lasted for up to 7 days. Although significant LTP was
produced in the perforant path, it was only maintained for 72 hours,
suggesting that LTD and LTP are dissociable events. LTD of excitatory
pathways has been documented for long periods in anaesthetized animals.

'>
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The perforant path crossed input to the dentate gyrus has been found to
exhibit LTD of synaptic efficacy for up to 15 hours in urethanized
preparations (Colbert, Burger, and Levy, 1992), while LTD in the ipsilateral
pathways has been documented for up to 3 hours in barbituate
anaesthetized rats (Abraham and Goddard, 1983). Thus, it appears that
non-associative LTD may be able to persist for long per1ods of time. Future
studies are needed to investigate this matter further, and to elucidate if

:,

associative LTD is also long-lasting.
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The main difficulty with long-term studies in awake animals is that it is
often impossible to determine whether the decay rates are reflective of the
actual physiological processes themselves, or of the stability of the recording

.,

I

electrode arrangement. Recently, Staubli and Lynch (1987) attempted to

--

I\

overcome some of these difficulties by recording from both hemispheres of

\ /

animals, while only producing LTP in one hemisphere. By monitoring

'1

control as well as experimental hemispheres, these authors used changes
in the control hemisphere as an index of the stability of their stimulatingrecording electrode arrangement. Their results indicated that when LTP was

'1

produced with patterned stimulation that mimicked the neuronal activity
recorded from rats during exploratory behavior, it either i) showed a stable
-Y
-

reduction from 24 hours on or ii) remained stable until either the recording

f,

session was terminated after three weeks, or until the responses began a
precipitous decrease to below baseline. As this precipitous decrease was
taken as evidence of a disturbance in the stimulation-recording electrode
arrangement, these authors argued that patterned stimulation was capable

;l

of producing non-decremental LTP.
~

: >

The issue of exactly how long LTP lasts remains difficult to determine. _ _ _ _
As evoked responses can change quite markedly with even small changes
in the positioning of either the stimulating or the recording electrodes, there
always exists some possibility that such changes are a contaminant factor in

,. >
-
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any long-term experiment. In addition, other factors ranging from electrode
polarization-induced electrolysis and vascular changes to climate and
behavioral variation may also act to mask response constancy. Based upon
these considerations, Staubli and Lynch (1987) suggest that group data may

"- I

more accurately reflect the percentage of the group in which electrode
changes have occurred, than the response increments or decrements in a
typical member of the group .

.
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Inductive Mechanisms of Bidirectional
Plasticity
'1

Excitatory Amino Acids
-

l

The excitatory amino acid glutamate is believed to be the most
prevalent excitatory neurotransmitter in the hippocampal formation. It is
capable of activating at least three distinct ionotropic receptor subtypes,

,,

which have been identified according to the selective actions of the
glutamatergic agonists N-methyl-d-aspartate (NMDA), kainate, and
AMPNquisqualate. In addition to these three subtypes, it is apparent that
second messenger-coupled, or metabotropic, subtypes of glutamate

',

receptors exist as well. A metabotropic receptor subtype that stimulates
phosphoinositide hydrolysis has been identified in the hippocampus, and it
has been shown to be selectively antagonized by 2-amino-5phosphonopropionate acid (AP3; Schoepp and Johnson, 1988; 1989).
Glutamate has been suggested to be the major transmitter released from

·'

both the medial and lateral entorhinal terminals in the dentate gyrus (Dahl
and Sarvey, 1989; Koerner and Cotman, 1981; White, Nadler, Hamberger
and Cotman, i 977), and its actions at the different receptor subtypes have
been proposed to play different roles in the induction and maintenance of
I
p

hippocampal LTP and LTD.
Normally, metabotropic receptors can be seen as not directly
influencing normal synaptic transmission, as they are not directly coupled to
postsynaptic ionophores (Eccles and McGeer, 1979). lonotropic receptors,
like the kainate and quisqualate on the other hand, can be seen as being

:.,

involved in normal synaptic transmission, as their activation by glutamate
leads to the opening of ionic gates. Blockade of AMPA/quisqualate
receptors with CNQX, for instance, reduces hippocampal synaptic
responses (Honore, Davies, Drejer, Fletcher, Jacobsen, Lodge and Nielsen,

'1,
!

1988), while application of the AMPNquisqualate receptor agonist
aniracetam reversibly increases responses (Xiao, Staubli, Kessler, and
Lynch, 1991 ). However, the NMDA ionotropic receptor subtype does not
appear to participate in normal hippocampal synaptic transmission. 2-

1·
·/
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Amino-5-phosphonovalerate (APV), a selective NMDA receptor antagonist,
,\

has no effect on either the intracellularly or extracellularly recorded EPSPs
of medial or lateral perforant path evoked responses in the dentate gyrus or
of evoked responses in the CA3 region of the hippocampus proper

' l
~

(Collingridge, Kehl and McLennan, 1983; 1984; Crunelli, Forda and Kelly,
)'

'1

1983; 1984). Responses in the CA 1 and CA3 regions to stimulation of
intrinsic and commissural afferents are similarly unaffected (Collingridge,
Kehl and McLennan, 1983a,b). Dahl, Burgard and Sarvey (1990) have
reported however, that NMDA-receptor antagonists reduce the peak
amplitude and total area of medial path elicited responses, but that they do
not affect the slope of the medial EPSP, or the lateral path response.
The NMDA receptor does appear to play a role in the induction of

')

(
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homosynaptic LTP and non-associative LTD. NMDA receptor antagonists
have been shown to selectively and reversibly block the induction of LTP in:
the medial perforant path input to the dentate gyrus (Errington, Bliss and
Lynch, 1987; Morris, Anderson, Lynch and Baudry, 1986; Abraham and
Mason, 1988); the contralateral perforant path to dentate gyrus pathway

J

:,

(Desmond et al.,, 1991 ); the Schaffer collateral-commissural pathway to CA 1
(Collingridge et al., 1983a,b; Harris, Ganong and Cotman, 1984; Wigstrom,
Gustaffson and Huang, 1986); and the associational-commissural input to

I,

CA3 (Harris and Cotman, 1986). Non-associative LTD induction has also
ben shown to be blocked with NMDA receptor antagonism in both the

-

crossed perforant path input to the dentate gyrus (Desmond et al., 1991) and
in the CA 1 region (Abraham and Wickens, 1991 ).
It is now apparent that NMDA receptor-mediated responses are

,.j

"

,~

normally blocked by the presence of extracellular magnesium ions (Coan
and Collingridge, 1985; Dingledine, 1986). The magnesium blockade
occurs in a highly voltage-dependent manner (Ascher and Nowak, 1988;
Nowak, Bregestovski, Ascher, Herbet and Prochiantz, 1984; Mayer,
Westbrook and Guthrie, 1984), such that a strong depolarization (like that
produced by high-frequency stimulation) is required to alleviate the

I-,
I .

blockade. The initial depolarization during tetanic stimulation may arise
from the activity of non-NMDA excitatory amino acid receptors, or by
activation of other receptors (eg. cholinergic) which have excitatory effects.
With continued postsynaptic EPSP production, such factors as a build up in
the extracellular matrix of potassium, or fatigue in the production of GABAreceptor mediated IPSPs, would lead to further depolarization and enhance
the removal of the magnesium blockade. The requirement of sufficient

Chapter 6: Inductive Mechanisms

37

membrane depolarization to reduce the magnesium blockade explains the
--1

·,

necessity of the cooperative action of numerous fibers to induce LTP (the
phenomenon of associativity may be similarly explained). In addition, given
that the NMDA-receptors are synaptically located, LTP input specificity can
be seen as the requirement for binding by an NMDA receptor ligand, thus

'. 'i

\

specifying which synapses can be modified.
It is unclear why NMDA-receptor activation is necessary for the

j

production of non-associative LTD, as these synapses are inactive, even
when the postsynaptic neuron is depolarized sufficiently to alleviate the
magnesium blockade. It may be, however, that some degree of postsynaptic
depolarization at the inactive sites is required, and that the activation of
NMDA-receptors at some synaptic regions leads to the spread of

'r

·~
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depolarization to neighbouring regions of the postsynaptic membrane.
While the involvement of the NMDA receptor seems critical for
synaptic plasticity in a number of hippocampal systems, not all rely on
NMDA receptor activation for the induction of LTP and LTD. APV is
ineffective in blocking LTP of the mossy fiber input to CA3 neurons (Harris
and Cotman, 1986; Kauer and Nicholl, 1988), and associative LTD in the
CA 1 and CA3 regions (Stanton et al., 1991 ). Activity-dependent LTD has
been reported to be blocked with prior administration of the metabotropic
glutamate receptor antagonist AP3. However, in addition to inhibiting
phosphonoinositide hydrolysis, the application of AP3 also blocks the
mobilization of intracellular calcium stores in rat cerebellar neurons (Irving,
Schofield, Watkins, Sunter and Collingridge, 1990) raising the possibility
that either or both of these processes are integrally involved in the genesis

-!

of this form of LTD.

p

Calcium Involvement
>-

One event associated with the activation of NMDA receptors is the
entry of calcium (Ca++) through the ion channel linked to the receptor
(Colling ridge and Lester, 1989). Ca++ appears to be involved in the LTP

)

process, as removal of Ca++ from the medium of in vitro preparations during
tetanization prevents LTP from occurring in the CA 1 region, even when the-Ca++ is returned afterwards (Dunwiddee and Lynch, 1979; Dunwiddee,
Madison and Lynch, 1978; Wigstrom, Swann and Andersen, 1979). In
addition, extracellular Ca++ levels decrease following LTP tetanization
(Melchers, Pennartz, and Lopes da Silva, 1987) and Ca++ uptake increases
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(Baimbridge and Miller, 1981 ). Increases in intracellular Ca++ have also
been reported following iontophoretic application of glutamate or NMDA on
<

the peripheral dendrites of CA 1 pyramidal cells (Conner, Wadman,
Hockberger and Wong, 1988).
Further evidence for Ca++ involvement in LTP in the hippocampus

''i

proper comes from the fact that increasing the Ca++ concentration of the in
vitro medium or application of Ca++ can induce a long-lasting potentiation of
both the EPSP and spike components of the evoked response (Bliss,
Dolphin and Feasey, 1984; Turner, Baimbridge and Miller, 1982). In a
recent review, it has been argued that the Ca++ induced LTP is similar to the
LTP normally induced by tetanization (Bliss and Lynch, 1988). Both are
blocked by APV and calmodulin antagonists, and both are accompanied by
an increase in transmitter release. On the other hand, although calcium

(

•-..,.

influx through the NMDA receptor ionophore is necessary for LTP induction
in the dentate gyrus (Morris, Anderson, Lynch and Baudry, 1986), the
addition of Ca++ to the extracellular bathing medium does not result in LTP
in this region (Melchers, Pennartz and Lopes da Silva, 1987). In addition,
the Ca++ induced LTP in the CA 1 region is also unlike tetanus-induced LTP
in that no presynaptic activity is required.
Recently, Grover and Teyler (1990) reported that an APV-sensitive
and an APV-insensitive form of long-term potentiation could be induced by
using 25 Hz and 200 Hz stimuli in the Schaffer collateral/commissural input
to the CA 1 region. LTP could be induced with either of the sets of stimuli,
however, the APV resistant component of LTP was produced with the 200
Hz stimuli, and developed over 1O - 15 minutes after the completion of the
tetanization. This NMDA-independent form of LTP could be prevented using
the dihydropyridine nifedipine, which selectively blocks L-type voltagesensitive calcium channels. If such channels were active in the induction of
APV-insensitive LTP, then one would expect that increases in the
intracellular levels of calcium might contribute to its appearance. The effects
of intracellular injection of a calcium chelator substantiate this conjecture, as
they prevent the induction of LTP in the presence of APV (Grover and Teyler,
1990). Taube and Schwartzkroin (1986) had earlier shown that voltage-

)

---,
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sensitive calcium channel antagonists did not prevent LTP in this system, but
Grover and Teyler (1990) point out that these authors used 100 Hz stimuli, which would not result in the appearance of the APV-insensitive form of LTP.
Thus, ca++ activity may play a role in the operation of separate mechanisms
involved in the induction of LTP, and this may explain the differences
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observed in Ca++ induced LTP and the tetanus induced LTP.

1
'(

Postsynaptic calcium activity does not appear to be necessary for the
genesis of all forms of LTP however. Zalutsky and Nichol (1990) found that
intracellular injection of the Ca++ chelator 1, 2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA) was ineffective in blocking the

r' '{
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NMDA-independent LTP in the mossy fiber - CA3 input, although it did
effectively block the NMDA-dependent LTP in the association/commissural
input to the same neurons. Although the role of voltage-sensitive calcium

. 1

channels was not directly tested in this study, the fact that afferent stimulation

·.>r

paired with postsynaptic depolarization did not result in LTP in the mossy
fiber input, and the BAPTA effect, suggests that these channels are not
involved.
Calcium activity appears to take part in the induction of LTD in the

.

')

CA 1 region in vivo. Verapamil, which reduces neuronal calcium
accumulation, has been shown to counteract non-associative LTD, but not

'~

LTP, in the CA1 region (Sastry, Chirwa, Goh, Maretic and Pandanaboina,
1984). In addition, a role for voltage sensitive L-type ca++ channels has
been demonstrated in the CA 1 region in vitro (Wickens and Abraham, 1991 ).
LTD of the radiatum field EPSP and population spike, produced by alvear
tetanization in the presence of picrotoxin, was blocked by the Ca++
antagonist nimodipine and by a monoclonal antibody to the L-type Ca++

.>

channel. LTD was also produced in the absence of picrotoxin when BAYK8644, a L-type ca++ channel agonist was applied (non-associative LTD
produced by alvear stimulation is normally only reliably produced in vitro
when picrotoxin is added to the bathing medium). These results suggest
.;

that Ca++ entry via NMDA-receptors is insufficient for the production of
heterosynaptic LTD, and that Ca++ entry via L-type channels is required.
The high-voltage threshold for L-channel activity suggests that

r''

heterosynaptic LTD may actually require a greater degree of postsynaptic
depolarization than is required for NMDA-receptor activity. Heterosynaptic
LTD production would thus be a voltage-dependent phenomenon, requiring

;\
,\,

\
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some minimal degree of postsynaptic depolarization. Some evidence for
this comes from the fact that blockade of GABA-A receptor mediated
inhibition facilitates the induction of non-associative LTD (Abraham and
Wickens, 1991 ). Abraham and Wickens (1991) have suggested that the
contribution of NMDA-receptor activity in the production of heterosynaptic
LTD is to depolarize the postsynaptic membrane to a level where voltagesensitive calcium channels become active.
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Neurotransmitter Modulation of Entorhinal
Dentate Gyrus Synaptic Plasticity

Cortex -

lmmunocytochemical studies have demonstrated that the medial and
lateral pathways contain different neuropeptides. The evidence points to a
discrete localization of opioids in the lateral path, and cholecystokinin in the
medial path (Fredens, Stengaard-Pedersen and Larsson, 1984; Gall,

i

Brecha, Karten and Chang; 1981 ). These neuropeptides seem to play
A

selective roles in synaptic plasticity in these systems, as naloxone, a
nonselective opioid receptor antagonist has been shown to block the
induction of lateral path, but not medial path, LTP (Bramham, Errington and

- -'r

Bliss, 1988). In addition, Xie and Lewis (1991) found that mu opioid
agonists reduced the threshold for LTP, and increased the degree of LTP
exhibited by the lateral path, while not affecting the medial path responses.
As this agonist, ([N-MePhe3-D-Pro4]morphiception or PL017), also reduced

-,. :r

recurrent inhibition and enhanced an NMDA-receptor mediated component
in lateral path single pulse-evoked field potentials, these authors suggested
that a mu-receptor mediated disinhibition which increased current flow
through NMDA channels was responsible for the effect.

;>

There is some evidence for acetylcholine acting as a modulator of
'

'
'

,,

synaptic responses in the dentate gyrus. As was previously noted,
cholinergic agonists reliably result in the generation of theta activity in the
dentate gyrus, while muscarinic receptor antagonists attenuate or block such
activity (Bland, 1986). As a relationship seems to exist between the

. I
)
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induction of synaptic plasticity and the occurrence of theta activity (Pavlides
et al., 1988), cholinergic activity may serve a modulatory function.
Carbachol, a cholinergic agonist, has been found to selectively depress
medial path responses in vitro, without affecting lateral responses (Kahle
and Cotman, 1989), and this depression can also be reversed with the

-

;;J.

application of muscarinic antagonists to the bathing medium. These results
seem to indicate that regional differences exist in acetylcholine receptor
distribution within the dentate gyrus, and suggest that the septa! nuclei (the
major source of cholinergic inervation to the hippocampus) may selectivety
modulate medial path activity via muscarinic receptors. High-frequency
septal stimulation has been shown to suppress LTP in the CA 1 region
(Newlon et al., 1991 ), and in the lateral perforant path input to the dentate
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gyrus (Bilkey and Goddard, 1984). Conversely, the medial septum has also
been shown to facilitate LTP of the medial path population spike, and seems
to exert this effect on granule cell activity by inhibiting interneurons (Bilkey
and Goddard, 1985).
Both the medial and lateral paths also seem to be subject to
!

noradrenergic influence. Application of noradrenaline or beta-adrenergic
agonists to hippocampal slices results in a long-lasting potentiation of
medial path responses, while lateral path responses are depressed (Dahl
and Sarvey, 1989; Stanton and Sarvey, 1985). Application of the NMDAreceptor antagonist o-APV blocks both forms of synaptic plasticity,
suggesting the involvement of NMDA-receptors. The physiological
relevance of the long-lasting potentiation and depression is difficult to
assess, as correlated pre- and postsynaptic activity is not required in either
case, yet postsynaptic receptor activation by beta-adrenergic agonists is
required.for their genesis. The evidence does suggest, however, that
different neurotransmitters may make differential contributions to both the
induction, and subsequent expression and maintenance of synaptic
plasticity in the medial and lateral pathways to the dentate gyrus .

.
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The Expression and Maintenance of LTP and
LTD
( ·>

The expression and maintenance of LTP has been hypothesized to
involve either: 1) an increase in neurotransmitter release; 2) a change in the
properties of postsynaptic receptors such that there is an increase in the
effectiveness in the coupling between the transmitter and the receptor; 3) a

r -

reduction in the resistance of postsynaptic spines or 4) some combination of
these three possibilities. The following sections will review the evidence in
favour of each of these proposals, and infer how such changes might
operate in the expression and maintenance of LTD.

Presynaptic Transmitter Release
The presynaptic change most likely to sustain an increase in synaptic
efficacy is an increase in the release of neurotransmitter. Such an increase
could manifest itself as an increase in the number of release sites, and/or
increase in the amount of transmitter released per quantum. One manner in
which changes in presynaptic release might be assessed, is to utilize
paired-stimulation at stimulus levels that do not invoke population spikes
( "

(and thus contaminate the second pulse with disynaptically mediated
inhibitory processes). Although feed-forward inhibition still occurs with these
stimuli, inter-pulse intervals of 40 to 50 ms are generally utilized to avoid the
contamination of the population EPSP by this process (Staubli et al., 1990).
Administration of pairs of stimuli in this manner results in both the slope and
the magnitude of the second response being increased. This paired-pulse

"'

facilitation effect is believed to arise due to increased presynaptic calcium
levels produced by the first pulse of the pair, which results in increased
transmitter release by the second pulse of the pair (Katz and Miledi, 1968;

r

'

Mallart and Martin, 1968; Rahamimoff, 1968). In support of this hypothesis, it
has been shown that virtually any manipulation that increases transmitter
release reduces paired-pulse facilitation in the hippocampus [e.g. elevations
in extracellular calcium levels (Creager, Dunwiddee and Lynch, 1980),
application of 4-aminopyridine (Muller and Lynch, 1989), and application of
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adenosine receptor antagonists (Dunwiddee, 1985)]. McNaughton (1982;
'r

McNaughton and Barnes, 1979) found that the induction of LTP in the lateral
perforant path was not accompanied by any changes in paired-pulse
facilitation, and concluded that LTP did not involve changes in presynaptic
transmitter release in this pathway. The medial path was not tested, as
McNaughton and Barnes (1979) had previously reported that it did not

..

reliably exhibit paired-pulse facilitation.
Studies utilizing a radioactive precursor of glutamate ([3H]-glutamine)
have found that increased transmitter release does accompany LTP
however, and that this increase can persist for some time. Dolphin,
Errington and Bliss (1982) found that LTP induction in the dentate gyrus was

r "

associated with the immediate onset of increased glutamate release which
persisted for the entire post-tetanus observation period (75 min). A

:,

confirmation of this result was obtained, when it was found that an increase
in the release of endogenous amino acids glutamate and aspartate also
accompanied LTP (Bliss, Douglas, Errington and Lynch, 1986) and that the
increase in glutamate could be detected in tissue slices taken from animals
in which LTP had been induced up to three days before (Bliss, Errington,
Laroche and Lynch, 1987).
Quantal analysis of intracellularly recorded EPSPs offers another
method by which changes in presynaptic transmitter release may be
gauged. In theory, quantal content is regulated by presynaptic terminals
which control transmitter release, while quanta! size is likely to depend on
postsynaptic factors. Many studies have used an approach whereby the
variance of evoked responses is used as a measure of the number of quanta
released and have reported changes in quantal content (Bekkers and
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Stevens, 1990; Malinow and Tsien, 1990). However, Redman (1990) notes
that this method may be misleading if the statistical behavior of synaptic

\
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potentials does not conform to a simple binomial model. Recently it has
been suggested that a more prudent approach would be to directly measure

j'.\

'.,

quantal size and the number of transmission failures (the number of
transmission failures is inversely proportional to the quantal content).
Quantal analyses performed in this manner in the perforant path - dentate
gyrus system, was found to also support the notion of LTP involving an
increase in quantal content (Baskys, Carlen, Wojtowicz, 1991 ). In contrast,.
conflicting results have been reported in the CA 1 region, where it has been
shown that LTP induction is associated with an increase in quantal size and
not quantal content (Foster and McNaughton, 1991 ).
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It should be noted that the observed increase in glutamate release
appears to be triggered by the postsynaptic events that normally accompany
LTP. Neither LTP nor enhanced transmitter release occurred when NMDA
L

receptors were antagonized with APV (Errington, Bliss and Lynch, 1987).
The use of concurrent commissural stimulation to block LTP also prevented
the appearance of the increase in transmitter release (Bliss et al., 1986).
Thus, it appears that following the induction of LTP postsynaptically, some
process must occur such that an increase in transmitter release is produced
presynaptically. Schuman and Madison (1991) have recently suggested
that the intercellular messenger nitric oxide may act as such a retrograde
messenger. They found that inhibiting nitric oxide synthase in the
,,

)'

't

postsynaptic cell completely blocked LTP induction, while extracellular
application of hemoglobin, which binds nitric oxide, attenuated the
expression of LTP. These authors propose that the necessity of nitric oxide
for LTP induction, and its short half-life (which would allow for the
preservation of synapse specificity) make it an ideal candidate for a
retrograde messenger involved in LTP maintenance.
Nitric oxide antagonism also inhibits the expression of LTD in the
cerebellum (Shibuki and Okada, 1991 ), and it is possible that a similar
process is involved in the induction of LTD, as is involved in the induction of
LTP. In this case, the actions of retrograde transmission may operate to
decrease presynaptic transmitter release.

Postsynaptic Changes

'c
I

.,
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There are a number of ways in which the postsynaptic neuron might
also contribute to the expression and maintenance of LTP. LTP may be
accompanied by enhanced postsynaptic receptor sensitivity, new synapses
might be formed, or existing synapses that are not usually involved in normal
synaptic transmission may become active. In addition, it is possible that
c\

,,

these processes may operate in the reverse direction following the induction
of LTD.
Baudry and Lynch (1980; Lynch and Baudry, 1984) have proposed
that postsynaptic entry of calcium activates a membrane associated enzyme
(calpain), which degrades the cytoskeleton protein fodrin, and leads to the.
unmasking of hidden glutamate receptors. Consistent with this hypothesis, it

I
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has been found that both the increase in glutamate binding and the
degradation of fodrin which are normally induced by Ca++ are blocked by
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fodrin antibodies (Siman, Baudry and Lynch, 1985). It has also been

-<{

reported that a potent inhibitor of calpain, leupeptin, blocks the induction of

'r

LTP in area CA 1 when it is infused intraventricularly (Staubli, Larson,
L

Thibault, Baudry and Lynch, 1988). A major drawback to this hypothesis is
that several of the studies that have found increased glutamate release
accompanying LTP failed to find significant changes in the uptake and
binding of radioactively labeled transmitters (Bliss and Lynch, 1988; Lynch,
Errington and Bliss, 1985; Sastry and Goh, 1984). In addition, Sastry (1985)
found that the application of leupeptin in vitro did not inhibit LTP induction of
the postsynaptic population spike. Thus, the evidence for increases in the
numbers of postsynaptic receptors remains controversial.
It is apparent that structural modifications do accompany the process
of LTP in the hippocampus proper and the dentate gyrus. Fifkova and
Harreveld (1977) observed that following the application of tetanic stimuli, a
long-lasting enlargement in the area of granule cell dendritic spines was
produced. Fifkova and Anderson (1981) also reported an increase in the
width and length of spine stalks in the molecular layer after high-frequency
stimulation, suggesting that morphological changes in the shape of synaptic
contacts may occur. Furthermore, it was later shown that this spine
enlargement in the dentate area was blocked by the protein synthesis
inhibitor anisomycin, indicating a role for de nova protein synthesis (Fifkova,
Anderson, Young and van Harreveld, 1982). Unfortunately these studies did
monitor the electrophysiological indices of LTP genesis, and it is thus
uncertain whether these morphological changes are truly representative of

'
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LTP production or of some associated event (i.e. seizure activity). In
response to these criticisms, Desmond and Levy (1983; 1986a) evaluated
'I

morphological changes in animals that were electrophysiologically
monitored for LTP induction. They found that LTP correlated with changes in
the size of synapses per unit volume of tissue, and that the number of

.-,

concave spine profiles increased markedly in the area activated by the
conditioning stimuli. Subsequently, they proposed that an interconversion
occurs such that nonconcave spines assume a concave configuration
(Desmond and Levy, 1986a), possibly indicating an increase in the size of

.\
•\

the neurotransmitter receptive regions (Desmond and Levy 1986b). In
addition, it has been shown that synaptogenesis is not responsible for this .
obse-rvation, as two hallmarks of synaptogenisis, 1) the incidence of

.,

polyribosomes at the base of a dendritic spine, and 2) the number of multiple
synaptic contacts, both declined following the induction of LTP. These data,
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taken together, are suggestive of LTP involving the modification of existing
'r

synapses, and not the formation of new synapses.
Recently, electrophysiological evidence in support of the view that

- ·'

LTP involves the modification of existing synapses has been presented. It
has been found that LTP induction greatly increases the synaptic potentials
mediated by the AMPA, but not the NMDA subclass of glutamate receptors
(Muller and Lynch, 1988). These data have been used to argue against an
increase in the amount of transmitter released presynaptically, since

.~

increased release would be expected to enhance currents generated by

I

both types of receptors (Muller and Lynch, 1988; Muller, Joly and Lynch,

~

1988). However, as the NMDA-receptor sub-type does not contribute greatly
"'
_\

to normal synaptic transmission (Collingridge et al., 1983; 1984; Crunelli et
al., 1983; 1984) owing to the Mg++ blockade, it may be that both presynaptic

:.--

transmitter release and the involvement of the AMPA-receptor is increased
following LTP induction. Thus, both pre- and postsynaptic mechanisms may

-:>

be operant in the maintenance and expression of LTP.
Further experimentation is also needed to evaluate whether
metabotropic receptor changes accompany associative LTD induction, and
whether any presynaptic changes accompany long-term reductions synaptic
transmission in general. In addition to being the antithesis of LTP, as far as
postsynaptic receptor changes go, LTD induction may involve an increase in
the activity of some postsynaptic mechanism that is able to interfere with

i

normal synaptic transmission. It may also be that the reversal of LTP (i.e.
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Levy and Steward, 1979) involves the prevention or reversal of postsynaptic
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receptor changes that contribute to LTP maintenance.
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Theories of Hippocampal Formation
Function

I
I

Studies in Animal and Man
/

The hippocampal formation has been assigned a number of
functional roles over the past century, and in many ways, its functional
1 ..,

assignation has been reflective of the development of scientific methods for
investigating brain functioning. Much of the pioneering work was based on

'r

anatomical observations, and initially, anatomists were impressed by the

>

connections between the olfactory system and the hippocampal formation.

- :,

Thus, the hippocampus was seen as being primarily involved in olfactory
processing, and was included as a major constituent of the rhinencephalon

1-,\..-

or "smell brain" (see Swanson, Kohler and Bjorklund, 1987). Swanson
(1983) points out however, that much of the rationale for this hypothesis was
based on specious phylogenetic arguments, and also notes that the
l ,',

hippocampal formation can be well developed in anosmic animals. Papez
(1937), in contrast, proposed that the hippocampus was involved in higher
cognitive functions. He believed that the hippocampus and its connections
with the mammillary body, anterior thalamic nucleus, and cingulate gyrus

)
;,

formed a closed neural system that was integrally involved in emotional
experience. Ironically, the primary components that Papez emphasized in

-~

his neural system have since been shown to have little emotional function,
>'/

while other structures associated with the hippocampal formation (e.g. the

i

septa! nuclei), that Papez chose to ignore, may indeed have such a function
(Kolb and Whishaw, 1985) .

. '}

In the last fifty years, techniques for EEG investigations have assumed

,

the dominant role in research into hippocampal functioning. A year after
Papez (1937) presented his theory, Jung and Kornmuller demonstrated that
~!imulation of the peripheral nerves resulted in the appearance of rhythmical
slow-wave bioelectrical activity in the hippocampus of rabbits. This
investigation was followed by similar observations by Green -and Arduini
(1954), who used rabbits, cats, and monkeys as subjects. While Green and
Arduini did not propose a specific function for this EEG activity, they did

f

:
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suggest that it was possible to interpret this evoked wave sequence as a
specialized paleocortical arousal reaction. Grastyn and colleagues, based

'i
.'(

on their work in cats, later proposed that hippocampal rhythmical EEG
activity was correlated with the orientating reflex and "motivational"
processes (Grastyn, Lissak, Madarasz and Donhoffer, 1959). Vanderwolf
(1969) also looked at hippocampal EEG activity, and found that the
rhythmical activity was highly correlated with observable voluntary

-'1

movements. While lesion studies revealed the hippocampus not to be

/

necessary for movement production per se, Vanderwolf (1969) hypothesized
_,__

that the hippocampal formation was involved in the initiation and modulation
of motor control, and shifted attention from the role of the hippocampus in
"inferred" behaviors to "observable" behaviors. This move to a correlational
approach was also evident as research techniques became more
sophisticated. In the 1970s, technical developments made the recording of
extracellular unit in the hippocampal more feasible, and hippocampal

T-

~

:

neuronal activity was found to correlated with spatial mnemonic processes
(O'Keefe and Nadel, 1978), behavioral learning (Berger and Thompson,
1978), and voluntary and automatic behaviors (see Bland, 1986).
Perhaps the most convincing evidence for the involvement of the
hippocampal formation in any cognitive process comes from the results of

I

l .

the removal or destruction of the hippocampal formation in man. In 1953, a
bilateral medial temporal-lobe resection was performed by Scoville in an
attempt to control epileptic seizures in a young male patient (H.M.). The
resection left the overlying neocortex intact, but included the prepyriform

'.,>

gyrus, uncus, amygdala, hippocampus, and parahippocampal gyrus.
Although the frequency of H.M.'s seizures was substantially reduced
following the operation, it was found that H.M. also incurred a profound

-j

-- ;,

anterograde amnesia and a retrograde amnesia for the 11 years preceding
his surgery (Scoville, 1954; Scoville and Milner, 1957; Ogden and Corkin,
1991 ). In addition to H.M., Milner has also reported the case of another
individual, P.B., who showed impairments similar to those exhibited by H.M.

:.~

following a left temporal lobe resection. Patients with unilateral lesions
--

....,

'
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involving the hippocampal formation normally do not exhibit such
impairments, however, following P.B.'s death it was found that his right
hippocampus was severely atrophied (cited in Kolb and Whishaw, 1985). In
aadition, it seems that even the bilateral destruction of small regions of the
hippocampal formation may be capable of producing anterograde amnesia.
Squire and Zola-Morgan (1988) describe one patient who exhibited such
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impairments following an ischemic event during open heart surgery.
Following a thorough neuropathological examination when the patient died

j

•a...-,'i

five years later, it was found that there was a complete bilateral depletion of
neurons in the CA 1 region of the hippocampus proper, but no evidence of
any degeneration in any of the other structures of the hippocampal
formation.

,,

Support for the involvement of the hippocampal formation in learning
and memory can also gleaned from a number of pathological conditions. It
has been found that all four constituent elements of the hippocampal
formation undergo neural degeneration in amnesic pathologies such as
Alzheimer's disease (Braak and Braak, 1990; Kesslak, Nalcioglu and
Cotman, 1991; Mizutani, Amano, Sasaki, Morimatsu, Mori, Yoshimura,
Yamanouchi, Hayakawa and Shamada, 1990; Vijayan, Geddes, Anderson,
Chang-Chui, Ellis and Cotman, 1991 ), and presenile and senile dementia
(Braak and Braak, 1990). Thus, it appears that in man, the deterioration or
destruction of the constituents of the medial temporal lobes can result in
pronounced memory deficits, particularly anterograde amnesia.
A role for the hippocampal formation in memory in sub-human
species cannot be unequivocally substantiated, and providing evidence for
its involvement in such processes has been a difficult task. Weiskrantz
(1978) has argued that the human amnesic syndrome is poorly understood,
and that more sophisticated techniques of analysis will lead to a resolution
of the differences seen in animal and human behavior following

~.;
-

hippocampal lesions. In addition, Gray (1982) has proposed that the early
~)

animal experiments set the subject the "wrong" problem, and if the "right"
problem is set, memory deficits will become apparent. Support for this
notion comes from the fact that deficits in learning visual material, like those
observed in H.M., can be produced in non-human primates following

---,\

temporal lobe resections that approximate the removal sustained by H. M.
(Mishkin, 1978). There is also considerable evidence that sub-primate
species exhibit memory impairments following hippocampal lesions. In the

f
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rodent for example, damage to the hippocampus produces a particularly
striking impairment in the learning and processing of spatial information
(Barnes, 1988; McNaughton, N., 1991; Olton, Walker and Gage, 1978;
Morris, Garrud, Rawlins, and O'Keefe, 1982). Their ability to chain together
behaviors in some serial order is also impaired, and thus, acts such as nest

/

\

;f

building, food hoarding, and maternal behavior are disrupted despite the
fact the animals possess all of the necessary motor skills to complete the
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task (Sainsbury and Jason, 1976; Sainsbury, personal communication).

'1

Thus, viewing memory impairments in terms of species specific behaviors

-,<

does seem to offer support for the role of the hippocampal formation in
learning and memory in animals.

Methods for Testing for the Involvement of Synaptic Plasticity

'(

i
I
I

'/
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The hippocampal formation has also served as the physiological
'testing ground' for reductionist theories of memory and learning like that

'

proposed by Hebb (1949). Based upon the premise that synaptic changes
must in some manner play a role in memory, it seems more than
••

_,'j

coincidental that the hippocampal formation is so amenable to exhibiting
such changes. Although no study has directly shown changes in synaptic
efficacy in the hippocampal formation to be a requisite factor for learning and
memory to occur, a number of investigative strategies have strengthened the
argument that the functional significance of synaptic enhancement in the
hippocampal formation is related to learning and memory.
One such strategy is to correlate the time course or susceptibility of
hippocampal LTP with some form of behavioral performance. Barnes (1979)

,-

for instance, found that there was a statistically significant within-group

L...

correlation between the maintenance of LTP and performance scores in a
circular platform, spatial memory task. That is, those animals in which LTP

,(

declined the fastest showed the poorest ability to learn which of several
holes in the platform contained a food reward.
A similar approach is to induce LTP to the point of saturation before
}

behavioral testing. McNaughton, Barnes, Rao, Baldwin and Rasmussen

1,

(1986) predicted that the induction of LTP at a large proportion of synapses
would lead to a disruption of previously stored spatial information, and to an

.\
'}

inability to acquire new spatial information. The animals were expected to
incur a learning impairment, as the artificial saturation of enhanced synaptic
efficacy would reduce the ability of those synapses involved in the task to
exhibit further plasticity. Animals were tested with the circular platform task,

L
I'

!

and it was found that naive animals exhibited deficits in the acquisition of the
-task following LTP induction. Animals that were previously trained were not
impaired in their ability to perform the task, as long as they were not forced to
learn a new goal location following LTP induction. Thus, although prior

,,
(

{

learning was not disrupted, synapse saturation may have interfered with the
acquisition of new response strategies. In contrast to its involvement in the
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processing of spatial information, hippocampal LTP seems to play a facilitory
effect in the acquisition of at least one conditioned behavior. Berger (1984)
found that LTP inducing stimulation improved the acquisition of the nicitating
membrane reflex in rabbits, even though hippocampal lesions did not affect
the task either prior to or following training.
The reverse of the above strategy is to monitor changes in synaptic
strength that accompany learning. In one such study (Skelton, Scarth,
Wilkie, Miller and Philips, 1987), rats were trained to perform a behavioral
task on a variable interval schedule. One group of rats received a tone that
signaled when response reinforcement would be available, while another
received noncontingent reinforcement. Hippocampal evoked responses
were examined throughout the experiment, and it was found that they
increased with the learning of the operant conditioning task. Sharp,
McNaughton and Barnes (1985) found that rats raised in impoverished
environments, showed detectable increases in synaptic strength when
placed in a stimulus enriched environment, and that when the rats were
returned to the impoverished environments, these increases decayed in a
manner analogous to the decay of LTP. These experiments may be viewed
as showing changes in synaptic efficacy that accompany both specific and
generalized learning situations. In the operant condition, presumably it is
the learning of the significance of the tone that produces the changes, while
the changes produced by the different environments may reflect an increase
in ongoing spatial processing. Although the basis for the observed changes
in synaptic efficacy remains unclear, it has recently been shown that
environmentally induced plasticity in the dentate gyrus is sensitive to NMDAreceptor blockade (Croll, Sharp, and Bostock, 1992). Thus, it appears that
NMDA-receptor activation is a mechanism common to both electrically- and
environmentally-induced LTP.
The final approach involves comparing treatments that block or
facilitate LTP with their effects on behavioral performance. Morris,
Anderson, Lynch and Baudry (1986) found that NMDA-receptor antagonism
not only prevented hippocampal LTP induction, but also disrupted their
animals' ability to perform a spatial task that is sensitive to hippocampal
lesions. In this task, the animals were placed in a large circular pool and
required to remember the location of a submerged platform as part of their .
-escape strategy. The drug did not disrupt a visual discrimination task
(locating a non-submerged platform) that is insensitive to hippocampal
lesions, indicating that the effect was not a generalized learning deficit. In
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addition, Laroche and Bloch (1982), found that stimulation of the midbrain
reticular formation not only enhanced hippocampal LTP, but also improved
avoidance conditioning.
Taken together, a number of experiments strongly link synaptic
plasticity and behavioral learning as being a concomitant events. In
addition, LTP is most reliably induced using theta-patterned stimulation
(Larson and Lynch, 1986; Staubli and Lynch, 1987), a waveform that is
prevalent in the hippocampus during the performance of most learning
tasks. Both learning and LTP also seem to share the necessity for NMDAreceptor activity, as antagonism of these receptors impairs both
environmentally (Croll et al., 1991) and artificially (Collingridge et al., 1983)
induced LTP, and the processing of representational types of memory (e.g.
Morris et al., 1986). Although definitive proof for the involvement of the
hippocampal formation and LTP in information processing is still lacking, the
necessity for an intact hippocampal formation in many types of learning (see
Morris, 1989), and the strong correlation that exists between LTP and
learning, do suggest that both the hippocampal formation and LTP operate
in such a capacity.
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Thesis Objectives
While neural network theories are becoming increasingly reliant on
the ability of a learning system to incur both positive and negative weight
changes (Kohonen, 1984; Levy, Colbert and Desmond, 1990; Sejnowski
and Tesauro, 1989) our knowledge of a biological systems capacity to
demonstrate negative weight changes is relatively sparse. For this reason,
one of the major aims of this thesis was to attempt to optimize and classify
the prerequisite conditions necessary for the induction of synaptic
depression.
The experiments were performed in the medial and lateral perforant
path inputs to the dentate gyrus. This system has been shown to be
composed of anatomically (Amaral and Witter, 1989; Hjorth-Simonsen,
1972) and physiologically (Abraham and McNaughton, 1984; McNaughton
and Barnes, 1977) discrete afferent inputs. Both inputs have been shown to
be capable of sustaining long-term potentiation (McNaughton et al., 1978),
and heterosynaptic long-term depression (Abraham and Goddard, 1983),
however, the production of LTP is not always accompanied by the
concurrent appearance of LTD (Abraham and Goddard, 1983; McNaughton
and Barnes, 1977; McNaughton et al., 1978). These prior studies all
implemented conditioning paradigms which utilized non-patterned 400 Hz
stimuli, and the variability with which LTD was produced may reflect that the
400 Hz conditioning trains are not ideal for the elicitation of heterosynaptic
LTD. For this reason, the following experiments were performed using
conditioning stimuli that were administered at 100 Hz to either the medial or
lateral pathways. The 100 Hz stimuli were administered as trains of stimuli
at 5 Hz, so that there application more closely approximated neural activity
recorded in the hippocampal formation and the entorhinal cortex during the
appearance of theta activity (Alonso and Llinas, 1989; Bland et al., 1980).
The initial experiments sought to determine if these theta-patterned
stimuli were capable of eliciting LTP when applied to either the medial or the
lateral paths, and non-associative LTD in non-activated test pathway. As
these stimuli are similar to those used by Stanton and Sejnowski (1989) to
produce associative, but not non-associative, LTD in the test pathway, the

Chapter 9: Thesis Objectives

54

necessity for weak, negatively correlated, presynaptic activity for the
appearance of LTD in the test pathway was also evaluated by applying
conditioning stimuli and negatively correlated single pulses to both
pathways in an associative manner. Comparisons were made between the
changes observed in both the conditioned and the test pathways following
the application of associatively and non-associatively applied stimuli.
NMDA-receptor antagonism was utilized to verify if the LTD produced
with and without negatively correlated presynaptic activity in the test
pathway could be pharmacologically differentiated. Stanton and Sejnowski
(1989) have previously shown that the associative LTD produced with
negatively correlated stimuli in the CA 1 region is not dependent upon
NMDA-receptor activity, while Desmond et al. (1991) have shown that nonassociative LTD in the crossed perforant path input to the dentate gyrus is
NMDA-dependent. NMDA-receptor antagonism was also implemented to
verify if the LTP produced in both the medial and lateral pathways was
dependent upon the activity of these receptors. Previous studies have
shown that LTP in the perforant path is NMDA-sensitive (Errington et al.,
1987; Morris et al., 1986; Abraham and Mason, 1988), however, no attempt
has been made as of yet to determine whether both the medial and lateral
components require NMDA-receptor activity to exhibit LTP.
Another question arising from the work of Abraham and Goddard
(1983) is whether the medial and lateral pathways are capable of exhibiting
plasticity following the induction of LTP. These authors found that the
induction of LTP in the ipsilateral medial and lateral pathways inhibited the
subsequent production of LTD, while in contrast, Levy and colleagues (Levy
and Steward, 1979; 1983; Levy, Brassel and Moore, 1983) have repeatedly
and reliably produced reductions in synaptic efficacy in previously
potentiated, contralaterally projecting, afferents to the dentate gyrus. Thus,
the present work will evaluate the ability of depressed and potentiated
ipsilateral pathways to exhibit further plasticity using both associative and
non-associative conditioning stimuli.
LTP and LTD in the medial and lateral paths was also examined to
elucidate whether presynaptic changes in transmitter release might
contribute to the appearance of either, or both, of these forms of synaptic
plasticity. This was accomplished by examining paired-pulse facilitation in.
the medial and lateral paths following the induction of LTP or LTD with
associative or non-associative conditioning stimuli. Paired-pulse studies
have previously indicated that long-term potentiation in the lateral path is not
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accompanied by changes in paired-pulse facilitation (McNaughton, 1980).
McNaughton (1980), however, notes that the manner in which he applied his
paired-pulse stimuli may have confounded his results (McNaughton, 1980,
p11-12). As Baskys et al. (1991) have recently reported that quantal
analyses indicate that presynaptic changes do accompany LTP induction in
the perforant path, further investigation with more carefully evaluated pairedpulse stimuli is warranted. In addition, the effects of LTD induction on
paired-pulse facilitation has never been evaluated.
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Methods
Subjects
Adult male Sprague-Dawley rats (250-500 g) were used in all
experiments. The animals were housed, and the research was conducted,
in accordance with the University of Otago Code of Ethical Conduct for the
Manipulation of Animals, and was approved by the University of Otago
Committee for the Care and Use of Laboratory Animals.

General Surgical Procedures
Prior to each experiment, animals were weighed and given
intraperitoneal injections of sodium pentobarbital (Nembutal: 65 mg/kg) to
induce a surgical plane of anaesthesia. Once the animal failed to respond
to sensory stimuli (tail-pinch), the head was shaved, and the exposed skin
and ears were cleaned with an alcohol solution (90% ethanol/ 10%
physiological saline). The animal was then affixed in a Kopf stereotaxic
frame, with the incisor bar set 3 mm below the interaural axis so that lambda
and bregma lay in the same horizontal plane. A rectal thermometer was
inserted and used to monitor the animals temperature, which was
maintained at 37 ± 0.5 oc for the duration of the experiment. Surgical
anaesthesia was maintained by supplemental 0.15 ml injections of
Nembutal being given every hour.
Upon stereotaxic placement, the scalp was incised and retracted to
reveal the underlying cerebral bone plates. All connective tissue was then
blunt dissected away, the skull surface was thoroughly cleaned with alcohol,
and irrigated with physiological saline. The saline was used to clear any
small debris and also aided in the cessation of residual bleeding by
enhancing crenation of hemoglobin. Next, trephine holes were cut in the
skull so that recording and stimulating electrodes could be positioned. For
recording electrodes, a 0.25 mm trephine hole was drHled 3.5 mm posterior
and 2.5 mm lateral from the anterior suture junction, bregma. In order to
position stimulating electrodes, a 0.25 mm wide trench was drilled from 3.5
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mm to 5.0 mm lateral to the posterior suture junction, lambda. Three
additional 0.25 mm holes were then drilled to allow placement of a recording
indifferent lead, and two stimulation electrode ground leads.

Electrode Placement and Data Acquisition
An insulated 75-µm stainless steel wire attached to a male amphenol
gold connector was used as the recording electrode, and it was connected
to a Grass P15 pre-amplifier with the low and high half-amplitude filters set
at 300 Hz and 3 kHz respectively (amplification= x100). The signals were
displayed on a Tektronix 502A dual beam oscilloscope, with the sweep time
set at 5 ms/cm. After making a small incision in the dura, the electrode was
positioned on the cortical surface, and the precise depth was noted. The
electrode was then advanced slowly until multi-unit activity from the CA 1
region was observed. These cells have a characteristic negative spike that
aided in their identification. Typically, this type of activity was apparent at
approximately 2.0 mm ventral to the surface, and depth measurements were
always recorded to affirm this. The electrode was then advanced slowly in
100 µm steps through the cell layer and into the molecular layer of the
dentate gyrus. A 1O minute period was then given for the electrode
placement to stabilize.
During the ten minute period, two 125-µm monopolar stimulating
electrodes were positioned over the cortical surface at 3.5 mm (medial
perforant path) and 5.0 mm (lateral perforant path) lateral to lambda. The
amplification gain on the preamplifier was changed to x10, and the filter
bandwidth was widened to 0. 1 Hz and 3 kHz for the half-amplitude low and
high filters respectively. Two programmable stimulators (designed and
constructed by the technical staff of the Department of Psychology,
University of Otago) were then initialized using an Asyst data analysis and
acquisition software package constructed by W. Van der Vliet (Department of
Psychology, University of Otago) and run on a Commodore PC-40 (80286)
personal computer. Once the stimulators were initialized, the medial and
lateral path stimulation electrodes were advanced to a depths of 1.0 mm and
1.5 mm, respectively. Normally, such positions are adequate for producing
small evoked responses in the dentate gyrus.
The exact placement of all three electrodes was accomplished in the
following manner. Fixed amplitude pulses (150 µs pulse duration; 50 - 250
µa pulse) were delivered to each stimulating electrode every 1O seconds in
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an alternating fashion. The recording electrode was then slowly lowered
into the hilus (as evidenced by positive EPSP slopes) until no further
increases in the size of the EPSP were produced, and then the stimulating
electrodes were adjusted until optimal responses were obtained. In general,
the recording electrode was approximately 2.4 - 2.6 mm ventral to the
surface, while the medial and lateral stimulating electrodes were 1.4 - 1.6
and 2.8 - 3.3 mm ventral respectively. In all cases, the electrodes were
positioned with the intent of using the lowest stimulation strength possible to
achieve maximal responses. Lateral responses were initially differentiated
from medial responses by ensuring that they: 1) showed a greater onset
latency and a slower risetime; and 2) did not exhibit a population spike
superimposed on the rising phase of positively going EPSP (see Figure 5).
When optimal responses were obtained, a separation program was
initiated to ensure that non-overlapping sets of fibers were being activated.
The program delivered test pulses of 250 µs duration (the pulse duration
that would later be used for the tetanization procedure) first, independently
to each pathway, and then, as paired pulses (at a 35 ms interval), such that
both pathways were activated sequentially. A 20 second interval was given
between the administration of both the single pulses, and the paired pulse
trial. The lateral path was activated first in the paired pulse paradigm for 3
trials, and then was activated second for the next three. At all times, stimulus
amplitudes were adjusted so that no population spikes were evoked. The
results of pilot work, and experiment 4 of this thesis indicated that the
presentation of these stimuli to the same pathway at intervals between 20
and 50 ms results in EPSP facilitation of the second response in both the
medial and lateral paths, and thus, separation of the stimulation electrodes
was indicated if the slope of the EPSP of the second response did not show
signs of facilitation. Responses were always analyzed before any further
experimentation progressed, and in most cases, less than a 10% difference
between the slope of the independently administered pulse and the slope of
the second pulse in the paired pulses paradigm was achieved. Examples of
the responses produced with paired pulse stimuli to single pathways, and
the paired pulses administered in the separation protocol is presented
below in figure 9.
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Figure 9. PAffiED PULSE: EPSP facilitation was found to occur in both the
medial path (upper trace) and the lateral path (lower trace) when paired pulse stimuli
· were administered to each pathway at interpulse int~rvals ranging from 20 to 50 ms.
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MEDIAL-LATERAL PAIRED PULSE: Lateral responses do not show
facilitation when they follow a medial response at 35 ms interpulse intervals, indicating
that separate fibers were being activated. The same lack of effect is observed when the
lateral response precedes the medial response (LATERAL-MEDIAL PAffiED

PULSE) at the same interpulse interval.

Following the fulfilment of the separation criteria, a spatiotemporal
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Sl:Jmmation test (Abraham and Goddard, 1983; McNaughton and Barnes,
t\
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1979) was utilized to ensure that the two sets of fibers being activated were
converging onto a common set of granule cells. The amplitude of the medial
path stimulus was adjusted so that a small population spike was elicited,

~

while the amplitude of the lateral path stimulus was left at the level that was
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to be utilized for the remainder of the experiment. Stimuli were administered
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independently to each pathway, and then together (2 - 4 ms interpulse
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interval) so that a mixed response was elicited. The height of the population
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spike, when both pathways were activated simultaneously, was required to
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be at least twice that when the medial path was activated alone (Figure 10).
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Figure 10. Spatiotemporal summation of the medial (MPP) and lateral (LPP)
perforant path evoked field responses. The concurrent activation of the two pathways
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(red line) resulted in the elicitation of a population spike that was at least two times as
large as that elicited with medial path stimulation alone (black line).

'1'
b--

As it was often observed that spatiotemporal summation could be obtained
in pathways which did not show adequate separation (> 90 %), the present
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experiments were perfo.rmed in only those animals which evidenced both
pathway separation and spatiotemporal summation.

A.
~

Data Analysis

•
All responses, with the exception of the separation and
spatiotemporal summation recordings, were acquired as 250 point digitized
events at 1O kHz. Utilizing Asyst software, slope measurements (mV/ms)
were obtained by positioning a set of cursors on the early positive going

portion of the EPSP to measure the rise time.

~
A

The slope of

the EPSP is given by B/A, with A reflecting the temporal
'i\

component, and B the change in amplitude.

The individual slope

values were then transferred to floppy discs and subjected to analysis using
<,.\

an Asystant data analysis package. The data were entered on to the
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University of Otago VAX computing system as sets of 5 min averages, with
the exception of pre-tetanus baseline data, which was entered as a 15
minute average following the post hoc verification of response stability. No
animals were omitted from the present study due to response instability, and
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it is assumed that this, in part, is reflective of the slow deliberate manner of
electrode placement and pathway verification that was required to achieve
fiber separation. Pre-testing for response separation and spatiotemporal
convergance often lasted for over one hour, and rarely required movement
of the recording electrode. In addition, following the attainment of input
separation, an additional 30 minutes was normally given to allow for any
tissue movement. Each 5 minute post-tetanus average was comprised of 15
field response samples; pre-tetanus baseline data represented the mean of
45 samples.
The data was first expressed as a percentage of the baseline slope
value using the following formula: (POST - PRE/ POST) x 100 =%CHANGE.
(PRE= pre-tetanus baseline average; POST= post-tetanus mean). Data
presented in the text will represent the mean± standard error of the mean %
change in the EPSP slopes of the fifteen field responses recorded from 25 to
30 minutes post-conditioning (unless otherwise stated). A two-way ANOVA
(time x group) with repeated measures (time) test was used as the general
test for differences between groups. Post-hoc Student Newman-Keuls ttests were applied as required, and statistical tests were two-tailed. The
analysis was performed using S.A.S. software (S.A.S. Institute, Cary, N.C.,
USA) or StatviewSE+Graphics (Abacus Concepts, Inc., Berkeley, CA, USA).
In the case of paired-pulses, the data was expressed as a percent increase
or decrease of the slope of the second pulse in relation to the slope of the
first pulse. Data were averaged and subjected to planned comparisons
(pre- versus post-tetanus) using S.A.S. software. In all cases, a p < 0.05 was
required for a result to be considered statistically significant.
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Results
1)

Synaptic Plasticity with Associative and NonAssociative Stimulus Protocols: Effects on Naive
Pathways.
The first set of experiments evaluated associative and non-

associative synaptic interactions between the medial and lateral perforant
path projections to the ipsilateral dentate gyrus. Non-associative
interactions were studied using short trains composed of 5 Hz bursts of 100
Hz stimuli (conditioning trains); or single pulses presented as short trains at
5 Hz. Each train was composed of 1O bursts, or 1O single pulses, and 8
trains were administered in all conditions. Associative interactions were
investigated using the conditioning trains, which were delivered to one path,
in association with single pulses, interleaved between the bursts of stimuli,
and administered to the second input. The pathway to which the single
pulses are presented at 5 Hz will be referred to as the heterosynaptic
pathway, while the path which receives the conditioning stimuli will be
referred to as the homosynaptic pathway. The conditioning stimuli
administered to investigate associative and non-associative interactions
were essentially identical to those used by Stanton and Sejnowski (1989),
with the only difference being that 8 trains were applied in the present
experiments instead of 4. The conditioning trains were always administered
to naive pathways (i.e. pathways which had not previously been exposed to
high-frequency stimuli) in the present experiment, and in no instance was
data collected from one hemisphere if the contralateral hemisphere had
previously undergone tetanization. This restriction was implemented as
previous research has indicated that stimulation of the ipsilateral pathways
can influence synaptic transmission in the contralateral hemisphere (White
et al., 1990). An example of both stimulus protocols is presented in Figure .
11.
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Figure 11. A schematic of a partial segment of the conditioning protocols is
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presented. Conditioning stimuli consisted of 8 stimulus trains of 2 s duration, spaced 1

...

min apart. Within each train the stimuli occurred as a burst of 5 pulses at 100 Hz (40
ms total duration), repeated at 200 ms intervals. In the non-associative condition,

input 2 (the heterosynaptic input) was inactive during the conditioning of input 1 (the
homosynaptic input). In the associative condition, single pulses to input 2 were
interleaved between the bursts of stimuli to input 1.
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Application of the conditioning trains to the medial path consistently
produced LTP of the medial path evoked response that lasted for at least 30
minutes in both the associative and the non-associative paradigms. The

64

Chapter 11. Results

medial path field EPSP increased 26 ± 4.0 % on average in the nonassociative condition, while the associative paradigm produced an 18.5 ±
2.9 % enhancement (as measured 25 - 30 minutes post-conditioning).
Analysis of variance revealed there to be no significant difference between
the two paradigms at any time point, and a significant degree of
homosynaptic LTP, that lasted for at least 30 minutes, was generated in both
conditions (associative: t(9)=6.71; p < 0.001; non-associative: t(10)=5.41; p <
0.001 ). Figure 12 graphically illustrates the time course of the LTP produced
in the medial path by the two paradigms.
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FIGURE 12. Application of the conditioning stimuli to the medial path resulted in a
stable, long-lasting enhancement of the medial path evoked field responses in both the
associative (n = 10) and non-associative (n = 11) paradigms. No significant
differences were found between the two protocols at any of the time intervals shown,
although significant LTP was evidenced in both conditions (p < 0.001) for at least 30
minutes. Data are mean± standard error of responses recorded over 5 minute epochs.

The application of the conditioning trains to the medial path also produced
significant LTD of the lateral path field EPSP in the same animals,
regardless of whether the associative (-18.4 ± 4.2 %; n = 1O; t(9)=2.8; p <
0.05) or non-associative (-15.9 ± 4.2 %; n = 11; t(10)=3.3; p < 0.05) protocol
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was used. As shown in Figure 13, the depression produced by the two
paradigms was equivalent, and remained stable for the duration of the posttetanus recording period.
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FIGURE 13. Time course of effects of medial path associative (n = 10) and
non-associative (n = 11) conditioning protocols on lateral path evoked
field EPSPs. Analysis of variance revealed no significant differences in the
degree of lateral path LTD produced by the two paradigms, although
reduced synaptic efficacy was evident for the entire post-conditioning
recording period (p < 0.05).

Lateral Path Tetanization
The ability of naive medial pathways to undergo depression was
evaluated by applying the same type-of conditioning trains to the lateral
pathway as were applied to the medial pathway in the previous experiments.
Application of such conditioning stimuli to the lateral path resulted in the
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production of significant homosynaptic LTP in both the associative (47.8 ±
6.6 %; n = 6; p < 0.01; t(5)=7.3; p < 0.001) and non-associative paradigms
(35.2 ± 14.9 %; n = 5; t(4)=3.3; p < 0.01 ). Medial path responses, on
average, were not found to decrease significantly following lateral path
tetanization in either paradigm. The associative protocol resulted in a -4. 7 ±
8.6 % change in the medial evoked responses measured 30 minutes
following tetanization, while the non-associative paradigm produced a -3.9
3.5 % change. As shown in Figure 14, the time course and degree of the

±

effects produced homo- and heterosynaptically is equivalent for both
paradigms.
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FIGURE 14. Mean change in lateral (LPP) and medial (MPP) path evoked
responses following application of the conditioning stimuli to the lateral path in both the
associative (A) and the non-associative (NA) paradigms. While significant potentiation
was produced in the lateral path in both cases (p < 0.01), medial path responses did n9t
change significantly (p > 0.05).
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While the medial response did not show significant depression, on
average, following the administration of 8 conditioning trains to the lateral
path, this was not indicative of the medial path's capacity to demonstrate
such changes. In some animals, LTD as great as 40% was recorded,
although this was offset by animals in which no depression, or even
moderate heterosynaptic potentiation was found (one animal exhibited a
20% increase in the slope of the medial path elicited field response
following lateral path tetanization).

Associative and Non-Associative Conditioning Protocols
Produce Equivalent and NM DA-Dependent Heterosynaptic LTD
in the Lateral Path.
To test whether LTP and LTD were exhibited at stimulus intensities other
than those used normally to elicit evoked responses, synaptic input/output (10)
curves were constructed in some animals just prior to, and 30 minutes following
application of the conditioning stimuli to the medial path. The 10 curve was
constructed by varying the half-wave duration of pulses administered to the
medial and lateral paths in an alternating fashion, in 16 steps over 1O - 250 µs.
The actual pulse durations used were: 10, 20, 30, 40, 50, 60, 70, 80, 90, 100,
120, 140, 160, 180, 200, and 250 µs. The protocol was administered in an
ascending-descending sequence, so that two responses were obtained for
each stimulus intensity. As shown in Figure 15, LTP in the medial path, and
LTD in the lateral path occurred over a wide range of intensities. No significant
differences were found between the results obtained for the two protocols,
although a Students t-test revealed that significant (p < 0.001) LTP of the
medial path (associative: t(14)=6.8; non-associative: t(18)=10.6), and LTD of the
lateral path (associative: t(14)=7.2; non-associative: t(18)=8.7), was produced
by each paradigm when the results were averaged across intensities.
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The

induction of LTD in the lateral path evoked field response was evidenced by a
significant (p < 0.001) shift to the right in the post-tetanus IO curves generated in both

[~

the associative (A) and the non-associative (B) conditions. In contrast, LTP induction
in the medial path (C, D) gave rise to a significant (p < 0.001) leftward shift of the IO

I

'

...

curve, indicating that robust potentiation occurred at all stimulus intensities.

• I>-

Although the associative and non-associative protocols did not
produce significantly different degrees of LTD, the possibility still exists that
they acted via different mechanisms. The findings of Stanton and Sejnowski
(1989) suggest that the associative protocol produces an LTD that is distinct
from, and possibly additive to, the LTD produced by the non-associative
'

"

paradigm. Thus, a test was performed here to determine whether LTD
induced by the non-associative paradigm would occlude the induction of
LTD produced with the associative paradigm. Depression was produced in

69

Chapter 11. Results

the lateral path to the point of near saturation with repeated presentation of
the non-associative paradigm to the medial path. Following this, the
associative protocol was applied in an attempt to generate additional LTD in
the lateral path. However, in none of the five animals tested did the
application of the associative paradigm result in a significant increment in
the amount of lateral path LTD. LTD of the lateral path evoked response, 30
minutes following the application of 16 trains of non-associative conditioning
stimuli (two presentations of the non-associative protocol) to the medial path,
was -16.0 ± 7.0 %, and only a further 3 % reduction was incurred following
the application of the associative stimuli. Figure 16 presents the individual
responses obtained from an animal involved in the occlusion test.
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FIGURE 16. Lateral perforant path responses during an occlusion test. Individual
responses from one animal are shown prior to and following two administrations of the
non-associative conditioning stimuli (NA) to the medial perforant path, and
subsequently, following the administration of the associative conditioning stimuli (A).
Arrows indicate point of tetanization of the medial path. Note that LTD increased
following the second non-associative protocol, but that little additional LTD was
produced when the associative paradigm was administered. Data points represent the
EPSP slope for each lateral path response collected at 20 s intervals.

The failure of the associative paradigm to produce additional LTD
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was not due to a saturation of the mechanisms involved in the homosynaptic
genesis of LTP however, as LTP in the medial path increased from 30 ± 5 %
following the second non-associative protocol, to 40 ± 6 % when the
associative paradigm was given.
The induction of non-associative LTD in area CA 1 and the dentate
gyrus has been shown to be dependent on NMDA-receptor activation
(Abraham and Wickens, 1991; Desmond et al., 1991 ), while associative
LTD, in area CA 1 at least, is NMDA independent. (Stanton and Sejnowski,
1989). To test whether the LTD produced by the non-associative and
associative paradigms may have represented of the activation of
pharmacologically dissociable mechanisms, the competitive NMDA-receptor
antagonist CPP (3-((+)-2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid:
1O mg/kg, Cambridge Research Biochemicals) was administered i. p. in a
0.9 % NaCl vehicle solution. The drug was administered 2 hours prior to
testing, as previous research has indicated that CPP exerts its maximal
effects at this time (Abraham and Mason, 1988). As illustrated in figure 17,
CPP effectively inhibited the induction of medial path LTP in both conditions
(associative: 3.1 ± 2.3 %; n = 5; non-associative: 0.9 ± 4.6 %; n = 5).
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FIGURE 17. Blockade of LTP induction in the medial path 2 hours

following administration of the competitive NMDA-receptor antagonist
CPP in both the associative and non-associative conditions.
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The induction of lateral path LTD by the two paradigms was similarly
prevented by CPP (see figure 18), and in fact, the lateral evoked response
exhibited a significant degree of enhancement (13.0 ± 2 %; n = 5; t(4)=8.0; p
< 0.01) when the associative paradigm was administered. No change was

exhibited by the lateral path when the non-associative conditioning stimuli
were administered in the presence of CPP (2.0 ± 5.0 %; n = 5; t(4)=0.3; p >
0.05).
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FIGURE 18. Blockade of lateral path LTD induction in the associative and
non-associative conditions by CPP. At 30 minutes post-tetanization, the
lateral evoked responses in the associative condition, in contrast, show a
significant degree of potentiation.

The ability of the NMDA-receptor antagonist CPP to block lateral path
LTP was also tested in eight animals. In these experiments, six animals
received the non-associative paradigm, and two animals were presented
with the associative paradigm. In neither condition was significant lateral
path LTP (associative: 3.6 ± 0.2 %; non-associative: 8.0 ± 3.3%) or medial
path LTD (associative: -6.8 ± 5.9; non-associative: -6.9 ± 3.4%) observed.
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Summary of Results
The results of the initial experiments in naive pathways indicated that
LTD of evoked field responses is more easily observed in the lateral path
input to the dentate gyrus, than in the medial path, with these stimulus
parameters. The differences in the capacity of the medial and lateral paths
to demonstrate heterosynaptic LTD was not related to the ability of the
homosynaptic pathway to show LTP, as application of the conditioning
stimuli in both instances resulted in significant LTP. It should be noted
however, that significant LTD was occasionally observed in the medial path
of 3/1 O animals (in both the associative and non-associative conditions), but
overall, this effect was negated by variability within the groups. It may be
that the induction of medial path LTD with lateral path tetanization requires
the use of different stimulus parameters from those used here.
The establishment of negatively correlated activity in the lateral path
did not result in LTD in the associative condition that was dissociable from
that produced in the non-associative condition. Thus, it is concluded that the
LTD produced by both paradigms is non-associative and activityindependent since: 1) equivalent amounts of synaptic depression were
produced by both paradigms 2) LTD produced by the associative protocol
was occluded by the prior induction of non-associative LTD, and 3) LTD from
both protocols was prevented by NMDA-receptor blockade.
While the present results fail to replicate the work of Stanton and
Sejnowski (1989), in that NMDA-independent LTD was not produced by the
associative paradigm, they do support prior findings by Desmond et al.
(1991 ), who have shown that heterosynaptic LTD in the crossed pathway is
sensitive to NMDA-receptor blockade. It is possible that regional differences
exist between the hippocampus proper and the dentate gyrus for LTD
induction, and that only non-associative NMDA-dependent LTD is sustained
in the dentate gyrus, while both forms are present in the CA 1 region. The
cerebellum, for example, has been shown to sustain associative LTD but not
non-associative LTD (Sakurai, 1987). Thus, there may well exist regional
variation in the ability of synapses to generate different forms of synaptic
plasticity. Alternatively, the present stimulus paradigms may not have been
optimal for the elicitation of associative NMDA-independent LTD. It is
already apparent that this is a difTicult form of plasticity to induce, as several
laboratories have failed to replicate the results of Stanton and colleagues in
the CA 1 region (Paulsen et al., 1991; Kerr and Abraham, in press).
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Finally, the present results indicate that homosynaptic LTP induction
in both the medial and lateral paths requires NMDA-receptor activation, as
administration of the competitive NMDA antagonist CPP blocked LTP
induction by the theta-patterned conditioning stimuli in both pathways. In
contrast, a small NMDA-independent heterosynaptic LTP could be elicited
with the associative protocol during NMDA-receptor blockade. This effect
was only observed in the lateral pathway, and only following the application
of the associative stimuli. The basis of this potentiation is not clear, but in
experiment 3, it will be shown that the application of the 5 Hz stimuli alone to
the lateral path is not sufficient to produce this effect.
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Synaptic Plasticity with Associative and NonAssociative Stimulus Protocols: Effects on NonNaive Pathways.

2)

Reversibility of LTD and LTP
The following experiment was conducted in order to assess the ability
of the medial and lateral pathways to reverse previously induced LTP or
LTD. Reversal experiments were performed by applying either the
associative or the non-associative paradigm to naive pathways, and then
applying the same paradigm again, such that conditioning trains were
administered to the previously unconditioned pathway. Figure 19 illustrates
the mean EPSP changes for the medial and lateral pathways in reversal
experiments in which the medial path was conditioned initially.
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FIGURE 19. Reversal of LTP and LTD with both associative (n = 5) and nonassociative (n

= 5) conditioning stimuli.

Following the induction of medial path

homosynaptic LTP and lateral path heterosynaptic LTD, the conditioning stimuli are
applied to the lateral pathway. In both paradigms, lateral path LTD is alleviated, and
synaptic efficacy is actually enhanced above the original baseline level in the associative
paradigm. Medial path LTP was depressed to a point not significantly different from
the original (unpotentiated) baseline in both conditions.

Application of the conditioning stimuli to the lateral path resulted in a
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reduction of medial path responses from their potentiated baseline, to a
point that was not significantly different from the original baseline. Both
groups also exhibited depressed synaptic transmission in relation to their
potentiated baselines (see Table 1). No differences were found between the
abilities of the two paradigms to depress potentiated medial pathways,
although, as in naive pathways, the overall degree of medial path
depression was not found to be significant. It is noteworthy that unlike in
naive pathways, medial path LTD was more readily observed in these
previously potentiated pathways. Six of 10 animals in both conditions
exhibited LTD greater than 10%, and of the remaing 4 animals, only one
failed to exhibit some degree of reduced synaptic transmission. Lateral path
responses exhibited LTP in comparison to their previously depressed
baselines (associative: 1(4)=5.5, p<0.05; non-associative: 1(4)=4.5, p<0.05).
··i

Significantly greater LTP was generated in the associative paradigm as
compared to the non-associative paradigm (t(8)=2.7, p<0.05), however, this
difference is attributable to the fact that one animal in the non-associative
paradigm did not exhibit robust LTP. No significant differences were found
between the associative and non-associative paradigms for those animals
exhibiting LTP greater than 1O %.
Table 1. Mean percentage change in EPSP slope following the application of
conditioning stimulation to previously depressed lateral pathways. Response changes
are presented in relation to both original baselines, and baselines obtained following the
induction of medial path LTP and lateral path LTD (NEW BASELINE).

PROTOCOL

PATHWAY

N

% CHANGE FROM
ORIGINALBASELINE

% CHANGE FROM
NEW BASELINE

NON-ASSOCIATIVE

MEDIAL

5

-0.13 ..±. 10.9

-15.7 ..±. 6.8

ASSOCIATIVE

MEDIAL

5

-1.7 ..±. 6.9

-16.5 ..± 6.7

NON-ASSOCIATIVE

LAIBRAL

5

5.8 ± 15.0

19.0 ± 4.3

ASSOCIATIVE

LAIBRAL

5

29.8 ..±. 8.8

43.8 ..± 8.1

A second test was perfoFmed to ascertain whether the lateral path
could also exhibit LTD following the induction of LTP. In this paradigm, the
lateral path first received the conditioning trains from either the associative
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or the non-associative protocol, and then these stimuli were administered to
the medial path, as in the experiments presented above. As shown in Table
2, the lateral path exhibited a depression from its previously potentiated
level in both cases, while the medial path evidenced LTP.
Table 2. Mean percentage change in EPSP slope following the application of the
conditioning stimuli to the medial pathways. Response changes are presented in
relation to both original baselines, and baselines obtained following the induction of
lateral path L1P prior to the application of the conditioning stimuli to the medial path
(NEW BASELINE).
% CHANGE FROM
ORIGINAL BASELINE

% CHANGE FROM
NEW BASELINE

PROTOCOL

PATHWAY

N

NON-ASSOCIATIVE

MEDIAL

5

13.5 ..± 1.7

11.91 ..± 3.1

ASSOCIATIVE

MEDIAL

5

32.9 ..± 13.0

24.3 ..± 11.2

NON-ASSOCIATIVE

LAIBRAL

5

ASSOCIATIVE

LAIBRAL

5

9.9

± 15.0

11.0 ..± 10.1

-7.86 ± 7.0
-23.3 ..± 4.7

Following medial path tetanization, it was found that only the
associative paradigm did not exhibit significantly enhanced synaptic
transmission. In this condition, 4 of 5 animals exhibited LTP greater than
10% while one animal did not exhibit LTP and remained depressed. In
those animals exhibiting LTP of synaptic transmission, no significant
differences were found between the two paradigms in their ability to
generate LTP. All 5 animals in the associative paradigm and 4 of 5 animals
in the non-associative paradigm exhibited significant LTD following the
application of the conditioning stimuli to the medial path (associative:
t(4)=4.9, p<0.05; non-associative: t(3)=3.5, p<0.05). No differences were
observed between the two paradigms in their ability to depress previously
potentiatied lateral pathways.
As no differences were found between the two paradigms in any of
the experimental conditions, the results were also grouped to better
'(

elucidate the capacities of the medial and lateral pathways to exhibit further
changes in synaptic transmission in the reversal condition. Grouping the
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results revealed that both medial and lateral pathways were exhibited a
significant degree of LTD in comparison to their previously potentiated
baselines (medial: -16.1 ± 4.5; 1(9)=3.6, p<0.05; Lateral: -15.6 + 4.7; 1(9)=3.3,
p<0.05). Significant LTP was also evident in pathways previously
heterosynaptic to those being potentiated, whether or not LTD was apparent
previously (medial: 18.1 ± 6.0; 1(9)=3.0, p<0.05; Lateral: 31.4 ± 6.0; 1(9)=5.3,
p<0.05).

Summary of Results

It is evident from the above experiments that the medial and lateral
pathways are capable of exhibiting changes in synaptic efficacy following
the induction of LTP or LTD. Unlike previous studies using 400 Hz stimuli
(Abraham and Goddard, 1983; McNaughton, 1978), the LTP produced by
the theta-patterned conditioning stimuli was shown to be capable of being
reduced to levels that did not differ significantly from the baselines obtained
prior to LTP induction in these pathways. No differences were observed
between the associative and non-associative paradigms, and it must be
concluded that, as in naive pathways, the same mechanisms are being
activated by these two protocols. Grouping the data revealed that previously
potentiated medial and lateral pathways exhibited significant LTD, following
the induction of LTP heterosynaptically. It is unclear from these experiments
however, whether the reduced synaptic transmission observed is
representative of LTD induction, or reflects a suppression of the mechanisms
involved in the maintenance of LTP.
In those pathways in which LTP induction was attempted following the
induction of LTP heterosynaptically, synaptic transmission was found to be
capable of being enhanced significantly, as compared to baselines obtained
prior to the application of the conditioning stimuli, in all conditions.
Taken together, the present results suggest that the theta-patterned
stimuli used in this experiment are well suited for the induction of
heterosynaptic LTD in the lateral path, and homosynaptic LTP in naive
medial and lateral paths. Furthermore, while these changes are able to
persist for long periods of time, they are not permanent and may be actively
reversed.
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3)

Evidence for Activity-Dependent Associative LongTerm Depression

During the course of the first set of experiments, it was found that the
application of the associative stimuli, during CPP blockade of NMDAreceptors, resulted in a small enhancement of the lateral path evoked field
response. This NMDA-independent effect was not observed with the nonassociative protocol, suggesting that the single pulses, when presented at 5
Hz to the heterosynaptic pathway during associative conditioning, were
responsible for engaging some NMDA-independent mechanism. Stanton
and Sejnowski (1989) reported that, prior to associative LTD induction, their
slices were always pretested to ensure that the 5 Hz stimuli, when presented
alone, did not alter subsequent synaptic transmission. It is possible that this
pre-treatment may have enhanced some NMDA-independent mechanism
that leads to associative LTD. Interestingly, a number of reports have
appeared which implicate the low-frequency stimulation as being
preferentially involved in producing homosynaptic reductions in synaptic
efficacy. Staubli and Lynch (1990) have shown that the application of 250
pulses at 5 Hz was capable of reversing LTP in animals which had
undergone tetanization with bursts of 100+ Hz stimuli delivered at 5 Hz. In
addition, 0.5 Hz activity is capable of producing LTD in the CA 1 region when
such low-frequency stimulation is applied for prolonged periods of time
(Bear, Dudek and Gold, 1991 ). Bramham and Srebro (1987) have also
reported that low-frequency (15 Hz) activation of the perforant path (one
must assume that this represents the joint activation of both the medial and
lateral components) produced LTD in 5 out of 6 cases examined. Thus, it
may well be that low-frequency activation of a synaptic input serves to
predispose that input to the preferential induction of LTD. The following
experiments were performed to test the hypothesis that the application of
single pulses at 5 Hz could serve to "prime" a pathway for the subsequent
induction of associative LTD.

Prior Synaptic Activation Selectively Facilitates Associative
LTD
When the lateral path was first briefly stimulated with 8 low-frequency
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(5 Hz) trains of 1O pulses each (30 second intertrain interval), the amount of
lateral path LTD following the application of the associative conditioning
paradigm to the medial path (1 O minutes following priming) was more than
twice (-39.8 ± 3.1 %; n = 5) that which followed normal associative
conditioning in naive pathways (-13.3 ± 4.2 %; n = 13; t (16)=3.75, p<0.05;

;.

Figure 20).
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Figure 20. Equivalent LTD is produced in naive lateral pathways with both the
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associative and non-associative protocols, while the application of 5 Hz stimulation to
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the lateral path prior to medial path conditioning rest.Hts in enhanced L1D following

C.

associative stimulation, but not following non-associative stimulation("*" indicates
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points at which significantly more LTD was produced p<0.05).
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The 5 Hz stimulation by itself did not induce any significant changes
in the lateral path EPSP (6.3 ± 5.0%; as measured just prior to associative
/ I"

stimulation, n=18), and did not affect the degree of subsequent LTP
exhibited in the medial path (NAIVE: associative: 20.1 ± 2.5%; nonassociative: 26.1 ± 4.8%; PRIME: associative: 22.5 ± 2.3%; non-associative:
24.6 ± 3.7%). The pre-conditioning stimulation effect was specific for the
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associative conditioning paradigm, since such stimulation prior to the
administration of the non-associative paradigm (-8.5 ± 8.6 %, n=5) or a
second application of the 5 Hz stimuli (0.2 ± 6.4 %, n=2) did not result in
significant lateral path LTD. In some animals the pre-conditioning

.ii'

80

Chapter 11. Results
stimulation was applied to the medial path prior to the application of the
conditioning stimuli to the medial path. Although these stimuli were at an
intensity sufficient to cause postsynaptic cell firing in response to each
stimulus, this did not facilitate lateral path LTD (11.5 ± 7.5 %, n=3). This
indicates that the pre-conditioning, or 'priming', effect is input specific, and
.\I

not the result of general postsynaptic depolarization or cell firing. Further
evidence for the pathway specificity of the enhanced LTD produced
following priming is presented in appendix A, where a third pathway was
I •f
-

added to evaluate associative and non-associative heterosynaptic

·l'

.,.

interactions simultaneously. Figure 21 shows the medial and lateral
responses recorded just prior to, and 30 minutes following, the application of

IP'-

~~

the associative conditioning stimuli in the "prime" condition .
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Figure 21. Examples of potentials showing medial path LTP and lateral path LTD 30
minutes post-conditioning (red waveforms). Black waveforms are field responses
recorded just prior to tetanization. The waveforms were recorded from an animal
which received the associative conditioning protocol following 5 Hz priming of the
lateral path.
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D~ration and Frequency-Dependence of the Priming Effect
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. To establish the time course and consistency of the priming effect, the
5 Hz stimulation was delivered at various times from 1O minutes to 2 hours
prior to the application of the associative conditioning protocol. Significantly
enhanced lateral path LTD was observed at all time intervals (group means
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with animals which did not undergo priming. The consistency and
robustness of the priming effect was shown by the fact that 17 of the 18
animals tested at the various time intervals showed lateral path LTD greater
than 25%. Only 1 of the 5 animals in the primed non-associative condition
showed a similar degree of LTD. Similarly, only 2 of 1O animals in the nonprimed associative condition and 3 of 13 animals in the non-primed nonassociative condition evidenced LTP greater than 25%.
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Figure 22. Priming stimulation enhanced associative LTD in the lateral path at all
intervals examined, from 10 min to 2 hr between 5 Hz priming stimulation and
associative conditioning. None= non-primed associative conditioning (n = 13). The 4
prime groups (10 min, n=5; 30 min, n=5; 60 min, n=4; 120 min, n = 4) all showed
significantly greater LTD compared to the non-primed group, using a one-way analysis
of variance CF(4,26)=7.3, p<0.001) and post-hoc Student Newman-Keuls test(*; p <
0.05). Data are means and standard errors obtained 30 min after associative
conditioning.

A remarkable feature of the priming effect was that low frequencies
other than 5 Hz, but outside the range of hippocampal theta activity, were
ineffective in enhancing LTD. The magnitude of the LTD subsequent to 15
Hz priming stimulation (-12.5 ± 6.6%, n=5) was not enhanced when
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compared to the LTD produced in the non-primed condition (-13%), and 1
Hz stimulation resulted in a modest, but still non-significant, increase in LTD
(-23.7 ± 8.8%, n=7; Figure 23). On the other hand, no changes in the
amount of LTP produced in the medial path were observed at either the
different time intervals following the 5 Hz priming, or for the different
frequencies of lateral path priming. This indicates that low-frequency
priming does not effect the induction of homosynaptic LTP.
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FIGURE 23. 5 Hz priming stimulation significantly (one-way analysis of variance:
F(3,39)=8.4, p<0.001; post-hoc Student Newman-Keuls test:*; p < 0.05; n=19)
enhanced associative LTD in the lateral path compared to the non-primed group
(NONE; n=13). 1 Hz (n=7) and 15 Hz (n=5) priming stimulation did not have a
statistically significant influence on LTD. Medial path LTP was unaffected by priming
stimulation delivered to the lateral path at any frequency. These findings indicate that
the degree of medial path LTP and the degree of lateral path LTD are poorly correlated.
Data are presented as the mean± standard error percent change measured 30 min postconditioning.

NMDA-Receptor Involvement in Associative LTD
Since the priming stimulation specifically facilitated the LTD arising
from the associative- protocol, it may reflect the induction of associative LTD,
which could be mechanistically different from, and additive to, the normally
occurring non-associative LTD. To test this hypothesis, advantage was
taken of the fact that the two types of LTD may be pharmacologically
dissociable: non-associative LTD, as reported here in naive pathways, and
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elsewhere, is prevented by NMDA-receptor antagonism (Abraham and
Wickens, 1991; Desmond et al., 1991 ), but associative LTD in the CA 1
region is not (Stanton and Sejnowski, 1989; Chatterji et al., 1989). As
expected from these prior experiments, when the competitive NMDAreceptor antagonist CPP (1 O mg/kg i.p.) was given after priming stimulation,
but before the conditioning stimulation, there was no LTD in the lateral path
following the non-associative paradigm (5.5 ± 7.6%, n=3). In contrast, a
significant, although reduced, LTD developed following the associative
paradigm (-18.9 ± 5.8%; t(3)=3.2, p<0.05; Figure 24). As medial path LTP
'1

was markedly reduced under both conditions, the LTD did not result from a
failure to antagonize postsynaptic NMDA-receptors.
Further evidence for the frequency specificity of this effect was
attained when CPP administration following 1 Hz priming stimulation,
completely inhibited the subsequent induction of LTD by the associative
protocol (-2.0 ± 8.4%, n=3). This also suggests that prior synaptic activation
at 1 Hz results in only NMDA-dependent, non-associative LTD being
induced.
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Figure 24. Significant associative LTD (2-way ANOVA, group main effect,
p<0.01) was observed in the lateral path when CPP (10 mg/kg i.p.) was given just
after lateral path priming stimulation (n = 4) and the associative protocol was
administered to the medial path 2 hours later. Note the gradually incrementing LID is
similar to the trend apparent for associative LTD in Figure 20.
To test whether priming stimulation itself involved NMDA-receptor
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activation, CPP was administered prior to the 5 Hz priming stimulation.
Under this condition, the associative paradigm was no longer effective at
eliciting LTD (4.6 ± 8.0%, n=4; Figure 25). These results indicate that 5 Hz
stimulation initiates priming mechanisms that are coupled to NMDA-receptor
activation, but once the relevant cellular machinery is activated, the
subsequent induction of associative LTD is independent of NMDA-receptor
activation.
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Figure 25. CPP given 2 hours prior to 5 Hz priming stimulation effectively blocked
the subsequent induction of associative LID in the lateral path (n = 4). The associative
stimuli were administered 10 minutes following priming.

Taken together, the data support the hypothesis that associative and
non-associative LTD are independent, and additive. The 35% LTD seen
after 5 Hz priming in drug-free animals appears to consist roughly of 15%
non-associative LTD (i.e., the NMDA-dependent LTD seen in naive
pathways) and 20% NMDA-independent associative LTD (as induced b-y the
associative protocol when NMDA-receptor blockade follows the application
of the priming stimuli).
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Specificity of the Priming Effect for Associative Long-Term
Depression
To test whether priming stimulation facilitates lateral path synaptic
plasticity in general, 5 Hz priming stimulation was delivered to the lateral
path prior to the induction of LTP in this pathway with the associative
protocol.

In this situation, priming stimulation significantly reduced, by about

50%, the amount of lateral path LTP generated (normal: LTP: 47.8 ± 7.7%,
n=6; LTP after priming: 22.6 ± 7.7%, n=5; t(9)=2.5, p < 0.05; Figure 26). This
effect may reflect an interference with the mechanisms involved in the
induction of LTP, or a concurrently elicited associative LTD that masks the
true extent of the LTP. In either case, it is apparent that LTP is not facilitated,
indicating that the priming effect specifically facilitates associative LTD. This
effect is specific to priming of the lateral path, as medial path priming had no
effect on either lateral path (49.9 ± 10.1 %, n=5) or medial path (25.9 ± 4.1 %;
n = 3) LTP. Interestingly, no lateral path LTD was exhibited when the medial
path was primed and then potentiated with the associative protocol (11.5 ±
7.5%, n = 3).
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Figure 26. As compared to LTP production in naive pathways (NAIVE), LTP in the
lateral path is significantly reduced (p < 0.05) when the 5 Hz priming stimuli are
applied 10 minutes prior to conditioning (PRIME).
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Summary of Results
The present results provide the first evidence that two
pharmacologically distinct forms of LTD can be elicited separately, and in
combination, within a single monosynaptic pathway. Non-associative LTD is
activity-independent, and can occur at synapses that are silent during strong
postsynaptic depolarization elicited by other inputs. It involves at least the
activation of the NMDA subtype of glutamate receptor by these active inputs
(as shown in experiment 1 and here). Associative LTD is activity-dependent
-

I

in at least two distinct ways. First, it was only produced in the present study
when a negative temporal correlation between presynaptic activity and
strong depolarization was established (but see also appendix 8). This

> 'r

temporal relationship seems crucial to the induction of associative LTD in
areas CA 1 and CA3 of the hippocampus. Pathways that exhibited LTD with
the negatively correlated stimuli in these regions were found to exhibit
associative LTP when the stimuli were administered so as to coincide
(Stanton and Sejnowski, 1989; Chattarji et al., 1989). Preliminary
experiments, however, indicate that this associative form of LTP may not be
elicited with these stimuli in the dentate gyrus (appendix B). Second, prior
synaptic activation at theta rhythm periodicity primes those synapses for the
subsequent induction of LTD, and may also mask or interfere with the
development of both LTP and non-associative LTD. Failure to prime the
synapses results in the appearance of only non-associative, NMDAdependent LTD, even when negatively correlated stimuli are administered.
It is important to note that with these stimulation protocols, 5 Hz activity alone
is insufficient to induce LTD, even when the stimuli are administered
repeatedly.
It is intriguing that the priming of associative LTD induction is specific
to a frequency that falls within the range of hippocampal theta activity. The
fact that theta activity can be recorded from the entorhinal cortex of animals

in vivo (Alonso and Garcia-Austt, 1987a), and moreover, that entorhinal cells
which project to the dentate gyrus exhibit firing patterns that are related to
hippocampal theta activity (Alonso and Garcia-Austt, 1987b), suggests that
this region may play a role in the genesis of theta activity in the dentate
gyrus. In addition, as synaptic priming at 5 Hz may mask or interfere with the
development of LTP in the primed pathway, it seems likely that the
occurrence of theta activity is associated with a reduction in the ability of the
lateral path synapses to exhibit enhanced functional connectivity.
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Although the associative depression produced here was NMDAindependent (as in areas CA1 and CA3), its induction apparently involves
the activation of NMDA-receptors. The fact that priming is effective in
enhancing associative LTD for at least two hours seems to indicate that the
NMDA-receptor activation may lead to the activation of second messenger
systems. NMDA-independent LTD in the CA1 region has been reported to
be blocked in vitro with the metabotropic-receptor antagonist 2-amino-3phosphonopropionic acid (Stanton et al., 1991 ), and as metabotropicreceptor blockade also inhibits glutamate-stimulated Pl (phosphoinositide)
turnover (Schoepp and Johnson, 1989), it is possible that Pl turnover may
be involved in the induction of associative LTD.
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Effects of L TP and LTD Induction on Paired-Pulse
Facilitation.
The results of the priming experiments indicated that the application

of the 5 Hz stimuli resulted in the subsequent appearance of a long-term
depression that differed qualitatively from both non-associative LTD and
long-term potentiation in the dentate gyrus, in that it was not sensitive to
NMDA-receptor blockade. Long-term potentiation of the mossy fibers to the
CA3 region of the hippocampus has also been shown to be NMDAindependent and to result in reduced paired-pulse EPSP facilitation (PPF)
(Staubli, Larson and Lynch, 1990; Zalutsky and Nichol, 1990). The results of
these paired-pulse studies suggest that presynaptic changes might be
involved in the expression and maintenance of LTP at these synapses
(Staubli, Larson and Lynch, 1990; Zalutsky and Nichol, 1990). The basis for
this suggestion comes from the fact that virtually any manipulation that
increases transmitter release reduces PPF in the hippocampus (Creager,
Dunwiddie, and Lynch, 1980; Muller and Lynch, 1989; Dunwiddie, 1985)
While no studies to date have assessed whether changes in PPF follow nonassociative or associative LTD induction, previous studies have indicated
that LTP in the lateral path is not accompanied by changes in the amount of
paired-pulse facilitation observed following tetanization (McNaughton, 1978;
1982). The following study was undertaken to corroborate and extend the
findings of McNaughton (1978; 1982), and to assess the degree of PPF both
prior to and following the induction of bidirectional plasticity in these paths.

Effects of Paired-Pulse Stimuli on Medial and Lateral Path
Evoked Responses
In order to assess the extent to which paired-pulse facilitation occurs
in the medial and lateral path EPSPs, 3 animals were administered twenty
pairs of stimuli at four different interpulse intervals. A 30 second interpair
interval was used in all experiments in an attempt to avoid any confounding
effects of repeated paired-pulse presentation. Stimuli were administered at
intensities below the threshold for the production of popu1ation spikes, and
the pulse duration was kept constant at 150 µs. As evident in Figure 27, the
lateral and medial paths exhibit markedly different degrees of PPF. In these
three animals the lateral path exhibited significant facilitation of the second

88

89

Chapter 11. Results

evoked response of each pair at all time intervals tested, while the medial
path exhibited significant facilitation only at the 40 and 50 ms intervals.
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FIGURE 27. Paired-pulse facilitation in the medial and lateral perforant path EPSP
slopes. The lateral path shows a significant degree of EPSP facilitation at all intervals
tested (*; p < 0.05), while the medial path only exhibits a significant degree of EPSP
facilitation with 40 and 50 ms interpulse intervals.

As significant facilitation was observed in both the medial and lateral
paths at the 50 ms paired-pulse interval, it was decided that this interval
would be used in subsequent testing for the effects of conditioning stimuli on
paired-pulse facilitation. This interval has also been used in the analysis of
PPF in the CA 1 region (Staubli et al., 1990; Zalutsky and Nicholl, 1990)
Prior to the administration of any conditioning stimuli, responses to
paired-pulse stimuli were monitored in four animals to ensure that repeated
administration of the pairs of pulses did not influence subsequent pairs. For
this test, a series of 20 pairs (50 ms interpulse interval) was administered
independently to each pathway at the 30 second inter-pair interval. Analys.is
of variance revealed that none of the twenty pairs was-significantly different
from one another, thus, no incremental or decremental changes in the
degree of facilitation were observed over the course of the experiment.
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Baseline measures to single fixed intensity stimuli were also obtained prior
to and following the presentation of the 20 paired stimuli to evaluate whether
,,\

the paired-pulses in any way affected the responses obtained with single
pulse stimulation of the medial and lateral paths. Despite the fact the
stimulus pairs were themselves statistically independent, it was found that
the application of the 20 pairs of pulses to each pathway resulted in a
significant potentiation of the lateral (19.9 ± 7.0 %; n = 5; t(4)=2.8; p < 0.05)
and medial (17.3 ± 6.2 %; n = 5; t(4)=2.9; p < 0.05) evoked responses
produced by the single stimuli. However, when the number of paired-pulses
administered was reduced to 1O (5 each to the medial and lateral paths) no
statistically significant changes were observed in the field responses evoked
by the application of the stronger single pulses to either the medial (1 .4 ± 2.2
%; n = 5) or lateral (-1.7 ± 1.8; n = 5) paths. The remainder of the
experimentation was therefore performed using this reduced number of
paired-pulses.
As the EPSP produced by any given stimulus intensity would be
altered by the induction of LTD or LTP (i.e. see figure 15), and because any
change in the amount of facilitation might be reflective of this change in
EPSP amplitude, responses were also analyzed at different current
strengths. Thus, paired-pulses were administered to both the medial and
lateral pathways at two separate stimulus intensities, in a random fashion, to
mimic the EPSP amplitude changes that might be incurred with LTP and
LTD induction. Typically, the "high intensity" condition involved generating
EPSPs larger than 1.5 mV in amplitude, while the "low intensity" condition
involved EPSPs less than 1.5 mV. These experiments were also performed
using three different interpulse intervals, to test if the different interpulse
intervals might be differentially affected. Five pairs of pulses were
administered to each pathway, at each interpulse interval, for the two
stimulus intensities. As is illustrated in Figure 28, no differences were found
between the degree of PPF produced in the low and high intensity
conditions at any of the interpulse intervals.
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between EPSP size and the degree of paired-pulse EPSP facilitation produced. High:
Peak EPSP amplitude> 1.5 m V; Low: Peak EPSP amplitude< 1.5 m V.
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Changes in Paired-Pulse Facilitation Accompany Lateral, But
Not Medial Path Tetanization.
After establishing the nature of paired-pulse facilitation in naive
pathways, the effects of the theta-patterned stimulus trains on paired-pulse
facilitation were evaluated. In the first condition, the non-associative
paradigm was used, and stimulus trains were applied to either the medial or

f )

lateral path alone. Medial path tetanization resulted in a significant increase
in the slope of the medial response (24.6 ± 5.2 %; 1(4)=4.7; p < 0.01) and a

<\

significant reduction in the slope of the lateral response (-12.1 ± 2.5 %;
1(4)=4.9; p < 0.01) as recorded from 25 - 30 minutes post-conditioning.
Lateral path tetanization produced a significant degree of lateral path LTP
(31.6 ± 5.9 %; t(4)=5.3; p < 0.01 ), however, this was not accompanied by a
substantial change in the medial path evoked response (5.4 ± 7.6 %; p >
0.05).
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after the induction of medial and lateral path long-term potentiation. Paired-pulse EPSP
facilitation is evident in both the medial and lateral paths prior to and following
application of the conditioning stimuli in both conditions. Paired-pulse EPSP
facilitation was reduced significantly 30 minutes following lateral path tetanization
when compared with the degree of facilitation obtained prior to tetanization (*, p <
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0.05), but not following medial path tetanization. Heterosynaptic LID of the lateral
path was not accompanied by a significant change in paired-pulse facilitation (p > 0.05,
medial tetanization condition).
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Five sets of paired-pulses were administered to the medial, and then
lateral pathways, 15 minutes prior to, and 30 minutes following application of

\
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the conditioning stimuli (Figure 29). A significant reduction (-14.1 ± 4.1 %;
1(6)=5.6; p < 0.05) in lateral path PPF facilitation occurred following LTP
induction in the lateral path. This effect was not observed in the lateral path
in control experiments where conditioning stimuli were not applied, or by the
medial path in either control or experimental conditions (PPF change

,,
1

'

,!

following LTP: -4. 7 ± 1.9; n = 5; p > 0.05). LTD induction in the lateral path
was not accompanied by a significant change in paired-pulse facilitation.
The change in lateral path PPF was not correlated with a change in the size
of the paired-pulse stimuli (r2=0.10) or with the degree of lateral path LTP
exhibited by the test pulses (r2=0.19, p > 0.05).
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Associative LTD Induction is Accompanied by Changes in
Paired-Pulse Facilitation.
,I

The finding that a significant decrease in paired-pulse facilitation
occurred only homosynaptically in the lateral path following LTP induction
suggests that the observed decrement may reflect presynaptic changes like
those observed in the mossy fiber system (Staubli et al., 1990; Zalutsky and

.)-

Nicholl, 1990). As the NM DA-independent LTD produced in the lateral path
following synaptic priming also requires presynaptic activity, the pairedpulse paradigm was applied prior to and following the application of the

,,

associative stimulus protocol in two conditions. In the first condition, naive
pathways were used, and the associative conditioning stimuli were applied
so that LTD was invoked in the lateral path. In the second condition, the
same stimuli were applied following application of the priming stimuli to the
lateral path.
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FIGURE 30. Changes in paired-pulse facilitation following the application of the
associative protocol in naive and primed pathways. Only the lateral path in the primed
condition was found to exhibit a significant difference in the degree of facilitation
produced following the application of the conditioning stimuli (*; p < 0.05).

Application of the associative protocol to naive pathways resulted in
medial path LTP (27.8 ± 3.5; n = 3) and LTD of the lateral path evoked
response (-8.7 ± 4.6; n = 3). Medial
enhanced lateral path LTD (-26.3 ± 4
,
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,,_TP (24.2 ± 3.3 %; n = 7) and an
,~)

was observed when the
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associative protocol was applied following synaptic priming of the lateral
path. As illustrated in Figure 30, only the lateral path in the primed condition
showed significant changes in paired-pulse facilitation following the
application of the conditioning stimuli. These data are made somewhat
ambiguous by the fact that the initial degree of paired-pulse facilitation is
different for the animals in the naive pathway and lateral path priming
experiments. Statistical analysis revealed however, that there were no
significant differences in the initial degree of PPF exhibited by the two
groups. In addition, while 7/7 animals in the priming condition exhibited
enhanced paired-pulse facilitation following LTD induction, only 2/5 animals
showed a similar effect in the naive pathway group. The degree of lateral
path paired-pulse facilitation was found to be increased 14.7 ± 4.1 % (n = 7;
t(6)=5.6; p < 0.05) following LTD induction in the primed condition. LTD
induction in naive pathways, in contrast, was found to be accompanied by a
non-significant reduction (-5.5 ± 3.9 %; n = 4) in PPF following the
application of the associative protocol. Medial path PPF did not change
significantly in either condition.

>

·__:_ ___________The change in lateral~i:tath PPF was ooLtound~to~be~significaatly~

~

-

correlated with changes in the size of the first pulse (r2=0.27) following
tetanization. In addition, the overall change in PPF was also found to be

- -,

poorly correlated with the mean degree of lateral path LTD (r2=0.02, p >
0.05).

Summary of Results
The present results are in agreement with McNaughton (1978), that
paired-pulse facilitation may be observed in both the medial and lateral
_,

paths at interpulse intervals ranging from 20 to 50 ms, and that the lateral
path exhibits a significantly greater degree of facilitation at these intervals.
The results also indicate that: 1) with 30 second inter-pair intervals the pairs
of stimuli are statistically independent of one another and 2) repeated pair
administration can lead to the production of LTP-like changes in synaptic
transmission. As enhanced synaptic efficacy was observed for up to 30
minutes following the administration of 20 pairs of pulses, it is unlikely that

.J

this represents either synaptic augmentation or short-term potentiation.
Further experimentation is needed to clarify if the enhanced synaptic efficacy
observed here was representative of LTP, and whether EPSPs might result
in LTP induction when repeatedly administered. This long-term effect was

'

')

l
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not, however, observed when the number of pairs of stimuli was reduced to
5 for the present experiments.
'1

-l

,,

,,
/) r>

,,\
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It is widely believed that paired-pulse facilitation is reflective of
increased excitatory transmitter release as a consequence of calcium
accumulation in presynaptic terminals following the initial stimulus (see
Zucker, 1989). According to this theory, the induction of potentiation would
need to result in a lasting increase in the amount of available calcium in
presynaptic terminals (Creager et al., 1980; Muller and Lynch, 1989). This
would decrease the relative change in presynaptic calcium produced by the
second pulse of each pair, resulting in a reduction in the amount of pairedpulse facilitation observed (Zucker, 1989). In the present experiments, such
an effect was only observed following LTP induction in the lateral path.
Although a significant effect was not observed in the medial path, there was
a trend for a reduction in the amount of facilitation following the induction of
long-term potentiation with the non-associative paradigm (10.6 % facilitation
pre-tetanus vs. 5.9 % facilitation post-tetanus). The lack of a significant effect
may have been due to the small sample size and the small degree of pairedpulse facilitation the medial path exhibits.
In the case of LTD, it is possible that a presynaptic calcium
accumulation is reduced or inhibited in some manner This would lead to an
increase in paired-pulse facilitation, as there would be an increase in the
relative change in presynaptic calcium produced by the second pulse of
each pair. Less transmitter would be released by the initial stimulus, and
calcium entry into the terminal would result in the enhancement of the ratio
of facilitation. Interestingly, this effect was only produced in animals in which
the lateral path received synaptic priming prior to the application of the
associative paradigm. This may reflect that non-associative LTD is
maintained postsynaptically, and that the associative LTD produced with
priming has a presynaptic component.
Although the present results contradict previous studies in which
changes in paired-pulse facilitation were not found to accompany LTP
induction (McNaughton, 1978; 1980), these differences may be indicative of
methodological factors. The present results were obtained using theta
patterned stimuli, rather than 400 Hz stimuli, and it is possible that the use of
these stimuli is responsible, in part, for the discrepancies. Indeed, the
potency of stimuli administered at theta frequencies may lay in their ability to
engage presynaptic mechanisms involved in the maintenance of LTP.
The present results are supportive of the recent finding that long-term

95

Chapter 11. Results

·J

potentiation in the dentate gyrus is accompanied by an increase in the size
of quanta! responses (Baskys et al., 1991 ), and a continuous increase in the
level of glutamate release (Errington et al., 1987). The significant reduction
in paired-pulse facilitation found in the lateral path provides further support
·1

for the notion that LTP maintenance may involve presynaptic changes. It is
interesting that the reduction in PPF was not well correlated with the degree
of LTP induced, and that this effect was not observed in the medial pathway.
The finding that the expression of associative LTD is accompanied by
an increase in paired-pulse facilitation is novel, and suggests that there may
be presynaptic contributions that could aid in the differentiation of this form of
LTD from non-associative LTD. It is unclear at this time whether the low
correlation between enhanced PPF and the degree of LTD is indicative of
separate pre- and postsynaptic mechanisms being involved. It may well be
that the LTD incurred following priming is composed of both non-associative
and associative LTD. Thus, it may be that the non-associative LTD does not
correlate well with presynaptic changes. Abraham et al. (1985) have also
proposed that non-associative LTD occurs at all synapses following
conditioning, and is only overcome at those synapses in which LTP
develops. If this is the case, it may well be that the concurrent induction of
LTP and non-associative LTD obscures any correlation between pre- and
postsynaptic changes.
The fact that the induction of non-associative LTD does not lead to
changes in PPF, while the induction of associative LTD does, also furthers
the argument for these two types of LTD being mechanistically different.
Future experimentation is warranted, however, to examine if the PPF
changes observed also occur during conditions in which lateral path LTP

"

and associative LTD are actively blocked.
'·I
.\
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Discussion
1)

Long-term Potentiation in Naive Pathways.
Long-term potentiation of synaptic efficacy, lasting at least 30 minutes,

was reliably produced with theta-patterned conditioning stimulation in naive
medial and lateral pathways of rats anaesthetized with Pentobarbitol.

·\

Analysis of EPSP initial slopes revealed that enhanced synaptic
transmission was restricted to those pathways to which the conditioning
stimulation was applied. Afferents heterosynaptic to the conditioned
pathway were shown to be either depressed or unchanged following LTP
induction. The LTP produced was shown to be dependent upon NMDAreceptor activation, and did not develop in any of the animals that were

·'

administered the NMDA-receptor antagonist CPP prior to the application of
the conditioning trains.
Weak activation of heterosynaptic inputs in the associative paradigm

:::,

-

'. ~

did not influence the induction of LTP in pathways to which the conditioning
trains were administered. In naive pathways, the associative and nonassociative protocols produced equivalent LTP of the medial (associative:

''

26%, n=16; non-associative: 22%, n=15) and lateral (associative: 48%, n=6;

< :.>r

non-associative: 33%, n=1 O) path evoked responses, as recorded in the
ipsilateral dentate gyrus. It is interesting, however, that overall the lateral

'

·)

,,

path evoked responses exhibited a significantly greater degree of LTP than
the medial path evoked responses (medial: 24%, n=31; lateral: 39%, n=16;
t(45)=3.06, p<0.005). Previously, other researchers have observed that the
magnitude of lateral path LTP can be greater than that exhibited by the
medial path (McNaughton, 1978; McNaughton and Barnes, 1977;

~}-

McNaughton et al., 1978; White et al., 1990; Winson and Dahl, 1986),
although in some instances the reverse has been found to be true (Abraham
et al., 1985; Abraham and Goddard, 1983; Braham et al., 1988).
McNaughton (1978) originally suggested that the greater LTP exhibited by.
the lateral pathway might reflect a higher input density by lateral path fibers.
Although the present results neither refute nor support this contention, a
number of separate studies suggest that the differences between the medial

,>-i
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and lateral pathways may also reflect: 1) that the optimal stimulus
parameters for the medial and lateral pathways are different. 2) That the
difference is indicative of the contribution by different peptide transmitters in
the two pathways. These possibilities are discussed below.
To date, no comprehensive evaluations of the frequency dependency
of LTP have been carried out in preparations in which the medial and lateral
paths have been isolated. The majority of the experiments performed in the
entorhinal cortex-dentate gyrus system have used 400 Hz conditioning
stimuli, and the variability in the degree of the LTP produced in the lateral
path across studies may indicate that 400 Hz stimuli are not optimal, or have
\

not been suitably employed, for the induction of reliable LTP in this pathway.
These stimuli are usually applied either continuously for short periods
't-

(McNaughton et al., 1978), or more often, as trains composed of bursts of
stimuli (Abraham et al., 1985; Abraham and Goddard, 1983; Braham et al.,
1988; Desmond et al., 1991; Levy and Steward, 1979; 1983; McNaughton,

'y

1982; Pavlides et al., 1988; White et al., 1991 ). Some authors have also
questioned the physiological relevance of stimuli administered at 400 Hz.
Winson and Dahl (1986) noted that perforant path afferents did not usually
attain firing rates of 400 Hz, and showed that lower frequency stimuli (200
>

Hz) were capable of producing LTP in both the medial and lateral pathways.

--"

:,..,

LTP was preferentially produced when these stimuli were applied
asynchronously to the medial and lateral pathways, and these authors
argued that they were activating a 400 Hz sensitive mechanism that was

:/

capable of integrating information from spatially separated granule cell
inputs (Winson and Dahl, 1986).
An interesting finding in a number of studies in the entorhinal cortex-

'<j

\

dentate gyrus system is that in addition to the stimuli themselves, the pattern
in which they are administered can determine, to a great extent, the degree

r..,

.\

and direction of subsequent changes in synaptic efficacy (Levy and
Steward, 1979; 1983; Pavlides et al., 1988; White et al., 1991; Winson and
Dahl, 1986). The entorhinal cortex and dentate gyrus are capable of

_,

exhibiting a variety of bioelectrical activity patterns, but perhaps the most
interesting and behaviourally relevant (see Bland, 1986) is theta activity.
Theta activity can be recorded from both of these regions both in vivo
(Alonso and Garcia-Austt, 1987a,b; Christie and Bland, 1989; Rowntree and
Bland, 1986) and in vitro (Konopacki et al., 1987a,b,c; 1988; 1992). The
J

1
/(

present experiments used stimuli which were patterned after the rhythmical
bursting activity of entorhinal and dentate neurons during this theta activity
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(Alonso and Garcia-Austt, 1987a,b; Bland et al., 1980; Larson et al., 1986). It
'r

may be that the use of lower frequency conditioning stimuli (100 Hz)
presented at 200 ms intervals (5 Hz) contributed to the observed differences
in the overall degree of medial and lateral path LTP. It has been suggested
that the theta interval (-200 ms) defines a time after which postsynaptic
inhibitory potentials are difficult to reintroduce (Larson and Lynch, 1986; Mott
and Lewis, 1991 ). Thus, EPSPs are prolonged during this transient
refractory period for the IPSP, and are able to summate to a greater degree
than at intervals where IPSPs are not suppressed (Larson and Lynch, 1988).
It may be that IPSP suppression is more important in facilitating lateral path
LTP induction than it is for medial path LTP, but to date this possibility has

\

not been tested. Mott and Lewis (1991) have shown that disinhibition by
GABA-b receptors is required for the induction of medial path LTP by 5 Hz

'(

stimulation in vitro, however these authors failed to examine lateral path
LTP. Clearly, the optimal stimulus parameters for, and the role of
'.

)

~)

disinhibition in, the production of medial and lateral path LTP needs to be
more thoroughly investigated.
The differences in the magnitude of medial and lateral path LTP

).

·)

observed in the present experiments may reflect the ability of different
neurochemical substances to differentially effect neural transmission in the

.'.>

two pathways. The application of the beta-adrenergic agonist isoproterenol,
for instance, results in a long-lasting potentiation of medial path responses,

·"

while lateral responses exhibit a long-lasting depression (Dahl and Sarvey,
.t

1989). In addition to the pathway specific effects of beta-adrenergic

I

<t'

-~

agonists, studies have also implicated opioids as being involved specifically
in lateral path LTP (Braham et al., 1988), and cholinergic receptors as being

.i_

preferentially involved in medial path neural transmission (Kahle and
Cotman, 1989). Thus, the possibility exists that the observed differences in

~~

'•,

the degree of LTP generated in the medial and lateral pathways might also
reflect the modulatory activity of other peptide transmitters. In addition to the
differential contributions of various neurochemical substances in medial and
lateral path synaptic transmission, immunoreactive studies have also

,J

revealed that the lateral path differs from the medial path in that it contains
proenkephalin-derived peptides (Gall et al., 1981 ), and that the medial path
fibers terminate in a region of higher NMDA-receptor density in the dentate
gyrus than the lateral path fibers (Monaghan and Cotman, 1988).
In addition to homosynaptic LTP, the application of the associative
\
:>-r

protocol during NMDA-receptor antagonism also revealed a significant
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enhancement of the heterosynaptic lateral path evoked field response. This
"heterosynaptic LTP required presynaptic activity in the lateral path, as it was
not evident in the non-associative condition. LTP was not evident when
these same stimuli were applied by themselves as priming stimuli, or during
NMDA-receptor blockade. Thus, the induction of this form of LTP seems to
have required the strong depolarization produced by the administration of
conditioning stimuli to the medial path, as well as lateral path activity. It is
not clear whether negatively correlated lateral path activity was necessary
for this effect to be observed, as experiments were not carried out where
positively correlated stimuli were applied during NMDA-receptor
antagonism.

"'

"

2)

Paired-Pulse Facilitation in the Medial and Lateral
Pathways and the Effects of LTP Induction.

V

The medial and lateral pathways were found to differ in the degree of
)-

paired-pulse facilitation they exhibited in the present study. The lateral
pathways exhibited significant PPF at all interpulse intervals tested (1 O - 50
ms), while the medial path only exhibited PPF at the 40 and 50 ms intervals.
In addition, as reported previously by McNaughton (1980; 1982), the lateral
pathway also exhibited a greater degree of PPF at any single interpulse

"

interval, when compared to amount of facilitation exhibited by the medial
path at that same interpulse interval. It is interesting that that these
differences are analogous to the abilities of the medial and lateral to exhibit

.,

LTP in the present study. The lateral path was found to consistently exhibit a
greater degree of LTP than the medial path, and this may relate to this
pathways capacity to exhibit short-term changes in synaptic transmission.

\

McNaughton (1980) found that decreasing the concentration of calcium in

<-. :~

the bathing medium could enhance medial path PPF in vitro, suggesting that
the difference in PPF between the two pathways was attributable to the
medial path releasing more of its available transmitter with the

.\

administration of each pulse.

·,

LTP induction in the lateral pathway was associated with a reduction
in paired-pulse facilitation in the present study. Although these results
conflict with those of a previous study (McNaughton, 1982), it seems likely
that this discrepancy may arise from differences in experimental
methodology. McNaughton (1982) used paired-pulse stimuli that were

(

7-:

separated from each other by as little as 2 seconds, and these stimuli may
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not have been statistically independent of one another. Thus, the
administration of one set of pulses may have influenced the results obtained
with subsequent administration of additional pairs of pulses. In the present
study, analysis of variance revealed that neither the first or second pulse in
each pair varied significantly during the course of the experiment. This
indicates that the administration of one set of pulses did not influence the
results obtained with subsequent response pairs. In addition, McNaughton
(1980; 1982) administered between 120 and 750 pairs of pulses in each of
his experiments. In the present experiments, the application of as few as 40
pairs of stimuli (20 each to medial and lateral pathways) resulted in the
production of LTP-like increases in synaptic transmission. The LTP-like

"
\
'r

,-

changes observed in the lateral path following the administration of pairedpulse stimuli did seem to differ mechanistically from those produced with the
theta-patterned conditioning stimuli. Unlike LTP produced in the lateral path
following the application of theta-patterned stimuli, these LTP-like changes
were not accompanied by reductions in paired-pulse facilitation. The

-f.

/

possibility that such changes were present in McNaughton's experiments
can not be ruled out.
As was mentioned previously, the medial path did not exhibit a great
degree of PPF prior to LTP induction, and this may, in part, limit the
usefulness of paired-pulse stimuli in assessing presynaptic changes in this
pathway. Although there was a trend for the medial path to exhibit a
reduction in PPF following LTP induction, this effect was not significant.
While it is still unclear whether presynaptic factors contribute to the
maintenance and expression of enhanced synaptic transmission in the

"1

medial and lateral pathways, the present results do provide some support for
a presynaptic contribution. This evidence is indirect, as it is assumed that
reductions in paired-pulse facilitation are indicative of increased presynaptic

\

calcium accumulations, an hence, enhanced transmitter release (Zucker,
1989). These results are also supportive of investigations in which a
presynaptic locus for LTP maintenance is indicated biochemically (e.g. Bliss
et al., 1986; Dolphin et al., 1982; Lynch et al., 1985). In addition, quanta!
+

analysis of LTP in the dentate gyrus also suggests that presynaptic changes
in transmitter release contribute to the expression and maintenance of LTP
(Baskys et al., 1991 ). Thus, there is growing evidence that enhanced
synaptic transmission involves changes in presynaptic transmitter release.

.'

This does not necessarily have to undermine the contribution of postsynaptic
mechanisms. The present results indicated that NMDA-receptor activation
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was required for the induction of LTP in both the medial and lateral inputs to
the dentate gyrus. A similar requirement exists for crossed perforant pathdentate gyrus LTP induction (Desmond et al., 1992). The expression of LTP
has also been correlated with enhanced AMPA-receptor binding (Tocco,
Maren, Shors, Baudry and Thompson, 1992) and enhanced sensitivity of

'.\

metabotropic glutamate receptors (Aronica, Frey, Wagner, Schroeder, Krug,
Ruthrich, Catania, Nicoletti, and Reymann, 1991 ). Thus, undoubtedly a
combination of both pre- and postsynaptic mechanisms contributes to the
induction, expression and maintenance of LTP.
The growing evidence for the involvement of both presynaptic and
postsynaptic mechanisms in LTP of neural transmission has led to
speculation that a retrograde messenger(s) may travel from the postsynaptic
cell to presynaptic terminals where it initiates changes. Schuman and

'1

Madison (1991) have recently given this hypothesis credence by showing
that intracellular postsynaptic injection, or extracellular application, of
inhibitors of nitric oxide synthase can block or severely inhibit the
maintenance of LTP in the CA 1 region. The extracellular application of

A.

,

hemoglobin, which binds to nitric oxide, attenuated LTP. The authors

I

proposed that taken together, their results suggest that nitric oxide is
liberated from postsynaptic neurons and produces effects presynaptically
which are involved in the maintenance of LTP. The operation of such a
mechanism in the dentat~ gyrus may help to explain how postsynaptic
events associated with LTP induction might lead to presynaptic changes
contributing towards the maintenance of LTP. On the other hand, it may well

.,

be that presynaptically released nitric oxide (or some other messenger)
serves this purpose.

3)

Associative and Non-Associative Long-term Depression

.A

The present results indicate that two pharmacologically distinct forms

,,

of synaptic depression may be exhibited by the lateral path input to the
dentate gyrus. The first type is referred to here as non-associative LTD, and
its induction was shown to be activity-independent. It was produced
heterosynaptically in the lateral path when this pathway was not activated
during the application of theta-patterned conditioning stimuli to the medial
path. This LTD appears similar in magnitude and time course to that which
.>

has been previously observed in this pathway (Abraham et al., 1985;
Abraham and Goddard, 1983). Although LTD was observed in the lateral
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path with the "associative" protocol, its appearance in naive pathways was
independent of the negatively correlated activity administered to the lateral

I

path for a number of reasons. First, the associative protocol did not produce

J

LTD that differed in either magnitude or time course to that which was
produced with the non-associative protocol. Second, LTD induction with the
non-associative protocol occluded LTD induction with the associative
protocol, indicating that additive, and mechanistically different forms of LTD
were not produced by the two protocols. Third, NMDA-receptor antagonism
prevented the appearance of LTD in the lateral path, indicating that the LTD
produced by the associative and non-associative protocols in naive
pathways was mechanistically similar. Finally, the LTD produced by both
protocols was not found to be accompanied by changes in paired-pulse
facilitation, indicating that the LTD produced may only involve postsynaptic

\

mechanisms. Thus, the LTD produced by the associative protocol has also
been classed as non-associative LTD, and can be viewed as being activity-

·-~·

independent.
./

'

The second type of LTD observed in the present experiments is
referred to as associative LTD, and it differed from non-associative LTD in

)

that it exhibited a strong activity-dependency. Associative LTD was
produced when the lateral path was first primed with weak 5 Hz stimuli, and
>

.

~

then administered negatively correlated stimuli during the conditioning of the
medial path. Associative LTD appears to require the establishment of
negatively correlated activity patterns, since the conjunctive application of
the associative stimuli did not result in an enhanced LTD (see appendix B).

·+

Associative LTD differs from non-associative LTD pharmacologically as well.
NMDA-receptor involvement, which is required for the induction of non-

~

associative LTD, is only required for the initial priming effect. Once the 5 Hz
'}

priming stimuli have been administered, NMDA-receptor antagonism is

1

ineffective in blocking the induction of associative LTD with the negatively
correlated stimuli. Homosynaptic LTP, as in the case of non-associative
LTD, is blocked under these conditions. The LTD exhibited following

!-

synaptic priming was also input specific, in that it was produced in the lateral
,)

path with lateral, but not medial, path synaptic priming. Appendix A further
illustrates the input specificity of associative LTD in an animal in which a
third test input was also monitored.
Testing of PPF following the induction of LTD suggests that

"(

associative, but not non-associative, LTD may involve changes in
presynaptic transmitter release. A significant enhancement in paired-pulse
r

'
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EPSP facilitation was found to accompany the induction and expression of
associative LTD in the lateral path. This effect was not observed following
the induction of non-associative LTD in the lateral path, indicating that
associative LTD may differ mechanistically from non-associative LTD in that
it may involve changes in presynaptic transmitter release.

·\

,f
l
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It is unclear whether the associative LTD observed here is
pharmacologically identical to that produced by Stanton and Sejnowski
(1989) in the CA 1 region. While associative LTD can be exhibited in the
CA 1 region and the dentate gyrus following NM DA-receptor antagonism,
Stanton et al. (1991) have shown that associative LTD in the CA1 region
requires metabotropic receptor activity. The role of metabotropic receptors
in the production of associative LTD in the dentate gyrus is yet to be
assessed. As both non-associative and associative LTD can be produced at
lateral path-dentate gyrus synapses, such studies should also help to clarify
if metabotropic receptors play a role in the induction or expression of nonassociative LTD as well.
Although both non-associative and associative LTD were readily
elicited in the lateral pathway, their appearance in the medial path was less
consistent. Only 3 of 1O animals showed medial path non-associative LTD
greater than 1O %, and similarly, only 3 of 1O animals exhibited associative
LTD in the medial path greater than 1o %. When the data is pooled across
animals, none of the groups showed significant medial path LTD. In
contrast, 20 of 31 animals tested showed lateral path non-associative LTD
greater than 1O %, and all animals in the prime-associative condition
exhibited greater than 1O % LTD of lateral path evoked responses in the
dentate gyrus. These differences may reflect that, although the same stimuli
were administered, the medial and lateral pathways differ in their capacity to
alter postsynaptic membrane potentials in neighbouring synaptic regions.
Non-associative LTD induction in area CA 1 has been shown to involve the
activation of L-type calcium channels (Wickens and Abraham, 1991 ), and
the high voltage threshold for these channels (-1 Oto -30 mV) is indicative of
the need for strong depolarization in LTD induction in this region. Further
evidence for the requirement of strong depolarization comes from the fact
that disinhibition enhances non-associative LTD expression in the CA 1
region as well (Abraham and Wickens, 1991 ). If this hypothesis is correct, .
the it may be that the medial path is more effective in producing strong
depolarization heterosynaptically than the lateral path is. This may explain
why non-associative LTD was not apparent in the medial path in the present
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study. Intracellular measurements of the membrane potential changes that
accompany medial and lateral path activity are needed to adequately test
this hypothesis.

4)

Long-term Potentiation and Depression in Non-Naive
Pathways.
In the present experiments, LTP induction was also attempted in

pathways following LTP induction heterosynaptically. In these conditions,
two effects were evident. First, LTP induction was possible in both the
medial and lateral pathways, whether or not these pathways had previously
exhibited depressed synaptic transmission. Both the associative and the
'i

non-associative paradigms were equally effective in producing LTP under
these circumstances. Second, pathways which had previously been
potentiated were found to be capable of exhibiting reduced synaptic
transmission following the induction of LTP heterosynaptically.
Unlike previous studies in this ipsilateral system (Abraham et al.,

l

1985; Abraham and Goddard, 1983, McNaughton and Barnes, 1979)
significant reductions in synaptic transmission were observed in lateral

',
>-

pathways that had been previously potentiated. There was a trend for a
similar effect in the medial path, however, a significant degree of LTD was
not apparent statistically unless the data from the associative and nonassociative paradigms was grouped together. As no differences were
observed between the effects generated by the two protocols in naive
pathways, or in non-naive pathways in the reversal condition, this procedure
seems justified.

'}

It is unclear whether the reduced synaptic efficacy exhibited by

previously potentiated pathways is representative of LTD induction, or an
interference in the mechanisms involved in LTP maintenance. While any
reduction in synaptic transmission may be identified as synaptic depression,
it should be noted that reduced synaptic transmission was far greater in the
medial path when it had been previously potentiated (-16 % vs -4 % in naive
pathways). This may indicate that the mechanisms involved in the
maintenance of LTP were interfered with, -and that LTD, as in naive
'r

pathways, was not generated in the medial path. It may be possible to
investigate this matter by producing LTP in a set of synapses to the point of
saturation, and then attempting to produce depression in these same
synapses in a manner similar to that employed in the present reversal

"''
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experiments. Following this, LTP induction could again be attempted in
these synapses. If synaptic efficacy is enhanced, this would indicate that the
mechanisms involved in LTP maintenance were interfered with. If this
procedure did not result in the "repotentiation" of these synapses, then the

l

I,

argument could be made that LTD was observed, and that it was

I, ,,

superimposed on synapses that were unable to exhibit further increases in

I
I_

"

synaptic transmission. A similar methodology has been employed by Levy
and Steward (1979; 1983) using the crossed perforant path, and in these

.f

experiments, the crossed pathway proved capable of exhibiting
repotentiation. This suggests, in the crossed pathway at least, that reduced

I~

C

synaptic transmission in potentiated pathways reflects, to some degree, an
interference with the mechanisms of LTP maintenance. This interference

I

with the maintenance of LTP has been termed "depotentiation" (Levy and

; r

Steward, 1979).
1

••

The effects observed in pathways that were previously heterosynaptic
to potentiated pathways are similar to those observed previously in these

i~

pathways when LTP induction was attempted (Abraham and Goddard,
1983). The main difference between the work of Abraham and Goddard

/

(1983) and the results observed here, was that naive medial pathways did
1-·

.,

not exhibit a significant degree of LTD initially in the present experiments.

I

LTP also appeared to be produced in previously depressed lateral pathways
more consistently than in this earlier report. These results are also similar to
those obtained by Levy and Steward (1979; 1983), who have shown that the
crossed perforant path input is capable of exhibiting LTP, whether or not
LTD was apparent in this path following prior heterosynaptic tetanization. A
I '\

main difference between the effects observed here, and those shown

I -1

previously by Levy and Steward (1979; 1983), is that associative
.,

conditioning of both pathways was not required for LTP to be exhibited
following the induction of synaptic depression.

I

i

I
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13
General Discussion
The present experiments elucidate some of the functional properties
-1

of bidirectional synaptic plasticity in the entorhinal cortex-dentate gyrus

1.

neuronal system. They illustrate that the medial and lateral path inputs are
both capable of demonstrating long-term changes in synaptic efficacy, and
that the recent history of activity in a neural system can markedly influence

I,

the capacity of that system to exhibit such changes. Several proposals have

-r

been made about the nature of the events required for the induction of LTP
~

and LTD, however, the present results warrant a reevaluation of the putative
mechanisms involved in the genesis of bidirectional synaptic plasticity.
The level of postsynaptic depolarisation is a crucial factor in both LTP

-<

and LTD induction in the hippocampal formation. In the case of LTP,
sufficient depolarisation is required for the opening and activation of NMDA-

/

receptor channels by endogenous ligands (Collingridge, Kehl, and
Maclennon, 1983; Nowak et al., 1984), and the entry of calcium into the
postsynaptic neuron (Lynch et al., 1983). These requirements are not
universal, however, as it is apparent that enhanced synaptic transmission in
-,

'

the mossy fiber system does not require NMDA-receptor activity (Harris and
Cotman, 1983). The induction of non-associative LTD is similar in that
NMDA-receptor activation is also required (Desmond et al., 1991; present

-(

1

results), and calcium entry appears to be critical for its inception, at least in
the CA1 region (Sastry et al., 1984; Wickens and Abraham, 1991). A key

[ ::

difference between LTP and non-associative LTD induction in area CA 1 is
that L-type voltage sensitive calcium channel activity is required for the

)

induction of non-associative LTD (Wickens and Abraham, 1991 ), while
antagonism of these receptors does not inhibit LTP induction in either the
CA 1 of dentate regions (Taube and Schwartzkroin, 1986; Abraham,

I
I

1

personal communication).
Associative LTD does not require NMDA-receptor activity for its
induction, either in the CA1 region (Stanton and Sejnowski, 1989) or the

)

dentate gyrus (present results). Stanton and Sejnowski (1989) have
proposed that associative LTD in the CA 1 region results from postsynaptic
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hyperpolarization coupled with presynaptic activity. In support of their
hypothesis, they showed that LTD was produced with the activation of
'./

,,,

presynaptic terminals while the postsynaptic neuron was hyperpolarized
with somatic current injection. If one assumes that these conditions are met
when a low-frequency pulse to medial path is negatively correlated in time
with the application of high-frequency conditioning stimuli to the lateral path,
the present results are not in support of their hypothesis. Furthermore, only
non-associative LTD was exhibited when these conditions were met in naive

'

lateral pathways. This may indicate that heterosynaptic, or non-associative,
LTD is solely the result of postsynaptic activity, and the reasons for the lack
of LTD in the medial pathway may once again be hypothesized to be due to

\
;.

the lateral pathways inability to induce LTD heterosynaptically with these

t•

stimuli. Further support for a postsynaptic localization for non-associative

T

LTD comes from the fact that changes in paired-pulse facilitation do not
accompany the induction and expression of this form of LTD in the lateral
I

;~-

pathway.
It is possible that if pre-testing at 5 Hz was done in all slices, that

~,

Stanton and Sejnowski (1989) inadvertently produced LTD priming similar

/r

to that observed here. Recently these authors reported, in another study,
>

L>,

that low-frequency conditioning stimuli were applied to all slices in order to
ascertain that these stimuli themselves did not produce any effect (Stanton
et al., 1991 ). Given the long duration of the priming effect (up to 2 hrs in the
present study), it is not unreasonable to assume that the subsequent
application of the associative stimuli by these authors may have occurred
within a time frame that allowed the priming effect to manifest itself. It has
recently been observed in our laboratory, that while the application of the
associative stimuli alone does not result in robust LTD in the CA 1 region,

\
.,

prior application of 5 Hz priming stimuli can result in LTD being enhanced
(Kerr, personal communication). Thus, it seems plausible that the 5 Hz
priming stimulation specifically activates some mechanism such that activitydependent associative LTD is produced.

),'

'f

This "priming of synaptic depression" may be similar to the recent
findings of Huang, Colina, Selig, and Malenka (1992), who have shown that
the application of weak tetani (30 Hz forB.15 sec) in the CA1 region
produces an inhibitory effect on the subsequent induction of LTP. These

~

authors have proposed that this low-frequency activity increases the
threshold level of depolarization necessary for NMDA-receptor activation,
and thus LTP induction. In the present study, a similar effect was observed

.,
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when the 5 Hz priming stimuli were shown to be capable of inhibiting LTP
induction in the lateral pathway. This effect was pathway specific, as it only
occurred when the priming stimuli were applied to the lateral, but not the
medial, path prior to the application of the conditioning stimuli to the lateral
path. Huang et al. (1992) also found that prior NMDA-receptor blockade
prevented the inhibitory effects of low-frequency stimulation on LTP.
·t

_\

Interestingly, enhanced LTD was not observed in the present study when the
5 Hz priming stimuli were presented during NMDA-receptor antagonism.
Thus, both the inhibition of LTP (Huang et al., 1992) and the priming of
associative LTD (present results) appear to require NMDA-receptor activity.
At present, it is unclear as to whether the 5 Hz stimuli were applied prior to,
or during, NMDA-receptor antagonism in the study by Stanton and
Sejnowski (1989).

'!

The subsequent appearance of LTP or LTD seems to reflect the
degree to which presynaptic activity generates postsynaptic depolarization.
Weak presynaptic activity, possibly occurring while the postsynaptic neuron
is hyperpolarized, results in the production of associative LTD. As

.,(

presynaptic activity in excitatory synapses is increased, and the postsynaptic
neuron is depolarized to a greater degree, the inhibition of LTP becomes
apparent. This inhibition can be overcome with the repeated administration
of conditioning stimuli at increased stimulus strengths, indicating that a
threshold exists, above which LTP inhibition no longer occurs (Huang et al.,
1992). Thus, the different ways in which synaptic efficacy is modified may
.

•)

reveal a voltage dependency for LTD induction, LTP inhibition, and LTP
induction at synapses which have been primed. An intriguing difference
between the priming of LTD, and the inhibition of LTP by the priming stimuli,

~.

is that the application of activity at frequencies above (15 Hz) and below (1

-4
.,.

-~

Hz) the range of theta activity (4 - 12 Hz) did not result in the production of
activity-dependent LTD in the present study. However, it is also not known
whether the 1 and 15 Hz stimuli are capable of inhibiting LTP in the lateral

/

pathway, as these experiments were not performed.
_,

'11

It is apparent that not all neural systems exhibit frequency-dependent
LTP inhibition, or associative LTD (Chattarji et al., 1989; present results). It
may be that different pathways require different frequencies of activity in
order for this activity-modification relationship to be expressed. The 1 and .
15 Hz stimuli were not applied to the medial path, and it is possible that
these frequencies (or some other) would be more effective in inhibiting LTP
and/or producing associative LTD. Alternatively, the application of stronger
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or weaker stimuli may be required in the medial path. Bramham and Srebro
(1987) have shown that the application of low-frequency (15 Hz) stimulation
to the perforant path input to the dentate gyrus results in the induction of LTD
homosynaptically. In addition, LTP evoked by high-frequency stimulation
following the application of the 15 Hz stimuli, was reported to be larger and
to reach peak magnitude faster than LTP produced in naive pathways. A
critical difference between the results of Braham and Srebro (1987) and
those observed here and by Huang and colleagues (1992), is that in both
-'

the latter studies conditioning stimuli were administered to separate
pathways in an associative manner. Thus, the voltage-dependency of the
activity modification relationship outlined above may only hold changes in
synaptic efficacy produced by associative interactions between separate
paths.
The proposed voltage-dependency of LTP and LTD in the
hippocampus is also similar to a theory proposed by Artola, Bracher and
Singer (1990) to explain bidirectional changes in neural transmission in the

,,<

visual cortex. Artola and colleagues (1990) reported that LTD can occur in
the visual cortex slices, and that the same tetanic stimuli can result in the
production of LTD or LTP depending upon the level of depolarization of the

"

r_,.

postsynaptic neuron. LTD is obtained if postsynaptic depolarization
exceeds some critical level, but remains below the threshold for NMDA-

~'

receptor activation. These authors found that tetanic (50 Hz) stimulation
produced a grade series of effects that was correlated with
-\

pharmacologically induced disinhibition. In normal ACSF, these stimuli
were ineffective in altering EPSPs. When slight disinhibition was produced

~

with the addition of the GABA-a receptor antagonist bicuculline (0.1 mM) the
-\

50 Hz stimuli produced LTD. Increasing the concentration of bicuculline (0.3

'.-\

mM) resulted in the production of LTP. When APV was also added to
bathing medium containing 0.3 mM bicuculline, LTD was again produced.
This indicated that presynaptic activity in the absence of NMDA-receptor

I
I
\

-

t

activity would result in LTD in disinhibited slices of visual cortex. These
-'I

authors have proposed that their voltage-dependent hypothesis can explain
both low-frequency depotentiation of established LTP (Staubli and Lynch,
1990) and Stanton and Sejnowski's (1989) associative LTD in the
hippocampus. In the first case, low temporal summation resulted in the LTD,

-,

<

and not the LTP threshold being reached, and in the second,
hyperpolarization of the postsynaptic cell blocked NMDA-receptor activation
and led to only LTD mechanisms being activated.

:,
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A short coming of Artola and colleagues (1990) theory is that it is

,,

mainly concerned with the initial induction step, and does not deal with the
possibility that the some activity-modification relationships may interfere with
the expression and maintenance of altered synaptic transmission. Thus, it
may well be that low-frequency depotentiation (Staubli and Lynch, 1990) is
not representative of LTD induction, but rather it represents an interference
with the mechanisms involved in LTP maintenance. The fact that decreases
in synaptic transmission were found to be greater in potentiated medial path
synapses in the present study is suggestive of this, as is the work of Levy
and Steward (1979; 1983). In addition, Artola and colleagues (1990) theory

~'

-?"

'

\,

considers only activity-dependent changes in synaptic efficacy, and not
activity-independent changes in neural transmission like those evident in the
hippocampal formation (e.g. Abraham and Goddard, 1983; Abraham and

-l

Wickens, 1991; Levy and Steward, 1979; 1983; present results). Thus, this
:,

·~
0.:.

theory does not directly address the mechanisms responsible for
heterosynaptic LTD (or LTP), although it does stress the voltage-dependent
nature of bidirectional changes in synaptic transmission in visual cortex.
The idea of the Hebbian synapse has evolved to include both
increases and decreases in synaptic efficacy. Although the involvement of

\ r>-

synaptic plasticity in memory and other cognitive processes remains to be
substantiated, the ability of neurons to exhibit such changes has led
numerous authors to continue to espouse this idea (e.g. Abraham, 1988;
Artola and Singer, 1987; Bliss and Lynch, 1988; Brown, Chapman and

.\

i >·
j\
l

Keenan, 1988; Buzsaki and Gage, 1991; Levy, Colbert, and Desmond,
1990; Lynch, Larson, Staubli and Ambros-Ingerson, 1989; McNaughton and
Morris, 1987; Morris, Halliwell and Bowery, 1989; Teyler and Discenna,
1987). The findings of the present thesis indicate not only that different

.,

.\

forms of synaptic LTP and LTD may be expressed in the same pathway, but

I .,

that prior activity in physiological ranges can greatly influence both the

r'

degree and the manner in which these processes manifest themselves. The

. 1

existence of such processes greatly increases the number of ways in which

/ ·I

I
\_.

)f

:,

·"

}-

information transference between neuronal populations can be
accomplished, and suggests that synaptic transmission can be inhibited, or
reduced, with as great a degree of-precision as has been shown for LTP of
synaptic efficacy. The influence of prior activity patterns on subsequent
changes in synaptic efficacy also suggests that contextual information can
be provided at the level of the synapse. The information provided by past
and present activity patterns allows neurons to extract critical contiguities
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from among sensory events, and gives them the ability to determine future
actions based upon these associations.
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APPENDIX: A
~

Input Specificity of Homosynaptic LTP and Associative LTD as
Evidenced by the Addition of a Third Pathway.

'-~

:,..

;,.

Although the NMDA-independent LTD that was produced with
priming was specific to the lateral path, it remains uncertain as to whether
this is truly indicative of "input specificity". In one animal, a test for input
specificity of both LTP and LTD was performed by adding a third stimulating
electrode to activate the commissural pathway. This pathway has been

i~
\~

previously shown to be capable of sustaining non-associative LTD when the

·-

' '

l ~.
j

perforant path is conditioned (Krug et al., 1985).

>

>

A

Methods

..

Placement of the medial, lateral and dentate electrodes was

!

!y
-_,

accomplished as described previously, and separation and convergance
tests were run. Following this, a monopolar stimulating electrode was

--~
1....

' >

1,

i>··

-,

...;

lowered 2.0 mm through a trephine hole drilled over the contralateral
hippocampus (3.5 mm posterior and 2.5 mm lateral from Bregma). The final
placement of the stimulating electrode was determined by administering
commissural stimuli 1O ms prior to medial path stimuli. The application of
the stimuli in this manner results in a strong inhibition of the medial path
evoked population spike when the commissural pathway is activated
(Douglas, Goddard, and Riives, 1982). The final placement of the
commissural electrode was determined by positioning it so that maximal

..(

l •
--1-

inhibition of the medial path evoked population spike was produced. This
resulted in the appearance of a triphasic waveform, with a small positive

.. r •

going early component, followed by longer duration negative and positive
components (see figure A.1 ).
Experimental manipulations were performed 30 minutes following
final electrode placement. Baseline recordings were taken for 15 minutes,
~-

and then the lateral path was primed with the 5 Hz conditioning pulses
while the commissural and medial pathways were not activated. Baseline

,_

"-

responses were then t9-ken for all three pathways for a further 1O minutes. Conditioning stimuli were then administered such that the medial path
received the strong conditioning stimuli, the lateral path received the out of

!f. ,
I

~,
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phase 5 Hz pulses, and the commissural path received no conditioning
stimuli. Responses to test pulses were then sampled for a further 30
minutes .

., I

Results
"'

;.

When the associative paradigm was applied following lateral path
priming, such that the medial path received the conditioning stimuli and the

'>

,,

lateral path received the negatively correlated pulses, three effects were
observed: 1) long-term potentiation was induced in the medial path. 2) long-

"

,·

i

-I

i

l

term depression was induced in the lateral path, and 3) no change was

>
-, 4'

changes in the three evoked responses over the time course of the

',

\_ >
I

i -

!

observed in the commissural response. Figures A.1 and A.2 illustrate the
experiment ..
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following stimulation of the medial path, lateral path, and the commissural input from

,
*
,',

Figure A.1. Example of the evoked responses recorded in the dentate gyrus

•

the contralateral dentate gyrus. The initial rising phase of the medial and lateral evoked
waveforms was used to gage changes in synaptic efficacy in these pathways, while the
late positive going phase in the commissural response was used to assess changes in it
The blue waveforms (POST) are responses recorded 30 minutes following the

.,

application of the associative protocol with lateral path priming. The medial path shows
LTP, and the lateral path exhibits synaptic depression, while no change was observed
in the commissural response.
cl

"·

"

//

.
1

/
Appendix: A

'

142

60 I

\·

I

•

MEDIALPATH

••()-•

,J,-

-

. "

w

LATERALPATH
COMMISSURAL

30

l

'

C,

z

--:.

i--r»-ri1::

<C

:c
--

.
>

~

- ·~

0
"cfl.

a.
(I)
a.

w

~

0

11:*;:0 -..

.. ,

·•·····•

\
\

••....

•..•

£

... ..··~

;a •••

,

\
\
\

-30

\

I

\
\

l

-60 -15

0

o--o- -o--o--o--o

5

+.

.
.
. .
10 15 20 25 30 35 40
.

·,">'

TIME (MINUTES)
t>c

- ,,.

FIGURE A.2. Demonstration of input specificity for LTP and associative LTD.
Responses are recorded from an animal in which medial, lateral, and commissural
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:,

"
·("

electrodes were implanted. Priming stimuli were administered to the lateral path (open
arrow), and subsequently the associative paradigm was administered (filled arrow)
such that the medial path received the conditioning stimuli; the lateral path received the
negatively correlated pulses; and the commissural path received no stimuli .
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Summary of Results
While the addition of a third pathway did give evidence for associative

.\

LTD and homosynaptic LTP being able to exhibit input specificity, the results
should be viewed with caution. The results were obtained from only a single
L.

~

animal, and it is uncertain at this time as to whether this is a reliable effect.
In addition, as the commissural pathway did not receive the 5 Hz priming

,,..,

.,

stimuli, it is also unclear as to why no heterosynaptic LTD was exhibited.

·

Previously Krug et al. (1985) have shown this pathway capable of sustaining
. "!

1

heterosynaptic LTD in freely moving animals and it may well be that

Appendix: A
barbiturate anaesthesia interferes with the induction of LTD in inhibitory
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pathways. Future experiments are planned, in which the ability of this
pathway to exhibit both associative and non-associative LTD will be
evaluated .
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APPENDIX: B

,,
,I

Associative Interactions With Theta-Patterned Conditioning
Stimulation: Positively Correlated Stimuli Do Not Result in the
Production of Associative LTP in the Dentate Gyrus.

\

,,.
,l

,· '
'f

One prediction made by Sejnowski's (1977) covariance model of
information storage in neural networks is that stimuli that are positively
correlated will result in the production of enhanced synaptic transmission.

·~

This prediction has been confirmed in the CA 1 region (Stanton and

.,/

>

Sejnowski, 1989), however, associative conditioning stimuli, that have not

-\ \.

been shown to result in LTP on their own, have not yet been shown to
produce associative LTP in the ipsilateral perforant path-dentate gyrus
system. The present experiments were undertaken to examine whether
.,

.

positively correlated stimuli would result in the production of associative
LTP, and to elucidate any effects prior synaptic priming might have on the
production of enhanced synaptic transmission in primed pathways.

b.-,

Methods
Conditioning stimuli were administered simultaneously to both
pathways, with one path (homosynaptic) receiving 1O bursts of stimuli (5

~

pulses at 100 Hz repeated at 200 ms intervals) delivered as a train, while the
other path (heterosynaptic) received 1O single pulses positioned in the .
middle of each burst of stimuli within a train. Eight trains were administered
in total (30 second intertrain interval), and the duration of each pulse was
increased to 250 ms during the conditioning procedure. Stimuli
administered in this fashion have been previously reported to elicit
homosynaptic LTP in the homosynaptic pathway receiving the bursts of

"'

stimuli, and associative LTP in the heterosynaptic pathway which receives

:,

the positively correlated single pulses (Chattarji et al., 1989; Stanton and
Sejnowski, 1989; Stanton et al., 1991 ). Experiments were also performed
/,

where heterosynaptic pathways were weakly activated at 5 Hz both before
(priming), and during the application of the positively correlated stimuli to

t

"I'

'

both pathways.
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Results
•

,J

In naive pathways, the application of the conditioning stimuli resulted
in LTP homosynaptically (medial path: 14.2 ± 2.2 %, n=5, p<0.05; lateral

~,\

path: 26.8 ± 3.7 %, n=4, p<0.05), while the heterosynaptic pathway which
received the positively correlated pulses did not change significantly, and if
anything exhibited a slight reduction in synaptic strength (lateral path: -15.0

± 6.1 %; medial path: -6.1 ± 14.2; Fig. A3). Similar results where obtained
when the 5 Hz priming stimuli were administered to the heterosynaptic

·,

pathway prior to the application of these same stimuli (Homosynaptic:

-(

medial path: 15.1 ± 4.2 %, n=5, p<0.05; lateral path: 18.2 ± 10.8 %, n=4,
'-~

p<0.05, Heterosynaptic: lateral path: -5.7 ± 14.9 %; medial path: -0.4 ± 3.3

%; Fig. A3).
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Figure A3. Positively correlated activity: Results in naive and primed pathways.

-"

The application of the associative conditioning protocol such that the stimuli were
,

!,,

administered in a positively correlated manner did not result in the production of
associative LTP or a_statistically significant degree of LTD in either the medial or the

4

.,.

;

~

I'

lateral pathway.
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These results clearly indicate that the conjunctive application of strong and
weak stimuli to the medial and lateral paths does not result in the induction
of an associative form of LTP like that observed by Stanton and Sejnowski
(1989) in the CA 1 region. In all conditions, the heterosynaptic pathway

1

.,

exhibited, if anything, a moderate degree of depression. A significant
degree of depression was not exhibited by any of the groups.
)

These results are in contrast to those obtained by Levy and Steward

,{

'

(1979; 1983), who have shown an associative form of LTP in the crossed

;,

perforant path input. Associative LTP was obtained in the crossed pathway
when the conditioning stimuli were applied so that either the crossed and

·,)

'i

the ipsilateral medial path were conditioned conjunctively, or so that the

.,,

crossed pathway was conditioned less than 200 ms prior to medial path

I
)

,,\

I

conditioning. In light of the results of Levy and Steward (1979; 1983), and
the fact that both the medial and lateral path inputs are capable of exhibiting
LTP on their own, it seems unlikely that the medial and lateral paths are not
capable of exhibiting associative LTP. Rather, it is more likely that the
heterosynaptic pathway was not activated sufficiently for LTP induction to

>--

reliably occur. It may be that further pairings were required, or that more
than one pulse must be administered for associative LTP to be produced.

-,
'>-

It does seem evident, however, that the induction of associative LTD
is reliant on the application of negatively correlated stimuli. Enhanced LTD
was not produced when the associative stimuli were administered in phase
following priming. The possibility does exist, however, that both associative
LTP and LTD were simultaneously produced following priming. Further
experiments in which NMDA-receptors are antagonized following priming
should verify if this is the case. If associative LTD is produced under these

/

,.,

conditions, one would expect it to be exhibited during NMDA-receptor

ti

antagonism, while associative LTP should be blocked.
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