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INTRODUCTION

The hippocampus is responsible for the computation of higher order cognitive
functions such as memory formation and recall (Lisman & Idiart, 1995), memory
consolidation (Buzsaki, 1986), or spatial navigation (O'Keefe & Recce, 1993). In this brain
area, several rhythmic activities have been observed which were proved to have a tight link to
cognitive processes (Vanderwolf, 1969; Leung, 1980; Buzsaki et al., 1992; Chrobak &
Buzsaki, 1994). During theta (4-8 Hz) and gamma (30-100 Hz) oscillations, acquisition and
recall of memories can be achieved in hippocampal networks, whereas sharp-wave activity
and embedded ripples (120-200 Hz) are suggested to underlie memory consolidation
(Buzsaki, 1986; Skaggs & McNaughton, 1996). All of these network activities require an
effective and temporarily precise inhibition to control the discharge of pyramidal cells
(Buzsaki et al., 1983; Cobb et al., 1995; Ylinen et al., 1995; Csicsvari et al., 2003). The
parvalbumin-positive perisomatic region-targeting interneurons (PV+ cells) are ideally suited
to fulfill this function, due to their special features. Besides their strategically positioned
synapses that provide effective inhibition, several single-cell features and input properties
endow them to be a clockwork for network synchrony (Freund, 2003; Jonas et al., 2004;
Bartos et al., 2007).

In terms of my PhD program, we studied the detailed anatomical and functional
properties of the excitatory synaptic inputs engaged in driving PV+ cells in the hippocampus.
We compared the excitatory synaptic inputs of the two types of PV+ cells, the axo-axonic and
fast-spiking basket cells, with the aim to extend our knowledge about the distinguished
function of these two cell types in orchestrating network activities.

In addition, we examined the possibility whether the afferent excitatory synaptic input
of these cells is capable of performing long-term plasticity, and if so, what circumstances are
required to change the reliable operation of these network-synchronizing GABAergic
neurons. We particularly focused on long-term depression (LTD) and also mapped the
underlying molecular pathway, uncovering a so far unknown metabotropic glutamate
receptor- DAG lipase-a -CB; cannabinoid receptor-dependent LTD at excitatory synapses
onto PV+ cells.

Being aware of the fact that the excitatory synaptic inputs onto PV+ cells could be
readily modulated by cannabinoid compounds, we then investigated the mechanisms of the
suppression of gamma oscillations upon CB; receptor (CB1R) activation.



This thesis aims to summarize these findings and suggest a functional relevance for

the excitatory synaptic inputs of P+ cells in neurological diseases.

I. The hippocampus

The hippocampal formation is an archicortical structure of the brain. Its basic buildup
is well conserved in mammals, although some subtle species specific differences can occur.
As the experimental work described in the thesis was performed in mice, I would confine to
introduce the organization of the rodent hippocampus.

In contrast to the six-layered structure of the neocortex, the cell bodies of hippocampal
principal cells are rendered to one, densely packed layer. Due to the advantages of this
seemingly simplified structure, the hippocampus is in the focus of neurobiological research.
The cytoarchitectural similarity to other cortical regions may allow us to extrapolate to
general rules of cortical computation.

The hippocampal formation comprises the dentate gyrus (DG), the hippocampus
proper (or Cornu Ammonis, CA) and the subiculum. The neighboring areas that produce the
direct input or output of the hippocampal formation, i.e. the entorhinal cortex, pre- and
parasubiculum, together with the hippocampal formation, form a computational unit termed
the hippocampal region (Andersen, 2007).

I.1. Cytoarchitecture

The principal cells of the hippocampal formation are glutamatergic cells, which
comprise approximately 85% of the neurons (Andersen, 2007). The cell bodies of principal
cells are confined to a single layer named as granule cell layer (stratum granulosum) in the
DG or pyramidal cell layer (stratum pyramidale) in the CA regions. They form two
enwreathing U-shape composing the special structure of this brain area (Figure 1). The
remaining 15% of neurons in the hippocampus are GABAergic in nature, forming a highly

heterogeneous cell population (Freund & Buzséki, 1996).



1.1.1. Principal cells

In the DG, the main cell type is the granule cell possessing small somata
(approximately 10 um). These cells lack basal dendrites towards the hilus, the polymorphic
cell layer enclosed by the blades of stratum granulosum. In the hilus, another type of
glutamatergic cell is found, the mossy cell. The area occupied by the apical dendrites of the
granule cells is named as molecular layer (stratum moleculare). The Cornu Ammonis has
three parts: the CA3 is the closest to the DG and composed of relatively large pyramidal cells
(with approximately 20-30 um of soma diameter). The CA3 region is further subdivided to
three parts: a, b and c. The CA3c is next to the DG, while the CA3a is adjacent to the CA2.
The stratum lucidum, formed by the axons of granule cells, can be found next to the
pyramidal cell layer in the CA3 region. The CA2 region is a small group of cells inserted
between CA3 and CAL. The cells in the CA1 region are smaller (with approximately 10-15
um of soma diameter) and the most densely packed into a layer. The continuation of the
Cornu Ammonis is the subiculum where the cell bodies become widely dispersed. The apical
dendrites of pyramidal cells are present in the stratum radiatum; this layer is located
superficial to the stratum lucidum in the CA3 region, and to the stratum pyramidale in the
CA2 and CAl. The stratum lacunosum-moleculare is the most superficial layer of the
hippocampus, and it is defined by the apical dendritic tufts of pyramidal cells and the inputs
mainly from the entorhinal cortex. The layer located below the pyramidal cell layer is the
stratum oriens, which contains the basal dendrites of pyramidal cells (Figure 1) (Andersen,
2007).
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Figure 1. Cytoarchitecture of the hippocampal formation. GD, dentate gyrus; CA3, CA1,
fields of the Cornu Ammonis; SUB, subiculum. Cornu Ammonis: (1) alveus, (2) stratum
pyramidale, (3) axon of pyramidal neurons, (4) Schaffer collateral, (5) stratum radiatum, (6)
stratum lacunosum-moleculare, (7) hippocampal sulcus. Dentate gyrus: (8) stratum
moleculare, (9) stratum granulosum, (10) hilus. Right: Internal connectivity of the
hippocampal region. (A) Perforant path, (B) mossy fibers, (C) Schaffer collaterals, (D)
connection from CA1 to the subiculum, (E) connection from the subiculum to deep layers of

the entorhinal cortex. Adapted from Axmacher 2006.

1.1.2. Intrahippocampal connectivity

Within the elements of the hippocampal formation, the flow of information is mostly
unidirectional, giving rise to a trisynaptic loop (Andersen et al., 1971). The first stage of the
trisynaptic loop is the DG. The dendrites of the granule cells are the target of entorhinal
afferents, which convey highly processed sensory information from the cortex. Granule cells
are not interconnected with each other. The axons of the granule cells -known as mossy
fibers- give rise to a few giant boutons (mossy terminals) and numerous small terminals (some
of them locate on filopodia). The mossy terminals contact the hilar mossy cells, and also
synapse on the complex spines of proximal dendrites of CA3 pyramidal cells called thorny
excrescences. This is the second stage of the loop. The small filopodia which extrude from
mossy terminals, contact the interneurons of the CA3 region. The CA3 pyramidal neurons
have dense collateral system both ipsi- and contralaterally, giving rise to the excitatory inputs
in the strata oriens and radiatum. The third element of the hippocampal trisynaptic loop is the
projection of CA3 pyramidal cells to the CA1 region (the Schaffer collaterals), terminating in
the strata oriens and radiatum. Similar to granule cells, excitatory CA1 neurons have sparse
recurrent connectivity. Their axon innervates mostly GABAergic cells in the stratum oriens,
and the main axon project to the subiculum and the entorhinal cortex. Although pyramidal
cells in the CA3c region and the hilar mossy cells project back to the DG (Frotscher et al.,
1991; Li et al., 1994), the main information flow within the hippocampus is unidirectional
(Figure 1), which is significantly different from the other neocortical areas having

characteristic reciprocal connectivity.
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1.1.3. Afferent-efferent connectivity of the hippocampal formation

The afferent and efferent connectivity of the hippocampus is structured into three
major fiber bundles. One of them is the angular bundle, which comprises the fibers of the
entorhinal cortex, giving rise to the perforant path. Cells from layer Il of the entorhinal cortex
project to the outer two thirds of dentate molecular layer and to the stratum lacunosum-
moleculare of the hippocampal CA2/3 region. The fibers from the lateral entorhinal area
terminate more superficially, in the outer third of the stratum moleculare and in most distal
parts of the stratum lacunosum moleculare, whereas the medial entorhinal area terminates in
the middle of the stratum moleculare and in the proximal parts of the stratum lacunosum-
moleculare. As the DG and the CA2/3 receive the entorhinal input from the same regions, it is
possible that these areas receive similar information. However, the CAL region is innervated
by a different input. It receives axonal projection from layer Ill entorhinal cells showing a
topographical organization: the cells from the lateral entorhinal cortex project to the CAl
located closer to the subiculum and the cells from the medial entorhinal cortex project to the
part of the CA1 found near the CA2. Moreover, CA2 pyramidal cells receive convergent
inputs from the layer Il and layer 11l entorhinal cells (Chevaleyre & Siegelbaum, 2010). Only
the CA1 projects back to the entorhinal cortical layers V and VI. The CAL pyramidal cells
tend to send their axons back to the same region of the entorhinal cortex, where they receive
their input from. The angular bundle comprises other fibers that connect the hippocampus to
few other cortical areas, as well. The CA1 has reciprocal connections with perirhinal and
postrhinal cortices and with the basal parts of the amygdala (Andersen, 2007).

The second bundle is the fimbria-fornix fiber system, which is the major pathway for
subcortical afferent and efferent connections. One of the major subcortical inputs to the
hippocampus comes from the medial septum-diagonal band of Broca (MS-DBB), targeting
the stratum oriens and -to a lesser extent- the stratum radiatum with GABAergic and
cholinergic fibers. The GABAergic input selectively terminates on GABAergic cells (Freund
& Antal, 1988). Some GABAergic cells from the CA and DG give rise to backprojections to
the medial septal nuclei (Toth & Freund, 1992). Concerning hypothalamic connections, the
DG and the CA2 region receives prominent glutamatergic and also GABAergic input from the
supramammillary and tuberomammillary nuclei terminating on proximal parts of the principal
cells (Panula et al., 1989; Magloczky et al., 1994; Soussi et al., 2010). The nucleus reuniens
of the thalamus densely innervates the stratum lacunosum-moleculare of the CA1, where it

overlaps with fibers from the entorhinal cortex (Wouterlood et al., 1990). The hippocampus
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receives several types of monoaminergic inputs from ascendent pathways of the brainstem,
such as noradrenergic fibers of the locus coeruleus, and serotonergic fibers from the raphe
nuclei (Freund et al., 1990). Besides diffuse serotonergic inputs, there is also evidence for
direct glutamatergic input from the median raphe nucleus synapsing on interneurons (Varga et
al., 2009).

The third bundle is the commissural system connecting the hippocampi of the two
hemispheres. The mossy cells from the hilus give rise to extensive projection to the ipsi- and
contralateral DG, and the CA3 pyramidal cells have also extensive connections with the ipsi-
and contralateral CA3 and CAL. Interestingly, the DG and CAL principal cells do not project

contralaterally.

1.1.4. GABAergic cells

While the principal cells of the hippocampus form relatively homogenous groups
regarding their morphological and physiological features, the GABAergic cell population
comprises a large variety of cell types. They influence temporal dynamics of synapses,
organize network oscillations, participate in selecting cell assemblies and implementation of
brain states (Klausberger & Somogyi, 2008). Most of the GABAergic cells in the
hippocampus take part in local control of the circuit, so as termed interneurons; however some
of them project out from the hippocampus, innervating subcortical and/or cortical areas
(Figure 2).

Here the GABAergic cells will be classified based on their axonal and dendritic
morphology. Generally, the dendritic location of neurons defines the inputs they receive, and
the region targeted by their axons defines the specific domain in their target cells they can
influence. We can dissect four major groups of interneurons in the hippocampus based on
their axonal arborization. The perisomatic region-targeting interneurons innervate the
perisomatic region of principal cells including the soma, proximal dendrites or axon initial
segments. These synapses are in a strategic position to control the output of the pyramidal
cells. The dendritic layer-targeting interneurons contact on several dendritic segments, often
in a pathway-selective manner, thus they are able to influence a specific type of input. Most of
the inhibitory cells (except axo-axonic neurons) innervate both pyramidal cells and

interneurons; however, interneuron-selective interneurons target predominantly other
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interneurons. The long-range projecting GABAergic neurons— besides giving rise to local
collaterals— project out of the hippocampus with myelinated axons. They are supposed to
regulate information flow between different areas (Freund & Buzsaki, 1996).

1.1.4.1. Perisomatic region-targeting interneurons

The soma and axons of perisomatic region-targeting interneurons can be found within
or near the pyramidal cell layer. In most of the cases, their dendrites span all layers of the
hippocampus.

The axo-axonic cells (AAC) provide the exclusive innervation of the axon initial
segments of pyramidal cells (Somogyi, 1977). They release GABA and express the Ca*'-
binding protein parvalbumin (PV). The peculiarity of this cell type is that under certain
circumstances it may depolarize its target cell due to the higher reversal potential of CI°
present in the axon initial segments (Szabadics et al., 2006; Khirug et al., 2008). But
generally, discharges of AACs seem to provide hyperpolarizing current (Glickfeld et al.,
2009). Additionally, modeling in vivo-like membrane potential fluctuations, the dominant
postsynaptic effect of axo-axonic cells was shown to be inhibition (Woodruff et al., 2011).
Some of the axo-axonic cells have a dendritic tree confined to the stratum oriens (Ganter et
al., 2004).

The basket cells are named after their axons forming perisomatic “baskets” around the
target cell bodies. There are two types of basket cells in the hippocampus that are markedly
different despite their similar dendritic- and axonal morphology. They can be distinguished by
neurochemical markers and firing pattern. One of the basket cells expresses a neuropeptide
cholecystokinin (CCK) and has a regular-spiking firing pattern. The other basket cell
expresses parvalbumin and has a fast-spiking firing property (FS BC). Their different synaptic
input-output properties and in vivo behavior propose a distinguished function in the network
(Freund, 2003; Klausberger et al., 2003). For instance, the output of regular-spiking basket
cells can be modulated by subcortical pathways (e.g. serotonin, acetylcholine), by retrograde
signaling molecules (e.g. endocannabinoids) and by autoreceptors (such as GABAg
receptors), thus, they are suggested to play a role in fine-tuning the network operation. The FS

BCs are innervated extensively by glutamatergic inputs, and modulated by opioids. This type
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of cell was proposed to be precisely timed device, which allows to control synchronous
activities (Freund & Katona, 2007).

1.1.4.2. Dendritic layer-targeting interneurons

The bistratified cells share many features of PV+ cells. They also express PV and have
fast-spiking characteristics (Buhl et al., 1994; Klausberger et al., 2004). Their soma is within
or near the pyramidal cell layer; their dendrites arborize in the strata radiatum and oriens, but
avoid the stratum lacunosum-moleculare (Halasy et al., 1996). Their axons can be found in
the strata oriens and radiatum. The somata and the horizontally-oriented spiny dendrites of
oriens lacunosum-moleculare cells (O-LM cells) are located in the stratum oriens. Their
axons arborize mainly in the stratum lacunosum-moleculare, suggested to control the
entorhinal input of pyramidal cells (McBain et al., 1994). O-LM cells express the
neuropeptide somatostatin. The cell bodies of Schaffer collateral-associated cells are located
in the stratum radiatum of the CAL, their dendrites project to all layers. Their axons target the
oblique dendrites and, to a lesser extent, the basal dendrites of pyramidal cells. These
interneurons contain CCK (Cope et al., 2002; Pawelzik et al., 2002). Their corresponding cell
type is also present in the CA3 (Lasztoczi et al., 2013). The apical dendrite innervating cells
have very similar morphology to Schaffer collateral-associated cells, but instead of oblique
dendrites they prefer to innervate the main apical shafts of the pyramidal cells (Klausberger et
al., 2005). The somata of the perforant path-associated cells can be found mainly at the
border of strata radiatum and lacunosum-moleculare; their dendrites span all layers or remain
in the stratum lacunosum-moleculare (Hajos & Mody, 1997; Klausberger et al., 2005). The
former three cell types are also immunopositive for CCK (Klausberger, 2009). A large group
of subpopulations of hippocampal interneurons (approximately 30% of all GABAergic cells)
have a characteristic feature that their local axon arbor is very dense. They are the
neurogliaform cells (Price et al., 2005) and ivy cells (Fuentealba et al., 2008). Neurogliaform
cells are confined to the stratum lacunosum moleculare, while ivy cells are located mainly
close to the pyramidal cell layer. They can contact dendritic spines of pyramidal cells (Tamas
et al., 2003), but the majority of their axon endings do not form real synaptic contacts (Olah et
al., 2009), thus, they could provide tonic inhibition of neighboring cells or regulate transmitter
release via presynaptic GABAg receptors.
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1.1.4.3. Interneuron-selective interneurons

Interneuron-selective interneurons have three subtypes (I, Il, IlI), which can be
distinguished based on their calretinin and vasoactive intestinal polypeptide content and
axonal arborization pattern (Acsady et al., 1996a; Acsady et al., 1996b; Gulyas et al., 1996).

They can effectively control the firing output of other GABAergic cells (Chamberland et al.,
2010).
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Figure 2. Diversity of interneurons in the CA1 region of the hippocampus. Klausberger and
Somogyi distinguished 21 types of interneurons in the CA1. The pyramidal cells are shown in
blue, the somato-dendritic region of perisomatic region-targeting interneurons are orange.
The dendritic layer-targeting interneurons are red, while interneuron-selective interneurons
are shown in pink. Axons are purple; the main synaptic terminations are yellow. The
distribution of the afferent glutamatergic inputs are indicated on the left. VIP, vasoactive
intestinal polypeptide; VGIuT, vesicular glutamate transporter; O-LM, oriens lacunosum
moleculare. Adapted from Klausberger and Somogyi 2008.
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1.1.4.4. Long-range projecting GABAergic neurons

The GABAergic projection neurons are generally located in the stratum oriens, where
they have horizontally oriented dendrites. The axon collaterals of trilaminar cells span three
layers of the hippocampus (strata radiatum, pyramidale and oriens) and project toward the
subiculum (Sik et al., 1995; Ferraguti et al., 2005). Backprojecting cells send axons
backwards to CA3 or DG (Sik et al., 1994), while the double projection neurons project to the
medial septum and often also to the subiculum (Gulyas et al., 2003; Jinno et al., 2007). The
Oriens or radiatum retrohippocampal projection cells can be found in the stratum oriens or
radiatum, they project to the subiculum and retrohippocampal areas (Jinno et al., 2007), as
well as to the entorhinal cortex (Melzer et al., 2012).

I1. Long-term synaptic changes in hippocampal neurons

Experiences impact the brain function by affecting the activity of neural circuitries,
which is manifested partly in changing synaptic weights. Long-lasting modification of
synaptic strengths is tightly linked to the storage of new information and considered as the
cellular basis of learning (Citri & Malenka, 2008). Long-lasting enhancement of synaptic
inputs is termed long-term potentiation (LTP); long-lasting weakening is called long-term
depression (LTD). The LTP of excitatory synapses was discovered first in the dentate gyrus
(Bliss & Lomo, 1973), followed by the observation of LTD first in the cerebellum (lto &
Kano, 1982). These types of synaptic changes were then acknowledged as widespread
phenomena expressed at excitatory synapses throughout the brain (Malenka & Bear, 2004). In
these early years of discovery, the interneurons were considered to be rigid structures lacking
any possibilities for potentiation or depression at their input or output synapses (McBain et
al., 1999). Indeed, most interneurons lack spines on their dendrites, a structure that provides
compartmentalization for signaling cascades, which is necessary for altering synaptic
strengths. Moreover the postsynaptic density, a protein matrix which contains the scaffolding
proteins and signaling molecules necessary for plastic changes is much weaker at GABAergic
synapses compared to excitatory synapses. After improving the recording conditions, it was
shown that synapses onto interneurons (Buzsaki & Eidelberg, 1982; Laezza et al., 1999), and
also their GABAergic outputs (Chevaleyre & Castillo, 2003; Patenaude et al., 2003) are
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capable for long-term plasticity. Moreover, it has been clarified that interneurons might have
dendritic compartments due to their fast receptor kinetics and activity of Na*/Ca** exchanger
(Goldberg et al., 2003), which allow local changes in biochemical processes necessary for
selective modification of synaptic operations.

Early studies have already established the basic properties of LTP: it exhibits
cooperativity, associativity, and input specificity (Nicoll et al., 1988). Cooperativity indicates
that LTP can be induced by the simultaneous activation of a critical number of synapses or by
coactivation of pre- and postsynaptic neurons. Associativity is the ability to potentiate a weak
input when it is activated together with a strong input. Input specificity means that LTP is
elicited only at activated synapses and not at adjacent synapses. These classic rules are,
however, loosely interpreted in some forms of interneuron plasticity. Both LTP and LTD has
early and late phase. In the early phase several second messenger cascades are activated,
which are responsible for the induction period, this may last for a few minutes. During the late

phase, new protein synthesis occurs (Citri & Malenka, 2008).

11.1. Induction mechanisms

LTP can be induced by several methods, for instance, by high frequency stimulation
(HFS, up to 100 Hz) of presynaptic fibers. This approach might model a highly synchronized
release of glutamate, e.g. during sharp waves (Buzsaki, 1989). Another way to induce LTP is
theta-burst stimulation with or without coincident postsynaptic depolarization (pairing). In
contrast, theta-burst stimulation combined with postsynaptic hyperpolarization induces LTD,
which might be correlated with plastic changes occurring during theta oscillations (Huerta &
Lisman, 1995; Holscher et al., 1997). Furthermore, LTD can also be triggered by low
frequency (below 10 Hz) stimulation. Various receptor agonists or antagonists are also
capable to induce long-term synaptic changes, referred as chemically-induced LTP or LTD.
Another method for induction of long-term synaptic plasticity is the precise timing of single
pre- and postsynaptic spikes, called spike-timing-dependent plasticity. LTP occurs, when the
presynaptic spikes precede postsynaptic spikes by up to 0-20 ms, whereas LTD is observed
when presynaptic spikes follow postsynaptic spikes by 0 to 20-50 ms interval (Feldman,
2009). This induction mechanism operates within a time window allowing coincident spiking

of neurons during gamma oscillations (30-100 Hz).
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11.2. Long-term plasticity of excitatory synapses onto principal cells

The common motif of the induction protocols to trigger long-term synaptic changes in
principal cells is the necessity to raise Ca®* concentration postsynaptically through N-methyl-
D-aspartate (NMDA\) receptors. This type of ionotropic glutamate receptors is permeable to
Ca®* and requires strong depolarization to become activated. If the increase in Ca* levels is
fast enough, the cascade of the second messenger Ca**/calmodulin-dependent protein kinase
Il is activated, leading to an increase in the conductance of the fast, non-Ca®*-permeable
ionotropic receptor of glutamate, the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptor, and insertion of new AMPA receptors to the synapse. LTP is usually
accompanied by enlargement of dendritic spines and formation of new ones. Conversely, a
modest increase in postsynaptic calcium concentration induces LTD, by activating a pathway
involving calcineurin phosphatase activation, consequent removal of AMPA receptors from
the synapses and shrinkage of dendritic spines (Malenka & Bear, 2004; Citri & Malenka,
2008). The threshold level for generating LTP depends on the history of the synapse. If the
synapse has previously undergone LTP, the threshold increases and a calcium influx will
result LTD with a higher probability (Bear, 1995).

A special form of LTP occurs at mossy terminals in the hippocampus. The expression
of this type of LTP is solely presynaptic (Nicoll & Malenka, 1995). As general mechanisms of
presynaptic LTP, it requires the cCAMP/PKA signaling pathway and the active zone protein
RIM1o.

Another non-conventional type of LTD is mediated by retrograde messenger
molecules, the endocannabinoids (eCB, eCB-LTD). It usually requires a coincident rise of
Ca®* and activation of metabotropic glutamate receptors (mGIUR) postsynaptically, which
triggers the subsequent release of eCBs from the postsynaptic neuron. These eCBs act on
presynaptic CB;Rs located at axon endings causing a decrease of transmitter release. This
form of LTD is also widely distributed in the brain (Heifets & Castillo, 2009); although in
some cases, mGIluR-mediated LTD was shown to be independent of CB;Rs (Rouach &
Nicoll, 2003; Nosyreva & Huber, 2005). The role of astrocytes in eCB-LTD induction has

also been recently revealed (Min & Nevian, 2012).
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11.3. Long-term plasticity of excitatory synapses onto interneurons

In the past few years, numerous forms of long-term plasticity have been described in
interneurons depending on cell type, brain region or stimulation protocols (Lamsa et al., 2010;
Kullmann & Lamsa, 2011; Laezza & Dingledine, 2011). A great drawback of early studies
was the lack of proper identification of interneuron types. As a result of this, data are
controversial and often not comparable to each other. Induction of plasticity in interneurons
seems to have different rules than in pyramidal cells. In GABAergic cells, HFS often induces
LTD instead of LTP (McMahon & Kauer, 1997b; Laezza et al., 1999; Pelkey et al., 2005). In
interneurons located in the stratum radiatum, NMDA receptor-dependent LTP could be
elicited (Lamsa et al., 2005). However, other interneurons possess NMDA receptor-
independent form of long-term plasticity, where Ca®*-influx necessary for synaptic changes
provided by Ca?*-permeable AMPA (CP-AMPA) receptors (Nissen et al., 2010), or L-type
Ca®*-channels (Galvan et al., 2008). A special type of LTP has been observed on interneurons
equipped with CP-AMPA receptors: LTP was induced, when HFS was paired with
postsynaptic hyperpolarization, named as anti-Hebbian LTP (Lamsa et al., 2007; Oren et al.,
2009; Nissen et al., 2010). A group of stratum oriens interneurons show postsynaptic
mGIuRys -dependent LTP (Lapointe et al., 2004; Topolnik et al., 2006). A series of studies
implicated the role of presynaptic mGIuR; receptors in the induction of LTD in CA3
interneurons (Laezza et al., 1999; Pelkey et al., 2005). The subcellular cascades underlying

these types of plasticity are divergent and have not been precisely elucidated yet.

11.4. Endocannabinoid-dependent long-term plasticity

Endocannabinoid molecules are the most abundant retrograde messengers in the
nervous system. Among eCBs, 2-arachidonoyl glycerol (2-AG) is the most prevalent in the
brain (Kano et al., 2009, Katona & Freund, 2012). The CB;Rs are present at excitatory and
inhibitory terminals and mediate either short- or long-term depression in the hippocampus
(Ohno-Shosaku et al., 2001; Wilson & Nicoll, 2001; Chevaleyre & Castillo, 2003), depending
on stimulus type and length of transmitter release (Heifets & Castillo, 2009). The eCB-LTD is
the most conventional form of LTD exhibited at GABAergic efferent synapses of CCK-
positive interneurons (i-LTD), which was originally discovered in the amygdala (Marsicano et
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al., 2002). This eCB-iLTD is heterosynaptic, because the presynaptic CB;R-mediated
reduction of GABA release requires activation of postsynaptic mGIluRs by glutamatergic
fibers (Chevaleyre & Castillo, 2003, Figure 3).

Despite the fact that CB;Rs are usually present at glutamatergic terminals at lower
levels compared to that found at GABAergic synapses (Kawamura et al., 2006),
homosynaptic eCB-LTD occurs in several glutamatergic synapses both in subcortical regions
(Gerdeman et al., 2002; Robbe et al., 2002) and -using spike-timing dependent protocol- in
the neocortex (Sjostrom et al., 2003; Bender et al., 2006; Lafourcade et al., 2007). Whether
this form of LTD is also present at glutamatergic terminals in the hippocampus have remained
highly controversial. LTD at excitatory synapses induced by high concentrations of group |
mGIuR agonist dihydroxyphenylglycine (DHPG) seemed to be independent of CB;Rs in
pyramidal cells (Rouach & Nicoll, 2003; Le Duigou et al., 2011) or in interneurons (Gibson et
al., 2008; Edwards et al., 2012). In contrast, some studies detected CB;R-dependent LTD in
pyramidal cells (Xu et al., 2010; 1zumi & Zorumski, 2012).

11.5. Long-term plasticity at excitatory synapses onto PV+ interneurons

Lamsa and colleagues found anti-Hebbian LTP at excitatory synapses onto PV+
interneurons in response to HFS (Lamsa et al., 2007). A recent study showed a persistent
increase in intrinsic excitability of PV+ cells (Campanac et al., 2013) in the CA1 region of the
hippocampus. This type of potentiation occurred in response to HFS, induced by mGIuRs-
mediated inactivation of Kv1 potassium channels. Investigations of spike-timing-dependent
plasticity in the layer 2/3 of somatosensory cortex showed that fast-spiking (i.e. putative PV+)
interneurons express postsynaptic mGluR-dependent LTD regardless of the timing of pre- and
postsynaptic spiking (Lu et al., 2007). However, it is still unclear whether eCBs are involved

in mGluR-dependent LTD observed in PV+ interneurons.

Figure 3. Summary of the induction mechanism of endocannabinoid-mediated long-term
depression (eCB-LTD). Upon excess neuronal activity, group | mGIluRs -located at the
postsynaptic site, in the perisynaptic annulus- are activated and coupled to phospholipase C
(PLC) through G,g/11 subunit and facilitate diacylglycerol (DAG) formation from
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receptors, or Ca®* can be released from the endoplasmic reticulum (ER), by a product of
PLC, inositol 1,4,5-trisphosphate (IP3). At presynaptic terminals, CB;R acts via G,i/o through
inhibition of adenylyl cyclase (AC), which reduces the activity of protein kinase A (PKA). This
step may also require a presynaptic Ca®* rise. The reduction of PKA activity leads to
activation of the Ca®"-sensitive phosphatase calcineurin (CaN), which shifts the
kinase/phosphatase activity balance, thus, induces dephosphorylation of a yet unidentified
presynaptic target (T), potentially RIMlo, resulting long-lasting reduction of transmitter

release. Adapted from Heifets et al. 2009.

I11. Oscillations in the hippocampus

In a cortical network, excitatory principal cells are designated for processing, storing
and retrieving information, while inhibitory interneurons are responsible for spatial and
temporal control of the firing of these cells, thereby enabling the synchronization of network
activity. Oscillations emerge in brain regions where the recurrent excitatory connectivity of

principal cells is prominent, including the neocortex, the CA3 region of the hippocampus or
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the subiculum. Other brain areas lacking local recurrent collaterals can be entrained by
extrinsic rhythmic inputs (Hajos & Paulsen, 2009). Several types of network activities related
to memory acquisition have been observed in the hippocampus. For instance, theta (4-8 Hz)
and gamma (30-100 Hz) oscillations are contributed to formation of new memory traces,
whereas sharp waves and associated ripple (120-200 Hz) oscillations are suggested to play a
role in memory consolidation (Buzsaki, 1986, Figure 4). These rhythmic events can be
detected as fluctuation of the local field potential, which are proposed to be generated mainly
by inhibitory conductances (Oren & Paulsen, 2010). Oscillations in networks can have a role
in binding of assemblies coding several modalities of a cue (Singer, 1993) and/or arrange the
timing of the discharge of connected cells promoting plasticity. During a network event, at
least two features of a given cell activity might carry information: the timing of the cell’s
action potential relative to the network event (phase coding) or the frequency of the cell’s
spiking (rate coding). Lower frequency oscillations can involve more neurons in a larger brain
volume and associated with larger voltage fluctuations, because a broader time window
allows recruitment of larger number of cells. In contrast, fast oscillations are contributed to
smaller, more localized cell assemblies, and are associated with smaller voltage fluctuations
(Axmacher et al., 2006; Buzsaki & Wang, 2012).

Theta oscillation during exploration Irregular activity during consummatory behavior
Iyl WWWMWWWWWW
| 1mVv
1s
Theta nested gamma Tail gamma follows the sharp waves

A PIANA
S AN k|

200 ms

Figure 4. Activity patterns of the hippocampus recorded in vivo. Top: Theta oscillation that
occurs during exploratory behavior, whereas subsequent large irregular activity dominated

by sharp waves which can be observed when the animal is in rest (Modified from Buzsdki,
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1989). Bottom: Gamma oscillations (indicated by red lines) can be found nested within theta
activity (left) or following sharp waves (right). Modified from Buzsdki et al., 2003 (right) and
Traub et al., 1996 (left).

I11.1. Theta oscillations

Theta oscillations are characteristic activity patterns on the hippocampal EEG during
exploratory behavior. The amplitude of theta oscillations is largest in the stratum lacunosum-
moleculare of the CA1 region (Bullock et al., 1990), and switches the polarity at stratum
pyramidale (Leung & Yim, 1986; Fox, 1989). The MS-DBB and the supramammillary
nucleus are the two critical subcortical structures involved in pacing the theta rhythm (Petsche
et al., 1962). According to the current theory, the theta rhythm is generated by pacemaker
GABAergic neurons located in the MS-DBB (Hangya et al., 2009) that project to the
hippocampus and entorhinal cortex, providing a rhythmic inhibition on local inhibitory
neurons (Miettinen & Freund, 1992). In addition, the hippocampal perisomatic region-
targeting interneurons are tonically excited by acetylcholine released from septal cholinergic
afferents. This cholinergic excitation together with the phasic inhibition can generate
rhythmic discharges of GABAergic neurons synchronizing a large population of neuronal
activities (Freund & Antal, 1988; Stewart & Fox, 1990). The glutamatergic input from the
entorhinal cortex can also contribute to the rhythmic excitation, terminating in the stratum
lacunosum-moleculare (Winson, 1974). Other non-subcortical mechanisms of theta
generation can be also present in the hippocampal networks. For example, after lesioning of
the entorhinal cortex, theta rhythm driven by the CAS3 recurrent collateral system emerges
(Kramis et al., 1975; Lee et al., 1994). Besides perisomatic region-targeting interneurons, at
least three other types of GABAergic cells may also contribute to the maintenance of theta.
The O-LM cells receive rhythmic excitation from pyramidal cells, thus they provide a
rhythmic inhibition to the stratum lacunosum-moleculare. This rhythmic inhibition can
prevent the discharge of weakly activated principal cells by entorhinal fibers, but can allow to
spike neurons that code information. The perforant path-associated cells that are capable to
discharge with theta frequency in response to cholinergic activation (Chapman & Lacaille,
1999) may also control the impact of the entorhinal input. The hippocampal GABAergic
neurons with septal projection can provide rhythmic feedback to the medial septum (Alonso
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& Kohler, 1982; Téth et al., 1993). Finally, pyramidal cells display subthreshold resonance in
their membrane potential fluctuations, with a preferred frequency in the theta band. This
single-cell feature of pyramidal cells can also actively contribute to their somatic and
dendritic membrane potential oscillations during theta (Leung & Yim, 1991; Kamondi et al.,
1998; Strata, 1998).

111.1.1. Theta rhythm-related place coding

Remarkably, most pyramidal neurons are silent during theta rhythm. The few active
cells discharge single spikes at the trough of theta measured in the pyramidal cell layer, when
perisomatic inhibition is minimal. A prominent example of hippocampal information
processing during theta rhythm is the representation of spatial location of the animal. Those
pyramidal cells that are responsible for coding a single part of the territory are called place
cells. The area where place cells fire is the cell’s place field which corresponds to the physical
environment where the animal is currently present (O'Keefe & Dostrovsky, 1971; O'Keefe &
Recce, 1993). When the animal approaches the place field of a given cell, the cell increases its
firing rate and its spikes display phase precession relative to the theta rhythm (Skaggs et al.,
1996). This change in the firing phase can reach 180° in the center of the place field (defined
by the maximum discharge rate of the neuron). The coding of place fields occurs randomly. If
a pyramidal cell is depolarized, e.g. when it receives input from perforant path fibers
conveying the actual environmental cues, the synaptic connections between the pyramidal cell
and its input can be strengthened, and then the cell can become responsive to a specific
environmental input, overriding the rhythmic somatic hyperpolarization (Axmacher et al.,
2006).

I11.2. Gamma oscillations

Gamma oscillations often occur embedded into theta oscillation (Buzsaki et al., 2003)
or following sharp wave activity (Traub et al., 1996). During theta rhythm, perisomatic
region-targeting interneurons fire bursts of spikes at the peak of the theta measured

extracellularly in the stratum pyramidale, where the spikes in the burst episodes occur at

25



gamma frequency (Buzsaki et al., 1983; Bragin et al., 1995). Indeed, the inhibitory
postsynaptic potential provided by these interneurons is known to be reflected in the gamma
field (Oren et al., 2010). Two mechanisms could underlie the generation of gamma
oscillation: synchronization of interneuronal firing by mutual inhibition (Whittington et al.,
1995; Traub et al., 1996; Wang & Buzsaki, 1996) or a reciprocal interaction between
excitatory and inhibitory neurons (Csicsvari et al., 2003; Mann et al., 2005) is required (for
review see Buzsaki & Wang, 2012). Again, as in the case of theta rhythm, only a small
percentage of pyramidal cells are active during gamma oscillation (Csicsvari et al., 2003;
Senior et al., 2008; Colgin et al., 2009). This is in accordance with the theory that in a system
linking cell ensembles by close coincident temporal activity, the spiking of most cells should
be silenced in order to avoid their near-synchronous firing by chance (von der Malsburg,
1995).

In the hippocampus, at least two types of gamma oscillations can be distinguished.
The slow gamma (30-50 Hz) is generated in the CA3 region, whereas the fast gamma (50-100
Hz) is driven by the rhythmic input from the entorhinal cortex (but see Buzsaki & Wang,
2012). These two types of transient oscillations may occur in different phases of the theta
cycles. The slow gamma is preferentially present in the descending phase of theta cycles,
while the fast gamma occurs at their trough. These two types of gamma oscillations might
have distinguished roles in a learning task. The fast gamma may carry new information from
the entorhinal cortex needed to be burnt in the network. For this purpose, the fast gamma
provides a 10-15 ms long time window ideally suited to generate LTP. Thus, this type of
oscillation may establish the basis for memory encoding. In case of retrieval, the slower
gamma generated by the CA3 is suggested to play a role. The slow gamma could readily
reactivate the cells representing a recent memory, but as the time window it provides (25-30
ms) is not optimal for potentiation, the retrieval process will avoid re-encoding of previously
stored memories. A potential mechanism for a switch between the two types of gamma
oscillations might be a strong excitation of the CA3 network or recruitment of distinct

subpopulation of interneurons (Colgin & Moser, 2010).
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111.2.1. Cooperative action of theta and gamma oscillations in the formation of working

memory

A theory for the requirement of co-active theta and gamma oscillations was built by
Lisman and colleagues. The 7+/-2 short-term memory items that humans can store is
represented by the gamma cycles nested in each cycle of theta rhythm. Each item may be
stored in one gamma cycle and the 7+/-2 items are always represented in the same order
during theta cycles. In this concept, the theta rhythm provides an absolute phase reference to
enable the preservation of the sequence. This coupling of theta and gamma oscillations can
give rise to a working memory buffer and their frequency relationship is supposed to explain

the limit of simultaneously storable memory items (Lisman & Idiart, 1995).

111.3. Sharp wave-ripples

Sharp waves are large amplitude events generated by population discharges. They are
generated in the CA3 region during low arousal brain states, when recurrent collaterals of
CA3 pyramidal cells are released from subcortical inhibition (Miles & Wong, 1983). They
can be detected as a voltage deflection up to 1 mV lasting for 50-100 ms (Buzsaki, 1986).
This field activity reflects the summated excitatory postsynaptic potential (EPSP) of Schaffer
collaterals (Csicsvari et al., 2000). The ascending phase and the peak of sharp waves are
usually decorated by an embedded, fast oscillatory activity (120-200 Hz) called ripple
(Buzsaki et al., 1992; Ylinen et al., 1995). Ripples are generated by the dynamic interaction
of excitatory and inhibitory cells. The field potential during ripples may reflect synchronized
somatic inhibitory postsynaptic potentials interrupted by synchronous spiking of pyramidal

cells in every 5-6 milliseconds (Csicsvari et al., 1999).

111.3.1. Sharp wave-ripples in memory consolidation

Sharp wave-ripples are considered to be the neural correlate of memory consolidation.
During ripples, neuronal assemblies that participated in coding are re-activated in the same or

reversed order on a compressed time scale (Skaggs & McNaughton, 1996; Nadasdy et al.,
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1999; Diba & Buzsaki, 2007). Because sharp waves spread from the CA3 to the CAL,
subiculum and then to layers V and VI of the entorhinal cortex (Chrobak & Buzsaki, 1996),
they can mediate the transfer of recently acquired memories to their final place of storage in
the neocortex. The strong excitation provided by recruitment of large cell assemblies during
sharp waves might be able to initiate LTP in neurons which were weakly potentiated during

the acquisition phase (Buzsaki, 1986).

I11.4. In vitro oscillation models

Due to the lamellar structure of the hippocampus proper, the connectivity of the CA
regions is well preserved in horizontal slices, which enables to investigate oscillations in acute
slice preparations. These models allow the direct experimental study of the cellular and
synaptic mechanisms underlying given network activities. As a corollary advantage, one can
selectively target cell types under visual guidance, and pharmacological modifications are
also possible. In case of sharp wave-ripples or slow gamma oscillations that emerge
intrinsically in CA3 networks, detailed examination of the generation mechanisms becomes
also available. While sharp wave-ripples emerge spontaneously in acute slices (Maier et al.,
2002), gamma oscillations require induction. They can be induced by activating mGIuRs
(Whittington et al., 1995; Boddeke et al., 1997), kainate receptors (Hajos et al., 2000; Fisahn
et al., 2004; Gloveli et al., 2005), or muscarinic acetylcholine receptors (mMAChRs) (Fisahn et
al., 1998).

111.4.1. Carbachol-induced in vitro gamma oscillations

Our group studied the properties of in vitro gamma oscillations by activating mAChRs
with bath application of an acetylcholine receptor agonist carbachol. This type of gamma
oscillation can be maintained for hours, and intended to model in vivo gamma oscillation
occurring at high cholinergic tone, that occur during exploratory behavior when gamma
oscillation is embedded in theta rhythm (Marrosu et al., 1995; Buzsaki et al., 2003).
Carbachol increases the excitability of CA3 pyramidal cells via My;3AChRs (Miiller &

Misgeld, 1986) and activate M,AChRs on terminals of PV+ cells resulting in a decreased, but
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sustained GABA release from their axon endings (Szabo et al., 2010). These effects may
contribute to the generation of gamma oscillations within the CA3, where the recurrent
excitation of CA3 pyramidal cells drives the firing of inhibitory cells.

Carbachol-induced oscillation in the CA3 region shares many features of in vivo
gamma oscillations observed in the same area. In accordance with in vivo observations, the
phase of the local field potential also reverses in the stratum lucidum. In vivo and in vitro
oscillations have identical current source density profiles. Pyramidal cells discharge with the
highest probability at the trough of the oscillation both in vivo and in vitro when measured in
the pyramidal layer, followed by the firing of interneurons with a monosynaptic delay. These
similarities suggest that carbachol-induced gamma oscillations in slices are generated with a
similar mechanism as in vivo occurring gamma oscillations and make this model suitable to

study the underlying cellular processes (Hajos & Paulsen, 2009).

111.5. Parvalbumin-positive perisomatic region-targeting interneurons in oscillations

Perisomatic inhibition is considered to be the main current generator in multiple
network oscillations synchronizing large assemblies of principal cells (Ellender & Paulsen,
2010). Thus, depending on brain state, PV+ cells seem to be the key elements of the rhythm
of a wide range of cortical oscillations. Several studies show the crucial role of these cells in
the generation of theta rhythm (4-8 Hz, Korotkova et al., 2010) or gamma oscillations (30-100
Hz, Fuchs et al., 2007; Cardin et al., 2009; Sohal et al., 2009), as well as in sharp wave-ripple
activities (120-200 Hz, Racz et al., 2009; Ellender et al., 2010).

111.5.1. Unique properties of PV+ cells that make them suitable to govern oscillations

Many different properties endow the PV+ cells to effectively control the output of
principal cells (Bartos et al., 2007). They strategically synapse on the somata and proximal
dendrites (basket cells, Somogyi et al., 1983; Kubota et al., 2007) or axon initial segments
(axo-axonic cells, Somogyi, 1977) of principal cells, where the action potentials are
generated. The release of GABA from their axon terminals is precisely controlled by their

action potentials, which is supported by the P/Q-type voltage-gated Ca?*-channels in the
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boutons and by the presence of parvalbumin. The P/Q-type Ca?*-channels in the axon endings
ensure an efficient rise of Ca®* concentration in the close proximity of vesicles (Neher, 1998).
The source of Ca*" is tightly coupled to the Ca*" sensor, estimated to be within 50 nm
distances from the release sites (Hefft & Jonas, 2005). This structure can result in a fast,
synchronized release of GABA-containing vesicles, precisely timed to the action potential
invading the bouton. The fast and synchronous release of vesicles enables GABA receptors to
be opened synchronously, producing a rapid rise time of synaptic currents. The parvalbumin-
content of the cells (Katsumaru et al., 1988) provides an efficient buffering of residual
calcium, enabling a fast decay of GABA currents (Vreugdenhil et al., 2003).

The membrane features of PV+ cells that determine their action potential generation
also contribute to their effective inhibitory and synchronizing properties. The resting
membrane potential of these interneurons is generally by 10-15 mV more depolarized (Fricker
et al., 1999; Verheugen et al., 1999) than that of pyramidal neurons, which set them a ready-
to-fire mode (Jonas et al., 2004). Furthermore, the potassium current mediated via Kv3
channels is pivotal to the fast-spiking phenotype, making them well suited to fire action
potentials with high frequency during sustained depolarization without distortion in the action
potential shape (Doischer et al., 2008; Goldberg et al., 2011). Fast deactivation, high
activation threshold and lack of inactivation of the Kv3 potassium channels are crucial for
generating fast spiking (Lien & Jonas, 2003). The action potential of the PV+ cells has small
half width, which may also participate in constraining fast decay of GABA release. Large
afterhyperpolarization with fast kinetics is optimal for a maximal recovery of Na* channels
from inactivation and a minimal delay in the onset of the action potential initiation (Jonas et
al., 2004).

The excitatory synaptic input onto PV+ cells is also unique. They receive EPSPs with
short latency and rapid kinetics (Miles, 1990). This is in part due to the fast synaptic currents
mediated by AMPA receptors containing the GluA4 subunit (Jonas et al., 1994; Geiger et al.,
1995) and to the fast clearance of glutamate from the synaptic cleft (Geiger et al., 1997). PV+
interneurons receive relatively large excitatory inputs from each of their presynaptic
pyramidal cells, which can even drive action potential generation (Galarreta & Hestrin, 2001,
Woodruff et al., 2011). Unique electrical properties of dendrites (Hu et al., 2010; Norenberg
et al., 2010) diminish filtering of EPSPs preserving the fast kinetics. The lack of active
conductances on the dendrites endows them for precise monitoring of network excitation and

generation of an inhibitory output appropriate for controlling the overall system.
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PV+ cells form a highly interconnected network; they are synaptically (Bartos et al.,
2001) and electrically coupled with each other (Galarreta & Hestrin, 1999; Fukuda & Kosaka,
2000). Therefore, they can excite each other through fast electrical synapses (Tamas et al.,
2000). The kinetics of the mutual inhibition of these cells is faster than the inhibition received
by the pyramidal cells (Bartos et al., 2002), thus PV+ cells are capable to perfectly phase their
spiking before synchronizing pyramidal cells throughout large areas.

Collectively, these features together provide PV+ interneurons a narrow time window
for synaptic integration, ensuring fast and precisely timed spike generation (Glickfeld &
Scanziani, 2006) and a resulting fast synchronous inhibition. These properties are pivotal for
oscillogenesis at different frequencies (Freund & Katona, 2007; Fuchs et al., 2007; Sohal et
al., 2009).

111.5.2. Emerging evidences for the role of PV+ cells in oscillations

Several findings indicate the role of PV+ cells in synchronous network operation. For
instance, impairing PV+ cell function resulted in changes in the oscillations. In parvalbumin
knockout mice, the power of in vitro gamma oscillation is increased, presumably due to an
enhanced inhibition in the lack of the high affinity Ca®*-binding protein (Vreugdenhil et al.,
2003). Similar increase in the gamma power was observed when Kv3.1 potassium channels
responsible for the fast-spiking phenotype were ablated (Joho et al., 1999). The loss of
GABAA, receptor-mediated synaptic inhibition onto PV+ cells reduced theta rhythm and
coupling of theta and gamma oscillations, but left gamma oscillations intact (Wulff et al.,
2009). Manipulation of excitatory synaptic inputs onto PV+ cells also caused severe changes
in synchrony and memory-related behavior. When either of their two major subunit types of
AMPARs (GIuAl or GIluA4) was deleted from PV+ cells, in vitro hippocampal gamma
oscillations exhibited reduced power. In parallel, the animals showed impairments in
hippocampus-dependent memory tasks (Fuchs et al., 2007). In vivo recordings from the
GIuAl knockout mice found increase of ripple amplitude, whereas theta and gamma
oscillations remained intact (Racz et al., 2009). Removing the NR1 subunit of NMDA
receptors from PV+ cells resulted in altered theta oscillations and damaged spatial navigation.
Elevated power of gamma oscillations was also observed in NR1”V""" mice, which was less

modulated by theta (Korotkova et al., 2010). Optogenetic stimulation in the neocortex showed
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that the selective inhibition of PV+ cells suppressed gamma oscillations, while driving these
neurons could generate gamma frequency rhythmicity (Sohal et al., 2009). Although these
elegant genetic studies all show the importance of PV+ cells in oscillatory activities, they still
could not clarify the role of AACs and FS BCs separately, due of the lack of unequivocal

distinguishing marker.

111.5.3. Distinct entrainment of AACs and FS BCs during oscillations

Recording the firing activity of cells and parallel measurement of field oscillations
combined with post hoc anatomical identification could provide important details of how
AACs and FS BCs behave during oscillations in the hippocampus. It was found that the
spiking of the two cell types show differences during several types of network oscillations.
For instance, AACs fire preferentially after the peak of theta rhythm measured in the stratum
pyramidale, while FS BCs fire at the descending phase (Klausberger et al., 2003; Lapray et
al., 2012; Varga et al., 2012). Both AACs and FS BCs are entrained at the rising phase of the
gamma cycles (measured with a field electrode placed in the stratum pyramidale), but AACs
often skip the cycles in the carbachol-induced in vitro model (Gulyas et al., 2010). In this
model, FS BCs reliably discharge at each cycle and frequently (in about every 10™ cycle) fire
doublets. Furthermore, selective reduction of GABA release from FS BCs provided direct
evidence that the synaptic output of FS BCs is the major source of inhibition that generates
oscillatory current producing the carbachol-induced gamma oscillation (Gulyas et al., 2010).
Intriguingly, in vivo studies reported weaker phase coupling of FS BCs during slow (30-80
Hz) or fast (90-130 Hz) gamma oscillations (Tukker et al., 2007; Varga et al., 2012). During
sharp wave-ripples, both cell types increase their firing rate, but AACs cease their firing
before the peak of sharp-waves, while FS BCs reliably follow ripples with high frequency
discharges (Klausberger et al., 2003; Lapray et al., 2012; Varga et al., 2012). Together, these
observations suggest that the two cell types are recruited to network oscillations in a different
manner.

Data from several other cortical areas also indicate distinguished recruitment of AACs
and FS BCs. In the basolateral amygdala (Bienvenu et al., 2012) and in the prefrontal cortex
(Massi et al., 2012), AACs, but not FS BCs were responsive (i.e. increased their firing) to
painful stimuli. Moreover, in the somatosensory cortex, AACs have larger receptive field with
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lower acuity upon whisker stimulation than that observed for FS BCs (Zhu & Zhu, 2004).
When in vitro gamma oscillations in the CA3 were induced by local application of kainate to
the border of strata radiatum and lacunosum-moleculare, spiking of AACs was continuous,
lacking any gamma modulation that characterized FS BC firing (Dugladze et al., 2012).
Based on these data, it is tempting to speculate that excitatory synaptic inputs onto AACs and
FS BCs exhibit different features, but the details are yet to be determined. Therefore, one of
the aims of the thesis was to uncover the distinct properties of excitatory synaptic inputs onto
AACs and FS BCs.

IVV. Parvalbumin-positive interneurons in schizophrenia

Schizophrenia is a prevalent neuropsychiatric disorder usually developing during late
adolescence. Besides its tremendous positive (hallucinations) and negative (anhedonia, social
withdrawal) symptoms, the cognitive defects lie at the core of the disease preceding the
development of the other symptoms (Inan et al., 2013). The most important hallmarks of
cognitive deficits are the failure in working memory and the lack of proper filtering of
irrelevant sensory information (Javitt, 2009). For the proper functioning of both cognitive
tasks, GABAergic inhibition is required at a crucial point of the processing (Freedman et al.,
1996; Rao et al., 2000). This indicates that the timing of pyramidal cell firing by interneurons
can play an important role in cognitive processes. Most of the studies investigating the
neurobiological changes in schizophrenia have focused on the dorsolateral prefrontal cortex, a
cortical area most tightly linked to the phenotype of observed symptoms, however, in some
cases, severe changes in the hippocampus have also been revealed (Law et al., 2006; Konradi
etal., 2011).

The role of PV+ interneurons in schizophrenia attracts widespread interest, since it
was discovered that mRNA levels for the synthetizing enzyme of GABA, GADG67, which is
highly abundant in PV+ cells, significantly decreases in tissues deriving from schizophrenic
patients (Akbarian et al., 1995). The decreased mMRNA levels of PV (Hashimoto et al., 2003;
Hashimoto et al., 2008b; Fung et al., 2010) and the reduced number of PVV+ neurons (Beasley
& Reynolds, 1997) in samples from schizophrenic patients also support the hypothesis that
impairment of PV+ cells may be characteristic in this illness. Another evidence for

insufficient inhibition derived from PV+ cells is the decrease in the mRNA levels of
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GABAA al receptors (Hashimoto et al., 2008a; Hashimoto et al., 2008b; Beneyto et al., 2011)
selectively in pyramidal cells (Glausier & Lewis, 2011). Furthermore, the increased
abundance of chloride transporter, NKCC1 relative to the levels of another CI" regulator,
KCC2 leads to elevated intracellular CI" concentration, which might further weaken the
inhibition (Arion & Lewis, 2011). In parallel, gamma oscillation, which is thought to
contribute to cognitive functions, is disrupted in schizophrenia (Cho et al., 2006; Minzenberg
et al., 2010; Uhlhaas & Singer, 2010).

Recent studies indicated that impairment in the excitatory synaptic inputs onto PV+
cells might be responsible for their malfunction (Lewis et al., 2012; Nakazawa et al., 2012).
Special attention was focused on the NMDA receptors expressed in PV+ cells deriving from
the “NMDA theory” of schizophrenia (Javitt, 1987; Tamminga, 1998). This relies on the
discovery that the psychotomimetic drug phencyclidine -a non-competitive antagonist of
NMDA receptors (Lodge & Anis, 1982)- causes schizophrenic symptoms. Chronic
application of NMDA receptor antagonists results in hyperactivation of cortical excitatory
neurons (Krystal et al., 1994; Suzuki et al., 2002; Jackson et al., 2004), and decreased
expression of GAD67 and PV (Kinney et al., 2006; Behrens et al., 2007; Morrow et al.,
2007). Prolonged exposure of these antagonists reduces the amplitude of AMPA receptor-
mediated synaptic currents in PV+ cells, while increases their amplitude in pyramidal cells
(Wang & Gao, 2012). Ablating NR1 subunit of NMDA receptors in the majority of PV+ cells
in mice triggered several behavioral symptoms of schizophrenia (Belforte et al., 2010),
including impairments of gamma oscillations and reduced performance in spatial- and
working memory tasks (Korotkova et al., 2010; Carlen et al., 2012). When the NMDA
receptor function was perturbed later than the second postnatal week, schizophrenia-like
behavioral phenotype was not observed (Belforte et al., 2010), highlighting the importance of
changes during adolescence in the development of the disease.

Thus, these results collectively indicate that investigating the properties and operation
of excitatory synaptic inputs onto PV+ cells might lead us to a better understanding of how

these pivotal cells organize normal and abnormal cognitive functions in the brain.

34



AIMS OF THE THESIS

The main goal of the experiments during my graduate years was to investigate the
excitatory synaptic inputs onto parvalbumin-positive perisomatic region-targeting

interneurons (PV+ cells) in the hippocampus. Therefore, we focused on three objectives.

The first objective was to uncover the differences in the excitatory synaptic inputs of
the two types of PV+ cells, the axo-axonic (AAC) and fast-spiking basket cells (FS BC),
which may underlie the different recruitment of these two interneuron types during network
oscillations in the CA3 region of the hippocampus. For this purpose, we asked the following
questions:

e Are there any differences in the active and passive membrane properties of the two
cell types that may contribute to their different entrainment during oscillations?

e How similarly can the two cell types be recruited by extracellular stimulation?

e s there any dissimilarity in the Kinetics of excitatory postsynaptic currents received by
these interneurons?

e Do the two cell types have the same density of glutamatergic synaptic inputs? (This
part was performed by Dr. Rita Karlocai)

e s there any distinctive feature in their dendritic structures, which may underlie their

different excitatory synaptic inputs?

The second objective was to reveal, whether the excitatory synaptic inputs onto PV+
interneurons are capable of undergoing long-term plastic changes. Based on the anatomical
observations obtained by Dr. Istvan Katona’s group, that a synthetizing enzyme of the main
endocannabinoid, 2-AG, is present at glutamatergic synapses of PV+ cells, we aimed to
induce endocannabinoid-mediated long-term synaptic depression at the excitatory synapses in
PV+ interneurons. (A larger part of these experiments was carried out by Dr. Zoltan Péterfi.)
We investigated the following points:

e |s it possible to induce LTD in PV+ cells by post-pre pairing protocol or by

pharmacological activation of mGIluRs?

e Do pyramidal cells also exhibit LTD under similar circumstances?

e Are there any differences in the threshold of LTD induction in pyramidal cells and

PV+ interneurons?
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e What is the molecular cascade underlying these forms of LTD? Is it dependent on CB;

cannabinoid receptors?

The third objective was to examine the contribution of changes in excitatory synaptic
inputs onto FS BC in the cannabinoid-induced suppression of in vitro gamma oscillations (Dr.
Noémi Holderith performed the majority of these experiments). We aimed to answer the
following questions:

e Is the power of carbachol-induced gamma oscillation exhibit similar reduction in
response to CB;R agonists, as it was observed earlier in the kainate-induced oscillation
model?

e How does cannabinoid administration affect the firing of pyramidal cells and FS BCs
during gamma oscillation?

e Which type of inputs of these cells is affected by CB;R agonists?

e The modification of glutamatergic or GABAergic input onto pyramidal cells/FS BCs

is responsible for the observed changes in gamma oscillations?
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MATERIALS AND METHODS

. Animals

Experiments were approved by the Committee for the Scientific Ethics of Animal
Research (22.1/4027/003/2009) and were performed according to the guidelines of the
institutional ethical code and the Hungarian Act of Animal Care and Experimentation (1998.
XXVIII. section 243/1998.). In the studies giving the basis of the thesis we used several
mouse strains. Transgenic mice of the FVB strain expressing enhanced green fluorescent
protein (eGFP) under the control of the PV promoter (Meyer ef al., 2002) were used in order
to enhance the probability of targeting PV+ interneurons. Additionally, for investigation of
CBjR function during gamma oscillations and LTD, we used CB;R knockout (CB;R KO)
mice (Zimmer et al., 1999) and their wild type littermates of the C57BL/6 strain. For

investigating gamma oscillations the CD1 mouse line was used.

I1: Electrophysiological measurements

I1.1. Slice preparation

Mice were deeply anaesthetized with isoflurane and decapitated. The brain was
quickly removed from the skull and immersed into ice-cold solution containing (in mM):
sucrose 252; KCI 2.5; NaHCO3 26; CaCl, 0.5; MgCl, 5; NaH,PQO, 1.25; glucose 10; bubbled
with 95% O, / 5% CO, (carbogen gas). Using a Leica VT1000S or VT1200S Vibratome
(Wetzlar, Germany) we cut horizontal or coronal hippocampal slices of 150-200 um thickness
for studying postsynaptic currents or potentials and horizontal slices of 350-400 um thickness
for investigating gamma oscillations. Slices were placed into an interface-type holding
chamber containing artificial cerebrospinal fluid (aCSF) which consists of (in mM): NaCl,
126; KCI, 2.5; NaHCO3, 26; CaCl,, 2; MgCl,, 2; NaH,PO,4 1.25; glucose 10, bubbled with

carbogen gas at 36 °C that gradually cooled down to room temperature (~1-1.5 hours).
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11.2. Electrophysiological recordings

After incubation (at least an hour), the slices were transferred individually into a
submerged-type recording chamber superfused with aCSF bubbled with carbogen gas at 30-
32 °C. The cells were visualised using an Olympus BX61 or Nikon FN1 microscope equipped
with differential interference contrast optics. The eGFP in cells were excited by a UV lamp,
and the fluorescence was visualized by a CCD camera (C-7500; Hamamatsu Photonics,
Japan). Patch pipettes were pulled from borosilicate glass capillaries with an inner filament
(2.5 mm O.D.; 1.12 mm I.D., Hilgenberg, Germany) using a DMZ-Universal Puller (Zeitz-
Instrumente GmbH, Germany). Data were recorded with a Multiclamp 700B amplifier (Axon
Instruments, Foster City, CA, USA), low-pass filtered at 2 kHz and digitized at 10 kHz with a
PCI-6024E A/D board (National Instruments, Austin, TX, USA) using EVAN 1.3 (courtesy
of Professor Istvan Mody, Departments of Neurology and Physiology, UCLA, CA) or
Stimulog software (courtesy of Prof. Zoltdan Nusser, Institute of Experimental Medicine,
Hungarian Academy of Sciences, Budapest, Hungary). During whole-cell recordings, access
resistance was frequently monitored and recordings with access resistance larger than 15 MQ

and/or more than 20% change were discarded.

11.3. Investigation of single-cell and synaptic properties

To investigate the excitability, synaptic input features and membrane properties of the
cells, we performed either loose-patch, whole-cell voltage-clamp and current-clamp
recordings. During loose-patch recordings, we approached the cell membrane with glass
pipettes (~3-5 MQ) filled with aCSF thus we could detect discharges of individual cells
extracellularly. The voltage- and current-clamp methods were suitable for detection of
intracellular current- (excitatory postsynaptic current, EPSC) or potential deflections
(excitatory postsynaptic potential, EPSP or action potential, AP). For whole-cell recordings,
the intracellular solution contained (in mM): K-gluconate 110; NaCl 4; HEPES 20; EGTA
0.1; phosphocreatine-di-(tris) salt 10; Mg-ATP 2; Na-GTP 0.3; spermine 0.1; and 0.2 %
biocytin (pH 7.3 adjusted with KOH; osmolarity 290 mOsm/I).
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11.4. Comparison of axo-axonic cells and fast-spiking basket cells

Slices were superfused with aCSF containing 5 uM SR 95531 (gabazine) to block
GABAA receptor-mediated conductance. Spontaneous EPSCs (SEPSC) were measured at -60
mV. Cells were stimulated with gradually increasing stimulus intensities near the firing
threshold of the cells. The firing threshold of the cells was measured in loose-patch- and
current clamp mode. Evoked EPSCs (eEPSC) and EPSPs (eEPSP) were recorded at the
resting membrane potential of the cells, which was measured immediately after break-in. We
recorded six responses at each stimulus intensity. The required stimulus intensity was
generally 5-20 pA. Electrical stimulation of fibers was delivered via a Pt-Ir bipolar electrode
(tip diameter of 10-20 pm, Neuronelektrod Kft., Budapest, Hungary) every 10 s (0.1 Hz)
using a Supertech timer and isolator (Supertech Ltd., Pécs, Hungary). The stimulating
electrode was placed into the stratum oriens in the CA3 region in order to stimulate the CA3
recurrent collaterals, but avoid mossy fibers originating from granule cells located mainly in
the stratum lucidum. The stimulation site was within 100 pm of the recorded cells.

To obtain a current-voltage (I-V) relationship for EPSCs, an intracellular solution
containing (in mM): CsClI 80; Cs-gluconate 60; MgCl,x6H,0 1; Mg-ATP 2; HEPES 10; NaCl
3; QX-314CI 5; spermine 0.1; and 0.2 % biocytin (pH 7.3 adjusted with KOH; osmolarity 290
mOsm/l) was used. We recorded eEPSCs at different holding potentials (at -60, -40, -20, +20
and +40 mV) under control conditions and in the presence of 10 uM NBQX, which is an
antagonist of non-NMDA types of ionotropic glutamate receptors. AMPA/KA receptor-
mediated synaptic currents were calculated by subtraction of responses measured in the
presence of NBQX from control responses. Rectification index was taken as the ratio of
AMPA/KA receptor-mediated conductances at -60 mV and +40 mV. The ratio of NMDA
receptor-mediated current to all ionotropic receptor-mediated currents was calculated by
dividing NMDA receptor-mediated conductances in the presence of NBQX with the size of
control EPSCs measured at -40 mV. For isolating evoked inhibitory postsynaptic currents
(eIPSCs), an excitatory amino acid receptor blocker kynurenic acid (2-3 mM) was added to
the bath solution, while the pipette solution contained in mM: CsCl, 80; Cs-gluconate, 60;
NaCl, 3; creatine phosphate, 10; MgCl,, 1; HEPES, 10; ATP, 2 and QX-314Cl, 5 (pH 7.3,
290-300 mOsm/l).

To evaluate the changes in the peak amplitude of evoked postsynaptic currents upon
CB;R activation, control amplitudes in a 2-3 min time window were compared to those

measured after 20 min-long drug application for the same period of time. Only those
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experiments were included in the analysis that had stable amplitudes at least for 10 min before
drug application.

To measure the membrane properties of the cells, we tested the voltage response to a
series of hyperpolarizing and depolarizing square current pulses of 800 ms duration and
amplitudes between -100 and 100 pA at 10 pA step intervals, then up to 300 pA at 50 pA step
intervals and finally up to 600 pA at 100 pA step intervals from a holding potential of -60 mV
in each cell. Using these voltage responses, we characterized active and passive membrane
properties of AACs and FS BCs (for details, see (Antal et al., 2006; Zemankovics et al.,
2010). For each cell, we selected the first response to which the cell was capable to discharge
at least 3 APs, and we calculated the AP threshold, the afterhyperpolarization (AHP)
amplitude and width at 25, 50 and 75%, and the rheobase. We defined AP threshold as the
membrane potential where the velocity of membrane potential change reached 1 mV/ms. AHP
is the negative deflection compared to steady state potential observed after APs. Rheobase
was defined as the current step the cells required to fire at least 3 APs. The maximal current
step was the highest current injection generating firing with lack of distortion. From this
response we calculated the AP half width, the spike frequency, the accommodation ratio and
the ratio of AP amplitude adaptation. The accommodation ratio was defined as the ratio of the
interspike interval of the last two and the first two APs during the current step. The ratio of
amplitude adaptation was the ratio of the last and the first AP amplitude. From responses to
hyperpolarizing current steps, we calculated the input resistance, membrane time constant,
membrane capacitance and relative sag amplitude of the cells. We analyzed the active
membrane properties with SPIN software (Antal et al., 2006) and the passive membrane
properties with a Matlab script (Zemankovics et al., 2010).

For comparison of the two cell types, data are presented as median and interquartile
range. In all cases, the non-parametric Mann-Whitney test was applied, using STATISTICA 11
software (Statsoft, Inc., Tulsa, OK) or Origin 8.6 software (Northampton, MA). Before
correlation tests for linear values, the normality of a distribution was tested by the Shapiro-
Wilk and Kolmogorov-Smirnov tests. As the tests did not reject normality (p>0.05), the

Pearson’s correlation coefficient was used.
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I1.5. Investigation of LTD

In experiments studying long-term depression of synaptic inputs onto PV+
interneurons in the hippocampal CA1l region, we blocked GABAAa receptor-mediated
inhibitory postsynaptic currents with picrotoxin (70-100 uM) included in the aCSF. To avoid
epileptic activity in the lack of inhibition, we used coronal slices, from which we trimmed the
CAS3 region, because this area is predisposed to generate large synchronous events.

For extracellular stimulation delivered at 0.1 Hz, a theta electrode was filled with
aCSF and placed into the stratum radiatum in the CA1 region of the hippocampal slice within
100-200 um of the recorded pyramidal cells and fast-spiking interneurons (FS INs). Two
forms of LTD were studied at excitatory synapses onto CA1 pyramidal cells and FS INs
which were identified as FS BCs, AACs or bistratified cells. Spike timing-dependent LTD
was induced by a post-pre pairing protocol. Before the pairing, the strength of presynaptic
stimulation (varying between 20 pA and 8 mA) was adjusted to evoke EPSCs with amplitudes
that were consistently larger than 50 pA. During the pairing protocol, an AP in the
postsynaptic neuron was evoked in current-clamp mode followed by stimulation of the
excitatory inputs with a 10 ms delay. Altogether 600 pulses were given in six blocks of 100
pairings at a membrane potential between -50 and -58 mV. Pulse frequency was either 5 Hz or
10 Hz, interblock interval was 10 sec. In the second protocol, we induced LTD
pharmacologically by perfusing the slices with 10 or 50 uM DHPG for 10 minutes. LTD was
defined as the decrease in the amplitude of eEPSCs that could not recover after 20 mins of
washout. In some of these chemical LTD experiments, a pair of EPSCs with an inter-stimulus
interval of 50 ms was evoked.

All data for each experiment were normalized relative to baseline and reported as
mean = SEM. To evaluate whether the induction protocol readily induced LTD within a given
experiment, we compared the peak amplitudes measured in a 10 min-long control, pre-
induction period with those peak amplitudes that were determined in the last 5 min of the
recordings after 25 min of the LTD using Student’s t-test. Experiments involving
pretreatments with an enzyme inhibitor (THL) or the receptor antagonists (MPEP, LY 367385,
AM251, DL-AP5) were analyzed in the same manner. To determine the efficacy of different
treatments, EPSC amplitudes during the last 5 min after 25 min of the post-pre pairing or
DHPG treatment were compared between the control and the treated groups using

independent samples t-test. An alpha level of p < 0.05 was considered statistically significant.
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Applied chemicals and their concentration: N-(Piperidin-1-yl)-5-(4-iodophenyl)-1-
(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM 251, 2 uM), N-Formyl-L-
leucine (1S)-1-[[(2S,3S)-3-hexyl-4-ox0-2-oxetanyl]methyl]dodecyl ester (THL, 10 uM), 2-
Methyl-6-(phenylethynyl)-pyridine hydrochloride (MPEP, 10 uM), (S)-(+)-a-Amino-4-
carboxy-2-methylbenzeneacetic acid (LY 367385, 100 uM), (S)-3,5-Dihydroxyphenylglycine
(DHPG, 10 or 50 uM), DL-2-Amino-5-phosphonopentanoic acid (DL-AP5, 100 uM) and 1,2-
bis-(0-Aminophenoxy)-ethane-N,N,N’,N’-tetraacetic acid tetrapotassium salt (BAPTA, 20
mM). From the lipofil chemicals we made up stock solutions in DMSQO, in the final dilution,
the concentration of DMSO was below 0.001%.

11.6. Studying gamma oscillation

To examine the cannabinoid effects on gamma oscillation, experiments were
performed using a dual-superfusion recording chamber developed in the laboratory to
improve oxygenation of slices (Hajos & Mody, 2009). Oscillatory activities at gamma
frequency (25-40 Hz) were induced and maintained by bath application of 10 uM carbachol.
Local field potentials and the spiking activity of cells were simultaneously recorded with two
patch pipettes filled with aCSF. One pipette was placed within the pyramidal cell layer of the
CA3D region at a depth of 100200 pm to monitor local field oscillations. The other pipette
was used under visual guidance to extracellularly detect APs from neurons.

For the analysis of gamma oscillation, power spectra density analysis was performed
on 120-180 s epochs. Time windows of 1 s with 50 % overlap were multiplied by a Hanning
window before a fast Fourier transform was performed. Peak power and peak frequency at
that power value were used for comparison. A custom-written firing phase detection
algorithm was used as described in details previously (Gulyas et al., 2010). Spikes recorded in
a loose-patch mode for 120-180 s were detected by manually setting the threshold on the
unfiltered trace. The negative peak of the trough of the oscillation was considered as phase
zero for field potentials band-pass filtered with an RC filter between 5 and 500 Hz. The phase
of individual spikes was specified by calculating the position of the unit spikes in relation to
two subsequent negative phase time points. The amplitude and the instantaneous frequency of
the oscillation varied, and the detection algorithm often skipped one or more oscillation
cycles. Therefore, our spike phase detection algorithm checked for the actual detected cycle
length and assigned a phase to a spike only if the actual cycle length did not differ from the
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mean of the average cycle length by more than a chosen fraction of 0.3 standard deviations of
the cycle length. Phase values of individual cells were analyzed by circular statistical methods
using Oriana 2.0 software (Kovach Computing Services, Anglesey, UK). Significant
deviation from uniform (random) phase distribution along the circle indicated directionality.
This was tested with Rao’s spacing test and Rayleigh’s uniformity test. To characterize a non-
uniform distribution, two parameters of its mean vector (calculated from individual
observations) were used, the mean angle and the length of the mean vector, i.e., the phase-
coupling strength.

Applied chemicals and their concentration: (R)-(+)-[2,3-Dihydro-5-methyl-3-(4-
morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-1-naphthalenylmethanone
mesylate (WIN55,212-2, 1 uM), (-)-cis-3-[2-Hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-
(3-hydroxypropyl)cyclohexanol (CP55,940, 1 uM) and 2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzo[f]quinoxaline-2,3-dione; (NBQX, 10 mM).

I11. Anatomy

I11.1. Identification of the cell types

After recordings, hippocampal slices were fixed overnight in 4% paraformaldehyde in
0.1 M phosphate buffer (PB), pH 7.4. Following fixation, slices were washed with 0.1 M PB
several times. Biocytin-filled cells were visualized with Alexa 488- or Alexa 594-conjugated
streptavidin (Alexa 488, 1:3000; Alexa 594, 1:1000; Invitrogen, Carlsbad, CA, USA).
Neurons were identified based on their dendritic and axonal arborizations. The anatomical
classification of CALl pyramidal neurons and bistratified cells could unequivocally be
achieved based on morphological criteria. At this stage we made high resolution 3D images
from potential AACs and FS BCs of the CA3 region to reconstruct the dendritic trees with
Neurolucida software. We used a FV 1000 Olympus confocal microscope (20x Objective,
N.A. =0.75) in z-stack mode with 1-2 pm steps.

To distinguish between AAC and FS BCs, the close proximity of biocytin-labeled
axon endings with axon initial segments (AISs) was inspected (Gulyas et al., 2010). AISs
were visualized by an immunostaining against the protein Ankyrin-G. Slices were embedded
in 1% agar and re-sectioned to 40 pum thickness. The sections were then treated with 0.1
mg/ml pepsin (Cat. No. S3002; Dako, Glostrup, Denmark) in 1 N HCI at 37 °C for 15 min
and were washed in 0.1 M PB. Sections were blocked in normal goat serum (NGS, 10%,
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Vector Laboratories, Burlingame, CA) made up in Tris-buffered saline (TBS, pH 7.4)
followed by incubation in mouse anti-Ankyrin-G (Santa Cruz Biotechnology, Santa Cruz,
CA) diluted 1:100 in TBS containing 2% NGS and 0.05% Triton X-100. Following several
washes in TBS, Alexa 594-conjugated goat anti-mouse (1:500) or Alexa 488-conjugated goat
anti-mouse (1:500) was used to visualize the AISs, depending on the color of biocytin
labeling. Maximum intensity z-projection images of 4 confocal stacks were taken using an
A1R confocal laser scanning microscope (Nikon Europe, Amsterdam, The Netherlands) and a
60% (NA = 1.4) objective.

111.2. Reconstruction of cells with drawing tube

We reconstructed some representative cells with the aid of a drawing tube using a 40x
objective. For this purpose, we performed an immunoperoxidase reaction using diamino-
benzidine as chromogene. Slices were washed with 0.1 M PB several times, and incubated in
a cryoprotecting solution (30% sucrose in 0.1 M PB; pH: 7.4) for 2 h. Slices were then freeze-
thawed three times above liquid nitrogen and treated with 1% H,0, in PB for 15 min to
reduce endogenous peroxidase activity. For single biocytin staining, biocytin-filled cells were
visualized using avidin-biotin complex with horseradish peroxidase activity (Vector
Laboratories). Ammonium nickel sulfate hexahydrate ((NH4)2(NiSO,4).x6H,0; Sigma) was
added to intensify the color reaction of 3-3-diaminobenzidine tetrahydrochloride (0.05%
solution in TBS, pH 7.4; Sigma) containing 0.015% H,0..

I11.3. Estimating the density of VGIuT1l-expressing synapses onto biocytin-labeled

dendrites

After re-sectioning the slices to 40 um thickness, sections were blocked in 5% NGS
and 5% normal horse serum made up in TBS, pH 7.4, followed by incubation in guinea-pig
anti-VGIuT1 (1:10,000, Millipore, Billerica, MA) and mouse anti-Bassoon (1:3000, Abcam,
Cambridge, UK) antibodies diluted in TBS containing 0.5% Triton X-100. Following several
washes in TBS, the sections in which biocytin was developed with Alexa 594-conjugated
streptavidin were treated with a mixture of Alexa 488-conjugated donkey anti-mouse and
DyL.ight 405-conjugated donkey anti-guinea pig antibodies (1:500; Jackson ImmunoResearch,
Bar Harbor, MA). If biocytin was visualized with Alexa 488-conjugated streptavidin, a
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mixture of Cy3-conjugated goat anti-mouse (1:500; Invitrogen, Carlsbad, CA) and DyL.ight
405-conjugated donkey anti-guinea pig antibodies was applied to the sections. After several
washes, sections were mounted on slides in Vectashield (Vector Laboratories). Images were
taken using an A1R microscope and a 60x (NA = 1.4) objective. For high magnification
images, single confocal images or maximum intensity z-projection images were used (2-3
confocal images at 0.3-3 um). From 4 AACs, 9 dendritic segments in the stratum oriens, 10 in
the strata pyramidale and lucidum and 11 in the stratum radiatum were imaged and
investigated. For FS BCs, six dendritic segments were sampled in each layer from 4 FS BCs
and analyzed. To improve the quality of the images, deconvolution was carried out with the
Huygens Professional program (Hilversum, The Netherlands).

After deconvolution, the number of VGIuT1-immunostained boutons forming close
appositions with the biocytin-labeled dendrites, where Bassoon staining within the boutons
was unequivocally present facing toward the dendrite, was counted using the NIS-viewer
software (Nikon Europe). Dendritic surface was calculated by measuring the length, depth
and radius of the dendrites with the aid of the NIH ImageJ image analyser software. Bassoon-
or VGIuT1-positive single stained elements were not counted. After calculating the surface of
the dendritic segment, the Bassoon- and VGIluT1-double-immunopositive inputs were
quantified and normalized to 50 pum?®. Similar results were obtained with the two different

mixtures of antibodies, and therefore the data were pooled.

I11.4. Neurolucida analysis

Dendrites of biocytin-labeled AACs and FS BCs in the CA3 hippocampal region were
reconstructed with Neurolucida 8.0 software using the 3D confocal images taken before re-
sectioning. Values were corrected for shrinkage of the tissue. Branched Structure, Convex
Hull and Sholl Analyses were performed on the reconstructed dendrites. For Sholl analysis,
concentric spheres at 50 um radius intervals were drawn around the cell, centered at the cell
body, and several dendritic parameters were measured independently for each shell. For
correlating sEPSC rate with dendrite length in cells, dendrite length at different distances
from the soma was calculated as the sum of data in shells obtained in Sholl analysis until the

given sphere border.
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RESULTS

Differentiation between parvalbumin-positive axo-axonic and fast-spiking basket

cells using Ankyrin-G immunostaining

To investigate the properties of PV+ interneurons in hippocampal slices, we used a
mouse line expressing eGFP under the control of the PV promoter (Meyer et al., 2002). After
whole-cell recordings, the slices were fixed and the biocytin content of interneurons was
revealed. The recorded cells were post hoc identified based on their proper axonal
arborization. The vast majority of PV+ cells were AACs, FS BCs and bistratified cells;

however, especially in the CA1 region we observed PV+ O-LM cells as well (Figure 5).

Figure 5. Light microscopic reconstructions of the parvalbumin-positive interneuron types
in the CA1 region of the hippocampus. Representative members of the four morphologically
distinct interneuron types showing a FS BC (A); an AAC (B); a bistratified cell (C) and an O-
LM cell (D). Dendrites are represented in black and axons are visualized in red. Scale bar,
100 um. s.I-m., stratum lacunosum-moleculare; s.r., stratum radiatum; s.p., stratum

pyramidale; s.o., stratum oriens.
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Bistratified cells had axon collaterals in the strata radiatum and oriens, and only sparsely
arborized in the pyramidal cell layer (Figure 5C). O-LM cells innervated the stratum
lacunosum-moleculare (Figure 5D). FS BCs targeted mainly stratum pyramidale, but their
axon collaterals could be traced to the proximal strata oriens, and radiatum in CA1 and also in
stratum lucidum in CAS3. In the case of AACs, the axon arbor was shifted towards the border
of strata pyramidale and oriens, where most of the AlSs of pyramidal cells are located (Figure
5A, B, Figure 6A, B). Based on these morphological properties, AACs and FS BCs could not
be exactly identified. To unequivocally distinguish AACs and FS BCs, we performed double
immunolabeling for biocytin and Ankyrin-G in each case. Ankyrin-G is an anchoring protein
(Jenkins & Bennett, 2001) accumulating predominantly in the AIS (Boiko et al., 2007).
Interneurons were identified as AACs if the axon terminals of labeled cells formed close

appositions with AISs, or as BCs if their axons avoided the Ankyrin-G immunoreactive

elements (Figure 6C-E).

Figure 6. Distinguishing AACs
and BCs with Ankyrin-G staining.
Maximum intensity projection of
confocal images of a
representative AAC, A and a FS
BC, B filled with biocytin. Borders
of  hippocampal layers are
indicated with dashed lines. s.o.,
stratum oriens, s.p., stratum
pyramidale, s.l., stratum lucidum,
s.r., stratum radiatum, s.Im.
stratum lacunosum-moleculare. C,
Double immunofluorescent
labeling for Ankyrin-G (red) and
biocytin  (green) shows close
appositions  of  biocytin-filled
boutons with axon initial segments
(AIS), a characteristic of AACs. D,

Same staining as in C, but in this case the biocytin-filled axon terminals avoid the Ankyrin-G-

labeled AlSs, which characterize FS BCs. Scale bars are 10 um. E, F, Enlarged pictures of
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the parts labeled by yellow boxes in C and D, respectively. Open arrows indicate biocytin-

labeled boutons, filled arrows mark Ankyrin-G-stained AIS. Scale bars are 2.5 um.

I. Quantitative differences in the convergence of local pyramidal cells onto

parvalbumin-positive axo-axonic- and basket cells in the hippocampal CA3
subfield

I.1. Membrane properties of AACs and FS BCs in the hippocampal CA3 region

From the voltage responses upon the injection of a series of hyperpolarizing and

depolarizing square current pulses into the interneurons, we first determined the active and

passive membrane properties of AACs and FS BCs (Figure 7A-C, Table 1).
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Figure 7. The single-cell properties of AACs
and FS BCs are distinct in the CA3 region of
mouse hippocampus. A, B, Voltage responses
to hyperpolarizing (100 pA) or depolarizing
(200 pA and 600 pA) current steps, in AAC (A)
and FS BC (B). Calibrations, 200 ms and 20
mV. C, Single-cell properties that were found to
be distinct in the two cell types. Here on the
graphs and in Figures 8-13 each triangle
represents a value from an individual cell, bars
show the median of values in each group and
asterisks indicate significant differences.
Comparison of rheobase (p=0.036) action
potential (AP) threshold (p=0.0015), AP half-
width (p=0.044), input resistance (p=0.019)

accommodation ratio (p<0.001) and spike frequency (p=0.028) are shown. Significance
levels here and in and in Figures 8-13: *: p<0.05, **: p<0.01, ***: p<0.001.
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Table 1. Membrane properties of PV+ interneurons innervating the perisomatic region of
pyramidal cells in the CA3 region of the hippocampus. Data are presented as the median
with the first and third quartiles in parentheses. Significant differences (p<0.05) shown in

bold were determined with the Mann-Whitney test.

AAC n FSBC n p
Rheobase (pA) 113 (80-188) 20 150 (150-275) 13 0.036
AP threshold (mV) -33.3 (-37.7--31.95) 15 -38 (-41.6--36.3) 13 0.0015
AHP ampl. (mV) 19.95 (15.3-21.3) 15 19.6 (16.7-21.4) 13 0.765
AHP 25% decay (ms) 10.65 (7.03-18.8) 20 5.8 (4.6-6.85) 13 0.019
AHP 50% decay (ms) 20.75 (14.03-40) 20 9.7 (7.75-11.2) 13 0.016
AHP 75% decay (ms) 30.15 (16.58-69.65) 20 13.5(10.7-17.3) 13 0.020
AP half-width (ms) 0.45 (0.4-0.5) 20 0.35 (0.3-0.4) 13 0.044
Spike frequency (Hz) 138 (120-148) 20 166 (134-174) 13 0.028
Accommodation ratio 1.64 (1.58-2.00) 15 1.03 (0.99-1.11) 13 1.2*10%
Eda;:)?[a?ifoﬁp amplitude 0.69 (0.52-0.8) 15 0.65 (0.62-0.73) 13 0.596
;F)acfts;ri]rt]% Inz«rannc/b)rane -46.5 (-50--43) 36 -45 (-50--40) 24 0.154
Erlc/rl)gthﬁiistance 122.7 (86.5-175.6) 19 82.7 (67.1-111) 8 0.019
migg :}?Qﬁg?e 13.71 (10.04-16.38) 15 13.15 (10.71-14.13) 13 0.674
'(\S%nb rane capacitance 103.9 (72.7-148.7) 15 151.4 (86-204.4) 13 0.322
Relative sag amplitude 0.227 (0.130-0.258) 15 0.280 (0.091-0.336) 13 0.512

We found that the rheobase of FS BCs was significantly higher, whereas their AP
threshold was lower than that of AACs in response to rheobase current steps. The AHP shape
of FS BCs was narrower, as indicated by significantly shorter AHP widths at 25, 50 and 75%
of the amplitude. In contrast, we found no differences in the AHP amplitude. At maximal
current injection, the half width of APs in FS BCs was significantly shorter, and these cells

displayed significantly higher AP frequency with lower accommodation than AACs.
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Adaptation in the amplitude of APs was not different between cell types. The resting
membrane potential of AACs and FS BCs was identical. The membrane time constant,
capacitance and relative sag amplitude of the two cell types were similar, but FS BCs had a
significantly lower input resistance (Table 1).

As AACs had a higher AP threshold than FS BCs in response to near-threshold current
steps, we sought to find a possible difference in the structural organization of the AIS. We
examined the length of the Ankyrin-G-immunopositive segment and the distance of its
beginning from the soma, since previous studies have shown that these features could
correlate with the variability in AP threshold (Grubb & Burrone, 2010; Kuba et al., 2010).
The investigation revealed that the length of the Ankyrin-G-immunopositive segment in the
AlISs and the distance of its beginning from the soma were not different between AACs and
FS BCs, suggesting that these structural properties of the AIS are not responsible for the
difference observed in the AP threshold (Table 3).
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Figure 8. Determining the magnitude of excitatory synaptic inputs at spiking threshold in
AACs and FS BCs. A, Family of responses obtained in a representative cell upon focal
stimulation of fibers with increasing stimulus intensities in loose-patch, current-clamp or
voltage-clamp mode. Rmp, resting membrane potential. B, Examples of discharging a cell in
loose-patch and current-clamp mode. AP latencies (i.e. spike peak latency) detected extra- or
intracellularly were calculated as the time between the beginning of the stimulus artifact and
the AP peak. C, Comparison of the probability and the peak latency of spikes recorded extra-
and intracellularly in the same cell in response to equivalent, gradually increasing stimulus
intensities. Open squares show average values of six consecutive loose-patch measurements
at each stimulus intensity, while filled gray circles indicate corresponding current-clamp
data. D, The amplitude of evoked EPSPs and EPSCs linearly increased as a function of
stimulus intensity. We determined the size of EPSP/Cs and stimulus intensities needed to
discharge the cells (7uA, outlined with square frames) from the EPSP/C amplitude vs.
stimulus intensity curves E, Comparison of the amplitude of EPSPs (p=0.027) and EPSCs
(p=0.257) at spike threshold in AACs and FS BCs. F, Lower stimulus intensities were needed
to discharge FS BCs compared to AACs (p=0.001).

1.2. FS BCs receive a higher number of proximal excitatory synaptic inputs than AACs

Next, we aimed to establish the magnitude of excitatory synaptic inputs necessary to
evoke an AP in AACs and FS BCs. To this end, we stimulated CA3 recurrent collaterals in
the stratum oriens with gradually increasing stimulus intensities and recorded first in loose-
patch mode, followed by measurements obtained in current-clamp and voltage-clamp mode
(Figure 8A, B). The stimulus intensity necessary to induce spiking in cells using extra- or
intracellular recordings showed a strong correlation (minimal stimulus intensity for AACs,
r?=0.977, p<0.001, n=7; for FS BCs, r’=0.8, p=0.004, n=7; maximal stimulus intensity for
AACs: r’=0.682, p=0.013, n=7; for FS BCs, r*=0.965, p<0.001, n=6; Figure 8C), suggesting
that whole-cell recordings did not significantly perturb spiking properties or excitatory
synaptic transmission. This allowed us to determine the EPSP and EPSC amplitude at AP
threshold. Thus, by measuring the size of synaptic inputs in whole-cell mode at those stimulus
intensities that were needed to evoke AP firing, we could compare the properties of excitatory
synaptic inputs at spiking threshold in AACs and FS BCs (Figure 8D).
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We found that the magnitude of the electrically evoked EPSPs necessary to discharge the cell
at the resting membrane potential was smaller in FS BCs than in AACs (Figure 8E, Table 2).
In contrast, the EPSC amplitudes evoked under the same conditions in both interneuron types
were similar. Importantly, evoking APs in FS BCs required significantly lower stimulus
intensities than in AACs (Figure 8F), but the maximal values for EPSPs and EPSCs, which
could be triggered by focal stimulation, were comparable (Table 2). These data suggest that
there are some differences in the excitatory synaptic inputs to these two types of PV+
interneurons.

In the next set of experiments, our goal was to clarify the kinetics of evoked EPSCs
eEPSCs and the ratio of AMPA and NMDA receptor-mediated currents in PV+ interneurons.
Our analysis revealed that the 20-80 % rise time and decay time constant of EPSCs evoked in
AACs and FS BCs at the membrane potential of -60 mV was similar (Figure 9, Table 2). In
addition, we obtained the I-V curves for AMPA receptor-mediated synaptic currents by
measuring the EPSC amplitudes in the absence and presence of NBQX (5 uM; Figure 10A,
B), and subtracting the NMDA receptor-mediated component from the averaged traces
obtained under drug-free conditions. In both interneuron types, the AMPA receptor-mediated
synaptic currents showed strong inward rectification in a similar manner (Figure 10B, C Table
2), indicating that AMPA receptors with high Ca®* permeability should mediate fast EPSCs
(Geiger et al., 1995). Furthermore, we also compared the proportion of NMDA receptor-
mediated currents in the evoked synaptic responses and found no difference between the two
cell types (Figure 10C, Table 2). These results propose that EPSCs in AACs and FS BCs are

mediated via ionotropic glutamate receptors with similar properties.
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Table 2. Properties of excitatory synaptic inputs recorded in AACs and FS BCs. Data are
presented as the median with the first and third quartiles in parentheses. Significant
differences (p<0.05) shown in bold were determined with the Mann-Whitney test.

AAC n FS BC n p
Amplitude of threshold eEPSP 6(5.21-76) 13 4,58 (3.74-4.64) ; 0.027
(mV)
erxglltude of threshold eEPSC 199 (149-312) 1 255 (186-402) 7 0.257
,(Bg)n;;)htude of maximal eEPSC 350 (205-800) 27 475 (360-650) 18 0.701
Stimulus intensity at AP
threshold (1A) 18 (15-32.5) 16 9 (7-11) 10 0.001
- 0, i i
20-80 % rise time of eEPSC 0.54 (0.44-0.61) 19 0.53 (0.4-0.7) 1 0.780
(ms)
(Dn?;:;y time constant of eEPSC 3.06 (2.43-4.47) 14 2.38 (1.46-3.07) 10 0.101
Rectlflca.tlon index of AMPA 0.195 (0.1-0.3) 18 0.105 (0.01-0.35) 6 0.424
rec.-mediated currents
Ratio of NMDA/AMPA currents 0.105 (0.067-0.2) 18 0.215 (0.086-0.49) 6 0.257
Peak amplitude of SEPSC (pA) 23.61 (19.34-28.03) 6 27.65 (19.88-30.85) 6 0.689
zg:g)r event interval of SEPSC 0.056 (0.038-0.134) 6 0.023 (0.016-0.030) 6 0.013
- 0, I 1
(Zr?]sf);o % rise time of SEPSC 0.347 (0.253-0.447) 6 0.369 (0.353-0.374) 6 0.575
E)rsg)ay time constant of SEPSC 1.83 (1.67-2.14) 6 2.07 (1.99-2.34) 6 0.171
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To further examine the features of excitatory synaptic inputs received by PV+ cells,
we recorded spontaneously occurring EPSCs (SEPSCs) in AACs and FS BCs (Figure 11A). In
agreement with our eEPSC parameter data, the peak amplitude, 20-80% rise time and decay
time constant of SEPSC were comparable in both interneuron types (Figure 11B, Table 2). In
contrast, the interevent interval of SEPSCs measured in FS BCs was significantly lower, and
thus the SEPSC rate was higher, compared to that recorded in AACs (Figure 11B, Table 2).
These observations indicate a higher number of excitatory synaptic inputs in FS BCs
compared to AACs.

1.3. The density of excitatory synapses on the proximal dendrites of AACs and FS BCs is

similar

The higher sEPSC rate and the lower stimulus intensity required for AP generation by
focal stimulation in FS BCs propose that the number of excitatory synaptic inputs received by
the proximal parts of FS BCs might be higher compared to AACs. This difference can be due
to the fact that the dendrites of FS BCs might be covered with excitatory synapses more
densely, but the length of proximal dendrites is similar in both cell types. Alternatively, the
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density of excitatory synaptic inputs can be similar for both cell types, but the proximal
dendrites of FS BCs may be longer or more numerous than of AACs. To distinguish between
these two possibilities, we estimated the density of excitatory synapses received by the
dendrites of both cell types. We calculated the number of VGIuT1- and Bassoon-double-
immunopositive axon endings forming close appositions with the biocytin-labeled dendrites
of PV+ cells. VGIUTL1 is a marker for cortical excitatory synapses (Kaneko & Fujiyama, 2002;
Fremeau et al., 2004), while Bassoon is present at the presynaptic active zone (tom Dieck et
al., 1998; Richter et al., 1999), allowing us to determine whether synapses in the axon
endings are indeed closely apposed to the biocytin-filled dendrites or face unlabeled profiles
(Figure 12A, B). We randomly sampled biocytin-positive dendritic segments in three different
layers (stratum oriens, proximal region -including strata pyramidale and lucidum- and stratum
radiatum) and found a similar number of excitatory axon endings apposed to both cell types
(Figure 12G, Table 3). In conclusion, our data show that the density of VGIuT1-

immunopositive axon endings on the proximal dendrites of both AACs and FS BCs is similar.
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Figure 11. Comparison of SEPSC properties. A, Representative SEPSC recordings obtained
in AACs and FS BCs. B, Averages of 600 consecutive SEPSC events from the same recordings
as in A. C, Peak amplitude (p=0.689), interevent interval (p=0.013), 20-80% rise time
(p=0.575) and decay time constant (p=0.171) of SEPSCs in AACs and FS BCs are plotted.
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Figure 12. Excitatory synapse density on the proximal dendrites of AACs and FS BCs is
similar. A, B, Triple immunofluorescent labeling for VGIuT1 (blue), Bassoon (green) and
biocytin (red). Scale bars are 6 um. Al, A2, B1, B2 Contact sites on dendrites at higher
magnification. Scale bars are 2 um. Arrowheads indicate putative excitatory terminals
expressing VGIuT1 together with Bassoon labeling, which faces toward the labeled dendrites,
indicating the presence of synaptic contacts. Asterisks mark VGIuT1-immunonegative
(putative inhibitory or subcortical) axon endings terminating on the labeled dendrites. C,
Glutamatergic input density on the labeled dendrites in stratum oriens (p=0.377), strata
pyramidale and lucidum (p=0.786), and stratum radiatum (p=0.092) obtained from 4 AACs
and 4 FS BCs. Values derived from AACs are indicated in black, while those from FS BCs are
gray. Here on the box charts and in Figure 13, the mean (small open square), the median
(midline of the big box), the interquartile range (large box), and the 5/95% values (end of the

whiskers) are shown.

I.4. FS BCs have significantly longer dendrites with a more extensive proximal

arborization compared to AACs

Since we have not observed any difference in the density of excitatory synapses
received by the dendrites of the two interneuron types, we next investigated the structure of
the dendritic trees of AACs and FS BCs to clarify the possible reasons underlying the
difference in SEPSC rate and the stimulus intensities needed to discharge them (Table 3). We
reconstructed the dendritic arbor of biocytin-filled cells with the Neurolucida software using
the 3D confocal images taken from the recorded neurons (Figure 13A). We measured several
dendritic parameters including total dendritic length, dendritic length in each hippocampal
layer (Figure 13B) or as a function of dendritic order, number of dendrites, number of nodes
(Figure 13C), soma surface, and the highest order dendritic segment with Branched Structure

Analysis. The volume occupied by the cells was measured with Convex Hull Analysis and the
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number of apical and basal intersections as a function of distance from the soma was analyzed
using Sholl Analysis (Figure 13D). We found that the soma surface of AACs and FS BCs was
similar (Figure 13B). In contrast, the dendrites of FS BCs were longer by 50% compared to
that observed for AACs, which was due to significantly longer dendrites in strata oriens and
radiatum (Table 3). In addition, the 3rd and 5th order dendrites of FS BCs were longer and
more numerous, while their 2nd and 4th order dendrites had more nodes than AACs (Figure
13C). These observations are in accordance with the Sholl Analysis, which also revealed a
higher number of dendrite: shell intersections in FS BC proximal regions, both in the strata
radiatum and oriens. Median values of apical and basal intersections for the two PV+ cell
types indicated that in FS BCs, both the apical and basal parts of the dendrites exhibited more
extensive arborization closer to the cell body. In contrast, the distal dendrites of AACs in the
apical part, closer to or within the stratum lacunosum-moleculare ramified more intensely
than that of FS BCs. This was supported by the significantly higher ratio of distal versus
proximal intersections in AACs (i.e. at 300/150, 350/150, 300/200, 350/200 um; Table 3). We
found no difference in the highest order of dendritic segments, indicating that the total
branching number is similar, but the structure of branching is different. Consistently, Convex
Hull Analysis showed that the occupied volume of the two cell types is equal. Thus, FS BCs
tend to be more ramified and more symmetric, while AACs are more polarized with a
characteristic tuft in the apical part of their dendrites. This structural difference observed for
FS BCs, especially the longer dendrites and denser proximal arborization could explain the
higher rate in SEPSC occurrence and the lower stimulus intensities necessary to evoke APSs in
them by focal stimulation of fibers in the stratum oriens.

If this assumption is valid, then the number and/or length of proximal dendrites should
correlate with the rate of SEPSCs. Indeed, we found positive correlation between the SEPSC
rate and the dendritic length at distances of 50 and 100 pm from the soma (at 50 um, r=0.82,
p=0.014; at 100 pm, r=0.75, p=0.03; Figure 14A, B). Up to 300 um, the correlation was less
strong (at 150 pm, r=0.68, p=0.061; Figure 14C, at 200 pm, r=0.66, p=0.075; at 250 pum,
r=0.67, p=0.067), but was also significant at 300 um (r=0.73, p=0.039). At 350 pm from the
soma, there was no correlation between dendritic length and sEPSC rate (r=0.54, p=0.169;
Figure 14D). These results raise the possibility that the larger number of excitatory synaptic

inputs received by FS BCs is due to their longer dendritic tree.
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Figure 13. Dendritic arborization of AACs and FS BCs are distinct. A, Maximal intensity
projection confocal images of two AACs and two FS BCs and their dendrites reconstructed
with Neurolucida software. Concentric spheres drawn on the reconstructions illustrate the
radii used for Sholl Analysis. B, Box chart comparison of soma surface (p=0.061), total
dendritic length (p=0.004), and dendritic length in different hippocampal layers obtained
from 15 AACs and 8 FS BCs (or, stratum oriens: p=0.010, rad, stratum radiatum: p=0.007).
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C, Comparison of the dendritic length, the number of dendrites and the number of nodes

between the two PV-positive interneuron types as a function of dendritic order. D, Results of

Sholl Analysis. Left: a summary graph of the number of the intersections on the apical or

basal dendrites as a function of radial distance from the soma; middle and right: the number

of intersections on the apical or basal dendrites is shown separately as a function of distance

from the soma.
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Figure 14. Relationship between the
SEPSC rate recorded in individual
cells and their dendritic length in
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Table 3. Morphological analysis of AACs and FS BCs. Data are presented as the median

with the first and third quartiles in parentheses. Significant differences (p<0.05) shown in

bold were determined with the Mann-Whitney test.

AAC n FS BC n p
AIS length (um) 29.05 (22.45-38.75) 8 28.45 (24.6-33.3) 6 0.746
gfg;é;ﬁl)s from 4.35(3.35-11.3) 8 6.8 (2.8-9.8) 6 1
?nosiri.ng;litesrﬁ 2 0 pm® 15.40 (11.01-24.59) 9 21.95 (15.77-28.19) 0377
’:topfrg;?lﬁé fé)n”mz 12.44 (6.51-18.76) 10 15.80 (12.78-17.47) 0.786
?nosiri_nfﬁis; fuom”mz 15.66 (8.45-19.99) 11 19.92 (18.99-27.9) 0.257
(S:rr;‘%ce of soma 2329 (1957-2940) 9 3428 (2686-4990) 0.061
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Total dendritic
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ﬁrc(;]; rnodes at 2" 4(35) 15 7(457) 8 0.027
#;r?j]; podes at 3" 425) 14 5 (4.25-6.75) 8 0.051
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PIEET | e | 5 | e | o | o
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?500f Ezrajal inters. at 3(1555) 13 7 (5.5-10.25) 8 0.004
?5212.;)( hull volume |, & 7 1071 107y 15 2-11*21_277&11-873)*107‘ 8 0.165
Ratio of apical

intersections, 2 (1.46-3) 14 0.95 (0.51-2.06) 10 0.049
300/150 um

Ratio of apical

intersections, 2.5 (1.19-3.75) 14 0.5 (0.16-1.83) 9 0.025

350/150 pm
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Ratio of apical

intersections, 1.73 (1.4-2) 14 0.94 (0.45-1.5) 10 0.021
300/200 um

Ratio of apical

intersections, 1.93 (0.79-3.13) 14 0.33(0.15-1.21) 9 0.037

350/200 um
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Il.: Investigating long-term depression of excitatory synaptic inputs onto

parvalbumin-positive interneurons

In the next set of experiments, we investigated whether the excitatory synaptic inputs
onto PV+ cells can undergo long-term changes, focusing specially on long-term depression of
synaptic transmission. LTD of excitatory synaptic inputs in pyramidal cells has been
established formerly (Dunwiddie & Lynch, 1978; Dudek & Bear, 1992; Mulkey & Malenka,
1992; Bashir et al., 1993), and various types of LTD has been described in hippocampal
interneurons (McMahon & Kauer, 1997b; Laezza et al., 1999; Gibson et al., 2008; Le Duigou
et al., 2011; Edwards et al., 2012). However, the existence of LTD in fast-spiking PV+
interneurons is still debated (Lu et al., 2007; Nissen et al., 2010).

We conducted these experiments in the CA1 region of the hippocampus, where -as |
mentioned above- we found numerous fast-spiking bistratified cells and a few O-LM cells
among PV+ interneurons expressing eGFP. As recordings obtained in AACs, FS BCs and
bistratified cells were statistically not different, in this study we pooled the results and we
refer them as those measured in fast-spiking interneurons (FS INs). Results recorded in O-LM
cells are not presented in this thesis.

I1.1. Spike timing-dependent LTD at excitatory synapses has higher induction threshold
in FS INs compared to pyramidal cells

We evoked LTD at synapses formed by Schaffer collaterals stimulating in the stratum
radiatum of the hippocampal CAL region. We applied a post-pre pairing protocol when a
postsynaptic spike was followed by a presynaptic input with a delay, repeated several times.
We first evoked excitatory currents in the postsynaptic neuron by focal electrical stimulation.
After a 10 min-long baseline period, we switched to current-clamp mode and evoked APs in
the postsynaptic neuron, which were followed by extracellularly evoked EPSPs. To monitor
potential changes in the EPSC amplitude after pairing of the neuronal firing with the
presynaptic excitatory input, we then switched back to voltage-clamp mode and continued

recording for another 20-30 min. EPSC amplitudes recorded during the last 5 minutes of this
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recording period were compared with amplitudes during the pre-stimulation period (for

details, see Figure 15A and Materials and Methods).
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Figure 15. Differences of

presence or absence of long-lasting
changes in EPSC amplitude after pairing
of action potential discharge with
stimulation of excitatory fibers at 5 Hz.
Time graphs of EPSC amplitude and
input resistance recorded in different cell
types. Inserts above the graphs depict the
averaged records of five consecutive
EPSCs taken just before and 25 min after
the pairing, respectively. In between, the
schematic drawings of the post-pre
with the
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corresponding  responses are also

presented. B, If the postsynaptic cell

firing was paired with the presynaptic

input at 10 Hz, tLTD was induced in each cell type. C, Summary graphs of percent change of

EPSC amplitude after pairing the postsynaptic firing with the presynaptic stimulation at 5 or

10 Hz is illustrated in comparison with baseline values before pairing. In pyramidal cells,

both protocols induced tLTD. In contrast, only the 10 Hz, but not the 5 Hz pairing protocol

induced tLTD in interneurons. For details see Table 4. All data points on the plots represent a

mean = SEM of six consecutive events. Differences in baseline values in case of individual

cells are likely due to their different inputs. Scale bars, 10 ms and 60 pA.
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Postsynaptic APs paired with EPSPs arriving at a time delay of 10 ms at 5 Hz readily
induced spike timing-dependent LTD (tLTD) reflected by a 30 % decrease in the amplitude of
eEPSCs in CA1 pyramidal cells. However, the same protocol failed to evoke tLTD in FS INs
(Figure 15A, Table 4). To investigate whether interneurons may have a higher threshold for
LTD induction, pairing of the postsynaptic AP discharge with EPSPs was also performed at
10 Hz. Remarkably, robust tLTD of similar magnitude (30-40% decrease of eEPSC
amplitude) could be detected both in pyramidal cells and FS INs (p=0.128, Figure 15B, Table
4). The pairing protocol delivered at 5 Hz or 10 Hz in pyramidal cells produced comparable
tLTD in magnitude (p=0.325, Figure 15C, Table 4).

Table 4. Effects of the pairing protocol on EPSC amplitude in distinct cell types and the
outcome of different drug treatments or genetic inactivation of CB;Rs on the magnitude of
tLTD. Student’s paired t-test was used to evaluate the significant changes in post-pre pairing
experiments compared to baseline values at different frequencies. In the drug treatment
experiments, independent samples t-test was used for the statistical comparison between data
obtained with 10 Hz pairing in the absence or the presence of different drugs, or in the
measurements conducted in slices prepared from wild-type or CB;R knockout (KO) mice.

Data are expressed as mean = SEM.

Pyramidal cell FS IN
% n p % n p

Pairing at 5 Hz 0.735+0.028 4 0.046 1.049::0.060 6 0.55
Pairing at 10 Hz | 0.582+0.023 11 <0.001 0.591+0.015 11 <0.001
+ DL-APS 0.642+0.031 4 0.982 0.426+0.082 4 0.060
+ MPEP 0.999+0.033 7 <0.001 1.002+0.015 10 <0.001
+ BAPTA 0.926+0.018 4 <0.001 0.975+0.028 3 <0.001
+ THL 0.991+0.010 8 <0.001 0.957+0.032 7 <0.001
CB;R KO 0.990+0.022 | 10 | <0.001 0.980+0.019 8 <0.001
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These findings demonstrate that tLTD can be induced at excitatory synapses on both
pyramidal cells and FS INs, but the threshold for tLTD induction is higher in FS INs
compared to pyramidal cells in the CA1 hippocampal region.

11.2. Properties of spike timing-dependent LTD at excitatory synapses onto pyramidal
cells and FS INs

Postsynaptic spiking alone (i.e. without pairing with EPSPs) delivered at 10 Hz did not
alter the amplitude of synaptic currents (pyramidal cells, 97.7+1.4% of control, n=4, p=0.13;
FS INs, 101+4% of control, n=4, p=0.96), indicating the associative nature of this form of
LTD in all cell types. Next, we tested the magnitude of LTD as a function of the time delay of
EPSPs following the APs. Pairing of the APs with EPSPs with a time delay of 30 ms at 10 Hz
induced a smaller change in the EPSC amplitude than the pairing with the time delay of 10 ms
(pyramidal cells, 81.4+9.8% of control, n=4, p=0.15; FS INs, 67.9+5.2% of control, n=4,
p=0.01). In contrast, no change in the amplitude of EPSCs was observed, when EPSPs were
evoked 50 ms after the AP discharge (pyramidal cells, 99.7+3.7% of control, n=5, p=0.98; FS
INs, 99.54+2.7% of control, n=4, p=0.78), suggesting the importance of the precise timing of
postsynaptic cell activity in relation to the arrival of presynaptic inputs.

Previous studies established that somewhat similar forms of tLTD (although induced
with different stimulation frequencies and pairing protocols) at excitatory synapses of cortical
principal cells require the activation of presynaptic ionotropic NMDA receptors (Sjostrom et
al., 2003; Rodriguez-Moreno & Paulsen, 2008; Min & Nevian, 2012). Therefore, we first
repeated the 10 Hz pairing protocol using the 10 ms delay in the presence of 100 uM DL-
AP5, an NMDA receptor antagonist. Bath application of this antagonist caused no change in
tLTD either in pyramidal cells or in FS INs (Table 4). These data indicate that NMDA
receptor activation is not necessary for inducing this form of tLTD in pyramidal cells and FS
INs.
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All data points on the plots represent mean + SEM of six consecutive events.

11.3. Spike timing-dependent LTD at excitatory synapses onto both pyramidal cells and

FS INs is mediated by endocannabinoid signaling

In the next set of experiments, we sought to determine the molecular cascade
mediating tLTD in CA1 neurons using the post-pre pairing protocol with the time delay of 10
ms at 10 Hz. First we recorded neurons in the presence of 10 uM MPEP, an antagonist of
mGIuRs, and found that tLTD could not be induced in CA1 pyramidal cells or in FS INs
(Figure 16A, Table 4). Next, we tested whether the intracellular elevation of Ca®* in the
postsynaptic neuron is necessary for tLTD. Including the Ca®* chelator BAPTA (20 mM) in
the intrapipette solution indeed fully eliminated tLTD in all tested neuron types (Figure 16B,
Table 4). In the hippocampus, group I mGluR-stimulation leads to the biosynthesis of DAG,
the precursor of the endocannabinoid 2-AG in a Ca’*-dependent manner, which requires
DGL-a activity (Jung et al.,, 2005; Jung et al., 2007). However, contribution of
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endocannabinoids mediating the mGIuR-dependent LTD has been highly controversial
(Rouach & Nicoll, 2003; Gibson et al., 2008; Le Duigou et al., 2011; Edwards et al., 2012;
Izumi & Zorumski, 2012). Hence, we aimed to clarify the potential role of DGL-a in tLTD. In
the presence of the DAG lipase blocker, THL (10 uM), tLTD could not be induced in
pyramidal cells or in FS INs (Figure 16C, Table 4). Given the recent genetic evidence
indicating that DGL-B, a related isoform of DGL-a, does not contribute to 2-AG synthesis in
the hippocampus (Tanimura et al., 2010), our results therefore suggest that DGL-a is required
for tLTD in pyramidal cells and FS INs in the hippocampus. Finally, we investigated the
potential contribution of 2-AG’s receptor, the CB1R to tLTD using hippocampal slices
prepared from wild-type or CB;R KO mice. While robust tLTD was observed in CA1 neurons
in wild-type mice, the same pairing protocol did not evoke changes in the EPSC amplitude in
pyramidal cells or in FS INs recorded in slices derived from CB;R KO littermates (Figure
16D, Table 4).

Together these results provide direct evidence for the requirement of retrograde
endocannabinoid signaling in tLTD at excitatory synapses in pyramidal cells and FS INs.

11.4. Chemical LTD at excitatory synapses also requires endocannabinoid signaling

The involvement of mGIuRs in endocannabinoid-mediated tLTD in the hippocampus
raises the question whether the activation of group I mGIuRs per se is sufficient to induce
LTD at excitatory synapses in both pyramidal cells and hippocampal interneurons. To address
this issue, we pharmacologically activated group | mGluRs by bath application of DHPG. We
found that 10 uM DHPG induced significant LTD only in pyramidal cells, but not in FS INs
(Figure 17A, B, Table 5). In contrast, DHPG at a higher concentration (50 uM) readily
induced LTD in both pyramidal cells and in interneurons (Figure 17A, B, Table 5). Thus,
these observations are in accordance with the finding obtained with our post-pre pairing
protocol demonstrating that a higher threshold is necessary for the induction of LTD in

interneurons compared to pyramidal cells.
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We examined the pharmacological profile of chemical LTD in pyramidal cells and
interneurons. We observed that application of DHPG (50 uM) did not evoke LTD in the
studied cell types in the presence of MPEP (Figure 17B, Table 5). In contrast, LY367385, a
specific antagonist of mGIuR; significantly reduced, but did not eliminate LTD in pyramidal
cells and FS INs. The inclusion of BAPTA (20 mM) into the intrapipette solution prevented
changes in the amplitude of EPSCs after 50 uM DHPG treatment in both pyramidal cells and
FS INs (Figure 17A, B, Table 5). Similarly to tLTD, group | mGluR-dependent LTD could
not be detected in slices pre-incubated with 10 uM THL (Figure 17B, Table 5) indicating the
involvement of 2-AG in this chemical form of LTD. However, variable effects were observed
in the presence of 2 uM AM 251, a CB;R antagonist. While this antagonist did not affect
chemical LTD in pyramidal cells, it could prevent LTD in FS INs (Table 5). In contrast to the
controversial results obtained with this widely used CB;R antagonist, the same DHPG
treatment did not result in LTD in slices prepared from CB;R KO mice, but induced robust
LTD in slices derived from their wild-type littermates (Figure 17A, B, Table 5).
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Table 5. Effects of DHPG on EPSC amplitudes in distinct cell types and the outcome of
different drug treatments or genetic inactivation of CB;Rs on the magnitude of chemical
LTD. Student’s paired t-test was used to evaluate the significant changes upon 10 uM or 50
uM DHPG treatments. In all other cases, independent samples t-test was used for statistical
comparison. The p values are the results of the comparisons between the data obtained upon
50 uM DHPG application in the absence and the presence of different drugs, or in the
measurements conducted in slices prepared from wild-type or CB;R KO mice. Data are

expressed as mean = SEM.

Pyramidal cell FS IN
n p n p

10 uM DHPG 0.346+0.071 5 <0.001 1.019+0.049 9 0.165
50 M DHPG 0.483+0.049 11 <0.001 0.258+0.064 11 <0.001
+ MPEP 1.006+0.177 7 0.011 1.064+0.075 7 <0.001
+LY 367385 0.738+0.070 3 0.007 0.676+0.069 3 0.013
+ BAPTA 0.870+0.026 5 <0.001 1.027+0.066 3 0.001
+THL 1.079+0.105 5 0.003 0.962+0.073 7 0.002

+ AM 251 0.519+0.051 4 0.143 0.930+0.073 5 <0.001
CB;R KO 1.038+0.043 8 <0.001 0.985+0.035 8 <0.001

To evaluate whether the changes in EPSC amplitudes in chemical LTD experiments
are due to mechanisms occurring at presynaptic or postsynaptic sites, a pair of EPSCs with an
inter-stimulus interval of 50 ms was evoked, which allowed us to monitor the alterations in
paired-pulse ratios of synaptic currents. In pyramidal cells, we observed that the paired-pulse
ratio is significantly increased in parallel with LTD induction upon DHPG treatment (control:
1.83+£0.11, in 10 uM DHPG: 2.37+0.25, n=5, p=0.035; control: 1.67+0.12, in 50 uM DHPG:
2.86.1+0.46, n=11, p=0.031), but no change was detected in CB;R KO mice (control:
1.59+0.24, in 50 uM DHPG: 2.057+0.37, n=8, p=0.24). Similarly, when LTD was induced by
50 uM DHPG application in FS INs, significant increase in paired-pulse ratio was revealed
(control: 2.96+0.48, in 50 uM DHPG: 6.9£1.92, n=11, p=0.049). In contrast, but comparable

to that found in pyramidal cells, when LTD could not be observed in these interneurons, the
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paired-pulse ratio was not altered either (control: 2.11£0.12, in 10 uM DHPG: 1.95+0.14,
n=9, p=0.35; KO mice control: 2.45+0.11, after 50 uM DHPG: 3.18+0.81, n=8, p=0.33).
These results highlight that group | mGIuR activation with DHPG is sufficient to
induce strong LTD at excitatory synapses onto CA1 pyramidal cells and FS INs. This form of
synaptic plasticity has comparable molecular mechanisms to the tLTD triggered with a post-
pre pairing protocol, and its expression is accompanied with changes at the presynaptic site.
Finally, these experiments demonstrate that retrograde 2-AG signaling is necessary for both

forms of LTD in both pyramidal cells and FS INs.
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I11. The role of excitatory synaptic inputs onto fast-spiking basket cells in

cannabinoid-mediated suppression of gamma oscillations

PV+ fast-spiking inhibitory neurons provide precisely timed synchronous inhibition
onto the output regions of pyramidal cells, which is capable to phase their discharges (Bartos
et al., 2007). Thus, these cells could have a pivotal role in synchronous network activity
(Fuchs et al., 2007; Cardin et al., 2009; Racz et al., 2009; Sohal et al., 2009; Ellender et al.,
2010). Reducing the excitatory synaptic input onto PV+ cells results in a decrease in the
power of gamma oscillation (Fuchs et al., 2007). Previously, it was shown that cannabinoid
compounds were able reduce the amplitude of gamma oscillations (Hajos et al., 2000). As we
observed that the excitatory synaptic input onto FS INs could be modulated by
endocannabinoids in a CB;R-dependent manner, a question raises whether the same input
onto fast-spiking cells is affected during the CB;R-mediated suppression of gamma
oscillations. Among PV+ cells, FS BCs are the prior candidates to govern gamma oscillation

(Gulyas et al., 2010) thus here, we examine exclusively this type of cells.

I11.1. Effect of CB;R activation on cholinergically-induced oscillations in the

hippocampus

We induced gamma oscillation in mouse hippocampal slices by bath application of the
acetylcholine receptor agonist carbachol (10 uM). Synchronous network activities at 30-32 °C
could be detected as oscillations in local field potentials recorded in the pyramidal cell layer
of the hippocampal CA3 region (Figure 18A). The average peak frequency (30.1 + 1.5 Hz,
n=13) and mean peak power (87.9 + 20.3 pV? n=13) of these oscillations calculated from the
power spectral density function were comparable to results reported previously in studies
using slices prepared from the rat hippocampus (Fisahn et al., 1998; Hajos et al., 2004; Oren
et al., 2006). First, we asked whether cholinergically-induced oscillations could be controlled
by CB:R activation, similarly to that we observed for kainate-induced network oscillations
(Hajos et al., 2000). Indeed, addition of CB;R agonists CP55,940 or WIN55,212-2 to the bath
solution (1 uM) significantly decreased the power of the oscillations (Figure 18A, B left
panels). After 20 min of bath application of these agonists, the peak power of oscillatory

activities was significantly reduced to 62.1 £ 6.3 % of control and 54.7 + 15.2 % of control
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for CP55,940 and WIN55,212-2, respectively (Figure 18C, D, left panels, Table 6) without a
substantial change in the frequency (Figure 18C, D right panels, Table 6).

A wWT CB,R™

IR

() (|
AvhaA.anar A AL f \ LA
OV A VY PRI Y

B =1}
03 —_ Ctr 03 —
= CP55,940 CP55,940
=
™~
>
] M
(o)
177}
a
0 0
0 25 50 75 100 0 25 50 75 100
Frequency (Hz) Frequency (Hz)
C
— 2 N o4/+
g 0.3 T i/
z | = 40 .
+0.2 S 2 .
2 ' 3 .
[e) . 8’ 30 8 v
20.1 L] ! e 8 -
E; g ' % 20
0.0 o
ctr CP55,940 ctr CP55,940
D
g CP55,940 WINS5,212-2 & CP55,940 WIN55,212-2
S ] &
éwo‘ * * x 100
e | &
B 504 £ 50
5 |
(&}
s 0 7 5 5 5 5 o 7 5 5 5
2 +H+ - #+ -~ 3 +H+ - ++ /-

Figure 18. CB;R activation reduces the

power of the cholinergically-induced
gamma oscillations in the CA3 region of
the hippocampus. A, Example traces of
field

cholinergically-induced oscillations (10 &M

extracellular recordings of
carbachol) in the pyramidal cell layer of
CA3 in a wild type animal (WT, left traces)
and in a CB;R KO mouse (right traces)
before (upper black traces) and after bath
application of the cannabinoid receptor
agonist CP55,940 (1 ©M, lower grey traces).
B, Power spectra calculated from the power
spectral density function (PSD) of the traces
in A showing peaks between 25-30 Hz
(black), with harmonics both in the WT and
in the CB;R KO animals. CB;R agonist
application reduced the peak power and is

accompanied by a modest shift in the peak

frequency (grey). No change was detected in the CB;R KO animals (right). C, Comparison of

the peak power (left) and peak frequency (right) change in wild type (filled black circles) and

CB1R KO (empty circles) animals. D, Summary graphs showing the reduction in peak power
(left) due to the bath application of either CP55,940 or WIN55,212-2 (1 uM, asterisks

indicates p<0.05) without substantial changes in the peak frequency (right). Scale bars, 0.1

mV and 50 ms.

The reduction in the peak power caused by CP55,940 (control: 98.1 + 16.2 pV?; in CP55,940:
61.8+11.8 pVZ; n=3; p=0.024) could be fully reversed by subsequent co-application of the
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CB:R antagonist SR141716A (1 uM; in CP55,940 + SR141716A: 90.1 + 12.9 uV% n=3;
p=0.019). Moreover, the pre-treatment of slices with SR141716A for one hour prevented the
CP55,940-induced drop in oscillation power (in SR141716A: 67.4 + 9.3 pV? in
SR141716A+CP55,940: 64.9 + 8.8 uV% p=0.23; n=3). Importantly, SR141716A alone did
not change the parameters of the oscillation (control: 69.8 + 10.4 pV? and 34.3 + 2.2 Hz; in
SR141716A: 67.4 + 9.3 pV?, and 31.8 + 2.4 Hz; p=0.15 and p=0.19, respectively, n=3),
suggesting the lack of tonic CB;R activation in our slice preparations that could interfere with
oscillogenesis. To further confirm that cannabinoids acted exclusively via CB1Rs, we tested
the specificity of these agonists using CB;R KO mice (Figure 18A, B right panels). The
properties of carbachol-induced oscillations in slices prepared from CB;R KO mice were not
different from those observed in their wild type littermates (peak frequency: 31.1 = 1.1 Hz,
n=10, p=0.64; peak gamma power: 103.6 + 21.5 pV?, n=10, p=0.6). Bath application of CB;R
agonists for 20 min did not change the peak power (Figure 18C, D left panel, Table 6) or
frequency (Figure 18C, D, right panels, Table 6) of the oscillations. These results indicated
that both synthetic cannabinoids could significantly reduce the peak power of cholinergically-

induced oscillations in the CA3 subfield via activation of CB4Rs.

Table 6. Basic properties of cholinergically-induced network oscillations in the CA3 region
of the hippocampus under control conditions and 20 min after drug application. Data were
compared using the Student’s paired t-test: significant differences are indicated in bold. Data

are presented as mean + SEM.

Genotype Property Control CP55,940 P value Number
Peak frequency (Hz) 28.9+1.5 30.6+1.7 0.097 7
WT | Peak power (nV?) 136+18.5 80.4+10.4 0.0098 7
Peak frequency (Hz) 28.71.1 27.8+1.0 0.32 5
CBIRKO | Peak power (nV?) 140.8+34.3 153.3485.9 0.11 5
Genotype Property Control WIN55,212-2 P value Number
Peak frequency (Hz) 30.142.2 30.7+1.2 0.69 5
WT Peak power (uV°) 70.3+17.5 4504137 0.027 5
Peak frequency (Hz) 33.441.1 31.840.7 0.12 5
CBRKO | peak power (uV?) 66.5:14.8 67.5+12.9 0.91 5
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111.2. CB1R activation suppresses the firing rate of CA3 pyramidal cells and fast-spiking

basket cells during gamma oscillations

What might be the mechanism underlying the reduction of the oscillation power as a

consequence of the cannabinoid agonist treatment? In the in vitro model of gamma

oscillations induced by carbachol, the rhythmic inhibitory currents originating from the

periodic discharge of parvalbumin-containing FS BCs generate the majority of field potential
oscillations (Mann et al., 2005; Atallah & Scanziani, 2009; Sohal et al., 2009; Gulyas et al.,
2010; Oren et al., 2010).
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Figure 19. Effect of CB;R activation on
the firing frequency of CA3 PCs and FS
BC during carbachol-induced gamma
oscillations. A, Simultaneous extracellular
recordings of field potentials in the stratum
pyramidale of CA3 (top black traces)
during carbachol-induced oscillations and
spike trains recorded in a loose-patch mode
(bottom black traces) from a post hoc
anatomically identified CA3 PC (left) and a
FS BC (right). The CB;R agonist CP55,940
(1 uM) reduces the firing frequency of both
cell types (lower grey traces) along with the
power of the oscillation (upper grey traces).
CCh, carbachol. Scale bars, 0.1 mV (field
potentials) or 0.2 mV (spike recordings)
and 50 ms. B, C, left, Summary of the effect
of the CP55,940 application on the firing
rate of each measured CA3 PC (triangles)
and FS BC (circles) showing a clear

reduction in all cases. The vertical bars
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corresponding data (filled symbols). B, C, right, A linear relationship was found between the



change in the peak power of the oscillation and the change in the firing rate of the recorded

cells, both normalized to control.

Hence, we hypothesized that perisomatic inhibition should be suppressed by cannabinoids in
order to reduce the power of gamma oscillations. Since FS BCs do not express CB;Rs at their
axon terminals (Katona et al., 1999; Hajos et al., 2000), cannabinoids cannot directly control
their synaptic output (Hajos et al., 2000; Ohno-Shosaku et al., 2002). Thus the reduction of
synchronized GABA release during gamma oscillations can only be achieved either by a
decrease in the firing frequency of FS BCs or by the de-synchronization of their spiking
activity without a change in the mean frequency (Andersson et al., 2010; Gulyas et al., 2010).

Table 7. Firing properties of CA3 PCs and FS BCs during carbachol-induced oscillations
under control conditions and 20 min after drug application. Data are presented as the
median with interquartile range in parentheses, except for phase values, which are given as

the mean phase =+ circular SD. Significant changes are indicated in bold.

CA3 pyramidal cells (n=6)

Control CP55,940 P value
Firing frequency (Hz) 5.4 (1.7-7.2) 2.6 (0.6-4.5) 0.031
Spikes/oscillation cycle 0.19 (0.07-0.26) 0.08 (0.02-0.17) 0.031
Phase (°) 7.7+£6.3 10£7.8 0.62
Phase-coupling strength 0.69 (0.67-0.72) 0.58 (0.44-0.69) 0.031

CA3 fast-spiking basket cells (n=7)

Control CP55,940 P value
Firing frequency (Hz) 35.1(25.7-85.1) 23.8 (12.1-64.6) 0.015
Spikes/oscillation cycle 1.07 (0.75-2.46) 0.74 (0.43-1.82) 0.015
Phase (°) 23+13.3 33.1+22.6 0.358
Phase-coupling strength 0.83 (0.8-0.85) 0.78 (0.73-0.79) 0.015
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To reveal which scenario might be responsible for the CBj;R-mediated reduction in
oscillations, we simultaneously recorded local field potentials and the spiking activity of
individual neurons, which were post hoc anatomically identified. In this set of experiments,
we first monitored the discharge of CA3 pyramidal cells using a loose-patch mode in parallel
with the field oscillation. As Figure 19 shows, bath application of CP55,940 resulted in a
significant decrease in the firing rate of pyramidal cells to 55.2 + 9.2 % of control (Figure
19A left panel and B, Table 7) along with a change in the power of the oscillation (50.2 £ 5.3
% of control, control: 146.5 + 16.7 pV?, in CP55,940: 72.2 + 8.1 uV? n=6, p=0.002). In
addition to the spiking activity, the phase-coupling strength of spiking was also found to be
reduced after drug treatment without any change in the mean phase (Table 7). Under identical
conditions, we next investigated the firing behavior of FS BCs, which discharged in almost
every oscillation cycle and often fired doublets of APs (Figure 19A right panel and C). In
addition to the substantial dampening of the field oscillation upon CB;R activation (53.3 £ 7.1
% of control, control: 117.3 + 25.6 uV?, CP55,940: 58.4 + 13.2 pV? n=7, p=0.028), the
spiking activity of FS BCs was also suppressed to 62.2 + 7.1 % of control (Figure 19, Table
7). The reduced firing rate was complemented by a decrease in the phase-coupling strength,
but not in the mean phase (Table 7). When comparing the change in the peak power of the
oscillation and the change in the firing rate of the recorded cells, we found a linear
relationship both in the case of pyramidal cells (r=0.58, n=6, p=0.04; Figure 19B right panel)
and of FS BCs (r=0.48, n=7, p=0.04, Figure 19C right panel). Thus, larger reductions in the
peak power of gamma oscillations caused by CB;R activation were accompanied by a more

suppressed and less precise firing activity in CA3 neurons.

111.3. CB;R activation suppresses monosynaptically evoked EPSCs in CA3 pyramidal

cells and fast-spiking basket cells in the presence of carbachol

The microcircuits comprising pyramidal cells and FS BCs generate the cholinergically
induced gamma oscillation in hippocampal slices, but at which synapses do cannabinoids
control the neurotransmission? A recent study elucidated that synaptic communication
between CA3 pyramidal cells is regulated by CB;R activation (Hofmann et al., 2008), similar
to that observed in other hippocampal subfields (Misner & Sullivan, 1999; Chiu & Castillo,
2008; Xu et al., 2010). To test whether excitatory synaptic transmission between CA3
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pyramidal cells would be sensitive to cannabinoids under the conditions used to induce
oscillations in this study, we performed the following experiments in the presence of 10 uM
carbachol. EPSCs were evoked by stimulation of fibers in the stratum radiatum. In CA3
pyramidal cells, both CP55,940 and WIN55,212-2 (bath applied at 1 uM) significantly
reduced the peak amplitude of the evoked currents (68.9 + 5.1 % and 76.4 = 9.1 % of control
respectively, Table 8; Figure 20A and D).
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Next, we examined the sensitivity of EPSCs in FS BCs measured under identical
conditions. Similar to the findings obtained in CA3 pyramidal cells, but in contrast to
previous data (Hoffman et al., 2003), application of both cannabinoid agonists substantially
suppressed the amplitude of evoked events in FS BCs (CP55,940: 63.9 + 3.8 %; WIN55,212-
2: 68.3 £ 7.2 %, Table 8, Figure 20B and D). After 20 min of cannabinoid treatment, 1 pl of
10 mM NBQX applied directly to the recording chamber (volume of 1 ml) readily eliminated
all evoked currents recorded in both cell types, confirming that primarily AMPA/KA
receptor-mediated synaptic currents were evoked (Figure 20A, B). In addition, the specificity
of the effects of cannabinoids was also tested in CB;R KO animals. No significant effect was
found in the case of CP55,940 application on evoked EPSCs in CA3 pyramidal cells (97.4 +
8.9 % of control Table 8, Figure 20D) or in FS BCs (93.6 = 4.3 % of control, Table 8, Figure
20D), verifying the selective activation of CB;Rs by CP55,940. These observations suggest
that excitatory synaptic transmission received by both CA3 pyramidal cells and FS BCs could
be substantially reduced by cannabinoids in a CB;iR dependent manner during cholinergic

receptor activation.

Table 8. Effect of cannabinoid receptor agonists on the peak amplitude of electrically-evoked
postsynaptic currents (PSC) recorded in CA3 neurons. Data were compared using the
Student’s paired t-test: significant differences are indicated in bold. Data are presented as
mean = SEM.

Geno- Il
type Celltype | psc type Control (pA) CP55,940 (pA) P value Number
PC EPSC 114.8+40.4 79.2+37.7 0.041 6
WT FS BC EPSC 343.9+59.2 220.4+42.8 0.0007 9
PC IPSC 141.1+£11.9 148.6+£21.1 0.29 5
PC EPSC 106.1+£57.1 98.2+53.8 0.16 6
CB/R
KO FSBC EPSC 109.3+21.7 101.3+20.1 0.53 4
Geno- | o type
type yp PSC type Control (pA) WIN55,212-2 (pA) P value Number
PC EPSC 110.5+61.2 84.5+62.3 0.047 5
FSBC EPSC 242.5+48.5 164+39. 9 0.025 5
WT
PC IPSC 100.7+61.5 101.5+76.2 0.56 4
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I11.4. CB1R activation has no effect on monosynaptically-evoked IPSCs recorded in CA3

pyramidal cells in the presence of carbachol

Next, we checked the cannabinoid sensitivity of synaptic inhibitory transmission under
the present recording conditions. Pharmacologically-isolated IPSCs evoked by stimulation of
fibers in the stratum pyramidale were recorded in CA3 pyramidal cells in the presence of
carbachol. Bath application of CB;R agonists (CP55,940 and WIN55,212-2) did not produce
any effect on the IPSC amplitude (101.59 + 9.32 % and 100.87 + 9.85 % of control,
respectively; Table 8, Figure 20C, D). These data are in line with earlier findings showing that
perisomatic inhibition, which is critical for gamma oscillations, predominantly originates
from cannabinoid-insensitive GABAergic terminals (Fukudome et al., 2004; Neu et al., 2007;
Szabo et al., 2010), because GABA release from the axon endings of CB;R-expressing
interneurons is almost completely muted in the presence of carbachol at a concentration
higher than 5 uM (Gulyas et al., 2010). Moreover, our results are also consistent with the
hypothesis that cannabinoids do not suppress gamma oscillations through the direct reduction
of phasic inhibitory input onto CA3 pyramidal cells, but rather act by decreasing the
excitatory drive in the hippocampal network. The reduced excitatory synaptic input onto FS
BCs alone may account for a significant drop in the oscillation power upon CB;R activation

Next we attempted to differentiate the relative roles of CA3 pyramidal cells and FS
BCs in mediating the cannabinoid effect on gamma oscillations. To address this question, we
took advantage of the distinct temporal efficacy of CP55,940 on the suppression of EPSC
amplitudes observed in the two cell types. As Figure 20A and B indicated, this cannabinoid
receptor ligand seemed to reduce the EPSC amplitude recorded in FS BCs faster than in
pyramidal neurons.

To quantify this difference, we calculated the changes in the peak amplitude every 5
minutes from the beginning of the drug superfusion. EPSC amplitudes evoked in FS BCs
showed a significant decrease at 5 and 10 minutes compared to control, but no change in the
EPSC amplitudes recorded in CA3 pyramidal cells could be observed (Figure 21A, Table 9).
This significant difference in the changes of the peak amplitudes between the two cell types
upon the beginning of CP55,940 treatment (5 min and 10 min p<0.001) could not be observed
at the second half of the 20 minute period (15 min: p=0.52; 20 min: p=0.48), as the peak
amplitude of EPSCs recorded in CA3 pyramidal cells started to decrease gradually from 15
minutes onwards (Figure 21A). Examination of the effect of CP55,940 on the spiking activity

of individual neurons as well as on the oscillation power at the same time points showed that
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at 5 minutes pyramidal cell spiking was not significantly different from the control (90.8 + 2.5
% of control, n=6, p=0.09), whereas the firing frequency of FS BCs was already significantly
suppressed (73.9 £ 6.7 % of control, n=7, p=0.01). The peak power of gamma oscillations
decreased in parallel with the FS BC firing (Figure 21B, C; peak power in slices where
pyramidal cells were recorded: 75.9 + 3.4 % of control, n=6, p=0.001; peak power in slices
where FS BCs were recorded: 69.1 £ 7.9 % of control, n=7, p=0.047). At the 10, 15 and 20
minute time points no significant difference could be detected in the changes of spiking
activity and oscillation power (Figure 21B, C, p>0.1). Figure 21C demonstrates that there was
no significant difference in the kinetics of the power decrease between the two slice
populations, where the CA3 pyramidal cells and the FS BCs were measured. Similarly, the
peak power of the oscillations in control conditions did not differ either (peak power in slices
where pyramidal cells were recorded: 146.5 + 16.7 uV?, n=6; peak power in slices where FS
BCs were recorded: 117.3 +£25.6 uVZ, n=7, p=0.45).

Figure 21. The reduced spiking frequency of FS BCs
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reduced already 5 min after drug application, a reduction that further developed as CP55,940
was perfused. Circuit and triangle symbols represent data obtained in two populations of
slices, where CA3 PCs and FS BCs, respectively were measured. Data are presented as mean
+ SEM.

Table 9. Change in the peak amplitude of electrically-evoked EPSCs recorded in CA3
neurons at different time points from the beginning of CP55,940 application. Data were
compared using the Student’s paired t-test: significant differences are indicated in bold. Data

are presented as mean + SEM.

Time % of control % of control

oints amplitude in PC P value amplitude in P value
P (N=6) FS BC (N=9)
5 min 102.4+2.1 0.27 87.6+2.7 0.031
10 min 100.9+4.9 0.85 79.3+3.6 0.009
15 min 74.6£5.9 0.03 70.7+3.3 0.008
20 min 68.9+5.1 0.041 63.943.8 0.0007

The coincidence of the drop in oscillation power with the decrease in the excitatory
synaptic input and the resulting firing activity of FS BCs, but not of pyramidal cells at the
beginning of CP55,940 treatment suggests that cannabinoid effects on gamma oscillations
could primarily be mediated by the suppression of FS BC function by decreasing the
excitatory input on them. This produces less perisomatic inhibitory current and thus smaller
oscillations (Gulyas et al., 2010; Oren et al., 2010). However, upon longer cannabinoid
application the reduced activity of pyramidal cells, causing even less excitatory drive onto FS

BCs, can also contribute to the full reduction in the oscillation power.
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DISCUSSION

In our studies presented in this thesis, we investigated the properties of excitatory
synaptic inputs of PV+ interneurons in the CA3 and CAL region of the hippocampus.

In the first part, we explored the membrane features of PV+ cells that can influence the
computation of inputs and determine the transformation of inputs to output signals. In
addition, we investigated the basic characteristics of excitatory synaptic inputs and the relative
density of excitatory boutons on the dendrites of PV+ cells. We also studied the dendritic
structure of these cells, which may influence the input properties by affecting the distribution
of excitatory synapses. Since we separated AACs from FS BCs using an immunofluorescent
method, we could compare and contrast their properties. These two cell types are often
considered to be identical in many single-sell properties, however, the target region they
innervate, and presumably, their role in network activity are quite different. We found
guantitative anatomical and physiological differences in the excitatory input characteristics of
these two cells types, which further strengthen their divergent role in neuronal computation.

In the second part, we aimed to uncover the properties of long-term depression of
excitatory synaptic inputs onto these cells. We proved the presence of a type of LTD in the
CAL1 region of the hippocampus, which is mediated by endocannabinoids. We induced this
type of LTD by both pairing protocol and chemical stimulation of receptors. We have shown
that excitatory synaptic inputs onto both principal cells and interneurons have the ability to
produce the endocannabinoid-mediated long-term depression, but the induction threshold of
this LTD is markedly different in the two cell types.

The main goal of the third part was to understand the role of the excitatory synaptic
inputs onto PV+ basket cells in the suppression of gamma oscillation mediated by
exogenously applied cannabinoids in the CA3 region of the hippocampus. As it was known
earlier (Gulyas 2010), FS BCs are key players in the generation of gamma oscillations. Since
both excitatory synaptic inputs onto pyramidal cells and FS BCs can be modulated by
endocannabinoids, we inquired whether the dampening of activity in pyramidal cells underlies
the reduced firing of FS BCs, or the suppressed activity of FS BCs results in the silencing of
principal cells. We found that the cannabinoid-mediated decrease of excitatory synaptic inputs
onto FS BCs occurred earlier than onto pyramidal cells, proposing that the reduction of
excitatory synaptic inputs solely onto FS BCs might be sufficient to suppress in vitro gamma

oscillations.
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I. Quantitative differences underlie the different properties of excitatory synaptic

inputs received by axo-axonic and fast-spiking basket cells

In this study, we have investigated the single-cell properties, excitatory synaptic input
features and the morphological characteristics of AACs and FS BCs in the CA3 region of the
hippocampus. We found that, in comparison to AACs, FS BCs have a lower AP threshold and
input resistance, a narrower AP and AHP, and a higher spike frequency with no
accommodation. EPSC properties in both cell types were comparable, except we recorded a
higher rate of SEPSCs in FS BCs. The stimulus intensity needed to evoke spiking in FS BCs
was lower, although the EPSC magnitude necessary for AP generation was similar in both
interneuron types. In addition, we revealed that the density of excitatory synapses at proximal
dendrites was similar in both PV+ cell types, but FS BCs have significantly longer dendrites,
which ramify more extensively in the strata oriens and radiatum compared to AACs. These
structural differences might explain, at least in part, the observed differences in SEPSC rate
and lower stimulus intensity necessary to evoke EPSCs at AP threshold in FS BCs by

stimulating recurrent collaterals in the stratum oriens.

I.1. Single-cell properties of PV+ interneurons targeting the perisomatic region in

cortical areas

In accord with previous findings in cortical structures (Buhl et al., 1994; Kawaguchi,
1995; Cauli et al., 1997; Kawaguchi & Kubota, 1997; Pawelzik et al., 2002), we observed that
the perisomatic region-targeting PV+ interneurons have fast-spiking properties with moderate
accommodation, low input resistance and narrow APs with large and fast AHPs compared to
that characterized in other types of GABAergic cells (Freund & Buzsaki, 1996; Ascoli et al.,
2008). These features in AACs and FS BCs, however, were found to be distinct both in CA3
and somatosensory cortex (present study, Woodruff et al., 2009; Xu & Callaway, 2009),
indicating that pooling data of comparable, but not identical, interneuron types can mask
differences that might be important to understand the function of these interneurons in
neuronal networks. We also observed that FS BCs exhibited significantly higher spike
frequency and a lower accommodation ratio than AACs, implying a potential difference in

Kv3 potassium conductance, which is pivotal for the fast-spiking phenotype (Lien & Jonas,
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2003, Goldberg et al., 2011). The threshold for AP generation was higher in AACs than in FS
BCs, although the Ankyrin-G staining in AISs, which was shown to correlate with the
location of voltage-gated Na* channels (Jenkins & Bennett, 2001; Grubb & Burrone, 2010),
was similar in both cell types. This observation suggests that the difference in AP threshold
cannot be explained simply by a structural discrepancy in AIS organization, in contrast to
what was found in other cell types (Grubb & Burrone, 2010; Kuba et al., 2010). Interestingly,
we revealed that the same EPSC amplitude was necessary to evoke an AP in both cell types,
in spite of the fact that AACs had a higher AP threshold. A plausible explanation for this
contradiction can be that AACs have a larger input resistance, giving rise to larger voltage
change in these interneurons when equal synaptic current is evoked in FS BCs and AACs.
Indeed, the magnitude of EPSPs near AP threshold was significantly larger in AACs than in
FS BCs. Thus, the higher AP threshold and input resistance in AACs ensures that the same
synaptic current is needed to discharge both PV+ interneuron types. Since in the thin slices
used here sEPSCs correspond mostly to unitary events with a similar amplitude in both
interneuron types (Table 2), and PV+ interneurons in CA3 are innervated mainly via single
synaptic contacts (Sik et al., 1993), we conclude that the spiking of AACs and FS BCs in this

hippocampal region should be driven to fire APs by a similar number of excitatory neurons.

1.2. Distinct innervation of AACs and FS BCs by glutamatergic afferents

The morphological analysis of the dendritic trees of intracellularly-labeled
interneurons in CA3 showed that FS BCs had longer and more arborized dendrites in the
strata oriens and radiatum than AACs. In contrast, the density of excitatory synapses received
by the proximal dendrites of both interneuron types was estimated to be comparable. These
data together could explain our electrophysiological observations, namely that a lower
intensity of focal stimulation was necessary to evoke EPSCs with the similar amplitudes in FS
BCs compared to AACs, and the sEPSC rate was higher in FS BCs than in AACs. The strong
relationship found between the SEPSC rates recorded in individual interneurons and the
number of their dendritic branches also strengthens this conclusion (Figure 14). Since CA3
pyramidal cells innervate PV+ interneurons mainly via single release sites localized
predominantly in the strata oriens and radiatum (Gulyas et al., 1993b; Sik et al., 1993), our
results suggest that more numerous excitatory neurons can excite FS BCs than AACs in this
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hippocampal region. Knowing that individual FS BCs inhibit a larger number of pyramidal
cells than AACs (Gulyas et al., 1993a), FS BCs and AACs should be embedded quite
differently into intrahippocampal networks.

Another difference in their excitatory afferentation is the proportion of the synaptic
inputs with extrahippocampal origin. Comparable to what was observed in CA1 (Li et al.,
1992; Klausberger et al., 2003), we also found that the distal dendrites of AACs in CA3 have
a tufted appearance, allowing them to receive a higher fraction of glutamatergic inputs from
cortical or subcortical structures compared to FS BCs. Similarly to the cortex, AACs also
have more polarized dendritic trees than FS BCs (Woodruff et al., 2011). These
morphological data strongly argue for the distinct function of AACs and FS BCs in cortical
operation (Dugladze et al., 2012).

Intriguingly, recent study (Tukker et al., 2013) found in the dorsal hippocampus that
CA2/3, but not CA1 FS BCs have large dendritic arborization in stratum lacunosum-
moleculare. As we obtained our results from the ventral hippocampus, we presume
differences in the excitatory innervation of FS BCs according to functional diversity along the
dorsoventral axis (Kheirbek et al., 2013). As the ventral hippocampus is much more
implemented in emotional and motivational responses, AACs might monitor emotionally-
charged inputs in the stratum lacunosum-moleculare, whereas from the same layer, FS BCs in
the dorsal hippocampal region may receive heavier inputs that convey spatial information. To
evaluate this suggestion, further investigation of the dendritic structure of AACs in the dorsal
CA3 would be beneficial. Furthermore, species differences (rat versus mouse) should also be

considered.

1.3. Firing behavior of AACs and FS BCs during different network states

AACs and FS BCs were found to discharge distinctly during characteristic network
activities in the hippocampus. For instance, FS BCs fired more APs than AACs during
gamma oscillations or sharp wave-ripple oscillations (Klausberger et al., 2003; Tukker et al.,
2007; Gulyas et al., 2010), and they fired at different phases of the hippocampal theta rhythm.
Additionally, recent studies have shown that the spiking response of AACs and FS BCs to a
given external stimulus varies. In the basolateral amygdala (Bienvenu et al., 2012) or in the
prefrontal cortex (Massi et al., 2012), AACs begin to fire at high frequencies in response to
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painful stimuli, whereas FS BCs discharge at a rather lower rate. In the somatosensory cortex,
in response to whisker stimulation, AACs were found to have a larger receptive field with a
lower acuity compared to other fast-spiking neurons (Zhu & Zhu, 2004). Together these
observations may propose that AACs can be more responsible for stimuli arriving from the
external world, adjusting the significance of direct sensory inputs or their processed forms,
while FS BCs could monitor and more faithfully control the activity of intracortical

communication.

1. Endocannabinoid-mediated long-term depression of excitatory synapses onto
fast-spiking interneurons require higher induction threshold compared to

pyramidal cells

In the present study, we observed two forms of LTD mediated via retrograde
endocannabinoid signaling at Schaffer collaterals synapsing onto FS BCs or principal cells in
the CAL region of the hippocampus. The excitatory synaptic inputs of these interneurons and
pyramidal cells readily undergo spike timing-dependent LTD. This form of LTD is absent,
when DGL-a or CB1R function is blocked. The same synapses exhibit robust LTD induced by
DHPG, an agonist of group I mGIuRs known to mobilize 2-AG (Jung et al., 2005), and this
chemical form of LTD is mechanistically similar to tLTD. Both forms of LTD have higher

induction thresholds in these hippocampal interneurons than in pyramidal neurons.

I1.1. Endocannabinoid-mediated LTD in hippocampal pyramidal neurons

Recent advances led to the appreciation that induction and expression of LTD is
mechanistically diverse and may require several independent molecular signaling cascades
(Feldman, 2009; Collingridge et al., 2010). One of these cascades utilizes endocannabinoids
to signal backwards across synapses and permanently silence presynaptic activity (Sjostrom et
al., 2003; Bender et al., 2006; Nevian & Sakmann, 2006), but several other forms of LTD do
not require endocannabinoid signaling (Collingridge et al., 2010). This mechanistic and

molecular heterogeneity is apparent using similar induction protocols in a synapse-specific
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manner (Crozier et al., 2007) or at different developmental stages (Yasuda et al., 2008). For
example, tLTD in excitatory cells is dependent on CB;R function at certain neocortical
excitatory synapses (Sjostrom et al., 2003; Bender et al., 2006; Nevian & Sakmann, 2006;
Crozier et al., 2007), but not in others (Crozier et al., 2007; Banerjee et al., 2009). However,
despite the widespread expression of group I mGIuRs, DGL-o and CB;Rs at hippocampal
excitatory synapses (Lujan et al., 1996; Katona et al., 2006; Yoshida et al., 2006), and the
reliable inducibility of tLTD at excitatory synapses onto principal cells (Debanne et al., 1994;
Niehusmann et al., 2010), involvement of retrograde endocannabinoid signaling in a spike
timing-dependent form of synaptic plasticity has not previously been demonstrated in
hippocampal neurons. Moreover, despite the consistent manifestation of mGIuR-LTD (Palmer
et al., 1997; Huber et al., 2001), and the presence of a somewhat similar form of LTD at
GABAergic synapses (Chevaleyre & Castillo, 2003), conflicting reports were available to
date, whether this chemical form of LTD requires retrograde endocannabinoid signaling at
excitatory synapses on hippocampal principal cells. While pharmacological blockade of
CB;Rs did not prevent DHPG-induced LTD at excitatory synapses according to earlier studies
and in the present study (Rouach & Nicoll, 2003; Nosyreva & Huber, 2005; Lanté et al.,
2006; lzumi & Zorumski, 2012), we demonstrated by using a genetic inactivation approach
that DHPG-LTD in fact requires CB;Rs, in agreement with a recent report using higher
concentrations of DHPG (Xu et al., 2010). Our study further extends this conclusion by
uncovering the indispensable role of DGL-a activity in DHPG-LTD, and reveals the
participation of the endocannabinoid 2-AG in long-term depression at excitatory synaptic
inputs received by hippocampal excitatory cells.

A potential explanation for these contradicting results may be the observation that
CB1R antagonists are less capable to antagonize CB;iR-dependent depression of excitatory
synaptic transmission than of inhibitory synaptic transmission in the hippocampus (Hajos &
Freund, 2002), implicating that synapse-specific differences may exist in the molecular
organization of CB;Rs. An experimental preparation-dependent variability in the contribution
of astrocytic CB;Rs to synaptic plasticity is also emerging and may underlie some of the
discrepancies in the magnitude and direction of synaptic plasticity (Navarrete & Araque,
2010; Han et al., 2012; Min & Nevian, 2012). Finally, the ratio of mGIluR;/mGlus
contribution to DHPG-induced LTD may also differ between experimental paradigms (Izumi
& Zorumski, 2012). Nevertheless, the mGluRs-specific antagonist MPEP fully eliminated the
spike timing-dependent and chemical forms of LTD, and both required endocannabinoid

signaling based on genetic evidence. Thus, together with another form of autaptic LTD
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observed in hippocampal cultures (Kellogg et al., 2009), these observations clearly
demonstrate that at least three forms of endocannabinoid-mediated LTD are possible at

hippocampal excitatory connections onto pyramidal neurons.

11.2. Endocannabinoid-mediated LTD in fast-spiking interneurons

Long-term depression of glutamatergic synaptic inputs onto hippocampal interneurons
can also be triggered by several induction protocols (McMahon & Kauer, 1997a; Laezza et
al., 1999; Gibson et al., 2008; Nissen et al., 2010; Le Duigou et al., 2011; Edwards et al.,
2012). When tested, LTD in cortical GABAergic interneurons was found to be insensitive to
treatment with CB;R antagonists (Lu et al., 2007; Gibson et al., 2008; Le Duigou et al., 2011;
Edwards et al., 2012), which was surprising, because synthetic cannabinoid ligands
effectively suppress excitatory synaptic inputs onto hippocampal interneurons including FS
BCs (Gibson et al., 2008). Here we found that LTD could not be induced in FS INs in the
presence of the CB;R antagonist or in animals lacking CB;Rs. In contrast, robust LTD was
observed upon both induction protocols in three types of FS INs (FS BCs, AACs and
bistratified cells) in wild-type animals indicating that parvaloumin-containing interneurons are
also able to control the weights of their glutamatergic inputs via endocannabinoid
mobilization. Moreover, the group of Dr. Istvan Katona in our institute showed that
parvalbumin-positive interneurons also express DGL-a, which especially accumulates in a
perisynaptic annulus around excitatory synapses on aspiny parvalbumin-positive dendrites
(Péterfi et al., 2012). Indeed, we found that treatment with either MPEP or THL completely
eliminated both forms of LTD in FS INs arguing for the functional operation of the retrograde
endocannabinoid-mediated signaling pathway in these cell types. Thus, the evidence
presented here suggests that at least three types of interneurons can control the strength of

their excitatory synapses via endocannabinoids.
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I11. Cannabinoid effects on gamma oscillations is primarily mediated by the

reduction of excitatory synaptic inputs onto fast-spiking basket cells

Studying the effect of CB;jR antagonists on cholinergically-induced hippocampal
gamma oscillations, we found that exogenous cannabinoids reduce the power of gamma
oscillations in a CB;R-dependent manner. Decreased peak oscillatory power upon CB;R
activation is accompanied by reduced and less precise firing activity in CA3 pyramidal cells
and FS BCs, neuron types that are critically involved in the generation of field oscillations in
this model. In the presence of carbachol, CB;R activation can significantly suppress
excitatory synaptic transmission recorded in CA3 pyramidal cells and FS BCs, whereas
perisomatic inhibitory currents in pyramidal cells are unaffected. At the beginning of
CP55,940 superfusion on slices, a significant drop in oscillation power coincides with the
reduced firing of FS BCs, while pyramidal cell spiking is still unchanged. Since CB;Rs are
predominantly, if not exclusively, located at axon terminals in the hippocampus, our data
propose that the decrease in excitatory synaptic input upon activation of these receptors can
result in fewer AP discharges with lower fidelity during synchronous network activities,
which may account for the impairment of hippocampal oscillations observed after

cannabinoid treatment.

I11.1. Influencing gamma oscillations with different drugs have dissimilar effects

reflecting distinct mechanisms for impairing rhythmicity

Our results clearly show that the excitatory synaptic inputs not only onto CA3
pyramidal cells but also onto FS BCs could be reduced by cannabinoids activating CB;Rs.
This finding seems to be in contrast to that published previously (Hoffman et al., 2003),
where evoked EPSCs recorded in CAL interneurons located outside of the pyramidal cell
layer were found to be insensitive to cannabinoid ligands. Since FS BCs can be predominantly
found within the stratum pyramidale (Katsumaru et al., 1988), it is likely that this GABAergic
cell type was not among the interneurons tested by Hoffman and colleagues (Hoffman et al.,
2003).

In a previous report, we found that the mu-opioid agonist DAMGO could effectively

diminish cholinergically-induced network oscillations in hippocampal slices (Gulyas et al.,
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2010). Although both DAMGO and cannabinoids reduced the oscillation power, the cellular
mechanisms underlying their effects were quite different. The activation of mu-opioid
receptors located specifically at axon terminals of parvalbumin-containing interneurons
suppressed GABA release (Drake & Milner, 2002; Glickfeld et al., 2008; Gulyas et al., 2010)
and led to de-synchronization of neuronal firing without changing the mean discharge rate.
Similarly, it was recently proposed that the agonists of Hs histamine receptors could dampen
gamma oscillations predominantly via the de-synchronization of firing of CA3 pyramidal
cells with no effects on their spiking activity (Andersson et al., 2010). In contrast, we found
that the cannabinoid-induced decrease in the excitatory synaptic transmission predominantly
onto FS BCs can already cause a significant reduction in their mean firing frequency. As a
result, the magnitude of synchronous GABA release from FS BC axon terminals generating
the field oscillation in CA3 is substantially depressed, producing smaller fluctuations in the
field potentials (Oren et al., 2010). However, the reduced discharge rate of pyramidal cells,
producing even smaller excitatory drive onto FS BCs, may contribute to the full suppression
of the oscillation power upon cannabinoid treatment. These results are consistent with the
notion that the reduction of field oscillations, e.g. by anesthetics, may indicate the suppression

of synaptic transmission (Destexhe et al., 2003).

I11.2. Role of excitatory synaptic transmission in the reduction of gamma oscillation

power

Excitatory synaptic transmission is critical for carbachol-induced oscillations, since
blocking AMPA receptors diminishes rhythmic activities (Fisahn et al., 1998; Mann et al.,
2005). Furthermore, application of a selective AMPA receptor antagonist resulted in the
hyperpolarization of the resting membrane potential of CA3 pyramidal cells, and abolished
the rhythmic firing of FS BCs (Mann et al., 2005), which has been shown to be driven by
phasic excitatory input (Traub et al., 2000; Oren et al., 2006). The tonic depolarizing effect of
AMPA receptor activation likely promotes pyramidal cell discharge, which is consistent with
results indicating that slow, non-rhythmic excitatory input onto pyramidal cells during gamma
oscillations may be enough to support the spiking of principal neurons synchronized by
perisomatic inhibition (Fisahn et al., 1998; Traub et al., 2000; Mann et al., 2005; Morita et
al., 2008). These observations together suggest that a partial reduction in excitatory synaptic
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transmission, e.g. after cannabinoid treatment, can reduce the excitability of CA3 pyramidal
cells in a recurrent network. The prediction that this will reduce the number of neurons firing
synchronously during a gamma cycle is supported by our recordings and by modeling studies
(Traub et al., 2000; Morita et al., 2008). The resulting smaller neuronal assembly will produce
a lower excitatory drive onto FS BCs. This reduced phasic excitation from a smaller neuronal
population together with the direct reduction of glutamate release onto FS BCs upon CB;R
activation is likely to be responsible for the full cannabinoid effect on gamma oscillations.
Our observation that the significant suppression of the FS BC discharge rate was already
accompanied by a drop in the oscillation power, while the pyramidal cell spiking was still
unaltered, is in full agreement with a recent study proposing that the reduction of excitatory
synaptic input solely onto FS BCs might be sufficient to suppress in vitro gamma oscillations
(Fuchs et al., 2007).

I11.3. Selective reduction of intrahippocampal excitatory synaptic connections may

contribute to cannabinoid-mediated weakening of gamma oscillation

In vivo studies uncovered that cannabinoids could effectively depress oscillatory
activities in several frequency bands in the CA1 region of the hippocampus (Robbe et al.,
2006; Hajos et al., 2008) and other cortical regions, but increase the synchronicity of
thalamocortical oscillations (Sales-Carbonell et al., 2013). At low doses, CP55,940 caused
only de-synchronization of the firing of CAL1 neurons without a significant change in their
frequency, an effect that was already accomplished by the dampening of the rhythmic
activities detected in local field potentials. At high doses, however, the firing rate was
significantly suppressed (Robbe et al., 2006). During exploratory behavior, when the theta
rhythm dominates hippocampal field potentials, input from the entorhinal cortex might
prevalently influence the firing of CAl neurons (Buzsaki, 1989; Brun et al., 2002). In
contrast, their spiking during sharp wave-ripples, which characterize local field potentials in
CAL1 during consummatory behavior, is mainly controlled by excitation from CA3 (Buzsaki,
1989; Nakashiba et al., 2009). Importantly, a recent in vitro study revealed that excitatory
synaptic input from the entorhinal cortex onto CA1 pyramidal cells could be depressed only
to a small extent upon CB;R activation, in contrast to excitatory synaptic transmission

originating from CA3, which was significantly reduced (Xu et al., 2010). Taking into account
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these results, we hypothesize that CP55,940 at low doses may not significantly attenuate the
excitatory drive onto CA1 neurons from entorhinal cortex during theta rhythms, and thus the
frequency of spiking would not be substantially changed, whereas the impairment in the
temporal structure of the firing may be explained by the reduced excitation from CA3 (Jarsky
et al., 2005; Katz et al., 2007). This proposal is supported by in vivo findings, showing that
sharp wave-ripples in CA1l that are generated by the synchronous population discharge of
CA3 pyramidal cells via Schaffer collaterals (Buzsaki et al., 1992) are significantly
suppressed after CP55,940 treatment (Robbe et al., 2006). These observations are in line with
our present results indicating that the reduction in synaptic excitation of CA3 pyramidal cells
may underlie the cellular mechanisms of the CB;R-dependent dampening of synchronous
activities in hippocampal networks. Thus, cannabinoids could mainly alter intrahippocampal
excitatory synaptic transmission, leading to impairment of oscillatory activities and memory
formation (Hampson & Deadwyler, 1998; Robbe & Buzsaki, 2009).

IV. Functional implications

Our observations support the suggestions of recent studies that AACs and FS BCs may
fulfill different roles in cortical computation (Zhu & Zhu, 2004; Bienvenu et al., 2012; Massi
et al., 2012). AACs might rather convey information from the external world, while FS BCs
should be the main generators of the intrinsic rhythm of several brain areas. These data
presume that in a disease where the sensory gating is characteristically impaired, the two cell
types might be involved differently. Therefore, in schizophrenic diseases, the malfunction of
AACs may have a higher impact on poor filtering of irrelevant information. Indeed, it has
been already shown that the ratio of VGAT1-positive cartridges selectively decreases among
inhibitory terminals in tissues derived from schizophrenic patients (Woo et al., 1998; Pierri et
al., 1999). Furthermore, treating monkeys with phencyclidine results a loss of PV-containing
axo-axonic terminals (Morrow et al., 2007). As the excitatory synaptic inputs onto PV+ cells
are highly affected in schizophrenia (Inan et al., 2013), distinguished investigations of the
glutamatergic inputs onto AACs and FS BCs might confine our knowledge about the
pathomechanisms underlying this disease.

Disruption of gamma oscillations is another symptom in schizophrenia, which might

be related to the loss and failure of PV+ cell function. The effects of cannabinoids on
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oscillations imply that the reduction of the synaptic excitation in FS BCs might have an
impact on triggering schizophrenic symptoms by cannabis consumption. Accordingly, Hajos
and coworkers (Hajos et al., 2008) showed that auditory gating and neuronal synchrony was
altered by CB;R activation in the hippocampus and the entorhinal cortex. Moreover, as the
blood (De Marchi et al., 2003) or cerebrospinal (Leweke et al.,, 1999) level of
endocannabinoid molecules is elevated in schizophrenic patients independently of cannabis
abuse, the endogenous activators of CB;Rs may also contribute to the development of the
disease e.g. by decreasing the power of gamma oscillations, resulting in cognitive deficits.
Despite the higher sensitivity of excitatory synaptic inputs onto FS BCs than
pyramidal cells to exogenous cannabinoids, the induction threshold of LTD is higher in FS
BCs compared to pyramidal cells. According to the lower levels of DGL-a in PV+
interneurons than pyramidal cells (Péterfi et al., 2012), as a compensatory mechanism, it is
susceptible that CB;Rs at the excitatory synapses onto FS INs are more sensitive to their
agonists than in the case of pyramidal cells. The differing efficiency of the inverse agonist
AM251 in antagonizing the eCB-LTD in the two cell types might strengthen this suggestion.
The quantitative differences in the induction thresholds of endocannabinoid-mediated
LTD suggest that different cell types may produce 2-AG during different network states.
When excessive neuronal activity increases extracellular glutamate to sufficiently high levels
for activation of perisynaptic group | mGIuRs, 2-AG-signaling at the network level limits the
spread of this pathological activity and protects against neuronal insult (Katona & Freund,
2008). Our results suggest that this circuit-breaker function switches on earlier in pyramidal
cells than in GABAergic interneurons, and thereby may serve a role to prevent or delay the
switch from normal to a pathological activity state (Monory et al., 2006). As a consequence of
these differences, there should be a time window when excitatory-excitatory connections are
weakened, while excitatory-inhibitory interactions remain fully functional. During this period,
the alteration in synaptic weights will enhance the dominance of synaptic inhibition in the
network, which may help to reverse the high activity state to a lower one (Malva et al., 2003).
However, when synaptic excitation onto interneurons also becomes suppressed, network
behavior might more easily shift to the pathological range (Piet et al., 2011). Thus, cell type-
specific regulation of retrograde 2-AG signaling may be a beneficial way to exploit this

messenger system in a network state-dependent mode.
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CONCLUSIONS

The main goal of the experiments shown in this thesis was to investigate the excitatory
synaptic inputs onto PV+ interneurons in the CA3 and CA1 hippocampal regions.

Comparing the properties of excitatory synaptic inputs onto AACs and FS BCs in the
CA3, we found that (1) FS BCs require lower stimulus intensity to generate AP than AACs,
(2) FS BCs have higher sEPSC rate compared to AACs. (3) The density of excitatory synaptic
inputs on the dendrites of the two cell types is similar, but (4) the dendrites of FS BCs are
longer and more ramified in the strata radiatum and oriens. These data suggest that the two
cell types receive excitatory synaptic inputs with distinct characteristics, which might underlie
the different recruitment of AACs and FS BCs during network oscillations. As FS BCs are
innervated by a higher number of CA3 pyramidal cells than AACs, the former cell type could
be recruited more easily during oscillations and they can monitor more accurately the activity
of excitatory cell assemblies.

We described a type of eCB-dependent LTD at excitatory synapses onto CA1 PV+
cells, which is (1) inducible by both post-pre pairing protocol and by pharmacological
activation of mGIluRys. (2) The threshold of LTD induction in PV+ cells is significantly
higher than in pyramidal cells, and (3) the induction of the two types of LTD share a similar
signaling pathway involving mGIuRs, DGL-a and CB;Rs. Thus, we provided physiological
evidence that PV+ interneurons not only express DGL-a, the synthetizing enzyme of the main
endocannabinoid, 2-AG, but under certain circumstances they are able to synthetize and
release 2-AG. The lower levels of DGL-a in PV+ cells than in pyramidal cells could partly
explain the higher threshold for LTD induction observed in PV+ interneurons.

Investigating the cellular mechanisms underlying the effects of CB;R agonists on
gamma oscillations, we uncovered that (1) carbachol-induced in vitro gamma oscillations are
readily suppressed by CB;R agonists. (2) Decreased peak oscillatory power is accompanied
by reduced and less precise firing activity in CA3 pyramidal cells and FS BCs. (3) In the
presence of carbachol, CB;R activation suppresses excitatory synaptic transmission recorded
in pyramidal cells and FS BCs, whereas inhibitory postsynaptic currents recorded in
pyramidal cells are unaffected. (4) At the beginning of CB;R agonist superfusion on slices,
the suppression of excitatory synaptic inputs onto FS BCs occurs earlier than in pyramidal
cells. In parallel, a significant drop in the firing of FS BCs can be observed, which coincides
with the reduced oscillation power. Therefore, the weakening of excitatory synaptic inputs
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onto FS BCs can be the primary cause of the suppression of gamma oscillations mediated by
CB1R agonists.

These findings might further our knowledge about the properties and physiological
operation of excitatory synaptic inputs of PV+ cells, which could be highly affected in

psychiatric diseases such as schizophrenia.
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SUMMARY

The hippocampus is involved in several higher order cognitive functions, which are
characterized with distinct oscillatory activities. The parvalbumin-expressing perisomatic
region-targeting interneurons (PV+ cells) are key players in orchestrating synchronous
network activities. The excitatory synaptic inputs of these cells are important in their
recruitment during oscillations. Our aim was to investigate the properties of the excitatory
synaptic inputs received by the PV+ cells.

The two types of PV+ cells, the axo-axonic cells and basket cells discharge differently
during several network activities. Therefore, we examined whether any dissimilarity in their
excitatory synaptic inputs might underlie the distinct recruitment. We compared the
electrophysiological properties of glutamatergic inputs and the morphology of the dendritic
trees of the two PV+ cells, and found that proximal parts of basket cells receive a higher
number of excitatory synaptic inputs than axo-axonic cells, due to a more extensive
arborization of their dendrites closer to the cell body.

Next, we asked whether the glutamatergic synapses onto PV+ cells are capable for
undergoing long-term changes in their plasticity. We succeeded to induce long-term
depression (LTD) at excitatory synaptic inputs onto PV+ cells by post-pre pairing of
postsynaptic spiking and presynaptic stimulus, and by pharmacological activation of
metabotropic glutamate receptors. The threshold for induction of LTD was higher in PV+
interneurons than in pyramidal cells. The molecular mechanism underlying this type of LTD
was dependent on the release of the endocannabinoid 2-arachidonoyl glycerol.

Finally, we investigated the cellular mechanisms underlying the suppression of
carbachol-induced gamma oscillations caused by CB; receptor agonists. In the hippocampal
CA3, these compounds reduced the spiking activity of basket cells and principal cells in
parallel with decreasing the power of the oscillations. CB; receptor agonists suppressed
glutamatergic inputs onto both cell types, but unaffected inhibitory synaptic transmission in
the presence of carbachol. Correlating the time courses of the observed effects of the CB;
receptor agonists, our data suggested that the primary cause of the suppression of gamma
oscillations was the weakening of excitatory synaptic inputs onto basket cells.

Thus, the function of PV+ cells in rhythm generation can be controlled by endogenous
and exogenous cannabinoid ligands, which compounds may alter the cortical oscillations by

reducing the spiking activities of these GABAergic interneurons.
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OSSZEFOGLALAS

A hippokampusz magasabbrendli kognitiv folyamatokért felelos agyteriilet, ahol
jellegzetes oszcillatorikus  aktivitasok figyelhetéek meg. A parvalbumint kifejezo
periszomatikus gatlésejtek (PV+ sejtek) fontos szervezdi a haldzati aktivitdsmintazatoknak.
Serkentd szinaptikus bemeneteik jelentds szerepet toltenek be ezen gatlosejtek oszcillaciok
soran megfigyelhetd aktivalasaban. Célunk a PV+ sejtekre érkezd glutamaterg szinaptikus
bemenetek vizsgélata volt.

A PV+ sejtek két tipusa, az axo-axonikus sejtek ¢és a kosarsejtek kiilonbozé tiizelési
mintazatokat mutatnak az oszcillaciok soran. Ezért megvizsgaltuk, hogy van-e olyan
kiilonbség a serkentd szinaptikus bemeneteikben, ami szerepet jatszhat a két sejt eltérd
aktivalodasaban. Osszehasonlitva a két tipusi PV+ sejt glutamaterg bemeneteinek szamos
kosarsejtek proximadlisan nagyobb mennyiségli serkentd szinaptikus bemenetet kapnak, mint
az axo-axonikus sejtek, mert a kosarsejtek dendritfajanak széma-kozeli régioja kiterjedtebb és
gazdagabban elagazik.

Ezutan azt vizsgaltuk, hogy a PV+ sejtek glutamaterg bemenetei képesek-e hosszatava
plaszticitasra. Megfigyeltiik, hogy a PV+ sejtek serkentd szinapszisainal indukalhatd volt
hosszutav depresszid (LTD) pérositasi protokollal, és az I-es tipusi metabotrop glutamat
receptorok farmakoldgiai aktivalasaval egyarant. Az LTD indukcids kiiszobe a PV+ sejtekben
magasabb volt mint a piramissejtekben. Az LTD kialakulasdnak hatterében endokannabinoid-
(2-arachidonil-glicerol) fiiggd jelatviteli mechanizmus allt.

Végiil azt tanulmanyoztuk, hogy milyen sejtszintli mechanizmusokon keresztiil
csokkentik a CB; receptor agonistak a karbakol-indukélt gamma oszcillaciot. Kisérleteink azt
mutattak, hogy a CB; receptor agonistak csokkentik a piramissejtek €s a kosarsejtek tiizelési
gyakorisagat a gamma oszcillacié gyengiilésével parhuzamosan. Az agonistak csokkentették
mind a kosarsejtek, mind a piramissejtek glutamaterg szinaptikus bemeneteinek nagysagat, a
gatld szinaptikus transzmissziot viszont nem befolyasoltdk karbakol jelenlétében. A CB;
receptor agonistak kiilonb6zd hatésait idében korrelaltatva megallapitottuk, hogy kosarsejtek
serkentd szinapszisainak csokkend hatékonysaga okozza elsdsorban a gamma oszcillaciok
gyengililését.

Tehat ezen ritmusgenezisben kulcsszerepet jatszo gatlosejtek mitkddése befolyasolhatod
mind endogén, mind exogén kannabinoid receptorligandumokkal, amelyek hatasara

jelentdsen megvaltoznak az agykérgi oszcillaciok.
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