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Summary

Dentate gyrus granule cells (DGGCs) convey sensory information from the layer Il of
the entorhinal cortex to the CA3 subfield of the hippocampus and underlie neuronal processing
critical for hippocampal function. Because of adult neurogenesis, the global population of
DGGC:s at a certain time point of an adult animal’s life is composed of a heterogeneous mix of
newborn, immature granule cells (iGCs) and older, mature GCs (mGCs). iGCs and mGCs
exhibit strong differences in their structural, molecular and electrophysiological characteristics.
iGCs, which compose around 10% of the total DGGC population, are seen as highly excitable
due to their high input resistance and enhanced sensitivity to synaptic plasticity. On the other
hand, the more abundant mGCs (the remaining 90% of all DGGCs) have intrinsic electrical
properties such as low input resistance, strong dendritic voltage attenuation and hyperpolarized
resting potential that make them seemingly weakly excitable. Because of these features, it
remains intriguing how mGCs can actively participate in DG function. In this thesis, | explored
the impact of T-type low-voltage activated calcium channels, notably the Ca,3.2 isoform, in
regulating mGCs firing properties. The three T-type channel isoforms Ca,3.1, Ca,3.2, and
Cav3.3 are expressed in the DG, with Cay3.2 being the most abundant. T-type channels are
permeable to calcium and thus can have a double effect on neuronal excitability upon
activation: depolarization of the membrane and/or triggering of intracellular calcium signaling.
They are preferentially active at negative potentials below -60 mV and have specific properties,
including low voltage threshold for activation and small conductance. In addition, they quickly
inactivate upon depolarization, leading to transient calcium current. A well-documented effect
of T-type channels on neuronal excitability is to endow neurons with a stereotypical pattern of
action potentials (APs) generation in the form of high-frequency bursts. Interestingly, T-type
channels have been shown in brainstem interneurons to localize at the level of the axon initial
segment, a position critical to control neuronal firing. More recently, it was also reported that
T-type channels are present in the axon initial segment of mMGCs, where they are implicated in
cholinergic-induced modulation of M-type potassium channels and subsequent changes in AP
threshold. Performing current-clamp recordings of mGCs from rodent hippocampal slices in
vitro, | show a critical contribution of T-type channels to burst firing of these neurons in
response to stimulation by somatic current injection. | provide evidence of T-type mediated
calcium influx both in a region of the proximal axon, which corresponds to the position of the
axon initial segment of mGCs, and in the dendrites. Local application of T-type blockers on
this axonal domain resulted in impairment of the burst firing of mGCs, indicating that T-type
channels at the axon initial segment are involved into control of burst generation. Analysis of
the firing properties of mGCs from Ca,3.2 KO mice allowed me to identify a crucial role of the
Cav3.2 subtype in modulation of bursting. | also stimulated the medial perforant path and
observed that stronger excitatory post-synaptic potentials (EPSPs) were required for mGCs
from Ca,3.2 KO mice to exhibit production of several APs in the timescale of a single EPSP
(around 20 ms) as compared to WT. Finally, in vivo recording of local field potential and single
unit activity in the DG and in CA3 of WT and Ca,3.2 KO mice, done in collaborative work,
revealed an impairment of neuronal activity in both structures in Ca,3.2 KO mice, in a manner
suggesting altered DG-CA3 communication. Based on my findings and on the existing
literature, | propose a model in which T-type calcium channels localized at the level of the axon
initial segment of mGCs support low-threshold generation of bursts of high-frequency APs, a
mechanism compatible with both the low excitability of mGCs and the firing requirements to
trigger CA3 pyramidal cells.



Zusammenfassung

Kdrnerzellen des Gyrus dentatus ubermitteln sensorische Informationen aus dem
entorhinalen Kortex in die CA3-Region des Hippokampus. Der Gyrus dentatus ist eine der
wenigen Hirnregionen in denen Neurogenese auch nach der Entwicklung stattfindet. Daher
finden sich im adulten Gehirn sowohl ausgereifte als auch neu geborene Kdrnerzellen. Beide
Zellpopulationen unterscheiden sich nicht nur morphologisch sondern auch in ihren
elektrophysiologischen Eigenschaften. Junge Kornerzellen, die ca. 10% der gesamten
Population ausmachen, sind aufgrund ihres héheren Eingangswiderstands leichter erregbar und
ihre synaptischen Eingénge sind leichter modifizierbar. Ausgereifte Kdrnerzellen hingegen
zeigen einen niedrigeren Eingangswiderstand, eine starkere Abschwéchung der dendritischen
Erregungsleitung und ein hyperpolarisierendes Ruhepotential, was in der Summe ihre
Erregbarkeit deutlich vermindert. Daher stellt sich die Frage, welche Rolle diese Zellen fiir die
Funktion des Gyrus dentatus spielen. In der vorliegenden Arbeit wurde der Einfluss von T-
Typ-Kalziumkandle auf die Eigenschaften von ausgereiften Kdrnerzellen hippokampaler
Hirnschnitte untersucht. Alle drei T-Typ Kalziumkanéle, Cav3.1, Cav3.2, und Cav3.3, werden
im Gyrus dentatus exprimiert, wobei Cav3.2 starker exprimiert ist als die beiden anderen T-
Typ Kalziumkandle. Mit Hilfe von Patch-clamp-Experimenten wurde die Verteilung von T-typ
Kalziumkanélen in gereiften Kdrnerzellen in hippokampalen Hirnschnitten untersucht. Wir
konnten zeigen dass T-typ Kanéle fir das Entladungsmuster dieser Neurone wichtig sind. Hier
haben die Ca/,3.2 Kanéle einen Einfluss auf die initiale repetitive Entladung von
Aktionspotentialen. Daruiber hinaus wurde gefunden dass diese Kalziumkanéle im initialen
axonalen Segment und in Dendriten lokalisiert sind. Die Kontrolle des Entladungsmusters wird
durch Ca,3.2 Kanile die im initialen axonalen Segment zu finden sind mitbestimmt. Hier
scheint der Ca,3.2 Kanal eine zentrale Rolle zu spielen, was durch Experimente in Knockout
Madusen bestétigt wurde. In Zusammenarbeit konnten wir in vivo Ableitungen lokaler

Feldpotentiale und sogenannter 'single units' im Gyrus dentatus und der CA3 Region des



Hippokampus durchgefiihren. Hier konnte eine Ca,3.2 spezifische Stérung der neuronalen
Aktivitat nachgewiesen werden.

Basierend auf diesen Resultaten schlagen wir ein Modell vor, bei dem T-Typ
Kalziumkanéle im axonalen initialen Segment von reifen Koérnerzellen niedrigschwellige,
hochfrequente Aktionspotentiale generieren und damit den Informationstransfer zu CA3

Pyramidenzellen beeinflussen.
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1. Introduction

1.1. The dentate gyrus

The major role of the hippocampal formation in learning and memory and its lamellar
organization have made it a target of choice for neuroscientists seeking to understand the basis
of brain function (Andersen, 2007). The dentate gyrus (DG) is a particular subfield of the
hippocampal formation. The DG constitutes the main gateway for cortical information from
entorhinal cortex (EC) and the first relay station in the classically described tri-synaptic circuit
(EC—-DG—CA3—CAL1, Figure 1A). The processing of neuronal information performed by
the DG is fundamental for the hippocampal formation function (Andersen, 2007; Scharfman,
2011).

The DG is composed of different neuronal types, and the granule cells represent the
principal cells (dentate gyrus granule cells, DGGCs, Figure 1B and C). The DGGCs form a
dense layer called the granule cell layer. DGGCs extend their dendrites in the molecular layer,
where they receive their main excitatory input from pyramidal and non-pyramidal principal
cells of the layer Il of the medial and lateral EC through the perforant path. In turn, DGGCs
send axonal projections to CA3 pyramidal cells in fascicles named mossy fibers (Scharfman,
2011) (Figure 1A). The CA3 pyramidal cells then further project to CA1 pyramidal cells
through the Schaeffer collaterals (Andersen, 2007) (Figure 1A). The EC is the main interface
between the hippocampal formation and the neocortex (Andersen, 2007; Canto et al., 2008). It
notably receives multimodal sensory information from multiple cortical areas (Andersen, 2007;
Canto et al., 2008). In other words, an important function of DGGCs is to receive, process and

transmit sensory information to the hippocampus.

1.2. DG-dependent neuronal processing, pattern separation and pattern completion

Pattern separation refers to the neuronal processing that transforms overlapping inputs
into segregated output encoded by non-overlapping neuronal networks. At the highest cognitive
level, this translates into the ability of the brain to discriminate similar, yet different objects,
contexts and situations. Pattern completion is in a way the opposite and reflects the ability to
reactivate a specific neuronal network, such as one encoding a specific memory, from initially

incoherent and/or fragmented information (Deng et al., 2010; Johnston et al., 2016).
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Figure 1: Simplified neuroanatomy and cellular composition of the DG. A: The classically described
tri-synaptic circuit of the hippocampal formation. The perforant path axonic fibers originating mostly
from pyramidal and stellate/fan cells of the layer 11 of the medial/lateral entorhinal cortex (EC) project
to the DG and contact DGGCs dendrites. DGGCs send axonal projections named the mossy fibers to
CA3 pyramidal cells, which in turn contact CA1 pyramidal cells trough Schaffer collaterals. Reality is
more complex and other connections exist within the hippocampal formation. For instance, the EC also
sends direct projections to CA3 and CAL. Nevertheless, this simplified tri-synaptic circuit captures many
of the hippocampal features. Modified from (Lopez-Rojas and Kreutz, 2016). B: Overview of the
structural organization and neuronal composition of the DG. Red colors indicate GABAergic and blue
colors glutamatergic neurons. The principal cells of the dentate are the granule cells, which are densely
packed in the granule cell layer (GCL). Several interneurons subtypes, including basket cells, innervate
all layers of the DG. Mossy cells are glutamatergic neurons distributed in the hilus, which contact both
granule cells and interneurons and whose functions remain elusive. OML.: outer molecular layer; MML.:
middle molecular layer; IML: inner molecular layer; GCL: granule cell layer; SGZ: subgranular zone;
HIL: hilus. Reproduced from (Scharfman, 2016). C: A mGCs filled with Alexa594 (red) through a patch
pipette, as it can be visualized with the help of 2-photon microscopy. (Personal collection).

Lesions of the DG profoundly affect associative and spatial learning (Sutherland et al.,
1983; Walsh et al., 1986; Nanry etal., 1989; Lee and Kesner, 2004). In addition, the optogenetic



re-activation of DGGCs that were active in response to a specific context is enough to evoke or
even create memories associated with this context (Liu et al., 2012; Ramirez et al., 2013). These
studies confirm the importance of DG in processing sensory information and suggest that
DGGCs are not only computational effectors but also constitutive components of memory
engrams.

Early modeling studies of the hippocampal circuitry proposed that one of the main
functions of the DG is to sort overlapping information from the EC and transmit this processed
information to CA3 trough orthogonal sets of DGGCs, thus performing pattern separation
(Marr, 1971) (Figure 2). This model is notably supported by the neuroanatomical organization
of the DG and the intrinsic electrophysiological properties of DGGCs. Indeed, DGGCs largely
outnumber both their presynaptic and postsynaptic partners: DGGCs outnumber the pyramidal
cells of the CA3 subfield by a ratio of ~5:1 and the neurons of the layer Il of the EC by a ratio
of ~11:1 in rats (Andersen, 2007). In addition, each DGGC contacts only few CA3 pyramidal
cells, around 15 (Andersen, 2007). On the other hand, single CA3 pyramidal cells receive
projections from many DGGCs (Andersen, 2007). Overall, this results in a convergence of
information from EC to DG and a divergence from DG to CA3, already maximizing the ability
of the DG to sort EC inputs into non-overlapping outputs (Amaral et al., 1990, 2007; Schmidt
etal., 2012). Moreover, most of DGGCs have intrinsic electrophysiological properties, such as
low input resistance and strong attenuation of EPSPs travelling in the dendrites from synaptic
contacts to soma, that contribute to the sparse DGGCs firing (Krueppel et al., 2011; Mongiat
and Schinder, 2011; Schmidt-Hieber et al., 2004a; Drew et al., 2013; Lopez-Rojas and Kreutz,
2016). Coupled with this, DGGCs exert strong lateral inhibition on neighboring granule cells
mediated by interneurons (Scharfman, 2011; Dieni et al., 2013; Temprana et al., 2015). All
together, these properties cause most of DGGCs to fire at very low frequency (around 0.2 - 0.5
Hz) in physiological conditions (Jung and McNaughton, 1993; Pernia-Andrade and Jonas,
2014). In turn, this overall low frequency firing of DGGCs theoretically increases the
probability that different granule cells will encode similar inputs, i.e. improves pattern
separation (sparse coding). Substantial experimental evidences confirmed this model of DG
acting as a pattern separator (Gilbert et al., 2001; Bakker et al., 2008; Goodrich-Hunsaker et
al., 2008; Berron et al., 2016).

In addition to pattern separation, recent studies suggest that DGGCs can also perform
pattern completion, a process so far classically attributed to the CA3 subfield of the
hippocampus (Nakashiba et al., 2012; Temprana et al., 2015; Kropff et al., 2015). These results
are in agreement with the fact that the optogenetic stimulation of selective sets of DGGCs is
enough to evoke complete memory engrams, as previously mentioned (Liu et al., 2012;
Ramirez et al., 2013).



The latter results provide a good illustration of the fact that, apart from the now
relatively well established role in pattern separation, the precise functions of the DG remain
only partially understood (Treves et al., 2008).

A

Mossy fibers output only target sparse set of
| Threshold @ oo llsas downstream CA3 pyramidal cells.

High inhibition and/or differential
intrinsic excitability properties limits

firing to only most responsive cells.

Sparse set of CA3 pyramidal cells now selected to encode cortical inputs.

B
Context 1 Context 2
Sparse set of GCs represent one context. Orthogonal set of GCs represent different context.

Figure 2: Models of the segregation of neuronal information by the DG underlying pattern separation.
A: High inhibition and/or differential intrinsic excitability properties cause only small number of DGGCs
to produce APs in response to information inflow from the entorhinal cortex (EC). Due to limited
connectivity between single DGGCs and CA3 pyramidal cells, only sparse sets of postsynaptic CA3
pyramidal cells get activated. Information has been filtered. B: Due to divergence of input from EC to
DG, high inhibition and lateral competition between DGGCs, different sensory contexts get encoded by
segregated (= orthogonal) populations of DGGCs. A and B reproduced and modified from (Aimone et
al., 2011).

1.3. Dentate gyrus neurogenesis: mature and immature granule cells

A topic that notably remains highly controversial is the functional impact of dentate
gyrus neurogenesis and the respective roles of the heterogeneous population of DGGCs:
newborn immature granule cells and older mature granule cells.

The DG is one of the few regions in the brain where adult neurogenesis has been
described (Gage, 2002; Ming and Song, 2011). Newborn DGGCs are generated from neuronal
stem cells located in the subgranular zone (Gongalves et al., 2016). They undergo several
maturation steps over the course of weeks during which they migrate in the granule cell layer,
receive GABAergic inputs from interneurons then glutamatergic from the EC, develop their
dendritic tree, maturate their synapses, express increasingly complex arrays of voltage-gated
channels and send axonal projections toward CA3 which stabilize later on (Mongiat and
Schinder, 2011; Drew et al., 2013; Goncalves et al., 2016; Lopez-Rojas and Kreutz, 2016).

Interestingly, more than half of the adult-generated DGGCs fail to integrate into the network

10



and undergo apoptosis (Gould et al., 1999; Dayer et al., 2003; Sierra et al., 2010). Adult-
generated DGGCs are considered to be functionally and morphologically mature eight weeks
after birth and at this stage they are virtually indistinguishable from mGCs generated during
embryonic life (Overstreet-Wadiche et al., 2006; Ge et al., 2007a; Laplagne et al., 2007; Sierra
et al., 2010).

Due to adult neurogenesis, the global population of DGGCs at every time point of an
adult brain’s life is composed of a heterogeneous set of mGCs: older mature granule cells
(mGCs) and immature granule cells (iGCs) with marked differences in structural, molecular
and functional characteristics (Mongiat and Schinder, 2011; Drew et al., 2013) (Figure 3). The
detailed comparison of mMGCs and iGCs is topic of extensive reviewing and will not be covered
in details in this thesis introduction (Mongiat and Schinder, 2011; Drew et al., 2013; Lopez-
Rojas and Kreutz, 2016). Several important aspects can be highlighted to better understand the
scientific questions underlying my work:

- IGCs are continuously generated, they are therefore well-suited for coding time-
specific events (Rangel et al., 2014).

- iGCs are highly excitable in comparison with mGCs (Figure 3), notably because the
iGCs have a high input resistance (in the range of the GQ as compared to 100-300 MQ for
mGCs) (Drew et al., 2013), a depolarized resting potential (-40 to -70 mV as compared to -75
to -80 mV for mGCs) (Drew et al., 2013) and because mGCs dendrites function as voltage
attenuators, very strongly limiting the propagation of individual EPSP from synapses to the
soma (Krueppel et al., 2011).

- iGCs are weakly inhibited by interneurons in comparison with mGCs (Figure 3).

- mGCs are less sensitive to synaptic plasticity than iGCs. Indeed, stronger stimulation
protocols are required to elicit long-term potentiation of EC - mGCs synapses (Wang et al.,
2000; Snyder et al., 2001; Schmidt-Hieber et al., 2004b; Lopez-Rojas et al., 2016). This could
be mediated by differential calcium buffering in the dendrites of iGCs and mGCs (Stocca et al.,
2008) (Figure 4). iGCs notably exhibit a marked peak of sensitivity to synaptic plasticity when
they are around 4-6 weeks old, which quickly falls down when the cells further age (Ge et al.,
2007a).

The final consequence of these properties is that, for a given synaptic input, iGCs will
reach threshold for firing much easier than mGCs and will also exhibit long-term synaptic

potentiation upon weaker amount of presynaptic stimulation.
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Figure 3: Comparison of structural, molecular and electrophysiological properties of iGCs and mGCs.
Figure adapted from (Mongiat and Schinder, 2011), with additional proportions of iGCs and mGCs from
(Kempermann et al., 1997; Cameron and McKay, 2001; Ninkovic et al., 2007).

However, some other significant factors should be considered:

- iGCs form a minor proportion of the global DGGCs (around 10% of all DGGCs)
(Kempermann et al., 1997; Cameron and McKay, 2001; Ninkovic et al., 2007) (Figure 3).

- iGCs have a relatively undeveloped dendritic arbor in comparison to mGCs and are
much less integrated in the DG and brain network for both GABAergic and glutamatergic inputs
(Esposito et al., 2005; Ge et al., 2008; Gu et al., 2012) (Figure 3).
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- mGCs express an enriched array of voltage-gated channels and thus exhibit more
elaborated ionic conductance than iGCs, which ultimately endow them with more advanced
intrinsic excitability properties such as sharp sodium spikes and active membrane repolarization
conductance that allow them to sustain more efficiently high-frequency repetitive firing
(Mongiat et al., 2009; Pedroni et al., 2014).

- mGCs could rely on other mechanism than synaptic plasticity, such as dynamic
regulation of dendritic and axonal voltage-gated channels to contribute to hippocampal
plasticity (Johnston and Narayanan, 2008; Martinello et al., 2015; Lopez-Rojas et al., 2016;
Yamada and Kuba, 2016).

Several studies have supported a preferential role of iGCs in DG function, an equal
participation of iGCs and mGCs, a preferential role of mGCs or a context-dependent
cooperative action of iGCs and mGCs and the debate is still ongoing (Dieni et al., 2013; Toni
and Schinder, 2015; Lopez-Rojas and Kreutz, 2016; Johnston et al., 2016; Becker, 2017).

1.4. A focus on the question of mMGC-CAS3 connectivity

As illustrated in the previous part of this introduction, DGGCs are mostly silent in vivo
and their mean firing rate is very low (in the range of 0.2 to 0.5 Hz) (Jung and McNaughton,
1993; Pernia-Andrade and Jonas, 2014). But single DGGCs have to be able to robustly trigger
neuronal firing of CA3 pyramidal cells in order to have any impact on hippocampal function.

In an elegant study, Henze and colleagues (Henze et al., 2002) performed intracellular
recordings of DGGCs (with characteristics of mGCs) paired with extracellular single unit
recordings of proximal CA3 (CA3c) pyramidal cells in vivo. They controlled granule cells
firing with current injection and assessed the response of the downstream CA3c pyramidal
cells. Using this technique, they demonstrated that these putative mGCs started to reliably
trigger CA3 pyramids when they fired several APs at frequencies higher than 50 Hz. Increase
of the firing frequency of DGGCs improved the probability and sharpness of excitation
propagation between granule cells and CA3 pyramidal cells, reaching nearly a 1:1 transmission
ratio for frequencies of 100 Hz. The mean number of spikes required for DGGCs to trigger
CA3 at these frequencies was around 4, whereas single spikes were ineffective. Illustrative
results of the study and schematized conclusions are presented in Figure 4.

In an in vivo study, Pernia-Andrade and Jonas (Pernia-Andrade and Jonas, 2014)
showed that mGCs, even though mostly silent, preferentially fire very high-frequency (~140
Hz) bursts of 2 to 5 APs when they become active. This burst firing of mGCs would fulfill the
requirements to reliably and efficiently trigger their CA3 postsynaptic targets. However, burst

firing of DGGCs is not something extensively studied and tends to be associated with
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pathological, epileptic conditions (Buckmaster and Dudek, 1997; Scharfman, 2011; Shao and
Dudek, 2011; Dengler and Coulter, 2016; Kelly and Beck, 2017).

Thus, how mGCs could exhibit high-frequency firing required for triggering of CA3
pyramidal cells remains a topic to be explored.
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Presynaptic DGGC Postsynaptic CA3 pyramidal cell Time (s)

Figure 4: DGGCs need to fire at high-frequency to efficiently trigger their postsynaptic targets: the CA3
pyramidal cells. Figure presenting the results of (Henze et al., 2002). A: Illustrative scheme of the results
of the study. Top: low frequency spikes produced by presynaptic DGGC are ineffective in triggering the
firing of a postsynaptic CA3 pyramidal cell. Bottom: trains of APs at high frequency can efficiently
trigger the firing of the CA3 pyramid. B: Actual quantification of frequency-dependent signal
transmission efficiency in one DGGC-CA3 pyramidal cell pair from (Henze et al., 2002). X-axis
represents the delay between DGGC firing and CA3 response. Y -axis represents the probability to trigger
firing of the postsynaptic CA3 pyramidal cell, in other words the transmission of the activity. The
different curves represent the effect on these parameters of variable intra-train frequencies of a train of 6
APs. Half-reliable and relatively fast transmission between the presynaptic DGGC and the postsynaptic
CAZ3 pyramidal cell was attained when DGGC fired APs at 50 Hz. DGGC firing at 100 Hz resulted in an
almost 1:1 ratio of signal transmission and a fast propagation in the range of few ms.

1.5. Voltage-gated T-type channels and neuronal intrinsic excitability

Intrinsic excitability is “the electrical excitability of a particular neuron. It is
determined by the number and distribution of ion channels and receptors that contribute the
electrical properties and depolarization potential of the neuron.” (Nature.com). In my study, |
was interested in studying if mGCs possess intrinsic excitability mechanisms that could
contribute to their high-frequency and short-lasting bursting activity reported in vivo (Pernia-
Andrade and Jonas, 2014). An interesting candidate here are T-type voltage-gated calcium
channels (Iftinca, 2011).

T-type channels comprise three subtypes, Ca,3.1, Ca,3.2 and Ca,3.3 which differ in
their molecular structure, voltage-dependence and kinetic properties, but share the common

property to be low-voltage activated channels (Perez-Reyes, 2003) (Figure 5A). Low-voltage
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activated means that these channels are preferentially active at negative potentials (below -60
mV) and that their threshold for opening is also relatively hyperpolarized as compared to other
calcium channels such as L-, P/Q and N-type (oppositely named high voltage-activated
channels) (Perez-Reyes, 2003) (Figure 5C). In addition, they quickly inactivate following
depolarization and thus can have a stereotypical, short time-frame effect on firing (Figure 5D).
The transient current they exhibit upon depolarization is partially at the origin of their name (T
for transient). The other cause of their T-type denomination was their small conductance as
compared to other high-voltage calcium channels (T for tiny) (Tsien and Barrett, 2013). Due to
their permeability to calcium, a ion with two positive charges more concentrated in the
extracellular space due to active pumping out of the cytosol (Brini and Carafoli, 2009) but also
a major signaling molecule (Clapham, 2007), T-type calcium channels opening can acutely
depolarize neuronal membrane but also trigger calcium-dependent intracellular mechanisms.
As a consequence of strong voltage-dependent inactivation properties and small conductance
to calcium, T-type channels opening produces spatially restricted membrane depolarization and
intracellular calcium transients. Thus, they theoretically allow/require a precise subcellular
localization and function. In line with this, they have a relatively simple molecular structure
since physiologically functional T-type channels can be formed from only a. subunit, whereas
other voltage-gated calcium channels are functionally formed of an assembly of several
subunits (Figure 5B). T-type channels are able to “buddy up” with several types of potassium
channels and regulate their activity, which, in turn affects neuronal excitability (Turner and
Zamponi, 2014).

A well-documented effect of T-type channels on intrinsic excitability is to endow
neurons with a burst firing phenotype. This has been shown in relay cells, the principal cells of
the thalamus (Zhan et al., 1999; Kim et al., 2001), but also in cartwheel cells, the dominant type
of interneuron in dorsal cochlear nucleus, where T-type channels localized at the level of the
axon initial segment were shown to control this phenomenon (Bender and Trussell, 2009a;
Bender et al., 2012; Bender and Trussell, 2012). Interestingly, the same authors demonstrated
that this T-type channels control of cartwheel cells firing could be dynamically modulated by
dopamine (Bender et al., 2010, 2012).
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Figure 5: Classification, structure and functional properties of Low-voltage activated T-type calcium
channels. A: Classification and terminology of voltage-gated calcium channels. T-type channels form
the family of low-voltage activated channels (LVA) and comprise three members: Ca,3.1, Ca,3.2 and
Cay3.3. They can also be denominated alG, alH and all based on the gene encoding their a1 subunit,
the main and pore-forming subunit of voltage-gated calcium channels. They are molecularly and
functionally segregated from other voltage-gated calcium channels L-, P/Q-, N- and R-type channels,
which are high-voltage activated channels (HVA) and are encoded by different genes and formed by
different subunits. Figure from (Perez-Reyes, 2003). B: Typical molecular composition of
physiologically functional voltage-gated channels. HVA calcium channels are formed by an assembly of
their a1 subunit and additional regulatory subunits whereas LVA T-type channels are fully functional
with only their o subunit. Modified from (Iftinca, 2011). C: Voltage-dependence properties of T-type
channels. T-type channels enter a ready-to-activate configuration at negative voltages and open at
hyperpolarized potentials as low as around -60 mV. They undergo strong voltage-dependent inactivation
and are mostly inactivated from voltages around -40 mV. Personal scheme. D: Typical T-type currents
elicited by gradual depolarization from negative potentials. Note the fast voltage-dependent inactivation
occurring in less than 100 ms. Traces from (Perez-Reyes, 2003).
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1.6. T-type channels in the DG

T-type channels are strongly expressed in the DG, especially the Ca,3.2 isoform (Talley
etal., 1999; McKay et al., 2006; Francois, 2013; Aguado et al., 2016; Bernal Sierraetal., 2017).
For Ca,3.1, immunolabeling and in situ hybridization studies have reported somewhat
conflicting expression levels. Talley and colleagues (Talley et al., 1999) observed significant
staining for Cav3.1 mRNA in the granule cell layer but McKay et al. and Aguado et al. found
negligible levels of Ca,3.1 protein labeling (McKay et al., 2006; Aguado et al., 2016). Ca,3.3
protein has been found significantly expressed at the level of DGGCs soma (McKay et al.,
2006).

At a subcellular level, conflicting results of immunolabeling of Ca,3.2 have also been
reported in DGGCs. McKay et al. found a predominantly somatic expression of this isoform
while Aguado et al. described a stronger labeling in the distal dendrites. Using a more precise
immunogold labeling technique, Martinello and colleagues showed that Ca,3.2 are more
densely expressed in dendrites and in spines but are also present in the soma and in the axon of
mGCs (Martinello et al., 2015).

1.7. Impact of T-type channels on iGCs and mGCs intrinsic excitability

In iGCs, activation of T-type channels produces a low-threshold calcium spike that can
be visualized in whole-cell recordings without any pharmacological isolation (Schmidt-Hieber
et al., 2004b). This is notably due to the high input resistance of iGCs, which allows small
calcium fluxes mediated by T-type channels to have strong impact on membrane potential. In
addition, the relatively limited variety of voltage-gated ion channels open at resting potential
in iIGCs contributes to the isolation of this phenomenon. These T-type channels-mediated low
threshold calcium spike activates at lower voltages than sodium channels and produces a
depolarizing drive that facilitates reaching APs threshold, thus strongly enhancing iGCs
excitability (Schmidt-Hieber et al., 2004b).

Oppositely, no such low threshold calcium spike can be measured in whole-cell
recordings of mGCs in standard conditions (Schmidt-Hieber et al., 2004b; Pedroni et al., 2014).
In addition, acute blockade of T-type channels produces no changes in the sodium spike
threshold and mGCs firing (Schmidt-Hieber et al., 2004b; Martinello et al., 2015). However,
low threshold calcium spikes can be observed in mGCs in the presence of potassium channels
blockers (Blaxter et al., 1989) and T-type channels localized at the level of their axon initial
segment have been implicated in a cholinergic-induced modulation of axon initial segment M-

type potassium channels and subsequent plasticity of AP threshold (Martinello et al., 2015).
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1.8. Aims of the study

1. To study the impact of T-type channels on mGCs intrinsic excitability

2. To quantify the distribution of T-type channels-mediated calcium fluxes in mGCs
dendrites and proximal axon

3. To further investigate the role of axon initial segment-localized T-type channels in
controlling mGCs firing

4. To examine the individual function of the Ca\3.2 isoform in regulating mGCs intrinsic
excitability

5. To explore the importance of mGCs T-type channels in DG-CA3 communication

18



2. Materials and Methods

2.1. Materials

2.1.1. Chemicals

Anaesthetic

Name Supplier
Isoflurane Baxter Baxter
Avrtificial Cerebro-Spinal Fluid (ACSF)
Name Supplier
NaCl Carl Roth
KCI Fluka
Carl Roth
MgSo04.7H20 Merck
CaCl, Merck
KH2P04 Merck
NaHCO3 Carl Roth
D-Glucose Fluka
Carl Roth
Intracellular solution
Name Supplier
KOH Carl Roth
HCI Carl Roth
GTP Sigma-Aldrich
ATP Sigma-Aldrich
Potassium Gluconate Fluka
EGTA Carl Roth
HEPES Carl Roth
Alexa594 Invitrogen
Fluo-5F Invitrogen
Pharmacological antagonists
Name Supplier
TTX Tocris Bioscience
CNQX Tocris Bioscience
D-AP5 Tocris Bioscience
Abcam
(-)-Bicuculline methiodide Tocris Bioscience
Sigma-Aldrich
NiCl,.6H,0 Sigma-Aldrich
TTA-A2 Kind gift from Dr. Emmanuel Bourinet, Institut
de Génomique Fonctionnelle, Montpellier,
France
NNC 55-0396 Tocris Bioscience
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Mibefradil Tocris Bioscience
Nifedipine Abcam
SNX-482 Peptide Institute
DMSO Carl Roth
Surgery and tetrodes implantation
In details in the text
2.1.2. Equipment
Brain slices preparation
Name Details Supplier
Vibratome Model VT 1000S Leica
Slice storage insert Warner instruments
Patch pipette preparation
Name Details Supplier
Glass capillaries 1,50x0,86x100 mm with Biomedical instruments

filament and fire polished

Pipette puller

Flaming/Brown micropipette Sutter Instruments
puller model P-97

Main electrophysiology setup

Name Details Supplier
Microscope Water immersion upright Olympus
microscope model BX50WI
Light source Halogen lamp Osram
Light source power/transformer | Model TH3 Olympus
CCD camera Model KP-M2RP Hitachi Kokausai Electric Inc.
Temperature controller Single channel automatic Warner Instruments
heater controller model TC-
324B
Circulation system Peristaltic tubing pump model Ismatec
Reglo

Fluorescence lamp

High pressure mercury burner Olympus
model BH2-RFL-T3

Amplifier EPC9 amplifier HEKA
Acquisition software Patchmaster HEKA
Micromanipulators Model SM 5-9 Luigs and Neumann
Stimulator Stimulus isolator, model ISO- | A.M.P.I
Flex
Micro-pressure system Model PDES-02DX npi
2-photon imaging setup
Name Details Supplier
2-photon microscope Commercial 2-photon Femtonics

microscope, model Femto2D

Light source

Red-infrared LED

Laser

Ti:Sapphire femtosecond laser, | Coherent
model Cameleon ultra |
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Temperature controller Dual channel automatic heater | Warner Instruments
controller model TC-344B

Headstage controller Model MP285 Sutter Instruments
Micromanipulator Model SMX Sensapex

Amplifier Model Multiclamp 700B Molecular devices
Acquisition interface Model digidata 1440A Molecular devices
Acquisition software Clampex Molecular devices

In vivo experiments
In details in the text

2.1.3. Analysis software

Name Supplier
Fitmaster HEKA
Clampfit Molecular devices
Mini Analysis Synaptosoft
Anymaze Stoelting Europe
Spike2 Cambridge Electronic Design
Excel Microsoft
Prism GraphPad Software
2.1.4. Animals

Wistar Han rats from Charles River and C57BL/6J mice from Charles River were bred
in house. For local block of T-type channels, Wistar Han rats were ordered from Charles River
and allowed to recover in house for 1-2 weeks before experiments. Ca,3.2 KO mice originally
described by Chen and colleagues (Chen et al., 2003) and backcrossed to C57BL/6J background
by Janvier Labs, were a kind gift of Dr. Emmanuel Bourinet, Institut de Génomique

Fonctionnelle (Montpellier, France) and were further bred in house.

2.2. Methods

2.2.1. In vitro single cells recordings

2.2.1.1. Hippocampal slices

Transversal acute brain slices were prepared from young adult Wistar Han rats (8-10
weeks), young adult C57 BL/6J mice (20-28 weeks) and young adult Ca,3.2 KO mice (20-28
weeks). Animals were anesthetized with isoflurane and quickly decapitated. The brain was
removed and the right hemisphere was isolated in ice-cold artificial cerebrospinal fluid (ACSF)
containing in mM: 124 NacCl, 4.9 KCI, 2 MgSOQ., 2 CaCl,, 1.2 KH2PQy4, 25.6 NaHCO; and 20
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glucose, equilibrated with 95% 0O./5% CO., pH=7.4, 310 mOsm. 400 pm-thick slices were
subsequently cut in ice-cold ACSF and transferred to a holding chamber at 34°C for 25 minutes
before further storage at room temperature. The slices were left to recover for minimum of 1
hour before the start of the experiment. The same composition of ACSF was used for the whole

procedure from brain removal to storage.

2.2.1.2. Current-clamp whole-cell recordings

Patch pipettes were pulled from a flaming/brown horizontal micropipette puller (model
P-97, Sutter instruments) and filled with an intracellular solution containing in mM: 130
potassium gluconate, 20 HEPES, 1 CaCl,, 2 MgCl,, and 10 EGTA. The pH was adjusted to 7.3
and the osmolarity to 290 mOsm. In corresponding experiments, the volume marker Alexa594
and the low-affinity calcium-sensitive dye Fluo-5F were added to the intracellular solution. The
extracellular solution (ACSF) used for recordings was the same as for cutting, except for the
presence of some pharmacological blockers mentioned and its temperature was adjusted to
25°C or 32°C depending on the experiment. Once transferred to the recording chamber, slices
were left to incubate in the bath solution for 15 minutes prior to recordings. Whole-cell current
clamp recordings on granule cells were established using the patch-clamp technigue. Cells were
hold at -70mV by injecting a small holding current as required. Mature granule cells were
selected based on their shape, size and distribution in the two outer thirds of the granule cell
layer; and their identity was further confirmed by their input resistance (Wang et al., 2000;
Schmidt-Hieber et al., 2004b; Ge et al., 2007b). Different slices were incubated with bath
solutions according to the experimental conditions and corresponding pools of cells were
compared independently. The amount of mature granule cells recorded from different slices
and in different experimental conditions was equilibrated among days and animals.

Electrophysiological data were acquired at 20 or 10 kHz.

2.2.1.3. Pharmacology

2.2.1.3.1. T-type channel blockers

Except for the experiments of local blockade with micro-pressure applied puffs, all T-
type channels blockers were bath-applied at concentrations widely used in the literature and
mostly selective for T-type channels and more specifically the Cay3.2 subtype:

e 100 uM NiCl; (Lee et al., 1999; Bijlenga et al., 2000; Joksovic et al., 2005; Obejero-

Paz et al., 2008; Engbers et al., 2012; Zhang et al., 2012; Cui et al., 2014)
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e 3 uM mibefradil (McDonough and Bean, 1998; Martin et al., 2000; Todorovic et al.,
2001; Perez-Reyes, 2003)

e 1 uM TTA-A2 (Kraus et al., 2010; Todorovic and Jevtovic-Todorovic, 2011; Francois
et al., 2013; Fernandez et al., 2015)

e 50 uM NNC 55-0396 (Huang et al., 2004; Li et al., 2005).

2.2.1.3.2. R and L-type channels blockers

In corresponding experiments, 10 uM nifedipine, a relatively selective blocker of L-
type calcium channels (Beck et al., 1997; Zhou and January, 1998; Shen et al., 2000) and 500
nM SNX-482 were used. SNX-482 is a potent blocker of Kv4.3 A-type potassium channels,
but also blocks R-type calcium channels at higher concentrations (Newcomb et al., 1998; Wang
et al., 1999; Bourinet et al., 2001; Myoga and Regehr, 2011; Kimm and Bean, 2014). The
efficiency of R-type block by SNX-482 has been reported to be variable among cell types
(Newcomb et al., 1998), but the concentration we used, 500 nM, has been successfully used on
DGGCs (Sochivko et al., 2002; Breustedt et al., 2003).

2.2.1.3.3. Synaptic transmission blockers

In corresponding experiments, a classical cocktail of synaptic blockers consisting of 10
uM CNQX, 50 uM D-AP5 and 20 uM bicuculline (antagonists of AMPA/kainate, NMDA and
GABAA receptors, respectively) were added in the bath solution to study intrinsic excitability

of mGCs in isolation from the network.

2.2.1.3.4. Considerations on pharmacology preparation and use

Most of the pharmacological blockers and antagonists were prepared from high
concentration stock solutions dissolved in water. TTA-A2 and nifedipine were dissolved in
dimethyl sulfoxide (DMSO). The dilution factors were adjusted in a manner that the final
concentration of DMSO in the extracellular solution did not exceed 0.1%, a concentration
considered to be not toxic for cells. In the corresponding control experiments, DMSO at similar
concentration was added to the ACSF. I did not observe any signs of DMSO-induced toxicity

in my experiments.
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2.2.1.4. Characterization of mGCs firing phenotype

10-30 MQ tip resistance pipettes were used to limit the washout of the cells and
recordings were made as fast as possible following establishment of the whole-cell
configuration. Some other empirical factors such as the patching of the cells on somatic
compartments distal from the axon also improved the occurrence of mGCs burst firing. In all
experiments, repeated stimulations of mGCs were interleaved with an inter-sweep interval of
10-15 seconds to allow complete recovery of T-type channels from inactivation (Perez-Reyes,
2003).

2.2.1.4.1. Characterization of burst firing following somatic current injection

The standard protocol to characterize mGCs firing phenotype consisted in stimulating
the cells by 250 ms-long depolarizing somatic current injections of 40 pA increasing intensity
starting from 0 pA with respect to the holding current (Figure 6B). The first step intensity
eliciting firing of the cell was termed rheobase (R+0) and the next +40 pA step was termed
rheobase+1 (R+1) (Figure 6B). These two steps were used for quantification of burst firing as
they allowed clear discrimination between bursting and non-bursting APs and produced low
and mild stimulations arguably close to physiology. In my conditions, burst firing was mostly
restricted to the first two spikes of the cells discharge while later spikes were usually elicited
in a lower-frequency tonic pattern. This phenomenon correlates well with the fast voltage-
dependant inactivation properties of the channels which most likely gets quickly inactivated in
my protocol and thus can only strongly affect the initial spikes (Perez-Reyes, 2003).
Accordingly, quantification of the burst firing was made by measuring the inter-spike interval
(IS) between the 1% and 2" AP (1% ISI) and later tonic spikes coming at the end of the
discharge, in these conditions the 4" and 5" AP (4™ ISI) (Figure 6C).

2.2.1.4.2. Quantification of the ADP and correlation with firing phenotype

Single spikes were elicited by 5 ms-long 600 pA current injection (Figure 18A). The
amplitude of the ADP following the AP was measured 6 ms and 20 ms after the peak of the AP
(Figure 18A), values corresponding to the average timing of the peak of the ADP as calculated
in all cells recorded for this experiment, and the average timing of the bursting spike observed
in similar conditions (50 Hz) (Figure 6D). Firing phenotype in response to the 250 ms, A40 pA
stimulating protocol described above was also assessed in the same cells to calculate the

correlation between the ADP amplitude and the 1% ISI at step R+1 in the A40 pA protocol.
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2.2.1.4.3. Medial perforant path stimulation-driven activity

A 6-10 MQ patch pipette was filled with extracellular solution and placed in the
molecular layer around 100 um from the cell body along a virtual line perpendicular to the
granule cell layer. An ISO-Flex stimulator (A.M.P.1) was used to deliver short square-pulses of
decreasing intensity from 100 to 10 pA to elicit both subthreshold and suprathreshold EPSPs
(Figure 22A). The EPSP slope and the number of spikes (which rarely exceeded 2 APS) were
quantified. E-S curves (EPSP slope vs. Spike probability) for 1 AP and more or 2 APs and more
were calculated individually for each cell from values of EPSP slopes and number of spikes
and fitted with the following equation: Y=Bottom+(Top-Bottom)/(1+10"((E50-X)*HillSlope))
with constraints Bottom=0 and Top=100. The half-effective E50 values were stored for

analysis. The extracellular solution contained 20 uM bicuculline.

2.2.1.4.4. Local blockade of T-type channels

100 uM Alexa594 was added to the intracellular solution to allow visualization of
mGCs processes following green light illumination. The extracellular solution was the same as
described previously except that KH,PO4 was removed to prevent NiPO4 precipitation and that
KCI was increased to 6.1 mM to compensate for it. The extracellular solution contained 10 uM
CNQX, 50 uM D-AP5/D-APV and 20 puM bicuculline. A 100-130 MQ tip resistance patch
pipette was filled with extracellular solution and also contained 10 mM NiCl, and 100 uM
Alexa594 -or only extracellular solution and 100 uM Alexa594 for the control group- and was
mounted on a micro-pressure system from npi (Tamm, Germany). Alexa594 fluorescence was
used to ensure that no solution was leaking from the puff pipette, as well as to estimate the size
of the puff. Following establishment of whole-cell configuration, the firing phenotype of the
cell and the R+1 current injection intensity was assessed using the A40 pA protocol described
previously. The position of the axon and proximal dendrites were quickly assessed using
Alexa594 fluorescence. The puff pipette was then placed in close proximity to the axon or a
proximal dendrite, 20 um away from the soma (Figure 14A, 15D and 15E). mGCs were
stimulated with 250 ms-long depolarizing steps of somatic current injections of intensity
corresponding to their R+1, +/- 20 pA. After 4 repeats, 15-PSI pressure steps of 100 ms-
increasing length, starting from 100 ms up to 800 ms were applied trough the micro-pressure
system, paired with 8 repeats of the somatic current injection protocol and terminating at the
beginning of the somatic current injection stimulation. Due to the size of the pipette, the puff
was local and encompassed an area of roughly 5-25 um diameter. The somatic injection

protocol was then repeated every 15 seconds until stable recovery of the burst firing. The speed
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of recovery was variable, ranging from tenth of seconds to couples of minutes but mostly
occurred within a minute. To homogenize the data, only the 6 sweeps following stable recovery
were used for quantification. Figure 14 illustrate the whole protocol. For puffs in the axon,
another method consisting in empirically varying the puff length (300-1400 ms, average 767
ms) and the time between the puff and the somatic current injection (1000-1400 ms, average
1000 ms) was also used (Figure 16).

2.2.1.5. 2-photon imaging

A commercial two-photon laser-scanning Femto2D microscope from Femtonics
(Budapest, Hungary) was used. Laser pulses at 810 nm were provided by a Ti:Sapphire
femtosecond laser (Cameleon Ultra I, Coherent). Cells were stimulated with two 5 ms-long
current injection of 600 pA intensity with 15 ms of interval to elicit a duplet of APs at 50 Hz
that reliably propagated to distal dendrites and axon (Figure 12A). In another protocol, APs
were blocked by bath application of 1 uM TTX and cells were stimulated with current injections
of 250 ms length and 40 pA increasing intensity to reproduce the standard protocol used to
characterize burst firing (Figure 13A). Care was taken to not depolarize the cell further than -
20 mV, providing maximal T-type channels activation with limited activation of HVA channels
(Zhang et al., 2000; Perez-Reyes, 2003; Pourbadie et al., 2017). This protocol produced
membrane potential changes that could not propagate reliably to distal processes and was used
to assess more specifically T-type channels-mediated fluxes in the proximal axon. For
measuring Ca?* signals, green (Fluo 5F) and red (Alexa-Fluor 594) fluorescence were collected
during 500 Hz line scans across the dendrites and in the proximal axon. Fluorescence changes
were quantified as the increase in green fluorescence normalized to the average red
fluorescence (AG/R) (Yasuda et al., 2004). The Ca?" transient peaks were estimated from
exponential fits of the fluorescence traces. Fluorescence was collected through the objective
(60 x 1.0 NA, Olympus) and the oil immersion condenser (1.4 NA, Olympus) with two pairs
of photomultipliers (2 for collecting red band fluorescence and the other 2 for the green band
fluorescence). An additional photomultiplier was used to collect the transmitted infrared light.
The composition of the intracellular solution for these experiments was in mM: 130 potassium
gluconate, 20 HEPES, 2 MgCI2, 2 Mg-ATP, 0.3 Na-GTP, 0.25 Fluo-5F and 0.02 Alexa 594.
The pH was adjusted to 7.3 and the osmolarity to 290 mOsm. The extracellular solution was
the same as in the other experiments and also contained 10 pM CNQX, 50 uM D-AP5/D-APV
and 20 uM bicuculline. Fluorescence data recording started 15 min after attaining the whole-

cell configuration.
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2.2.1.6. In vitro data analysis

Data acquired with Clampex (Molecular devices, Sunnyvale, USA) and Patchmaster
(HEKA, Lambrecht, Germany) were analysed with Clampfit (Molecular devices, Sunnyvale,
USA) and Fitmaster (HEKA, Lambrecht, Germany), respectively. Further analysis was carried
out using Excel (Microsoft, Redmond, Washington, USA) and Prism (GraphPad Software, La
Jolla, USA). For statistical analysis, normality of the data sets was assessed with D'Agostino &
Pearson omnibus normality test prior to further parametric or non-parametric tests indicated in
details in the text. In corresponding cases, data sets were fit with Boltzmann sigmoid functions
and group comparisons were made based on the best-fit values of their respective Boltzmann
fits.

2.2.2. Invivo recordings of DG and CA3 activity and contextual fear conditioning

Behavioral and in vivo recordings study were the result of a collaborative work.
Headstages design and fabrication, fabrication of tetrodes, animals’ surgery and implantation
were performed with the help of Dr. Oleg Senkov (Deutsche Zentrum fiir Neurodegenerative
Erkrankungen, DZNE, Magdeburg, Germany) and Dr. Andrey Mironov (Nizhny Novgorod
State University, Nizhniy Novgorod, Russia). Contextual fear conditioning experiments and in
vivo recordings of DG and CA3 neuronal activity were carried out by myself under the guidance
of Dr. Oleg Senkov. Analysis of local field potential, multiunit and single unit activity was
achieved with the help of Dr. Arthur Bikbaev (Leibniz Institut fir Neurobiologie, LIN, research
group Molecular Physiology, Magdeburg, Germany).

2.2.2.1. Animals housing and procedures

In these experiments | used adult (4-6-month-old) male Cav3.2 KO and wild type
(C57BI6J) mice. At least 2 weeks before starting the experiments, the mice were transferred
from the major animal facility of LIN to a small vivarium in DZNE, where they were housed
individually with food and water ad libitum on a reversed 12:12 light/dark cycle (light on at
9:00 p.m.). All behavioral experiments were performed at the afternoons during the dark phase
of the cycle when mice are active, under constant temperature (22+1°C) and humidity (55+5%).
All treatments and behavioral procedures were conducted in accordance with ethical animal
research standards defined by German law and approved by the Ethical Committee on Animal
Health and Care of the State of Saxony-Anhalt, Germany, license number: 42502-2-
1316DZNE.
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2.2.2.2. Design and fabrication of headstages

Lightweight headstages for tetrode implantation were built using an Ultimaker2+ 3D
printer from Ultimaker. 3D models were designed using Fusion 360 3D CAD/CAM software
from Autodesk and sliced by Cura free software provided by Ultimaker, prior to printing.
Models were printed from 2.85 mm thick Polylastic Acid plastic filaments from Verbatim,
which allow producing smooth, not toxic, eco-friendly, odorless and robust objects that can be
autoclaved if needed. In short, headstage 3D model was designed to house 8 tetrodes and one
32-channels EIB (Electrode Interface Board, Neuralynx). The whole implant including 3D
printed parts, EIB, tetrodes, pins, screws and copper adhesive tape around the headstage
weighted only about 3 - 4 g; together with dental cement its weight reached 4 - 4.5 g. Adult
wild type mice with weight of 30 g can easy tolerate up to 6 - 7 g on their heads, due to very

strong neck muscles, so the designed implant could be used in behavior experiments.

2.2.2.3. Fabrication of tetrodes

For fabrication of tetrodes we used Formvar coated Nichrom wire (& 18 um/25 um)
from Science Products. To make tetrodes, 4x wires were twisted together using a magnetic stir
for spinning, and glued as one tetrode by melting Formvar with a heating gun adjusted to

produce air flow at temperature not more than 220-240 °C.

2.2.2.4. Implantation

Chronic implantation of tetrodes in mice was performed similar as in (Senkov et al.,
2006; Kochlamazashvili et al., 2012; Senkov et al., 2015, 2016; Minge et al., 2017) with minor
changes. In brief, mice were anesthetized with a 1-3% Isoflurane delivered as a mixture with
O, through a Vaporizer (Matrx VIP 3000, Midmark) and a mouse breathing mask. Prior to any
surgical manipulation, the mouse was given the analgesic Carpofen (5 mg/kg b.w. s.c.,
Rimadyl, Pfizer Pharma GmbH), its head hairs were shaved by using a small clipper (Contura,
HS61, Wella), its skin was cleaned by 75% Ethanol, followed by 10% Povidone lodine
(Dynarex, Orangeburg, Mexico) as a topical long-lasting antiseptic, then an additional
analgesic Xylocain was used on skin (a pumpspray, 10 mg Lidocain, Astra Zeneca GmbH,
Wedel, Germany). The mouse then was placed in a stereotaxic frame (Narishige, Japan), and
all next procedures were performed under a surgical binocular microscope (Labomed Prima
DNT, Labo America Inc., Fremont, USA, www.laboamerica.com) and on a heating pad (DC

Temperature Controller, WPI) to maintain mouse body temperature constant (34 - 36° C) over
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surgery. The mouse scalp skin was circular incised (& 10 mm) and removed. The edges of the

skin were processed with 75% Ethanol and Xylocain. The scalp bone was carefully cleaned
from tissue by using 75% Ethanol and 3% Hydrogen Peroxide, H.O,, then, dried with a heating
drier at the lowest temperature (<40°C) and speed (Steinel GmbH, HG-2310 LCD, Herzebrock-
Clarholz, Romania). Treated with H,O, bone better reveals position of bregma, lambda, sutures
and big capillaries under the bone. This helps to correctly position tetrodes in the brain,
avoiding excessive bleeding. After marking coordinates for implantation, 4 small holes for
anchoring and ground screws were drilled in two frontal bones and in the left and right parietal
ones at the border with the interparietal bone by using a dental micro motor (Eickemeyer,
Tuttlingen, Germany, www.eickemeyer.de). Then in frontal holes, two small screws (Plastic
One) and in the parietal holes a screw with soldered ground/reference wire were gently inserted.
Then all 4 screws and wire were covered with acrylic dental cement Paladur (Heraeus Kulzer
GmbH, Hanau, Germany) leaving the marked areas for tetrodes free of acrylic. Implantation
began with drilling of a small hole for the most anterior and closer to the middle line tetrode.
The tetrode was stereotaxically implanted by using a self-made universal holder for cannulas
and electrodes/tetrodes (a small curved tweezers from FST with a metal ring. During
implantation, a tetrode gently touched the surface (Dura) of the brain (making “0” reference)
and only then it was approached farther to its DV coordinate and secured with a small amount
of acrylic. Coordinates for 8 tetrodes were the following, for 4x tetrodes in the mouse dorsal
hippocampal Dentate Gyrus (DG) in both hemispheres: AP: -1.6 mm, L: £0.75-1, DV:2.0 mm;
and AP: -2.,5 mm, L: £1.5-2, DV:2.0 mm; and for 4x tetrodes in CA3 area of the hippocampus
in both hemispheres: AP: -1.6 mm, L: £1.5-1.75, DV:2.0 mm; and AP: -2.5 mm, L: £2.5-3,
DV:2.25-2.5 mm, were set according to the mouse brain atlas (Paxinos and Franklin, 2012).
After implantation of tetrodes, more dental cement was used to secure the whole system
on the bone. Next step was to glue a bottom part of the headstage pedestal (using dental cement)
to the skull, positioning it optimally for the mouse and implants, and as horizontally as possible.
After the whole system is well secured, the Neuralynx EIB-32 headstage board with two screws
was positioned on the top. Once this was done, all the tetrodes wire tails were gently inserted
into channels holes on the EIB-32, and pinned by golden pins (Neuralynx). The pins provide
mechanical connections between electrode wires and the EIB-32 channel inputs. Removal of
insulation from wires was not necessary; golden pins perfectly do it themselves during
insertion. After assembly was completed, all ground wires were soldered together and the upper
cover “hat” was placed above the bottom pedestal and tetrodes and fixed to it with two small
screws. The protecting “hat” with a Faraday cage was made by wrapping it with one-side-self-
adhesive copper foil soldered with silver wire for grounding, and covered for protection if

necessary with another layer of plastic self-adhesive tape. After the surgery lasting for about 4
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- 5 hours, mice were placed back into their home cages and monitored until full awakening,
which usually lasted about 15 - 20 min. Carpofen (5 mg/kg b.w. s.c., Rimadyl, Pfizer Pharma
GmbH) was used as a postoperative analgesic. All behavioral investigations and recordings
were performed after the mice had fully recovered at least 5 - 7 d after surgery, but usually 2
weeks. Recordings were done by using Neuralynx 32 channels preamplifier and 5 meters tether

and a special setup with two rolling blocks for reducing the weight of the implant and the cable.

2.2.2.5. Contextual fear conditioning

Shortly, all mice were first recorded in a neutral context (CC-, 5 min) and then 2 hour
later they were put into a conditioned context (CC+, 5 min) and given 3x footshocks, each with
0.5 mA, 1 s in duration, starting at minute 2 and separated by 1 min. Two contexts, CC+ and
CC- were different in terms of walls (squared black-and-white pattern versus grey color), smell
(different cleaning solutions) and CC+ had a metal grid (to deliver footshock), while CC- had
a white plastic floor. Next day after contextual fear conditioning, for retrieval sessions, all mice
were first put into CC+ for 5 min, then 2 hours later in CC- for 5 min. contextual fear
conditioning memory in retrieval sessions was measured as amount of time (%) mice were
freezing in CC+ and CC-. Freezing of mice was defined as total immobility of animals (except
for breathing) with a characteristic tense fearful posture. The analysis of data was done by using
AnyMaze software. Fear conditioning system was a touch-pad controller and a conditional

sound-attenuated cabinet and chambers from Ugo Basile, Italy.

2.2.2.6. Local field potential and units’ activity recordings

Intrahippocampal local field potentials (LFPs) were recorded by using a digital
electrophysiological 64 channels recording system (Neuralynx, USA) with its original
electrophysiological data acquisition software Cheetah (Neuralynx, USA). Multi-unit activity
was sampled at 32 KHz at wide-band 0.1 Hz - 10 kHz range filter, and stored at the local
network server. To be able to record a mouse in rather big open field (50x50 cm) we used a
long (5 m) tether (Neuralynx) counterbalanced with an equal weight (20-30 g) of the headstage
and the cable itself via a simple 2x rolling blocks system, that the mouse can freely move
without any discomfort. To prevent twisting the tether cable over 10 min of recording, the cable
must be at least 2 m long from the point where it is connected to the mouse to the point at the

ceiling where it counterbalanced with the 2x blocks system.
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2.2.2.7. Invivo recordings analysis

2.2.2.7.1. Network activity

Treatment and processing of signals was carried out in off-line mode using Spike2
software (Cambridge Electronic Design). To remove the 50 Hz AC noise, original wide-band
recordings of the network activity with sampling rate 32 kHz were processed using forward fast
Fourier transform (FFT), the power of 50 Hz component and its harmonics was set to 0, and
the inverse FFT was applied to reconstruct the signals. Obtained records were low-pass filtered
(gain 350 Hz) and down-sampled to 1 kHz (factor 32), and used for further analysis of the theta
and gamma oscillatory activity. For analysis of the network oscillations in the theta (5.0 - 12.5
Hz) and gamma (30.0 - 100.0 Hz) frequency bands, LFP signals in individual electrodes were
integrated for each tetrode in each animal. The spectral power of oscillatory components in the
frequency range 0 - 500 Hz was obtained using sliding FFT (2 points in 2.048 s epochs,
Welch’s method). For within- and between-group comparison, spectral power in each
frequency bin was averaged per recorded area (DG or CA3) and side (left or right) and

normalized for each animal to corresponding baseline value (taken as 100%).

2.2.2.7.2. Units activity

Action potentials were detected in a band-pass filtered signal (0.5 - 10.0 kHz) without
50 Hz noise. Events within a window of 1.25 ms (40 points at 32 kHz) with a magnitude
exceeding 6 standard deviation above mean were detected, and spike waveforms were extracted
and stored for further classification. Spike sorting using principal component analysis (PCA)
was followed by visual inspection and manual adjustment of clusters. Later, the mean firing
rate for classified units in the DG and CA3, as well as bursting properties for units in the DG
with the mean bursting rate > 0.5 burst/min, were computed. Units with the mean firing rate <
0.05 Hz were considered as inactive and discarded from analysis. The following burst criteria
were used: number of spikes > 2, first ISI to trigger burst <20 ms. Finally, the spike shapes of
obtained units were visually inspected, and inhibitory neurons were identified basing on their
higher firing rate (generally above 10 Hz) and shorter latency as compared to respective values
in principal cells. Throughout the text, the data only for putative excitatory neurons are
presented as mean + s.e.m.

Statistical analysis included non-parametric Mann-Whitney U-test for single unit
activity and ANOVA/MANOVA followed by Bonferroni post hoc test for spectral power of

theta and gamma oscillations.
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3. Results

3.1. Invitro experiments

3.1.1. Introduction to T-type channel antagonists

Pharmacological blockers have often a limited specificity, therefore | used in the
present work different antagonists to confirm the implication of T-type channels in the studied
phenomena. Ni?*is a washable, easy to use, water-soluble component that principally acts by
blocking the channels pore (Kang et al., 2006; Obejero-Paz et al., 2008). Ni?* selectively blocks
T-type channels at low micromolar concentrations over high-voltage calcium channels, but can
also block R-type calcium channels in similar concentration range (Zamponi et al., 1996; Lee
et al., 1999). In addition, Ni?* can block voltage-gated sodium channels but at much higher
concentrations (Yamamoto et al., 1993). Mibefradil is water-soluble and acts, as Ni?*, by
competing with calcium at the pore level. It blocks T-type channels at low micromolar
concentrations (Brogden and Markham, 1997; Martin et al., 2000; Strege et al., 2005; Huang
et al., 2015) and similarly to Ni%*, Mibefradil at higher micromolar concentrations can also
block L-type calcium channels (Brogden and Markham, 1997; Martin et al., 2000; Huang et al.,
2015) or affect voltage-gated sodium channels (Eller et al., 2000; McNulty and Hanck, 2004;
Strege et al., 2005). Despite the relatively close potency of mibefradil block on T-type, L-type
and voltage-gated sodium channels, mibefradil most potent effect is on T-type channels (Strege
et al., 2005). The inhibition of L-type channels by mibefradil has been shown to be caused by
an hydrolyzed metabolite of its methoxy acetate side chain (Wu et al., 2000; Li et al., 2005).
To address this issue, NNC 55-0396, a derivative of mibefradil lacking this methoxy acetate
side chain has been created (Huang et al., 2004; Li et al., 2005). So far, no strong effect of NNC
55-0396 on sodium channels have been reported, making it a highly selective blocker of T-type
channels (Huang et al., 2004; Alvifia et al., 2009; Chen et al., 2010). TTA-AZ2 is the newest
component with the highest selectivity for T-type channels with a potency roughly 300 times
superior on T-type over high-voltage activated calcium channels (Kraus et al., 2010; Francois
et al., 2013). TTA-A2 acts by maintaining T-type channels in an inactivated state (Kraus et al.,
2010; Francois et al., 2013) and its high specificity for T-type has been recently suggested to
be due to its action on a binding site not conserved between the T-type family and L-type
channels (Chavez-Colorado et al., 2016). Up to date, no block of R-type or voltage-gated
sodium channels by TTA-A2 has been evidenced. Unfortunately, TTA-AZ2 is hardly soluble in
water-based solutions and tends to stick to organic materials such as plastic tubing, making its

use trickier than the previous ones. In addition, TTA-A2 has only recently been commercially
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available. The TTA-A2 | used in my experiments was a kind gift from Dr. Emmanuel Bourinet,

Institut de Génomique Fonctionnelle, Montpellier, France.

To conclude, | used all four different T-type blockers to confirm the specific
involvement of T-type channels and rule out as much as possible any side effects on R-type
channels and other high-voltage activated calcium channels, notably L-type, and voltage-gated

sodium channels.

3.1.2. mGCs exhibit low-threshold high frequency burst firing blocked by T-
type channels antagonists

During the course of the work presented in this thesis, | used different species and
strains of rodents, mostly Wistar Han rats but also wild type (WT) C57BL/6J mice and Ca,3.2
KO mice, in which the gene coding for the Cay3.2 subtype of T-type channels was constitutively
removed. Recordings were done in most of the experiments at a room temperature of 25°C but
also at 32°C for additional characterization of rats mGCs firing phenotype and for recordings
of mice brain slices. The following parts present results obtained from Wistar Han rats at a
recording temperature of 25°C.

My first aim was to assess the firing phenotype of mGCs in response to somatic current
injection, in control conditions (CTR) or when blocking T-type channels (Figures 6A and 6B,
see materials and methods). In CTR conditions, | observed that mGCs produced high-frequency
burst firing of usually two APs from the weakest stimulation that elicited APs (R+0, see
methods) followed by single spikes elicited at slower frequencies and with a tonic pattern
(Figures 6B). For the rest of the text, the term of burst-firing of mGCs will represent a short-
time framed generation of APs (most often 2 APs in experiments performed at 25°C) at
significantly higher frequencies than other APs of the discharge, resulting in a visual
segregation of mGCs APs generation patterns (Figure 6C) and in a segregation of the inter-
spike intervals (ISI) values (Figure 6C and 6D). To obtain a more stable firing and more APs
for quantification, and because it still arguably represents a low/mild physiological stimulation,
I chose the step R+1, corresponding to R+0 plus 40pA for analysis (Figure 6B and 6C).
Measuring the ISls between the 1% and 2" APs (1% ISI) and 4™ and 5" APs (4" 1SI) of the
discharge, I quantified the firing phenotype of mGCs, as indicated in the materials and methods
and Figure 6C. The average value of mGCs 1° ISI at R+1 was around 18 ms (corresponding to
a instantaneous frequency of the second AP of the discharge around 55 Hz) whereas the 4" ISI
average frequency was around 40 ms (corresponding to an instantaneous frequency of the fifth
AP of the discharge around 25 Hz) (Figure 6D left; 1% ISI average: 17.94 + 1.701 ms; n=25
versus 4" ISI average: 41.07 + 2.500 ms; n = 22; P < 0.0001; Wilcoxon signed rank test).
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Remarkably, mGCs incubated with ACSF containing 100 uM Ni?* rarely exhibited burst firing
but rather a constantly tonic pattern of APs at lower frequencies (Figures 6C and 6D right; 1%
ISI average: 31.12 + 1.885 ms; n=26 versus 4" ISI average: 38.00 + 1.697 ms; n = 26; P <
0.0001; Wilcoxon signed rank test). The predominant occurrence of burst firing in the first
spikes of the discharge and the absence of effect of Ni?* on later-coming, non-bursting spikes
correlates well with the fast voltage-dependent inactivation of T-type channels (Perez-Reyes,
2003) which are thus likely to affect only the initial spikes of the discharge in my protocol due
to the strong inactivation caused by the 250 ms-long depolarization. | quantified as well the
ratio between the 1t and 4™ I1SI and plotted the frequency distribution of this ISI ratio (Figure
6E). ISI ratios of mGCs recorded in CTR conditions were centered around 0.5; reflecting the
heterogeneity of APs frequencies between bursts and tonic spikes whereas ISI ratios of mGCs
recorded in 100 uM Ni?* were centered around 1, reflecting the relatively constant and tonic
mode of firing of these cells (Figure 6E; P <0.0001; ¥ test). This difference in firing phenotype
was due to a strong block of mGCs burst firing by 100 uM Ni?*, which caused an almost 2-fold
increase in the average ISI between 1%t and 2" spike (Figure 6F left; CTR 1 ISl average: 17.94
+1.701 ms; n = 25; versus 100 uM Ni?* 1% ISI average: 31.12 + 1.885 ms; n = 26; P < 0.0001;
Mann-Whitney U-test), bringing the instantaneous frequency of the 2" spike down to around
30 Hz, value close to non-bursting spikes in CTR conditions (Figures 6D and 6F). 100 uM Ni2*
had no significant effect on the I1SI of later-coming APs that were already non-bursting in CTR
conditions (Figure 6F right; CTR 4" ISI average: 41.07 + 2.500 ms; n = 22 versus 100 pM Ni?*
4" |S| average: 38.00 + 1.697 ms; n = 26; P = 0.303; unpaired T-test). These effects of 100 uM
Ni?* on mGCs firing were further confirmed with the other T-type blockers (Figure 7,
Mibefradil: 3 uM, Mibefradil 1% ISI average: 36.45 + 2.642 ms; n = 32 versus CTR 1% ISI
average: 22.42 + 3.739 ms; n = 20; P = 0.0010; Mann-Whitney U-test. 3 uM Mibefradil 4" ISI
average: 38.10 + 1.636 ms; n = 24 versus CTR 4" ISI average: 43.66 + 3.591 ms; n = 18; P =
0.1332; Unpaired T-test. TTA-A2: 1 uM TTA-A2 1t ISI average: 26.57 + 2.451 ms; n = 18
versus CTR 1% ISl average: 16.18 + 2.451 ms; n = 15; P = 0.0079; Mann-Whitney U-test. 1 uM
TTA-A2 4" ISI average: 29.78 + 2.289 ms; n = 12 versus CTR 4™ ISI average: 36.68 + 3.243
ms; n = 13; P = 0.1027; Unpaired T-test. NNC 55-0396: 50 uM NNC 55-0396 1% IS| average:
46.97 + 3.738 ms; n = 14 versus CTR 1% ISI average: 27.14 + 4.250 ms; n = 20; P = 0.0018;
Mann-Whitney U-test. 50 uM NNC 55-0396 4" ISI average: 46.37 + 2.637 ms; n = 9 versus
CTR 4" 1Sl average: 42.19 + 4.628 ms; n = 14; P = 0.4687; Mann-Whitney U-test).
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Figure 6: Characterization of mGCs firing phenotype in control conditions or upon pharmacological
blockade of T-type channels. A: The four different T-type channels blockers used in my experiments. B:
Stimulation protocol and corresponding mGCs response. Cells were stimulated with 250 ms-long direct
somatic current injection of increasing 40 pA intensity. The first stimulation intensity producing firing
of mGCs was named R+0 and the next step of 40 pA stronger stimulation was named R+1. R+1 was
preferentially used for characterization of mGCs firing phenotype. C: Illustrative traces representing the
firing of MGCs at R+1 in CTR conditions or when T-type channels were blocked using bath application
of 100 uM Ni?*. Arrows indicate the I1SIs quantified for analysis. D: Quantification of the 1%t and 4" ISI
as indicated in C, in CTR conditions or in 100 uM Ni?*. Asterisks and “ns” indicate results of Wilcoxon
signed rank tests of 1% versus 4™ ISI comparison. *** P < 0.001. E: Frequency distribution plot of the
ratio 1t ISI/4™ ISI used to quantify the bursting versus non-bursting character of mGCs firing. A low
ratio indicates a heterogeneous, bursting discharge whereas a high ratio indicates a more homogeneous,
tonic mode of firing. Asterisks indicate the results of x2 test comparison of ISIs ratios frequency
distribution between CTR and Ni?* groups. *** P < 0.0001. F: Direct comparison of the values of 1%t and
4™ 1SIs between CTR and Ni?* groups. Asterisks and “ns” indicate results to Mann-Whitney U-test or
unpaired T-test comparison, depending on the normality of each data set. *** P < 0.0001. Error bars
indicate s.e.m.
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All together, these results indicate that mGCs can fire bursts of high-frequency APs
following small and mild stimulations and that this burst firing is controlled by T-type calcium

channels.
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Figure 7: Quantification of the effects of four different T-type channels blockers on mGCs firing.
Different symbols shapes represent different experimental groups, with 15 ISI presented as clear symbols
and 4™ ISI as half-filled symbols from individual cells. Green and red colors indicate CTR and drug-
treated conditions, respectively. Within experimental groups, CTR and drug-treated cells were recorded
from slices prepared from the same animals. Asterisks and “ns” indicate results of Mann-Whitney U-test
or unpaired T-test comparison of CTR versus drug-treated data sets for 1%t and 4™ I1SI, depending on the
normality of each data set. *** P < 0.001. Error bars indicate s.e.m.

3.1.3. T-type channels blockers do not affect AP threshold and overall mGCs
excitability

There was the concern of unspecific effects of the T-type blockers on sodium channels.
To assess whether this suppression of burst firing was a specific mechanism or was due to some
global changes in mGCs excitability | quantified the number of APs produced by the cells
following increasing stimulation, the current injection intensity required to reach R+0 in each
cell and the threshold of the 1 and 2 AP at R+0 and R+1 (Figure 8). There was no difference
between CTR cells and cells recorded in presence of 100 UM Ni?* in the number of APs (Figure
8A; CTR n = 25; 100 uM Ni?* n = 26; Comparison of Boltzmann Sigmoid fits: null hypothesis:
one curve for all data sets; alternative hypothesis: different curve for each data set; P = 0.9243;
conclusion with 95% confidence: do not reject null hypothesis); neither in the current injected
to reach R+0 (Figure 8B; CTR current average: 150.4 + 7.035 pA; n=25 versus 100 uM Ni?*
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current average: 147.7 £ 6.935 pA; n = 26; P = 0.785; Unpaired T-test), nor in APs threshold:
(Figure 8C; 1%t AP: R+0 CTR threshold average: -35.63 + 0.76 mV; n = 23 versus 100 uM Ni?*
threshold average: -35.60 + 0.80 mV; n = 24; P = 0,523; Mann-Whitney U-test. 1% AP: R+1
CTR threshold average: -35.29 + 0.82 mV; n = 23 versus 100 UM Ni?" threshold average: -
35.69 £ 0.91 mV; n = 24; P = 0.807; Mann-Whitney U-test. 2"® AP: R+0 CTR threshold
average: -32.27 + 0.61 mV; n = 23 versus 100 UM Ni?" threshold average: -33.88 = 0.80 mV; n
= 21; P = 0.173; Mann-Whitney T-test. 2" AP: R+1 CTR threshold average: -29.75 + 0.606
mV; n = 23 versus 100 UM Ni?* threshold average: -31.66 + 0.70 mV; n = 24; P = 0.106; Mann-
Whitney U-test). The trend for the threshold of the 2" AP to be higher in CTR conditions than
in 100 uM Ni?* reflects the impact of burst firing in CTR conditions, where the 2™ spike is
triggered when voltage-gated sodium channels implicated in the generation of the 1% AP are
not fully recovered from inactivation. This is well illustrated by the trace in figure 6B, where
the 2" spike exhibits smaller amplitude. The width of the 2" (bursting) AP was also slightly

larger in these conditions (not quantified).
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Figure 8: T-type blockade with 100 pM Ni?* does not affect the general excitability of mGCs. A:
Number of APs produced by mGCs in response to increasing somatic current injection. Symbols indicate
average values for each stimulation intensity in CTR versus Ni?* condition and curves represent
Boltzmann sigmoid fits of both datasets. Ns indicate the result of the comparison of Boltzmann fits with
hypothesis “different curve for each data set”. Error bars indicate s.e.m. B: Minimal injected current
required to reach R+0 in CTR versus Ni?* condition. “ns” indicate the result of unpaired T-test. Error
bars indicate s.e.m. C: Comparison of 1%t and 2" AP threshold in CTR versus Ni?* condition, at R+0 and
R+1. “ns” indicate the result of Mann-Whitney U-test. Error bars indicate s.e.m.

These results indicate that suppression of this form of mGCs burst firing, as | define it,
by T-type antagonists is unlikely to be caused by unwanted side-effects on sodium channels. In
addition, they suggest that the mechanisms controlling this form of mGCs burst firing are
independent from the ones regulating the general excitability of these cells, such as those
defining the AP threshold.
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3.1.4. mGCs burst firing is an intrinsic excitability mechanism

As T-type channels can localize at the level of synapses, pre and post-synaptically
(Urban et al., 1998; Wu and Leung, 1998; Weiss and Zamponi, 2013; Ly et al., 2016), | wanted
to determine if T-type blockers effects on mGCs burst firing were due to alterations in network
interactions, such as feedback inhibition and feed-forward inhibition (Amaral et al., 2007; Paz
and Huguenard, 2015) or rather to intrinsic excitability mechanisms. | therefore repeated
similar experiments but in the presence of 10 uM CNQX, 50 uM D-AP5 and 20 pM bicuculline,
a classical cocktail of synaptic transmission blockers. As in previous experiment (Figure 7), T-
type blockers induced a strong block of burst firing as quantified by the 1% ISI (Figure 9; 100
UM Ni?*: CTR 1% ISI average: 16.73 + 1.917 ms; n = 23 versus 100 uM Ni2* 1% IS] average:
27.24 £ 2.785 ms; n = 24; P = 0.0035; Unpaired T-test. 3 uM mibefradil: CTR 1 ISI average:
20.90 £ 2.294 ms; n = 28 versus 3 uM mibefradil 1% ISI average: 28.99 + 2.188 ms; n = 25; P
= 0.0136; Mann-Whitney U-test. 1 uM TTA-A2: CTR 1% ISI average: 14.33 + 1.661 ms; n =
40 versus 1 UM TTA-A2 1% IS] average: 27.06 + 2.053 ms; n = 45; P < 0.0001; Mann-Whitney
U-test. 50 UM NNC 55-0396: CTR 1% ISI average: 19.96 + 2.229 ms; n = 20 versus 50 uM
NNC 55-0396 1% ISI average: 43.35 + 2.999 ms; n = 18; P < 0.0001; Unpaired T-test). There
was a small effect on the 4" ISI for mibefradil and NNC 55-0396, but the effect was not
consistent among the blockers (Figure 9; 100 uM Ni%*: CTR 4™ ISI average: 30.86 + 2.789 ms;
n = 23 versus 100 uM Ni%* 4" |SI average: 31.03 + 1.817 ms; n = 23; P = 0.5980; Mann-
Whitney U-test. 3 uM mibefradil: CTR 4™ ISl average: 42.36 + 2.591 ms; n = 26 versus 3 UM
mibefradil 4" ISI average: 34.90 + 1.402 ms; n = 23; P = 0.0485; Mann-Whitney U-test. 1 uM
TTA-A2: CTR 4" ISl average: 30.61 + 1.661 ms; n = 40 versus 1 uM TTA-A2 4" [S| average:
27.06 + 2.053 ms; n = 45; P < 0.3166; Mann-Whitney U-test. 50 UM NNC 55-0396: CTR 4"
ISI average: 35.40 + 1.939 ms; n = 20 versus 50 UM NNC 55-0396 4" IS| average: 42.87 +
2.139 ms; n = 14; P = 0.0159; Unpaired T-test).

These results indicate that mGCs burst firing is an intrinsic excitability mechanism not
due to network interactions such as feedback inhibition. To continue studying mGCs intrinsic
excitability in isolation from the network, all following experiments were conducted in the
presence of CNQX, D-AP5 and bicuculline, with the exception of medial perforant path

stimulation experiments that were done in the presence of bicuculline only.
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Figure 9: Quantification of the effects of four different T-type channels blockers on mGCs firing, in
the presence of synaptic blockers. The data is presented as in figure 7. Asterisks and “ns” indicate results
to Mann-Whitney U-test or unpaired T-test comparison of CTR versus drug-treated data sets for 1% and
4™ S| and within each experimental group, depending on the normality of each data set. *** P < 0,001.
** P <0.01. * P <0.05. Error bars indicate s.e.m.

3.1.5. mGCs burst firing is not determined by AP after-depolarization

An intrinsic excitability mechanism that can support burst firing is the after-
depolarization (ADP); a rebound of depolarizing potential that follows APs and that is partly
caused by activation of somatodendritic calcium channels (Jensen et al., 1996; Metz et al.,
2005). To test whether mGCs burst firing was supported by similar mechanism, | assessed the
effect of my T-type blockers on the ADP and the correlation between the ADP and burst firing,
as quantified with the 1% ISI. Single spikes were elicited by brief somatic current injection and
the amplitude of the following ADP was measured at its peak and after 20 ms, corresponding
to the average timing of the 2™ spike in bursts of 50 Hz as quantified in figure 6 (Figure 10A,
see materials and methods). There was overall no difference in ADP amplitude neither at its
peak nor after 20 ms in CTR conditions and when T-type channels were blocked with the
antagonists (Figure 10B; 100 uM Ni?*: CTR ADP 6 ms average: 23.06 + 0.56 mV; n = 20 versus
100 uM Ni?* ADP 6 ms average: 21.26 + 0.68 mV; n = 21; P = 0.1031; Mann-Whitney U-test.
CTR ADP 20 ms average: 11.35 + 0.46 mV; n = 20 versus 100 uM Ni?* ADP 20 ms average:
11.25+£0.58 mV; n = 21; P = 0.7842; Mann-Whitney U-test. 1 uM TTA-A2: CTR ADP 6 ms
average: 23.24 £ 0.55 mV; n =38 versus 1 uM TTA-A2 ADP 6 mV average: 23.12 + 0.43 mV,
n =42; P =0.4789; Mann-Whitney U-test. CTR ADP 20 ms average: 9.795 + 0.48 mV; n = 38
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versus 1 uM TTA-A2 ADP 20 ms average: 11.30 + 0.4772 mV; n = 42; P = 0.0288; Mann-
Whitney U-test. 50 uM NNC 55-0396: CTR ADP 6 ms average: 24.79 + 0.65 mV; n = 18
versus 50 UM NNC 55-0396 ADP 6 ms average: 23.12 + 0.43 mV; n=42; P =0.4617; Unpaired
T-test. CTR ADP 20 ms average: 15.65 + 0.63 mV; n = 18 versus 50 M NNC 55-0396 ADP
20 ms average: 15.92 + 0.52 mV; n = 17P = 0.7438; Unpaired T-test). Furthermore, there was
no positive correlation between the amplitude of the ADP at 6 or 20 ms and the 1% ISI at step
R+1 quantified from the A40 protocol tested in the same cells in CTR conditions (Figure 10C;
Linear regression fits, p-value characterizes the test to the hypothesis slope is significantly non-
zero. ADP 6 ms all CTR: n = 76; R?=0.0045; F = 3,647; P = 0.06. ADP 20 ms all CTR: n = 76;
R?=0.0353; F =2.71 P = 0.104).

Together, these results indicate that the ADP does not control mGCs burst firing.

3.1.6. R and L-type channels blockers do not affect mGCs burst firing

To further confirm the involvement of T-type channels and further rule out any ADP-
mediated burst mechanism, | tested the effect of R-type and L-type calcium channels blockers
on mGCs burst firing (SNX-482 and nifedipine, respectively). R-type calcium channels are
classified as high-voltage activated but can also activate at low-medium range voltages in
certain conditions (Wormuth et al., 2016). In addition, R-type channels get functionally blocked
by Ni2* in similar concentration range as T-type channels, as noted previously (Zamponi et al.,
1996; Lee et al., 1999). They have been involved in CA1 pyramidal cells ADP-controlled burst
firing (Metz et al., 2005) and have been found localized at the level of the AIS of dorsal cochlear
nucleus interneurons, in a location strategic to regulate neuronal firing (Bender and Trussell,
2009a). L-type calcium channels are mostly known as high-voltage activated channels, but the
Cav1.3 subtype of this family has been shown to exhibit low-voltage activation properties
(Lipscombe et al., 2004) and could also mediate low-threshold calcium fluxes controlling the
mGCs burst firing that | describe. Neither 10 uM nifedipine nor 500 nM SNX-482 suppressed
mGCs burst firing as quantified with the 1 ISl measured from A40 pA somatic injection
protocol (Figure 11, clear symbols; 10 uM nifedipine: CTR 1% IS| average: 15.52 £ 2 ms; n =
20 versus 10 uM nifedipine 1% ISI average: 20.06 + 2.8 ms; n = 18; P = 0,299; Mann-Whitney
U-test. 500 nM SNX-482: CTR 1% ISI average: 21.33 + 4.18 ms; n = 18 versus 500 nM SNX-
482 1% ISI average: 18.15 + 2.50; n = 18; P = 0,99; Mann-Whitney U-test). SNX-482 induced
a significant reduction in the 4™ 1SI, possibly reflecting the impact of Kv4.3 blockade (Kimm
and Bean, 2014) (Figure 11, half-filled triangles; 500 nM SNX-482: CTR 4™ IS| average: 45.19
+ 3.31 ms; n = 14 versus 500 nM SNX-482 4" |S| average: 36.70 + 2.17; n = 18; P = 0.034;
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Unpaired T-test) but nifedipine had no significant effect (Figure 11, half-filled circles; 10 uM
nifedipine: CTR 4™ ISI average: 35.04 + 3.51 ms; n = 20 versus 10 uM nifedipine 4" ISl
average: 41.90 £ 2.85 ms; n = 17; P = 0.148; Unpaired T-test).

These results support a specific effect of T-type channels in mGCs burst firing and

further rule out a role of the ADP.
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Figure 10: Effect of T-type channel blockers on spike ADP and correlation between ADP amplitude
and burst firing. A: lllustrative scheme and trace representing the protocol to elicit and measure the ADP
at its maximum (6 ms after AP peak) and at a time point corresponding to the theoretical upcoming of a
2" AP at 50 Hz (20 ms after AP peak). B: Impact of T-type channels antagonists on ADP measured at 6
or 20 ms after AP peak. Symbols shapes represent different experimental groups. Green and red colors
indicate CTR values and drug-treated values. Clear and half-filled symbols represent amplitude of the
ADP at 6 and 20 ms after AP peak, respectively. Asterisks and “ns” indicate results to Mann-Whitney
U-test or unpaired T-test comparison of CTR versus drug-treated data sets for ADP amplitudes and
within each experimental group, depending on the normality of each data set. * P < 0.05. Error bars
indicate s.e.m. C: Correlation between 1% ISI and ADP amplitude 6 and 20 ms after AP peak, quantified
from same cells. Values from mGCs recorded in CTR conditions of the three experimental groups Ni?”,
TTA-A2 and NNC 55-0396 were pooled together. Symbols indicate individual values and black bars
represent linear regression fits. R? of linear fits are indicated on the figure.
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Figure 11: Effect of L-type and R-type calcium channels blockers nifedipine and SNX-482 on mGCs
firing. Green and red colors represent CTR and drug-treated conditions. Circles represent values values
of 1%t (clear circles) and 4™ ISI (half-filled circles) for the nifedipine group. Triangles represent values of
1% (clear triangles) and 4™ 1SI (half-filled triangles) for the SNX-482 group. Asterisks and “ns” indicate
results to Mann-Whitney U-test or unpaired T-test comparison of CTR versus drug-treated data sets,
depending on the normality of each data set. * P < 0.05. Error bars indicate s.e.m.

3.1.7. T-type channels exhibit specific patterns of distribution in dendrites and
proximal axon of mGCs

I then indirectly assessed the distribution of T-type channels in dendrites and axon of
mGCs by comparing the calcium fluxes in CTR conditions or in the presence of T-type blockers
(mibefradil and NNC 55-0396), with the help of 2-photon microscopy (Figure 12A and 13A).
To elicit calcium fluxes measurable up to distal parts of dendrites and axon, and mimicking the
burst-firing mode, | stimulated mGCs with short somatic current injection producing a duplet
of APs at 50 Hz (Figure 12B, see materials and methods) that reliably propagated in the cell
processes. Using this suprathreshold protocol, two different patterns of T-type mediated
calcium fluxes in dendrites and axon were apparent (Figure 12C and 12D). In the dendrites, T-
type calcium channels-mediated calcium fluxes were observed throughout the segments
scanned, up to the maximal distance assessed in my experiments: 120 um away from the soma
(Figure 12C; 0-60 um CTR AG/R average: 0.956 + 0.096; n = 29 versus 0-60 um 3 uM
Mibefradil AG/R average: 0.563 = 0.057; n = 15; P = 0.0079; unpaired T-test; and versus 0-60
um 50 uM NNC 55-0396 AG/R average: 0.421 + 0.057; n = 11; P = 0.0024; unpaired T-test.
60-120 pm CTR AG/R average: 0.906 = 0.134; n = 21 versus 60-120 pm 3 pM Mibefradil
AG/R average: 0.353 + 0.078; n = 5; P = 0.023; Mann-Whitney U-test; and versus 60-120 um
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50 uM NNC 55-0396 AG/R average: 0.185 £ 0.080; n = 3; P = 0,029; Mann-Whitney U-test).
There was a trend suggesting that T-type channels-mediated calcium fluxes increase with
distance to the soma but it appeared not significant, possibly due to the limited number of data
points for these farther distances (0-60 pum CTR AG/R average: 0.956 £ 0.096; n = 29 versus
60-120 um CTR AG/R average AG/R average: 0.906 + 0.134; n = 21; P = 0,76; unpaired T-
test. 0-60 um 3 pM Mibefradil AG/R average: 0.563 + 0.057; n = 15 versus 60-120 pm 3 uM
Mibefradil AG/R average: 0.353 + 0.078; n = 5; P = 0.067; Mann-Whitney U-test. 0-60 pm 50
UM NNC 55-0396 AG/R average: 0.421 + 0.057; n = 11 versus 60-120 um 50 pM NNC 55-
0396 AG/R average: 0.185 = 0.080; n = 3; P = 0,061; Mann-Whitney U-test). In the axon, T-
type channels-mediated calcium fluxes seemed to be restricted to the proximal axon, up to 60
um away from the soma (Figure 12D; 0-60 um CTR AG/R average: 1.129 + 0.096; n = 29
versus 0-60 um 3 uM Mibefradil AG/R average: 0.563 + 0.24; n = 20; P < 0,0001; unpaired T-
test; and versus 0-60 wm 50 uM NNC 55-0396 AG/R average: 0.404 + 0.054; n =6; P = 0.0023;
unpaired T-test. 60-140 um CTR AG/R average: 1.01 £ 0.135; n = 14 versus 60-140 pm 3 uM
Mibefradil AG/R average: 0.867 = 0.145; n = 5; P = 0,571; Mann-Whitney U-test and versus
60-140 pm 50 uM NNC 55-0396 AG/R average: 0.434 + 0.163; n = 4; P = 0,063; Mann-
Whitney U-test).

This protocol allowed me to measure calcium fluxes along axon and dendrites as it
produces a robust depolarization of membrane potential that propagated to distal cellular
compartments. However, it can produce activation of high-voltage calcium channels and lead
to important calcium influx in the cell. Because calcium sensitive-dyes diffuse more in the
cytoplasm than the unbound calcium itself (Gabso et al., 1997; Sabatini et al., 2002), this can
potentially lead to an overestimated and artificially spread definition of calcium fluxes
distribution.

Thus, to refine the characterization of T-type mediated calcium fluxes, | conducted a
second subset of experiments consisting in blocking voltage-gated sodium channels with 1 uM
TTX and stimulating mGCs with subthreshold stimulations using the A40 pA protocol
described previously (Figure 13A and 13B). Care was taken to not depolarize the cell further
than -20 mV, providing maximal T-type channels activation with limited activation of HVA
channels (Zhang et al., 2000; Perez-Reyes, 2003; Pourbadie et al., 2017). Due to limited
propagation of such subthreshold depolarization along neuronal membrane, this protocol was
used only to more accurately assess T-type channels-mediated calcium fluxes in the proximal

axon.
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Figure 12: T-type mediated calcium fluxes in mGCs dendrites and axon elicited by a duplet of AP at
50 Hz frequency. A: Illustrative picture of a mGC filled with the volume marker Alexa 594 and the low-
affinity calcium-sensitive dye Fluo-F5 as visualized with 2-photon microscopy (z-stack, maximum
projection). Position of the axon, soma and one dendrite are indicated with white arrows. Blue lines
schematize the linescans of green and red fluorescence along mGC axon and dendrite. B: Illustrative
scheme of the stimulation protocol to elicit a duplet of AP at 50 Hz and corresponding mGC firing. C:
Values of peak green fluorescence normalized by red fluorescence measured from linescans across
dendrites. Data were grouped by segments of 20 um increasing distance to the soma. Green, red and
purple colors indicate values from CTR group and groups in which T-type channels were blocked with
3 uM Mibefradil or 50 uM NNC 55-0396, respectively. Asterisks indicate common results of
Mann&Whitney or unpaired T-test comparison between CTR and drug-treated groups of averaged values
for distances of 0—-60 um and 60 — 120 um away from the soma. * P < 0.05. ** P < 0.01. Error bars
indicate s.e.m. D: Values of peak green fluorescence normalized by red fluorescence measured from
linescans across the axon. Data were grouped by segments of 10 um increasing distance to the soma.
Green and red and purple colors code similarly for conditions as in C. Asterisks and “ns” indicate
common results of Mann-Whitney U-test or unpaired T-test comparison between CTR and drug-treated
groups of averaged values for distances of 0—-60 pm and 60 — 140 um away from the soma. *** P <
0.001. Error bars indicate s.e.m.

Using this protocol, | evidenced T-type-mediated calcium fluxes that were restricted to
a location situated 15.5 — 30 um away from the soma (Figure 13B; Hillock CTR Max AG/R
average: 0.427 + 0.056; n = 6 versus Hillock 100 uM Ni?* Max AG/R average: 0.422 + 0.063;
n=7; P =1.000; Mann-Whitney U-test. [5-15.5 um[ CTR Max AG/R average: 0.200 £ 0.058;
n = 6 versus [5-15.5 um[ 100 uM Ni?* Max AG/R average: 0.117 £ 0.030; n = 5;P = 0.329;
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Mann-Whitney U-test. [15.5-30 um[ CTR Max AG/R average: 0.117 £+ 0.030; n = 5 versus
[15.5-30 um[ 100 uM Ni?* Max AG/R average: 0.134 +0.02; n = 6; P = 0.0112; Mann-Whitney
U-test. [30-51 um[ CTR Max AG/R average: 0.0278 + 0.020; n = 7 versus [30-51 um[ 100 uM
Ni2* Max AG/R average: 0.166 + 0.071; n = 5; P = 0,091; Mann-Whitney U-test), strongly
correlating with the position of the AIS as it has been determined in dentate gyrus granule cells
(Schmidt-Hieber and Bischofberger, 2010).
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Figure 13: T-type mediated calcium fluxes in mGCs proximal axon elicited by subthreshold
stimulations. A: Illustrative picture of a mGC with blue lines schematizing the linescans of green and
red fluorescence along mGC proximal axon. B: Illustrating scheme of the stimulation protocol and
corresponding effect on mGC Vm. Cell were stimulated with 250 ms-long somatic current injection of
40 pA increasing intensity reproducing the protocol initially used to characterize mGC firing phenotypes
and calcium fluxes were measured for each stimulation-induced depolarization of the cells. C: Averages
of maximum green fluorescence elicited by intracellular injection bringing cells Vm to between -45 mV
and -20 mV measured from linescans across the proximal axon and normalized by red fluorescence, in
cells recorded in CTR conditions (green filled circles) or upon blockade of T-type channels with bath
application of 100 pM Ni?* (red filled circles). Data were grouped in 4 segments corresponding to
linescans at the level of the axon hillock and at distances between 5-15.5 um, 15.5-30 pm and 30-51 ym
away from the soma. Asterisks and “ns” indicate results of Mann-Whitney U-test comparison between
CTR and 100 uM Ni?* averages for each proximal axon location. * P < 0.05. Error bars indicate s.e.m.

Together, these results indicate that T-type channels are distributed throughout the
dendrites up to distances scanned in my experiments (120 um away from the soma) and are
concentrated at the level of the AIS in the proximal axon. My data suggest an increasing
gradient of T-type mediated calcium fluxes with distance to the soma within the dendrites. This
could reflect an increasing concentration of T-type channels, an enhancement of their functional
state, or an increased degree of partnering with -and calcium-mediated regulation of- other

calcium sources (Moreno et al., 2016).

3.1.8. AlS-localized T-type channels control mGCs burst firing
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Having established that T-type-mediated calcium fluxes are present in the dendrites
and the AIS, | then wanted to determine which of these channel population is involved in
controlling mGCs burst firing. The lack of the correlation between the ADP and the burst firing
(Figure 9) already suggested that dendritic T-type channels might not be implicated in this
mechanism but the involvement of AlS-localized T-type still needed to be demonstrated. For
this, | performed targeted blockade of T-type channels at the level of the AIS by applying local
puffs of Ni?* trough a micro-pressure system onto the axon, 20 um away from the soma while
simultaneously recording the firing phenotype of mGCs (Figure 14A). A first protocol
consisted in testing the effect of increasingly long puffs from 100 ms to 800 ms on firing of
mGCs as compared with pre-puff and post-wash firing of mGCs (Figure 14B, materials and
methods). Increasing puffs of 10 mM Ni2* onto the AIS induced an impairment of burst firing
as quantified by measuring the 1% ISI (Figure 6A). The strongest effect was attained with 700
and 800 ms-long puffs that brought down the instantaneous frequency of the 2 AP of the
discharge from an average CTR frequency of ~70 Hz to ~30 Hz (Figure 15A, right, blue full
circles; All CTR 1% ISI average: 12.73 + 0.783 ms; n = 8 versus 700-800 ms Ni?* puff 1st ISI
average: 30.61 + 4.797; n = 8; P = 0.0083; paired T-test). This block of burst firing was
paralleled by an increase in delay of appearance of APs following stimulation, as quantified for
the 1% spike AP delay (Figure 15A, right, patterned grey circles; All CTR latency to 1% AP
average: 48.34 + 3.313 ms; n = 8 versus 700-800 ms Ni2* puff latency to 1% AP average: 68.87
+13.36 ms n = 8; P = 0.0391; Wilcoxon signed rank test). There was a weak but significant
correlation between the increase in 1% ISl and latency to 1% spike, raising the concern that block
of burst firing might be caused by an increase of spike threshold in this experiment (Figure
15B; Linear regression fits, p-value characterizes the test to the hypothesis slope is significantly
non-zero. n = 72; R?=0.1838; F=15.76; P = 0.0002). Indeed, quantification of the threshold for
the 15 AP evidenced this Ni?*-mediated gradual impairment (Figure 15C; All CTR relative 1%
threshold: 0.0077 + 0.082 mV; n = 8 versus 700-800 ms Ni%* relative 15t AP threshold: 1.97 +
0.512 mV n = 8; P = 0.0023; Wilcoxon signed rank test). In comparison, control experiments
consisting in puffing a vehicle solution composed of ACSF without T-type antagonist to the
axon and puffing 10 mM Ni?* onto proximal dendrites, similarly 20 um from the soma, had
little to no effect on mGCs firing (Figure 15D and 18E; Vehicle: All vehicle CTR 1% ISI
average: 11.66 £ 1.17 ms; n = 4 versus 700-800 ms vehicle puff 1st ISl average: 9.62 + 0.58; n
= 4; P = 0.125; Wilcoxon signed rank test; all vehicle CTR latency to 1 AP average: 51.89 +
7.73 ms; n = 4 versus 700-800 ms vehicle puff latency to 1%t AP average: 42.49 £5.602 ms n =
4; P = 0.125; Wilcoxon signed rank test. 10 mM Ni?* dendrites: All dendrites Ni?* CTR 1% IS
average: 10.33 + 1.463 ms; n = 4 versus 700-800 ms Ni?* puff 1st ISI average: 13.30 + 3.441;
n = 4; P = 0.25; Wilcoxon signed rank test; all dendrites Ni?* CTR latency to 1%t AP average:
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65.52 + 8.154 ms; n = 4 versus 700-800 ms Ni?* puff latency to 1%t AP average: 66.93 + 10.03
ms n = 4; P = 0.625; Wilcoxon signed rank test).
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Figure 14: Effect of gradually increasing Ni?* local puff onto mGCs AlS: general view. A: Illustrative
scheme representing a mGC recorded and stimulated trough a patch pipette while a second pipette filled
with extracellular solution containing 10 mM Ni?* and connected to a micro-pressure system is used to
locally block T-type channels at the level of the AIS (20 um away from the soma). B: Schemes
representing the stimulation and puff protocol and corresponding traces from one mGCs. Left: a 250 ms-
long current injection of intensity equal to R+1 *+ 20 pA, as determined for each cell prior to puff
manipulations; was used to trigger mGC’s firing. This protocol was repeated 4 times to obtain the firing
phenotype of the cells in CTR conditions. Center: The stimulation was repeated 8 times and paired with
increasingly long puffs of 10 mM Ni?*, from 100 ms to 800 ms (A100 ms) finishing just before the
depolarizing current injection. Right: wash of the Ni?* was monitored with repeated stimulations and
once stable, 6 repeats of the protocol were stored for analysis.
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Figure 15: Effect of gradually increasing Ni%* local puff onto mGCs AlS: quantification and control
experiments. A: Left: superimposed traces of initial firing of mGC in one CTR recording and following
800 ms-long puff of 10 mM Ni?* onto the AIS. Arrows and dotted lines indicate the firing parameters
measured for quantification, the 1% I1SI and the timing of appearance of the 1%t AP following the start of
the somatic current injection stimulation, termed latency to 1%t AP. Note the important increase of 1% IS
and the noticeable increase of the latency to 1%t AP. Right: Values of 1% ISI (blue full circles) and latency
to 1% spike (grey patterned circles) over the course of the CTR, puff and wash parts of the protocol,
averaged from the sequential traces of all cells (n=7). Red gradient highlights the increasing length of
puff, meaning in fine the increasing concentration of Ni?* applied onto the AlS. Asterisks indicate the
results of Wilcoxon signed rank test between the average of the 4 CTR and the average of 700 and 800
ms-long puffs. ** P < 0.01. * P < 0.05. Error bars indicate s.e.m. B: Correlation between 1 ISl and
latency to 1% spike. Blue filled circles indicate individual values from same cells (n = 72) and the blue
line represents the linear regression fit of the data set. R? is indicated on the figure. Result of the test to
the hypothesis “slope is significantly non-zero” is indicated on the figure. *** P < 0.001. C: Left:
superimposed traces of initial firing of mGC in one CTR recording and following 800 ms-long puff of
10 mM Ni?* onto the AIS. Arrows indicate the AP threshold measured for quantification. Right:
Quantification of the 1%t AP threshold over the course of the experiment. Asterisks indicate the results of
Wilcoxon signed rank test between the average of the 4 CTR and the average of 700 and 800 ms-long
puffs. * P < 0.05. Error bars indicate s.e.m. D: Puff of vehicle solution onto the AIS. 1% ISl and latency
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to 1 AP are quantified as in A. “ns” indicate the results of Wilcoxon signed rank test between the average
of the 4 CTR and the average of 700 and 800 ms-long puffs. Error bars indicate s.e.m. E: Puff of 10 mM
Ni?* onto proximal dendrites, 20 pm away from the soma. “ns” indicate the results of Wilcoxon signed
rank test between the average of the 4 CTR and the average of 700 and 800 ms-long puffs. Error bars
indicate s.e.m.

Because | did not observe any changes in AP threshold with bath application of 100
UM Ni?* (Figure 8) and because I used 10 mM Ni?* for local application, a concentration that
can affect voltage-gated sodium channels (Yamamoto et al., 1993), | hypothesized that the
combined effect of AIS-puffs of Ni%* on burst firing, AP latency and AP threshold in this
experiment was due to cumulative block of T-type channels and sodium channels by acute high
concentration of Ni?*. To address this issue, | empirically determined optimal ranges of puff
length and interval between puff and intracellular current injection for individual cells and
quantified the effect on 1% ISI, and AP threshold in repeated trials of this protocol (Figure 16).
This protocol allowed me to produce a strong block of mGCs burst firing with no to minimal
changes of the latency to 1% AP and 1% AP threshold (Figure 17; CTR 1% ISI average: 11.73 +
0.79 ms; n = 4 versus 10 mM Ni?* 1% IS] average: 28.86 + 3.478 ms; n = 4 versus Wash 1% IS|
average: 12.25 + 1.024. P = 0,0417; Friedman test. Dunn’s multiple comparison tests: CTR
versus 10 mM Ni?* P < 0.05. CTR versus Wash: P > 0.05. CTR latency to 1%t AP average: 32.90
+5.363 ms; n = 4 versus 10 mM Ni?* 1% ISI average: 36.36 + 7.622 ms; n = 4 versus Wash 1%
ISI average: 29.54 + 5.523. P = 0.0694; Friedman test. CTR 1% AP relative threshold average:
-1.184e-015+ 1.389e-015 mV; n = 4 versus 10 mM Ni?* 1 ISI average: 1.228 + 0.8669 mV; n
= 4 versus Wash 1 ISI average: -1.438 + 0.7254. P = 0,0694; Friedman test). A likely
explanation of these results is that the empirically defined length of both puff and puff-
stimulation interval allows to apply on the axon a concentration of Ni?* that remains high
enough to block T-type channels at the time of the stimulation, whereas the concentration
required to block sodium channels is rapidly washed away. However, a dual effect of T-type
channels on mGCs firing, an acute change in AP threshold and a more long-lasting effect of
burst firing cannot be completely excluded. Because | never notified any changes in AP
threshold in the bath application of T-type antagonists’ experiments, | preferentially support

the former hypothesis.
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Figure 16: Effect of empirically defined Ni%* local puff onto mGCs AIS: general view. A: Illustrating
scheme of a mGC during experiment. B: Schemes representing the stimulation and puff protocol and
corresponding traces from one mGCs. Left: cells are stimulated with current injection corresponding to
R+1 + 20 pA for 4-6 repeats prior to puff to obtain CTR firing. Center: The stimulation is repeated 4-6
times and paired with puffs of 10 mM Ni?* of fixed duration, interleaved with the current injection
depolarization for a fixed duration. The precise values of puff and puff-stimulation interval were
determined empirically for each cell, based on the length of puff producing the highest block of burst
firing with the gradually increasing puff protocol. Right: wash of the Ni?* is monitored with repeated
stimulations and once stable, 4-6 repeats of the protocol were stored for analysis.

All together, these results demonstrate T-type channels localized at the level of the
axon initial segment control burst firing of mGCs and further suggest that this mechanism does

not involve modulation of AP threshold.
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Figure 17: Effect of empirically defined Ni?* local puff onto mGCs AIS: quantification. Effect of
gradually increasing Ni?* local puff onto mGCs AIS: quantification and control experiments. A:
Superimposed traces of initial firing of MGC in one CTR recording and following 600 ms puff of 10 mM
Ni?* onto the AIS, 1000 ms prior to stimulation. Arrows and dotted lines indicate the firing parameters
measured for quantification, the 1t ISI, the latency to 1% AP and the 1t AP threshold. Note the important
increase of 1% ISI and the minimal increase of the latency to 1% AP. B: Values of 1%t 1S (blue full circles)
and latency to 1% spike (grey patterned circles) over the course of the CTR, puff and wash parts of the
protocol, averaged from the repeated traces of all cells (n = 4). Green, red and greenish background
highlights the CTR, puff and wash conditions, respectively. Asterisks and “ns” indicate the results of
Friedman test followed by Dunn’s multiple comparison tests for each data set. * P-value <0,05. Error
bars indicate s.e.m. C: Values of 1 ISI (blue full circles) and 1%t AP threshold (light blue full circles)
over the course of the CTR, puff and wash parts of the protocol, averaged from the repeated traces of all
cells (n = 4). Asterisks and “ns” indicate the results of Friedman test followed by Dunn’s multiple
comparison tests for each data set. * P < 0.05. Error bars indicate s.e.m.

3.1.9. mGCs burst firing frequency reaches 100 Hz and more at physiological
temperatures

In my experiments performed at a recording temperature of 25°C, the T-type-mediated
burst firing of mGCs that | characterized at R+1 in my somatic current injection protocol had
an average frequency of ~50-60 Hz (Figure 6D, Figure 7). Because the frequency of granule
cells burst firing recorded in vivo had a frequency of ~150 Hz (Pernia-Andrade and Jonas,

2014), | wanted to determine the impact of T-type channels on mGCs firing at more

51



physiological temperatures. For this, | recorded mGCs at 32°C and assessed their firing
phenotype in response to somatic current injection in CTR conditions or in the presence of the
T-type channels antagonists Ni?* and TTA-A2. Compared to 25°C, burst firing in CTR
conditions was much more pronounced at 32°C and reached frequencies of ~140 Hz (Figure
18A and 18B; 25°C CTR 1% ISI average: 16.73 + 1.917 ms; n = 23 versus 32°C CTR 1% ISI
average: 6.934 £ 1.449 ms; n = 8; P = 0.0007; Mann-Whitney U-test). The frequency
distribution plot of the 1t / 4" ISI ratio also illustrates the difference in firing phenotype of
mGCs at 32°C compared to 25°C (Figure 18C, P < 0.0001; 2 test). In addition, burst firing at
32°C was not always restricted to the initial spikes of the discharge and two or (less often)
multiple episodes of burst firing could be observed over the 250 ms length of the stimulation,
separated by short periods of electric silence (Figure 18D). In addition, whereas bursts mostly
comprised only 2 APs in experiments made a 25°C, bursts elicited by mGCs recorded at 32°C
regularly contained 3 APs (Figure 18D). These results correlate well with the enhanced
recovery from inactivation of T-type channels at these temperatures (Iftinca et al., 2006) which
will thus be more available to mediate multiple episodes of burst firing in my 32°C experiments
as compared to 25°C. Moreover, it parallels the observations of Pernia-Andrade and Jonas who
showed that burst firing is the preferential mode of activity of mGCs in vivo (Pernia-Andrade
and Jonas, 2014).

Finally, the effect of the T-type antagonists Ni?* and TTA-A2 on mGCs firing was
similar at 32°C as at 25°C, with a strong reduction of the 1 ISI and no effect on the 4" ISI
(Figure 18E and 21F, 32°C CTR 1% ISI average: 6,934 + 1,449 ms; n=8 versus 32°C Ni?* 1%
ISI average: 21.91 + 2.3 ms; n = 8; P = 0.0003; Mann-Whitney U-test and versus 32°C TTA-
A2 1% ISI average: 24.66 + 3.049 ms; n = 8; P = 0.0003; Mann-Whitney U-test. 32°C Ni?* 1%
ISl average: 21.91 + 2.3 ms; n = 8; versus 32°C TTA-A2 1% IS| average: 24.66 + 3.049 ms; n
= 8; P = 0.4827; Unpaired T-test; 32°C CTR 4™ ISI average: 25.44 + 5.013 ms; n = 8 versus
32°C Ni?* 4™ ISI average: 23.01 + 2.704 ms; n = 8; 32°C TTA-A2 4" IS| average: 31.78 +
3.499 ms; n = 8; P = 0,2745; 1-way ANOVA).

Together, these results indicate that T-type channels mediate very high-frequency

firing at physiological temperatures and parallels observations in vivo suggesting that burst

firing is the preferential mode of activity of mGCs.
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Figure 18: mGCs firing phenotype at physiological temperatures. A: Traces of mGCs burst firing at
25°C versus 32°C recording temperatures in CTR conditions. Arrows indicate quantification of the 1%
ISI. B: Comparison of 1% ISI averages between mGCs recorded at 25°C and at 32°C in CTR conditions.
Asterisks indicate the result of Mann-Whitney U-test. *** P <0.001. Error bars indicate s.e.m. C:
Frequency distribution plot of 1% ISI/4™ ISI ratio measured for individual cells recorded at 25°C or 32°C
in CTR conditions. Asterisks indicate the results of x? test comparison of ISls ratios frequency
distribution between 25°C and 32°C groups. *** P < 0.0001. D: Illustrative traces of multiple bursts
elicited by different cells recorded at 32°C in CTR conditions. E: Traces representing the effect of T-
type channels block by 100 pM Ni%* on mGCs firing recorded at 32°C. Green: CTR conditions, red: 100
UM Ni?*. Arrows indicate 1% and 4™ ISls measured for quantification. F: Effect of T-type channels
blockade by 100 uM Ni?* and 1 uM TTA-A2 on 1 and 4™ ISI. Green points represent values from cells
recorded in CTR conditions. Asterisks and “ns” represent the results of Mann-Whitney U-test or unpaired
T-test comparison between CTR and each drug-treated condition for 1t and 4" ISl quantification,
depending on the normality of the data sets. *** P < 0.001. Error bars represent s.e.m.

3.1.10. Ca,3.2 is the main determinant of mGCs burst firing

To genetically confirm the involvement of T-type channels in mGCs burst firing over

other voltage-gated channels, avoiding any side effects of the pharmacology, but also to address

53



which subtype of T-type channels, Ca,3.1, Ca,3.2 or Ca,3.3 is responsible for this mechanism,
I compared the firing phenotype of mGCs between wild-type (WT) C57BL/6J mice and Cay3.2
KO mice lacking the gene coding for the Ca,3.2 a1 subunit (Chen et al., 2003). All experiments
with mice slices were done at a recording temperature of 32°C.

mGCs from WT mice showed similar firing phenotype as in rats with very high-
frequency bursts of APs accompanied with lower-frequency, tonic single spikes (Figure 19A;
and 22B, WT CTR 1% ISI average: 8.369 + 1.048 ms; n = 20 versus WT CTR 4" ISI average:
34.66 + 3.608 ms; n = 20; P < 0.0001; Wilcoxon ranked sign test). In WT mice, 100 uM Ni?*
similarly blocked burst firing similarly as in rats, as quantified with the effect on the 1% ISI
(Figure 20C, WT CTR 1%t ISl average: 8.369 * 1.048 ms; n = 20 versus WT 100 pM Ni?* 1%
ISl average: 28.10 + 1.950 ms; n = 18; P < 0.0001; Mann-Whitney U-test). These results already
indicate that T-type-mediated burst firing of dentate gyrus mGCs is a phenomenon conserved
across these rat and mouse strains and suggest a high degree of preservation of this mechanism
across species, with possible implications for human physiology. In contrast, mGCs from
Ca\3.2 KO mice mainly exhibited a more tonic pattern of APs at lower frequency (Figure 19D
and 19E, Ca,3.2 KO CTR 1% ISI average: 19.18 + 1.995 ms; n = 21 versus Ca,3.2 KO CTR 4%
ISI average: 24.55 £ 1.937 ms; n = 21; P < 0,0001; Paired T-test). Note the striking similarity
between mGCs firing from WT in presence of 100 uM Ni?* and mGCs from KO animals
(Figure 19A and 19D). The direct comparison between WT and Ca,3.2 KO 1% ISI further
highlight the impairment of burst firing of mGCs in the absence of Ca,3.2 (Figure 19F, WT
CTR 1% ISl average: 8.369 + 1.048 ms; n = 20 versus Ca,3.2 KO CTR 1% ISl average: 19.18 +
1.995 ms; n = 21; P = 0.0005; Mann-Whitney U-test). In Figure 19G is presented the 1% IS1/4™
ISI ratio used previously to quantitatively compare the firing behavior of mGCs at a population
level. This figure further evidence the difference between WT and Ca,3.2 KO mGCs firing
phenotype and the similarity between the impact of pharmacological blockade and the genetic
ablation of the Ca,3.2 gene. This major effect of Ca,3.2 deletion on mGCs burst firing correlates
well with the predominant expression of this subtype in the dentate gyrus (Talley et al., 1999;
McKay et al., 2006; Francois, 2013; Aguado et al., 2016; Bernal Sierra et al., 2017). Apart from
the impairment in burst firing, the overall excitability of mGCs in Ca,3.2 KO animals was
similar as in WT, as quantified with the number of spikes produced by cells in response to
increasing current injection intensities, the current injected to reach rheobase and the APs
threshold (Figure 20). As for experiments in rats, the trend for the 2" AP threshold to be higher
in WT group than in Ca,3.2 KO reflects the impact of burst firing.
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Figure 19: Dominant impairment of mGCs burst firing in Ca,3.2 KO mice. A: Traces of mGCs firing
phenotype in WT mice in CTR conditions and upon blockade of T-type channels with 100 pM Ni?*.
Arrows indicate the 1%t and 4" 1SIs used for quantification. B: Comparison between 15 1SI (clear circles)
and 4" ISI (half-filled circles) in WT animals in CTR conditions. Asterisks indicate the result of
Wilcoxon signed rank test. *** P-value <0,001. Error bars represent s.e.m. C: Effect of 100 uM Ni?* on
WT mGCs firing 1% ISI. Asterisks indicate the result of Mann-Whitney U-test. *** P < 0.001. Error bars
represent s.e.m. D: Comparative traces illustrating the dominant impairment of mGCs burst firing in
Ca,3.2 KO animals. Arrows indicate the 1% and 4" ISIs used for quantification. E: 1%t and 4™ ISIs
quantification from Cay3.2 KO mice. Asterisks indicate the result of Wilcoxon signed rank test. *** P <
0.001. Error bars indicate s.e.m. F: Direct comparison between WT and Ca,3.2 KO 1% ISI. Asterisks
indicate the result of Mann-Whitney U-test. *** P < 0.001. Error bars indicate s.e.m. G: Frequency
distribution plot of 1% ISI/4™ ISI ratio measured for individual cells recorded from Ca,3.2 KO mice in
CTR conditions and from WT animals in CTR conditions and in the presence of 100 uM Ni?*. Asterisks
indicate the results of y? test comparison of 1SIs ratios frequency distribution between each pair of groups.
**% P < 0.0001.
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Figure 20: Similar overall excitability of mGCs from WT and Ca,3.2 KO mice. A: Number of APs
produced by mGCs in response to increasing somatic current injection stimulation. Symbols indicate
average values for each stimulation intensity from WT versus Ca,3.2 KO mGCs in CTR condition.
Curves represent Boltzmann sigmoid fits of both datasets. “Ns” indicate the result of the comparison of
Boltzmann fits with hypothesis “different curve for each data set”. Error bars indicate s.e.m. B: Minimal
injected current required to reach R+0 for WT versus Ca,3.2 KO mGCs in CTR condition. “ns” indicate
the result of unpaired T-test. Error bars indicate s.e.m. C: Comparison of 1%t and 2" AP threshold for
WT versus Ca,3.2 KO mGCs in CTR condition, at R+0 and R+1. “ns” indicate the result of Mann-
Whitney U-test. Error bars indicate s.e.m.

A small proportion of mGCs were still able to produce burst firing at frequencies higher
than 100 Hz (Figure 21A) as illustrated by the 1% ISI values <10 ms in figure 19E (fraction of
15t ISI <10 ms: 3/21) and the percentage of 1% I1SI/4™ 1SI ratio <0.5 in figure 19G (~10%).
Interestingly, this proportion of bursting mGCs was not changed in 100 uM Ni?* condition
(Figure 21B; % of 15 ISI <10 ms: 8/21; P = 0.1589; Fisher’s exact test) and Ni** had no effect
on the average 1% ISI (Figure 21B, Ca,3.2 KO CTR 1% ISl average: 19.18 + 1.995; n = 21 versus
Ca,3.2 KO 100 pM Ni?* 1% ISl average: 15.78 + 1.844; n = 21; P = 0.209; Mann-Whitney U-
test). This differential effect of Ni** on WT and Ca,3.2 KO mGCs firing confirms the
impairment caused by the lack of Ca,3.2 channels. The persistence of burst firing in a small
proportion of mGCs in KO animals is difficult to interpret but could possibly reflect
compensatory mechanism such as up-regulation of other Ca,3 isoforms. Correlating with this
hypothesis, Ca,3.1 is much less sensitive to Ni?* than Ca,3.2 channels and its compensatory
implication in KO mice mGCs persistent burst firing would explain the lack of effect of 100
UM Ni?* (Zamponi et al., 1996; Lee et al., 1999; Kang et al., 2006). Why such compensatory
mechanism occurs only in a small fraction of mGCs is more elusive but could reflect a strong
involvement of these cells in recent cognitive processes and a dire need to produce high-

frequency burst firing.
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All together these results genetically confirm the control of mGCs burst firing by T-
type channels and further indicate that the principal responsible of this mechanism is the Ca,3.2

subtype.
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Figure 21: Persistent burst firing in a small proportion of Ca,3.2 KO mGCs. A: lllustrating traces of
mGCs still able to produce burst firing in Ca,3.2 KO mice, both in CTR conditions and in presence of
100 pM Ni?*, B: Effect of 100 uM Ni%* on average 1%t ISl from Ca,3.2 KO mGCs. “ns” indicate the
result of Mann-Whitney U-test. Error bars indicate s.e.m.

3.1.11. mGCs high-frequency burst firing occurs during physiological
synaptically-driven activity and is impaired in Ca,3.2 KO mice

To further explore the impact of T-type channels on mGCs firing phenotype in
physiological conditions, | performed another set of experiments consisting this time in
stimulating the cells not by using direct somatic current injection but trough the “normal”
synaptic pathway. For this purpose, | performed patch clamp of mGCs from WT and Ca,3.2
KO mice and positioned a stimulating electrode in the molecular layer, ~100 um away from
the cell body to activate the medial perforant path (MPP) formed by the axon fascicles of cells
from the medial entorhinal cortex and projecting onto mGCs dendrites (Figure 22A). |
stimulated the MPP with various intensities from 100 pA down to 10 pA to elicit firing of
mGCs as well as subthreshold EPSPs (Figure 22A and 22B). | could observe that WT mGCs
robustly elicited duplets of APs (or less often 3 APs) at very high frequency (~100-200 Hz)
from my starting intensity of 100 pA down to stimulations of 60 pA (Figure 22B and 25C). For
lesser suprathreshold intensities (60-40 pA), mGCs mostly produced a single AP (Figure 22B
and 22C). In contrary, Ca,3.2 KO mGCs were mostly stuck to producing only a single AP, even
for the upper set of stimulation intensities (Figure 22B and 22C). The direct comparison of the

profile of firing response to stimulation between WT and Ca,3.2 KO mGCs evidences this
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different phenotype at a population level (Figure 22C, WT n = 17; Ca.3.2 KO n = 24;
Comparison of Boltzmann Sigmoid fits: null hypothesis: one curve for all data sets; alternative
hypothesis: different curve for each data set; P < 0.0001; conclusion with 95% confidence: do
not reject null hypothesis). As in experiments with somatic current injection stimulation, the
basal excitability of the cells, measured as the ability of the cells to fire APs in response to the
various stimulation intensities used was similar in WT and Ca,3.2 KO mice (Figure 22D,
Probability of firing with respect to MPP stimulation intensity; WT versus Ca,3.2 KO; P =
0.182; 2-way ANOVA,; strain effect; P = 0.7475; 2-way ANOVA, interaction effect). In
addition, the slopes of the EPSPs elicited by MPP stimulation were similar in both strains,
indicating similar functional synaptic transmission machinery between WT and Ca,3.2 KO
(Figure 22E, EPSP slope with respect to MPP stimulation intensity; WT versus Ca,3.2 KO; P
= 0,916; 2-way ANOVA, strain effect; P = 0.6109; 2-way ANOVA, interaction effect). To
further characterize the impairment of burst firing, | quantified for each cell the probability of
firing at least 1 AP or a burst of 2 APs and more with respect to slope of the EPSPs. From these
values, | calculated the half maximal effective EPSP slope (E50siope) required to elicit 1 AP or
a burst of 2 APs and more. Correlating with Figure 22D, there was no significant difference
between the average E50siope fOr at least 1 AP between WT and Ca,3.2 KO mGCs (Figure 22F
left, WT E50si0pe average: 8.586 + 0.623 mV/ms; n = 17 versus Cay3.2 KO E50s0p. average:
9.475 £ 0.516; n = 24. P = 0.277; Unpaired T-test). Oppositely, the average E50siope fOr a burst
of 2 APs or more was significantly higher in the Ca,3.2 KO, indicating that stronger EPSPs are
required to elicit high-frequency bursts of APs in Ca,3.2 KO mGCs and confirming the specific
impairment of this mechanism (Figure 22F right, WT E50siope average: 12.05 £ 1.227 mV/ms;
n = 14 versus Ca,3.2 KO E50si0pe average: 18.58 £ 1.334 mV/ms; n = 11; P = 0.0016; unpaired
T-test).

All together, these results demonstrate that high-frequency bursting is a mode of firing
elicited by mGCs in response to activation of the physiological pathway of synaptic input
integration — axonal production of APs, and is thus not an aberrant behavior caused by direct
somatic current injection. In addition, they confirm the impairment of this mechanismin Ca,3.2

KO animals.
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Figure 22: Response of WT and Ca,3.2 KO mice mGCs to medial perforant path stimulation. A:
Illustrative scheme of the experimental design. mGCs were recorded with the classical patch-clamp
technique and the medial perforant path (MPP) was stimulated with a stimulation electrode placed within
the molecular layer, ~100 um away from the cell body, at decreasing intensities from 100 pA to 10 pA.
Subthreshold and suprathreshold EPSPs were measured and quantified, as well as the number of APs
triggered by suprathreshold EPSPs. B: Representative traces of the stereotypical response of WT and
Cav3.2 KO mGCs to different stimulation intensities. Note that most of the stimulus artifacts are partly
cropped out of the traces and thus do not reflect the strength of the stimulation. C: Number of APs
produced by mGCs from WT and Ca,3.2 KO in response to variable stimulation intensity. The profile of
response of both groups was fit with a Boltzmann sigmoid curve. Asterisks indicate the result of the
comparison of Boltzmann fits with hypothesis “different curve for each data set”. *** P < 0.001. Error
bars indicate s.e.m. D: Probability of firing of mGCs from WT and Cay3.2 KO in response to variable
stimulation intensity. “ns” indicate the result of the test of an effect of the strain from a 2-way ANOVA.
Error bars indicate s.e.m. E: Quantification of the slopes of the EPSPs measured from WT and Ca,3.2
KO in response to variable stimulation intensity. “ns” indicate the result of the test of an effect of the
strain and interaction from a 2-way ANOVA. Error bars indicate s.e.m. F: Half maximal effective EPSP
slope producing firing in general (1 AP or more, left) or firing of a burst of APs (2 APs and more, right).
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Asterisks and “ns” indicate the results to unpaired T-test comparison between WT and Cay3.2 KO groups
for each figure. Error bars indicate s.e.m.

3.2. Behavioral and in vivo experiments

Behavioral and in vivo recordings study were the result of a collaborative work.
Headstages design and fabrication, fabrication of tetrodes, animals’ surgery and implantation
were performed with the help of Dr. Oleg Senkov (Deutsche Zentrum flr Neurodegenerative
Erkrankungen, DZNE, Magdeburg, Germany) and Dr. Andrey Mironov (Nizhny Novgorod
State University, Nizhniy Novgorod, Russia). Contextual fear conditioning experiments and in
vivo recordings of DG and CA3 neuronal activity were carried out by myself under the guidance
of Dr. Oleg Senkov. Analysis of local field potential, multiunit and single unit activity was
achieved with the help of Dr. Arthur Bikbaev (Leibniz Institut fir Neurobiologie, LIN, research
group Molecular Physiology, Magdeburg, Germany).

3.2.1. Analysis of hippocampal network oscillations and neuronal firing in vivo

To analyze the effects of Cay3.2 gene deletion on the neuronal firing and the
connectivity between the DG and CA3 area in vivo, | performed recordings of local field
potentials and multiunit activity in WT (n = 7) and Ca,3.2 KO (n = 5) mice. Each animal
underwent the implantation of up to 8 tetrodes, with 2 tetrodes in the DG and CA3 area in both
left and right hemispheres. Given that in vitro recordings were performed in the right
hemisphere, in vivo analysis was carried out exclusively for the activity recorded on the right
side.

Earlier, hippocampal network oscillations in theta (0: 5 - 12 Hz) and gamma (y: 30 -
100 Hz) frequency ranges have been shown to be associated with various cognitive processes
and reflect the network interaction of neurons forming functional ensembles (reviewed in
(Buzséki, 2002; Csicsvari et al., 2003; Buzsaki and Draguhn, 2004; Colgin and Moser, 2010).
Therefore, we quantified the mean spectral power of theta and gamma oscillations in freely
moving WT and Ca,3.2 KO mice. As expected, we observed theta and gamma oscillatory
activity in mice of both strains (Figure 23A and 23B). The quantification revealed no significant
difference in the mean theta power in the DG between these strains (Figure 23C WT: 0.40 £
0.02 x 10® mV? KO: 0.45 + 0.04 x 10° mVv% P = 0.16 ANOVA), although the power
distribution by frequencies indicated a slight enhancement of slow theta oscillations in Ca,3.2
KO mice (Figure 23D). However, the mean theta power in the CA3 area was markedly lower
in Ca,3.2 KO mice (0.18 + 0.02 x 10 mV?) when compared to WT (0.26 + 0.02 x 10° mV?; P
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= 0.0016 ANOVA & Bonferroni test), without an indication of suppression of particular
frequencies within theta range (Figure 23H).
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Figure 23: Analysis of hippocampal theta (5 - 12 Hz) and gamma (30 - 100 Hz) network oscillations in
the DG and CA3 area of WT and Ca,3.2 KO mice. A-B: Representative traces of local field potential
recorded in freely behaving WT (A) and Ca,3.2 KO (B) mice. C, G: Mean power of theta oscillations in
the DG (C) and CA3 area (G). D, H: Distribution of the spectral power within theta frequency range in
the DG (D) and CA3 area (H). E, I: Mean power of gamma oscillations in the DG (E) and CA3 area ().
F, K: Distribution of the spectral power within theta frequency range in the DG (F) and CA3 area (K).
**p <0.01, *** p < 0.001 (protected ANOVA followed by Bonferroni test). Error bars indicate s.e.m.
Data was quantified with the help of Dr. Arthur Bikbaev (LIN, Magdeburg, Germany).

In contrast to theta oscillations, we found that the mean gamma power was higher in
the DG of Ca,3.2 KO mice (0.0186 + 0.0008 x 10 mV/?) as compared to WT (0.0137 + 0.0004
x 10° mV?, P < 0.0001 ANOVA & Bonferroni test) (Figure 23E). Intriguingly, the mean
gamma power in CA3 area in KO mice was lower (0.0103 + 0.0004 x 10 mV?) that that in
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WT (0.0116 + 0.0005 x 10 mV?), but the difference failed to reach significance (P = 0.053
ANOVA) (Figure 23I).

Extra-hippocampal inputs drive the frequency and amplitude (and therefore spectral
power) of theta and gamma oscillations in the DG, which, in turn, strongly influences
oscillatory activity in CA3 area (Bragin et al., 1995; Montgomery et al., 2008). Together with
CA3 area-specific reduction of theta oscillations in Cay3.2 KO mice, the finding that the
increase in gamma power in the DG is not associated with corresponding enhancement of
gamma oscillations in CA3 in mice lacking Ca,3.2 supported the suggestion of impairment in
communication between granule cells in the DG and their downstream targets in CA3 area.

To further evaluate the connectivity between the DG and CA3 in control and KO mice,
we calculated the transfer function for theta and gamma oscillations (Figure 24). This approach
allowed me to characterize the transfer of oscillatory activity from the DG (taken as 100%) to
CA3 area for particular frequencies. We found that in Ca,3.2 KO mice the ratio of spectral
power of theta and gamma oscillatory bands in CA3 to corresponding values in the DG (theta
42.1 + 1.8%; gamma 60.0 + 0.6%) was dramatically lower mice as compared with wild type
animals (theta 71.4 + 2.7%; gamma 79.0 £ 0.8%; both P < 0.0001 ANOVA & Bonferroni test)
(Figure 24A and 24C). Remarkably, analysis of oscillations’ transfer by frequencies revealed
rather uniform loss of spectral power across the theta range in Ca,3.2 KO (Figure 24B), whereas
the decrease in the gamma oscillations’ transfer was particularly prominent in low gamma (30

- 60 Hz) oscillatory band.
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Figure 24: The ratio of spectral power of theta and gamma oscillations in CA3 and the DG. A: Mean
theta spectral power in CA3 in relation to theta spectral power in the DG (taken as 100%). B: The
impairment of theta transfer from the DG to CAS3 area is uniform for theta frequency range. C: Mean
ratio of spectral power of gamma oscillations in the CA3 to that in the DG (taken as 100%). D: The
impairment of gamma oscillations’ transfer in Cay3.2 KO mice is particularly prominent for low gamma
band (30-60 Hz). *** P < 0.001 (protected ANOVA followed by Bonferroni test). Error bars indicate
s.e.m. Data was quantified with the help of Dr. Arthur Bikbaev (LIN, Magdeburg, Germany).

The aforementioned results of in vitro analysis demonstrated that blockade or genetic
deletion of Ca,3.2 strongly affects the bursting of mGCs. To address the question whether

absence of Ca,3.2 is associated with comparable effect in vivo, we evaluated the rate and the
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temporal features of principal cells’ firing in WT and Ca,3.2 KO mice. We found that genetic
deletion of Ca3.2 led to significant reduction of the spontaneous firing rate of excitatory units
both in the DG (Figure 25A; 1.89 + 0.52 Hz, p = 0.0258 Mann-Whitney U-test) and CA3
(Figure 25B; 1.69 + 0.28 Hz, P = 0.0022 Mann-Whitney U-test), as compared to respective
values in control animals (DG: 2.94 + 0.42 Hz; CA3: 3.36 + 0.43 Hz). Importantly, the mean
inter-burst interval in Ca,3.2 KO mice was markedly longer (Figure 25C; 16.97 +5.19s; P =
0.0334 Mann-Whitney U-test) than that in WT mice (6.12 + 1.25 s). This supported the results
obtained in vitro reflecting a significantly lower frequency of occurrence of spontaneous bursts
in the DG of mice lacking Cay3.2. Although occurring at lower rate, the bursts in the DG of
Cay3.2 KO mice showed similar pattern to those recorded in WT animals, reflected by the
similar number of spikes per burst (Figure 25D; WT: 3.76 + 0.22, KO: 3.54 + 0.45; P = 0.11
Mann-Whitney U-test) and the duration of consecutive ISIs from 1 to 4 (Figure 25E; 1% ISI:
WT: 4.02 + 0.16 ms, KO: 3.95 + 0.20 ms; P = 0.77; 2" ISI: WT: 11.93 + 0.60 ms, KO: 13.00
+0.84 ms; P =0.39; 3" ISI: WT: 9.54 + 0.52 ms, KO: 11.69 + 1.24 ms; P = 0.19; 4" ISI: WT:
10.87 £ 1.00 ms, KO: 11.85 + 1.89 ms; P = 0.70 Mann-Whitney U-test for all).
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Figure 25: Spontaneous firing and bursting rate for excitatory single units is decreased in freely
behaving Cay3.2 KO mice (n = 15 units) in comparison with WT animals (n = 28 units). A-B: Mean
firing rate in the DG (A) and CA3 (B) is markedly lower in Ca,3.2 KO mice. C: The mean inter-burst
interval for excitatory neurons is markedly reduced in Ca,3.2 KO mice. D-E: Freely moving WT and
Cay3.2 KO mice have similar average number of spikes per burst and the structure of burst. * P < 0.05,
** P < 0.01, n.s. non-significant (Mann-Whitney U-test). Error bars indicate s.e.m. Data was quantified
with the help of Dr. Arthur Bikbaev (LIN, Magdeburg, Germany).

Thus, results of in vivo electrophysiological analysis provided additional evidence of
impairment of bursting in the DG of Ca,3.2 KO mice. Furthermore, evaluation of strain-specific
differences in theta and gamma oscillations strongly supported the suggestion of Ca,3.2 genetic
deletion-induced impairment of information transfer from the granule cells in the DG to their
targets in CA3 area.

3.2.2. Cay3.2 KO mice show behavioral deficits in contextual fear conditioning
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To obtain behavioral phenotypes of WT and Ca,3.2 KO mice that I could parallel with
mGCs firing, | tested the response of WT and Ca,3.2 KO mice to a task of contextual fear
conditioning known to be dentate gyrus-dependent (Johnston et al., 2008; Madrofal et al., 2016;
Bernier et al., 2017). Mice implanted with the in vivo recording apparatus (Figure 26A) were
placed in a modular conditioning chamber configured in a neutral context (CC-: plain grey
walls, plastic floor, odor A; see material and methods) and a negative context (CC+: black and
white squared walls, metal shock-delivering grid floor, odor B; see material and methods)
(Figure 26B). The conditioning protocol was classical and divided in two days, with a training
phase and a test phase (Figure 26C). During training day, mice were exposed subsequently to
CC+ and CC+ and exposure to CC+ was paired with foot shock conditioning. One day later,
animals were first exposed to CC+ and then CC-.

Figure 26D present the results of the quantification of WT and Ca,3.2 KO mice
freezing expressed as percentage of total session time (WT n = 7; Ca,3.2 KO n =5). The first
outcome of these experiments is that Ca,3.2 KO animals exhibited more freezing than WT in
every session and for both training and test days (black lines and black ‘*’ symbols). Both WT
and KO animals were affected by the electrical shock, as reflected by the increased freezing in
training CC+ as compared to training CC- (brown ‘#’ symbols). Similarly, animals from both
strains were able to recall the trauma of the foot shock by contextual cues as evidenced by the

G"

increased freezing in test day as compared to training day (red ‘!’ symbols). Finally, the most
interesting result was that WT animals froze significantly more when exposed to the CC+ as
compared to CC- during the training day (blue lines and blue ‘$’ symbol, P = 0,0207; Mann-
Whitney U-test) whereas Cay3.2 KO did not (blue lines and blue “ns”, P = 0,0952; Mann-
Whitney U-test). While the limited number of animals tested in this experiment doesn’t allow
a strong statement, this data nevertheless suggest an impairment of Ca,3.2 KO mice
performance in discriminating the neutral and negatively reinforced context. The behavioral
phenotype of Ca,3.2 KO characterized in my experiments correlates well with the established
behavioral reports on these animals in the literature which evidenced their increased anxiety
(Gangarossa et al., 2014); their normal acquisition of fear response in foot-shock conditioning
paradigms (Chen et al., 2012a) and their deficits in context-related cognition (Chen et al.,
2012a). However, the context-unspecific freezing of Ca,3.2 KO could also reflect a
generalization of the fear response of these animals rather than improper discrimination of CC+

and CC- contexts.
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Figure 26: Performance of implanted WT and Ca,3.2 KO in a task of contextual fear conditioning. A:
Illustrative picture of a mouse carrying the in vivo recording apparatus. B: Pictures of the modular
conditioning chamber used in the experiments, in neutral context configuration (left, CC-) and in
negatively reinforced context configuration (right, CC+). C: Time schedule and design of the contextual
fear-conditioning paradigm. D: Freezing response of WT (green full circles) and Cay3.2 KO (black full
circles) during the course of the experiment, quantified as percentage of total session time (5 minutes).
All tests used for analysis were Mann-Whitney U-tests. Different symbols illustrate the results of Mann-
Whitney U-tests to multiple comparisons among groups. Black ‘*’ symbols represent the comparison
WT versus KO, for each session. Light brown ‘#” symbols represent the comparison between training
day CC+ and training day CC- within strains and characterizes the immediate response to foot shock.
Red ‘!’ symbols represent the comparison between test day and training day, for both contexts and both
strains and characterizes the memorization of the trauma. Blue ‘$” symbol and blue “ns” represent the
comparison between test day CC+ and test day CC- for each strain and characterizes the context-
dependency of the response. Error bars indicate s.e.m.
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Taken together, the outcomes of behavioral experiments provided me a phenotype base
of Cav3.2 KO versus WT mice to interpret the in vivo recordings, and demonstrated that genetic
deletion of Ca3.2 impaired performance of freely behaving animals in the DG-dependent
cognitive task.
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4. Discussion

4.1. mGCs burst firing

In this study, | characterized a burst firing phenotype of mGCs. Burst firing of mGCs
is not an extensively studied phenomenon and tends to be associated with pathological plasticity
of the dentate gyrus such as in models of epilepsy (Buckmaster and Dudek, 1997; Scharfman,
2011; Shao and Dudek, 2011; Dengler and Coulter, 2016; Kelly and Beck, 2017). However, it
has also been documented in vitro in non-pathological conditions (Scharfman et al., 2003,
2007). More importantly, it was recently shown that mGCs in vivo fire preferentially in the
form of very high-frequency bursts of several APs when they become active (Pernia-Andrade
and Jonas, 2014). In my hands, this burst-firing of mGCs was notably sensitive to the washout
of the intracellular content by medium sized patch pipettes (4-6 MQ) and was strongly
enhanced at 32°C (Figure 18), consistent with in vivo observations (Pernia-Andrade and Jonas,
2014). With the help of relatively small patch pipettes in the range of 10-30 MQ, to limit
intracellular washout, | was able to consistently observe burst-firing of mGCs, supporting the
idea that this represents a physiological firing mode of these cells. In addition, | showed that
mGCs burst-firing is supported by an intrinsic excitability mechanism and is not mediated by

network interactions.

4.2. mGCs burst firing is controlled by T-type channels in the axon initial segment

T-type channels do not produce obvious low-threshold calcium spike measurable in
mGCs without pharmacological isolation, in contrast to those observed in iGCs (Blaxter et al.,
1989; Schmidt-Hieber et al., 2004a; Pedroni et al., 2014). Furthermore, pharmacological
blockade of T-type channels does not acutely affect the mGCs firing (Schmidt-Hieber et al.,
2004a; Martinello et al., 2015). In line with this, | found no effect of T-type blockers and/or of
Ca,3.2 gene deletion on overall excitability of mGCs, as quantified by the average number of
spikes produced by cells in response to somatic current injection, the AP thresholds and the
rheobase current. However, | showed that blocking T-type channels resulted in a strong change
in the firing pattern of the cells, switching them from a high-frequency bursting mode to a tonic
mode of APs generation at lower frequencies. Such control of burst firing by T-type channels
is consistent with their stereotypical action evidenced in thalamic relay cells and brainstem
cartwheel cells (Kim et al., 2001; Zhan et al., 1999; Bender et al., 2012), but for mGCs the

bursting behavior has been so far controversial and the underlying mechanisms have not been
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explored. I hypothesize that the apparent fragility of mGCs burst-firing in whole-cell patch-
clamp recordings, due to the washout effect already mentioned, might be a reason for its under-
exploration.

T-type channels are present at the level of the axon initial segment of cartwheel cells
(Bender and Trussell, 2009b; Bender et al., 2012) and of dentate gyrus mGCs, as recently
reported (Martinello et al., 2015). With the help of 2-photon microscopy, | evidenced T-type
channels-mediated calcium fluxes in a region around 15 um away from the soma at the level
of the proximal axon (Figure 13). This location correlates very well with the position of the
axon initial segment as it has been determined in mGCs (Schmidt-Hieber and Bischofberger,
2010). Furthermore, we showed that local blockade of T-type channels in this axonal domain

resulted in impairment of the bursting phenotype of mGCs (Figure 15 and 17).

4.3. Axon initial segment T-type channels and control of AP threshold

Martinello and colleagues (Martinello et al., 2015) showed T-type channels localized
at the level of the axon initial segment in mGCs are involved in a cholinergic-induced plasticity
of AP threshold, even though T-type channels pharmacological blockade did not produce any
evident acute changes in mGCs firing activity. Rather, the “indirect” effect of T-type channels
on AP threshold occurs by downstream inhibition of M-type currents leading to an increase in
AP threshold after cholinergic-induced upregulation of T-type channels basal activity at resting
potential (i.e. a larger window current). In brainstem cartwheel cells, local blockade of axon
initial segment T-type channels with high concentrations of mibefradil or Ni?* increased the AP
threshold (Bender and Trussell, 2009b). Using comparable concentrations of Ni?* (10 mM) and
application of gradually increasing long puffs of NiZ* immediately prior to spike-triggering
stimulation, | also observed changes in AP threshold (Figure 14 and 15). This effect was,
however, not consistent with the lack of effect on general excitability, including AP threshold,
of T-type blockers applied in the bath or the genetic ablation of the Ca,3.2 channel subtype
(Figure 8 and 19). Furthermore, using a protocol consisting in empirically adjusting the length
of the puff and the time interval between the puff and the stimulation, | obtained strong block
of burst firing with negligible effect on AP threshold (Figure 16 and 17). My interpretation of
these results is that, in agreement with Martinello and others (Schmidt-Hieber et al., 2004b),
the primary effect of T-type channels in axon initial segment of mGCs is not to control AP
threshold or general excitability but to control burst firing and that the observed influences on
AP threshold in my puff experiments might be due to unspecific action of Ni?* on other voltage-
gated channels like sodium channels. However, | do not completely rule out a possible dual

effect of axon initial segment T-type channels on mGCs firing, namely an initial control of AP
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threshold followed by a slower re-adjustment of AP threshold accompanied by an impairment

of burst firing.

4.4. Cay3.2 has major impact on the burst-firing in mGCs

Most of mGCs recorded in Ca,3.2 KO mice were strongly impaired in their ability to
fire bursts of APs, similar to the effect of T-type blockers on mGCs from Wistar Han rats and
WT mice. These results show that Ca,3.2 is a major component in modulation of mGCs burst-
firing and correlate with the predominant expression of this subtype in DGGCs (Talley et al.,
1999; McKay et al., 2006; Francois, 2013; Aguado et al., 2016; Bernal Sierra et al., 2017).
Nevertheless, burst-firing was observed in a small proportion of Ca,<3.2 KO mGCs.
Remarkably, this proportion was not affected by additional application of T-type blockers
(Figure 21). In WT mice and Wistar Han rats, there were also some cells that fired high-
frequency APs upon application of T-type blockers (see for example the I1SIs <10 ms in Figure
6D, 7 and 18F). However, the possibility that persistence of burst-firing was caused by
insufficient blockade of Cay3.2 due to poor penetration of the blocker in the slice tissue in these
cases cannot be ruled out. Another possibility is that Cay3.2 might not be the sole determinant
of mGCs burst firing and that other T-type channels could also contribute to burst firing in a
subset of mGCs. In line with this, Ca,3.1 is less sensitive to Ni?* and would get little or not
affected by the concentration | used (Zamponi et al., 1996; Lee et al., 1999; Kang et al., 2006).
Another explanation would be that Ca,3.2 is not a simple on/off switch of burst firing, but rather
an enhancing mechanism that is not required per se to produce burst firing but helps to trigger
it or to sustain it. The results of the medial perforant path stimulation experiments, in which
mGCs from Ca,3.2 KO mice were impaired in their production of several APs at high
frequencies following synaptic stimulation, but could still reach such firing with stronger

EPSPs as compared to WT, support this suggestion (Figure 22F).

4.5. T-type mediated burst firing of mGCs impacts on DG-CA3 communication

mGCs should fire APs at high frequencies to be able to trigger their postsynaptic CA3
target cells (Henze et al., 2002). However, mGCs have “adverse” electrophysiological and
structural properties that make them apparently lowly excitable and unlikely subject to undergo
strong depolarization theoretically required to make them fire at these high frequencies
(Mongiat and Schinder, 2011; Krueppel et al., 2011; Drew et al., 2013; Lopez-Rojas and
Kreutz, 2016). In this regard, T-type channels might be critical determinants of mGCs function

by allowing these cells to produce low-threshold high frequency firing which would be
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compatible with both, the low excitability of mGCs and the requirement to fire at high
frequency bursts of AP in order to trigger CA3 pyramidal cells. Indeed, T-type channels are
low-voltage activated channels and start to open at hyperpolarized potentials close to the resting
potential of mGCs (Perez-Reyes, 2003) (Figure 5C), consistent with my findings that bursting
robustly appears from stimulations as low as the first one producing firing of the cell (rheobase).
In addition, the intra-burst APs frequency was high and reached around 140 Hz in recordings
made at 32°C, strikingly similar to the burst of mGCs evidenced in the in vivo study of Pernia-
Andrade and Jonas (Pernia-Andrade and Jonas, 2014). This range of firing frequency
theoretically allows such bursts of APs to robustly trigger CA3 pyramidal cells (Henze et al.,
2002) (Figure 4).

In this scenario, activation of Ca,3.2 seems to represent a mechanism that increases the
frequency of the firing output of granule cells, thereby increasing the probability of activation
of their postsynaptic targets, i.e., CA3 pyramidal neurons. As a consequence, the contribution
of Ca,3.2 ensures a more reliable transfer of sensory information downstream into hippocampal
circuitry. The analysis of in vivo recordings in WT and Ca,3.2 KO mice provided further
evidence of the Ca,3.2 importance in information transfer from the DG to CA3. First, the
significant difference in the inter-burst intervals between WT and Ca,3.2 KO mice
demonstrated that genetic deletion resulted in significant reduction of the burst occurrence rate,
hence corroborated my results obtained in vitro in presence of T-type calcium channel
antagonists. Second, we found markedly lower spontaneous firing rate in Cay3.2 KO mice both
in the DG and CA3 (Figure 25A and 25B), confirming the role of DGGCs firing frequency in
activation of CA3 pyramidal cells. The analysis of theta and gamma network oscillations
allowed us to address the question of information transfer from the DG to CA3: Ca.3.2 KO
showed a dissociation between the DG and CAS3 for both oscillatory bands that indicated an
impaired communication between these regions. Theta and gamma power in the DG are
strongly influenced by extra-hippocampal sensory inputs, whereas oscillations in the CA3 are
to a large degree determined by the mossy fiber input (Bragin et al., 1995; Buzsaki, 2002;
Csicsvari et al., 2003). In Ca,3.2 KO animals, we found that comparable levels of theta power
in the DG was accompanied by markedly lower theta power in CA3, while elevated gamma in
the DG was not associated with corresponding increase in the gamma power in CA3 (Figure
23). More precise quantification of such oscillatory relationship between the DG and CA3
provided additional evidence of impaired transmission from the DG to CA3. For both theta and
gamma frequency ranges, highly significant reduction in the transfer was evident in Ca,3.2 KO
mice, which was particularly prominent for low (30 - 50 Hz) gamma oscillations (Figure 24).
Previously, low (30 - 60 Hz) gamma oscillations in the hippocampus were proposed to reflect
retrieval of memories, whereas the power of high (60 - 90 Hz) gamma was increased during

encoding of new memories (Colgin et al., 2009), upon sensory stimulation (Lu et al., 2011) or
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induction of synaptic plasticity (Bikbaev and Manahan-Vaughan, 2017). Thus, the selective
impairment of the transfer of low gamma oscillatory band that was evident in Ca,3.2 KO mice
might indicate the contribution of this subtype of T-type calcium channels to oscillatory
mechanisms in the DG.

4.6. Contextual foot-shock fear conditioning

In this study, | assessed the behavioral response of WT and Ca.3.2 KO mice in a task
of contextual foot-shock fear conditioning. Since T-type channels are key players in pain
perception (Bourinet et al., 2016), concerns have raised that Ca,3.2 KO differential response to
the contextual foot-shock fear conditioning might be at least partially caused by differential
sensitivity to the electric shock (delivered to the animals feet through a metallic grid floor).
First of all, foot-shock fear conditioning has be successively used with Ca,3.2 KO mice and
KO animals in this study showed normal conditioning and similar learning performance as WT
(Chen et al., 2012b). In addition, the main reported effect of Ca,3.2 KO on pain sensation is an
analgesic effect (Bourinet et al., 2016) and Ca,3.2 KO mice in my experiments showed always
a stronger freezing that WT mice (Figure 26D). Moreover, Ca,3.2 KO reacted to the foot shock
by squeaking and jumping in a similar manner as WT mice, suggesting that they felt the pain.
Finally, WT and Ca,3.2 KO mice similarly started to freeze following the first foot shock during
conditioning, suggesting similar conditioning in WT and Ca,3.2 KO as in Chen et al. (Chen et
al., 2012b).

In my experiment, we found no significantly preferential freezing in the negative
context as compared to neutral context in Ca,3.2 KO mice following conditioning, whereas WT
mice froze significantly more in the negative context (Figure 26D). One explanation of this is
that Ca,3.2 KO mice are unable to discriminate the negative context from the neutral context.
This hypothesis would be in line with the model function of DGGCs to mediate pattern
separation of sensory information (Deng et al., 2010; Johnston et al., 2016). Context-related
cognitive deficits have been suggested by Chen and colleagues in their study of Ca,3.2 KO
mice (Chen et al., 2012b). They compared the performance of WT and Ca,3.2 KO mice in a
context-cued and tone trace-fear foot shock conditioning. They found no differences in freezing
percentage between both strains and a normal fear response of Ca,3.2 KO evoked by the tone,
but a deficit on contextual-evoked Ca,3.2 KO freezing response when animals were put in the
conditioning chamber. I, however, observed more freezing of Ca,3.2 KO than WT, in response
to the negatively reinforced context (CC+) after conditioning during the test day, but also in
every session of both training and test days (Figure 26D). The apparent discrepancy between

my results and those from Chen et al. could be explained by the fact that in their experiments,
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Chen and colleagues habituated mice to the conditioning chamber for three days prior to
conditioning while | did not habituate my animals. Moreover, they used only one context in
their experiment, the conditioning chamber, whereas we used two similar yet different contexts
consisting in differential configurations of the modular conditioning chamber (Figure 26B).
This could indicate that animals in their experiment got more engaged in a pattern completion
process while animals in my experiment got more engaged in a pattern separation mechanism.
These mechanisms might be affected in different manner by the deletion of the Ca,3.2 gene and

could also explain the discrepancy between my results and theirs.

4.7. Proposed model

Based on my results and existing literature, | propose the model illustrated in figure 27
in which Ca,3.2 channels localized at the level of the axon initial segment of mGCs control,
enhance or sustain a stereotypical low-threshold, high-frequency burst-firing phenotype of
these cells. This mechanism would then allow mGCs to produce the high frequency firing
required to robustly activate their postsynaptic targets, the CA3 pyramidal cells, in response to
weak somatic depolarization underlined by their low excitability and strong dendritic voltage
attenuation (Drew et al., 2013; Henze et al., 2002; Krueppel et al., 2011; Lopez-Rojas and
Kreutz, 2016; Mongiat and Schinder, 2011).

4.1. Perspectives

In this study, | characterized the impact of T-type channels on the pattern of APs
production by mGCs. It would be of further interest to precisely delineate the mechanisms that
allow T-type channels to control or enhance mGCs burst-firing phenotype. One explanation
would be that T-type channels produce a local membrane depolarization at the level of the axon
initial segment that can, due to the small size of this axonal domain, produce a strong local
depolarization. This local change in voltage would in turn produce a sufficiently strong
depolarization to keep reaching the voltage threshold for AP generation during high-frequency
repetitive firing, when voltage-gated sodium channels get increasingly inactivated, translating
in increasing high AP threshold. Accordingly, the fast voltage-dependent inactivation of T-type
channels would then impose a temporal limitation of this high-frequency firing output of mGCs
compatible with both the sparse coding model DGGCs activity (Aimone et al., 2011) and the
need for them to fire at high frequency to trigger CA3 cells (Henze et al., 2002).
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Figure 27: Proposed model of Ca,3.2 channels localized at the level of the axon initial segment of
mGCs acting as determining factors of mGC-CA3 pyramidal cells transmission of neuronal activity. In
response to limited somatic depolarization underlined by mGCs intrinsic characteristics, the neurons
generate different pattern of APs depending on the activity of T-type channels localized at the level of
the axon initial segment (AIS), principally the Ca,3.2 isoform. A schematic mGCs is represented sending
axonal projections to two different CA3 pyramidal cells to represent two stereotypical conditions of
Cay3.2 channels activity. Top half and green color-code: Ca,3.2 current (ICay3.2) enhances the ability
of mGCs to generate APs at high frequency and determines a short time-frame of mGCs activity due to
the fast voltage-dependent inactivation of the channels. This in turn can produce sufficiently strong
stimulation of the postsynaptic CA3 pyramidal cell (CA3 PC) to trigger its activity while maintaining
mGCs overall mostly silent. Bottom half and red color-code: Low amounts of Cay3.2 channels or down-
regulation of their activity results in a reduced 1Ca\3.2 current. As a consequence, mGCs are impaired in
their ability to produce this short time-framed repetitive firing of APs at high frequency. This in turn
translates in inefficient stimulation of the postsynaptic CA3 PC.

Another possibility is that T-type channels’ impact of mGCs burst firing is mediated
by their regulatory action on potassium channels localized at the level of the axon initial
segment such as it has been demonstrated for M-type channels in the study of Martinello and
colleagues (Martinello et al., 2015). T-type channels have been notably shown to interact with
BK potassium channels and allow them to activate at low voltages and with fast Kinetics
(Engbers et al., 2012; Turner and Zamponi, 2014). BK channels are big conductance potassium
channels and were reported to control a fast component of AP after-hyperpolarization that
supports membrane repolarization during high frequency repetitive firing (Gu et al., 2007;
Matthews et al., 2009; Springer et al., 2014). Interestingly, BK channels have been shown to

be expressed at the level of the axon initial segment of ferret layer 5 pyramidal cells in
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prefrontal cortex (Yu et al., 2010). Experiments with voltage-sensitive dyes and local blockade

of BK channels at the level of the axon initial segment could address these questions.

It would also be of great interest to further explore the impact of mGCs’ T-type
channels and the Ca,3.2 isoform in regulating DG-CA3 communication and the cognitive
processes underlined by the dentate gyrus. Ca,3.2 has been shown to be expressed more densely
in the dendrites of mGCs (Martinello et al., 2015) and | found T-type mediated calcium fluxes
in the dendrites, with a possible increasing gradient towards distal dendrites (Figure 12C). In
conjunction with our results obtained in freely moving mice (Figure 23 and 24), experiments
addressing the impact of mGCs’ dendritic T-type channels can shed new light on the somato-
dendritic integration of synaptic inputs and corresponding computational processes, similarly
to the impact of I, current in CA1 pyramidal cells (Vaidya and Johnston, 2013). Furthermore,
T-type channels can interact with A-type potassium channels of the Kv4 family (Turner and
Zamponi, 2014) which have been recently suggested to endow mGCs dendrites with segment-
specific plasticity of AP back-propagation and associated calcium signals (Lopez-Rojas et al.,
2016). Deepening of our in vivo characterization of mGCs and dentate gyrus defects in Ca,3.2
KO, characterization of the impact of dendritic T-type channels on A-type currents and
studying the participation of T-type channels on mGCs membrane resonance properties and

integration of synaptic inputs could provide additional information on these topics.

Finally, determining if mGCs burst firing mediated by axon initial segment T-type
channels is an intrinsic excitability mechanism that can be regulated by neuromodulation and
learning processes is a promising topic of exploration (Bender and Trussell, 2009b; Martinello
et al., 2015; Yamada and Kuba, 2016).
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6. Abbreviations

3D
ADP
AIS
AP
CAl
CA3
CA3PC
Cav
Cay3
Cav3.1-3
Cav3.2 KO
CC+
CC+
CTR
DG
DGGC
DMSO
DZNE
E-S
E50s10pe
EC
EPSP
FFT
GABA
GCL
HIL
HVA
Hz
ICay,3.2
iGC
IML
ISI
LFP
LIN
LTS
LVA
mA

Three-dimensional

After-depolarization

Axon initial segment

Action potential

Cornu Ammonis 1 subfield of the hippocampus

Cornu Ammonis 3 subfield of the hippocampus

CA3 pyramidal cell

Voltage-gated calcium channel

T-type, low-voltage activated family of voltage-gated calcium channels
The three different isoforms composing the T-type channels family
Ca\3.2 Knockout

Negatively reinforced conditioning context

Neutral conditioning context

Control

Dentate gyrus

Dentate gyrus granule cell

Dimethyl sulfoxide

Deutsches zentrum flr neurodegenerative erkrankungen
EPSP slope versus Spike probability

Half-maximal effective EPSP slope

Entorhinal cortex

Excitatory post-synaptic potential

Fast Fourrier transform

Gamma-Aminobutyric acid

Granule cell layer

Hilus

High voltage-activated

Hertz

Current underlined by Ca,3.2 isoform of T-type channel
Immature granule cell

Inner molecular layer

Inter-spike interval

Local field potential

Leibniz institute fiir Neurobiologie

Low-treshold spike

Low voltage-activated

Milliampeére
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mGC
min
mM
MML
MPP
ms
mV
MQ
nM
ns
OML
pA
R+0
R+1

s.e.m.
SGZ
TTX
WT

pm

Mature granule cell

Minute

Millimolar

Middle molecular layer

Medial perforant path

Millisecond

Millivolt

Megaohm

Nanomolar

Non-significant

Outter molecular layer

Picoampere

Rheobase current / depolarizing stimulation

Current / depolarizing stimulation equal to rheobase plus 40 pA
Second

Standard error of the mean

Sub-granular zone

Tetrodotoxin

Wild type

Gamma oscillatory activity frequency range (30-100 Hertz)
Theta oscillatory activity frequency range (5-12 Hertz)
Micrometer

Micromolar
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