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Abstract

Abstract

Critical periods are time windows in early development when genetical programs, and
environmental and experiential factors confluence to tune functional properties of brain circuits
towards their maturation. Concurrently, neural activity, synaptogenesis, and plasticity complete
the wiring of hippocampal circuits giving rise to rhythmic activity. Work from our group has
previously identified a critical period for hippocampal learning, wherein spontaneous
upregulation of Arc/Arg3.1 in the hippocampus during the first postnatal month, permanently
influences adult learning and hippocampal oscillations. Here, I propose that Arc/Arg3.1 shapes

hippocampal circuits’ wiring and functional maturation during the critical period.

This thesis aimed to delve into the impact of Arc/Arg3.1 on the maturation of synaptic
transmission in the hippocampus. My approach was to investigate the molecular, structural, and
functional properties of hippocampal circuits in conditional Arc/Arg3.1 knockout (cKO) mice
engineered in earlier studies, featuring deletions of the gene at various time points during the
first postnatal month. These included a germline KO line, in which the deletion occurs during
embryogenesis; an “early-cKO” line, where Arc/Arg3.1 is present during the first postnatal
week and the deletion is completed between postnatal days 7-14 (P7-P14); and a “late-cKO”
line, where the deletion is completed between P21-P36. I employed a broad range of methods
encompassing: in-vitro field recordings, patch-clamp techniques, 3D dendritic reconstructions,
immunohistochemistry and quantitative confocal microscopy, electron-microscopy, mass

spectrometry-based proteomics, and subcellular fractionation with Western blotting.

The first part of this thesis evaluated the adult KO and cKO mice, at a time point where
Arc/Arg3.1 had been fully deleted in the hippocampus and deficits in oscillatory activity and
learning had been observed. The findings presented here revealed an essential role of
Arc/Arg3.1 in regulating the temporal dynamics of excitatory synapses in a development-
dependent manner, with the most pronounced effects observed upon the earliest deletion. These
effects were associated with changes in critical components of the postsynaptic density,
including the transmembrane AMPA receptor regulatory proteins (TARPs) and PSD-95.
Remarkably, my findings also showed alterations in the inhibitory synaptic transmission,
hitherto believed to be independent of Arc/Arg3.1 plasticity, providing a first mechanistic

understanding of the oscillatory deficits.
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Abstract

Part II of this thesis described the proteomic profile of the hippocampus in adult WT and
Arc/Arg3.1 KO mice, focusing on differences between the CA1, CA3, and DG subfields. The
results proved the efficacy of a nanosecond infrared laser (NIRL) ablation method to reliably
isolate distinct regions of the mouse brain for subsequent proteomic analysis. Furthermore, I
demonstrated that Arc/Arg3.1 regulates the proteomic hippocampal profile in a subfield-
specific manner and identified novel exciting candidate proteins regulated by Arc/Arg3.1 under
low activity levels. Additionally, enrichment analyses highlighted Arc/4Arg3.1’s role in protein

transport.

Finally, part III evaluated the role of Arc/Arg3.1 in the development of hippocampal function
by examining mice of two and four weeks of age. My findings demonstrated that the kinetics
of excitatory synaptic transmission are not altered in any of the KO lines at this stage of
development, indicating that the alterations seen in the adult hippocampus develop at a later
stage. In contrast to its effects in the adult brain, Arc/Arg3.1’s effects in the developing brain
are more pronounced in response to early postnatal deletion, resulting in the active elimination
of functional excitatory synapses and possibly the elimination of non-functional inhibitory

synapses.

Collectively, this work provides further evidence of the existence of a critical period for the
development of hippocampal function and demonstrates that Arc/Arg3.1 plays a vital role in
the modulation of this critical period by shaping the wiring of hippocampal circuitry, not only
by modulating excitatory synapses but, notably, also inhibitory transmission. My findings open
new directions for investigating Arc/Arg3.1-dependent molecular pathways and cellular

processes involved in brain wiring and plasticity.



Zusammenfassung

Zusammenfassung

Kritische Perioden sind Zeitfenster in der frithen Entwicklung, in denen genetische Programme
sowie Umwelt- und Erfahrungsfaktoren zusammenkommen, um die funktionellen
Eigenschaften der Gehirnschaltungen fiir ihre Reifung abzustimmen. Gleichzeitig
vervollstindigen neuronale Aktivitit, Synaptogenese und Plastizitit die Verdrahtung der
Schaltkreise im Hippocampus, die zu rhythmischer Aktivitdt fithren. Arbeiten unserer Gruppe
haben bereits einen kritischen Zeitraum fiir das Lernen im Hippocampus identifiziert, in dem
die spontane Hochregulierung von Arc/Arg3.1 im Hippocampus wihrend des ersten postnatalen
Monats das Lernen und die Oszillationen im Hippocampus im Erwachsenenalter dauerhaft
beeinflusst. Ich schlage vor, dass Arc/Arg3.1 die Verdrahtung und funktionelle Reifung der
Hippocampus-Schaltkreise wahrend der kritischen Periode pragt.

Ziel dieser Arbeit war es, die Auswirkungen von Arc/Arg3.1 auf die Reifung der synaptischen
Ubertragung im Hippocampus zu erforschen. Mein Ansatz bestand darin, die molekularen,
strukturellen und funktionellen Eigenschaften von Schaltkreisen im Hippocampus in
konditionalen Arc/Arg3. 1-Knockout-Méusen (cKO) zu untersuchen, die in fritheren Studien mit
Deletionen des Gens zu verschiedenen Zeitpunkten wéhrend des ersten postnatalen Monats
entwickelt wurden. Dazu gehdrten eine Keimbahn-KO-Linie, bei der die Deletion wihrend der
Embryogenese auftritt, eine "early-cKO"-Linie, bei der Arc/Arg3.1 wihrend der ersten
postnatalen Woche vorhanden ist und die Deletion zwischen den postnatalen Tagen 7-14 (P7-
P14) abgeschlossen ist, und eine "late-cKO"-Linie, bei der die Deletion zwischen P21-P36
abgeschlossen ist. Ich setzte eine breite Palette von Methoden ein: In-vitro-Feldaufnahmen,
Patch-Clamp-Techniken, 3D-Rekonstruktionen von Dendriten, Immunhistochemie und
quantitative konfokale Mikroskopie, Elektronenmikroskopie, Proteomik auf der Basis von

Massenspektrometrie und subzelluldre Fraktionierung mit Western Blotting.

Im ersten Teil dieser Arbeit wurden die erwachsenen KO- und cKO-Méuse zu einem Zeitpunkt
untersucht, an dem Arc/Arg3.1 im Hippocampus vollstindig deletiert und Defizite bei der
oszillatorischen Aktivitdt und beim Lernen festgestellt worden waren. Die hier vorgestellten
Ergebnisse zeigen, dass Arc/Arg3.1 eine wesentliche Rolle bei der Regulierung der zeitlichen
Dynamik exzitatorischer Synapsen in einer entwicklungsabhéngigen Weise spielt, wobei die
stiarksten Auswirkungen bei der frithesten Deletion beobachtet wurden. Diese Effekte waren

mit Verdnderungen von Schliisselkomponenten der postsynaptischen Dichte verbunden,
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darunter die transmembranen AMPA-Rezeptor-Regulationsproteine (TARPs) und PSD-95.
Bemerkenswerterweise zeigten meine Ergebnisse auch Verdnderungen in der hemmenden
synaptischen Ubertragung, von denen bisher angenommen wurde, dass sie unabhingig von der
Arc/Arg3. 1-Plastizitdt sind, was ein erstes mechanistisches Verstdndnis der oszillatorischen

Defizite ermoglicht.

In Teil II dieser Arbeit wurde das proteomische Profil des Hippocampus von erwachsenen WT-
und Arc/Arg3.1 KO-Méausen beschrieben, wobei der Schwerpunkt auf den Unterschieden
zwischen den CA1-, CA3-und DG-Unterfeldern lag. Die Ergebnisse bewiesen die Wirksamkeit
einer Nanosekunden-Infrarot-Laser (NIRL)-Ablationsmethode zur zuverldssigen Isolierung
verschiedener Regionen des Miusegehirns fiir die anschlieBende Proteomanalyse. Dariiber
hinaus konnte ich zeigen, dass Arc/Arg3.1 das proteomische Profil des Hippocampus auf
subfeldspezifische Weise reguliert, und ich identifizierte neue, interessante Protein-Kandidaten,
die von Arc/Arg3.1 bei niedriger Aktivitit reguliert werden. Zusétzlich wurde durch

Anreicherungsanalysen die Rolle von Arc/Arg3.1 beim Proteintransport hervorgehoben.

Schlieflich wurde in Teil III die Rolle von Arc/Arg3.1 bei der Entwicklung der
Hippocampusfunktion durch die Untersuchung von Méusen im Alter von zwei und vier
Wochen untersucht. Die Ergebnisse zeigten, dass die Kinetik der exzitatorischen synaptischen
Ubertragung in keiner der KO-Linien in diesem Entwicklungsstadium verindert ist, was darauf
hindeutet, dass sich die im erwachsenen Hippocampus beobachteten Verdnderungen in einem
spéteren Stadium entwickeln. Im Gegensatz zu den Auswirkungen im erwachsenen Gehirn sind
die Auswirkungen von Arc/Arg3.1 im sich entwickelnden Gehirn als Reaktion auf die frithe
postnatale Deletion ausgeprégter, was zur aktiven Eliminierung funktioneller exzitatorischer
Synapsen und moglicherweise auch zur Eliminierung nicht-funktioneller inhibitorischer

Synapsen fiihrt.

Insgesamt liefert diese Arbeit weitere Beweise fiir die Existenz einer kritischen Periode fiir die
Entwicklung der Hippocampusfunktion und zeigt, dass Arc/Arg3.1 eine Schliisselrolle bei der
Modulation dieser kritischen Periode spielt, indem es die Verdrahtung des Hippocampus-
Schaltkreises formt, und zwar nicht nur durch die Modulation exzitatorischer Synapsen,
sondern bemerkenswerter Weise auch der inhibitorischen Ubertragung. Meine Ergebnisse
eroffnen neue Wege zur Erforschung von Arc/Arg3.I-abhiangigen molekularen Pfaden und

zelluldren Prozessen, die an der Verschaltung und Plastizitit des Gehirns beteiligt sind.
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Introduction

Learning and memory are two interconnected cognitive functions that allow organisms to
process and utilize sensory information and adapt to their environment. Learning is defined as
a lasting change in behavior due to experience (Domjan, 2018). Memory, on the other hand,

refers to the storage of previously learned information (Squire, 2009).

The understanding of how these processes work comes largely from the famous case of Henry
Molaison (H.M.), studied by the neuropsychologist Brenda Milner. H.M. suffered from severe
seizures caused by a childhood bicycle accident. To alleviate them, neurosurgeon William
Scoville performed an experimental surgery, ablating parts of his medial temporal lobe,
including both hippocampi. While the surgery worked successfully in reducing seizures, it

resulted in a profound inability to form new memories (Scoville & Milner, 1957).

The studies of Milner on the H.M. patient helped to expose the existence of different types of
memory. H.M. could still learn new motor skills, which led to a distinction between declarative
memories (consciously accessible information) and non-declarative memories (skills and
habits). Furthermore, H.M. had no compromises in short-term memory, maintaining
information relevant to the current task for a few seconds to minutes. However, he could not
consolidate these short-term memories into long-term storage. The case of H.M. provided
strong evidence of the role of the medial temporal lobe in converting new experiences into long-
term memories. Following studies using animal models have further pinpointed the
hippocampus as the critical structure for long-term memory formation (Deacon et al., 2002;

Glick & Greenstein, 1973).

A second major function of the hippocampus is spatial navigation. The theory of the
hippocampus as a cognitive map was proposed by O 'Keefe and Nadel, after the discovery of a
group of hippocampal pyramidal cells that represented specific locations in an environment,
they named them “place cells” (O'keefe & Nadel, 1978). Subsequent research led to the
discovery of three additional cell types, that further supported the hippocampal role in spatial
processing. The first type, “Head direction cells” are found in the dorsal subiculum, and
complement the activity of place cells. They are independent of the animal’s location and signal
the horizontal direction of the animal relative to the environment (O’Keefe, 2006; Taube, 2007;
Taube et al., 1990). The second type is “grid cells”, they are found in the medial entorhinal
cortex. These cells fire in multiple locations in an environment, and these locations form a
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triangular matrix covering the regions visited by the animal. Grid cells use information about
the head direction to provide information on the Euclidean distance and direction metric for the
cognitive map (Bush et al., 2014; O’Keefe, 2006). Finally, “boundary cells” fire at a specific
distance and direction from environmental boundaries, and they are found in the subiculum,
parasubiculum, and medial entorhinal cortex (Bush et al., 2014; Lever et al., 2009; Solstad et

al., 2008).

1.1 The hippocampus

The term "hippocampus" frequently refers to the broader "hippocampal formation," which
comprises several interconnected regions. The main structure is the hippocampus proper,
containing subfields CA1, CA2, and CA3 (CA stands for cornu ammonis). Other key regions
include the dentate gyrus (DG) and subiculum. The entorhinal cortex, while technically
separate, acts as the main input gateway to the hippocampus and is often considered the starting
point of the hippocampal circuit (Figure 1.1). The key feature of these regions is their functional
link through unidirectional pathways. Generally, research has focused on the "trisynaptic
circuit". This circuit includes: 1) neurons in layer II of the EC projecting to the DG and the CA3
subfield via the perforant pathway, 2) the granule cells of the DG projecting to the CA3 subfield
via mossy fiber projections and 3) pyramidal cells of CA3 projecting to the CA1 subfield
through the Schaffer collaterals. However, additional connections exist. For instance, a separate
perforant pathway component connects layer III EC neurons to CAl (also known as the
temporoammonic pathway). Moreover, CA1 pyramidal cells project to the subiculum, and both
CA1 and the subiculum project back to layer V of the EC, completing the "hippocampal loop”
(Figure 1.1B).

CA1 is the principal output region of the hippocampus, it stands out for high evolutionary
conservation (Benavides-Piccione et al., 2020) and has an essential role in memory
consolidation (Ji & Maren, 2007; Lee & Kesner, 2004). Interestingly, CAl is also more
vulnerable to injury compared to other hippocampal areas (Davolio & Greenamyre, 1995).
These, among other factors, have made CA1 a region of particular interest for research, which
has resulted in a more comprehensive understanding of its structure and function compared to
other subfields. Regarding its structure, CA1 is organized into distinct cell layers called strata.
The stratum oriens (or) mostly contains the basal dendrites of CA1 pyramidal cells and the
bodies of some interneurons, including somatostatin (SST)-positive interneurons (also known

as OLM cells). Deeper inside, we find the stratum pyramidale (pyr) which contains the cell
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bodies of pyramidal neurons, along with some interneurons. Including the largest population of
inhibitory parvalbumin (PV)-containing interneurons. Next, we find the stratum radiatum (rad),
a relatively cell-free layer containing the most proximal section of the apical dendrites of
pyramidal neurons. Finally, we find the stratum lacunosum-moleculare (LM) which contains
the cell bodies of some inhibitory interneurons like neurogliaform cells and the most distal part

of the apical dendrites of pyramidal cells (Amaral & Lavenex, 2006).

CA1l neurons integrate signals from both excitatory and inhibitory sources. The principal
excitatory input originates from CA3 via Schaffer collaterals (Figure 1.1B). While these are
often depicted as terminating only in the stratum radiatum, CA3 axons innervate both the
stratum radiatum and stratum oriens of CAl (Hjorth-Simonsen, 1973). A second major
excitatory input arrives from layer III of the EC through the temporoammonic pathway. This
pathway selectively targets the distal apical dendrites in the LM (Deller et al., 1996). Additional
excitatory inputs reach CA1l from the nucleus reuniens of the thalamus and the basolateral
amygdala, also especially innervating the distal apical dendrites (Dolleman-Van Der Weel &

Witter, 1996; Kemppainen et al., 2002).

Inhibitory interneurons, though only about 10% of the cells in CA1l, play a substantial role in
closely regulating excitatory connections. They are very diverse and can be classified based on
several factors, including their anatomy, developmental origin, molecular expression, intrinsic

electric properties, and firing patterns (Pelkey et al., 2017).

CA1deep C
CA1 pyramidal cell
5
I
% U, <o
b 7
<«—CA3

rad

EC Il stellate

=] <«—MEC3

\\ <«—EC2 pyr

Im

perforant pathway
\ &\ &)
LB AR

mossy fiber

<«—LEC3

DG
Figure 1.1. The hippocampal circuit. A. Hippocampal formation as originally illustrated by Ramoén y Cajal (1911). Horizontal
section of a rodent brain with the defined subfields of the hippocampal formation: entorhinal cortex (EC), dentate gyrus (DG),
hippocampal CA3, CA2, and CA1l, the subiculum (Sub). B. Schematic representation of the hippocampal excitatory circuit. C.
Representation of a CAl pyramidal cell indicating the major excitatory afferents and their location in the axodendritic axis
(Adapted with permission from Pignatelli & Rockland, 2020)

One useful way to classify interneurons is by exploring their axonal targets and the specific
layers they innervate (Megias et al., 2001). For instance, basket cells, chandelier cells, and axo-

axonic cells target either the cell bodies (somata) or the initial segment of the axon of pyramidal
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neurons (Somogyi, 1977). This placement grants them strong control over the generation of
action potentials in the pyramidal cells (Cobb et al., 1995). On the other hand, OLM cells target
the distal dendrites within the stratum lacunosum-moleculare (LM). Their influence is probably
focused on regulating local processing within the dendrites, potentially shunting excitatory
inputs before they reach the cell body, or modulating the generation and propagation of

dendritic spikes (Freund & Buzsaki, 1996).

1.1.1 Hippocampal oscillatory activity

Although GABAergic synapses are a minority in the hippocampus, they play a key role in
shaping its rhythmic activity. These rhythms reflect the synchronized firing of large neuronal
populations. When these synchronized currents summate, they generate large deflections in
electrical recordings, measurable through local field potentials (LFPs). The hippocampus,
particularly CAl, is well-suited for the detection of these rhythms due to its densely packed
neurons. Here, the parallel alignment of pyramidal cells allows synaptic currents to flow in the
same direction and add up, resulting in robust LFP signals. The hippocampus has different
forms of brain rhythms including theta rhythms, gamma rhythms, and sharp wave-ripple

complexes (Colgin, 2016).

Theta rhythms comprise frequencies that extend between 4 and 12 Hz and are thought to be
important for learning, memory, and spatial navigation (Boyce et al., 2016; Buzsaki, 2005;
Olvera-Cortes et al., 2002). These theta waves can be detected in all layers of CA1, CA3 and
the DG, but have a particularly large amplitude in the LM layer of CAl, indicating their EC
origin. Several theta generators have been identified including the medial septum, EC and the
hippocampus itself. Theta observed in the stratum LM of CA1 and during awake behavior arise
from GABAergic cells of the medial septum which rhythmically disinhibit hippocampal
pyramidal cells and thus promote their theta rhythmic firing (Buzsaki, 2002). Cholinergic and
glutamatergic inputs from the medial septum also participate in generating and pasting theta
oscillations, during attentional tasks and REM-sleep. The critical role of the medial septum in
generating theta has been further supported by studies showing that lesions in this area
effectively eliminate hippocampal theta activity and rhythmic neuronal firing (Lee et al., 1994;

Mitchell et al., 1982).

Gamma rhythms in the hippocampus cover a wide range of frequencies (25-100 Hz). Some
researchers propose a further distinction within this range, suggesting the presence of at least

two subtypes (Colgin & Moser, 2010).
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The first subtype, slow gamma (25-55 Hz), is thought to be driven by interneurons activated by
the pyramidal cells in the CA3 subfield and is most prominent within the stratum radiatum
layer. In contrast, fast gamma (60-100 Hz) seems to be driven by interneurons influenced by
the medial entorhinal cortex (MEC). This fast gamma rhythm is specifically dominant in the
stratum lacunosum-moleculare (Colgin et al., 2009). Supporting this distinction, reports are
showing a reduction in fast gamma rhythms when MEC projections to CA1 were blocked in
mice performing a spatial memory task (Yamamoto et al., 2014). The specific functions of these
gamma subtypes are still under study. Nevertheless, some theories suggest that slow gamma
might be involved in retrieving memories, while fast gamma might play a role in encoding
sensory information transmitted from the MEC to the hippocampus. Further research is needed
to solidify these hypotheses and fully comprehend the functional roles of these different gamma
rhythms (Colgin, 2016).

Sharp wave-ripple (SPW-R) complexes consist of very distinct patterns observed in LFP
recordings in CAl. These complexes are characterized by large amplitude deflections of
negative polarity (~0.01-3 Hz) in the CA1 stratum radiatum, known as sharp waves (SPWs),
accompanied by a brief, high-frequency (~110-250 Hz) oscillatory pattern of the local field
potential (LFP) in the pyramidal layer of CAl, known as "ripples" (Buzsaki, 2015). These
phenomena are consistently seen in dissected hippocampal slices, suggesting that they originate

within the hippocampus (Maier et al., 2003).

SPWs predominantly reflect excitatory depolarization of the apical dendrites of CA1 resulting
from the synchronous bursting of CA3 pyramidal cells (Csicsvari et al., 2000). Studies showing
that long-term potentiation of the Schaffer collateral-CA1 synapses leads to an increase in SPW
amplitude further supported this fact (Buzsaki, 1984b). In contrast, ripples are the result of local
interactions between CA1 pyramidal cells and fast-spiking inhibitory interneurons that target
perisomatic regions (Schlingloff et al., 2014; Ylinen et al., 1995). Regarding their function,
SPW-R complexes are most common during the slow-wave sleep phase, which led initial
studies to focus on their role in "offline" memory functions like consolidation and memory trace
elimination (Girardeau et al., 2009; Nadasdy et al., 1999; Nakashiba et al., 2009). However,
recent studies suggest a key role for SPW-Rs in "online" functions such as active navigation

(Carr et al., 2011; Roumis & Frank, 2015).
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1.2 Synaptic transmission

Synapses are contact points between two neurons that allow them to communicate with each
other. Synaptic transmission starts with an action potential generated in the presynaptic cell that
travels down the axon and finally reaches the presynaptic bouton. Here, via voltage-gated Ca>*
channels, it triggers the release of neurotransmitters into the synaptic cleft. These released
neurotransmitters then bind to receptors mainly located on the postsynaptic neuron, which leads
to the opening of ion channels that ultimately lead to a change in its membrane potential. This
change can depolarize the cell, meaning that it brings it closer to its firing threshold and
increases the chances of generating an action potential, or hyperpolarize it, in which case it
pushes the membrane potential further from the threshold and therefore decreases the
probability of firing. Neurotransmitters that depolarize the postsynaptic neuron are considered

excitatory, while those that hyperpolarize it are classified as inhibitory.

1.2.1 Excitatory transmission

Glutamate is the primary excitatory neurotransmitter in the brain. Within the presynaptic
terminal, glutamate is transferred into vesicles for subsequent release by the vesicular glutamate
transporters (VGLUTSs). The postsynaptic element on an excitatory synapse is typically located
on a dendritic protrusion called a spine (Megias et al., 2001; Uchizono, 1965). Therefore, the
number of spines on a dendrite is often used as a proxy for the number of excitatory synapses
it has (reviewed in Berry & Nedivi, 2017; Bhatt et al., 2009; Runge et al., 2020). The
postsynaptic sites are enriched with scaffold proteins such as PSD-95, which are crucial for the
clustering and anchoring of glutamatergic receptors at the membrane (Chen et al., 2015;
Niethammer et al., 1996). Other proteins include Shank and Homer which contribute to

organizing and holding the postsynaptic structure (Sala et al., 2005).

Glutamate receptors can be ionotropic or metabotropic. However, most excitatory transmission
is mediated by the three main ionotropic receptors: kainate, N-methyl-D-aspartate (NMDA),
and a-amino-3-hydroxy-5-methyl-isoxazole-propionic acid (AMPA). These receptors are
permeable to sodium (Na') ions, and some also to calcium (Ca*") ions, leading to the
depolarization of the postsynaptic membrane. This depolarizing current is known as the
excitatory postsynaptic current (EPSC) and depends on factors like the membrane potential, the
reversal potential of each ion species, its permeability through the receptor, and the mean
number of receptor channels opening (Kullmann, 2006). Regarding the structure, each receptor

is a tetramer, built from combinations of different subunits arranged around a central pore.
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The first type is Kainate receptors. There are five known subunits (GluK1-5) that can form the
tetramer and are abundant in the hippocampus; the highest concentration of kainate receptors
is found in the CA2 and CA3 subfields, particularly in stratum lucidum, while the lowest density
is observed in CA1 (Oermann et al., 2005). Accordingly, recent evidence suggests kainate
receptors play a role in hippocampal circuits, particularly the CA2 subfield, but also participate
in the regulation of CAl interneurons (Falcon-Moya et al., 2021; Pressey & Woodin, 2021).
The recent development of selective antagonists for Kainate receptors has substantially
improved our knowledge, however, they remain poorly understood compared to AMPA and

NMDA receptors (Carta et al., 2014; Jane et al., 2009).

NMDA receptors consist of hetero-multimers of NR1 and NR2A-D subunits. Except for the
NR3B subtype, all NMDA receptor subtypes are expressed in the hippocampus; the NR2A and
NR2B subtypes are the main forms in the hippocampus. NMDA receptors stand out from
AMPA and Kainate receptors due to their unique properties. These features aid in their unique
role in synaptic function. First, NMDA receptors exhibit slow activation and deactivation
kinetics, taking several milliseconds to activate (~7 ms) and hundreds of milliseconds to
deactivate (Lester et al., 1990). Second, they have a high permeability for calcium Ca®" ions
(Ascher & Nowak, 1988). Finally, a voltage-dependent magnesium (Mg>") blockade resides
within the NMDA receptor pore, rendering it inactive at resting membrane potentials (more
negative than -50 mV) despite glutamate presence (Nowak et al., 1984). This interplay between
high Ca*" permeability and the Mg?* blockade makes NMDA receptors great coincidence
detectors at synapses. Calcium influx only occurs when two events overlap: glutamate release
from the presynaptic neuron and depolarization of the postsynaptic neuron. This specific
scenario takes place only during simultaneous pre- and postsynaptic activity (Wigstrom &
Gustafsson, 1986). This coincidence detection is believed to be a crucial element in specific

forms of synaptic plasticity, potentially underlying long-term memory storage.

In the hippocampus, AMPA receptors (AMPARSs) tend to generate EPSCs much larger than
those produced by the other ionotropic receptors. This has led to consider AMPARSs as the
primary mediators of excitatory transmission. However, the function of excitatory synapses
relies not only on the magnitude of depolarizing currents but also on their temporal properties
such as rise time, deactivation, and desensitization kinetics of synaptic AMPA receptors. These
factors dictate the amount of charge transferred and the timing of synaptic currents, which

directly influence synaptic communication (Jacobi & von Engelhardt, 2021).
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AMPA receptors (AMPARSs) exhibit fast kinetics, with decay time constants of around 5-10 ms
(Mosbacher et al., 1994; Schmitz et al., 2017). However, their gating kinetics depend on the
subunit composition of the receptors. AMPA receptors are composed of subunits GluAl to
GluA4. AMPAR subunits are subjected to RNA editing at different sites, generating different
subunit isoforms. This process allows the swapping of two specific receptor domains. One key
region affected by splicing is the "flip/flop" module located near the S2-LBD domain in the
extracellular loop (Sommer et al., 1990). Remarkably, in early development, AMPA receptors
predominantly contain subunits with the "flip" module. However, as the brain matures, these
"flip" subunits are progressively replaced by isoforms containing the "flop" module (Monyer et
al., 1991). This shift in subunit composition has an important functional consequence: AMPA
receptors with "flip" subunits exhibit slower desensitization compared to those containing

"flop" subunits (Koike et al., 2000; Sprengel, 2006).

Of the four subunits, GluA2 probably plays the most important role as it determines crucial ion
channel properties: GluA2 has two different editing sites: the arginine to glycine site (R/G), and
the Q/R site, where the RNA editing event implies the conversion of a CAG (glutamine) codon
to a CGG (arginine) codon, this edition leads to Ca?" impermeability in the entire AMPA
channel (Filippini et al., 2017; Osten et al., 2006). In pyramidal cells, the most prevalent
receptor assemblies are GluA1/GluA2 heteromers, with a smaller contribution from
GluA2/GluA3 combinations and an even smaller proportion (~8%) of GluAl homomers
(Wenthold et al., 1996; Zeng et al., 2019). Importantly, in the mature brain, over 95% of GluA2
transcripts are edited which renders most of the mature AMPA receptors Ca®" impermeable

(Seeburg et al., 2001; van der Spek et al., 2022; Wenthold et al., 1996).

AMPA receptors function together with auxiliary subunits, critically influencing their
trafficking, localization, and kinetics. A key family of auxiliary subunits is the transmembrane
AMPA receptor regulatory proteins (TARPs), with six known isoforms: y2, y3, v4, y5, y7, and
v8 (Tomita et al., 2003). The first identified TARP, y2 (also known as stargazing), was
discovered in a genetic screen of the stargazer mutant mouse, which exhibits a complete loss of
surface AMPA receptors on cerebellar granule cells (Chen et al., 2000). Notably, TARP v8,
with high sequence homology to y2, is especially expressed in the hippocampus (Klugbauer et
al., 2000).

Excluding y5, all TARP family members regulate the synaptic localization of AMPA receptors.
Additionally, auxiliary subunits often demonstrate functional redundancy, compensating for
each other's absence (Menuz et al., 2008). The amplitude of AMPA receptor-mediated currents
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depends not only on the number of postsynaptic receptors but also on their glutamate affinity.
And TARP isoforms enhance glutamate affinity (Jacobi & von Engelhardt, 2021; Rouach et al.,
2005).

TARPs not only improve synaptic strength by increasing the number of AMPA receptors in
synaptic locations but also by anchoring them in nanodomains close to presynaptic vesicle
release sites. This is accomplished by strengthening interactions between AMPA receptors and
membrane-associated guanylate kinases (MAGUKSs) such as PSD-95 (Nair et al., 2013; Zeng
etal., 2019).

Importantly, TARPs also regulate the kinetics of synaptic AMPA receptors, particularly
deactivation and desensitization rates. Most auxiliary subunits, except for y5, slow down the
deactivation rate of AMPA receptors. For instance, heterologously expressed AMPA receptors
without auxiliary subunits exhibit deactivation time constants around 0.7 ms (homomeric
GluA2) and 1.3 ms (homomeric GluAl), a difference of only 600 pus. In contrast, incorporating
TARP y8 into AMPA receptors significantly increases the deactivation time constant of
homomeric GluA1 receptors to around 5 ms and 9 ms, respectively (Jacobi & von Engelhardt,

2021; Kato et al., 2010).

1.2.2 Inhibitory transmission

GABA is the major inhibitory neurotransmitter in the brain, and it is essential for modulating
neuronal activity. It is produced from glutamate via the enzyme glutamic acid decarboxylase
and then packaged within synaptic vesicles by the vesicular GABA transporter (VGAT) until
its release at inhibitory synapses (Gasnier, 2000). Analogous to excitatory synapses, inhibitory
synapses are characterized by the presence of specific scaffold proteins. In the case of
GABAergic synapses, the key scaffold protein is gephyrin, which serves to anchor GABA
receptors at the postsynaptic membrane (Tyagarajan & Fritschy, 2014).

GABA receptors are classified into two main types: ionotropic (GABAAa) and metabotropic
(GABAB). GABAA receptors, mediate fast transmission and are permeable to chloride (Cl-)
ions and, to a lesser extent, bicarbonate (HCO3-) ions (Osten et al., 2006). Since mature neurons
have a resting membrane potential more positive than the Cl- reversal potential, the binding of
GABA to these receptors triggers an inward flow of CI- ions, leading to hyperpolarization of
the postsynaptic neuron (Bormann et al., 1987; Herbison & Moenter, 2011). This
hyperpolarization works against excitatory signals and is called inhibitory postsynaptic current

(IPSC).
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GABAA receptors are heteropentameric, implying that they are formed from five different
subunits drawn from a large family: al-6, B1-3, y1-3, 9, €, m, and 0 (Simon et al., 2004). This
diversity allows for a wide range of receptor properties, including affinity for GABA and
modulators, activation and desensitization rates, channel conductance, and cellular localization.
The most common arrangement is two a subunits, two B subunits, and one y or ¢ subunit. The
two a and 3 subunits are often the same isoform, but not always. The most abundant subtype in
the brain is alP2y2, estimated to cover 60% of all GABAA receptors (Osten et al., 2006;
Rudolph & Knoflach, 2011).

The expression of GABAA receptors along the brain strongly influences neuronal activity.
Depending on the cell type, their location can vary, they can be found in dendrites, the cell
body, or axons. However, they are typically concentrated at postsynaptic sites, mediating
inhibitory neurotransmission. Remarkably, some GABAa receptors are also found
extrasynaptically and perisynaptically (Brickley & Mody, 2012). For example, the o 5 subunit
is highly enriched in the hippocampus, but it is mostly located in extrasynaptic sites, with only

about 25% of these located in the synaptic component (Brunig et al., 2002; Fritschy et al., 1998).

An average pyramidal cell in the CAl region of the hippocampus receives around 1700
GABAergic synapses, with the highest density concentrated around the cell body (Megias et
al., 2001). Inhibitory synapses can target any area of the somatodendritic domain, including the
axon initial segment, the critical zone where action potentials are initiated. Inhibiting this region
effectively suppresses the activity of the pyramidal cell, controlling its global output
(Nathanson et al., 2019; Zhu et al., 2004). Additionally, the apical dendritic trunk has a high
density of GABAergic terminals compared to the rest of the dendrite (Papp et al., 2001).
Notably, the distribution of GABAA receptor subunits varies across different synapses of the
same pyramidal cell. For example, the a2 subunit is enriched in the axon initial segment but
sparsely found at the cell body and dendritic synapses (Nusser et al., 1996). The expression of
the a5 subunit is remarkably high on stratum radiatum, indicating enrichment in the apical

dendrites of hippocampal neurons (Sur et al., 1999).

The location of GABAergic synapses on pyramidal neurons influences the kinetics of IPSCs.
CA1 pyramidal cells exhibit at least two distinct IPSC types. A fast component with a decay
time constant of around 9 ms, observed on the soma, is mediated by basket cells, and, probably,
axo-axonic, bistratified, and horizontal trilaminar cells also contribute. In contrast, a slower
dendritic component with a decay time constant of 50 ms, is likely activated by interneurons in
the stratum lacunosum moleculare because they project to dendritic regions exclusively (Banks
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et al., 1998). While the possibility of distinct receptor subtypes for these two components exists,
an alternative explanation lies in electrotonic filtering and the limitations of voltage-clamp

recording techniques at distal locations (Maccaferri et al., 2000).
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1.3 Arc/Arg3.1

The activity-regulated gene (Arg3.1, also known as Arc) was discovered independently by Paul
Worley and Dietmar Kuhl in 1995 (Link et al., 1995; Lyford et al., 1995). This gene has 3.1
kilobases (kb) and encodes a protein of about 45 kilodaltons (kDa). It is highly conserved
among mammals, situated on chromosome 8 in humans and chromosome 15 in mice. The
Arc/Arg3.1 gene contains a single coding exon and a 3’ untranslated region (UTR) with two
introns that are spliced to form the mature Arc/Arg3. 1 messenger RNA (mRNA), with no known

alternative splice variants (Eriksen & Bramham, 2022).

Arc/Arg3.1 is a member of the family of immediate early genes (IEG), and as such it is
expressed at very low levels under baseline conditions but is rapidly induced upon robust
synaptic activity, including seizures, LTP, and memory-inducing behavioral paradigms
(Chawla et al., 2018; Guzowski et al., 1999; Link et al., 1995; Lyford et al., 1995; Plath et al.,
2006). What makes Arc/Arg3.1 unique is that its mRNA is induced by patterned synaptic
activity and rapidly transported to the dendrites, where it accumulates and undergoes local
translation (Steward et al., 1998). Additionally, Arc protein enters the nucleus and there it
interacts with histone acetylases, CREB binding protein, and TIP60. Nuclear Arc/Arg3.1 has
been shown to contribute to synaptic downscaling by reducing the transcription of AMPA
receptor GluA1 subunits and increasing promyelocytic leukemia levels (Korb et al., 2013).
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Recent studies also suggest a role for Arc/Arg3.1 in regulating chromatin state, although the

precise mechanism remains unclear (Zhang & Bramham, 2021).

Although Arc/Arg3.1 is mainly expressed in the brain, Arc/Arg3.1 mRNA is also found in
several peripheral tissues including, the kidney, stomach, liver, spleen, lung, muscle, and heart
(Link et al., 1995). Notably, within the brain, Arc/Arg3.1 expression is restricted to principal
neurons expressing CaMKII, mostly corresponding to excitatory neurons and a lesser extent

inhibitory GABA-containing ones (Vazdarjanova et al., 2006).

A study using genome-wide analysis made an intriguing discovery showing that Arc/Arg3.1
shares a common ancestor with retroviruses, the Ty3/Gypsy retrotransposon, an ancient genetic
element (Campillos et al., 2006). A recent body of evidence suggests that recombinant
Arc/Arg3.1 from mammals and Drosophila can self-assemble into virus-like structures
containing Arc/Arg3.1 mRNA. These structures can potentially be delivered to neighboring

cells upon release in extracellular vesicles (Pastuzyn et al., 2018).

The latest findings reveal that Arc/Arg3.1 can naturally form oligomers in the mammalian brain,
dimers are the most abundant form but higher-order oligomers are also present at lower levels.
These Arc/Arg3.1 dimers are constitutively expressed throughout the cortex, hippocampus, and

dentate gyrus, with the dentate gyrus showing the lowest levels (Mergiya et al., 2023).

1.3.1 Arc/Arg3.1 in synaptic plasticity

Synaptic plasticity is the process that describes how the efficacy of synaptic transmission
changes in response to activity and it is considered the mechanism that supports the long-lasting
changes in neural circuits underlying learning and memory (Hebb, 2005; Morris et al., 1990).
Several forms of plasticity in the glutamatergic synapses have been identified to date. Long-
term potentiation (LTP) denotes the strengthening of synapses upon periods of increased
activity (Bliss & Collingridge, 1993; Bliss & Lomo, 1973). Conversely, long-term depression
(LTD) weakens the synapses in response to decreased activity (Linden & Connor, 1995). More
recently, homeostatic scaling has emerged as another key form of plasticity. This process allows
neurons to adjust their overall synaptic strength to maintain stable and balanced activity levels
in response to fluctuating network activity (Turrigiano & Nelson, 2004). Notably, Arc/Arg3.1
has been implicated in all three of these distinct forms of synaptic plasticity, suggesting a pivotal

and complex role in regulating neural circuit function.

The observation of Arc/Arg3.1 induction in response to LTP-inducing stimuli suggested a
potential role in activity-dependent synaptic plasticity (Link et al., 1995). However, it was not
12
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until the study by Guzowski et al. (2000) that the role of Arc/Arg3.1 in LTP was first confirmed.
Guzowski and colleagues used hippocampal infusions of antisense oligodeoxynucleotides to
inhibit Arc/Arg3.1 expression demonstrating that this inhibition impaired the maintenance

phase of LTP in the DG without affecting its induction.

Subsequent studies have confirmed and extended this role (Messaoudi et al., 2007; Plath et al.,
2006). For instance, our group used Arc/Arg3.1 knockout (KO) mice to evaluate hippocampal
LTP, revealing that Arc/Arg3.1 deletion disrupts LTP not only in the DG but also in the CA1
region. This study also showed an enhanced early LTP phase, in the absence of Arc/Arg3.1,
suggesting a biphasic role of Arc/Arg3.1 in LTP. This biphasic role indicates that the absence
of Arc/Arg3.1 renders synapses more plastic due to their inability to consolidate previous

potentiation (Plath et al., 2006).

Several mechanisms have been proposed to underlie this effect. From the structural standpoint,
LTP is often associated with increases in spine density and stabilization. Notably, 4Arc/Arg3.1
overexpression has been shown to enhance the density of thin spines and filopodia in the
hippocampus, suggesting a role in spine morphology (Donai et al., 2003). Dendritic spines are
rich in actin-associated proteins including, CaMKIIf, drebrin A, and cofilin (Hotulainen &
Hoogenraad, 2010). Actin polymerization is crucial for the changes observed in spine volume
upon synaptic stimulation, implying that spine growth relies on the assembly of filamentous
actin (F-actin). CaMKIIp itself contributes by bundling and stabilizing F-actin filaments, a
process essential for both spine maturation and LTP-induced stabilization (Okamoto et al.,
2007). Intriguingly, Arc/Arg3.1 co-immunoprecipitates with F-actin and directly interacts with
drebrin A (Nair et al., 2017), which in turn binds to F-actin (Ishikawa, 2017). Notably,
Arc/Arg3.1 also interacts with CaMKIIB (Okuno et al., 2012). This intricate network of
interactions suggests that Arc/Arg3.1 might regulate spine morphology by influencing the actin
polymerization machinery (Newpher et al., 2018)

Arc/Arg3.1 is crucial for various forms of LTD. A study from our group on Arc/Arg3.1 KO
mice demonstrated reduced low-frequency stimulation (LFS)-induced LTD at the Schaffer
collateral to CA1 synapse (Plath et al., 2006). Later research, utilizing Arc/Arg3.1 knockdown,
revealed that Arc/Arg3.1 is specifically required for metabotropic glutamate receptor (mGluR)-
dependent LTD, an effect linked to increased AMPA receptor endocytosis (Waung et al., 2008).
The interaction between Arc/Arg3.1 and the endocytic machinery was previously described by
Chowdhury et al. (2006). They showed that Arc/Arg3. 1 interacts with dynamin and endophilin,
proposing that this interaction accelerates AMPA receptor endocytosis. Acute increases in
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Arc/Arg3.1 levels led to a downregulation of surface GluA1 and GluA2 receptors. Conversely,
neurons lacking Arc/Arg3.1 exhibited elevated levels of surface GluA1 receptors and reduced

endocytosis rates (Chowdhury et al., 2006).

The role of Arc/Arg3.1 on AMPAR endocytosis has been also linked with homeostatic
plasticity. Shepherd et al. (2006) investigated this link using cultured neurons. They found that
blocking network activity for two days with tetrodotoxin (TTX), a sodium channel blocker, led
to a downregulation of Arc/Arg3. 1 protein expression. This downregulation, in turn, resulted in
an upregulation of surface AMPARs and a subsequent increase in synaptic strength.
Conversely, overactivation of the network for two days with bicuculline, a blocker of GABAA
receptors, triggered upregulation of Arc/Arg3.1 expression. This increase in Arc/Arg3.1 led to
a reduction in surface AMPARSs and a decrease in synaptic strength. Notably, these activity-
dependent adjustments in synaptic strength via AMPAR trafficking were entirely abolished in
cultured Arc/Arg3.1 KO neurons, highlighting the critical role of Arc/Arg3.1 in this homeostatic
process (Shepherd et al., 2006).

Okuno et al. (2012) proposed a novel mechanism for LTD termed "inverse tagging". In contrast
to the typical scenario where potentiation strengthens active synapses, inverse tagging targets
inactive synapses for weakening. Here, newly synthesized Arc/Arg3.1 interacts with CaMKIIf
under low intracellular calcium concentration. This interaction recruits Arc/Arg3.1 to these
inactive synapses, where it accumulates. The accumulation of Arc/Arg3.1 then triggers the
removal of GluAl receptors from the postsynaptic density. This reduction in AMPARs

ultimately leads to a weakening of the inactive synapses (Okuno et al., 2012).

However, a more recent study challenges the idea that the cellular machinery for endocytosis
can directly remove deeply anchored AMPARs from the PSD. Instead, the study by Chen et al.
(2022) proposes that Arc/Arg3.1 competes with PSD-95, for binding to transmembrane
AMPAR regulatory proteins (TARPs). Since the binding sites for Arc/Arg3.1 and PSD-95 on
TARPs overlap, Arc/Arg3.1 could potentially displace AMPARs from the PSD, making them

accessible for subsequent endocytosis (Chen et al., 2022).
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Figure 1.3. Arc/Arg3.1 on synaptic plasticity . Schematic representation illustrating some of the main mechanisms underlying
Arc/Arg3.1 effects on synaptic plasticity (reproduced with permission from Zhang & Bramham, 2021).

1.3.2 Arc/Arg3.1 in memory consolidation
Consolidation is the process by which a new memory trace gradually stabilizes after an initial
learning experience (Dudai, 2004). Similar to LTP, memory consolidation depends on de novo

protein synthesis. Early studies, using different behavioral paradigms, have demonstrated that

protein synthesis inhibitors effectively block long-term memory consolidation without affecting
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learning or short-term memory (Barondes & Cohen, 1966; Dudai, 1996; Flexner & Flexner,
1966; Nader et al., 2000). The rapid activation of IEGs, including Arc/Arg3.1, in response to
synaptic activity made them attractive candidates for regulating memory consolidation. The
first report confirming the role of Arc/Arg3.1 in memory consolidation was published in 2000
using hippocampal ODNSs. In this study, Guzowski and colleagues demonstrated that blocking
Arc/Arg3. 1 specifically impairs long-term memory consolidation, with no impact on short-term

memory in a spatial memory task in the Morris water maze (Guzowski et al., 2000).

Later on, the study from our group using Arc/Arg3.1 KO mice confirmed and extended these
results. They showed that Arc/Arg3.1 KO mice exhibit impaired memory consolidation on the
water maze, but also have deficient spatial learning strategies. Furthermore, this study showed
that Arc/Arg3.1 is not only required for consolidation in spatial tasks but also for novel-object
recognition, contextual, and auditory fear conditioning as well as conditioned taste aversion
(Plath et al., 2006). Subsequent studies have demonstrated a role for Arc/Arg3.1 in long-term
memory consolidation of an inhibitory avoidance task (Holloway & McIntyre, 2011). And in

Pavlovian fear conditioning specifically in the lateral amygdala (Ploski et al., 2008).

1.4 Mass spectrometry-based proteomics

Cells contain thousands of proteins, which are fundamental to every biological process. The
proteome refers to the entire set of proteins in an organism, tissue, or cell line (Wilkins,
Pasquali, et al., 1996) and proteomics is the study of proteomes. A proteome is the product of
a genome, although a proteome is more dynamic, for instance, the number of proteins in the
proteome can be higher than the number of genes due to alternative splicing or post-translational
modifications (PTM) (Wilkins, Sanchez, et al., 1996). Developments in the field of whole-
genome sequencing have allowed the assessment of the complexity of the human proteome.
Various techniques have been developed to study the proteome, including two-dimensional
electrophoresis, two-hybrid analysis, protein microarrays, and mass spectrometry (MS). MS is
the most widely used because it provides the most comprehensive analysis of the complexity

of the proteome (Han et al., 2008).

Over the past several years, mass spectrometry-based proteomics has been used to aid in the
understanding of the molecular mechanisms in health and disease. An important use is its
application in molecular medicine for biomarkers discovery. With a particular focus on the
early detection and diagnosis of cancer (Kwon et al., 2021). In the brain, MS-based proteomics

has been highly used for the discovery of biomarkers of neurodegenerative diseases including

16



Introduction

amyotrophic lateral sclerosis, Alzheimer’s, Parkinson’s, and Huntington’s diseases with a

special interest in PTM (Azevedo et al., 2022).

In the healthy brain, MS has been used in a variety of applications. MS has been employed to
provide insights into individual cell proteomes of embryonic stem cells, neurons, astrocytes,
and oligodendrocytes (Chaerkady et al., 2009; Han et al., 2014; Iwata et al., 2013). Combined
with the up-front enrichment of organelles, it has been used to reveal the constituents of synaptic
and other subcellular fractions, including excitatory and inhibitory synaptic clefts (Loh et al.,
2016; Pandya et al., 2017). Additionally, MS has been used with affinity purification to
investigate protein-protein interactions (Pires et al., 2023). Furthermore, MS has been used to

resolve the adult mouse brain proteome and identify major brain regions (Sharma et al., 2015).

1.5 Hippocampal development

The mammalian hippocampus is formed prenatally but only matures after birth, with neural
migration, dendritic growth, and synaptogenesis, continuing well into infancy. Consequently,
hippocampal functions emerge late in postnatal development, after the completion of sensory

development (Ohana et al., 2022).

The sequence of maturation of hippocampal circuits underlying memory and spatial
representations has been recently described using a targeted pharmacogenetic approach
(Donato et al., 2017). The study by Donato and colleagues revealed that stellate cells in the
mEC are the first to mature and generate an activity-dependent signal that drives a
unidirectional and stage-wise maturation of the other subfields. Three different markers were
used as signals of maturation, resulting in slightly different timelines; lack of doublecortin
(DCX) expression, parvalbumin (PV) upregulation, and increases in Basson expression. The
maturation sequence is: Stellate cells of mEC layer II mature first at P14-17, next pyramidal
cells in mEC layer II at P17-20, followed by CA3 at P20, next CA1 at P23-26, followed by a
cluster comprising subiculum, layer V mEC, layer V IEC, and DG at P26-P30. Finally, cells in
layer II of the IEC lag and develop after P30. These findings suggested that rather than being
genetically determined, the maturation of the hippocampal circuit is driven by neural activity

(Donato et al., 2017).

1.5.1 Development of the hippocampal structure

In the mouse, pyramidal cells are generated between embryonic (E) days 10 and 18 and the

peak generation of CA1 pyramidal cells is from E18 to E19 (Angevine Jr, 1965; Bayer, 1980;
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Frotscher & Seress, 2006) while the generation of granule cells in the DG peaks during the first
postnatal week (Frotscher & Seress, 2006). Stratum pyramidale at birth is thick and composed
of 6 to 10 rows of somata, as the hippocampus develops, this layer becomes thinner, with a final
composition of 2 to 3 rows of somata in the adult rodent (Frotscher & Seress, 2006). This
reorganization process is likely associated with the postnatal generation of glial cells. Another
possible contributing factor is the migration of late-born CA1 neurons which is strongly
regulated by the glycoprotein Reelin (Ishii et al., 2023). Despite the small percentage of late-
born cells that are still migrating, the cell layers of the hippocampus proper and subiculum have
already at birth a defined adult-like structure. In striking contrast, over 80% of the granulate
cells in DG are generated after birth, the peak generation is around the first postnatal week but
some new cells are also formed during adulthood (Frotscher & Seress, 2006). This makes the
DG one of the select brain regions where adult neurogenesis takes place. Interestingly,
hippocampal interneurons are generated earlier than the excitatory. In CA1 and CA3 they
originate at E12-E13 while in DG at E13-14, therefore early development of the hippocampal
circuit is disproportionately influenced by GABAergic interneurons (Danglot et al., 2006).

One crucial change during postnatal maturation of the hippocampus is dendrogenesis. While
the mature dendritic tree is relatively stable with very low branch turnover, during development
the dendritic arbor is very plastic, undergoing high rates of branch additions and retractions
(Urbanska et al., 2008). In CA1 neurons, the main branch of the apical dendrite has already
reached the hippocampal fissure by postnatal day (P) 5, but they have only a few short branches
(Pokorny & Yamamoto, 1981). The apical dendrite undergoes accelerated growth during the
first two weeks which then slows down. In mice, apical dendrites typically reach their mature
size around P18-P21, however moderate expansion continues until 3.5 - 4 months of age
(Sfakianos et al., 2007). In contrast, the basal dendritic tree has already reached its final number
of dendrites by PS5, albeit, these are still short and unbranched (Pokorny & Yamamoto, 1981).
Basal dendrites undergo fast growth between P6 and P12, after which growth slows down but

extends up to P30 (Nishimura et al., 2011; Stanke, 2022).

In addition to the gross changes in dendritic structure described above, the first postnatal month
is a period characterized by critical changes in fine dendritic structures, namely, dendritic
spines. At birth, the number of spines is low and most synapses make contact on dendritic shafts
(Fiala et al., 1998; Lohmann & Kessels, 2014). Spinogenesis then increases dramatically
reaching its peak around the third postnatal week (Schachtele et al., 2011). It slows down during
the fourth week to reach mature levels (Lohmann & Kessels, 2014). It is worth noting that,
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although much more stable, compared to the developing brain, the density, shape, and size of
spines, remain dynamic in the mature brain (Leuner & Shors, 2004). Mature spines can be
regulated by several factors including behavioral training, hormone treatment, environmental
enrichment, and sleep (Gould et al., 1990; Greenough et al., 1979; Moser et al., 1994; O'Malley
et al., 2000; Rampon et al., 2000; Zhou et al., 2020).

1.5.2 Development of hippocampal membrane properties

The firing of a neuron depends greatly on the number and properties of the synapses it receives.
However, three key factors regulate the response of a neuron to synaptic inputs: its dendritic
structure and membrane properties; often classified into passive and active properties (Spruston
et al., 1994). Passive properties are characterized by their independence from voltage-gated
channels and include the resting membrane potential (Vm), membrane resistivity (Rm, input
resistance), membrane capacitance, membrane time constant, and intracellular resistivity.
Active properties, in contrast, do depend on voltage-gated channels (Spruston & McBain,
2006). Some commonly measured active properties include action potential (AP) features like

amplitude, duration, and frequency.

Consistent with the morphological changes, the electric properties of hippocampal cells leave
them in a highly excitable state at birth that progressively decreases until the third postnatal
week (Pignatelli & Rockland, 2020). In rats, the input resistance and membrane time constant
decrease from P2 to P15, whereas the resting membrane potential becomes more hyperpolarized
(Spigelman et al., 1992). Regarding the AP waveform, AP amplitude increases dramatically
from P2 until P20-P25, whereas AP duration decreases during this period, reaching stable levels
by P15 (Spigelman et al., 1992). These changes occur alongside modifications in the currents
of Na* channels (Costa, 1996), increases in the number of voltage-dependent K* channels
(Sanchez-Aguilera et al., 2020; Spigelman et al., 1992), and changes in the kinetics of K+
currents (Costa et al., 1994; Giglio & Storm, 2014).

1.5.3 Development of hippocampal transmission

As mentioned above, most excitatory synapses generated after the first postnatal week are
localized on dendritic spines. Specifically, at PS5 over half of the synapses occur on dendritic
shafts, by the third week this number decreases to around 20 percent and continues to decrease,
while spine synapses proliferate and become dominant in the mature brain (Boyer et al., 1998).
Overall, the density of excitatory synapses in the hippocampus is very low at birth and the peak
of synaptogenesis is at the end of the fourth postnatal week (Steward & Falk, 1991).
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It is worth noting that the composition of excitatory synapses undergoes substantial changes
during early development, which results in significant alterations of their function. Regarding
NMDARSs, GluN2B subunits are predominant during the first two postnatal weeks, later on,
their expression decreases whereas GluN2A expression steadily increases during the first
postnatal month (Sans et al., 2000). Given than GluN2B-containing NMADRs have higher
glutamate affinity (Laurie & Seeburg, 1994), deactivate and desensitize more slowly (Vicini et
al., 1998), traffic more rapidly (Groc et al., 2006), and have higher affinity to CaMKII (Leonard
et al., 1999); they have a lower threshold for LTP (Clayton et al., 2002). This makes mature
NMDARs less likely to undergo synaptic plasticity compared to young NMADRs (reviewed
by Lohmann & Kessels, 2014).

Similarly, AMPAR composition changes substantially during the first postnatal weeks. GluA4-
containing AMPARs in the hippocampus are only observed perinatally, exhibiting almost
complete absence by the end of the second week (Zhu et al., 2000). Conversely, the expression
levels of GluAl, GluA2, and GluA3 increase dramatically during the second postnatal week
and reach adult-like levels around the third postnatal week (Lohmann & Kessels, 2014; Zhu et
al., 2000). As mentioned earlier, the expression pattern of “flip” and “flop” versions of the
AMPAR subunits is also developmentally regulated (Osten et al., 2006). The flop versions are
expressed at low levels during the first postnatal week and increase during the second postnatal
week, reaching adult-like levels by P14, whereas the “flip” levels remain stable from birth
(Monyer et al., 1991). In addition to the flip/flop variants, GluA2 is prone to alternative splicing
in its C-terminal, originating two variants: GluA2 “short” (~50 amino acids) and GluA2 “long”
(~70-80 amino acids). The short version, also simply called GluA2, is the most common one.
However, the ratio of GluA2 long/GluA2 decreases significantly as the brain develops, from
~0.2 at P7 to ~0.05 at P42 (Kolleker et al., 2003; Osten et al., 2006). One clear functional
consequence of the developmental fluctuations in AMPAR composition is a change in their
current kinetics. During the first postnatal week, AMPAR-mediated synapses exhibit
significantly faster kinetics, which is often attributed to the presence of GluA2-lacking and
calcium-permeable exclusively during this time window. In contrast, from P8, AMPARs
gradually incorporate more GluA2 subunits, leading to slower synaptic kinetics (Stubblefield

& Benke, 2010).

Substantial changes take place also in the presynaptic site of excitatory synapses. VGLUTs are
expressed in the glutamatergic neurons and mediate vesicular uptake of glutamate, three

different isoforms of VGLUTs are known: VGLUTI1-3. However, VGLUT3 has been
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associated with other neurotransmitters including acetylcholine, serotonin, and even GABA
(Gras et al., 2002). In contrast, in the mature brain, VGLUT1 and VGLUT2 are found
exclusively in typical asymmetric excitatory synapses and are therefore considered the classical
excitatory vesicular transporters (Fremeau et al., 2002). VGLUT1 and VGLUT?2 have a highly
complementary expression pattern across the brain and also within specific structures like the
hippocampus (Fremeau et al., 2001). Interestingly, the two isoforms show a developmental
switch in the hippocampus and cerebellum, with VGLUT2 mRNA expressing transiently in
hippocampal pyramidal cells during the first two postnatal weeks and VGLUT1 mRNA
expressed in adults (Miyazaki et al., 2003). Subsequent findings further confirmed that
VGLUT?2 contributes to the high release probability observed in young CA1-CA3 synapses and
to the structural maturation of the dendritic tree of CA1 pyramidal cells. (He et al., 2012).

Despite the low number of excitatory synapses during the first postnatal week, substantial
spontaneous network activity is observed. This activity results from gap junctions, extra-
synaptic transmission, and GABAergic transmission (Blankenship & Feller, 2010).
Importantly, until P10, GABA release exerts depolarizing effects on the postsynaptic neuron.
The shift to hyperpolarizing actions of GABA is caused by a reduction in the intracellular
chloride concentration, which is in turn mediated by the expression of the K*'CI" cotransporter
(Rivera et al., 1999). The early spontaneous activity is crucial for the maturation of early

connections and synaptic plasticity.

During the first postnatal week, there is a substantial number of silent synapses (Durand et al.,
1996; Gasparini et al., 2000). These are characterized by the presence of functional NMDA
receptors and the absence of surface AMPA receptors, at hyperpolarized potentials NMDA
receptors are blocked by Mg*? and hence remain non-conducting (Kerchner & Nicoll, 2008).
GABA-mediated depolarizations, for instance, can remove the Mg™ block from NMDA
receptors, thereby promoting the insertion of AMPARs into the membrane and unsilencing

excitatory synapses (Chancey et al., 2013).

GABAergic synaptogenesis precedes the glutamatergic. Already at birth, over 90 % of the
hippocampal interneurons receive postsynaptic currents (PSCs), whereas more than 80 % of
CA1 pyramidal cells receive no PSCs (Danglot et al., 2006). Despite the early presence of
GABAergic synapses, further dramatic increases in GABAergic synaptogenesis occur until the
third postnatal week, as indicated by the increased presence of GABA-positive puncta around
the somata of pyramidal cells (Danglot et al., 2006; Seress & Ribak, 1988). Increases in
functional inhibitory synapses are also observed within the first postnatal month. The frequency

21



Introduction

of GABAA4 slow IPSCs increases up to sevenfold from P11 to P35, an effect associated with

increased excitability of LM-targeting interneurons with age (Banks et al., 2002).

1.5.4 Development of hippocampal-dependent behavior and hippocampal rhythms

Performance of rodents in hippocampus-dependent tasks is poor before weaning and emerges
around P21-P25 in rats (Altman et al., 1973; Stanton et al., 2009). This has been demonstrated
using several paradigms, including conditioned eye-blink response (P20-P24; Andrews et al.,
1995), passive avoidance (P21; Riccio & Schulenburg, 1969), contextual fear conditioning
(P23; Pugh & Rudy, 1996; Rudy & Morledge, 1994) and, spatial learning in the Morris water
maze (P21-P23; Rudy et al., 1987).

The maturation of the coordinated activity underlying the complex behaviors mediated by the
hippocampus extends over a long postnatal period. Place cells are detectable as early as P14,
reach adult numbers by the end of the first month, and continue to develop during the second
month (Muessig et al., 2015; Tan et al., 2017). Head direction cell signals are detectable already
at P11-P12, however, they do not reach a mature state until P15-P16 (Langston et al., 2010;
Tan et al., 2015; Tan et al., 2017). Boundary cells appear at P17, and grid cells can be detected
from P16 but do not show mature behavior before P28 (Bjerknes et al., 2014; Langston et al.,
2010; Ray & Brecht, 2016; Tan et al., 2017).

At the network level, theta waves are detected from P8, but their power and frequency remain
low at P16, reaching adult-like levels by P22 (Wills et al., 2010). Early beta-gamma oscillations
(20-30 Hz) are observed as early as P2 (Karlsson et al., 2006). These oscillations subsequently
increase in frequency toward the gamma range and are modulated by the emergency of theta
waves around P8 (Cossart & Khazipov, 2022; Mohns & Blumberg, 2008). Immature SWPs can
be observed as early as P3-P6. In contrast to the mature SPWs, they are not accompanied by
ripples in the neonatal brain, which only start to appear around P10 (Leinekugel et al., 2002)
and continue developing until P18. This developmental timeline coincides with the switch in

GABA signaling from depolarizing to hyperpolarizing (Buhl & Buzsaki, 2005).

1.6  Ciritical periods

A critical period is a temporal window characterized by heightened plasticity in which
experience plays a vital role in the normal development of brain functions. A well-known
example of critical periods comes from the work of Konrad Lorenz in the imprinting behavior

in hatching birds. His work showed that goslings tend to follow the first large moving object
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they see and hear. In nature, this object would be the mother goose, however, in the absence of
the mother, goslings will imprint on inappropriate objects. The temporal window for this
behavior is around one day, if the exposure to the mother goose does not occur during this

period, appropriate parental relationships will never be established (Purves et al., 2013).

Possibly the best-studied example of critical periods for network development is the visual
system. The temporal occlusion of one eye during a short time window after birth results in
poor vision through that eye, although the eye remains physically healthy, the occlusion
exclusively during the critical period deeply alters the structure of the brain (Hensch, 2005).
Specifically, research has shown that monocular deprivation causes changes in the structure
and function of the primary visual cortex (V1) due to a shift in the ocular dominance of

binocular neurons from the occluded eye to the open eye (Hensch, 2018).

One of the effects of monocular deprivation (MD) is a weakening of the synaptic responses
upon stimulation of the deprived eye. A possible mechanism mediating this effect is the LTD
of intracortical and thalamo-cortical connections. Brief MD alters the spine density of
pyramidal neurons while longer MD results in lasting alterations in the length of thalamo-
cortical dendritic trees. An adequate excitation/inhibition balance is considered a signal of the
onset of critical periods (Takesian & Hensch, 2013). The parvalbumin (PV) positive inhibitory
interneurons have been particularly associated with this process because MD and early auditory
deprivation dramatically weaken the connections between PV interneurons and pyramidal cells,
whereas connections from other interneurons remain unchanged or even increase in strength
(Maffei et al., 2004; Takesian & Hensch, 2013; Takesian et al., 2013). Finally, the duration of
critical periods is limited by structural and functional brakes that prevent excessive synaptic
plasticity. An example of these brakes is the perineural nets (PNNs), specialized structures of
the extracellular matrix that mature by the end of the critical period and surround PV neurons
to restrict their function (Carulli et al., 2010; Hensch & Fagiolini, 2005; Takesian & Hensch,
2013). More recent reports support the existence of critical periods in the hippocampus,
indicating that, similar to observations in the visual system, early learning experiences are
necessary for the functional maturation of the hippocampal system (Bessieres et al., 2020;

Sakimoto et al., 2022; Travaglia et al., 2016).

1.7 Arc/Arg3.1 during development

Already in the initial work describing Arc/Arg3.1, it was observed that its spontaneous

expression in the forebrain is first visible at P8, increases substantially during the second week,
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and, reaches its peak around P21. This led to the hypothesis that Arc/Arg3.1 could have a role
in activity-dependent development (Lyford et al., 1995).

The role of Arc/Arg3.1 in the experience-dependent development of the visual system was
demonstrated in a study by McCurry and colleagues. Using a KO mouse model, they showed
that Arc/Arg3.1 does not disrupt the normal development of V1 organization, visual acuity, or
responsiveness. However, Arc/Arg3.1 is necessary for changes in ocular dominance in response
to MD during the critical period. These effects were associated with decreased LTD and
AMPAR endocytosis in V1 in Arc/Arg3.1 KO mice (McCurry et al., 2010). Furthermore, a
following study by Jenks and colleagues found that inducing Arc/Arg3.1 overexpression in

adult mice can partially restore juvenile-like ocular plasticity (Jenks et al., 2017).

Recent work from our group used in-situ hybridization to explore the spontaneous expression
pattern of Arc/Arg3.1 during the first postnatal month. Confirming previous findings, a semi-
quantitative analysis revealed that Arc/Arg3.1 is first detectable in the hippocampus at P7,
starting in CA3. Its expression then increases dramatically reaching its peak between the third
and fourth weeks. The highest expression is observed in CA1, followed by CA3, whereas DG
exhibits only weak levels between P21 and P28 (Castro Gomez, 2016; Gao et al., 2018). The
transient spontaneous upregulation of Arc/Arg3.1 when hippocampal-dependent behaviors are
just emerging indicated a potential role of Arc/Arg3.1 in the development of the mnemonic

network.

Using a conditional deletion approach to ablate Arc/Arg3.1 during distinct developmental
stages, the study by Gao and colleagues demonstrated that regardless of the time of deletion,
Arc/Arg3.1 is essential for long-term memory consolidation. Additionally, they demonstrated
that deleting Arc/Arg3.1 before but not after P21 impairs adult learning in the water maze and
alters spatial navigation strategies. Furthermore, deletion before P21 permanently disrupted
hippocampal oscillatory activity. Specifically, the results showed that germline deletion (KO)
resulted in reduced theta and gamma power and significantly fewer ripples, with the remaining
ones showing higher frequency. Arc/Arg3.1 deletion between P7 and P14 (Early-cKO) led to
lower theta but normal gamma power. The number of ripples was normal, but the amplitude of
the sharp-waves was significantly lower. In strong contrast, deletion after P21 (late-cKO)
resulted in an oscillatory activity that was not significantly different from that of WT animals.
These findings revealed a role for Arc/Arg3.1 in the regulation of a critical period for spatial

learning and hippocampal circuit wiring (Gao et al., 2018).
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2 Part I. Loss of Arc/Arg3.1 during early postnatal development

persistently changes hippocampal synaptic transmission

2.1 Introduction

The hippocampus is known for its vital role in long-term memory and spatial navigation
(Deacon et al., 2002; O'keefe & Nadel, 1978; Scoville & Milner, 1957). The first postnatal
month is essential for the structural and functional development of the hippocampus,
characterized by massive synaptogenesis, the emergence of oscillatory activity, and complex
mnemonic behavior (Lohmann & Kessels, 2014; Nishimura et al., 2011; Pokorny & Yamamoto,
1981; Schachtele et al., 2011; Steward & Falk, 1991; Tan et al., 2017; Urbanska et al., 2008).
Recent reports suggest that this temporal window constitutes a critical period for the
establishment of learning and memory, mimicking the critical periods observed in sensory
structures such as the visual and auditory systems (Bessieres et al., 2020; Ohana et al., 2022;

Sakimoto et al., 2022; Travaglia et al., 2016).

Arc/Arg3.1 is an immediate early gene known for its crucial role in memory consolidation and
various forms of synaptic plasticity (Plath et al., 2006; Shepherd et al., 2006; Zhang &
Bramham, 2021). More recently, reports have shown that Arc/Arg3.1 expression can regulate
the critical period of ocular dominance in the visual cortex (Jenks et al., 2017; McCurry et al.,

2010).

Previous work from our group revealed a transient and spontaneous upregulation of Arc/Arg3.1
during the first postnatal month. The study employed three distinct mouse lines lacking the
Arc/Arg3.1 gene, each with a precisely controlled deletion timing during development. This
approach allowed us to demonstrate that early upregulation of Arc/Arg3.1 in the hippocampus
is essential for adult learning and hippocampal oscillations (Gao et al., 2018). The generation
of hippocampal oscillatory rhythms is believed to arise from a complex interplay of synaptic
connections, including synchronized firing patterns propagating from CA3 to CA1 pyramidal
neurons and recurrent inhibition mediated by the connections between pyramidal cells and local
interneurons (Buzsaki, 2015; Buzsadki & Wang, 2012; Colgin, 2016). The present study aims to
evaluate whether the expression of Arc/Arg3.1 during early postnatal development alters the

microarchitecture of excitatory and inhibitory transmission in the hippocampus of adult mice.
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2.2 Materials and methods

2.2.1 Mice.

Naive male and female animals, 3-6 months in age, were housed on an inverted 12 h light/dark
cycle (8:00-20:00 dark period) in groups of 3-5 mice per cage under standard conditions
(23+1°C, 40-50% humidity; food and water ad libitum). All experiments were approved by the
city of Hamburg's local authorities and were performed following German and European law

for the protection of experimental animals.

2.2.2 Generation of constitutive and conditional Arc/Arg3.1 KO mice.

Three lines of Arc/Arg3.1 deficient mice were generated in which the gene deletion took place
at different time points in development as previously described (Gao et al., 2018). Briefly,
constitutive Arc/Arg3.1 KO mice were generated as described in Plath et al. (2006) together
with floxed Arc/Arg3. 1 mutants. To achieve this, vectors were generated of the Arc/Arg3.1 gene
in which three LoxP sites were inserted. The vectors were electroporated into embryonic stem
cells and subjected to a transient expression of Cre recombinase. The recombination yielded
clones in which the open reading frame (ORF) of the gene was deleted (KO) or flanked by two
LoxP sites (Arc/Arg3.1/""). Clones were injected into C57B1/6] blastocytes and chimeras were
bred in the C57BIl/6J background to finally generate the conventional KO and floxed lines.
Arc/Arg3.1""" mice were bred with two different Cre recombinase transgenic mice to produce
conditional KO with Arc/Arg3.1 ablated at two different time points. The early conditional KO
(early-cKO) mice were generated through breeding with Tg(CaMKlIla-cre)l1Gsc mice
(Casanova et al., 2001) and Arc/Arg3.1 ablation took place after P7 but before P14. The late
conditional KO (late-cKO) mice were generated by breeding to Tg(CaMKIla-cre)T29-1Stl
(Tsien et al., 1996) and Arc/Arg3.1 ablation occurred between P21 and P36. Arc/Arg3.1"" mice
were also bred with these respective Cre recombinase transgenic mice to create WT controls

for the mutant counterparts.

2.2.3 Patch-clamp recordings

Mice were deeply anesthetized with isoflurane and quickly decapitated. Brains were
immediately removed and placed in an ice-cold carbogenated (95% 02/5% CO2) dissection
artificial cerebrospinal fluid (dACSF) containing (mM): 2.6 KCI, 26 NaHCO3, 1.23 NaH>POs,
3 MgCl, 1 CaCly, 212.7 sucrose, and 10 D-glucose. Acute 350 um horizontal hippocampal
slices were prepared with a vibratome (HM 650 V) in dACSF. Slices were placed in warmed
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(30 £2°C) dACSF for 30 min followed by recovery for 30 min at 30 +2°C in a carbogenated
recording ACSF (rACSF) containing (mM): 119 NaCl, 2.5 KCl, 26 NaHCOs3, 1.25 NaH2POs,
1.3 MgSOs, 2.5 CaCly, and 10 D-glucose. Slices were then kept in the rACSF at room
temperature until used for whole-cell recordings. Slices were submerged and constantly
perfused (4.2 mL/min) with rACSF at 37 £2°C in a glass bottom recording chamber. A nylon
grid was placed over the slices to keep them in place. The slices encompassing the dorsal
hippocampus (with bregma coordinates ranging from -2.16 to -2.8) were visualized with an
Olympus BX51W1 upright microscope (Olympus, Tokyo, Japan). To locate the Cal pyramidal
layer, a 4X objective was employed, while a 63X objective was utilized to identify and select
cells for patching. For EPSCs: Pipettes (5-7MQ) were pulled from thin-walled Borosilicate
glass and filled with a pipette solution containing (in mM): 107 Cs-gluconate (CsOH + Gluconic
acid), 10 tetracthylammonium chloride (TEA), 10 HEPES, 5 QX-314, 4 Mg-ATP, 2.5 CsCl,
0.3 Na3;-GTP and 0.2 EGTA (pH 7.25, 276 mOsm. 0,5% biocytin was added for post hoc
morphological visualization. Recordings were performed with a Multiclamp 700B amplifier
(Molecular Devices, California, USA), sampled at 10 kHz, and filtered at 3 kHz with a D/A
converter (Digidata 1440, Molecular Devices). Spontaneous excitatory (SEPSC) were measured
in voltage clamp mode at -70 mV. A square pulse was applied every 20 s to monitor the series
resistance (Rs). Recordings with Rs exceeding 30 MQ or with fluctuations >30% over a period
of 1 hr, were excluded from the analysis. Data were collected and analyzed offline using the
pCLAMP 10.7 software suit (Molecular Devices). For sEPSC analysis, raw traces were first
lowpass filtered at 1 KHz using a Bessel filter in the eighth order and sEPSCs were detected by
a threshold-detection algorithm in Clampfit 10.7 set at a threshold of 8 pA and a minimum
duration of 1 ms. Events occurring in close succession were considered to be single events if
the previous event had decayed to a minimum of 4 pA and remained under 4 pA for at least 1
ms before again crossing the trigger level. Events were visually inspected by the experimenter
and the baseline was manually adjusted accordingly. Averages and medians were calculated
per cell for the parameters of peak amplitude, decay t, interevent interval, time to peak, and
maximum rise slope. Events with a decay T > 50 ms were excluded from further analysis, as
they were deemed biologically unsound. For IPSC: the same conditions were used for the
evaluation of inhibitory transmission (Figure 2.7-9) with the following changes: The
glutamatergic antagonists CNQX (20uM) and APV (50uM) were applied in the perfusion
chamber to isolate inhibitory transmission. The voltage was held at 0 mV to increase the
chloride electrochemical drive and consequently the synaptic currents. Detection of SIPSCs was

done using the “template search” function in ClampFit. Two types of sIPSCs with distinct
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kinetics were observed (with half-widths of 3 and 22 ms, respectively). two templates were
created based on traces from 5 WT and 5 KO cells. Final analysis showed that the slow sIPSCs

represented ~ 1 % of the total events. Events of the two types are included in the final analysis.

2.2.4 Extracellular field recordings

Slices were prepared following the methodology outlined in the patch-clamp section, with the
only difference being that the slicing, recovery, and recordings were performed in the same
recording ACSF. Slices were transferred to submerged recording chambers and allowed to
equilibrate for an additional 120 minutes before recordings. Extracellular field recordings were
made with Synchrobrain (Lohres research, Germany), a system of 4 parallel recording
chambers, which allowed the simultaneous recording of 4 brain slices. Recording chambers
were continuously perfused with recirculated warmed (37°C) and carbogenated rACSF at a rate
of 3 ml/min per chamber. An extracellular electrode (SE-100 concentric bipolar stainless steel)
was positioned in the stratum radiatum of CAl, at a distance of approximately 300 um from
the stratum pyramidale. Recordings were conducted without the use of GABA blockers. First,
the currents responsible for producing the smallest and largest fEPSP amplitudes were
identified. Subsequently, a series of six to ten pulses, randomly generated within this range,
were applied. The maximal possible range of stimulation intensities in all experiments was 0-
1600 pA. The fEPSP amplitudes were measured online and fitted with a sigmoidal function that
was used to generate the input/output curves (IO curves). A mean sigmoidal function per

genotype was generated by averaging the individual functions obtained from each slice.

2.2.5 Immunofluorescence staining and confocal imaging

Adult mice were deeply anesthetized with urethane (1-1.5 mg/g body weight) and transcardially
perfused with 25 ml 0.1 M PBS followed by 25 ml 4% PFA. The brains were then extracted
and postfixed in 4 % PFA for 2-6 days. Cryoprotection was achieved by immersing the brains
in a series of 10 %, 20 %, and 30% sucrose/PSB for 3 days. Subsequently, the brains were
embedded in Tissue-Tek OCT (Sakura, Finetek) quickly frozen, and then sliced into 20 pm
thick sections using a cryostat (Hyrax C60, Microm). For staining of inhibitory clusters, an
antigen retrieval step was performed by heating the sections for 60 minutes at 80°C in a citrate
buffer at pH 6.0. To prepare the sections for immunostaining, the free-floating sections were
first blocked with a solution consisting of 10% horse serum, 0.2% bovine serum albumin
(BSA), and 0.3% Triton X in PBS for 1 hour. Following the blocking step, the sections were
incubated with the primary antibody solution for 48 hours. The primary antibody solution

contained 1% horse serum, 0.2% BSA, and 0.3% Triton X-100 in PBS. To analyze excitatory
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synaptic clusters antibodies against the presynaptic marker synaptophysin alongside the
postsynaptic scaffolding protein PSD-95 were applied. The primary antibodies in this study
were used as follows: rabbit anti-PSD-95 (1:500; Invitrogen, 51-6900), and guinea pig anti-
synaptophysin 1 (1:1000; Synaptic Systems, 101004). To analyze inhibitory synaptic clusters
antibodies against the presynaptic marker VGAT and gephyrin were applied. The primary
antibodies in this study were used as follows: Mouse anti-gephyrin (1:300; Synaptic Systems,
147 011), and guinea pig anti-VGAT (1:500; Synaptic Systems, 131004). Following primary
antibody incubation, the sections were subjected to incubation with secondary antibodies
conjugated with fluorophores at room temperature for 2 h. The secondary antibodies were used
as follows: goat anti-mouse DyLight 633 (1:200; ThermoFisher, 35513), goat anti-rabbit
AlexaFluor 555 (1:200; ThermoFisher, A-21428), and goat anti-guinea pig AlexaFluor 488
(1:200; ThermoFisher, A-11073). Subsequently, the sections were rinsed with PBS and
mounted using ProLong Gold Antifade Mountant with DAPI (Invitrogen, P36931), and stored
in the dark. For excitatory clusters: The quantification of synaptic clusters was performed in
the strata oriens, pyramidale, and radiatum of the hippocampal CA1 region, a minimum of 3
animals per group was used. Two brain sections per mouse were selected at bregma coordinates
-1.94 to -2.06. Non-overlapping image stacks (4 per mouse) were obtained, using a 63X 1.4 NA
oil-immersion objective and a 1X digital zoom with the pinhole set to 1 AU. Image stacks
consisting of four consecutive images were captured with dimensions of 2272 x 2272 pixels
and an increment of 0.25 pum per step. This imaging setup resulted in an imaged region size of
184.52 x 184.52 x 0.75 um, with a voxel size 0of 0.0813 x 0.0813 x 0.25 um. The laser intensity,
detector sensitivity, and line averaging parameters were optimized using sections stained with
secondary antibodies only. The same image acquisition parameters were applied to all mice
sections to ensure consistency. For analysis, two regions of interest (ROI) were manually
selected from each image. Each ROI had dimensions of 800 x 800 x 4 pixels, resulting in an
imaged region size of 65.04 x 65.04 x 0.75 um. The analysis of the selected ROIs was performed
using Imaris 9.3 (Bitplane) using the Spot function and the MATLAB R2017 (MathWorks)
extension for Spot colocalization. Automatic spot detection was employed, using specific
diameter thresholds for each protein marker. Spots with a diameter greater than 0.2 um for PSD-
95 and gephyrin, and greater than 0.3 um for synaptophysin and VGAT, were considered for
further analysis. To assess colocalization, the largest center-to-center distance between either
synaptophysin and PSD-95 or VGAT and gephyrin spots was set at 0.7 um. This criterion
ensured that only spots within proximity were considered colocalized. For inhibitory clusters:

the same conditions were used with the following changes: Four animals per group were used
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and lacunosum moleculare was included in the analysis. The image stacks consisted of 5 instead
of 4 planes. The digital zoom was set to 2.5 to capture images of 1024 x 1024 pixels. This
imaging setup resulted in an imaged region size of 73.81 x 73.81 x 1 um, with a voxel size of
0.072 x 0.072 x 0.25 um. The entire image was used as a ROI except for pictures of the
pyramidal layer. In this case, a ROI of 1024 x 814 x 5 pixels was selected to avoid the inclusion

of small segments of strata oriens and radiatum.

2.2.6 Western-blot analyses

Mice were deeply anesthetized with isoflurane, quickly decapitated and brains were
immediately dissected on ice to obtain the hippocampus. The tissue was frozen in dry ice and
stored at -80°C for further processing. Samples were homogenized in ice-cold Triton-X lysis
buffer with protease and phosphatase inhibitors (containing 1x PBS, ImM EDTA, ImM EGTA,
1% Triton-X100, and 1x cOmplete protease inhibitor cocktail). Protein concentrations were
determined using the Pierce™ BCA Protein Assay Kit following the manufacturer’s
instructions (Thermo-Fisher Scientific, Waltham, USA). Equal amounts of protein were
separated on 10% SDS-PAGE and transferred to Polyvinylidene fluoride (PVDF) membranes
(Merck Millipore, Darmstadt, Germany) for 2 h at 4°C with 110V using Mini-PROTEAN
TransBlot system (Bio-Rad, Hercules, USA) and blotting buffer (25 mM Tris-Base, 192 mM
glycine and 10% methanol). Membranes were blocked in PBS containing 5% non-fat milk with
0,01% tween-20 for 1 h at room temperature. Membranes were then incubated with primary
antibody overnight at 4°C in the buffer recommended by the manufacturer. The following
antibodies were used at the indicated dilutions: Mouse anti- B-Actin (1:1000, Sigma, 5441),
mouse anti-PSD95 (1:2000, Dianova, MA1-046), mouse anti-SAP102 (1:5000, Biozol, ANI-
75-058), rabbit anti-GAPDH (1:1000, Cell Signaling, #2118), rabbit anti-GluA1 (1:1000,
Millipore, AB 1504), rabbit anti-GluA2 (1:1000, Millipore, AB1768), mouse anti-GluA3
(1:200, Millipore, MAB5416), rabbit anti-Stargazin TARPy2/8 (1:1000, Millipore, 07-577),
mouse anti-VGlutl (1:2000, Synaptic systems, 135011), guinea pig anti-VGlut2 (1:5000,
Synaptic systems, 135404), mouse anti-gephyrin (1:250, DB Bioscience, 610585), rabbit, anti-
GABA-A receptor y2 (1:1000, Synaptic Systems, 224003), rabbit anti-GABA-A receptor o2
(1:1000, ThermoFisher Scientific, 224103), guinea pig, anti-GABA-A receptor 3 (1:2000,
Synaptic Systems, 224004). The membranes were then washed and incubated with
fluorescently conjugated secondary antibodies according to the species for 1 h at room
temperature as follows: goat anti-mouse (1:5000, Cell Signaling, #7076), goat anti-rabbit
(1:5000, Cell Signaling, #7074) and, goat anti-guinea pig (1:2000, Invitrogen, 614620).
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Membranes were washed again and visualized using the Super Signal chemiluminescence
reagent (ThermoFisher Scientific) and the signals were detected by ImageQuant LAS4000
(Fujifilm, GE Healthcare Europe). B-Actin and GAPDH were used as loading controls.

2.2.7 Subcellular fractionation

Subcellular fractions of hippocampal samples were prepared by differential centrifugation as
described previously (Henson et al., 2012). Hippocampi were homogenized in a buffer
containing 320 mM sucrose and 4 mM HEPES, pH 7.4, 2 mM EDTA pH 8.0, and PhosStop.
The homogenate was centrifuged at 4°C for 10 min at 1400 g to produce a pellet (P0), the
supernatant (SO) was stored for later and the pellet was resuspended and spun again at 700g for
10 min at 4 °C. The pellet P1 was discarded, while the supernatant was collected, combined
with the previous one, and centrifuged at 13,800 g for 10 min to produce a pellet (P2) and
supernatant (S2). The pellet was resuspended in the original volume of homogenization buffer
and centrifuged for 10 min at 13,800 g. The pellet was resuspended in a buffer containing 2
mM EDTA pH 8.0, and PhosStop and hypotonically lysed by the addition of ice-cold water and
homogenized in a glass Teflon homogenizer (five strokes). The lysate was adjusted to 4 mM
HEPES by the addition of 1 M HEPES, pH 7.4, and centrifuged for 20 min at 25,000 g. The
synaptosomal fraction was layered on a discontinuous gradient consisting of 0.85, 1.0, and 1.2
M sucrose in 4 mM HEPES, pH 7.4, and subjected to density centrifugation at 4°C for 2 h at
82,500 g. The synaptic plasma membrane (SPM) fraction was collected, resuspended in 0.5%
Triton X-100-containing buffer, and centrifuged for 30 min at 22,000 g to obtain the
postsynaptic density (PSD) and extrasynaptic (SN) fractions.

2.2.8 Experimental design and statistical analyses

Data were analyzed with Prism 8 (GraphPad Software Inc.). No statistical method was used to
predetermine sample size, but our sample sizes are comparable to those reported in previous
studies. Statistical tests used were as follows: Mann—Whitney U test, Kolmogorov—Smirnov
test, and mixed-design analysis of variance with Sidak’s post hoc test. The type of test is
indicated in the main text. A p-value below 0.05 was considered significant. All graphs were
generated with Prism 8, Origin-Pro 2017, Igor Pro 6.3 (WaveMetrics), Adobe Illustrator CS5.5,
and MATLAB R2021a/R2022b (MathWorks). Experimenters were blind to the genotype until
the conclusion of the experiments and analysis. Values presented in the figures are mean + SEM

or median with 25th and 75th percentile, as indicated.
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2.3 Results
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Figure 2.1. Arc/Arg3.1 genetic deletion before P21 decreases the amplitude of the fEPSP responses . A. Schematic
representation of the recording protocol. B, D, F: IO curves of the different KO lines compared to their respective WT controls.
Continuous lines represent mean values and shadows £SEM. (Mixed-effects ANOVA, genotype effect marked *p<0.05,
**p<0.01). C, E, G: Scatter plots, mean + SEM of the response amplitude at the maximal intensity (1600pA). (Mann-Whitney
U test *p<0.05, **p<0. 01).

2.3.1 Reduced fEPSP amplitude in germline and early Arc/Arg3.1 KOs

To investigate the role of Arc/Arg3.1 in the establishment of the network architecture during
early postnatal development, the three KO lines developed by Gao and colleagues will be used.
The first line, a germline knockout (KO), has the gene deleted in its germline, meaning all
offspring are either wildtype (WT) or KO already at embryogenesis (Plath et al., 2006).
Conditional KO (cKO) lines were generated by breeding Arc/Arg3.1%" with Cre-carrying
transgenic mice. In the early conditional knockout (early-cKO) line, Arc/Arg3.1 is selectively
deleted between postnatal days 7-14 (P7-P14). Whereas, in the late conditional knockout (late-
cKO) line, the Cre recombinase triggers deletion later, between P21-P36 (Gao et al., 2018). To
investigate baseline synaptic transmission in WT and Arc/Arg3.1 KO mice, fEPSP amplitudes
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were recorded at CA3-CAl synapses (Figure 2.1A). Late-cKO mice showed similar fEPSP
amplitudes to WT controls. However, both germline and early-cKO mice exhibited
significantly reduced fEPSP amplitudes (Figure 2.1B. WT vs KO, F(1,69=14.62, p=0.0003,
WT: n=41, KO: n=30; Figure 2.1D. WT-control vs early-cKO, F(1,65 = 6.412, p=0.0138, WT-
control: n=35, early-cKO: n=32; Figure 2.1F. WT-control vs late-cKO, F(i, 22= 0.04113,
p=0.841, WT-control: n=12, late-cKO: n=12). Our findings demonstrate that eliminating
Arc/Arg3.1 in early postnatal development (before P21) leads to suppressed hippocampal
synaptic responses in adulthood. This effect is evident in the scatter plots, which illustrate a
reduced fEPSP amplitude in response to the maximal stimulus intensity compared to control
mice (Figure 2.1C. WT vs KO, U=379, p=0.005, WT: n=41, KO: n=30; Figure 2.1E. WT-
control vs early-cKO, U=387, p=0.029, WT-control: n=35, early-cKO: n=32; Figure 2.1G.
WT-control vs late-cKO, U=68, p=0.843 WT-control: n=12, late-cKO: n=12).
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Figure 2.2. Normal sEPSC amplitude and frequency in Arc/Arg3.1 KO mice. Upper panel (A-C): Exemplary traces of
SEPSCs recorded at -70 mV in WT (black), KO (magenta), early-cKO (blue; e-cKO), and late-cKO (green; 1-cKO) mice. D-I
Left: Cumulative frequency histograms of sSEPSC amplitude (D-F) and interevent interval (IEI) (G-I) for WT, KO, early-cKO,
and late-cKO mice. D-I Right: Scatter plots showing the mean + SEM of each parameter for each group. Each point represents
the mean value from one cell. No significant differences were observed between the groups (Mann-Whitney U test p>0.05).
The recordings presented in this figure were performed by Alexa Sliby as part of her master’s thesis.
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2.3.2 Deletion of Arc/Arg3.1 does not alter the amplitude or frequency of spontaneous

excitatory postsynaptic currents (SEPSCs)

The diminished fEPSP amplitude suggests a reduction in overall CA3-CAl network output
following Arc/Arg3.1 deletion before P21. However, since the recordings were performed
without GABAergic blockers, the influence of inhibitory transmission on the fEPSP responses
cannot be completely ruled out. Furthermore, fEPSPs reflect the combined response of multiple
synapses, to reveal whether the total number of synapses is reduced or whether the properties
of unitary synapses are altered; we employed patch-clamp recordings to measure spontaneous
excitatory postsynaptic currents (SEPSCs). By holding the cells at -70mV, we reduced the
driving force for GABAergic transmission, thereby minimizing its contribution to the
recordings. The peak amplitude and frequency of SEPSCs were measured to evaluate excitatory
synapse strength and number. Representative traces revealed comparable amplitude and
frequency patterns across KO lines relative to their WT counterparts (Figure 2.2A-C).
Cumulative histograms failed to indicate obvious differences between groups, although early-
cKO mice exhibited a slight deviation in the right tail of the distribution, suggesting the
presence of more sEPSCs with larger amplitudes compared to WT controls (Figure 2.2D-F).
Quantitative analysis of mean peak amplitudes yielded no statistically significant differences
between WT and KO mice across all lines (Figure 2.2D. WT vs KO, U=173, p=0.85, WT:
n=18, KO: n=20; Figure 2.2E. WT-control vs early-cKO, U=126, p=0.82, WT-control: n=19,
early-cKO: n=14; Figure 2.2F. WT-control vs late-cKO, U=91, p=0.49, WT-control: n=12,
late-cKO: n= 18). The frequency of sEPSCs, as determined by inter-event intervals, did not
show significant differences between WT and KO mice across all lines (Figure 2.2G. WT vs
KO, U=147, p=0.34, WT: n=18, KO: n=20; Figure 2.2H. WT-control vs early-cKO, U=126,
p=0.82, WT-control: n=19, early-cKO: n=14; Figure 2.2I. WT-control vs late-cKO, U=102,
p=0.82, WT-control: n=12, late-cKO: n= 18). Small shifts in the upper 30% of the cumulative
frequency histograms were detected in KO mice, which did not affect the medians and further

indicated the absence of overt effects on sEPSC frequency.

2.3.3 Deletion of Arc/Arg3.1 before P21 is associated with changes in the Kinetics of
SEPSCs

The persistent alteration of hippocampal oscillations following early Arc/Arg3.1 deletion adds
to the ongoing debate about the underlying mechanisms of these oscillations. One prominent
model, proposed by Brunel and Wang (2003), suggests that network synchrony hinges on

synaptic time constants. To examine the kinetics of SEPSCs, we measured their rise and decay
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components, namely the time to peak, and decay time constant (decay t ). Germline KO mice

exhibited a significant decrease in the time to peak compared to WT controls (Figure 2.3D.
U=93, p=0.0094, WT: n=18, KO: n=20). Early-cKO mice, although not significantly different,
showed a tendency towards a shorter rise time (Figure 2.3E. U=87, p=0.098, WT-control:
n=19, early-cKO: n=14). In contrast, late-cKO mice had no significant differences in time to
peak compared to WT controls (Figure 2.3F, U=82, p=0.29, WT-control: n=12, late-cKO:
n=18). These data suggest that deletion of Arc/Arg3.1 before P21 but not after reduces the rise
kinetics of sEPSCs. The shift in the cumulative histograms of both germline and early-cKO
further supports this finding (Figure 2.3D-E). In contrast, the late-cKOs exhibited a slight shift
in the right end of the histogram, suggesting that only a small subset of events with longer rise

times are absent in late-cKO mice compared to their corresponding WT controls (Figure 2.3F).
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Figure 2.3. Genetic deletion of Arc/Arg3.1 before P21 results in fast Kinetics of sSEPSCs. Upper panel (A-C): Representative
averaged sEPSC traces recorded from WT, KO, and conditional KO mice (30-50 events per trace). Left panels (D-I):
Cumulative frequency histograms of sEPSC time to peak (D-F) and decay t (G-I) for each group. Right panels: Scatter plots
showing mean + SEM values for each parameter, with each point representing the mean value from a single cell. Statistical
significance was determined using Mann-Whitney U tests, with *p<0.05 and **p<0.01 indicating significant differences
between groups. e-cKO= early-cKO; 1-cKO= Late-cKO. The recordings presented in this figure were performed by Alexa Sliby
as part of her master’s thesis.

Similarly, the decay time constant of SEPSCs was shortened when Arc/Arg3.1 deletion occurred
before P21 but not after. Germline KO mice exhibited a significant decrease in decay time
constant (Figure 2.3G. U=111, p=0.044, WT: n=18, KO: n=20). Early-cKO mice again showed
a tendency towards a reduced decay time (Figure 2.3H. U=86, p=0.091, WT-control: n=19,
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early-cKO: n=14). Conversely, late-cKO mice showed no significant differences compared to
their WT controls (Figure 2.31. U=83, p=0.3, WT-control: n=12, late-cKO: n= 18). The
cumulative histograms further corroborated this effect, demonstrating a shift in the distribution
for both germline and early-cKO mice, but not for late-cKO mice (Figure 2.3G-I). These
findings collectively indicate that Arc/Arg3.1 deletion before P21 significantly reduces the rise
and decay kinetics of SEPSCs, while deletion after P21 does not. This suggests that synaptic
kinetics can be established during early development and continue into adulthood, with

Arc/Arg3.1 playing a crucial role in regulating this ongoing process.

2.3.4 Germline and Early Arc/Arg3.1 KO mice exhibit a lower density of excitatory

clusters in the CA1 region of the hippocampus.

Our electrophysiological studies revealed that deletion of Arc/Arg3.1, especially when
occurring before the third postnatal week, significantly impacts excitatory hippocampal
synaptic function. To assess synaptic organization from a structural perspective, we used
immunostaining to visualize and quantify synapses across the various layers of CA1, labeling
presynaptic sites with synaptophysin and excitatory postsynaptic sites with PSD-95,
colocalization of these two markers was considered an indicative of excitatory synapses. In both
germline and early-cKO mice, we observed a significant decrease in the total number of PSD-
95 clusters and a reduction in colocalized PSD-95 with Synaptophysin clusters. (Germline:
Total. Figure 2.4B. WT: n=12, KO: n=12; OR: U=12, p<0.001; PYR: U=8, p<0.001; RAD:
U=23, p=0.004, Colocalized. Figure 2.4C. WT: n=12, KO: n=12; OR: U=4, p<0.001; PYR:
U=7, p<0.001; RAD: U=12, p<0.001; early-cKO: Total.Figure 2.4

Figure 2.4E. WT-control: n=12, early-cKO: n=12; OR: U=32, p=0.021; PYR: U=36, p=0.039;
RAD: U=41, p=0.078, Colocalized. Figure 2.4Figure 2.4F. WT-control: n=12, early-cKO:
n=12; OR: U=32, p=0.021; PYR: U=33, p=0.024; RAD: U=38, p=0.052). In contrast, late-cKO
mice exhibited remarkable preservation of total and colocalized PSD-95 clusters, except for a
slight increase in colocalized clusters in the pyramidal layer (Total. Figure 2.4H. WT-control:
n=12, late-cKO: n=12; OR: U=69, p=0.89; PYR: U=51, p=0.24; RAD: U=54, p=0.32,
Colocalized. Figure 2.4Figure 2.41. WT: n=12, late-cKO: n=12; OR: U=70, p=0.93; PYR:
U=35, p=0.033; RAD: U=55, p=0.35). This indicates that late deletion of Arc/Arg3.1 does not
significantly alter synaptic clustering patterns. Therefore, our data indicate that Arc/Arg3.1
deletion before P21 disrupts excitatory synaptic clustering in CA1, while late deletion does not

have a significant impact on this process. These findings highlight the crucial role of Arc/Arg3.1
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in regulating synaptic development and function during early postnatal hippocampal

maturation.
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Figure 2.4. Decreased excitatory synaptic clusters following germline and early Arc/Arg3.1 deletion . Representative
images (A, D, G) from CA1 st. oriens region show immunostaining for PSD-95 and Synaptophysin (SYN). Scale bars, 4um.
White arrows indicate puncta exhibiting colocalization of PSD-95 and SYN. Summary box plots depict the number of total
PSD-95 clusters (B, E, H), and those that colocalized with SYN (C, F, I). Median =+ interquartile range, + represents the mean,
and each point represents the value from one confocal scan. e-cKO= early-cKO; 1-cKO= Late-cKO. Statistical analysis using
Mann-Whitney U test revealed significant differences (*p<0.05, **p<0.01, ***p<0.01).
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Figure 2.5. Arc/Arg3.1 deletion before P21 reduces hippocampal PSD-95 protein abundance . Examples and densitometric
western blot analysis of the hippocampus of WT, KO, and conditional KO mice. e-cKO= early-cKO; 1-cKO= Late-cKO. Box
plots show the median, 25th, and 75th percentiles and crosses represent the mean values (Mann-Whitney U test *p<0.05).

2.3.5 Germline and early Arc/Arg3.1 KOs have decreased levels of PSD-95 protein in the

hippocampus

Next, we employed western blotting to quantify the total protein levels of a subset of proteins
involved in excitatory synaptic function in the hippocampus, including PSD-95 and the AMPA
receptor subunits. Consistent with the observed reduction in PSD-95 clusters, we found a
significant decrease in PSD-95 protein levels in both germline and early-cKO mice. In contrast,
late-cKO mice exhibited no significant alterations in PSD-95 levels (Figure 2.5A. WT vs KO:
U=4, p=0.026, WT: n=6, KO: n=6; WT-control vs early-cKO: U=5, p=0.041, WT-control: n=6,
early-cKO: n=6; WT-control vs late-cKO: U=8, p=0.13, WT-control: n=6, late-cKO: n=6).
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When analyzing the AMPA receptor subunits, we found no differences in GluA2 protein levels,
in any of the KO lines (Figure 2.5H. WT vs KO, U=10, p=0.240, WT: n=6, KO: n=6; WT-
control vs early-cKO, U=13, p=0.485, WT-control: n=6, early-cKO: n=6; WT-control vs late-
cKO, U=8, p=0.132, WT-control: n=6, late-cKO: n=6). The other AMPA receptor subunits and

all other excitatory proteins examined did not exhibit significant differences in any of the KO

lines. A comprehensive summary of the findings can be found in Table 2.1.

Table 2.1. Mann-Whitney comparisons of excitatory synaptic proteins in hippocampal

samples for all Arc/Arg3.1 KO lines

KO Early-cKO Late-cKO

Protein
p- Median Median p- Median Median p- Median Median
value WT KO value WT KO value WT KO

100.1, 87.11, 99.69, 86.54, 98.93, 91.16,
PSD-95  0.026* 4 0.041* 5 0.132 8

n=6 n=6 n=6 n=6 n=6 n=6

79.25, 68.88, 99.28, 106.4, 99.57, 99.36,
TARPy2 0485 13 0.699 15 0.937 17

n=6 n=6 n=6 n=6 n=6 n=6

90.17, 99.60, 92.43, 125.8, 93.12, 89.63,
TARPy8 0819 16 0.240 10 >0.99 18

n=6 n=6 n=6 n=6 n=6 n=6

95.29, 97.78, 99.27, 105.9, 99.28, 106.1,
SAP102 0.937 17 0.818 16 0.310 11

n=6 n=6 n=6 n=6 n=6 n=6

96.44, 106.7, 96.34, 97.54, 101.3, 107.3,
VGlutl 0.394 12 0.818 16 0.132 8

n=6 n=6 n=6 n=6 n=6 n=6

100.2, 87.01, 99.45, 100.4, 101.0, 104.7,
VGlut2 0394 12 0.699 15 0.394 12

n=6 n=6 n=6 n=6 n=6 n=6

100.0, 107.1, 101.3, 112.6, 96.26, 89.22,
GluAl 0.394 12 0.394 12 0.394 12

n=6 n=6 n=6 n=6 n=6 n=6

99.71, 107.5, 98.85, 105.8, 96.76, 87.47,
GluA2 0.240 10 0485 13 0.132 8

n=6 n=6 n=6 n=6 n=6 n=6

106.3, 91.06, 99.28, 98.66, 96.88, 98.33,
GluA3 0.180 9 0.699 15 >0.99 18

n=6 n=6 n=6 n=6 n=6 n=6
*p<0.05

39



Part I Results

A B WT KO WT WT 1-cKO C WT KO WT WT I-ckO
PN GlUAT v v o e e o 90 KD GIUAL [ o s o 22 kD
) —> + —> .
——— e o B e
1.400 =
WT (14009 £ 150
S1 P2 LP1 SPM Sn PSD \ _ ‘c
QO KD - w— o —— — @ PSD-95 PO R 125
700 i €
70 kD= Q0% E } 3 100 -
bed £
0 S0’ P1 £ <
50 KD~ s — —— — e S CamKI| @ 2 75
=TT B A :
s 'Syn X 50
{ s2
30 kKD~ w— () 13.8009 D E
& WT KO WT WT I-cKO WT KO WT WT I-cKO
P2 S2' TARPY2 38 kD TARPYS W s e W
Osmotic Shock —50 kD
KO 25.000
(25.0009 Acti ———
S1 P2 LP1 SPM Sn PSD B-Actin — = = —
Q0 kD - S S = G S— - PSD-95 =
£ 150 150
70 kD= Sucrose gradient ‘s
(U 82.5009 X 125 25
5O KD— s — —— — - CamKI|| IS
—_—— e - — B-Actin [5PM] g oo 0
— G w— w——— Syn Trton x-100 <
1 (r50.0009 275 75
30 kD — ' — - K \ B
[sn] & s0 50

KO e-cKO I-cKO KO e-cKO I-cKO

Figure 2.6. Germline Arc/Arg3.1 KO have lower synaptic TARPy8. A. Scheme exhibiting the workflow for PSD
fractionations. The hippocampi from two animals were pooled together to collect enough tissue for the subcellular fractionation
process. Exemplary gels are shown for WT and KO samples depicting the amount of several relevant proteins in the different
subcellular fractions. Fractions quantified are highlighted with a blue square. B-E. Examples and densitometric western blot
analysis of PSD fractions of the hippocampus of WT, KO, and conditional KO mice. e-cKO= early-cKO; 1-cKO= Late-cKO.
Box plots show the median, 25th, and 75th percentiles and crosses represent the mean values (Mann-Whitney U test *p<0.05,
**p<0.01).

2.3.6 Germline but not early or late Arc/Arg3.1 exhibit reduced TARPy8 in the
postsynaptic density

Changes in the kinetics of glutamatergic currents have been linked to modifications in the
composition of AMPA receptor subunits and the expression of transmembrane AMPA receptor-
associated proteins (TARPs). TARPYyS8 is the predominant isoform in the hippocampus while
TARPy2 is less abundant but has been established as a direct Arc/4rg3.1 interaction partner.
We, therefore, employed subcellular fractionations to evaluate the presence of AMPA receptor
subunits and TARPs in the postsynaptic density using western blot techniques. An initial
evaluation proved comparable enrichment of the different fractions for both WT and KO mice
(Figure 2.6A). We, therefore, employed subcellular fractionations to evaluate the presence of
AMPA receptor subunits and TARPs in the postsynaptic density using western blot techniques.
The GluA subunits remained unaltered across all KO mice (Figure 2.6B. GluA1 WT vs KO:
U=18, p=0.161, WT: n=8, KO: n=8; WT-control vs early-cKO: U=27, p=0.645, WT-control:
n=8, early-cKO: n=8; WT-control vs late-cKO, U=24, p=0.442, WT-control: n=8, late-cKO:
n=8; Figure 2.6C. GluA2 WT vs KO: U=26, p=0.574, WT: n=8, KO: n=8; WT-control vs
early-cKO, U=7, p=0.886, WT-control: n=4, early-cKO: n=4; WT-control vs early-cKO, U=25,
p=0.505, WT-control: n=8, late-cKO: n=8). Arc/Arg3.1 deletion did not impact the synaptic
expression of TARPy2 in any of the lines investigated (Figure 2.6D. WT vs KO: U=26,

p=0.574, WT: n=8, KO: n=8; WT-control vs early-cKO: U=7, p=0.886, WT-control: n=4,
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early-cKO: n=4; WT-control vs late-cKO, U=25, p=0.505, WT-control: n=8, late-cKO: n=8).
However, TARPy8 exhibited a lower expression in the germline KO line while remaining
unchanged in the two conditional KO lines (Figure 2.6E. WT vs KO: U=7, p=0.007, WT: n=8,
KO: n=8; WT-control vs early-cKO: U=27, p=0.645, WT-control: n=8, early-cKO: n=8; WT-
control vs late-cKO: U=28, p=0.721, WT-control: n=8, late-cKO: n=8). Taken together, our
findings on excitatory transmission suggest that deletion of Arc/Arg3.1 before P21 leads to
accelerated synaptic kinetics and reduced PSD-95 protein levels. The most pronounced effects
were observed in germline KO mice, highlighting a critical role for Arc/Arg3.1 during early
development, particularly before P7. Consistent with this, reductions in synaptic TARPy8 were
only detected in germline KO mice. These findings underscore the profound impact of germline

deletion, and consequently, this mouse line was chosen for subsequent analysis.
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Figure 2.7. Normal sIPSC amplitude and frequency but slower Kinetics in Arc¢/Arg3.1 KO mice.A. Exemplary traces of
sIPSC recorded at OmV. The upper panel (B-E) shows indistinguishable amplitude and IEI for WT (in black) and KO (in
magenta). F. Representative single traces. G-J. Scatter plots show the mean + SEM of the respective parameter, every point
represents the mean value from one cell. (Mann-Whitney U test **:p>0.01, ***: p>0.001).

2.3.7 Germline Arc/Arg3.1 KO exhibit slower sIPSCs

The characteristic hippocampal phenomena of sharp wave ripples are thought to arise from
finely tuned synaptic connectivity within the hippocampus. The sharp wave component is
believed to be triggered by synchronized excitatory input from CA3 to CA1, while ripples are
generated through the interplay of fast-spiking interneurons and pyramidal cells (Buzsaki,
2015). Inhibitory neurons and synapses are also responsible for fast oscillations in the gamma
band frequency (y—oscillations) (Buzsaki & Wang, 2012). Previous research from our group
revealed that germline Arc/Arg3.1 deletion, differing from early deletion, predominantly

affected y—oscillations, and ripple frequency while preserving the sharp wave amplitude (Gao
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et al., 2018). Intrigued by the observed effects on sharp wave ripples, we examined the
inhibitory transmission of germline Arc/arg3.1 KO mice. Using patch-clamp recordings, we
measured spontaneous inhibitory postsynaptic currents (sIPSCs) while holding cells at 0 mV
and in the presence of AMPA and NMDA receptor antagonists to isolate inhibitory currents.
The peak amplitude and frequency of sIPSCs were determined to assess inhibitory synapse
strength and number. Representative traces revealed no significant differences in amplitude or
frequency patterns between KO and WT mice (Figure 2.7A). Cumulative histograms and
quantitative analysis of mean peak amplitudes and frequency as determined by IEI also failed
to reveal any statistically significant differences between the groups (Figure 2.7B. Amplitude:
U= 509, p=0. 0.66, WT: n=32, KO: n=34; Figure 2.7C. IEI: U=510, p=0.67, WT: n=32, KO:
n=34).

Since the type of oscillation generated in the hippocampus is influenced by the relative timing
of excitatory and inhibitory synaptic currents and the interplay between excitation-inhibition
and inhibition-inhibition loops, we also investigated the kinetics of sSIPSCs by analyzing their
rise and decay components, expressed by the time to peak and decay t parameters. Arc/Arg3.1
KO mice displayed a significant increase in the time to peak compared to WT controls (Figure
2.7G-H. U=317, p=0.0032, WT: n=32, KO: n=34), also observed in the cumulative IEI
histogram. In addition, germline KO mice exhibited significantly prolonged decay t constants
(Figure 2.71-J. U=268, p=<0.001, WT: n=32, KO: n=34). The cumulative histograms
corroborated this effect, demonstrating a right shift in the distribution in KO mice. These
findings collectively indicate that Arc/Arg3.1 deletion significantly slows the rise and decay
kinetics of sIPSCs, highlighting its crucial role in regulating the temporal dynamics of

inhibitory synaptic transmission in the hippocampus during early development.
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within a Mixed-effects ANOVA. Individual asterisks indicate “Genotype x Intensity” interaction effects and subsequent
significant post-hoc comparisons, *p<0.05, **p<0.01, **p<0.001

2.3.8 Germline Arc/Arg3.1 KO exhibit slower somatic eIPSCs

Different subtypes of inhibitory neurons provide synaptic inputs to CA1 pyramidal neurons that
are preferentially located on distinct somatic or dendritic compartments (Milstein et al., 2015).
Synchronous activation of each input type affects CA1 firing differentially and contributes to
different aspects of neural oscillations and hippocampal function (Cutsuridis & Taxidis, 2013;
Schonberger et al., 2014). To investigate the source of the faster sSIPSCs recorded in KO CAl
pyramids; we placed extracellular electrodes in both the pyramidal and radiatum CA1 layers
and examined the effects of stimuli of varying intensity on evoked inhibitory postsynaptic

currents (e[PSCs).

Although somatic recordings in KO mice revealed no difference in the peak amplitude of
eIPSCs compared to WT animals (Figure 2.8B. F(1,74=0.273, p=0.6029, WT: n=38, KO: n=38),
the KO group exhibited significantly larger eIPSC areas (Figure 2.8C. F(1,74=6.25, p=0.015,
WT: n=38, KO: n=38). The latter was primarily attributed to slower eIPSCs kinetics in KO
neurons, as indicated by significantly wider half-widths and prolonged decay constants (Figure
2.8D. Half-Width: F(1,76=12.88, p=0.0006, WT: n=38, KO: n=38; Figure 2.8E. Decay 1:
F(1,7479.685, p=0.0026, WT: n=38, KO: n=38). Notably, this effect was specific to somatic
stimulation as dendritic eI[PSCs showed no differences between genotypes, suggesting a
compartment-specific modulation of inhibitory transmission in KO animals (Figure 2.8G.
Amplitude: F(1,74=0.743, p=0.392; Figure 2.8H. Area: F(1,74=2.686, p=0,106; Figure 2.8I.
Half-width: F(,74=1.548, p=0.217; Figure 2.8J. Decay 1: F(1,74=0.035, p=0.852). These
findings highlight the potential role of Arc/Arg3.1 in shaping the temporal dynamics of

inhibitory signaling in specific subcellular compartments.

2.3.9 Arc/Arg3.1 deletion does not affect paired-pulse modulation of inhibition

To assess whether Arc/Arg3.1 deletion impacts presynaptic mechanisms of inhibitory
transmission, we employed a paired-pulse stimulation protocol with a 100 ms inter-stimulus
interval (ISI). Representative traces display inhibitory paired-pulse depression, suggesting a
relatively high release probability at these synapses. As predicted from their longer electrotonic
distance, dendritic stimulation elicited smaller responses in CAl somata, confirmed by the
quantitative analysis in Figure 2.9B. Crucially, no significant differences were observed
between WT and KO animals in either amplitude or the rate of depression, indicating that

Arc/Arg3.1 deletion does not appear to alter presynaptic release probability at inhibitory
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synapses (Figure 2.9. Somatic: U=688, p=0.729, WT: n=38, KO: n=38; Dendritic U=646,
p=0.987, WT: n=36, KO: n=36). These findings suggest that the previously observed changes
in inhibitory postsynaptic currents are not likely the result of presynaptic alterations but rather

involve postsynaptic modulations in GABAergic synapses.
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Figure 2.9. Unaltered inhibitory paired-pulse depression in Arc/Arg3.1 KO mice . A. Exemplary traces of eIPSC recorded
at OmV. B shows indistinguishable paired pulse amplitude in WT and KO mice in response to both, somatic and dendritic
stimulation. C. Paired pulse ratio of somatic and dendritic stimulation. Scatter plots show the mean + SEM of the respective
parameter, every point represents the mean value from one cell. Paired pulse ISI=100ms.

2.3.10 Germline Arc/Arg3.1 KO mice exhibited higher intensity of inhibitory clusters in
the pyramidal and LM layers of CA1

Collectively, our functional results unveiled a new role for Arc/Arg3.1 in sculpting hippocampal
inhibitory function. While the number and strength of inhibitory connections (measured by
sIPSC frequency and amplitude, respectively) remain unchanged, Arc/Arg3.1 deletion
significantly slows inhibitory transmission. This is evident in both spontaneous and evoked
activity, as demonstrated by increased rise and decay times of inhibitory currents. Notably, this
effect seems specific to the perisomatic region, suggesting targeted modulation within this
critical subcellular domain. To evaluate inhibitory synaptic dynamics at the structural level, we
performed immunostaining in the CA1 region. We targeted presynaptic sites with the GABA
vesicular transporter (VGAT) and postsynaptic sites with the inhibitory scaffolding protein
gephyrin. Co-localization of these markers served as a measure of functional inhibitory
synapses. Our results revealed a normal number and distribution of both total gephyrin and

VGAT clusters, as well as an intact co-localization of these markers across all CA1 layers. (WT:
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n=23, KO: n=24; Figure 2.10B. Gephyrin, OR: U=237, p=0.413; PYR: U=259, p=0.728; RAD:
U=199, p=0.103; LM: U=213, p=0.185; Figure 2.10C. VGAT, OR: U=254, p=0.65; PYR:
U=209, p=0.157; RAD: U=254, p=0.65; LM: U=197, p=0.092, Figure 2.10D. Colocalized:
OR: U=259, p=0.728; PYR: U=222, p=0.25; RAD: U=233, p=0.366; LM: U=239, p=432).
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Figure 2.10. Unaltered number of inhibitory synaptic clusters in Arc/4rg3.1 KO mice but increased intensity in the
pyramidal and LM layers. A. Exemplary images from the CA1 Oriens region show immunostaining for Gephyrin (Geph) and
GABA vesicular transporter (VGAT). Scale bars, Sum. Summary box plots depict the number of total Gephyrin (B), VGAT
(C) clusters, and the colocalized ones (D). Summary box plots depict the intensity of total Gephyrin (E), VGAT (F) clusters,
and the colocalized ones (G). Median + interquartile range, + represents the mean, and each point represents the value from
one confocal scan. Statistical analysis using the Mann-Whitney U test revealed significant differences (*p<0.05, **p<0.01,
**%p<0.01).

Next, we assessed individual cluster intensity as an indirect measure of the relative amount of
protein within the postsynaptic density. In the dendritic layers, oriens, and radiatum, where
functional experiments showed normal evoked responses, the intensity remained unchanged
(WT: n=23, KO: n=24; Figure 2.10E. Gephyrin, OR: U=257, p=0.697; RAD: U=241, p=0.466;
Figure 2.10F. VGAT, OR: U=255, p=0.666; RAD: U=257, p=0.697, Figure 2.10G.
Colocalized: OR: U=228, p=0.315; RAD: U=212, p=0.178). In contrast, cluster quantification
in the pyramidal layer showed distinct differences between WT and KO mice. Here, the
intensity of gephyrin clusters colocalized with VGAT, representing perisomatic synapses, was
significantly higher in KO mice compared to WT controls (WT: n=23, KO: n=24; Figure
2.10E. Gephyrin, U=262, p=0.776; Figure 2.10F. VGAT, U=262, p=0.776; Figure 2.10G.
Colocalized: U=176, p=0.033). Since the absolute number of molecules of a protein in the
postsynaptic density can be not resolved using confocal imaging, the intensity can only be used
as a good insight into the packing of synaptic proteins (Curran et al., 2021). We can conclude
that Arc/Arg3.1 deletion specifically targets and alters the structure of perisomatic inhibitory
synapses. An even more pronounced effect was observed in the lacunosum moleculare (LM)

layer. KO mice exhibited increased intensity in gephyrin, VGAT, and their colocalized clusters,
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suggesting synapses in this layer are the most affected by the deletion (WT: n=23, KO: n=24;
Figure 2.10E, Gephyrin, U=180, p=0.041; Figure 2.10F, VGAT, U=180, p=0.041; Figure
2.10G, Colocalized: U=169, p=0.022). As we did not record from isolated LM synapses, their
physiological properties could not be directly linked to cluster intensity. However, we suspect
that a few slow sIPSCs measured in KO neurons may reflect LM synapses. In essence, although
Arc/Arg3.1 deletion does not alter the overall number of inhibitory synapses, it seems to
significantly impact their clustering, particularly in perisomatic and potentially /acunosum
moleculare regions. Further investigation focusing on LM function is crucial to fully understand

the implications of these changes for overall inhibitory transmission.
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Figure 2.11. Germline Arc/Arg3.1 KO mice exhibit normal synaptic levels of gephyrin and GABA-A receptor subunits
in the hippocampus. Examples and densitometric western blot analysis of SN and PSD fractions of the hippocampus of WT,
KO mice. Box plots show the median, 25th, and 75th percentiles and crosses represent the mean values (Mann-Whitney U
test).

2.3.11 Germline Arc/Arg3.1 KO have normal synaptic levels of gephyrin and GABAAa

receptor subunits in the hippocampus

Like with glutamatergic synapses, changes in the speed of GABAergic currents, or kinetics,
have been linked to alterations in the composition of GABA receptor subunits. Since our fast
sIPSCs disappeared with the GABAA receptor blocker gabazine, we can confidently exclude
GABARB receptors from contributing to the recorded currents. This leaves GABAA receptor
subunits as the main candidates responsible for the slower kinetics in the KO IPSCs. To
investigate this possibility, we prepared subcellular fractions and analyzed the protein content
in the postsynaptic density (PSD) and in the extrasynaptic membrane (SN) fraction, where
GABAA receptors reside. We quantified the most abundant GABA A receptor subunits and their
scaffolding protein gephyrin. However, our Western blot analysis revealed no significant
differences between WT and KO mice, in either the PSD or the SN fractions (Figure 2.11). A

detailed summary of these results is provided in Table 2.2.
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Table 2.2. Mann-Whitney comparisons of inhibitory synaptic proteins in hippocampal

samples for Arc/Arg3.1 KO mice.

SN fraction PSD fraction
Protein
p-value U Median WT Median KO p-value U Median WT Median KO
Gephyrin 0.7984 29 101.8, n=8 107.1, n=8
GABAy2 0.8665 26 96.96, n=8 123.0, n=7 0.867 26 96.96, n=8 123.0, n=7
GABAo2 0.1304 17 99.51, n=8 107.1, n=8 0.3282 22 94.55, n=8 121.2, n=8
GABAB3 0.8665 26 96.96, n=8 123.0, n=7 0.8785 30 100.4, n=8 104.1, n=8
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2.4 Discussion

Previous results showed that the first postnatal month constitutes a critical period for the
development of hippocampal functions and that the upregulation of Arc/Arg3.1 is necessary for
the proper maturation of hippocampal network activity. Early-life Arc/Arg3.1 deficiency results
in permanent impairments in spatial navigation and oscillatory rhythms (Gao et al., 2018).
Consistent with these impairments, our findings show that Arc/Arg3.1 deletion before, but not
after, P21 results in reduced amplitude of synaptic responses in CA1l cells in extracellular
recordings. These reductions suggest a decreased excitatory drive in the Schaffer collateral
synapses. However, although changes in the fEPSP mainly reflect changes in excitatory
synapses, changes in inhibitory transmission could also impact fEPSPs, either via increases in
feed-forward and feed-back inhibition, or through changes in shunting inhibition (Buzsaki,

1984a; Isaacson & Scanziani, 2011).

Furthermore, even in the absence of inhibitory contributions to fEPSPs, the decreases observed
in germline and early-cKO mice could be due to reductions in the total number of excitatory
synapses or changes in the properties of individual synapses. To evaluate these possibilities, we
used patch-clamp to assess single excitatory synapses. The results indicated that, regardless of
the time of deletion, neither the frequency nor the amplitude of sEPSCs differed significantly
between WT and Arc/Arg3.1 KO mice. These results align with our previous findings using
hippocampal acute slices, where miniature EPSCs (mEPSCs) were recorded instead of
spontaneous EPSCs (Plath et al., 2006). Given that mEPSCs are recorded in the presence of
TTX to isolate action potential (AP)-independent release, our current findings complement the
previous study by demonstrating that Arc/Arg3.1 does not affect AP-dependent release either.
The lack of differences in amplitude and frequency of SEPSCs implies that these parameters

were not dictated by early-life or life-long constitutive expression of Arc/4rg3.1.

In contrast, we found an acceleration of the kinetics of sSEPSCs, affecting both their rise time
and decay components, which only occurred when Arc/Arg3.1 was deleted before P21. One
factor known to affect the kinetics of excitatory synaptic inputs in the hippocampus is the
electrotonic distance, with distally generated EPSPs being significantly slower than those
generated proximally to the soma (Andreasen & Lambert, 1998; Turner, 1988). The accelerated
kinetics in germline KO and the tendency in early-cKO would suggest a shift toward more
proximal synapses in these animals. Therefore, we would expect to observe more synaptic

clusters in the stratum pyramidale or the most proximal regions of radiatum and oriens and
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fewer in the most distal regions. However, our evaluation of synaptic clusters showed
reductions in both KO lines across all the CAl strata evaluated, indicating lower
intrahippocampal excitatory synaptic input not only from CA3 but likely also from CA2. One
limitation of our study is that we did not evaluate the most distal dendrites forming stratum
lacunosum moleculare. Therefore, whether Arc/Arg3.1 differentially modulates the synaptic

inputs from the entorhinal cortex, remains to be tested in future studies.

The reductions in the number of clusters were accompanied by decreases in hippocampal PSD-
95 protein levels. Given that PSD-95 is a protein of the membrane-associated guanylate kinases
(MAGUK) family, known to influence the trafficking of AMPARSs, an interaction of Arc/Arg3.1
with PSD-95 has long been suggested. Some evidence supporting this includes the finding that
Arc/Arg3.1 1s found in the postsynaptic density (Steward & Worley, 2001), it copurifies with
the NMDAR complex (Husi et al., 2000), and it is present in protein complexes where PSD-95
is the most abundant protein (Fernandez et al., 2017). However, whether this interaction is direct
or indirect is not entirely clear. Some studies suggest the interaction might be indirect, with
Arc/Arg3.1 associating with PSD-95 through other proteins like GKAP, NR2B, and Stargazin,
which act as intermediaries in the multiprotein complexes formed by PSD-95 (Hallin et al.,
2018; reviewed by Zhang & Bramham, 2021; Zhang et al., 2015). The absence of changes in
the late-cKO indicates that these changes are developmentally modulated. Similar to
Arc/Arg3.1, PSD-95 is also highly upregulated during the first postnatal month, with the highest
increases taking place between the second and fourth postnatal weeks (Sans et al., 2000).
Whereas during the first postnatal week another protein of the MAGUK family, SAP-102, is
responsible for most of AMPAR trafficking (Nagura et al., 2012). It is thus conceivable that
alterations in these proteins during this critical period profoundly shape hippocampal
maturation. Our findings indicate that such alterations (in PSD-95) do not come to be

compensated and persist into adulthood.

Another important factor regulating the kinetics of excitatory transmission is the subunit
composition of glutamatergic receptors. Under our recording conditions (-70 mV), the expected
contribution of NMDAR to the detected SEPSCs is very low due to the Mg'? ion blocking the
pore; therefore, we focus solely on AMPARs. Given the association of Arc/Arg3.1 with the
endocytosis of GluAl and GluA2 subunits, we anticipated that their composition could be
altered. Intriguingly, our analysis revealed no changes in either the overall protein levels of
AMPAR subunits or their synaptic localization in any of the KO lines. This contrasts with the
findings of Shepherd et al. (2006), who reported a 2-fold increase in surface AMPA receptor
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expression in cultured hippocampal neurons from Arc/Arg3.1 knockout mice, accompanied by
larger mEPSC amplitude. However, this effect was not observed under conditions of reduced
activity (TTX treatment). Since primary cultures exhibit higher activity levels compared to
acute slices (Szczot et al., 2010), this difference in activity levels may explain the discrepancy
between the two studies. Alternatively, the non-physiological biochemical, structural, and
cellular conditions of neural growth in primary cultures, may affect synaptogenesis in ways

different to natural development.

Despite a strong association of PSD-95 and AMPAR, a direct interaction has not been
identified. Instead, transmembrane AMPAR regulatory proteins (TARPs) mediated this
interaction (Bats et al., 2007; Zeng et al., 2019). Furthermore, TARPs are known to play a
crucial role in stabilizing AMPAR in the postsynaptic density. Among TARPs, Stargazing
(TARPy2) is the best studied, and its phosphorylation by CaMKII has been reported to
immobilize AMPARSs in the synapses (Opazo et al., 2010). TARPy8 is predominantly expressed
in the hippocampus and is critical for AMPAR expression and synaptic transmission (Rouach
et al., 2005). Arc/Arg3.1 binds with high affinity to both of these TARPs, with the association
being stronger with TARP y8 (Chen et al., 2022; Zhang et al., 2015). Notably, TARPs slow
AMPAR deactivation and desensitization and the slowing is greatest with y4 and y8 (Cho et al.,
2007; Milstein et al., 2007). The decrease of synaptic TARP y8 content observed in the germline
KO could explain the acceleration of SEPCS observed in this group.

The role of Arc/Arg3.1 in shaping inhibitory transmission is largely unknown. To date, there
are very few studies evaluating Arc/Arg3.1 effects on inhibitory synapses in the hippocampus.
The study by Rial Verde et al. (2006), used hippocampal organotypic slice cultures and found
no changes in IPSC amplitude, frequency, or kinetics between cells expressing recombinant
Arc/Arg3.1 and neighboring control cells. An important difference that could explain the
contrasting results is that levels of spontaneous activity are higher in slice cultures compared to
acute slices (Okamoto et al., 2014). As suggested earlier for excitatory synapses the differences
in activity levels seem to highly regulate the effects of 4rc/Arg3.1. Moreover, these recordings
were performed at 1 week in culture, a period during which spontaneous Arc/Arg3.1 expression
is expected to be higher than in the adult hippocampus. This developmental difference could

also contribute to the discrepancies observed.

On the other hand, the study by Gao et al. (2010) used acute slices from the visual cortex in
juvenile animals (P23) and found increased IPSCs amplitude in Arc/Arg3.1 KO mice, with no
changes in frequency or kinetics. This study serves as a precedent for the potential role of
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Arc/Arg3.1 in inhibitory synaptic transmission. The authors linked the upregulation of mIPSCs
to the increases they observed in Gripl, a protein mainly associated with glutamate receptors

but also found at inhibitory synapses associated with GABAAa receptors.

Our findings revealed slower kinetics of inhibitory synapses in Arc/Arg3.1 KO mice. The
kinetics of IPSCs are highly regulated by GABAAR subunit composition. For instance, subunits
al and a2 are highly expressed in CA1 pyramidal cells, and the decay time of [IPSCs mediated
by a2 subunit-containing GABAARS is several folds slower compared to that of IPSCs mediated
by al subunit-containing GABAAaRs (Kerti-Szigeti & Nusser, 2016). Although our results
showed no changes in the evaluated GABAA receptor subunits, it is still possible that some
other subunits, including al, are regulated by Arc/Arg3.1, explaining the observed differences
in kinetics. Furthermore, although we did not find changes in the GABA 72 subunit, it is worth
noting that two splice variants of this subunit exist: y2 long and y2 short, which grant the
receptors different kinetic properties (Sallard et al., 2021). Additionally, posttranslational
modifications are crucial for the modulation of GABAaR properties. Specifically,
phosphorylation of B3 subunit-containing GABAAR by CaMKII results in increased IPSC
decay times (Houston et al., 2009). Although evidence for differential posttranslational
modulations of GABAAR was not obtained in the current study, given the well-established
association of Arc/Arg3.1 and CaMKII, we speculate that these mechanisms might contribute

to the modulation of inhibitory transmission.

Previous reports show that two different types of inhibitory synapses contacting CA1 pyramidal
cells can be distinguished based on their kinetics: a fast type with decay time constants of 9 ms
and a slow type with constants of 50 ms. The fast type is likely mediated by basket cells, axo-
axonic, bistratified, and horizontal trilaminar cells, whereas the slow synapses are likely
activated by interneurons that project exclusively to dendritic regions (Banks et al., 1998). The
sIPSCs recorded in our study also seemed to split into two types based on their kinetics, with
half-widths of 3 ms and 22 ms. However, approximately 99 % of them belonged to the fast
type. This, along with the observed slower kinetics in Arc/Arg3.1 KO upon somatic but not
dendritic stimulation, indicates that Arc/Arg3.1 preferentially modulates perisomatic inhibitory
synapses. However, since we did not stimulate in the LM region, we cannot rule out
modifications of these synapses as well. Furthermore, the enhanced clustering of VGAT in the
KO mice suggests that Arc/Arg3.1 might modulate these synapses too. Further studies are
needed to establish the precise type of inhibitory synapses regulated by Arc/Arg3.1.
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Overall, our current findings reveal that Arc/Arg3.1 upregulation during the first postnatal
month is crucial for the wiring of the hippocampal circuitry. Its deletion before P21 significantly
and permanently disrupts excitatory transmission. Notably, Arc/Arg3.1 deficiency from the
germline also impacts inhibitory transmission. These results could potentially explain the
alterations observed in the oscillatory activity of these animals in our previous study.
Specifically, the reduced theta and gamma power, fewer sharp-wave ripple complexes, and the
higher frequency of the remaining ones observed upon germline KOs, suggest that not only
excitatory but also inhibitory transmission is altered in these animals. The precise mechanisms
on how the changes in kinetics of excitatory and inhibitory transmission translate into the
precise oscillatory patterns observed need to be examined in future studies, computational

studies on synaptic integration would substantially help us to comprehend these phenomena.
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Figure 2.12. Arc/Arg3.1 deficiency permanently alters hippocampal neurotransmission in a development-dependent
manner. Our findings show that germline Arc/Arg3.1 deletion results in altered excitatory transmission in CAl. This is
reflected by a reduced excitatory drive from CA3, accompanied by fewer excitatory synaptic clusters across dendritic and
somatic layers, and reductions in PSD-95 total protein levels. Functionally, excitatory transmission in germline Arc/4rg3.1 KO
exhibits accelerated kinetics accompanied by lower levels of TARPYy8 in synaptic fractions. Regarding inhibitory transmission,
germline deletion seems to spare the number and strength of inhibitory synapses but prolongs inhibitory events. This effect is
specific to perisomatic synapses and is accompanied by enhanced clustering of inhibitory synaptic proteins. Similar to germline
Arc/Arg3.1 deletion, early postnatal deletion results in a reduced number of excitatory clusters and PSD-95 levels, and a trend
toward faster kinetics. However, changes in TARPy8 levels were not observed in this mouse line. In stark contrast, late
Arc/Arg3.1 deletion did not alter excitatory transmission. These results align with the observed alterations in oscillatory activity
observed in our previous study. And although inhibitory transmission was not assessed in the conditional KO lines, given the
preserved oscillatory rhythms reflecting inhibitory activity observed in our previous study, we anticipate minor or no changes.

Moreover, early Arc/Arg3.1 deletion led to lower theta but normal gamma power, a normal

number of ripples but the amplitude of the sharp-waves was significantly lower. This is highly
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consistent with our observations of lower excitatory drive from CA3 and reduced excitatory
clusters and PSD-95 levels. In strong contrast, the late deletion resulted in oscillatory activity
comparable to that of WT animals, which is consistent with the lack of effects in this mouse
line observed in the current study. We did not evaluate the inhibitory transmission of early and
late-cKO mice, therefore we cannot rule out possible changes, however, based on the unaltered
power in the gamma frequency band observed in these lines we speculate that inhibitory

transmission would be well-preserved in these animals.
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3 Part II. Mass Spectrometry Profiling of Arg3.1 KO Mice in Distinct
Hippocampal Subfields

3.1 Introduction

The protein Arc/Arg3.1 has been linked to learning and memory consolidation, primarily
through its effects on the hippocampus. Studies, including ours, have demonstrated its
involvement in hippocampal physiology, showing disruptions in both oscillatory activity and
synaptic plasticity in Arc/Arg3.1 knockout (KO) mice (Beique et al., 2011; Gao et al., 2018;
Malkki et al., 2016; Plath et al., 2006). On the molecular level, Arc/Arg3.1 interacts with
numerous synaptic (Cao et al., 2013; Chowdhury et al., 2006; Zhang et al., 2015) and several
nuclear proteins (Greer et al., 2010; Irie et al., 2000; Korb et al., 2013) to promote activity-
dependent receptor trafficking, gene expression, and inter-cellular communication. The
functional outcome of Arc/Arg3.1 protein-protein interactions depends on the availability of
interaction partners and may result in opposing effects, such as LTP and LTD (Plath et al.,
2006; Zhang & Bramham, 2021). The hippocampus is composed of 3 main subfields: CA1l,
CA3, and DG, each containing unique cell types, synapses, and forms of plasticity. Moreover,
each of the hippocampal subfields contributes differentially to intra- and inter-regional
circuitry, and oscillatory activity and carries specific functions in learning and memory
(Chinnakkaruppan et al., 2014; Hainmueller et al., 2024; Ji & Maren, 2008; Oliva et al., 2016).
The developmental trajectories of these subfields show unique patterns in synaptogenesis and
circuit maturation (Donato et al., 2017) as well as Arc/Arg3.1 expression dynamics (Gao et al.,
2018). It is thus conceivable that the proteomic landscape supporting these regional
specializations will be unique to each subfield. While some evidence has accumulated that
supports this hypothesis (Gerber et al., 2019; Smith et al., 2020; von Ziegler et al., 2018), it
remains lacking, partly due to the technical difficulty of separating the hippocampal tissue into
distinct subfields. We further hypothesize that Arc/Arg3.1 might exert different effects on

circuit development and plasticity, in each subfield, depending on their unique proteome.

To address this hypothesis, we set out to investigate the molecular profiles of different
hippocampal subfields in the hippocampi of WT and Arc/Arg3.1 KO mice. We employed a
tunable nanosecond infrared laser (NIRL) ablation method (Hahn et al., 2021) to dissect tissue
form specific areas (CAl, CA3, and DG) and processed each subfield for liquid
chromatography-tandem mass spectrometry (LC-MS/MS). This approach served two purposes:
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1) To demonstrate the efficacy of NIRL ablation for isolating specific mouse brain subfields
for proteomic analysis and, 2) To compare the proteomic profiles of Arc/Arg3.1 KO hippocampi
with WT controls under baseline conditions, focusing on potential regional differences. We
deliberately focused on investigating non-stimulated brains (i.e. from home cage, not exposed
to behavioral, chemical, or electrical stimuli), in order to reveal salient differences in the natural

hippocampal circuitry.

3.2 Methods

3.2.1 Mice

Naive male and female animals, 3-6 months in age, were housed on an inverted 12 h light/dark
cycle (8:00-20:00 dark period) in groups of 3-5 mice per cage under standard conditions
(23+1°C, 40-50% humidity; food and water ad libitum). Germline Arc/Arg3.1 KO mice were
generated as described in Plath et al. (2006). Briefly, vectors were generated of the Arc/Arg3.1
gene in which three LoxP sites were inserted. The vectors were electroporated into embryonic
stem cells and subjected to a transient expression of Cre recombinase. The recombination
yielded clones in which the open reading frame (ORF) of the gene was deleted (4rc/Arg3.1 7,
KO) or flanked by two LoxP sites (4rc/Arg3.1 /). Clones were injected into C57Bl/6]
blastocytes and chimeras were bred in the C57B1/6J background to finally generate the germline
KO. All experiments were approved by the city of Hamburg's local authorities and were

performed following German and European law for the protection of experimental animals.

3.2.2 Spectral Library

To create a spectral library, and ensure the detection of Arc/Arg3.1 by maximizing it expression
one adult WT mouse was subjected to a Kainate-induced seizure. The animal was injected with
Kainic acid (Abcam) intraperitoneally (14.8 mg/kg body weight) prepared in PBS. Seizures
were scored as generalized if the mouse exhibited bilateral forelimb tonic and clonic activity;
with loss of postural tone. 90-120 min after the onset of generalized seizures, the animal was
deeply anesthetized with isoflurane, quickly decapitated and the whole hippocampus was
immediately dissected on ice. The hippocampus was first dissolved in 100 pL 1 % w/v sodium
deoxycholate (SDC) in 0.1 M triethylammonium bicarbonate buffer (TEAB) and shredded
using a bead mill (TissueLyser LT, Qiagen N.V., Venlo, Netherlands). It was then incubated
for 10 minutes at a temperature of 95 °C to induce cell lysis. To destroy interfering DNA the
samples were sonicated (Electronic Sonicator UW2200, Bandelin, Berlin, Germany) for
5 seconds at an energy of 30 %.
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A bicinchoninic acid assay (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific, Waltham,
MA, catalog-no. 23225) was subsequently performed according to the manufacturer’s
instruction to determine the protein concentration. Tryptic digestion was performed with 50 pg
of protein using the single-pot, solid-phase-enhanced sample preparation (SP3) protocol, as
described by Hughes et al. (2019). The eluted peptides were dried in a Savant SpeedVac vacuum
concentrator (Thermo Fisher Scientific, Waltham, MA) and were stored at -20 °C. Pierce High
pH Reversed-Phase Peptide Fractionation Kit (Catalog number 84868, Thermo Fisher
Scientific, Waltham, MA) was then used according to the manufacturer’s instructions to reduce
sample complexity by dividing the sample into 8 fractions. Immediately prior to MS

measurement, the dried peptides were dissolved in 0.1 % FA.

3.2.3 Laser Ablation and sample processing

Naive, adult WT, and Arc/Arg3.1 KO mice underwent deep anesthesia with isoflurane and were
subsequently euthanized by decapitation. Following decapitation, the brains were rapidly
dissected and frozen using dry ice, with special attention given to preventing contamination.
The frozen brains were then stored at -80°C until further processing. Using a cryostat (Hyrax
C60, Microm), 100um-thick coronal sections encompassing AP coordinates -1.82 to -2.30

bregma, were sliced and placed on Superfrost Plus slides.

A nanosecond infrared laser (NIRL) system was used for tissue ablation. The general laser
system build-up has been published (Voss et al., 2022). The laser with a pulse width of 7 ns
was set to a wavelength of 2940 nm s, pulsing with the maximum repetition rate of 20 Hz, when
triggered during the ablation sequence. The beam was focussed with a scan lens (focal length
of 100 mm). At the sample position, a pulse energy of 650 nuJ was measured. The glass slide
with the tissue section was placed on a cooling stage, which was set to —1°C. The cooling stage
is mounted onto a translation stage composed of two motorized linear stages (MLT25, Newport,
CA), which were driven by a motor controller (XPS-RLD4 with two XPS-DRV11 cards,
Newport, CA). A PTFE-coated glass slide with 12 wells (Epredia X5XER202WADI1, catalog-
no. 17342650) was placed at a short distance (<1 mm) over the sample with the region of
interest (ROIL; 400 um X% 400 pum) centered in a well. The ablation sequence consisted of a
meander scan pattern for the sample stage covering the ROI, resulting in 5 x 5 triggered laser
shots with 100 pm spacing for each of the four runs. The plume material of each sequence with

100 laser shots in total, was collected in a single well.

Three hippocampal regions (DG, CA1, and CA3) were sampled from five Arc/Arg3.1-KO mice

and five WT mice, resulting in 30 samples in total. The location of the specific hippocampus
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area was targeted with a camera prior to laser ablation, which was also used to monitor the
ablation sequence. One sample from a KO animal in the CA3 subfield was deemed an outlier

based on the protein amount and was removed from the analysis.

Further sample processing was performed following a protocol published by (Tsai et al.,
2021), 20 puL of 0.01% DDM (n-dodecyl B-D-maltoside) were used to collect the condensed
sample aerosol and transferred from the well into a protein low binding tube (Protein LoBind
Tubes, Eppendorf SE, catalog-no. 0030108116). All other sample preparation steps were
adapted from the mentioned protocol, except for using 20 ng trypsin for tryptic digestion. The
samples were dried in a vacuum centrifuge and stored at —20 °C. Prior to mass spectrometric

measurement, tryptic peptides were resuspended in 10 pL of 0.1% formic acid (FA).

3.2.4 LC-MS/MS Parameters

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) measurements were
performed on an Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Scientific,
Waltham, MA) coupled to a nano-UPLC (Dionex Ultimate 3000 UPLC system, Thermo Fisher
Scientific, Waltham, MA). A two-buffer system was used for chromatographic separation of
peptides, with buffer A containing 0.1% FA in H2O (MS grade) and buffer B containing 0.1 %
FA in acetonitrile (ACN, MS grade). For desalting and purification, the samples were loaded
onto a trap column (100 um x 20 mm, 100 A pore size, 5 pm particle size, Acclaim PepMap
100), followed by C18 reversed-phase column (75 um x 250 mm, 130 A pore size, 1.7 pm
particle size, nanoEase M/Z Peptide BEH C18, Waters). An 80-minute method with trapping
for 5 minutes at a flow rate of 5 pL/min followed by a linearly increasing concentration of B
from 2% to 30% over 65 minutes at a flow rate of 0.3 pL/min was used for peptide separation.
Eluting peptides were ionized with a nano-electrospray ionization (nano-ESI) source with a
spray voltage of 1,800 V, transferred into the MS, and analyzed in data-dependent acquisition
mode (DDA). Ions were accumulated for a maximum of 120 ms or until a charge density of 2
x 10° ions (AGC Target) was reached. A mass range of m/z 400 — 1,300 was covered with a
resolution of 120,000 at m/z 200. Charges of the peptides with a state between +2 - +5 and an
intensity threshold of 1,000 or above were isolated within a window of m/z 1.6 in Top Speed
mode for 3 s from each precursor scan. For fragmentation, a normalized collision energy of
30 % using higher energy collisional dissociation (HCD) was used. An ion trap mass analyzer
with the first mass set to m/z 120 at a rapid scan rate was used. Fragments were accumulated
for 60 ms or to an AGC target of 1 x 10* for MS2 scanning. Already fragmented peptides were
excluded for 30 s.
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3.2.5 Raw Data Processing

LC-MS/MS data were searched with the Chimerys algorithm integrated into the Proteome
Discoverer software (v3.0.0.757, Thermo Fisher Scientific) against a reviewed mouse
SwissProt  database, obtained in January 2023, containing 17013 entries.
Carbamidomethylation was set as a fixed modification for cysteine residues. The oxidation of
methionine was allowed as a variable modification as well as acetylation of the N-terminus and
methionine loss. A maximum number of two missing tryptic cleavages was set. Peptides
between six and 144 amino acids were considered. A strict cutoff (FDR < 0.01) was set for
peptide and protein identification. The laser-ablated samples were searched together with the
fractions from the spectral library to boost protein identification by matching between runs. For
matching fragment peaks, the mass tolerance was set to 0.6 Da. For chromatographic alignment,
the maximum RT shift was set to 10 min with a mass tolerance of 10 ppm. Both unique and
razor peptides were considered for quantification. Normalization was done on the peptide level

in Proteome Discoverer.

3.2.6 Gel Samples

Sample Preparation:

5 WT and 5 Arc/Arg3.1 KO mice were deeply anesthetized with isoflurane, quickly decapitated
and the brains were immediately dissected on ice to obtain only the dorsal hippocampus.
Samples were homogenized in ice-cold Triton-X lysis buffer with protease and phosphatase
inhibitors (containing 50mM Tris HCI, 150 mM NaCl, 1 % Triton-X100, 0.5 % sodium
deoxylcholate, 0.1 % SDS, 1 mM EDTA, 10 mM NaF, 1 mM PMSF, 1x cOmplete protease
inhibitor cocktail, and PhosStop). Protein concentrations were determined using the Pierce™
BCA Protein Assay Kit following the manufacturer’s instructions (Thermo-Fisher Scientific,
Waltham, USA). Samples of 20 pg protein per mouse were separated on 4-12 % Nu-PAGE gels
and visualized using a quick Commassie blue staining (SERVA, Heidelberg, Germany). Gel
bands between 20 and 28 kDa were excised for subsequent in-gel digestion and LC-MS/MS

analysis.

In-gel digestion was done following Shevchenko et al. (2006). Shrinking and swelling were
performed with 100 % ACN and 100 mM NH4HCOs. In-gel reduction was achieved with 10
mM dithiothreitol (dissolved in 100 mM NH4HCO:s3). Alkylation was performed with 55 mM
iodoacetamide (dissolved in 100 mM NH4HCO:3). Proteins in the gel pieces were digested by

covering them with a trypsin solution (8 ng/uL sequencing-grade trypsin, dissolved in 50 mM
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NH4HCO3) and incubating the mixture at 37°C overnight. Tryptic peptides were yielded by
extraction with 2 % FA, and 80 % ACN. The extract was evaporated. For LC-MS/MS analysis,
samples were dissolved in 20 pL 0.1% FA.

LC-MS/MS Parameters:

Chromatographic separation of peptides was done as described in “3.2.4 LC-MS/MS
Parameters”. MS/MS measurements were performed on a quadrupole-orbitrap hybrid mass
spectrometer (QExactive, Thermo Fisher Scientific). Eluting peptides were ionized using a
nano-electrospray ionization source (nano-ESI) with a spray voltage of 1,800 and analyzed in
data-dependent acquisition (DDA) mode. For each MS1 scan, ions were accumulated for a
maximum of 240 milliseconds or until a charge density of 1 x 10° ions (AGC Target) was
reached. Fourier-transformation-based mass analysis of the data from the orbitrap mass
analyzer was performed covering a mass range of m/z 400 — 1,200 with a resolution of 70,000
at m/z = 200. Peptides being responsible for the 15 highest signal intensities per precursor scan
with a minimum AGC target of 5 x 10° and charge state from +2 to +5 were isolated within a
m/z 2 isolation window and fragmented with a normalized collision energy of 25% using higher
energy collisional dissociation (HCD). MS2 scanning was performed, covering a mass range
starting at m/z 100 and accumulated for 50 ms or to an AGC target of 1 x 10° at a resolution of

17,500 at m/z = 200. Already fragmented peptides were excluded for 20 s.
Raw Data Processing:

LC-MS/MS data were processed as described for the laser-ablated samples “3.2.5Raw Data
Processing”, with the exception of the algorithm used. Data from in-gel digest samples were
searched using the well-established Sequest algorithm integrated into the Proteome Discoverer
software (v.3.1.0.638, Thermo Fisher Scientific) against the reviewed mouse SwissProt
database. Due to its robustness and high compatibility with various preparation methods,

including in-gel digestion, the Sequest algorithm was chosen over Chimerys.

3.2.7 Western-blot analyses.

Mice were deeply anesthetized with isoflurane, quickly decapitated and the brains were
immediately dissected on ice to obtain only the dorsal hippocampus. The tissue was frozen in
dry ice and stored at -80°C for further processing. Samples were homogenized in ice-cold
Triton-X lysis buffer with protease and phosphatase inhibitors (containing SOmM Tris HCI, 150
mM NaCl, 1 % Triton-X100, 0.5 % sodium deoxylcholate, 0.1 % SDS, 1 mM EDTA, 10 mM
NaF, 1 mM PMSF, 1x cOmplete protease inhibitor cocktail, and PhosStop). Protein
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concentrations were determined using the Pierce™ BCA Protein Assay Kit following the
manufacturer’s instructions (Thermo-Fisher Scientific, Waltham, USA). Equal amounts of
protein were separated on 4-12 % Nu-PAGE and transferred to Polyvinylidene fluoride (PVDF)
membranes (Merck Millipore, Darmstadt, Germany) for 2 h at 4°C with 110V using Mini-
PROTEAN TransBlot system (Bio-Rad, Hercules, USA) and blotting buffer (25 mM Tris-Base,
192 mM glycine and 10% methanol). Membranes were blocked in PBS containing 5% non-fat
milk with 0,01% tween-20 for 1 h at room temperature. Membranes were then incubated with
primary antibody overnight at 4°C in the buffer recommended by the manufacturer. The
following antibodies were used at the indicated dilutions: mouse anti-PSD95 (1:2000, Dianova,
MAT1-046), rabbit anti-Arc/Arg3.1 (1:1000, Synaptic systems, 156003), rabbit anti-GluA2
(1:1000, Millipore, AB1768), mouse anti-GluA3 (1:200, Millipore, MAB5416), mouse anti-
VGlutl (1:2000, Synaptic systems, 135011), guinea pig anti-GABA-A receptor 3 (1:2000,
Synaptic Systems, 224004), mouse anti-gephyrin (1:250, DB Bioscience, 610585), rabbit anti-
Shisa7 (1:2000, Biozol, ORB186120), rabbit anti-somatostatin (1:500, MyBiosource,
MBS2005557), rabbit anti-them6 (1:500, Invitrogen, PA5-69461), rabbit anti-them6 (1:500,
Bioss, BS-15296R) and, mouse anti-B-Actin (1:2000, Sigma Aldrich, a5441). The membranes
were then washed and incubated with fluorescently conjugated secondary antibodies according
to the species for 1 h at room temperature as follows: IRDye 680RD donkey anti-mouse
(1:20000, Li-Cor, 926-68072), IRDye 680RD donkey anti-Guinea pig (1:20000, Li-Cor, 926-
68077) and, IRDye 800CW donkey anti-rabbit (1:20000, Li-Cor, 926-32213). Membranes were
washed again and visualized using the LI-COR's Odyssey Infrared Imaging System (LI-COR

Biotechnology, Lincoln, NE). Revert total protein staining was used as a loading control.

3.2.8 Statistical Analysis

Statistical analysis was performed in Perseus Version 2.0.10.0 (The Perseus computational
platform for comprehensive analysis of (prote)omics data (Tyanova et al., 2016) GraphPad
Prism10 and, MatLabR2020a. The proteome data was log2-transformed. For all mean
differences analyses a threshold of minimum three valid values in each group was set. For
Genotype comparisons Student t-tests were conducted between WT and KO samples. Proteins
with a p-value below 0.05 and a fold change > 1.25 were considered significantly up- or
downregulated. A total of 196 proteins were identified as differentially regulated by Arc/Agr3.1

in either the whole hippocampus or specific regions. For these proteins, only the samples from
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WT mice were considered for the subfield comparisons. For subfield comparisons, a one-way
ANOVA test was conducted for those proteins fulfilling the requirement of a minimum of 3
samples per group. Post-Hoc all pairwise Tukey-HSD were used to compare the different
regions. Proteins with a p-value below 0.05 and a fold change > 1.25 were considered
significantly up - or downregulated. For proteins with missing data (below 3 samples per
region), a frequency-based approach was employed. If a protein was found in a minimum of 5
samples within one subfield but in fewer than 2 samples in the other two, it was classified as
"dominant" in that region. For frequency-based genotype comparisons, we created 2 x 2
contingency tables to test whether the detection of a protein was associated with the genotype.
Fisher’s exact test was used to determine the significance of the association. For western blot
analysis, normality was confirmed using Kolmogorov-Smirnov tests, subsequently Student t-
tests were conducted between 7 WT and 7 KO animals. P-values <0.05 were considered

statistically significant in all cases.

3.3 Results
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Figure 3.1. Proteins detected in the hippocampus group according to the subfield. A. Principal Component Analysis (PCA)
on laser-ablated samples from the hippocampus (Filled symbols represent samples from WT animals. Empty symbols represent
samples from KO animals). B. Unsupervised hierarchical clustering of hippocampal proteins associated with the subfields.

3.3.1 Hippocampal Subfields Show Distinct Protein Signatures, with Potentially
Intriguing Differences within CA3

We first focused on identifying potential regional differences within the hippocampus,
regardless of the mouse genotype (WT or Arc/Arg3.1 KO). We combined protein profiles from
both groups and employed principal component analysis (PCA) to search for potential clusters.
The PCA revealed two distinct clusters separating the DG and CA1 subfields (Figure 3.1A).
CA3 samples formed a less distinct third cluster, with some partial overlap towards CA1 but

not DG. This pattern of regional variation was further confirmed by unsupervised hierarchical
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clustering (Figure 3.1B). Interestingly, while CA1 and DG displayed consistent clustering,
CA3 samples seemed to split into two distinct sub-clusters in both PCA and hierarchical
analyses. This suggests unique protein profiles for each hippocampal subfield, with CA3
potentially exhibiting additional internal diversity. It is worth noting that the samples

overlapping with CA1 in the PCA (Figure 3.1A, filled squares) originated solely from WT

animals.
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Figure 3.2. Subfield dominance classification. A. Exemplary images of the laser ablation for the different hippocampal
subfields. B. Schematic representation of the classification of the proteins based on their abundance profiles, including the
number of proteins per class. Dominance classification included selection based on ANOVA and post-hoc analysis as well as
frequency analysis for those proteins with a sample size smaller than 3.

3.3.2 Protein expression of DG differs greatly from CA1 and CA3 subfields

Out of the 3464 proteins detected, only 2972 had sufficient data (at least 3 samples per subfield)
for a robust statistical analysis using ANOVA. This analysis revealed significant differences in
the average abundance of 1590 proteins across the three subfields: DG, CA3, and CAl
(ANOVA main effect: p<0.05). To compare protein abundance between subfields, we
employed Tukey's HSD pairwise comparison tests. A minimum fold change of 1.25 was set as
a threshold and p-values < 0.05 were used for significance. Using these criteria, proteins were
classified into dominance categories based on their abundance patterns across subfields.
Proteins significantly higher in one subfield compared to the other two were categorized as
dominant in that specific subfield (e.g., DG dominant). Conversely, proteins significantly
higher in two subfields compared to the third but not different between the higher ones were
classified as dominant in those two subfields (e.g., CA1-CA3 dominant). This classification
yielded a distribution with the following protein counts: 430 proteins displayed higher
abundance in DG compared to CA1 and CA3 (DG dominant), 105 proteins displayed higher
abundance in CA3 compared to CA1 and DG (CA3 dominant), 103 proteins displayed higher
abundance in CA1 compared to CA3 and DG (CA1 dominant), 171 proteins displayed higher
abundance in CA1 and CA3 compared to DG (CA1-CA3 dominant), 65 proteins displayed
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higher abundance in DG and CA1l compared to CA3 (DG-CA1 dominant), 119 proteins
displayed higher abundance in DG and CA3 compared to CAl (DG-CA3 dominant). The
remaining 529 proteins did not meet the criteria for clear subfield dominance and remained

unclassified.

The previous analysis focused on proteins with sufficient data (at least 3 samples per subfield)
for conventional statistical comparisons. However, this approach might exclude proteins with

subfield-specific expression that fall below the detection threshold in other regions.

To address this limitation, we employed a frequency-based approach. We counted the number
of samples in which each protein was detected across subfields. Proteins were then classified
as dominant in specific subfields based on the following criteria: A protein found in at least 5
samples within one subfield, but in less than 2 samples in each of the other two subfields, was
classified as "dominant" in that subfield. For example, Desmoplakin (Dsp) was detected in 7
DG samples, 1 CA3 sample, and 6 CA1 samples. This pattern led to its classification as a DG-
CA1 dominant protein. This approach allows us to identify potential subfield-specific proteins
even if their overall abundance is low. It complements the previous analysis by providing
insights into potentially rare but functionally important proteins within specific hippocampal
subfields. This classification yielded a distribution with the following protein counts: 33 DG
dominant, 2 CA3 dominant, 2 CAl dominant, 2 CA1-CA3 dominant, and 13 DG-CA3

dominant.

Taking the two analyses together, the dominance classification shows that with 463, DG is the
subfield with the highest amount of proteins enriched, followed by CA3 and CA1. The second
most-abundant group of proteins was shared between the CA3-CA1 subfields (173), indicating
that indeed the difference between the DG and the CA subfields is the most pronounced. A
schematic representation of this classification and the number of proteins assigned to each
category can be seen in Figure 3.2B (a complete list of the proteins and their classification can

be provided upon request).

3.3.3 Gene Ontology enrichment analysis revealed significantly over-represented

functional terms in DG, CA1, and CA3-CA1 dominant proteins

To investigate the functional characteristics linked to proteins dominating individual
hippocampal subfields, we employed the Database for Annotation, Visualization, and
Integrated Discovery (DAVID). This allowed us to identify statistically significant Gene
Ontology (GO) terms. Using the Functional Annotation Chart tool, we selected the top 5 terms
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for each GO domain, including Biological Process (BP), Cellular Compartment (CC), and
Molecular Function (MF).
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Figure 3.3. Gene ontology analysis on the proteins in the different regions . Discontinued lines show the 0.05 threshold for
significance on the Benjamini-Hochberg adjusted p-value. Colors represent the three aspects of the gene ontology (GO)
domains; Blue; BP: Biological Process; Green; CC: Cellular Component and Yellow; MF: Molecular Function. Numbers show
the amount of proteins found enriched in each term. In A, GO:0045653= negative regulation of megakaryocyte differentiation.
In B, GO:0098962 = regulation of postsynaptic neurotransmitter receptor activity, GO:0030176=integral component of
endoplasmic reticulum membrane. In C, GO:1904315= transmitter-gated ion channel activity involved in the regulation of
postsynaptic membrane potential, GO:0099507= ligand-gated ion channel activity involved in the regulation of presynaptic
membrane potential. In E, GO:0097118= neuroligin clustering involved in postsynaptic membrane assembly.

DG: The dominant proteins in this subfield displayed enriched GO terms across all three
domains, each containing at least 14 proteins. Notably, the BP terms were mostly related to
RNA processing, the CC terms highlighted "nucleus" and "ribonucleoprotein complex," and the
MF terms pointed to RNA binding (Figure 3.3A). This suggests that RNA-binding proteins
(RBPs) play a unique role in DG. Possibly as mediators of neurogenesis (Chan et al., 2022), a
process that occurs almost exclusively in the DG of adult mice (Kempermann, 2022). These
findings may reflect the increased adult neurogenesis taking place primarily in DG.

CA3: Surprisingly, the analysis of the dominant proteins in CA3 (107 proteins) found no
significant enrichment in BP or MF categories. Only the CC domain showed enrichment, of the
term "plasma membrane" with 50 genes (Figure 3.3B).

CA1l: In contrast, the dominant proteins in CA1 (105 proteins) had enriched GO terms in all
three categories. The BP terms, include proteins strongly linked to the regulation of synaptic
transmission and synaptic plasticity. Similarly, the CC terms pointed to various synaptic

locations, particularly postsynaptic compartments. Notably, the MF terms indicated ion channel
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activity at both pre- and postsynaptic sites. Overall, dominant proteins in CA1 seem heavily
involved in synaptic transmission (Figure 3.3C).

CA3-CAT1: Proteins dominant in both CA3 and CA1 (low in DG), lacked enrichment in BP
terms. However, CC terms suggested potential roles in synaptic locations like “plasma
membrane” and “glutamatergic synapse”. Only 3 MF terms were significant for CA3-CAl, but
interpreting their meaning was challenging, two of the terms focused on enzymatic activity
while the most enriched term was “structural constituent of myelin sheath” (Figure 3.3D).
Finally, both DG-CA1 and DG-CA3 dominant proteins lacked significant enrichments in BP
and MF categories. However, CC terms for DG-CA1 pointed to synaptic structures and cell
projections, while DG-CA3 terms exclusively highlighted the endoplasmic reticulum (Figure
3.3E-F).

Taken together, the distinct proteome profiles of hippocampal subfields underscore local

specializations in molecular and cellular processes serving unique biological functions.
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Figure 3.4. High Abundance Proteins in Hippocampal Subfields. Volcano plots reveal significant differences in protein
abundance between the three hippocampal subfields: DG, CA3, and CAl. Each plot compares two subfields, with proteins
significantly more abundant in each subfield highlighted in their respective colors: pink for DG, purple for CA3, and orange
for CALl. Filled circles represent proteins significantly higher in the specific subfield compared with the two others (e.g., protein
X is more abundant in both DG vs. CA3 and DG vs. CAl). Empty circles depict proteins showing significant differences only
within the compared pair (e.g., protein Y is more abundant in DG vs. CA3 but not in DG vs. CA1). Significance was determined
using a Tukey HSD post hoc test with a fold change threshold of >1.25 and a p-value of <0.05.

3.3.4 Unveiling Subfield-Specific Protein Signatures in the Hippocampus: A Look at

Volcano Plots

Examining the proteins differentially expressed in the various subfields may uncover potential
candidates for a detailed analysis of the hippocampus at the molecular level. In the CA3
subfield, the most notable differences were observed in tubulin a-8 (Tuba8), Copine7 (Cpne7),
and Homer3 (Figure 3.4A and C). Approximately half of these proteins were linked to the
cellular component "plasma membrane" based on GO analysis. However, establishing a clear
functional association among the dominant proteins in CA3 proved challenging due to the lack

of significantly enriched GO terms, suggesting their involvement in independent processes. In
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the DG subfield, Calretinin (Calb2) emerged as the most dominant protein, known for its high
enrichment in the hilar region (Figure 3.4A-B). Surprisingly, it was not associated with the
most significant GO terms, except for being part of the "nucleus" cellular component.
Conversely, other highly dominant proteins in DG, such as Histones 1.3 (HI1-3), 2a
(Macroh2al), and 4 (H4cl), were closely associated with enriched molecular function terms,
particularly in the "structural constituent of chromatin" category. In CA1, Wolframin (Wfs1)
stood out as the most dominant protein, primarily linked to cellular calcium homeostasis
(Figure 3.4B-C). Despite not being included in the most enriched GO terms for CAl, the
majority of dominant CAl proteins were associated with terms in the “biological process”
domain like "chemical synaptic transmission" or "regulation of postsynaptic membrane
potential". This included proteins like the GluA2 receptor (Gria2), the al subunit of the GABA-
A receptor (Gabral), the B2 subunit of the GABA-B receptor (Gabrb2), protein kinase C y
(Prkcg), Ras GTPase-activating-like protein (Iqgap2), and protein kinase C B (Prkcb). In the
cellular component domain, these proteins were part of the terms "postsynaptic density" and
"postsynaptic membrane". In the molecular function domain, Gria2, Gabral, and Gabrb2 were
components of the top three terms, including "transmitter-gated ion channel activity involved
in the regulation of postsynaptic membrane potential," "ion channel activity," and "ligand-gated
ion channel activity involved in the regulation of presynaptic membrane potential". In the CA3-
CALl subfields, the standout protein was Plexin-Al (Plxnal), primarily associated with the
cellular component (CC) term "plasma membrane" (Figure 3.4A-B). Moving to the DG-CA1
subfields, the predominant protein was the metabotropic glutamate receptor 2 (Grm2), featured
in all significantly enriched CC terms, including "cell projection,”" "integral component of
postsynaptic membrane," and "plasma membrane" (Figure 3.4A and C). Finally, in DG-CA3
subfields, the most influential protein was the putative adenosylhomocysteinase 3 (Ahcyl2),
exclusively associated with the CC term "endoplasmic reticulum" (Figure 3.4B-C).

3.3.5 Comparison of the hippocampal molecular profile using transcriptomics vs

proteomics.

In a seminal study by Lein et al. (2004), the molecular distinctions among various subfields of
the hippocampus were thoroughly investigated using DNA microarrays and in situ
hybridization. The researchers identified 109 candidate genes and categorized them based on
their enrichment in specific hippocampal subfields. Notably, the study of Lein and colleagues
encompassed the CA2 subfield, which, for simplicity and comparison with our dataset, was not

presented here.
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The results of Lein et al. (2004) indicated that a majority of genes were enriched in CA3
(33.03%), followed by DG (21.10%), CA3-CA1 (12.84%), DG-CA3 (11.93%), DG-CA1
(11.93%), and CA1 (9.17%). In our study, utilizing proteomics, a different pattern emerged.
We identified a total of 1061 differentially expressed proteins, with the highest dominance
observed in DG (43.64%), followed by CA3-CAl (16.31%), DG-CA3 (12.72%), CA3
(10.08%), CA1 (9.9%), and DG-CAL1 (7.35%) (Figure 3.5).

Protein profile Lein et al. 2004

11.93%
DG-CA1

12.84%
CA3-CA1

21.10%
DG

11.93%
DG-CA3

Total=1061 Total=109

Figure 3.5. Hippocampal profile comparison mRNA and protein . The left panel depicts the protein profile found in the
Zlil\lsseinotns.tudy. The right panel shows an adapted version of the profile found in Lein et al. (2004) using the same hippocampal
While both studies identified subfield-specific enrichment, discrepancies in the results were
evident. The gene expression study by Lein and colleagues primarily found enrichment in CA3,
followed by DG. Conversely, our proteomics data showed the highest dominance in DG,
followed by CA3-CA1l and other subfields. To better understand these differences, a
comprehensive comparison of the two studies was conducted. Using fold change calculations
for proteins with a minimum of 3 samples per subfield, along with frequency analysis for
samples with missing data, we identified 50 out of the 104 candidate genes from the study by
Lein et al. in our samples. A detailed comparison of these genes is provided in supplementary
table 2, revealing a coherence of 72% in the classification between the two studies.

Of the 14 proteins with conflicting classification, 8 were classified as CA3-enriched by Lein et
al., while in our study, they were either CA3-CA1 dominant or showed no differences across
the subfields. This discrepancy underscores the importance of considering both gene and

protein expression for a comprehensive understanding of regional specialization within the
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hippocampus. Table 3.1. summarizes the information for the 14 proteins with conflicting
classifications.

Table 3.1. Proteins with conflicting classification with respect to the work by Lein et al.,
2004

Mean Fold change 3 N :
Values Lein Leinetat, :::‘:LI:‘:- .:“:ﬁdrr:;: L_:I::‘:L_ Final
Protein 1D Protcin Name Gene clal., 2004 2004 Final Hippocampal ANOVA p- Wi
Name DG Classification DG value DG DG/CA3 c e H
CA3 DG/CAI CA3 CAL DG/CAL
CAl CA3/CAl CAL CA3 CA3/CAL
2854 334 7
1E9Q557 Desmoplakin [OS=Mus musculus] Dsp 906 5.58 DG 1 DGH+CAL
678 148 6
. . . , ] 9370 189 10 23601 081
QUIWVK4 EH dnmwn-n:unlmnnjglpmlum 1 [OS=Mus Ehdl 5424 247 DG 9 0.0769269 23301 1.88 .1'1]';\]‘-,
musculus| 4229 111 10 22,690 1.53 ifferences
1724 137 10 27.846 147
17427 AP-2 complex subunil aipha-2 [05=Mus Apa2 2529 132 CA2+CA3 9 148552609 28.397 437 CA3CAI
musculus] 1404 1.69 10 28.295 1.07
3187 121 5 22.945 234
Q64444 Carbonic anhydrase 4 [0S=Mus musculus] Cad 4231 137 CAI+CA3 3 0.000129794 24172 -1.21 CA3
2867 170 5 23223 1.93
) o . 7736 138 10 28016 -1.215
PS0396 Rab GDP dissocial “‘l."lilb."m alpha [OS=Mus Gdil 191 116 CA24CA3 9 0.0878922 28,296 So w TNU »
muscu lI\I 7897 l45 10 28"]7 l[}*M ifferences
10334 N 10 23.999 2479
QOQZF2 Glypican-1 [0S=Mus musculus] Gpel 16902 129 CA21CA3 9 9.8483L-15 25312 2713 CA3+CAI
8839 177 10 25.439 -1.092
. . 2499 -1.89 10 24.085 22,000
06801 B "‘"""“““': "_'f"'f :'I"”'"" [OS=Mus Mel 4257 113 CA2+CA3 9 6.24063E-14 25085 L1870 CA3<CAl
useutus 2511 1.66 10 24.988 1.069
. : ] 6051 138 10 27938 2085
PO8SS| Neurofilament "g"“{‘“l'"f"""“"” [05=Mus Nefl 9468 1.01 CA2+CA3 9 000748443 29.000 1379 CA3=DG
musculus] 4949 220 10 28.402 1.514
L T 2391 -1.54 10 26.246 1,147
QIWUA3 ATP-de type EJ-§=M;1& mu\‘uull‘l.ll:-‘lI < platele Pikp 3506 1.08 CA3 9 0.146665 26443 -1.09% dii]}.:\r]:;cc\
- * 2282 152 10 26.380 1.045 ’
275 293 10 24.558 3249
P20444 Protein kinase C alpha type [OS=Mus musculus] Prkeca 894 1.16 CA2+CA3 9 5.02854E-16 26.258 -2.621 CA3+CAIl
270 283 10 25.944 1.244
5266 174 10 27.685 1608
Q62420 Endophilin-Al [OS=Mus musculus] Sh3gl2 8690 -1.05 CA3 9 2.51156E-14 28.369 -1.717 CA3+CAl
5422 167 10 28465 -1.069
3477 2,19 Not expressed § 2
PO7309 Transthyretin [0S=Mus musculus| Tir 9703 -1.88 : I‘"ip‘lﬁi;‘:{:m"‘ 5 CAI+CA3
6564 125 6
1640 119 Uniform expression 9 22237 1.940
Q9CZT8  Ras-related protein Rab-3B [0S=Mus musculus] ~ Rab3b 1613 -1.91 in primary excitatory 9 0.0324924 21.281 2.042 DG
3017 -2.00 hippocampal neurons 10 21.210 1.051
- ] 1040 ENE Uniform expression 1
QI9K46 Ubiquitin "“'T‘yl'f‘:m"_'fall hydrelase 11 Uspll 1136 317 in primary czciwlury 0 - [“?w.
[OS=Mus musculus] 340 33 hippocampal nearons o expression

We describe each identified protein using its protein accession number and standardized nomenclature from Mouse Genome
Informatics (MGI). The leftmost columns present the original data and classification from the study by Lein et al., with their
mean values representing average expression based on microarray results. The rightmost columns show the results of our
current study, including data and classification. Additionally, we include a column indicating the number of samples where
each protein was detected. Proteins lacking data in the ANOVA and mean abundances correspond to those with not meeting
the minimum threshold of 3 samples per subfield. These proteins were classified using the frequency-based approach detailed
in the Results section.
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Table 3.2 Comparison to the study by von Ziegler et al., 2018

33 genes with significant differences on both  Short Log2 FC  Log2 FC Log2 FC

protein and mRNA level name mRNA protein  protein
CA3/CA1 CA3/CA1 CA3/CA1
Newrzella et von current
al. Ziegler et  study
al.
Copine-4 Cpne4 3.98 0.67 1.43
Neurocalcin-delta Ncald 3.33 0.4 0.84
Synaptoporin Synpr 2.69 0.63 0.616
Hippocalcin-like protein 1 Hpcall 1.89 0.5 ns
Rabphilin-3A Rph3a 1.85 -0.25 -0.377
Protein piccolo Pclo 1.6 -0.28 -0.224
Hexokinase-2 Hk2 1.49 0.29 nd
Stathmin-2 Stmn2 1.35 -0.38 nd
Dihydrolipoyllysine-residue acetyltransferase
component of pyruvate dehydrogenase Dlat 1 0.27 0.464
complex, mitochondrial
CD200 antigen Cd200 0.84 -0.29 -0.394
Mammalian ependymin-related protein 1 Epdrl 0.79 0.23 ns
Annexin A6 Anxab 0.78 0.26 0.292
Kinesin light chain 1 Klcl 0.76 -0.21 0.204
Glutathione S-transferase A4 Gsta4 0.68 -0.24 -0.426
Mitochondrial glutamate carrier 1 Slc25a22 0.63 0.42 0.71
Importin subunit alpha-7 Kpnab6 -0.42 0.24 ns
EF-hand domain-containing protein D2 Efhd2 -0.62 -0.61 ns
L-lactate dehydrogenase B chain Ldhb -0.67 -0.41 ns
Protein IMPACT Impact -0.71 -0.2 ns
Serine/threonine-protein phosphatase 2A 55
kDa regulatory sézbunit B I‘t))eta Ii)so’forrn Ppp2r2b -0.76 025 nd
Septin-9 Septin9 -0.76 -0.26 -0.268
Catenin delta-2 Ctnnd2 -0.79 -0.2 -0.565
Tl}loredOX1l}-dependent peroxide reductase, Prdx3 079 0.23 0.334
mitochondrial
Neuromodulin Gap43 -0.81 -0.7 -0.568
Protein FAM49B Fam49b -0.86 -0.34 nd
OCIA domain-containing protein 2 Ociad2 -0.97 0.34 ns
Protein FAM49A Fam49a -1 -0.35 nd
Aldehyde dehydrogenase, mitochondrial Aldh2 -1.15 -0.4 -0.407
RasGAP-activating-like protein 1 Rasall -1.15 -0.43 -0.394
N-terminal EF-hand calcium-binding protein 2 Necab2 -2 0.26 1.78
Neurotrimin Ntm -2.12 -0.61 -0.618
Alpha globin 1 Hba-a2 -2.18 -0.37 nd
Inositol-trisphosphate 3-kinase A Itpka -2.74 -0.9 -2.45

In the color-coded scheme, green denotes consistent findings across studies, while grey indicates conflicting results between
Newrzella et al. and von Ziegler et al., as well as between von Ziegler et al. and the present study. Positive and negative values
within the color code indicate higher expression in CA3 and CALl, respectively. "nd" represents proteins not detected, and "ns"
denotes no significant differences.
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Figure 3.6. Positive correlation with previous studies. Linear correlation between the data in von Ziegler et al., 2018 and the
current study (Pearson; r(18=0,8667; R>=0,75; p<0,0001).

3.3.6 Differences between subfields CA3 and CA1l are highly consistent with other

proteomic studies

Several studies have emphasized that relying solely on mRNA profiling offers an incomplete
understanding of molecular processes. Examining changes in proteins becomes crucial to
grasping elements not transcriptionally regulated. In a study by von Ziegler et al. (2018), a
comparison of differences in CA3 and CA1 areas was conducted, quantifying 33 genes with
significant variations at both mRNA and protein levels. In our analysis, 27 of these genes were
detected, and among them, 20 exhibited significant differences between CA3 and CAl
subfields. Notably, our results confirmed the identified protein-level distinctions for 19 out of
those 20 genes, indicating a validation rate of 95%. Additionally, a correlation analysis was
performed between the log 2-fold changes in our study and those in von Ziegler's study,
revealing a robust and statistically significant positive correlation of 0.75 (Figure 3.6, Pearson;
R?=0,75, p<0,0001). This further supports the high comparability of our findings with those

from studies utilizing similar techniques.
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3.3.7 Subtle Changes in the Proteome of Arc/Arg3.1 Knockout Hippocampi under

Baseline Conditions

The results discussed above demonstrate the efficiency of NIRL ablation as a method for
precisely isolating distinct mouse brain regions for proteomic analysis. Specifically, our
findings reveal unique protein profiles in the hippocampal subfields CA1, CA3, and DG. The
GO analysis further indicates that these hippocampal subfields possess distinct protein profiles,
allowing for specialized cellular functions. For instance, DG shows enrichment in proteins
associated with RNA processing, potentially linked to neurogenesis, while CA1 is enriched in

proteins involved in synaptic transmission.
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Figure 3.7. Proteins detected in the hippocampus group according to the genotype. A. Principal Component Analysis
(PCA) on samples ablated from the hippocampus. B. Unsupervised hierarchical clustering of hippocampal proteins associated
with the genotype.

Moreover, a comparison of our proteomics data with a previous transcriptomics study revealed
a significant overlap in the identified regionally enriched genes. However, discrepancies were
also noted, underscoring the importance of considering both gene and protein expression for a
comprehensive understanding. Lastly, in comparison to other proteomic studies, our results
demonstrated even higher similarity, thereby validating the efficacy of NIRL for the targeted

sampling of specific regions in the mouse brain.

To address the second purpose, we analyzed protein profiles in the subfields of the hippocampi
of WT and KO mice lacking the Arc/Arg3.1 gene. Initial exploration using principal component
analysis showed no clear separation between the two groups (Figure 3.7A). Similarly,
unsupervised hierarchical clustering failed to distinguish between genotypes, with WT and KO
samples intermixing randomly (Figure 3.7B). These findings collectively indicate that the
absence of Arc/Arg3.1 has minimal impact on the overall proteomic profile of the hippocampus

under baseline conditions.
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Figure 3.8. Arc/Arg3.1 regulates a subset of proteins in hippocampal subfields.Volcano plots reveal significant protein
abundance differences between WT and KO mice in the different hippocampal subfields: Whole hippocampus (WH), DG,
CA3, and CA1. In each plot, proteins significantly down-regulated are represented by black spots, while magenta spots indicate
up-regulated proteins in Arc/Arg3.1 KO mice. The names of some highly regulated proteins as well as some relevant synaptic
proteins are depicted in each plot. Significance was determined using double-tailed T-tests with a fold change threshold of
>1.25 and a p-value of <0.05.

3.3.8 Arc/Arg3.1 regulates a subset of proteins in the hippocampus, in a subfield-specific

manner.

The overall protein profile of WT and Arc/Arg3.1 KO mice appears very similar. Yet, the effects

of Arc/Arg3.1 deletion on specific proteins may still exist. To address this possibility, we

compared the protein abundance of WT and Arc/Arg3.1 KO samples in each subfield (CA1,

CA3, and DG). Additionally, we assessed potential global hippocampal effects by averaging

protein abundance across all three subfields for each animal (whole hippocampus, WH). We

employed double-tailed T-tests to compare WT and KO groups, focusing only on proteins

detected in at least 3 samples per group. Out of the 3464 proteins detected, roughly 5% (193
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proteins) displayed significant differences in abundance between WT and KO samples. In CA1,
out of 2786 proteins detected in at least 3 samples per group, 25 were upregulated and 27 were
downregulated in the KO group (Figure 3.8A). The most strongly upregulated proteins were
calcium-binding protein Tescalcin (Tesc) and Them6, while the most strongly downregulated
were vesicular glutamate transporter 1 (VGLUT1, also known as Slc17a7) and Tyrosine-protein

phosphatase non-receptor type 23 (Ptpn23).

For CA3, out of 2673 proteins detected in at least 3 samples per group, 31 were upregulated
and 20 were downregulated in the KO (Figure 3.8B). The most strongly upregulated proteins
were Guanine nucleotide-binding protein subunit gamma-5 (Gng5) and Them6, while the most
strongly downregulated were Target of Mybl membrane trafficking protein (Toml) and

Keratin, type I cytoskeletal 26 (Krt26).

In DG, out of 2893 proteins detected in at least 3 samples per group, 26 were upregulated and
40 were downregulated in the KO (Figure 3.8C). The most strongly upregulated proteins were
Small nuclear ribonucleoprotein Sm D3 (Snrpd3) and IQ motif and SEC7 domain-containing
protein 3 (Igsec3), while the most strongly downregulated were calcium-binding Protein-

arginine deiminase type-2 (Padi2) and Signal recognition particle subunit SRP68 (Srp68).

Finally, in the whole hippocampus, among 3194 proteins detected in at least 3 animals per
group; 34 were upregulated and 15 were downregulated (Figure 3.8D). The most strongly
upregulated proteins in the Arc/Arg3.1 KO mice were thioesterase superfamily member 6
(Them6) and Poly(A)-nuclease deadenylation complex subunit 3 (Pan3), while the most
strongly downregulated were GABA-A receptor subunit 1 (Gabrbl) and Proline-rich and

coiled-coil-containing protein (Prrc2c).

3.3.9 Frequency analysis reveals an additional subset of proteins regulated by

Arc/Arg3.1 in hippocampal subfields

The failure to detect proteins in certain samples could indicate subthreshold abundance, absence
of the protein in the sample, or modifications in the proteins precluding their identification
(Hamid et al., 2022; Kim et al., 2016; Lai et al., 2013). To address missing protein data (below
3 samples per group), we applied a frequency-based approach. We constructed 2x2 contingency
tables to assess any association between protein detection and its membership in either the WT
or KO group. The categories included in the table were: WT with protein detected, WT with
protein not detected, KO with protein detected, and KO with protein not detected. Fisher’s exact
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test was applied to these tables to determine if a significant association existed between the

“protein detection” and “genotype” variables.
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Figure 3.9. Frequency analysis for protein abundance in WT vs. Arc¢/4rg3.1 KO Hippocampus. Bar plots present the
number of samples in which a protein was detected for WT and KO groups (left and right, respectively). The focus is on a
subset of 34 proteins identified with differential detection in the whole hippocampus, CA1, CA3, or DG. Colored bars (black
and magenta) indicate associations between the genotype and protein detection in the samples, revealing non-random
distributions. Significance was determined through a double-tailed Fisher’s exact test. *:p<0.05, **:p<0. 01.

In DG, four proteins were notably identified in a significantly higher number of samples within
the KO group, among which Zinc finger and BTB domain-containing protein 20 (Zbtb20),
CCR4-NOT transcription complex subunit 1 (Cnotl), and Integrator complex subunit 6 (Ints6)
were exclusively detected in KO samples. Conversely, two proteins were primarily found in

WT samples (Figure 3.9A).

In CA1, two proteins were exclusively identified in KO samples: ATP-dependent RNA helicase
DDX42 (Ddx42) and Alpha-cardiac actin (Actcl). Conversely, a total of six proteins exhibited
a notably higher occurrence in the WT group, suggesting downregulation in KO CA1l. These
proteins include Cystine/glutamate transporter (Slc7all), Tether containing UBX domain for
GLUT4 (Aspscrl), and Somatostatin (Sst), all of which were exclusively found in WT samples
(Figure 3.9B).

In CA3, two proteins were notably identified in a significantly higher number of samples within
the KO group, and Proteasome assembly chaperone 1 (Psmgl) was exclusively detected in KO
samples. Conversely, a total of 15 proteins exhibited a significantly higher occurrence in the
WT group. Among them, Metastasis-associated protein 2 (Mta2), Protein adenylyltransferase
SelO, mitochondrial (Selenoo), Protein LSM12 (Lsm12), Small ribosomal subunit protein
uS7m (Mrps7), NudC domain-containing protein 1 (Nucdcl), Neogenin (Neol), and Heat
shock protein beta-1 (Hspb1) were exclusively found in WT samples (Figure 3.9C).
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Finally, in the average of the three subfields (whole hippocampus), we identified three proteins
with significantly higher frequency in the KO group: IgLON family member 5 (Iglon5),
Trafficking protein particle complex subunit 10 (Trappc10), and Dapper homolog 3 (Dact3)
(Figure 3.9D).

3.3.10 Exploratory functional annotation analysis reveals subfield-specific roles for

Arc/Arg3.1-regulated proteins within the hippocampus.

The combination of t-tests for comparing protein abundance and frequency analysis enabled us
to effectively identify proteins that were either up- or down-regulated in Arc/Arg3.1 KO mice
(Supplementary table 5). Interestingly, these results showed that most of the proteins regulated
by Arc/Arg3.1 were specific to each subfield, meaning that these proteins were not found to be
up- or down-regulated in the other subfields. Of the 60 proteins in CA1, 42 were unique to this
subfield; of the 68 proteins in CA3, 57 were unique; and of the 72 proteins in DG, 61 were
unique. The remaining proteins identified in each subfield showed a broader pattern of
regulation, as some were found regulated in other subfields, while others exhibited changes in

the average of the whole hippocampus.

Next, we performed GO analysis on these differentially detected proteins, in an attempt to
reveal distinct biological processes regulated by Arc/Arg3.1. However, none of the identified
terms reached statistical significance. It is important to note that even in the absence of
significant enrichment, common themes or patterns within the dataset can still be discerned by

examining frequently occurring terms.

To explore these potential themes or patterns further, we utilized the functional annotation table
tool in DAVID. Rather than focusing on the significance of enrichment, we identified terms
with the highest number of associated proteins across various subfields. This approach allowed
us to uncover the most prevalent GO terms, providing valuable insights into the biological

functions regulated by Arc/Arg3.1 in different hippocampal subfields.

Surprisingly, the proteins regulated by Arc/Arg3.1 in the DG did not seem to align with the
enriched terms in the DG (Figure 3.3A) or those identified in the proteins regulated in the
whole hippocampus (Figure 3.10D). The prevalent terms suggested a diverse range of
functions, including metabolic processes, protein phosphorylation, and immune responses.
Cytoplasmic locations were dominant in the Cellular Component domain, and the
mitochondrion also played a notable role. The Molecular Function domain highlighted protein

binding as a primary term, followed by enzymatic activity (Figure 3.10A).
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Figure 3.10. Gene ontology analysis on the Arc/Arg3.1 regulated proteins in the different hippocampal subfields.The bar
plots illustrate the top five terms most frequently encountered in the whole hippocampus (A), CA1 (B), CA3 (C), or DG (D)
across each Gene Ontology (GO) domain, along with the number of proteins associated with each term. Colors correspond to
the three aspects of the gene ontology domains: Blue for Biological Process (BP), Green for Cellular Component (CC), and
Yellow for Molecular Function (MF). In A, GO:0043231= intracellular membrane-bounded organelle, and GO:0015379 =
potassium: chloride symporter activity. In B, GO:0042147 = retrograde transport, endosome to Golgi. In D, GO:0048642 =
negative regulation of skeletal muscle tissue development, GO:0043231 = intracellular membrane-bounded organelle.

In CAl, the regional profile analysis revealed a significant engagement of this hippocampal
subfield in regulating synaptic function (Figure 3.3C). Given the established role of Arc/Arg3.1
in synaptic plasticity, we expected a strong association of differentially regulated proteins with
synaptic terms. Surprisingly, the most prevalent terms were linked to protein transport in the
Biological Process (BP) domain and protein binding in the Molecular Function (MF) domain.
In terms of the Cellular Component domain, the majority of terms indicated cytoplasmic
locations, and the term "synapse" appeared in association with seven of the proteins (Figure

3.10B).

The proteins influenced by Arc/Arg3.1 in CA3 exhibited a pattern akin to those in CAIl,
primarily linked to protein transport in the Biological Process domain. In terms of Cellular

Component, they were mainly associated with cytoplasmic locations and the synapse, with a

76



Part II Results

notable presence in the membrane and mitochondrion. Additionally, in the Molecular Function

domain, terms such as protein binding and GTPase activity were prevalent (Figure 3.10C).

In the whole hippocampus, proteins regulated by Arc/Arg3.1 were often associated with
biological processes related to RNA processing and ion transport. Interestingly, three of these
commonly associated terms were also found to be significantly enriched in the DG, as detailed

in the profile description of the different subfields (Figure 3.3A).

Regarding the Cellular Component domain, most terms suggest a cytoplasmic location and the
ribonucleoprotein complex, which again showed high enrichment in the DG (Figure 3.3A).
Similarly, in the Molecular Function domain, terms related to RNA and nucleic acid binding

were prevalent, mirroring the enrichment observed in the DG (Figure 3.10D).

Overall, our findings suggest subfield-specific roles for Arc/Arg3.1-regulated proteins within
the hippocampus. While some terms such as cytoplasmic localization and protein binding, were
consistent across hippocampal subfields, there were also notable differences. For example,
while the whole hippocampus showed enrichment in RNA processing and ion transport, CA1
and CA3 were primarily associated with protein transport and showed involvement in synaptic
functions. The proteins regulated by Arc/Arg3.1 in the DG exhibited a diverse range of
functions, including metabolic processes and immune responses, suggesting a complex
regulatory landscape in this region. The observed patterns of protein regulation suggest that,
under baseline conditions, Arc/Arg3. 1 may play a role in coordinating various cellular processes
within the hippocampus, including RNA processing, ion transport, protein transport, synaptic

function, and possibly other functions yet to be fully characterized.
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Figure 3.11. Impact of Arc/Arg3.1 deletion on the expression of synaptic proteins evaluated with WB and Mass-
spectrometry in the different hippocampal regions. A-C. Box plots illustrate the relative protein abundance as a percentage
of'the WT group, assessed with WB or mass-spectrometry in the different hippocampal subfields. H. Somatostatin (Sst) protein
levels: The left panel shows its abundance as a percentage of the WT group, measured by WB. The right panel shows the
number of samples in which Sst was detected, with WT on the lower end and KO on the upper part. Significance was determined
using double-tailed T-tests and double-tailed Fisher’s exact test for Sst. *:p<0.05, **:p<0.01, ***:p<0.001.

3.3.11 Abundances of synaptic protein in the dorsal hippocampus of WT and KO mice

Our previous investigation of synaptic transmission in the hippocampus, indicated a substantial

influence of Arc/Arg3.1 on the density, microarchitecture and physiology of synapses (Chapter
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I). Our current mass-spectrometry results reveal a number of differentially abundant proteins in
the KO hippocampus with a predicted synaptic localization and function. To verify these
differential abundances with a second method, we used Western Blot analysis. We obtained
fresh samples of dorsal hippocampus from WT and KO mice, separated them on Nu-PAGE
gels, and blotted and immunostained them against the specific protein. The absence of
Arc/Arg3.1 protein in the KO samples was confirmed via western blot (data not shown). KO
samples were compared to the WT samples average. We assessed the protein levels of PSD-95
and a select group of relevant proteins involved in synaptic transmission. Additionally, we
constructed box plots illustrating the protein levels across different subfields to gain a better

understanding of the distributions and the impact of Arc/Arg3.1 deletion (Figure 3.11).

The Western Blot analysis reaffirmed a small yet significant (around 10%) decrease in PSD-95
abundance in the KO group within the dorsal hippocampus (WT: n=7, KO: n=7; Fig. 11A. tun=
3.71612, p=0.0029). In the mass-spectrometry results, lower abundances were apparent across
all hippocampal subfields, with significant differences observed only in CA1 (Fig. 11A. WH:
WT: n=5, KO: n=5, tan= 1.369s, p=0.2081; CAl: WT: n=5, KO: n=5, tan= 5.848s, p=0.0004;
CA3: WT: n=5, KO: n=4, tap= 1.1907, p=0.2727; DG: WT: n=5, KO: n=5, tup= 1.133s,
p=0.2899). For VGLUT!1 (Slcl17a7), the Western Blot analysis showed no significant
differences (WT: n=7, KO: n=7; Fig. 11B. tun= 0.827912, p=0.4239), despite a significantly
lower abundance in KO mice in CA1, observed with mass spectrometry (CA1: WT: n=5, KO:
n=5, tan= 6.528s, p=0.0002). The discrepancy might reflect the lack of VGLUT1 modulations
in the CA3 and DG subfields or whole hippocampus (Fig. 11B. WH: WT: n=5, KO: n=5,
tan=0.6313g, p=0.5455; CA3: WT: n=5, KO: n=4, tun= 1.3557, p=0.2176; DG: WT: n=5, KO:
n=5, tan= 0.354s, p=0.7325). Shisa7 displayed a similar pattern to VGLUT1; no significant
differences were observed in the Western Blot analysis (Fig. 11G: WT: n=7, KO: n=7; t(df)=
0.6087, p=0.5541), while the mass-spectrometry results indicated differences only in CAl,
with no notable variations in other subfields (Fig. 11G. WH: WT: n=5, KO: n=5, t@n=0.1905s,
p=0.8537; CAl: WT: n=5, KO: n=5, tan= 3.208s, p=0.0125; CA3: WT: n=5, KO: n=4, tun=
0.60777, p=0.5625; DG: WT: n=5, KO: n=5, tun= 0.2644g, p=0.7982).

We further investigated the abundance of somatostatin (Sst) due to its role in modulating
synaptic activity, particularly at inhibitory synapses. However, as depicted in Figure 9, Sst
exhibited very low abundance and was only identified in CA1 samples, exclusively in WT mice
(Fig. 11H-Right). Consequently, the impact of Arc/Arg3.1 on somatostatin expression in other

hippocampal subfields could not be evaluated. Utilizing frequency analysis, we confirmed a
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significant association between genotype and Sst detection in CA1 (Fisher’s exact test, p=
0.0476), but not in the whole hippocampus (Fisher’s exact test, p= 0.0996). Consistently,
Western Blot results also failed to demonstrate significant differences between the groups (Fig.

11H-Left: WT: n=7, KO: n=7, tn=1.36812, p=0.1964).

We previously evaluated the expression of a subset of relevant synaptic proteins in the entire
hippocampus and found no alteration associated with Arc/Arg3.1 deletion. To investigate
whether that Arc/Arg3.1 specifically affects a sub-region, we re-analyzed these proteins in the
dorsal hippocampus using both mass spectrometry and western blot techniques. Consistent with
the findings from the whole hippocampus, the results from the dorsal region showed no
significant differences between WT and Arc/Arg3.1 KO mice. A comprehensive summary of

the proteins evaluated is provided in Table 3.3.

Table 3.3 Arc/Arg3.1 effect on an additional subset of synaptic proteins using western

blot or mass spectrometry

Degrees  Mean Mean

Protein Method Subfield P-value t of WT KO Vl\jT Igo
freedom (%WT) (%WT)

WB WH 0.5948 0.5464 12 100 95.86 7 7

WH 0.1021 1.846 8 100 90.49 5 5

GABApB3 M-S CAl 0.3194 1.062 8 100 90.7 5 5
CA3 0.2069 1.391 7 100 80.79 5 4

DG 0.4518 0.7909 8 100 91.37 5 5

WB WH 0.9302  0.08949 12 100 99.57 7 7

WH 0.2932 1.125 8 100 94.16 5 5

Gephyrin M-S CAl 0.3307 1.036 8 100 91.42 5 5
CA3 0.09 1.967 7 100 84.06 5 4

DG 0.9825  0.02259 8 100 100.2 5 5

WB WH 0.8899  0.1414 12 100 99.42 7 7

WH 0.8852  0.149 8 100 101.3 5 5

GluA2 CAl 0.3292 1.039 8 100 93.98 5 5
M-S CA3 0.3182 1.075 7 100 80.54 5 4

DG 0.349 0.9948 8 100 108.4 5 5

WB WH 0.8361 0.2114 12 100 97.55 7 7

WH 0.3246 1.05 8 100 89.13 5 5

GluA3 CAl 0.2369 1.278 8 100 114.3 5 5
M-S CA3 0.6937  0.4105 7 100 100 5 4

DG 0.2512 1.237 8 100 80.11 5 5
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3.3.12 Themé6 is highly upregulated in the dorsal hippocampus of Arc/Arg3.1 KO mice

As observed in Figure 3.8, Themo6 is the most upregulated protein in Arc/Arg3.1 KO, in CAl,
CA3, and the average of the whole hippocampus. Despite the comparable levels of Them6 in
the DG of WT and KO mice, the significant differences in the whole hippocampus suggested
that this upregulation would be detectable using homogenates from the dorsal hippocampus.
Intrigued by the strong differences, we set to confirm these findings using western blotting. We
used one of the few available Them6 antibodies with specific mouse reactivity (PA5-69461),
but our initial analyses failed to show a band at the expected 23.8 kDa. To account for possible
low protein abundance, we increased the protein concentration from 5 to 10 ug. Additionally,
Themo6 expression was predicted to be high in the mouse thymus, and had been detected in the
cerebellum by antibody manufacturers, we then included homogenates from these tissues.
However, we did not detect Them6 in any of the tissues or protein concentrations we used
(Figure 3.12A). We then tested a second antibody with reactivity for both mouse and human
(BS-15296R), but this one also failed to show bands at the expected height (Figure 3.12B).
Given the lack of specific antibodies against this protein, we decided to use mass-spectrometry
again. We prepared new homogenates of the dorsal hippocampus from 5 WT and 5 Arc/Arg3.1
KO mice, separated them using gel electrophoresis, and visualized them using Coomassie blue
staining. Gel bands within a range of 20-25 kDa were excised and processed for LC-MS/MS

analysis following an in-gel digestion protocol (Figure 3.12C).
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Figure 3.12. Themé is highly upregulated in the dorsal hippocampus of Arc/Arg3.1 KO mice. A-B: Western blot analysis
illustrating the absence of the Them6 band at the expected 23.8 kDa in samples from the cerebellum, thymus, and dorsal
hippocampus. In panel A, the antibody rabbit anti-Them6 PA5-69461 was used with protein concentrations of 5 pg, 10 pg and,
20 g, as indicated. B-Actin was used as a loading control. In panel B, the antibody rabbit anti-Them6 BS-15296R was used
with 10 pg of protein for all samples. Abbreviations: Crb (cerebellum), Thy (thymus), Hippo (hippocampus). C: Nu-PAGE gel
stained with Coomassie blue showing the bands extracted for mass spectrometry analysis. D: Box plots showing the relative
abundance of Them6 protein as a percentage of the WT group, assessed using mass spectrometry in the different hippocampal
samples. Abbreviation: GB (gel bands), WH (Whole hippocampus).
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Consistent with the results from the laser-ablated samples, we found a significant upregulation
of Them6 in Arc/Arg3.1 KO mice Figure 3.12D. It is worth noting that Them6 did not show
subfield specificity, indicating that the contributions of the three different hippocampal
subfields to the whole hippocampus would be similar. However, while the upregulation of
Them6 in Arc/Arg3.1 KO mice is detectable on a dorsal hippocampus-level, it occurs

specifically in the CA1 and CA3 subfields region.

3.4 Discussion

3.4.1 Proteomic profiles of the hippocampal subfields

The presented comparisons revealed a high consistency of our results with previous studies
using similar techniques. However, the comparisons to the study by Lein et al. (2004), showed
a small number of genes with contrasting hippocampal classifications. One potential
explanation for this discrepancy lies in the method used to dissect the different hippocampal
subfields. Lein and colleagues isolated the tissue for microarray assay by grossly dissecting the
different subregions from fresh hippocampi. They acknowledged that some boundaries could
not be easily discerned, resulting in the inclusion of some parts of subiculum in CA1 samples,

and parts of fimbria and choroid plexus in the CA3 samples.

In contrast, our laser ablations on previously sliced coronal sections allowed us to target each
subfield with high precision. Despite the potential influence of the dissection method on the
observed differences between the two studies, Lein and colleagues confirmed their findings
using in situ hybridization on coronal slices. This approach helped to overcome limitations in
spatial resolution, reducing the likelihood that the dissection method alone is responsible for

the discrepancies.

Another possible explanation involves differences in the expression of these genes along the
dorsoventral axis of the hippocampus. The study by Lein et al. used the entire hippocampus,
while our study focused exclusively on the dorsal hippocampus. This is significant because the
dorsal and ventral hippocampus differ in their function, response to stress, connectivity, and,
importantly, molecular profiles (Czeh et al., 2015; Lee et al., 2017; Leonardo et al., 2006;
McHugh et al., 2011; Witter, 1986).

Yet another possibility is the differing approaches used by the two studies. Lein et al. assessed
gene expression profiling using microarrays and in situ hybridization, while we employed mass

spectrometry to analyze the proteomic profile. Although both of these methods offer insights
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into gene function, their results can differ due to factors such as alternative splicing, and
posttranslational modifications (Wilkins, Sanchez, et al., 1996). Thus, a specific transcript

product might not correlate with its protein expression level (Ludvigsen & Honoré, 2018).

Supporting this premise, the study by von Ziegler and colleagues, used proteomics to compare
CALl and CA3 subfields. They contrasted their findings with a previous study doing the same
comparison but using mRNA levels. The comparison revealed that most proteins showed
consistent expression patterns on the mRNA and protein levels, but some of them exhibited
conflicting results. Notably, when we compared our findings to those of von Ziegler’s, a high
degree of consistency (95%) was observed in protein expression patterns. This suggests that

studies analyzing protein levels might yield more consistent results.

Our findings on the dominance classification of different subfields revealed that the dentate
gyrus (DG) has the highest amount of highly expressed proteins compared to the other
subfields. This is followed by a combination of CA1 and CA3, which have higher protein
abundance than DG but are not significantly different between themselves, highlighting the
notable difference between DG and the CA regions. These results align with studies using
transcriptomics (Masser et al., 2014), and essentially, with the anatomical classification of the
hippocampus. DG, CA3, and CA1 form the trisynaptic circuit with unidirectional connectivity,
and therefore these regions are often referred to as parts of the hippocampus. However, a
distinction exists between the DG and the hippocampus proper or cornu ammonis (CA), which
includes CA1, CA2, and CA3. For precision, anatomists refer to the “hippocampal formation”
when including the DG (Amaral & Lavenex, 2006). The hippocampus proper differs from DG
in several features starting with the type of principal cells that form them: pyramidal and granule
cells, respectively. These cells differ in their morphology, precursors, the connections they
form, their electrical properties, and their sensitivity to neuromodulators (Becq et al., 2005;
Claiborne et al., 1986; Ferguson & Skinner, 2022; Lynch & Bliss, 1986; Penttonen et al., 1997;
Spruston & Johnston, 1992; Wu et al., 2015). One key difference between CA and DG lies in
their developmental patterns, while pyramidal cells are generated entirely before birth, granule
cells reach their peak generation during the first postnatal week and extends into adulthood
(Frotscher & Seress, 2006). Additionally, although the generation of interneurons in CA and
DG subfields occurs almost simultaneously (Danglot et al., 2006); they have differential
responses to novelty and carry distinct information to support spatial navigation (Hainmueller
et al., 2024). Considering the aforementioned differences between CA and DG it was highly

expected that these differences would translate into distinct proteome profiles.
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The results of the enrichment analysis revealed distinct functional characteristics for the
different subfields, further highlighting major differences in the DG. The terms enriched in this
subfield were mainly related to RNA processing, and RNA binding, and indicated primarily
nuclear localizations. RNA binding proteins (RBPs), mediate gene expression by affecting
several processes, including splicing, cleavage, RNA stabilization, editing, and translation.
These functions give them a significant ability to regulate cell function, and recently several
studies have focused on their role in regulating neurodevelopment, and particularly,
neurogenesis (Chan et al., 2022; Parra & Johnston, 2022), it is therefore likely that the distinct

molecular profile of DG is supporting the unique ability that its cells have of adult neurogenesis.

Our observations on the specific proteins differentially expressed in the various subfields are
highly consistent with results obtained using other techniques, such as immunohistochemistry.
For instance, Homer3 is primarily expressed in CA3 (Iwano et al., 2012), calretinin is well-
known for its high expression in the DG (Brandt et al., 2003; Gurden et al., 1998; Liu et al.,
1996; Mata et al., 2018; Walton et al., 2012), and Wfs1 is often used as a marker for CA1
neurons (Cid et al., 2021; Delpech et al., 2021; Dong et al., 2009). Similarly, proteins showing
higher abundance in two subfields compared to the third one, are also consistent with other
studies. This includes the increased expression of Grm2 in the DG and CA1 compared to CA3
(Hetzenauer et al., 2008). For Plxn-A1, we did not find other studies reporting differences in its
expression across the different subfields. However, consistent with our results, the mRNA data
provided by the Allen Brain Institute indicates a clearly enhanced expression in the CA1 and
CA3 regions compared to the DG (Allen Mouse Brain Atlas, mouse.brain-
map.org/experiment/show/69289721). Similarly, in our study, Ahcyl2 was found to have
increased expression in the DG and CA3 compared to CAl. In this case, the mRNA data
suggests increased expression in the CA2 and DG subfields (Allen Mouse Brain Atlas,
mouse.brain-map.org/experiment/show/70205340). Given that our laser ablation was not
precise enough to target CA3 exclusively, it is possible that we included parts of CA2, and the

enhanced expression in CA2 is driving the observed results.

3.4.2 Arc/Arg3.1 regulation of the hippocampal protein profiles

Regarding the molecular profile of Arc/Arg3.1KO in the different hippocampal subfields, we
found no major differences compared to WT controls. In this study, we focused on brains under
baseline conditions to reveal potential differences in the natural hippocampal circuitry
mediating baseline synaptic transmission. Arc/Arg3.1 is an immediate early gene with relatively

low baseline expression in the adult hippocampus. Consistent with this, we did not detect
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Arc/Arg3.1 protein in our samples. Similarly, other immediate early genes like c-Fos, c-Jun,
and Egrl were not detected. However, upon inducing strong activity through seizures, we
detected Arc/Arg3.1 in hippocampal samples, confirming that the failure to detect these proteins
initially was due to low baseline expression rather than issues with the detection method. This
aligns with the study by Leung et al. (2022) which used a pharmacological model of LTP to
induce synaptic activity. They evaluated the expression profile of cortical neurons with RNA
sequencing analysis 8 h after LTP induction. Their results revealed regulation of around 1900
by Arc/Arg3.1, including many transcription factors and immediate early genes implicated in
memory formation and plasticity. Given the activity-dependent nature of Arc/Arg3.1, we
anticipate observing more pronounced differences in the hippocampal proteomic profiles of

WT and KO animals under high activity conditions.

Our results demonstrated that under baseline conditions only a small fraction of the total
proteins detected (~5 %) are differentially expressed in the hippocampal subfields of
Arc/Arg3.1 KO mice. In line with the clear differences observed in the molecular profile of the
different subfields we found that most of the proteins regulated by Arc/Arg.31 were unique to
every subfield, underscoring that although Arc/Arg3.1 regulates some proteins in a global

hippocampal way, most of its effects are specific to the different subfields.

The functional annotation analysis revealed several biological processes potentially regulated
by Arc/Arg3.1. The common GO terms found across the different subfields, suggest that most
Arc/Arg3.1 regulated proteins shared a cytoplasmic localization and had molecular functions
associated with “protein binding”. Surprisingly, the terms related to synapses were not found
in the analysis, it is worth noting, however, that the most commonly co-occurring term to
“protein binding” is “glutamatergic synapse”, suggesting a potential although indirect

association.

Regarding the subfield-specific terms, consistent with the clear difference between DG and the
hippocampus proper, Arc/Arg3.1 regulated proteins in the DG showed the most varied
functions. The GO terms suggested associations with terms as varied as metabolic processes,
immune responses, and enzymatic activity, and indicated a potential regulation of Arc/Arg3.1
on mitochondrial proteins. These results suggest that the role of Arc/Arg3.1 in the DG might
extend beyond the synaptic function, further studies are needed to fully characterize how

Arc/Arg3.1 might regulate these processes.

On the other hand, the proteins regulated by Arc/Arg3.1 in the CA subfields seem to be

generally associated with synaptic function. Surprisingly, except for PSD-95, we did not find
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alterations in many of the synaptic proteins often associated with Arc/Arg3.1 function. This
could be linked to the fact that most of Arc/Arg3.1's effects have been evaluated under
conditions of robust synaptic activity. It is therefore likely that stronger changes in the
molecular profiles of Arc/Arg3.1 KO mice would only be detectable under conditions of high

activity.

Importantly, the term “protein transport” was the most frequently observed. Arc/Arg3.1
interacts with the endocytic machinery to regulate the endocytosis of AMPA receptors and
interacts with actin-binding proteins to regulate structural changes in dendritic spines

(Chowdhury et al., 2006; Newpher et al., 2018).

In the current study, we did not find differences in many of those proteins, including cofilin,
endophilin, dynamin-2, or Drebrinl. However, the Arc/Arg3.1-regulated proteins in CA1 and
CA3 encompassed in the term “protein transport” included many other proteins associated with
endocytic trafficking, such as Rab11 family-interacting protein Rab11fip5 (Machesky, 2019),
protein tyrosine phosphatase non-receptor type 23 Ptnp23 (Budzinska et al., 2020), Ras-related
protein Rab-23 (Guo et al., 2006), Ras-related protein Rab9 (Kucera et al., 2016), Vamp7
(Advani et al., 1999), and ADP-ribosylation factor ARF1 (Kumari & Mayor, 2008).

Additionally, we identified Arc/Arg3.1 regulated proteins involved in actin polymerization like
Formin2 (Stortz et al., 2019), and the ADP-Ribosylation Factor 6 (Boshans et al., 2000), as well
as proteins linking endocytic membrane traffic with actin assembly machinery, such as
Intersectin-1 Isnl (Sengar et al., 1999). Collectively, our current findings on the proteins
modulated by Arc/Arg3. 1 in the hippocampus proper, align well with the functions in trafficking
and actin remodeling attributed to Arc/Arg3.1 in the literature, however the specific proteins
involved in these functions seem to differ from the ones reported previously. Further
understanding of the potential interaction of Arc/Arg3.1 with these proteins would help

elucidate the molecular mechanisms allowing its regulation of protein transport.

Overall, our findings demonstrate that the NIRL ablation method successfully allows for the
dissection of very specific brain regions for subsequent proteomic analysis. We also confirmed
that the functional differences reported in the different hippocampal subfields are accompanied
by clearly distinct molecular profiles. In agreement with these differences, we report that the
effects of Arc/Arg3.1 deletion on the molecular profile of the hippocampus are specific to each
subfield, with marked differences between the DG and the hippocampus proper. These findings
are in agreement with previously observed differences in the maintenance of Arc/Arg3.1 mRNA

levels upon behavioral induction, with the period extending for several hours in the DG while
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decaying within a couple of hours in the hippocampus proper (French et al., 2001; Ramirez-
Amaya et al., 2013; reviewed in Zhang & Bramham, 2021). The distinct proteins regulated by
Arc/Arg3.1 in the two subfields could mediate its mRNA maintenance differentially in the two
subfields. Another possibility is that the differences in the molecular regulation of Arc/Arg3.1
between CA and DG subfields are linked to the role of Arc/Arg3.1 in neurogenesis. Such a role
was proposed by Kuipers and colleagues, who suggested that spontaneous Arc/Arg3.1
expression in a subpopulation of newly born cells in the DG could increase the likelihood of
these cells surviving and incorporating into the previously established hippocampal circuit

(Kuipers et al., 2009).

All things considered, the current study identifies exciting new candidate molecules that may
modulate the function of Arc/Arg3.1 in the hippocampus. However, some of these candidates,
like them6, remain poorly understood. Further research is necessary to elucidate these

interactions and their significance.
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4 Part III. Selective Impairment of Excitatory Synapses in the Young

Hippocampus Following Early Arc/Arg3.1 Deletion

4.1 Introduction

The first postnatal month of mice is a critical period marked by a confluence of dramatic
changes across behavioral, structural, and molecular levels in the hippocampus. From a
behavioral standpoint, this period witnesses the acquisition of crucial milestones. Pups born
blind, deaf, and with limited mobility, experience a rapid development of somatosensory
capabilities within the first postnatal weeks. This short window encompasses the emergence of
quadrupedal walking, hearing onset, eye-opening, olfactory discrimination, and the initiation

of spontaneous exploration (Stanton, 2000; Tan et al., 2017).

Concurrently, the hippocampus undergoes significant structural remodeling. This includes a
rapid expansion and branching of dendrites and axons, accompanied by changes in finer
structures like spines. At the molecular level, this period is characterized by dynamic shifts in
the composition of AMPA and NMDA receptors, alongside alterations in the expression of
kinases and phosphatases (Lohmann & Kessels, 2014). These molecular changes translate into
functional maturation, including the refinement of passive and active electrophysiological
properties like intrinsic excitability and action potential waveforms (Dougherty, 2020; Sanchez-
Aguilera et al., 2020). Ultimately, these combined phenomena have a profound impact on
synaptic transmission and plasticity, shaping the establishment and maturation of cognitive

abilities and hippocampal networks.

The high spontaneous expression of Arc/Arg3.1 during the first postnatal month partially
overlaps with a period of strong dendritic elongation, and branching and synapse formation.
This overlap suggests a potential role for Arc/Arg3.1 in regulating dendritic development. This
hypothesis is further supported by the established function of BDNF, a known upstream
regulator of Arc/Arg3.1. BDNF deficiency impairs dendritic arborization, while its

augmentation leads to excessive branching (Colucci-D'Amato et al., 2020; Kim & Cho, 2014).

Arc/Arg3.1 expression during the first postnatal month mediates a critical period for spatial
learning. Its removal before P21 results in persistent deficits in spatial navigation and learning,
alongside alterations in hippocampal oscillatory activity (Gao et al., 2018). Furthermore, the

findings described in part I, demonstrated that these alterations are accompanied by changes in
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the micro-architecture of excitatory as well as inhibitory connectivity. While the
aforementioned studies explored adult cognition and brain function, the current work focuses

on the structural and functional changes taking place during early postnatal development.

To investigate the role of Arc/Arg3.1 in the maturation of the hippocampal circuit during the
first postnatal month, we employed the three previously introduced Arc/Arg3.1 deficient mouse
lines: germline knockout (KO), early conditional knockout (early-cKO), and late conditional
knockout (late-cKO). We specifically focused on postnatal days 14 (P14) and 28 (P28) as
developmental time points of interest since dramatic changes in activity-dependent synaptic

plasticity occur after P14, while synaptic circuitry is mainly mature by P28.

4.2 Materials and methods

4.2.1 Mice.

Naive male and female animals, 1441 and 28 =1 days of age, were housed on a 12 h light/dark
cycle (6:00-18:00 light period) under standard conditions (23+1°C, 40-50% humidity; food and
water ad libitum). Pups were weaned at postnatal day 21. All experiments were approved by
the city of Hamburg's local authorities and were performed following German and European

law for the protection of experimental animals.

4.2.2 Generation of constitutive and conditional Arc/Arg3.1 KO mice.

Three lines of Arc/Arg3.1 deficient mice were generated in which the gene deletion took place
at different time points in development as previously described (Gao et al., 2018). Briefly,
constitutive Arc/Arg3.1 KO mice were generated as described in Plath et al. (2006) together
with floxed Arc/Arg3. 1 mutants. To achieve this, vectors were generated of the Arc/Arg3.1 gene
in which three LoxP sites were inserted. The vectors were electroporated into embryonic stem
cells and subjected to a transient expression of Cre recombinase. The recombination yielded
clones in which the open reading frame (ORF) of the gene was deleted (KO) or flanked by two
LoxP sites (4rc/Arg3.1/""). Clones were injected into C57B1/6] blastocytes and chimeras were
bred in the C57BI/6J background to finally generate the conventional KO and floxed lines.
Arc/Arg3.1 *"mice were bred with two different Cre recombinase transgenic mice to produce
conditional KO with Arc/Arg3.1 ablated at two different time points (4drc/Arg3. 171 €y and
WT control littermates (Arc/Arg3.17* "), The early conditional KO (early-cKO) mice were
generated through breeding with Tg(CaMKlIla-cre)1Gsc mice (Casanova et al., 2001) and

Arc/Arg3.1 ablation took place after P7 but before P14. The late conditional KO (late-cKO)
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mice were generated by breeding to Tg(CaMKlIla-cre)T29-1Stl (Tsien et al., 1996) and
Arc/Arg3.1 ablation occurred between P21 and P36.

4.2.3 Patch-clamp recordings

Mice were deeply anesthetized with isoflurane and quickly decapitated. Brains were
immediately removed and placed in an ice-cold carbogenated (95% 02/5% CO3) dissection
artificial cerebrospinal fluid (dACSF) containing (mM): 2.6 KCI, 26 NaHCO3, 1.23 NaH>POs,
7 MgS0s4, 1 CaCly, 212.7 sucrose, and 10 D-glucose. Acute 350 um horizontal hippocampal
slices were prepared with a vibratome (HM 650 V) in dACSF. Slices were placed in warmed
(30 £2°C) dACSF for 30 min followed by recovery for 30 min at 30 +2°C in a carbogenated
recording ACSF (rACSF) containing (mM): 119 NaCl, 2.5 KCl, 26 NaHCOs3, 1.25 NaH2POs,
1.3 MgSOs4, 2.5 CaClp, and 10 D-glucose. Slices were then kept in the rACSF at room
temperature until used for whole-cell recordings. Slices were submerged and constantly
perfused (4.2 mL/min) with rACSF at 37 +2°C in a glass bottom recording chamber. A nylon
grid was placed over the slices to keep them in place. The slices encompassing the dorsal
hippocampus (with coordinates equivalent to adult bregma -2.16 to -2.8) were visualized with
an Olympus BX51W1 upright microscope (Olympus, Tokyo, Japan). To locate the Cal
pyramidal layer, a 4X objective was employed, while a 63X objective was utilized to identify
and select cells for patching. For EPSCs and membrane properties: Pipettes (5-7MQ) were
pulled from thin-walled Borosilicate glass and filled with a pipette solution containing (in mM):
130 potassium gluconate, 4 KCI, 10 Hepes, 10 phosphocreatine-Na, 4 ATP-Mg, and 0.3
guanosine triphosphate, osmolarity was adjusted to 270-290 mOsm. Biocytin (2.5 mg/mL,
Sigma, Munich, Germany) was added for post hoc morphological visualization. The pipette
solution was thoroughly mixed after the addition of biocytin and then filtered. Recordings were
performed with a Multiclamp 700B amplifier (Molecular Devices, California, USA), sampled
at 10 kHz, and filtered at 3 kHz with a D/A converter (Digidata 1440, Molecular Devices).
Recordings were performed either at voltage clamp modus with a gain of 50 or at current clamp

mode with a gain of 1-10.

Input resistance was determined as the slope of the voltage-current plot, constructed from the
steady-state voltage responses to 500 ms current pulses ranging from -50 to 40 pA in 10 pA
increments (only the linear region of these plots was used). To elicit action potentials, current
injections of increasing intensities (40 pA increments) were applied for 500 ms. For the action
potential waveform, the amplitude and half-width of the first elicited action potential were

measured. The number of action potentials fired was recorded to create frequency/current (FI)
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curves. Data collected was subsequently analyzed offline using the pPCLAMP 10.7 software suit

(Molecular Devices).

Spontaneous excitatory (SEPSCs) were measured in voltage clamp mode at -70 mV. A square
pulse was applied every 20 s to monitor the series resistance (Rs). Recordings with Rs exceeding
30 MQ or with fluctuations >30% over a period of 1 hr, were excluded from the analysis. Data
were collected and analyzed offline using MiniAnalysis software (Synaptosoft). Raw traces
were first lowpass filtered at 1 KHz using a Bessel filter in the eighth order. sSEPSCs were
detected using a threshold of 5 pA. Traces of 2 s at a time, were analyzed semi-automatically,
and detected sSEPSCs were manually curated by the experimenter, correcting for peak detection
and discarding artifacts to improve the accuracy of the analysis. Averages were calculated per
cell for the parameters of peak amplitude, decay 1, interevent interval, and, time to peak. For
IPSC: the same conditions were used for the evaluation of inhibitory transmission (Fig. 4.2.10-
11) with the following changes: The intrapipette solution contained in mM: 107 Cs-gluconate
(CsOH + Gluconic acid), 10 tetracthylammonium chloride (TEA), 10 HEPES, 5 QX-314, 4
Mg-ATP, 2.5 CsCl, 0.3 Na3-GTP and 0.2 EGTA (pH 7.25, 276 mOsm). The voltage was held
at 0 mV to increase the chloride electrochemical drive and consequently the synaptic currents.
The glutamatergic antagonists CNQX (20uM) and APV (50uM) were applied in the perfusion
chamber to isolate inhibitory transmission. Detection of sIPSCs was done using the “template
search” function in ClampFit. Two types of sIPSCs with distinct kinetics were observed (with
mean half-widths of 3,95 and 13,66 ms, respectively). Two templates were created based on
traces from 5 WT and 5 KO cells. The final analysis showed that the slow sIPSCs represented
around 11% of the total events. Events of the two types were included in the final analysis. The
GABAA receptor antagonist Gabazine (5 uM) was applied at the end of the recordings to
investigate the GABAA-R component.

4.2.4 Neuron reconstructions

Following the recordings, patch pipettes were retracted carefully and the slices were transferred
to 4 % paraformaldehyde for fixation. Biocytin-filled neurons were recovered using the 3,3’-
diaminobenzidine (DAB) tetra hydrochloride avidin-biotin-peroxidase method. Briefly, free-
floating fixed hippocampal sections were rinsed in 0.1 M PBS (4 x 10 min), then blocked for
the endogenous peroxidase with 1 % H2O; for 10 min. The sections were then rinsed again in
PBS (4 x 10 min), permeabilized with 1 % triton/PBS for 90 min, and incubated in an avidin-
biotin coupled horse-radish peroxidase (ABC Elite kit, Vector) in a concentration of 1:200

diluted in 0.5 % triton/PBS for 2 h at room temperature. After incubation, the sections were
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rinsed in PBS again (3 x 10 min, 1 x 1 h), sections were then exposed to the DAB solution for

10 min, followed by another rinse in PBS (3 X 10 min).

DAB-stained cells were morphologically reconstructed in three dimensions using the
Neurolucida 7.50.2 system (MicroBrightfield, Colchester, VT, USA). Contours of the
hippocampal tissue (alveus, lower border of CA1 pyramidal cell layer, and hippocampal fissure)
were traced with 10x magnification (0.3 NA). Next, the whole neuron was reconstructed with
a 60x oil objective (1.25 NA). Poorly stained cells as well as clearly cut cells were not
considered for reconstruction. In some cases, only the apical dendrite was well-stained and
reconstructed. Reconstructions were analyzed using the software Neurolucida Explorer 4.50.4.
Sholl analysis was used to explore dendritic branching structures as a function of the distance
from the soma, with circles of increasing radius (in 10 pm steps) drawn around the soma. The

number of intersections crossing each circle and their length were analyzed.

4.2.5 Fluorescent in situ hybridization: RNAscope

Mice (3-4 per group) were deeply anesthetized with urethane (1-1.5 mg/g body weight) and
transcardially perfused with 25 ml 0.1 M PBS followed by 25 ml 4% PFA. The brains were
then extracted and postfixed in 4 % PFA for 2 days. Cryoprotection was achieved by immersing
the brains in a series of 10 %, 20 %, and 30 % sucrose/PSB for 2 days. Subsequently, the brains
were embedded in Tissue-Tek OCT (Sakura, Finetek) quickly frozen, and then sliced into 20
um thick coronal sections using a cryostat (Hyrax C60, Microm). The sections were selected at
bregma coordinates -1.94 to -2.06. One section per condition was placed on Superfrost Plus
slides (Thermo scientific), to control for possible slide effects. The RNAscope assay was
performed using the manufacturer’s instructions (ACD (RNAscope® Multiplex Fluorescent

Reagent Kit v2 Assay).

For pretreatment, the slides were washed with PBS and baked at 60 °C in the HybEZ™ II oven
for 30 minutes. For post-fixation, the sections were incubated in cold PFA on ice. After repeated
washing with PBS, the sections were dehydrated in several steps with increasing concentrations
(50%, 70%, 100%) of ethanol solution at room temperature. To block endogenous peroxidase
activity, hydrogen peroxide (H20) was applied to the dried slides for 10 minutes at room
temperature. After fully removing the H>O» and washing the slides, they were incubated for 5
minutes in a target retrieval buffer, in a 99 °C water bath. Next, the slides were washed with
PBS and incubated in 100% ethanol. Before continuing, the slides were left to dry at room
temperature, and a hydrophobic barrier was created around the sections on the slide using the

ImmEdge™ hydrophobic barrier pen.
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For protease treatment, drops of protease III were applied directly on the sections, which were
then placed on the oven tray and baked for 30 minutes at 40 °C. Afterward, protease III was

removed, and the slides were washed with PBS.

The sections were then incubated with 200 pl of the mRNA conjugated hybridization probe for
Arc/Arg3.1 (Cat. 838921-C1, custom-designed, 1x solution). For the negative control, the same
amount of probe dilution solution was applied to the control slide instead of the probe solution.
The slides were baked for 2 hours at 40 °C in the oven. The slides were washed with the washing
buffer provided in the kit and stored in 5x saline sodium citrate buffer at room temperature in

darkness overnight.

For amplification, the slides were placed on the oven tray, covered with drops of amplifier
solution (AMP1, provided in the kit) baked for 30 minutes at 40 °C in the oven, and then washed
with PBS. For labeling, the probe was combined with a horse-radish peroxidase (HRP) and a
corresponding fluorescence dye. The sections were covered with the first HRP and baked at 40
°C for 15 minutes. After washing, the sections were covered with 250 ul of Opal 570 dye and
baked at 40 °C for 30 minutes. The sections were washed again and covered with an HRP
blocker to stop the binding of dyes to HRP for 15 minutes at 40 °C. After labeling the target
mRNA, the slides were covered with DAPI solution and incubated for 15 min in the dark.
Afterward, the DAPI solution was removed, and 200 pl of ProLong Gold was used to mount

the slides.

The two hippocampi of every mouse section were imaged using the inverted microscope Axio
Observer.Z1 / 7 (Zeiss) with a 20 X 0.8 NA air objective. Images of variable dimensions were
captured with a voxel size of 0.173 x 0.173 um. The laser intensity and time exposure
parameters were optimized using the negative control. The same image acquisition parameters
were applied to all sections to ensure consistency. For analysis, a region of interest (ROI) of
1824 x 1248 pixels, with an actual area of 314.17 x 215.9 um centered around the somatic layer
of CA1 was selected. The analysis of the selected ROIs was performed using the mean intensity

measure in Fiji (Schindelin et al., 2012).

4.2.6 Immunofluorescence staining and confocal imaging

Male and female mice aged P14 and P28 were deeply anesthetized with urethane (1-1.5 mg/g
body weight) and transcardially perfused with 25 ml 0.1 M PBS followed by 25 ml 4% PFA.
The brains were then extracted and postfixed in 4% PFA for 2 days. Cryoprotection was

achieved by immersing the brains in a series of 10 %, 20 %, and 30 % sucrose/PSB for 2 days.
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Subsequently, the brains were embedded in Tissue-Tek OCT (Sakura, Finetek) quickly frozen,
and then sliced into 20 um thick coronal sections using a cryostat (Hyrax C60, Microm). An
antigen retrieval step was performed by heating the sections for 60 minutes at 80°C in a citrate
buffer at pH 6.0. To prepare the sections for immunostaining, the free-floating sections were
first blocked with a solution consisting of 10% horse serum, 0.2% bovine serum albumin
(BSA), and 0.3% Triton X in PBS for 1 hour. Following the blocking step, the sections were
incubated with the primary antibody solution for 48 hours. The primary antibody solution
contained 1% horse serum, 0.2% BSA, and 0.3% Triton X-100 in PBS. To analyze excitatory
synaptic clusters antibodies against VGLUT1 and VGLUT?2, as presynaptic markers, alongside
the postsynaptic scaffolding protein PSD-95 were applied. The primary antibodies in this study
were used as follows: rabbit anti-PSD-95 (1:500; Invitrogen, 51-6900), mouse anti-VGLUT1
(1:1000; Synaptic Systems, 135011), and, guinea pig anti-VGAT (1:500, Synaptic Systems,
135404). To analyze inhibitory synaptic clusters antibodies against the presynaptic marker
VGAT and gephyrin and, the y5 subunit of the GABAAa receptor, were applied. The primary
antibodies in this study were used as follows: Mouse anti-gephyrin (1:300; Synaptic Systems,
147 011), rabbit anti-GABA y5 (1:1000, Synaptic Systems, 224003), and guinea pig anti-VGAT
(1:500; Synaptic Systems, 131004). Following primary antibody incubation, the sections were
subjected to incubation with secondary antibodies conjugated with fluorophores at room
temperature for 2 h. The secondary antibodies were used as follows: goat anti-mouse DyLight
633 (1:200; ThermoFisher, 35513), goat anti-rabbit AlexaFluor 555 (1:200; ThermoFisher, A-
21428), and goat anti-guinea pig AlexaFluor 488 (1:200; ThermoFisher, A-11073).
Subsequently, the sections were rinsed with PBS and mounted using ProLong Gold Antifade
Mountant with DAPI (Invitrogen, P36931), and stored in the dark. The quantification of
synaptic clusters was performed across the four strata of the hippocampal CAl region, 4
animals per group were used. Three brain sections per mouse were selected at coordinates
equivalent to bregma -1.94 to -2.06 in adult mice. Non-overlapping image stacks (6 per mouse)
were obtained, using a 63X 1.4 NA oil-immersion objective and a 2.5 X digital zoom with the
pinhole set to 1 AU. Image stacks consisting of five consecutive images were captured with
dimensions of 1024 x 1024 pixels and an increment of 0.25 um per step. This imaging setup
resulted in an imaged region size of 73.81 x 73.81 x 1 um, with a voxel size 0f 0.072 x 0.072 x
0.25 pm. The laser intensity, detector sensitivity, and line averaging parameters were optimized
using sections stained with secondary antibodies only. The same image acquisition parameters
were applied to all mice sections to ensure consistency. For analysis, the entire image was used

as a ROI except for pictures of the pyramidal layer. In this case, a ROI of 1024 x 814 x 5 pixels
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was selected to avoid the inclusion of small segments of strata oriens and radiatum. The
analysis of the selected ROIs was performed using Imaris 9.3 (Bitplane) using the Spot function
and the MATLAB R2017 (MathWorks) extension for Spot colocalization. Automatic spot
detection was employed, using specific diameter thresholds for each protein marker. Spots with
a diameter greater than 0.2 pm for PSD-95, VGLUT?2, gephyrin, and GABAYS, and greater than
0.3 um for VGLUT1 and VGAT, were considered for further analysis. To assess colocalization,
the largest center-to-center distance between either PSD-95 and VGLUT1/VGLUT2 or VGAT
and gephyrin/GABAY2 spots was set at 0.7 um. This criterion ensured that only spots within

close proximity were considered colocalized.

4.2.7 Spine analysis

For spine analysis we employed the Golgi staining technique, using the FD Rapid Golgi
Staining Kit (FD Neurotechnologies, Columbia, MD, USA), as described by Du (2019).
Briefly, four naive early-cKO and four of their respective WT-control mice, age P28 were
deeply anesthetized with isoflurane and quickly decapitated. The brain was rapidly dissected
and rinsed with double-distilled water. Subsequently, the brains were submerged in an
impregnation solution containing equal volumes of solutions A and B (provided in the kit)
protected from light at room temperature for two weeks. The solution was replaced after 24 h.
Next, the brains were transferred to solution C for three days, once again, the solution was
replaced after the first 24 h. Next, the brains were frozen by slowly submerging them in
isopentane at — 70° C. After freezing, 100 um thick coronal sections were cut using a cryostat
(Hyrax C60, Microm). Sections were mounted on gelatin coated-slides and, allowed to dry
protected from light for subsequent staining. The staining process began with an initial wash in
double-distilled water, followed by immersion of the slides in a solution consisting of one-part
solution D, one-part solution E, and two-parts double-distilled water for 10 minutes. Next, the
slides were rinsed with double-distilled water and then underwent a series of dehydration steps
(4 minutes each) in 50 %, 75 %, 95 %, and 100% ethanol, followed by clearing in xylene (3 x
4 minutes). Finally, the slides were covered with a quick-hardening mounting medium

(Eukitt®) and stored at room temperature, protected from light.

CAL1 pyramidal neurons from sections with bregma AP coordinates -1.82 to -2.30 were selected
for analysis. Imaging was performed using the Confocal Reflection Super-Resolution
technique, described by Sivaguru et al. (2019). Briefly, apical oblique and basal dendrites were
selected, focusing on secondary or tertiary branches. A minimum of 17 dendritic segments per

mouse were imaged and processed. The length of the dendritic branches ranged from 10 to 60
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um, with a preference for dendrites extending parallel to the surface to ensure optimal imaging.
Images were obtained, using a 63X 1.4 NA oil-immersion objective and a 3X digital zoom with
the pinhole set to 0.21 AU, allowing a resolution under 220 um (Sivaguru et al., 2019). Image

stacks were captured with pixel dimensions of 30.05 x 30.05 nm at 0.16 pum increments.

Images were analyzed semi-automatically using Imaris 9.3 (Bitplane). Pre-processing included
baseline subtraction and the application of a Gaussian filter (0.180 um width) that allowed the
software to uniformly recognize the signal instead of single Golgi granules (0.150 um). The
“filament tracer” module was used to manually reconstruct the dendritic segments, and spines
were detected using the automatic spine detection tool. Manual curation of the detected spines
was done by the experimenter, assuring that only clear spines were included in the analysis.
The spine density was calculated by dividing the total spine number by the dendritic branch

length.

4.2.8 Experimental design and statistical analyses

Data were analyzed with Prism 8 (GraphPad Software Inc.). No statistical method was used to
predetermine sample size, but our sample sizes are comparable to those reported in previous
studies. Statistical tests used were as follows: Mann—Whitney U test, Kolmogorov—Smirnov
test, and mixed-design analysis of variance with Sidak’s post hoc test. The type of test is
indicated in the main text. A p-value below 0.05 was considered significant. All graphs were
generated with Prism 8, Igor Pro 6.3 (WaveMetrics), Adobe Illustrator CS5.5, and MATLAB
R2021a/R2022b (MathWorks). Experimenters were blind to the genotype until the conclusion
of the experiments and analysis. Values presented in the figures are mean + SEM or median

with 25th and 75th percentile, as indicated.
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4.3 Results
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Figure 4.1. Unaltered dendritic morphology in Arc/Arg3.1 KO mice . The top panel displays findings at postnatal day 14
(A-I), while the bottom panel shows results at postnatal day 28 (J-R). Reconstructions of CA1 pyramidal neurons are presented,
with basal dendrites drawn in red and apical dendrites in blue (A, D, G, J, M, and P). Quantification of dendritic length using
Sholl analysis for basal (B, E, H, K, N, and Q) and apical dendrites (C, F, I, L, O, and R) of the different KO lines compared
to their respective WT-controls. The solid lines indicate average values, with shadows indicating +SEM. (Mixed-effects
ANOVA, genotype effect marked *p<0.05). The reconstructions in this figure were performed by Christina Stanke and Tobias
Grellrich and were partially presented in their Master’s and Bachelor’s theses, respectively.

4.3.1 Arc/Arg3.1 deletion has minimal impact on the dendritic morphology of

hippocampal CA1 neurons in early postnatal development

To analyze dendritic trees, biocytin-filled CA1 pyramidal cells were reconstructed and their
dendritic branch distribution and length relative to the cell body were evaluated by Sholl
analysis. The results showed no differences in the length of the basal dendrites at P14 in any of
the KO lines compared to their WT-controls (Germline KO: Figure 4.1A-B, F(1,15=1.429,
p=0.2505; early-cKO: Figure 4.1D-E, F(1,15=0.0033, p=0.9549; late-cKO: Figure 4.1G-H,
Fa,22=1.052, p=0.3163). Consistent with the lack of change in basal dendrites, analysis of
apical dendrites in germline KO and early-cKO lines revealed no significant differences
compared to WT controls at P14. However, late-cKO mice displayed a distinct pattern. Here,
apical dendrites were significantly longer than WT specifically between a radius of 160 and
440 pm (Germline KO: Figure 4.1A and C, F(1,15=4.439, p=0.0524; early-cKO: Figure 4.1D
and F, F1,17=0.0064, p=0.9372; late-cKO: Figure 4.1G and I, F(123=5.303, p=0.0307).
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Consistent with the findings at P14, analysis of both basal and apical dendrites in all three
Arc/Arg3.1 knockout lines revealed no significant differences compared to their wild-type
controls at P28. (Basal: Germline KO: Figure 4.1J-K, F(125=0.0059, p=0.9393; early-cKO:
Figure 4.1M-N, F(63=1.493, p=0.226; late-cKO: Figure 4.1P-Q, F(1,13)=1.688, p=0.2164;
Apical: Germline KO: Figure 4.1J-L, F(127=1.747, p=0.1973; early-cKO: Figure 4.1M-O,
F,68=0.051, p=0.8221; late-cKO: Figure 4.1P-R, F(1,15=0.6570, p=0.4303). Similar to the
analysis of dendritic length, Sholl analysis of the number of intersections yielded comparable
results (Supplementary Table 4.1). Collectively, these findings suggest that Arc/Arg3.1 deletion

before postnatal day 21 (P21) exerts minimal influence on dendritic morphology.
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Figure 4.2. Deletion timeline of conditional Arc/Arg3.1 KO mice. A, C. Representative images illustrating Arc/Arg3.1
mRNA level in WT controls and early-cKO (A) and late-cKO (C) mice. Insets depict magnification in the CAl region. B, D.
Box plots show the quantification of mRNA level CA1 for early (B) and late (D) cKO lines. Box plots show the median +
interquartile range, + represents the mean, and each point represents the mean value from one cell. Statistical analysis using
Mann-Whitney U test revealed significant differences (¥p<0.05, **p<0.01, ***p<0.01).

4.3.2 Timeline deletion in conditional Arc/Arg3.1 KO mice

Interestingly, late-cKO mice, where Arc/Arg3.1 deletion begins after P21, displayed
unexpectedly longer apical dendrites at P14 but not at P28, and no changes in basal dendrites
at any time point. We believe this effect is unlikely to result from Arc/Arg3.1 deletion itself, as
the other KO lines did not show it, nor can it be caused by the Cre transgene, as it is present in

both late-cKO and their WT-control littermates.

A possible explanation for the effects observed in the late-cKO line at P14 is that Arc/Arg3.1
deletion might take place earlier than P21. Our previous study used radioactive in situ

hybridization (ISH) followed by a semi-quantitative analysis to track the timeline of Arc/Arg3.1
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deletion in the cKO mice (Castro Gomez, 2016; Gao et al., 2018). It is conceivable that some
differences in mRNA transcripts at P14 had been overlooked due to the limited resolution of
the technique. Therefore, we set out to evaluate the timing of the deletion using RNAscope, a
very sensitive and specific assay for fluorescent ISH that allows visualization of single

molecules while preserving tissue morphology (Wang et al., 2012).

We measured mRNA levels in the conditional Arc/Arg3.1 KO mice and their respective WT-
controls at the developmental times used in this study, P14 and P28. Our results confirmed the
natural upregulation in the WT-controls by showing significant increases from P14 to P28 in
both, the early and late-cKO lines (Figure 4.2B, early WT-control: P14 vs P28, U=2, p<0.001,
P14: n=8, P28: n=8; Figure 4.2D, late WT-control: P14 vs P28, U=8, p=0.0426, P14: n=8, P28:
n=6). Moreover, we also confirmed an effective Arc/Arg3.1 deletion in the early-cKO by P14
that remains at P28 (Figure 4.2B P14: U=0, p<0.001, WT: n=8, KO: n=8; P28: U=0, p<0.001,
WT: n=8, KO: n=8). Most importantly, we confirmed the delayed start of the deletion in the
late-cKO line, as we observed no differences between WT and KO mice at P14 (Figure 4.2B
U=28, p=0.7209, WT: n=8, KO: n=8). By P28, the deletion had already started, but it was not
completed as some Arc/Arg3.1 transcripts were still visible (Figure 4.2D U=0, p=0.0022, WT:
n=6, KO: n=6). These results, rule out the possibility of an earlier deletion in the late-cKO line
as an explanation for the longer apical dendrites observed at P14. Alternatively, this effect may
reflect a subtle bias in the sampling of the CA1 neurons in this specific group. Further

investigation using larger sample sizes might be necessary to clarify this observation.
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Figure 4.3. Electrical properties of pyramidal CA1 neurons in Arc/Arg3.1 KO mice. Panels A-B, Scheme of the protocol
followed: Input resistance was measured in current-clamp mode by quantifying the change in voltage at steady-state in response
to small current pulses (A). Action potentials (AP) were elicited by threshold depolarizing pulses of 500 ms duration (B). The
waveform of the first AP fired was analyzed (inset). Panels C-E, present box plots showing the input resistance of WT and the
different KO lines. Panels F-H display exemplary traces of the first action potential recorded from WT (black), KO (magenta),
early-cKO (blue), and late-cKO (green) cells. Quantification of action potential amplitude and half-width are presented in
panels I-K and L-N, respectively. Box plots show the median + interquartile range, + represents the mean, and each point
represents the mean value from one cell. Statistical analysis using Mann-Whitney U test revealed significant differences
(*p<0.05, **p<0.01, ***p<0.01).

4.3.3 Arc/Arg3.1 deletion has minimal impact on input resistance but shapes action

potential waveform

Neurons utilize electrical signals for communication. They possess both passive and active

properties. Passive properties, such as input resistance, enable neurons to conduct electrical
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impulses without the involvement of voltage-gated ion channels. In contrast, active properties
rely on voltage-gated ion channels to maintain membrane potential and generate action
potentials. This combination of passive and active properties is essential for neurons to
effectively receive, process, and transmit information. Similar to dendritic morphology, the
electrical properties of neurons significantly impact information processing, synaptic
integration, and ultimately, network function. These properties are plastic, adapting to synaptic
inputs, neuronal activity, and the surrounding environment (Turrigiano & Nelson, 2004).
Importantly, many synaptic receptors are themselves ionic channels, directly influencing the
flow of ions across the membrane and thus electrical properties. Since Arc/Arg3.1 is known to
regulate the trafficking of these ionic channels, we hypothesized a potential role for Arc/Arg3.1
in the maturation of CAl cell electrical properties. We investigated this, using patch-clamp
whole-cell recordings with native (without ion channel blockers) pipette solution and aCSF.
We injected a series of incremental current pulses to measure input resistance and action

potential waveforms in wild-type and Arc/Arg3.1 KO mice at postnatal days 14 and 28.

To understand the typical development of these parameters, we compared them in WT controls
from each KO line at P14 and P28. Our results revealed a significant decrease in input resistance
across this period for both the conventional WT group and the WT controls from the late-cKO
line (Figure 4.3A, Germline WT: P14 vs P28, U=118, p<0.001, P14: n=24, P28: n=27; Figure
4.3C, late WT-control: P14 vs P28, U=113, p<0.001, P14: n=41, P28: n=26). Interestingly, the
WT controls from the Early-cKO line displayed noticeably lower input resistance specifically
at P14, with no further reduction at P28 (Figure 4.3B, Early WT-control: P14 vs P28, U=249,
p<0.1057, P14: n=26, P28: n=26). This suggests an accelerated maturation of input resistance

in these WT controls compared to the other lines.

When evaluating the effects of Arc/Arg3.1 deletion on input resistance, we found no significant
differences in the germline or late-cKO cells compared to their WT controls at P14 or P28
(Figure 4.3A, Germline P14: U=238, p=0.1547, WT: n=24, KO: n=26; Germline P28: U=352,
p=0.8369, WT: n=27, KO: n=27; Figure 4.3C, Late-cKO P14: U=548, p=0.1649, WT: n=41,
KO: n=33; Late-cKO P28: U=308, p=0.0655, WT: n=26, KO: n=33). In contrast, the Early-
cKO displayed significantly higher input resistance at P14, but no changes at P28 (Figure 4.3B,
Early-cKO P14: U=200, p=0.0295, WT: n=26, KO: n=24; Early-cKO P28: U=363, p=0.4146,
WT: n=26, KO: n=32). The lower input resistance observed in the WT controls of the Early-
cKO line at P14, compared to other WT groups, is intriguing. However, the Early-cKO mice

themselves displayed input resistance similar to the other lines at P14. This suggests that the

100



Part III Results

observed difference is likely due to an accelerated maturation of input resistance in the WT

controls of this line, rather than an abnormally high resistance in the Early-cKO group.

Overall, input resistance was similar between KO/cKO and their WT-controls, indicating that

Arc/Arg3.1 does not significantly impact the maturation of cell excitability in CA1 neurons.

Regarding the maturation of the active properties taking place during the first postnatal month,
several studies have described changes in action potential waveform, specifically, a reduction
of its duration and an increase in its amplitude (Dougherty, 2020; Spigelman et al., 1992). Our
evaluation of these parameters failed to show differences in the action potential amplitude
between P14 and P28 for any of the KO lines (Figure 4.3G, Germline WT: P14 vs P28, U=257,
p=0.2115, P14: n=24, P28: n=27; Figure 4.3H, early WT-control: P14 vs P28, U=3343,
p=0.9494, P14: n=26, P28: n=26; Figure 4.31, late WT-control: P14 vs P28, U=482, p=0.5185,
P14: n=41, P28: n=26). However, a significant reduction of its half-width was observed in WT
controls of all KO lines during this period (Figure 4.3J, Germline WT: P14 vs P28, U=98,
p<0.0001, P14: n=24, P28: n=27; Figure 4.3K, early WT-control: P14 vs P28, U=190,
p=0.0062, P14: n=26, P28: n=26; Figure 4.3K, late WT-control: P14 vs P28, U=247, p=0.0002,
P14: n=41, P28: n=26). While no significant differences in action potential amplitude were
observed between KO lines and their WT controls at either P14 or P28, a slight trend towards
larger amplitude emerged in the germline KO group specifically at P28 (Figure 4.3G, Germline
P14: U=250, p=0.2347, WT: n=24, KO: n=26; Germline P28: U=262, p=0.0775, WT: n=27,
KO: n=27; Figure 4.3H, Early-cKO P14: U=294, p=0.7362, WT: n=26, KO: n=24; Early-cKO
P28: U=359, p=0.3799, WT: n=26, KO: n=32; Figure 4.31 Late-cKO P14: U=597, p=0.3925,
WT: n=41, KO: n=31; Late-cKO P28: U=420, p=0.8975, :WT: n=26, KO: n=33). Interestingly,
the germline KO group was the only one to exhibit a significant reduction in action potential
half-width compared to its WT control. This effect was specific to P28, as no changes were
observed at P14 or in any other KO lines (Figure 4.3J, Germline P14: U=271.5, p=0.4379,
WT: n=24, KO: n=26; Germline P28: U=236, p=0.026, WT: n=27, KO: n=27; Figure 4.3K,
Early-cKO P14: U=309, p=0.9616, WT: n=26, KO: n=24; Early-cKO P28: U=315, p=0.1166,
WT: n=26, KO: n=32; Figure 4.3L, Late-cKO P14: U=582, p=0.549, WT: n=41, KO: n=31;
Late-cKO P28: U=367, p=0.3504, :WT: n=26, KO: n=33). These findings suggest that
Arc/Arg3.1 deletion might influence action potential waveform, but this effect appears delayed

and limited to the germline deletion.
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Figure 4.4. Frequency-current (F-I) curves of CA1 neurons of Arc/Arg3.1 KO mice. A. Representative traces of cell firing
frequency in response to increasing current injection steps. The left panel shows frequency upon threshold current injection
(40pA), and the middle and right panels depict frequencies upon 520 and 1000 pA, respectively. B-J. Line plots show
quantifications of CA1 cell firing frequency. Comparisons are made between WT controls of each line at two developmental
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the effects of the "Genotype" factor within a Mixed-effects ANOVA (¥p<0.05, **p<0.01, ***p<0.001).

4.3.4 Transient Effects of Arc/Arg3.1 on Firing Frequencies During Early Development

In addition to membrane resistance and action potential waveform, the intrinsic excitability of
aneuron is also reflected by its firing frequency. We assessed this by applying current injections
of increasing intensities (40 pA increments) for 500 ms and measuring the number of action
potentials fired (frequency-current curves) (Figure 4.4A). Prior research suggests that firing
frequency undergoes significant changes during the first postnatal month, highlighting its

critical role in maturation (Dougherty, 2020; Sanchez-Aguilera et al., 2020).

To understand the typical development of firing frequency, we compared WT controls from
each KO line at P14 and P28 (Figure 4.4B-D). Our results revealed a significant increase in
firing frequency across this period for the WT controls in both the germline and Early-cKO

lines (Germline KO: Figure 4.4B, Fg49=11.13, p=0.0016; Early-cKO: Figure 4.4C,
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Fu,54=14.71, p=0.0003). Interestingly, the WT controls from the late-cKO line displayed no
change in firing frequency between P14 and P28 (late-cKO: Figure 4.4D, F(1,65=0.01135,
p=0.9155).

Next, we investigated the effects of Arc/Arg3.1 deletion on firing frequency. The germline KO
mice exhibited firing frequencies comparable to their WT controls at both P14 and P28
(Germline KO P14: Figure 4.4E, F(1.458=0.02323, p=0.8795; Germline KO P28: Figure 4.4H,
F(1,52=1.409, p=0.2407). However, the Early-cKO line displayed a significantly higher firing
frequency than their WT controls at P14, with no difference observed at P28 (Early-cKO P14:
Figure 4.4F, F(148=5.416, p=0.0242; Early-cKO P28: Figure 4.41, F(1,56=0.0097, p=0.922).
Conversely, the late-cKO mice showed a significantly lower firing frequency than their WT
controls at P14, but no change at P28 (Late-cKO P14: Figure 4.4G, F(1,72=10.60, p<0.0001;
Late-cKO P28: Figure 4.4J, F(1,57=0.4815, p=0.4900).

Overall, our findings indicate that firing frequency typically increases from the second to the
fourth postnatal week (P14 to P28) in WT controls from the germline and Early-cKO lines.
However, unlike the other groups, WT controls in the late-cKO line do not exhibit the typical
increase in firing frequency between P14 and P28. In fact, upon a comparison of the WT
controls from the different lines, we discovered that the firing frequency of WT mice in the
late-cKO line at P28 is notably lower compared to the germline WT controls (Mixed-effects
ANOVA Line effect: F2,80=4.618, p=0.0127, Sidak’s multiple comparisons germline-WT vs
late-WT: p=0.0113).

Importantly, the effects of Arc/Arg3.1 deletion on firing frequency appear transient. Both the
early and late-cKO lines show deviations from the typical WT maturation at P14, but these
differences normalize by P28. This suggests a potential window of influence for Arc/4rg3.1 on

firing frequency regulation, between P7 and P28.

4.3.5 Early but not germline or late Arc/4rg3.1 deletion reduces SEPSC amplitude and
frequency at P28

To assess excitatory synaptic strength and number during this critical period, we measured
spontaneous excitatory postsynaptic currents (SEPSCs) at -70 mV in WT controls from each
KO line at P14 and P28. The peak amplitude of the SEPSC reflects synaptic strength, while the

frequency was taken as a proxy for the number of active synapses.
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Figure 4.5. Reduced sEPSC amplitude and frequency in early Arc/4Arg3.1 KO mice at P28. In the upper panel (A-C),
exemplary traces of SEPSCs recorded at -70 mV are depicted for WT (black), KO (magenta), Early-cKO (blue), and late-cKO
(green) mice. Boxplots representing SEPSC amplitude (D-F) and frequency (G-I) for WT, KO, Early-cKO, and late-cKO mice
are shown. The box plots display the median + interquartile range, with the mean indicated by +, and each point representing
the mean value from one cell. Statistical analysis using the Mann-Whitney U test revealed significant differences (*p<0.05,
***p<0.01).
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Our analysis revealed no significant changes in sSEPSC amplitude across development (P14 to
P28) for any WT control group (Figure 4.5D, Germline WT: P14 vs P28, U=305, p=0.7293,
P14: n=24, P28: n=27; Figure 4.5E, early WT-control: P14 vs P28, U=280, p=0.405, P14:
n=26, P28: n=25; Figure 4.5F, late WT-control: P14 vs P28, U=452, p=0.4304, P14: n=41,
P28: n=25). Interestingly, SEPSC frequency appeared to decrease with development in all WT
controls, but this decrease only reached statistical significance in the late-cKO line (Figure
4.5G, Germline WT: P14 vs P28, U=237, p=0.103, P14: n=24, P28: n=27; Figure 4.5H, early
WT-control: P14 vs P28, U=264, p=0.2567, P14: n=26, P28: n=25; Figure 4.5, late WT-
control: P14 vs P28, U=350, p=0.0315, P14: n=41, P28: n=25).

Next, we investigated the effects of Arc/Arg3.1 deletion on SEPSC parameters. The germline
and late-cKO mice displayed no differences in sSEPSC amplitude or frequency compared to their
respective WT controls at either P14 or P28 (Amplitude: Figure 4.5D, Germline P14: U=312,
p>0.999, WT: n=24, KO: n=26; Germline P28: U=347, p=0.7705, WT: n=27, KO: n=27;
Figure 4.5F Late-cKO P14: U=657, p=0.8373, WT: n=41, KO: n=33; Late-cKO P28: U=372,
p=0.53295, WT: n=25, KO: n=33; Frequency: Figure 4.5G, Germline P14: U=281, p=0.5569,
WT: n=24, KO: n=26; Germline P28: U=346, p=0.7574, WT: n=27, KO: n=27; Figure 4.5I,
Late-cKO P14: U=570, p=0.2507, WT: n=41, KO: n=33; Late-cKO P28: U=399, p=0.8395,
WT: n=25, KO: n=33). In contrast, early deletion of Arc/Arg3.1 resulted in significantly lower
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sEPSC amplitude and frequency at P28, but not at P14, compared to their WT controls
(Amplitude: Figure 4.5E, Early-cKO P14: U=257, p=0.5587, WT: n=26, KO: n=22; Early-
cKO P28: U=139, p<0.0001, WT: n=25, KO: n=29; Frequency: Figure 4.5H, Early-cKO P14:
U=231, p=0.2621, WT: n=26, KO: n=22; Early-cKO P28: U=227, p=0.0183, WT: n=25, KO:
n=29).

Our findings suggest that Arc/Arg3.1 deletion disrupts excitatory synaptic transmission during
the first postnatal month. However, this effect was specific to the Early-cKO group, where
deletion starts at P7 and is complete by P14. This implies that Arc/Arg3.1 expression during the
second postnatal week is critical for the proper function and maintenance of excitatory
synapses. Interestingly, the impairment in the Early-cKO line was not observed immediately
after deletion (P14), but only by P28. This suggests that the effect might not be due to a failure
to form synapses. Instead, it could be a consequence of an active elimination process occurring
between the second and fourth postnatal weeks, where synapses lacking sufficient Arc/Arg3.1

are selectively removed.
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Figure 4.6. Normal sEPSCs kinetics in Arc/Arg3.1 KO cells. In the upper panel (A-C), representative averaged and scaled
(to peak amplitude) sEPSC traces are shown, recorded from WT, KO, Early-cKO, and late-cKO mice. Boxplots depicting
SEPSC rise time (D-F) and decay time (G-I) for these groups are presented. The box plots display the median + interquartile
range, with the mean indicated by +, and each point representing the mean value from one cell. Statistical analysis using the
Mann-Whitney U test revealed significant differences (*p<0.05, **p<0.01).

4.3.6 Normal development of SEPSC Kinetics in Arc/Arg3.1 KO mice

In Part I of the thesis, we observed changes in the kinetics of SEPSC in the adult hippocampi of
germline and early Arc/Arg3.1 KO mice (Figure 2.3). To explore whether this accelerated
sEPSC response begins during early developmental stages, we measured sEPSC rise and decay
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time constants at P14 and P28. Previous research indicates that SEPSC kinetics tend to slow

down during the initial postnatal month, a phenomenon associated with changes in the

composition of AMPA receptors (Pickard et al., 2000; Stubblefield & Benke, 2010).

Initially, we examined this typical developmental pattern in our WT controls. Our findings
suggested a tendency toward a slower SEPSC rise time at P28 compared to P14 in WT controls
from all lines. However, this effect did not reach statistical significance in the late-cKO line
(Figure 4.6D, Germline WT: P14 vs P28, U=182, p=0.0068, P14: n=24, P28: n=27; Figure 4.6E,
early WT control: P14 vs P28, U=192, p=0.0117, P14: n=26, P28: n=25; Figure 4.6F, late WT
control: P14 vs P28, U=380, p=0.081, P14: n=41, P28: n=25). Similarly, the decay time
constant also tended to increase with development in the WT controls of the germline and early
KO lines (Figure 4.6G, Germline WT: P14 vs P28, U=185, p=0.0081, P14: n=24, P28: n=27,
Figure 4.6H, early WT control: P14 vs P28, U=188, p=0.0093, P14: n=26, P28: n=25; Figure 4.61,
late WT control: P14 vs P28, U=408, p=0.1704, P14: n=41, P28: n=25). These results align

with the anticipated developmental alterations in SEPSC kinetics.

Next, we explored how Arc/Arg3.1 deletion affects sSEPSC kinetics by comparing Arc/Arg3.1
KO animals to their corresponding WT controls. Our results showed no significant differences
in the rise or decay time in any of the KO lines, at either P14 or P28 (Rise time: Figure 4.6D,
Germline P14: U=254, p=0.2668, WT: n=24, KO: n=26; Germline P28: U=282, p=0.1572, WT:
n=27, KO: n=27; Figure 4.6E, Early-cKO P14: U=272, p=782, WT: n=26, KO: n=22; Early-cKO
P28: U=343, p=0.7437, WT: n=25, KO: n=29; Figure 4.6F, Late-cKO P14: U=530, p=0.1127,
WT: n=41, KO: n=33; Late-cKO P28: U=387, p=0.6969, WT: n=25, KO: n=33; Frequency:
Figure 4.6G, Germline P14: U=266, p=0.3802, WT: n=24, KO: n=26; Germline P28: U=357,
p=0.9044, WT: n=27, KO: n=27; Figure 4.6H, Early-cKO P14: U=261, p=0.6153, WT: n=26,
KO: n=22; Early-cKO P28: U=283, p=0.1719, WT: n=25, KO: n=29; Figure 4.6I, Late-cKO
P14: U=596, p=0.3865, WT: n=41, KO: n=33; Late-cKO P28: U=336, p=0.2348, WT: n=25,
KO: n=33). This suggests that while the first postnatal month is indeed a period of substantial
changes in the duration of excitatory currents, Arc/Arg3.1 does not seem to regulate SEPSC
kinetics during this early developmental stage. Instead, the alterations observed in the adult

brain begin at later stages of development.

4.3.7 Reduced eEPSC amplitude in early Arc/Arg3.1 KO mice at P28

CAL1 pyramidal cells receive a major source of excitatory input from CA3 pyramids via Schaffer
collaterals (Megias et al., 2001) terminating on CAl apical dendrites within the stratum

radiatum. The number of synapses formed between the CA3 and CAl, as well as their
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individual currents, determine the excitatory drive for CA1 and its ability to generate activity
patterns essential for learning and memory. To specifically assess the excitatory drive from
CA3 to CAl, we employed an extracellular electrode placed in the stratum radiatum (main
CA1 layer receiving Schaffer collateral input). We then examined the effects of stimuli with

varying intensities on evoked excitatory postsynaptic currents (eEPSCs).
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Figure 4.7. Smaller eEPSC amplitude in early Arc/Arg3.1 KO mice at P28. Average curves of e[PSC amplitude in response
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the middle and bottom panels (D-F and G-I) display comparisons of WT versus KO cells at P14 and P28, respectively. Solid
lines indicate average values, with shadows indicating =SEM. Legend asterisks indicate the effects of the factor “Genotype”
within a Mixed-effects ANOVA, **p<0.001. Insets display representative traces evoked by 100pA stimulation.

Prior studies suggest that the synaptic strength of Schaffer collaterals projection to CAl
increases beyond the third postnatal week (Bekenstein & Lothman, 1991; Dumas & Foster,
1995). To understand the natural development of these CA3-CA1 synapses, we compared the
eEPSC amplitudes in WT controls from each KO line at P14 and P28.

In the germline KO, the WT group exhibited no significant change in eEPSC amplitude between
P14 and P28 (Figure 4.7A, F(1,43)=0.1768, p=0.6762). However, the WT controls of the early-
cKO line displayed a significant increase in eEPSC amplitude from P14 to P28, suggesting a
potential strengthening of synaptic connections during this developmental phase (Figure 4.7B,
F(1,43=28.09, p<0.0001). Although less pronounced, WT controls of the late-cKO line also
showed a tendency toward larger eEPSC amplitude at P28, though this increase did not reach
statistical significance (Figure 4.7C, F(150=3.884, p=0.0534). These findings partially
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corroborate previously reported enhancements in CA3-CA 1 synaptic strength between the third

and fourth postnatal weeks (Dumas & Foster, 1995).

Next, we evaluated the impact of Arc/Arg3.1 deletion at different developmental stages on
eEPSC amplitude. At P14, we observed no differences in any of the Arc/Arg3.1 KO lines
compared to their respective WT controls (Germline KO: Figure 4.7D, F(144=0.0448,
p=0.8333; Early-cKO: Figure 4.7E, F(37=1.843, p=0.1828; Late-cKO: Figure 4.7F,
F(1,65=0.3368, p=0.7369). However, congruent with decreases in sEPSC amplitude and
frequency, our results revealed significantly smaller eEPSC amplitudes in early-cKO neurons
at P28 (Figure 4.7H, F(1,44=63.54, p<0.0001). No alterations were detected in the germline or
late-cKO cells (Germline KO: Figure 4.7G, F(1,48=0.7173, p=0.4012; Late-cKO: Figure 4.71,
Fu,51=0.1142, p=0.7369). Importantly, eEPSC amplitudes in early-cKO strongly decreased
from P14 to P28 (See blue lines in Figure 4.7E and H, F(135=8.925, p<0.0049), suggesting
that the underlying mechanism involved an active removal of synapses as opposed to stagnating

synaptogenesis.
4.3.8 Reduced spine density in early-cKO mice at P28

During the first postnatal week, most excitatory synapses form directly on dendritic shafts (Fiala
et al., 1998). By the third postnatal week, a dramatic increase occurs in the number of synapses,
with the majority transitioning to dendritic spines (Harris et al., 1992). We investigated whether
the reduced synaptic transmission observed in early-cKO mice at P28 is reflected in changes to

dendritic spine density and morphology.

To address this question, we employed the Golgi-Cox method to stain neurons in the brains of
early-cKO mice and their WT controls. This technique offers high-resolution visualization of
neuronal morphology, including dendritic spines. To further enhance image clarity and
minimize out-of-focus blur, we utilized Confocal Reflection Super Resolution microscopy
(Sivaguru et al., 2019), providing a superior resolution in the z-plane (Figure 4.8A). Following
image acquisition, we processed the image stacks using a maximum projection function,
generating a two-dimensional representation of the dendritic arbor. We then employed the
filament tracer module of Imaris software (Bitplane AG) to reconstruct dendritic segments from
both the basal and apical trees. Finally, these automated reconstructions were manually curated

to eliminate any artificial spines introduced during processing.
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Figure 4.8. Reduced spine density in early Arc/Arg3.1 KO mice at P28. Panel A presents Golgi-stained hippocampal tissue
images at increasing magnifications (10x top, 63x middle, and 100x bottom panels). Images on the left were captured using
bright-field microscopy, while those on the right utilized the confocal reflection super-resolution technique. The boxed regions
depict the soma and dendrites of two CA1 pyramids. Scale bars are 100um for the top, 15um for the middle, and Spm for the
bottom images. Panel B displays representative segments of basal dendrites of both WT and early-cKO mice, with scale bars
of 3um. Spine density and length quantifications are shown in panels C and D, respectively. Panel E shows representative
segments of apical dendrites of WT and early-cKO mice, with scale bars of 3um, and spine density and length quantifications
in panels F and G, respectively. Violin plots depict the median + interquartile range, with each point representing the mean
value from one dendritic segment. Statistical analysis using the Mann-Whitney U test revealed significant differences (*p<0.05,
**p<0.01). Images in panel A were acquired by Cristina Stanke and were presented as part of her master’s thesis (Stanke,
2022).

Our findings aligned with the observed decrease in synaptic function, revealing a significantly
lower spine density in both the basal and apical dendrites of early-cKO mice compared to their
WT controls (Basal: Figure 4.8C, U=1570, p=0.0423, WT: n=71, early-cKO: n=56; Apical:
Figure 4.8F, U=1194, p=0.0037, WT: n=64, early-cKO: n=54). Additionally, the length of
dendritic spines was significantly reduced in the early-cKO group, but this effect was specific
to the apical dendrites. No change in spine length was observed in the basal dendrites (Basal:
Figure 4.8D, U=1908, p=0.7005, WT: n=71, early-cKO: n=56; Apical: Figure 4.8G, U=1144,
p=0.0015, WT: n=64, early-cKO: n=54).
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Figure 4.9. Decreased excitatory synaptic clusters in early-cKO. The representative images in panels A and C depict
immunostaining for PSD-95 with VGLUT1 and VGLUT2, respectively, in the CA1 stratum radiatum at postnatal day 14 (P14).
Panels B and D display the quantification of PSD-95 colocalized clusters with either VGLUT1 or VGLUT2, respectively.
Similarly, panels E and G show representative images of immunostaining for PSD-95 with VGLUT1 and VGLUT?2,
respectively, from the CA1 stratum radiatum at postnatal day 28 (P28). Panels F and H present the corresponding quantification
of PSD-95 colocalized clusters with either VGLUT1 or VGLUT?2, respectively. Boxplots show the median + interquartile
range, + represents the mean, and each point represents the value from one confocal scan. Statistical analysis using the Mann-
Whitney U test revealed significant differences (*p<0.05, **p<0.01). Scale bars, 2pm.
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4.3.9 Early-cKO mice exhibited fewer excitatory clusters in the CA1l region of the

hippocampus.

We employed immunostaining to visualize and quantify synaptic clusters. We labeled
postsynaptic sites with PSD-95, a protein concentrated at excitatory postsynaptic densities, and
presynaptic sites with antibodies against VGLUT1 and VGLUT?2. This approach allowed us to
capture a broad spectrum of potential excitatory synapses, with colocalization of PSD-95 with

VGLUTs considered indicative of excitatory synapses.

Vesicular glutamate transporters (VGLUTSs) are proteins located in presynaptic terminals that
package the neurotransmitter glutamate into synaptic vesicles (Bellocchio et al., 2000). Because
of this role, they serve as reliable markers for identifying excitatory nerve terminals throughout
the brain. Previous studies have demonstrated distinct and complementary expression patterns
of VGLUTI1 and VGLUT2 across various brain regions and within specific brain regions,
suggesting their potential role in segregating excitatory inputs from different areas (Fremeau et
al., 2001). Notably, the expression patterns of VGLUTs undergo significant changes during the
first postnatal month, likely reflecting ongoing development and plasticity within excitatory

circuits (Nakamura et al., 2005).

Our previous studies using electrophysiological and structural analyses revealed that deleting
Arc/Arg3. 1, particularly during the second postnatal week, disrupts excitatory synaptic function
in the hippocampus. To further investigate potential alterations in synaptic organization, we
examined the distribution of synapses across different layers of the CA1 region in both WT and
early-cKO mice at P14 and P28.

Our findings on VGLUT distribution corroborated previous studies, revealing a distinct pattern
across hippocampal layers. PSD-95 clusters colocalized with VGLUT1 (indicating VGLUT]1
synapses) were scarce in the pyramidal layer but abundant in the stratum oriens and radiatum
of CAl. In contrast, PSD-95 clusters colocalized with VGLUT2 (indicating VGLUT?2
synapses) were more abundant in the stratum lacunosum moleculare but showed a relatively

homogeneous distribution across the other layers.

Our comparison of WT and early-cKO mice at P14 revealed a reduction in VGLUT]1 synapses
specifically within the lacunosum moleculare layer. Additionally, there was a trend towards
fewer VGLUT]1 synapses in the stratum radiatum, with no significant changes in strata oriens
or pyramidale (Figure 4.9A-B, WT: n=23, early-cKO: n=22, st. oriens: U=220, p=0.4643, st.
pyramidale: U=204, p=0.2737, st. radiatum: U=172, p=0.0672, st. lacunosum moleculare:
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U=126, p=0.0034). Interestingly, the distribution of VGLUT2 synapses remained unchanged
in early-cKO mice compared to their WT controls (Figure 4.9C-D, WT: n=23, early-cKO:
n=22, st. oriens: U=227, p=0.5661, st. pyramidale: U=245.5, p=0.8709, st. radiatum: U=219,
p=0.4471, st. lacunosum moleculare: U=190, p=0.1573).

At P28, when the most significant deficits in excitatory transmission and reductions in spine
density were observed, we found a markedly lower number of VGLUTI synapses in all
dendritic layers of early-cKO mice compared to WT controls. Notably, VGLUT1 synapses in
the stratum pyramidale were not affected (Figure 4.9E-F, WT: n=24, early-cKO: n=24, st.
oriens: U=182, p=0.0287, st. pyramidale: U=262.5, p=0.6057, st. radiatum: U=187, p=0.0374,
st. lacunosum moleculare: U=189, p=0.0415). VGLUT?2 results showed a trend towards fewer
synapses in the stratum oriens and radiatum of the early cKO group, although this effect was
not statistically significant. Similar to P14, VGLUT2 synapses in strata pyramidale and
lacunosum moleculare remained unchanged compared to WT controls (Figure 4.9G-H, WT:
n=24, early-cKO: n=24, st. oriens: U=207, p=0.0972, st. pyramidale: U=233.5, p=0.266, st.
radiatum: U=203, p=0.0814, st. lacunosum moleculare: U=238, p=0.3104).

Taken together, our immunostaining results revealed that deletion of Arc/Arg3.1 during the
early postnatal period (early-cKO) primarily reduced the density of VGLUT1 synapses in CA1
without an overt effect on VGLUT?2 synapses. The loss of VGLUT1 synapses in the early-cKO
emerged at P14, and early-cKO in the lacunosum moleculare layer and spread to all dendritic

layers by P28.
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Figure 4.10. Decreased inhibitory synaptic clusters in early-cKO. The representative images in panels A and C depict
immunostaining for VGAT with Gephyrin and GABAY2, respectively, in the CA1 stratum radiatum at postnatal day 14 (P14).
Panels B and D display the quantification of VGAT colocalized clusters with either Gephyrin or GABAY2, respectively.
Similarly, panels E and G show representative images of immunostaining for VGAT with Gephyrin and GABAY2, respectively,
from the CA1 stratum radiatum at postnatal day 28 (P28). Panels F and H present the corresponding quantification of VGAT
colocalized clusters with either Gephyrin or GABAY2, respectively. Boxplots show the median + interquartile range, +
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represents the mean, and each point represents the value from one confocal scan. Statistical analysis using the Mann-Whitney
U test revealed significant differences (*p<0.05, **p<0.01). Scale bars, 2pum.

4.3.10 Early-cKO mice exhibited fewer inhibitory clusters in the CA1 region of the

hippocampus.

The inhibitory transmission also matures during the first postnatal month in an activity-
dependent manner (Banks et al., 2002; Chattopadhyaya et al., 2004; Danglot et al., 2006;
Huang, 2009). The alterations observed in excitatory transmission in the early-cKO may thus
impact inhibition by altering activity levels and synaptic plasticity. To address this possibility,

we investigated inhibitory synaptic transmission in CA1 of early-cKO mice.

We labeled presynaptic sites with the vesicular GABA transporter (VGAT), a marker for
inhibitory axonic terminals, and postsynaptic sites with antibodies against gephyrin (a key
scaffolding protein for inhibitory synapses) and the GABA-y2 subunit of GABA-A receptors.
Some studies suggest that GABA-A receptors containing the y2 subunit can cluster
independently from gephyrin (Danglot et al., 2003), so we included this measure to explore a
broader range of potential inhibitory synapses. Colocalization of VGAT with either gephyrin
or GABA-y2 served as an indicator of inhibitory synapses.

At P14, our immunostaining analysis revealed no significant differences in the number of
inhibitory synapses between WT and early-cKO mice. This was true for synapses labeled by
colocalization of VGAT with either gephyrin or GABA-y2 across all layers of the CA1 region
(VGAT-Gephyrin colocalized: Figure 4.10A-B, WT: n=24, early-cKO: n=22, st. oriens:
U=251, p=0.7855, st. pyramidale: U=258, p=0.9047, st. radiatum: U=242, p=0.6355, st.
lacunosum moleculare: U=256, p=0.8703; VGAT- GABA-y2 colocalized: Figure 4.10C-D,
WT: n=24, early-cKO: n=22, st. oriens: U=260, p=0.9393, st. pyramidale: U=230, p=0.465, st.
radiatum: U=254, p=0.8361, st. lacunosum moleculare: U=257, p=0.8875).

However, a striking change emerged at P28. Early-cKO mice displayed a significantly lower
number of VGAT clusters colocalized with both gephyrin and GABA-y2 in all CAl layers
compared to their WT counterparts (VGAT-Gephyrin colocalized: Figure 4.10E-F, WT: n=24,
early-cKO: n=24, st. oriens: U=161, p=0.0082, st. pyramidale: U=167, p=0.012, st. radiatum:
U=147, p=0.0032, st. lacunosum moleculare: U=162, p=0.0088; VGAT- GABA-y2
colocalized: Figure 4.10G-H, WT: n=24, early-cKO: n=24, st. oriens: U=163.5, p=0.0095, st.
pyramidale: U=192 p=0.0483, st. radiatum: U=179, p=0.0243, st. lacunosum moleculare:
U=158, p=0.0068). Overall, these findings suggest that early postnatal Arc/Arg3.1 deletion

leads to alterations in inhibitory synaptic clustering across the entire axodendritic axis of CA1.
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Figure 4.11. Preserved sIPSC amplitude, frequency, and Kinetics in early-cKO mice. Panel A displays sample traces of
sIPSCs recorded at 0 mV in the presence of glutamatergic blockers (APV and CNQX), followed by traces from the same cell
after gabazine was added to the recording solution. Panel B illustrates sSIPSC traces with CNQX and APV in WT cells (in black)
and early-cKO cells (in blue). Panels C and E show similar amplitude and frequency of sIPSCs between WT and early-cKO
cells. Panels D and F demonstrate an unaltered time to peak and decay t in early-cKO cells. Box plots show the median +
interquartile range of the respective parameter, + represents the mean, every point represents the mean value from one cell.
(Mann-Whitney U test **:p>0.01, ***: p>0.001). Line plots depict cumulative frequency histograms for each parameter.

4.3.11 Early-cKO mice exhibit unaltered sIPSCs

The reduced number of inhibitory clusters observed at P28 in early Arc/Arg3.1 KO mice
suggested a decrease in the number of inhibitory synapses. Subsequently, we investigated
whether these reductions translated into functional modifications in inhibitory transmission. To
address this, we conducted patch-clamp recordings to measure spontaneous inhibitory
postsynaptic currents (sIPSCs) while holding cells at 0 mV and in the presence of AMPA and
NMDA receptor antagonists to isolate inhibitory currents. Since sIPSCs disappeared with the
GABA-A receptor blocker gabazine, we can confidently exclude GABA-B receptors from
contributing to the recorded currents (Figure 4.11A). We assessed the inhibitory synapse

strength and frequency of sIPSCs.
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Representative traces revealed no significant differences in amplitude or frequency patterns
between KO and WT mice (Figure 4.11B). Cumulative histograms and quantitative analysis of
mean peak amplitudes and frequency (determined by IEI) also failed to reveal any statistically
significant differences between the groups (Amplitude: Figure 4.11C, U= 795, p>0.999, WT:
n=43, early-cKO: n=37; Frequency: Figure 4.11E, U=706, p=0.3925, WT: n=43, early-cKO:
n= 37). Considering the importance of synaptic time constants for network synchrony and the
previously observed changes in sSIPSCs kinetics in germline Arc/Arg3.1 KO, we then evaluated
the rise and decay components of sIPSCs. Our results showed no differences in these parameters
in the early-cKO group compared to their WT controls, across the entire parameter distribution,
as indicated by the completely overlapping cumulative histograms (Time to peak: Figure
4.11D, U= 691, p=0.3174, WT: n=43, early-cKO: n=37; Decay t: Figure 4.11F, U=729,
p=0.5263, WT: n=43, early-cKO: n= 37). Together, these findings suggest that despite
structural deficits, functional changes in the spontaneous inhibitory synaptic transmission were

not detected in early c-KO mice at P28.

4.3.12 Early Arc/Arg3.1 deletion does not impact eIPSCs or paired-pulse modulation of
inhibition

While our staining revealed fewer inhibitory clusters (VGAT colocalized with gephyrin or

GABA-y2) in early-cKO mice at P28, we did not observe changes in sSIPSC. This suggests a

potential mismatch between the number of inhibitory clusters and the number of functional

synapses.

Recent studies indicate a partial segregation between spontaneous and evoked inhibitory
neurotransmission, with up to 40% of the evoked responses mediated by GABAARs exclusively
activated by evoked neurotransmission (Horvath et al., 2020). Therefore, we investigated
evoked inhibitory postsynaptic currents (eI[PSCs) in early-cKO mice at P28. We applied stimuli

of increasing intensity in the CA1 radiatum layer and measured eIPSC amplitude and area.

Similar to sIPSCs, no differences in e[PSC parameters were observed between early-cKO and
WT mice (Mixed-effects ANOVA Genotype effect; Amplitude: Figure 4.12B, F(1,77=0.062,
p=0.804, WT: n=43, KO: n=36; Area: Figure 4.12C, F(1,77)=0.8456, p=0.3607, WT: n=43, KO:
n=36). This suggests that neither spontaneous nor evoked inhibitory transmission is altered by

early Arc/Arg3.1 deletion at P28.

Since our assessment of inhibitory synaptic clusters relied on counting VGAT clusters

colocalized with either gephyrin or GABAY2 clusters, where VGAT indicates presynaptic sites
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of inhibitory synapses, we explored whether alterations in inhibitory synaptic transmission
corresponded to changes in presynaptic mechanisms. To do this, we investigated potential
modifications in inhibitory presynaptic transmission by measuring the paired-pulse ratio during

stimulation protocols with varying inter-pulse intervals (1000, 100, and 50 ms).
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Figure 4.12. Unaltered eIPSC and paired-pulse ratio in early-cKO mice. A Shows the recording protocol sketch on the left
indicating the positions of stimulating and recording electrodes, while scaled representative traces of eIPSCs evoked by 90pA
stimulation are shown on the right. Panels B and C display averaged curves of eIPSCs amplitude and area, respectively. Panel
D presents exemplary traces of eIPSCs in response to paired pulses with different inter-stimulus intervals (ISI). E demonstrates
indistinguishable paired-pulse amplitudes in WT and early Arc/4Arg3.1 KO mice in response to stimulation, regardless of the
ISI, and F illustrates preserved paired-pulse ratios for all ISIs in early Arc/Arg3.1 KO mice. Scatter plots depict the mean +
standard error of the mean (SEM) of the respective parameter, with each point representing the mean value from one cell.

Interestingly, both groups displayed paired-pulse depression, suggesting a high release

probability regardless of inter-pulse interval (Figure 4.12D-E). However, no significant
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differences were found between early-cKO and WT mice (Figure 4.12F; 1000 ms: U= 603,
p=0.2363, WT: n=41, early-cKO: n=35; 100 ms: U= 587, p=0.1765, WT: n=41, early-cKO:
n=35; 50 ms: U= 661, p=0.6844, WT: n=40, early-cKO: n=35), indicating that early Arc/4rg3.1

deletion does not alter the presynaptic mechanisms of inhibitory transmission.

Taken together, our functional analysis suggests that early Arc/Arg3.1 deletion at P28 does not
impact spontaneous or evoked inhibitory transmission, despite a decrease in the number of
inhibitory clusters observed through staining. How could this discrepancy be explained? One
possibility is that the colocalization of pre- and postsynaptic markers does not necessarily

reflect functional synapses, but rather silent or immature ones.
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4.4 Discussion

The natural upregulation of Arc/Arg3.1 during the first postnatal month substantially overlaps
with the period of dendritic growth in the hippocampus. Given its association with the actin
cytoskeleton, Arc/Arg3.1 could potentially modulate this dendritic growth. Previous work from
our group compared the gross dendritic morphology of a small number of cells in the adult
hippocampus and found no clear alterations (Plath et al., 2006). However, the role of Arc/Arg3.1
in the development of dendritic morphology has not been evaluated. Some studies have shown
that one of its closest associated molecules, the brain-derived neurotrophic factor (BDNF)
(Bramham et al., 2010; Messaoudi et al., 2007; Yin et al., 2002), regulates dendritic outgrowth
and arborization (Colucci-D'Amato et al., 2020; Gorski et al., 2003; Kim & Cho, 2014).
However, there is conflicting evidence suggesting that BDNF is necessary for dendritic growth
in regions like the striatum but is dispensable for this process in the hippocampus (Rauskolb et
al., 2010). Our results showed normal dendritic morphology in Arc/Arg3.1 KO mice at the end
of both the second and fourth weeks, indicating that Arc/Arg3.1 does not play a role in gross
dendritic morphology in the hippocampus.

Regarding membrane properties, we observed no major effects of Arc/Arg3.1 deletion in
membrane resistance regardless of the time of deletion, except for a tendency towards higher
membrane resistance in the early-cKO mice at P14. However, upon closer examination, we
found that the input resistance of this group was comparable to that of the KO mice from the
other two KO lines and their WT controls. In contrast, the WT controls of the early-cKO line
exhibited significantly lower input resistance compared to the WT controls of the other two KO
lines. Consistently, the expected reduction in input resistance from the second to the fourth

week, observed in the other two lines, did not occur in the WT controls of the early-cKO line.

The only difference between the WT controls in the different lines is their expression of Cre
recombinase. Thus, the observed differences could be attributed to the off-target effects of Cre
recombinase, which is a known limitation of the Cre-loxP system (McLellan et al., 2017).
However, it is important to note that while we cannot entirely exclude such off-target effects,
they are likely minor. As suggested by the lack of differences between the WT controls in other
physiological parameters evaluated in this study. Further research is necessary to assess these

potential effects on input resistance and clarify the impact of these observations.

Our findings showed an age-related reduction in action potential duration, a maturational

change previously shown by other studies and dependent on the expression of sodium and
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potassium channels (Costa et al., 1994; Isagai et al., 1999; Sanchez-Alonso et al., 2010;
Spigelman et al., 1992). Furthermore, we found that germline deletion sharpens the action
potential waveform at P28, while postnatal deletions have no effect. This suggests that this
property is particularly sensitive to Arc/Arg3.1 presence during the first 2 postnatal weeks. In
line with this, action potential duration in immature neurons (P3-5) is especially sensitive to
changes in membrane potential and K" blockers (Spigelman et al., 1992). Therefore, it is
possible that the absence of Arc/Arg3.1 during this very early period alters development by
regulating the expression of K" channels, and this could explain why this AP sharpening is not

observed in the early and late-cKOs.

Neurons with shorter action potential duration often reach higher firing frequencies. Consistent
with this, our FI curves revealed a significant age-related increase in the frequency of action
potentials. However, despite the shorter AP duration in the germline KO cells, we did not
observe further increases in firing frequency P28 in this line. Instead, we observed an
acceleration of this maturation in the early-cKO cells, reflected by higher firing frequencies at
P14. This effect, in the absence of clear differences in AP half-width, might reflect an increase
in the bursting probability of these cells. This possibility needs to be addressed in future studies,
as we did not evaluate this parameter in this study. Collectively, our findings show that
Arc/Arg3.1 during early development modulates the maturation of active, but not passive,

properties, possibly by regulating the expression of Na* and K*, channels.

Studies using electron microscopy show that the number of excitatory synapses increases
dramatically during the first postnatal month, with the sharpest increases observed between
weeks one and three, followed by a slowdown into the fourth week (Steward Falk 1991). In
comparison, our findings on sEPSC frequency showed no increases from the second to the
fourth week and even a tendency towards lower frequency. These findings align well with a
recent report that measured mEPSCs, their results showed no increases in amplitude and also a
tendency toward a decrease in frequency from the second to the fourth week (Sakimoto et al.,
2022). A possible explanation for the reduction in SEPSCs frequency lies in synaptic pruning.
The development of diverse circuits in the central nervous system relies on neural activity to
drive this maturation not only by promoting the addition of a large number of synapses but also

by the elimination of synapses present within inappropriate regions (Katz & Shatz, 1996).

Our findings on sEPSCs in the different KO lines revealed no differences at P14 in any of the
lines, but a significant reduction in the strength and number of excitatory synapses in the early-
cKO line at P28. Consistent with this, we also observed reductions in spine density. Deficits
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that are likely the result of an active synapse elimination rather than a failure to develop new
ones. A role of Arc/Arg3.1 in activity-dependent synapse elimination in the cerebellum during
the third and fourth postnatal weeks was already shown in the study by Mikuni et al. (2013).
However, while Mikuni et al. suggest that Arc/Arg3.1 presence is necessary for this elimination
to occur, our results suggest that Arc/Arg3.1 presence would actually prevent this elimination.
This discrepancy adds to the previously observed dual and opposite roles of Arc/Arg3.1 in
synaptic function, such as its involvement in both LTP and LTD processes. This highlights the
view of Arc/Arg3.1 as a hub protein whose functions change depending on its interaction
partners and their different effector mechanisms (Zhang & Bramham, 2021). One candidate
partner of Arc/Arg3.1 that might explain the differences in synapse elimination in the
hippocampus and the cerebellum is the differential expression of CaMKII subunits. While the
hippocampus is preferentially rich in CaMKlIla, the cerebellum expresses almost exclusively
CaMKIIB (Burgin et al., 1990). Future studies need to address the precise mechanisms of these

interactions in the two brain regions and their potential impact on synapse elimination.

On a circuit level, the reductions upon extracellular stimulations in the stratum radiatum
indicated impaired synaptic excitatory drive from CA3, although reductions of synaptic input
from extrahippocampal sources were not ruled out. As a matter of fact, our quantification of
synaptic clusters reveals a consistent decrease in stratum LM beginning already at P14,
indicating that excitatory drive from the entorhinal cortex is also altered after Arc/Arg3.1
deletion. Previous research indicates a distinct developmental timeline for hippocampal
connections. The temporoammonic pathway, projecting from the entorhinal cortex to the LM
layer of CA1, matures earlier than the perforant pathway (innervating the DG and CA3) (Deng
et al., 2007; Gomez-Di Cesare et al., 1997; Marty et al., 2002; Super & Soriano, 1994) and the
Schaffer collaterals (connecting CA3 to CAIl in stratum radiatum and oriens) (reviewed in
Cossart & Khazipov, 2022). This indicates that the effects of early Arc/Arg3.1 deletion on
excitatory transmission are activity and development-dependent, with earlier developing

synapses being regulated by Arc/Arg3.1 sooner.

Interestingly, despite the higher abundance of VGLUT?2 positive synapses in the LM layer, and
the preferential expression of VGLUT2 during development, these synapses were not altered
by Arc/Arg3.1 deletion. One key difference between VGLUT1 and VGLUT?2 synapses is their
probability of release. VGLUT2 is expressed at synapses with a high release probability and
VGLUTI at synapses with lower probabilities of release (Fremeau et al., 2001; Weston et al.,
2011). A study by Santos et al. (2014) evaluated the proteins interacting with the c-terminal tail
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of VGLUT1, which differentiates it from the other VGLUT isoforms. Their results showed that
VGLUTI interacts with actin-cytoskeletal adaptor proteins, including some that have been
previously linked to Arc/Arg3.1 such as endophilin and the clathrin adaptor protein 2 (AP-2)
(Wall & Correa, 2018). Further research is needed to pinpoint the precise mechanisms

underlying the effects of Arc/Arg3.1 specifically on VGLUT] positive synapses.

The observed alterations in excitatory transmission in the early-cKO and the fact that inhibitory
transmission also undergoes substantial maturation during the first postnatal month, motivated
us to evaluate inhibitory synaptic clusters in this mouse line. The results showed no changes at
P14 but a massive reduction of inhibitory clusters at P28. However, the functional evaluation
of inhibitory transmission using patch-clamp recordings revealed no alterations in any of their
physiological properties. A possible explanation for this discrepancy could be a threshold too
permissive for the colocalization of the pre and postsynaptic markers, potentially leading to
inaccurate synapse quantification. However, several factors argue against this limitation. First,
the reduction in the number of clusters was observed at P28 but not at P14 indicating that the
effects are age-specific. Second, the colocalization threshold was identical to the one used for
the detection of excitatory clusters, which showed high consistency with the
electrophysiological data. Finally, the distribution of synapses along the axodendritic axis
aligns with previous reports, showing the highest density of inhibitory synapses in the
perisomatic region and the LM layer (Megias et al., 2001). Taken together, these observations

collectively support the reliability of our quantification.

We observed that not only the number of colocalized VGAT with gephyrin or GABAY2 but
also the total number of gephyrin and GABAY2 clusters are significantly reduced in early-cKO
mice (data not shown). A possible explanation for the discrepancy between the number of
clusters and the functional results is that inhibitory synapses in early-cKO cells might still
function through an alternative mechanism, independent of gephyrin or GABAy2. Supporting
this, there are reports on the existence of GABAergic synapses lacking gephyrin (Groeneweg
et al., 2018; Kneussel et al., 2001; Panzanelli et al., 2011). Levi et al. (2004) showed unaltered
mIPSC frequency in hippocampal neurons from gephyrin KO mice and proposed the
dystrophin-glycoprotein complex as an alternative to gephyrin for clustering GABAAR at
synapses. However, the role of dystrophin as a scaffolding protein remains controversial, as its

levels do not always correlate with GABAergic strength (Groeneweg et al., 2018).

Yet another possibility is that the reductions in the number of inhibitory synaptic clusters
correspond to the elimination of silent or non-functional synapses. Silent synapses have been
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well-described in excitatory transmission, these synapses have a normal structure with
functional NMDAR, but they lack function either via presynaptic mechanisms; by a failure to
release neurotransmitter, or via postsynaptic mechanisms; by a lack of surface AMPA receptors
(Gasparini et al., 2000; Malenka & Nicoll, 1997). In CAl, silent excitatory synapses seem to
be particularly prevalent during early development (Durand et al., 1996; Gasparini et al., 2000).
While there are no studies of inhibitory silent synapses in the hippocampus, one of the first
reports on silent synapses described them in glycinergic synapses in the frog neuromuscular
junction. In this preparation, the authors observed that up to 25 % of paired recordings yielded
no postsynaptic responses, despite the observation of a normal number of synaptic contacts
upon anatomical reconstructions. Furthermore, they revealed that these synapses were
postsynaptically silent, as a postsynaptic injection of cAMP was capable of converting a silent
synaptic connection into a functional one, presumably due to upregulation of glycine receptors

(Faber et al., 1991).

Taken together, our findings in the WT animals showed developmental changes from the
second to the fourth week that were very consistent with the ones reported in the literature.
Regarding the effects of Arc/Arg3.1 deletion on the various stages of development, our results
indicate that Arc/Arg3.1 does not play a role in the maturation of gross dendritic morphology
or passive membrane properties. Intriguingly, while our previous study identified deficits in the
germline KO in the adult brain, these animals did not exhibit substantial alterations during the
first postnatal month. This could indicate that the alterations observed in the adult brain,
although originating before P14, only manifest at later stages of development, suggesting that
the impact of Arc/Arg3.1 deletion on excitatory synaptic transmission might become more
pronounced as synaptic circuits mature and undergo activity-dependent synaptic remodeling.
Supporting this notion, we observed that despite the complete absence of Arc/Arg3.1 in the

early-cKO already at P14, the alterations in excitatory transmission were only obvious at P28.

Consistent with our previous findings in adult brains, where neither spatial navigation nor
hippocampal oscillatory activity were affected, late Arc/Arg3.1 deletion did not alter any of the
parameters we evaluated. This further supports the critical role of Arc/Arg3.1 expression before
postnatal day 21 (in both germline and early-deletion models) in shaping hippocampal circuit

development, albeit likely through distinct mechanisms in each case.
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5 Concluding Remarks and Outlook

Part 1 of this thesis aimed to investigate the effect of Arc/Arg3.1 deletion during early
development on the microarchitecture of synaptic transmission in the adult hippocampus. Our
results revealed that deletion after P21 results in a phenotype comparable to that of a WT
animal. In contrast, deletion before P21 permanently alters the hippocampal network, though
through slightly different mechanisms between germline and early Arc/Arg3.1 deletions. Both
types of deletions shared a reduced excitatory drive from CA3, reductions in the expression of
PSD-95, and decreases in excitatory synaptic clusters along the axodendritic axis. The germline
deletion resulted in stronger alterations in the kinetics of excitatory currents, an effect associated
with lower expression of TARPY8 in the postsynaptic density. These findings support recent

reports pinpointing an indirect interaction between PSD-95 and Arc/Arg3.1.

Moreover, we discovered that, despite the frequent association of Arc/Arg3.1 with excitatory
synapses, its germline deletion permanently alters inhibitory transmission as well. This
specifically involves slowing the kinetics of inhibitory currents in a location-specific manner,
preferentially targeting perisomatic synapses. We speculate that this effect might occur via an
interaction of Arc/Arg3.1 with CaMKII, which in turn modulates the phosphorylation state of
GABAARs, ultimately shaping the kinetics of inhibitory currents. These results align well with

previously observed alterations in oscillatory activity and spatial navigation.

Part 11 aimed to evaluate the efficacy of a recently developed laser ablation system for
accurately dissecting specific structures in the mouse brain. The second purpose was to compare
the proteomic profiles of non-stimulated hippocampi of WT and germline Arc/Arg3.1 KO mice,
focusing on hippocampal subfield differences. Our results showed strong differences between
the proteomes of the hippocampal subfields, which aligned well with previous reports using
transcriptomics and even better with other studies using proteomics. Furthermore, the molecular
profiles of the different subfields showed noticeable agreement with their functional
differences. This demonstrated that laser ablation can successfully isolate different brain

regions for mass spectrometry-based proteomics.

Importantly, the comparison between WT and Arc/Arg3.1 KO mice revealed a relatively low
number of Arc/Arg3.I-regulated proteins under baseline conditions. Given the activity-
dependent nature of Arc/Arg3.1 and its consequent low baseline expression, we anticipate that

stronger differences would be observed under conditions of high synaptic activity.
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Nevertheless, we observed that Arc/Arg3.1 deletion alters the hippocampal proteomic profile
in a subfield-specific way. This specificity aligned well with the functional differences of the
various subfields and with previous observations on the differential timelines of Arc/Arg3.1
expression in these subfields. Additionally, we identified several new, exciting molecules
modulated by Arc/Arg3.1 in the different hippocampal subfields. Enrichment analysis revealed
that many of these molecules participate in biological processes often associated with

Arc/Arg3.1, with protein transport being the most prevalent among them.

Finally, while Parts I and II focused on the consequences of Arc/Arg3.1 deletion during the first
postnatal month for the adult brain, Part III of this thesis aimed to investigate the potential
changes induced by Arc/Arg3. 1 deletion during this period that support the alterations observed
in the adult brain. Our results showed that Arc/Arg3.1 does not alter the maturation of gross
dendritic morphology or the development of passive membrane properties. Moreover, we
corroborated that there were no changes upon late Arc/Arg3.1 deletion in any of the parameters

we evaluated.

In contrast, we observed decreases in the duration of the action potential (AP) in germline KO
neurons, possibly due to the regulation of Na+ and K+ channels. Surprisingly, we did not
observe any changes in excitatory transmission in these animals at any of the time points
evaluated. In striking contrast, early Arc/Arg3.1 deletion resulted in a substantial reduction in
the strength and number of excitatory synapses at P28. This effect is likely the result of active
elimination rather than a failure to create new synapses in this group. Furthermore, we observed
clear reductions in the number of inhibitory synaptic puncta in these animals; however, these
reductions were not observed at a functional level, indicating that the synapses eliminated were
silent or immature. These findings highlight that despite the similar deficits observed in the

adult brain in germline and early-cKO, the mechanisms differ in the two lines.

The findings of the three parts of this thesis provide valuable insight into the mechanisms by
which natural upregulation of Arc/Arg3.1 during the first postnatal month modulates the wiring
of hippocampal circuits, resulting in altered hippocampal rhythms and impaired spatial learning
and navigation in adulthood. Several elements drawn from the different parts of the study
complement each other, though some findings have opened new questions that should be

addressed in future research.

For instance, in Part 11, we identified 1Qsec3 and GABAAP1 as Arc/Arg3. I-regulated proteins,
supporting a role for Arc/Arg3.1 in inhibitory synaptic transmission. Additionally, our

proteomic profile results revealed small yet significant reductions in PSD-95 in the dorsal
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hippocampus, an effect corroborated by western blot analysis. This result confirms the
reductions observed in Part I, both in synaptic clusters and through western blot analysis of the
entire hippocampus. This consistency was also observed for all other proteins evaluated via
western blot analysis in Part I, none of which were found to be regulated by Arc/Arg3.1 in the

proteomic analysis either.

Intriguingly, we did not detect changes in VGAT in our proteomic study. However, given that
the alterations in cluster intensity we observed were limited to the pyramidal and LM layers, it
is possible that these changes are not large enough to be detected in a global CA1 sample

extracted via laser ablation.

Additionally, in Part III, we observed that early Arc/Arg3.1 deletion preferentially affected
VGLUT1-containing synapses. Consistent with this, the proteomic profiles showed
downregulation of VGLUTI in Arc/Arg3.1 KO specifically in CA1, while VGLUT2 appeared
downregulated in the DG. It remains to be tested whether Arc/Arg3.1 alters baseline synaptic
transmission in the DG. If so, it would be interesting to evaluate if it specifically targets

VGLUT?2 synapses there.

Collectively, our results show that late Arc/Arg3.1 deletion does not alter hippocampal wiring,
neither in the adult brain nor during the first postnatal month. In contrast, germline and early
deletions resulted in clear alterations, though these alterations were not the same in the juvenile
and adult brains. In the adult brain, we observed an acceleration of the sEPSC kinetics in the
germline KO, associated with lower PSD-95 expression and decreases in TARPY8 in the
postsynaptic density. However, these changes were not detected during the first postnatal
month. We found this surprising considering that in Part I, the lack of effect on TARPyS8
localization in the early-cKO indicated that Arc/Arg3.1 expression during the first postnatal

week is crucial for an interaction between these two proteins.

However, it is possible that the kinetics of AMPA currents are not strongly modulated by the
presence of TARPy8 in the PSD during this early period. Alternatively, a third molecule could
regulate this interaction, developing at a later stage, and therefore the effects of Arc/Arg3.1 are
only observed then. A proteomic analysis of the germline and early-cKO mice at P28 could

help answer these questions in future studies.

On the other hand, in the early-cKO, we observed clear reductions in sSEPSC amplitude and
frequency by the end of the first month, whereas in the adult, we only observed a tendency

towards faster kinetics in this mouse line. This could indicate that perhaps early Arc/Arg3.1
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deletion accelerates synapse elimination that would eventually occur in WT mice as well,
leading to unaltered sEPSCs observed in the adult. Future studies evaluating a time point after
P28 but before adulthood could help answer this question. Alternatively, the decreases in
sEPSCs might only be detectable at P28 because baseline synaptic activity is higher and,

therefore, more vulnerable to the lack of Arc/Arg3.1.
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