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Abstract

The role of cell-type selective synaptic connections in rhythmic neuronal
network activity in the hippocampus

Linda Katona, Brasenose College
Thesis submitted for the degree of Doctor of Philosophy, Trinity Term, 2014.

Structural and functional changes in the hippocampal neuronal network of the
brain allow organisms to adapt to the environment. Such plasticity leads to the
encoding of newly acquired information and the replacement or updating of stored
knowledge by new experience. Information is carried by the output of active pyramidal
cell assemblies during transient network oscillations. In the CA1 area, the activity of
pyramidal cells is regulated by at least twenty-two distinct types of GABAergic
interneuron with different molecular expression profiles and innervating defined
pyramidal cell compartments. The in vivo spike-timing of identified types of GABAergic
cell in freely moving rodents has been largely unknown until recently. Although
thousands of interneurons have been reported from large scale extracellular
recordings their cell type identity has remained uncertain.

How do different types of GABAergic cell regulate pyramidal cell output during
behaviour? In order to test the hypothesis that differences in connectivity and
molecular composition amongst cell types reflect the specialisation of their functions,
[ have recorded single pyramidal cells and GABAergic interneurons extracellularly in
the CA1 area of freely moving rats during theta- and sharp wave associated ripple-
oscillations (SWRs), and subsequently I have labelled the recorded neurons using the
juxtacellular technique (Lapray et al., 2012). My main findings are: 1. [ have identified
PV+ basket, axo-axonic, bistratified and O-LM cells, together with an “unconventional
interneuron”. 2. Behaviour and network states differentiate the activities of GABAergic
cell types in freely moving rats. 3. During sleep, PV+ basket and bistratified cells fire at
higher rates than axo-axonic and O-LM cells, and unlike axo-axonic and O-LM cells,
strongly increase spiking during SWRs. 4. Axo-axonic and O-LM cells decrease firing
during sleep relative to awake states and are inhibited during all or most SWRs,
respectively. 5. During movement, axo-axonic and PV+ basket cells fire with similarly
high frequencies but on complementary segments of the descending slope of theta
cycles. 6. Bistratified and O-LM cells fire cooperatively during movement at the troughs
of theta oscillations but with different frequencies. 7. The “unconventional
interneuron”, in contrast to the other identified cell types, has a low spike rate and
becomes activated exclusively during SWRs. 8. Behaviour and rhythmic network
events differentiate GABA and peptide release to distinct membrane domains of
pyramidal cells. 9. My results have validated many of the spike-timing characteristics
determined under urethane anaesthesia (Klausberger and Somogyi, 2008; Somogyi,
2010), although, in average, firing rates are higher under physiological, drug-free
conditions.

My results demonstrate specialisations of distinct types of GABAergic
interneuron during network operations. Distinct cell types contribute to the rhythmic
redistribution of GABAergic action on different pyramidal cell membrane domains, at
both slower and faster time scales, from the axon initial segment through the cell body
down to the distal apical tuft and back, which is necessary for the rhythmic separation
of network function during different stages of mnemonic processing.
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1 General introduction

Brains adapt to the environment using mnemonic processing which induces
structural and functional changes in the hippocampal neuronal circuitry and supports
survival. Such plasticity allows the encoding of newly acquired information and the
replacement or updating of stored knowledge by new experience.

[ have explored the roles of identified hippocampal cell types in learning-
induced changes during rhythmic network events in freely moving rats. Specifically, |
have tested the hypothesis that distinct types of GABAergic interneuron have different
effects on pyramidal cell firing during exploration and sleep.

In chapter 1, I first summarise current knowledge about the hippocampal
formation and its involvement in learning and navigation. This is followed by an
overview of the synaptic organisation of the hippocampal neuronal network.
Glutamatergic pyramidal cells and distinct types of GABAergic interneuron have been
investigated in vitro and in vivo under anaesthesia, but very little is known about their
firing activities in natural brain states. Next, | review our understanding about
hippocampal oscillatory network states and, finally, [ present my research aims.

It was proposed that the assembly of pyramidal cells activated simultaneously

by an external event becomes the engram/memory trace associated with that
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particular stimulus (Hebb, 1949). The contribution of specific cell types to the temporal
ordering of pyramidal cells into assemblies is mostly unknown. I have studied the
behaviour related spike-timing of hippocampal neurons during theta- and sharp wave
associated ripple oscillations. The goal of my explorations is to improve our
understanding about the behaviour-dependent organisation of the hippocampal

“chronocircuit”.

1.1 Hippocampus and mnemonic processing

1.1.1 Hippocampal roles

Changes in behaviour are determined by transient brain states. In the cerebral
cortex the emergence and termination of different brain states is governed by the
cooperative activity of large groups of neuron. Computations in such complex neuronal
networks process sensation, initiate action and lead to learning through plasticity;
their malfunction underlies brain disorders.

The medial temporal lobe has been identified as a part of the cortex responsible
for associative learning (Aggleton, 2012; Zola-Morgan and Squire, 1985). In its centre
lies the hippocampal formation (Figure 1-1Aa), the brain region governing the
encoding of new information and the consolidation of this new knowledge into a
memory (Eichenbaum et al., 2012; Milner et al.,, 1998; Squire, 2009b; Squire et al.,
2004). Studies of patients suffering from anterograde and/or retrograde amnesia (e.g.,
H.M., RB.) caused by bilateral removal of the hippocampi (Figure 1-1Ab,c)
demonstrated the importance of the hippocampal formation in mnemonic processing
(Scoville and Milner, 1957; Squire, 2009a; Zola-Morgan et al., 1986). Furthermore, the
need of the hippocampus for the retention of relational information has been

extensively demonstrated in rodents. Using spatial navigation tasks it has been shown
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that hippocampal lesions generate memory impairment in all mammalian species
(Burgess et al.,, 2002; Deacon and Rawlins, 2006; Fortin et al., 2002; Kirby and Rawlins,
2003; Lisman, 1999; Manns and Eichenbaum, 2006; Morris et al., 1982; Olton, 1977;
Olton et al., 1986; Squire et al., 2004; Zhang et al., 2004).

What are the cellular and molecular mechanisms related to mnemonic
functions? Neurons use electrical and chemical signals to transfer information between
each other. The site of this communication is called the synapse. A novel experience is
encoded in the brain as a specific pattern of short-term synaptic changes between
neurons. These short-term changes are transformed into long-term changes via
molecular mechanisms termed long-term potentiation (LTP) (Bliss and Lgmo, 1973;
Kandel and Spencer, 1961) and long-term depression (LTD) (Castellucci et al., 1970;
Mulkey and Malenka, 1992). The relationship between LTP/LTD and memory
consolidation has been demonstrated by in vitro and in vivo animal studies and it
involves glutamate receptors and changes in transmitter release probability
(Bannerman et al.,, 2014; Bekinschtein et al,, 2010; Debanne and Thompson, 1996;
Dudek and Bear, 1992; Krug et al., 1985; Magee and Johnston, 1997; McHugh et al,,
1996; Morris, 2013; Morris et al., 2013; Nakazawa et al., 2002; Nakazawa et al., 2003;
Silva et al., 1992a; Silva et al., 1992b; Thomas et al., 1998).

When do these synaptic modifications occur? In the hippocampal formation,
rhythmic network states of different frequencies are thought to provide the temporal
framework for the different phases of mnemonic processing (see section 1.3). During
exploration, theta frequency oscillations (5-12 Hz) are prominent in the hippocampal
local field potential (Buzsaki et al., 1983). Specialised neurons, the place cells, are active
during theta oscillations at times when the rat traverses defined portions of the

environment, the place fields (0O'Keefe and Dostrovsky, 1971). New experiences along
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the path may induce short-term synaptic changes between novel sequences of place
cells (Buzsaki, 1989). Connections modified during exploration become consolidated
during subsequent slow wave sleep (Buzsaki, 1996). The sequences of place cell
assemblies activated by the progressive traversal of place fields is replayed in a
temporally compressed manner during the much shorter cycles of sharp wave
associated ripple frequency (130-230 Hz) oscillations (Bendor and Wilson, 2012;
Pavlides and Winson, 1989; Skaggs and McNaughton, 1996; Wilson and McNaughton,

1994).

1.1.2 Brain disorders and the hippocampus

Hippocampal abnormalities correlate with a variety of mental disorders such as
epilepsy, Alzheimer’s disease, schizophrenia, autism and anxiety disorders. The very
low threshold for seizures makes the hippocampus prone to aberrant oscillatory
activity emerging during epilepsy (Green and Scheetz, 1964; Kitchigina et al., 2013).
Under normal conditions, large synchronous excitatory events in the local field
potential (Johnston and Brown, 1986) are supressed by GABAergic and/or peptidergic
interneurons (Cammarota et al.,, 2013; Kovac and Walker, 2013). It has been shown
that distinct GABAergic cell types are lost or become dysfunctional in epileptic rats
(Buckmaster and Jongen-Rélo, 1999; Feldt Muldoon et al., 2013; Huusko et al., 2013;
Peng et al, 2013; Sun et al, 2014). In schizophrenia, a variety of hippocampal
alterations have been reported including tissue shrinkage, defects in myelin sheaths,
abnormal neuron clustering and changes in neurotransmitter signalling (del Pino et al.,,
2013; Fisahn et al., 2009; Lewis et al., 2005; Neddens et al., 2011). Furthermore,
functional impairment of specific interneuron types has been linked to perturbed

oscillations (Cunningham et al., 2006; Koutsoukos et al., 2013; Nakazawa et al., 2012;

14



Uhlhaas and Singer, 2006; Whittington et al., 2011b). Moreover, hippocampal cell
death in Alzheimer’s disease leads to spatial and episodic memory impairment and the
inability to form new associations (Hyman et al., 1984; Jeong, 2004; Moretti et al,,
2011).

Common factors started unfolding in these mental disorders. Aberrant
oscillatory activities correlate with interneuron malfunction which then results in
cognitive impairments (Basar and Guntekin, 2008; Uhlhaas and Singer, 2006; Uhlhaas
and Singer, 2012). Determining the activity of distinct GABAergic interneuron types
during normal versus anomalous rhythmic network states could potentially elucidate
some of the mechanisms of mental illnesses and lead to treatment. Clinical studies
together with the use of rodent models of human diseases are important for early

diagnosis and future therapies.

1.1.3 Organisation of the hippocampal formation

The hippocampal formation (Figure 1-1B) is a cluster of cortical structures
within the limbic system (Amaral and Witter, 1989; Squire, 2004; Squire et al., 2004;
van Strien et al.,, 2009) including the entorhinal cortex (EC)(Kerr et al., 2007), the para-
and presubiculum, subiculum, hippocampal areas CA1-3 (Lorente De No, 1934) and
dentate gyrus (DG) (Amaral et al, 2007). Together, these areas contribute to the
formation of declarative memories (Aggleton et al., 2012). High-level, multisensory
information reaches the hippocampal formation via glutamatergic pathways (Figure
1-1C) through the retrosplenial or peri- and postrhinal cortices (Burwell, 2000; Naber
et al., 2001b; Wyass and Van Groen, 1992). The information is passed along the
sequence of EC-DG-hippocampus-subiculum-EC while it is transformed into memory

engrams (Buzsaki, 1996; Eichenbaum and Lipton, 2008; Manns and Eichenbaum,
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2006). These engrams are then sent back for long-term storage from the deep layers of
the EC to the cortical areas originally projecting to the hippocampal formation. Other,
direct cortical projections from the hippocampus to e.g., the medial prefrontal cortex
also have great behavioural significance. In addition, the hippocampal formation sends
information to, and controls large areas of the subcortical forebrain, including the
hypothalamus, the accessory olfactory bulb and the nucleus accumbens.

There is a progression of excitatory pathways within the hippocampal
formation (Figure 1-1C,D). Stellate cells in the entorhinal cortical layer 2 project to DG
(Ruth et al., 1982, 1988; Steward and Scoville, 1976) and to areas CA2-3 via the
perforant path (Steward, 1976; Yeckel and Berger, 1990). It has been proposed that
projections originating from the medial and lateral EC provide segregated information
to the hippocampus about the spatial context and the experience-specific content,
respectively (Henriksen et al.,, 2010; Knierim et al., 2014). Neurons in layer 3 give rise
to a topographical perforant path projection targeting CA1 and the subiculum (Yeckel
and Berger, 1995). Granule cells in the DG send their axon bundles termed mossy fibres
to CA3 stratum lucidum (Claiborne et al., 1986) and in the mouse also to CA2 (Kohara
et al., 2014). In the CA3 area, pyramidal cells at different septo-temporal levels are
heavily interconnected via recurrent collaterals creating the associational path (Ramon
y Cajal, 1893; Witter, 2007) including the CA2 area. Moreover, these same pyramidal
cells send their Schaffer collaterals to the CA1 area (Ishizuka et al., 1990; Li et al., 1994;
Sik et al., 1993; Witter, 2007; Wittner et al., 2007) which is paralleled by a projection
from CA2 pyramidal cells (Kohara et al., 2014; Shinohara et al., 2012). In contrast to
the CA3 area, CA1 pyramidal cells have fewer recurrent collaterals (Amaral et al., 1991;
Deuchars and Thomson, 1996; Takacs et al,, 2012), and target mainly the subiculum

(Amaral etal., 1991), the deep layers of the EC (Naber et al., 2001a) and project to many
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subcortical structures. Subiculum is also connected to the entorhinal cortical deep
layers (Ishizuka, 2001; Naber and Witter, 1998) and is one of the main output
structures of the hippocampal formation to subcortical areas.

In addition to the connections listed above, there are several back-projections;
e.g., CA3 to DG (Ishizuka et al., 1990), commissural pathways and projections to and
from subcortical areas; e.g., thalamus (Dolleman-Van der Weel and Witter, 2000;
Swanson and Cowan, 1977; Wouterlood et al.,, 1990); amygdala (Pitkanen et al., 2000).
Furthermore, hippocampal computations require these glutamatergic projections to
be regulated by GABAergic, cholinergic and other neuromodulatory pathways from the
medial septum, supramammillary nuclei, raphe nuclei and locus coeruleus, amongst
others. | present more information about these pathways in later chapters, in order to

keep the introduction focused.

1.1.4 The dorsal hippocampal CA1 area

The hippocampus can be divided into functionally distinct regions along its
dorso-ventral and medio-lateral axes (Fanselow and Dong, 2010; Thompson et al,,
2008). The dorsal portion of the hippocampus (Figure 1-1D) is thought to be involved
in spatial navigation related tasks, whereas the ventral part is more interconnected
with brain areas processing object-features and emotions (Bannerman et al., 2003;
Bannerman et al., 2004; Zhang et al,, 2004).

My work focuses on the CA1 area of the dorsal hippocampus and its intensely
studied neuronal network (Figure 1-1D). This brain region has a laminar structure
composed of four layers: strata oriens, pyramidale, radiatum and lacunosum
moleculare, in the dorsal-to-ventral direction. Cell bodies of glutamatergic pyramidal

cells constitute the compact middle layer and give rise to radial running dendrites that
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cross the entire hippocampus. GABAergic interneurons with diverse dendritic and
axonal trees populate all layers.

Because the different afferents are themselves segregated by layers (Amaral
and Witter, 1989; Rawlins and Green, 1977; van Strien et al, 2009), the area is
convenient for the study of input-pathways-specific activation of different types of
neuron. There are two major glutamatergic inputs to the CA1l area. The synaptic
terminals of the perforant path are found mostly in stratum lacunosum moleculare and
to a smaller extent in stratum oriens forming type I synapses on spines of pyramidal
cell dendrites, as well as on interneurons. These fibres originating from the medial or
lateral EC have a preferential topographic organisation, where the former terminate in
the portion of CA1l closer to CA3 and the latter project to the distal portions
neighbouring the subiculum (Kerr et al., 2007; Yeckel and Berger, 1990). The second
major glutamatergic projection, the Schaffer collaterals (Schaffer, 1892) terminate on
the pyramidal cell spines in strata radiatum and oriens (Kim et al., 2012) as well as on
interneurons. These glutamatergic pathways are mirrored by GABAergic, cholinergic
and neuromodulatory topographical projections from subcortical areas some of which
terminate mainly on local GABAergic interneurons distributed across different layers

(Freund, 1989; Freund, 1992; Gulyas et al., 1990; Nyakas et al., 1987).
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Figure 1-1 Hippocampus and mnemonic processing.

A. a, Schematic view of the human brain and hippocampus (blue). b, Diagram of a coronal human
brain section showing the attempted medial temporal lobe resection for patient H.M. suffering of
epilepsy. After the bilateral removal of a large part of his medial temporal lobes, H.M. developed
severe anterograde amnesia [modified from (Scoville and Milner, 1957)]; ¢, Tl-weighted MRI
brain scans of H.M (left) and a control subject (right). Note, that most of the hippocampal
formation, including the entorhinal cortex and other cortical areas, are missing in H.M. [modified
from (Corkin et al., 1997)]. B, C. The rat hippocampal formation [modified from (van Strien et
al., 2009); (a), horizontal and (c,d) coronal cut brain sections] and its simplified connectivity
diagram including input-output regions (C). DG, dentate gyrus; EC2, entorhinal cortical layer 2;
EC3, entorhinal cortical layer 3; EC5, entorhinal cortical layer 5; LEC, lateral entorhinal cortex;
MEC, medial entorhinal cortex; PaS, parasubiculum; PER, perirhinal cortex; POR, postrhinal
cortex; PrS, presubiculum; RSC, retrosplenial cortex; Sub, subiculum. D. Major glutamatergic
input and output pathways of the dorsal hippocampus [modified from (Amaral and Witter, 1989)
and (Ramon y Cajal, 1911)]. Note arrows indicating the direction of impulses as predicted by
Ramon y Cajal. CP, commissural pathways; MF, mossy fibres; PP, perforant path; SC, Schaffer

collaterals.
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1.2 Neuronal network connectivity in the hippocampal CA1 area

1.2.1 Pyramidal cells

The majority of the neurons in the hippocampus are glutamatergic pyramidal
cells named after the shape of their somata (Ramon y Cajal, 1893). The cell bodies form
a compact layer in the middle of the structure and their dendrites extend in dorsal and
ventral directions into strata oriens as well as radiatum and lacunosum moleculare,
respectively (Figure 1-2). The somatic and dendritic membranes of pyramidal cells are
very densely covered by spines, the loci of short- and long-term synaptic changes
between connected neurons (Ishizuka et al,, 1995). Pyramidal cells in the CA1 area
project to extrahippocampal areas including subiculum and deep layers of the
entorhinal cortex (Amaral et al., 1991; Naber et al., 2001a). Their axons give rise to
local CA1 collaterals which branch into a plexus in stratum oriens and rarely in stratum
pyramidale and only exceptionally in stratum radiatum. They innervate mainly
interneurons and less frequently other pyramidal cells (Amaral et al., 1991; Deuchars
and Thomson, 1996; Takacs et al, 2012). Pyramidal cells receive type I, mostly
glutamatergic synapses onto their spines and type Il GABAergic synapses onto their
somatic and dendritic shaft membranes (Klausberger, 2009; Megias et al., 2001; Miles
etal, 1996; Papp etal., 2001).

At least three types of pyramidal cell can be identified (Figure 1-2) based on
somatic location and calbindin expression (Bezaire and Soltesz, 2013; Somogyi, 2010).
Immunopositivity for certain transcription factors, activity patterns during behaviour
and projection areas demonstrate diversification of the pyramidal cell population
(Epsztein etal, 2011; Kohara et al., 2014; Krook-Magnuson et al., 2012; Mizuseki et al.,

2011; Thompson and Best, 1989).
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1.2.2 Synaptic organisation of GABAergic interneuron types

The hippocampal code is created by the output of pyramidal cells which, in the
CA1 area, is determined by at least twenty-two distinct types of GABAergic interneuron
(Bezaire and Soltesz, 2013; Freund and Buzsaki, 1996; Somogyi, 2010; Somogyi et al.,
2014). These GABAergic cells (Figure 1-2) populate all hippocampal layers and exert
their inhibitory effects (Glickfeld et al., 2009) via GABAAa (Fritschy and Panzanelli, 2014;
Olsen and Sieghart, 2009) and GABAs receptors (Benarroch, 2012; Lewis, 2010;
Terunuma et al., 2014). The majority have dendrites and axon collaterals only within
the CA1 area but there are some long-range projecting GABAergic neurons, which have
axonal targets in subcortical and extrahippocampal cortical regions (Ferraguti et al,,
2005; Fuentealba et al., 2008b; Jinno, 2009; Jinno et al., 2007; Melzer et al., 2012). The
fast spread of inhibition between distant brain regions mediated by the latter may
provide precise interregional timing for anatomically distributed pyramidal cells in
synchronous activity (Buzsaki and Chrobak, 1995; Fujisawa and Buzsaki, 2011).

Based on the dendritic and axonal arborisations, molecular expression profiles
and the action potential firing which until recently has been recorded in vitro or in vivo
under urethane anaesthesia, distinct cell types were identified (Figure 1-2): axo-axonic
cells, targeting exclusively the axon initial segment of pyramidal cells (Buhl et al,,
1994b; Klausberger et al., 2003; Li et al,, 1992; Somogyi et al.,, 1985; Somogyi et al,,
1983; Takacs et al, 2014); three types of basket cell named after their terminals
wrapping around the somata and proximal dendrites of pyramidal cells (Acsady et al.,
1996a; Armstrong and Soltesz, 2012; Buhl et al., 1994a; Freund and Katona, 2007;
Halasy etal., 1996; Harris et al., 1985; Katsumaru et al., 1988b; Klausberger et al., 2003;
Klausberger et al.,, 2005; Kosaka et al., 1987; Kosaka et al., 1985; Lorente De No, 1934;
Nunzi et al., 1985; Ramon y Cajal, 1893; Takacs et al., 2014); fifteen types of dendrite-
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targeting interneuron e.g., bistratified and oriens-lacunosum moleculare cells (Baude
et al., 1993; Klausberger et al., 2003; Klausberger et al.,, 2004), some also long-range
projecting e.g., trilaminar neurons, double projection and oriens-retrohippocampal
projecting cells (Ferraguti et al., 2005; Jinno et al., 2007; Sik et al., 1995); and three
types of interneuron exclusively targeting other GABAergic interneurons (ISI I-
[II)(Acsady et al., 1996b; Gulyas et al.,, 1996; Gulyas et al.,, 2003). According to the
timing of their action, some interneuron types fire action potentials with high temporal
precision and others have more variable spiking patterns and are under strong
neuromodulatory control (Armstrong and Soltesz, 2012; Freund and Katona, 2007;
Glickfeld and Scanziani, 2006). Differences in the spike-timing correlate with distinct
intrinsic cellular properties and specialised input synaptic organisation (e.g., the
calcium binding protein parvalbumin is expressed by the former but not by the latter).
These, in turn, derive from differential origin and cell fate regulating genetic programs
of the interneuron types (Fishell, 2007; Tricoire et al.,, 2011). It appears that with the
exception of the axon initial segment, the entire postsynaptic membrane surface of
pyramidal cells is modulated by GABA on two complementary temporal scales. Why
has such diversity evolved? Perhaps this dichotomy is required to provide a switch
between reliability and plasticity by dynamically shifting the inhibitory control of
pyramidal cells by different GABAergic cell types.

The in vivo activity of identified types of GABAergic interneuron in the drug-free
brain has been largely unknown until recently. Although thousands of interneurons
have been reported from recordings by extracellular electrodes their identity has
remained subject to conjecture. How do different types of GABAergic cell regulate
pyramidal cell output? Is the neuronal spike-timing behaviour dependent? [ set about

to test the hypothesis that distinct GABAergic interneurons have behaviourally
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differentiated temporal control over pyramidal cell firing. The fine-tuned inhibition
provided by the segregated GABA release onto specific membrane domains of
pyramidal cells (Klausberger and Somogyi, 2008; Soltesz, 2005; Somogyi, 2010;
Somogyi et al., 2014) may control their action potential generation and it may govern
learning-related synaptic plasticity during behaviour (Dupret etal., 2010; Dupretetal,,
2013; Spruston, 2008). In order to investigate these questions I recorded the spike-
timing of pyramidal cells and diverse types of GABAergic interneuron in freely moving
rats.

[ report five types of GABAergic interneuron, which I recorded and identified in
freely moving rats. My observations presented in chapters 3, 4 and 5 were grouped
according to the postsynaptic pyramidal cell compartments targeted by the GABAergic
cells. Previous experiments performed under urethane anaesthesia demonstrated that
different types of interneuron release GABA at specific times during hippocampal
network oscillations (Klausberger and Somogyi, 2008). I have confirmed several of the
activity patterns in freely moving rats. Before presenting the evidence, I will first
introduce the network oscillatory events occurring in the hippocampus during

behaviour.
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Figure 1-2 Neuronal network connectivity in the CA1 area of the rat hippocampus.

At least 22 distinct types of GABAergic interneuron (somata and dendrites orange, red and pink;
axons purple; boutons yellow) govern the activity of three types of pyramidal cell (blue and
green). Some interneurons associate their output synapses with the perisomatic region of
pyramidal cells (1-4, orange; the “unconventional interneuron” not shown; see chapter 4), others
with the dendrites mirroring either the Schaffer collateral/commissural (5,6,8,9,13,14, red) or the
entorhinal pathway termination zones (7,10,11,12, red). Long-range projecting GABAergic cells
(15-18, red) target related brain structures within the temporal lobe or the medial septum. Cells
19-21 (red) innervate mainly or exclusively other interneurons. Note on the left layer specific
termination patterns of five glutamatergic inputs to the CA1 area (terminals, green and blue filled
circles) [modified from (Klausberger and Somogyi, 2008; Somogyi, 2010)]. In this thesis I have
studied axo-axonic, PV+ basket, bistratified and O-LM interneurons (highlighted in grey) together
with some pyramidal cells in freely moving rats. -, immunonegative; +, immunopositive; CB,
calbindin; CCK, cholecystokinin; d, dendrite; IN, interneuron; O-LM, oriens-lacunosum moleculare
cell; or, oriens; PP, perforant path; PV, parvalbumin; rad, radiatum; SC, Schaffer collateral; spec,
specific; VGLUT3, vesicular glutamate transporter 3; VIP, vasoactive intestinal polypeptide.
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1.3 Rhythmic neuronal network activity in the dorsal hippocampal
CA1

In the hippocampus, the integration of synaptic currents from different sources
gives rise to rhythmic network events. It has been recognised that the emergence of
oscillations at specific frequencies (e.g., theta, 5-12 Hz) correlates with specific
behavioural states (e.g., exploration) (Berger, 1929; Buzsaki et al., 1983; Vanderwolf,
1969). Furthermore, it was suggested that different hippocampal rhythms segregate
specific phases of mnemonic processing (Buzsaki, 1989; Hasselmo, 1999; Sutherland
and McNaughton, 2000). Theta frequency oscillations regulate the plasticity of CA1
pyramidal cell inputs from EC and CA3 constituting information encoding and retrieval.
During sharp wave associated ripples, population bursts of pyramidal cells induce
long-term potentiation in the local network and in output targets, which may represent
memory consolidation.

In this section [ will introduce hippocampal theta (5-12 Hz), gamma (30-100
Hz) and ripple frequency (130-230 Hz) oscillations. The thesis will have a focus on the
first and the last. In the final chapter, the emergence of such rhythmic events and their
significance will be discussed based on my observations about the spike-timing of
identified types of neuron recorded in freely moving rodents. I did not carry out

analysis of gamma oscillations due to technical limitations of the recording conditions.

1.3.1 Theta frequency oscillations and mnemonic processing

During exploratory behaviour and rapid eye movement sleep, membrane
oscillations at theta frequencies (5-12 Hz) of large populations of hippocampal neuron
emerge in the local field potential (LFP) and are related to mnemonic processing

(Buzsaki, 2002; Buzsaki and Moser, 2013; Clemens et al., 2009; Grosmark et al., 2012;
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Jacobs et al., 2007; Jones and Wilson, 2005; Lisman and Jensen, 2013; Montgomery et
al,, 2009; O'Keefe, 1993; O'Neill et al,, 2013; Poch et al,, 2011; Staudigl and Hanslmayr,
2013; Vanderwolf, 1969). Theta oscillatory cycles are generated by periodic activation
of active current sources and sinks in the perisomatic region and the distal dendritic
tuft of pyramidal cells, respectively. Theta-rhythmic excitatory afferents arriving from
the entorhinal cortex create the active inward current (sink) contrasting phase-shifted
perisomatic outward currents (source) generated by theta-modulated GABA released
by interneurons (Brankack et al., 1993; Buzsaki, 2002; Leung, 1984). The theta rhythm
binds together distant cortical areas co-operatively (Young and McNaughton, 2009)
and it is governed by a network of subcortical regions (e.g., thalamus, medial septum,
hypothalamic areas, raphe nuclei) via glutamatergic, cholinergic and GABAergic long
range projections (Freund and Antal, 1988; Hajés et al.,, 2003; Hangya et al., 2009;
Lawrence, 2008; Leao et al,, 2012; Léranth and Frotscher, 1987; Lovett-Barron et al.,
2014; Pan and McNaughton, 2004; Rawlins et al,, 1979; To6th et al,, 1997; Vertes, 1982;
Vertes et al,, 2001; Viney et al.,, 2013). Indeed, as demonstrated in rodents, lesions and
pharmacological manipulations of these areas can abolish hippocampal theta
oscillations (Kramis et al, 1975; Lawson and Bland, 1993; Woodnorth and
McNaughton, 2002a; Woodnorth and McNaughton, 2002b). Theta oscillatory cycles are
coherent across the entire hippocampus but their phase measured in the LFP shifts
along the septo-temporal and medio-lateral hippocampal axes in a travelling wave
(Hartwich et al,, 2009; Lubenov and Siapas, 2009; Patel et al., 2012).

While rodents explore a given environment the majority of pyramidal cells in
the CA1 area are silent. The pyramidal cells that are active, can fire at any phase of the
theta cycle, but fire at highest rate at the trough of the oscillatory cycles (Buzsaki,

2006). When an animal enters a place field, pyramidal place cells coding for that
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location start firing around the peak of the theta cycle recorded in the pyramidal layer
(O'Keefe and Recce, 1993). On subsequent cycles the phases of the action potentials
shift towards earlier phases showing phase precession (0O'Keefe and Recce, 1993;
Skaggs et al., 1996). Most types of GABAergic interneuron fire with higher rates during
theta oscillations than pyramidal cells and some release GABA phase-locked to the
ongoing theta rhythm (Czurko et al,, 2011; Klausberger et al., 2003; Klausberger et al.,
2004; Klausberger et al., 2005) as also shown recently in vivo in freely moving rats and
awake head-fixed mice (Lapray etal., 2012; Varga et al.,, 2012; Viney et al., 2013). Some
interneurons recorded with tetrodes have been shown to gradually advance their firing
in phase during consecutive theta cycles (Ego-Stengel and Wilson, 2007; Maurer et al.,
2006), but the identity of these cells remains unknown.

According to a model, the different phases of theta oscillations segregate
different stages in cognitive processing (Hasselmo et al., 2002). The encoding of
information mainly occurs at theta peaks driven by the entorhinal cortex and the
retrieval of existing contextual associations takes place at theta troughs driven by the
CA3 area (Douchamps et al,, 2013; Manns et al, 2007; Wells et al., 2013). I aim to
determine the contribution of distinct types of GABAergic interneuron to the different
stages of memory operations. In my recordings, [ have determined the relationships
between neuronal discharge patterns and the power, frequency and phase of theta
oscillations. How might GABA released to distinct domains of pyramidal cells
contribute to the selection of active place cells? Does interneuron firing support the
temporal ordering of neurons into memory encoding assemblies? I will attempt to
answer some of these questions based on my experimental results in the following

chapters.
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1.3.2 Gamma frequency oscillations and cognitive processing

Gamma frequency (30-100 Hz) oscillations are present in all cortical structures
(Buzsaki et al., 1983; Chrobak and Buzsaki, 1998a; Hajos and Paulsen, 2009; Stumpf,
1965; Vanderwolf, 1969; Whittington et al., 2011a) and in many different species
including humans (Canolty et al., 2006; Jacobs et al., 2007; Le Van Quyen et al., 2010;
Tallon-Baudry et al., 1996). These have been proposed to support attention (Engel and
Singer, 2001; Fries et al., 2001), working memory (Fries, 2009; Howard et al., 2003;
Lisman and Idiart, 1995) and participate in memory encoding and retrieval (Lisman
and Idiart, 1995; Montgomery and Buzsaki, 2007; Sederberg et al., 2007). Both, the
timing of GABAa receptor-mediated inhibitory postsynaptic currents and the in vivo
membrane time constants of pyramidal cells support the 10-30 ms duration of a
gamma cycle (Bazelotetal., 2010; Destexhe and Paré, 1999; Glickfeld et al., 2009; Léger
et al., 2004; Mann et al,, 2005). Moreover, this time period is also the optimal window
for synaptic plasticity (Magee and Johnston, 1997; Markram et al., 1997; Pouille and
Scanziani, 2004). Neurons firing together during the same gamma cycle strengthen
their connections and become members of an “assembly” (Harris et al, 2003)
representing an association. Based on these parameters, it has been proposed that
gamma oscillations represent the optimal “temporal units” segregating the sequences
of pyramidal cell “assemblies” (Fries et al., 2007; Harris, 2005; Harris et al., 2003) that
support cognitive performance (Buzsaki and Draguhn, 2004; Buzsaki and Wang, 2012;
Colgin and Moser, 2010; Lisman and Jensen, 2013).

In the hippocampal CA1, different gamma frequency oscillations exist nested
within the slower frequency theta oscillations (Belluscio et al.,, 2012; Lisman and
Buzsaki, 2008; Sirota et al.,, 2008; Tort et al,, 2009). The differentiation of gamma
rhythms of different frequencies is controversial due to the discrepancies in
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terminology, recording techniques, experimental conditions and the studied species
(Colgin et al., 2009; Lasztoczi and Klausberger, 2014). In freely moving rats (Colgin et
al., 2009), fast gamma oscillations (65-140 Hz) were detected in the pyramidal cell
layer coupled to the trough of theta cycles. Because of the detected synchronisation of
the oscillations in the CA1 area with those in the medial entorhinal cortical layer 3,
these gamma oscillations were hypothesised to facilitate the transmission of spatial
information to the hippocampal place cells (Chrobak and Buzsaki, 1998a; Colgin et al.,
2009). Although, the entorhinal input to CA1 is weakest at the trough of the theta cycle
(Mizuseki et al.,, 2009), it cannot be excluded that some specific subpopulation of
entorhinal neurons (Kitamura et al., 2014) may be active at this time and hence may
contribute to the detected gamma synchrony. In the same tetrode recordings (Colgin
et al., 2009), gamma oscillations of 25-55 Hz were recognised on the descending slope
of subsequent theta cycles. During these oscillatory episodes, the CA1 area was
synchronised with the CA3 area indicating a possible role of the oscillations in memory
retrieval (Colgin et al, 2009). Recently, using silicone probe measurements,
“gammaperisomatic” (centre frequency of 46 Hz) and “gammaapicaitutt” (centre frequency of
29 Hz) were identified in the CA1 area of urethane anaesthetised rats and in awake
head-fixed mice (Lasztoczi and Klausberger, 2014). “Gammaperisomatic’ 0scillations,
localised to stratum pyramidale, were coupled to the late descending slope and trough
of theta cycles and their generation requires the interaction between perisomatic-
targeting PV+ basket cells and their postsynaptic pyramidal cell partners (Bartos et al.,
2007; Fries etal.,, 2007; Lasztoczi and Klausberger, 2014; Mann et al., 2005; Oren et al,,
2010). Driven by inputs from the CA3 area (Csicsvari et al., 2003; Zemankovics et al,,
2013) these rhythmic events are likely to supervise the transfer of retrieved contextual

associations to downstream regions (Lasztoczi and Klausberger, 2014). “Gammaapical
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wft. oscillations in stratum lacunosum moleculare are coupled to the peak and early
descending slope of theta cycles, when initiation of synaptic plasticity in the apical tuft
of CA1 pyramidal cell dendrites is optimal, suggesting that these oscillatory episodes
might support the encoding of novel information (Lasztoczi and Klausberger, 2014).
Projection cells in layer 3 of the medial entorhinal cortex form synapses on the distal
apical tuft of CA1 pyramidal cells. Lasztoczi et al (2014) determined that the spiking of
such cells, as a population, is coupled to the “gammaapical tuft” oscillations measured in
the CA1 indicating the contribution of the projection neurons to this gamma rhythm. It
is hard to reconcile the observations from the two reports. Although the slower rhythm
in the first study (Colgin et al, 2009) shows certain similarities with
“gammaperisomatic’ (Lasztoczi and Klausberger, 2014), it is not possible to establish any
relationship between the two studies because of the different methodologies used.
Furthermore, the timing of the interaction between the CA1l area and the medial
entorhinal cortex is controversial being defined at the trough of theta cycles in the first
report (Colgin et al., 2009) but at the peak of theta cycles in the latter (Lasztoczi and
Klausberger, 2014). In order to conclude the source and roles of the different frequency
gamma oscillatory components additional drug-free experiments are needed.

The action potential discharge of CA1 pyramidal cells and different types of
identified GABAergic interneuron has been intensely studied in vitro during
pharmacologically induced gamma oscillations and in vivo under urethane anaesthesia
(Fisahn et al., 1998; Lasztoczi and Klausberger, 2014; Lasztoczi et al., 2011; Penttonen
et al,, 1998; Soltesz and Deschenes, 1993; Tukker et al., 2007; Tukker et al., 2013). The
strongly oscillatory-phase coupled spike-timing of PV+ basket and bistratified cells
suggests their importance in the gamma entrainment of pyramidal cell somatic and

dendritic membranes, respectively. Recently, the coupling of O-LM cell firing to the
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higher frequency gamma oscillations (90-130 Hz) has been demonstrated in awake
head-fixed mice (Varga et al., 2012). These cells innervate the apical dendritic tufts of
pyramidal cells, the same membrane domain that receives gamma rhythmic
glutamatergic drive from the entorhinal cortex. What the role, if any, GABA released by
0-LM cells could have in gamma oscillations remains to be clarified. This same study
has confirmed the strong relationship between PV+ basket cell firing and gamma
oscillations in the drug-free hippocampus.

Because of technical limitations that I detail in chapter 4, in my experiments, it
was not possible to analyse single cell spike-timing in relation to gamma oscillations.
Our knowledge about the contribution of identified GABAergic interneuron types to
gamma rhytmogenesis and pyramidal cell assembly formation in freely moving

animals remains quite limited.

1.3.3 Sharp wave associated ripple oscillations and memory consolidation
During slow wave sleep, awake immobility or consummatory behaviour “large
negative slow waves” emerge in the CA1 local field potential in association with “a
sinusoidal ripple consisting of 4-10 waves with periods of 4-8 ms and a burst of firing
in the theta units located in stratum pyramidale and oriens”, as reported by O’Keefe
and Nadel (1978). The sharp waves, most prominent in stratum radiatum, are initiated
by population bursts of groups of CA3 pyramidal cells which via their Schaffer
collaterals (Csicsvari et al., 2000; Nakashiba et al.,, 2009) excite pyramidal cells and
GABAergic interneurons in the CA1 area. Consequently, the somatic and dendritic
membranes of targeted pyramidal cells become entrained to high frequency “ripple”-

like oscillations (120-230 Hz) by GABAergic PV+ basket and bistratified cells, the “theta
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units”, respectively (Bragin et al., 1999; Buzsaki et al.,, 1992; Buzsaki et al., 1983;
Klausberger et al.,, 2003; Klausberger et al., 2004; Varga et al., 2012).

During sharp wave associated ripples (SWRs), transient memories represented
by assemblies of co-firing CA1 pyramidal cells are transferred to neocortex for long-
term storage (Buzsaki, 1989; Hasselmo, 1999). Pyramidal cells firing together within
one theta cycle, during exploration, often become reactivated during subsequent sleep-
and/or awake-SWRs during the 50-100 ms ripple cycles (Lee and Wilson, 2002;
Nadasdy etal., 1999; O'Neill et al., 2006; O'Neill et al., 2008; Pavlides and Winson, 1989;
Skaggs and McNaughton, 1996; Wilson and McNaughton, 1994). The order of replay of
active pyramidal cell sequences can be the same as during the exploration or it can get
reversed (Csicsvari et al,, 2007; Diba and Buzsaki, 2007; Foster and Wilson, 2006;
O'Neill et al., 2006). A temporal compression of pyramidal cell associations probably
could initiate LTP required for memory consolidation (Bendor and Wilson, 2012;
Buzsaki, 1996; Dupret et al.,, 2010; Ego-Stengel and Wilson, 2010; Girardeau et al,,
2009; Jadhav et al., 2012). The coherence of SWRs in the CA1 area and its downstream
regions e.g., pre- and parasubiculum, entorhinal cortical deep layers (Chrobak and
Buzsaki, 1996; Chrobak and Buzsaki, 1998b) highlights the role of these network
events in relaying transient information to cortical structures. Furthermore, this
function is also suggested by the correlation between hippocampal SWRs and
neocortical spindle oscillations regulating neuronal firing during sleep in the neocortex
(Clemens et al., 2007; Clemens et al., 2011; Isomura et al., 2006; Siapas and Wilson,
1998).

Unidentified types of hippocampal interneuron show differential SWR-related
firing responses in non-anaesthetised rats; some become activated, others become

inhibited during the fast frequency events and some do not change their firing rates
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(Csicsvari et al., 1999a, b; Csicsvari et al.,, 2000). Until recently, the identity of SWR-
responsive and non-responsive GABAergic interneurons and their contribution to
pyramidal cell firing could only be determined in vitro or in vivo in urethane
anaesthetised rodents (Fuentealba et al., 2008a; Fuentealba et al., 2008b; Hajos et al.,
2013; Jinno et al., 2007; Klausberger et al,, 2003; Klausberger et al., 2004; Klausberger
etal,, 2005; Ylinen et al.,, 1995a). Recent technological advances allow us to investigate
neuronal firing patterns of identified cells in the drug-free brain (Lapray et al., 2012;
Vargaetal, 2012; Viney et al.,, 2013). My work aims to dissect further interneuron-type

specific contributions to pyramidal cell output control during SWRs.

1.4 Aims

During my D.Phil. studies, I attempted to dissect the contribution of GABAergic
interneuron types to the encoding and consolidation of information in the
hippocampus of rats during exploration and natural slow wave sleep. Testing the
hypothesis of functional specialisation of distinct types of interneuron, I examined the
timing of action potential discharge, indicative of GABA released onto functionally
different postsynaptic domains of pyramidal cells during behaviour.

My  results contribute to improving our understanding of
GABAergic/peptidergic regulation of pyramidal cell firing in vivo provided by PV+
basket, axo-axonic, dendrite-targeting bistratified and O-LM cells and one
“unconventional interneuron” during drug-free theta oscillations and sharp wave-

ripples in vivo.
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I carried out the following experiments:

o performed extracellular recordings and juxtacellular neurobiotin-
labelling of single cells in the hippocampal CA1 area of freely moving rats;

e recorded the local field potentials (LFPs) from the hippocampus and
cortical areas in parallel during behaviour;

e determined cell-type specific firing patterns during movement, sleep and
quiet wakefulness;

e determined the network oscillatory-state dependent spike-timing of
different types of neuron;

e identified urethane induced changes in neuronal activity and in the LFP
by comparing my data set with previously reported and identified CA1
interneurons recorded in vivo under anaesthesia.

As detailed in chapter 2, to achieve my objectives, I have used a powerful
combination of techniques: electrophysiological and statistical analyses of spike trains
and LFP, anatomical examination of axonal and dendritic arborisations and
immunohistochemical identification of molecular expression profiles of single cells. My
main results are reported in chapters 3-5 and their significance is discussed in the final

chapter 6 concluded with an “Outlook”.
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2 Experimental procedures

2.1 Invivo electrophysiological techniques

2.1.1 Experimental subjects

Most procedures involving experimental animals were performed in
accordance with the Animals (Scientific Procedure) Act, 1986 (UK) and associated
regulations under approved project licence (30/2719) at the University of Oxford.
Furthermore, additional data included and analysed by me in chapters 3-5, was
recorded by colleagues in Vienna under the approval of the Animal Care and Use
Committee of the Medical University, Vienna and the Austrian Federal Ministry of
Science and Research.

Data reported is from thirty-six Sprague-Dawley rats (n=35 male; n=1 female)
recorded between 8 am and 8 pm. Animals were housed in groups of 2-4 per cage in
Oxford (n=34 rats; 19-21C°% 55% humidity; reverse light/dark cycle, lights on from 8
pm - 8 am) or Vienna (n=2 rats; diurnal cycle, lights on from 6 am - 6 pm). One to seven
days before the experiments started rats were housed in a cage on their own with ad
libitum access to food pellets and water. During some recording sessions, the rats in

Vienna received chocolate chip rewards.

2.1.2 Surgical procedures
Implantations of the head-mounted recording setup (Figure 2-1B),

craniotomies and duratomies were performed (Figure 2-1A) mounted in a stereotaxic
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frame (Kopf Instruments) under isoflurane (IsoFlo, Abbott) anaesthesia using
analgesic (subcutaneous injection of 0.05 ml Rimadyl, Pfizer or Dipidolor, Janssen-
Cilag; 2 ml per 125 ml of drinking water provided for 48 h after surgery) and antibiotic
(intraperitoneal injection of 0.1 ml 2.5% wt/vol Baytril, Bayer Vital) treatments.
Breathing was monitored visually by the experimenter and body temperatures were
maintained at 37°C with a heating pad connected to a homeothermic monitor (Harvard
Apparatus).

After exposing and cleaning the skull, a cylindrical micro-drive holder was
attached above the left parietal cortex using dental acrylic (Refobacin R, Biomet). A
main connector was placed above the frontal part of the skull, supported by five
stainless steel screws attached to the bone. EEG and reference-ground signals were
connected to this head stage from one screw above the right prefrontal cortex (bregma
-4 mm rostro-caudal, bregma +2 mm medio-lateral) and another above the cerebellum,
respectively (Figure 2-1B). All this was embedded in dental acrylic and was coated with
blue light-polymerised cement (Tetric EvoFlow, Ivoclar Vivadent).

Following at least three days of recovery, successive craniotomy and duratomy
were completed above the right hemisphere under anaesthesia (Figure 2-1A). To
prevent excessive tissue growth on subsequent days, 0.1 mg/ml of Mitomycin C was
applied on the dura mater for 10 min between these two steps. Next, either a single
wire electrode (50 um tungsten, California Fine Wire; n=23 rats) fixed on the skull or
movable by a miniature drive (Haiss et al., 2010) or a microdrive movable tetrode
(n=11 rats) (Neuronelektrod Kft, Budapest, Hungary) was lowered into the
hippocampus or cortex (Figure 2-1A). While connected to the head stage, these
electrodes and/or tetrodes were used to record local field potentials (LFPs). A layer of

silicone (Kwik-Sil, World Precision Instruments) was used to protect the cortical
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surface overnight and between recordings. During recordings, this was replaced by

wax for the ease of advancement of the glass electrode.

2.1.3 Invivo extracellular single cell recording and juxtacellular
neurobiotin-labelling in freely moving rats

Recording sessions started after a recovery period of up to 7 days (Figure 2-1A).
Rats were anaesthetised briefly by isoflurane and a miniature preamplifier (ELC mini-
preamplifier, NPI Electronic), two LED arrays and an accelerometer (Supertech
Instruments; n= 25 rats) were connected to the head stage. A glass electrode (10-20
MQ) filled with neurobiotin (1.5 or 3% wt/vol in 0.5 M NaCl) was advanced using a
hydraulic (Narishige) or piezoelectric (Kleindiek Nanotechnik) (Lee et al., 2006)
microdrive to record single cell activity and LFPs in the hippocampus (Figure 2-1B).
Recordings commenced 1h after recovery from anaesthesia in either a darkened room
(Oxford) or one with partially obscured windows (Vienna) using a recording arena
(Oxford, n=7 rats, 40 x 40 cm floor, 27 cm walls; or n=25 rats, 50 x 50 cm floor, 27 cm
walls; Vienna n=2 rats, 40 x 60 cm floor, 30 cm walls) to which the rats were naive on
the first day (Figure 2-1C). Two video cameras captured the activity of the rats that
were free to move around; one infra-red sensitive for behavioural analysis and another
one for position tracking using the head-mounted LED arrays (Position Tracking
System, v14.02.08, courtesy of K. Allen). Recordings were performed for 1-12 days (5
t4 d) after duratomy (Figure 2-1A). After having recorded a neuron, the pipette was
advanced towards the cell into a juxtacellular position and labelling using neurobiotin
was attempted (Pinault, 1996). The neuron was rhythmically entrained by the injection
of increasing amplitude square-pulsed current (Figure 2-1D). The stimulation was

performed using ELC-03M amplifier with active bridge compensation. At this point, the
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neurobiotin ejected from the pipette was thought to be taken up by the cell. When
labelling was judged successful, the pipette was retracted slowly and the neuron was
left to recover from the entrainment. [ have considered a labelling attempt successful
if the firing of the cell was rhythmically entrained by the current stimulation for at least
30 sec and if, after ending the stimulation, the cell kept firing action potentials but at a
slowly decreasing rate until it approximately recovered its pre-labelling spiking
pattern. The rats were then briefly anaesthetised in the stereotaxic frame while the
recording equipment was removed (Figure 2-1A). Following a post-labelling period of
up to 3 h the animals were deeply anaesthetised using isoflurane followed by
intraperitoneal injection of an overdose of Pentobarbital (JML Biopharm; 20% w/v

solution; dose: 400 pl/100 g) and perfusion fixed (Figure 2-1A). If no stable neurons

were found, sessions were finished by simply removing the recording devices (Figure
2-1A). Each day, only one anaesthesia and electrode was allowed to be used according
to the limits of our licence, and a maximum of 12 recordings could be performed.
Accordingly, if for the 12 recording days I was unable to label an interneuron, I
attempted to record and label a pyramidal cell on the last day, before perfusing the

animal.

2.1.4 Recording technical specifications / Data acquisition

Amplification of 1000x (BF-48DGX and DPA-2FS, NPI Electronic) was used and
signals were digitised at 1 or 20 kHz (Power1401 A/D board, Cambridge Electronics
Design). Measurements from the glass electrode were online band-pass filtered
according to three different frequency ranges (0.3 Hz-10 kHz, wide-band; 0.3-500 Hz,
LFP; 0.8-5 kHz, action potentials). Signals from the EEG and hippocampal/cortical

electrodes or tetrodes were band pass filtered (0.3-300 Hz or 0.3 Hz-10 kHz).
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Elimination of 50 Hz noise without phase-shift was provided by Hum Bugs (Quest
Scientific Instruments). Movements along three spatial axes were recorded in three
separate channels by the accelerometer as voltage deflections and were digitised at 1
or 20 kHz. Acquisition of all signals, except tracking, went in parallel using Spike2

software (v7.01, Cambridge Electronics Design).
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Figure 2-1 In vivo extracellular single cell recording and neurobiotin-labelling in freely
moving rats.

A. Experimental time frame and recording schedule. B. Placement of recording electrodes (sagittal
brain section) including the glass pipette lowered into the hippocampal CA1 area. C. Rat exploring
the experimental arena. 7op /eft, Recorded signals were passed through the head mounted stage
made in house (black arrow) and fed back via a cable to the recording devices. LEDs connected
to the left (blue) and right (red) side of the head stage are used for automated position tracking
using a video camera installed on top of the arena. A second camera using infrared lighting
captures the animal’s behaviour in the arena. 7op right, The trajectory (grey) of the animal while
recording a pyramidal cell (LK10k) with action potentials (APs, red dots) superimposed on the
path. Bottorn, Example of the acquisition process in Spike2 with traces from the pyramidal cell
recording. Action potentials (red, second row from top; band pass filter 0.8-5 kHz) and LFPs (third
row from top; band pass filter 0.3-300 Hz) were recorded from the hippocampal CA1 area using
a glass pipette mounted on the rat’s head. Reference CA1 LFPs (second row from bottom; band
pass filter 0.3-300 Hz) and frontal cortical LFPs (bottom row, EEG; band pass filter 0.3-300 Hz)
were recorded from two other electrodes chronically implanted before the recording sessions
started (see A and B). Note the rhythmic oscillatory state of the hippocampal LFPs (second and
third rows from bottom) known as the theta rhythm (5-12 Hz) prominent during spatial navigation
(top trace). Pyramidal cells in general decrease their firing rates during this brain state compared
to their activity during slow wave sleep. The firing rate might suddenly increase if the rat happens
to run through the part of the arena (place field), which is encoded by the cell assembly including
the pyramidal cell under recording (place cell). For this pyramidal cell (LK10k), no place related
firing was observed in this environment. D. Example trace from the juxtacellular labelling of a
recorded GABAergic interneuron (LKO6ah) in stratum oriens of the CA1l area in hippocampus.
Representative period of action potential discharge (red vertical lines) rhythmically entrained by
the injection of increasing amplitude square-pulsed current (start and end of pulses in green).

The ejected neurobiotin was taken up by the current-driven interneuron.
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2.2 Anatomical techniques

2.2.1 Brain fixation and sectioning

One to three h after cell labelling, rats were transcardially perfused first briefly
with saline and then for ~20 min with fixative solution consisting of 4%
paraformaldehyde (wt/vol, Sigma-Aldrich), 15% saturated picric acid (vol/vol, Sigma-
Aldrich), 0.05% glutaraldehyde (wt/vol, distilled grade, TAAB Laboratories Equipment
Ltd) in 0.1 M phosphate buffer at pH ~ 7.2.

Brains were removed from the skull and, if well fixed, as assessed by the
firmness, absence of blood and the yellow colouring provided by picric acid, were
washed in phosphate buffer (PB) and sectioned, otherwise they were post-fixed. For
the latter the incubation lasted for up to 12 h in a fixative solution lacking
glutaraldehyde at ~4°C. Next, brains were reduced to the size of a block containing the
right hippocampus then these blocks were glued to the cutting stage and coronal brain
sections were produced (70 wm nominal thickness, VT1000s vibratome, Leica
Instruments) in the caudal to rostral direction numbered accordingly (Figure 2-2A).
Sections were washed in PB (3 x 10 min) then subsets of every fourth section were
selected for neurobiotin visualisation. These were washed in tris buffered saline with
Triton X-100® detergent (TBS-TX, 0.3% wt/vol, Sigma-Aldrich; 3 x 10 min) to enhance
reagent penetration. The rest of the sections were preserved in PB with 0.05% wt/vol
sodium azide at ~4°C. Before use they were always washed in PB (3 x 10 min) to

remove the preservative.

2.2.2 Streptavidin reactions and immunohistochemistry
For the visualisation of neurobiotin, the selected subsets of sections were
incubated in 0.5 ml streptavidin-conjugated Alexa 488 in TBS-TX, either at room
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temperature for 4 h or at ~4°C overnight. In case of two additional interneurons I used
streptavidin-conjugated DyLight 405 or DyLight 594. After washing in TBS-TX (3 x 10
min) sections were mounted on glass slides for examination using the mounting
medium for fluorescence Vectashield (Vector Laboratories) and permanently sealed
around the cover slips with nail polish.

Furthermore, using the indirect primary antibody detection method in
combination with fluorochrome-conjugated secondary antibodies, the expression of
cell-type specific molecules was tested on individual labelled neurons and control
tissue. Mixtures of up to four primary antibodies, raised in different species, and
appropriate secondary antibodies were used on each individual section. The
immunohistochemical reactions were started by washing the stored sections in TBS-
TX (3 x 10 min) and blocking nonspecific antibody binding sites with 20% vol/vol
normal horse serum (NHS, Vector Laboratories) in TBS-TX for 1h at room temperature.
Next, sections were incubated in TBS-TX containing 1% vol/vol NHS and primary
antibodies raised against the antigens of interest at appropriate dilutions for two days
at ~4°C. After a wash (3 x 10 min) in TBS-TX, sections were further incubated either
for 4 h at room temperature or overnight at ~4°C in TBS-TX containing 1% NHS,
streptavidin-conjugated fluorochromes and respective secondary antibodies at
appropriate dilutions. Finally, sections were washed (3 x 10 min) in TBS-TX and
mounted as previously described for microscopic examination.

Using immunohistochemistry, I tested for the expression of several peptides,
receptors, transcription factors and other proteins. These results are summarised in
the following three chapters in Table 3.1, Table 4.1 and Table 5.1, respectively.
Secondary antibodies were raised in donkey, swine and rabbit against immunoglobulin

G of the species of origin of the primary antibodies and conjugated to Alexa 405,
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DyLight405 (blue); Alexa 488, DyLight488 (green); cyanine 3 (Cy3), DyLight594 (red);
and cyanine 5 (Cy5), DyLight649 (infra-red); or horseradish peroxidase enzyme (HRP).
The donkey-anti-rabbit-Alexa405 and secondary antibodies conjugated to Alexa488
were purchased from Invitrogen. The donkey-anti-chicken-Alexa488, the donkey-anti-
guinea-pig-Alexa488 and secondary antibodies conjugated to Cy3, Cy5, DyLight405,
DyLight488, DyLight594 and DyLight649 fluorophores were purchased from Stratech.
For a list of all primary and secondary antibody solutions and dilutions used with

respective specificity references see Table 2.1 and Table 2.2.

Specificity

Although sometimes difficult, neurobiotin labelling can be distinguished from
endogenous biotin primarily because of the continuous pattern of cytoplasmic labelling
and often also because of the difference in signal strength. Antibody specificity tests
are referenced in Table 2.1. The best control reactions known at present are those
using tissue from animals that lack the protein e.g., ‘knock-out’ mice. Some primary
antibodies have been tested this way. [ accepted antibodies to recognise the claimed
molecule where the staining pattern and subcellular localisation corresponded to the
predicted subcellular compartment e.g., plasma membrane using other antibodies to
the same protein (Lorincz and Nusser, 2008b). Nevertheless, in
immunohistochemistry, there is always some uncertainty as to the identity of the
detected molecular species.

I have performed controls for the immunohistochemical methods of my
experiments. Typically I evaluated the reaction in a second section from a different
brain as minimal control. In some cases I produced negative controls by leaving out the

primary antibodies from reactions performed on sections from different brains, and
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testing if all specific labelling was abolished. An important test is when using several
primary antibodies on the same section, to exclude the possibility of cross-reaction by
secondary antibodies with several primary antibodies from different species. Because
of convincing results with these antibodies in our laboratory using highly cross-
absorbed secondary antibodies from reputable suppliers, I did not perform this latter
control. When assessing the quality of reactions there are multiple factors to consider.
The quality of tissue fixation and the degree of reagent penetration are the two most

important factors influencing the outcome.

2.2.3 Wide-field epifluorescence- and confocal laser scanning microscopy
The immunohistochemical reactions were first evaluated using wide-field
epifluorescence microscopy. This was performed using Leitz DMRB microscope (Leica)
with epifluorescence illumination (Hg arc lamp, HBO, Osram) and PL Fluotar 20x/0.5
and 40x/0.7 lenses. The light was spectrally filtered using dichroic mirrors to obtain
optimally separated excitation and emission bandwidths for different fluorophores:
Alexa405 (excitation: 405/20 nm; emission: 460/50 nm; beam splitter: 425 nm),
Alexa488 (excitation: 480/40 nm; emission: 527/30 nm; beam splitter: 505 nm), Cy3
(excitation: 545/30 nm; emission: 610/75 nm; beam splitter: 565 nm) and Cy5
(excitation: 620/60 nm; emission: 700/75 nm; beam splitter: 660 nm). For
documentation and qualitative evaluation of the reactions, images were taken using a
Hamamatsu Photonics ORCA ER digital camera controlled by OpenLab software v.5.5.0
(Improvision). Exposure times were individually set for each image depending on the
signal strength and the recorded wavelength. Further editing was only done to

brightness and contrast levels and was applied for the entire frame.
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To improve image resolution and increase contrast, when needed, reactions
were further examined using confocal laser scanning microscopy. This technique uses
point illumination and a confocal aperture or pinhole. Point illumination is achieved by
focusing laser light by the imaging objective lens. The pinhole positioned in the image
plane eliminates the out-of-focus light from the specimen. The light sensor can detect
only the light that passes through the pinhole. Thus, a point-like detection becomes
possible quantitatively described by the point spread function. The diameter of the
pinhole is variable, and has a key role in resolution and depth discrimination in the
acquired image. It also determines the number of photons detected, therefore it is an
important parameter to be set before scanning.

It is possible to image a thin optical slice with this technique, which then allows
a great number of slices to be recorded at different focal planes of a 70 um thick section.
Thus a stack is created along the optical axis (Z). To optimise sampling for digitisation
the Nyquist criterion has to be met. In case of laser scanning microscopy for optimal
pixellation in the XY plane two pixels are allocated to the widths of the point spread
function at half maximum intensity. In Z direction this means elevation of the specimen
with half the distance of the optical slice thickness. If the number of sampling points is
smaller than the given Nyquist value then information will be lost. A greater number of
sampling points leads to oversampling.

The generation of an optimal Z stack with one fluorophore in one spectral
channel involves the following steps:

1. A focused laser beam deflected in the X and Y directions line-by-line scans the
specimen.

2. A single (Ch) or an array (ChS) of photomultiplier tubes (PMT) detects the

fluorescence emitted by the scanned tissue.
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3. The detected light intensity is digitized and displayed pixel-by-pixel on the
screen.

For confocal microscopy an Axiolmager.Z1 microscope (Carl Zeiss) was used
equipped with LSM 710 scan head and DIC M27 Plan-Apochromat 40x/1.3 oil, 63x/1.4
oil and alpha Plan-Apochromat 100x/1.46 oil objectives. Using appropriate lasers and
the special features of the microscope, various fluorophores were spectrally separated
(Figure 2-2B,C) and, thus recorded either simultaneously i.e. more than one channel
(Ch) per scan track (T) or sequentially i.e. single channel per track. Channel settings for
Alexa405 (405-30 solid state laser: 405 nm), for Alexa488 (Argon laser: 488 nm), for
Cy3 (HeNe laser: 543 nm), for DyLight594 (HeNe laser: 594 nm) and for Cy5 (HeNe
laser: 633 nm) varied by application. After deciding on the number of tracks and
channels within one track, appropriate Main Beam Splitters (MBS) were selected
resulting in an optimally detected emission spectral range. I have included such
relevant information into the figure legends of the individual images. Pinhole size was
adjusted to 0.66-1.17 Airy units resulting in 0.6-0.7 pum optical slice thickness. The
scanner was calibrated to pixel registration of 100 nm in X, Y and of 200 nm in Z
directions. Image pixellation varied with the lens (see above) and the digital
magnification applied. All confocal image acquisition and analysis was done using ZEN
2008 software, v5.0 (Carl Zeiss). Brightness and contrast were adjusted in the whole
stack and for each channel separately. To reduce noise and enhance contrast levels
images were filtered (median algorithm, kernel size X, Y=3; kernel size Z, channel=1).

When needed stacks were maximum intensity projected along the Z axis.
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Spectral identification of fluorophores

[ have tested channel separation by spectral identification of potential cross-
talk in detected dyes (Figure 2-2C). For instance, COUP-TFII labelling was tested in Cy5
channel in a neurobiotin-filled interneuron soma imaged in DyLight594 channel
(LK120, Figure 4-4B). Initially, I used sequential frame scanning (T1-Ch1l: MBS
458/514/594; detected emission spectral range: 598-641 nm; T2-Ch2: MBS
488/543/633; detected emission spectral range: 640-757 nm) with the 594 nm and
633 nm lasers, respectively. Signals detected in channel mode showed double positivity
for neurobiotin and for COUP-TFII. However the high intensity of the neurobiotin-
streptavidin-DyLight594 reaction raised the possibility of shine-through in the
detected Cy5 channel. Next, I switched to lambda scanning mode using the 633 nm
laser (ChS: MBS 488/543/633; detected emission spectral range: 415-727 nm) to
identify the spectral components in the detected signal. At this stage the entire
detection range was divided into 32 bins resulting in nominally 9.7 nm bin width. In
the stack of 32 images each XY picture represents the signal from a particular bin. I
could confirm the origin of the signal for COUP-TFII from the bins corresponding to the

Cy5 spectral range (>= 644 nm).

2.2.4 HRP reactions and immunohistochemistry

For neurobiotin visualisation (Figure 2-2A), I used a method providing high
contrast, the avidin-biotin combined horseradish peroxidase (HRP) reaction with 3,3’-
diaminobenzidine (DAB) as chromogen and either 0.002% wt/vol hydrogen peroxide
(H202) as substrate, or H202 generated continuously from glucose by glucose oxidase

(Sigma-Aldrich).
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Brain sections, either stored in PB and preservative or previously reacted using
immunohistochemistry were processed for transmitted light microscopy. Those in the
latter group were washed in TBS-TX (3 x 10 min). The rest were washed in 0.1 M PB or
TBS (3 x 10 min) and processed according to a “freezing-thawing” protocol. This
involved first incubating the section in sucrose solution in 0.1 M PB for 15 min (10%
wt/vol, Sigma-Aldrich) then for up to 2 h in 20% wt/vol for cryoprotection, followed
by quickly freezing it with liquid nitrogen and thawing in 0.1 M PB. The last two steps
were repeated twice. Either way the aim was to make the cell membranes more
permeable to the reagents.

Next, sections were incubated for 2 days in avidin and biotinylated peroxidase
complex (1:100, Vectastain ABC Elite kit, Vector Laboratories) formed over a pre-
incubation period in TBS-TX for 30 min at room temperature. If the sections were
previously treated with streptavidin then these were first incubated in biotinylated
peroxidase in TBS-TX (1:100; Vectastain ABC Elite kit, Vector Laboratories) either
overnight at ~4°C or for 4 h at room temperature, to amplify the signal.

After an additional wash (3 x 10 min in 0.1 M PB) the sections were left in dark
for 15 min in 0.05% wt/vol DAB (Sigma-Aldrich, stock 5 mg/ml) solution containing
0.02% wt/vol glucose (Sigma-Aldrich), 0.004% wt/vol ammonium chloride (Sigma-
Aldrich; stock 0.4% wt/vol) and 0-0.04% ammonium-Nickel-sulphate (Sigma-Aldrich;
stock 1% wt/vol). The amount of the latter component was judged based on how well-
stained the processes were likely to come up depending on the strength of the
neurobiotin signal in the labelled cell. The reaction was started by adding ~ 4 units of
glucose oxidase enzyme (Sigma-Aldrich) to the solution. The peroxidase enzyme
catalyses the oxidation of DAB by hydrogen peroxide and at appropriate concentration

forms a brown polymer precipitate. The glucose oxidase enzyme is used to provide a
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gradual supply of hydrogen peroxide from glucose, oxygen and water. After 40-60 min,
selected sections were mounted in 0.1 M PB and checked under the light microscope
for stained processes that could be followed through the entire section thickness.
After successful reactions and following washing, sections were flattened on the
bottom of glass vials and incubated in 0.2-1% wt/vol osmium tetroxide (TAAB; 4%
wt/vol stock 0s0O4) in 0.1 M PB for 60 min. The concentration depended on the level of
background staining. Sections were washed and gradually dehydrated with increasing
ethanol concentrations (50% and 70% for 10 min each; 90% and 95% for 5 min each;
100% for 2 x 10 min). Sections selected for electron microscopy were further contrast
enhanced by ‘en-bloc’ staining in 2% wt/vol uranyl acetate (TAAB) for 40 min in 70%
ethanol before the 90% ethanol step. For resin embedding, the sections were immersed
in propylene oxide (VWR International) for 2 x 10 min in order to enhance resin
penetration. This was followed by submerging the sections in epoxy resin (Durcupan
ACM Fluka, Sigma-Aldrich) for overnight. Finally, sections were carefully mounted on
hand-greased glass slides, covered under a coverslip and left at ~60°C for 48 h for the

resin to polymerise.

2.2.5 Light- and electron microscopy

Conventional transmitted light microscopy was performed using either a Leitz
Dialux22 microscope (Leica) equipped with NPL Fluotar 10x/0.3, 25x/0.55, 40x/0.78
and PL Apo 100x/1.32 oil objectives or the Axiolmager.Z1 microscope (Carl Zeiss)
described above. In the case of the former, images were taken using Canon EOS 40D
camera controlled by an EOS Canon Utility software v2.9.0.0. Otherwise the
documentation was done using AxioCam HRm CCD camera and AxioVision 2009,

Rel.4.8.1 software.
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Electron microscopy (EM) is a technology that allows us to achieve much
greater resolving power than optical microscopy since it uses electrons instead of
photons for imaging. Its advantage is in the much shorter equivalent wavelength of

electrons compared to the photons. On the other hand EM is technically more
demanding and more time-consuming. For EM studies, first I selected 70 pum thick

sections from the labelled cells and performed the enzyme reactions on them followed
by epoxy resin embedding. After light microscopic evaluation, I selected a small region
and re-embedded it into a block of resin for cutting serial EM sections. The cutting of
EM sections was done by Kristina Detzner and David Roberts and they provided the
thin serial sections mounted on pioloform coated single-slot grids, which I studied
using Philips CM 100 transmission electron microscope. To document the images I

used Digital Micrograph software (Gatan) and a Gatan Ultrascan 1000 CCD camera.

2.2.6 Single cell reconstruction techniques

Neurons (n=5; see Figure 4-2A, Figure 4-4A, Figure 5-2A,G, Figure 5-4A) were
manually traced using a microscope-attached drawing tube using a Pl Apo 63x/1.4 oil
immersion objective. Some were digitally reconstructed in 3D (Figure 2-2A) from
resin-embedded, osmium-treated serial coronal cut brain sections (70 pm nominal
thickness) using Neurolucida (MBF Bioscience). A Nikon Eclipse 80i transmitted light
microscope and Lucivid microdisplay (MBF Bioscience) was used in continuous mode
equipped with a VC Plan Apo 100x/1.4 oil immersion objective. The three dimensional
reconstruction of an interneuron allows to quantitatively evaluate it for future
comparison with other cell types. Hippocampal laminar boundaries can be marked

digitally and dendritic and axonal proportions quantified appropriately.
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Neuronal processes can be also manually traced from individual sections. These
drawings then are merged and projected onto different planes with the layer
boundaries marked. This is photographed and scanned for further processing in
Photoshop (Adobe Systems). I have traced LKO8c and LK12o0 using this method.

During my MSc studies [ learned and carried out 3D reconstructions of recorded
cells. In this thesis the illustrated cells were reconstructed by Szabolcs Biro (LK20p and

LK27d) and Dr. Timea Szabadi (LKO6ah) with the agreement of my supervisors.
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Figure 2-2 Anatomical analyses and spectral imaging using confocal laser scanning
microscopy.

A. Three-dimensional reconstruction of neurobiotin-filled neurons. Fixed brains are cut into 70
um-thick serial coronal sections. Using the HRP-DAB protocol (see above) neurobiotin labelled
processes are visualised for conventional light microscopy. Next, cell bodies, dendrites and axon
collaterals are traced using Neurolucida software section by section. Each data point is registered
according to X, Y and Z coordinates and is finally merged into a three dimensional data structure.
B. Excitation wavelengths (vertical lines) and emission bandwidths of different fluorophores
(Al488/DyLight488; Cy3/DyLight543; DyLight594; Cy5/DyLight633). C. Left, Grey lines illustrate
the spectral identity of DyLight594 and Cy5 dyes. Coloured curves represent the emissions from
(i) the soma of the neurobiotin-labelled interneuron (red, LK120); (ii) a neighbouring unlabelled
COUP-TFII immunopositive nucleus (green) and (iii) an immunonegative soma of a pyramidal
neuron (blue) as control for background (excitation using 633 nm HeNe laser; MBS 488/543/633
nm). Right, Crosses mark the sites of the measurements. Note that the signal emitted by the
labelled cell body is a mix of DyLight594 and Cy5 emissions because of the width and intensity
levels of the emission curve (red). After peaking at ~600 nm as expected based on the DyLight594
reference emission curve (dotted line) the signal intensity in the labelled neuron is still very high
at ~650 nm which can only be explained by Cy5 emission as demonstrated on the respective
reference emission curve (dashed line). Therefore I concluded that there is genuine Cy5 signal at
the marked site (red), indicating COUP-TFII expression in the interneuron under investigation.
Intensity is given in arbitrary units. Eight bit digital images were taken in which contrast is

represented in 256 steps. Minimum intensity = 0 and maximum = 255.
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Table 2.1 Primary antibody information.

Stock protein
Host Internal ref concentration
Molecule species No. Dilution (pg/ml) Source Source code
Ca2+/calmodulin- Mouse 1312 1:500 1000 Abcam, Cambridge, UK ab22609
dependent (www.abcam.com)
protein kinase II
(CaMKII)
Calbindin (CB) Rabbit 989 1:5000 antiserum Swant, Bellinzona, Switzerland CB-38 (lot 5.5)
(www.swant.com)
Calretinin (CR) Goat 1116 1:1000 antiserum Swant, Bellinzona, Switzerland CG1
(www.swant.com)
Calretinin (CR) Rabbit 1102 1:1000 antiserum Swant, Bellinzona, Switzerland 7699/3H (lot
(www.swant.com) 18299)
Cannabinoid Rabbit 1272 1:1000 380 Prof. M. Watanabe, FRONTIER (Kind gift)
receptor type 1 INSTITUTE Co. Ltd, Hokkaido,
(CB1R) Japan
Chicken Mouse 1096 1:250 1000 Perseus Proteomics Inc., PP-H7147-00
ovalbumin Tokyo, Japan
upstream (www.ppmx.com)
promoter
transcription
factor 2 (COUP-
TFII)
Cholecystokinin Guinea pig 1306 1:500 380 Prof. M. Watanabe, FRONTIER (Kind gift)
precursor protein INSTITUTE Co. Ltd, Hokkaido,
(CCK) Japan
Extracellular Rabbit 1432 1:500 antiserum Sigma-Aldrich, St. Louis, MO, HPA000781
leucine-rich USA (www.sigma-
repeat fibronectin aldrich.com)
containing
protein 2 (Elfn2)
GABAx receptor Rabbit 946 1:500 406 Prof. W. Sieghart, Brain P16
alphal subunit Research Institute, Vienna,
(GABAsal) Austria.
Metabotropic Goat 1266 1:750 1220 Prof. M. Watanabe, FRONTIER (Kind gift)
glutamate INSTITUTE Co. Ltd, Hokkaido,
receptor la Japan
(mGluR1a)
Metabotropic Guinea pig 1267 1:500, 660 Prof. M. Watanabe, FRONTIER (Kind gift)
glutamate 1:1000, INSTITUTE Co. Ltd, Hokkaido,
receptor 1la 1:2000 Japan
(mGluR1a)
Metabotropic Rabbit 960 1:1000, 500 Prof. R. Shigemoto, Division of (Kind gift)
glutamate 1:2000 Cerebral Structure, Nat. Inst.
receptor 7a Physiol. Sci., Okazaki, Japan
(mGluR7a)
Multizinc finger Rabbit 1369 1:200 200 Santa Cruz Biotechnology Inc., sc-10755
protein (Fog-2) Santa Cruz,CA, USA
Muscarinic Rat 981 1:250, 1:400 1.4 EMD Millipore Corporation, MAB367
acetylcholine Billerica, MA, USA
receptor 2 (M2R) (www.millipore.com)
Neuropeptide Y Rabbit 1011 1:5000 antiserum ImmunoStar Inc. (DiaSorin), 22940 (lot
(NPY) Hudson, W1, USA 208001)
Nitric oxide Mouse 1167 1:1000 ascites 35900 Sigma-Aldrich, St. Louis, MO, N2280 Lot
synthase (nNOS) USA 081K4815
Parvalbumin (PV) Goat 1258 1:1000, antiserum Swant, Bellinzona, Switzerland PVG-214 (lot
1:2000 (www.swant.com) 3.6)
Parvalbumin (PV) Guinea pig 1310 1:5000 antiserum Synaptic Systems, Entwicklung 195 004 (lot5)
und Produktion mbH,
Goettingen, Germany
Parvalbumin (PV) Mouse 922 1:5000 antiserum Swant, Bellinzona, Switzerland 235 (lot 10-11

(www.swant.com)

F)
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Stock protein

Host Internal ref concentration

Molecule species No. Dilution (pg/ml) Source Source code

(continued) (continued)  (continued) (continued) (continued) (continued) (continued)

Parvalbumin (PV) Rabbit 835 1:500 antiserum Swant, Bellinzona, Switzerland PV-28 Lot 5.5
(www.swant.com)

Preproenkephalin Guinea pig 1037 1:500 0.4 Dr. T. Kaneko, Kyoto

(PPE) University, Japan

Pro- Rabbit 1090 1:500 350 Prof. M. Watanabe, FRONTIER (Kind gift)

cholecystokinin INSTITUTE Co. Ltd, Hokkaido,

(proCCK) Japan

Reelin Mouse 1112 1:500 1000 EMD Millipore Corporation, MAB5364 Lot
Billerica, MA, USA LV1566698

Somatostatin Mouse 1276 1:200, 140 GeneTex Inc., Irvine, CA, USA GTX71935

(SM) 1:400, 1:500 (www.genetex.com) (clone SOM-

Somatostatin Rat 815 1:500 1000 EMD Millipore Corporation, MAB354

(SM) Billerica, MA, USA

Special AT-rich Goat 1394 1:200 200 Santa Cruz Biotechnology Inc., sc-5989

sequence-binding Santa Cruz,CA, USA

protein 1 (Satb1) (www.scbt.com)

Special AT-rich Rabbit 1393 1:1000 1000 Abcam, Cambridge, UK ab70004

sequence-binding (www.abcam.com)

protein 1 (Satb1)

Special AT-rich Mouse 1341 1:100 100 Abcam, Cambridge, UK ab51502

sequence-binding (www.abcam.com)

protein 2 (Satb2,

SATBA4B10)

Tyrosine-protein Mouse 1353 1:1000 200 Thermo Fisher Scientific, MS-270-P,

kinase receptor Kalamazoo, MI, USA clone

(ErbB4) (www.labvision.com) H4.77.16

Vasoactive Mouse 1053 1:50000 antiserum Dr. G. Ohning, Cure, UCLA, USA 55

intestinal

polypeptide (VIP)
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Host

Molecule species Antibody specificity
(repeated) (repeated) Description information Notes
Ca2+/calmodulin- Mouse Monoclonal, partially Western blot (Wang and Maler,
dependent protein purified, native rat 1998); Abcam.
kinase II (CaMKII) protein.
Calbindin (CB) Rabbit Polyclonal, recombinant ~ Knockout test (Airaksinen et al.,
rat calbindin D-28k. 1997); characterisation in rat
hippocampus (Sloviter, 1989).
Calretinin (CR) Goat Polyclonal, recombinant ~ Western blot (Schwaller et al.,
human calretinin. 1999a).
Calretinin (CR) Rabbit Polyclonal, recombinant ~ Knockout test (Schiffmann et al.,
human calretinin 1999); Western blot (Schiffmann
containing a 6-his etal, 1999); Swant.
tagged N-terminus.
Cannabinoid receptor Rabbit Affinity purified. Immunoblot (Fukudome et al.,
type 1 (CB1R) 2004).
Chicken ovalbumin Mouse Monoclonal, Knockout test (Qin et al., 2007).
upstream promoter recombinant human Cross reacts with mouse and rat
transcription factor 2 COUP-TFIL COUP-TFII and does not
(COUP-TFII) recognise COUP-TFI or EAR2.
Cholecystokinin Guinea pig Polyclonal, CCK-8. Personal communication with Labelling patterns similar to
precursor protein (CCK) Prof. M. Watanabe. that seen by several other
previously characterized
antibodies recognizing the
same molecules.
Extracellular leucine- Rabbit Polyclonal, human Protein array test and Western Labels interneurons via
rich repeat fibronectin ELFN2, recombinant blot (Sylwestrak and Ghosh, cross-reactivity with Elfn1.
containing protein 2 protein epitope 2012); developed and validated
(Elfn2) signature tag. by the Human Protein Atlas
nroiect.
GABAx receptoralphal Rabbit Rat sequence aal-9. Western blot (Zezula and
subunit (GABAaal) Sieghart, 1991).
Metabotropic glutamate Goat Personal communication with In some interneurons it labels
receptor la Prof. M. Watanabe. areticular pattern instead of
(mGluR1a) labelling the plasma
membrane.
Metabotropic glutamate Guinea pig Affinity purified. RNA- and immunoblot In some interneurons it labels
receptor la (Nakamura et al., 2004; Sato et areticular pattern instead of
(mGluR1a) al., 2004). labelling the plasma
membrane.
Metabotropic glutamate Rabbit Rat mGIuR?7, affinity Receptor-null mice (Klausberger
receptor 7a purified, aa874-915. etal, 2005); immunoblot
(mGluR7a) (Shigemoto et al.,, 1997;
Shigemoto et al., 1996).
Multizinc finger protein Rabbit Polyclonal, epitope Western blot (Dale et al,, 2007;
(Fog-2) aa880-1126 mappingat  Roche et al,, 2008); Santa Cruz.
the C-terminus of FOG-2
of mouse origin.
Muscarinic acetylcholine Rat Monoclonal, purified, i3 Western blot (Levey et al., 1995);
receptor 2 (M2R) loop of m2 receptor PCR (Chaudhuri et al., 2005).
fusion protein aa225-
359, fused to
Glutathione S-
transferase, clone M2-2-
D2
Neuropeptide Y (NPY) Rabbit Polyclonal, NPY Radioimmunoassay and column Strong immunoreactivity
conjugated to bovine chromatography (Allen et al., observed in subpopulations
thyroglobulin with 1983); absorption-tested by of hippocampal interneurons,
glutaraldehyde. manufacturer to 6 other no significant background.
peptides, no cross-reactivity Labelling as with other
observed. antibodies.
Nitric oxide synthase Mouse Monoclonal, Western blot (Sigma). Labelling pattern as
(nNOS) recombinant rat published with other
neuronal NOS fragment antibodies.
aal-181, clone NOS-B1.
Parvalbumin (PV) Goat Polyclonal, rat muscle Knockout test (Swant); Western
PV. blot (personal communication
with E. Celio); (Constantinople et
al.. 2009); immunoblot (Swant).
Parvalbumin (PV) Guinea pig Polyclonal, recombinant ~ Western blot (Synaptic Systems).
full length rat PV.
Parvalbumin (PV) Mouse Monoclonal, purified Radioimmunoassay and

carp muscle PV.

immunoblot (Celio et al., 1988).
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Host

species Antibody specificity

Molecule (repeated Description information Notes

(repeated continued) continued) (continued) (continued) (continued)

Parvalbumin (PV) Rabbit Purified rat PV. Knockout test (Schwaller et al.,

1999b); HPLC,
radioimmunoassay, dot blot and
Western blot (Kégi et al., 1987);
double immunodiffusion,
immunoreplica techique (Celio
and Heizmann, 1981).

Preproenkephalin (PPE) Guinea pig Dot blot (Lee et al., 1997).

Pro-cholecystokinin Rabbit C terminus aa9 of Personal communication with Labelling pattern as

(proCCK) proCCK. Prof. M. Watanabe. published with other

Reelin Mouse Monoclonal, Western blot (de Bergeyck et al.,
recombinant reelin, 1998); Millipore.
aal164-496, clone G10.

Somatostatin (SM) Mouse Monoclonal, conjugated Labelling pattern same as with Labels dendrites and axon
to protein carrier, rat antibody Chemicon MAB364 stronger than other SOM
human SOM. (Kubota et al., 2011). antibodies.

Somatostatin (SM) Rat Monoclonal, unpurified, (Kubota et al., 2011); no signal in
aal-14 of cyclic SOM preabsorption test for rat
conjugated to bovine antibody (Jinno and Kosaka,
thyroglobulin using 2000).
carbodiimide, clone
ve7

Special AT-rich Goat Polyclonal, N-terminus, Knockout test and Western blot Same labelling as with rabbit

sequence-binding human SATB1. (Balamotis et al., 2012). antibody ab70004 (Huang et

protein 1 (Satb1) al,, 2011). Labels in addition
Satb2-expressing nuclei in
CA1 when used at 1:100
dilution. Weakly labels hilar
neuron nuclei.

Special AT-rich Rabbit Polyclonal, aal8 near N-  Knockout test (Balamotis et al., Labels interneurons

sequence-binding terminus, human 2012); no signal for knockout for  exclusively in hippocampus.

protein 1 (Satb1) SATBL1. a similar rabbit antibody;
original rabbit antibody
(Dickinson et al., 1992); Western
blot (different band than Satb2 at
P1); colocalization with NeuN,
neuron specific.

Special AT-rich Mouse Monoclonal, Knockout test (Britanova et al., Same labelling as rabbit

sequence-binding recombinant fragment 2005; Dobreva et al., 2006); antibody ab34735 with

protein 2 (Satb2, C-terminal, human knockout test and Southern blot additional signal for Satb1.

SATBA4B10) SATB2. (Britanova et al.,, 2006). Labels pyramidal cells and a

subpopulation of
interneurons in CA1,
consistent with the
combination of specific Satb2

Tyrosine-protein kinase Mouse Monoclonal, Knockout test (Vullhorst et al., Cortical GABA circuit

receptor (ErbB4) extracellular fragment, 2009); Western blot (Chen et al., development controlled by
recombinant human c- 1996; Neddens et al., 2011). ErbB4 signalling (Fazzari et
erbB4/HER-4 al, 2010).
oncoprotein.

Vasoactive intestinal Mouse Monoclonal, raised in Radioimmunoassay (Wong et al.,

polypeptide (VIP)

mouse against VIP.

1996).

59



Table 2.2 Secondary antibodies with respective dilutions (all raised in donkey).

Primary
antibody Alexa DyLight Alexa DylLight DyLight DyLight DyLight
species 405 405 488 488 Cy3 549 594 Cy5 649
guinea pig 1:250 1:500 1:400 1:500 1:250 1:250
1:1000 1:1000
goat 1:250 1:400 1:250
1:200
mouse 1:250 1:400 1:250
rabbit 1:100 1:1000 1:400 1:500 1:250
1:250
1:1000
rat 1:250 1:800 1:400 1:250
streptavidin 1:200 1:1000 1:1000
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2.3 Computational and statistical analyses

2.3.1 Detecting behavioural states

[ segmented recording sessions according to slow wave sleep, paradoxical sleep,
movement and quiet wakefulness using data from the electrophysiological and
behavioural recordings in freely moving rats, as follows (Figure 2-3). In the recordings
without the use of the accelerometer, I imported the LED array-tracking data into
Spike2 (v7.06a, Cambridge Electronic Design, Cambridge, UK) for movement detection.

First, motionless periods were analysed for the detection of sleep episodes.
During slow wave sleep (Figure 2-3A), the cortical LFP oscillates at low delta
frequencies (<3 Hz) and it is enriched in spindle oscillations (7-14 Hz) therefore I
examined the EEG channel for the occurrence of such spindle-rich sleep periods. After
downsampling the data to 1 kHz I digitally band pass filtered it (finite impulse
response, Gaussian window, 1024 coefficients, transition gap 2.5 Hz) at delta and
spindle frequencies and calculated the power (root mean square amplitude, r.m.s.) in
the latter for 4 s sliding windows. The beginning and end of delta frequency oscillatory
epochs coincided with the 40% threshold (of maximum r.m.s.) in the spindle channel
hence these periods were allocated as slow wave sleep (2015 s; n=11 rats).

During paradoxical sleep (Figure 2-3B), both the cortical and the hippocampal
LFPs oscillate at theta frequencies (5-12 Hz). These episodes occur always
subsequently to slow wave sleep periods and include muscle twitches. I detected 8 s in
n=1 rat of paradoxical sleep in total. Between the different sleep stages transitions
were identified when spindles in the cortical LFP were simultaneously recorded with

theta oscillations in the hippocampal LFP.
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During wakefulness, the EEG channel becomes desynchronised, spindles
disappear and the signal amplitude drops. In the hippocampal LFP theta oscillations
(5-12 Hz) and SWRs (130-230 Hz) alternate, but are not exclusive. Based on data from
motion tracking, I identified periods of movement (488 s; n=12 rats) which included
slight head movements and running (Figure 2-3C), whereas motionless awake
episodes were categorised as quiet wakefulness (Figure 2-3C; 1402 s; n=12 rats).

[ excluded periods suggestive of the mechanical influence of the glass electrode

on the firing of the recorded cell.

2.3.2 Detecting oscillatory network states

To detect theta oscillatory epochs (5-12 Hz), SWRs (130-230 Hz) and low
oscillatory periods (LOSC) in drug-free rats, I analysed the hippocampal LFP by
developing algorithms or using those written by Drs ]J. Tukker and B. Lasztoczi in
Spike2 and MATLAB (Wavelet Toolbox, v7.9-R2009b, MathWorks), respectively.

Following digitally band pass filtering the LFP (finite impulse response, FIR,
Gaussian window, 1024/2048 coefficients, transition gap 2.5 Hz) at delta (2-4 Hz),
theta and ripple frequencies, I selected theta periods (n=629 s; n=12 rats) based on the
theta to delta frequency power ratio using Fast-Fourier transforms (FFT, 1024 points,
2 s Hanning windows). A ratio greater than four in three consecutive windows was
identified as a theta epoch. Theta cycles were defined between two consecutive troughs
during the selected periods. I adjusted the beginnings and ends of theta epochs
manually, based on the regularity of the oscillation.

For detecting SWRs, the threshold was set to power values (r.m.s. in 10 ms
sliding windows) of 5 x s.d. above the mean power. The start and end of ripples were

set to time points where the r.m.s. crossed 1 x s.d. above the mean power. Peaks were
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determined as local power maxima between detected start and end points using a
peak-finding algorithm (Klausberger et al.,, 2003). I verified manually each such
segmented time period (n=54 s; n=12 rats).

During LOSC, there is a drop in power for all oscillatory rhythms in the
hippocampal LFP. To detect such events, I digitally band pass filtered the LFP using
settings from above at 5-15 Hz, 15-30 Hz, 30-70 Hz and 70-120 Hz frequencies and I
calculated the r.m.s power for each in 1 s sliding windows. LOSC periods (160 s; n=11
rats) were identified where the power dropped in all four channels simultaneously by
1 x s.d. below the mean for at least 300 ms. Detection began when the second channel
went below threshold and ended when the third channel reached above threshold.

Similarly like above, periods suggestive of the mechanical influence of the glass

electrode on the firing of the recorded cell were excluded from further analyses.

2.3.3 Spike train analyses

Following spike detection and sorting in Spike2, I developed algorithms using
MATLAB to calculate parameters of interest for cell type identification and for
comparison between distinct neuron types. During some recordings, I recognised
artefacts produced by the advancement of the glass electrode closer to the neuron,
which suggested mechanical injury or ‘irritation’ to the recorded neuron. The action
potential waveform changed (e.g. double peaks; very short or no refractory period;
etc.) and the firing rate of the neuron increased to aberrantly high values. This could
happen even when the electrode was clearly extracellular to the neuron. Occasionally,
even the local field potential recorded with the same electrode was affected (e.g.
started to artificially oscillate at low frequencies; action potential waveforms appeared

in the signal; etc.). I only included artefact-free time periods in the analysis. I
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determined average firing rates for individual cells during different behavioural and
oscillatory network states by counting, for a given state and cell, the total number of
spikes and dividing this by the total length of time. Similarly, [ calculated
autocorrelograms (AC) for comparisons between cell types and investigated
rhythmicity in their spiking (Figure 3-1-Figure 3-3, Figure 4-5, Figure 4-6, Figure 5-5-
Figure 5-7). These graphs represent the timing between each consecutive action
potential in a spike train. Moreover, the preferential timing of action potential
discharges during different phases of theta oscillatory cycles and the SWR-related
firing of individual neurons proved to be very informative with regard to cell type
identity. [ further studied likely changes in firing dynamics during SWRs compared to
time periods lacking such events (see below). I completed the statistical analyses
presented in this thesis using SPSS, MATLAB (Statistical Toolbox) and SAS (v9.3).

For each neuron, I computed the autocorrelograms of spiking activity and I
measured the inter-spike intervals (ISI), the periods between two consecutive action
potentials, and analysed their distributions (1 ms bin width) with respect to distinct
behavioural and network states (Figure 4-5B-D, Figure 4-6D-F, Figure 5-5B, Figure
5-6A,B, Figure 5-7C). The autocorrelograms or the ISI data of cells of a given type were
averaged and the mean * s.e.m. was considered as the representative autocorrelogram
or ISI distribution for the cell type (Figure 5-6). Additionally, I calculated point
estimates (median * interquartile range) for the individual ISI distributions for each
interneuron during each state (Table 4.3, Table 5.5). I derived also a measure for the
instantaneous frequencies (IF) of firing using the reciprocal of the ISIs and studied
their distribution (bin width: 1Hz; domains of theta, beta, gamma and fast frequencies

were highlighted) per cell type.
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2.3.4 State-dependent firing rate and spike count comparisons

In order to account for possible correlations between measurements from the
same cell during different behavioural and network oscillatory states, I performed
repeated-measures ANOVA analyses (Figure 5-5A, Figure 5-7A). For consistency, the
total number of cells was always included, even when for a given neuron either the
behavioural states or the network oscillatory states were incomplete (e.g., in chapter
5, for LK20p sleep data is missing; for TV21f LOSC data is missing). Using the PROC
MIXED procedure in SAS, I fitted a linear mixed effects model to the data with restricted

maximum likelihood estimation.

Yik = u+ ai +f5 + (af)ij + &k,
where Yjjkis the observed firing rate or spike count during SWRs of cell k of cell type i
during within-factor behavioural/network-oscillatory state j; £ is the overall average
firing rate or overall average spike count; ¢ is the effect of cell type i; [ is the effect of
within-factor behavioural/network-oscillatory state j; (f3)ij is the interaction effect

between cell type and within-factor behavioural/network-oscillatory state; &k is

random noise; all units are in Hz or counts. I defined the model with compound
symmetry with the assumption that the variability is similar between different cell
types and the correlation is equal between different behavioural/network oscillatory
states. As post hoc pairwise comparisons within the same model, differences of least
squares means between cell types were calculated for each level of within-factors of
behavioural/network oscillatory states, and vice versa. Due to the low number of cells
statistical significance was assessed without adjustments for multiple comparisons. As

an alternative model used for validation, I implemented an adjustment for the
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denominator degrees of freedom because of the small sample sizes using the Kenward-
Roger (KR) method (Kenward and Roger, 1997). Since the results of the original model
were not significantly different from those of the alternative adjusted model, [ decided
to report the conclusions given by the former. For all statistical methods used in this
thesis p-values and confidence intervals were calculated according to a=0.05. Note that
before fitting the model I normalised the SWR-related spike counts (countX) using the
following calculation: logio(1+countX). As an alternative calculation, I applied the
mixed model to SWR-related median number of action potentials. The conclusions
were similar to those given by mean spike counts, therefore I report the latter. I
confirmed the prediction of the model using one-way ANOVA and Kruskal Wallis tests

(Table 5.4).

2.3.5 Theta oscillations related spike-timing of interneurons

Following the segmentation of spike trains according to theta epochs present in
the hippocampal LFP, theta cycles were detected and spikes were sorted into 18° theta-
phase bins, cycle-by-cycle. The definition of the phase relationship between single cell
firing and theta activity is as follows. For every spike time (ts) the phase was computed

between the preceding (ti) and following (ti+1) theta trough times using:
phases = [(ts 'ti)/( ti+1 - tl)] x 360°

Thus each spike was assigned an instantaneous phase between two troughs (0
and 360°). I plotted the spike-timing relative to the theta cycles in the CA1 stratum
pyramidale or oriens on circular phase histograms (18° bins; n=20; Figure 4-6C, Figure
5-7B). For each neuron, after computing the theta phases of the recorded spikes I
determined whether the cell was theta modulated using Rayleigh’s method (Zar, 1999).

If the theta phases resulted in a non-uniform distribution around the theta cycle, I
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calculated the cell’s mean phase angle and the depth of the cell’s theta modulation using
normalised vector addition. Next, by averaging data across individual cells of the same
type I quantified the mean depth of theta modulation and the preferential mean theta

phase of firing for a given cell type (circular mean * circular standard deviation) using

circular statistics and compared these parameters between distinct cell types using

two-sample permutation tests (Good, 2000).

2.3.6 SWRs related firing activity

After determining the average firing rate of a neuron during SWRs I have also
counted the mean and median number of action potentials occurring during individual
events. SWRs were further segregated into those that occurred during sleep and those
happening during wakefulness. These counts were compared between distinct cell
types and behavioural states as described above using repeated-measures ANOVA
analysis (Figure 4-6B, Figure 5-8C). Moreover, for a given cell type, I computed the
average spiking probability histogram (5 ms bin width) during the + 500 ms periods
surrounding the peak of SWRs. If another SWR occurred during these 500 ms time
windows, its period was omitted from the calculation. In order to gain insight into the
detailed spiking responses per individual event, I created raster plots of the action
potential firing aligned to the peak SWR power using coloured lines delineating the
beginnings and ends of aligned SWRs and surrounding SWR episodes. Sweeps were
sorted according to when SWRs occurred, starting from the bottom with those during

sleep and finishing with awake-SWRs.
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2.3.7 SWR-dependent firing rate changes of interneurons

In order to quantify the variability (e.g., cells firing with rates above average
during some SWRs but being silent during others) in firing of a given neuron dependent
on SWRs, I developed two novel methods. I aimed to obtain a more detailed
quantification, over the entire domain of firing frequencies, of the differences in SWR-
related firing rates versus firing rates outside SWR events. Previous procedures mostly
use time-normalised averaging of firing during SWRs, or simply SWR-peaks-aligned

averaging.
Method 1

Firing rates were calculated for the n detected SWRs and their distribution
displayed as a cumulative distribution function (CDF) (Figure 4-2G, Figure 4-3I, Figure
4-4N, Figure 5-8F,G, Figure 5-9A,B). For some cells these appeared Poisson-like. Next,
[ created a population of 1000 x n surrogate time windows (surrogate ‘SWRs’) as
follows: 1. Periods of movement and of detected SWRs were excluded from the total
recording time. The resulting sleep or rest states were considered as periods for SWRs
to occur. 2. I generated random numbers to mark time points within these periods
when surrogate ‘SWRs’ could occur. 3.1 placed intervals of detected single SWR lengths,
one-by-one, at the marked time points over the recorded spike train. Once a period was
taken by a surrogate ‘SWR’ it was not available for the subsequent ones. 4. After
creating a surrogate for each detected SWR, I calculated individual firing rates and
displayed their distribution as a CDF. These four steps were repeated 1000 times
resulting in 1000 CDFs (grey) representing the spiking of a given neuron outside
detected SWRs. Next, | computed the average of surrogate ‘SWRs’ as the median value

(solid black line) at each frequency bin and I also plotted the 95% confidence intervals
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(dashed black lines). Finally, I compared for each neuron, the detected and derived
firing rate distributions using a 2-sample Kolmogorov-Smirnov test. A probability of
<0.05 indicated a significantly different firing rate distribution during detected SWRs
from that calculated during outside SWR periods. A shift to the left or right of the
measured firing rate distribution relative to the mean of the surrogate sets indicated a

decreased or increased firing probability.

Method 2.

[ altered the calculation of the mean firing rate of a given neuron during the
detected n SWRs by summing all spikes during the n SWRs and dividing this by the sum
of durations of the n SWRs. A set of 1000 x n surrogate ‘SWRs’ was generated as above
and the mean firing rate of each surrogate set was calculated, representing the spiking
of a given neuron outside detected SWRs. In each sweep, I counted spikes during n
surrogate ‘SWRs’ and I divided this by the sum of time lengths of n SWRs. Then I
compared the CDF of the 1000 surrogate mean firing rates with the real mean firing
rate during detected SWRs (insets Figure 4-2G, Figure 4-31, Figure 4-4N, Figure 5-8F,G,
Figure 5-9A,B). The crossing between the two lines shows the probability of the
measured mean firing rate falling within or outside the population of surrogate rates
obtained outside detected SWRs. If the probability was <0.05 then the mean firing rate
of a given neuron during SWRs was considered significantly different from the firing
rate during periods outside SWRs. From this second method I derived a SWR activity
index as the ratio between the measured mean firing rate and the average of the

population of surrogate rates calculated from outside detected SWRs.
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Figure 2-3 Behavioural state segmentation.

A. Motionless periods (accelerometer flat) were analysed for the detection of slow wave sleep.
The cortical LFP (EEG) oscillates at low delta frequencies (<3 Hz) and it is enriched in spindle
oscillations (7-14 Hz). Periods of high power (root mean square, r.m.s.) in the delta- and spindle
frequency bands were detected as slow wave sleep. B. During paradoxical sleep, both the cortical
(EEG) and the hippocampal (CA1 local) LFPs oscillate at theta frequencies (5-12 Hz). C. During
wakefulness, the EEG channel becomes desynchronised, spindles disappear and the signal
amplitude drops. In the hippocampal LFP theta oscillations (5-12 Hz) and SWRs (130-230 Hz)
alternate, but are not exclusive. Movement was detected based on motion tracking
(accelerometer) and it included slight head movements and running. Motionless awake episodes

were categorised as quiet wakefulness. Modified from Fig. 4 in (Lapray et al., 2012).
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3 The hippocampal neuronal network:
pyramidal cells and GABAergic interneurons

3.1 Introduction

The cooperation of synaptically connected groups of hippocampal neurons is
essential for mnemonic processing (Squire et al., 2004). The majority of such neurons
are glutamatergic pyramidal cells. Their output encodes novel associations that are
consolidated in the neocortex (Buzsaki, 1989, 1996). The emergence of the
hippocampal code is regulated by a smaller population of GABAergic interneurons
which show great diversity (Somogyi, 2010). In the CA1 area, we can differentiate at
least twenty-two distinct types of such cell which are hypothesised to temporally
organise pyramidal cell firing via inhibition. Their selective influence is twofold, spatial
because axon collaterals of distinct interneuron types innervate different pyramidal
cell compartments; and temporal because GABA is released, under anaesthesia, only at
specific times by different types of interneuron (Somogyi et al., 2014). However, the
firing activity of GABAergic cells in the drug-free brain is mostly unknown.

In order to test the hypothesis that differences in connectivity and molecular
composition amongst cell types reflect the segregation of functions, I have recorded
single pyramidal cells and GABAergic interneurons extracellularly in the CA1 area of
freely moving rats (Lapray et al., 2012). This was followed by neurobiotin-labelling of
the recorded neurons using the juxtacellular technique (Pinault, 1996). The data allows

me to study the pyramidal cell output code and its GABAergic regulation in correlation
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with behaviour. I summarise the results of my explorations in the next section and
evaluate their importance. The next two chapters contain my original observations
about the action of identified GABAergic cell types and the interpretation of their

function.

3.2 Spike-timing of hippocampal neurons in freely moving rats

From a total of twenty-nine in vivo experiments (n=28 in freely moving rats; n=1
under urethane anaesthesia) I have attempted recording and labelling single neurons
in the CA1 area of freely moving rats in twenty-six cases (n=21 rats implanted by me;
n=5 rats implanted by colleagues). In two additional experiments I have focused
exclusively on recording local field potentials using tetrodes. In this short chapter |
summarise these investigations (Table 3.1, Figure 3-1, Figure 3-2 and Figure 3-3).

From a population of thirty-nine putative pyramidal cells and fifty putative non-
pyramidal cells recorded in the hippocampus I have labelled and identified four
(LKO1v, LK08d, LK14v and LK18m) and nine cells (n=8 GABAergic interneurons; n=1
granule cell in dentate gyrus, LK26h), respectively (Table 3.1). Three O-LM (LKO1ab,
LKO6ah, LK13k), one PV-expressing basket cell (LK08c), one “unconventional
interneuron” (LK120), two bistratified (LK20p, LK27d) and one axo-axonic cell
(LK24g) were successfully identified (see chapters 4 and 5). [ only attempted labelling
pyramidal cells when by the end of the last recording day (Figure 2-1A) no single

GABAergic cell could be labelled in the animal.
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3.2.1 Cell-type specific responses during behavioural transitions and
oscillatory network states

In this section, I report differences in the spike-timing of different types of
hippocampal neuron. Note that only those recordings were analysed (Figure 3-1-
Figure 3-3) and included in Table 3.1 in which the separation of action potentials could
be performed and the neurons were active for a sufficient length of time. When
possible, I segmented the spike trains according to behavioural states and [ detected
periods of rhythmic network events.

In order to categorise non-labelled neurons as pyramidal cells or interneurons,
[ compared the extracellularly measured action potential waveforms, the
autocorrelograms (Figure 3-1A,C, Figure 3-2 and Figure 3-3) and the activity patterns
during different behavioural periods. I validated the separation criteria using data from
labelled neurons. Pyramidal cell spikes (1.8 = 0.4 ms, mean * s.d.) measured from the
positive peak of the spike to the second smaller positive peak at the end of the spike,
as illustrated in Suppl. Fig. 7 in (Royer et al., 2012), are broader (Mann-Whitney U test,
7=-2.722,p=0.006; n=6 cells for each group) than those of interneurons (1.0 £ 0.2 ms).
The overall firing rate of pyramidal cells (1.9 * 2.4 Hz) is lower (Mann-Whitney U test,
7=-2.619, p=0.009; n=5 cells for each group) than that of interneurons (22.1 + 16.7
Hz), although there is high variability within the latter population, as expected because
of the diversity of cell types.

I have confirmed that the activity patterns of single neurons depend on
behavioural and network oscillatory states (Buzsaki, 2006; O'Keefe and Conway, 1978;
Ranck, 1973; Vanderwolf, 1969). Pyramidal cells are more active during slow wave

sleep (Figure 3-1A top) firing complex-spike bursts (inter-spike intervals < 6 ms;
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Figure 3-1B top inset) during sharp wave associated ripples (SWRs). Note that these
neurons fire only during some of the SWRs and spiking in complex bursts is not
restricted to sleep periods. During awake states, when active, pyramidal cells
preferentially fire on the trough of theta oscillations (Figure 3-1C top left), but they can
fire at any phase. Sometimes the spikes are triggered at earlier and earlier phases of
consecutive theta cycles starting and finishing at the peak of the oscillatory waveform
(Figure 3-1C top right). This phenomenon termed phase precession was discovered in
pyramidal cell spike trains (O'Keefe and Recce, 1993; Skaggs et al., 1996) and then
demonstrated also for non-identified GABAergic interneurons (Ego-Stengel and
Wilson, 2007; Maurer et al., 2006). Some of the recorded putative pyramidal neurons
might have been place cells, but because of the short duration of my recordings and the
lack of running of the animal, the preferential place related firing of neurons could not
be assessed quantitatively.

I recorded variable firing rates and different activation patterns for distinct
types of identified and putative GABAergic interneuron (Figure 3-1A-C, Figure 3-2,
Figure 3-3, Figure 4-2C-E, Figure 4-3E-G, Figure 4-4]-L, Figure 5-2EF, Figure 5-4G,H).
Some are more active during slow wave sleep, similar to pyramidal cells and increase
their spike rates significantly during SWRs (Figure 3-1A middle, Figure 4-2E, Figure
5-2F). A putative trilaminar cell (LK26a) recorded in stratum oriens fires bursts of 10
to 15 action potentials with instantaneous rates >200 Hz (Figure 3-1B middle inset).
The similar behavioural- and network state-dependent activity of this non-labelled cell
with one identified by my colleague (Dr. D. Lapray, unpublished observation) is
predictive of its identity. Other GABAergic interneurons fire with higher rates during
wakefulness, especially in correlation with theta oscillations (Figure 3-1C bottom,

Figure 4-3E,F, Figure 5-2E,F, Figure 5-4G). The spike discharge of the majority of
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putative interneurons I have recorded is theta rhythmic (Figure 3-1C bottom, Figure
4-2D, Figure 4-3F). Some fire one action potential per theta cycle, others up to 11 and
at different preferential phases along the theta cycle. Furthermore, some cells do not
fire continuously during theta epochs or they do not couple their spike-timing to the
oscillatory wave.

Because [ recorded mostly in the direction from alveus down to the
hippocampal fissure, my sample might be biased towards neurons in the more dorsal
hippocampal layers of the CA1 area (Figure 4-1, Figure 5-1 and Table 3.1). Moreover,
interneuron density is quite high in the alveus and stratum oriens. Most GABAergic
interneurons in stratum oriens (Figure 3-2) are theta rhythmic and are activated
during SWRs and have been identified as dendrite-targeting projection cells. In the
pyramidal cell layer (Figure 3-3A,B), I encountered predominantly fast-spiking
interneurons some of which I identified as parvalbumin-expressing basket (LK08c),
axo-axonic (LK24g) or bistratified cells (LK20p, LK27d). While recording, I
experienced clusters of interneurons along the electrode track. I have confirmed the
spatial clustering of interneurons after brain removal and fixation using
immunohistological processing. At least two other non-labelled GABAergic cells were
found in close proximity to the neurobition-labelled interneuron, often having different
molecular expression profiles (Figure 4-4D). Occasionally, because of the densely
packed layer, I could not avoid labelling neighbouring pyramidal cells together with
the current pulse entrained interneuron. Fortunately, based on the presence of
dendritic spines and by tracing the neurobiotin-labelled dendritic and axonal
processes back to their respective cell bodies, the identity of each neuron could be
determined. In strata radiatum and lacunosum moleculare I rarely observed action

potential discharges (Figure 3-3C,D). Most frequently the spike trains resembled those
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of pyramidal neurons. Possible explanations include that cell density is much lower in
these layers and that the activity of the interneurons is much lower at least during

certain behavioural states.
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Figure 3-1 Discharge pattemns of putative pyramidal cells and GABAergic interneurons
in the hippocampal CA1 area of freely moving rats.

A. Cell-type specific firing activity during slow wave sleep marked by the occurrence of spindle
oscillations (9-14 Hz, asterisk) in the EEG. Note sparse spiking of the pyramidal cell (top, LK14a),
firing at lower rates than the two putative GABAergic interneurons (middle and bottom). A
putative trilaminar cell (LK26a) discharges high frequency bursts, occasionally. In contrast, the
cell recorded in stratum pyramidale (LK26g) fires action potentials at regular intervals. Note the
differences in the autocorrelograms of spike-timing (right). B. Cell-type specific firing during sharp
wave associated ripple oscillations (SWR, 130-230 Hz, asterisk). During certain SWRs, the
pyramidal cell (top) fires complex-spikes (top inset). SWR-related bursts (middle inset) of 10-15
action potentials are fired by trilaminar cells with instantaneous rates >200 Hz, like those recorded
for LK26a (middle). Some GABAergic interneurons do not fire during SWR events (bottom). C.
Cell-type specific activity patterns during theta oscillations (5-12 Hz). Although pyramidal cells
can fire at any phase, their action potentials are triggered preferentially at the trough of theta
cycles (top). Note a sequence of theta cycles during which the spikes of the pyramidal cell (LK14a)
phase precess (asterisks). The rat was walking during this period. Two putative GABAergic
interneurons fired theta-rhythmically (bottom) with different rates and coupled to the trough
(LK25b) or after the peak (LK23e) of the oscillatory theta cycles, respectively. The high firing rate
and preferential spiking just after the peak of theta is characteristic for axo-axonic cells. Note the
differences in the autocorrelograms of spike-timing. pPC, putative pyramidal cell; pIN, putative

GABAergic interneuron; SWRs, sharp wave associated ripples.
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GABAergic interneurons

Firing
Cell Cell type rate
identifier identified / hypothesised Layer (Hz)
% LKOlab 0-LM SO 13.5
= LKO6ah  O-LM — 111
< LKO8c PV+ basket Sp 10.1
=~ LK120 “unconventional” SP/SR 3.6
LK13k 0-LM SO 18.8
LK20p bistratified SP 27.0
LK24g axo-axonic SO/Sp 11.2
LK27d bistratified sp 25.1
© LKO1d projection SO 50.0
= LKO4i ivy oI 6.5
S LKO060 bistratified SP 43.6
‘= LKO6r unknown SP 41
2 LKO6aa perforant path associated ~SR/SLM 4.2
LK07e unknown SP/SR 3.9
LKO7f unknown SO/Sp 20.7
LK10c unknown SO 18.4
LK101 unknown SR 14.0
LK10p CCK+ dendrite targeting ~ SR/SLM 3.7
LK10x 0-LM/double projection SO 17.9
LK12g unknown SO 18.1
LK13f 0-LM SO 16.1
LK13j unknown SO 7.9
LK13I unknown SO 29.9
LK14d unknown SO 4.9
LK14e PV+ basket SO/Sp 25.7
LK14j CCK+/ivy SR 2.9
LK14k trilaminar SO 2.5
LK141 trilaminar SO 5.3
LK14p trilaminar SO/Sp 5.5
LK14r unknown SO/Sp 3.5
LK14s unknown SP 7.6
LK14t CCK+/ivy sp 47
LK14u CCK+/ivy SP 5.5
LK18d unknown SO/Sp 5.8
LK18h 0-LM SO 12.0
LK20g bistratified SO/Sp 19.1
LK201 PV+ basket SO/Sp 33.5
LK22b unknown SO 24.4
LK23d PV+ basket SP 15.3
LK23e axo-axonic SP 35.0
LK24d 0-LM SP 10.8
LK25b projection SO 33.6
LK25g PV+ basket SP 34.5
LK25h unknown SP 10.5
LK25n PV+ basket/bistratified SP 24.9
LK26a trilaminar SO 9.3
LK26b projection SO 9.1
LK26g CCK+/ivy SP/SR 1.8
LK27a PV+ basket SP 13.6
LK27c projection SO 6.9

Pyramidal cells

Cell Firing rate
identifier (Hz)
g LKOlv 0.4
= LKo0sd 2.9
S K14y 1.8
=~ LK18m 1.0
g LKOle 2.1
= LKO1lh 0.7
S LKO1lk 9.7
‘= LKO1lu 0.2
S LKOlaa 0.1
LKO4g 5.5
LKO6m 3.4
LKO6ad 0.8
LKO6ae 6.2
LK07d 0.2
LK10e 0.2
LK10k 0.1
LK10n 3.6
LK100 0.6
LK12m 0.1
LK13c 13
LK13e 5.1
LK13g 6.5
LK13h 6.6
LK14a 0.5
LK14b 3.1
LK14c 1.7
LK14g 2.7
LK14i 0.2
LK140 2.9
LK16a 4.3
LK18b 0.4
LK18e 0.2
LK18i 0.7
LK18k 0.4
LK18l 1.1
LK20h 1.9
LK20n 3.3
LK25¢ 0.6
LK26¢ 0.5

Table 3.1 Experimental

summary.

79



A sir. oriens

probabiily dersity probabifty densty prababiley density

probabiily densily

prababikty densty

o0

008,

LET3F

LkO1d

S0.0

0.03

LK12g

LK10x

o
tima {ms)

7.8

=00

LK 18R 12.0 LK1 Ta

By 111 0,05 K14k 25
0.0z | LKDBa
i
.01

LE2ER 9.1

B str. oriens/str.pyramidale border
LE20

protabdiity densily

probabiily dersity

LK 14a

hires [ms)

33.5

LA
-Lh LK 14d 48
LK 13k
o3 012
pa2 0.08
0ot o0
o o)
-0 ] 300 O o 0 -3 o =0
i (e timaa {ma) tima [ma)
LiK18d LK20g 18,1
l'ﬁ {
Doz 4
0.0 |

000e

LEA4r

o012

a

4 LK 14p 5.5;

L k] a
hme e time= ms) fime= [ms)

300

80



Figure 3-2 Action potential autocorrelograms of identified and putative GABAergic cells
recorded in the hippocampal CA1 area of freely moving rats.

A,B. Interneurons recorded in stratum oriens (A) or at the border of strata oriens and pyramidale
(B) show varying mean firing rates and their autocorrelation patterns are different. The firing of
some cells is rhythmic (e.g. LK10c, LK13l, LKO7f, etc.) others fire more sparsely (e.g. LK26a,
LK27c, etc.). Identified O-LM and axo-axonic cells are labelled in red. Note that mean firing rates
are shown in Hz at the top right corner of autocorrelation plots. Time axis is limited to 300 ms,

bin width was set to 1 ms.

81



b

prababiity density probabilty densdy

protabifity density

probability densily

B

0

pf:tl:b-lr:v density

D

probability dansity

str. yramldale

00511250 0,015 KOS B.5 o LK24d 108, oo8,LK23d 15.3
no4 .02
L2 )
LK23e LE 141 a7
08 L
0l b
.02
a
o =y o Bistratified ¥
A 436 LK1du 55  soei K20 0 og(LK25h 10.5,
0.ca
0
.08
ijM i 248 LKZ7a 1386 K145 L K.0Gr 4.1
o0 |
(F
0.0
ooz
o, 02
0.
d 300 J0a a aod J-"JI: 3001 a ama
Brme {ms) Erme {ms I|l1-‘- fmas) e {ms)
str.pyramidale/str.radiatum border
LKO7e 39 LK26g TR il
0012 L EL0

o2
0.0
I'l

0 a 300

fime (msj |II'I'\IEIT5I e
str. radiatum
L0l 140,  gozlK14) 29
. IZ‘E" |
0.0
0.0 {
|
0
300 -300 o ano
me ms Hivl (M)
str. radiatum/str. lacunosum moleculare border

LKOBaa 42, oy lKI0p 3.7

o
00 1] 300 300 o ang
ime {ms) time (ma)

82



Figure 3-3 Action potential autocorrelograms of identified and putative GABAergic cells
recorded in the hippocampal CA1 area of freely moving rats.

Interneurons recorded between stratum pyramidale and the border of strata radiatum and
lacunosum moleculare (A-D) show varying mean firing rates and their autocorrelation patterns
are different. The firing of some cells is rhythmic (e.g. LK24d, LK14s, LKO6aa etc.) others fire
more sparsely (e.g. LK25h, LK10p, etc.). Identified bistratified and basket cells and an
“unconventional interneuron” are labelled in red. Note that mean firing rates are shown in Hz at
the top right corner of autocorrelation plots. Time axis is limited to 300 ms, bin width was set to

1 ms.
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3.3 Discussion

[ demonstrate behavioural and network oscillatory state dependent transitions
in the activity patterns of different types of hippocampal neuron in freely moving rats.
Much of our current knowledge including my explorations is built on previous work
performed under anaesthetised conditions which outlined the spatio-temporal
principles of hippocampal network operations (Klausberger and Somogyi, 2008;
Somogyi etal., 2014). In chapters 4 and 5, [ will specify what rules [ managed to confirm
in the drug-free brain and what are the changes induced by urethane anaesthesia.

The sparse firing of pyramidal cells is a result of their GABA-mediated inhibition
as suggested by the cell-type specific spike trains. GABAergic synapses of distinct types
of interneuron are associated with different postsynaptic compartments innervating
overall the entire membrane surface of pyramidal cells (Bezaire and Soltesz, 2013;
Somogyi, 2010). The site of action of GABA oscillates leading to a cyclic redistribution
of inhibition from the axon initial segment via the cell body to distal dendritic tuft and
back during rhythmic network events (Somogyi et al, 2014). This temporal
redistribution of inhibition regulates the output of pyramidal cells, which, at the
population level, formulates the code being transferred to downstream regions
completing the mnemonic processing. Oscillatory network states of different
frequencies (e.g., theta-, gamma- and ripple oscillations) create the optimal temporal
windows for the encoding, retrieval and consolidation of information during the
separate stages of learning, respectively (Buzsaki, 1989). What the specific roles of
different types of interneuron in this refined output tuning is remains to be discussed

thoroughly in the following chapters.
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Significance

The outcome of my challenging experiments is a handful of behaviour-related
spike trains of single identified neurons in the hippocampal CA1 area of freely moving
rats. Complemented by another handful of such recordings accomplished by colleagues
in the laboratory, this very original data set establishes a unique interface towards the
understanding of the roles of distinct GABAergic interneuron types in the regulation of
pyramidal cell firing during mnemonic processing. By calculating autocorrelograms
and quantifying behaviour and network-state-dependent firing patterns, theta
modulated spike-timing and SWR-related responses, | determined cell- type specific
stereotypes of juxtacellularly labelled and identified single cells in the drug-free brain.
Matching these parameters with those of isolated units recorded using tetrodes, allows
the “quasi-identification” of the latter as cell types. It is now possible to make novel
observations about the interactions between pyramidal cells and the “quasi-identified”
GABAergic interneurons recorded during memory related task performance lasting for
several days up to weeks.

During learning, old information encoded by one group of pyramidal cell
assemblies is gradually overwritten by the new representation provided by other
groups of pyramidal cells. During this change, interneuron associations get
reconfigured as well (Dupret et al., 2013). Their monosynaptic connections from
pyramidal cells representing the new association get strengthened while those
associated with the old get lost. Which types of interneuron are involved in the
reconfiguration of circuit dynamics during learning? Are all pyramidal-cell-
interneuron pairs affected to the same extent? Do axo-axonic, PV+ basket or bistratified
cells phase precess? What are the changes required for such action? Are certain types

of interneuron more important during slow wave sleep/consolidation and others
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during exploration/encoding or retrieval? There is now an opportunity to investigate
such and similar stimulating questions.

[t was exciting to find that novel axonal patterns that we discover are associated
with novel network-related spike timing. Unpublished single examples of recorded
cells which do not fit any know types (LK120 in Chapter 4, ZsB49b, recorded by Dr Zs.
Borhegyi in Vienna) illustrate the need for continued investigation and analysis of
GABAergic cell types.

Moreover, the firing patterns of the majority of the known GABAergic cell types
in the hippocampus are still unknown in the drug free brain. Regarding str. oriens, in
addition to O-LM cells and horizontal bistratified cells many other GABAergic cell types
have been reported based on molecular expression profiles (Ferraguti et al., 2005;
Ganter etal.,, 2004; Maccaferri etal., 2000; Somogyi etal., 2003). Their recording during
behaviour and labelling will allow the recognition of neurons of the same type using
cluster analyses and pattern matching algorithms across the existing large data sets

provided by tetrode and/or silicone probe recordings.
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4 Perisomatic-targeting and axon initial
segment-innervating GABAergic
interneurons

4.1 Introduction

The activity of hippocampal glutamatergic principal cells is partly regulated by
the effects of GABA released onto their somatic and proximal dendritic membranes as
well as their axon initial segments from distinct sources. GABA is delivered selectively
to these pyramidal cell compartments by a diverse population of GABAergic
interneurons (Somogyi, 2010). In the CA1 area, at least five distinct such cell types have
been reported identified by their target-domain specific axonal distribution patterns
and their unique molecular expression profiles: three types of basket cell innervating
pyramidal cell somata and proximal dendrites (Buhl et al., 1994a; Freund and Katona,
2007; Gulyas et al., 1993; Halasy et al., 1996; Klausberger et al., 2003; Klausberger et
al,, 2005 ; Takacs et al,, 2014); axo-axonic cells, initially identified as chandelier cells in
the neocortex (Somogyi, 1977; Szentagothai and Arbib, 1974), targeting exclusively the
axon initial segment of pyramidal cells (Buhl et al., 1994b; Klausberger et al.,, 2003; Li
et al, 1992; Somogyi et al, 1985; Somogyi et al., 1983; Takacs et al, 2014) and
trilaminar neurons forming synapses, beside interneuron dendrites, with cell bodies
and dendrites of principal neurons in CA1 and subiculum (Ferraguti et al., 2005; Jinno
etal, 2007; Sik et al., 1995). Basket cells, named after their terminals wrapping around

the somata of pyramidal cells (Lorente De No, 1934; Ramon y Cajal, 1893), were
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differentiated into two non-overlapping populations (Armstrong and Soltesz, 2012;
Freund and Katona, 2007; Klausberger et al., 2005) based on their immunopositivity
for either the calcium binding protein parvalbumin (PV) (Katsumaru et al., 1988b;
Kosaka et al., 1987) or the peptide cholecystokinin (CCK) jointly with the cannabinoid
receptor type 1 (CB1) (Harris et al., 1985; Nunzi et al., 1985). The latter population was
further subdivided into two types: one expressing the vesicular glutamate transporter
type 3 and the other expressing the neuropeptide vasoactive intestinal polypepetide
(VIP) but immunonegative for the vesicular transporter (Acsady et al, 1996a;
Klausberger et al.,, 2005; Kosaka et al., 1985).

The anatomically established rich diversity of hippocampal GABAergic cell
types likely underlies a functional polychotomy. It is hypothesised that distinct
GABAergic cell types have evolved to provide specialised spatio-temporal control over
information processing within cortical networks (Klausberger and Somogyi, 2008;
Soltesz, 2005; Somogyi, 2010; Somogyi et al, 2014). Indeed, evidence from
developmental studies supports this idea, showing that, similar to the cortex (Butt et
al, 2005; Miyoshi et al, 2007; Butt et al, 2008), hippocampal interneurons
immunopositive for PV, including axo-axonic and one type of basket cell arise from the
medial ganglionic eminence (MGE) and show a fast spiking phenotype, whereas their
CCK-expressing counterparts and trilaminar neurons originate from the caudal
ganglionic eminence (CGE) and exhibit regular spiking activity (Butt et al., 2005; Butt
etal.,, 2008; Miyoshi etal.,2007; Tricoire etal., 2011). These differences in spike-timing,
dependent on intrinsic cellular properties and input synaptic organisation, correlate
with the differential spatial and temporal origin of the interneuron precursors and are
determined by cell fate regulating genetic programs within each lineage together with

local environmental factors (Fishell, 2007).

88



Assuming that firing patterns are predictors of GABA release, fast- and regular-
spiking GABAergic interneurons were suggested to have distinct effects on the
postsynaptic neurons. GABA release by PV+ basket and axo-axonic cells onto the cell
body and axon initial segment of pyramidal cells, respectively, is thought to have the
strongest control over the temporal precision of the output and is well suited to
generate oscillatory activity in the network. In contrast, regular firing interneurons act
on a longer time scale which allows temporally distant influences to synergistically
shape the behavioural-dependent network activity (Armstrong and Soltesz, 2012;
Freund and Katona, 2007; Glickfeld and Scanziani, 2006; Klausberger and Somogyi,
2008; Somogyi et al., 2014). Indeed CCK+ cells are under multiple neuromodulatory
influences (e.g., serotonergic, cholinergic, etc.) from subcortical derived inputs that
carry emotional and motivational information (Férézou et al, 2002; Morales and
Bloom, 1997; Porter et al., 1999). Parvalbumin-expressing basket and axo-axonic cells
receive overlapping glutamatergic inputs but they innervate distinct domains of
pyramidal cells. This well-differentiated synaptic output organisation suggests that
interneurons have specialised roles in the modulation of information flow and in the
coordination of network events. Specifically, basket cells and axo-axonic cells are
ideally placed to synchronise pyramidal cell firing. Do distinct cell types have specific
roles in shaping different network activities in vivo and, if so, what are the mechanisms
of such regulation? In order to gain insights into the processes of hippocampal
information transfer it is necessary to define the temporal contribution of distinct cell
types to behaviourally relevant network states.

The postsynaptic response properties and somatic action potential firing of
basket cells and axo-axonic cells has been investigated in vitro (Buhl et al., 1994a; Buhl

et al, 1994b; Buhl et al, 1996; Halasy et al., 1996). Independent of the targeted
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subcellular domain, GABA was reported to hyperpolarise the entire surface of
pyramidal cells (Glickfeld et al, 2009) contrasting previous findings about its
depolarising effect on the axon initial segment (Szabadics et al., 2006). In the CA1 area,
Cobb et. al (1995) showed that due to GABAa receptor-mediated perisomatic
hyperpolarisation, PV+ basket and axo-axonic cells entrain pyramidal cells to sub- and
suprathreshold theta frequency oscillations in vitro (4-7 Hz) and synchronise their
output. In vivo, intra- and extracellular electrophysiological experiments in
anaesthetised rodents revealed variable firing patterns of recorded single cells in the
hippocampal CA1. Under urethane anaesthesia, during theta oscillations (4-8 Hz) PV+
basket and axo-axonic cells fired preferentially either along the descending phase or
around the peak of the oscillatory cycles, respectively. During ripple frequency
oscillations (120-200 Hz), axo-axonic cells were silent in marked contrast to PV+
basket cells which discharged spikes at high frequencies (Klausberger et al., 2003).
Basket cells expressing CCK, complementing their PV+ partners, fired action potentials
on the ascending phases of theta cycles and their activity during ripples was variable,
being activated during some and becoming silent during other events (Klausberger et
al., 2005). Trilaminar cells fired only occasionally during theta epochs spiking in bursts
of action potentials preferentially at the trough of the oscillatory cycles. During SWRs,
these neurons increased strongly their firing rates (Ferraguti et al,, 2005). With the
exception of the latter, the cell types were also identified and recorded in the CA3 area,
where some neurons had activity patterns shifted in time compared to their CA1
counterparts (Lasztoczi et al.,, 2011; Papp et al.,, 2013; Tukker et al., 2013; Viney et al,,
2013). Furthermore, the in vivo firing dynamics of unidentified interneurons were
shown to be network state-dependent as evidenced from large scale multiunit

recordings. Theta oscillations during movement or large-amplitude irregular activity
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during sleep influenced the spike-timing of the neurons (Buzsaki, 2006; Csicsvari et al.,
2000; Ego-Stengel and Wilson, 2007; O'Keefe and Dostrovsky, 1971; O'Keefe and
Nadel, 1978; Ranck, 1973; Vanderwolf, 1969). Unidentified interneurons recorded in
the pyramidal layer, some of which were likely basket or axo-axonic cells, either
increased or decreased their firing rates during SWRs (Csicsvari et al., 1999b; Csicsvari
et al,, 2000). These studies however could not address the in vivo activity of identified
basket cells, axo-axonic cells or trilaminar neurons during behaviour, which is largely
unknown in the drug-free brain. Moreover, there are several types of anatomically
identified GABAergic interneuron (e.g., interneurons selectively innervating only
interneurons) the activity of which hitherto has not been recorded in vivo. Finally, the
existence of yet unidentified neuron types cannot be excluded.

What are the in vivo temporal dynamics of the perisomatic targeting
hippocampal neurons during behaviour? Are there differences in the behavioural and
network state related spike-timing of GABAergic interneurons that would suggest
selective spatio-temporal mechanisms of pyramidal cell output regulation? Does the
behavioural and network state dependent action potential firing of the interneurons
correlate with the differences in their axonal distribution pattern? How do the activity
patterns determine the involvement of pyramidal cell assemblies in encoding and/or
retrieval of episodic memories?

By performing in vivo electrophysiological recordings and juxtacellular
neurobiotin-labelling of single GABAergic cells in freely moving rats (Lapray et al,,
2012; Pinault, 1996), [ set out to test whether distinct identified cell types innervating
either the cell body or the dendrites or the axon initial segment of pyramidal cells
would release GABA and act on their postsynaptic targets with different temporal

dynamics. After identifying one PV+ basket cell, one axo-axonic cell and one
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“unconventional interneuron”, I studied their behavioural- and oscillatory network-
state-related spike-timing, together with cells of the same type recorded by others in

the laboratory. I also developed new analysis techniques, as required.

4.2 Spike-timing of PV-expressing basket and axo-axonic cells and
an “unconventional interneuron” in freely moving rats

From a population of fifty putative non-pyramidal cells (Table 3.1) recorded
using a glass electrode in the hippocampus of freely moving rats I have labelled and
identified three as perisomatic-targeting or axon initial segment-innervating
interneurons. Based on the axonal arborisations and molecular expression profiles
these were one PV-expressing (PV+) basket cell (LK08c), one axo-axonic cell (LK24g)
and one “unconventional interneuron” (LK12o0; Table 3.1, Table 4.1). Two cells were
recorded and labelled in the CA1 area (LKO8c and LK120) and one in the CA2 area
(LK24g) over a region of 1.1 x 0.6 mm along the rostro-caudal and medio-lateral axes
of the hippocampus (Figure 4-1). In addition, I have also analysed the SWR related
firing during sleep and wakefulness of four PV+ basket cells (Lapray et al., 2012) and
another axo-axonic cell (Viney et al., 2013) recorded by colleagues in the group in order
to gain insight into the variability of firing within the same cell type. In this section I
report the cell-type specific firing patterns of these neurons during different

behavioural and oscillatory network states.

4.2.1 Anatomical analysis and identification of cell types

From one cell, I recovered only the axon, which was branching in and around
the pyramidal layer (Figure 4-2A). Because of weak labelling the complete axonal
arbour could not be studied, but [ examined all visible axon collaterals in consecutive

sections by light microscopy. Large PV-expressing (Figure 4-2B) boutons of the axon
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were in apparent contact with putative pyramidal cell somata and proximal dendrites,
which led me to identify the neuron as a PV+ basket cell (LKO8c, Figure 4-1, Figure 4-2
and Table 4.1).

Another GABAergic interneuron (LK24g, Figure 4-1, Figure 4-3 and Table 4.1)
was labelled in the pyramidal layer with radially oriented dendritic tree and axon at
the border between strata pyramidale and oriens. Using the distribution of CB
immunoreactivity [ determined that the labelled dendrites overlapped with CB-
immunopositive pyramidal cells in the CA2 area outside the region of immunopositive
mossy fibres in stratum lucidum and immunonegative pyramidal cells of area CA3
(Figure 4-3C). The cell body was immunonegative for the transcription factor Satb1
(Figure 4-3A) and the dendrites were immunopositive for PV and lacked CB
immunoreactivity (Figure 4-3B). Due to weak labelling, only short segments of axon
could be visualised using HRP reaction to reveal neurobiotin. To investigate the
postsynaptic targets and to assess cell type identity the HRP-DAB reacted axon was re-
embedded in resin and processed for electron microscopic analysis. [ found axon
terminals forming type Il synapses (Figure 4-3D) selectively with pyramidal cell axon
initial segments (AIS, n=14/14 boutons), thus, I identified the cell as an axo-axonic
interneuron.

The soma location and the axo-dendritic distribution of the third labelled
GABAergic cell (LK12o, Figure 4-1, Figure 4-4 and Table 4.1) was similar to those of the
previous interneurons and this cell was located in the CA1 area. The neuron had
atypical thin dendrites ending in elaborate tufts extending over only two 70 um-thick
sections on each side of the soma. The axon collaterals running in parallel with the
pyramidal layer had sparse and very small boutons concentrated on the layer (Figure

4-3A). These features were consistent with those of a basket cell, therefore, to test this
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hypothesis, electron microscopic target identification was performed (Figure 4-3G,H).
Together with two colleagues we have sampled two distinct axonal segments. Indeed,
the majority of synapses were found in the pyramidal layer, however, the postsynaptic
profiles were either AISs (n=8/26 synapses), or dendrites (n=13/26 synapses), or
somata (n=4/26) or one spine (Figure 4-41). When the identity of the postsynaptic
target neuron could be determined (n=15/26 synapses) we have found the majority of
boutons making synapses with pyramidal cells (n=13/15 synapses) and much fewer
with interneurons (n=2/15 synapses), the rest of targets being classified as
unidentified neurons (n=11/26 synapses). Based on these findings I rejected the initial
hypothesis and concluded that the interneuron is not a basket cell. To further question
the identity of this cell I investigated its molecular expression profile by testing it for
the expression of calcium binding proteins, neuropeptides and transcription factors
that are known to differentiate between cell types (Table 4.1). After multiple series of
immunoreactions, most performed on the cell body, I have only found one positive
molecular marker chicken ovalbumin upstream promoter type II (COUP-TFII, Figure
4-4B) for which a weak signal could be detected in the nucleus. Interestingly, the cell
body and proximal dendrites were densely surrounded by strongly CR-expressing
boutons (Figure 4-4C) however the neuron was immunonegative for CR (Figure 4-4C),
PV (Figure 4-4E), VIP (Figure 4-4D) and mGluR1a (Figure 4-4F). I am unaware of a
known GABAergic cell type in the hippocampal CA1 area that would be compatible with

the features of LK120 therefore I will refer to it as the “unconventional interneuron”.

4.2.2 Behaviour-related activity patterns of GABAergic cells

Next | studied the firing dynamics of the perisomatic-targeting and AIS-

innervating interneurons during sleep, movement and quiet wakefulness. I first
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segmented the recorded action potential time series according to behavioural states to
compare the three cell types (Figure 4-2C, Figure 4-3E, Figure 4-4] and Table 4.2, Table
4.3). This needed the extraction of behaviourally relevant time windows based on
motion tracking and quantitative analysis (Lapray et al., 2012) of hippocampal and

cortical local field potential (LFP) measurements.

Firing rates and spiking patterns

PV+ basket (n=5) and axo-axonic cells (n=2) (Lapray et al., 2012; Viney et al,,
2013), but not the “unconventional interneuron”, fired with behaviour-dependent
rates (Figure 4-5A and Table 4.2). These differences (Lapray et al., 2012; Viney et al,,
2013) were confirmed by the ISI distributions and autocorrelograms (Figure 4-5B-D
and Table 4.3).

During movement, the firing rate of PV+ basket and axo-axonic cells was higher
(by 126%, LKO8c; by 242%, LK24g) than that of the “unconventional interneuron”
(Table 4.2). Indeed, the largest proportion of ISIs of both former corresponded to the
gamma frequency range of firing (5-12 Hz, 18.3% and 14.1%; 12-30 Hz, 29.8% and
10.9%; 30-100 Hz, 42.4% and 46.3%; 100-250 Hz, 3.9% and 23%, respectively), in
contrast, the “unconventional interneuron” fired most frequently with low
instantaneous frequency (IF) in the theta and beta ranges (5-12 Hz, 46.5%; 12-30 Hz,
30.3%; 30-100 Hz, 10.7%; 100-250 Hz, 0.0%). Note that the axo-axonic cell, but not the
PV+ basket cell, often fired with ISIs shorter than 10 ms (IF>100 Hz).

During slow wave sleep, PV+ basket cells increased further their firing rate (by
27%, LK08c) whereas axo-axonic cells and the “unconventional interneuron” became
less active (by 52%, LK24g; by 22%, LK12o0; Table 4.2). The spike rate distribution of

the axo-axonic cell remained comparable to that during movement, whereas, the PV+
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basket cell fired more frequently in the fast frequency range (5-12 Hz, 8.4%; 12-30 Hz,
14.6%; 30-100 Hz, 43.1%; 100-250 Hz, 23.5%) and the “unconventional interneuron”
switched to trigger action potentials more frequently in the gamma range (5-12 Hz,
13.3%; 12-30 Hz, 17.2%; 30-100 Hz, 32.7%; 100-250 Hz, 7.7%). All three cell types
dropped in their firing rates during quiet wakefulness as compared to movement (by
11%, LKO08c; by 58%, LK24g and by 44%, LK120; Table 4.2). This was demonstrated
by a proportionate rightward shift in the ISI distribution peaks for PV+ basket and axo-
axonic cells to the gamma frequency range (5-12 Hz, 13.5% and 12.3%; 12-30 Hz,
16.5% and 8.3%; 30-100 Hz, 35.6% and 37.6%; 100-250 Hz, 14.6% and 24.8%,
respectively) and for the “unconventional interneuron” to the theta range (5-12 Hz,

39.5%; 12-30 Hz, 13.6%; 30-100 Hz, 7.4%; 100-250 Hz, 0.7%).

4.2.3 Firing patterns during oscillatory network states

Similarly to segregating the spike trains according to behavioural-specific time
windows (Lapray etal.,, 2012), I detected for each labelled interneuron theta oscillatory
epochs (5-12 Hz, Figure 4-2D, Figure 4-3F, Figure 4-4K), SWRs (130-230Hz, Fig. Figure
4-2E, Figure 4-3G, Fig. Figure 4-4L) and LOSC periods from the hippocampal LFP. In
order to test whether the spike-timing of different GABAergic interneurons is
influenced by such rhythmic network states, I have calculated and compared the mean

firing rates and ISI distributions of the labelled neurons.

Firing rates and spiking patterns

The firing rates, ISI distributions and autocorrelograms of all three cell types
(Figure 4-6A,D-F and Table 4.2, Table 4.3) were network oscillatory-state-dependent.
During theta oscillations PV+ basket cells (n=5) and axo-axonic cells (n=2) fired at
higher rates (Lapray et al, 2012; Viney et al, 2013) than the “unconventional
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interneuron” (by 455%, LKO8c and by 437%, LK24g; Table 4.2). Indeed, the largest
proportion of ISIs of both former corresponded to the gamma frequency range of firing
(5-12 Hz,12.7% and 14.2%; 12-30 Hz, 31.6% and 11.2%; 30-100 Hz, 48.3% and 47.7%);
100-250 Hz, 5.5% and 23.0%, respectively). Note that the axo-axonic cell, but not the
PV+ basket cell, often fired with ISIs shorter than 10 ms (IF>100 Hz). In contrast, the
“unconventional interneuron” fired most frequently with low instantaneous frequency
(IF) in the theta and beta ranges (5-12 Hz, 50.5%; 12-30 Hz, 19.2%; 30-100 Hz, 5.3%j;
100-250 Hz, 0.0%). During SWRs, PV+ basket cells and the “unconventional
interneuron” strongly increased their firing rate (by 286%, LK08c and by 461%,
LK120), in contrast to axo-axonic cells which very rarely fired, even then only one spike
per event (drop by 97%, Table 4.2). The PV+ basket cell mostly discharged with ISIs of
4 to 10 ms (5-12 Hz, 0.0%; 12-30 Hz, 6.1%; 30-100 Hz, 34.3%; 100-250 Hz, 57.7%),
whereas the largest proportion of the ISIs measured for the “unconventional
interneuron” corresponded to the gamma frequency range (5-12 Hz, 0.0%; 12-30 Hz,
7.7%; 30-100 Hz, 59.7%; 100-250 Hz, 32.2%). During LOSC, the firing rates of the three
cell types were significantly lower (by 91%, LKO8c; by 56%, LK24g and by 45%,
LK120) as compared to theta epochs (Table 4.2) as confirmed by proportionate right-
shifted ISI distributions for PV+ basket and axo-axonic cells to the gamma frequency
range (5-12 Hz, 18.3% and 12.5%; 12-30 Hz, 15.9% and 16.9%; 30-100 Hz, 25.3% and
47.6%; 100-250 Hz, 0.0% and 7.5%, respectively) and for the “unconventional
interneuron” to the theta range (5-12 Hz, 36.4%; 12-30 Hz, 11.8%; 30-100 Hz, 10.9%;

100-250 Hz, 0.0%).
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Spike-timing during theta and ripple oscillations

The theta phase of interneuron firing informs about the time of GABA release
relative to the activity of extrinsic glutamatergic inputs. Therefore, I have tested the
preferential discharge of the three distinct interneuron types relative to the phase of
the theta oscillatory cycles (Figure 4-6C and Table 4.2). PV+ basket cells fired
preferentially along the descending phase of the pyramidal layer LFP theta cycles
(Lapray et al., 2012), with LKO8c being very close to the trough (331.9°+67.5°, mean
angle * angular deviation). In contrast, the two axo-axonic cells (Viney et al., 2013) and
the “unconventional interneuron” triggered spikes around the peak of the oscillatory
cycles (190.6°£58.6° for LK24g; 214.7°+66.3° for LK120). The axo-axonic cell was most
strongly phase coupled to LFP theta compared to the PV+ basket cell and the
“unconventional interneuron” (Table 4.2).

During slow wave sleep and quiet wakefulness SWRs emerge in the
hippocampal LFP. GABAergic interneuron types have diverse relationships to the
occurrence of these events. First I calculated the mean spike count of PV+ basket (n=5)
and axo-axonic cells (n=2) and the “unconventional interneuron” during individual
SWRs during either sleep or wakefulness (Figure 4-6B and Table 4.2). The mean
number of spikes of PV+ basket as well as axo-axonic cells was similar during SWRs
recorded during sleep or wakefulness (One-way ANOVA, F=0.025, p=0.877, for PV+
basket cells). PV+ basket cells were very active during individual SWRs, unlike axo-
axonic cells which very rarely fired. In contrast, the “unconventional interneuron” fired
more during sleep-SWRs than during awake-SWRs. Another measure of SWR
responses is the firing probability of distinct cells during and around the rhythmic
events. The PV+ basket cell fired with higher probability during SWRs (Figure 4-2F)

compared to the * 0.5 s surrounding the peak of SWR events. The axo-axonic cell was
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silenced during SWRs (Figure 4-3H) and stayed supressed even after the events. The
“unconventional interneuron” gradually started increasing its firing probability
around 100 ms before SWRs and fired with higher probability during SWRs (Figure
4-4M). Finally to test if there was a change in the firing rate during SWRs as compared
to outside SWR time periods, I have calculated cumulative distribution functions
(CDFs) of mean firing rates per measured SWRs and compared these with mean rates
per ‘surrogate’ SWRs. The latter were randomly placed time windows during periods
outside SWRs. The firing rate of the PV+ basket cells (n=5) was 4 to 12 times higher
(surrogate CDFs, p<0.05 during sleep; p<0.05 during wakefulness; LK08c on Figure
4-2G insets and Table 4.2) than expected from the activity outside SWRs, hence the cells
were considered as activated during SWRs. Axo-axonic cells (n=2) were either silent or
strongly inhibited during SWRs (surrogate CDFs, p<0.0001 for sleep and wakefulness;
LK24g on Figure 4-31 insets and Table 4.2). The “unconventional interneuron”, during
sleep, increased its firing rate by 2 to 9 fold over the full range of firing frequencies
(surrogate CDFs, p<0.0001; LK120 on Figure 4-4N and Table 4.2). In contrast, it did not
change its rate during awake-SWRs (surrogate CDFs, p=0.039; LK120 on Figure 4-4N

and Table 4.2).
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Figure 4-1 Recording and labelling locations of one PV+ basket cell (red, LKO8c) and
one "unconventional interneuron” (orange, LK120) in CA1 and one axo-axonic cell
(blue, LK24g) in CAZ.

Individual cell body locations in stratum pyramidale are shown in two schematic coronal sections
from rostral to caudal direction, from left to right of the right hemisphere. Dark shaded areas
delineate the pyramidal cell layer and the granule cell layer (blue) in the dentate gyrus. Scale

bar, 1 mm.
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Figure 4-2 Behaviour-related activity patterns of one identified PV+ basket cell.

A. Reconstruction of the axon collaterals in and around stratum pyramidale (three 70-um-thick
sections; axonal origin, black arrow). Note that I have only recovered the axon of this cell. B. The
axon (arrowheads) was immunopositive for PV and lacked NPY immunoreactivity. (i) HRP reaction
using DAB as chromogen. The weak fluorescence signal for neurobiotin was confirmed by DAB
visualisation imaged using conventional transmitted light microscopy. (ii-iv) Confocal microscopic
images (single optical section, 0.7 um). Scale bars: A, 100 um; B, 10 um. See also Figure 4-1. C.
Increased firing rate and more rhythmic spike train of the PV+ basket cell associated with
transition from quiet wakefulness to movement. D. PV+ basket cell activity during theta
oscillations (filtered, 5-12 Hz). The cell discharged multiple action potentials on every theta cycle
near the trough. E. During both rest and slow wave sleep, the cell increased its firing rate during
SWRs (asterisks). F. Raster plot and average firing probability relative to SWR events (w,
wakefulness; s, sleep). The basket cell fired with higher probability during SWRs (red bars in
histogram) compared to the £+ 0.5 s (grey) surrounding the peak of SWR events. For this cell only
fifteen SWRs were recorded. G. Firing rates of the PV+ basket cell relative to SWRs during sleep
(left) and wakefulness (right). The distribution of measured firing rates per individual SWR are
displayed as cumulative distribution functions (CDF). The distribution of PV+ basket cell firing
rates (red) was significantly different from the median (black) of the surrogate sets (2-sample
Kolmogorov-Smirnov tests, p<0.001, for sleep; p<0.0001 for wakefulness), and the right shift
demonstrates an increase over the full range of firing rates. Surrogate sets of 1000 firing rate-
distributions (grey; median, solid black line; 95% confidence intervals, broken lines). Insets,
comparison of mean SWR-related firing rate (red lines) with the distribution of surrogate mean
SWR-related rates (black lines). The PV+ basket cell (red) was always strongly activated during
SWRs (p<0.0001 for sleep and wakefulness, relative to the surrogate CDF).
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Figure 4-3 Behaviour-related activity patterns of one identified axo-axonic cell.

A. The labelled cell body (yellow arrowhead) was immunonegative for Satb1. Note a neighbouring
Satb1l-expressing neuron (white arrowhead). Confocal microscopic images (maximum intensity
projection, z-stack, height 4.2 um). B, C. Dendrites (arrowheads) were immunopositive for PV
and lacked CB expression. Confocal microscopic images (maximum intensity projection, z-stack,
height 7.1 um, B; height 3.4 um, C). Dendritic location (arrowheads) overlap with that of CB
immunoreactive pyramidal cell dendrites in area CA2. Note that CA2 pyramidal cells (yellow
asterisks) express CB, unlike those in CA3. D. Electron micrographs of boutons (asterisk) of the
labelled axo-axonic cell making type II synapses (red arrowheads) with AISs identified by
membrane undercoating (white arrowheads). Scale bars, A-C 10 um; D /eft, 0.5 um; middle,
right, 0.25 um. E. The axo-axonic cell increased its firing rate during movement. The spiking
pattern became more regular than during the quiet wakefulness period. F. During theta
oscillations (filtered, 5-12 Hz) the cell fired rhythmically with up to 10 spikes/cycle. G. During
SWRs (asterisk), the axo-axonic cell was silent both during sleep and rest. H. Raster plot and
average firing probability relative to SWR events (w, wakefulness; s, sleep). The cell was silent
during SWRs (blue bars in histogram represent 5 action potentials which happened to occur within
the detected events) and appeared suppressed even after the events. Note higher firing
probabilities during the £ 0.5 s (grey) surrounding the peak of SWRs than during the events (see
also raster plot). I. Firing rates of the axo-axonic cell relative to SWRs during sleep (left) and
wakefulness (right). The distribution of measured firing rates per individual SWR are displayed as
cumulative distribution functions (CDF). The distribution of axo-axonic cell firing rates (blue) was
significantly different from the median (black) of the surrogate sets (2-sample Kolmogorov-
Smirnov tests, p<0.0001, for sleep and wakefulness), and the left shift demonstrates a decrease
over the full range of firing rates. Surrogate sets of 1000 firing rate-distributions (grey; median,
solid black line; 95% confidence intervals, broken lines). Insets, comparison of mean SWR-related
firing rate (coloured lines) with the distribution of surrogate mean SWR-related rates (black lines).
The axo-axonic cell (blue) was always strongly inhibited during SWRs (p<0.0001 for sleep and

wakefulness, relative to the surrogate CDF).
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Figure 4-4 Behaviour-related activity patterns of an “unconventional interneuron”.

A. Partial reconstruction of the cell body, dendrites and axon of LK120 (three 70-um-thick
sections; axonal origin, arrow). B, C, D. The labelled cell body was weakly immunopositive for
COUP-TFII (white dots, B) and lacked CR and VIP immunoreactivity (C, D). The cell body was
innervated by CR-expressing afferents. Note the characteristic dendro-dendritic and axo-dendritic
contacts formed by the CR positive interneurons (C, arrowheads). Note the close apposition of a
VIP-expressing unlabelled interneuron (D, asterisk) to the “unconventional interneuron”. Confocal
microscopic images (maximum intensity projection, z-stack, height 17 um, 19.5 um and 27.5 um,
respectively). E, F. The dendrites in stratum radiatum (arrowheads) were immunonegative for PV
(E) and mGluR1a (F). Note a PV-expressing cell (asterisk) in proximity in stratum pyramidale (E).
Note the dense CB1R positive axonal plexus, which was previously also tested in this section for
potential axonal expression in the cell (F). Confocal microscopic images (maximum intensity
projection, z-stack, height 1.6 um and 14.7 um, respectively). See also Figure 4-1. G, H. Electron
micrographs of boutons of the labelled neuron (asterisks) forming synapses (arrowheads) on a
postsynaptic AIS (G) and on a dendrite with a thick postsynaptic membrane specialisation (H).
Scale bars, A, 100 um; B, C, E, F, 10 um; D, 20 um; E, F /nset, 2 um; G, 0.5 um; H, G /nset,
0.25 um. I. Distribution of twenty-six postsynaptic targets innervated by the “unconventional
interneuron”. Synapses were formed mostly on dendrites and on axon initial segments (AIS) but
some were also found on spines and cell bodies. J. This neuron fired irregularly during different
behavioural states. K. The spike train of the “unconventional interneuron” was irregular during
theta episodes (filtered, 5-12 Hz), occasionally being silent for 2-3 s during the oscillatory epoch.
L. During sleep, the cell increased its firing rate during SWRs (left, asterisks). During wakefulness,
the cell was either silent or it fired 1-2 spikes during SWRs (right, asterisks). M. Raster plot and
average firing probability relative to SWR events (w, wakefulness; s, sleep). The “unconventional
interneuron” fired with higher probability during SWRs (orange bars in histogram) compared to
the £ 0.5 s (grey) surrounding the peak of SWR events. Note the gradual increase in firing
probability starting 100 ms before SWRs (see also raster plot). N. Firing rates of the
“unconventional interneuron” relative to SWRs during sleep (left) and wakefulness (right). The
distribution of measured firing rates per individual SWR are displayed as cumulative distribution
functions (CDF). During sleep, the distribution of the cell firing rates (orange) was significantly
different from the median (black) of the surrogate sets (2-sample Kolmogorov-Smirnov test,
p<0.0001), and the right shift demonstrates an increase over the full range of firing rates. During
wakefulness, the distribution of the cell firing rates (orange) was similar to the median (black) of
the surrogate sets (2-sample Kolmogorov-Smirnov test, p=0.078) as it was within the confidence
intervals over the full range of firing rates, but note the low number of recorded events. Surrogate
sets of 1000 firing rate-distributions (grey; median, solid black line; 95% confidence intervals,
broken lines). Insets, comparison of mean SWR-related firing rate (coloured lines) with the
distribution of surrogate mean SWR-related rates (black lines). The “unconventional interneuron”
(orange) was strongly activated by the SWRs during sleep (p<0.0001, relative to the surrogate
CDF), but it did not change its rate during awake-SWRs (p=0.039, relative to the surrogate CDF).
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Table 4.1 Molecular expression profiles of interneurons.

Immunohistochemical test

COUP-

Cell type Cell PV Satb1 TFII CR CB mGwria VIP CCK SOM NPY PPE CBI1R

+ nt nt nt nt nt nt nc nc nc nt nt
PV+ basket cell LKO08c a a a a

+ - nt nt - nt nt nt nt nt nt nt
Axo-axoniccell ~LK24g d S d
“Unconventional - nt + - - - - - nt nt - nc
interneuron” LK120 d S s d d S S S a

+, immunopositive; -, no immunoreactivity detected in the cell, while other immunopositive cells were
documented nearby; nc, not conclusive; nt, not tested; s,d,a, tested on soma, dendrite or axon.
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Figure 4-5 Behavioural-state-dependent firing patterns of PV+ basket cells (n=5),
axo-axonic cells (n=2) and an “unconventional interneuron” (LK120).

A. Cell-type specific and behaviour-dependent comparison of firing rates. Colour-coded dots
represent individual labelled interneurons; the cell type appears different. B, C, D. Inter-spike
interval distributions (ISI, top) and autocorrelograms (bottom) of a PV+ basket cell (LKO8c, red),
an axo-axonic cell (LK24g, blue) and an “unconventional interneuron” (LK120, orange) during
movement and sleep. During movement, the largest proportion of ISIs of the PV+ basket and
axo-axonic cells correspond to the gamma frequency range of firing (30-100 Hz, 42.4% and
46.3%, arrowheads respectively) and these cells discharge rhythmically (bottom), in contrast,
the “unconventional interneuron” fires most frequently in the lower theta and beta ranges (5-12
Hz, 46.5%, arrowheads; 12-30 Hz, 30.3%). During slow-wave sleep, the spike rate distribution
of the axo-axonic cell is comparable to that during movement however the respective
autocorrelograms differ significantly, as theta modulation of the cell is shown exclusively during
movement. In comparison, the ISIs of the PV+ basket cell are mostly in the fast frequency ranges
(30-100 Hz, 43.1%; 100-250 Hz, 23.5%, arrowheads) and the “unconventional interneuron”
triggers action potentials more frequently in the gamma range (30-100 Hz, 32.7%, arrowheads).
Note logarithmic time scales on ISI plots limited to 200 ms (top). Note that mean firing rates are
shown in Hz at the top right corner of autocorrelation plots. Time axis is limited to 300 ms, bin
width was set to 5 ms.
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Figure 4-6 Activity of PV+ basket (n=5) and axo-axonic (n=2) cells and an
“unconventional interneuron” during hippocampal network oscillations.

A. Cell-type specific and oscillatory-state-dependent comparison of firing rates. Colour-coded dots
represent individual labelled interneurons; the cell type appears different. B. Comparison of mean
spike count per SWR of PV+ basket cells (n=5) and axo-axonic cells (n=2) and an “unconventional
interneuron” recorded during sleep and wakefulness. C. Preferred firing phases of PV+ basket
(mean frequency, black line; white area and circles, £ s.e.m., n=5) and axo-axonic cells (grey
and blue lines and circles) and an “unconventional interneuron” (orange line and circles) during
theta oscillations. D, E, F. The ISIs (left) and autocorrelograms (right) of a PV+ basket cell (LK08c,
red), an axo-axonic cell (LK24g, blue) and an “unconventional interneuron” (LK12g, orange)
during theta oscillations, SWRs and LOSC. During theta oscillations, PV+ basket and axo-axonic
cells fire mostly with instantaneous frequencies in the gamma frequency range (30-100 Hz, 48.3%
and 47.7%, arrowheads respectively). Note that the axo-axonic cell, but not the PV+ basket cell,
often fired with ISIs shorter than 10 ms (IF>100 Hz, arrowheads). In contrast, the largest
proportions of ISIs of the “unconventional interneuron” are in the lower frequency theta and beta
ranges (5-12 Hz, 50.5%; 12-30 Hz, 19.2%, arrowheads). During SWRs, PV+ basket cells and the
“unconventional interneuron” strongly increase their firing rate by mostly discharging with ISIs of
4 to 10 ms (100-250 Hz, 57.7%, arrowheads) and of 10 to 33 ms (30-100 Hz, 59.7%,
arrowheads), respectively. Note that the axo-axonic cell is very rarely active during SWRs and it
only fires non-consecutive spikes. During LOSC, right-shifted ISI distributions demonstrate lower
firing rates. Note logarithmic time scales limited to 200 ms (left) and 250 Hz (right).
Autocorrelograms demonstrate theta-rhythmic firing pattern for all three interneurons and burst-
like firing during SWRs with the exception of the axo-axonic cell. Note that mean firing rates are
shown in Hz at the top right corner of autocorrelation plots. Time axis is limited to 300 ms, bin

width was set to 5 ms.
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Table 4.2 Firing rates and patterns of interneurons.

PV+ basket Axo-axonic “Unconventional
Cell type cell cell interneuron”
Cell LK08c LK24g LK120
Mean firing rate (Hz) Movement 11.3 17.1 5.0
Sleep 14.3 8.2 3.9
Quiet 10.1 7.2 2.8
wakefulness
Theta 21.1 20.4 3.8
SWRs 81.5 0.7 21.3
LOSC 1.9 8.9 2.1
Mean theta phase of firing 3319 £ 675 190.6 £ 58.6 214.7 £ 66.3
)
Mean theta vector length of 0.32 0.48 0.33
firing?
Mean number of spikes per  Slow wave 3.5 0.1 1.9
SWR sleep
Quiet 3.8 0.0 0.5
wakefulness
SWR-activity index? Slow wave 11.1 0.1 8.5
sleep
Quiet 11.7 0.0 1.8
wakefulness

atheta modulation of firing [0,1], maximally correlated=1; see Experimental procedures in chapter 2.

bratio of the mean firing rate during detected SWRs to the mean firing rate during the surrogate ‘SWR’

population.

Table 4.3 Point estimates of ISI distributions.

Median =+ interquartile range of ISI (ms)

Quiet
Cell type Cell Movement Sleep wakefulness
122.
PV+ basket cell LK08c 36.3 58.7 183 + 37.8 328 = 9
Axo-axonic cell LK24g 17.7 = 35.6 165 =+ 74.0 182 + 889
“Unconventiona 116. 229.
l interneuron” LK120 + 119.6 493 + 2338 169.1 + 0
Cell type Cell Theta SWRs LOSC
386.
PV+ basket cell LK08c 309 + 41.3 9.2 + 6.3 135.3 # 9
Axo-axoniccell  LK24g 17.2 31.0 NA £+ NA 282 + 873
“Unconventiona 157. 325.
linterneuron” LK120 + 112.0 131 £+ 103 149.1 + 8
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4.3 Discussion

Perisomatic targeting PV+ basket cells and axon initial segment-innervating
axo-axonic cells have contrasting in vivo spike-timing in the drug-free hippocampal
network. An “unconventional interneuron”, not reported before in the hippocampus,
shows differences in its action potential firing compared to both of former cell types.
Differences in firing patterns changed with transitory behavioural states and rhythmic
network events suggesting that distinct interneuron types have specific roles in the
regulation of pyramidal cell output at different times during behaviour.

The strong modulation of axo-axonic cells by the theta rhythm is suggestive of
their role in synchronising pyramidal cells to theta frequencies. Both, axo-axonic and
PV+ basket cells fired with high frequency bursts during movement but on
complementary segments of the descending slope of theta cycles, with the former
discharging trains of action potentials just after the peak followed by the latter [see
also (Lapray et al,, 2012) and (Viney et al,, 2013)]. Interestingly, in our rats, the mean
firing phase of individual PV+ basket cells positively correlated with the distance of
their cell bodies relative to bregma along the septotemporal hippocampal axis (Lapray
etal, 2012), indicative of a travelling theta rhythm (Hartwich et al.,, 2009; Lubenov and
Siapas, 2009; Patel etal., 2012). Hence, in awake head-fixed mice, the slight shift of PV+
basket cell firing to the late descending phase of theta cycles (Varga et al., 2012), beside
possible species differences, might be due to relatively posterior and lateral electrode
placement. In contrast to the PV-immunopositive cell types, the “unconventional
interneuron” fired only occasionally during movement.

The movement-related high frequency burst discharges of axo-axonic and PV+
basket cells but not of the “unconventional interneuron” were in the gamma range, as

indicated by their inter-spike interval distributions. Indeed, gamma- (25-90 Hz) and
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epsilon-frequency (90-130 Hz) modulation of PV+ basket cell firing has been reported
in vitro (Hajos et al., 2004; Oren et al.,, 2006) and in vivo under urethane anaesthesia
(Tukker et al,, 2007) and in drug-free mice, where the strength of coupling increased
with the oscillatory frequency (Varga et al., 2012). Given the axonal distribution
surrounding the cell bodies of pyramidal cells and the strongly oscillatory-phase
coupled spike-timing of PV+ basket cells it was suggested that this interneuron type is
important in the gamma entrainment of pyramidal cell somatic membranes (Bartos et
al.,, 2007; Mann et al,, 2005; Oren et al., 2010; Tukker et al.,, 2007). As shown recently
in urethane anaesthetised rats and awake head-fixed mice, PV+ basket cells in the CA1
area are key participants in the generation of “gammaperisomatic” oscillations (60-100 Hz)
at the trough of theta oscillatory cycles (Lasztoczi and Klausberger, 2014). Whether
any relationship exists between the spike-timing of axo-axonic cells and these
hippocampal fast rhythms during behaviour have not been explored. I could not define
a relationship between the spike-timing of the recorded interneurons and the phase of
ongoing gamma or ripple oscillations in the LFP because of the spike contribution of
the recorded cell to the LFP signal. These high frequency oscillations are localised
events and have phase-shifts depending on the hippocampal layer where they are
measured. For the correlation analysis described above one has to obtain spike-
artefact-free LFP measurements from the close proximity of the recorded neuron.
Moreover, in order to produce a good reference for comparison between experiments,
these LFP measurements have to be made repeatedly from within the same target
location i.e. the middle of the dorsal CA1 pyramidal layer. With the use of anaesthesia
or stereotaxic head fixation during the experiments such reproducibility is achievable.
However, under our protocol in the freely moving rats (Figure 2-2) given the very

restricted space on the skull due to the head mounted stage, the exact placement of an
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external electrode for recording reference LFP signal proved to be very challenging.
Having the electrode tips at various depths, either above or below the pyramidal layer,
the signals  measured were not applicable for this kind of analysis. In nine experiments
[ tried implementing a single movable tetrode within the head stage but I did not
succeed in obtaining consistent location for recordings. Signals originating from the
glass electrode, even when band-pass filtered for LFP (0.3-500 Hz), will contain the
spectral components of the action potentials fired by the recorded neuron over a broad
frequency range (>50 Hz). For correlation studies involving gamma oscillations (30-
130 Hz) and SWRs (130-230 Hz), processing the spike-contaminated LFP
measurements is not optimal because of the overlap between the frequencies of the
network rhythms and that of the spike resulting in spurious correlations [see Fig. 5 in
(Belluscio et al., 2012; Manning et al., 2009; Zanos et al., 2011)]. None of the different
kinds of spike artefact removal algorithms (David et al., 2010; Galindo-Leon and Liu,
2010; Jacobs et al., 2007; Okun et al., 2010; Pesaran et al., 2002; Zanos et al., 2011) can
eliminate the problem completely, therefore their application and the resulting
conclusions leave significant uncertainties. Accordingly, when analysing LFP and spike
data provided by the same electrode, reliable conclusions can only be drawn with
respect to low frequency bands within delta (<3Hz) and theta (5-12 Hz) ranges where
the influence of spike contamination is minimal.

The most striking differences in spiking pattern between the perisomatic-
targeting and axon initial segment-innervating interneuron types was observed during
ripple frequency oscillations. Axo-axonic cells were inhibited, whereas PV+ basket cells
and the “unconventional interneuron” showed activation during SWRs in comparison
to time periods outside such events by increasing their mean firing rates several fold.

What are the consequences and hypothesised roles of this divergent SWR-related
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silencing versus increased activity of distinct interneuron types? I have addressed this
question in section 4.3.3 and in chapter 6. Overall, these data indicate a compartment-
specific regulation of pyramidal cell output mediated by a temporal redistribution of
GABA from the cell body and proximal dendrites to the axon initial segment and back

according to ongoing behavioural-dependent hippocampal network events.

4.3.1 The “unconventional interneuron”

My observations regarding the “unconventional interneuron” appear to differ
from previously published rules of GABAergic neuronal innervation in the CA1 area of
the rat hippocampus. The substantially tufted dendritic tree, the unique postsynaptic
target distribution selectivity together with unexpected spike-timing during behaviour
and the lack of immunoreactivity for major cell type markers raise the possibility of a
novel cell type that has not been reported previously. As [ only found one such neuron,
[ am not able to conclude how these features contribute to hippocampal activity
therefore I discuss my findings in comparison with previously reported cell types.

The only molecular marker I found for this neuron was a weak reactivity for the
chicken ovalbumin upstream promoter transcription factor type II (COUP-TFII) a
nuclear receptor involved in developmental control. It is expressed in interneuron
types derived almost exclusively from the caudal ganglionic eminence (CGE) (Batista-
Brito and Fishell, 2009; Kanatani et al.,, 2008 ; Marin, 2013; Marin and Rubenstein,
2001; Marin and Rubenstein, 2003), however its role in adult hippocampal neurons is
unknown. In general, CGE-derived cells, in contrast to their fast-spiking MGE-derived
counterparts, are regular-spiking neurons in vitro (Butt et al, 2005). The
“unconventional interneuron” recorded in vivo had low spike rate and rarely fired

rhythmically. In the hippocampal CA1, COUP-TFII expression is present exclusively in
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GABAergic cells at varying intensities. The majority of such cells are located in the
pyramidal cell layer (Fuentealba et al., 2010) where the “unconventional interneuron”
was. Co-expression of COUP-TFII and parvalbumin within the same cell was not found
(Fuentealba et al., 2010) excluding the possibility of the “unconventional interneuron”
being a subtype within PV+ axo-axonic cells. Some parvalbumin immunonegative axo-
axonic synapses were reported on pyramidal cell axon initial segments in the visual
cortex of rats and monkeys (Gonchar et al., 2002), but the possibility of false negative
reaction were not excluded. There are five largely non-overlapping identified types of
COUP-TFII immunopositive neuron recorded in different layers possessing distinct
input-output connectivity: interneuron specific interneurons (ISI) (Acsady et al,
1996b), ivy cells (Fuentealba et al., 2008a), some basket cells (Freund and Katona,
2007; Klausberger et al, 2005), neurogliaform cells (Price et al, 2005) and
retrohippocampally projecting neurons (Fuentealba et al., 2010). Based on the axonal
innervation pattern of the recorded interneuron concentrated along the pyramidal cell
layer a resemblance to some basket cell or ISI cell type could be hypothesised. Indeed,
one of the published COUP-TFII+ basket cells (Fuentealba et al.,, 2010) had similarly
tufted dendritic tree and it was immunonegative for parvalbumin and cholecystokinin,
however it was recorded in upper stratum radiatum in close proximity to stratum
lacunosum moleculare and its postsynaptic targets, contrary to the “unconventional
interneuron”, were mainly pyramidal cell somata. Moreover, despite the similarity of
the preferential theta phase firing of the two neurons at the peak of the oscillatory
cycles (during exploration and under anaesthesia, respectively), their SWR-related
spiking patterns differed. The “unconventional interneuron” mostly increased its firing

rate, whereas the neuron recorded under urethane anaesthesia was inactive during the
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majority of SWR events. These discrepancies between the two neurons make it very
unlikely that they are the same cell type.

Tufted dendrites have been reported for another subpopulation of COUP-TFII+
GABAergic interneuron in the CA1 with CGE origin (Kanatani et al., 2008). These
neurons are immunopositive for the calcium binding protein calretinin (CR) (Gulyas et
al., 1992; Kanatani et al., 2008; Miettinen et al,, 1992) and target selectively other
interneurons (Acsady et al., 1996b; Gulyas et al.,, 1996). However, the activity of these
cells has not been reported in vivo. The members of this subpopulation are strongly
interconnected via specialised dendro-dendritic and axo-dendritic attachement
junctions in addition to conventional synapses. Their axon is thin bearing small
boutons (Gulyas et al,, 1992) very similar to what I observed for the “unconventional
interneuron”, which together with its densely surrounded cell body by CR+
immunopositive boutons, was suggestive of the interneuron being a representative of
ISI cell type. When tested however, I could not observe CR immunoreactivity in the cell
body of the “unconventional interneuron”. After examining some control hippocampal
sections in which CR immunoreactivity was visualised using HRP-reaction product, I
found that the level of CR-expression in CA1 interneurons showed large variability.
Therefore, there is a possibility that the method I used (anti-CR primary antibody
combined with fluorophore conjugated secondary antibody) was not sensitive enough
to detect a low level of CR. Thus, under our conditions the “unconventional
interneuron” lacked CR immunoreactivity and as its postsynaptic targets were mostly
pyramidal cells together with some interneurons, I concluded that its features do not
fit the reported ISI cells. Interestingly, such basket-like innervation pattern as observed
around the soma of the interneuron formed by axon collaterals of ISI cells has also been

shown around CR immunonegative somata (Gulyds et al., 1996). Therefore I
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persevered with the identification process by testing for calbindin (CB) or vasoactive
intestinal polypeptide expression, as demonstrated in postsynaptic targets of CR+
interneurons. I could not detect any of these molecules in the recorded neuron. Positive
matches were unlikely, because the only known such cells with axon in stratum
pyramidale were recorded either in different layers or co-expressed other molecules
not present in the “unconventional interneuron”. A possible source for the CR+
terminals wrapping around the “unconventional interneuron” is from
extrahippocampal sources (e.g.,, supramammillary nucleus or nucleus reuniens of
thalamus). In the CA1 area, such CR-expressing long-range projecting axons, some
glutamatergic (Kiss et al., 2000; Krzywkowski et al., 1995; Leranth et al., 1999; Nitsch
and Leranth, 1993; Nitsch and Leranth, 1996) were shown to give rise to short
collaterals with large boutons forming synapses mostly with CR+ cells in strata
radiatum and/or oriens (Gulyas et al., 1992). It is intriguing that these terminals also
group into small basket-like clusters in stratum pyramidale (Gulyas et al., 1992), where
the soma of the “unconventional interneuron” was labelled. The postsynaptic target
preference of such projecting axons remains to be identified.

The many irregularities making the classification of the interneuron challenging
might be due to abnormal cellular development resulting in possible displacement
during migration and altered connectivity. Alternatively, the cell could be newly born
and not yet integrated in its environment or, in contrast, it could be undergoing
atrophy. For example, the majority of Cajal-Retzius neurons, a subpopulation of cells
instrumental for corticogenesis and expressing COUP-TFII (Hevner et al., 2003; Marin-
Padilla, 1998; Mienville, 1999; Radnikow et al., 2002; Soda et al., 2003; Soriano and del
Rio, 2005; Tripodi et al., 2004) disappear in the adult brain (del Rio et al., 1995; Derer

and Derer, 1990; Mienville and Pesold, 1999; Pesold et al., 1998) but those surviving
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become synaptically coupled to other cells in the network (Quattrocolo and Maccaferri,
2013; Radnikow et al., 2002). They have been hypothesised to direct synapse
formation between the entorhinal cortex and CA1 in stratum lacunosum moleculare
(del Rio et al.,, 1997; Marchionni et al.,, 2010). Given the specific input and output
synaptic organisation of the “unconventional interneuron” in the CA1 area, absence of
immature characteristics and the robust firing dynamics recorded during behaviour, it
is improbable that the cell is a surviving and modified Cajal-Retzius neuron.

Through its elaborate dendritic tree the “unconventional interneuron” samples
all hippocampal layers and can integrate the temporally segregated glutamatergic
inputs arriving from the entorhinal cortex and the hippocampal CA1 and CA3 areas. By
targeting mainly axon initial segments and dendrites of pyramidal cells, it likely
regulates action potential generation and dendritic integration. Is there a need for
another cell type, besides the PV+ axo-axonic cells, for the control of pyramidal cell
output? A modifiable GABAergic input to the axon initial segment could complement
the clock-like activity of PV+ axo-axonic cells and provide plasticity to regulating
pyramidal cell firing on longer time scales. There is such a domain specific synaptic
organisation, the dual GABAergic innervation of the pyramidal cell soma by PV+ vs
CCK+ basket cells (Armstrong et al., 2013; Freund and Katona, 2007; Takacs et al,,
2014). However, the low frequency spiking and the lack of change in the activity of the
“unconventional interneuron” during different behavioural states are suggestive of a
minimal contribution of the neuron to network state adjustments. Only the strong
excitatory drive during sleep-SWRs indicated that the “unconventional interneuron”
contributed to modulating the firing of CA1 pyramidal cells. Considering the frequent

silent periods in the spike train of this neuron during behaviour it is not surprising that
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it has not been recorded earlier especially under urethane anaesthesia, when firing
rates drop significantly.

The frequent synapses on axon initial segments made by the “unconventional
interneuron”, and also known for PV+ axo-axonic cells, have not been reported for any
other interneuron type. Furthermore, the spike-timing is unique amongst all other
recovered cells in the laboratory. Taking into account the molecules which could not
be detected in the cell, | am unaware of a cell type with the reported characteristics. At
present, the only way to obtain a larger sample is by electrophysiological recording and
juxtacellular neurobiotin-labelling of single cells in vivo, which even in anaesthetised
rats, is a very challenging technique and low yield method. As urethane changes
hippocampal network and neuronal activity, the recognition of the same type of cell
might be impossible in anaesthetised rats. A possible approach for testing the presence
of such cells on a larger scale is to record and label neurons in the pyramidal cell layer
visualised in slice preparations in vitro, from rodents with genetically pre-labelled
caudal ganglionic eminence derived interneurons. The recorded neurons could be
labelled and those with axons mainly in the pyramidal cell layer could be tested for
postsynaptic targets using electron microscopy. In conclusion, determining the place
and role of the "unconventional interneuron” in the hippocampal network will require

further large scale studies.

4.3.2 Intrinsic cellular properties and synaptic afferents
Modalities of action potential discharge in neurons are determined by a
combination of cell autonomous and network factors. The fast spiking phenotype in the

cortex and hippocampus is mostly associated with GABAergic interneuron types

(McCormick et al,, 1985), such as basket and axo-axonic cells (Buhl et al., 1994b; Buhl
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etal, 1996; Kawaguchi et al., 1987; Kosaka et al., 1987) expressing the calcium-binding
protein parvalbumin. Parvalbumin was shown to block spike adaptation and to
regulate neuronal excitability (Celio, 1986). Interestingly, the machinery generating
firing at high rates in these neurons is induced postnatally by changes in their receptor
expression and in their input-output connectivity (Butt et al., 2005; Doischer et al,,
2008). Increased firing rates of PV+ basket and axo-axonic cells, like recorded in my
rats, require rapid action potential repolarisation which is achieved by these neurons
via voltage-gated Navl.1 and Navl.6 channels (Lorincz and Nusser, 2008a, 2010;
Martina and Jonas, 1997; Ogiwara et al., 2007); high voltage-activating Kv3, Kv1.1 and
Kv1.2 channels (Du et al,, 1996; Erisir et al.,, 1999; Goldberg et al., 2008; Hu et al., 2010;
Jonas etal.,, 2004; Lau et al., 2000; Lorincz and Nusser, 2008a; Martina et al., 1998; Rudy
and McBain, 2001; Weiser et al., 1995; Zhang and McBain, 1995); extrasynaptic a1
subunit containing GABAa receptors (Baude et al, 2007; Gao and Fritschy, 1994;
Kasugai et al,, 2010; Nusser et al,, 1995); and P/Q-type Ca%* channels (Aponte et al,,
2008; Bucurenciu et al., 2010; Hefft and Jonas, 2005). Due to the fast inactivating Na*
channels the rapid repolarisation often leads to doublets in the spike trains of axo-
axonic cells recorded in vitro or in vivo under anaesthesia (Buhl et al, 1994b;
Klausberger et al., 2003) and likely contributes to the observed bursts of spikes
recorded in vivo during behaviour [see also (Viney et al., 2013)]. The somato-dendritic
(Hughes et al., 2013) and axonal expression [see Fig. 1cin Nusser etal. (2009) (Notomi
and Shigemoto, 2004; Santoro et al, 1997)] of hyperpolarization-activated cyclic
nucleotide-gated (HCN) channels by PV+ basket and axo-axonic cells contributes
greatly to their fast signalling affecting active dendritic cable properties and lowering
the threshold for spike initiation (Aponte et al., 2006; Norenberg et al., 2010; Nusser,

2009). These mechanisms result in precise input transduction and allow action
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potentials to follow faithfully high frequency repetitive inputs like those received from
glutamatergic afferents active at gamma and/or ripple frequencies. Cell autonomous
mechanisms involving HCN channels entrain (Marcelin et al.,, 2009; Nusser, 2009) the
spike-timing of PV+ basket and axo-axonic cells to gamma and theta frequency
oscillations in vitro and in vivo (Bartos et al., 2007; Gulyas et al., 2010; Lapray et al.,
2012; Varga et al,, 2012; Vida et al,, 2006; Viney et al,, 2013; Ylinen et al,, 1995b). The
high temporal precision of PV+ basket and axo-axonic cell spikes (Bartos et al., 2007;
Hefft and Jonas, 2005; Kraushaar and Jonas, 2000) is additionally regulated by tonic
inhibition (Brickley et al., 1996; Farrant and Nusser, 2005; Semyanov et al., 2003) via
extrasynaptic and synaptic GABAa receptors. The membranes of PV+ basket, but not
axo-axonic, cells are highly enriched in these receptors (Baude et al,, 2007; Gao and
Fritschy, 1994; Kasugai et al., 2010; Nusser et al., 1995), which likely determines their
millisecond-precision coupling to high-frequency SWRs (Klausberger et al., 2003;
Lapray etal., 2012; Varga et al., 2012). The latter, expressing low levels of the receptor
cease firing during SWRs (Klausberger et al., 2003; Viney et al., 2013) possibly due to
SWR-related strengthened GABAergic inputs. Moreover, frequent gap junctions
between members of the PV+ cell population contribute to the presumed synchronous
discharge during network oscillations (Baude et al., 2007; Fukuda and Kosaka, 2003;
Fukuda et al., 2006; Hormuzdi et al.,, 2001; Katsumaru et al., 1988a; Tamas et al., 2000).
Gap junction coupling between axo-axonic cells might be of particular importance
because of the lack of synapses between members of this cell type (Baude et al., 2007).

In the hippocampal CA1l area, PV+ basket cells sample the same range of
glutamatergic afferents as axo-axonic cells originating from the hippocampal CA1 and
CA3 areas (Ali et al,, 1998; Andersen et al., 1963; Buhl et al., 1994b; Buhl et al,, 1996;

Debanne et al., 1995; Frotscher et al., 1984; Glickfeld and Scanziani, 2006; Gulyas et al.,
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1993; Schwartzkroin and Kunkel, 1985) and the entorhinal cortical layer 3 (Kiss et al.,
1996; Lietal., 1992; Witter and Amaral, 1991). However, axo-axonic cells are probably
under stronger extrahippocampal influence having their large tufted dendrites
overlapping with the entorhinal cortical termination zone (Li et al., 1992). In contrast,
PV+ basket cells are most likely dominated by the commissural/Schaffer collateral
pathway and the local CA1 recurrent fibres. Because of the small proportion of
dendritic surface reaching into stratum lacunosum moleculare (Halasy et al., 1996) the
entorhinal cortical influence on them is probably minimal. Both neuron types exhibit
NMDA-independent long-term potentiation (Alle et al., 2001l; Kullmann and Lamsa,
2007; Nissen et al., 2010; Perez et al., 2001) that likely supports changes in strength of
pyramidal-cell-interneuron connections reported during learning (Dupret et al., 2013;
Hangya et al., 2010). Differences in the timing and proportion of the glutamatergic
inputs of PV+ basket and axo-axonic cells cannot completely explain the striking
divergence in their SWR-related firing activity and their out-of-phase coupling to
oscillatory theta cycles. What phases the spike-timing of the two cell types if not these
inputs?

Inhibitory postsynaptic potentials elicited in axo-axonic and PV+ basket cells
(Buhl et al., 1994b; Buhl et al., 1996; Lacaille, 1991; Ylinen et al., 1995b) are indicative
of GABAergic inputs to the two cell types. Indeed, parvalbumin-expressing
interneurons in the CA1 area receive GABAergic synapses from extrahippocampal
afferents (Freund, 1992; Freund and Antal, 1988; Fukuda et al., 1996; Melzer et al.,
2012; Viney et al.,, 2013) and from other local interneurons (Cobb et al., 1997; Fukuda
et al,, 1996; Gulyas et al., 1999; Katsumaru et al., 1988b; Sik et al., 1995). Around 30%
of the GABAergic presynaptic terminals targeting dendrites and 70% of the terminals

innervating somata are also immunopositive for parvalbumin (Gulyas et al., 1999). It
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remains to be determined if these rules are uniform among the distinct PV+
interneuron types. To define their synaptic input organisation, first basket and axo-
axonic cells have to be unequivocally identified which usually required electron
microscopic investigation of their postsynaptic targets. Recently, a subpopulation of
hippocampal PV+ interneurons were reported to lack the transcription factor Satb1
and these were identified as axo-axonic cells (Viney et al., 2013). Furthermore, it was
observed that, in the CA1 area, some septal GABAergic boutons strongly innervate
those PV-expressing neurons which are immunonegative for Satb1, hence axo-axonic
cells, and not those which are immunopositive for Satb1, hence basket or bistratified
cells. Whether the latter are targeted by other subpopulations of medial septal neurons
is unknown (Freund and Antal, 1988; Hangya et al., 2009), but if so, this may explain
why PV+ basket cells are relatively weakly theta-modulated (Lapray et al., 2012; Varga
et al., 2012), in contrast to axo-axonic cells. Furthermore, under anaesthesia, one
population of medial septal neurons fired rhythmically around the trough and another
one around the peak of theta oscillations (Borhegyi et al., 2004). These different groups
of neuron, if targeting hippocampal interneurons may restrict postsynaptic action
potential discharge to the peak, or around the trough of theta cycles, like observed for
axo-axonic and basket cells, respectively. Taken together, existing evidences suggest a
cell-type selective GABAergic innervation of distinct PV+ interneurons without
excluding the possibility of some proportion of shared inputs.

Based on my observations the spike-timing of these two cell types during theta
oscillations was predicted correctly from tetrode recordings of unidentified pyramidal
layer interneurons (Czurkoé et al,, 2011; Zhang et al., 2012). Because I only recorded
short periods of movement, I could not detect theta phase precession in the spike trains

of the reported cells. However, it has been suggested that some unidentified
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interneurons recorded using tetrodes advance their preferential phase of firing during
short bouts of theta cycles (Ego-Stengel and Wilson, 2007; Maurer et al., 2006).

The coupling of basket cells to gamma oscillations (Vargaetal.,2012) and SWRs,
is likely due to their simultaneous activation by CA1 and CA3 pyramidal cells. In
contrast, axo-axonic cells receive substantially stronger inhibitory inputs (Hajos et al.,
2013) during SWRs in vitro, which might supress their action potential discharge
especially after the peak of these events. As well as septal inputs, PV+ basket,
bistratified and trilaminar cells could also contribute to the silencing of axo-axonic

cells.

4.3.3 The effects of anaesthesia on neurons and network dynamics

Until recently, the in vivo investigation of action potential firing of identified
interneuron types in the hippocampus was performed using urethane and ketamine-
xylazine anaesthesia (Klausberger and Somogyi, 2008; Somogyi, 2010). Having now
recorded and analysed interneuron types in the drug-free brain, similarities and
differences can be established between the two conditions that should reveal which
features of neuronal activity remain valid when studied under physiological
conditions. Under anaesthesia, in the rodent hippocampus, theta, gamma and ripple
frequency network oscillations persist but at reduced frequencies of 3-6 Hz, 30-80 Hz
and 90-130 Hz, respectively (Klausberger et al., 2003; Soltesz and Deschenes, 1993;
Tukker et al., 2007; Ylinen et al.,, 1995a; Ylinen et al,, 1995b). Furthermore, it has been
shown that urethane potentiates GABAa and nicotinic acetylcholine receptors and
inhibits NMDA and AMPA receptors (Hara and Harris, 2002; Lawrence, 2008),
therefore probably induces changes in the action potential firing of neurons. Indeed, in

the CA1 area, PV+ basket cells recorded under urethane anaesthesia (Klausberger et
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al., 2003) fired with greatly reduced (repeated-measures ANOVA, F18=25.41, p=0.001

for the interaction factor) rates (mean * s.e.m., 32.7 £ 8.9 Hz during SWRs; 7.3 = 2.7
Hz during theta periods) compared to those recorded in the drug-free brain [121.8 *
14.2 Hz during SWRs; 20.8 = 2.2 Hz during theta periods; see also (Lapray et al., 2012;

Varga et al, 2012)]. In contrast, axo-axonic cells had variable spike rates under
anaesthesia (Klausberger et al., 2003), either higher or lower by ~40% than the axo-
axonic cells recorded during behaviour in areas CA1 and CA2 [see also (Viney et al,,
2013); cell LK24g was recorded in the CA2Z area but had comparable firing rates and
spike-timing to that in CA1]. The sensitivity of PV+ basket cell firing rates to urethane
might be partly explained by the strong expression of synaptic and extrasynaptic
GABAAa receptors on their membranes (Baude et al., 2007) involved in the regulation of
neuronal excitability via tonic inhibition (Brickley et al., 1996). The expression of these
receptors was much weaker in axo-axonic cells.

However, the preferential phase of theta-oscillations-related spike-timing of
both interneuron types under anaesthesia (Klausberger et al., 2003) corresponds well
to that recorded in freely moving rats or awake head-fixed mice (Lapray et al., 2012;
Varga et al,, 2012; Viney et al., 2013). Parvalbumin-expressing basket cells discharged
preferentially on the descending slope of theta cycles, whereas axo-axonic cells were
maximally active just after the peak of the oscillations during both conditions. This
preservation of spike-timing in the absence of inputs from place cells and grid cells is
suggestive of an external regulatory input source, e.g., from the medial septum
controlling interneuron activity. Moreover, the 30-100 Hz gamma-frequency
instantaneous firing rate of PV+ basket and axo-axonic cells recorded during

movement in our rats (Figure 4-5B,C) is preserved within theta cycles under urethane
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anaesthesia (Klausberger et al., 2003) although at lower rates as reflected by inter-

spike intervals of 45 + 25 ms for basket cells and 20 = 17 ms for axo-axonic cells
(mean = s.d.). Because of lack of data from freely moving animals, it is not known if the

discharge of either cell types is entrained by gamma oscillations in the drug-free rat
hippocampus. Under anaesthesia, PV+ basket and axo-axonic cells in the CA1 area are
moderately or weakly coupled to oscillatory gamma cycles (30-80 Hz) with mean
vector lengths between 0.064 and 0.117 [(Tukker etal., 2007); see also Tukker thesis].
These values however might be influenced by urethane as suggested by the report, in
awake mice, of stronger PV+ basket cell modulation by both gamma- (r=0.18) and high
frequency epsilon oscillations (r=0.39) (Varga et al, 2012). Whether this higher
strength in gamma-coupling is true for other interneuron types and is consistent
between species remains to be investigated. During SWRs, PV+ basket cells increase
their firing rate in contrast to axo-axonic cells which are silent, both with and without
anaesthesia (Klausberger et al., 2003; Lapray et al., 2012; Varga et al., 2012; Viney et

al, 2013).

4.3.4 Rhythmic entrainment of pyramidal cell assemblies and generation of
networks oscillations

The influence of different interneuron types on hippocampal network activity
may be assisted by diversified GABAareceptor varieties with different kinetics (Banks
et al., 1998; Buhl et al., 1994a; Pearce, 1993) and by differential susceptibility to
neuromodulators (Armstrong and Soltesz, 2012; Cea-del Rio et al., 2010; Frotscher and
Léranth, 1985; Gulyas et al,, 2010; Hajos et al., 1997; Lawrence, 2008; Morales et al,,
2008; Szabé et al., 2010). In the hippocampal CA1 area, we recognise five distinct types
of parvalbumin-expressing interneuron: basket cells, axo-axonic cells, bistratified cells,
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0-LM cells and certain double-projection neurons (Somogyi, 2010). My results
demonstrate that the output of PV+ basket and axo-axonic cells, as well as that of
bistratified and O-LM cells (see chapter 5), changes dependent on the ongoing
behaviour hence supporting these suggestions. The activity of double-projection
neurons in freely moving rats remains to be defined.

The activation of GABAa receptors (Buhl et al, 1994a) in and around the
pyramidal cell layer induces inhibitory mechanisms which regulate the action potential
output of pyramidal cells and/or stop the phase-precession of their spikes (Harris et
al,, 2002). The preferential theta-phase related increases in firing rates of axo-axonic
and PV+ basket cells during exploration reflect enhanced GABA release onto the axon-
initial segment as well as the cell body and proximal dendrites of pyramidal cells on
the peak and descending slope of theta cycles, respectively. This action restricts the
pyramidal cell spike discharge to a short time window during theta cycles, and indeed,
pyramidal cells, on average, fire with the highest probability at the trough [see chapter
3; (Buzsaki, 2006; Dragoi and Buzsaki, 2006)]. Optogenetic silencing of unknown types
of PV+ cells increased the firing rates of pyramidal cells selectively in the rising parts
of their place fields corresponding to the descending phases of theta oscillations and
delayed their spiking to the trough (Royer et al., 2012).

As dicussed earlier, the gamma frequency spiking of PV+ basket cells during
theta episodes (Bragin et al., 1995; Buzsaki et al., 1983; Klausberger et al., 2003; Varga
et al, 2012) has led to suggestions that these interneurons contribute to
rhythmogenesis (Csicsvari et al., 2003; Gulyas et al., 2010; Hajos et al., 2004; Mann et
al, 2005; Penttonen et al, 1998). Moreover, inhibition of unidentified PV+ cells
supressed in vivo gamma oscillations in cortex (Sohal et al., 2009) and depletion of their

excitatory drive reduced the power of kainite-induced gamma oscillations leading to
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memory impairment (Fuchs et al.,, 2007). Indeed, recently, PV+ basket cells were
proven to perform gamma phasing of active CA3 inputs onto pyramidal cell
membranes critical for the generation of “gammaperisomatic” (60-100 Hz) field potential
oscillations at the trough of theta oscillatory cycles (Lasztoczi and Klausberger, 2014).
Axo-axonic cells, by gatekeeping the action potential initiation site, select and
time-restrict the firing of pyramidal cell assemblies. The periodic activation of axo-
axonic cells at 120 ms intervals phases pyramidal cell membranes to the theta rhythm.
In vivo, rhythmic photoactivation of unknown types of PV+ cells elicited postinhibitory
rebound spiking in pyramidal cells restricted to the theta (4-11 Hz) frequency band
(Stark et al., 2013). During SWRs, temporally compressed learnt sequences of cell
assemblies are replayed and transferred to the neocortex (Carr et al., 2011; Csicsvari
and Dupret, 2014; Davidson et al., 2009; Diba and Buzsaki, 2007; Foster and Wilson,
2006; Karlsson and Frank, 2009; Nadasdy et al., 1999; O’Neill et al., 2010; Skaggs and
McNaughton, 1996). The silencing of axo-axonic cells (Hajos et al., 2013; Klausberger
et al.,, 2003; Viney et al., 2013) results in the withdrawal of inhibition from the axon
initial segment of pyramidal cells allowing them to fire spikes. Via highly synchronous
discharges of CA1 pyramidal cells, initiated by SWR-entrained inputs from the CA3
area, information is relayed from the hippocampus to downstream cortical areas.
Because GABA can be depolarising dependent on the intracellular Cl- levels, a
controversy emerged about the postsynaptic effects of axo-axonic cells. It has been
shown that axo-axonic cells depolarise pyramidal cells in vitro and can trigger action
potentials in rat and human cortical pyramidal cells mainly recorded under whole cell
conditions (Khirug et al., 2008; Szabadics et al., 2006; Woodruff et al., 2009; Woodruff
et al,, 2011). However, the firing of pyramidal cell axons and the resultant recorded

excitatory postsynaptic potentials in brain slices may be an artefact due to the
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preparation; many pyramidal cells are truncated, axons may be separated from cell
bodies and still bearing intact axo-axonic cell innervation which may fire the axons in
the absence of a chloride pump located on the dendrites and soma (Szabadics et al.,
2006). Also, GABA was reported to be hyperpolarising along the entire membrane
surface of pyramidal cells (Glickfeld et al.,, 2009) and intact pyramidal cells have not
been demonstrated to fire action potentials in vivo upon axo-axonic cell input. [ found
that, during behaviour, identified axo-axonic cells discharge at high frequencies with a
temporal pattern inversely related to pyramidal cells [see also (Viney et al., 2013)]
which supports the original suggestion of pyramidal cells being inhibited rather than
excited by axo-axonic cell spikes (Somogyi, 1977).

The SWR-coupled rhythmic innervation of somatic and dendritic membranes of
pyramidal cells provided by PV+ basket cells and bistratified cells (Csicsvari et al.,
1999b; Lapray etal., 2012; Varga et al., 2012; Ylinen et al.,, 1995a) contributes to setting
rhythmic changes in excitability of pyramidal cells and their discharge as assemblies
(Cobb et al., 1995; Csicsvari et al., 1999b; Klausberger et al., 2003; Varga et al,, 2012).
Furthermore it demonstrates how these interneurons by generating network
oscillations at ripple frequencies (Ellender et al., 2010; Hajos et al., 2013; Klausberger
et al., 2003; Maier et al., 2003) may contribute to memory consolidation. The
involvement of PV+ basket and axo-axonic cells, together with several other GABAergic
interneuron types, in the regulation of pyramidal cell firing during exploration and

slow wave sleep will be discussed in the concluding chapter.
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5 GABAergic interneurons innervating
pyramidal cell dendrites

5.1 Introduction

The majority of GABAergic synapses innervating pyramidal cells are formed on
dendritic membranes across all hippocampal layers (Megias et al., 2001) and originate
from a diverse population of distinct GABAergic cell types (Somogyi, 2010). Grouped
as dendrite-targeting interneurons, the cells have been most extensively studied in the
CA1 region of the hippocampus, in rodents (Klausberger, 2009). At present, at least
fifteen distinct types of such interneuron can be identified, seven of which are long-
range projecting cells, known to target, beside local pyramidal cells, neurons in extra-
hippocampal areas (Gulyas et al., 2003; Jinno et al., 2007), including the entorhinal
cortex as reported in the mouse (Melzer et al., 2012). Some of their postsynaptic targets
are exclusively GABAergic interneurons (Gulyas et al., 2003; Jinno et al., 2007; Katona
et al,, 1999a). The cell types were categorised based on the differences found in the
layer-specific input and output synaptic organisations of the neurons and the different
combinatorial expression of neuropeptides (e.g., somatostatin, SOM; cholecystokinin,
CCK; neuropeptide tyrosine, NPY), calcium binding proteins (e.g., parvalbumin, PV;
calbindin, CB) and enzymes (nitric oxide synthase, NOS) (Somogyi, 2010).
Furthermore, findings about the in vitro and anaesthetised in vivo spike-timings of
these cells point towards cell-type specific differences between neurons. Taken

together, we predict that distinct dendrite-targeting GABAergic interneurons have
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evolved to provide temporally diversified inhibition of pyramidal cells at specific
domains along their dendrites. This fine-tuned inhibition may control action potential
generation via regulating dendritic excitability and integration and it may govern
learning-related synaptic plasticity (Dupret et al., 2010; Spruston, 2008).

Bistratified, oriens-lacunosum moleculare (O-LM), double projection, oriens-
retrohippocampal and large NOS+ cells are five such types of dendrite-targeting
GABAergic interneuron in CA1 (Baude et al., 1993; Jinno et al., 2007; Klausberger et al.,
2004; Somogyi, 2010) expressing somatostatin (Brazeau et al., 1973), a fourteen amino
acid neuropeptide that might have an overall inhibitory effect on cortex (Tallent,
2008). Somatostatin is often co-expressed with other neuropeptides and co-released
with amino acid neurotransmitters and acts on sst1-sst5 G protein-coupled receptors
distributed pre- (Boehm and Betz, 1997; Cammalleri et al., 2009; Tallent and Siggins,
1997) and/or postsynaptically (Moore et al., 1988; Schweitzer et al., 1998) on the
membranes of pyramidal cells and interneurons. This suggests that the primary role of
somatostatin-expressing interneurons is the regulation of dendritic inputs and
ultimately, signal integration. It is not known when GABA and/or somatostatin are
released by the distinct cell types and what would be their synergistic effects. Peptide
release is most likely predicted by high frequency firing needed for the exocytosis of
large dense core vesicles from the axon terminals (Takagi et al., 1983) and dendrites
(Ludwig and Leng, 2006). Therefore it is expected that the firing patterns of
somatostatin-expressing GABAergic interneurons are predictors of
GABA/somatostatin co-release and of their synergistic effects in the modulation of
postsynaptic neurons. What are the in vivo temporal dynamics of the hippocampal

dendrite-targeting neurons during different behavioural states in naive animals? How
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do these activity patterns determine the involvement of pyramidal cell assemblies in
encoding and/or retrieval of episodic memories?

The in vivo activity of somatostatin-expressing GABAergic interneurons is
largely unknown in the drug-free brain. Two such types of neuron are bistratified and
0-LM cells innervating non-overlapping dendritic zones of pyramidal cells associated
with the two major glutamatergic inputs to the CA1 network. The axons of bistratified
cells parallel the CA3 Schaffer collaterals targeting small and oblique dendrites in strata
radiatum and oriens (Buhl et al., 1994a; Klausberger et al., 2004), whereas O-LM cells
innervate the distal apical tuft which is the entorhinal cortical input zone (McBain et
al, 1994). This well-differentiated synaptic output organisation suggests that
interneurons have distinct cell-type specific roles in the modulation of information
flow and in the coordination of network events. Specifically, bistratified cells are in key
position to modulate the retrieval of internal hippocampal representations, whereas
0-LM cells are likely to gate the encoding of sensory information.

To date, only the spike-timing of O-LM cells has been reported in vivo from
awake head-fixed mice during distinct hippocampal oscillations (Varga et al,, 2012),
which however did not include sleep. Recently bistratified cells (Colmers et al., 1985)
were reported to control pyramidal cell output in vitro (Lovett-Barron et al., 2012).
Furthermore, the spike-timing of non-identified interneurons, was shown to be
network-state-dependent (Buzsaki, 2006; Ego-Stengel and Wilson, 2007; O'Keefe and
Dostrovsky, 1971; O'Keefe and Nadel, 1978; Ranck, 1973; Vanderwolf, 1969) being
influenced by theta oscillations during movement or large-amplitude irregular activity
during sleep. Under urethane anaesthesia, bistratified and O-LM cells had different
firing rates during “behaviourally relevant network oscillations”; the spikes of both cell

type were phase coupled to the trough of theta oscillations (3-6 Hz) and during SWRs
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(90-130 Hz) bistratified cells strongly increased their firing rates whereas 0-LM cells
stopped firing (Klausberger et al,, 2003; Klausberger et al,, 2004). Taken together,
these reports suggest differences in the behavioural and network state-related
temporal dynamics of somatostatin-expressing bistratified and 0-LM cells, and point
towards complex and selective spatio-temporal mechanisms of dendritic regulation.
Do the behavioural- and network-state-dependent discharges of these interneurons
correlate with the differences in their axonal termination fields? Also, are the observed
spike-timings consistent with the conditions necessary for the co-release of GABA and
somatostatin? I proposed the hypothesis that the diversification of somatostatin-
expressing interneuron types and the selective spatial distribution of their axons
predict that GABA and somatostatin are released with different temporal dynamics
from different GABAergic cells acting at distinct subcellular sites.

To test this, I recorded the in vivo spike-timing of single GABAergic cells
extracellularly in freely moving rats (Lapray et al., 2012) and labelled the cells by the
juxtacellular labelling technique (Pinault, 1996). I have identified five dendrite-
targeting interneurons expressing somatostatin: two bistratified and three O-LM cells.
Using existing methods and also developing new analysis, I investigated the activity
patterns of these interneurons, together with similar cells recorded by others in the

laboratory, during different behaviours.

5.2 Spike-timing of bistratified and O-LM cells in freely moving rats

The recording and labelling of single cells was performed using a glass electrode
in the dorsal CA1 of drug-free rats during sleep, movement and quiet wakefulness, as
described in previous chapters. I revealed the dendritic and axonal arborisations of the

labelled interneurons and tested them for the expression of cell-type specific
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combinations of molecules using immunohistochemistry. From a population of fifty
putative GABAergic cells (Table 3.1) I have identified five as somatostatin- and /or NPY-
expressing dendrite-targeting interneurons, which, based on the axonal arborisations,
were either bistratified (n=2, Table 3.1, Table 5.1; LK20p and LK27d) or O-LM cells
(n=3, Table 3.1, Table 5.1; LKO1lab, LKO6ah and LK13Kk). In order to facilitate the
generalisation of my results over a larger dataset, [ have analysed additional three
bistratified cells (Table 5.1, Table 5.2; K202j, TV21f, TV30d) and one O-LM cell (Table
5.1, Table 5.2; ZsB43d) recorded by colleagues in the group. In this chapter I present
data obtained from a total of five bistratified and four O-LM cells, recorded over an area
of 1.7 x 1.4 mm along the rostro-caudal and medio-lateral axes of the hippocampal CA1

area (Figure 5-1). These data were also reported in Katona et al. (2014).

5.2.1 Input and output synaptic organisation of bistratified and O-LM cells
in the CA1 area

Bistratified cell somata (n=4/5 recovered) located in stratum pyramidale or at
the border with stratum oriens (Figure 5-1, Figure 5-2A,G) gave rise to mainly radially
branching dendritic trees (n=3/5 recovered; note exception Figure 5-2G) and the axon
collaterals invaded strata oriens and radiatum (n=3/5 recovered). When measured, the
axonal extent of a well-labelled cell (Figure 5-2A) was 2.4 mm medio-laterally and 1.7
mm rostro-caudally, confirming previous results obtained in vivo (Klausberger et al.,
2004). Cell bodies (n=4/4 tested) were immunopositive for NPY (Figure 5-2B,I and
Table 5.1) and dendrites and the axon expressed parvalbumin (PV, Figure 5-2C,H).
Only axon and some dendrites were recovered from the fifth interneuron (TV30d). The
latter were immunopositive for parvalbumin (Table 5.1), which together with the

axonal distribution let me identify the neuron as a bistratified cell. When tested, somata
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were immunopositive for somatostatin (n=3/4 tested, Figure 5-2B) (Klausberger et al.,
2004), for the metabotropic glutamate receptor type 1 alpha (mGluRla;n=1/2
tested) and one expressed the transcription factor Satb1 (Huang et al., 2011) (n=1/3
tested, Table 5.1). The somatic and dendritic membranes of all three tested bistratified
cells were enriched in tyrosine-protein kinase receptor ErbB4 (Fazzari et al., 2010)
(Figure 5-2D).

0-LM cells (n=4) with horizontal spiny dendrites (n=4/4 recovered) were
recorded in stratum oriens (Figure 5-1, Figure 5-4A), and had main axons running into
stratum lacunosum moleculare (n=3/4 recovered) arborizing densely within the layer
(Figure 5-4A). The axon of a well labelled O-LM cell (Figure 5-4A) measured 0.6 mm
medio-laterally and 1.1 mm rostro-caudally. Because of weak labelling, for one O-LM
cell (LKOlab) I only recovered the cell body and some dendrites. When tested, all
somata (n=4/4 tested) were immunopositive for somatostatin (Figure 5-4B) and,
together with the dendrites, their membranes were enriched in mGluR1a (Figure 5-4D)
and decorated by the metabotropic glutamate receptor type 7 alpha (mGluR7a)
immunopositive boutons (4 /4 tested, Table 5.1). O-LM cells were immunopositive for
parvalbumin (n=3/4 tested) (Figure 5-4C), for the zinc finger protein transcription
factor Fog-2 (Zfpm2, n=3/3 tested) (Figure 5-4E) and for the extracellular leucine-rich
repeat fibronectin containing protein type 1 (Elfn1, n= 2/2 tested) (Sylwestrak and
Ghosh, 2012) (Figure 5-4F). I have not found calbindin or NPY expression in any of the
tested O-LM cells (Table 5.1).

In contrast to their similar horizontal axonal length, the transmitter releasing
terminals of bistratified and O-LM cells are nearly completely separated in different
layers, paralleling different glutamatergic inputs to pyramidal cells on segregated

dendritic membrane domains. In order to test the hypothesis that spatial segregation

135



correlates with differences in spike-timing, I first segmented the recorded action
potential time series according to sleep, movement and quiet wakefulness, and then I
compared the cell types in terms of their firing dynamics during these different
behavioural states (Table 5.2-Table 5.5). For the extraction of behaviourally relevant
time windows I performed quantitative analyses (Lapray et al., 2012) of motion
tracking and of local field potential (LFP) measurements in the cortex and in the

hippocampus (Figure 5-2E,F, Figure 5-4G,H).

5.2.2 Behavioural-dependent firing rates and spiking patterns of
GABAergic interneurons

Seeking for novel in vivo functional relationships between hippocampal
interneurons, I compared the firing rates of the dendrite-targeting PV+ and
somatostatin-expressing bistratified and O-LM cells with the recently reported firing
rates of PV+ basket cells (Lapray et al., 2012). The latter is a type of interneuron that
targets cell bodies and proximal dendrites and does not express any known
neuropeptides. One of the five published PV+ basket cells (LK08c) was recorded and
analysed by me and presented in the previous chapter (Figure 4-1, Figure 4-2 and Table
4.1-Table 4.3). Specifically, I aimed to reveal the effects movement and sleep may have
on the activity of the three cell types (Table 5.3-Table 5.5).

Behavioural states, such as movement and sleep, influence the firing rates of
bistratified (n=5), O-LM (n=4) and PV+ basket cells (n=5) (Lapray et al., 2012)
differently (repeated-measures ANOVA, F210=4.81, p=0.0343 for the interaction
between the factors cell type and behavioural state; Figure 5-5A and Table 5.2, Table
5.3). During sleep, the mean firing rates of both bistratified and PV+ basket cells were

significantly higher by 16.9 and 19.2 Hz, respectively, than that of O-LM cells
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(t(10)=2.35, p=0.0407, for bistratified cells; t(10)=2.75, p=0.0204, for PV+ basket
cells). As expected, most ISIs (Figure 5-5B, Figure 5-6) of bistratified cells
corresponded to high instantaneous firing frequencies (IFs) (5-12 Hz, 7.5%; 12-30 Hz,
11.9%; 30-100 Hz, 36.4%; 100-250 Hz, 35.1%; Figure 5-3B) as further evidenced by a
peak in close proximity to zero in the autocorrelograms (Figure 5-5B and Figure 5-6).
In contrast, ISIs of O-LM cells were more often in the theta and beta frequency ranges
(5-12 Hz, 25.5%; 12-30 Hz, 25.3%; 30-100 Hz, 29.9%; 100-250 Hz, 8.8%).

During movement, the autocorrelograms of both bistratified and 0-LM cells
presented repetitive peaks every 150 ms (Figure 5-5B, Figure 5-6), demonstrating
theta-rhythmic firing. During these time periods the instantaneous firing rate of the
neurons was frequently in the gamma range (30-100 Hz, 42.2% and 50.4%,
respectively). Bistratified cells (29.2%), but not O-LM cells (5.2%), discharged
repeatedly with ISIs shorter than 10 ms (IF>100 Hz; Figure 5-3A). Moreover, the mean
firing rate of bistratified and O-LM cells was higher during movement than that during
sleep, by 25.1% and 75.6%, respectively. Conversely, PV+ basket cells decreased their
mean firing rates during movement by 22.9% as compared to sleep.

Despite these observations, post hoc pairwise comparisons showed no
significant difference (Table 5.3, p>0.05) between the movement-related mean firing
rates (Figure 5-5A) or between the quiet wakefulness-related mean firing rates (Table
5.4) of the different interneuron types. Nor did the evident difference between the
mean firing rate of cell types during movement as compared to their firing rates during
sleep reach statistical significance levels (Table 5.3, p>0.05), which could be due to the
large cell to cell variability. Thus, the changes in firing rates of bistratified, O-LM and

basket cells were cell-type specific and behaviour-dependent.
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5.2.3 Differential recruitment of bistratified, O-LM and PV+ basket cells
during hippocampal network oscillations

At specific times during behaviour, in the hippocampus, distinct rhythmic
network activities emerge from the cooperative activity of specialised neuronal
assemblies. Using quantitative detection criteria (Lapray etal.,, 2012), each behavioural
state can be segmented into epochs of such rhythmic network events. In our LFP
measurements, | have detected theta oscillations (5-12 Hz, Figure 5-2E, Figure 5-4G)
during movement, sharp wave associated ripples (SWRs, 130-230 Hz, Figure 5-2F,
Figure 5-4H, Figure 5-8A,B) during sleep and wakefulness, and low oscillatory periods
(LOSC) which are often associated with state transitions (Lapray et al., 2012). The
participation of GABAergic interneurons in oscillatory network events might be

reflected in their firing rates.

Firing rates and spiking patterns

The mean firing rates of bistratified (n=5), O-LM (n=4) and PV+ basket cells
(n=5) (Lapray et al,, 2012) were different during theta oscillations, SWRs and LOSC
(repeated-measures ANOVA, Fs21=22.27, p<0.0001 for the interaction between the
factors cell type and network-oscillatory state; Figure 5-7A and Table 5.2, Table 5.3).
During SWRs, the mean firing rates of bistratified and PV+ basket cells were
significantly higher by 94.6 Hz and 109.6 Hz, respectively, than that of O-LM cells
(t(21)=8.75, p<0.0001, for bistratified cells; t(21)=10.14, p<0.0001, for PV+ basket
cells). As confirmed by the ISI distributions and the autocorrelograms (Figure 5-7C),
the discharge of bistratified cells corresponded to IFs above 100 Hz (ISI 4 to 10 ms,
67% of n=1486), in contrast, O-LM cells fired much less in this high frequency range

(33.8% of n=86).
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During theta oscillations (Figure 5-7C), the cells were spiking rhythmically and
the largest proportions of ISIs for both bistratified and O-LM cells were within 10 to 33
ms corresponding to the gamma frequency range (41.4% and 44.2%, respectively).
Consequently, the mean firing rate of bistratified cells was significantly (by 73.3%)
decreased (t(21)=7.45, p<0.0001), whereas the mean firing rate of O-LM cells was
strongly (by 55.7%) increased, as compared to mean firing rates during SWRs. During
LOSC, the two cell types had similar spiking patterns to those during theta oscillations
(Figure 5-7C). Furthermore, the mean firing rates between cell types during theta
oscillations or during LOSC (Table 5.3, repeated-measures ANOVA, post hoc pairwise
comparisons) were not significantly different. Thus, the mean firing rates of these
GABAergic neurons were influenced differentially by distinct network oscillatory

states.

Firing during theta- and ripple oscillations

The specialised spike-timing of GABAergic interneurons can also be analysed
relative to the phase of theta oscillatory cycles, reflecting on their postsynaptic effects
on pyramidal cells, which fire strongest, on average, at the trough of theta oscillations
(Buzsaki, 2006). [ determined that the two somatostatin-expressing interneurons also
fired mostly around the trough of theta oscillations recorded in strata pyramidale or
oriens (Figure 5-7B and Table 5.2). The mean theta phases of bistratified (2.4°+19.4°,
mean angle + angular deviation; n=5) and O-LM cells (341.6°+10.1°; n=4) did not differ
significantly [permutation test (Tukker et al., 2007)], difference 20.8°, p=0.1508).
Furthermore, the mean strength of phase coupling (r=0.33, for both) was also similarly
high (permutation test, difference 0.0009, p=1) for the two cell types (Figure 5-7B and

Table 5.2). Next, [ have compared these parameters to those reported for PV+ basket
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cells (mean angle=288.5°+44.4, mean r=0.15; n=5; Figure 5-7B) (Lapray et al., 2012).
The pooled phase angle and coupling strength of the neuropeptide-expressing
interneurons differed from those of PV+ basket cells (permutation tests, mean phase
difference, 64.4°, p=0.005; mean strength of phase coupling difference 0.1685,
p=0.0315).

Alternatively, I studied the firing dynamics of bistratified and O-LM cells during
SWRs, recorded either during sleep or wakefulness. Bistratified cells increased their
firing rate strongly during SWRs (Figure 5-8A,D). In contrast O-LM cells were mostly
silent during SWR events (Figure 5-8B,E). Using repeated-measures ANOVA (F15=7.64,
p=0.0396 for the interaction between the factors cell type and behavioural state), I
showed that bistratified cells (n=5) fired significantly more spikes per SWR than 0-LM
cells (n=4) (Figure 5-8C and Table 5.2-Table 5.4) during both sleep (t(5)=7.0,
p=0.0009, mean difference 4.6) and wakefulness (t(5)=5.62, p=0.0025, mean
difference 3.4). O-LM, but not bistratified cells, had higher SWR-related spike count
during wakefulness compared to sleep (t(5)=3.62, p=0.0152, mean difference 1.3, for
0-LM cells; t(5)=-0.5, p=0.6410, mean difference 0.9, for bistratified cells).

The firing probability of bistratified cells was higher during SWRs than during
periods of +0.5s before and after SWRs (Figure 5-8D). The firing rate during SWRs was
2 to 6 times higher (cumulative distribution functions, CDFs, p<0.05 for n=4 cells
during sleep; p<0.05 for n=4 cells during wakefulness; Figure 5-8F, Figure 5-9A and
Table 5.2) than expected from the activity outside SWR time periods. In contrast, on
average, 0-LM cells did not change their overall firing probability during SWRs (Figure
5-8E). However, I have observed decreased or rarely increased firing rates during
individual SWRs, and individual O-LM cells also slightly but significantly changed firing

rates during SWRs in either directions (e.g., LK13Kk). During wakefulness, the firing rate
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during SWRs was significantly lower for one O-LM cell and higher for the other three
cells than during sleep-SWRs (cumulative distribution functions, p<0.05 for n=4 cells;
Figure 5-8G, Figure 5-9B and Table 5.2). During sleep-SWRs, the mean rates were
significantly decreased for two cells and increased for one cell (cumulative distribution

functions, p<0.05 for n=3 cells; Figure 5-8G, Figure 5-9B and Table 5.2).
High frequency firing and potential peptide release

High frequency action potential bursts are potential predictors of neuropeptide
release. Next [ investigated when could GABA/somatostatin be co-released by
bistratified (n=5) and O-LM cells (n=4) based on their “burst-firing” during SWRs or
theta oscillatory cycles. I detected action potential burst patterns in the spike trains of
each cell, consisting of at least three consecutive action potentials of ISIs, each <12 ms
during individual oscillatory network events. Bistratified cells fired such bursts (Figure
5-2E,F, Figure 5-8A) during 55.2 * 4.7% of events (mean * s.e.m.) overall, significantly
more (repeated-measures ANOVA, F1,7=56.24, p=0.0001, for the factor cell type) than
0-LM cells (Figure 5-4G,H, Figure 5-8B), which rarely emitted such bursts (2.7 + 5.2%).
This difference in the probability of bursting between bistratified and 0-LM cells was
independent of the network oscillatory event (Table 5.3, Table 5.4). I found similar
differences also when testing for the occurrence of four consecutive action potentials
having each ISI <12 ms. Furthermore, bistratified cells fired bursts of three action
potentials more frequently (2.8 £ 0.7 Hz; mean * s.e.m.) than O-LM cells (0.4 + 0.7 Hz),
independent of behaviour (repeated-measures ANOVA, F17=5.90, p=0.0455 for the
factor cell type), suggesting that bistratified, but not O-LM cells, may release

neuropeptides during both movement and sleep. Thus, O-LM cells may be more
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selective in their release of somatostatin compared to bistratified cells during different

behaviours.
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Figure 5-1 Recording locations of labelled bistratified (red, n=5) and O-LM (blue, n=4)
cells in the CA1 area.

Location of individual somata in strata oriens and pyramidale are shown in schematic coronal
sections from rostral to caudal direction, from left to right of the right hemisphere. Dark shaded
areas delineate the pyramidal cell layer and the granule cell layer (blue) in the dentate gyrus.

Scale bar, 1 mm.
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Figure 5-2 Behaviour-related activity patterns of identified bistratified cells.

A. Reconstruction of the soma, complete dendritic tree (red, n=11 sections) and representative
part of the axon (black, 3 out of 24 70-um-thick sections; axonal origin, arrow). Note the selective
axonal arborisation in strata oriens and radiatum, avoiding strata pyramidale and lacunosum-
moleculare. B. The cell body (arrow) was immunopositive for NPY and somatostatin; a
neighbouring neuron (asterisk) was immunopositive only for NPY (confocal microscopy; single
optical section, 0.7 um). C. The dendrite (arrowhead) and axon (arrow) were immunopositive for
parvalbumin (maximum intensity projection, z-stack, height 5.2 um). D. The dendritic membrane
of another labelled bistratified cell (LK27d, G) contained high levels of ErbB4 receptor (maximum
intensity projection, z-stack, height 15.0 um). E. The bistratified cell increased its firing rate and
changed to a more regular rhythmic pattern at behavioural transition from quiet wakefulness to
movement. F. Action potentials of another identified bistratified cell (TV21f) during slow wave
sleep. Note the SWRs-related (asterisks) strong increases in the firing rate. G. Reconstruction of
the soma, complete dendritic tree (red, n=9 70-um-thick sections) and representative part of the
axon (black, 3 out of 20 70-um-thick sections; axonal origin, arrow) of a horizontal bistratified
cell. Note the preference in the axonal innervation towards stratum oriens. Collaterals also entered
stratum radiatum but to a much lower extent. H. The dendrite (arrowheads) was immunopositive
for parvalbumin (maximum intensity projection, z-stack, height 3.1 um). I. The cell body (arrow)
and a neighbouring non-labelled axon (arrowhead) were immunopositive for NPY. (maximum
intensity projection, z-stack, height 3.9 um). Scale bars, A,G 100 um; B,C,D,H,I 10 um. See also
Figure 5-1.
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Figure 5-3 Firing patterns of bistratified cells during movement and sleep
demonstrating short inter-spike intervals.

A. Spike train of a bistratified cell during movement. Note preferential timing of most spikes
around the trough of the theta-oscillatory LFP (band-pass filtered 0.3-500 Hz). Inset,
autocorrelogram of the interneuron. Note refractory period (5 ms time bins). B. Top, spike train
of a bistratified cell during sleep (band-pass filtered 0.8-8 kHz). Bottom, spike train at higher
temporal resolution revealing uniform spike shapes. Inset, autocorrelogram of the interneuron.

Note refractory period (5 ms time bins).
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Figure 5-4 Behaviour-related activity patterns of identified O-LM cells.

A. Reconstruction of the soma, complete dendritic tree (blue, n=11 sections) and representative
axon collaterals (black, 3 out of 15 70-um-thick sections; the main axon originated from a
dendrite, arrow). Note the dense axonal plexus in stratum lacunosum moleculare, and the lack of
innervation of other layers. B. The cell body was immunopositive for somatostatin (depth-cued
projection z-stack, height 28.7 um). C. Dendrites (arrows) contained low levels of parvalbumin
immunoreactivity (projection of two non-consecutive optical sections, 0.7 um each). D. The
dendritic membrane was enriched in mGluR1a (maximum intensity projection z-stack, height 2.0
um). E. Fog-2 was detected in the cell body of another identified O-LM cell (single optical section,
0.7 um). F. The dendrites of another recorded O-LM cell (ZsB43d) were immunopositive for Elfn1
(single optical section, 0.7 um). Scale bars, A, 100 um; B-F 10 um. G, H. The rhythmic firing of
the O-LM cell during movement (G) became irregular during slow wave sleep (H). The cell did not

appear to change its activity in relation to SWRs (asterisks). See also Figure 5-1.
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Table 5.1 Molecular expression profiles of interneurons.

Immunohistochemical test

Cell type Cell SOM NPY PV CB mGluRla mGluR7a Elfn1/2 ErbB4 Fog-2 Satbl

+ + + nt nt nt nt nt nt nt
Bistratified ~ K202j s S s
cells + + + o = nt S + nt +
LK20p s,d s sd d s,d d d S
nc + + nc - - - + - nc
LK27d S s sd s d d d d S S
+ + nc + nt nt nt = nc
TV21f S S S S S S S
nc nc + nt nc nt nt + nt nt
TV30d a a d d d
+ - + nc + + nt nt nc nt
0-LM cells LKOlab sd S d s s,d d S
+ - + - + + nt nt + nt
LKO6ah s,d S d sd d d S
+ - + - + + + nt + nt
LK13k S S d sd s,d d d S
+ - - - + + + nt + nt
ZsB43d S S sd s d d d S

+, immunopositive; -, no immunoreactivity detected in the cell, while other immunopositive cells were
documented nearby; nc, not conclusive; nt, not tested; s,d,a, tested on soma, dendrite or axon.
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Figure 5-5 Behavioural-state-dependent firing patterns of bistratified, O-LM and PV+
basket cells.

A. Left, The differences in firing rates between cell types changed with behavioural states
(repeated-measures ANOVA, F2,10=4.81, p=0.0343 for the interaction between the factors cell
type and behavioural state). Right, box plot of cell-type and behavioural-state-dependent firing
rates (horizontal line, median); M, movement; S, sleep. B. Inter-spike interval distributions and
autocorrelograms (mean £ s.e.m.) of bistratified (red) and O-LM (blue) cells during movement
(top) and sleep (bottom). 7op, during movement, the largest proportion of inter-spike intervals
of bistratified (42.2%) and O-LM cells (50.4%) were between 10 to 33 ms corresponding to
gamma frequency firing (30-100 Hz). Bistratified cells, but not O-LM cells, fired frequently
(29.2%) with <10 ms intervals (>100 Hz, arrowheads). Note repetitive peaks in the
autocorrelograms at every 150 ms. Bottom, during sleep, bistratified cells fired most frequently
within fast frequency ranges (30-100 Hz and 100-250 Hz) discharging action potentials at
intervals as short as 4 to 33 ms. In contrast, O-LM cells, fired proportionally mostly at lower
instantaneous frequencies with 10 to 200 ms intervals (arrowheads). Note logarithmic time scales
for ISI plots limited to 200 ms and time axis on the autocorrelograms limited to 300 ms, bin width

was set to 5 ms. See also Figure 5-6 and Table 5.5.
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Figure 5-6 Individual inter-spike interval (ISI) and instantaneous frequency (IF)
distributions and autocorrelograms of bistratified and O-LM cells.

A. Left, 1SI distributions and inset autocorrelograms (mean % s.e.m., solid and dashed lines) from
all bistratified cells (individual cells, shades of grey; mean red) were calculated during sleep (top,
n=4 cells) and movement (bottom, n=5 cells). Individual ISI distributions were more similar
during sleep than during movement; TV21f had shorter ISIs than the other bistratified cells. Right,
corresponding IF distributions across frequency ranges. B. Left, ISI distributions and inset
autocorrelograms (mean * s.e.m., solid and dashed lines) from all O-LM cells (individual cells,
shades of grey; mean blue) were calculated during sleep (top, n=4 cells) and movement (bottom,
n=4 cells). Distributions were more similar during sleep than movement. Right, corresponding IF
distributions. Note logarithmic time and frequency scales limited to 200 ms and 250 Hz,

respectively and time axis on the autocorrelograms limited to 300 ms, bin width was set to 5 ms.
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Figure 5-7 Activity of bistratified, O-LM and PV+ basket cells during hippocampal
network oscillations.

A. Left, Different network-oscillatory states had different effects on the mean firing rates
(repeated-measures ANOVA, F4,21=22.27, p<0.0001 for the interaction between the factors cell
type and network-oscillatory state). Right, box plot of cell-type-specific and oscillatory-state-
dependent firing rates; T, theta oscillations; S, SWRs; L, LOSC. B. Preferred firing phases of
bistratified, O-LM (top) and PV+ basket cells (bottom) during theta oscillations. 7op, bistratified
(red circles, individual cells; dark coloured line, mean frequency; red area, s.e.m.) and O-LM cells
(blue circles and area) increased their firing probability around the trough of the theta cycle. The
mean phase difference (20°) between the cell types (arrows) was not significant (permutation
test, p=0.1508). The mean strength of phase coupling (r=0.33, for both) was similarly strong for
both cell types. Bottom, conversely, PV+ basket cells (white circles and area) fired at significantly
earlier phases of the theta cycle (permutation test, p=0.005) and showed weaker phase coupling
(r=0.15). C. Inter-spike interval distributions and autocorrelograms of bistratified (red) and O-
LM (blue) cells during theta oscillations (top), SWRs (middle) and LOSC (bottom). 7op, during
theta oscillations, bistratified cells fired spikes mostly (70.6%) at intervals between 4 to 33 ms
corresponding to fast instantaneous firing frequencies (30-250 Hz, arrowheads); O-LM cells rarely
fired within the 100-250 Hz range (4-10 ms, arrowheads, 3.3%). Note repetitive peaks in the
autocorrelograms at every 150 ms. Middle, during SWRs, both cell types increased their
instantaneous rates, although O-LM cells fired rarely. Bistratified cells fired mostly above 100 Hz
(arrowheads, 67.0%), whereas a smaller proportion (33.8%) of O-LM cell inter-spike intervals
were within 4 to 10 ms (100-250 Hz, arrowheads). Bottorn, the distributions during LOSC were
similar to those during theta oscillations. Note logarithmic time scales limited to 200 ms and time

axis on the autocorrelograms limited to 300 ms, bin width was set to 5 ms. See also Table 5.5.
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Figure 5-8 Firing activity of bistratified and O-LM cells during SWRs.

A. Bistratified cells increased their firing rate strongly around and during SWRs (red asterisks).
Top, LFP measured by the extracellular glass electrode in stratum pyramidale; midd/e, LFP band
pass filtered (130-230 Hz); bottorn, action potentials of the recorded and labelled bistratified cell.
B. O-LM cells were silent during the majority (left), but not all (right) SWR events (blue asterisks,
both periods during sleep). C. Comparison of mean spike count per SWR of bistratified (n=5) and
O-LM cells (n=4) recorded during sleep and wakefulness. The difference in spike counts between
cell types depended on the behavioural state during which the SWRs occurred (repeated-
measures ANOVA, Fi15=7.64, p=0.0396 for the interaction between the factors cell type and
behavioural state). D, E. Raster plots and average firing probability (top) of bistratified (D) and
O-LM (E) cells relative to SWR events (w, wakefulness; s, sleep). Bistratified, but not O-LM cells,
fired with higher probability during SWRs (coloured bars in histogram) compared to the £ 0.5 s
(grey) surrounding the peak of SWR events. Note that the increase in firing of bistratified cells
during SWRs was often apparent before and continued after the events (see also raster plots).
Overall, the firing probability of O-LM cells did not change during SWRs (blue bars in histogram);
they decreased or rarely increased their firing probability. Spike raster plots were aligned to the
peak SWR power. Coloured lines delineate the beginnings and ends of aligned SWRs and
surrounding SWR episodes. F, G. Examples of SWR-related firing rates of bistratified and O-LM
cells, during sleep (left) and wakefulness (right). The distribution of measured firing rates per
individual SWR are displayed as cumulative distribution functions (CDF). The distribution of
bistratified cell firing rates (red) was significantly different from the median (black) of the
surrogate sets (2-sample Kolmogorov-Smirnov test , p<0.05), and the right shift demonstrates
an increase over the full range of firing rates. Surrogate sets of 1000 firing rate-distributions
(grey; median, solid black line; 95% confidence intervals, broken lines). Insets, comparison of
mean SWR-related firing rate (coloured lines) with the distribution of surrogate mean SWR-related
rates (black lines). The bistratified cell (red) was always strongly activated by the SWRs (relative
to the surrogate CDF, p<0.05 for sleep; p<0.05 for wakefulness). The measured distribution of
the O-LM cell was also significantly different from the median (black) of the surrogate set (2-
sample Kolmogorov-Smirnov test, p<0.05). The shift to the left or right of the measured CDF
over part of the surrogate firing rate range indicates decreased or increased firing of the O-LM
cell, respectively. Insets, during sleep, the mean firing rate of the O-LM cell (blue) was not
different from the surrogate distribution (black). In contrast, during the awake condition, the
measured mean firing rate of the O-LM cell was significantly increased during SWRs (relative to

the surrogate CDF, p=0.035). See also Figure 5-9.
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Figure 5-9 SWR-related firing rate distributions of bistratified and O-LM cells, during
sleep and wakefulness.

A. Bistratified cells were activated by SWRs in all behavioural states (LK20p, no sleep period and
TV30d no wakefulness recorded). The distribution of measured firing rates per individual SWR are
displayed as CDFs. For bistratified cells, the measured distributions (red) were significantly
different from the medians (black) of the surrogate sets (2-sample Kolmogorov-Smirnov tests,
n=4 cells in total, p<0.05 for all cells), and the right shift demonstrates an increase over the full
range of firing rates. Insets, comparison of mean SWR-related firing rate (red lines), for each cell,
with the distribution of surrogate mean rates (black lines). Bistratified cells (red) were strongly
activated by the SWRs, their measured mean rates were between 2 to 6 times higher than the
means resulting from the surrogate distributions (relative to the CDFs for all four cells, p<0.05
for sleep; p<0.05 for wakefulness). B. O-LM cells changed significantly their firing rates during
SWRs (2-sample Kolmogorov-Smirnov tests, n=3 cells in total, p<0.05, for all cells). The shift to
the left or right of the measured CDFs (blue) relative to the median of the surrogate CDFs (grey)
over the full or part of the surrogate firing rate range indicates decreased or increased firing of
O-LM cells, respectively. Surrogate sets of 1000 firing rate-distributions (grey; median, solid black
line; 95% confidence intervals, broken lines). Insets, comparison of mean SWR-related firing rate
(blue lines), for each cell with the distribution of surrogate mean SWR-related rates (black lines).
During s/eep, the mean rates of LK13k and ZsB43d were decreased (probabilities given by CDFs,
p=0.004 for LK13k, p=0 for ZsB43d) and the rate of LKO6ah was increased (probability given by
CDF, p=0). For cells LKO6ah and LK13k in the awake condition, the measured rates were higher
than those expected from the surrogate sets. /nsets, comparison of mean SWR-related firing rates
(blue lines) with the distribution of surrogate mean SWR-related rates (black lines). The rate of
ZsB43d was decreased (relative to the CDF, p=0) and the rates of LKO6ah and LK13k were
increased (probabilities given by CDFs, p=0.01 for LKO6ah; p=0.009 for LK13k) during SWRs.

Note the differences in the dimensions of x axis between bistratified and O-LM cells in the insets.
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Table 5.2 Firing rates and patterns of interneurons.

Mean
number SWR-
of spikes  activity
Mean firing rate (Hz) per SWR  index?
g g g
=¥ =9
= 7 = 7 L=
- O theta O O
=] 4 I i 4 i~
o s Mean vector © 2 <
g a E - » o theta length 3 E 2 E
> o 8 D = @ hase of of s 2 z 2
© 7} = = 3 o p © = © =
Cell = n O = Iz = firing(®) firinga © © @©w ©
Bistratified cells
K202j 209 254 209 227 1251 154 22.1+714 022 80 70 6.1 58
LK20p 42.6 NA 23.6 40.7 957 151 6.2+59.9 045 NA 40 NA 34
LK27d 379 195 322 349 652 17.0 35094663 033 3.0 3.0 23 3
TV21f 586 39.5 56.7 60.7 1322 NA 21.3+608 044 85 6.0 21 23
TV30d 194 26.2 187 201 1158 14.7 330.6¥689 028 80 NA 52 NA
0-LM cells
LKO1ab 175 11.0 156 17.0 133 16.1 356.2+682 0.29 0.0 1.0 1 13
LKO06ah 185 9.2 153 169 168 159 333.1#674 031 1.0 15 16 1.6
LK13k 25.6 139 223 239 155 134 346.14594 046 00 10 04 1.5
ZsB43d 219 134 160 180 3.1 15.7 33134696 026 00 00 0.1 0.3

atheta modulation of firing [0,1], maximally correlated=1; see Experimental procedures in chapter 2.

bratio of the mean firing rate during detected SWRs to the mean firing rate during the surrogate ‘SWR’

population.
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Table 5.3 Statistical analyses.

Repeated-measures ANOVA of mean firing rates of histratified (BIC), O-LM amd Y+ basket (PVBC) cells during movement and sleep

Type 3 testof lixed efects

Effect df F P
cell typee 211 322 0.08
Estiavioural

, 110 155 024
i beraction 210 4.81 0.03

Post hoc palrwise comparisans

histratified 0-LM Fi'+ basket moverment vs sieep

df £ ] df E 1] df t P L i P
HC _-__'_———______ 1 235 M4 10 -k34 D074 10 154 12
0-LM 100 216 006 \‘\_\ 1 =275 002 w287 e
PVHC 10 -i84 DD 10 043 68 'I_II:;""-‘-ET'HE‘——SJI:EE_ 1 S R =

Repeated-measures ANOVA of mean firing rates of bistratified (BIC), 0-1LM and PV+ basket {PYBC) cells during theta oscillations, S$WRs and
LS

Type & test of fixed effects Pagt hoe palrwise comparisons
Theta ¥ s LOS0
Effect ) F p of t p df t p df t P
cell type 2,11 1897 00004 BlCws O-LM 21 1.58 13 £1 B35 =[L1HFF] 21 015 (hHH
;ﬂm 221 TRAT  <iLiHHH BICwsPYBC 21 144 15 21 147 iL1& I 0e7 34
mieraction 4,21 2227 L LR O-LMws PYBC 21 -7 By Il -10E4  <DulkMKL 21 .82 A2
bistratafied 0-LM PV basket
df t P df t P di t p
ThetawsSWRs 21 ~7 AT <0001 Z1 E4 .53 21 =1 L&k <1001
Thesavs LOSC: 21 1.85 LELH &1 D34 073 21 LoD 1R
EWRsvs LOSC 21 H.H3 <0.0D001 Z£1 -0.29 077 21 1Ll =L0001
Repeated-neasures ANOVA ol Irequency of burst fring of histratilied (BIC) and O-LM cells during movement amd sleep
Type 3 test of fixed effects Post hoe palrwise comparisons
BIC vg O-LM mavErment Vs alebp
Effect dr F B df I 1 dif t n
el type 1.7 59 D55 movement 6 239 5 BIC & [h54 38
behavioural stata 1Le ek L4467 steep & 179 011 LM & 22 (LE 2]
interaction 1Lb n25  DLe3IZT
Repeated-measures ANOVA of bursting probability of bistratified [BIC) and O-LM cells during theta cycles and $WHs
Type & est of fixved effects Post lree palrwise comparisons
BIC v= 0-LM Theta vs SWHs
Effect df F » df k p df 4 ]
cell type 17 S624 [LErL Theta 7 2.91 [ENLES ] BIC 7 -1.BB 11
oscillatory state 1.7 L DRI EWhs 7 486 D2 O-IM 7 -01F 050
lnteractioen 1.7 1.3 221
Repeated-measures ANOVA of mean spilke count of bistratified {BIC) and O-LM cells during awake- and sleep-5Wits
Type & test of ed elfects Past hoc palrwise comparisons
B v 0= Awrale vssleep
Effect df F p df t p of t P
o=l type 1.7 4249 L0003 ke 5 G562 003 BIC 5 =I5 L6
behavioural state 1.5 4.04 94 sleep 5 Tk (KRS LM 5 .62 (LRI F3
interaction 15 T4 k3%
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Table 5.4 Complementary statistical comparisons of firing rates, bursting probability
and spike counts of bistratified, O-LM and PV+ basket cells.

One-way Kruskal Wallis
ANOVA test
Comparison
Measure between Condition F p X2 p
Firing rates bistratified, O- movement 2.02 0.1788 2.5657 0.2772
LM and PV+ (2,11)
basket cells
sleep 6.68 0.0144 79813 0.0185
(2,10)
quiet wakefulness 2.28 0.1485 3.9057 0.1419
(211)
theta oscillations 3.75 0.0572 4.7057 0.0951
(2,11)
SWRs 23.73 0.0001 8.4629 0.0145
(2,11)
LOSC 23.09 0.0002 8.6044 0.0135
(2,10)
Bursting bistratified and theta cycles 741 0.0297 6 0.0143
probability 0-LM cells (1,7)
SWRs 27.38 0.0012 6 0.0143
(1,7)
Mean number bistratified and sleep-SWRs 49.59 0.0004 5.3333 0.0209
of spikes 0-LM cells (1,6)
awake-SWRs 23.76  0.0028 5.3333 0.0209
(1,6)
sleep-SWRs bistratified cells 0.33 0.5864 0.3333 0.5637
and awake- (1,6)
SWRs
O0-LM cells 136 0.2884 1.3333 0.2482
(1,6)
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Table 5.5 Point estimates of ISI distributions of bistratified and O-LM cells.

Median # interquartile range of ISI (ms)

Quiet
Cell type Cell Movement Sleep wakefulness
Bistratified cells K202j 204 + 373 132 + 223 159 =+ 311
LK20p 126 + 173 NA + NA 129 =+ 211
LK27d 133 + 143 150 *+ 269 135 + 16.8
TV21f 77 = 10.2 77 = 109 73 = 91
TV30d 258 + 434 174 + 298 228 * 425
0-LM cells LKOlab 26.0 * 66.4 65.6 = 1015 42.7 = 66.3
LKO6ah 39.2 + 446 548 + 119.6 418 = 60.2
LK13k 225 + 383 455 + 8738 262 = 451
ZsB43d 27.6 + 437 444 =+ 765 421 =+ 575
Cell type Cell Theta SWRs LOSC
Bistratified cells K202j 224 + 363 64 =+ 3.7 241 =+ 732
LK20p 132 + 194 62 + 43 209 £ 2109
LK27d 134 + 154 89 + 82 141 + 198
TV21f 76 = 99 49 + 29 NA + NA
TV30d 23.1 + 46.7 6.7 + 34 204 + 464
0-LM cells LKOlab 36.2 + 66.2 15.0 = 19.7 445 = 545
LKO6ah 389 + 543 149 =+ 193 458 =+ 53.0
LK13k 233 = 476 71 = 41 30.0 * 457
ZsB43d 382 + 538 201 = 54 435 = 60.1
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5.3 Discussion

The in vivo action potential firing of two types of identified somatostatin-
expressing dendrite-targeting GABAergic interneuron during natural behaviour in
freely moving rats shows similarities and striking differences. As suggested by the
divergence observed in their axonal terminal fields, the activity of bistratified cells
differed from that of O-LM cells and the differences changed according to behavioural
and oscillatory network states. During movement, both cell types fired high frequency
rhythmic bursts around the trough of theta cycles releasing GABA on segregated
dendritic domains of pyramidal cells. However, the theta time scale cooperation of the
two cell types contrasted with their differential firing relative to the simultaneously
occurring gamma oscillations (Tukker et al., 2007) or SWRs occurring during rest and
sleep. In our awake rats, bistratified cells fired with intra-burst frequencies in the
gamma range; in contrast, only a small proportion of spikes from O-LM cells showed
such instantaneous frequencies. Interestingly, in awake head-fixed mice 0-LM cell
firing was phase-modulated by the gamma (25-90 Hz) and epsilon oscillatory (90-
130) frequencies (Varga et al., 2012). During SWRs, bistratified cells fired strongly in
bursts, but O-LM cells fired only infrequently. Different frequencies of burst occurrence
of these cells suggest cell-type specific mechanisms and conditions underlying peptide
release. The results demonstrate that GABA and somatostatin are released to distinct
dendritic zones of CA1l pyramidal cells differentially coordinating inputs from

entorhinal cortex and CA3 both during sleep and wakefulness.

5.3.1 Intrinsic cellular properties and synaptic afferents
Cell-type specific intrinsic cellular properties together with the activity of

distinct afferent synapses could explain the spike-timing of bistratified and O-LM cells.

163



Recurrent collaterals of CA1 pyramidal cells are a common source of glutamate for the
two interneuron types, but their postsynaptic action is differentiated. Synapses formed
on bistratified cells show short-term depression (Ali et al, 1998), whereas the
terminals recruiting O-LM cells have low release probability and show strong
frequency facilitation (Ali and Thomson, 1998; Losonczy et al., 2002). Furthermore,
these axons are the main glutamatergic drive of O-LM cells (Blasco-Ibanez and Freund,
1995). Another glutamatergic input is provided by the pyramidal cells in CA3 via their
Schaffer collaterals. The termination zone of these axons overlaps completely with the
dendrites of bistratified cells suggesting the relevance of this input to this cell type.
Interestingly, Schaffer collaterals do not appear to target O-LM cells (Kim et al., 2012).
The strength of pyramidal cell-interneuron connections changes during learning as
cell assemblies form (Dupret et al., 2013), and the firing of such pairs of neuron can be
either positively or negatively correlated (Dupret et al,, 2013; Hangya et al., 2010).
Somata and/or dendrites of both somatostatin-expressing interneurons may be
innervated by entorhinal cortical afferents in the alveus, but the strength of such
connectivity is unknown. It is likely that this input, if it exists, is substantially smaller
than those from CA1 and CA3 pyramidal cells. Furthermore, bistratified and O-LM cells
receive inhibitory synapses originating from other local GABAergic interneurons and
possibly from the medial septum. Indeed, medial septal GABAergic afferents were
shown to target somatostatin-expressing interneurons in CA1 (Gulyas et al., 1990).
Cholinergic inputs, arriving from the septum activate O-LM cells via nicotinic
acetylcholine receptors (Leao et al,, 2012; Lovett-Barron et al., 2014) and contribute to
the increased firing of the interneurons during arousal.

According to their mean firing rates, bistratified, O-LM and parvalbumin-

expressing basket cells (Lapray et al, 2012) are similarly active during theta
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oscillations. However, the cell types differentiate in their preferential spike-timing
during individual theta cycles. The dendrite-targeting interneurons are maximally
active around the theta troughs measured in the pyramidal layer. This preferential
theta phase firing of bistratified and O-LM cells is partly suggested by their shared
inputs from pyramidal cells, which, on average, also fire at highest probability around
the troughs of theta cycles (Buzsaki, 2006). This was also predicted from tetrode
recorded interneurons in the pyramidal layer (Czurké et al, 2011) but cell type
identities could not be assessed. The repetitive pyramidal cell firing over several theta
cycles can activate both 0-LM (Losonczy et al., 2002) and bistratified cells, however
this excitatory effect is unlikely to explain the sharp phase tuning of the somatostatin-
expressing cell types because the phase-modulation of pyramidal cells as a population
is shallow. The spike-timing of these interneurons is more likely to be coordinated by
counter-phased inhibition around the peak of pyramidal layer theta.

The medial septal GABAergic input, if shared by O-LM and bistratified cells,
might explain the relatively strong theta modulation and precise phase coupling of the
interneurons to theta troughs. One population of parvalbumin positive septal
GABAergic neurons, with a discharge that was temporally leading hippocampal theta
(Hangya et al., 2009), produced rhythmic firing around the peak of theta oscillations
under anaesthesia (Borhegyi et al., 2004). But, whether such neurons project to the
hippocampus and innervate bistratified and O-LM cells has not been established. The
possible phase-modulation of O-LM cells by medial septal neurons is further suggested
by the in vitro recorded large-amplitude perisomatic input to these cells during theta-
like activity (Chamberland et al., 2010). As parvalbumin positive basket cells are
relatively weakly theta-modulated [see chapter 4; (Lapray et al., 2012; Varga et al,,

2012)] and fire earlier during the theta cycle, their inhibition probably is not provided
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by the same medial septal GABAergic cells. Hippocampal interneurons firing at the
peak of the LFP theta cycles may provide the local GABA out of phase with 0-LM and
bistratified cell firing, thus contributing to their theta modulation. In the mouse,
bistratified cells are strongly targeted by other parvalbumin positive interneurons
(Lovett-Barron et al., 2012). However, neither axo-axonic cells (Klausberger et al,,
2003; Viney et al., 2013) nor parvalbumin-expressing basket cells are likely to provide
this input, since these interneurons either exclusively innervate pyramidal cells
(Somogyi et al., 1983), or their spikes significantly overlap with those of bistratified
cells, respectively. Bistratified cells were suggested (Ego-Stengel and Wilson, 2007) to
be some of the unidentified interneurons that show phase precession (Maurer et al.,
2006). Under our conditions, these cells do not significantly phase precessed in their
firing as evidenced by the sharp theta phase locking to the LFP theta. However, it
cannot be excluded that the relatively little phase precession in our sample of
interneurons is due to the animals’ slow and limited movement (Ego-Stengel and
Wilson, 2007).

During SWRs, the strong activation of bistratified cells is likely to be due to the
higher release probability of their input synapses and their simultaneous activation by
CA1 and CA3 pyramidal cells, in contrast to O-LM cells, which are only weakly affected
by the average 1-2 action potentials fired by single local pyramidal cells. Overall, 0-LM
cells decreased their firing rates during SWRs, and were silent during at least some
such events. Their silencing may be determined by their weak glutamatergic drive and
some inhibitory input activated during SWRs. Beside the population of parvalbumin
positive theta-inhibiting medial septal neurons, O-LM cells are also known to be
targeted by a population of VIP-expressing, interneuron-specific GABAergic IS-III cells

(Acsady et al., 1996b; Chamberland et al., 2010; Gulyas et al., 1990). Unfortunately, the
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activity patterns of neither of these GABAergic inputs are known in vivo. Interestingly,
in the mouse, O-LM cells fired at higher rates during SWRs in vitro in the CA1 (Pangalos
etal., 2013) and the CA3 areas (Hajos et al., 2013) and in vivo (Varga et al., 2012). This
is different from the lack of change in the firing relative to peri-SWR periods, or the
inhibition of O-LM cells during SWRs reported here. These discrepancies may be due
to species differences, loss of some inhibitory connectivity in vitro and a relatively
higher firing rate during quiet wakefulness compared to sleep. | have found that O-LM
cells reported here fired significantly more during awake-SWRs than during sleep-

SWRs.

5.3.2 Anaesthesia influences neuronal firing and network dynamics

The comparison of in vivo spike-timing of bistratified and O-LM cells recorded
from freely moving rats with that recorded under anaesthesia provides novel insights
into the influence of anaesthetics on the hippocampal circuitry. Urethane and
ketamine-xylazine reduced the frequency of theta- and gamma oscillations and SWRs
(Soltesz and Deschenes, 1993; Tukker et al,, 2007; Ylinen et al.,, 1995a; Ylinen et al,,
1995b) and attenuated the effects of extra- and intrahippocampal excitatory inputs
(Kamondi et al., 1988). Furthermore, urethane may affect the excitability of individual
neuron types through the potentiation of GABAa and nicotinic acetylcholine receptors
and the inhibition of NMDA and AMPA receptors (Hara and Harris, 2002; Lawrence,
2008). Low doses of ketamine-xylazine have similar effects to those of urethane, but
the precise network mechanisms remain unknown.

Some of these mechanisms may contribute to the reduced firing rates of

bistratified (by 64.0 = 9.3 Hz, mean * s.e.m. during SWRs; by 29.9 = 9.3 Hz during

theta oscillations) and O-LM cells (by 11.9 = 3.0 Hz during SWRs; by 14.1 = 3.0 Hz
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during theta oscillations) recorded under anaesthesia compared to their rates
recorded during behaviour (repeated-measures ANOVA, F1,10=7.40, p=0.0215, for the
interaction between the factors recording condition and oscillatory state for
bistratified cells; F15=31.02, p=0.0026, for the factor recording condition for O-LM
cells). More importantly, the complete silencing of O-LM cells during SWRs under
anaesthesia may be a consequence of the urethane-activation of their alpha 7 nicotinic
acetylcholine receptors (Griguoli etal., 2009).

Nicotinic acetylcholine receptor activation, in GIN mice, strongly reduced the
firing frequency of green fluorescent protein (GFP)- and somatostatin-expressing
neurons in stratum oriens of the hippocampus. In this transgenic mouse line, the
expression of GFP is restricted to a subpopulation of somatostatin-expressing
interneurons, the majority of which, in stratum oriens of the hippocampus, are likely
0-LM cells (Griguoli et al., 2009). In contrast, as my results show, during awake- and
sleep-SWRs, O-LM cells occasionally fire action potentials, some even show increases

in firing rate.

5.3.3 Neuropeptide and GABA co-release

Pyramidal cell dendrites have non-linear integrative properties mediated by
voltage dependent active conductances (Losonczy and Magee, 2006; Spruston, 2008;
Takahashi and Magee, 2009). Through the modulation of dendrites, neuropeptides
acting synergistically with GABA, have an overall inhibitory effect on the activation of
pyramidal cells. The pre- and postsynaptic action of somatostatin released by 0-LM
and bistratified cells and NPY released by bistratified cells is likely to regulate dendritic
electrogenesis at a slower time scale than GABA. Neuropeptide release requires high

frequency firing (van den Pol, 2012) therefore the identification of such spiking within
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the activity of recorded interneurons may predict peptidergic effects of these cells
during behaviour.

[ have observed a cell-type dependent pattern of occurrence of high frequency
bursting in the spike trains of bistratified and 0-LM cells. During movement and sleep
bistratified cells have much higher frequency of bursts than O-LM cells. This suggests
that the glutamatergic input from CA3 is under stronger peptidergic inhibition than the
entorhinal input. Indeed, somatostatin (Tallent and Siggins, 1997) and NPY (Colmers
etal.,, 1985) were shown to inhibit the excitatory effects of CA3 pyramidal cells (Boehm
and Betz, 1997; Stanic et al.,, 2006; Tallent and Siggins, 1997). As O-LM cells burst less
frequently, these may require fewer spikes and at lower frequencies compared to
bistratified cells for peptide release.

Hippocampal and entorhinal glutamatergic neurons express the somatostatin
receptors sst2R, sst3R and sst4R (Breder et al., 1992) (Dournaud et al., 1996; Schreff
etal., 2000; Schulz et al., 2000). Entorhinal terminals in stratum lacunosum moleculare
were shown to be immunopositive for sst2R (Dournaud et al., 1996), and probably are
modulated by O-LM cells. Bistratified cells are in key position to activate sst3Rs
(Einstein et al.,, 2010) and sst4Rs (Schreff et al., 2000) localised on pyramidal cell
dendrites. In mice, knocking out the sst3R impaired their object-recognition memories
(Einstein et al., 2010). The sst4R mediates (Qiu et al., 2008) somatostatin-mediated
augmentation of the voltage sensitive non-inactivating K+ M-current (I-M) (Moore et
al., 1988) and a K+ leak current (Schweitzer et al., 1998). During theta oscillations,
when cholinergic tone is increased, the M-current is likely dominated by ACh-mediated
suppression mediated by the activation of the m1 muscarinic ACh receptor (Dasari and
Gulledge, 2011; Halliwell and Adams, 1982). In this state, due to the voltage sensitivity

of this current, augmentation by somatostatin may differ between active and inactive
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pyramidal cells. During SWRs, when cholinergic tone is low and somatostatin release
from bistratified cells increases, the augmentation of I-M may dominate and contribute
synergistically with NPY to the termination of SWRs. Overall, neuropeptide- and GABAs
receptor-mediated presynaptic inhibitory effects (Breder et al., 1992; Schulz et al,,
2000) reduce release probability of glutamate, thereby preserving presynaptic potency

over periods of high firing rates.

5.3.4 Regulation of firing and synaptic plasticity of pyramidal cells via
dendritic inhibition

The differential timing of the two glutamatergic inputs to CA1 explain why a
single type of interneuron cannot deliver the modulation of both inputs and along the
whole pyramidal cell dendritic domain. But what are the possible roles of bistratified
and O-LM cells during behaviour?

During SWRs, the firing of bistratified cells (Klausberger et al., 2004) rarely
dropped below 80 Hz, hence these cells provide high frequency rhythmic entrainment
of the thin pyramidal cell dendrites, together with PV-expressing basket cells that
innervate the cell body and proximal dendrites (Lapray et al., 2012; Varga et al., 2012).
The silencing of O-LM cells and the withdrawal of their inhibition from the most distal
dendrites in CA1 may be required to allow a reverberation between CA1 and the
entorhinal cortex during closely timed repeated ripples (Davidson et al., 2009).
Alternatively, the firing dynamics of bistratified and O-LM cells during SWRs, recorded
either during sleep or wakefulness, can be informative of their role in the time-
compressed encoding of memories (<100 ms).

Both cell types fired high frequency rhythmic bursts around the trough of theta

cycles releasing GABA on segregated dendritic domains of pyramidal cells. At each
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location, postsynaptic GABAa receptors are activated, in strata radiatum and oriens by
bistratified cells and in stratum lacunosum moleculare by O-LM cells (Buhl et al,,
1994a; Maccaferri et al, 2000). This activation may increase dendritic input
conductance and contributes to the scaling and rhythmic control of EPSPs received
from both entorhinal as well as CA3 afferents. Furthermore, this cooperative GABAa
receptor mediated input onto pyramidal cells during theta trough, at the time of their
relative highest somatic depolarisation, maintains the theta phase reversal along the
soma-to-apical-dendritic-tuft axis. Around the theta peak, when the firing probability
of both bistratified and 0-LM cells is the lowest, long-term potentiation (LTP) may
occur in pyramidal cell dendrites at both CA3 and entorhinal synapses. Indeed this is
when LTP is most easily evoked (Holscher et al., 1997). What would be the mechanisms
required for LTP? In CA1, pyramidal cells can fire complex spike bursts, a series of
action potentials of decreasing amplitude riding on a slower dendritic calcium spike,
often followed by a plateau potential (Epsztein et al.,, 2011; Kandel and Spencer, 1961;
Pissadaki et al., 2010; Takahashi and Magee, 2009; Wong and Prince, 1978). In
neocortical pyramidal cells, inhibition of dendrite-innervating somatostatin-
expressing GABAergic neurons is necessary for such burst firing and the occurrence of
calcium spikes evoked by sensory stimuli (Gentet et al., 2012). In the hippocampus,
inhibition of somatostatin-expressing interneurons in vivo promotes burst firing
(Royer etal., 2012), whereas their activation in vitro greatly diminishes the generation
of calcium plateau potentials in pyramidal cells (Lovett-Barron et al., 2012). These
findings point towards the contribution of dendrite-targeting bistratified and 0-LM
interneurons to the reduction of calcium spike generation and gating of LTP in CA1.
Hippocampal circuit-level dynamics regulated by bistratified and O-LM cells

during behaviour will be discussed in detail in the final chapter of the thesis. I will
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consider the contribution of several types of GABAergic neuron controlling pyramidal
place cell activity during the stages of learning during exploration, rest and slow wave
sleep. Possible mechanisms of memory encoding and retrieval during theta oscillations

and memory consolidation during SWRs will be reviewed.
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6 General discussion

6.1 Outline

During learning, structural and functional changes are induced in the
hippocampal neuronal network to enable the encoding of new information and
removal or updating of stored knowledge. Information, contained in the firing of
pyramidal cell assemblies is regulated by a diverse population of GABAergic
interneurons temporally coordinated by transient network oscillations. I attempted to
dissect the contribution of distinct GABAergic interneuron types to network
oscillations during exploration and natural slow wave sleep in freely moving rats. Using
a combination of techniques detailed in chapter 2, I examined the timing of action
potential discharge of hippocampal interneurons during theta- and sharp wave
associated ripple oscillations (SWRs), indicative of GABA released onto functionally
different postsynaptic domains of pyramidal cells. As reported in chapters 3-5, the
firing patterns of identified PV+ basket, axo-axonic, dendrite-targeting bistratified and
0-LM cells and one “unconventional interneuron”, together with further non-labelled

putative GABAergic cells are behavioural- and oscillatory network-state-dependent.
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My main findings are:

During sleep, PV+ basket and bistratified cells fire at higher rates than
axo-axonic and O-LM cells, and unlike axo-axonic and O-LM cells,
strongly increase spiking during SWRs.

Axo-axonic and O-LM cells decrease firing during sleep relative to awake
states and are inhibited during all or most of SWRs, respectively.

During movement, axo-axonic and PV+ basket cells fire with similarly
high frequencies but on complementary segments of the descending
slope of theta cycles.

Bistratified and O-LM cells fire cooperatively during movement at the
troughs of theta oscillations but with different frequencies.

The “unconventional interneuron” in contrast to the other identified cell
types has a low spike rate and becomes highly activated during SWRs.
My results predict that behaviour and rhythmic network events
differentiate GABA and peptide release to distinct membrane domains of

pyramidal cells.

My results have also established those features of the spike-timing of distinct

GABAergic interneuron types that remain valid under drug-free conditions and were

reported originally under urethane anaesthesia (Klausberger and Somogyi, 2008;

Somogyi, 2010). Although the firing rates are reduced by the anaesthesia, the

preferential theta phase of firing of PV+ basket, axo-axonic, bistratified and O-LM cells

(Klausberger et al., 2003; Klausberger et al., 2004) corresponds to that recorded in

freely moving rats or mice [see chapters 4 and 5 and (Katona et al., 2014; Lapray et al.,

2012; Varga et al, 2012; Viney et al, 2013)]. The preservation of theta phase

preference in the absence of spatially modulated inputs, e.g., from place cells, is
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suggestive of an extrinsic controller of interneuron activity, e.g., from the medial
septum. The SWR-related responses of PV+ basket, axo-axonic and bistratified
interneurons are also similar with and without anaesthesia [see chapters 4 and 5 and
(Katona et al., 2014; Klausberger et al., 2003; Klausberger et al., 2004; Lapray et al,,
2012; Varga etal., 2012; Viney et al., 2013)]. However, O-LM cells are often completely
silent during SWRs in urethane anaesthetised rats, whereas these interneurons
occasionally fire action potentials during awake- and sleep-SWRs, sometimes leading
to firing rate increases. The reduction in the firing frequency of O-LM interneurons
under anaesthesia is likely to be a consequence of the combined effects urethane on
the activation of their nicotinic acetylcholine receptors (Griguoli et al., 2009; Hara and
Harris, 2002) and/or on the suppression of acetylcholine release (Leao et al., 2012).
Overall, the data indicate functional specialisation of distinct types of GABAergic
interneuron. These GABAergic interneurons contribute to the cyclic redistribution of
inhibition from the axon initial segment through the cell body down to the distal apical
tuft and back providing a compartment-specific regulation of pyramidal cell output

during behaviour.

6.2 Rhythmic neuronal network activity in the dorsal hippocampal
CA1l area

6.2.1 Hippocampal neuronal operations during theta frequency oscillations

Distant cortical areas are synchronised during certain behaviours as evident by
coherent theta frequency (5-12 Hz) oscillations (Buzsaki, 2002; Jones and Wilson,
2005; Mizuseki and Buzsaki, 2014; O'Neill et al,, 2013; Siapas et al., 2005; Young and
McNaughton, 2009). The emergence of this co-operation is governed by a network of

subcortical regions (Freund and Antal, 1988; Hangya et al., 2009; Lawrence, 2008; Pan
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and McNaughton, 2004; Rawlins et al., 1979; Vertes, 1982; Vertes et al.,, 2001) and was
suggested to support mnemonic processing (Buzsaki, 1989; Buzsaki, 2002; Buzsaki
and Moser, 2013; Hasselmo, 1999; O'Keefe, 1993; Sutherland and McNaughton, 2000).
Furthermore, in the hippocampus, the theta rhythm modulates the amplitude of
gamma oscillations (Belluscio et al., 2012; Bragin et al., 1995), which are involved in
cognitive processes. Theta oscillations are prominent during spatial navigation
(Brandon et al., 2011; Burgess and O'Keefe, 2011; Buzsaki, 2002, 2005; Geisler et al,,
2007). The amplitude and frequency of hippocampal theta oscillations are modulated
by the speed of movement (Rivas et al., 1996; Wells et al., 2013) and the phase shifts
with distance along the septo-temporal axis resulting in a topographic travelling wave
(Hartwich et al,, 2009; Lubenov and Siapas, 2009; Patel et al., 2012). According to a
model, different stages of learning are regulated by different phases of theta
oscillations in the hippocampal CA1 area (Hasselmo et al., 2002; Manns et al., 2007).
Information encoding, inducing synaptic plasticity at CA1 pyramidal cell inputs,
happens at the peak of theta oscillatory cycles and the retrieval of existing associations,

dependent on the CA3 area, occurs at the trough.

Pyramidal place cells

Pyramidal cells in the CA1 area are entrained by theta oscillations (Fox, 1989;
Kamondi et al., 1998; Lapray et al., 2012; Soltesz and Deschenes, 1993; Ylinen et al,,
1995b). Although, the majority of pyramidal cells are silent during exploration, there
are some which fire action potentials. The firing rate of the active pyramidal cells is
highest at the trough of theta oscillations, recorded in the pyramidal layer, but spikes
can occur at any phase of the oscillatory cycles (Buzsaki, 2006). At place field traversal,

pyramidal place cells [see Fig. 3 in (Lapray et al., 2012)] associated with the current
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location increase their firing rates and trigger spikes around the peak of the theta
oscillations (O'Keefe and Recce, 1993), when their membrane potential is most
depolarized (Epsztein et al.,, 2011; Harvey et al.,, 2009). During the subsequent few
theta cycles the timing of the action potentials shift to earlier phases showing phase
precession (Harris et al., 2002; O'Keefe and Recce, 1993; Skaggs et al., 1996) due to
faster intracellular oscillation, within the place field, than the extracellular LFP theta

oscillation (Geisler et al,, 2010; Harvey et al,, 2009).

GABAergic interneurons

The theta modulation of the activity of pyramidal cells is influenced by the
inhibition arriving via presynaptic GABAergic interneurons (Kamondi et al., 1998;
Ylinen et al,, 1995b). How do GABAergic interneurons regulate the encoding and
retrieval of information in the hippocampus? In freely moving rats, identified
hippocampal GABAergic cells fire on average at higher rates than pyramidal cells and
distinct types of interneuron release GABA at specific times during theta oscillations,
supporting previous results (Czurké et al,, 2011; Klausberger and Somogyi, 2008;
Ranck, 1973; Somogyi et al., 2014; Zhang et al., 2012). Theta phase precession of
spiking has been demonstrated for some unidentified interneurons during short bouts
of theta cycles recorded using tetrodes (Ego-Stengel and Wilson, 2007; Maurer et al.,
2006). Under our conditions, most interneurons do not significantly phase-advance
their spiking as revealed by their sharp theta phase locking to the LFP theta. I have not
tested phase precession in interneurons formally, but visual inspection rarely revealed
precession and only over few theta cycles. [t cannot be excluded that the relatively little
or no phase precession in my sample of GABAergic cells was caused by the relatively

little movement of the animals (Ego-Stengel and Wilson, 2007) and remained
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unrecognisable due to the short recording periods. Axo-axonic cells and the
“unconventional interneuron” fire around the peak, followed by PV+ basket cells on the
descending slope of theta cycles. The preferential spike-timing of O-LM, bistratified and
putative long-range projection cells is at the theta trough. Some non-labelled putative
GABAergic cells fired on the ascending part of theta cycles similar to CCK-expressing
or ivy cells identified under urethane anaesthesia (Fuentealba et al, 2008a;
Klausberger et al., 2005). What is the importance of the temporal co-operation of some
interneuron types and the divergence of theta phase selectivity of others during theta
oscillations?

The firing of axo-axonic cells is strongly phase coupled to the peak of theta
oscillatory cycles [chapter 4 and (Klausberger et al., 2003; Viney et al., 2013)] and
reflects enhanced GABA release onto the axon initial segments of pyramidal cells. It is
likely that axo-axonic cells exert the strongest influence on the firing probability of
pyramidal cells during theta oscillations given that these cells innervate exclusively the
site of action potential initiation. Indeed, pyramidal cells fire least around the peak of
theta oscillations, suggesting that axo-axonic cells - as “gatekeepers” - select and
temporally restrict the firing of pyramidal cell assemblies. The rhythmic increases in
axo-axonic cell activity tune pyramidal cell action potential generation probability to
theta frequencies. How the “unconventional interneuron” contributes to the gating of
pyramidal cell output at the peak of theta oscillations by innervating to some extent
also axon initial segments remains to be discovered. Coincidental with the GABAergic
innervation of the axon initial segment, the opposite pole of pyramidal cells, the distal
apical tuft in stratum lacunosum moleculare receives a slow inhibitory input from
neurogliaform cells (Fuentealba et al, 2010). This input is driven by the

entorhinal/thalamic inputs and provides feed-forward modulation of synaptic
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plasticity of glutamatergic inputs arriving from the entorhinal cortex on the theta peak
(Buzsaki, 2006; Capogna and Pearce, 2011; Mizuseki et al., 2009).

During the descending slope of theta cycles, GABA is released by PV+ basket
cells innervating the cell bodies and proximal dendrites of pyramidal cells [chapter4
and (Klausberger et al,, 2003; Lapray et al,, 2012; Varga et al,, 2012)]. The GABAa
receptor-mediated and gamma rhythmic inhibitory mechanisms provided by PV+
basket cells regulate the timing of action potential output of their target neurons
(Lasztoczi and Klausberger, 2014; Royer et al., 2012; Tukker et al., 2007; Varga et al,,
2012). PV+ basket cells together with bistratified cells are responsible for the gamma
frequency entrainment of pyramidal cells during exploration.

Somatostatin-expressing bistratified and O-LM cells fire with maximal
probability around the trough of theta cycles and regulate the glutamatergic inputs of
CA1 pyramidal cells received from both the CA3 area and the entorhinal cortex, in
strata radiatum and oriens and in stratum lacunosum moleculare, respectively (Katona
et al, 2014; Klausberger et al., 2003; Somogyi and Klausberger, 2005; Varga et al,,
2012). Around the theta peak, when the firing probability of both bistratified and O-LM
cells is the lowest, long-term potentiation (LTP) may occur in pyramidal cell dendrites
at both CA3 and entorhinal synapses. Indeed, LTP is most easily evoked at the peak of
theta oscillations (Holscher et al., 1997). The collaboration at theta time scale of the
two cell types predicts their involvement in the theta phase dependent encoding and
retrieval of spatial memories.

What mechanisms may regulate LTP in pyramidal cell dendrites? In the CA1
area, pyramidal cells can fire complex spike bursts, a sequence of high frequency action
potentials of decreasing amplitude riding on a slower dendritic calcium spike, often

followed by a plateau potential (Epsztein et al., 2011; Kandel and Spencer, 1961;
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Pissadaki et al., 2010; Takahashi and Magee, 2009; Wong and Prince, 1978). The
generation of such calcium plateau potentials in pyramidal cells in vitro is attenuated
by the activation of somatostatin-expressing GABAergic interneurons (Lovett-Barron
etal, 2012). Inversely, burst firing and the occurrence of calcium spikes in vivo, in both,
neocortical and hippocampal pyramidal cells, requires the inhibition of dendrite-
innervating somatostatin-expressing GABAergic interneurons (Gentet et al, 2012;
Royer et al., 2012). The lowest spiking probability of bistratified and O-LM cells is at
the peak of theta oscillations, which would be expected to coincide with the highest
probability of dendritic calcium spikes. However, the time during the theta cycle when
active place cells fire complex bursts is controversial because of the lack of
simultaneous local field potential recordings. Extracellular recordings demonstrated
the occurrence of complex bursts in some place cells during entry or at the periphery
of the place fields (Harris et al., 2001), which is likely to be around the peak of theta
cycles. In contrast, in vivo whole cell recordings predicted maximal occurrence of
calcium spikes and plateau potentials in the middle or throughout the place field, at the
time of highest firing rate (Epsztein et al., 2011). Pyramidal cells in the CA1 area fire
the highest number of action potentials per theta cycle at the trough (Mizuseki et al.,
2009) which usually coincides with the middle of the place field. How can it be
reconciled that at the trough of theta cycles, when bistratified and 0-LM cells fire with
the highest probability, active place cells also trigger calcium spikes with the highest
probability? It is possible that active place cells can reduce the effectiveness of their
GABAergic input by calcium dependent retrograde signalling whereas most silent
pyramidal cells are under inhibitory control. Such mechanism is provided by the
release of endocannabinoids and the suppression of GABA release from CB1 receptor

expressing terminals. However, somatostatin positive interneurons are not known to
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express CB1 receptors. Another candidate for the suppression of GABA release from
terminals is the messenger nitric oxide (NO) (Kaplan et al., 2013; McBain and Kauer,
2009). Indeed, both calcium permeable NMDARs (Szabadits et al., 2011) and the
calcium/calmodulin dependent enzyme nNOS (Szabadits et al., 2007) are present in
the postsynaptic active zone of some GABAergic synapses on pyramidal cells.
Moreover, GABAergic terminals of the majority of PV-expressing and one third of SOM-
expressing interneurons express the NO-sensitive guanylyl cyclase (NOsGC) (Szabadits
et al., 2007), which mediates the effect of NO in presynaptic terminals. Therefore it is
possible that O-LM and bistratified cells may have the required molecular machinery
for the retrograde NO mediated suppression of GABA release. Increases in local calcium
concentrations via NMDARs and voltage gated calcium channels in the dendrites of
active place cells activate nNOS. The same interneurons simultaneously inhibit the
dendrites of silent pyramidal cells. This selective depolarisation induced suppression
of inhibition may support the segregation of active versus silent pyramidal cells, which
is consistent with the conversion of silent cells into place cells upon depolarization (Lee
etal,, 2012).

Similar to bistratified and O-LM cells, other types of dendrite-targeting
GABAergic cell also fire action potentials mostly at the trough of theta oscillatory
cycles, e.g., the local collaterals of the long-range projecting GABAergic neurons
innervate dendrites in the CA1l area and form synapses mainly on dendrites of
pyramidal cells in extrahippocampal areas. These GABAergic cells synchronise the
activity of local pyramidal cells in the CA1 area with those is distant regions cells e.g.,
in septum and retrohippocampal areas promoting the coherence of theta oscillations.

The identity of putative non-labelled GABAergic interneurons (chapter 3) with

spikes coupled to the ascending phases of theta cycles remains to be determined. One
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likely candidate, the ivy cell, was identified recently in freely moving rats and its
activity patterns confirmed those recorded under urethane anaesthesia (Fuentealba et
al., 2008a; Lapray et al., 2012). The firing rates of ivy cells correlate with the frequency
and amplitude of theta oscillations reflecting their participation in synchronous
network activity. In the CA1 area, CCK-expressing basket cells and dendrite-targeting
interneurons also fire on the ascending phase of theta oscillations under urethane
anaesthesia (Klausberger et al., 2005). The joint inhibitory influence of CCK+ and PV+
basket cells is highest at the peak of theta cycles and lowest at the trough, which
together with axo-axonic cell regulation restricts the maximal pyramidal cell firing to
the trough of theta oscillations. Interestingly, pyramidal place cells start firing on the
ascending part of theta cycles and the phase precession of their spikes continue up to
360°. It was suggested that a loss of effectiveness by CCK+ cells expressing cannabinoid
type 1 receptors in their terminals may contribute to the phase precession of place
cells. GABAergic cells expressing CB1 receptors mediate the depolarisation induced
suppression of inhibition (Freund, 2003; Katona and Freund, 2008). Active place cells
start firing on the ascending slope of theta cycles, and an increase in postsynaptic
calcium may trigger endocannabinoid release and retrograde signalling (Freund and
Hajos, 2003) which results in the selective suppression of their GABAergic input via
presynaptic CB1 receptors.

What mechanisms might regulate the firing modulation of GABAergic
interneurons by the theta rhythm? Distinct types of GABAergic interneuron can be
activated by the repetitive firing of pyramidal cells (Losonczy et al., 2002), but their
sharp phase tuning during theta oscillations is very unlikely to be determined by CA1
pyramidal cells. The latter, as a population is weakly theta-modulated (Mizuseki et al.,

2009). Some interneurons also receive spatially tuned glutamatergic inputs from the
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CA3 area in strata radiatum and oriens (Kim et al.,, 2012), which is strongest at the
descending phase of theta cycles (Mizuseki et al., 2009), and/or from the entorhinal
cortex, in stratum lacunosum moleculare (Kiss et al.,, 1996; Kitamura et al,, 2014), at
highest rate at the peak of theta oscillations. Furthermore, septal cholinergic input
strongly activates O-LM cells via nicotinic acetylcholine receptors during wakefulness
(Leao et al., 2012; Lovett-Barron et al., 2014) but it is not known at what theta phases.
Complementary to the glutamatergic drive, the preferential spike-timing of GABAergic
interneurons during theta cycles may well be coordinated by counter-phased
inhibitory inputs. Inhibitory afferents to GABAergic interneurons originate from other
local interneurons and from extrahippocampal GABAergic projections e.g., from the
medial septum and entorhinal cortex. The activity of some medial septal neurons is
rhythmic showing preferences either to the trough or the peak of theta oscillations
recorded in the hippocampal CA1 area (Borhegyi et al., 2004; Dragoi et al., 1999; King
et al., 1998; Viney et al., 2013) and some such neurons express parvalbumin (Pascale
Simon et al.,, 2006). The different groups of parvalbumin-expressing neuron were
suggested to target selectively certain types of GABAergic interneuron restricting the
postsynaptic cells to discharge action potentials at the peak or around the trough of
theta cycles, like observed for axo-axonic, PV+ basket, bistratified and O-LM cells,
respectively. However, there are many septo-hippocampal projecting neurons and the
medial septum also innervates other cortical and subcortical areas, therefore the
contributing cellular and synaptic mechanisms have not been defined. Also, the axonal
tracing of recorded septal neurons into the hippocampus and the identification of their

GABAergic interneuron targets has not been reported so far.
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Conclusion

Altogether, the observed great specificity in spike-timing paralleled by the
synaptic target selectivity of GABAergic interneurons supports a rhythmic and
sequential redistribution of inhibition over the different pyramidal cell compartments
during a theta cycle. Orchestrated by theta frequency network oscillations, this
compartmentalised redistribution of inhibition may achieve the proposed pyramidal
cell synchronization during encoding of new sensory information, driven around the
peak of the theta cycles, and during retrieval of stored associations, strongest around
the theta trough (Hasselmo et al., 2002).

When an animal enters a place field, the cooperative inhibition provided by axo-
axonic, PV+ and CCK+ basket cells sets a high firing threshold for most pyramidal cells
at the theta peak in the pyramidal layer, selecting only the few most depolarised place
cells. Both bistratified and O-LM cells are minimally active at this theta phase, which
may enable encoding in the place cell dendrites via LTP at both CA3 and entorhinal
synapses. As the animal traverses the field, the place cell initiates increasing numbers
of action potentials starting around the peak and progressing to earlier phases of
consecutive theta cycles. This may be partly due to the selective suppression of its
inhibition via retrograde signalling mechanisms. On the descending theta phase and
towards the trough, the increasing CA3 input activates PV+ basket, bistratified and
projection cells, enabling the retrieval of stored associations undergoing updating. At
the trough, the increased O-LM cell activity likely contributes to the elimination of
spurious entorhinal cortical input interfering with the recalled CA3 contextual pattern.
The simultaneous termination of axo-axonic cell firing creates a window of higher

firing probability for the place cell. Discharging maximally and with gamma
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frequencies, the place cell may synchronise its spikes with other members of the

assembly in the CA1 and in other distal regions.

6.2.2 Hippocampal neuronal operations during sharp wave associated
ripple oscillations

During sharp wave associated ripple oscillations (SWRs, 130-230 Hz) (O'Keefe
and Nadel, 1978), the discharge of ~10-20% of all pyramidal cells in the CA1 area
becomes highly synchronised (Csicsvari et al, 1999a, b). Assemblies representing
newly acquired associations become reactivated (Lee and Wilson, 2002; Nadasdy et al.,
1999; O'Neill et al,, 2006; O'Neill et al.,, 2008; Pavlides and Winson, 1989; Skaggs and
McNaughton, 1996; Wilson and McNaughton, 1994) and their output is transferred to
neocortex for long-term storage (Buzsaki, 1989, 1996; Chrobak and Buzsaki, 1996;
Chrobak and Buzsaki, 1998b; Hasselmo, 1999). The co-firing of pyramidal cells during
ripple cycles of 4-10 ms may initiate long-term potentiation in their targets leading to
memory consolidation (Bendor and Wilson, 2012; Buzsaki, 1998; Dupret et al., 2010;
Ego-Stengel and Wilson, 2010; Girardeau et al., 2009; Jadhav et al., 2012). Generated in
the CA3 area (Buzsaki, 2006), SWRs propagate to the CA1l area via the Schaffer
collaterals and commissural axons of CA3 pyramidal cells. These rhythmically
entrained axons activate their target pyramidal cells and GABAergic interneurons by
innervating their dendrites in strata radiatum and oriens. Furthermore, it was recently
demonstrated that SWRs can travel along the septo-temporal axis of the hippocampus
and transfer integrated information from the dorsal and intermediate parts of the CA1

area to target regions (Patel et al., 2013).
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GABAergic interneurons

How do GABAergic interneurons regulate the information transfer from the
hippocampus to downstream cortical areas during SWRs? The combined action of
GABA on the distinct pyramidal cell compartments will determine when pyramidal
cells fire during SWRs. I observed that, identified types of hippocampal GABAergic
interneuron have different SWR-related firing responses in drug-free rats, predicting
temporally differentiated GABA release. Parvalbumin-expressing basket and
bistratified cells and the “unconventional interneuron” become activated during SWRs
in comparison to similar duration time periods outside of SWR events by increasing
their mean firing rates several fold. In contrast, axo-axonic and O-LM cells are inhibited
during all or most of SWR events, respectively. Some non-labelled putative GABAergic
interneurons, on average, do not change their firing rates with respect to SWRs. What
are the consequences and hypothesised roles of this divergent SWR-related increased
activity versus silencing of distinct interneuron types?

The strong activation of PV+ basket and bistratified cells during SWRs [see
chapters 4 and 5 (Hajos et al,, 2013; Katona et al., 2014; Klausberger et al., 2003;
Klausberger et al, 2004; Lapray et al., 2012; Varga et al, 2012)] is elicited by
simultaneous rhythmic inputs from pyramidal cells in the CA1 and CA3 areas. By
entraining the somatic and dendritic membrane conductance of CA1 pyramidal cells to
ripple frequencies, these two cell types co-operate by setting windows of minimal
excitability of their targets therefore timing the synchronised discharge of pyramidal
cells as assemblies (Cobb et al., 1995; Csicsvari et al., 1999b; Ellender et al., 2010; Hajos
etal, 2013; Klausberger et al., 2003; Lapray et al,, 2012; Varga et al., 2012; Ylinen et al.,
1995a). Moreover, bistratified cells may also contribute to the peptide-mediated

termination of SWRs by releasing somatostatin and/or NPY as predicted by their SWR-
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related high frequency burst firing (Boehm and Betz, 1997; Colmers et al., 1985; Moore
et al.,, 1988; Tallent and Siggins, 1997).

Similar to the above, axo-axonic cells also receive rhythmic glutamatergic inputs
from the CA1 and CA3 pyramidal cells, but unlike PV+ basket and bistratified cells, their
firing is strongly inhibited during SWRs [see chapter 4 and (Hajos et al., 2013;
Klausberger et al,, 2003; Viney et al.,, 2013)]. The contrasting SWR responses are most
likely due to some GABAergic input of axo-axonic cells being highly active during SWRs.
Indeed, it was discovered recently that cell bodies of axo-axonic cells are the
preferential targets of a medial septal inhibitory input (Viney et al., 2013), but ripple-
active PV+ basket and bistratified cells may also contribute. The silencing of axo-axonic
cells during SWRs results in the withdrawal of inhibition from the axon initial segment
of targeted pyramidal cells allowing the action potential firing of assemblies during the
reactivation of newly acquired associations.

Overall, O-LM cells decrease their firing rates during SWRs, as shown by my
novel analysis, and are silent during at least some such events [see chapter 5 and
(Katona et al,, 2014)]. This activity pattern may be due to a weak glutamatergic drive
provided by in average 1-2 action potentials fired by single pyramidal cells (Ali and
Thomson, 1998) in combination with an inhibitory input activated during SWRs.
GABAergic afferents innervating O-LM cells originate from a population of
parvalbumin positive medial septal neurons and a population of VIP-expressing,
interneuron-specific GABAergic IS-III cells in the CA1 area (Acsady et al, 1996b;
Chamberland et al,, 2010; Gulyas et al., 1990) but, unfortunately, the spike-timing of
neither of these GABAergic inputs are known in vivo. The SWR-related inhibition of O-
LM cells in rats under urethane anaesthesia (Klausberger et al, 2003) or their

decreased firing relative to peri-SWR periods reported here is in contrast with the high
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firing rates of these interneurons in the mouse hippocampus, both in vitro (Hajos et al.,
2013; Pangalos et al., 2013) and in vivo (Varga et al., 2012). There might be multiple
factors accounting for the observed discrepancies e.g., species differences, loss of some
inhibitory connectivity in vitro and a relatively higher firing rate during quiet
wakefulness of head-fixed mice compared to sleep. I have found that O-LM cells
reported here fire significantly more during awake-SWRs than during sleep-SWRs. The
reduction in firing of O-LM cells results in the withdrawal of GABA and possibly
somatostatin from the distal apical tuft of CA1 pyramidal cells which may enable the
input from the entorhinal cortex to return to CA1l and strengthen the connectivity
between CA1l and the entorhinal cortex during repetitive ripples (Davidson et al,,
2009).

Similarly to bistratified cells, trilaminar cells (Ferraguti et al., 2005) and double
projection cells (Jinno et al., 2007), including those that project to the septum, also have
strongly increased firing rates during SWRs (unpublished observations in drug-free
rats by Dr. D. Lapray and some putative non-labelled interneurons reported in chapter
3). These dendrite-targeting, long-range projection cells coupled their spike-timing to
ripple oscillations under urethane anaesthesia (Jinno et al., 2007). How this firing
activity compares to that under normal physiological conditions is unknown but if
maintained, this activity pattern may entrain dendritic membranes of local pyramidal
cells in the CA1 area to ripple frequencies, in cooperation with bistratified cells.
Furthermore, via their long-range projections, these cells provide the simultaneous
rhythmic phasing of postsynaptic dendrites in distant extrahippocampal areas e.g.,
subiculum, septum and other retrohippocampal regions.

Ivy cells are the most abundant type of GABAergic interneuron in the CA1 area

and have an exceptionally dense axonal cloud (Fuentealba et al., 2008a; Szabadics and
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Soltesz, 2009). Recent recordings in freely moving rats demonstrated that these
interneurons fire with similar mean frequencies during different network oscillations
and do not change their spike rates during SWRs as compared to periods outside SWR
events (Lapray et al., 2012). Such activity patterns indicate their role in regulating
homeostasis by providing widespread synaptic and extrasynaptic slow GABAergic
input, together with NPY and nitric oxide, to pyramidal cell dendrites and their
afferents.

How the strong activation of the “unconventional interneuron” during sleep-
SWRs contributes to the modulation of pyramidal cell firing remains to be established.
The spike-timing of other identified GABAergic interneurons (e.g., CCK-expressing
basket and dendrite-targeting cells) remains to be recorded in freely moving rats or
awake head-fixed mice. Based on activity patterns recorded under anaesthesia
(Klausberger et al., 2005; Lasztoczi et al., 2011), some may regulate pyramidal cell
firing via SWR-related disinhibitory mechanisms (Freund, 2003; Katona and Freund,
2008). The cell bodies and dendrites of pyramidal cells are innervated by CCK+
interneuron types which express cannabinoid receptor type 1 (CB1) in their terminals.
When activated by endocannabinoids released by the strongly depolarised
postsynaptic pyramidal cells, CB1 receptors mediate the retrograde suppression of

GABA release from interneuron terminals (Katona et al.,, 1999b).

Conclusion

The observed high specificity in spike-timing during SWRs paralleled by the
synaptic target selectivity of GABAergic interneurons suggest that distinct cell types
evolved to support a temporal redistribution of inhibition over the different pyramidal

cell compartments as found during different frequency network oscillations. Rhythmic
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inhibition provided by PV+ basket and bistratified cells, regulates the output of
pyramidal cells by periodically decreasing their firing probability. At the time when
rhythmic inhibition is increased on the somata and dendrites of pyramidal cells, GABA
is withdrawn from their axon initial segments and distal apical tuft by the SWR-
silencing of axo-axonic cells and O-LM cells, respectively, contributing to the selection
of active pyramidal cells via disinhibition. The specialisation of distinct types of
GABAergic interneuron also during SWRs supports the functional specialisation of

subcellular pyramidal cell domains.

6.3 Technical limitations

My experiments were challenging and of low yield but, when successful, |
obtained highly original results about the functional specificity of hippocampal
GABAergic interneurons in the CA1 area. I have recorded the spike-timing of large
numbers of neuron but because of the need for cell type identification the final counts
of labelled cells are low. Labelling was always attempted only after recording the
activity of the undisturbed cells, because current injection and potential damage to the
membrane likely perturbs firing. I aimed the complete labelling of one neuron per
experiment with its activity patterns recorded during different behavioural states.
However, my labelling attempts were not always successful, mostly because of the
instability of the position of the pipette relative to the cell, which was exacerbated by
the grooming of the animal. Furthermore, some cell types might be more difficult to
label than others due to differences in shape, and the surrounding tissue components.
In some cases, the weak labelling or incomplete diffusion of the neurobiotin rendered
the identification of labelled neurons impossible because of the lack of sufficient detail.

The population of GABAergic interneurons is diverse therefore their recognition
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requires a sufficient number of parameters to be measured for intra- and inter-group
comparisons.

Problems with stability during recording and labelling originate from the fact
that the rats are free to move. Head fixation or the use of anaesthesia may have reduced
this risk, but my aim was to study hippocampal neuronal activity during undisturbed
behaviour and under normal physiological conditions. These conditions are not
satisfied by the alternative experimental configurations, e.g., restricted movements in
head-fixed mice, anaesthetic drugs alter neuronal network oscillations and the firing
of individual cells.

Sometimes the short recording periods contain only minimal movement and
associated theta oscillations. As discussed in earlier chapters, this limited the
possibilities of analysing the spatial preference of neuronal discharges and the phase
precession of their spikes in my data. Because of the low probability of successful
labelling, the rats were not trained to perform a behavioural task. In order to stimulate
them to walk, I have introduced changes to their environment within and outside the
recording arena during some of the experiments. I have changed the size of the box as
well as its shape and I placed new objects some with aversive odours (e.g., cat fur,
synthetic fox urine smell). This initiated locomotion for an initial period during which
[ tried finding a cell by advancing the glass pipette into the hippocampus.

The action potentials measured extracellularly with the glass electrode are most
likely of somatic origin. The extracellular recording prevents the neuron from
mechanical injuries and does not disturb the intracellular milieu like whole cell
recording. However, it limits the readout to a spike-no spike information and
subthreshold transient depolarisations and hyperpolarisations are not detectable

(Epszteinetal. 2011; Lee etal., 2012; Quilichini et al., 2010). Also local dendritic events
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instrumental in understanding action potential generation and synaptic plasticity
mechanisms are not detected by the extracellular electrode. I use the output of spiking
GABAergic cell types to predict postsynaptic GABA receptor activation whereas it is
known that the effect of presynaptic spikes is strongly influenced by retrograde
signalling mechanisms and short- and long-term plasticity (Gaiarsa et al., 2002; Katona
et al, 1999b; Mody, 2005). The method I used could be strengthened if further
information concerning the intracellular state of the neurons could be extrapolated
from the extracellular signals (Henze et al., 2000) or if it was combined with multi-unit
recordings (Hartwich et al., 2009; Isomura et al,, 2009; Lasztoczi and Klausberger,
2014).

Bistratified cells showed surprising variability which could be due to different
experimental conditions despite the efforts to minimise these (e.g., different rats,
different experimental days, different experimenters, different recording
laboratories). In order to assess whether bistratified cells constitute several groups of
interneuron, more cells would need to be recorded for the duration of several hours or
days, and further molecular characterisation is needed to establish if the embryonic
origin correlates with response patterns in the adult. It is also possible that some of my
short recordings captured only time periods when the recorded bistratified cell has
changed its firing rate because it was reconfiguring its connectivity to active place cells
(Dupret et al., 2013). In contrast, the spike-timing of another bistratified cell might
have been measured during stabilised network conditions. Large scale simultaneous
recordings of hundreds of interneurons of all types using optical methods would be
optimal to answer questions about the participation and connectivity of distinct types
of neuron in neuronal network activity given that all recorded neurons could be

identified.
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6.4 Outlook

In order to have better understanding of the mnemonic functions performed by
the hippocampal formation, a systematic and high resolution investigation is required
of the neuronal networks involved and their synaptic organisation. Improved
anatomical and electrophysiological tools will help elucidate the spiking patterns of cell
types not reported previously, as well as, the timing and the roles of intra- and extra-
hippocampal long range projections e.g., the GABAergic input from the medial septum
which may determine the different preferential firing phases of hippocampal
interneuron types (Borhegyi et al., 2004).

As discussed in chapter 3, the significance of my results can be appreciated
when considered as a step towards large scale recordings from the hippocampus of
animals performing behavioural tasks. Using my results it is now possible to predict
the identity of thousands of tetrode-recorded interneurons in rich behavioural
situations. This “quasi-identification” of interneurons during well-defined behaviours
might bring insights into their contribution to the regulation of pyramidal cell
assemblies during learning, memory consolidation and retrieval.

In future, the selective control and recording of targeted populations of neurons
during behaviour needs to be achieved to test hypotheses formulated about their roles
in the generation and maintenance of distinct network oscillations (Lim et al., 2013;
Luo et al., 2008; Tsuda et al., 2013). This requires genetic labelling strategies with
better precision and the use of high performance light-gated ion channels (Arenkiel et
al, 2007; Lérenz-Fonfria and Heberle, 2014; Schneider et al., 2013) and the
development of fast time scale calcium- and/or voltage sensitive dye imaging in vivo
during behaviour (Akerboom et al., 2013; Bradley et al., 2009; Canepari et al., 2013a;

Canepari et al.,, 2008; Canepari et al.,, 2013b; Canepari et al., 2010; Canepari et al.,
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2013c; Fisher et al., 2008; Flusberg et al.,, 2008; Greenberg et al., 2008; Kisfali et al.,
2013; Mutoh et al., 2012). Several manipulations have been developed (Cardin et al.,
2010; Kaifosh et al,, 2013; Madisen et al.,, 2012; Magnus et al,, 2011) which allow
interference with the neuronal temporal dynamics over various time scales (Sidor and
McClung, 2014), some selective to certain groups of interneurons based on the
expression of a protein- or peptide in those cells (Asrican et al., 2013; Fuchs et al., 2007;
Gentet et al,, 2012; Kuhlman and Huang, 2008; Kvitsiani et al., 2013; Lovett-Barron et
al., 2014; Pfeffer et al., 2013; Pi et al,, 2013; Royer et al., 2012). However, some studies
ignore the very different behaviour of distinct cell types expressing the same molecule,
e.g., parvalbumin, as demonstrated also in this thesis; e.g., at least ten distinct
interneuron types in the CA1 area of the rat hippocampus are immunopositive for
either parvalbumin or somatostatin or both, yet their action is segregated in space and
time. The existing strategies need improvements in order to provide cell-type
specificity and greater temporal resolution for the investigation of physiological events
of shorter duration than a theta cycle (Tada et al., 2014), as well as, the interpretations
will need to take into account the established diversity of synaptic connections. When
accomplished, the upgraded tools will permit the deciphering of the direct contribution
of distinct GABAergic interneurons to “gatekeeping” and rhythmic organisation of
pyramidal cell firing (Ramirez et al., 2014).

The merging of these novel techniques with experiments of specialised
behavioural analyses, e.g., goal oriented learning (Dupret et al.,, 2013), navigation in
virtual environment (Domnisoru et al., 2013; Harvey et al., 2009), is likely to answer
exciting questions about hippocampal roles in spatial navigation and memory. Place
fields are shared between positively, but not negatively, correlated pyramidal-cell-

interneuron pairs (Hangya et al., 2010; Marshall et al.,, 2002; Maurer et al., 2006).
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Synaptic plasticity of the input and output connectivity of GABAergic interneurons may
contribute to the formation of such associations (Buzsadki and Eidelberg, 1982;
Marshall et al., 2002). The connectivity of unidentified GABAergic interneurons
recorded in and around the pyramidal cell layer in the CA1 area is reconfigured in the
context of spatial learning (Dupret et al., 2013). It remains to be defined which of the
possible ten distinct interneuron types in this location participate in this spatial

learning.

Conclusion

My explorations of the hippocampal “chronocircuit” reveal certain roles of cell-
type selective synaptic connectivity during theta- and ripple-frequency oscillations in
freely moving rats. This work demonstrates the existence of a rhythmic redistribution
of GABA acting on different pyramidal cell membrane domains, at slower and faster
time scales, which is necessary for the separation of function during different stages of
mnemonic processing. The precise dynamics of synaptic changes between neuron
types and how this knowledge could be implemented for therapies of cortical disorders

will be addressed in the future.
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