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summary
Es ist generell akzeptiert, dass der Hippocampus entscheidend an der Gedächtnisgenerierung
von Säugetieren mitwirkt. Das Subiculum ist das Hauptziel von CA1-Pyramidenzellen und dient somit
als ein Relais für abgehende Informationen des Hippocampus. Pyramidenzellen im Subiculum können
anhand ihrer Aktivitätsrate als explosionsartig aktionspotentialbildend (burst-spiking) bzw. als regulär
aktionspotentialbildend (regular-spiking) klassifiziert werden. In der gegenwärtigen Studie demonstrieren
wir, dass burst-spiking- und regular-spiking-Zellen bei Ratten prinzipiell zu unterscheidende Formen
von durch Niedrig-Frequenz induzierter synaptischer Plastizität zeigen. In burst-spiking-Zellen induziert
Niedrig-Frequenz-Stimulation (bei 0,5-5Hz) eine frequenzabhängige Langzeitdepression (LTD) mit
einem Maximum bei 1Hz. Diese LTD ist von der Aktivierung der NMDA-Rezeptoren abhängig und
überlagert eine mGlu-Rezeptor-abhängige Langzeitpotenzierung(LTP). Im Gegensatz hierzu wird in
regular-spiking-Zellen durch eine Niedrig-Frequenz-Stimulation eine mGlu-Rezeptor-abhängige LTP
induziert, die eine NMDA-Rezeptor abhängige LTD überlagert. Beide Prozesse basieren auf einem

postsynaptisch ablaufendem Ca2+-Signal, da BAPTA die Induktion von synaptischer Plastizität in
beiden Zelltypen unterbindet Folglich finden mGlu-Rezeptor-abhängige LTP und NMDA-Rezeporabhängige LTD in CA1-Subiculum Zellen simultan statt. Die vorherrschende Ausrichtung synaptischer
Plastizität hängt vom untersuchten Zelltyp ab. Unsere Daten geben einen neuen Mechanismus für
das sliding-threshold-Modell synaptischer Plastizität zu erkennen, in welchem die LTP- und LTDInduktion von dem relativen Aktivierungsstatus des NMDA- und des mGlu-Rezeptors angestoßen
wird. Des Weiteren können wir belegen, dass die oben genannte bidirektionale Plastizität von der
Koaktivierung muskarinerger Acetylcholin-Rezeptoren abhängt, da Scopalamin synaptische Plastizität
beider Zelltypen blockiert. Zusätzlich demonstrieren wir, dass der L-Typ-Calcium-Kanalblocker
Nifedipine in burst-spiking-Zellen LTD zu LTP, in regular-spiking-Zellen LTP zu LTD konvertiert
und dass somit die Polarität synaptischer Plastizität von spannungsgesteuerten Calcium-Kanälen
moduliert wird. In Zellen des Subiculums scheint die bidirektionale synaptische Plastizität somit von
einem komplexen Signalordnungssystem reguliert zu werden, welches zellspezifische Rekrutierung
sowohl von liganden- als auch von spannungsgesteuerten Ionen-Kanälen involviert. Diese komplexe
Regulierung könnte an hippocampalen Datenausgangssynapsen zur Feineinstellung von synaptischer
Wirkkraft notwendig sein. Unsere Beobachtung der Korrelation von der Ausrichtung synaptischer
Plastizität mit den Entladungscharakteristiken von postsynaptischen Zellen enthüllen einen neuen und
gleichzeitig verblüffenden Mechanismus der Zielgenauigkeit, der dazu dienen könnte, die Signifikanz
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neuronaler Informationen zu justieren, indem man hippocampalen Datenausgang entweder auf burstspiking- oder regular-spiking-Zellen des Subiculums lenkt.

It is commonly accepted that the hippocampus is critically involved in the explicit memory
formation of mammals. The subiculum is the principal target of CA1 pyramidal cells and thus serves as
the major relay station for the outgoing hippocampal information. Pyramidal cells in the subiculum can
be classified according to their firing properties into burst-spiking and regular-spiking cells. In the present
study we demonstrate that burst-spiking and regular-spiking cells show fundamentally different forms
of low frequency- induced synaptic plasticity in rats. In burst-spiking cells, low-frequency stimulation
(at 0.5-5 Hz) induces frequency-dependent long-term depression (LTD) with a maximum at 1 Hz. This
LTD is dependent on the activation of NMDAR and masks an mGluR- dependent long-term potentiation
(LTP). In contrast, in regular-spiking cells low-frequency stimulation induces an mGluR-dependent
LTP that masks an NMDAR-dependent LTD. Both processes depend on postsynaptic Ca2+-signaling

as BAPTA prevents the induction of synaptic plasticity in both cell types. Thus, mGluR-dependent LTP
and NMDAR-dependent LTD occur simultaneously at CA1-subiculum synapses and the predominant
direction of synaptic plasticity relies on the cell type investigated. Our data indicate a novel mechanism
for the sliding-threshold model of synaptic plasticity, in which induction of LTP and LTD seems to be
driven by the relative activation state of NMDAR and mGluR. further more we give evidence that this
bidirectional plasticity relies upon the co-activation of muscarinic acetylcholine receptors, as scopolamine
blocks synaptic plasticity in both cell types. In addition, we demonstrate that the L-type calcium channel
inhibitor nifedipine converts LTD to LTP in burst-spiking cells and LTP to LTD in regular-spiking
cells, indicating that the polarity of synaptic plasticity is modulated by voltage-gated calcium channels.
Bidirectional synaptic plasticity in subicular cells therefore appears to be governed by a complex
signaling system, involving cell-specific recruitment of ligand and voltage-gated ion channels as well as
metabotropic receptors. This complex regulation might be necessary for fine-tuning of synaptic efficacy at
hippocampal output synapses. Our observation that the direction of synaptic plasticity correlates with the
discharge properties of the postsynaptic cell reveals a novel and intriguing mechanism of target specificity
that may serve in tuning the significance of neuronal information by trafficking hippocampal output onto
either subicular burst-spiking or regular-spiking cells.
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Introduction

Memory as a concept
Early philosophy and later experimental psychology referred to memory as changes in the
individual’s behavior as a result of that individual’s experience a terese typical example of such
'behavioral' definition is: ‘lasting change in behavior resulting from previous experience’ (Henry
L. Roediger, 2007). This definition of memory was rejected primarily for the reason that some
lasting experience-dependent changes in the individual’s behaviour are the outcome of fatigue,
intoxication, injury and/or disease. Secondly, it was realized that memory could not be defined
based merely on performance at the time of a particular test. These reasons made the definition
evolve into an outcome of experience-dependent changes in the potential to behave and no
t only the manifested behavior. This definition introduced ‘knowledge’ as a critical attribute of
memory. This latter term can be more precisely stated as ‘internal representation’, which in the
case of neuroscience would mean a neuronally encoded structured version of the world that could
potentially guide behavior. The function of memory is, therefore, to retain over time experiencecreated or modified internal representations.

Learning
Learning is a mechanism for information acquisition, which may be measured as changes in
performance, or in potential for performance. In terms of the underlying neuronal circuit, one may
speak of the neural plasticity processes leading to the altered behavioral performance, where plasticity
is the ability to undergo modification without immediate relaxation or disintegration. Plasticity is a
general term that is used to describe neuronal changes that are associated with learning and memory.
By changes in neuronal excitability, the phenomenon of plasticity has consequences in changes of the
probability of a particular form of behaviour. Neural excitability may be regarded, in that context, as
global when excitability of the whole neuron is altered or alternatively of a synapse with restricted area
specificity. Restricted changes in excitability increase the potential information storage capabilities of
the system.
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Neural plasticity
Plasticity is the capacity of a neural activity triggered by experience of some sort to modify
thoughts, feelings and behaviour via modification of the neural circuit function of a system. Specifically,
plasticity is any mechanism that modifies the efficacy or excitability of synaptic transmission (Citri
and Malenka, 2008). Plasticity can be induced by a particular synaptic input, by either a pre-synaptic
or a post-synaptic mechanism, or a combination of the two. It can also be induced by hormonal and
non-synaptic neurotransmitters. Plasticity is manifested by morphological changes in the neurons
such as the distribution of ion channels in the membrane and microtubule-associated proteins, which
are important for the structural rigidity of the cell and in addition signaling and kinesis proteins. In the
developing nervous system, astrocytes and Schwann cells promote synapse formation and function.
Data from cell specific mutant studies support the notion that learning and memory formation can
start from one or few sites and initiate the downstream plasticity process.

Short term synaptic plasticity
Short-term synaptic plasticity has a temporal range of several milliseconds to several minutes
and can be expressed in many ways . Short term adaptation to sensory inputs, short lasting alterations
of behavior and short lasting memory are some of the important phenomena underlined by short
term synaptic plasticity. Upon brief repeated activity, calcium is accumulated transiently at the presynaptic terminal, which in turn modifies the probability of exocytosis of synaptic vesicles (Katz
and Miledi, 1968; Zucker and Regehr, 2002). Paired pulse facilitation and depression are common
forms of short-term plasticity. In this phenomenon, a stimulus is followed by a second one, which is
enhanced or depressed, respectively. At short inter-stimulus intervals, depression is observed at all
synapses. This depression is manifested either by inactivation of voltage-gated calcium or sodium
channels or by depletion of the pool of vesicles ready to be released. Facilitation may be observed at
many synapses at longer inter-stimulus intervals. This kind of plasticity may be explained by the left
over calcium that remains at the presynaptic site as a result of previous synaptic activation, thereby
increasing the probability of release of synaptic vesicles upon a subsequent second stimulation.
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Post-tetanic potentiation is observed after a high frequency train lasting between 200ms and 5s.
This kind of potentiation is explained mainly by the elevated concentration of calcium caused by the
stimulus train and hence affects the release probability of vesicles, directly or indirectly resulting in
the alteration of functions of the pre-synaptic proteins (Citri and Malenka, 2008). At computational
or signal processing level, the different forms of short-term synaptic plasticity function as filters. As
an example, at higher probability of vesicular release, a synapse will depress upon high frequency
stimulation, while a low frequency stimulation will be transmitted reliably (Abbott and Regehr,
2004).

Memory and plasticity
Memory, which is believed to be structurally built up by plasticity mechanisms, is usually
divided into two domains; short-term memory, where no protein or mRNA synthesis is required by
the mechanism, and long-term memory, where the mechanisms require both protein and mRNA
synthesis. However, this classification also accommodates several intermediate phases of memory,
which like long-term memory, apply protein synthesis but do not require mRNA synthesis. Each
of these intermediate phases has its own signature molecular mechanism. Recent studies suggest
different temporal domains of long-term memory with different expression mechanisms (Wainwright
et al., 2002).
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Criteria for Plasticity as a mechanism of memory

It all started in 1949, when Donald Hebb proposed for the first time, albeit theoretically,
that “When an axon of cell A is near enough to excite 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.” This became the basis of what is
now known as Hebbian plasticity. Significantly, he predicted structural and/or metabolic changes
in the neurons as the underlying basis of activity dependent long-term changes in the neurons.
His convictions were experimentally buttressed by Bliss and colleagues (Bliss and Lomo, 1973;
Bliss and Gardner-Medwin, 1973), when they reported long-term potentiation (LTP) in the rabbit
hippocampus in vitro in response to synaptic stimulation. Since the experimental discovery of LTP,
it has been demonstrated that a synapse that exhibits LTP is also able to exhibit long term depression
(LTD) (Dudek and Bear, 1992), meaning the weakening of the synaptic strength in response to
certain paradigms of synaptic activity. The fact that a synapse is modifiable in a bidirectional way
has far reaching consequences on the computational abilities of the brain as a whole. It is probably
worthwhile to state here that the phenomena of LTP and LTD that are expressed in different areas or
even in the different synaptic connections in the same areas of the brain, differ considerably in terms
of their underlying mechanisms (Citri and Malenka, 2008).
The Synaptic Plasticity and Memory hypothesis (SPM) states that learning is a phenomenon
that is accompanied by patterns in neural activity that represents the occurrence of some kind of
events (Martin and Morris, 2002b). This neural activity changes the synaptic connections per se in
the brain and the memory will be expressed upon reactivation of the circuitry that was previously
altered. Morris (Morris and Rugg, 2004) stated that ‘Memory is a property of the entire organism,
while plasticity is a property of the synapses’; this probably emphasizes the complexity of memory
as a phenomenon on one hand, and the lack of a complete knowledge about how a change in
the individual synapses goes about in creating a memory, on the other. Nonetheless, Bliss and
Collingridge ( Bliss and Collingridge, 1993) outlined the 3 basic properties of long term plasticity:
associativity, input specificity and persistence over time. Note that persistence might be problematic
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in defining memory mechanism, since while plasticity must last a reasonable length of time to be
considered a memory mechanism, there is no reason why LTP or LTD should last indefinitely, as
memory traces can be activated in an activity dependent manner. LTP induction must start by presynaptic activity and proceed to postsynaptic activation for potentiation to occur. On the other hand,
back propagating dendritic action potential is important for alternating from LTP to LTD in the neocortex and hippocampus (Bi and Poo, 1998). There are four criteria according to Morris & Martin
(Martin and Morris, 2002a) for the evaluation of the SPM hypothesis:
The detectability criterion, which postulates that behavioral memory must be associated
with synaptic efficacy changes somewhere in the brain. Mimicry is an important test as to whether
changes in synaptic strength are sufficient to memory formation. The test simply states that if we
artificially induce changes in the synaptic weights, the animal should experience memory for an
event that did not really happen. The anterograde alteration criterion states that upon preventing
synaptic weight change during learning, the memory of the experience will be impaired, while, the
retrograde alteration criterion states that a memory of an experience will be altered upon alteration
of synaptic weights that were induced by learning experience. (Martin and Morris, 2002a).
A great deal of knowledge has been gathered in the last few years concerning the biochemical
events underlying the induction and expression of LTP and LTD (Malinow et al., 2000; Nicoll,
2003). Increases in the postsynaptic calcium concentration after synaptic activation of NMDA
receptors or voltage gated calcium channels are believed to be general mechanisms for LTP and
LTD induction. This rise in calcium concentration triggers a variety of enzymatic reactions that lead
to direct and indirect phosphorylation of proteins resulting in a change in receptor sensitivity and
number (Malinow and Malenka, 2002).

8

Introduction

Long Term Potentiation
The most
forms
of Long
Term Potentiation
(LTP) are
NMDA
The
mostprominent
prominent
forms
of Long
Term Potentiation
(LTP)
arereceptor
NMDAdependent.
receptor
NMDA receptor
dependent
requiresLTP
synaptic
activation
NMDA receptors
during
postsynaptic
dependent.
NMDA
receptorLTP
dependent
requires
synapticofactivation
of NMDA
receptors
during
depolarization,
which can bewhich
achieved
differentwith
induction
protocols
(Bliss
and Collingridge,
postsynaptic
depolarization,
can with
be achieved
different
induction
protocols
(Bliss and

       

1993; Malenka
and Malenka
Nicoll, 1999).
The calcium
influx
through
NMDA
receptors
the riseand
in
Collingridge,
1993;
and Nicoll,
1999). The
calcium
influx
through
NMDAand
receptors

Ǥ  ǡ   

calcium
concentration
at the dendrites
a necessary
LTP. Many
proteins
and
the
rise in
calcium concentration
at theisdendrites
is acondition
necessaryfor
condition
forsignaling
LTP. Many
signaling

       Ǥ     Ȁ Ǧ

as a consequence,
many intracellular
are found
to be
It seems
proteins
and as a consequence,
many cascades
intracellular
cascades
areinvolved
found toinbeinducing
involvedLTP.
in inducing

  

that calcium/calmodulin-dependent
protein kinase protein
is required
for NMDA
receptor
dependent
LTP
LTP.
It seems that calcium/calmodulin-dependent
kinase
is required
for NMDA
receptor

  Ǥ      

independent
of independent
the inductionofprotocol
used. protocol
These cascades
altercascades
the single
channel
conductance
dependent
LTP
the induction
used. These
alter
the single
channel

   

of synaptic AMPA
receptors
and lead to
of additional
AMPAR
to the
conductance
of synaptic
AMPA(AMPAR)
receptors (AMPAR)
andincorporation
lead to incorporation
of additional
AMPAR

Ǥ ǡ  Ǥ ǡ

postsynaptic
density.
In addition,
the the
number
of of
dendritic
spines
there
to
the postsynaptic
density.
In addition,
number
dendritic
spinesisisincreased.
increased.In
In parallel,
parallel, there

     ǡ        Ǧ   

are changes
changes in
in the
the synapse
synapse structure,
structure, like
like alterations
alterations of
of the
the size
size of
of the
the pre-synaptic
pre-synaptic active
active zone.
zone.
are

Ǥ             de novo

The maintenance
maintenance of
of these
these changes
changes for
for aa longer
longer time
time period
period utilizes
utilizes de
de novo
novo transcription
transcription and
and local
local
The

   ȋǡʹͲͲͺȌǤ

dendritic proteins
proteins (Citri
(Citri and
and Malenka,
Malenka, 2008).
2008).
dendritic



Illustration
1 || During
During
the early
early
phase
ofhigh-frequency
LTP, high-frequency
high-frequency
stimulation
opens non-NMDA
non-NMDA
Illustration
1: 1
During
the early
phasephase
of LTP,
stimulation
opens non-NMDA
Illustration
the
of
LTP,
stimulation
opens
glutamate channels
channels leading
leading to
to hypopolarization.
hypopolarization. This
This dislodges
dislodges Mg++
Mg++ from
from the
the NMDA
NMDA
glutamate

glutamate
channels
leading
to Ca++
hypopolarization.
Mg++ triggers
from the NMDA
glutamate
channels,
and
Ca++
enters the
theThis
cells.dislodges
The calcium
calcium
triggers
the activity
activity of
of CaCaglutamate
channels,
and
enters
cells.
The
the

dependent kinases,
kinases, PKC
PKC and
and Ca-calmodulin,
Ca-calmodulin, and
and tyrosine
tyrosine kinase.
kinase. Ca-calmodulin
Ca-calmodulin kinase
kinase
dependent
phosphorylates
non-NMDA
channels,
increasing
their
sensitivity
to
glutamate
and
messenger
phosphorylates non-NMDA channels, increasing their sensitivity to glutamate and aa messenger
is
sent
retrogradely
to
the
presynaptic
terminal
to
increase
the
release
of
transmitter
substance.
is sent retrogradely
the
presynaptic and
terminal
to kinase.
increase
the release kinase
of transmitter substance.
dependent
kinases, PKCto
and
Ca-calmodulin,
tyrosine
Ca-calmodulin
Ilustration
taken
from
Principles
of
Neural
Science,
New
York:
McGraw-Hill.
Illustration taken from Principles of Neural Science, New York: McGraw-Hill.

glutamate channels, and Ca++ enters the cells. The calcium triggers the activity of Ca-



ͻ

98

Introduction

Long Term Depression
Long Term Depression (LTD) is an activity-dependent decrease in synaptic transmission
that can be expressed as heterosynaptic or homosynaptic forms. Homosynaptic LTD is input specific
while by definition, heterosynaptic LTD is a reduction of synaptic efficiency at nonstimulated
synapses. The first LTD reported was the heterosynaptic form which occurred at the CA1 region
of the hippocampus through a non-tetanized pathway in parallel to LTP pathway expressed after
tetanic stimulation (Lynch et al., 1977). Later on, it was found to occur at the dentate gyrus as
well. Homosynaptic LTD was initially reported as a reversal phenomenon of LTP, when a low –
frequency stimulation was applied (Barrionuevo et al., 1980). A non-LTP-dependent homosynaptic
LTD was firstly seen at the CA1 area as a response to low frequency stimulation (Dudek and Bear,
1992;Mulkey and Malenka, 1992).
Since then, LTD has been reported in various other brain structures and was established as a
principle plasticity phenomenon like LTP (Martin et al., 2000) or homeostatic plasticity (Turrigiano
and Nelson, 2004). However, LTD seems to depend much more on the conditions during induction
(Kemp and Bashir, 2001), like frequency and place of the stimulation (Braunewell and ManahanVaughan, 2001; Poschel et al., 2005).

Hippocampus anatomy
The hippocampal formation is constructed from several related brain regions, which together
comprise a functional system. The CA3, CA2 and CA1 areas are subdivisions of the hippocampus
proper, and the other components of the hippocampal formation are the dentate gyrus, subiculum,
presubiculum, parasubiculum and entorhinal cortex (illustration 2). The reason for these five areas
to be considered a single formation is the functional linkage between them.
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illustration 2:Basic circuit and anatomy of the hippocampus, shown using a modified drawing
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dendrites directed to the superficial molecular layer. The supra-pyramidal blade cells tend
to be larger than those in the infra-pyramidal blade. There are approximately 1.2 million granule
cells in the rat dentate gyrus, and although cell proliferation and neurogenesis is carried on even into
adulthood, the number of cells is not altered. The septal granule cells are packed more densely then
the temporal ones. The granule cell is the only type of cell in the dentate gyrus which has an axon
that leaves the dentate gyrus and penetrates another field of the hippocampus, the area CA3. Another
cell type, the mossy cell, projects from the dentate gyrus in one hemisphere to that in the other side.
Other cell types in the dentate gyrus are interneurons. One well studied type of interneuron is the
pyramidal basket cells, located in the deep granular cell layer. Their axons surround the cell bodies
of the granule cells and form synapses with them. The molecular layer constitutes primarily of
the dendrites of the granule, basket and polymorphic cells as well as of axons and terminal axonal
arbors from the entorhinal cortex and other sources.
The dentate gyrus receives input mainly through the perforant pathway which projects
from the entorhinal cortex. The mossy fibers are the only projections of the dentate gyrus to any
brain area. These projections arise from the granule cells and end at the CA3 area. The mossy
fibers end as complex en passant pre-synaptic terminals, which are called mossy fiber expansions
that are unique for their large size (giving them a mossy look, hence the name). Another unique
feature of the mossy fibers is that although each expansion is typically in contact only with one
pyramidal cell, it makes many contacts with the dendritic tree of that cell. Each of the mossy
fibers projects to approximately about 15 CA3 pyramidal cells that are distributed through out the
tranverse axis of CA3.
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Hippocampus proper
The hippocampus proper is divided into two regions: a region that is in proximity to the
dentate gyrus and characterized by large cells and a region that follows from it, constituting of small
cells. The large-celled region is further divided into two regions namely, CA3 and CA2, while the
small-celled region is named CA1. The CA3 region receives input from the mossy fibers originating
at the dentate gyrus, while CA1 receives input from the schaffer collaterals originating at CA3. CA2
region has, as mentioned above, large pyramidal cells but does not receive input from the mossy
fibers. The pyramidal cell layer of the CA1 is packed tighter than that in the CA2 and CA3.
Layering of the hippocampus
The cell-free layer is located between the alveus and the stratum pyramidalis

the

pyramidal layer and is called stratum oriens. It contains the dendrites of the pyramidal cells and
some interneurons. CA3 and CA2 receive input mainly from the axon collaterals of of neurons
located within the same areas. CA1, on the other hand, receives input mainly from CA3. CA3 and
CA2 receive input also from the entorhinal cortex through collaterals of the perforant pathway
fibres that project to the dentate gyrus. While the CA1, in a place dependent manner, also receives
projections from the different layers of the entorhinal cortex, it can project back to the same
entorhinal cortex layers. All areas of the CA2 and CA3 project to CA1 and the area which they
project to is dependent on the location of the CA3/CA2 cells. CA1 projects in a topographic
manner to the subiculum, and to the deep layers of the entorhinal cortex. Projections from the CA1
to the SUB exhibit a transverse organization: projections from the proximal one third of the CA1
selectively terminate in the most distal third of the SUB. Conversely, projections that originate in
the distal third of the CA1 selectively innervate the proximal third of the SUB (Amaral et al. 1991;
Tamamaki and Nojyo 1990).
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Subicular complex
The subiculum, parasubiculum and presubiculum are often called the “subicular
complex”. Each of them is considered as a distinct cortical area mainly because of their different
neuroanatomical characteristics (see below). The principal cell layer of the subiculum is comprised
of large pyramidal cells. This layer starts at the end of the distal region of the CA1. The cells extend
their apical dendrites into the molecular layer and their basal dendrites into the deep pyramidal layer.
The pyramidal cell population is divided into two distinct groups according to the cells’ electrical
properties. The first group has a characteristic regular firing pattern characterized by a single action
potential or trains of single spikes upon stimulation or prolonged depolarization. The second group
has a characteristic burst firing pattern upon stimulation or depolarization. These two groups are not
morphologically distinct, but exhibit a differential distribution at the principal layer. According to
some studies (Greene and Totterdell, 1997; Staff et al., 2000; Harris et al., 2001; Menendez et al.,
2003) The regular spiking cells are more abundant at the superficial region of the principal layer,
while the burst-firing cells are more common at the deeper layer, although this were questioned
by Jarsky et al. (Jarsky et al., 2008). In this work, they found that the well-defined morphological
boundaries between the hippocampal subregions CA1 and subiculum do not correspond to abrupt
changes in electrophysiological properties. Rather, they observed that the percentage of bursting
neurons is linearly correlated with position in the proximal-distal axis across the CA1 and the
subiculum, the percentages of bursting neurons being 10% near the CA1-CA2 border, 24% at
the CA1-subiculum border, and higher than 50% in the distal subiculum, Furthermore, Some
bursting cells were antidromically activated by stimuli applied to the superficial or deep layers of
presubiculum, but never by stimuli applied to deep layers of medial entorhinal cortex (dMEC).
Some non-bursting subicular neurons were antidromically activated by stimuli applied to dMEC,
but never by stimuli applied to presubiculum, indicating that subiculum burst- and regular-spiking
cells project either to the presubiculum or to the EC, respectively (Stewart 1997). Deep cells (mostly
intrinsically bursting [IB] class) had one or more ascending axon collaterals that typically remained
within the region circumscribed by their apical dendrites. Superficial cells (mostly regular spiking
[RS] class) tended to have axon collaterals that reached longer distances in the cell layer
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The subiculum is one of the two main output structures of the hippocampus (Swanson and
Cowan, 1975; Swanson et al., 1981). It projects on to the parasubiculum, the presubiculum and
the entorhinal cortex. The connection to the presubiculum may be viewed in terms of the function
of the subiculum as a last step of information processing through the hippocampal formation. The
perforant path fibers are directed from the entorhinal cortex to the molecular layer of the subiculum
and in a reciprocal manner the subiculum projects back to the entorhinal cortex. Some other cortical
and subcortical areas the subiculum projects to are the perirhinal, retrosplenial, prefrontal, and the
cingular cortex, mammillary bodies, hypothalamus, amygdala, septal complex, nucleus accumbens
and thalamus (Amaral and Witter, 1995; O'Mara et al., 2001)
The entorhinal cortex is the main entry point for the sensory information processed by the
hippocampal formation and more than that, functions as the main relay station for hippocampus
processed information back to the neocortex. The hippocampus has a large unidirectional projection
system that connects the different regions, which implies a serial flow of information first from the
entorhinal cortex to the dentate gyrus through the CA3 and so on. This usually perceived notion has
to be considered carefully under the known parallel connectivity of the hippocampus projections.

Subiculum and memory
It has been suggested that the hippocampus serves as storage for intermediate-term
memory that finally may be stored as a long-term memory in the cortex. It has been shown that
the projections from the hippocampus to the cortex are operating as rapidly as the modifiability
within the hippocampus itself (Deadwyler and Hampson 2004). The immediate question that
comes to mind is: what are the functions of the subiculum as a consequence of it being an interface
between the hippocampus proper and cortical and subcortical structures? According to O’Mara
(O’Mara, 2006), it is reasonable to suggest that the subiculum reverses the inhibitory functions of
the dentate gyrus. The granule cells of the dentate gyrus fire infrequently and at low rates (Jung
and McNaughton, 1993) thus serving as a filter for the hippocampus. The subiculum, on the other
hand, may act as an output amplifier for those signals on their way to the cortical and subcortical
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areas. This is due to the ability of the subicular burst firing cells to fire bursts of action potential
in response to orthodromic stimulation. Further more, it has been suggested that the subiculum
may have a functional segregation of its dorsal and ventral parts (O’Mara 2006). The dorsal part
has been shown to have a role in processing space, movement and memory (Anderson, 2004;
Deadwyler and Hampson 2004). On the other hand, the ventral part was shown to serve as an
interface between the hippocampal formation and the hypothalamic-adrenal-pituitary (HPA) axis
and mainly as an inhibtor of the HPA axis (Lowry, 2002; Mueller, 2004). The immediate implication
of this hypothesis is that a number of CA1 place cells may converge upon a subicular pyramidal
cell in addition to the input regarding self motion of the animal combining movement and place
information at one subicular cell. The hypothesis suggests the dorsal subiculum to be a site of
integration of hippocampal spatial information and body movement information. For the role of the
subiculum in the HPA axis, O’Mara (O'Mara, 2006) underpins the ventral subiculum as an important
component in regulation of the response to stress. This prediction is supported by experiments in
ventral subiculum lesions (Maren, 1999). Commins et al. (Commins et al., 2001) investigated the
effects of systemic stress induced by lipopolysaccharide (LPS; a potent endotoxin which induces
HPA axis changes similar to those induced by behavioural stress) on synaptic transmission/synaptic
plasticity in the CA1-subicular pathway. Similar to behavioural stress, LPS blocked LTP induction
and reduced paired-pulse facilitation in the CA1-subicular pathway. Importantly, LPS did not affect
baseline synaptic transmission in this pathway but did, however, reduce the magnitude of PPF;
thus, the effects of LPS on synaptic transmission in this pathway depends on the frequency and
length of stimulation. LPS inhibits hippocampal-dependent spatial learning in the watermaze. Thus,
systemic stress induced by an LPS-induced primary immune response has similar consequences to
behavioural stress on synaptic plasticity and learning in the CA1-subicular axis.

The two stage model of memory formation
The two stage model of hippocampus-dependent memory formation suggests that during
explorative behaviour theta range oscillations (4–12 Hz) with superimposed, smaller amplitude
gamma (γ) activity (30–100 Hz)(Bragin et al., 1995) constitute the spatial and temporal correlates
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of memory trace formation within the hippocampus proper (Buzsaki, 1989; Buzsaki et al., 1983).
Subsequently, during memory consolidation, previously stored information is transferred from the
hippocampus to the cortical mantle during sharp wave-ripple complexes (SPW-Rs) characterized
by a 60 ms slow wave field potential transient with superimposed ripple oscillations at 130 – 200
Hz (Buzsaki, 1986; Buzsaki, 1998). Memory consolidation is thought to be based on the replay
of previously stored information within condensed time windows during SPW-Rs. These occur
during slow wave sleep (SWS) and quiet wakefulness (Buzsaki, 1986) but also during periods
of goal-related decision making (Diba and Buzsaki, 2007). On the other hand, working memory
related theta-gamma network oscillations are thought to provide a temporal template, which
facilitates coincidence detection, binding and thereby storage of information (Lisman and Idiart,
1995; Buzsaki, 1996; Bartos et al., 2007a). In hippocampal slices, γ-oscillations can be induced
either pharmacologically (Buhl et al., 1998; Fisahn et al., 1998; Poschel et al., 2002) or by tetanic
stimulation of area CA1 (Traub et al., 1996) (for review see (Bartos et al., 2007)). Gamma-frequency
oscillations (30-100 Hz) result from synchronous neuronal network activity occurring in a variety
of brain structures (Singer and Gray, 1995), most prominently in the hippocampus (Bragin et al.,
1995), a region that plays a central role in declarative memory formation (Zola-Morgan and Squire,
1993; Morris et al., 1982). Hippocampal γ-oscillations have been proposed as a mechanism for
coincidence detection and thus to promote the storage and retrieval of information (Bartos et al.,
2007; Ritz and Sejnowski, 1997; Gray, 1994; Singer, 1993). Theta-gamma oscillation have been
shown to exist in the subiculum (D'Antuono et al., 2001; Colling et al., 1998). Together with the
place cells of the subiculum and their relation to environmental cues, the subiculum may play a
role in working memory and memory consolidation as well as in coincidence detection and in
storage and retrieval of information. Working memory is not a conclusive concept and is interpreted
differentially according to the discipline examining it. For the cognitive neuroscientist, working
memory is related to encoding and the formation of a new memory while for the experimental/
behavioural neuroscientist, it is related to the retrieval and use of memory (Henry L.Roediger,
2007) Complex thoughts require the manipulation of information, The manipulation of information,
in turn, requires temporary storage. This temporary storage is thought to be provided by the
framework of working memory. The overall assumption is that this system is limited in its capacity
but flexible in its operation (Henry L.Roediger, 2007). The Hitch and Baddeley (Hitch and Baddeley,

17

Introduction | The two stage model of memory formation
1976) model studied the verbal suburst firingystem. This model proposed that a temporary storage
system evolved from mechanisms of speech perception and production. The system is assumed
to be crucial in the acquisition of language and for the temporary storage of language information
and can be employed for the guidance of behavior (Baddeley, 2001). The visual equivalent of this
system is able to combine visual information with information on spatial location and probably
also motor information as evidenced by Smith and Jonides (Smith and Jonides, 1997). Working
memory is supposedly controlled by habits and schemata that relay on environmental cues while
performing routine and well learned actions. On the other hand, upon a novel behavior requirement,
the supervisory attentional system (SAS) is assumed to operate; a different component that serves
as a temporary storage system for the complex thoughts, that is accessible to conscious awareness
(Baddeley and Jarrold, 2007).
The concept of consolidation means a progressive post encoding stabilization of the memory
trace. During the consolidation phase memory is profoundly affected by amnesic agents. The role
of consolidation is therefore in dispute with the question: is it really a stabilization of information
or rather that the information is stored immediately and ‘consolidation’ refers to the accessibility of
the information. Another question that remains open is whether the consolidation happens once, or
is it activated and reconsolidated each time? Over the last 40 years, the idea of molecular memory
consolidation has grown into a dogma in which when we learn or encode some experience, the
synapses in the brain involved in learning or the encoding procedure are strengthened. This dogma
brings us once again to the relevance of synaptic plasticity and the subiculum.

Synaptic plasticity at the CA1–subiculum synapse
Synaptic plasticity at the CA1 projection to the subiculum was first examined in an in vivo
model (Commins et al., 1998b; Commins et al., 1998a; Commins et al., 1999). High frequency
stimulation at the CA1-subiculum projection results in LTP. Plasticity in subiculum was reported
through the use of standard induction protocols. A rapid potentiation, measured by field excitatory post
synaptic potentials, was induced at the CA1-subiculum projections using high frequency stimulation
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(HFS). 5 minutes post-HFS, LTP remained stable for 30 minutes which was resistant to further HFS
(O'Mara et al., 2000). In a different study, fundamental differences between the two different pyramidal
cells (bursting and regular firing) that constitute the subiculum region were found. Prolonged highfrequency stimulation induced NMDA receptor-dependent LTP in both cell types. While LTP relied
on postsynaptic calcium in regular firing neurons, no increase in postsynaptic calcium was required
in bursting cells. Furthermore, paired-pulse facilitation revealed that the site of LTP expression was
postsynaptic in regular firing neurons, while presynaptic in burst firing neurons. Moreover, PPF
revealed that the site of LTP expression was postsynaptic in the regular firing cells while presynaptic
in the burst firing cells. Kokaia demonstrated that long-term potentiation (LTP) at CA1-subicular cell
synapses can be readily induced by high-frequency stimulation (HFS) of the afferents, but not by
pairing of low-frequency stimulation with depolarization of postsynaptic cells. This tetanus-induced
LTP is input specific, insensitive to the N-methyl-D-aspartate (NMDA) receptor antagonist 3-[(R)2Carboxipiperazin-4-yl]-propyl-1-phosphonic acid (R-CPP), and reduces PPF in potentiated synapses.
Their data indicate that CA1-subicular cell synapses in mice exhibit LTP, which can be expressed
presynaptically, and its induction does not require NMDA-receptor activation (Kokaia, 2000).
Both in vivo (Commins et al. 1998a) and in vitro studies (Kokaia 2000) found evidence for
a presynaptic expression of LTP at CA1-SUB synapses that seems to be confined to burst-spiking
cells (Wozny et al. 2008a; Wozny et al. 2008b). In various brain regions, it has been shown that
synaptic plasticity may indeed rely on the activation of presynaptic NMDA-R (Casado et al. 2002;
Duguid and Smart 2004; Humeau et al. 2003; Sjoestroem et al. 2003). It is feasible that the subunit
composition of presynaptic NMDA-R differs from that of receptors expressed at the postsynaptic
site. Indeed, in various cortical areas, presynaptic NMDA-R have been reported to contain NR2B
subunits (Brasier and Feldman 2008; Sjoestroem et al. 2003; Woodhall et al. 2001). This might
explain why LTP at CA1-SUB synapses has been found to be blocked by APV (Boeijinga and
Boddeke 1996; Roberts and Greene 2003; Wozny et al. 2008b) but not by CPP (Kokaia 2000).
APV and CPP are NMDA-R antagonists known to show differences in their NMDA-R subunit
selectivity. For NMDA-R expressed in Xenopus oocytes, CPP has a nearly 7-fold higher affinity
for NR2A than NR2B, whereas APV has nearly the same affinity for these two subunits (Feng et
al. 2005). Indeed, Wozny’s et al. findings (Wozny et al. 2008b), indicate that high concentrations of
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D-APV (100 µM) are required to block LTP in burst-spiking cells (Wozny et al. 2008b).
Li et al. (Li et al., 2005) demonstrated that the pairing protocols of low frequency stimulation
(LFS) at 3 Hz and postsynaptic depolarization of -50 mV elicited a reliable LTD in the subiculum.
This LTD induction protocol did not result in any significant changes of the paired-pulse ratio of
the EPSC. Furthermore, it did not depend on either NMDA receptors or voltage-gated calcium
channels (VGCCs). Bath application of the G-protein coupled muscarinic acetylcholine receptors
(mAChRs) antagonists, atropine or scopolamine, blocked the LTD, suggesting that mAChRs are
involved in the LTD. It was also completely blocked by either the Ca2+ chelator BAPTA or the
G-protein inhibitor GDP-ß-S in the intracellular solution

Previous work of the group
My group’s past findings show that the subiculum receives strong glutamatergic input from
CA1 (Behr et al., 1998) and is, thus, part of the polysynaptic hippocampal loop. The entorhinal
cortex also projects via monosynaptic excitatory perforant path projection from layer III to the
subiculum (Behr et al., 1998) which forms a bypass for the trisynaptic hippocampal loop. Further
more, my group has shown that synaptic terminals that arise from CA1 pyramidal cells do not
function as a single compartment, but rather show specialized synaptic plasticity onto subicular
pyramidal cells dependent on the type of electrical characteristic of the cell targeted upon (Wozny
et al., 2008). Tetanic stimulation of CA1 axons targeting burst firing cells showed much more
pronounced LTP than in the regular firing cells. In regular firing cells the induction of LTP is
reminiscent of LTP in area CA1. It is NMDA receptor dependent and relies on the postsynaptic
depolarization and subsequent postsynaptic Ca2+ signalling. Though LTP in burst firing neurons
is likewise NMDA receptor dependent, postsynaptic depolarization and Ca2+ signalling are not
required for the induction of LTP. While LTP in regular firing cells shows no change in PPF, in
bursting neurons LTP is associated with a decrease of PPF (Wozny et al., 2008). Furthermore,
in a recent study by Wozny et al., elevation of cAMP either by activation of adenylyl cyclase or
by a cAMP analog caused a long-lasting increase in EPSC amplitudes in bursting neurons and
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occluded tetanus-induced LTP. Moreover, LTP in bursting cells was inhibited by the PKA inhibitors
Rp-8-CPT-cAMP and H-89. In sharp contrast, LTP in regular firing cells could still be induced in
the presence of forskolin. Additionally, the forskolin-induced enhancement of EPSC amplitudes
in bursting neurons caused a change in PPF. The degree of EPSC blockade by the low-affinity
competitive AMPA receptor-antagonist -DGG suggests an increase of glutamate concentration in
the synaptic cleft in burst firing cells after the application of forskolin.(Wozny et al., 2008). Overall,
these data show a target-cell specific expression of presynaptic and postsynaptic mechanism of LTP
in the subiculum which as noted above is a major hippocampal output region.

Goals
The goal of this thesis is to investigate the cell specific and input specific LTD and LTP
in subicular regular-spiking and burst-spiking cells using low-frequency stimulation protocols in
hippocampal slices.

Hypothesis
1. We will demonstrate that subicular pyramidal cells show a cell specific induction, 			
transduction and expression mechanisms of LTP and LTD following LFS.
2. We will determine pre- and postsynaptic induction mechanisms of LFS-induced LTD and
LTP, and will characterize the underlining molecular mechanisms.
3. We will provide evidence that subicular pyramidal cells show a cell specific threshold for
LTD and LTP. We will study the cell specific bi-directional plasticity of subicular pyramidal
cells in each cell type.
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Slice preparation
Animal procedures were conducted in accordance with the guidelines of the European
Community Council and approved by the Regional Berlin Animal Ethics Committee
(G0328/98,G0024/04). Wistar rats (4-6 weeks) of both sexes were decapitated under deep ether
anaesthesia and their brains were quickly removed. Horizontal slices, 400 µm thick, containing the
hippocampus and the entorhinal cortex were prepared with a vibratome (Campden Instruments,
Loughborough, UK). For sharp microelectrode recordings, the preparation was performed in icecold, oxygenated (95% O2, 5% CO2) artificial cerebrospinal fluid (ACSF) and the slices were
transferred for storage to an interface recording chamber continuously perfused (1.5-2 ml/min) with
oxygenated and pre-warmed (34° C) ACSF. The composition of ACSF was as follows (in mM):
NaCl 129, Na2PO4 1.25, NaHCO3 26, KCl 3, CaCl2 1.6, MgSO4 1.8, glucose 10 at a pH of 7.4. For
patch-clamp recordings, slices were prepared in ice-cold, saccharose-based ACSF (in mM): NaCl
87, Na2PO4 1.25, NaHCO3 26, KCl 2.5, CaCl2 0.5, MgCl2 7, saccharose 75, glucose 25 at a pH of
7.4. After preparation, slices were kept under submerged conditions at 35° C for ~ 30 min and then
transferred to a physiological ACSF solution at room temperature for further storage.

Electrophysiology
Single cell recordings in the pyramidal cell layer of the subiculum were performed at near
physiological temperatures (32°-34° C) with sharp microelectrodes (40-100 Mµ) filled with 2.5 M
potassium acetate or with patch-clamp electrodes (4-6 Mµ). Patch-clamp electrodes were filled with
(in mM): K-gluconate 135, KCl 20, HEPES 10, phosphocreatine 7, Mg-ATP 2, Na-GTP 0.3, EGTA
0.2 and adjusted with KOH to a pH of 7.2. Access resistance did not exceed 20 Mµ and varied less
than 20% in the course of the experiment. No series resistance compensation was used.
All experiments were performed in the presence of bicuculline (5µM) or SR-95531
(gabazine, 1µM) to block GABAA receptor-mediated responses. In order to prevent polysynaptic
responses, concentrations of MgSO4 and CaCl2 were elevated to 4 mM each.
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For characterization of intrinsic discharge and membrane properties, hyper- and depolarizing
current steps (200 ms, 0.1 nA) were used. Action potential amplitude was defined as the peak
amplitude relative to the peak of the fast after-hyperpolarization. Action potential width was
measured at half-maximal amplitude. Sag ratio was calculated by dividing the steady state voltage
during a hyperpolarizing current pulse of 300 pA by the peak voltage during hyperpolarization.
Overshoot ratio was calculated by dividing the steady state voltage during a hyperpolarizing current
pulse of 300 pA by the peak overshoot voltage after the end of the hyperpolarizing current pulse.
Excitatory postsynaptic potentials/currents (EPSPs/EPSCs) were evoked by alveus
stimulation. The stimulus intensity was between 1.5-4 V after adjusting the EPSP/EPSC amplitudes
to 40-60% of the maximum response. In a subset of experiments, an incision of the alveus was made
between the subiculum and the stimulation electrode in order to exclude antidromic activation of
subicular pyramidal cells. Baseline responses were recorded at 0.033 Hz for at least 10 min. For
induction of synaptic plasticity, paired-pulse low-frequency stimulation (15 minutes, 50 ms interstimulus interval) at 0.5, 1, 3 and 5 Hz in voltage-clamp, current-clamp or bridge mode was used
(for details, see Results section). Changes in synaptic strength were measured for a period of 30
minutes after induction.
Signals were low-pass filtered at 3 kHz, sampled at 10 kHz by an ITC-16 interface (Instrutech
Corp., Great Neck, NY, USA) and processed by TIDA software (HEKA GmbH, Lambrecht, Germany).
Normalized EPSPs/EPSCs were averaged for the last five minutes of baseline recordings. LTP and
LTD were calculated as percentage values of the normalized baseline EPSP/EPSC amplitude between
20 to 25 min after induction. Statistical analysis was performed by applying Student’s t-test or by
analysis of variance (ANOVA) for comparison of means between groups (SPSS, SPSS Inc., USA).
Statistical significance was set to P < 0.05.
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Drugs
The following drugs were used: nifedipine, 20µM; scopolamine, 30 mM; D-2-amino-5phosphonovaleric acid (D-APV), 100µM; 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic
acid (BAPTA), 30 mM; (RS)-a-methyl-4-carboxyphenylglycine (MCPG), 500µM, bicuculline,
5µM; SR 95531 hydrobromide (gabazine), 1µM. Drugs were purchased from Sigma-Aldrich,
Germany and Tocris, UK. All drugs were applied throughout the entire course of the experiments
and at least 10 min prior to recording. Application of D-APV and/or MCPG did not affect baseline
transmission. Intracellular loading with the calcium chelator BAPTA did not alter the spiking
behaviour of subicular pyramidal cells. As an indicator for effective BAPTA loading in burstspiking cells, we observed a block of the slow after-hyperpolarization after the burst discharge (data
not shown). Though some authors report BAPTA-mediated rundown of postsynaptic responses, in
our study stable baseline responses could be obtained in most of the recordings with BAPTA. Cells
that showed a rundown of responses (~15%) were not included.
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Electrical characterization of subicular pyramidal cells
In order to characterize electrically the type (regular or bursting firing) of the recorded cells,
hyper-and depolarizing current steps were applied under current clamp mode (fig 1). Each current
step was of 200ms duration and a magnitude of 0.1nA. The main criterion for the classification of
the cells as burst firing was the appearance of burst discharges, while the criteria for classifying
a cell as regular firing was the absence of such bursts. Subicular burst firing cells (47.2% of 249
recorded cells) had typical bursts of 2-4 action potentials with a frequency of 180Hz followed by
single spikes without frequency-adaptation. Regular spiking cells (46.11% of 249 cells), however,
had characteristic single spike trains with an initial frequency of about 120Hz and displayed
frequency adaptation (fig 2a,b; fig 3a,b). In addition, a subset of cells that were classified as highthreshold burst firing cells (4.45%) were not included in the study and had typical single spikes
upon weak depolarization but showed initial burst discharge when the depolarization current was
increased. Cells which had a high frequency firing pattern with a frequency >200Hz were classified
as interneurons (2.22%) and were likewise not included in this study.

Burst firing cells showed lower input resistance than regular firing cells in accordance with
previous studies (O'Mara et al., 2001;Menendez et al., 2003). Moreover, sag and over-shoot potentials
were more pronounced in burst firing cells (See P values of t-test in table 1) in the regular firing cells
(fig 1), consistent with a higher expression of Ih in burst firing cells (van Welie et al., 2006)
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regular firing
firing cells
cells (108.9±11.5%
(108.9±11.5%
baseline,
of baseline		n=7)		(fig
baseline n=7) (fig 4).
4).
of
1Hz frequency
frequency stimulation
stimulation induced
induced LTD
LTD in
in the
the burst
burst firing
firing cells
cells (67.0±7.2%
(67.0±7.2% of
of baseline
baseline
1Hz
n=12 P<0.001)
P<0.001) while
while regular
regular firing
firing cells
cells responded
responded with
with late
late onset
onset LTP
LTP (122.9±11.9%
(122.9±11.9% of
of baseline
baseline
n=12
n=9 P<0.001)
P<0.001) (fig
(fig 5).
5).
n=9
3Hz frequency
frequencystimulation
stimulationdid
didnot
notshow
show
difference
compared
to 1Hz
stimulation
in
3Hz
anyany
difference
compared
to 1Hz
stimulation
in both
bothtypes,
cell types,
LTD
in burst
cells (82.3±12.5%
of baseline
n=9 P<0.01)
and
late LTP
onsetinLTP
cell
LTD in
burst
firing firing
cells (82.3±12.5%
of baseline
n=9 P<0.01)
and late
onset
the
in the regular
firing(129.1±18.8%
cells (129.1±18.8%
of baseline,
n=6 P<0.01)
regular
firing cells
of baseline,
n=6 P<0.01)
(fig 6).(fig 6).
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Figure 4 | 0.5Hz LFS induced LTD in burst spiking cells (left plot) and no
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plasticity at the regular spiking cells (right plot). The recorded EPSPs are
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(1) and 25 min ʹͷȋʹȌǤ
after (2) the stimulation
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adapted
fromfrom
(Fidzinski
et al.,
ms.
Figure
adapted
(Fidzinski
et2008)
al., 2008)
ȋ ǤǡʹͲͲͺȌǤ
ȋ ǤǡʹͲͲͺȌǤ

28
27
ͳ  
ͳ  
 
ȋǤͲάǤʹΨ
ȋǤͲάǤʹΨ
αͳʹδͲǤͲͲͳȌ
αͳʹδͲǤͲͲͳȌ
ȋͳʹʹǤͻάͳͳǤͻΨ
ȋͳʹʹǤͻάͳͳǤͻΨ

αͻδͲǤͲͲͳȌǤ
αͻδͲǤͲͲͳȌǤ

Results | Low-frequency stimulation results in LTD in burst firing cells and late-onset LTP in regular firing cells

burst spiking

regular spiking





ͷǤͳͷǤͳ
 

 


ȋȌ
ȋȌ

Figure
5 | Figure
6. 3Hz
LFS induced
plasticity
at the
burst
spiking
3Hz
LFS
induced
plasticity
at the ʹͷ
burst
spiking
cells
(leftcells
plot)


ȋȌǤ
ȋȌǤ
ʹͷ
(left
plot)
and
no
plasticity
(right
plot).
The
recorded
epsp´s
are
and no plasticity (right plot). The recorded epsp´s are before andbefore
25 min
andǤ
25
after the
bars
5ms.
mVFigure
andȋ
50
ms. Figure
after
themin
stimulation
. stimulation
ScaleͷͷͲǤ
bars .5 Scale
mV and
50ȋ
adapted
from
Ǥ
ͷͷͲǤ
ǤǡʹͲͲͺȌǤ
ǤǡʹͲͲͺȌǤ
adapted
from
(Fidzinski
et
al.,
2008)
(Fidzinski et al., 2008)






͵  
͵  


 
 
 






 
  



 

 
ͳ
ͳ

ǡ
ǡ

  



ȋͺʹǤ͵άͳʹǤͷΨ
 ȋͺʹǤ͵άͳʹǤͷΨ
 
 
αͻ δͲǤͲͳȌ
αͻ 
δͲǤͲͳȌ





 
  



ȋͳʹͻǤͳάͳͺǤͺΨǡαδͲǤͲͳȌȋȌǤ
ȋͳʹͻǤͳάͳͺǤͺΨǡαδͲǤͲͳȌȋȌǤ














burst spiking

regular spiking







 

Figure 6 | 3Hz LFS induced plasticity at the burst spiking cells (left plot)
and no plasticity (right plot). The recorded epsp´s are before and 25 min
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Results | Low-frequency
Low-frequency stimulation
stimulation results
results in
in LTD
LTD in
in burst
burst firing
firing cells
cells and
and late-onset
late-onset LTP
LTP in
in regular
regular firing
firing cells
cells
5Hz
5Hz frequency
frequency stimulation
stimulation did
did not
not cause
cause any
any synaptic
synaptic plasticity
plasticity in
in the
the burst
burst firing
firing cells
cells
(115.9±14.4%
(115.9±14.4% of
of baseline
baseline n=7)
n=7) while
while in
in the
the regular
regular firing
firing cells
cells aa robust
robust LTP
LTP was
was expressed
expressed
(135.5±18.3%
(135.5±18.3% of
of baseline
baseline n=6
n=6 P<0.01)
P<0.01) (fig
(fig 7)
7)
The
overallfrequency
frequencydependence
dependence
in burst
cells showed
clear
LTDwas
which
was
The overall
in burst
firingfiring
cells showed
clear LTD
which
inversely
inversely
with stimulation
frequency
(maximum
of the depression
1Hz
no plasticity
correlatedcorrelated
with stimulation
frequency
(maximum
of the depression
at 1Hz at
and
noand
plasticity
at the
at
the frequency
of The,
5Hz).regular
The, regular
cells showed
potentaition
which increased
in magnitude
as a
frequency
of 5Hz).
cells showed
potentaition
which increased
in magnitude
as a function
function
of frequency
of frequency
(fig 8). (fig 8).
Overall,
Overall, summarized
summarized over
over all
all frequencies
frequencies investigated
investigated			,, LTD
LTD was
was observed
observed in61.1%
in61.1% of
of the
the
investigated
investigated Burst
Burst firing
firing cells,
cells, and
and LTP
LTP was
was observed
observed in
in 22.2%
22.2% of
of the
the Burst
Burst firing
firing cells.
cells. The
The opposite
opposite
ratio
ratio was
was found
found for
for Regular
Regular firing
firing cells,
cells, with
with 62.9%
62.9% showing
showing LTP
LTP and
and 14.8%
14.8% of
of the
the cells
cells exhibiting
exhibiting
LTD.
LTD. This
This high
high variability
variability of
of synaptic
synaptic strength
strength outcomes
outcomes is
is illustrated
illustrated in
in fig
fig 9.
9. Variance
Variance analysis
analysis
showed
showed that
that on
on average
average burst
burst firing
firing cells
cells responded
responded to
to LFS
LFS at
at 0.5–5
0.5–5 Hz
Hz with
with aa signiﬁcantly
significantly lower
lower
synaptic
synaptic gain
gain than
than regular
regular firing
firing cell(P<0.01).
cell(P<0.01). Moreover
Moreover aa linear
linear correlation
correlation was
was found
found between
between
synaptic
synaptic strength
strength and
and stimulation
stimulation frequency
frequency in
in burst
burst firing
firing cells
cells (r=0.377±0.342
(r=0.377±0.342 n=36
n=36 P<0.05)
P<0.05) as
as
well
well as
as in
in regular
regular firing
firing cells
cells (r=0.407±0.378
(r=0.407±0.378 n=28
n=28 P<0.05)
P<0.05) (fig
(fig 9).
9).
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Figure
Figure 77 || 5Hz
5Hz LFS
LFS induced
induced plasticity
plasticity at
at the
the burst
burst spiking
spiking cells
cells (left
(left plot)
plot)
ȋȌǤ

and
(right
The
and no
no plasticity
plasticity
(right plot).
plot).ʹͷǤ
The recorded
recorded EPSPs
EPSPs are
are before
before and
and 25
25 min
min
after
after the
the stimulation
stimulation .. Scale
Scale bars
bars 55 mV
mV and
and 50
50 ms.
ms. Figure
Figure adapted
adapted
ͷͷͲǤ
ȋ ǤǡʹͲͲͺȌǤ
from
et
from (Fidzinski
(Fidzinski
et al.,
al., 2008)
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Results | Low-frequency stimulation results in LTD in burst firing cells and late-onset LTP in regular firing cells

Fig. 2. Averaged time| course of bidirectional synaptic plasticity induced by LFS at 0.5, 1, 3 and 5 Hz fo
Figure 8 Overview of stimulation frequency dependence of the
ecorded before plasticity
(1) andat25
afterFigure
LFSadapted
(2). Note
the distinct
expression of synaptic plasticity with LTD
bothmin
cell types.
from (Fidzinski
et al., 2008)
Scale bars: 5 mV and 50 ms. (C) Summary of frequency-dependent changes in synaptic strength induced
nduced in each cell. Symbols indicate LTD (.), LTP (m) or no change in synaptic strength (s). Lin
timulation frequency and change of synaptic strength. *P < 0.05.

• The Authors (2008). Journal Compilation • Federation of Europe

| Summary of synaptic plasticity induced at each cell. Symbols indicate LTD (upside down triangle),
d by LFS at 0.5,Figure
1, 3 9and
5 Hz for BS cells (A) and RS cells (B). Superimposed traces were
LTP (triangle) no plasticity (circle) (at P< 0.05). Linear regression line indicates positive correlation between
on of synaptic plasticity
with LTD
in BSofcells
at strength.
0.5–3 Hz
and
LTPfrom
in RS
cellset at
1–5 Hz.
stimulation frequency
and change
synaptic
Figure
adapted
(Fidzinski
al., 2008)
nges in synaptic strength induced in BS and RS cells. (D) Summary of synaptic plasticity
ge in synaptic strength (s). Linear regression line indicates positive correlation between

mpilation • Federation of European Neuroscience Societies and Blackwell Publishing Ltd
European Journal of Neuroscience, 27, 1111–1118

30
31

Results

Plasticity does not depend on the membrane potential at the soma
In
In order
order to
to reveal
reveal the
the underlying
underlying mechanisms
mechanisms of
of the
the long
long term
term plasticity
plasticity phenomena
phenomena in
in

O.L. Shor et

our
recordings are
are insufficient.
insufficient. Therefore,
Therefore, we
we conducted
our preparation,
preparation, sharp-electrodes
sharp-electrodes recordings
conducted induction
induction
protocols
whole-cell patch
patch recordings.
recordings. To
To validate
validate our
our LFS-protocol,
LFS-protocol, we
we examined
examined two
two different
protocols in
in whole-cell
different
LFS
LFS induction
induction protocols
protocols with
with 1Hz
1Hz stimulation.
stimulation. In
In the
the first
first protocol,
protocol, performed
performed in
in voltage
voltage clamp
clamp
mode
potential of
of -70
-70 mV,
mV, we
mode at
at holding
holding potential
we stimulated
stimulated at
at 11 Hz
Hz for
for 15
15 min.		The
min. The second
second protocol
protocol
was
was performed
performed in
in current
current clamp
clamp condition.
condition. 1Hz
1Hz stimulation
stimulation was
was performed
performed for
for 15
15 minutes.
minutes. Both
Both
induction
induction protocols
protocols displayed
displayed similar
similar results
results (P>0.1
(P>0.1 in
in all
all comparisons,
comparisons, student's
student's t-test):
t-test): Burst
Burst
firing
firing cells
cells displayed
displayed LTD
LTD (72.2±4.9%
(72.2±4.9% of
of baseline
baseline n=8
n=8 P<0.01
P<0.01 in
in voltage
voltage clamp
clamp mode,
mode, fig
fig 10;
10; and
and
71.3±5.6%
while regular
71.3±5.6% of
of baseline
baseline n=10
n=10 P<0.001
P<0.001 in
in current
current clamp
clamp mode,
mode, fig
fig 11),
11), while
regular firing
firing cells
cells
showed
showed LTP
LTP (133.3±12.4%
(133.3±12.4% of
of baseline
baseline n=14
n=14 P<0.05
P<0.05 in
in voltage
voltage clamp,
clamp, fig
fig 12
12 and
and 131.4±9.2%
131.4±9.2% of
of
baseline
baseline n=9
n=9 P<0.01)
P<0.01) (fig
(fig 13).
13).

1

2

Figure 10 | LFS at 1Hz in
voltage clamp mode at -70mV
induces LTD in burst spiking
cells. Averaged time courses of
evoked EPSC amplitudes before
and after induction with LFS at
voltage clamp mode at -70mV are
shown. Superimposed traces are
averages from 10 single responses
each and were recorded during
baseline (left-1) and 25 min after
induction (right-2). Figure adapted
from (Shor et al., 2009)

Fig. 1. (A) Schematic illustration of the stimulation and recording s
zontal hippocampal brain slice. Hippocampal areas: CA3, CA1; Sub: s
entorhinal cortex; DG: dentate gyrus. (B) Voltage responses of subicu
neurons to depolarizing and hyperpolarizing current pulses. BS cell
burst discharges whereas RS cells discharge with single spikes.
31
32 Upon s
larization, BS cells display burst discharges followed by single spikes.
induces LTD in BS cells but LTP in RS cells. Averaged time courses of

play complementary roles in the
••• • •• ••• ••• •••• • • •• •• •• •• • • ••••••
es, however, seem to differ in their
correlation was found between the time–am
| Plasticityinduces
does not depend
at the soma
LTD. In BSResults
cells, LFS
an on the membrane
duringpotential
stimulation
and the change in synap

O.L. Shor et al. /

1

Figure 11 | LFS at 1Hz at
bridge mode at the intrinsic
membrane potential induces LTD
in burst spiking cells. Averaged
time courses of evoked EPSC
amplitudes before and after
induction with LFS at bridge
are shown.
Superimposed
Neurosciencemode
Letters
449
(2009) 220–223
traces are averages from 10
single responses each and were
recorded during baseline (left1) and 25 min after induction
(right-2). Scale bars 100pA 10ms.
Figure adapted from (Fidzinski et
al., 2008)

2

cells is
APV and
lication of
PG, LTD
n RS cells,
LTP
and of the stimulation and recording sites in a horistration
Vslice.
and Hippocampal areas: CA3, CA1; Sub: subiculum; EC:
nntate
RS cells.
gyrus. (B) Voltage responses of subicular BS and RS
ore (1)
and
and
hyperpolarizing
current pulses. BS cell display single
A
and
RS cells discharge with single spikes. Upon stronger depoaptic
burst discharges followed by single spikes. (C) LFS at 1 Hz
s:
ut under
LTP in RS cells. Averaged time courses of evoked EPSC
-APV,
er induction with LFS are shown. Superimposed traces are
antagosponses each and were recorded during baseline (left) and
ngles), LTP

tions in synaptic tran
• • • • • • • • • • • •• • ••
amplitude) to a pair o
50 ms.
The following drug
30 mM; bicuculline,
1 • M. Drugs were pu
Tocris, UK. All drugs w
Figure 12 | LFS at 1Hz at
and for at least 10 min
voltage clamp mode at -70mV
induces LTP Upon
in regular spiking
injection
cells. Averaged time courses of
evoked
EPSC amplitudes
before
0.1–0.8
nA)
subicular
and after induction with LFS at
voltage
mode at spikes
-70mV
toclampfour
at •
are shown. Superimposed traces
are averages
from 10 singleadaptation
frequency
responses each and were
recorded
during baseline
spikes
with(left-frequency
1) and 25 min after induction
• •Figure
••• •adapted
• • • from• • •• • •• • •
(right-2).
(Shor et al., 2009)
difference was found
the BS and RS cells (B
n = 37, p = 0.73), where
than in RS cells (BS:
n = 37, p < 0.01). Upo
slightly higher paired
n = 8; RS: 1.34 • 0.6, n
As reported in ou
cells (72.2 • 32
4.9% of b
33
in RS cells (133.3 • 1
we observed no obvio

cells is
APV and
plication of
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n RS cells,
LTP and
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in RS cells.
ore (1) and
pA and
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Results | Plasticity does not depend on the membrane potential at the soma

Figure 13 | LFS at 1Hz at bridge mode at the intrinsic membrane
potential induces LTP in regular spiking cells. Averaged time courses of
evoked EPSC amplitudes before and after induction with LFS at bridge
mode are shown. Superimposed traces are averages from 10 single
responses each and were recorded during baseline (left-1) and 25
min after induction (right-2). Scale bars 100pA 10ms. Figure adapted
from (Fidzinski et al., 2008)

lation • Federation of European Neuroscience Societies and Blackwell Publishing Ltd
1111–1118
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NMDAR and type I mGluR mediate their intracellular effects via
as a second messenger (Perkel et al., 1993; Anwyl, 1999).
Ca2+ Results
Loading the postsynaptic cell with the Ca2+ chelator BAPTA
completely abolished synaptic plasticity in both BS and RS cells
LFS-induced LTP and LTD are co-expressed
(BS cells:
97.2burst
± 7.2%
ofregular
baseline,
n • 8; RS cells: 96.7 ± 4.6% of
in subicular
firing and
firing cells
baseline, n • 8; Fig. 4A), suggesting that LFS-induced LTP and LTD
2+
rely on
postsynaptic
Ca
signaling.
In
thebycourse
ofin current
stimulation,
we
We
further studied
synaptic plasticity
plasticity induced
induced by
LFS-protocol in
current clamp.
clamp.
We further
studied the
the mechanism
mechanism of
of synaptic
LFS-protocol
observed
facilitation
of receptors
EPSPs
in for
both
cell types
In various
braintransient
regions, activation
activation
of postsynaptic
postsynaptic NMDA
NMDA
receptors
is important
important
for
the induction
induction
In
variousabrain
regions,
of
is
the
synaptic
plasticity.
LTDininburst
burstfiring
firing
cellswas
wasblocked
blocked
by
NMDA
receptor
antagonist
synaptic
LTD
cells
thethe
NMDA
receptor
antagonist
D(Fig. ofof4B,
a).plasticity.
We determined
the
level
ofbythis
facilitation
by analysing
D-APV
and
revealed
a masked
late
onset
LTP
(123.2±9.2%
baseline
n=11
P<0.05)
(fig
14).
APV
and
revealed
a masked
late
onset
LTP
of of
baseline
n=11
P<0.05)
(figamplitude
14).
the time
course
and
extent
of(123.2±9.2%
the change
in
EPSP
and
These results
an
These
results suggest
an NMDA-receptor-dependent
NMDA-receptor-dependent LTD
LTD that
that masks
masks an
an NMDA-receptorNMDA-receptorcalculated
thesuggest
respective
time–amplitude
integral
(Table 2). At
independent late-onset
late-onset LTP.
LTP.
independent
stimulation frequencies between 0.5 and 3 Hz, which induced LTD
This form
This
form of
of late-onset
late-onset LTP
LTP was
was reported
reported previously
previously by
by O’Leary
O’Leary and
and O’Connor
O’Connor (O’Leary,
(O’Leary, D.M.
D.M.
in BS&& O’Connor,
cells
but
not
in
RS
cells,
the
facilitation
in
BS
cells
was
O’Connor, 1998)
of metabotropic
metabotropic glutamate
glutamate receptors
receptors (mGluR).
(mGluR). In
In
1998) to
to depend
depend on
on the
the activation
activation of
••• • ••accordance
••• ••• with
••••
• •• •• ••ofof D-APV
•• and
• •the
••••••
•• antagonist
•• • ••••
• • resulted
• • •• •••• •
accordance
with
that,•co-application
co-application
D-APV
and
the type
type
I/II mGluR
mGluR
antagonist
MCPG,
resulted
I/II
MCPG,
that,
correlation
found
between
time–amplitude
of EPSPs
in complete
completewas
abolishment
of synaptic
plasticity
following
the same
same LFS
LFS induction
inductionintegral
protocol in
in burst
burst
in
abolishment
of
synaptic
plasticitythe
following
the
protocol
firing
cells (fig
(fig 15).
15).
firing
cells
during
stimulation
and the change in synaptic strength for both cell
Figure 14 | LFS at 1Hz at bridge
mode at the intrinsic membrane
potential and the usage of NMDAreceptors antagonist D-APV
unmask LTP in burst spiking cells.
Averaged time courses of evoked
EPSC amplitudes before and after
induction with LFS at bridge
mode are shown. Superimposed
traces are averages from 10
single responses each and were
recorded during baseline (left1) and 25 min after induction
(right-2). Scale bars 100pA 25ms.
Figure adapted from (Fidzinski et
al., 2008)
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reported previously by O’Leary and O’Connor to depend on the activation of metabotropic
JOXWDPDWHUHFHSWRUV
P*OX5
,QDFFRUGDQFHZLWKWKDWFRDSSOLFDWLRQRI'$39DQGWKH
LFS-induced LTP
LTP and
and LTD
LTD are
are co-expressed
co-expressed in
in subicular
subicular burst
burst firing
firing and
and regular
regular firing
firing cells
cells
Results | LFS-induced
W\SH,,,P*OX5DQWDJRQLVW0&3*WKHVDPH/)6LQGXFWLRQSURWRFROGLGQRWLQGXFHDQ\
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Figure 15. LFS at ͳͷǤ
1Hz at bridgeͳ
mode
at the intrinsic membrane potential
 Ǧ
and the co-application of NMDA-receptors and mGluR antagonists D-APV
and MCPG,
respectively blocked both LTD and LTP in burst spiking cells.
Figure 15
15 || LFS
LFS at
at 1Hz
1Hz at
at bridge
bridge mode at
at the
the intrinsic
intrinsic membrane
membrane
Figure
Averaged time
courses
of evokedmode
EPSC amplitudes
before and after inducpotential
and
the
co-application
of
NMDA-receptors
and
mGluR
potential and the co-application of NMDA-receptors and mGluR
tion with LFS
at bridge
mode are
shown. Superimposed
traces
are averantagonists
D-APV
and
MCPG,
respectively
blocked
both
LTD and
and
antagonists D-APV and MCPG, respectively blocked both LTD
ages
from
10
single
responses
each
and
were
recorded
during
LTP in
in burst
burst spiking
spiking cells.
cells. Averaged
Averaged time
time courses
courses of
of evoked
evoked EPSC
EPSC baseline
LTP
(left-1) and
25 min
bars 100pA
10ms. Figure
amplitudes
before
andafter
afterinduction
induction (right-2).
with LFS
LFSScale
at bridge
bridge
mode are
are
amplitudes
before
and
after
induction
with
at
mode
adapted
from
(Fidzinski
et
al.,
2008)
shown.
Superimposed
traces
are
averages
from
10
single
responses
shown. Superimposed traces are averages from 10 single responses
each and
and were
were recorded
recorded during
during baseline
baseline (left-1)
(left-1) and
and 25
25 min
min after
after
each
induction
(right-2).
Scale
bars
100pA
10ms.
Figure
adapted
from
induction (right-2). Scale bars 100pA 10ms. Figure adapted from
(Fidzinski et
et al.,
al., 2008)
2008)
(Fidzinski

36
35

Results

Results | LFS-induced LTP and LTD are co-expressed in subicular burst firing and regular firing cells
In regular
firing cells,
mentioned study,
study, the
the late-onset
late-onset LTP
LTP was
In
regular firing
cells, in
in accordance
accordance to
to the
the above
above mentioned
was
not blocked
blocked by
by the
the NMDA
NMDA receptor
receptor antagonist
antagonist D-APV
D-APV (153.4±9.4%
(153.4±9.4% of
of baseline
baseline n=9
not
n=9 P<0.001)
P<0.001) (fig
(fig
16),
application
blocked
NMDA-receptor-independent
LTP,
revealing
16), but
butLFS-induced
application of
of MCPG
MCPG
blocked
the
NMDA-receptor-independent
late-onset
LTP, burst
revealingfiring
LTP
and the
LTD
is co-expressed inlate-onset
subicular

and

an
an LTD
LTD (76.2±7.0%
(76.2±7.0% of
of baseline
baseline n=8
n=8 P<0.05)
P<0.05) (fig
(fig 17).
17).

of
synaptic plasticity
firing cells
cells
Co-application
of D-APV
D-APV and
and MCPG
MCPG prevented
prevented synaptic
plasticity in
in regular
regular firing
 Co-application
,QUHJXODU¿ULQJFHOOVLQDFFRUGDQFHWRWKHDERYHPHQWLRQHGVWXG\WKH
(97.4±4.9% of
(97.4±4.9%
of baseline
baseline n=6)
n=6) (fig18).
(fig18).
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Figure 16. LFS at 1Hz in bridge mode at the
intrinsic membrane potential and the usage of
| LFS at 1Hz in bridge
Figure 16
mode atD-APV
the intrinsic
membrane
NMDA-receptors
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did not
block
potential
and
the
usage
of
NMDA-receptors
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D-APV
did not
LTP in regular spiking cells. Averaged time courses
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and
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25ms. Figure
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Results

LFS-induced LTP and LTD in subicular burst firing and
regular firing cells depends on postsynaptic calcium
When loading
loading the
the postsynaptic
postsynaptic cells
cells with
with the
the calcium
calcium chelator
chelator BAPTA,
BAPTA, both
both cell
cell types
types did
did
When
not
not express
express any
any synaptic
synaptic plasticity
plasticity (burst
(burst firing
firing cells:
cells: 97.2±7.2%
97.2±7.2% of
of baseline
baseline n=8;
n=8; regular
regular firing
firing cells:
cells:
96.7±4.6%of
96.7±4.6%of baseline
baseline n=8)
n=8) (fig
(fig 19),
19), indicating
indicating that
that LFS-induced
LFS-induced LTD
LTD and
and LTP
LTP rely
rely on
on postsynaptic
postsynaptic
calcium
calcium signaling.
signaling.
Notably, during
during LFS,
LFS, aa transient
transient facilitation
facilitation of
of EPSPs
EPSPs in
in both
both cell
cell types
types was
was oburst
oburst firingerved
firingerved
Notably,
(fig 20).		However,
20). However,differences
differencesinintheir
theirvalues
values(table
(table
suggest
different
mechanisms
might
(fig
2) 2)
suggest
thatthat
different
mechanisms
might
be
be involved.
facilitation
in burst
at frequencies
between
0.5-3Hz,
induced
involved.
TheThe
facilitation
in burst
firingfiring
cellscells
at frequencies
between
0.5-3Hz,
whichwhich
induced
LTD,
LTD,significantly
was significantly
stronger
the regular
In addition,
a negative
correlation
was
stronger
than inthan
theinregular
firingfiring
cells. cells.
In addition,
a negative
correlation
was
was found
between
the time-amplitude
curve
integral
of EPSP
during
stimulation
change
found
between
the time-amplitude
curve
integral
of EPSP
during
stimulation
andand
thethe
change
in
in synaptic
strength
both
celltypes
types(burst
(burstfiring
firingcells:
cells:r=0.38±0.32
r=0.38±0.32n=36
n=36 P<0.05;
P<0.05; regular
regular firing
firing
synaptic
strength
forfor
both
cell
cells: r=0.55±0.33
r=0.55±0.33 n=25
n=25 P<0.01)
P<0.01) (fig
(fig 21
21 ).
).
cells:
 Ǧ
 
 firing
 cells
 and
regular
 
cells

 either
Recall
that LTD
LTD
in burst
burst
firing
cells
and
regular
spiking
cells
was
inhibited
either by
by the
the blockade
blockade
Recall
that
in
spiking
was
inhibited


 
of NMDAR
NMDAR
or by
by loading
loading the
the
cells with
with the
the Ca2+
Ca2+ chelator
of
or
cells
chelator BAPTA.
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data
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LTD
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burst
firing
cells
might
      

mediated
by by
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FigureͳͻǤ
19 | Postsynaptic loading
of BAPTA prevents any synaptic
plasticity
phenomena in both cell types. Figure adapted from (Fidzinski et al., 2008).
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Figure 20 | EPSP amplitudes
in regular and burst
spiking
cells during


ͳ


the LFS at 1Hz and 3Hz. Grey area depicts the integrals of the facilitation
of EPSP amplitudes to time for burst spiking cells. Figure adapted from
(Fidzinski
et al., 2008)
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Results | LFS-induced LTP and LTD in subicular burst firing and regular firing cells depends on postsynaptic calcium

burst
spiking

regular
spiking

Frequency
(Hz)

Maximal
ǻEPSP (mV)

Total duration of
increase (min)

Integral
(mV*s)

0.5

5.6 ± 0.4

2.3 ± 0.2

148.1 ± 16.8

1.0

6.8 ± 0.4

2.9 ± 0.4

209.9 ± 33.0

3.0

6.1 ± 0.5

2.0 ± 0.3

120.1 ± 27.2

5.0

5.8 ± 1.3

0.6 ± 0.2

19.8 ± 11.3

0.5

6.7 ± 0.9

2.0 ± 0.1

101.4 ± 25.0

1.0

6.5 ± 0.9

2.2 ± 0.2

117.5 ± 17.9

3.0

4.4 ± 0.7

0.9 ± 0.1

21.1 ± 7.9

5.0

3.8 ± 0.4

0.7± 0.3

15.5 ± 9.6



Table 2 | Peak amplitude, duration and time-amplitude integral of
the facilitation of EPSP amplitudes for each stimulation frequency
 ʹǤ   ǡ     Ǧ       
and cell type. Figure adapted from (Fidzinski et al., 2008)
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Results

LFS induced synaptic plasticity is dependent
on muscarinic acetylcholine receptors
Li et
et al
al (Li
(Li et
et al.,
al., 2005)
2005) demonstrated
demonstrated that
that subicular
subicular LTD
LTD induced
induced by
by aa pairing
pairing protocol
protocol depends
depends
Li
on the
the activation
activation of
of mAChR.
mAChR. We
We therefore
therefore tested
tested the
the effect
effect of
of the
the muscarinic
muscarinic receptor
receptor antagonist
antagonist
on
scopolamine on
on LFS-induced
LFS-induced bidirectional
bidirectional synaptic
synaptic plasticity.
plasticity. Scopolamine
Scopolamine application
application had
had no
no effect
effect
scopolamine
on baseline
baseline transmission
transmission and
and did
did not
not change
change the
the paired
paired pulse
pulse ratio
ratio in
in either
either cell
cell type
type (burst
(burst firing
firing cells:
cells:
on
1.60±0.08, n=10,
n=10, P=0.261Vs.
P=0.261Vs. control;
control; regular
regular firing
firing cells:
cells: 1.44±0.07,
1.44±0.07, n=11,
n=11, P=0.9
1.60±0.08,
P=0.9 vs.
vs. control)
control)
Scopolamine blocked
blocked LTD
LTD in
in burst
burst firing
firing cells
cells and
and LTP
LTP in
in regular
regular firing
firing cells
cells (burst
(burst firing
firing
Scopolamine
cells 96.9±4.7%
96.9±4.7% of
of baseline
baseline n=10
n=10 P=0.067;
P=0.067; regular
regular firing
firing cells:
cells: 95.2±4.0%
95.2±4.0% of
of baseline
baseline n-=11
n-=11
cells
     

P=0.14) (fig
(fig 22-23)
22-23) indicating
indicating that
that the
of mAChR
mAChR is
is necessary
necessary for
for both
both forms
forms of
of
P=0.14)
the co-activation
co-activation of
        ȋ   ͻǤͻάͶǤΨ   αͳͲ

synaptic plasticity.
plasticity.
synaptic
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Figure 22 | Involvement of
muscarinic neurotransmission in
subicular bidirectional plasticity.
LFS at 1Hz at bridge mode at
the intrinsic membrane potential
and application of scopolamine
blocked LTD in burst spiking
cells. .Superimposed
Superimposedtraces
tracesare
averages
fromfrom
10 single
responses
are
averages
10 single
each and were
responses
each recorded
and wereduring
baseline (left)
andbaseline
25 min after
recorded
during
induction
(right).
(left)
and 25
minFigure
after adapted
from (Shor et al., 2009)
induction(right).
Figure adapted
from (Shor et al., 2009)
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Results | LFS induced synaptic plasticity is muscarinic acetylcholine receptors dependent





ʹʹǤ     
Figure 23 | Involvement of muscarinergic neurotransmission in subicular
plasticity.
Ǥ ͳ

bidirectional
LFS at 
1Hz at bridge mode at the intrinsic
membrane potential and application of scopolamine blocked LTD in
 


regular spiking
cells. . Superimposed
traces
are averages from 10 single ǤǤ
responses each and were recorded during baseline (left) and 25 min after
(right).
ͳͲ
 
induction
Figure adapted from (Shor et al., 2009)
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Results

Voltage gated calcium channels play a modulatory
function in the bi-directional synaptic plasticity
Although glutamatergic
glutamatergic receptors
receptors are
are the
the main
main source
source of
Although
of calcium
calcium signals
signals that
that play
play aa role
role in
in
synaptic plasticity,
plasticity, Voltage
gated calcium
calcium channels
channels (VGCCs)
(VGCCs) may
may play
role as
as well.
well.
synaptic
Voltage gated
play aa modulatory
modulatory role
In order
order to
to test
test that,
that, we
we applied
applied nifedipine,
nifedipine, an
an L-type
L-type calcium
calcium channel
channel blocker.
blocker. Upon
Upon induction
induction with
with
In
LFS-protocol, we
we oburst
firingerved the
the prevention
prevention of
burst firing
firing cells
cells and
and the
the expression
expression
LFS-protocol,
oburst firingerved
of LTD
LTD in
in burst
of late
late onset
onset LTP
LTP (129.4±11.3%
(129.4±11.3% of
of baseline
baseline n=10
n=10 P<0.05)
P<0.05) (fig
(fig 24).
24). In
In regular
regular firing
firing cells
cells the
the late
late
of
onset LTP
LTP was
was abolished
abolished upon
upon application
application of
of nifedipine,
nifedipine, revealing
revealing LTD
LTD (86.5±4.0%
(86.5±4.0% of
of baseline
baseline n=9
n=9
onset
P<0.05) (fig
(fig 25).
25). The
The overall
overall effects
effects of
of muscarinic
muscarinic acetylcholine
acetylcholine receptor
receptor and
and VGCC
VGCC blockage
blockage are
are
P<0.05)
summarized in
in Figure
Figure 26.
26.
summarized
The
hadhad
no effect
on theonpair-pulse
ratio (burst
cells:
1.73±0.1
The application
applicationofofnifedipine
nifedipine
no effect
the pair-pulse
ratiofiring
(burst
firing
cells:
n=10 P=0.3
Vs.P=0.3
control;
regular regular
firing cells:
n=9 P=0.8
Vs. control),
eliminating
pre1.73±0.1
n=10
Vs. control;
firing1.31±0.1
cells: 1.31±0.1
n=9 P=0.8
Vs. control),
eliminating
synaptic mechanisms.
These
results
suggest
thatthat
VGCC
modulate
intracellular
calcium
signals
in
pre-synaptic
mechanisms.
These
results
suggest
VGCC
modulate
intracellular
calcium
signals
subicular
burst
firing
andand
regular
firing
cells,
and
determine
thethe
polarity
ofofsynaptic
in
subicular
burst
firing
regular
firing
cells,
and
determine
polarity
synapticplasticity
plasticityinina
acell-specific
cell-speciﬁcmanner.
manner.
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Figure 24 | Involvement of voltage
gated calcium channels in subicular
bidirectional plasticity. LFS at 1Hz
in bridge mode at the intrinsic
membrane potential and application
of nifedipine reversed the polarity
of synaptic plasticity from LTD to LTP
in burst spiking cells. Superimposed
traces are averages from 10 single
responses each and were recorded
during baseline (left) and 25
min after induction (right). Figure
adapted from (Shor et al., 2009
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Results | Voltage gated calcium channels (VGCC) play a modulatory function in the bi-directional synaptic plasticity
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Figure 25 |Involvement of voltage-gated calcium channels in subicular
 Ǥ

bidirectional plasticity.
LFSͳ
at 1Hz at
bridge mode at the intrinsic  
membrane potential and application of nifedipine reversed the polarity of

 
synaptic plasticity
from LTP to LTD in regular spiking cells. Superimposed
traces are averages from 10 single responses each and were recorded

ͳͲ

during baseline
(left) Ǥ
and 25 min after induction
(right). Figure
adapted from (Shor et al., 2009)
 ȋȌʹͷ ȋȌǤ 
ȋǤǡʹͲͲͻȌ




ͷͲ

46
45

Results | Voltage gated calcium channels (VGCC) play a modulatory function in the bi-directional synaptic plasticity
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Figure 26 |  Summary of changes in
synaptic strength for each cell type
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Discussion
Our study provides evidence that LTP and LTD occur simultaneously at CA1-subiculum
synapses. We demonstrate that LFS induces an NMDAR-dependent LTD and an mGluR-dependent
LTP in subicular pyramidal cells. The predominant direction of synaptic plasticity is dependent on the
cell type investigated. In burst firing cells, LFS induces LTD that masks a simultaneously occurring
LTP, whereas in regular firing cells LFS results in LTP that masks LTD. Taken together, these results
suggest that NMDAR-dependent LTD and mGluR-dependent LTP are co-expressed in subicular
neurons, but different induction thresholds determine distinct directions of synaptic plasticity in
each cell type. Furthermore, we show that LFS-induced LTD in burst firing cells and LTP in regular
firing cells require activation of mAChR. In addition, we demonstrate that the polarity of synaptic
plasticity is modulated by VGCC, as the L-type calcium channel inhibitor nifedipine converts LTD
to LTP in burst firing cells and LTP to LTD in regular firing cells. Bidirectional synaptic plasticity
in subicular cells therefore appears to be governed by a complex signaling system, involving cellspeciﬁc recruitment of ligand and voltage-gated ion channels, as well as metabotropic receptors.
This complex regulation might be necessary for ﬁne-tuning of synaptic efﬁcacy at hippocampal
output synapses.
Previous studies that investigated LFS-induced synaptic plasticity using field potential
recording in vivo and in vitro reported no synaptic plasticity at 1Hz or LTP at 3 and 5Hz (Huang
and Kandel, 2005) or a late onset LTP (Anderson et al., 2000). However, in the studies did not
differentiate between the different subicular cell types.
Our data indicate that only burst firing cells express LTD. In ﬁeld potential recording, LTD
might be masked by LTP expressed in regular firing cells.
There have been many computational models for neural plasticity and their roles in activity
driven development of neural circuits and storage of memories (Hopfield and Tank, 1986). The
Hebbian synapse was implemented in most physiological studies (Sejnowski, 1981;Rumelhart,
1986;Kohonen, 1984), assigning LTP to co-activated connected neurons. However, an almost
immediate problem these models had to face was the saturation of the synaptic connections and
consequent the loss of stored information. This problem was initially approached by incorporating
a mechanism for LTD induction. However, the resulting networks were such that half of the
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Discussion
connections were saturated and half were depressed to the minima. Bienenstock, Cooper and
Munro (Bienenstock et al., 1982) overcame this problem by introducing activity dependence for
induction of both LTP and LTD. In this model, termed ‘sliding threshold model’, the threshold
for inducing synaptic plasticity was dynamically determined as a function of the current synaptic
strength. According to this model, high levels of synaptic activation reduced the probability of LTP
and increased LTD likelihood. At low levels of synaptic activation, the threshold of LTP induction
is lowered, increasing its probability and LTD becomes less likely. Consequently, the connection
strengths within the network remain linear, thus maximizing the storage capacity of information in
the network.
Experimental data supporting the notion that LTD and LTP are dynamically regulated was
seen already as Huang and colleagues (Huang et al., 1992) reported that application of brief high
frequency stimulation that resulted in short term potentiation did suppress later induction of LTP
at the Schaffer collateral-CA1 synapse. Other studies showed that similar treatment resulted in an
enhancement of LTD evoked by LFS in area CA1(Wexler and Stanton, 1993).
Our results, describing different polarity of overall apparent plasticity in the two different
subicular cell types are in line with this model. Illustration 3 depicts the described plasticity in
the subicular neurons in light of the sliding threshold model. In burst spiking neurons the higher
activity causes a larger LTP activation threshold. Therefore, at the activity level dictated by LFS,
the suprathreshold regular firing cell activity yields LTP, while the subthreshold activity of the burst
firing cell yields LTD. The sliding threshold is implemented by the relative activation of mGLUR ,
NMDAR and VGCCs (Artola and Singer, 1993;Stanton, 1996).
Taken at face value, the translation of the sliding threshold model to our results predicts
that burst firing cells exhibit a higher expression of active NMDA receptors. Indeed, this notion
is supported by the higher amplitude and longer duration of the transient EPSP facilitation during
stimulation in burst firing cells.
It has previously been shown that the threshold for LTD formation in CA1 region can be
dynamic and dependent on behavior. Exposure to novel environments causes a leftward shift in
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Cull-Candy et al., 2001). For example, experience-dependent changes in the subunit composition
of NMDA receptors have been reported in the visual cortex (Snyder et al., 2001; Philpot et al.,
2001). The directionality of the plasticity as well as the tuning has been shown to rely on the
relative activation of the NMDA-receptors (Bear and Kirkwood, 1993). The mechanism by which
NMDARs gate LTD induction is through its permeability to Ca2+ into the postsynaptic neuron.
Indeed, buffering a rise in Ca2+ prevents LTD (Mulkey and Malenka, 1992). Moreover, photolytic
intracellular uncaging of Ca2+ induces LTD (Yang et al., 1999). Depolarization paired with LFS,
produces plasticity, the polarity of which dependends on post-synaptic calcium concentration in
the perirhinal cortex (Cho et al., 2000). Furthermore, the different plasticity outcomes are reliably
predicted according to intracellular calcium transients in the dendrites. Finally, the calcium wave
to the soma displays different characteristics according to the cell propensity to undergo LTD or
LTP (Ismailov et al., 2004). Thus, the simple model emerged that Ca2+ entering the postsynaptic
dendritic spine through the NMDAR is the trigger for LTD.
LTD and LTP are timing dependent processes. Spike-timing-dependent plasticity (STDP) is
a general term for functional changes in neurons and at synapses that are sensitive to the timing of
action potentials in connected neurons. The phrase 'STDP' typically refers to increases or decreases
in the efficacy of synaptic transmission (Bi and Poo, 1998; Markram and Sackmann, 1997)
The phenomenon (STDP) is believed to arise from a nonlinear process that leads either to
large calcium transients and thus to LTP (by pre-synaptic action potential that precedes the postsynaptic action potential), or smaller calcium transients and thus LTD (due to post-synaptic action
potential preceding the pre-synaptic action potential). STDP in the entorhinal cortex is known to
be NMDA-receptor-dependent (REF). However, calcium concentration in the postsynaptic neurons
is affected by other factors as well. First, depolarization causes the opening of voltage dependent
calcium channels. Moreover, some AMPA receptors are permeable to calcium. Finally, intracellular
calcium stores can be opened as a result of signaling cascades. Thus, it has been shown that calcium
transients of large magnitude, elicited by broadening of action potentials, can enhance timingdependent synaptic depression in the entorhinal cortex (Zhou et al., 2005). Finally, NMDA receptor
activation is dependent on depolarization. In the subiculum, EPSPs consist of AMPAR-mediated
sodium currents, enabling the activation of NMDA receptors, and thus allowing calcium currents
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through them (Behr et al., 1998). Thus, the dynamic interplay between the calcium concentration
at the dendritic sites of the synapse and NMDA receptors is quite diverse and the kinetics of these
processes may determine the direction of synaptic plasticity.
In our studies, we showed that LTP in regular firing cells is MGluR dependent, since it was
reversed in these cells upon application of the mGluR antagonist MCPG.
Early studies proposed a role for group I mGluR in the induction of LTP. Recent studies
showed that mGluRs have a crucial role in coincidence detection as well as in regulation of synaptic
plasticity (Nevian and Sakmann, 2006;Lu et al., 2007). The mGluR agonist, ACPD, enhanced LTP
induced by HFS in CA1 (McGuinness et al., 1991) while MCPG blocked LTP induced by HFS
at the dentate gyrus and CA1 (Bashir et al., 1993;Breakwell et al., 1996). Application of group I
mGluR agonist 1 S,3 R-APCD induced a long-lasting potentiation of EPSPs and EPSCs in CA1
region of the hippocampus in vivo and in vitro (Bortolotto and Collingridge, 1993;Bortolotto and
Collingridge, 1995;Chinestra et al., 1993). This form of APCD-induced LTP was shown to have
common maintenance mechanisms with tetanus induced LTP. It requires high afferent activity or
depolarization of the postsynaptic site and is dependent on PKC and the release of calcium from
the intracellular stores. The role of mGluR in NMDA-receptor-independent LTP induction was
shown in the CA3 region by stimulation of the mossy fibers (Haruta et al., 1994;Ito and Sugiyama,
1991a;Zalutsky and Nicoll, 1990). Moreover, mossy-fiber-CA3 LTP is inhibited by MCPG and
the mGluR antagonist D,L-2-amino-3-phosphono-propionate(D,L-AP3) (Ito and Sugiyama,
1991b;Bashir and Collingridge, 1994). LTP in the dorsolateral septal nucleus is induced by
1S,3R ACPD and the application of the Ca2+ chelator BAPTA and non-hydrolysable GTP to the
postsynaptic site blocked LTP confirming the requirement of G-protein coupled signalling pathways
and increase in postsynaptic calcium concentration. The studies (Chinestra et al., 1993;Izumi and
Zorumski, 1994) which failed to show dependence of LTP on mGluR activity may suggest that
mGluR activation is only crucial for certain aspects of LTP induction, for example to lower the
threshold for induction of LTP.
The simultaneous plasticity at one cell type reported in our study correlates to other studies
which revealed similar phenomena. Simultaneous LTP of non-NMDA and LTD of NMDA-receptor-
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mediated responses were reported previously in nucleus accumbens where both forms of plasticity
were observed in the same cell and similar change in post-synaptic calcium concentration was seen
to have opposite effects on the synaptic responses (Kombian and Malenka, 1994). Another study by
Bernard and Wheal in an experimental model of epilepsy (kainic acid model) showed a simultaneous
expression of an NMDAR-dependent LTD and an AMPAR-dependent LTP (Bernard and Wheal,
1995). Further supporting evidence for the bidirectional plasticity we found in the subiculum may
come from the somatosensory cortex. There, pyramidal neurons form synapses with two types
of interneurons, fast spiking and low-threshold spiking. Both synapse types undergo long term
plasticity. However, while mGluR were reported to be crucial in the induction of LTD in both types
of interneurons, NMDA receptors are a crucial component for inducing LTP only in low threshold
spiking interneurons. Simultaneous LTD and LTP was described also at CA3-CA1 synapses and the
direction of the plasticity was reported to be mediated by kinases for LTP and phosphatases for LTD
in the same cell (O'Connor et al., 2005). Studies in the neocortex layer 5 showed simultaneously
occurring LTD and LTP induced by pairing high frequency pre- and postsynaptic firing. In this
study, the LTP induction was mediated by both presynaptic and postsynaptic mechanisms. On the
other hand, LTD is mediated by endocannabinoids released from the postsynaptic site, serving as a
retrograde messanger, thereby inducing presynaptic changes (Sjostrom, 2007).
In our studies, all forms of synaptic plasticity in both types of neuron are abolished upon
application of the muscarinic acetylcholine receptor scopolamine. Pharmacological studies in
humans demonstrated that blockage of muscarinic cholinergic receptors by drugs like scopolamine
impairs encoding of new memories, while the retrieval of stored memories stayed intact (Atri et
al., 2004;Hasselmo and McGaughy, 2004). Infusions of scopolamine into the CA3 region of the
rat hippocampus results in selective impairments of encoding but not retrieval in Hebb-Williams
maze (Rogers and Kesner, 2003). Thus the involvement of cholinergic neurotransmission through
muscarinic receptors in memory consolidation and cognition is widely recognized. Physiologically,
the most prominent effects of ACh are slow depolarization and decrease in both voltage-dependent
and voltage insensitive components of membrane conductance. All of these effects on membrane
properties depend upon interaction with muscarinic receptors (Benardo and Prince, 1982). Two major
types of muscarinic acetylcholine receptors are known. The M1 receptor subtype, the predominant
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receptor type in the hippocampus (Volpicelli and Levey, 2004), activates the phospholipase C
pathway resulting in production of inositol trisphosphate and diacylglycerol. M2/M4 receptor
subtype, on the other hand, is negatively coupled to cAMP production (Caulfield et al., 1993).
One of the effects of mAChR activation in the hippocampus is potentiation of NMDA
receptor currents. Studies indicated that M1 receptor subtype co-localizes with the NMDA receptors
on CA1 pyramidal cell bodies and dendrites. Indeed, treatment with mAChR agonist carbachol
causes an increase in NMDA induced current, while pretreatment of hippocampal slices with the
antagonist for M1, M1 receptor subtype-toxin, blocks the carbachol-induced potentiation of NMDA
currents (Marino et al., 1998).
The two stage model of memory formation requires very different dynamics during each
stage. Activity in the hippocampal network is highly dependent on the activity state of the animal.
Thus, during active waking, activity in area CA1 is predominantly determined by inputs from the
entorhinal cortex . In contrast, during quiet wakefulness and slow wave sleep, the opposite pattern
may be seen, where outputs from CA3 affect the CA1 and the entorhinal cortex. This difference has
been attributed to differential acetylcholine modulation between these two states). It has been shown
that during active waking states there is a high release of acetylcholine, which might contribute
to theta rhythm, as acetylcholine correlates with the amplitude of theta oscillation (Marrosu et
al., 1995;Monmaur et al., 1997) and cholinergic blockage reduces theta oscillation amplitude.
Experiments with brain slices demonstrate that acetylcholine suppresses transmission at excitatory
recurrent collaterals in the CA3 region of the hippocampus and suppresses transmission at the
Schaffer collaterals connecting CA3 and CA1 and at the CA1 to subiculum synapse (Hounsgaard,
1978;Valentino and Dingledine, 1981;Hasselmo et al., 1995;Dutar and Nicoll, 1988;Sheridan and
Sutor, 1990). In quiet waking state, measurements of acetylcholine levels in the hippocampus show
a decrease relative to the active waking state (Marrosu et al., 1995), which would lead to a release
of the glutamatergic synapses from cholinergic suppression. This notion is consistent with the much
larger synaptic potentials in the CA1 region and entorhinal cortex during quiet waking (Winson and
Abzug, 1978) and sharp wave generation in the area CA3 (Buzsaki, 1986e). Lower acetylcholine
levels indicate stronger feedback between CA3 and CA1 and from CA1 to the entorhinal cortex
(Buzsaki, 1986d). A striking decrease in acetylcholine concentrations in the hippocampus was
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observed during slow wave sleep which would further release glutamatergic synapses from
suppression, resulting in stronger excitatory feedback from CA3 to CA1 and entorhinal cortex
(Buzsaki, 1986b).
The various modulations of the hippocampal circuitry can be regulated by effects of
mAChR on cytoplasmic calcium signals, and interactions with ionotropic and metabotropic
glutamate receptors (Bashir, 2003). As reported by Nash et al. in 2004 (Nash et al., 2004), mAChRstimulated inositol 1,4,5-trisphosphate production, which, in turn, facilitates calcium release from
the internal stores in hippocampal neurons. mAChR stimulation reduces NMDA responses in CA3
hippocampal pyramidal cells via Ca2+-dependent activation of tyrosine phosphatase (Grishin et
al., 2005). Taken together with our current study, these reports support the notion that mAChR are
fundamental to plasticity in the hippocampus and, as our study shows, are critically involved in
the bidirectional cell specific synaptic plasticity in the subiculum. Recall that we showed calcium
dependence of plasticity in both the burst firing cells and regular firing cells in the subicilum,
although the induction mechanisms are qualitatively different: LFS causes LTD in the burst firing
cells in an NMDA receptor dependent manner, and LTP induction in in regular firing cells is mGluRdependent,. It might be that mAChR modulates the calcium levels upon activation and thus calcium
levels may directly influence the mGluR and NMDA receptors. Alternatively, mAChR might induce
calcium release from internal stores, thereby mediating and modulating the direction of the synaptic
plasticity, in a concentration and cell type dependent manner.
In hippocampal pyramidal cells, voltage and calcium gated ion channels located in the
dendritic spines open as a consequence of glutamate receptor activation and act within a complex
loop that feeds back to regulate synaptic signals(Bloodgood and Sabatini, 2008). The role of Cav1.2
voltage gated calcium channels in induction of long term synaptic plasticity in the hippocampus
was also demonstrated to be NMDA receptors independent in hippocampal synaptic plasticity
(Moosmang et al., 2005). In this study the function of Cav1.2 calcium channels was evaluated in
spatial learning, synaptic plasticity and triggering of learning-associated biochemical processes.
The study used a mouse model with inactive Cav1.2 calcium channel gene in the hippocampus and
neocortex. Using this model, they showed a loss of a late-phase LTP, which is protein synthesis
dependent and NMDA-R-independent, at the Schaffer collateral\CA1, in addition to severe
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impairment in hippoocampal dependent spatial memory. Another study showed that VGCCs express
a different form of LTP in CA1 than the NMDA receptor form of LTP(Morgan and Teyler, 1999).
Further, upon altering a β3 subunit of the calcium channel, an NMDA receptor dependent LTP was
reported (Jeon et al., 2008). VGCCs show differential effects on synaptic plasticity depending upon
the structure and pattern of their activation. In CA1 and entorhinal cortex, the VGCC mediated
calcium transients are required for NMDA receptor dependent LTD (Zhou et al., 2005;Christie
et al., 1997). Inhibition of the VGCCs enhances the LFS-induced LTD and blocks LTP in CA1
((Raymond and Redman, 2006;Udagawa et al., 2006). According to our study in subiculum, the
NMDA-receptor dependent LTD in burst firing cells and the mGluR-dependent LTP in the regular
firing cells require co-activation of VGCCs (Shor et al 2008). The distinct nature of the synaptic
plasticity in the two types of cells in subiculum is therefore modulated by VGCCs. Given that the
amplitude of calcium transients and synaptic potentials in dendrites depend on activation of VGCCs
and mAChR, the polarity of synaptic plasticity might be fine-tuned by these factors to control the
output of the hippocampus to other cortical and sub-cortical regions .
The spatial distribution of burst firing cells and regular firing cells in the proximo-distal and
deep-superficial axes of the subiculum (Greene and Totterdell, 1997; Staff et al., 2000; Harris and
Stewart, 2001; Harris and Stewart, 2001) and the topography of subicular efferent fibres (Naber
and Witter, 1998; Ishizuka, 2001) suggest that burst firing cells and regular firing cells may target
different brain structures. These findings may be relevant in supporting the hypothesis of O’Mara
(O'Mara, 2006b), where a segregation of function within the subiculum was proposed. In this
model, which is primarly based on lesion studies, the dorsal part of the subiculum is principally
concerned with processing information about space, movement and memory, while the ventral part
of the subiculum is an interface between the hippocampus and the HPA axis, functioning mainly in
the inhibition of the HPA axis.
Stress is defined as high excitability or arousal, a perception of aversiveness and lack of
control over outcomes (Kim and Diamond, 2002). Stress response is controlled by the HPA axis,
which, in turn, is controlled and regulated by the hippocampus. Behavioral and systemic stress
results in the release of corticotropin-releasing hormone (CRH) from the hypothalamus into the
portal circulation of the anterior pituitary, which then releases adrenocorticotropin-releasing
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hormone (ACTH) into the blood stream. This pathway results in corticosterone release from adrenal
cortex. Behaviorally, ACTH initiates the so called ”fight or flight” response, mobilizes energy stores,
decreases reflex threshold, increases respiratory rate, muscle tension and gastric motility, and are
behaviorally adaptive. Simulating such stress responses inhibits LTP, causes hippocampal atrophy,
and impairs hippocampus dependent learning. The subiculum in general, regulates the HPA-axis
stress response and the CA1-subiculum synapses are affected by behavioral and systemic stress
(Commins, 2000). Behavioral stress accompanied with LTD induction protocols produces LTD.
Consistent with Lowry (Lowry, 2002b; Herman, 1995; Herman, 1998; Mueller, 2004), the ventral
subiculum plays a dynamic and inhibitory role in the HPA axis and therefore regulates the stress
response. A study (Maren, 1999) that used lesions of the ventral subiculum showed, in accordance
with the proposed role of the ventral subiculum, the attenuation of the HPA response to systemic
and behavioral stressors.
Experiments on freely moving animals tested during exploration of objects or in mazes and
in open field environments show that subicular cells, unlike the CA1 cells, tend to fire throughout
the environment and show several peaks of activity. These data imply that subicular place-fields
have a lower resolution and comprise of much larger areas of comparable environments than those
of area CA1 (O'Mara et al., 2000; Sharp and Green, 1994; Barnes et al., 1990). The perirhinal
cortex, responsive to novelty or familiarity of objects, projects to the subiculum. These findings
can be explained by the convergence of multiple CA1 place cells onto a single subicular cell,
thus resulting in the convergence of movement information in the subiculum. The multiple activity
peaks probably reflect separate place cell inputs. Movement information is derived through the
CA1 projections to the subiculum and other cortical areas converging onto the entorhinal cortex.
Overall, the dorsal part of the subiculum, according to the above hypothesis, is an area of integration
between spatial information of the hippocampus and general whole-body movement information
which is mainly cortical in origin. Moreover, there is evidence for the combination of spatial
and working memory information (Deadwyler and Hampson, 2004) and combination of spatial
and object information(Anderson and O'Mara, 2003;Anderson and O'Mara, 2004). Sharp (Sharp,
1997) has shown that the subicular place fields are extremely stable in two distinctively different
environments, namely, cylindrical and square open fields. Moreover, subicular place cells anticipate
future location faster than the CA1 place cells (Sharp, 1999a). In spatial delayed nonmatch-to-sample
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tasks, these differences are sustained (Deadwyler and Hampson, 2004). Task relevant information is
encoded by the subiculum for a short period of time while the CA1 cells are progressively engaged
in retrieval processes. Upon entering a new environment, the place fields evolve through entorhinal
cortex to the CA1 and the subiculum (Brun et al., 2002). Moreover, upon exposure to this new
environment, place cells of the subiculum emerge immediately, while the CA1 cells need to be
exposed to the environment two or three times in order for them to develop their place fields (Wills
et al., 2005).
The spatial distribution and topography of the subicular efferents (Greene and Totterdell,
1997;Ishizuka, 2001) suggest that the two types of subicular pyramidal cells may target different
subcortical structures. Regular firing cells seem to project to the entorhinal cortex, while the burst
firing cells seem to project to the presubiculum (Stewart, 1997). The inputs to these two types of
cells originate mainly from the CA1, entorhinal cortex and the thalamic reuniens nucleus (Witter et
al., 1989a;Witter et al., 1989b). These findings are not in contradiction with the differential outputs
of the cells for the reason that although distinct inputs seem to be distributed in a topographic
manner across the subiculum, they may have a different synaptic integration in the different cell
types as our results clearly show.
These findings and hypotheses relate directly to different but related concepts of memory.
Firstly, by linking the environmental cues to the significance of the subiculum in encoding and
processing them, the subiculum should be related to the working memory and memory consolidation
concepts.
We have shown in our study that the subiculum utilizes cellular and synaptic mechanisms
independently to provide differential processing of sensory information from the hippocampus to
other cortical and sub cortical brain regions. Hence the distinct forms of synaptic plasticity in burst
firing cells and regular firing cells may reflect the vast dynamic capacity for information storage
by the subiculum and underpin its unique role in information processing in the hippocampalcortical axis.

58

Reference List

1

Abbott LF, Regehr WG (2004) Synaptic computation
1. Nature 431: 796-803.

2

Amaral DG, Witter MP (1995) The hippocampal formation. In: The rat nervous
system (Paxinos G, ed), pp 443-494. New York: Academic Press.

3

Anderson M, Commins S, O'Mara SM (2000) The effects of low frequency and
two-pulse stimulation protocols on synaptic transmission in the CA1-subiculum
pathway in the anaesthetized rat. Neurosci Lett 279: 181-184.

4

Anderson MI, O'Mara SM (2003) Analysis of recordings of single-unit firing and
population activity in the dorsal subiculum of unrestrained, freely moving rats.
Journal of Neurophysiology 90: 655-665.

5

Anderson MI, O'Mara SM (2004) Responses of dorsal subicular neurons of rats
during object exploration in an extended environment.
Experimental Brain Research
159: 519-529.

6

Andersen, P; Bliss TVP, Skrede KK (1971). "Lamellar organization of 		
hippocampal excitatory pathways". Exp. Brain Res. 13: 222–238

7

Andersen P, Morris R, Amaral D, Bliss T, O'Keefe J. "Ch 3. Hippocampal 		
Neuroanatomy". in		The Hippocampus Book. Oxford University Press

8

Artola A, Singer W (1993) Long-term depression of excitatory synaptic 		
transmission and its relationship to long-term potentiation.
Trends Neurosci 16: 480-487.

9

Atri A, Sherman S, Norman KA, Kirchhoff BA, Nicolas MM, Greicius MD,
Cramer SC, Breiter HC, Hasselmo ME, Stern CE (2004) Blockade of central
cholinergic receptors impairs new learning and increases proactive interference in
a word paired-associate memory task 8. Behavioral Neuroscience 118: 223-236.

10

Baddeley A (2001) Fractionating the central executive. Brain and Cognition 47: 6.

11

Baddeley A, Jarrold C (2007) Working memory and Down syndrome. Journal of
Intellectual Disability Research 51: 925-931.

12

Barnes CA, McNaughton BL, Mizumori SJY, Leonard BW, Lin L-H. 1990
Comparison of spatial and temporal characteristics of neuronal activity in 		
sequential stages of hippocampal processing. Prog Brain Res 83:287–300.

58
59

Reference List

13

Barrionuevo G, Schottler F, Lynch G (1980) The Effects of Repetitive Low-		
Frequency Stimulation on Control and Potentiated Synaptic Responses in the
Hippocampus 1. Life Sciences 27: 2385-2391.

14

Bartos M, Vida I, Jonas P (2007c) Synaptic mechanisms of synchronized gamma
oscillations in inhibitory interneuron networks. Nat Rev Neurosci 8: 45-56.

15

Bashir ZI (2003) On long-term depression induced by activation of G-protein
coupled receptors 2. Neurosci Res 45: 363-367.

16

Bashir ZI, Bortolotto ZA, Davies CH, Berretta N, Irving AJ, Seal AJ, Henley JM,
Jane DE, Watkins JC, Collingridge GL (1993) Induction of LTP in the 		
hippocampus needs synaptic activation of glutamate metabotropic receptors.
Nature 363: 347-350.

17

Bashir ZI, Collingridge GL (1994) An investigation of depotentiation of long-term
potentiation in the CA1 region of the hippocampus. Exp Brain Res 100: 437-443.

18

Bear MF, Kirkwood A (1993) Neocortical long-term potentiation. Curr Opin
Neurobiol 3: 197-202.

19

Behr J, Gloveli T, Heinemann U (1998) The perforant path projection from the
medial entorhinal cortex layer III to the subiculum in the rat combined 		
hippocampal-entorhinal cortex slice. Eur J Neurosci 10: 1011-1018.

20

Benardo LS, Prince DA (1982) Cholinergic excitation of mammalian hippocampal
pyramidal cells. Brain Res 249: 315-331.

21

Bernard CL, Wheal HV (1995) Simultaneous expression of long-term depression
of NMDA and long- term potentiation of AMPA receptor-mediated synaptic
responses in the CA1 area of the kainic acid-lesioned hippocampus. Eur J 		
Neurosci 7: 1651-1655.

22

Bi GQ, Poo MM (1998) Synaptic modifications in cultured hippocampal neurons:
Dependence on spike timing, synaptic strength, and postsynaptic cell type. Journal
of Neuroscience 18: 10464-10472.

23

Bienenstock EL, Cooper LN, Munro PW (1982) Theory for the development of
neuron selectivity: orientation specificity and binocular interaction in visual
cortex. J Neurosci 2: 32-48.

60
59

Reference
List
Reference
List

24

Bliss TVP, Collingridge GL (1993) A synaptic model of memory:		Long-term
potentiation in the hippocampus. Nature 361: 31-39.

25

Bliss TVP, Gardner-Medwin AR (1973) Long-lasting potentiation of synaptic
transmission in the dentate area of the unaestetized rabbit following stimulation of
the perforant path. J Physiol (Lond ) 232: 357-374.

26

Bliss TVP, Lomo T (1973) Long-Lasting Potentiation of Synaptic Transmission in
Dentate Area of Anesthetized Rabbit Following Stimulation of Perforant Path
1. Journal of Physiology-London 232: 331-356.

27

Bloodgood BL, Sabatini BL (2008) Regulation of synaptic signalling by 		
postsynaptic, non-glutamate receptor ion channels 5. Journal of PhysiologyLondon 586: 1475-1480.

28

Bolshakov VY, Siegelbaum SA (1994) Postsynaptic Induction and Presynaptic
Expression of Hippocampal Long-Term Depression 2. Science 264: 1148-1152.

29

Bortolotto ZA, Collingridge GL (1993) Characterisation of LTP induced by the
activation of glutamate metabotropic receptors in area CAl of the hippocampus.
Neuropharmacology 32: 1-9.

30

Bortolotto ZA, Collingridge GL (1995) On the mechanism of long-term 		
potentiation induced by (1S, 3R)-1-aminocyclopentane-1,3-dicarboxylic acid
(ACPD) in rat hippocampal slices. Neuropharmacology 34: 1003-1014.

31

Bragin A, Jandó G, Nádasdy Z, Hetke J, Wise K, Buzsáki G (1995) Gamma (40100 Hz) oscillation in the hippocampus of the behaving rat. J Neurosci 15: 47-60.

32

Braunewell KH, Manahan-Vaughan D (2001) Long-term depression: a cellular
basis for learning? Rev Neurosci 12: 121-140.

33

Breakwell NA, Rowan MJ, Anwyl R (1996) Metabotropic glutamate receptor
dependent EPSP and EPSP-spike potentiation in area CA1 of the submerged rat
hippocampal slice. J Neurophysiol 76: 3126-3135.

34

Brun VH, Otnass MK, Molden S, Steffenach HA, Witter MP, Moser MB, Moser
EI (2002) Place cells and place recognition maintained by direct entorhinal-		
hippocampal circuitry 7. Science 296: 2243-2246.

61
60

Reference List

35

Buhl EH, Tamas G, Fisahn A (1998) Cholinergic activation and tonic excitation
induce persistent gamma oscillations in mouse somatosensory cortex in vitro. J
Physiol 513 ( Pt 1): 117-126.

36

Buzsaki G (1986b) Hippocampal sharp waves: their origin and significance. Brain
Res 398: 242-252.

37

Buzsaki G (1989) Two-stage model of memory trace formation: a role for "noisy"
brain states. Neuroscience 31: 551-570.

38

Buzsaki G (1996) The hippocampo-neocortical dialogue. Cereb Cortex 6: 81-92.

39

Buzsáki G (1998) Memory consolidation during sleep: a neurophysiological
perspective. J Sleep Res 7: 17-23.

40

Buzsaki G, Leung LW, Vanderwolf CH (1983) Cellular bases of hippocampal EEG
in the behaving rat. Brain Res 287: 139-171.

41

Caulfield MP, Robbins J, Higashida H, Brown DA (1993) Postsynaptic Actions of
Acetylcholine - the Coupling of Muscarinic Receptor Subtypes to Neuronal Ion
Channels. Progress in Brain Research 98: 293-301.

42

Chinestra P, Aniksztejn L, Diabira D, Ben-Ari Y (1993) (RS)-a-methyl-4-		
carboxyphenylglycine neither prevents induction of LTP nor antagonizes 		
metabotropic glutamate receptors in CA1 hippocampal neurons. J Neurophysiol
70: 2684-2689.

43

Cho K, Kemp N, Noel J, Aggleton JP, Brown MW, Bashir ZI (2000) A new form
of long-term depression in the perirhinal cortex. Nature Neuroscience 3: 150-156.

44

Christie BR, Schexnayder LK, Johnston D (1997) Contribution of voltage-gated
Ca2+ channels to homosynaptic long- term depression in the CA1 region in vitro.
J Neurophysiol 77: 1651-1655.

45

Citri A, Malenka RC (2008) Synaptic plasticity: Multiple forms, functions, and
mechanisms 1. Neuropsychopharmacology 33: 18-41.

46

Cohen I, Navarro V, Clemenceau S, Baulac M and Miles R, On the origin 		
of interictal activity in human temporal lobe epilepsy in vitro, Science 298 (2002),
pp. 1418–1421

61
62

Reference List

47

Colling SB, Stanford IM, Traub RD, Jefferys JGR (1998) Limbic gamma rhythms.
I. Phase-locked oscillations in hippocampal CA1 and subiculum. Journal of 		
Neurophysiology 80: 155-161.

48

Commins S, Anderson M, Gigg J, O'Mara SM (1999) The effects of single and
multiple episodes of theta patterned or high frequency stimulation on synaptic
transmission from hippocampal area CA1 to the subiculum in rats. Neurosci Lett
270: 99-102.

49

Commins S, Gigg J, Anderson M, O'Mara SM (1998a) Interaction between pairedpulse facilitation and long-term potentiation in the projection from hippocampal
area CA1 to the subiculum. NeuroReport 9: 4109-4113.

50

Commins S, Gigg J, Anderson M, O'Mara SM (1998b) The projection from
hippocampal area CA1 to the subiculum sustains long- term potentiation. 		
NeuroReport 9: 847-850.

51

Commins S, O'Neill LAJ, O'Mara SM (2001) The effects of the bacterial 		
endotoxin lipopolysaccharide on synaptic transmission and plasticity in the CA1subiculum pathway in vivo 1. Neuroscience 102: 273-280.

52

Cull-Candy S, Brickley S, Farrant M (2001) NMDA receptor subunits: diversity,
development and disease. Curr Opin Neurobiol 11: 327-335.

53

D'Antuono M, Kawasaki H, Palmieri C, Avoli M (2001) Network and intrinsic
contributions to carbachol-induced oscillations in the rat subiculum. J 		
Neurophysiol 86: 1164-1178.

54

Deadwyler, S. A. and Hampson, R. E. (2004) Differential but complementary
mnemonic functions of the hippocampus and subiculum. Neuron 42, 465-		
476.Controlling hippocampal output: the central role of subiculum in hippocampal
information rocessing.O'Mara S. Behav Brain Res. 2006 Nov 11;174(2):304-12

55

Deadwyler SA, Hampson RE (2004) Differential but complementary mnemonic
functions of the hippocampus and subiculum. Neuron 42: 465-476.

56

Diba K, Buzsaki G (2007) Forward and reverse hippocampal place-cell sequences
during ripples. Nat Neurosci 10: 1241-1242.

62
63

Reference List

57

Doyle CA, Hölscher C, Rowan MJ, Anwyl R (1996) The selective neuronal NO
synthase inhibitor 7-nitro-indazole blocks both long-term potentiation and 		
depotentiation of field EPSPs in rat hippocampal CA1 in vivo. J Neurosci 16: 418424.

58

Dudek SM, Bear MF (1992) Homosynaptic long-term depression in area CA1 of
hippocampus and effects of N-methyl-D-aspartate receptor blockade. Proc Natl
Acad Sci U S A 89: 4363-4367.

59

Dutar P, Nicoll RA (1988) Classification of muscarinic responses in hippocampus
in terms of receptor subtypes and second-messenger systems: electrophysiological
studies in vitro. J Neurosci 8: 4214-4224.

60

Fidzinski P, Shor O, Behr J (2008) Target-cell-specific bidirectional synaptic
plasticity at hippocampal output synapses 2. Eur J Neurosci 27: 1111-1118.

61

Fisahn A, Pike FG, Buhl EH, Paulsen O (1998) Cholinergic induction of network
oscillations at 40 Hz in the hippocampus in vitro. Nature 394: 186-189.

62

Glaum SR, Miller RJ (1993) Activation of Metabotropic Glutamate Receptors
Produces Reciprocal Regulation of Ionotropic Glutamate and Gaba Responses in
the Nucleus of the Tractus-Solitarius of the Rat. Journal of Neuroscience
13: 1636-1641.

63

Gray CM (1994) Synchronous oscillations in neuronal systems: mechanisms and
functions. J Comput Neurosci 1: 11-38.

64

Greene JR, Totterdell S (1997) Morphology and distribution of
electrophysiologically defined classes of pyramidal and nonpyramidal neurons in
rat ventral subiculum in vitro. J Comp Neurol 380: 395-408.

65

Grishin AA, Benquet P, Gerber U (2005) Muscarinic receptor stimulation reduces
NMDA responses in CA3 hippocampal pyramidal cells via Ca2+-dependent
activation of tyrosine phosphatase 1. Neuropharmacology 49: 328-337.

66

Harris E, Stewart M (2001) Intrinsic connectivity of the rat subiculum: II. 		
Properties of synchronous spontaneous activity and a demonstration of multiple
generator regions. J Comp Neurol 435: 506-518.

67

Harris E, Witter MP, Weinstein G, Stewart M (2001) Intrinsic connectivity of the
rat subiculum: I. Dendritic morphology and patterns of axonal arborization by
pyramidal neurons. J Comp Neurol 435: 490-505.
64
63

Reference List

68

Haruta H, Kamishita T, Hicks TP, Takahashi MP, Tsumoto T (1994) Induction of
Ltd But Not Ltp Through Metabotropic Glutamate Receptors in Visual-Cortex
8. NeuroReport 5: 1829-1832.

69

Hasselmo ME, McGaughy J (2004) High acetylcholine levels set circuit dynamics
for attention and encoding and low acetylcholine levels set dynamics for 		
consolidation. Acetylcholine in the Cerebral Cortex 145: 207-231.

70

Hasselmo ME, Schnell E, Barkai E (1995) Dynamics of learning and recall at
excitatory recurrent synapses and cholinergic modulation in rat hippocampal
region CA3. J Neurosci 15: 5249-5262.

71

Henry L.Roediger YDSMF (2007b) Science of Memory: Concepts. Oxford.

72

Hitch GJ, Baddeley AD (1976) Verbal Reasoning and Working Memory 4. 		
Quarterly Journal of Experimental Psychology 28: 603-621.

73

H. Li, J. Zhang, W. Xiong, T. Xu, J. Cao, L. Xu, Long-term depression in rat CA1subicular synapses depends on the G-protein coupled mACh receptors, Neurosci.
Res. 52 (2005) 287–294

74

Hopfield JJ, Tank DW (1986) Computing with Neural Circuits - A Model. Science
233: 625-633.

75

Hounsgaard J (1978) Inhibition Produced by Iontophoretically Applied
Acetylcholine in Area Ca1 of Thin Hippocampal Slices from Rat 1. Acta 		
Physiologica Scandinavica 103: 110-111.

76

Huang YY, Kandel ER (2005) Theta frequency stimulation up-regulates the 		
synaptic strength of the pathway from CA1 to subiculum region of hippocampus.
Proc Natl Acad Sci U S A 102: 232-237.

77

Huang Y-Y, Colino A, Selig DK, Malenka RC (1992) The influence of prior
synaptic activity on the induction of long-term potentiation. Science 255: 730-733.

78

Ishizuka N (2001) Laminar organization of the pyramidal cell layer of the 		
subiculum in the rat. J Comp Neurol 435: 89-110.

79

Ismailov I, Kalikulov D, Inoue T, Friedlander MJ (2004) The kinetic profile of
intracellular calcium predicts long-term potentiation and long-term depression. J
Neurosci 24: 9847-9861.

65
64

Reference List
Reference List

80

Ito I, Sugiyama H (1991a) Roles of Glutamate Receptors in Long-Term 		
Potentiation at Hippocampal Mossy Fiber Synapses. Neuroreport 2: 333-336.

81

Izumi Y, Zorumski CF (1994) Developmental changes in the effects of 		
metabotropic glutamate receptor antagonists on CA1 long-term potentiation in
rat hippocampal slices. Neurosci Lett 176: 89-92.

82

Jeon D, Song I, Guido W, Kim K, Kim E, Oh U, Shin HS (2008) Ablation of
Ca2+ channel beta 3 subunit leads to enhanced N-methyl-D-aspartate receptordependent long term potentiation and improved long term memory 1. Journal of
Biological Chemistry 283: 12093-12101.

83

J.P. Herman, W.E. Cullinan, M.I. Morano, H. Akil and S.J. Watson,Contribution
of the ventral subiculum to inhibitory regulation of the hypothalamo-pituitaryadrenocortical axis, J Neuroendocrinol 7 (1995), pp. 475–482.

84

J.P. Herman, C.M. Dolgas and S.L. Carlson, Ventral subiculum regulates 		
hypothalamo-pituitary-adrenocortical and behavioural responses to cognitive
stressors, Neuroscience 86 (1998), pp. 449–459.

85

Jung MW, McNaughton BL (1993) Spatial Selectivity of Unit-Activity in the
Hippocampal Granular Layer. Hippocampus 3: 165-182.

86

Kandler K, Katz LC, Kauer JA (1998) Focal photolysis of caged glutamate 		
reveals an entirely postsynaptic form of LTD in hippocampal CA1 neurons.
European Journal of Neuroscience 10: 332.

87

Katz B, Miledi R (1968) The role of calcium in neuromuscular facilitation. J
Physiol (Lond ) 195: 481-492.

88

Kemp N, Bashir ZI (2001) Long-term depression: a cascade of induction and
expression mechanisms. Prog Neurobiol 65: 339-365.

89

Kim JJ, Diamond DM (2002) The stressed hippocampus, synaptic plasticity and
lost memories 1. Nature Reviews Neuroscience 3: 453-462.

90

Kivi, A., Wozny, C., Heinemann, U., and Behr, J. Cell- and pathway-specific
synaptic properties in rat subicular neurons.		2002.Ref Type: Thesis/Dissertation

91

Kohonen T (1984) "Self-Organization and Associative Memory.". Berlin and
New York: Springer-Verlag.

66
65

Reference List
Reference List

92

Kokaia M.Long-term potentiation of single subicular neurons in mice. 		
Hippocampus. 2000;10(6):684-92.

93

Kombian SB, Malenka RC (1994) Simultaneous Ltp of Non-Nmda-RecepterMediated and Ltd of Nmda-Recepter-Mediated Responses in the Nucleus-		
Accumbens 1. Nature 368: 242-246.

94

Lee HK, Kameyama K, Huganir RL, Bear MF (1998) NMDA induces long-		
term synaptic depression and dephosphorylation of the GluR1 subunit of AMPA
receptors in hippocampus. Neuron 21: 1151-1162.

95

Lisman JE, Idiart MAP (1995) Storage of 7 +/- 2 short-term memories in 		
oscillatory subcycles. Science 267: 1512-1515.

96

Lowry CA (2002b) Functional subsets of serotonergic neurones: Implications
for control of the hypothalamic-pituitary-adrenal axis 1. Journal of 			
Neuroendocrinology 14: 911-923.

97

Lu JT, Li CY, Zhao JP, Poo MM, Zhang XH (2007) Spike-timing-dependent
plasticity of neocortical excitatory synapses on inhibitory interneurons depends
on target cell type. J Neurosci 27: 9711-9720.

98

Lynch GS, Dunwiddie T, Gribkoff V (1977) Heterosynaptic Depression - 		
Postsynaptic Correlate of Long-Term Potentiation 1. Nature 266: 737-739.

99

Malenka RC, Bear MF (2004) LTP and LTD: an embarrassment of riches. 		
Neuron 44: 5-21.

100

Malenka RC, Nicoll RA (1999) Long-term potentiation--a decade of progress?
Science 285: 1870-1874.

101

Malinow R, Mainen ZF, Hayashi Y (2000) LTP mechanisms: from silence to
four-lane traffic. Current Opinion in Neurobiology 10: 352-357.

102

Malinow R, Malenka RC (2002) AMPA receptor trafficking and synaptic 		
plasticity 1. Annual Review of Neuroscience 25: 103-126.

103

Manahan-Vaughan D, Braunewell K-H (1999) Novelty acquisition is associated
with induction of hippocampal long-term depression. Proc Natl Acad Sci U S A
96:8739-8744.

67
66

Reference List

104

M. Anderson and S.M. O’Mara, Activity of subicular units on a spatial and nonspatial version of an open-field object exploration task, Exp Brain Res 159 (2004),
pp. 519–529

105

Maren S (1999) Neurotoxic or electrolytic lesions of the ventral subiculum 		
produce deficits in the acquisition and expression of pavlovian fear conditioning in
rats. Behavioral Neuroscience 113: 283-290.

106

Marino MJ, Rouse ST, Levey AI, Potter LT, Conn PJ (1998) Activation of the
genetically defined m1 muscarinic receptor potentiates N-methyl-D-aspartate
(NMDA) receptor currents in hippocampal pyramidal cells. Proceedings of the
National Academy of Sciences of the United States of America 95: 11465-11470.

107

Markram H, Lübke J, Frotscher M, Sakmann B (January 1997). "Regulation of
synaptic efficacy by coincidence of postsynaptic APs and EPSPs". Science 275
(5297): 213–5.

108

Marrosu F, Portas C, Mascia MS, Casu MA, Fa M, Giagheddu M, Imperato A,
Gessa GL (1995) Microdialysis Measurement of Cortical and Hippocampal 		
Acetylcholine-Release During Sleep-Wake Cycle in Freely Moving Cats
8. Brain Research 671: 329-332.

109

Martin SJ, Grimwood PD, Morris RG (2000) Synaptic plasticity and memory: an
evaluation of the hypothesis. Annu Rev Neurosci 23: 649-711.

110

Martin SJ, Morris RGM (2002a) New life in an old idea: The synaptic plasticity
and memory hypothesis revisited. Hippocampus 12: 609-636.

111

McGuinness N, Anwyl R, Rowan MJ (1991) Trans-ACPD enhances long-term
potentiation in the hippocampus. Eur J Pharmacol 197: 231-232.

112

Menendez dlP, Suarez F, Pozo MA (2003) Electrophysiological and morphological
diversity of neurons from the rat subicular complex in vitro. Hippocampus 		
13: 728-744.

113

Monmaur P, Collet A, Puma C, Frankel-Kohn L, Sharif A (1997) Relations 		
between acetylcholine release and electrophysiological characteristics of theta
rhythm: a microdialysis study in the urethane-anesthetized rat hippocampus. Brain
Res Bull 42: 141-146.

68
67

Reference List

114

Moosmang S, Haider N, Klugbauer N, Adelsberger H, Langwieser N, Muller J,
Stiess M, Marais E, Schulla V, Lacinova L, Goebbels S, Nave KA, Storm DR,
Hofmann F, Kleppisch T (2005) Role of hippocampal Ca(v)1.2 Ca2+ channels in
NMDA receptor-independent synaptic plasticity and spatial memory
1. J Neurosci 25: 9883-9892.

115

Morgan SL, Teyler TJ (1999) VDCCs and NMDARs underlie two forms of LTP in
CA1 hippocampus in vivo 1. J Neurophysiol 82: 736-740.

116

Morris RG, Garrud P, Rawlins JN, O'Keefe J (1982) Place navigation impaired in
rats with hippocampal lesions. Nature 297: 681-683.

117

Morris RGM, Rugg MD (2004) Messing about in memory. Nature Neuroscience
7: 1171-1173.

118

Mulkey RM, Endo S, Shenolikar S, Malenka RC (1994a) Involvement of A
Calcineurin/Inhibitor-1 Phosphatase Cascade in Hippocampal Long-Term 		
Depression. Nature 369: 486-488.

119

Mulkey RM, Herron CE, Malenka RC (1994b) The Cellular Mechanisms of
Hippocampal Long-Term Depression 2. Biomedical Research-Tokyo 15: 83-90.

120

Mulkey RM, Malenka RC (1992) Mechanisms underlying induction of 		
homosynaptic long-term depression in area CA1 of the hippocampus.
Neuron 9: 967-975.

121

Naber PA, Witter MP (1998) Subicular efferents are organized mostly as parallel
projections: a double-labeling, retrograde-tracing study in the rat. J Comp Neurol
393: 284-297.

122

Nash MS, Willets JM, Billups B, Challiss RAJ, Nahorski SR (2004) Synaptic
activity augments muscarinic acetylcholine receptor-stimulated inositol
1,4,5-trisphosphate production to facilitate Ca2+ release in hippocampal neurons.
Journal of Biological Chemistry 279: 49036-49044.

123

Nevian T, Sakmann B (2006) Spine Ca2+ signaling in spike-timing-dependent
plasticity. J Neurosci 26: 11001-11013.

124

Nicoll RA (2003) Expression mechanisms underlying long-term potentiation: a
postsynaptic view. Philos Trans R Soc Lond [Biol ] 358: 721-726.

69
68

Reference List
Reference List

125

N.K. Mueller, C.M. Dolgas and J.P. Herman, Stressor-selective role of the
ventral subiculum in regulation of neuroendocrine stress responses,
Endocrinology 145 (2004), pp. 3763–3768.

126

O'Connor DH, Wittenberg GM, Wang SS (2005) Dissection of bidirectional
synaptic plasticity into saturable unidirectional processes. J Neurophysiol
94: 1565-1573.

127

O'Keefe J, Nadel L (1978) The hippocampus as a cognitive map. Oxford: 		
Oxford University Press.

128

O’Leary, D.M. & O’Connor, J.J. (1999) Potentiation of synaptic transmission
by (S) -3,5-dihydroxy phenylglycine in the rat dentate gyrus in vitro: a role for
voltage dependent calcium channels and protein kinase C. Prog. 			
Neuropsychopharmacol. Biol. Psychiatry, 23, 133–147.

129

O'Mara S (2006a) Controlling hippocampal output: The central role of 		
subiculum in hippocampal information processing. Behavioural Brain Research
174: 304-312.

130

O'Mara SM, Commins S, Anderson M (2000) Synaptic plasticity in the
hippocampal area CA1-subiculum projection: implications for theories of
memory. Hippocampus 10: 447-456.

131

O'Mara SM, Commins S, Anderson M, Gigg J (2001) The subiculum: a review
of form, physiology and function. Prog Neurobiol 64: 129-155.

132

O'Mara SM, Rowan MJ, Anwyl R (1995) Metabotropic glutamate receptor-		
induced homosynaptic long- term depression and depotentiation in the dentate
gyrus of the rat hippocampus in vitro. Neuropharmacology 34: 983-989.

133

Omara SM, Rowan MJ, Anwyl R (1995) Dantrolene Inhibits Long-Term 		
Depression and Depotentiation of Synaptic Transmission in the Dentate Gyrus
of		Rat Hippocampal Slices 1. Journal of Physiology-London 487P: 55-56.

134

Philpot BD, Sekhar AK, Shouval HZ, Bear MF (2001) Visual experience and
deprivation bidirectionally modify the composition and function of NMDA 		
receptors in visual cortex 19. Neuron 29: 157-169.

135

Poschel B, Draguhn A, Heinemann U (2002) Glutamate-induced gamma 		
oscillations in the dentate gyrus of rat hippocampal slices. Brain Res 938: 2228.
70
69

Reference List
Reference List

136

Poschel B, Wroblewska B, Heinemann U, Manahan-Vaughan D (2005) The
metabotropic glutamate receptor mGluR3 is critically required for hippocampal
long-term depression and modulates long-term potentiation in the dentate gyrus
of freely moving rats. Cerebral Cortex 15: 1414-1423.

137

Raymond CR, Redman SJ (2006) Spatial segregation of neuronal calcium
signals encodes different forms of LTP in rat hippocampus. Journal of 		
Physiology-London 570: 97-111.

138

Reymann KG (1993) Mechanisms underlying synaptic long-term potentiation
in the hippocampus: focus on postsynaptic glutamate receptors and protein 		
kinases. Funct Neurol 8 Suppl. 5: 7-32.

139

Ritz R, Sejnowski TJ (1997) Synchronous oscillatory activity in sensory 		
systems: new vistas on mechanisms. Curr Opin Neurobiol 7: 536-546.

140

Rogers JL, Kesner RP (2003) Cholinergic modulation of the hippocampus 		
during encoding and retrieval 1. Neurobiology of Learning and Memory 80:
332-342.

141

Rumelhart DEaMJL (1986) Parallel Distributed Processing: Explorations in the
Microstructure of Cognition," Vol. 1. Cambridge, Massachusetts.: MIT Press.

142

S. Commins and S.M. O’Mara, Interactions between paired-pulse facilitation,
low-frequency stimulation, and behavioral stress in the pathway from 		
hippocampal area CA1 to the subiculum: dissociation of baseline synaptic 		
transmission from paired-pulse facilitation and depression of the same pathway,
Psychobiology 28 (2000), pp. 1–11

143

Sejnowski TJ (1981) Skeleton filters in the brain. In: Parallel models in 		
associative memory (Hinton GE, Anderson JA, eds), pp 189-212. Hillsdale,
New Jersey: Erlbaum.

144

Sharp PE, Green C. 1994. Spatial correlates of firing patterns of single cells in
the subiculum of the freely moving rat. J Neurosci 14:2339 –2356. Zola-		
Morgan S, Squire LR, Amaral DG, Suzuki WA. 1989. Lesions of

145

Sharp PE (1997) Subicular cells generate similar spatial firing patterns in two
geometrically and visually distinctive environments: Comparison with 		
hippocampal place cells 1. Behavioural Brain Research 85: 71-92.

71
70

Reference List
Reference List

146

Sharp PE (1999a) Subicular place cells expand or contract their spatial firing
pattern to fit the size of the environment in an open field but not in the presence
of barriers: Comparison with hippocampal place cells. Behavioral Neuroscience
113: 643-662.

147

Sheridan RD, Sutor B (1990) Presynaptic M1 muscarinic cholinoceptors 		
mediate inhibition of excitatory synaptic transmission in the hippocampus in
vitro. Neurosci Lett 108: 273-278.

148

Shor OL, Fidzinski P, Behr J (2009a) Muscarinic acetylcholine receptors and
voltage-gated calcium channels contribute to bidirectional synaptic plasticity at
CA1-subiculum synapses. Neurosci Lett 449: 220-223.

149

Singer W (1993) Synchronization of cortical activity and its putative role in
information processing and learning. Annu Rev Physiol 55: 349-374.

150

Singer W, Gray CM (1995) Visual feature integration and the temporal correlation
hypothesis. Annu Rev Neurosci 18: 555-586.

151

Sjostrom, PJ; Turrigiano, GG; Nelson, SB Multiple forms of long-term plasticity
at unitary neocortical layer 5 synapses Neuropharmacology 52 (2007) 176–184

152

S. Maren, Neurotoxic or electrolytic lesions of the ventral subiculum produce
deficits in the acquisition and expression of Pavlovian fear conditioning in rats,
Behav Neurosci

153

Smith EE, Jonides J (1997) Working memory: A view from neuroimagin
2. Cognitive Psychology 33: 5-42.

154

Snyder EM, Philpot BD, Huber KM, Dong X, Fallon JR, Bear MF (2001) 		
Internalization of ionotropic glutamate receptors in response to mGluR activation.
Nat Neurosci 4: 1079-1085.

155

Staff NP, Jung HY, Thiagarajan T, Yao M, Spruston N (2000) Resting and 		
active properties of pyramidal neurons in subiculum and CA1 of rat hippocampus.
J Neurophysiol 84: 2398-2408.

156

Stanton PK (1996) LTD, LTP, and the sliding threshold for long-term synaptic
plasticity. Hippocampus 6: 35-42.

157

Stephens DN, Weidmann R (1989) Blockade of FG 7142 kindling by 		
anticonvulsants acting at sites distant from the benzodiazepine receptor.
Brain Res 492: 89-98.
72
71

Reference List
Reference List

158

Stewart M (1997) Antidromic and orthodromic responses by subicular neurons in
rat brain slices. Brain Res 769: 71-85.

159

Swanson LW, Cowan WM (1975) Hippocampo-Hypothalamic Connections Origin in Subicular Cortex, Not Ammons Horn 1. Science 189: 303-304.

160

Swanson LW, Sawchenko PE, Cowan WM (1981) Evidence for Collateral 		
Projections by Neurons in Ammons Horn, the Dentate Gyrus, and the Subiculum
- A Multiple Retrograde Labeling Study in the Rat. Journal of Neuroscience
1: 548-559.

161

Traub RD, Whittington MA, Stanford IM, Jefferys JG (1996) A mechanism for
generation of long-range synchronous fast oscillations in the cortex.
Nature 383: 621-624.

162

Theta frequency stimulation up-regulates the synaptic strength of the pathway
from CA1 to subiculum region of hippocampus.Huang YY, Kandel ER. Proc Natl
Acad Sci U S A. 2005 Jan 4;102(1):232-7

163

Turner JP, Salt TE (1999) Group III metabotropic glutamate receptors control
corticothalamic synaptic transmission in the rat thalamus in vitro 1. Journal of
Physiology-London 519: 481-491.

164

Turrigiano GG, Nelson SB (2004) Homeostatic plasticity in the developing 		
nervous system 4. Nature Reviews Neuroscience 5: 97-107.

165

Udagawa R, Nakano M, Kato N (2006) Blocking L-type calcium channels
enhances long-term depression induced by low-frequency stimulation at 		
hippocampal CA1 synapses. Brain Res 1124: 28-36.

166

Ugolini A, Corsi M, Bordi F (1997) Potentiation of NMDA and AMPA responses
by group I mGluR in spinal cord motoneurons. Neuropharmacology
36: 1047-1055.

167

Valentino RJ, Dingledine R (1981) Acetylcholine Inhibits Synaptic Transmission
in the Rat Hippocampal Slice. Federation Proceedings 40: 321.

168

van Welie I, Remme MW, van Hooft JA, Wadman WJ (2006) Different levels of
Ih determine distinct temporal integration in bursting and regular-spiking neurons
in rat subiculum. J Physiol 576: 203-214.

73
72

Reference List

169

Volpicelli LA, Levey AI (2004) Muscarinic acetylcholine receptor subtypes in
cerebral cortex and hippocampus. Acetylcholine in the Cerebral Cortex
145: 59-66.

170

Wainwright ML, Zhang H, Byrne JH, Cleary LJ (2002) Localized neuronal 		
outgrowth induced by long-term sensitization training in aplysia 50. J Neurosci
22: 4132-4141.

171

Wexler EM, Stanton PK (1993) Priming of homosynaptic long-term depression in
hippocampus by previous synaptic activity. NeuroReport 4: 591-594.

172

Wills TJ, Lever C, Cacucci F, Burgess N, O'Keefe J (2005) Attractor dynamics in
the hippocampal representation of the local environment 1. Science 308: 873-876.

173

Winson J, Abzug C (1978) Neuronal transmission through hippocampal pathways
dependent on behavior. J Neurophysiol 41: 716-732.

174

Witter MP, Groenewegen HJ, Da Silva FHL, Lohman AHM (1989a) Functional
organization of the extrinsic and intrinsic circuitry of the parahippocampal region.
Prog Neurobiol 33: 161-253.

175

Witter MP, Van Hoesen GW, Amaral DG (1989b) Topographical organization of
the entorhinal projection to the dentate gyrus of the monkey. J Neurosci
9: 216-228.

176

Wozny, C., Heinemann, U., and Behr, J. Cell-specific synaptic plasticity in the rat
subiculum in vitro. 12th European Students Conference Berlin 2001 . 2001. Ref
Type: Abstract

177

Wozny C, Maier N, Fidzinski P, Breustedt J, Behr J, Schmitz D. Differential
cAMP signaling at hippocampal output synapses. J Neurosci. 2008 Dec 		
31;28(53):14358-62.

178

Wozny C, Maier N, Schmitz D, Behr J. Two different forms of long-term 		
potentiation at CA1-subiculum synapses. J Physiol. 2008 Jun 1;586(Pt 11):272534. Epub 2008 Apr 10.

179

Zalutsky RA, Nicoll RA (1990) Comparison of two forms of long-term 		
potentiation in single hippocampal neurons. Science 248: 1619-1624.

180

Zhou YD, Acker CD, Netoff TI, Sen K, White JA (2005) Increasing Ca2+ 		
transients by broadening postsynaptic action potentials enhances timing-dependent
synaptic depression. Proc Natl Acad Sci U S A 102: 19121-19125.
75
74

Reference
ReferenceList
List

181

Zola-Morgan S, Squire LR (1993) Neuroanatomy of memory. Annu Rev Neurosci
16: 547-563.

182

Zucker RS, Regehr WG (2002) Short-term synaptic plasticity. Annu Rev Physiol
64: 355-405.

76
75

Acknowledgements
First of all I would like to thank my supervisors,
Dr. Joachim Behr and Dr. Uwe Heinemann, for giving
me the chance to work in their laboratory and gain
knowledge in the fascinating field of neurophysiology. Their wonderful guidance has helped me take
that first big step from being a student of science to
being an independent scientist.
Many thanks to my parents Masha and Kalman Shor,
my sister, Michal and of course my grandparents,
Esia Tzaphnat and Avraham Shor, who supported my
decision to study for my Ph.D. in Berlin. Their
encouragement and support means the world to me.
my
As for my own family, my wife, Yael, and son,
childernwho
Daniel
and Anna,
who
meofthe
Daniel,
showed
me the
realshowed
meaning
life
real meaning
of life
and gavefor
memy
thework
inspiration
and
gave me the
inspiration
in the
for my work in the laboratory.
laboratory.
During my doctorate studies, I met two exceptional
friends, Ludger Nakel, and Arnab Chakrabarty. The
whole idea of moving to Berlin was worthwhile on
account of meeting such friends. I cannot express my
feelings for them, its pure love.
Last but not the least, Dr. Christoph Behrens, who
I thank for the friendship and support, and some
crazy nights we had after experiments in the lab.

