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Abstract

Abstract

Excessive stress and neurodegenerative diseases are conditions in which aversive memories
may become excessively strong or imprecise, resulting in a generalized feeling of fear that is no
longer linked to the original environment or context of the aversive event. In extreme cases,
this can lead to psychiatric disorders like post-traumatic stress disorder (PTSD) and major
depression. Understanding how aversive memories are encoded and stored is thus essential for
preventing and treating neuropsychological disorders. In this study, | undertook to investigate
the circuits and network mechanisms underlying fear memory consolidation, stress, and
depression-like behaviors. | focused on GABAergic neurons and circuits capable of expressing
the activity-regulated gene Arc/Arg3.1, known for its vital role in memory consolidation. |
traced Arc/Arg3.1 expression to identify brain regions and neuronal subtypes participating in
fear memory consolidation and stress-evoked behaviors. | also utilized genetic deletion of the
gene and optogenetic suppression to manipulate specific elements in the fear memory circuit. |
performed multi-electrode in vivo recordings to investigate the consequences of Arc/Arg3.1
deletion on network activity in the circuit. | also employed a range of behavioral tests to assess

memory, anxiety, and depression-like behaviors.

In the first part of this thesis, | investigated the role of the hippocampal-lateral septum circuitry
in fear memory processing. | identified simultaneous upregulation of Arc/Arg3.1 in the
hippocampus and the lateral septum, a GABAergic nucleus, and traced a monosynaptic
projection pathway from dorsal CA1 to dorsal LS (dCA1-dLS). | injected a retrograde AAV virus
encoding an inhibitory channelrhodopsin (stGtACR) bilaterally into the LS and implanted optical
fibers above the dorsal dCA1, where dense expression of stGtACR was observed. The mice
underwent fear conditioning and were tested in the stimulus context and a novel context 7
(recent memory) and 21 (remote memory) days later. Our results demonstrate that optical
suppression of the dCA1-dLS circuit during memory acquisition or retrieval did not diminish
freezing in the original context but abnormally enhanced freezing in a novel context, suggesting
that this specific circuit is intimately involved in preventing memory generalization and

enhancing memory specificity.
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To better understand the role of Arc/Arg3.1 in the dHPC-dLS circuit, an AAV-Cre virus was
bilaterally injected into dHPC or dLS in Arc/Arg3.17f mice. Following region-specific ablation of
Arc/Arg3.1 (HPC-cKO or LS-cKO), mice were subjected to fear conditioning and memory tests.
As previously shown, HPC-cKO mice showed increased freezing in the novel context in the
remote memory test (Xiaoyan Gao, 2016). Interestingly, the LS-cKO mice showed excessive
freezing in the novel context in the recent memory test. Together, these findings demonstrate
that concurrent upregulation of Arc/Arg3.1 in the HPC and dLS modulate the precision of

remote and recent contextual memory.

To investigate the impact of Arc/Arg3.1 on network activity in the dCA1-dLS circuitry, |
conducted in vivo, two-site local field potential (LFP)- and unit-recordings from Arc/Arg3.1
germline KO, HPC-cKO, and LS-cKO mice. | analyzed the firing rates of individual neural
subtypes and performed power spectral analysis of the regional-LFPs and their coherence as a
measure of their inter-areal communication. The studies revealed alterations in oscillatory
activity associated with memory consolidation processes. Specifically, reduced theta (3-5.2 Hz)
and gamma (20-90 Hz) power was observed in the dCA1 of Arc/Arg3.1 germline KO mice but
not of HPC-cKO and LS-cKO mice, confirming previous findings of early-life effects of Arc/Arg3.1
on hippocampal activity and indicating that an acute ablation of Arc/Arg3.1 in the adult brain
no longer affects the hippocampal LFP. In contrast, the power of gamma and high-frequency
(120-180 Hz) oscillations (HFO) in the dLS was markedly diminished in germline KO, HPC-cKO,
and LS-cKO mice, demonstrating that constitutive Arc/Arg3.1 expression in the HPC-LS circuitry
is required to maintain network activity in the dLS. Analysis of the power coherence, phase
locking value, and Granger causality revealed abnormal communication from dCA1—dLS upon
deletion of Arc/Arg3.1 in the LS, highlighting its importance in maintaining an appropriate
information flow between the regions. Acute ablation of Arc/Arg3.1 in the hippocampus (HPC-
cKO mice) reduced the firing rates of excitatory and inhibitory units in dCA1 and dLS, whereas
acute dLS ablation (LS-cKO mice) increased them. My findings demonstrate a profound
regulation of neuronal and network activity in the dCA1-dLS circuitry by Arc/Arg3.1 that likely

underlies its impact on memory generalization.

In the second part of the thesis, | investigated the impact of Arc/Arg3.1 expression in

GABAergic neurons on stress-related behavior. The inducibility of Arc/Arg3.1 by stress was
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investigated by exposing WT mice to physical constraints. Dramatic upregulation of Arc/Arg3.1
was observed in the LS but not in the hippocampus, suggesting a preferential induction in
GABAergic neurons of this brain area. Using RNAscope technology, | localized Arc/Arg3.1
transcripts to parvalbumin-positive neurons exclusively in the thalamic reticular nucleus (TRN)
and somatostatin-positive neurons in the lateral septum, TRN, and claustrum and less
frequently in the hippocampus and cortex. Conditional KO of Arc/Arg3.1 in parvalbumin (PV)
and somatostatin (SST) neurons were generated by breeding Arc/Arg3.17f mice with either PV-
Cre or SST-Cre mice, respectively. In both cases, a comprehensive and cell-specific deletion of
Arc/Arg3.1 was achieved. The mice underwent stress-related behavior tests, including the open
field, elevated plus maze, forced swimming, and tail suspension. The PV-cKO mice showed
normal behaviors in all tests. In contrast, the SST-cKO mice showed less center area exploration

time in the open field test and more immobility in the forced swimming test.

In the third part, | investigated contextual and spatial memory in PV-cKO and SST-cKO mice. PV-
cKO mice performed normally in the Morris water maze (MWM) learning and memory tests
and during the flagged-platform re-learning test. In contrast, the SST-cKO showed normal
learning in the MWM test's hidden-platform version but slower learning in the subsequent
flagged-platform task, possibly indicating re-learning inflexibility. In addition, SST-cKO mice
displayed impaired context discrimination in fear memory tests, similar to the deficit seen in
part | following the acute deletion of Arc/Arg3.1 in the dLS. These findings suggest that
Arc/Arg3.1 expression in PV neurons does not contribute to the stress-related behaviors or
memory processes tested here. In comparison, Arc/Arg3.1 in the SST-positive neurons may
contribute to depression-like or other stress-related disorders in mice and modulate precise

fear memory consolidation.

In summary, my study breaks new ground by identifying a hippocampal-lateral septum circuit
essential for modulating fear learning, memory consolidation, and memory precision.
Moreover, my findings reveal how the expression of Arc/Arg3.1 in this circuit shapes local and
inter-areal activity patterns required for memory consolidation. My findings in SST-cKO mice
confirmed that the processing of fear memory and its precision relies on the expression of
Arc/Arg3.1 in this GABAergic population of the LS. This study shed new light on the link

between memory, stress, and depressive-like behavior.
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Zusammenfassung

Zusammenfassung

UberméRiger Stress und neurodegenerative Erkrankungen sind Faktoren, bei denen aversive
Erinnerungen UbermdaRig stark oder ungenau werden kdnnen, was zu einem allgemeinen
Gefuhl der Angst flihrt, das nicht mehr mit der urspriinglichen Umgebung oder dem Kontext
des aversiven Ereignisses verbunden ist. In extremen Fallen kann dies zu psychiatrischen
Storungen wie der posttraumatischen Belastungsstorung (PTBS) und schweren Depressionen
flihren. Zu verstehen, wie aversive Erinnerungen kodiert und gespeichert werden, ist daher fir
die Vorbeugung und Behandlung neuropsychologischer Storungen von entscheidender
Bedeutung. In dieser Studie untersuchte ich die Schaltkreise und Netzwerkmechanismen, die
der Konsolidierung von Furchtgedachtnis, Stress und depressionsdhnlichen Verhaltensweisen
zugrunde liegen. Ich konzentrierte mich auf GABAerge Neuronen und Schaltkreise, die in der
Lage sind, das aktivitatsregulierte Gen Arc/Arg3.1 zu exprimieren, das fiir seine wichtige Rolle
bei der Gedachtniskonsolidierung bekannt ist. Ich untersuchte die Expression von Arc/Arg3.1,
um Hirnregionen und neuronale Subtypen zu identifizieren, die an der Konsolidierung des
Furchtgedachtnisses und an durch Stress ausgelosten Verhaltensweisen beteiligt sind.
AuBerdem nutzte ich die genetische Deletion des Gens und die optogenetische Suppression,
um bestimmte Komponenten des Angstgedachtnis-Schaltkreises zu manipulieren. Ich fihrte in-
vivo-Ableitungen mit mehreren Elektroden durch, um die die Konsequenzen der Arc/Arg3.1-
Deletion auf die Netzwerkaktivitdt zu bestimmen. AuBerdem setzte ich eine Reihe von
Verhaltenstests ein, um Geddachtnis, Angst und depressionsdahnliche Verhaltensweisen zu
untersuchen.

Im ersten Teil dieser Arbeit untersuchte ich die Rolle des Schaltkreises zwischen Hippocampus
und lateralem Septum bei der Verarbeitung von Angstgedachtnis. Ich stellte eine gleichzeitige
Hochregulierung von Arc/Arg3.1 im Hippocampus und im lateralen Septum, einem GABA-ergen
Kern, fest und identifizierte eine monosynaptische Projektionsbahn vom dorsalen CA1 zum
dorsalen LS (dCA1-dLS). Ich injizierte ein retrogrades AAV-Virus, das fir ein inhibitorisches
Channelrhodopsin (stGtACR) kodiert, bilateral in den LS und implantierte optische Fasern {iber
dem dorsalen dCA1, wo eine dichte Expression von stGtACR beobachtet wurde. Die Mause
wurden einer Furchtkonditionierung unterzogen und 7 (recent memory) und 21 (remote

memory) Tage spater im Konditionierungskontext und in einem neuen Kontext getestet. Meine



Zusammenfassung

Ergebnisse zeigen, dass die optische Suppression des dCA1-dLS-Schaltkreises wahrend des
Gedachtniserwerbs oder -abrufs das Erstarren im urspringlichen Kontext nicht verringerte,
aber das Erstarren in einem neuen Kontext abnormal verstiarkte, was darauf hindeutet, dass
dieser spezifische Schaltkreis eng mit der Verhinderung der Gedachtnisgeneralisierung und der
Verstarkung der Gedachtnisspezifitat verbunden ist. Um die Rolle von Arc/Arg3.1 im dHPC-dLS-
Schaltkreis besser zu verstehen, wurde ein AAV-Cre-Virus bilateral in dHPC oder dLS von
Arc/Arg3.1f/f-Mausen injiziert. Nach der regionsspezifischen Ablation von Arc/Arg3.1 (HPC-cKO
oder LS-cKO) wurden die Mdause einer Furchtkonditionierung- und Gedachtnistests unterzogen.
Wie bereits gezeigt, zeigten HPC-cKO-Mduse erhohtes Erstarren im neuen Kontext beim
Gedachtnistest am Tag 21 (remote memory) (Xiaoyan Gao, 2016). Interessanterweise zeigten
die LS-cKO-Maduse erhohtes Erstarren im neuen Kontext beim Gedachtnistest am Tag 7 (recent
memory). Zusammengenommen zeigen diese Ergebnisse, dass die gleichzeitige
Hochregulierung von Arc/Arg3.1 im HPC und dLS die Prazision des Kontextgedachtnisses
(sowohl recent als auch remote memory) moduliert.

Um die Auswirkungen von Arc/Arg3.1 auf die Netzwerkaktivitdt im dCA1-dLS-Schaltkreis zu
untersuchen, habe ich in vivo lokale Feldpotentiale (LFP) und Unit-Recordings von Arc/Arg3.1
Keimbahn-KO-, HPC-cKO- und LS-cKO-Mausen in zwei Gehirnarealen durchgefihrt. Ich
analysierte die Feuerungsraten der einzelnen neuronalen Subtypen und fihrte eine Power
Spectral-Analyse der regionalen LFPs und ihrer Kohdrenz als MaR fiir ihre interareale
Kommunikation durch. Die Analysen ergaben Verdanderungen in der oszillatorischen Aktivitat,
die mit Gedéachtniskonsolidierungsprozessen verbunden sind. Insbesondere wurde eine
verringerte Theta- (3-5,2 Hz) und Gamma-Power (20-90 Hz) im dCA1 von Arc/Arg3.1 Keimbahn-
KO-Mausen, nicht aber von HPC-cKO- und LS-cKO-Madusen beobachtet. Dies bestatigt
vorhergehende Befunde Uber die Auswirkungen von Arc/Arg3.1 auf die Aktivitdt des
Hippocampus im frihen Lebensalter und deutet darauf hin, dass eine akute Ablation von
Arc/Arg3.1 im erwachsenen Gehirn die Hippocampus-LFP nicht mehr beeinflusst. Im Gegensatz
dazu war die Power von Gamma- und hochfrequenten (120-180 Hz) -Oszillationen (HFO) im dLS
bei Keimbahn-KO-, HPC-cKO- und LS-cKO-Mausen deutlich vermindert. Dies zeigt, dass die
konstitutive Arc/Arg3.1-Expression im HPC-LS-Schaltkreis zur Aufrechterhaltung der
Netzwerkaktivitat im dLS erforderlich ist. Die Analyse der Power-Koharenz, des Phase-Locking-
Wertes und der Granger-Kausalitat zeigte eine abnormale Kommunikation von dCA1->dLS nach

Deletion von Arc/Arg3.1 im LS. Dies unterstreicht die Bedeutung der Arc/Arg3.1-Expression flr
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Zusammenfassung

die Aufrechterhaltung eines angemessenen Informationsflusses zwischen den Regionen. Die
akute Ablation von Arc/Arg3.1 im Hippocampus (HPC-cKO-Mdause) reduzierte die
Feuerungsraten von erregenden und hemmenden Einheiten in dCA1 und dLS, wahrend die
akute dLS-Ablation (LS-cKO-Mause) diese erhdhte. Meine Ergebnisse zeigen eine tiefgreifende
Regulierung der neuronalen und Netzwerkaktivitdt im dCA1-dLS-Schaltkreis durch Arc/Arg3.1,
die wahrscheinlich dem Einfluss von Arc/Arg3.1 auf die Gedachtnisgeneralisierung zugrunde
liegt.

Im zweiten Teil der Arbeit untersuchte ich die Auswirkungen der Arc/Arg3.1-Expression in
GABAergen Neuronen auf stressbedingtes Verhalten. Die Induzierbarkeit von Arc/Arg3.1 durch
Stress wurde untersucht, indem WT-Mause einer korperlichen Belastung ausgesetzt wurden.
Eine drastische Hochregulierung von Arc/Arg3.1 wurde im LS, aber nicht im Hippocampus
beobachtet, was auf eine bevorzugte Induktion in den GABAergen Neuronen dieses
Hirnbereichs hindeutet. Mit Hilfe der RNAscope-Technologie lokalisierte ich Arc/Arg3.1-
Transkripte in Parvalbumin-positiven Neuronen ausschliefllich im thalamischen retikularen
Nukleus (TRN) und in Somatostatin-positiven Neuronen im lateralen Septum, TRN und
Claustrum und weniger haufig im Hippocampus und Kortex. Konditionale KO von Arc/Arg3.1 in
Parvalbumin- (PV) und Somatostatin- (SST) Neuronen wurden durch Verpaarung von
Arc/Arg3.1f/f-Mdusen mit PV-Cre- bzw. SST-Cre-Mausen erzeugt. In beiden Féllen wurde eine
umfassende und zellspezifische Deletion von Arc/Arg3.1 erreicht. Die Mad&use wurden
stressbedingten Verhaltenstests unterzogen, darunter der offene Feldtest, das erhéhte Plus-
Labyrinth, erzwungenes Schwimmen und Schwanzaufhangung. Die PV-cKO-Mause zeigten in
allen Tests normale Verhaltensweisen. Im Gegensatz dazu verbrachten die SST-cKO-Mause
weniger Zeit bei der Erkundung des zentralen Bereichs im offenen Feldtest und zeigten grélRere
Immobilitat im forcierten Schwimmtest.

Im dritten Teil untersuchte ich das kontextuelle und raumliche Gedachtnis bei PV-cKO- und
SST-cKO-Mausen. PV-cKO-Mduse zeigten normale Leistungen in den MWM-Lern- und
Gedichtnistests und im Test zum Wiedererlernen einer sichtbaren, markierten Plattform. Die
SST-cKO-Méause dagegen zeigten zwar ein normales Lernen in der versteckten Version des
Morris-Wasserlabyrinth-Tests, allerdings lernten sie langsamer in einer anschlieRenden
Aufgabe eine sichtbare, markierte Plattform zu finden. Dies weist moglicherweise auf eine
Inflexibilitdt beim Wiedererlernen hin. Darliber hinaus zeigten SST-cKO-Mause eine

beeintrachtigte Kontextunterscheidung in Furchtgedachtnistests, dhnlich dem Defizit, das in
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Zusammenfassung

Teil I nach akuter Deletion von Arc/Arg3.1 in der dLS beobachtet wurde. Diese Ergebnisse legen
nahe, dass die Expression von Arc/Arg3.1 in PV-Neuronen nicht zu den hier getesteten
stressbedingten Verhaltensweisen oder Gedachtnisprozessen beitragt. Im Vergleich dazu
konnte Arc/Arg3.1 in den SST-positiven Neuronen zu depressionsdhnlichen oder anderen
stressbedingten Stérungen bei Mausen beitragen und die Konsolidierung des prazisen

Furchtgedachtnisses modulieren.

Zusammenfassend ldsst sich sagen, dass meine Studie Neuland betritt, indem sie einen
Schaltkreis zwischen Hippocampus und lateralem Septum identifiziert, der fir die Modulation
von Furchtlernen, Gedachtniskonsolidierung und die Prazision des Gedachtnisses wesentlich ist.
AuRerdem zeigen meine Ergebnisse, wie die Expression von Arc/Arg3.1 in diesem Schaltkreis
lokale und interareale Aktivitdtsmuster formt, die fiir die Gedachtniskonsolidierung
erforderlich sind. Meine Ergebnisse in SST-cKO-Mausen bestatigten, dass die Verarbeitung von
Furchtgedachtnis und die Prazision des Gedachtnisses von der Expression von Arc/Arg3.1 in
dieser GABAergen Population des LS abhdngt. Meine Studie wirft ein neues Licht auf den

Zusammenhang zwischen Gedachtnis, Stress und depressionsahnlichem Verhalten.
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Introduction

“As long as our brain is a mystery, the universe, the reflection of the structure of the brain will
also be a mystery.” (Santiago Ramoén y Cajal, 1852-1934). As per the renowned Spanish
scientist and founder of modern neuroscience, Santiago Ramoén y Cajal, the human brain holds
the most challenging yet fascinating mysteries to explore. The human brain is responsible for
all the emotions we feel, the senses we experience, and our ability to learn and remember. As
individuals, we interact with the world around us through recognition, sensory perception, and
learning. We also respond to different environments with various reactions, such as emotions,
motor functions, and memory retrieval. The activities in the brain continue ceaselessly, even
during sleep. We sometimes wish to forget specific unpleasant experiences but become more
cautious in similar situations. This is known as once bitten, twice shy. However, where and how
our experiences are stored and generalized by the brain remains a crucial concern in modern

research.
1. Learning and memory

Learning and memory are important components of our everyday life. Learning involves
acquiring new knowledge, understanding, skills, values, attitudes, and preferences, while
memory is the function of the mind that encodes, stores, and retrieves information when
necessary. Memory can be categorized (Figure 1) based on the relationship between the
stimuli involved (associative vs non-associative) or whether the content can be communicated
through language (declarative/explicit vs procedural/implicit) (Camina & Guell, 2017).
Memories are dynamic processes that are constantly evolving and fundamentally constructive
(Nader, 2003). Furthermore, memories have explicit and implicit functions, comprising

a sensory processor, short-term (or working) memory, and long-term memory (Baddeley, 2007).
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Figure 1. Memory classification, long-term memory systems, and involved brain regions.
Adapted and modified from Squire & Dede, 2015 (Squire & Dede, 2015) and Camina & Giiell,
2017 (Camina & Guell, 2017).

1.1. Learning

The process of learning can be divided into two classes: non-associative and associative. In
non-associative learning, the strength of response to a single stimulus is permanently changed
due to repeated exposure to that stimulus, which involves sensitization, habituation and
imprinting (Fuentes, 2017; Goodenough, McGuire, & Jakob, 2009; Papaj & Lewis, 2012; Pearce,
2013). In associative learning, multiple stimuli or events are linked together, such as classical
conditioning and operant conditioning (Plotnik, Kouyoumdjian, & Austin, 1989). In behavioral
neuroscience, testing associative learning commonly involves the pairing of a conditioned
stimulus (CS) with an unconditioned stimulus (US) outcome, which is typically classified as
either appetitive or aversive conditioning (Cassaday et al., 2023). Food reward is typically used
in appetitive conditioning, while foot shock for fear conditioning is commonly employed in
aversive conditioning. While non-associative learning often occurs within relatively simple and
reflex-like neural circuits, associative learning involves large and dispersed neural networks.

Early studies investigated neural correlates of associative learning using electrophysiological
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recordings to explore how neurons modify their activity in response to reward or threat signals
(Berger, Alger, & Thompson, 1976; Segal, Disterhoft, & Olds, 1972). In well-trained animals, it
has been observed that predictive stimuli (cues or stimulus used during training, which animals
have learned and experienced) can potentially evoke firing responses in certain parts of the
brain, for example, the hippocampus (Gilmartin & McEchron, 2005; Komorowski, Manns, &
Eichenbaum, 2009; McEchron & Disterhoft, 1999), rhinal cortex (Kei M. lIgarashi, Lu, Colgin,
Moser, & Moser, 2014; Keene et al., 2016; Pilkiw et al., 2017), prefrontal cortex (Baeg et al.,
2001; Kyriazi, Headley, & Paré, 2020; Mulder, Nordquist, Orgut, & Pennartz, 2003; Takenouchi
et al., 1999), and septal nuclei (Butler, Wilson, Gunnersen, & Murphy, 2015; René Garcia &
Jaffard, 2006; René Garcia, Vouimba, & Jaffard, 1997).

In this thesis, the primary associative memory test is fear conditioning, which involves
guantifying freezing responses to evaluate avoidance learning (Miller, 1948; O. H. Mowrer,
1956; O. Hobart Mowrer, 1960) or inhibitory learning (J. A. Gray, 1987; Lovibond & Shanks,
2002). In fear conditioning, there is episodic learning linked with fear. In classical views,
episodic memory consolidation relies on the activity of the hippocampus and related brain
circuits (Scoville & Milner, 1957; Teyler & DiScenna, 1986). However, recently developed
methods revealed that memories are formed and retrieved via specific neural engrams
(Eichenbaum, 2016; Josselyn, Kohler, & Frankland, 2017; Tonegawa, Morrissey, & Kitamura,
2018). Researchers found that reactivating a specific group of neurons in hippocampal neurons
in the dentate gyrus (Liu et al., 2012), lateral amygdala (A. Park et al., 2023; S. Park, Jung,
Karimi, Jacob, & Josselyn, 2022), and cortex (Dixsaut & Graff, 2021; Kitamura et al., 2017;
Stegemann et al., 2023), which were active during contextual threat conditioning (henceforth

the “engram”), can retrieve the fear memory and cause freezing.

In the neurotransmitter systems (Figure 2), the dopamine, serotonin and glutamine pathways
contribute to different types of learning processing in human and rodent brain systems
(Banushi & Polito, 2023; Kourosh-Arami, Komaki, & Zarrindast, 2023; Sirgy, 2019). The
dopamine (DA) system also plays a crucial role in learning inhibition, as evidenced by measures
of reward sensitivity in both humans and animals (Foilb, Flyer-Adams, Maier, & Christianson,
2016; Migo et al., 2006; Sengupta et al., 2018; Yau & McNally, 2022), suggesting that DAergic
signaling in neuronal connections is necessary for correct synaptic plasticity and cognitive

functions. Speranza et al. (2021) reviewed the dopamine system in rodents as a key transmitter
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involved in attention, memory and cognition (Speranza, di Porzio, Viggiano, de Donato, &
Volpicelli, 2021). The glutamatergic pathways, cholinergic pathways and GABAergic pathways
between the septal nucleus and hippocampus contribute to memory formation (Burjanadze et
al., 2022; Givens & Olton, 1990; Khakpai, Nasehi, Haeri-Rohani, Eidi, & Zarrindast, 2013;
Khakpai, Zarrindast, Nasehi, Haeri-Rohani, & Eidi, 2013; Krebs-Kraft, Wheeler, & Parent, 2007).
The cholinergic pathways and GABAergic pathways between the septal nucleus and
hippocampus also involve locomotion, exploration (Y. T. Chen et al., 2023) and long-term
spatial memory (Dashniani et al., 2020). The medial septum (MS), part of the basal forebrain
cholinergic system (BFCS), provides inputs to the hippocampus, regulating fear learning (Wilson
& Fadel, 2017), spatial learning and memory (Solari & Hangya, 2018), and hippocampal theta
rhythms (Gu & Yakel, 2022). The findings demonstrate that learning and memory are based on

the specific patterns of simultaneous neuron activity across a network of brain regions.

VTA/SN

@®——< Glutamatergic projection
Dopaminergic projection

@®—< GABAergic projection

@ —< Cholinergic projection

Glutamine pathways: GABAergic pathways: Dopamine pathways: Cholinergic pathways:
Stress-related learning Cognition Attention Navigation
Depression Spatial memory Memory formation Memory processing
Spatial memory Working memory Memory consolidation Fear extinction
Exploration Movement control Cognition
Locomotion Stress

Figure 2. Neurotransmitter pathways in rodents. Glutaminergic transmitters mainly contribute
to Stress-related learning, depression, and spatial memory. GABAergic pathways in the septo-
hippocampo-septal loop involve cognition, spatial and working memory, exploration, and
locomotion. Dopamine pathways are important for attention, memory formation and
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consolidation, and movement control. The Cholinergic pathways related to the basal forebrain
cholinergic system (BFCS) were reported to modulate navigation, memory processing, fear
extinction, cognition and stress in mice. The figure was adapted and modified from Khakpai et
al. (2013) and Speranza et al. (2021) (Khakpai, Zarrindast, et al., 2013; Speranza et al., 2021).

1.2.  Explicit and implicit memory

Memories can be classified into two categories: explicit (declarative) and implicit (non-
declarative). Explicit memory is the conscious and intentional recollection of factual
information, previous experiences, and concepts (Ullman, 2004). In contrast, implicit memory
unconsciously influences thoughts and behaviors (Schacter, 1987). Explicit memory usually
includes semantic memory and episodic memory, while implicit memory is divided into priming
memory, non-associative memory, habits and skills, and simple conditioning (Hampton,
Engelberg, & Brady, 2020). Explicit memory is supported by the parahippocampal gyrus (Squire
& Zola-Morgan, 1991), in which the entorhinal, perirhinal, and parahippocampal cortices
contribute to the encoding of objects or scenes, and the hippocampus plays a vital role in
forming associations between these different structures (Davachi, 2006; Squire, Stark, & Clark,
2004; Staresina, Duncan, & Davachi, 2011). Implicit memory is more likely modulated by the
activities of the striatum, neocortex, amygdala, cerebellum and reflex pathways (Squire & Dede,
2015). The explicit and implicit memory systems can operate independently by different brain

networks (Eichenbaum & Cohen, 2004).
2. Memory consolidation

Memory consolidation involves key processes that stabilize a memory trace after its initial
acquisition (Dudai, 2004). As shown in the figure (Figure 3), synaptic consolidation is the initial
process in synaptic connections and neural circuits shortly after learning, which is believed to
be associated with late-phase LTP (Bramham & Messaoudi, 2005). The activation of synaptic
consolidation includes the transcription of BDNF and the trafficking of mRNA (i.e., CamKlla)
encoded by Arc/Arg3.1 through dendrites (Bramham & Messaoudi, 2005). During the second
stage of memory consolidation, systems consolidation, the function and contribution of
different brain regions to memory storage and recall change. A popular theory postulates that

hippocampus-dependent memories become independent of the hippocampus and reorganize
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the brain network over days to years (Tonegawa et al., 2018). Researchers have recently
focused on the third process, known as reconsolidation, which is reactivating previously
consolidated memories to make them become unstable and undergo a protein synthesis-
dependent process (Debiec & Ledoux, 2004). Memory consolidation and reconsolidation both
rely on synaptic plasticity in various brain regions, including the hippocampus, cerebral cortex,
cerebellum, amygdala, and striatum (P. W. Frankland & Bontempi, 2005; C. Luscher & Malenka,
2012; Tonegawa et al., 2018). Goto reviewed that maintenance of the LTP, after learning in the
hippocampus and cortex, is highly related to the activity of glutamate receptors (Goto, 2022).
The activation of immediate-early genes such as Arc/Arg3.1, c-Fos, and egr-1, which regulate
LTP and synaptic plasticity, were observed in specific brain regions during memory acquisition
and retrieval (Paul W. Frankland, Bontempi, Talton, Kaczmarek, & Silva, 2004; Gusev & Gubin,
2010; Jones et al., 2001; Minatohara, Akiyoshi, & Okuno, 2016; Tse et al., 2011). The processes
within the brain network play an essential role in encoding and retaining memories. While
there are multiple theories regarding memory consolidation, further research is needed to
better understand the workings of the brain network and the types of neurons involved in

memory consolidation.
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Figure 3. Memory processes and the consolidation of synaptic plasticity mechanisms.
Memory processes include information input, sensory memory, working memory, long-term
memory, and forgetting. From acquisition to memory consolidation and long-term memory,
the synaptic network is active and strengthened through gene regulation and receptor
modification. Adapted and modified from Kang & Bae (2021) and Spencer (2008) (Kang & Bae,
2021; Spencer, 2008).

3. Memory generalization

Memory discrimination is recalling relevant information while filtering out irrelevant

information stored in memory (Goh & Lu, 2012; Nairne, 2005; Poirier et al., 2012; Reed Hunt,
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2003). The low discrimination of relevant and irrelevant information in stored memory is
memory generalization (S. H. Wang, Teixeira, Wheeler, & Frankland, 2009). Fear memory
generalization allows animals to estimate and respond to potential threats in a changing
environment (J. Yu, Naoi, & Sakaguchi, 2021). Over time, generalization often occurs due to a
loss of precision in memory (S. H. Wang et al.,, 2009; Wiltgen et al., 2010). However,
Overgeneralization of fear in a neutral environment is a common symptom of anxiety-related
disorders, such as acute stress disorder or post-traumatic stress disorder (Abuse, 2014;
Association, 2000), and can occur over a shorter time scale than the generalization that usually
occurs as memories become remote (Besnard & Sahay, 2016; Jovanovic & Ressler, 2010).
Rayman et al. reviewed possible reasons for discrimination failures between conditioned
stimuli (CS) and similar but non-identical stimuli: an active process of inhibitory weakening, the
failure to form a strong association between the conditioned stimuli (CS) and unconditioned
stimulus (US) (not well-learned), and the failure of retrieval (forgetting) (Asok, Kandel, &

Rayman, 2018).

> Lateral septum

f

Hypothalamus N
e
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Figure 4. Diagram representing the circuitry that interconnects the brain structures related to
fear memory. As shown in the diagram, brain circuits for fear learning and memory include the
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hippocampus, lateral and medial septum, amygdala, and cortical regions. Adapted and
modified from lzquierdo, Furini & Myskiw, 2016.

Fear memories rely on discrete neural circuits dependent on the type of CS-US pairing (Maren,
2001; Tovote, Fadok, & Luthi, 2015). Pavlovian fear conditioning (Maren, 2001), as a behavioral
paradigm, was the most widely used fear conditioning test, including US foot shock, CS tone
stimulus, and environment information (olfactory, visual, and tactile). It is important to note
that fear learning depends on the interconnections between different brain regions (lzquierdo,
Furini, & Myskiw, 2016) (Figure 4). A series of studies have shown that auditory fear
information is transported from the auditory thalamus to the lateral nucleus of the amygdala
(LA) through direct or indirect pathways via the lemniscal and extra lemniscal pathways
(Ferrara, Cullen, Pullins, Rotondo, & Helmstetter, 2017; Weinberger, 2011). The lateral
amygdala (LA) and the thalamus transmit information to the central nucleus of the amygdala
(CeA), which modulates the behavioral (Sanford et al., 2017) and neuroendocrine aspects of
fear (Ciocchi et al., 2010; Gross & Canteras, 2012; Linke, Braune, & Schwegler, 2000). Both LA
and CeA then send projections to the bed nucleus of the stria terminalis (BNST), which involve
anxiety-like behaviors, contextual fear, and fear generalization in mice (Asok, Draper, et al.,
2018; Davis, Walker, Miles, & Grillon, 2010; H. W. Dong, Petrovich, & Swanson, 2001; Duvarci,
Bauer, & Pare, 2009). During fear conditioning, the dorsal hippocampus receives projections
from the medial and lateral entorhinal cortices (MEC and LEC) layers (I. Lee & Lee, 2013), and
subfields are responsible for mediating fear memories and memory precision (Besnard & Sahay,
2016; Cravens, Vargas-Pinto, Christian, & Nakazawa, 2006; McHugh et al., 2007; Rolls, 2013;
Roy et al., 2017). Furthermore, the ventral hippocampus is known to have distinct functions
compared to the dorsal hippocampus in the consolidation of contextual fear memory
(Fanselow & Dong, 2010; H. Zhu et al.,, 2014). The ventral hippocampus, along with its
connections such as the medial prefrontal cortex (mPFC), the BLA, the retrosplenial cortex, the
insular cortices, and the nucleus reuniens (NR) (Cenquizca & Swanson, 2007; Pitkanen,
Pikkarainen, Nurminen, & Ylinen, 2000; Ramanathan, Ressler, Jin, & Maren, 2018; Rozeske,
Valerio, Chaudun, & Herry, 2015; Xu & Sudhof, 2013), play an important role in maintaining the
precision of memory (Ciocchi, Passecker, Malagon-Vina, Mikus, & Klausberger, 2015; Cullen,

Gilman, Winiecki, Riccio, & Jasnow, 2015; Jimenez et al., 2018). In human studies, the striatum,
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insula, and periaqueductal gray (PAG) are implicated in generalizing recent fear memories
(Dunsmoor, Prince, Murty, Kragel, & LaBar, 2011). In recent studies, the hippocampus and its
projections to the lateral septum (LS) have been shown to play a critical role in memory
acquisition, consolidation and discrimination (Besnard, Miller, & Sahay, 2020; Decarie-Spain et
al., 2022; Mondragdén-Rodriguez, Gu, Fasano, Pefia-Ortega, & Williams, 2019; Opalka & Wang,
2020). The review highlighted the crucial role of the medial prefrontal cortex (mPFC) and its
connections with the amygdala, hippocampus, and entorhinal cortex in fear memory
reconsolidation and extinction (Baldi & Bucherelli, 2015) (Figure 5). It was reported that the
amygdala microcircuits, along with the auditory cortex, the PAG, and the ventral tegmental
area (VTA), contribute to the discrimination of fear memories (Yan et al.,, 2023). The fear
memory discrimination heavily relies on contextual and sensory information, making the
hippocampal circuits a crucial area for further investigation. Therefore, understanding the brain
network of fear memory generalization may be important for controlling symptoms associated

with recurrent memory retrieval.
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Figure 5. Proposed neural circuits in fear memory reconsolidation and discrimination.
Different brain circuits modify fear memory consolidation and fear memory discrimination. The
figure was adapted and modified from Baldi & Bucherelli (2015) and Yan et al. (2023).

4. Role of Arc/Arg3.1 in synaptic plasticity, memory consolidation, and memory

discrimination

The activity-regulated cytoskeletal gene Arg3.1, also known as Arc, was first identified in 1995
(Link et al., 1995; Lyford et al., 1995) and has since been found to be located on chromosome 7,
8, and 15 in rat, human, and mouse (Lyford et al., 1995). The Arc/Arg3.1 gene is a conserved
gene with low homology to the a-spectrin sequence (Lyford et al., 1995). The genetic sequence
is composed of three exons and two introns. Following transcription, a 3.1 kb mRNA is
generated that contains a 3' untranslated region (3' UTR) harboring a dendritic targeting

element (Kobayashi, Yamamoto, Maruo, & Murakami, 2005). The presence of two exon
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junction complexes (EJCs) in the 3' untranslated region (UTR) makes Arc/Arg3.1 a viable target
for nonsense-mediated decay (NMD) (Giorgi et al., 2007). The open reading frame (ORF) of
Arc/Arg3.1 can be found in the first exon and is responsible for translating 396 amino acids,

which have a predicted molecular weight of 55 kDa (Link et al., 1995; Lyford et al., 1995).

The expression of Arc/Arg3.1 is regulated by plasticity-related stimuli (Chotiner et al., 2010;
Link et al., 1995; J. J. Rodriguez et al., 2005; Steward, Wallace, Lyford, & Worley, 1998;
Waltereit et al., 2001; Ying et al., 2002), memory acquisition (Chau, Prakapenka, Fleming, Davis,
& Galvez, 2013; Gusev & Gubin, 2010; Lonergan, Gafford, Jarome, & Helmstetter, 2010; Lv, Xu,
Han, & Cui, 2011), stress (Boulle et al., 2014; Leem & Chang, 2017; Muzio et al., 2016) and
novelty stimulus (Inberg, Elkobi, Edri, & Rosenblum, 2013; Inberg et al., 2016; Jakkamsetti et al.,
2013; Santini et al., 2011). To regulate activity-dependent transcription, several regions have
been identified in the promoter region of the Arc/Arg3.1 gene. It is noteworthy that these
regions include a synaptic activity response element (SARE) that contains binding sites for three
major transcription factors: cyclic AMP response element-binding protein (CREB), myocyte
enhancer factor 2 (MEF2), and serum response factor (SRF) (Kawashima et al., 2009). It has
been observed that the promoter region contains two serum response elements (SRE) and one
"Zeste-like" element (Pintchovski, Peebles, Kim, Verdin, & Finkbeiner, 2009; Wall & Correa,
2018). These elements can potentially be recruited by synaptic activity, thereby enhancing
Arc/Arg3.1 induction in activated synapses within several minutes (Moga et al., 2004; Steward
et al., 1998). Previous studies reported that Arc/Arg3.1 has over 30 interaction partners and is
believed to serve as a protein interaction hub at the molecular level (Nikolaienko, Patil, Eriksen,
& Bramham, 2018). When synapses are activated, Arc/Arg3.1 is known to interact with a
number of important proteins, including clathrin adaptor protein AP2, dynamin 2, and
endopilin, facilitating the process of clathrin-mediated endocytosis of AMPA-type glutamate
receptors and promote a decrease in synaptic strength during LTD and synaptic scaling (S.
Chowdhury et al., 2006; DaSilva et al., 2016; Wall & Correa, 2018; Waung, Pfeiffer, Nosyreva,
Ronesi, & Huber, 2008). In the inactive synapses, several evidences reported that Arc/Arg3.1
can facilitate the targeting of synapses by binding to inactive calcium/calmodulin-dependent
protein kinase-B (CaMKIIB), which can result in a selective weakening of such synapses (Okuno
et al.,, 2012; Okuno, Minatohara, & Bito, 2018). The synthesis of Arc/Arg3.1 is essential for

stabilizing nascent actin filaments and consolidating LTP (Fukazawa et al., 2003; Messaoudi et
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al., 2007), as it binds to the actin cross-linking protein drebrin A (Nair et al., 2017) and regulates
the activity of the actin-severing protein cofilin (Messaoudi et al., 2007). Arc/Arg3.1 has been
found to enter the nucleus and interact with histone acetylases, including TI60 and CREB
binding protein (Korb, Wilkinson, Delgado, Lovero, & Finkbeiner, 2013; Wee et al., 2014). The
interaction of nuclear Arc/Arg3.1 affects the transcription of AMPA receptor GluAl subunits,
which is reported to support dendrite-wide synaptic downscaling (Korb et al.,, 2013).
Additionally, recent research has suggested that Arc/Arg3.1 may also be involved in regulating
chromatin state (Leung, Foo, & VanDongen, 2022; Salery et al., 2017; Wee et al., 2014). The
findings of recent studies indicate that self-assembly of retrovirus-like capsid structures may
occur in Arc/Arg3.1 proteins from mammals and Drosophila. These capsids have been observed
to contain Arc/Arg3.1 mRNA and are released from neurons in extracellular vesicles (EVs),
which subsequently transmit the capsid, delivering RNA into neighboring cells (Ashley et al.,
2018; Pastuzyn et al., 2018). A variety of evidence suggests that Arc/Arg3.1-dependent synaptic
plasticity (Figure 1) is a significant contributor to the neural dynamics and information

processing involved in learning and memory.
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Figure 6. The Arc/Arg3.1 protein in neuronal function. The illustration depicts the various
functions of Arc/Arg3.1 in post-synaptic glutamatergic neurons during long-term synaptic
plasticity. Arc/Arg3.1 enters the nucleus of the postsynaptic neuron, where it interacts with
histone acetylases and inhibits transcription of AMPAR GluA1l subunits. This indicates its role in
dendrite-wide homeostatic scaling. Additionally, Arc/Arg3.1 forms virus-like capsid structures
that enclose mRNA, which are then released in vesicles and taken up by neighboring cells. This
suggests its function in intercellular signaling. Arc/Arg3.1 is critical for synaptic activity and
plays a significant role in synaptic plasticity. Specifically, Arc/Arg3.1 interacts with endocytic
machinery proteins, facilitating clathrin-mediated endocytosis of AMPA-type glutamate
receptors and decreasing synaptic strength (LTD). Arc/Arg3.1 also interacts with F-actin-binding
proteins, stabilizing newly polymerized actin filaments in post-synaptic spines, resulting in
stable synaptic strengthening and long-term potentiation (LTP).

4.1. Arc/Arg3.1is essential for synaptic plasticity.
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In the field of neuroscience, synaptic plasticity refers to the remarkable ability of synapses to
adjust their strength based on activity. Synaptic plasticity is widely considered essential for
information storage in neural networks (Abraham, Jones, & Glanzman, 2019; Josselyn &
Tonegawa, 2020; Sossin, 2018). This crucial process is supported by three well-established
forms of synaptic plasticity: long-term potentiation (LTP), long-term depression (LTD), and
homeostatic plasticity. Arc/Arg3.1 is a dynamic regulator of intracellular mechanisms involved
in synaptic plasticity, and it is widely believed to have cell-autonomous functions, whether they

are related to synaptic or nuclear mechanisms.

Long-term potentiation (LTP) is a cellular mechanism that plays a critical role in learning and
memory, which is defined as a sustained increase in synaptic strength following high-frequency
stimulation or chemical induction, for example, BDNF (lbarra et al., 2022; Plath et al., 2006;
Tzingounis & Nicoll, 2006). According to previous findings, a robust upregulation of Arc/Arg3.1
in the dentate granule cells has been observed following high-frequency stimulation (HFS) of
the medial perforant path (MPP) input to the dentate gyrus (Link et al., 1995; Lyford et al.,
1995; Messaoudi et al., 2007; Steward et al., 1998). A recent study suggested that newly
synthesized Arc/Arg3.1 undergoes rapid turnover, potentially contributing to a time window
for long-term potentiation (LTP) consolidation at the perforant input to the dentate gyrus (H.
Zhang & Bramham, 2021). To consolidate long-term potentiation (LTP) in the hippocampus, it is
necessary to infuse Arc/Arg3.1 antisense oligodeoxynucleotides (ODNs) (Guzowski et al., 2000).
However, during the LTP maintenance phase, local infusion of Arc/Arg3.1 antisense
oligodeoxynucleotides results in the reversion of LTP to baseline within 30 minutes, along with
significant inhibition of Arc protein synthesis (Messaoudi et al., 2007). Our colleagues reported
LTP was enhanced during the first hour after high-frequency stimulation (HFS), and the LTP
maintenance was impaired in the Arc/Arg3.1 knock-out mice, which indicated that Arc/Ag3.1 is
essential for synaptic consolidation (Plath et al., 2006). During long-term potentiation (LTP), the
synthesis of Arc/Arg3.1 is necessary to stabilize newly formed F-actin filaments in the perforant
path termination zone on granule cell dendrites (Messaoudi et al., 2007). Although Arc/Arg3.1
does not bind with F-actin directly, this process is associated with the F-actin-binding protein,
drebrin A (Nair et al., 2017; Walczyk-Mooradally et al., 2021). When the Arc/Arg3.1 is over-
expressed, it increases the density of spines, particularly the plastic spines, in cultured neurons

(Peebles et al.,, 2010). It has been observed that ERK has the potential to assist in the
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maintenance of LTP by promoting the dendritic accumulation of Arc/Arg3.1 mRNA at
stimulated perforant path synapses (Huang, Chotiner, & Steward, 2007; Steward et al., 1998)

and regulates Arc/Arg3.1 translation in the synaptic compartment (Panja et al., 2014).

Long-term depression (LTD) is a type of synaptic plasticity in motor learning processes induced
by low-frequency stimulation over a prolonged period. The role of Arc/Arg3.1 in the expression
of long-term depression (LTD) was first reported in our lab. This demonstrated that low-
frequency stimulation (LFS) induced LTD was significantly impaired in Arc/Arg3.1 knock-out
mice in vitro (Plath et al., 2006). During LTD, Arc/Arg3.1 works in collaboration with specific
components of the endocytic machinery (AP2, dynamin 2, and endophilin 3) to enhance the
internalization of AMPARs (DaSilva et al., 2016). An in vitro study revealed that recombinant
Arc/Arg3.1 has the ability to increase dynamin 2 polymerization and stimulate its GTPase
activity (Byers et al., 2015). In cultured Purkinje neurons of the cerebellum, the transcription of
Arc/Arg3.1 and the involvement of transcription factors such as serum response factor (SRF)
are essential for the late phase of mGIuR-LTD, which occurs more than an hour after
stimulation (Smith-Hicks et al., 2010). Similarly, in the CA1 region of acute hippocampal slices, a
rapid Arc translation rather than transcription is necessary for mGIluR-LTD (Wilkerson, Albanesi,
& Huber, 2018). Additionally, the acute suppression of Arc/Arg3.1 expression by using

antisense ODNs prevents mGIuR-LTD from occurring (Waung et al., 2008).

In mature cortical neuronal cultures, Arc/Arg3.1 also plays a role in homoeostatic upscaling at
the level of single synapses (Beique, Na, Kuhl, Worley, & Huganir, 2011). Arc/Arg3.1 protein in
Drosophila forms capsid-like structures loaded into extracellular vesicles. In Drosophila, which
harbors an Arc homologous gene (dArc), extracellular vesicles pass from motor neurons to
muscles, disrupting the transfer and blocking synaptic plasticity (Ashley et al., 2018). The ability
of rodent/human Arc/Arg3.1 to assemble into multimers and possibly form capsid-like
structures was shown in vitro, yet proof for their natural occurance in the intact brain, or for an

intercellular communication were not yet obtained.

4.2. Arc/Arg3.1involved in memory consolidation

The important role of Arc/Arg3.1 in memory consolidation has been the subject of extensive

research by a number of respected neuroscientists. Infusion antisense oligodeoxynucleotides
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(ODNs) of Arc/Arg3.1 in the hippocampus impairs LTP maintenance and spatial learning
(Guzowski et al., 2000). The important role of Arc/Arg3.1 in memory consolidation has been
further validated through experiments conducted with Arc/Arg3.1 knockout mice. These
experiments showed significant impairments in long-term novel object recognition memory,
spatial memory, fear memory, and conditioned taste aversion memory in these mice. However,
it was observed that these mice did not exhibit any deficit in short-term novel object
recognition memory or fear memory (Plath et al., 2006; Yamada et al., 2011). The results from
research in our group indicate that the absence of Arc/Arg3.1 during both early (before P21)
and late (after P21) postnatal periods or in the forebrain has been observed to have an impact
on the long-term spatial and contextual memory of adult mice (Xiaoyan Gao, 2016; Xiaoyan
Gao et al., 2018; Gomez, 2016). Arc/Arg3.1 expression is detected in the anterior cingulate and
medial prefrontal cortex during inhibitory avoidance memory formation (Pontrello et al., 2012;
Y. Zhang, Fukushima, & Kida, 2011). The Arc/Arg3.1 protein is required for memory retrieval
(Ploski et al., 2008), reconsolidation (Maddox & Schafe, 2011), and extinction(Onoue,
Nakayama, lkegaya, Matsuki, & Nomura, 2014; L. Zhu, Zhu, Huang, Shi, & Yu, 2018) of the
auditory fear memory in the lateral nucleus of the amygdala (LA). The mice showed spatial
memory deficit and memory generalization when ablated Arc/Arg3.1, specifically in the
hippocampus (Xiaoyan Gao, 2016; Xiaoyan Gao et al., 2018). In a pain-related emotional
memory test, Inhibiting the expression of the Arc/Arg3.1 gene either immediately or six hours
after inhibitory avoidance training impaired long-term fear memory, while inhibiting
Arc/Arg3.1 expression three hours before the memory test did not affect memory retrieval

(Holloway & Mclintyre, 2011).

The evidence presented above illustrates that Arc/Arg3.1 plays a crucial role in various forms of
memory consolidation and reconsolidation. It also suggests that the expression of Arc/Arg3.1 in

different regions of the brain may contribute to the formation of specific memories.

In summary, Arc/Arg3.1 plays a crucial role in regulating synaptic and structural plasticity, is
essential for learning and memory and can modify memory-linked oscillatory activity in the
brain. With these properties, Arc/Arg3.1 is posed to regulate memory by linking the molecular,

cellular and system levels.
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5. Role of Arc/Arg3.1 in stress and major depressive disorder (MDD)

Stress is an inevitable part of our daily lives. Normal physiological stress can have beneficial
effects, while chronic stress can pose a significant risk factor for psychiatric illnesses, including
major depressive disorder (de Kloet, Joels, & Holsboer, 2005; Nestler et al., 2002). Major
depressive disorder (MDD) is a widespread mental health issue affecting a significant number
of individuals worldwide (Collins et al., 2011). World Health Organization (WHO) reported
around 280 million people are experiencing depression (Institute of Health Metrics and
Evaluation 2023). Depression is a condition that can have a significant impact on various
aspects of life, including relationships with loved ones, academic or professional pursuits, and
overall well-being. It's important to recognize the signs and symptoms of depression to seek
appropriate support and care. During a depressive episode, a person usually experiences
several unpleasant symptoms, such as poor concentration (Bains & Abdijadid, 2024; Eid,
Gobinath, & Galea, 2019), hopelessness (Cannon et al., 1999), tiredness(Eid et al., 2019),
suicidal tendencies (Harris & Barraclough, 1997; Kessler, Berglund, Borges, Nock, & Wang,
2005), sleep disorder (R. F. Chen et al., 2022; S. Chen, Cheng, Zhao, & Zhang, 2023), and
unbearable pain (Ferro, 2016; Mee et al., 2011). However, further studies are necessary to gain
a better understanding of the specific location and mechanisms involved in depressive disorder

development within the brain.
5.1. Major depressive disorder (MDD) and sensory processing disorder

A clinical study revealed that MDD patients had higher sensory sensitivity and sensation
avoidance but lower sensation-seeking activities and awareness of the environment (Paquet,
Calvet, Lacroix, & Girard, 2022). Most depressive people have suicidal tendencies, and a
common phrase mentioned in notes is “I can’t stand the (mental) pain any longer” (Harris &
Barraclough, 1997; Pompili, Lester, Leenaars, Tatarelli, & Girardi, 2008; Shneidman, 1993),
which indicates individuals may be seeking death to escape from the pain (Goldsmith, Pellmar,
Kleinman, & Bunney, 2002). Thus, hypersensitive pain and depression frequently coexist in
patients with depressive disorder (Bair, Robinson, Katon, & Kroenke, 2003; Ritov & Richter-
Levin, 2014). Moreover, depression may lead to a higher intensity of pain symptoms (de Kloet

et al., 2005; Torta & Munari, 2010).
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Patients diagnosed with major depressive disorder (MDD) demonstrate a decreased level of
response to sensory stimuli and a diminished inclination to engage in exploratory behavior
(Brand & Schaal, 2017; Heckmann & Lang, 2006; Negoias et al., 2010; Paquet et al., 2022).
Several pieces of evidence revealed that visual processing (Bubl, Kern, Ebert, Bach, & Tebartz
van Elst, 2010) and sensory modalities, such as hearing (Schwenzer, Zattarin, Grozinger, &
Mathiak, 2012) and touch (Adler & Gattaz, 1993; Freedman, 1994), may also be altered by
major depression. Therefore, Major Depressive Disorder (MDD) can cause alterations in
sensory perception (Fitzgerald, 2013; Pardhan et al., 2021) and result in cognitive impairment
(Rock, Roiser, Riedel, & Blackwell, 2014). Thus, major depressive disorder (MDD) is always

related to sensory disorders in patients.

5.2.  Arc/Arg3.1 in stress and major depressive disorder (MDD)

Patients with Major Depressive Disorder (MDD) can experience a reduction of hippocampal
volume (Maller, Daskalakis, & Fitzgerald, 2007; Nifosi et al., 2010; Saylam, Ucerler, Kitis, Ozand,
& Gonul, 2006), which is associated with longer illness duration (McKinnon, Yucel, Nazarov, &
MacQueen, 2009; Travis et al., 2015) and poor clinical outcomes (Frodl et al., 2008; MacQueen,
Yucel, Taylor, Macdonald, & Joffe, 2008). Successful antidepressant treatment, on the other
hand, is linked to an increase in hippocampal volume (Frodl et al., 2008; Schermuly, Wolf, Lieb,
Stoeter, & Fellgiebel, 2011; Tendolkar et al., 2013). A recent meta-analysis has confirmed that
MDD patients have reduced volumes of the prefrontal cortex, orbitofrontal cortex, and
cingulate cortex (Arnone, McIntosh, Ebmeier, Munafo, & Anderson, 2012), but increased
volume of the amygdala (Saleh et al., 2012). Interestingly, stress induces reductions in dendritic
spine density and synapse number in the hippocampus (Hajszan et al., 2009; Sandi et al., 2003;
Tata, Marciano, & Anderson, 2006; Vestergaard-Poulsen et al., 2011) and frontal cortex (Hains

et al., 2009; Radley, Anderson, Hamilton, Alcock, & Romig-Martin, 2013) of animal models.

Arc/Arg3.1 is a crucial hub for various forms of synaptic plasticity, including LTP, LTD,
homeostatic plasticity, and the remodeling of dendritic spines (Y. Li et al., 2015). Consistent
evidence suggests that high levels of stress increase the risk of developing MDD (Melchior et al.,
2007; Sheets & Craighead, 2014; Wurtman, 2005). Studies have shown that acute stress leads
to increased expression of the Arc/Arg3.1 gene or protein in the frontal cortex (Drouet et al.,

2015; Mikkelsen & Larsen, 2006; Molteni et al., 2010), including the prelimbic, infralimbic, and
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anterior cingulate prefrontal cortex (Ons, Marti, & Armario, 2004; Ons, Rotllant, Marin-Blasco,
& Armario, 2010; Trneckova, Rotllant, Klenerova, Hynie, & Armario, 2007). Animals under
repeated chronic stress exposures display up-upregulation of Arc/Arg3.1 in the amygdala
(Monsey et al., 2014; Ons et al., 2010; Trneckova et al., 2007) and lateral septum (Ons et al.,
2004; Ons et al., 2010), but down-regulation in hippocampal CA1 (Elizalde et al., 2010; Leem &
Chang, 2017; Ons et al., 2010) and frontal cortex (Ons et al., 2010). In addition, it has been
observed that the chronic administration of monoamine-centered antidepressants can lead to
an increase in the expression of Arc/Arg3.1 in several regions of the brain in mice, such as the
hippocampus, frontal and parietal cortex, striatum, and cingulate gyrus (Y. Li et al., 2015).
Specific treatments that have rapid-acting antidepressant effects, such as ketamine
administration and electroconvulsive therapy, have been observed to acutely increase
Arc/Arg3.1 expression (de Bartolomeis et al., 2013; Dyrvig et al., 2012; Larsen et al., 2005).
Arc/Arg3.1 is a molecular target of interest for studying Major Depressive Disorder (MDD) and
stress-associated disorders. In our recent research, Arc/Arg3.1 has strong colocalization with
CamKIl and GAD in the lateral septum (LS) (Kuku, 2020) (Figure 7). However, very little research
has been done to investigate which types of neurons, such as GABAergic interneurons, express

Arc/Arg3.1 and how they affect stress-associated disorders.

Seziure

Figure 7. Colocalization of CaMKlla, GAD and Arc/Arg3.1 in LS after seizures 45 min. Taken
from Kuku (2020) with permission.
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Role of Arc/Arg3.1-mediated plasticity in modulating hippocampal-

lateral septal (HPC-LS) circuit for fear memory in mice
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In a natural environment, animals develop fear responses to dangerous situations and can
predict danger from generalized experiences when encountering similar situations. However,
overgeneralization of fear is a phenomenon of stress- and anxiety-related disorder (Shmuel
Lissek & Grillon, 2010; Shmuel Lissek et al., 2005), such as posttraumatic stress disorder, panic
disorder, and generalized anxiety disorder (Grillon & Morgan, 1999; Shmuel Lissek & Grillon,
2010; S. Lissek et al., 2014; Morey et al., 2015). Indeed, Anxiety-related disorders can be
identified by the inability to differentiate between safe situations and those that pose a threat

(Dunsmoor, Otto, & Phelps, 2017).

In the past few years, multiple theories have been developed to explain memory generalization.
The hippocampus is a critical component involved in learning, cognition, memory consolidation
and discrimination (Bian et al., 2019; W. B. Kim & Cho, 2020; J. Lisman et al., 2017; Rosenbaum,
Gilboa, & Moscovitch, 2014; Squire, Genzel, Wixted, & Morris, 2015; Squire & Wixted, 2011).
Studies have shown that the reactivation of the corresponding engrams in the hippocampus
(Liu et al., 2012; Ramirez et al., 2013), as well as in connected regions such as the anterior
cingulate cortex (ACC) (Bian et al., 2019), prelimibic cortex (PL) (Sotres-Bayon, Sierra-Mercado,
Pardilla-Delgado, & Quirk, 2012), the retrosplenial cortex (RSC) (Ren et al., 2022), and amygdala
(W. B. Kim & Cho, 2020), has been found to induce the recall of fear memory in mice and drive
an active fear response. Additionally, inhibiting the hippocampus to the medial entorhinal
cortex (MEC) circuit can impair auditory-related fear discrimination in mice (Yi et al., 2022). The
lateral septum (LS), a forebrain structure, is implicated in regulating fear responses and fear
memory (Bludau, Neumann, & Menon, 2023; Y. H. Chen et al., 2021; Hashimoto et al., 2022;
Melleu, de Oliveira, Grego, Blanchard, & Canteras, 2022; Rizzi-Wise & Wang, 2021). Various
studies illustrated that different structures in the hippocampus send unique projections to
particular subregions within the lateral septum (LS) (Leranth, Deller, & Buzsaki, 1992; Risold &
Swanson, 1997b; Rizzi-Wise & Wang, 2021; Sheehan, Chambers, & Russell, 2004). In addition,
the hippocampal-lateral septal circuit has a distinct role in various brain functions within the
neural network. Increasing the activity of either the dCA3-dLS or vCA3-vLS pathway can reduce
the fear-associated freezing response in a fearful context (Besnard et al., 2019; Besnard et al.,
2020). On the other hand, the inhibition of the dCA1l-dLS pathway decreases freezing
responses during exposure in the fearful context (Opalka & Wang, 2020). Moreover, studies

have shown that the dCA1-dLS and dCA3-dLS pathways are involved in the acquisition of fear
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memories and the discrimination process (Besnard et al.,, 2020; Opalka & Wang, 2020).
Decarie-Spain et al. reported that a circuit between the ventral hippocampus and lateral
septum selectively promotes spatial memory based on appetitive but not aversive
reinforcement (Decarie-Spain et al., 2022). In a transgenic mouse model of Alzheimer's disease,
the functional connectivity between the hippocampal CA1 and the lateral septum is impaired
(Mondragén-Rodriguez et al.,, 2019). Thus, accumulating evidence indicates that close
communication between the hippocampus and LS is required for proper encoding and retrieval
of context memory. It remains unknown whether this circuitry also participates in the process
of consolidation. While the contribution of the hippocampus to long-term remote memory
remains debated, it is widely accepted that hippocampal plasticity is required for the successful
consolidation of fear memory within or outside the hippocampus. In contrast, nearly nothing is
known about the role of the LS in the consolidation of memory and what are the underlying

plasticity mechanisms.

Arc/Arg3.1 plays an essential role in synaptic plasticity, learning, cognition, memory
consolidation and memory discrimination (Eriksen & Bramham, 2022; Xiaoyan Gao et al., 2018;
Penrod et al., 2019; Plath et al., 2006; Tzingounis & Nicoll, 2006). We have previously found
that specific ablation of Arc/Ar3.1 in the hippocampus impaired spatial memory in mice
(Xiaoyan Gao et al., 2018) but did not alter contextual fear memory (Xiaoyan Gao, 2016).
However, it did reduce memory discrimination (Xiaoyan Gao, 2016). The mechanisms by which
Arc/Arg3.1 could mediate memory consolidation include maintenance of long-term synaptic
plasticity (LTP and LTD), stabilization of synaptic structures (Eriksen & Bramham, 2022; H.
Zhang & Bramham, 2021) and modification of network oscillatory activity in the theta and
gamma frequency bands (Xiaoyan Gao et al., 2018; X. Gao et al., 2019; Malkki et al., 2016). A
large volume of the literature demonstrated the importance of theta and gamma oscillations in
the hippocampus for recognition, discrimination, and memory (Malkov, Shevkova, Latyshkova,
& Kitchigina, 2022; Neves et al., 2022; Nyhus & Curran, 2010; Vivekananda et al., 2021; Wynn,
Townsend, & Nyhus, 2023). A major attribute of theta and gamma oscillations in the
hippocampus is their ability to foster communication with connected brain regions, notably the
prefrontal (Benchenane et al.,, 2010; Ramirez-Gordillo, Bayer, & Restrepo, 2022; Tamura,
Spellman, Rosen, Gogos, & Gordon, 2017) and the entorhinal cortices (Buzsaki & Moser, 2013;

Fernandez-Ruiz et al., 2021). This interareal communication fosters memory encoding by
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optimizing information transfer and plasticity (K. M. lgarashi, 2015; Vu, Gugustea, & Leung,
2020). In addition to these regions, the hippocampus also sends profuse axonal projections to
the LS, which regulates the feedback input from the MS. While septal nuclei have long been
known for their role in memory, context and fear processing, the role of hippocampal-septal
communication in memory encoding is only beginning to unravel. Moreover, whether the

lateral septum participates in memory consolidation remains unknown.

Previous studies from our group revealed that Arc/Arg3.1 expression could be upregulated in
GABAergic neurons of the LS (Kuku 2020), including in somatostatin-positive neurons, after
seizures or following acute stress stimulus (Beba, 2023; Kuku, 2020). These findings raise the

possibility that other natural stimuli and behaviors may induce Arc/Arg3.1 expression in the LS.

Here, | hypothesized that Arc/Arg3.1 expression in the LS might be regulated by context fear
memory acquisition. | further postulated that the LS could participate in memory consolidation
through activation of Arc/Arg3.1-dependent plasticity and by influencing hippocampal-septal
communication. To address this hypothesis, | mapped Arc/Arg3.1 protein expression in the
hippocampus and LS following acquisition and retrieval of context fear memory, revealing a
strong upregulation in the LS. | utilized retrograde and anterograde rAAVs to trace the
connections between the dorsal hippocampus and the lateral septum and identified projection
and target cell types in each region. Using optogenetic tools | specifically inhibited the dCA1-
dLS pathway and studied its influence on fear memory acquisition and retrieval. | then
investigated the role of Arc/Arg3.1 in this pathway by performing locus-specific rAAV-mediated
deletions of Arc/Arg3.1 in either hippocampus or LS of conditional KO mice, revealing that both
regions have a key role in memory consolidation. Finally, | investigated the impact of
Arc/Arg3.1 deletion in either the dCA1 or dLS on their communication. For that, | performed in

vivo LFP and multi-channel recordings from the dCA1 and dLS, simultaneously.
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Previous studies demonstrated that Arc/Arg3.1 is important for synaptic plasticity and memory
consolidation. However, when Arc/Arg3.1 was ablated in the HPC in adult mice, the mice
showed no deficit in memory consolidation but showed fear memory generalization in a
novelty context. Moreover, Arc/Arg3.1 in the lateral septum nucleus can be evoked by a novel
environment and stress. Furthermore, it was reported that the hippocampo-septo-
hippocampal loop is essential for memory formation. Therefore, the aim of this part of the
study is to investigate whether Arc/Arg3.1 in the HPC-LS circuits modulates circuitry activities

and memory discrimination.

Specific goals:

e Toinvestigate if Arc/Arg3.1in dHPC and LS is involved in memory processes.

e To explore whether the activities of the dCA1-dLS circuits modulate fear memory

discrimination and if Arc/Arg3.1 mediates this process in mice.

e To study the role of Arc/Arg3.1 in the dHPC-LS circuits modulates fear memory

discrimination.

e To understand how Arc/Arg3.1 mediates circuitry and neuronal activities in dCA1-dLS

circuits.
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1. Upregulation of Arc/Arg3.1 after fear memory acquisition and retrieval in

the hippocampus (HPC) and the lateral septum (LS).

The activity-regulated cytoskeletal-associated protein (Arc/Arg3.1) (Link et al., 1995; Lyford et
al.,, 1995) is rapidly upregulated by novel experience, learning and memory and is, in turn,
crucial for the consolidation of memory and synaptic plasticity. (El-Boustani et al., 2018;
Xiaoyan Gao et al.,, 2018; Guzowski et al., 2000; Jakkamsetti et al., 2013; Messaoudi et al.,
2007; Plath et al., 2006; X. Yang et al., 2020). In the hippocampus, Arc/Arg3.1 is specifically
upregulated by synchronous high frequency activity patterns, known to induce synaptic
potentiation (Link et al.,, 1995; Mizunuma et al., 2014). These characteristics had made
Arc/Arg3.1 a prime molecular marker of memory engrams in the brain (Xiaoyan Gao et al.,
2018; Gémez, 2016; Lv et al., 2011; Maddox & Schafe, 2011; Onoue et al., 2014; L. Zhu et al.,
2018). These studies revealed spatial and temporal patterns of Arc/Arg3.1 regulation that are
specific to the learning and memory task involved and recapitulate the network involved in
processing of different memory forms (Chau et al., 2013; Gusev & Gubin, 2010; Lonergan et al.,
2010; Onoue et al., 2014; Santini et al., 2011; X. Yang et al., 2020). The hippocampus is crucial
for spatial perception, memory processing, and context discrimination (Scoville and Milner
1957, Morris, Garrud et al. 1982, Buzsaki and Moser 2013, Lisman, Buzsaki et al. 2017). The
lateral septum is a major target of hippocampal afferents and part of a septo-hippocampal
circuit (Rizzi-Wise & Wang, 2021) important for spatial learning and emotional control. The
identity of the hippocampal-septal circuits that participate in memory acquisition,
consolidation and recall remains largely unknown. Here we chose to address this question by
investigating the role of Arc/Arg3.1 in context fear memory processing, a form of

hippocampus-dependent episodic memory.

We started by asking whether Arc/Arg3.1 expression is regulated in the hippocampus and
lateral septum after fear conditioning (memory acquisition) or memory retrieval. We subjected
4 groups of wild-type mice to context fear conditioning and sacrificed each group at a different
time point: the first group was sacrificed 5 min and the second 90 min after conditioning. Due
to the delayed increase in Arc/Arg3.1 protein expression (Plath et al., 2006), the first group
represents a “baseline” level while the second reflects conditioning-dependent induction and

was termed “conditioning”. The third and fourth groups were subjected to conditioning and to
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memory recall 7 days later. Group 3 was sacrificed 5 min and the fourth group 90 min after

III II'

recall and reflect the “no-retrieval” and “retrieval” conditions, respectively. For comparison, we
also quantified the expression of cFos, an IEG whose expression is linked to a broad range of

neural activity patterns(Link et al., 1995).

The numbers of Arc/Arg3.1- and cFos-positive neurons were similar in the dentate gyrus (DG)
under baseline conditions. However, both following fear acquisition and memory retrieval,
there was a significant increase in the number of Arc/Arg3.1 positive neurons in the dentate
gyrus (DG) (Figure I. 1. A, C, E, G). On the other hand, the number of cFos-positive neurons in
the dentate gyrus (DG) significantly increased only after fear acquisition, but not after memory

retrieval (Figure l. 1. B, D, F, H).
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Figure 1. 1. Arc/Arg3.1 and cFos expression in the hippocampus during fear memory
processing. Arc/Arg3.1 expression in the dentate gyrus (DG) upregulated after (A, E) memory
acquisition (Median: Baseline, 56.19 cells/mm?; n = 12; Condition, 184.1 cells/mm?; n = 16;
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**%*n < 0.0001) and (B, G) memory retrieval (Median: No retrieval, 40.87 cells/mm?; n = 24;
Retrieval, 77.11 cells/mm?; n = 24; ****p < 0.0001). The expression of cFos in the dentate gyrus
(DG) significantly upregulated after (C, F) fear acquisition (Median: Baseline, 107.8 cells/mm?Z; n
= 12; Condition, 253.6 cells/mm?; n = 16; ****p < 0.0001) but not after (D, H) memory retrieval
(Median: No retrieval, 114.0 cells/mm?; n = 24; Retrieval, 149.4 cells/mm?; n = 24; p = 0.093,
NS). Significance was assessed with the Mann-Whitney test. The box plots showed the median
(), whiskers showed min to max, and all data points.

In fear conditioning memory the hippocampus is known to play a critical role, but the role of
the lateral septum remains unclear. Whether Arc/Arg3.1 is upregulated in the LS after
acquisition or retrieval is still not certain. After 90 min of fear acquisition and memory retrieval,
the number of Arc/Arg3.1 positive neurons significantly increased in the lateral septum (LS)
(Figure 1. 2. A, C, E, G). The number of cFos-positive neurons in the lateral septum (LS)
significantly increased after fear acquisition but was not affected after memory retrieval
(Figure 1. 2. B, D, F, H). Note that the number of Arc/Arg3.1 positive neurons in the LS was
much lower than the number of cFos positive neuron, suggesting that cFos is more readily
induced by sensory or behavioral stimuli and by a broader range of neural activity patterns
while Arc/Arg3.1 is predominantly induced by novel experience, learning and memory retrieval

a well as high frequency plasticity-inducing stimuli.
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Figure I. 2. Arc/Arg3.1 and cFos expression in lateral septum during fear memory processing.
Arc/Arg3.1 expression in the lateral septum (LS) was upregulated after (A, E) memory
acquisition (Median: Baseline, 0.857 cells/mm?; n = 12; Conditioning, 14.08 cells/mm?; n = 16;
****n < 0.0001) and following (C, G) memory retrieval (Median: No retrieval, 1.59 cells/mm?; n
= 12; Retrieval, 6.63 cells/mm?; n = 12; **p < 0.01). The expression of cFos in the lateral septum
(LS) was significantly upregulated after (B, F) fear acquisition (Median: Baseline, 133.8
cells/mm?; n = 10; Condition, 351.9 cells/mm?; n = 15; ****p < 0.0001) but not after (D, H)
memory retrieval (Median: No retrieval, 192.3 cells/mm?; n = 12; Retrieval, 242.6 cells/mm?; n
= 12; p = 0.319, NS). Significance was assessed with the Mann-Whitney test. The box plots
show the median (-), whiskers showed min to max, and all data points.

These findings show that both the hippocampus and the LS are involved in the processing of
context fear memory. Moreover, they suggest that Arc/Arg3.1 plays a role in the acquisition
and recall of memory, in both structures. The smaller size of Arc/Arg3.1 engrams in the LS,
compared to cFos engrams, might reflect the differences in activity-patterns required for the

induction of Immediate early genes (IEG).
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2. Anterograde and retrograde tracing of hippocampal-lateral septal (HPC-LS)

circuit.

A number of studies reported that the dorsal hippocampus (dHPC) directly projects to cortical
regions and to the lateral septum (LS) (R. Garcia & Jaffard, 1992; Qiu et al., 2024; Rizzi-Wise &
Wang, 2021; Takata et al., 2015; van Groen & Wyss, 1990). Additionally, different subregions of
dorsal hippocampus projecting to specific regions in LS (Rizzi-Wise & Wang, 2021). Opalka et al.
indicated that the photoinhibition of the dHPC-LS pathway caused memory deficits in mice
(Opalka & Wang, 2020). Besnard et al. reported the activities in the dCA3-LS pathway are
essential for memory consolidation and discrimination (Besnard et al.,, 2019; Besnard et al.,
2020). However, there has been no study reported on whether the dCA1-LS pathway
modulates memory consolidation or discrimination. Dorsal CA1 was reported to send and
receive strong connections between intrahippocampal subregions and other regions (Besnard
et al., 2020; Deng et al., 2019; Jimenez et al., 2018; Rizzi-Wise & Wang, 2021; Roy et al., 2017;
Takata et al.,, 2015; Tao et al., 2021; van Groen & Wyss, 1990). To investigate the direct
connection between the dorsal CAl and the lateral septum, | employed anterograde and
retrograde viral vectors and injected them separately into WT mice. In the first group, the
anterograde viral vector, in which GFP expression is driven by CaMKlla promoter (rAAV-
CaMKII-GFP), was unilaterally injected into the right dorsal hippocampus (Figure I. 3. A. Left).
Hippocampal axons projecting to the lateral septum nucleus (LS) were labeled with GFP (Figure
I. 3. A. middle and right). The highest density of GFP-fibers was observed in the dorso-medial
lateral septum. In the second group, the retrograde viral vector, in which FusionRed expression
is driven by CaMKlla promoter (rAAVrg-CaMKII-FusionRed) (Tervo et al., 2016), was bilaterally
injected into the lateral septum (Figure I. 3. B. Left). Lateral septum projecting neurons in the
hippocampus were labeled with FusionRed (Figure I. 3. B. Middle). The axons of neurons
projecting to the LS were found in the cortex and hippocampus, in line with previous reports.
Within the hippocampus, LS-projecting neurons were mostly located in the pyramidal cell
layers of CA1 and CA3 (Figure I. 3. B. Middle and right). This experiment identifies pyramidal

neurons in dCA1 as major projection source to the dorso-medial LS.
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Figure I. 3. Anterograde and retrograde tracing of hippocampal-lateral septal (HPC-LS) circuit.
(A) rAAV-CaMKII-GFP was unilaterally injected in the dorsal CA1 (scale bar: 200 um), and the
axons were labeled by green fluorescence (GFP) in LS (scale bar: 200 um). The high

magnification showed dorsal CA1 projected axons in dorsal LS (scale bar: 40 um) (B) rAAVrg-
CaMKIl- FusionRed was bilaterally injected into the LS (scale bar: 200 um), and the projected
neurons in HPC (scale bar: 200 um) were labeled by red fluorescence (FusionRed). The high
magnification showed HPC projected neurons in the dorsal LS (scale bar: 20 um).

3. Optogenetic suppression of the hippocampal-lateral septal (HPC-LS) circuit

increased fear generalization.

The hippocampal-lateral septal (HPC-LS) circuit plays an important role during encoding of
spatial and context information (van der Veldt, Etter, Mosser, Manseau, & Williams, 2021),
processing of contextual memories (Besnard et al., 2019; Opalka & Wang, 2020), and
modulating fear discrimination (Besnard et al., 2020). Different studies illustrated that dorsal
CA1 is essential for memory consolidation (A. Chowdhury et al., 2022; Montgomery & Buzsaki,
2007; Sans-Dublanc et al., 2020; J. Y. Yu et al., 2018) and discrimination (Griffin, Owens, Peters,
Adelman, & Cline, 2012; Neves et al., 2022; Ramirez-Gordillo et al., 2022). Opalka et al.
reported that dHPC-LS pathway modulates memory for experienced context (Opalka & Wang,
2020). Besnard et al. found that the dCA3-dCA1 and dCA3-dLS pathways have different roles in

discriminating between a neutral context and a training context following consolidation
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(Besnard et al.,, 2020). However, it remains unclear how the dCA1-LS circuit contributes to

discrimination between stored and novel contexts.

To investigate this question, we designed experiments to manipulate the dCA1-LS projection
pathway during context discrimination, using optogenetic tools. We injected bilaterally, a
retrograde virus expressing an inhibitory opsin (rAAVrg-CaMKII-stGtACR-FusionRed) into the
dorsal-intermediate LS of WT mice (Figure I. 4. B. left). Simultaneously, we implanted two
optical fibers over the right and left dorsal dCA1 (Figure I. 4. A, D). The tips of the fibers were
placed 100 um above the pyramidal layer (Figure I. 4. B. right). Four weeks after the surgery,
one group of mice received optical suppression of the dCA1-to-LS projection neurons during
the acquisition of contextual fear memory on day 0 (stGtACR-Conditioning) (Figure I. 4. C) and
the second group received optical suppression of the dCA1-to-LS projection neurons during the
memory specificity test on day 7 and day 21 (stGtACR-Novel) (Figure I. 4. D). The third group
was injected with the inhibitory opsin and implanted with fiber optic canula, identical to groups

1 and 2, but did not receive any light stimuli throughout the experiment.
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Figure |. 4. Optical suppression of the dCA1l-lateral septum (dCA1-LS) circuit in mice. (A)
Schematic of retrograde virus injection and two fiber-optic cannulas implantation. (B) AAVrg-
CaMKII-stGtACR-FusionRed was injected bilaterally into the lateral septum (LS) (scale bar: 200
um). (C)Two fiber-optic cannulas (shown in white dashed lines) were implanted into bilateral
HPC (scale bar: 200 um). (D) The magnification of virus expression in the dLS and dCA1 were
shown (scale bar: 10 um). (E, F, G) Schematic of fear conditioning paradigm and protocol. After
four weeks, mice were conditioned by applying a mild foot shock (0.5 mA) with a neutral tone
(10k Hz, 70 dB). (E) The Control group did not receive any light stimulation. (F) The stGtACR-
Conditioning group received optical suppression only during the fear condition. (G) The
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stGtACR-Novel group received light stimulation in the novel context only and Contextual
memory and memory specificity were tested at 7 days and 21 days delay after conditioning.

To evaluate the specificity of context memory , mice were introduced to an altered context
that differed from the conditioning context in its geometrical, olfactory, auditory, and visual
characteristics. We expected that mice with intact memory would recognize the original
context and distinguish it from the altered context, by displaying enhanced freezing in the first,

and low freezing in the latter (Figure I. 4. C, D).

3.1. Optical suppression of the dorsal hippocampal-lateral septal (dHPC-LS) circuit during

memory acquisition increased fear generalization.

Since we rely on freezing percentage as a readout of memory strength and specificity, we first
tested whether light by itself might limit mobility or increase freezing percentage. To do so, we
compared baseline freezing in the context (prior to conditioning) between mice receiving
continuous light stimulation (stGtACR-Conditioning) and mice not receiving any light
stimulation (control and stGtACR-Novel). The results indicated that the light stimulation may
have increased freezing for some mice during baseline context exposure, but there were no
significant differences between the control groups (Figure I. 6. A). Moreover, light stimulation
did not prohibit successful fear induction, as evidenced by similarly strong freezing immediately
after foot shocks (Figure I. 6. B) in all groups. In both the recent and remote memory tests, the
mice exhibited strong freezing in the conditioning environment (Figure I. 5. A-C). These findings
suggest that virus injection and optical suppression of the dCA1-LS pathway during memory

acquisition did not affect the recall of contextual memory.
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Figure I. 5. Virus injection and optical suppression did not affect contextual fear memory in
mice. (A) Averaged percentage freezing during fear acquisition (day 0) and fear memory
retrieval (day 7 and 21) in Control group phase (Median: day 0, 4.25%; day 7, 44.72%; and day
21, 51.19%; ###p < 0.001). (B) Averaged percentage freezing during fear acquisition (day 0) and
fear memory retrieval (day 7 and 21) in stGtACR-Novel group (Median: day 0, 3.58%; day 7,
50.69%; and day 21, 50.50%; ###p < 0.001). (C) Averaged percentage freezing during fear
acquisition (day 0) and fear memory retrieval (day 7 and 21) in stGtACR-Conditioning group
(Median: day 0, 7.08%; day 7, 56.22%; and day 21, 41.33%,; ####p < 0.0001). Control n = 9,
stGtACR-Novel, n = 9 and stGtACR-Conditioning, n = 9. Differences between all groups were
assessed with the Kruskal-Wallis test (#p < 0.05, ##p < 0.01, ###p < 0.001). Dunn’s multiple
comparison was performed to compare between day 0, day 7 and day 21 (**p < 0.01, ***p <
0.001, ****p < 0.0001). The box plots showed the median (-), whiskers showed min to max,
and all data points.

During the recent memory test, the stGtACR-Conditioning group displayed increased freezing in
the novel context (Figure I. 6. D) and a decreased discrimination index (Figure I. 6. E) compared
to the control group; however, these differences did not reach statistical significance. In
contrast, in the remote memory test, stGtACR-Conditioning mice exhibited a significantly high

freezing percentage in the altered context and a low discrimination index (Figure I. 6. G, H).

These results suggest that optogenetic inactivation of the dCA1-dLS pathway during memory
acquisition does not prohibit context memory formation but leads to memory generalization

and consequential degradation of memory specificity.
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3.2.  Acute optical suppression of the dCA1-LS circuit in the altered context test increased

fear generalization.

In the stGtACR-Novel group, mice exhibited strong freezing immediately after foot shocks, but
not before (Figure I. 6. A), indicating successful fear induction (Figure I. 6. B). During both
recent and remote memory tests, mice in this group displayed a high freezing percentage in
the conditioning context (Figure I. 6. C, F) similar to the control mice, and indicating successful

retrieval of the conditioning memory.
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Figure I. 6. Optical suppression of the dCA1-LS circuit increased fear generalization in mice. (A)
Averaged percentage freezing during fear acquisition phase (A, Median: Control, 4.25%;
stGtACR-Novel, 3.58%; and stGtACR-Condition, 7.08%; p = 0.546, NS). The optical suppression
in dCA1 did not affect the baseline freezing level of the mice. (B) All groups of mice displayed
similar freezing percentage before, during and immediately after conditioning (Phase F(2,24) =
0.35, p = 0.71, NS; group F(1.43,34.36) = 17.96, p < 0.001; interaction F(4,48) = 1.06, p = 0.39,
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NS). Significance was assessed with a two-way ANOVA with a mixed-effects model and a post
hoc Bonferroni test. Data represents the mean * S.E.M. (C-E) Recent memory test. Both
stGtACR-Conditioning and stGtACR-Novel groups displayed strong freezing in the conditioning
context similar to the Control group (C, Median: Control, 44.72%; stGtACR-Novel, 50.69%; and
stGtACR-Condition, 56.22%; p = 0.239, NS). (D) Only the stGtACR-Novel group showed a
significantly higher percentage freezing in the novel context (D, Median: Control, 3.25%;
stGtACR-Novel, 13.92%; and stGtACR-Condition, 13.67%; #p < 0.05) and (E) lower
discrimination index (E, Median: Control, 0.93; stGtACR-Novel, 0.80; and stGtACR-Conditioning,
0.82; p = 0.065, NS) compared (F-H) Remote memory test. (F) Similar percentage freezing in
Both the stGtACR-Condition group and stGtACR-Novel group indicated normal freezing
percentage in the contextual memory test compared to the Control group (F, Median: Control,
51.19%; stGtACR-Novel, 50.50%; and stGtACR-Condition, 41.33%; p = 0.916, NS). The stGtACR-
Condition group and the stGtACR-Novel group showed a higher level of freezing in altered
context (G, Median: Control, 6.00%; stGtACR-Novel, 16.83%; and stGtACR-Condition, 24.75%;
##p < 0.01) and lower discrimination index (H, Median: Control, 0.89; stGtACR-Novel, 0.68; and
stGtACR-Condition, 0.70; ###p < 0.001) in comparison with control group 21 days after
conditioning. Control n = 9, stGtACR-Novel, n = 9 and stGtACR-Conditioning, n = 9. Differences
between all groups were assessed with the Kruskal-Wallis test (#p < 0.05, ##p < 0.01, ###p <
0.001). Dunn’s multiple comparison was performed to compare stGtACR-Novel and stGtACR-
Conditioning to the Control group (*p < 0.05, **p < 0.01, ***p < 0.001). The box plots showed
the median (-), whiskers showed min to max, and all data points.

In summary, the optogenetic manipulations show that: 1. Optical suppression of dCA1-LS
during conditioning or novel context exposure does not interfere with subsequent recall of the
conditioning context memory. 2. Optical suppression of the dCA1-dLS circuit during memory
acquisition leads to a gradual degradation in context discrimination, becoming prominent at
remote memory recall. 3. Optical suppression of the dCA1-LS circuit increases freezing
responses to novel context exposure at recent and remote time points. We conclude that
activation of the dCA1-LS circuitry promotes context discrimination by suppressing

inappropriate freezing in unconditioned environments.

3.3. Optical suppression of the dCA1-LS circuit during context exposure decreased

neuronal activity in CA1 and Arc/Arg3.1 engrams in the LS.
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To investigate the impact of optical suppression in the dHPC-dLS pathway on local neuronal
activity and engram cell reactivation in dCA1 and dLS, we sacrificed mice 90 minutes after the
remote memory specificity test. The brains were fixed with paraformaldehyde (PFA), sliced and
immunostained for Arc/Arg3.1 and cFos. With the mean intensity of Arc/Arg3.1 and the

number of cFos positive neurons were quantified with QuPath (https://qupath.github.io/) and

normalized to the area of each measured region.
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Figure I. 7. Optical suppression decreases memory discrimination-induced expression of
Arc/Arg3.1 and cFos in CA1 (A) Schematic of memory discrimination test and perfusion. (B, D)
Following the context discrimination test, Arc/Arg3.1 expression in the CA1 was significantly
downregulated by optical suppression (B: green: Arc/Arg3.1; scale bar: 10 um; D: median:
Control, 0.104; n = 10; stGtACR-Novel, 0.065; n = 12; *p < 0.05). (C, E) Following the context
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discrimination test, cFos expression in the CA1 was significantly downregulated by optical
suppression (C: red: cFos, scale bar: 10 um; E: median: Control, 302.3 cells/mm?; n = 10;
stGtACR-Novel, 161.3 cells/mm?; n = 12; **p < 0.01). Significance was assessed with the Mann-
Whitney test. The box plots showed the median (-), whiskers showed min to max, and all data
points.
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Figure 1. 8. Optical suppression decreases memory discrimination-induced expression of
Arc/Arg3.1 but not cFos in LS (A, B) Following the context discrimination test, Arc/Arg3.1
expression in the LS was significantly downregulated by optical suppression (A: green:
Arc/Arg3.1, scale bar: 10 um; B: Median: Control, 0.027; n = 12; stGtACR-Novel, 0.015; n = 12;
**p < 0.01). (C, D) Optical suppression during the context discrimination test did not alter cFos
expression in the LS (C: red: cFos, scale bar: 10 um; D: Median: Control, 567.5 cells/mm?; n = 12;
stGtACR-Novel, 579.0 cells/mm?; n = 12; p = 0.93, NS). Significance was assessed with the
Mann-Whitney test. The box plots showed the median (-), whiskers showed min to max, and all
data points.

These findings show that the expression of Arc/Arg3.1 (Figure I. 7. A, B) and cFos in CA1 (Figure
I. 7. C, D) were suppressed by optical suppression of the dCA1-LS pathway, indicating a

successful inactivation of CA1l firing by the blue laser light. Interestingly, in the LS only
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Arc/Arg3.1 expression was suppressed (Figure I. 8. A, B), suggesting that plasticity-inducing
activity patterns were specifically abrogated by the laser stimulation. The unaltered expression
of cFOS (Figure I. 8. C, D), despite reduced input from dCA1, might reflect an effect of
disinhibition in the recurrent inhibitory circuit of LS and a broader range of cFOS-inducing
activity patterns. These results indicate a unique role of Arc/Arg3.1 in the dCA1-LS pathway

during context memory processing.

4. Ablation of Arc/Arg3.1 in the Ilateral septum (LS) increased fear

generalization.

An independent study previously performed in our lab demonstrated that ablation of
Arc/Arg3.1 in the hippocampus resulted in diminished specificity of remote context fear
memory (Xiaoyan Gao, 2016). My current study verifies an upregulation of Arc/Arg3.1 in the
HPC and LS following the acquisition and retrieval of context memory, which can be suppressed
by optical suppression of the dCA1-LS pathway. Moreover, dCA1-LS optical suppression
degrades context discrimination and reproduces the memory specificity deficit caused by
hippocampal Arc/Arg3.1 ablation. Based on these findings, | hypothesized that Arc/Arg3.1

expression in the LS plays an important role in the processing of contextual memory.
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Figure I. 9. Conditional deletion of Arc/Arg3.1 in the lateral septum (LS) and fear conditioning
memory tests in mice. (A) The fISH (RNAscope) showed that Arc/Arg3.1 and CaMKlla were
colocalized in the dorsal lateral septum (dLS). (B, C) The rAAV-CaMKII-Cre was injected
bilaterally into the lateral septum (LS) (green: Cre, blue: DAPI). (D) Arc/Arg3.1 expression was
significantly reduced after the Cre ablation. (E)Schematic of fear conditioning paradigm and
protocol. The fear conditioning was performed on mice 7 days after the injection. The context
memory and altered context tests were tested 7 and 14 days after the conditioning.

To address this hypothesis, | chose to conditionally delete Arc/Arg3.1 in the LS by bilateral
injection of a rAAV-CaMKII-Cre into the brains of Arc/Arg3.1f mice (Figure I. 9. B, C). The high
effectiveness of this virus and the short delay to full Arc/Arg3.1 deletion (7 days) were

previously tested and confirmed in the HPC (Gao 2018). Another study in our lab (Kuku 2020)

60



Results Part |

demonstrated that, albeit inhibitory, most of the LS neurons were also positive for CaMKlla
and expressed Arc/Arg3.1 after seizure. Thus, | expected successful deletion of Arc/Arg3.1 in
the LS following rAAV-CaMKII-Cre injection. After confirming the co-expression of Arc/Arg3.1
and CaMKlla in the dorso-medial portion of the LS (Figure I. 9. A) | injected the virus, bilaterally
into the LS of WT (Arc/Arg3.1*/*) and floxed mice (Arc/Arg3.1%f) (Figure I. 9. B). Floxed mice in
which Arc/Arg3.1 was conditionally ablated in the lateral septum (LS) (Figure I. 9. D), were
named “LS-cKO”. After 7 days of recovery and 3 days of handling, the mice were subjected to
the fear conditioning test (Figure I. 9. E). At the end of testing mice were sacrificed and the

brains stained against Cre to evaluate the extent of deletion (Figure I. 9. C).

>
(@)

HHHH
* % % % idididid .
£807 [ ®1007 EEex] £ 507
% & % g0 | "1 §40-
S o S 60+ " g8 30-
O 401 O :l. l.l -
£ ® £ 40+ o = 20 A
£ 20 ¢ L i 1 =
5 £ 201 3 I 510
8 O_ f 1 ] 8 0 A : \ L% 0 1 1 1
= od 7d 14d od 7d 14d Pre Tone Post
=1 Control LS-cKO -~ Control -m LS-cKO

Figure 1. 10. Ablation of Arc/Arg3.1 in the lateral septum (LS) did not affect contextual fear
memory and basal freezing percentages in mice. (A) Averaged percentage freezing during fear
acquisition (day 0) and fear memory retrieval (day 7 and 21) in Control group phase (Median:
day 0, 6.80%; day 7, 50.43%; and day 21, 47.92%,; #i#t##p < 0.0001). (B) Averaged percentage
freezing during fear acquisition (day 0) and fear memory retrieval (day 7 and 21) in Control
group phase (Median: day 0, 13.54%; day 7, 47.99%; and day 21, 58.46%; ###p < 0.0001).
Differences between all groups were assessed with the Kruskal-Wallis test (####p < 0.0001).
Dunn’s multiple comparison was performed to compare between day 0, day 7, and day 14
(****p < 0.0001).The box plots showed the median (-), whiskers showed min to max, and all
data points. (C) The LS-cKO mice showed similar freezing percentages compared to WT-Control
mice during fear acquisition (Phase F(1,28) = 1.26, p = 0.27; group F(1.835,51.37) = 36.47, p < 0.0001;
interaction Fp,56) = 0.14, p = 0.87, NS). Significance was assessed with a two-way ANOVA with a
mixed-effects model and a post hoc Bonferroni test. Data represents the mean + S.E.M. Mice
per group: Control, n = 16; LS-cKO, n = 14.
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The freezing percentage in the during memory acqusition (Figure I. 10. C) was not significantly
different between Control and LS-cKO mice. Both groups displayed stronger freezing
immediately after foot shocks (post), compared to baseline (pre) and tone stimuli (Figure 1. 10.
C), indicating successful fear induction. Similar post-conditioning freezing percentage of
Control and LS-cKO indicates similar conditioning strength. The robust freezing response in the
context tests for recent and remote memory demonstrates the establishment of a strong fear
memory in all mice (Figure I. 10. A, B). Furthermore, the conditional ablation of Arc/Arg3.1 in
the lateral septum (LS) did not affect the strength of recent or remote fear memory in mice
(Figure I. 11. A, D). However, during recent memory tests (Figure 1. 11. A-C), LS-cKO mice
displayed significantly higher freezing percentages in the altered context (Figure I. 11. B) and a
corresponding lower discrimination index (Figure I. 11. C), indicating memory generalization. In
the remote memory tests (Figure |. 11. D-F), LS-cKO mice showed higher percentage freezing in
the altered context (Figure I. 11. E) and a lower discrimination index (Figure I. 11. F), yet these
differences did not reach statistical significance. These findings suggest that the conditional
ablation of Arc/Arg3.1 in the lateral septum (LS) diminishes the specificity of recent contextual

fear memory and to a lesser extent, the specificity of remote memory.
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Figure I. 11. Ablation of Arc/Arg3.1 in the lateral septum (LS) increased recent memory
generalization. (A) The LS-cKO mice showed a similar freezing level in the context memory test
compared to their WT littermates (Median: Control, 50.43%; LS-cKO, 47.99%; p = 0.75, NS) 7
days after conditioning. But the LS-cKO mice showed a higher level of freezing in the (B) altered
context (Median: Control, 6.59%; LS-cKO, 26.38%; **p < 0.01) and lower (C) discrimination
index (Median: Control, 0.86; LS-cKO, 0.66; *p < 0.05) in comparison with the control mice 7
days after conditioning. (D) The LS-cKO mice showed similar freezing percentage in the context
memory test compared to their WT littermates (Median: Control, 47.92%; LS-cKO, 58.46%; p =
0.13, NS) 14 days after conditioning. But the LS-cKO mice showed a non-significantly higher
level of freezing in (E) altered context test (Median: Control, 13.17%; LS-cKO, 35.63%; p = 0.056,
NS) and non-significantly lower (F) discrimination index (Median: Control, 0.71; LS-cKO, 0.57; p
= 0.086, NS) in comparison with the control mice 14 days after conditioning. Mice per group:
Control, n = 16; LS-cKO, n = 14. Significance was assessed with the Mann-Whitney test. The box
plots showed the median (-), whiskers showed min to max, and all data points.

5. Arc/Arg3.1-dependent consolidation of implicit memory in the hippocampal-

lateral septal circuit.
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5.1. Long-term implicit memories in hippocampal-lateral septal circuit optical inhibition

mice and lateral septal Arc/Arg3.1 ablated mice.

The classification of memories into working memory, short-term memory, and long-term
memory has been widely accepted in the field of cognitive neuroscience. Additionally,
memories can be categorized into declarative (explicit) and non-declarative (implicit) memories
based on the type of information they contain (Cubelli & Della Sala, 2020; Jawabri & Cascella,
2024; Squire, 2009). Implicit memory, in particular, plays a crucial role in our daily lives as it
involves the retrieval and application of learned information without conscious awareness or
reference to the learning phase (Cubelli & Della Sala, 2020). Explicit and implicit memory
retrieval differ in terms of conscious recollection, with the former being recalled by recognition
or events (Squire, 1992). Previous research has suggested that explicit and implicit memories

are modulated by different neurological systems (Dew & Cabeza, 2011; Squire & Dede, 2015).

In the above chapters, the role of Arc/Arg3.1 in the hippocampal-lateral septal circuit in
memory acquisition and consolidation of explicit memories has been investigated. The data
revealed that the expression of Arc/Arg3.1 is required to maintain the regular function of the
HPC-LS circuit in adult mice and is essential for memory discrimination over short and long time
periods. However, the contribution of Arc/Arg3.1 in the HPC-LS circuit to implicit memory
formation and the specific type of neurons it modulates remain an area of ongoing research.

To address this issue, the auditory fear conditioning test has been employed.

5.2. Tone fear memory in hippocampal-lateral septal circuit optical inhibition mice.

The process of auditory fear conditioning involves pairing an aversive unconditional stimulus
(US), such as an electrical shock, with a neutral conditional stimulus (CS), such as a tone.
Eventually, the neutral stimulus can elicit the fear state after the conditioning test. In chapter |
of this thesis, | investigated contextual fear memory using an experiment design that also

allows testing of tone fear memory.

To precisely control the activity of the dCA1-dLS circuit, mice received bilateral LS injections
(Figure I. 12. A), targeting dorsal and intermedium LS, of AAVrg-CaMKII-stGtACR-FusionRed
(stGtACR). Meanwhile, two optical fibers were implanted in the HPC (Figure I. 12. A). The tips of

64



Results Part |

the fibers were 100 um above the pyramidal layer. Four weeks after the surgery, one group of
mice received photoinhibition of the dCA1-to-dLS projection neurons during the acquisition of
tone fear memory on day 0 (stGtACR-Condition) (Figure I. 12. C), while the other group
received photoinhibition of the dCA1-to-dLS projection neurons during the tone memory test
on day 7 and day 21 (stGtACR-Novel) (Figure I. 12. D). The control group received no optical
stimuli during the tests (Figure I. 12. B). The mice were placed in the conditioning arena and
were subjected to 2 pairs of tones/foot shock stimuli. After 7 and 21 days, tone fear memory
was assessed by placing mice into a novel arena with different visual, tactile, geometrical, and
olfactory characteristics from the conditioning environment. The same neutral tone paired
with the CS foot shocks was replayed in the altered novel environment to isolate the tone fear

memory.
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A rAAVrg-stGtACR injection
Fiber-optic cannulas implantation

B Fear conditioning Tone memory test

Context A Context B/C

C Fear conditioning Tone memory test

Context A Context B/C

D Fear conditioning Tone memory test

Context A Context B/C

Figure 1. 12. Optical suppression of the dCA1-dLS circuit in mice. (A, B) The retrograde virus,
AAVrg-CaMKII-stGtACR-FusionRed, was injected bilaterally into the lateral septum (LS). Two
fiber-optic cannulas were implanted into bilateral HPC. (C, D) Schematic of tone fear
conditioning paradigm and protocol. After four weeks, the mice were introduced to the fear
conditioning test. Mice were conditioned by applying a mild foot shock (0.5 mA) with a neutral
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tone (10k Hz, 70 dB). The stGtACR-Condition group received photoinhibition during the tone
fear condition. Tone memory was tested at 7 days and 21 days delay after conditioning. In the
tone fear memory test, the stGtACR-Novel group received photoinhibition during the tone fear
memory test.

During the tone conditioning, the freezing level of the stGtACR-Condition group was
comparable to Control and stGtACR-Novel groups, indicating that photoinhibition did not affect
the intact freezing responses to the tone stimuli in adult mice (Figure I. 13. A). However, in
recent and remote tone fear memory tests, stGtACR-Condition and stGtACR-Novel groups
behave significantly stronger when freezing during tone compared to the Control group (Figure
I. 13. B, C). Therefore, the analysis concludes that inhibiting activities in the dCA1-dLS circuit
through photoinhibition, whether during the formation or recall of tone fear memory, leads to

an apparent enhancement of tone fear memory in mice.
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Figure I. 13. Tone fear memory with photo-inhibited dCA1-dLS circuit in mice. (A) The optical
suppression of dCA1-LS circuits in mice increased the freezing level during tone in the
conditioning test (Median: Control, 15.36%; stGtACR-Novel, 19.29%; and stGtACR-Condition,
15.00%; p = 0.529, NS). Significance was assessed with the Kruskal-Wallis test. (B, C) In the
recent (B, Median: Control, 52.50%; stGtACR-Novel, 73.17%; and stGtACR-Condition, 78.17%;
F(2,24) = 9.23; ##p < 0.01)and remote (C, Median: Control, 52.92%; stGtACR-Novel, 71.52%;
and stGtACR-Condition, 78.42%; F(2,24) = 7.435; ##p < 0.01) tone fear memory test, the
freezing levels were significantly higher than their WT-control group. All WT, n = 19; LS-cKO, n =
18. Significance was assessed with the one-way ANOVA test and a post hoc Bonferroni test (*p

< 0.05, **p < 0.01). The box plots showed the median (-), whiskers showed min to max, and all
data points.
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5.3. Tone fear memory after local Arc/Arg3.1 ablation in the lateral septum.

In order to investigate the role of Arc/Arg3.1 mediated plasticity in the formation of tone fear
memory in the lateral septum (LS), | used rAAV-CaMKII-Cre to target LS for local Arc/Arg3.1
ablation (Figure I. 14. A, B). Seven days after injection, | subjected the mice to tone fear

conditioning (Figure IV. 3. C).

A AAV-CaMKIl-Cre B
injection

Fear conditioning Tone memory test

Figure I. 14. Ablation Arc/Arg3.1 in the lateral septum (LS) and tone fear conditioning test in
mice. (A, B) The rAAV-CaMKII-Cre was injected bilaterally into the lateral septum (LS). (C)
Schematic of fear conditioning paradigm and protocol. The tone fear conditioning was
performed on mice 7 days after the injection. The tone fear memory was tested 7 and 14 days
after the conditioning.

The LS-cKO mice exhibited normal freezing behavior in the tone fear condition test before foot
shock during the tone compared to their WT littermates (Figure I. 15. A). In both recent and
remote tone fear memory tests, the LS-cKO mice continued to show increased freezing during
tone in the altered novel context (Figure |. 15. B, C). Therefore, | conclude that Arc/Arg3.1
ablation in the lateral septum leads to a significant enhancement in freezing percentages of

tone-related fear memory in mice.
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Figure I. 15. Tone fear memory in LS-cKO mice. (A) The ablation of Arc/Arg3.1 in the lateral
septum in mice increased the freezing level during tone in the conditioning test (Median: WT,
18.75%; LS-cKO, 26.79%, p = 0.289, NS). (B, C) In the recent (B, Median: WT, 50.46%; LS-cKO,
73.92%, *p < 0.05)and remote (C, Median: WT, 54.71%; LS-cKO, 78.21%, *p < 0.05) tone fear
memory test, the freezing levels were significantly higher than their WT-control group. All WT,
n = 19; LS-cKO, n = 18. Significance was assessed with the Mann-Whitney test. The box plots
showed the median (-), whiskers showed min to max, and all data points.

6. Oscillatory network activity of the hippocampal-lateral septal (HPC-LS)

circuit in Arc/Arg3.1 deficient mice.
6.1. Local field potential (LFP) recording in vivo.

Theta and gamma oscillations in the hippocampus have been found to be closely associated
with learning and memory encoding and retrieval (Berry & Thompson, 1978; L. L. Colgin, 2016;
Fernandez-Ruiz et al., 2021; Girardeau & Lopes-Dos-Santos, 2021; Griffin, Asaka, Darling, &
Berry, 2004; Korotkova et al., 2018; Seager, Johnson, Chabot, Asaka, & Berry, 2002; Tort,
Komorowski, Manns, Kopell, & Eichenbaum, 2009b). Numerous studies have shown that high-
frequency oscillations, also known as sharp wave ripples, occur between 110-200 Hz in rodents
(Orgy Buzs, 2015) and between 80-180 Hz in humans (Norman et al., 2019; Staresina et al.,
2015), play a crucial role in memory consolidation and cognition (Buzsaki, Leung, &
Vanderwolf, 1983; Dickey et al., 2022; Imbrosci et al., 2021; Julian Keil, 2023; Norman et al.,
2019). The activation and silencing of hippocampal efferents in the lateral septum (LS) also
changed theta oscillations in the hippocampus (Bender et al.,, 2015; Chee, Menard, &

Dringenberg, 2015; Espinosa, Alonso, Caneo, Moran, & Fuentealba, 2022; Monmaur, Ayadi, &
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Breton, 1993; Pedemonte, Barrenechea, Nunez, Gambini, & Garcia-Austt, 1998). In the current
study, | show that context memory discrimination requires intact dCA1-LS activation and
expression of Arc/Arg3.1 over a prolonged memory consolidation period. It remains unknown

whether Arc/Arg3.1 ablation in this circuit may also modulate local oscillatory activity.

To further investigate the role of Arc/Arg3.1 in modulating the oscillatory network activities in
the hippocampus and lateral septum through the dCA1-LS pathway, simultaneous multichannel
depth recordings were performed in urethane-anesthetized mice. To conditionally ablated
Arc/Arg3.1 in specific regions, rAAV-CaMKII-Cre was injected bilaterally into the dCA1 (Figure. I.
16. D) or LS (Figure. I. 16. F) of Arc/Arg3.17f mice to specifically remove Arc/Arg3.1 in the
targeted brain regions. In vivo local field potential recording was performed in the
hippocampus (HPC) and lateral septum (LS) in adult Arc/Arg3.1 KO mice (Figure. I. 16. A, B) or

after 7 days injection in mice (Figure. I. 16. C-F).
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Figure I. 16. Local field potential recording in HPC-cKO and LS-cKO mice. (A) Arc/Arg3.1 mRNA
expression in dorsal CA1 and dorsal LS 45 min after seizures (green: Arc/Arg3.1, blue: DAPI;
scale bar: 100 um). (B) Schematic of local field potential recording (LFP) in Arc/Arg3.1 KO mice.
(C) Schematic of local field potential recording (LFP) in HPC-cKO mice. (D) The rAAV-CaMKII-Cre
was injected bilaterally into the hippocampus (HPC). Cre was labeled green fluorescence, and
DAPI was blue. (E) Schematic of local field potential recording (LFP) in LS-cKO mice. (F) The
rAAV-CaMKII-Cre was injected bilaterally into the lateral septum (LS). (D, F) Cre was labeled
green fluorescence, and DAPI was blue.
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Local field potentials and unit spikes were recorded from both the dorsal CA1 (Figure. |. 17. A,
B) and the dorsal lateral septum (Figure. I. 17. A, C). Urethane anesthesia induces two sleep-
like activity patterns: REM and SWS, which alternate spontaneously. Sleep-like phases were
identified based on their characteristic rhythms with high theta/delta power ratio in REM and
high delta power (ripple-rich) in the SWS epochs (Figure I. 17. D-G). The data was analyzed for

each phase, separately.
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Figure I. 17. Measurements of local field potentials. (A) Schematic of local field potential
recording (LFP). Histological verification of Dil-coated probes for (B) lateral septum (LS) and (C)
hippocampal CA1 with DAPI staining is shown in blue and Dil in red. (D, E) Spectrogram
excerpts from a recording show 0 — 30 Hz frequency bursts. Theta frequency (3-6 Hz) power
indicates rapid eye movement sleep (REM) epochs. When the ratio (black) of theta (3-6 Hz)
power and low frequency (0.2-1.2 Hz) power was greater than 1.4 times (white) than the
average, the sleep epochs were defined as rapid eye movement sleep (REM) epochs. (E) Low
frequency (0.2-1.2 Hz) power indicates putative slow wave sleep (SWS) epochs. When low
frequency (0.2-1.2 Hz) power (black) was greater than 1.4 times (white) than the average, the
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sleep epochs were defined as slow wave sleep (SWS) epochs. (F) the sleep states showed REM
in red and SWS in blue. (G) Raw trace examples of REM and SWS epochs.

6.2. Oscillatory activity of the hippocampal-lateral septal (HPC-LS) circuit in Arc/Arg3.1 KO
mice, Arc/Arg3.1 dHPC-cKO mice, and Arc/Arg3.1 LS-cKO mice.

The current research conducted in this thesis sheds light on the detection of various activities
in the pyramidal layer of hippocampal CA1 and lateral septum nucleus (LS) during REM-like
sleep states or SWS sleep states in urethane-anesthetized mice. Spectral analysis shows that
the power of the theta (3-5.2 Hz) oscillation was reduced in hippocampal CA1 in Arc/Arg3.1 KO
mice (Figure I. 18. A), which was consistent with our previous findings (Xiaoyan Gao et al.,
2018). Similarly, the power of the theta oscillation was also significantly reduced in LS in
Arc/Arg3.1 KO mice (Figure I. 18. B). However, in HPC-cKO mice, the theta power was not
significantly increased in either dCA1 (Figure I. 18. C) or LS (Figure I. 18. D). Similarly, LS-cKO
mice exhibited unaltered theta power in CA1 (Figure I. 18. E) and LS (Figure I. 18. F) compared
to their WT-controls. Our previous study (Xiaoyan Gao et al., 2018), demonstrated that
deletion of Arc/Arg3.1 early during ontogenetic development reduces theta power. Whereas a
late deletion of Arc/Arg3.1 has no impact on theta. In line with this report, only germline KO of
Arc/Arg3.1 displayed reduced theta power. Adult local deletion of Arc/Arg3.1 in the HPC and LS

had no significant effect on theta power.
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Figure I. 18. Theta oscillation activity during REM-like sleep states in the hippocampus and
lateral septum nucleus of KO, HPC-cKO, and LS-cKO mice. Power spectra from paradoxical
REM sleep for the theta band in Pyr and LS showing mean + S.E.M. and their corresponding box
plots showing median (-), whiskers showed min to max, and all data points. Theta power was
reduced in both (A) CA1 (WT, -105.27 dB, n = 10; KO, 108.13 dB, n = 12, *p < 0.05) and (B)
lateral septum (WT, -103.43 dB, n = 11; KO, -105.67 dB, n = 11, *p < 0.05) in the Arc/Arg3.1 KO
mice. In HPC-cKO mice, the theta power in (C) CA1 (WT, -106.04 dB, n = 8; KO, -103.99 dB, n =
10, p = 0.27, NS) was non-significantly higher than the WT mice but similar in (D) LS (WT, -
102.56 dB, n = 8; KO, -102.77 dB, n = 10, p = 0.76, NS). In LS-cKO mice and their WT littermates,
the theta power was comparable in both (E) CA1 (WT, -106.65 dB, n = 12; KO, -107.04 dB, n =
13, p = 0.76, NS) and (F) LS (WT, -105.35 dB, n = 12; KO, -106.12 dB, n = 13, p = 0.24, NS).
Significance was assessed with the Mann-Whitney test.

Gamma oscillations are widely considered to be associated with perception and memory (Fell
et al., 2001; Fries, Nikolic, & Singer, 2007; C. M. Gray, Konig, Engel, & Singer, 1989; Hirabayashi,
Takeuchi, Tamura, & Miyashita, 2013; Montgomery & Buzsaki, 2007). Recent research by Gao
et al. has found that gamma (20-50 Hz) is significantly reduced in germline Arc/Arg3.1 KO mice
(Xiaoyan Gao et al., 2018). In a similar vein, | conducted analysis of the power of gamma (20-90

Hz) oscillations during REM-like sleep and found that it was significantly decreased in
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hippocampal CA1 of Arc/Arg3.1 KO mice (Figure I. 19. A). However, gamma power was similar
in the LS of Arc/Arg3.1 KO mice and their WT littermates (Figure I. 19. B). Interestingly, gamma
power was unaltered in CA1 of HPC-cKO and LS-cKO mice compared with their respective WT-
controls (Figure I. 19. C, E). However, in both groups, gamma power was significantly reduced
in the LS (Figure 1. 19. D, F). The results indicate that a brain-wide germline Arc/Arg3.1 deletion
(KO) impairs gamma activity in CA1 but not in the LS. Interestingly, conditional deletion of
Arc/Arg3.1 either in HPC or LS of adult mice, preserves gamma activity in CA1, but reduces

gamma power in the LS.
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Figure I. 19. Gamma oscillation activity during REM-like sleep states in the hippocampus and
lateral septum nucleus of KO, HPC-cKO, and LS-cKO mice. Power spectra from paradoxical
REM sleep for the gamma band in Pyr and LS showing mean + S.E.M. and their corresponding
box plots showing median (-), whiskers showed min to max, and all data points. Gamma power
was significantly reduced in (A) CA1 (WT, -128.55 dB, n = 10; KO, -130.45 dB, n =12, *p < 0.05),
but non-significantly lower in (B) lateral septum (WT, -122.83 dB, n = 11; KO, -123.68 dB, n = 11,
p = 0.237, NS) in the Arc/Arg3.1 KO mice. In HPC-cKO mice and their WT littermates, the
gamma power was comparable in (C) CA1 (WT, -126.73 dB, n = 8; KO, -127.08 dB, n = 10, p =
0.762, NS) but significantly reduced in (D) LS (WT, -121.25 dB, n = 8; KO, -122.74 dB, n = 10, *p
< 0.05). In LS-cKO mice and their WT littermates, the gamma power was also comparable in (E)
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CA1 (WT, -128.79 dB, n = 12; KO, -128.79 dB, n = 13, p = 0.892, NS) but significantly reduced in
(F) LS (WT, -124.25 dB, n = 12; KO, -125.47 dB, n = 13, *p < 0.05). Significance was assessed
with the Mann-Whitney test.

High-frequency (120-180 Hz) oscillations (HFO) are generated through recurrent inhibitory
connections, such as are abundant in the LS and might also be affected by Arc/Arg3.1 deletion.
Analysis of HFO during REM-like sleep revealed similar power in both CA1 and LS of Arc/Arg3.1
KO mice and their WT-littermates (Figure I. 20. A, B). In the HPC-cKO mice and the LS-cKO mice,
HFO power was unchanged in CA1 (Figure I. 20. C, E), but significantly reduced in the LS (Figure
I. 20. D, F). Based on these results, it can be inferred that only in the LS, high-frequency

oscillations are supported by Arc/Arg3.1 presence locally, or in the HPC.
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Figure I. 20. High-frequency oscillation activity during REM-like sleep states in the
hippocampus and lateral septum nucleus of KO, HPC-cKO, and LS-cKO mice. Power spectra
from paradoxical REM-like sleep for the high-frequency band in Pyr and LS showing mean %
S.E.M. and their corresponding box plots showing median (-), whiskers showed min to max, and
all data points. The high-frequency oscillation power was comparable in (A) CA1 (WT, -138.78
dB, n=10; KO, -138.91 dB, n = 12, p =0.99, NS) and (B) lateral septum (WT, -134.06 dB, n = 11;
KO, -134.17 dB, n =11, p = 0.431, NS) in the Arc/Arg3.1 KO mice. In HPC-cKO mice and their WT
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littermates, the high-frequency oscillation was comparable in (C) CA1 (WT, -136 dB, n = 8; KO, -
136.50 dB, n = 10, p = 0.46, NS) but significantly reduced in (D) LS (WT, -132.33 dB, n = 8; KO, -
133.44 dB, n = 10, *p < 0.05). In LS-cKO mice and their WT littermates, the high-frequency
oscillation power was also comparable in (E) (WT, -138.80 dB, n = 12; KO, -139 dB, n =13, p =
0.183, NS) but significantly reduced in (F) LS (WT, -133.90 dB, n = 12; KO, -135.14 dB, n = 13, *p
< 0.05). Significance was assessed with the Mann-Whitney test.

The group of Buzsdki reported that LS high-frequency oscillation events were coupled with
dorsal hippocampal sharp wave ripples, during NREM sleep (Tingley & Buzsaki, 2020). | thus
performe an analysis of the HFO power during SWS sleep states. | found that HFO power was
not significantly decreased in CA1 and LS of Arc/Arg3.1 KO mice (Figure I. 21. A, B). In the HPC-
cKO mice, the HFO power was likewise, unchanged in CA1 (Figure I. 21. C) and in the LS (Figure
[. 21. D). Only in LS-cKO mice, HFO power was significantly reduced in the LS (Figure I. 21. F) but
not in CA1 (Figure I. 21. E).
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Figure I. 21. High-frequency oscillations during SWS sleep states in the hippocampus and
lateral septum nucleus of KO, HPC-cKO, and LS-cKO mice. Power spectra from paradoxical
SWS sleep for the high-frequency band in Pyr and LS showing mean + S.E.M. and their
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corresponding box plots showing median (-), whiskers showed min to max, and all data points.
The high-frequency oscillation power was non-significantly lower in (A) CA1 (WT, -137.0259 dB,
n = 10; KO, -137.99 dB, n = 12, p = 0.07, NS) and (B) LS (WT, -133.69 dB, n = 10; KO, -134.52 dB,
n =12, p =0.18, NS) in the Arc/Arg3.1 KO mice. In HPC-cKO mice and their WT littermates, the
high-frequency oscillation was comparable in (C) CA1 (WT, -135.4 dB, n = 8; KO, -135.5dB, n =
10, p = 0.70, NS) and (D) LS (WT, -132.4 dB, n = 8; KO, -133.2 dB, n =10, p = 0.10, NS). In LS-cKO
mice and their WT littermates, the high-frequency oscillation power was non-significantly
lower in (E) CA1 (WT, -137.7 dB, n = 12; KO, -138.4 dB, n = 13, p = 0.09, NS) but significantly
reduced in (F) LS (WT, -133.5 dB, n = 12; KO, -135.3 dB, n = 13, **p < 0.01). Significance was
assessed with the Mann-Whitney test.

These results indicate that during SWS-like phases, HFO power is only sensitive to local
expression of Arc/Arg3.1 in the LS only. Notably, loss of Arc/Arg3.1 in the entire HPC-LS circuit
restores HFO power, both in REM and SWS phases. The latter may suggest that HFO deficits

arise from an imbalance between hippocampal and LS activity.

Table I. 1. Summary of oscillation power in dCA1 and LS.

Sleep Arc/Arg3.1 KO HPC-cKO LS-cKO
Oscillations
states CA1 LS CA1 LS CA1 LS
REM Theta (3 — 5.2 Hz) _ _ _ _
REM | Gamma (20 —90 Hz) - - -
REM _ _ _ ~

HFO (120 — 180 Hz)
SWS - - - - -

: power reduction. —: Power did not change.

The results, summarized in Table I. 1, indicated that Arc/Arg3.1 is important for maintaining
theta oscillations in the hippocampus and lateral septum and gamma oscillations in the
hippocampus during development. These results are congruent with our previously published
data (Xiaoyan Gao et al., 2018) and likely reflect a developmental effect on HPC wiring and

synaptic transmission. In fully developed brain networks, Arc/Arg3.1 expression in the
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hippocampus only impacts gamma and high frequency-gamma oscillations in the LS during
REM-like sleep states. This indicates a fundamentally different mechanism of Arc/Arg3.1 action
in the development of the glutamatergic network of the HPC versus a constitutive role in the
maintenance of the GABAergic network of the LS. Functionally, these findings show that

gamma and high-frequency oscillations in the LS are crucial for memory discrimination.

6.3. Inter-areal communication between the hippocampus and the lateral septum in

Arc/Arg3.1 KO mice, Arc/Arg3.1 dHPC-cKO mice, and Arc/Arg3.1 LS-cKO mice.

The synchronization of oscillatiory activity between brain regions, is a crucial aspect of working
memory, memory recall, and cognition (Adelhofer & Beste, 2020; Chmielewski, Muckschel,
Dippel, & Beste, 2016; Karakas, 2020; Sauseng, Griesmayr, Freunberger, & Klimesch, 2010). |
therefore, investigated the influence of Arc/Arg3.1 on theta-, gamma- and HFO-
synchronisation between dCA1 and LS. For that, | analyzed the power coherence during REM-
like states in the different frequency bands between the hippocampus and lateral septum
nucleus of Arc/Arg3.1 KO mice, HPC-cKO mice, LS-cKO mice, and their WT-controls. The results
show that the power coherence in the theta band (3-5.2 Hz) was comparable in Arc/Arg3.1 KO
mice, HPC-cKO mice, LS-cKO mice, and their WT littermates (Figure I. 22. A-C), indicating that
the removal of Arc/Arg3.1 did not have an effect on the communication in the theta band (3-

5.2 Hz) between the HPC and the LS in mice.
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Figure I. 22. Power coherence of theta band between the hippocampus and lateral septum
nucleus of KO, HPC-cKO, and LS-cKO mice. Power coherence spectra from paradoxical REM
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sleep for the theta oscillation (3-5.2 Hz) between Pyr and LS showing mean + S.E.M. and their
corresponding box plots showing median (-), whiskers showed min to max, and all data points.
The power coherence of theta between CA1l and lateral septum was comparable in (A) the
Arc/Arg3.1 KO mice (WT, 0.52, n = 10; KO, 0.45, n = 12, p = 0.21, NS), (B) HPC-cKO mice(WT,
0.43,n=8; KO, 0.39, n =10, p=0.57, NS), (C) LS-cKO mice (WT, 0.42, n=12; KO, 0.49,n=13, p
=0.37, NS) and their WT littermates. Significance was assessed with the Mann-Whitney test.

The gamma band in neural oscillations can be divided into two distinct bands: low gamma (20-
50 Hz) and high gamma (65-140 Hz) (Belluscio, Mizuseki, Schmidt, Kempter, & Buzsaki, 2012;
Laura Lee Colgin et al., 2009). Low gamma oscillations are theorized to be essential for neural
communication (Fries, 2009, 2015), while high gamma is traditionally considered as a proxy for
ensemble spiking activity (Jia & Kohn, 2011). The strong synchronization in the low gamma
range is essential for memory encoding and retrieval (Fell & Axmacher, 2011; Fell et al., 2003;
Jutras, Fries, & Buffalo, 2009; J. E. Lisman & Otmakhova, 2001; Montgomery & Buzsaki, 2007;
Osipova et al., 2006; Tort et al., 2009b).

Given the different functional activities of the low and high gamma bands in the brain, we
separated the gamma band into two sub-bands: 20-45 Hz (low gamma) and 55-90 Hz (high
gamma). Analysis of Arc/Arg3.1 KO mice revealed a substantial reduction in the power
coherence between dCA1 and LS in the gamma band (20-45 Hz) (Figure I. 23. A) but not in the
high-gamma frequencies (55-90 Hz) (Figure I. 23. B). Interestingly, deletion of Arc/Arg3.1 in the
dorsal hippocampus did not affect the power coherence in either gamma (20-45 Hz) or high
gamma (55-90 Hz) bands (Figure I. 23. C, D). Surprisingly, deletion of Arc/Arg3.1in LS had only a
small effect on the power coherence of gamma (20-45 Hz) (Figure I. 23. E). However, it strongly
decreased the of high gamma oscillations (Figure I. 23. F). These findings demonstrate an
important role of Arc/Arg3.1 in the communication between the hippocampus and lateral

septum in gamma oscillations in mice.
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Figure I. 23. Power coherence of gamma band between the hippocampus and lateral septum
nucleus of KO, HPC-cKO, and LS-cKO mice. Power coherence spectra from paradoxical REM
sleep for the gamma (20-45 Hz) and high gamma (55-90 Hz) oscillation between Pyr and LS
showing mean + S.E.M. and their corresponding box plots showing median (-), whiskers
showed min to max, and all data points. The power coherence of (A) gamma oscillation (WT,
0.16, n = 10; KO, 0.11, n = 12, *p < 0.05) between hippocampal CA1l and lateral septum was
significantly reduced in the Arc/Arg3.1 KO mice compared to their WT littermates but not for (B)
high gamma oscillation (WT, 0.083, n = 10; KO, 0.094, n = 12, p = 0.90, NS). The power
coherence of neither (C) gamma (WT, 0.11, n = 8; KO, 0.10, n = 10, p = 0.57, NS) nor (D) high
gamma (WT, 0.073, n = 8; KO, 0.064, n = 10, p = 0.57, NS) oscillation was affected between
hippocampal CA1 and LS in HPC-cKO mice. The LS-cKO mice and their WT littermates indicated
a non-significant decrease in the power coherence of the gamma band (WT, 0.145, n = 12; KO,
0.115, n =13, *p < 0.05) but a substantial reduction in the high gamma band (WT, 0.089, n = 12;
KO, 0.068, n = 13, *p < 0.05). Significance was assessed with the Mann-Whitney test.

During the REM-like sleep states, the power coherence of high-frequency oscillations (120-180
Hz) was observed non-significantly higher in the KO mice (Figure I. 24. A) but lower in LS-cKO
mice (Figure |. 24. C). As anticipated, the ablation of Arc/Arg3.1 in the hippocampus did not

affect the power coherence of HFO (Figure 1. 24. B).

81



Results Part |

A
CA1 Pyr - LS, HFO CA1 Pyr - LS, HFO CA1 Pyr - LS, HFO
¢0.15 ©0.12 - @012 °
: 0158 = - B 0.122
5 5 g0t 008% & 01 2
501 o $0.08 .| 8 -go.08ff =8
3 012 3 | > o | ! 0.083
9 5 0062 & 083
) ] ©0.06 3 @ 0.06 fj i ' 3
S e 3 | 5 3 ) 0.06 3
a0.05 0055 o 0.04 10043 004 a
0.04
120 180 120 180 120 180
Frequency[Hz] Frequency[Hz] Frequency[Hz]
0 WT [ Arc/Arg3.1KO [ HPC-ckO LS-cKO

Figure I. 24. Power coherence of high-frequency oscillation between the hippocampus and
lateral septum nucleus of KO, HPC-cKO, and LS-cKO mice. Power coherence spectra from
paradoxical REM sleep for the high-frequency oscillation (120-180 Hz) between Pyr and LS
showing mean * S.E.M. and their corresponding box plots showing median (-), whiskers
showed min to max, and all data points. Arc/Arg3.1 KO mice showed non-significantly higher
power coherence in (A) HFO (WT, 0.07, n = 10; KO, 0.09, n = 12, p = 0.15, NS). In HPC-cKO mice
and their WT littermates, the power coherence of (B) HFO (WT, 0.06, n = 8; KO, 0.06, n =10, p =
0.83, NS) between CA1 and lateral septum was similar. In LS-cKO mice and their WT littermates,
the power coherence of (C) HFO (WT, 0.078, n = 12; KO, 0.06, n = 13, p = 0.054, NS) was non-
significantly lower between CA1 and lateral septum. Significance was assessed with the Mann-
Whitney test.

On the other hand, during the SWS sleep states, the power coherence of high-frequency
oscillations (120-180 Hz) was significantly increased in the KO mice (Figure I. 25. A) but non-
significantly higher in HPC-cKO mice (Figure I. 25. B) and LS-cKO mice (Figure I. 25. C).
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Figure I. 25. Power coherence of high-frequency oscillation during SWS sleep states between
the hippocampus and lateral septum nucleus of KO, HPC-cKO, and LS-cKO mice. Power
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coherence spectra from paradoxical SWS sleep for the high-frequency oscillation (120-180 Hz)
between Pyr and LS showing mean £ S.E.M. and their corresponding box plots showing median
(-), whiskers showed min to max, and all data points. Arc/Arg3.1 KO mice showed significantly
higher power coherence in (A) HFO (WT, 0.03, n = 10; KO, 0.06, n = 12, **p < 0.01). In HPC-cKO
mice and their WT littermates, the power coherence of (B) HFO (WT, 0.03, n = 8; KO, 0.04, n =
10, p = 0.97,NS) between CA1l and lateral septum was similar. In LS-cKO mice and their WT
littermates, the power coherence of (C) HFO (WT, 0.031, n = 12; KO, 0.043, n = 13, p = 0.15, NS)
was non-significantly lower between CA1 and lateral septum. Significance was assessed with
the Mann-Whitney test.

Power coherence was summarized in a table (Table I. 2), germline Arc/Arg3.1 ablation
decreased gamma power coherence during REM-like sleep states and increased HFO power
coherence during SWS-like sleep states between dCA1 and LS. Acute ablation Arc/Arg3.1 in
HPC did not change power coherence in any oscillations between dCA1 and LS. However, acute
ablation of Arc/Arg3.1 in LS decreased high gamma power coherence during REM-like sleep
states between dCA1 and LS. The results suggested that the deficits of high gamma power

coherence may contribute to the increased memory generalization.

Table I. 2. Summary of the effects of Arc/Arg3.1 deletion on the dCA1-LS power coherence .

Power coherence

St'etep Arc/Arg3.1KO |  HPC-cKO LS-cKO
states dCA1-LS
REM Theta (3 -5.2 Hz) - - -
REM Gamma (20 — 45 Hz) -
REM | High gamma (55 — 90 Hz) - -
REM — -
HFO (120 — 180 Hz)
SWS - -
: power coherence decreased. 1*: power coherence increased. — Power coherence did not
change.
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To assess the phase synchronizations between dCA1 and LS, | performed phase locking value
analysis (Lachaux, Rodriguez, Martinerie, & Varela, 1999). The results were summarized in a
table (Table I. 3). The data suggested that knocking out Arc/Arg3.1 from the germline increased
the phase synchronization in HFO (120-180 Hz) during SWS sleep states (Figure I. 26. C) but did
not affect REM-like sleep states. The acute ablation of Arc/Arg3.1 in adult mice did not affect
phase synchronizations in mice. However, when | acute ablated Arc/Arg3.1 in LS in adult mice,
the phase locking value decreased in gamma oscillations (20-90 Hz) between dCA1 and LS

(Figure 1. 26. A, B).

Table I. 3. . Summary of the effects of Arc/Arg3.1 deletion on the phase locking of dCA1 and
LS oscillations.

Power coherence

St'efp Arc/Arg3.1KO |  HPC-cKO LS-cKO
states dCA1-LS
REM Theta (3 — 5.2 Hz) - - -
REM Gamma (20 — 45 Hz) - -
REM | High gamma (55 —90 Hz) - -
REM - - -
HFO (120 — 180 Hz)
SWS - _
: Phase locking value decreased. *: Phase locking value increased. —: Phase locking value did
not change.
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Figure I. 26. Phase locking values between the hippocampus and lateral septum of KO, LS-
cKO mice. (A) Phase locking value from paradoxical REM sleep for the gamma oscillation (20-45
Hz) between dCA1 and LS in LS-cKO mice showed non-significant reduction (WT, 0.117, n = 12;
LS-cKO, 0.094, n = 13, p = 0.077, NS). (B) Phase locking value from paradoxical REM sleep for
the high gamma oscillation (55-90 Hz) between dCA1 and LS in LS-cKO mice showed significant
reduction (WT, 0.080, n = 12; LS-cKO, 0.062, n = 13, *p < 0.05). (C) Phase locking value from
paradoxical SWS sleep for the high-frequency oscillation (120-180 Hz) between dCA1 and LS
was significantly increased in Arc/Arg3.1 KO mice (WT, 0.027, n = 10; KO, 0.043, n = 12, **p <
0.01). Spectrum showing mean + S.E.M. and their corresponding box plots showing median (-),
whiskers showed min to max, and all data points. Significance was assessed with the Mann-
Whitney test.

Granger causality is a useful tool to gain insight into the directionality of functional connectivity
in brain networks (L. Gao et al., 2015; Hu, Dai, Worrell, Dai, & Liang, 2011; Stokes & Purdon,
2017). According to the analysis, | found that Arc/Arg3.1 KO and HPC-cKO did not show any
effect in granger causalities between dCA1 and LS in theta (3-5.2 Hz), gamma (20-90 Hz) and
high-frequency (120-180 Hz) oscillations in mice (Table I. 4). However, acute ablation of
Arc/Arg3.1 in LS decreased the granger causalities from dCA1 to LS (Figure I. 27. A) in gamma
oscillations (20-45 Hz). In the granger causalities of HFO (120-180 Hz), the LS-cKO mice showed
decreased tendency in dCA1-LS pathway (Figure I. 27. B). Analysis of Granger causality from
the LS to dCA1 did not show any significant modulations (data not shown), suggesting that in all
cases the HPC predicts and possibly guides LS responses.
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Table I. 4. Summary of the effects of Arc/Arg3.1 deletion on the directional connectivity
measured by granger causality between dCA1 and LS.

Arc/Arg3.l | bccko | LS-cko
Sleep Granger causalit KO
states g y

dCA1->1LS | dCA1->LS | dCA1-> LS
REM Theta (3 -5.2 Hz) - - -

REM Gamma (20 — 45 Hz) - -
REM | High gamma (55 —90 Hz) - - -
REM — -

HFO (120 — 180 Hz)
SWS - - -

: Granger causality decreased. —: Granger causality did not change.
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Figure I. 27. Granger causalities between the hippocampus and lateral septum nucleus of LS-
cKO mice. Granger causality from paradoxical REM sleep for the gamma oscillation (20-45 Hz)
and the high-frequency oscillation (120-180 Hz) between dCA1 and LS showing mean + S.E.M.
and their corresponding box plots showing median (-), whiskers showed min to max, and all
data points. (A) LS-cKO mice showed significant reduction in the gamma oscillation (20-45 Hz)
from dCA1 to LS (WT, 0.013, n = 12; LS-cKO, 0.007, n = 13, *p < 0.05). (B) In the high-frequency
oscillation (120-180 Hz), the granger causality showed non-significantly decreased from dCA1
to LS (WT, 0.005, n = 12; LS-cKO, 0.003, n = 13, p = 0.06, NS). Significance was assessed with the
Mann-Whitney test.
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In total, Arc/Arg3.1 is essential for maintaining the synchronization activities between dCA1
and LS in HFO (120-180 Hz) during SWS states and power coherence in gamma oscillations (20-
45 Hz) during REM-like states. Interestingly, acute ablation of Arc/Arg3.1 in dCA1 in adult mice
did not affect the communication between dCA1 and LS. However, acute ablation of Arc/Arg3.1
in LS in adult mice showed strong deficit of communication between dCA1 and LS in gamma
and high-frequency oscillations during REM-like sleep states. The results illustrated that
Arc/Arg3.1 in LS plays an important role in transmitting information in the dCA1-LS pathway,

which suggested a potential neurophysiological phenotype in memory generalization in mice.

6.4. Unit spikes in the hippocampus (HPC) and lateral septal (LS) of Arc/Arg3.1 KO mice,
Arc/Arg3.1 dHPC-cKO mice, and Arc/Arg3.1 LS-cKO mice.

The direct connection from the HPC to LS implies that changes in neural firing in the HPC may
immediately translate to modified neural and synaptic activity in the LS. To evaluate the neural
firing in both regions, we detected spikes in all recorded channels and assigned them to single
units, reflecting individual neurons. Based on waveform parameters of the spikes and their
autocorrelograms (Methods Figure 12), we classified hippocampal units into two types:
putative excitatory and putative inhibitory neurons, following the definitions by (Sirota et al.,
2008). In the LS we identified 2 clusters according to previous reports (Howe & Blair, 2021; H.
G. Yamin, E. A. Stern, & D. Cohen, 2013): medium spiny neurons and fast-spiking neurons,
notably, both categories are presumably inhibitory neurons which constitute the majority in
the LS. Unclassified units in the LS were excluded from analysis. In the. The firing rate was
calculated in REM-like and SWS-like sleep states. In CA1l, mean unit firing rates of excitatory
and inhibitory neurons were similar between Arc/Arg3.1 KO and WT littermates, both during
REM- and SWS-like states (Figure I. 28. A, B). In contrast, excitatory neurons of HPC-cKO mice
displayed significantly reduced mean firing rates, compared to their WT-control, during REM-
and SWS-like states, whereas inhibitory neurons remained unchanged (Figure I. 28. C, D).
Interestingly, LS-cKO mice exhibited an opposite modulation: mean firing rates of CAl
excitatory and inhibitory neurons were significantly increased during REM-like states but not

in SWS-like states (Figure I. 28. E, F).
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Figure I. 28. Mean firing rates in the hippocampus of KO, HPC-cKO, and LS-cKO mice. The
autocorrelograms and waveforms of the excitatory (Red) and inhibitory (Blue) neurons are
shown on the left. (A) The mean firing rate of excitatory neurons in the hippocampus was
similar during REM-like states (Left: WT, 0.986 Hz, n = 204; KO, 0.970 Hz, n = 155; p = 0.923, NS)
but decreased in Arc/Arg3.1 KO mice during SWS-like states (Right: WT, 1.089 Hz, n = 204; KO,
0.892 Hz, n = 155; *p < 0.05) (B) Similar mean firing rates of inhibitory neurons during REM-like
(Left: WT, 2.469 Hz, n = 95; KO, 3.13 Hz, n = 96; p = 0.698, NS) and SWS-like states (Right: WT,
1.883 Hz, n = 95; KO, 2.081 Hz, n = 96; p = 0.458, NS). (C) In HPC-cKO mice, the mean firing
rates of excitatory CA1l neurons were significantly reduced during REM-like (Left: WT, 1.221 Hz,
n = 101; HPC-cKO, 0.661 Hz, n = 156; ****p < 0.0001) but were unchanged during SWS-like
states (Right: WT, 1.011 Hz, n = 101; HPC-cKO, 0.857 Hz, n = 156; p = 0.083, NS). (D) Firing rates
of inhibitory neurons in the HPC of HPC-cKO mice also showed significant reduction during
REM-like (Left: WT, 2.862 Hz, n = 64; HPC-cKO, 2.119 Hz, n = 73; *p < 0.01) but not during SWS-
like states (Right: WT, 1.905 Hz, n = 64; HPC-cKO, 1.624 Hz, n = 73; p = 0.27, NS). (E) In LS-cKO
mice, the mean firing rate of excitatory neurons was significantly increased during REM-like
states (Left: WT, 0.639 Hz, n = 106; LS-cKO, 0.844 Hz, n = 89; **p < 0.01) but not during SWS
(Right: WT, 0.906 Hz, n = 106; LS-cKO, 0.804 Hz, n = 89; p = 0.182, NS). (F) Hippocampal
inhibitory neurons in LS-cKO mice, displayed significantly reduced firing rates in during REM-
like states (Left: WT, 2.551 Hz, n = 104; LS-cKO, 3.172 Hz, n = 83; *p < 0.05) but not during SWS
(Right: WT, 1.883 Hz, n = 104; LS-cKO, 1.893 Hz, n = 83; p = 0.943, NS). Significance was
assessed with the Mann-Whitney test. The box plots showed the median (-), whiskers showed
min to max, and all data points.
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In summary, deletion of Arc/Arg3.1 in the HPC reduced excitatory and inhibitory firings of CA1
neurons, whereas deletion in the LS increased them. Absence of Arc/Arg3.1 in both HPC and LS
had no significant impact on firing rates in CA1l. Modulations of hippocampal firing rates were

strictly limited to REM-like states.

Next, | evaluated neuronal firing rates in the LS and found that neither medium-spiny nor fast-
spiking neurons were affected in Arc/Arg3.1 KO mice (Figure I. 29. A, B). In the HPC-cKO mice
and the LS-cKO mice, firing rates of medium spiny neurons remained unaffected (Figure 1. 29.
C, E). In contrast, deletion of Arc/Arg3.1 in the HPC decreased the firing rates of fast-spiking

neurons (Figure 1. 29. D), while deletion in the LS increased their firing rate (Figure . 29. F).
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Figure 1. 29. Mean firing rates in the LS of KO, HPC-cKO, and LS-cKO mice. The
autocorrelograms and waveforms of medium-spiny (Orange) and fast-spiking (Purple) neurons
are shown on the left. (A) The firing rate of medium spiny neurons in the lateral septum
nucleus was comparable during REM-like sleep states (Left: WT, 0.829 Hz, n = 34; KO, 0.721 Hz,
n =57; p = 0.626, NS) but similarly during SWS sleep states (Right: WT, 0.630 Hz, n = 34; KO,
0.646 Hz, n =57; p =0.631, NS) in KO mice and their WT littermates. (B) The KO mice suggested
a regular firing rate of fast-spiking neurons in REM-like (Left: WT, 7.344 Hz, n = 33; KO, 7.358 Hz,
n =43; p =0.834, NS) and SWS sleep states (Right: WT, 4.580 Hz, n = 33; KO, 4.639 Hz, n =43; p
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= 0.675, NS). The ablation of Arc/Arg3.1 in HPC did not change the firing rate of medium spiny
neurons in REM-like (Left: WT, 0.890 Hz, n = 28; HPC-cKO, 0.602 Hz, n = 36; p = 0.253, NS) and
SWS sleep states (Right: WT, 0.497 Hz, n = 28; HPC-cKO, 0.692 Hz, n = 36; p = 0.313, NS). The
fast-spiking neurons in the LS of HPC-cKO mice indicated significant firing rate reduction during
REM-like sleep states (Left: WT, 5.004 Hz, n = 48; HPC-cKO, 3.850 Hz, n = 40; *p < 0.05) but a
non-significantly lower firing rate in SWS sleep states (Right: WT, 3.478 Hz, n = 48; HPC-cKO,
3.219 Hz, n = 40; p = 0.937, NS). (C) In the LS-cKO mice, the firing rate of medium spiny neurons
was apparently during REM-like (Left: WT, 0.435 Hz, n = 42; LS-cKO, 0.638 Hz, n = 39; p = 0.232,
NS) and SWS sleep states (Right: WT, 0. 527 Hz, n = 42; LS-cKO, 0.503 Hz, n = 39; p = 0.487, NS)
in the LS. The ablation of Arc/Arg3.1 in LS resulted in an increased firing rate in the fast-spiking
neurons in LS in REM-like sleep states (Left: WT, 2.557 Hz, n = 26; LS-cKO, 3.378 Hz, n = 29; *p <
0.05) but non-significantly increased in the SWS sleep states (Right: WT, 2.073 Hz, n = 26; LS-
cKO, 2.482 Hz, n = 29; p = 0.067, NS). Significance was assessed with the Mann-Whitney test.
The box plots showed the median (-), whiskers showed min to max, and all data points.

In summary, conditional deletion of Arc/Arg3.1 modulated the firing rates of fast-spiking
neurons in the LS. Whereas HPC-deletion decreased firing, rates LS-deletion increased them.

Also in the LS, firing rates modulations were restricted to REM-like states.

Table I. 5. Summary of units firing rates in dCA1 and dLS.

Brai Arc/Arg3.1 KO HPC-cKO LS-cKO
rain .
. Neuron classification
restons REM  SWS | REM  SWS | REM | SWS
Excitatory neurons - - _
dCAl
Inhibitory neurons - - - _
medium spiny neurons - - - - - —
dLs
Fast-spiking neurons - - - _
: Firing rate decreased. 1*: Firing rate increased. —: Firing rate did not change.
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Firing rate modulations were summarized in a table (Table I. 5), depicting only the direction of
change. It becomes evident that loss of Arc/Arg3.1 in the HPC decreases CA1l and LS firing
rates, while Arc/Arg3.1 loss in the LS increases them. These opposite modulations explain why

a simultaneous loss of Arc/Arg3.1 in HPC and LS results in a null effect.
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1. Modifying neural activity in the dCA1-dLS circuits may affect the

discrimination of fear memories through the regulation of Arc/Arg3.1.

In this chapter of the thesis, | focused on the role of the dCA1-LS pathway in the processing and
storage of fear memory. | first demonstrated a strong upregulation of Arc/Arg3.1 in the DG and
LS following fear memory conditioning and retrieval, thereby confirming previous reports on
Arc/Arg3.1 expression in the HPC and expanding these with novel data on the LS (Xiaoyan Gao
et al,, 2018; Gomez, 2016; Lv et al., 2011; Maddox & Schafe, 2011; Onoue et al., 2014; L. Zhu et
al., 2018). | used viral vectors to trace the LS-projection from the HPC to pyramidal neurons in
dCA1. By specifically targeting an inhibitory opsin to LS-projecting dCA1 neurons, | found that
optical suppression of their neural activity preserved behavioral responses to the conditioning
context but abnormally increased the mice freezing responses to novel contexts, thereby
diminishing context discrimination and memory specificity. Optical suppression of dCA1-LS
neuron firings also inhibited IEG expression in the HPC and disrupted the reactivation of
Arc/Arg3.1 engrams in the LS. Similarly, | discovered that removing Arc/Arg3.1 in the HPC (Gao,
2016) or LS of adult mice resulted in the loss of fear memory discrimination (Figure I. 1). In fear
conditioning tests, the expression of Arc/Arg3.1 increased in DG and LS after exposure to shock
in a novel environment or following fear memory retrieval. The upregulation of Arc/Arg3.1 in
fear memory processes further revealed the close relationships between Arc/Arg3.1 and
memory engrams (Xiaoyan Gao et al., 2018; Gémez, 2016; Lv et al., 2011; Maddox & Schafe,
2011; Onoue et al.,, 2014; L. Zhu et al., 2018). Suppressing dCA1-LS circuits during memory
discrimination tests resulted in decreased memory precision and blunted Arc/Arg3.1
expression, suggesting that native activity patterns in the HPC optimally induce Arc/Arg3.1,
whereas a general suppression of dCA1 firing prevents it. Moreover, it may suggest that the
deficit in memory specificity was, in fact, caused by the failure to induce Arc/Arg3.1 in the

dCA1-LS circuit and a consequential disruption of the consolidation process.

My strategy of suppressing the dCA1-LS circuits leans on injections of a retrovirus in the LS
encoding for the inhibitory opsin stGtACR under the CaMKlla-promotor. Hence, the opsin is
expressed in all projecting neurons in dCA1, including excitatory and some CaMKllo-positive
interneurons (Senglin, 2021; Veres, Andrasi, Nagy-Pal, & Hajos, 2023). A similar promoter was

used for the viral expression of Cre-recombinase to achieve hippocampus-specific deletion of
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Arc/Arg3.1. However, since only 1-3% of inhibitory neurons express Arc/Arg3.1, even after
seizures, in dCA1 (Sengiin, 2021; Vazdarjanova et al., 2006), it is reasonable to assume that
both manipulations exerted their effects on memory primarily through pyramidal neurons in
dCA1l. Albeit long-range CaMKlla-expressing GABAergic neurons might still contribute.
Interestingly, similar tendencies of the results were observed in optogenetic groups and
Arc/Arg3.1 conditional KO groups. HPC-cKO (Xiaoyan Gao, 2016) and only affected remote
memory discrimination. LS-cKO and optical suppression of dCA1-dLS during altered context test

increased memory generalization in recent memory tests.

My findings differ from those of Opalka and Wang (2020), who reported that inhibiting the
dCA1-dLS circuits disrupted the consolidation of the context memory. A possible reason for this
discrepancy might lie in the differences in optical suppression strategy: Opalka and Wang
targeted the inhibitory opsin eNpHR3.0 to the axon terminals of hippocampal neurons and
delivered light stimuli directly into the LS. The stimulation parameters used in this study were
incongruent with those reported by Mahn et al. (Mahn, Prigge, Ron, Levy, & Yizhar, 2016),
likely resulting in variable degrees of suppression. Other research has suggested that when the
hippocampus or dCA1 are pharmacologically inactivated before the memory test, the ability to
distinguish between contexts is impaired, while the retrieval of the context itself remains
unaffected (de, Gaiardo, & Cerutti, 2023; Wiltgen et al., 2010). The conflicting results suggest
that inhibiting the terminals of dCA1-dLS projecting neurons may be different from inhibiting
the soma, and this difference could impact memory consolidation processes. For example,
terminal inhibition may inhibit both spontaneous release and action potential-evoked release,
whereas somatic inhibition may inhibit only the latter. Besnard et al. (2020) performed similar
experiments on hippocampal CA3-CA1 and CA3-dLS circuits with the same inhibitory opsin
eNpHR3.0 and demonstrated that optical suppression of dCA3-dCA1 decreased discrimination
but inactivating dCA3-dLS enhanced it (Besnard et al., 2020). Taken together, the different
projections in the HPC-LS circuits may govern contextual fear memory consolidation differently

with different suppression strategies.

2. Arc/Arg3.1 in HPC-LS circuits regulates freezing to tone fear memory during

retrieval.
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Here, | show that suppressing dCA1-dLS circuits or ablating Arc/Arg3.1 in the LS enhanced
freezing responses during tone fear memory recall. One simple explanation could be that the
tone memory was not dependent on the dCA1-LS circuit, but because it was performed in the
novel context, freezing to the tone simply added up to the abnormally high responses to the
novel context. Another possibility is that the dCA1-LS circuit can directly modulate responses to
the tone. In line with this suggestion, Holschneider et al. reported that the LS and ventral HPC
were metabolically active during tone fear memory recall (Holschneider et al., 2006), and
Calandreau et al. further reported that boosting glutamatergic HPC-LS neurotransmission
promoted, while antagonizing it impeded, tone fear memory recall (Calandreau, Desgranges,
Jaffard, & Desmedt, 2010). The similar behavioral effects | observed with optical suppression of
dCA1-LS and by Arc/Arg3.1 ablation in the LS raise the possibility that the increased freezing
percentage during tone fear memory recall by the net activity in the LS was also altered by
these manipulations. Optical suppression of dCA1 firing could reduce glutamate release from
their axonal boutons in the LS, causing hypoactivation of target neurons. However, given that
the local circuitry in the LS is made of inhibitory connections, in theory, the ultimate result of
dCA1-LS suppression might still be disinhibition and an increased firing rate of some LS
neurons. Immunostaining against cFos, which reflects global activity, revealed lower signals in
CA1 but unchanged expression in the LS, whether some neurons increased their firing rates
while others decreased cannot be determined from the cFos staining. Answering this question
will require single-cell electrophysiological recordings. In contrast, Arc/Arg3.1 expression,
which is sensitive to high-frequency patterned activity, was reduced in both regions. This
analysis indicates that the level and pattern of neural activity might be modulated by optical

suppression of dCA1-LS.

Instead of the effect in the downstream regions of LS, we may have evoked abnormal activities
in other dCA1 projecting brain regions through optical suppression of dCA1 neurons. A recent
study reported that single CA1 pyramidal neurons send projections into both contra- and
ipsilateral target brain regions such as DG, CA fields, cortical regions, lateral septal complex
(LSX), medial septal complex (MSX), NAc, diagonal band nucleus, anterior olfactory nucleus
(AON), anterior group of the dorsal thalamus (ATN), basal amygdala (BA), hypothalamic lateral
zone (LZ), periventricular region (PVR), and mammillary body (MBO) (Qiu et al., 2024), which

suggested we altered the activities in other brain circuits as well when we suppressed dCA1 cell
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bodies. The possibilities of altered activities in the amygdala (Hintiryan et al.,, 2021) or
hypothalamus (Viellard et al., 2024) increased the freezing responses during tone fear memory
retrieval. Yi et al. reported inhibiting dCA1-MEC circuits impaired auditory-related fear
discrimination (Yi et al.,, 2022). LS was reported as a nexus between the hippocampus,
amygdala, VTA, hypothalamus, entorhinal cortex, and medial septum, which are important for
different aspects of stress, locomotor movement, and discrimination (Wirtshafter & Wilson,
2021). Furthermore, the amygdala, as an essential brain region for fear learning and emotional
responses (lzquierdo et al., 2016), was reported to be innervated by LS afferents (Hintiryan et
al., 2021). Data from our lab demonstrated that the deletion of Arc/Arg3.1 in the amygdala
abolished tone fear memory in mice (Xiaoyan Gao, 2016). The connections between the lateral
septum (LS) and the amygdala could be the route by which the optical suppression of dCA1-dLS
circuits or loss of Arc/Arg3.1 in the LS, may increase or modulate neural activity in the
amygdala, leading to an enhanced tone fear memory response. The enhanced implicit memory

increased stress and anxiety emotions, then increased freezing responses.

Our research on Optical suppression and Arc/Arg3.1 ablation in LS or HPC has revealed a
disturbance in brain network activity, which could potentially contribute to a discrimination
deficit and enhance the freezing percentage during tone fear memory retrieval. These

implications are significant and warrant further investigation.
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Figure I. 1. The dCA1-LS pathway and Arc/Arg3.1 in HPC or LS modulate fear memory
discrimination and tone fear memory in mice. In contextual fear memory tests, optical
suppression of the dCA1-LS pathway or acute suppression during memory discrimination tests
can lead to fear memory generalization in mice. Arc/Arg3.1 deletion in the hippocampus
(Xiaoyan Gao, 2016) or LS impaired fear memory generalization in mice. In the tone fear
memory tests, optical suppression of the dCA1-LS pathway and ablation of Arc/Arg3.1 in LS
both enhanced tone fear memory response in mice.

3. Arc/Arg3.1 influences oscillatory and neuronal activity in the dCA1-dLS

circuits.

Arc/Arg3.1, an important protein for synaptic plasticity in hippocampal CA1 (Plath et al., 2006),
was reported to alter oscillatory activities in the hippocampus (Xiaoyan Gao et al., 2018) and in
the prefrontal cortex (X. Gao et al., 2019). My LFP recording in dCA1 showed similar power
reductions in theta and gamma oscillations in dCA1 in Arc/Arg3.1 KO mice, in line with these

reports but also revealed reduced theta in the LS. The lack of any theta reductions in HPC-cKO
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and LS-cKO adult mice suggests that all effects of Arc/Arg3.1 deletions on theta oscillations are

restricted to the early postnatal development period (Xiaoyan Gao et al., 2018).

The lateral septum, a GABAergic populated nucleus (Kuku, 2020), was reported to have strong
oscillation coupling with sharp wave ripples in HPC (Tingley & Buzsaki, 2020). During SWS sleep
states, high-frequency oscillations (HFO, also called sharp wave ripples) between dCA1 and LS
increased amplitude and phase synchronization in Arc/Arg3.1 germline KO mice. The theta,
gamma, and high-frequency oscillations in the hippocampus are believed to play a prime role in
recognition (Neves et al., 2022), learning and memory consolidation (Xiaoyan Gao et al., 2018;
Jutras et al., 2009; Malkov et al., 2022; Montgomery & Buzsaki, 2007; Nyhus & Curran, 2010;
Wynn et al., 2023). Our previous studies (Xiaoyan Gao et al., 2018; Plath et al., 2006) indicated
that the altered theta and gamma oscillatory activities in HPC are highly related to deficits in
spatial learning (Xiaoyan Gao et al., 2018; Plath et al., 2006). My current study highlights the

strong correlation between altered LFP oscillatory, neuronal activity and memory specificity.

Coordinated oscillatory activity between the hippocampus (HPC) and cortical regions is crucial
for the process of learning (Khodagholy, Gelinas, & Buzsaki, 2017) and discrimination (Ruikes et
al., 2024; C. Wang et al.,, 2021). The coordination of the theta rhythm between the
hippocampus and the lateral septum is responsible for driving spatial cognition (Tingley &
Buzsaki, 2018). However, we only observed altered theta oscillations in Arc/Arg3.1 germline KO
mice, which is the result of developmental deficit during the early postnatal period (Xiaoyan
Gao et al., 2018). In adult mice, the acute ablation of Arc/Arg3.1 in dCA1 or LS resulted in a
strong reduction in gamma and high-frequency oscillation power, but only in LS and not in
dCA1. Deleting Arc/Arg3.1 in adult mice impaired the coordination (including the power
coherence, phase locking value and Granger causality) in gamma bands during REM-like sleep
states between dCA1 and LS in LS-cKO mice but not in HPC-cKO mice. From my current data,
the LFP and animal behavior test results indicated that regular gamma and HFO activities in the
dCA1-LS circuits maintain the precision of contextual memory coding and retrieval in mice. It is
noteworthy that the power of gamma and HFO bands plays a significant role in the
consolidation of precise memories in the long term. However, the communication of gamma

bands is related to maintaining precise memories.
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Figure I. 2. The oscillatory activities and communication in the dCA1-LS pathway during REM-
like sleep states. When observing Arc/Arg3.1 germline KO mice during REM-like sleep states, it
was found that there was a reduction in power in the theta and gamma bands in dCA1 but only
a reduction in the theta bands in LS. On the other hand, when we specifically removed
Arc/Arg3.1 in HPC or LS in adult mice, the reduction in oscillatory power was only observed in
the gamma and HFO bands during REM-like sleep states and not in theta bands. Only when we
removed Arc/Arg3.1 in LS did the communication in gamma bans between dCA1 and LS

decrease.
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The analysis of firing rates for different types of neurons showed a clear impact on neuronal
activity in dCA1 and LS. The results indicated that the germline knockout of Arc/Arg3.1 did not
affect the firing rate of any types of neurons in dCA1 or LS. However, when we specifically
removed Arc/Arg3.1 in the HPC of adult mice, the firing rates of excitatory and inhibitory
neurons in dCA1 showed a significant decrease during REM-like sleep states, as well as the fast-
spiking neurons in LS. Interestingly, when we specifically removed Arc/arg3.1 in LS of adult
mice, the firing rates of excitatory and inhibitory neurons in dCA1 and the fast-spiking neurons
in LS significantly increased during REM-like sleep states. Based on the data, it is worth noting
that the firing rate of excitatory and inhibitory neurons in dCA1, as well as fast-spiking neurons
in LS, changed in the same direction (Figure I. 3). It was demonstrated that different types of
inhibitory neurons within dCA1 modulate local circuits in CA1 (Chamberland & Topolnik, 2012;
Cutsuridis & Taxidis, 2013). In my current findings, the principal neurons in dCA1 mainly drive
the fast-spiking neurons in LS during REM-like sleep states and change their firing rates.
Previous studies showed that interneurons in the LS project into the medial septum (MS), and
then neurons in the MS directly send input into dCA1 (Tsanov, 2018). This illustrates the
synaptic connection of the HPC-LS-MS-HPC circuits. Ablation of Arc/Arg3.1 in dCA1 reduced
firing rates of excitatory and inhibitory neurons in dCA1 during REM-like sleep states, then
decreased the activities of target fast-spiking neurons in LS. When the Arc/Arg3.1 was removed
from LS, it caused an increase in the activity of fast-spiking neurons. This increase then caused
a decrease in the activity of neurons in MS. As a result, the inhibition in dCA1 decreased, which
led to an increase in the spike activities of both pyramidal and inhibitory neurons in dCA1. In
total, removing Arc/Arg3.1 in adult HPC or LS altered neuron firing rates in opposite directions,

causing abnormal activity and leading to memory precision deficits in dCA1-LS circuits.
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Figure I. 3. The firing rate for different neurons in the dCA1-dLS pathway during REM-like
sleep states in conditional Arc/Arg3.1 ablated mice. In adult conditional knockout mice, we
observed a decreased firing rate of excitatory and inhibitory neurons in dCA1 and fast-spiking
neurons in LS when Arc/Arg3.1 was specifically ablated in HPC pyramidal neurons. However, in
LS-specific ablation mice, we observed an increased firing rate of excitatory and inhibitory
neurons in dCA1 and fast-spiking neurons in LS when Arc/Arg3.1 was specifically ablated in LS.

In the first part of my thesis, | manipulated the dCA1-dLS circuits through optogenetic methods
and the Cre-LoxP system in mice during fear memory processes. According to the data,
Arc/Arg3.1 is responsible for regulating the activities of dCA1-dLS circuits, which in turn affects
memory discrimination. The local field potential recording revealed the oscillatory and
neuronal activities in dCA1-dLS circuits. Although the ablation of Arc/Arg3.1 in HPC or LS did
not affect the oscillatory activities in theta bands, the balanced theta-gamma coupling was
reported to play an essential role in decision-making (Amemiya & Redish, 2018), learning (Tort,
Komorowski, Manns, Kopell, & Eichenbaum, 2009a), long-term memory retrieval (Vivekananda
et al.,, 2021), and fear and safety engage (Stujenske, Likhtik, Topiwala, & Gordon, 2014). In
humans and rodents, the theta-gamma coupling between the hippocampus and cortical
regions was important for working memory (Borderie et al., 2024; Tamura et al.,, 2017).
Therefore, further analysis is needed to determine whether Arc/Arg3.1 ablation in HPC or LS
affects the theta-gamma coupling or the balance between other oscillations in HPC, LS or
between them. According to our data, the gamma power was reduced in LS through the

ablation of Arc/Arg3.1 in the HPC or LS but drove the firing rate of excitatory, inhibitory, and
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fast-spiking neurons in opposite directions. Since there are more than two different types of
GABAergic neurons in the LS (Howe & Blair, 2021; Hagar G. Yamin, Edward A. Stern, & Dana
Cohen, 2013), which were difficult to separate through the parameters we utilized (Schmitzer-
Torbert & Redish, 2008). Therefore, the altered firing rate in our analysis cannot completely
reflect the changes in oscillatory activities. Some literature also reported that somatostatin
interneurons in LS modulate the gamma oscillations during food-seeking (Carus-Cadavieco et
al.,, 2017) and theta oscillations in dHPC (Chee et al., 2015; Espinosa et al., 2022). Further
research is required to identify the types of neurons that modulate memory discrimination in
dCA1-LS circuits. Another lack of analysis in our data was the phase modulation of neurons.
Several studies illustrated that pyramidal neurons in HPC are selectively spiked in theta or
gamma rhythms during recognition processes (Daume et al., 2024; Fujisawa & Buzsaki, 2011;
Ku et al., 2024). Therefore, whether the spiking preferences for different types of neurons

changed in theta or gamma rhythms still needs further analysis.
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Role of Arc/Arg3.1 expressing GABAergic interneurons in anxiety- and

depressive-like behaviors in mice
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Stress and stress-related disorders can lead to severe psychiatric problems in humans, such as
major depressive disorder (MDD) and anxiety disorders. Major depressive disorder (MDD) has
become a worldwide problem (Institute of Health Metrics and Evaluation 2023), causing poor
concentration(Bains & Abdijadid, 2024; Eid et al., 2019), hopelessness (Cannon et al., 1999),
tiredness (Eid et al., 2019), suicidal tendencies (Harris & Barraclough, 1997; Kessler et al., 2005),
sleep disorder (R. F. Chen et al., 2022; S. Chen et al., 2023), and unbearable pain (Ferro, 2016;
Mee et al.,, 2011) in patients. Both neuroimaging and postmortem have revealed that
subcortical brain structures were altered in patients suffering from MDD (Belleau, Treadway, &
Pizzagalli, 2019; Krishnan & Nestler, 2008; Murrough et al., 2016), the volume of the dentate
gyrus was reduced (MacQueen et al., 2008), and nerve growth factor levels were decreased
(Wohleb, Franklin, lwata, & Duman, 2016). Both human and animal studies showed that GABA
transmission and GABA receptors are significantly reduced in MDD (Banasr et al., 2017; Duman,
Sanacora, & Krystal, 2019; Jacobson, Vlachou, Slattery, Li, & Cryan, 2018; B. Luscher, Shen, &
Sahir, 2011; Yin et al., 2016). Elevating GABA levels in MDD patients has been developed as a
treatment for depression, using methods such as Brexanolone (SAGE-547) or transcranial
stimulation (Heimrath et al., 2020; Kanes et al., 2017). According to previous studies, different
interneurons in cortical regions were divided into three largely non-overlapping classes (S. Lee,
Hjerling-Leffler, Zagha, Fishell, & Rudy, 2010; Rudy, Fishell, Lee, & Hjerling-Leffler, 2011):
parvalbumin (PV) and somatostatin (SST) positive interneurons and serotonin receptor 3a
(5HT3aR) positive interneurons. Literature reported that inhibition of GABAergic interneurons,
probably somatostatin (SST) and parvalbumin (PV), in the medial prefrontal cortex (mPFC)
could lead to potential antidepressant benefits (Fogaca et al., 2021). Additionally, deficits in the
function of SST-positive or PV-positive interneurons in mice have been linked with behaviors
resembling depression (S. Chen et al., 2022; X. Y. Yang, Ma, Storm, Cao, & Zhang, 2021).
Disinhibition of SST-positive interneurons results in an anxiolytic and antidepressant-like brain
state (Fuchs et al., 2017). However, the activities of PV-positive interneurons mediate
depressive-like or stress-related behavioral responses (Ji et al., 2020; Perova, Delevich, & Li,
2015). Therefore, SST-positive and PV-positive interneurons may play different roles in the

pathology of MDD.

Recent studies have confirmed that MDD patients have reduced volumes of the prefrontal

cortex, orbitofrontal cortex, and cingulate cortex (Arnone et al., 2012) but increased amygdala

109



Introduction Part Il

volume (Saleh et al., 2012). Interestingly, stress induces reductions in dendritic spine density
and synapse number in the hippocampus (Hajszan et al., 2009; Sandi et al., 2003; Tata et al.,
2006; Vestergaard-Poulsen et al., 2011) and frontal cortex (Hains et al., 2009; Radley et al.,
2013) of animal models. The activity-regulated cytoskeletal gene Arg3.1, also known as Arc,
plays an essential role in synaptic plasticity (Eriksen & Bramham, 2022; Lyford et al., 1995;
Plath et al., 2006; H. Zhang & Bramham, 2021), stress, and depression (Leem & Chang, 2017; Y.
Li et al., 2015; Mikkelsen & Larsen, 2006; Pei, Zetterstrom, Sprakes, Tordera, & Sharp, 2003).
Studies have shown that acute stress leads to increased expression of the Arc/Arg3.1 gene or
protein in the frontal cortex (Drouet et al.,, 2015; Mikkelsen & Larsen, 2006; Molteni et al.,
2010), including the prelimbic, infralimbic, and anterior cingulate prefrontal cortex (Ons et al.,
2004; Ons et al., 2010; Trneckova et al., 2007). Animals under repeat chronic stress exposures
are observed up-regulated Arc/Arg3.1 expression in the amygdala (Monsey et al., 2014; Ons et
al., 2010; Trneckova et al., 2007) and lateral septum (Ons et al., 2004; Ons et al., 2010), while
down-regulated in hippocampal CA1l (Elizalde et al., 2010; Leem & Chang, 2017; Ons et al.,
2010) and frontal cortex (Ons et al., 2010). In addition, it has been observed that the chronic
administration of monoamine-centered antidepressants can lead to an increase in the
expression of Arc/Arg3.1 in several regions of the brain in mice, such as the hippocampus,
frontal and parietal cortex, striatum, and cingulate gyrus (Y. Li et al., 2015). Specific treatments
that have rapid-acting antidepressant effects, such as ketamine administration and
electroconvulsive therapy, have been observed to acutely increase Arc/Arg3.1 expression (de

Bartolomeis et al., 2013; Dyrvig et al., 2012; Larsen et al., 2005).

Therefore, Arc/Arg3.1 is a potential molecular target for studying Major Depressive Disorder
(MDD) and stress-associated disorders. However, very little research has been done to
investigate how Arc/Arg3.1 in GABAergic interneurons affects stress-associated disorders. To
better understand this question, | bred SOM-Cre and PV-Cre transgenic mice with Arc/Arg3.1%f
transgenic mice. This was done with the specific aim of targeting the removal of Arc/Arg3.1 in
SOM and PV interneurons. Following this, the mice were subjected to anxiety- and depressive-

like behavioral tests.
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Arc/Arg3.1 can be evoked by a novelty environment and a stress stimulus in GABAergic
neurons such as those in the lateral septum (LS) and hippocampus. Arc/Arg3.1 germline KO
mice and Arc/Arg3.1 conditional knockout in CamKlla positive neurons also showed altered
stress-related behaviors in mice. However, the role of Arc/Arg3.1 in GABAergic neurons
mediating stress-related behavior is still unknown. Therefore, the aim of this part study is to
understand whether Arc/Arg3.1 in GABAergic neurons modulates anxiety- and depressive-like

behaviors in mice.
Specific goals:
e To investigate the expression of Arc/Arg3.1 in different brain regions in PV-positive and

SST-positive neurons.

e To study the role of Arc/Arg3.1 in PV-positive and SST-positive neurons in anxiety-like
behavior tests such as open field and elevated plus maze tests in PV-cKO and SST-cKO

mice.

e To understand the role of Arc/Arg3.1 in PV-positive and SST-positive neurons in
depressive-like behavior tests such as forced swimming and tail suspension tests in PV-

cKO and SST-cKO mice.
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1. Arc/Arg3.1 KO mice showed altered depressive-like behaviors.

In a previous study conducted in our laboratory, it was shown that Arc/Arg3.1 knock-out mice
did not exhibit overt anxiety-like behaviors in the open field test or the elevated plus maze test
(Xiaoyan Gao, 2016). Instead, mice in which Arc/Arg3.1 was removed during early postnatal
development (Xiaoyan Gao, 2016; Gémez, 2016), showed anxiolytic-like behavior. Other
studies reported either up- or down-regulation of Arc/Arg3.1 in the hippocampal CA1l by
exposure to chronic stress (Boulle et al., 2014; Elizalde et al., 2010; Leem & Chang, 2017; Muzio
et al.,, 2016). Stress applied chronically or transiently can induce depressive-like behavior
characterized, among others, by the adoption of reduced exploratory drive and anhedonia
(Pizzagalli, 2014). The expression of the Arc/Arg3.1 gene was always related to stress
stimulation in the frontal cortex (Drouet et al., 2015; Mikkelsen & Larsen, 2006; Molteni et al.,
2010), amygdala (Monsey et al., 2014; Ons et al., 2010; Trneckova et al., 2007), and lateral
septum (Ons et al., 2004; Ons et al., 2010), and the hippocampal CA1 region (Elizalde et al.,
2010; Leem & Chang, 2017; Ons et al., 2010). The knockout of Arc/Arg3.1 reduced LFP activity
in the prefrontal cortex and hippocampus of mice(X. Gao et al., 2019), suggesting Arc/Arg3.1

plays a crucial role in various brain regions that are related to stress or stress-related disorders.

The forced swimming test and the tail suspension test are commonly used to screen for
antidepressant activity and stress-related disorders in rodents (Commons, Cholanians, Babb, &
Ehlinger, 2017; Pollak, Rey, & Monje, 2010). In the forced swimming test (Figure Il. 1. A), mice
were placed in the water container for 6 min. The mice were judged to be immobile when they
remained floating in the water, making minimal movements to keep their heads above water.
In the tail suspension test (Figure II. 1. C), mice were hung by attaching their tail to a hook using
adhesive medical tape in the white box for 6 min. In both tests, immobility duration is
measured and serves as a readout of depressive-like behavior. Arc/Arg3.1 KO mice showed
significantly longer immobility in the FST (Figure Il. 1. B) and fewer movements in the TS (Figure
IIl. 1. D). This suggests that the Arc/Arg3.1 KO mice had less motor activity in acute inescapable
conditions, indicating loss of Arc/Arg3.1 may be altered depression or other stress-related

behaviors in mice.

115



Results Part Il

A B C D
= 240 3 o I 2407 i WT
210 =
& - o 2107 ¢ BT KO
51804 *} £
> :' I = 1801 ®
:‘_Elso- ‘E ?:0150 '::
'§120- ( § 1901 14
E o] T ‘ 2120 -
I } S 904 |

Figure II. 1. Arc/Arg3.1 KO mice showed depressive-like behaviors. (A) Schematic of forced
swimming test. (C) Schematic of tail suspension test. (B) Arc/Arg3.1 KO mice showed increased
immobility duration in the Forced swimming test (Median: WT, 147.6 s; n = 18; KO, 186.9s; n =
16; *p < 0.05) and (D) longer freezing times in the tail suspension test (Median: WT, 152.7 s; n =
14; KO, 174.5s; n = 12; *p < 0.05). Significance was assessed with the Mann-Whitney test. The
box plots showed the median (-), whiskers showed min to max, and all data points.

2. Detection of Arc/Arg3.1 mRNA in GABAergic interneurons in different brain

regions.

Arc/Arg3.1 expressed in GABAergic interneurons after stress stimulus and exploration
(Vazdarjanova et al., 2006). Moreover, Arc/Arg3.1 expression is reported to be increased in two
regions composed mainly of GABAergic neurons (Risold & Swanson, 1997a; Yager, Garcia,
Wunsch, & Ferguson, 2015; Zhao, Eisinger, & Gammie, 2013), the lateral septum after stress
stimulus (Ons et al., 2004; Ons et al., 2010) and the striatum after antidepressants (Y. Li et al.,
2015). We observed loss of Arc/Arg3.1 impaired the forced swimming test and tail suspension
test in mice but not for the open field test, the elevated plus maze test and the sociability test
(Xiaoyan Gao, 2016; X. Gao et al., 2019). However, little literature reports whether loss of

Arc/Arg3.1 in GABAergic interneurons will lead to stress-related disorders.

2.1. Detection of Arc/Arg3.1 mRNA in parvalbumin-positive interneurons in different brain

regions.

As a first step, | asked whether Arc/Arg3.1 can be expressed in parvalbumin-positive

interneurons. To maximize Arc/Arg3.1 expression in the brain, Mice were subjected to kainate-
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induced seizures and subsequently perfused and prepared for fluorescent ISH. Interestingly, we
observed different brain regions of mice such as ACC, RS, LS, CA1, CA3, DG, and TRN (Figure II.
2 and 3. A). However, the only region in mice that exhibits Arc/Arg3.1 and parvalbumin

colocalization is the thalamic reticular nucleus (TRN) (Figure II. 3. A).
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Figure Il. 2. Arc/Arg3.1 and parvalbumin (PV) expression in the different brain regions in mice.
In the ACC, RS, LS, and hippocampal regions, Arc/Arg3.1 and parvalbumin were not colocalized

with the RNA in WT mice (scale bar: 50 um).

To explore the functional role of Arc/Arg3.1 in parvalbumin-positive interneurons, | bred
Arc/Arg3.17f with PV-Cre mice. The offspring PV-Cre:Arc/Arg3.17f transgenic mice were termed
“PV-cKO”. | subjected the PV-cKO mice to seizures and performed fISH using RNAscope on their
brains to evaluate the extent and specificity of Arc/Arg3.1 deletion. The RNAscope staining
showed a complete loss of Arc/Arg3.1 mRNA in the RTN of PV-cKO mice but an intact
expression in glutamatergic hippocampal neurons. These findings demonstrate a highly

efficient and specific deletion of Arc/Arg3.1 in the RTN of PV-cKO mice (Figure Il. 3. B).

Arc/Arg3 1 DAPI Merged

Figure Il. 3. Arc/Arg3.1 and parvalbumin (PV) expression in the thalamic reticular nucleus

(TRN) in mice. (A) In the thalamic reticular nucleus (TRN), Arc/Arg3.1 and parvalbumin were
highly colocalized with the RNA in WT mice (scale bar: 100 um). (B) The expression of
Arc/Arg3.1 was obviously knocked down in RTN in PV-cKO mice (scale bar: 100 um).
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The thalamic reticular nucleus (TRN), a cluster of GABAergic neurons (Houser, Vaughn, Barber,
& Roberts, 1980), receives nearly all its input from infragranular layers of the cortex and
projects to specific thalamic nuclei, which project back to the cortex (Martins & Tavares, 2017).
The TRN provides a major source of inhibition to various thalamic nuclei, thereby shaping local
sensory information processing (Crick, 1984; Halassa & Acsady, 2016; Pinault, 2004). In
addition, this Cortico-thalamo-cortical loop is involved in regulating cortical activity states,
cognition, defensiveness, depression, and gating of sensory information (P. Dong et al., 2019;
Halassa et al., 2014; P. F. Liu et al., 2022; X. Y. Wang et al., 2023; Xi et al., 2023; X. J. Yu, Xu, He,
& He, 2009). Most TRN neurons express parvalbumin and were shown to be involved in
establishing and modulating depression (X. Y. Wang et al., 2023). | thus hypothesized that
enhanced immobility in the Arc/Arg3.1 KO mice might result from dysfunction of the TRN PV

neurons.

2.2. Detection of Arc/Arg3.1 mRNA in somatostatin-positive interneurons in different

brain regions.

Somatostatin-positive neurons are a group of GABAergic interneurons present throughout the
brain (Rudy et al., 2011). Previous studies suggested that somatostatin expression and the
function of somatostatin-positive neurons are highly related to emotionality, cognitive and
neuroendocrine functions (Douillard-Guilloux, Lewis, Seney, & Sibille, 2017; Guilloux et al.,
2012; D. Kim et al., 2016; Lovett-Barron et al., 2014; Schmid et al., 2016; Seney, Tripp, McCune,
Lewis, & Sibille, 2015; Soumier & Sibille, 2014; Tripp, Kota, Lewis, & Sibille, 2011; X. Y. Yang et
al., 2021).

To investigate the expression of Arc/Arg3.1 and somatostatin in the mice brain, Kainate-
induced seizures were induced in mice to maximize the expression of Arc/Arg3.1. Following
seizures, mice were perfused with PBS and PFA, and RNAscope staining was employed to
detect mRNA transcripts of Arc/Arg3.1 and somatostatin (SST) in the mice brain. Although the
amount of transcripts or expressing neurons was not quantified here, example images show

partial colocalization of Arc/Arg3.1 and somatostatin in different regions of the brain, including
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the ACC, dorsal and ventral lateral septum (dLS, vLS), claustrum (CLA), CA3, polymorph layer of
the dentate gyrus (PoDG), and thalamic reticular nucleus (TRN) (Figure Il. 4). These data
suggests that Arc/Arg3.1 can be expressed in some of the somatostatin-positive neurons, upon

strong stimulation.
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Figure Il. 4. Presence of Arc/Arg3.1 mRNA in somatostatin-positive interneurons in different
brain regions in mice. The colocalized expression of Arc/Arg3.1 and somatostatin in different
brain regions (scale bar: 50 um; scale bar of magnifications: 5 um).

To explore the functional role of Arc/Arg3.1 in somatostatin-positive interneurons, | bred
Arc/Arg3.17f mice with SST-Cre mice. Their SST-Cre:Arc/Arg3.1%f offspring were termed “SST-
cKO”. | examined the efficacy of Arc/Arg3.1 deletion in these mice using RNAscope, as
described above. Exemplary images show that Arc/Arg3.1 mRNA was absent in the TRN but still

colocalized with somatostatin mRNA in neurons of the dLS, vLS, Cl and CA3 (Figure Il. 5).

123



Results Part Il

Arc/Arg3.1 DAPI Merged Magnification

.
‘ »
.

Figure Il. 5. Arc/Arg3.1 expression was knocked down in somatostatin-positive interneurons
in different brain regions in mice. The colocalized expression of Arc/Arg3.1 and somatostatin
in SST-cKO mice showed Arc/Arg3.1 was knocked down in different brain regions (scale bar: 50
um; scale bar of magnifications: 5 um). Yellow arrows indicated that Arc/Arg3.1 mRNA
fluorescence is missing in SST+ interneurons in SST-cKO mice. White arrows indicated SST-
positive interneurons co-expressed Arc/Arg3.1 in SST-cKO mice.
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Besides TRN, LS was also a specific brain region that has the main population of SST* neurons
and Arc/Arg3.1* expression. The knockdown efficiency of Arc/Arg3.1 in SST* neurons was
quantified in mice after seizures 45 min. It was observed that approximately 54% of the
Arc/Arg3.1 expression in SST+ neurons was reduced in the LS of SST-cKO mice, as indicated by
both the overall LS morphology (Figure Il. 6. A) and the percentage of SST* neurons that were

also positive for Arc/Arg3.1 (Figure Il. 6. B).
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Figure Il. 6. Arc/Arg3.1 knocked down efficiency in somatostatin-positive interneurons in LS.
(A) The colocalized expression of Arc/Arg3.1 and somatostatin in LS of WT (left) and SST-cKO
(right) mice after seizures 45 min (scale bar: 100 um). (B) Arc/Arg3.1 was significantly knocked
down in SST* neurons in SST-cKO mice compared to WT mice after seizures 45 min (Mean: WT,
71.59%, n = 19; KO, 17.54%, n = 15. ****p < 0.0001). Significance was assessed with the Mann-
Whitney test. The box plots showed the median (-), whiskers showed min to max, and all data

points.

3. Role of Arc/Arg3.1 in parvalbumin-positive interneurons for emotional

behavior in mice.

Next, | assessed exploratory and anxiety-driven behaviors of PV-cKO mice in the open field and

elevated plus maze tests.

In the open field test (Figure Il. 7. A), mice are allowed to explore an empty arena for 10 min,

and a low percentage of time spent in the center is taken as a measure of anxiety. The PV-cKO
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and WT littermates moved comparable distances in the arena (Figure Il. 7. B), spent a similar
amount of time in the center (Figure Il. 7. C) and had identical movement velocities (Figure Il. 7.
E) during the test. Moreover, the PV-cKO mice also entered the center arena as frequently as

their WT littermates (Figure Il. 7. D).
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Figure Il. 7. Locomotion activity and exploratory behavior in PV-cKO mice. (A) Schematic of
open field test. (B-E) PV-cKO mice showed normal exploratory behavior (D, center area
duration: median: WT, 49.08 s; PV-cKO, 40.92 s; p = 0.24, NS; E, total center entered frequency:
median: WT, 27; PV-cKO, 27; p = 0.75, NS) and locomotion activity compared with their WT
littermates in the open field test (B, total moved distances: median: WT, 4232 cm; PV-cKO,
4170 cm; p = 0.90, NS; C, velocity: median: WT, 6.79 cm/s; PV-cKO, 7.03 cm/s; p = 0.93, NS). All
WT, n = 9; PV-cKO, n = 13. Significance was assessed with the Mann-Whitney test. The box
plots showed the median (-), whiskers showed min to max, and all data points.

The elevate plus maze test (Figure Il. 8. A) is widely used in behavioral neuroscience to assess
innate anxiety-like behavior. Mice behaviors in this test reflect two opposing natural instincts:
one is to avoid being exposed to bright open places, and the other one is exploring the novel
environment. As a result, they tend to stay in the wall-protected closed arms, which are dimly
lit. The second is the natural, spontaneous exploratory instinct, driving the mice to explore the
open arms. Treatments or conditions that impact on these natural drives are often considered

anxiolytic or anxiogenic.

The PV-cKO mice and their WT littermates moved similar distances in the elevated plus maze
test (Figure Il. 8. B) and entered the open and closed arms as frequently (Figure Il. 8. E). The PV-
cKO mice also spent similar time in open arms (Figure Il. 8. C). They had similar entry

frequencies in the open arms (Figure Il. 8. D) as well as their WT littermates, indicating that
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deletion of Arc/Arg3.1 in parvalbumin-positive neurons did not alter innate anxiety-like

behaviors.
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Figure Il. 8. Unaltered anxiety-like behavior in PV-cKO mice. (A) Schematic of elevated plus
maze test. (B-E) PV-cKO mice showed normal opened arms exploratory behavior compared
with their WT littermates in the elevate plus maze test (B, total moved distances: median: WT,
1010 cm; PV-cKO, 1072 cm; p = 0.84, NS; C, percentage of opened arms durations: median: WT,
4.48%; PV-cKO, 9.33%; p = 0.39, NS; D, percentage of opened arms entered frequency: median:
WT, 31.03%; PV-cKO, 35.29%; p = 0.48, NS; E, arms entered frequency: median: WT, 29; PV-cKO,
26; p = 0.71, NS). All WT, n = 9; PV-cKO, n = 13. Significance was assessed with the Mann-

Whitney test. The box plots showed the median (-), whiskers showed min to max, and all data
points.

The PV-cKO mice exhibited similar immobility duration (Figure Il. 9. B) and freezing time (Figure
II. 9. D) as their WT littermates in both the forced swimming test (Figure Il. 9. A) and the tail
suspension test (Figure Il. 9. C). These results indicate that PV-cKO mice did not display

disrupted coping strategies or signs of depressive-like behaviors.
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Figure Il. 9. Unaltered depressive-like behavior in PV-cKO mice. (A) Schematic of forced
swimming test. (B) PV-cKO mice showed typical immobile duration compared with their WT
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littermates in the forced swimming test (Median: WT, 138.0 s; n = 31; PV-cKO, 155.6 s; n=21; p
= 0.33, NS). (C) Schematic of tail suspension test. (D) PV-cKO mice showed normal freezing
time compared with their WT littermates in the tail suspension test (Median: WT, 64.73 s; n =
19; PV-cKO, 105.7 s; n = 15; p = 0.12, NS). Significance was assessed with the Mann-Whitney
test. The box plots showed the median (-), whiskers showed min to max, and all data points.

4. Role of Arc/Arg3.1 in somatostatin-positive interneurons for emotional

behavior in mice.

To explore the functional role of Arc/Arg3.1 in somatostatin-positive interneurons in
exploratory and anxiety-like behaviors in mice, the SST-cKO mice were assessed in the open

field and elevated plus maze tests.

In the open field test (Figure Il. 10. A), the SST-cKO mice moved similar distances (Figure Il. 10.
B) at the same velocity (Figure Il. 10. E) as WT-littermates, indicating normal motor activity.
However, the SST-cKO mice spent significantly less time in the center area (Figure Il. 10. C)
despite a comparable frequency of center entries (Figure Il. 10. D). These findings may indicate

a decrease in the exploratory drive of the center area but did not change the locomotive in the

SST-cKO mice.
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Figure Il. 10. Locomotion activity and exploratory behavior in SST-cKO mice. (A) Schematic of
open field test. (B, D, E) SST-cKO mice showed regular locomotion activity (B, total moved
distances: median: WT, 4603 cm, n = 21; SST-cKO, 4292 cm, n = 17; p = 0.52, NS; E, total center
entered frequency: median: WT, 34.5, n = 16; SST-cKO, 27.0, n = 15; p = 0.34, NS; C, velocity:
median: WT, 7.67 cm/s, n = 21; SST-cKO, 7.19 cm/s, n = 17; p = 0.54, NS), but (D) less center
area exploratory time (Median: WT, 76.76 s n = 21; SST-cKO, 64.48 s, n = 17; *p < 0.05)
compared with their WT littermates in the open field test. Significance was assessed with the
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Mann-Whitney test. The box plots showed the median (-), whiskers showed min to max, and all

data points. The data points with dark green color were published in the master thesis from
Frederic Beba.

The performance of SST-cKO mice in the elevated plus maze test (Figure Il. 11. A) was
indistinguishable from their WT littermates, with similar locomotion (Figure II. 11. B) and
entries to open and closed arms (Figure Il. 11. C, D, E). Thus, unlike the open-field test, SST-cKO
mice did not display any signs of heightened anxiety in the elevated plus-maze, indicating that
ablated Arc/Arg3.1 in somatostatin-positive neurons altered the exploratory behavior but not

innate anxiety-like behaviors in mice.
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Figure Il. 11. Unaltered anxiety-like behavior in SST-cKO mice. (A) Schematic of elevated plus
maze test. (B-E) SST-cKO mice showed normal anxiety-like behavior compared with their WT
littermates in the elevate plus maze test (B, total moved distances: median: WT, 1104 cm; SST-
cKO, 938.5 cm; p = 0.19, NS; C, percentage of opened arms durations: median: WT, 26.17%;
SST-cKO, 19.08%; p = 0.71, NS; D, percentage of opened arms entered frequency: median: WT,
40.0%; SST-cKO, 38.46%; p = 0.99, NS; E, arms entered frequency: median: WT, 10; SST-cKO, 11;
p = 0.67, NS). All WT, n = 21; SST-cKO, n = 17. Significance was assessed with the Mann-
Whitney test. The box plots showed the median (-), whiskers showed min to max, and all data

points. The data points with dark green color were published in the master thesis from Frederic
Beba.

In the forced swimming test (Figure Il. 12. A), SST-cKO mice showed significantly higher
immobility duration (Figure 1l. 12. B) as compared to their WT littermates. However, their
freezing time (Figure Il. 12. D) in the tail suspension test (Figure Il. 12. C) remained unaltered.

Since FST and TST are good tests for antidepressants but not for depression (Commons et al.,
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2017; Cryan, Mombereau, & Vassout, 2005), the increased immobile duration in the FST but

not in the TST suggested the SST-cKO mice may have stress-related disorders.
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Figure Il. 12. Depressive-like behavior in SST-cKO mice. (A) Schematic of forced swimming test.
(B) Higher immobility duration in SST-cKO compared with WT littermates in the forced
swimming test (Median: WT, 152.8 s; n = 19; SST-cKO, 177.0 s; n = 16; *p < 0.05). (C) Schematic
of tail suspension test. (D) SST-cKO mice showed normal freezing time compared with their WT
littermates (Median: WT, 148.9 s; n = 16; SST-cKO, 151.0 s; n = 15; p = 0.80, NS). Significance
was assessed with the Mann-Whitney test. The box plots showed the median (-), whiskers
showed min to max, and all data points. The data points with dark green color were published
in the master thesis from Frederic Beba.

5. Upregulation of Arc/Arg3.1 after physical restraint-induced stress in mice.

Previous studies suggest that treatment with antidepressants increases Arc/Arg3.1 expression
in the hippocampus (Muzio et al., 2016), while forced swimming stress decreases its expression
(Leem & Chang, 2017). Both novel environments and immobilization evoked the expression of
Arc/Arg3.1 in LS (Ons et al., 2004). In the first part of this thesis, it has been shown to exhibit
increased Arc/Arg3.1 and cFos expression in LS after delivery of foot shocks to induce fear
conditioning (Figure I. 2). To further investigate the impact of acute stress on Arc/Arg3.1
induction in the hippocampus and lateral septum, | subjected mice to a 2-hour long physical
restraint, after which the mice were sacrificed, brains were fixed and sliced. Brain sections
were immunostained against Arc/Arg3.1 and cFos, and the densities of positive neurons were
calculated. Expression of Arc/Arg3.1 (Figure Il. 13. A, C) or cFos (Figure Il. 13. B, D) in the LS was
low in the baseline but dramatically increased (Figure Il. 13. A, C) after physical restraint. In

contrast, expression of Arc/Arg3.1 (Figure Il. 13. E, G) and cFos (Figure Il. 13. F, H) in the
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dentate gyrus (Figure Il. 13. E, G) was clearly decreased (Figure Il. 13. E, G). These findings

confirm that the stress induces IEG expression in the LS but suppresses it in the hippocampus.

They also highlight the strong impact of restraint on IEG induction.
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Figure Il. 13. Arc/Arg3.1 and cFos expression after physical restraint-induced stress in mice.
(A-D) The expression of Arc/Arg3.1 (Median: Baseline, 0.86 cells/mm?; n = 12; Restraint stress,
188.7 cells/mm?; n = 12; ****p < 0.0001) and cFos (Median: Baseline, 133.8 cells/mm?; n = 10;
Restraint stress, 473.0 cells/mm?; n = 12; ****p < 0.0001) was significantly increased in lateral
septum after restraint stress in mice. (E, G) The expression of Arc/Arg3.1 showed non-
significant lower expression in the ventral hippocampal dentate gyrus after restraint stress
(Median: Baseline, 53.1 cells/mm?; n = 12; Restraint stress, 36.1 cells/mm?; n = 12; p = 0.09, NS).
(F, H) The expression of cFos showed a significantly decreasing in ventral hippocampal dentate
gyrus after restraint stress (Median: Baseline, 71.46 cells/mm?; n = 12; Restraint stress, 38.15
cells/mm?; n = 12; **p < 0.01). Significance was assessed with the Mann-Whitney test. The box
plots showed the median (-), whiskers showed min to max, and all data points.

131



Results Part Il

132



Discussion Part Il

Discussion

133



Discussion Part Il

134



Discussion Part Il

In this study, | investigated the contribution of Arc/Arg3.1-mediated plasticity to anxiety and
coping responses to stress that are often linked with depression-like pathology. Given the
dominant role of GABAergic systems in these behaviors (S. Chen et al., 2022; Fogaca et al.,
2021; Fuchs et al., 2017; B. Luscher et al., 2011; D. Wang et al., 2023; Yin et al., 2016), | focused
on investigating conditional Arc/Arg3.1 KO mice in specific inhibitory populations, PV-cKO and
SST-cKO. | compared these to a germline KO with a complete deletion in all cells. | used the
elevated-maze test to assess anxiety levels and the FST and TST to assess coping responses
when escape is not possible. Decreased exploration and increased immobility in these tests are
commonly interpreted as signs of elevated anxiety and depression. Yet it is important to note
that other interpretations may exist and that the overall behavior is a complex outcome of
different and sometimes opposing drives and traits. My findings showed Arc/Arg3.1 colocalized
with PV-positive neurons only in TRN but colocalized with SST-positive neurons indifferent
brain regions. PV-cKO mice showed intact anxiety- and depressive-like behaviors, but SST-cKkO
mice showed altered behaviors in OP and FST. Furthermore, Arc/Arg3.1 germline KO behaved

more immobile and freezing time in FST and TST.

Previous studies from our group investigated the behavior of Arc/Arg3.1 germline knockout
mice in the elevated maze, social engagement, working memory, sensorimotor gating, and
native locomotor activity and did not observe any deviations from WT mice (Xiaoyan Gao, 2016;
X. Gao et al.,, 2019; Gémez, 2016) indicating normal levels of anxiety and schizophrenia-like
behaviors. Here, | tested the same KO mice in the FST and TST and revealed increased
immobility. Since FST and TST are behavioral tests for antidepressants but not enough to define
depression in mice (Commons et al.,, 2017; Cryan et al., 2005), the increased immobility
suggests that loss of Arc/Arg3.1 may cause depression or anhedonia in mice. In another
Arc/Arg3.1 KO mouse model, Arc/Arg3.1-deficient mice (EGFP knock-in—Arc/Arg3.1 knock-out),
the mice showed anti-depressive behavioral phenotypes that are different from mine (Penrod
et al., 2019). This mouse model was created by inserting a d2EGFP sequence with a stop codon
and a floxed neomycin cassette into the Arc/Arg3.1 ORF, which remains in the mutant mice but
not in the WT littermates (K. H. Wang et al., 2006). However, the neomycin cassette in this
Arc/Arg3.1 KO model could affect the expression of neighboring genes (Pham, Maclvor, Hug,
Heusel, & Ley, 1996) or cause adverse effects in mice (Scacheri et al., 2001), which could be the

potential reason for the different behavioral phenotypes in different Arc/Arg3.1 KO mouse
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models. In the genetic depression model rats, the transcription of Arc/Arg3.1 gene decreased
in PFC and HPC (Eriksson et al., 2012), which further indicated Arc/Arg3.1 deficit could lead to

depression or stress-related disorders in mice.

The RNA scope data indicated that TRN is the only brain region where Arc/Arg3.1 and
parvalbumin are expressed in the same neurons. The PV-cKO mice, as TRN-specific Arc/Arg3.1
knock out, showed normal anxiety- and depressive-like behaviors, which indicated Arc/Arg3.1
in PV interneurons did not involve emotional behavior modulation in mice. The thalamic
reticular nucleus (TRN) is involved in depression (Magdaleno-Madrigal et al., 2016; X. Y. Wang
et al.,, 2023), sleep regulation (Vantomme, Osorio-Forero, Liuthi, & Fernandez, 2019), fear
memory (J. H. Lee et al.,, 2019), and sensory (P. F. Liu et al., 2022), which indicated that
Arc/Arg3.1 in TRN may contribute to a specific type of behavior instead of anxiety- or
depressive-like behaviors in mice. Arc/Arg3.1 germline KO mice showed c in forced swimming
and tail suspension tests. The SST-cKO mice showed less center duration in open field tests and
more immobility time in forced swimming tests. The results suggested Arc/Arg3.1 in SST-
positive or other neurons but not PV-positive neurons could modulate anxiety- and depressive-
like behaviors in mice. Even though we observed strong Arc/Arg3.1 mRNA expression in the
TRN region after seizures, there was no effect on the stress-related behavioral tests in PV-cKO

mice. The function Arc/Arg3.1 in PV-positive neurons in TRN needs further investigation.

We found that the SST mRNA has colocalization with Arc/Arg3.1 in several different brain
regions, such as dorsal and ventral LS (Bludau et al., 2023; Y. H. Chen et al., 2021; Hashimoto et
al., 2022; M. Wang et al., 2023), claustrum (CLA) (Y. J. Wang et al., 2023), CA3 (X. Y. Li et al,,
2024; Serra et al., 2018; H. Wang et al., 2021), dentate gyrus (DG) (H. H. Li et al., 2023; Ramirez
et al., 2015), and thalamic reticular nucleus (TRN) (Magdaleno-Madrigal et al., 2016; X. Y. Wang
et al., 2023), which relates to stress and depression in mice. The ablation of Arc/Arg3.1 in SST
interneurons decreased the exploration time in the center area of the open field test and
increased the immobility time in the forced swimming test. These findings suggest that
Arc/Arg3.1 in SST-positive interneurons may contribute to depressive-like behavior or stress-
related behavior in mice. The acute restraint stimuli strongly upregulated Arc/Arg3.1 in LS in
general and also in SST-positive neurons. The increased immobilization suggested that

Arc/Ar3.1 in SST-positive neurons may modulate stress-related behaviors in mice.
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Previous studies reported that the expressions of Arc/Arg3.1 in HPC (Leem & Chang, 2017),
cortical regions (Drouet et al., 2015), and amygdala (Y. Li et al., 2015) were highly linked to
stress-related abnormalities. Our previous data indicated that loss of Arc/Arg3.1 in CaMKlla-
positive neurons during the early postnatal period leads to anxiolytic behaviors in mice
(Gémez, 2016), which suggested that Arc/Arg3.1 may modulate anxiety- and depressive-like
behaviors oppositely in SST-positive neurons and CaMKIlla-positive neurons. In the striatum,
where the main neuron populations are GABAergic neurons, it was reported that dopamine 2
antagonists could raise the transcription of Arc/Arg3.1 (Fosnaugh, Bhat, Yamagata, Worley, &
Baraban, 1995) and rescue Arc/Arg3.1-dependent psychomotor abnormalities (Manago et al.,
2016). Furthermore, the loss of Arc/Arg3.1 increased dopamine levels in the PFC and post-
synaptic D2 in the striatum (Manago et al., 2016). This part of my thesis illustrated that
Arc/Arg3.1 in SST-positive neurons may modulate stress-related behaviors in mice by

mediating the balance of dopamine expression and transmission in the brain.
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Part lll
Contribution of Arc/Arg3.1 in GABAergic interneurons to memory

processing
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Research in the past few decades has been centered around the function of pyramidal neurons
in memory processes (Holtmaat & Caroni, 2016). Recent findings have highlighted the role of
inhibitory GABAergic interneurons in learning and memory formation (Cummings, Lacagnina, &
Clem, 2021; Giorgi & Marinelli, 2021; Lucas & Clem, 2018; Topolnik & Tamboli, 2022; Tzilivaki,
Kastellakis, Schmitz, & Poirazi, 2022). According to previous studies, different interneurons in
cortical regions were divided into three largely non-overlapping classes (S. Lee et al., 2010;
Rudy et al., 2011): parvalbumin (PV) and somatostatin (SST) positive interneurons and
serotonin receptor 3a (5HT3aR) positive interneurons. In the hippocampus, the Arc/Arg3.1 was
reported colocalized with GAD67 in CA1 and CA3 (Vazdarjanova et al., 2006). Tzilivaki et al.
summarized the essential role of GABAergic interneurons in the hippocampus, focusing on
their connectivity patterns, mechanisms of plasticity induction, and regulation of oscillatory
rhythms during memory processing (Tzilivaki et al., 2023). On the one hand, hippocampal
GABAergic interneurons receive input from intrahippocampal regions, the entorhinal cortex (EC)
(Tzilivaki et al., 2023), the septal nucleus (Freund & Antal, 1988; Sans-Dublanc et al., 2020) and
the prefrontal cortex (Malik, Li, Schamiloglu, & Sohal, 2022). On the other hand, the
hippocampus also sends long-range projections to the GABAergic interneurons in different
brain regions, such as the medial entorhinal cortex (mEC) (Rozov et al., 2020), nucleus
accumbens (NAc) (Lodge, Elam, Boley, & Donegan, 2023), the medial prefrontal cortex (mPFC)
(Lodge et al., 2023), the thalamic reticular nucleus (TRN) (Cavdar et al., 2008) and lateral
septum (LS) (Decarie-Spain et al., 2022; Leroy et al., 2018; Sweeney & Yang, 2015). The latest
research suggests that the activities of PV and SOM interneurons in the hippocampus play a
significant role in long-term synaptic plasticity and memory (Cummings & Clem, 2020; Honore,
Khlaifia, Bosson, & Lacaille, 2021; Miranda, Cruz, Bessieres, & Alberini, 2022; Zicho et al., 2023).
The functions of PV, SOM, and VIP interneurons in fear circuits are essential for fear memory

processes (Singh & Topolnik, 2023).

The activity-regulated cytoskeletal gene Arg3.1, also known as Arc, plays an essential role in
synaptic plasticity, learning, cognition, memory consolidation and memory discrimination
(Eriksen & Bramham, 2022; Xiaoyan Gao et al., 2018; Penrod et al., 2019; Plath et al., 2006;
Tzingounis & Nicoll, 2006). In 2020, Arc/Arg3.1 was found to colocalize with GABAergic neurons
in the lateral septum after seizures (Kuku, 2020). However, the role of Arc/Arg3.1 in

somatostatin and parvalbumin interneurons has yet to be fully understood. To gain further
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insight into this matter, we conducted a study wherein we crossbred SOM-Cre or PV-Cre
transgenic mice with Arc/Arg3.17f transgenic mice, striving to obtain a brain-wide ablation of
Arc/Arg3.1 in either SOM or PV interneurons. We then proceeded to conduct fear conditioning
and Morris water maze tests to evaluate the contextual and spatial memory behaviors of the

mice involved.
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Previous data indicated that Arc/Arg3.1 expressed in the GABAergic neurons after fear
conditioning and exploration. Arc/Arg3.1 is a crucial protein for synaptic plasticity and memory
consolidation. However, there has been no study showing whether Arc/Arg3.1 in the
GABAergic neurons contributes to memory processes. Therefore, this part of the thesis aims at
this question to investigate the role of Arc/Arg3.1 in PV-positive and SST-positive neurons in

spatial and contextual memory processes.
Specific goals:
e To investigate the role of Arc/Arg3.1 expression in PV-positive and SST-positive neurons

in spatial memory processes.

e To evaluate the role of Arc/Arg3.1 in PV-positive and SST-positive neurons in contextual

memory processes.
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1. Sensory sensitivity of Arc/Arg3.1 KO and parvalbumin-cKO mice.

Pain sensitivity is a significant symptom in depression patients (S. Chen et al., 2023; Mee et al.,
2011; Torta & Munari, 2010) and is higher in animal models with GABAergic deficits (Han & Pae,
2015; D. Wang et al., 2023). Aberrant plasticity is a likely mechanism underlying the
comorbidity of pain and depression and expression of the IEGs cFos and Arc/Arg3.1 were
observed in the spinal cord (Hossaini, Jongen, Biesheuvel, Kuhl, & Holstege, 2010) and
somatosensory cortex (Bunting, Nalloor, & Vazdarjanova, 2015) following noxious sensory
stimuli. Deletion of Arc/Arg3.1 in GABAergic neurons might, in theory, affect nociception and
thereby depressive-like behaviors. In addition, altered nociception, would necessitate
adjustments of the fear conditioning stimuli, utilized in the assessment of memory. To address
this possibility, a flinch-jump test (Figure Ill. 1. A) was performed in the Multi-Conditioning
System (TSE Systems), by applying a series of consecutive foot shocks ranging from 0.1 mA to
1.0 mA (Figure lll. 1. B). The lowest shock intensity eliciting flinch and/or jump was noted as the
threshold. The threshold to first flinch was around 0.175 mA for WT and Arc/Arg3.1 KO mice
(Figure 1ll. 1. C). The median value of the jump threshold was around 0.3 mA for WT and
Arc/Arg3.1 knock-out mice (Figure Ill. 1. D). There was no significant difference between WT
and Arc/Arg3.1 KO mice in any of the measures (Figure Ill. 1. C. D). Next, | performed the same
test on the PV-cKO mice, which did not differ from their WT-littermates (Figure Ill. 1. E. F).
These findings showed that sensitivity to electrical foot-shocks was unchanged by Arc/Arg3.1-

deletion and confirmed the current-values required for reliable fear conditioning.
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Figure Ill. 1. Pain sensitivity in Arc/Arg 3.1 KO mice and PV-cKO mice. (A) Schematic diagram
of flinch-jump test and (B) electrical shock thresholds (mA) in flinch-jump test. Neither
Arc/Arg3.1 KO mice have difference compare to the control group in the first flinch (C, median:
WT, 0.175 mA; n = 14; KO, 0.175 mA; n = 12; p = 0.57, NS) or first jump (D, median: WT, 0.275
mA; n = 14; KO, 0.300 mA; n = 12; p > 0.99), nor PV-cKO mice have difference compare to the
control group in the first flinch (E, median: WT, 0.20 mA; n = 20; PV-cKO, 0.15 mA; n=15; p =
0.25, NS) or first jump (F, median: WT, 0.35 mA; n = 20; PV-cKO, 0.35 mA; n = 15; p = 0.53, NS).
Significance was assessed with the Mann-Whitney test. The box plots showed the median (-),
whiskers showed min to max, and all data points.

2. Role of Arc/Arg3.1 in GABAergic interneurons for fear memory in mice.

2.1. Role of Arc/Arg3.1 in parvalbumin-positive interneurons for fear memory in mice.

The parvalbumin-positive interneurons have been identified as playing a crucial role in learning
and memory consolidation in mice (Miranda et al., 2022; Roque et al., 2023). The thalamic
reticular nucleus (TRN), a brain region that houses Arc/Arg3.1, which is colocalized with

parvalbumin in mice, has also been shown to be essential for cognition, learning, and memory
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consolidation (Katsuki, Gerashchenko, & Brown, 2022; J. H. Lee et al.,, 2019; Manoach &
Stickgold, 2019).

In an effort to investigate a possible contribution of Arc/Arg3.1 in PV* interneurons to fear
memory in mice, a fear conditioning test was administered to PV-cKO mice. (Figure Ill. 2. A).
PV-cKO mice exhibited strong freezing immediately after foot shocks, after 7 days and 14 days,
indicating successful fear induction (Figure Ill. 2. B, C and D), albeit a slightly reduced tone-
response (ns). Strong freezing during the context exposure in recent and remote memory tests
illustrated a robust fear memory consolidation (Figure Ill. 2. E, H). Moreover, comparable
freezing of PV-cKO and WT littermates in the altered context (Figure Ill. 2. F, I) and high
discrimination index demonstrated an intact memory specificity (Figure Ill. 2. G, J). These
results suggested that Arc/Arg3.1 knockout in parvalbumin-positive neurons does not

significantly impact fear memory processing.
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Figure lll. 2. Intact contextual fear memory retrieval and unaltered specificity of contextual
fear memory in parvalbumin conditional knockdown (PV-cKO) mice. (A) Schematic of
contextual fear conditioning and memory test paradigm. (B) Averaged percentage freezing
during fear acquisition (day 0) and fear memory retrieval (day 7 and 14) in WT group phase
(Median: day 0, 12.75%, n = 21; day 7, 48.61%, n = 21; and day 14, 56.39%, n = 11; ####p <
0.0001). (C) Averaged percentage freezing during fear acquisition (day 0) and fear memory
retrieval (day 7 and 14) in PV-cKO group phase (Median: day 0, 6.62%, n = 26; day 7, 51.25%, n
= 26; and day 14, 66.83%, n = 11; ####p < 0.0001). Differences between WT and PV-cKO groups
in C and D were assessed with the Kruskal-Wallis test. Dunn’s multiple comparison was
performed to compare between day 0, day 7, and 14 (****p < 0.0001). (D) Average percent
freezing during fear acquisition phases (WT, n = 21; PV-cKO, n = 26; Phase F(1,45) = 1.75, p = 0.19,
NS; group F(1.9537.86) = 42.27, p < 0.0001; interaction Fp,90) = 1.66, p = 0.196, NS). Significance
was assessed with a two-way ANOVA with a mixed-effects model and a post hoc Bonferroni
test. Data represents the mean + S.E.M. In the recent memory test, the PV-cKO mice had
similar freezing levels in (E) the context test (Median: WT, 48.61%, n= 21; PV-cKO, 51.25%, n =
26; p = 0.83, NS), (F) altered context test (Median: WT, 5.58%, n = 21; PV-cKO, 12.25%, n = 26;
p = 0.32, NS) and similar (G) discrimination index (Median: WT, 0.87, n = 21; PV-cKO, 0.81, n =
26; p = 0.52, NS) 7 days after conditioning compared to their WT littermates. In the remote
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memory test, the PV-cKO mice showed comparable freezing levels in the context test (H,
Median: WT, 56.39%, n = 11; PV-cKO, 66.83%, n = 11; p = 0.85, NS), altered context test (I,
Median: WT, 14.17%, n = 11; PV-cKO, 12.83%, n = 11; p = 0.37, NS) and similar discrimination
index (J, Median: WT, 0.79, n = 11; PV-cKO, 0.84, n = 11; p = 0.26, NS) 14 days after
conditioning compared to their WT littermates. Significance was assessed with the Mann-
Whitney test. The box plots showed the median (-), whiskers showed min to max, and all data
points.

2.2. Role of Arc/Arg3.1 in somatostatin-positive interneurons for fear memory in mice.

Activation of somatostatin-positive neurons in the prefrontal cortex (PFC), lateral septum (LS)
and the hippocampus (HPC) (Carus-Cadavieco et al., 2017; Cummings & Clem, 2020; Raven &
Aton, 2021; Siwani et al., 2018; Zicho et al., 2023) plays an important role in memory encoding,
recall and consolidation. To further investigate the impact of Arc/Arg3.1 in somatostatin-
positive interneurons on fear memory in mice, SST-cKO mice were subjected to a fear

conditioning test (Figure lll. 3. A).

The results show that SST-cKO mice exhibited strong freezing immediately after foot shocks,
indicating successful fear induction (Figure Ill. 3. B). The SST-cKO mice exhibited robust freezing
in the original context during recent (Figure IIl. 3. C) and remote (Figure IIl. 3. F) memory tests.
Surprisingly, they displayed significantly higher freezing (Figure lll. 3. D) and concurrent lower
discrimination index, in the altered context during recent (Figure lIll. 3. E) but not remote
memory test (Figure Ill. 3. G. H). Overall, the data revealed that deleting Arc/Arg3.1 in
somatostatin-positive neurons results in a transient increase in memory generalization at initial

times but subsides as memory ages.
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Figure Ill. 3. Robust context fear memory retrieval but transient memory generalization in
SST-cKO mice. (A) Schematic of contextual fear conditioning and memory test paradigm. (B)
Averaged percentage freezing during fear acquisition (day 0) and fear memory retrieval (day 7
and 21) in WT group phase (Median: day 0, 3.5%, n = 13; day 7, 42.33%, n = 13; and day 21,
36.35%, n = 13; ####p < 0.0001). (C) Averaged percentage freezing during fear acquisition (day
0) and fear memory retrieval (day 7 and 21) in SST-cKO group phase (Median: day 0, 5%, n = 10;
day 7, 49.32%, n = 10; and day 21, 42.62%, n = 10; ####p < 0.0001). Differences between WT
and SST-cKO groups in C and D were assessed with the Kruskal-Wallis test. Dunn’s multiple
comparison was performed to compare between day 0, day 7, and 21 (****p < 0.0001). (D)
Average percent freezing during fear acquisition phases (Phase F(1,21) = 0.21, p = 0.65, NS; group
F(1.7,35.7) = 25.99, p < 0.0001; interaction F(2,42) = 0.053, p = 0.949, NS). Significance was assessed
with a two-way ANOVA with a mixed-effects model and with a post hoc Bonferroni test. Data
represents the mean = S.E.M. In the recent memory test, the SST-cKO mice had similar freezing
levels in (E) the context test (Median: WT, 42.33%; SST-cKO, 49.32%; p = 0.38, NS), but a higher
freezing level in the (F) altered context test (Median: WT, 5.08%; SST-cKO, 16.46%; *p < 0.05)
and lower (G) discrimination index (Median: WT, 0.90; SST-cKO, 0.78; *p < 0.05) 7 days after
conditioning compared to their WT littermates. In the remote memory test, the SST-cKO mice
showed comparable freezing levels in the context test (H, Median: WT, 36.53%; SST-cKO,
42.62%; p = 0.78, NS), altered context test (I, Median: WT, 7.75%; SST-cKO, 7.75%; p = 0.89, NS)
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and similar discrimination index (J, Median: WT, 0.84; SST-cKO, 0.86; p = 0.83, NS) 21s days
after conditioning compared to their WT littermates. All WT, n = 13; SST-cKO, n = 10.
Significance was assessed with the Mann-Whitney test. The box plots showed the median (-),
whiskers showed min to max, and all data points. The data points with dark green color were
published in the master thesis from Frederic Beba.

2.3. Role of Arc/Arg3.1 in somatostatin- and parvalbumin-positive interneurons for tone

fear memory in mice.

The previous data in our lab also suggested an increased tendency of tone fear memory in
remote memory when ablated Arc/Arg3.1 in the hippocampus (Xiaoyan Gao, 2016; Gémez,
2016). Conversely, when Arc/Arg3.1 was ablated in CaMKIl positive neurons, it resulted in the
extinction of tone fear memory(Xiaoyan Gao, 2016; Gomez, 2016; Plath et al., 2006). However,
the role of Arc/Arg3.1 in inhibitory neurons in tone fear memory processing remained unclear.
To address this research gap, we bred PV-Cre mice and SST-Cre mice with Arc/Arg3.1f/f mice to
obtain PV-Cre:Arc/Arg3.1f/f mice and SST-Cre:Arc/Arg3.1f/f mice, which we named "PV-cKO"
and "SST-cKO" mice, respectively. After the mice were handled for at least three days, we
assessed their tone fear memory using the tone fear conditioning system (Figure Ill. 4. A). The
results results demonstrated that ablation of Arc/Arg3.1 in parvalbumin-positive neurons or
somatostatin-positive neurons did not affect the acquisition of tone fear memory (Figure Ill. 4.
B, E) and memory recall in recent (Figure lll. 4. C, F) and remote (Figure lll. 4. D, G) tone fear
memory tests. Therefore, it is plausible that Arc/Arg3.1 in parvalbumin-positive and

somatostatin-positive neurons is not involved in the processing of tone fear memory.
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Figure lll. 4. Tone fear memory in PV-cKO mice and SST-cKO mice. (A) Schematic of tone fear
conditioning and memory test paradigm. (B) The SST-cKO mice had similar freezing levels
during tone in the conditioning test (Median: WT, 15.00%; SST-cKO, 12.86%; p = 0.75, NS). (C)
The SST-cKO mice had similar freezing levels in the recent fear memory test (Median: WT,
48.33%; SST-cKO, 60.00%; p = 0.32, NS) and (D) remote fear memory test (Median: WT, 60.75%;
SST-cKO, 68.04%; p > 0.99, NS) 7 days and 21 days after conditioning compared to their WT
littermates. All WT, n = 13; SST-cKO, n = 10. The data points with dark green color were
published in the master thesis from Frederic Beba. (E) The PV-cKO mice had similar freezing
levels during tone in the conditioning test (Median: WT, 31.43%, n = 21; PV-cKO, 20.89%, n = 26;
p = 0.12, NS). The PV-cKO mice had similar freezing levels in (F) the recent fear memory test
(Median: WT, 63.75%, n = 21; PV-cKO, 71.00%, n = 26; p = 0.37, NS) and (G) remote fear
memory test (Median: WT, 66.33%, n = 11; PV-cKO, 77.83%, n = 11; p = 0.3, NS) 7 days and 14
days after conditioning compared to their WT littermates. Significance was assessed with the

Mann-Whitney test. The box plots showed the median (-), whiskers showed min to max, and all
data points.
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3. Assessment of the contribution of Arc/Arg3.1 in GABAergic interneurons to

spatial learning and memory .

3.1. Role of Arc/Arg3.1 in parvalbumin-positive interneurons for spatial learning and

memory in mice.

In this thesis, | utilized fear conditioning and Morris water maze (MWM) tests to investigate the
effects of ablation of Arc/Arg3.1 in parvalbumin (PV) positive interneurons on fear memory and
spatial learning in mice. Results from fear conditioning tests showed that the fear memory and
memory persistence remained unaltered in the PV-cKO mice. However, the fear conditioning
test has limitations in investigating complex and protracted learning processes. Therefore, the
MWM test was used to evaluate spatial learning ability in the training phases and spatial
memory in the probe tests. In this test, spatial learning was evaluated in the training phases,
during which the mice were trained to learn and search for a submerged, hidden platform in
the opaqued water guided by the visual cues attached to the pool walls for several days.
Escape latency to the platform and total distance moved were used to evaluate the spatial
learning ability during the training. Spatial memory was assessed in the probe tests by

removing the submerged, hidden platform in the pool.

During the training (Figure Ill. 5. A), PV-cKO mice and their WT littermates showed different
learning curves (Figure Ill. 5. C, D), and similar thigmotaxis behavior (Figure Ill. 5. E) during the
training days. A weak tendency of the PV-cKO mice to slower swimming velocities (Figure Ill. 5.
F) compared to their WT littermates was not statistically significant. However, the WT and PV-

cKO mice performed similar strategies when searching for the hidden platform (Figure lll. 5. B).
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Figure Ill. 5. Intact spatial learning in PV-cKO mice. (A) Schematic of Morris water maze (MWM)
training. (B) Analysis of search strategies in WT and PV-cKO mice scored as the percentage of
trials for each defined strategy following 9 d of training. Similar progression of navigational
strategy was observed in both groups. x? test of independence for grouped strategies as color-
coded (x? (7) = 5.868, P = 0.553, NS). C, chaining; DS1, directional search; DS2, directed search;
DSwim, direct swim; FS, focal search; RS, random search; S, scanning; T, thigmotaxis. (C, D) PV-
cKO mice showed a different learning curve from their WT littermates as indicated by total
moved distance (B, genotype F(1,24) = 0.0023, p = 0.96, NS; block F(5.7,136.7) = 16.2, p < 0.001;
interaction Fg 192) = 2.03, #p < 0.05) and escape latency (C, genotype F(1,24) = 0.322, p = 0.576,
NS; block F(s.37,128.8) = 19.2, p < 0.001; interaction F192) = 2.12, #p < 0.05) to the submerged
platform. (D) PV-cKO mice displayed continuously decreasing thigmotactic swimming as well as
their WT littermates (Genotype F(1,24) = 0.111, p = 0.74, NS; block F(4.34,104.2) = 17.96, p < 0.001;
interaction F(g192) = 1.487, p = 0.164, NS). (E) Slightly slower swimming of PV-cKO mice was not
significantly different from WT littermates (genotype F(1,24) = 0.5872, p = 0.45, NS; block
F(a.480,107.7) = 3.207, p < 0.05; interaction F(g 192) = 0.73, p = 0.45, NS). All WT, n = 11; PV-cKO, n =
15. Data representing the mean * S.E.M. Significance was assessed with a two-way ANOVA

with a mixed-effects model and a post hoc Bonferroni test.
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The probe test was first performed in the PV-cKO mice 1 day after the training sessions on day
10 (Figure Ill. 6. A). Results showed that PV-cKO mice had an intact 1-day spatial memory as
their performance during the learning sessions was indistinguishable from their WT littermates.
Both PV-cKO mice and their WT littermates displayed a preference for searching the
submerged platform location in the target quadrant (Figure lIl. 6. B) or target zone (Figure lll. 6.
D). Furthermore, the significantly higher crossings of the target zone (Figure lll. 6. C) indicated
that PV-cKO mice, like their WT-littermates, formed a precise representation of the platform
location and retrieved it. Averaged heatmaps exemplify the accuracy of platform search by WT

and PV-cKO mice (Figure Ill. 6. E).
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Figure lll. 6. Indistinguishable spatial memory in PV-cKO mice 1 day after training. (A)
Schematic of Morris water maze (MWM) probe test and analysis arenas. PV-cKO mice showed
indistinguishable spatial memory compared with their WT littermates, which indicated by (B)
spent time in each quadrant (genotype F(1,96) = 2.45E2%, p > 0.99, NS; Zone F2.15,68.73) = 11.88, p
< 0.001; interaction F,9) = 0.77, p = 0.52, NS), (C) annulus crossings in (2 x platform) zones
(genotype F(1,96) = 0.0262, p = 0.87, NS; Zone F(1.95,62.42) = 13.04, p < 0.001; interaction F(z,0) =
1.388, p = 0.25, NS), and (D) percent time in (3 x platform) zones (genotype F(1,96) = 3.75E%%, p >
0.99, NS; Zone F(2.07,66.24) = 15.37, p < 0.001; interaction F;396 = 1.378, p = 0.256, NS). (E)

Occupancy plots illustrate comparable search precision of the PV-cKO mice and their WT
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littermates in the vicinity of the platform zone. All WT, n = 11; PV-cKO, n = 15. Data represents
the mean t S.E.M. Significance was assessed with a two-way ANOVA with a mixed-effects
model and with a post hoc Bonferroni test. The box plots showed the median (-), whiskers
showed min to max, and all data points. Occupancy plots represent the normalized mean
occupancy across the maze area. Kruska-Wallis test with Dunnett post hoc test was also
performed in B, C, and D to test the preference for the target quadrant within groups (Table .

1).

In the 7-day probe test (Figure Ill. 7. A), both PV-cKO mice and their WT littermates showed an
intact recent spatial memory (Figure Ill. 7. B-E). All the mice showed a preference for crossing
the target zone (Figure lll. 7. C) and searching in the target quadrant (Figure Ill. 7. B). Both PV-
cKO mice and their WT littermates preferred searching the target zone (Figure Ill. 7. D) instead
of the entire pool, indicating that they maintained a relatively precise spatial representation of
the platform location 7 days after training (Figure lll. 7). Notably, the PV-cKO mice displayed
more accurate memory around the platform target area than their WT littermates, as shown

by the average occupancy heat maps (Figure Ill. 7. E).

160



Results Part Il

C
m12-
oo
’g% 94 . ? a
‘j:ogG- ..c . =5 :
o oo ] ==s s ®
Q_g o oo o0 poe - = |8
x 5 3 o e [0 loe S a B W
= o 500 000 o0 - S N e
— £ oo’ ‘9’ 990 - - -
< 0 4 ¢ o o - - -
MWM 7 days probe -i- |‘_ |‘z(.) 1l' |I_ FI{(i)
B __ B
»
ggo_ AlOO-
o — X A
S 601 s 1 g % ;
g_ ole & .:g: 60 ol *
401 o2 HI = ¢ A © R x \¢ =
5 s I B Sc 40t B &
© e . rl - o~ §$ 0 |o l .
0201 ity . g8 o fed 38 o5 -
c . ® ?— o £ 207 o® 15 8.4 b2 '?-
< I o - .= e .oz -!
uEaO - & = 0 oo' bl
F TLRO TLRO TLRO TLRO

WT PV-cKO

Figure lll. 7. Indistinguishable spatial memory in PV-cKO mice 7 days after training. (A)
Schematic of Morris water maze (MWM) probe test and analysis arenas. PV-cKO mice showed
indistinguishable spatial memory compared with their WT littermates, which indicated by (B)
time spent in each quadrant (genotype F,06) = 5.42E2%, p > 0.99, NS; Zone F1.68553.74) = 17.30, p
< 0.001; interaction F,0) = 1.62, p = 0.19, NS), (C) annulus crossings in 2 x zones (genotype
F(1,96) = 0.17, p = 0.68, NS; Zone F(1.89,60.33) = 14.74, p < 0.001; interaction F(3,9) = 1.04, p = 0.38,
NS), and (D) percent time in 3 x zones (genotype F,06) = 7.65E%2L, p > 0.99, NS; Zone F(1.76,56.32) =
21.34, p < 0.001; interaction Fzos = 0.83, p = 0.483, NS). (E) Occupancy plots illustrate
comparable search precision of the PV-cKO mice and their WT littermates in the vicinity of the
platform zone. All WT, n = 11; PV-cKO, n = 15. Data represents the mean * S.E.M. Significance
was assessed with a two-way ANOVA with a mixed-effects model and with a post hoc
Bonferroni test. The box plots showed the median (-), whiskers showed min to max, and all
data points. Occupancy plots represent the normalized mean occupancy across the maze area.
Kruska-Wallis test with Dunnett post hoc test was also performed in B, C, and D to test the

preference for the target quadrant within groups (Table II. 1).

In the remote spatial memory probe test (Figure Ill. 8. A), both PV-cKO mice and their WT
littermates still showed enduring intact spatial memory (Figure Ill. 8. B-E) 21 days after training.

All the mice showed a preference for crossing the target zone (Figure Ill. 8. C) and searching in
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the target quadrant (Figure lll. 8. B). Both PV-cKO mice and their WT littermates preferred
searching the target zone (Figure Ill. 8. D) instead of the entire pool, indicating the PV-cKO mice
and their WT littermates maintained a relatively precise spatial representation of the platform
location 21 days after training (Figure lll. 8). Interestingly, the PV-cKO mice still displayed a
more precise memory around the platform target area compared with their WT littermates as

it showed in the average occupancy heat maps (Figure Ill. 8. E).
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Figure Ill. 8. Indistinguishable spatial memory in PV-cKO mice 21 days after training. (A)
Schematic of Morris water maze (MWM) probe test and analysis arenas. PV-cKO mice showed
indistinguishable spatial memory compared with their WT littermates, which indicated by (B)
spent time in each quadrant (genotype F(1,06) = 4.67E2%, p > 0.99, NS; Zone F.0s,65.72) = 11.42, p
< 0.001; interaction F396) = 0.47, p = 0.70, NS), (C) annulus crossings in 2 x zones (genotype
F(1,96) = 0.37, p = 0.55, NS; Zone F(2.47,79.01) = 14.16, p < 0.001; interaction F;z96) = 2.16, p = 0.097,
NS), and (D) percent time in 3 x zones (genotype F,06) = 1.21E%2, p > 0.99, NS; Zone F2.21,70.86) =
14.72, p < 0.001; interaction Fge6 = 1.23, p = 0.304, NS). (E) Occupancy plots illustrate
comparable search precision of the PV-cKO mice and their WT littermates in the vicinity of the
platform zone. All WT, n = 11; PV-cKO, n = 15. Data represents the mean * S.E.M. Significance
was assessed with a two-way ANOVA with a mixed-effects model and with a post hoc

Bonferroni test. The box plots showed the median (-), whiskers showed min to max, and all
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data points. Occupancy plots represent the normalized mean occupancy across the maze area.

Kruska-Wallis test with Dunnett post hoc test was also performed in B, C, and D to test the

preference for the target quadrant within groups (Table II. 1).

Table Ill. 1. Kruska-Wallis test within WT and PV-cKO groups.

MWM probe trial tests for WT and PV-cKO Kruskal-Wallis test with Dunn’s multiple comparison
groups
Dunn’s multiple comparisons
WT .
Days Groups p value Figure
p n Tvs.O Tvs. L Tvs.R
Time in quadrant 0.0049 |11 0.003 0.060 >0.999 Figure lll.6.B
1 day Time in zone 0.0044 | 11 0.003 0.0087 0.080 Figure lll. 6. D
Annulus crossings 0.0029 | 11 0.0006 0.263 0.204 Figure lll. 6. C
Time in quadrant 0.0295 | 11 0.028 0.072 >0.999 Figure lll.7.B
7 day Time in zone 0.0044 | 11 0.003 0.009 0.080 Figure lll. 7.D
Annulus crossings 0.0247 | 11 0.027 0.027 0.086 Figure lll. 7. C
Time in quadrant 0.0079 | 11 0.029 0.028 >0.999 Figure lll. 8. B
21 day Time in zone 0.0062 | 11 0.005 0.014 0.406 Figure 1ll. 8. D
Annulus crossings 0.0082 | 11 0.008 0.034 > 0.999 Figure 1. 8. C
PV-cKO Dunn’s multiple comparisons .
Days Groups p value Figure
p n Tvs.O Tvs. L Tvs.R
Time in quadrant 0.0013 | 15 0.019 0.002 >0.999 Figure lll. 6. B
1 day Time in zone <0.0001 | 15| <0.0001 <0.0001 0.042 Figure 11l. 6. D
Annulus crossings 0.0002 | 15 0.0007 0.0001 0.0508 Figure 11l. 6. C
Time in quadrant | <0.0001 | 15 | <0.0001 0.0001 0.180 Figure lll.7.B
7 day Time in zone <0.0001 | 15 | <0.0001 <0.0001 0.042 Figure lll. 7.D
Annulus crossings 0.0001 | 15| <0.0001 0.0007 0.020 Figure lll. 7. C
Time in quadrant 0.0006 | 15 0.0005 0.0036 0.277 Figure lll. 8. B
21 day Time in zone <0.0001 | 15 | <0.0001 0.002 0.006 Figure 11l. 8. D
Annulus crossings | <0.0001 | 15| <0.0001 0.0001 0.0001 Figure Ill. 8. C

In the cued version of the Morris water maze (MWM) test (Figure Ill. 9. A), PV-cKO mice and

their WT littermates located the flagged platform with similar latencies to the platform (Figure

lll. 9. C) and moved distance (Figure lll. 9. B) as their WT littermates. The thigmotaxic time

(Figure 111. 9. D) and swimming velocity (Figure Ill. 9. E) were also comparable in PV-cKO mice

and their WT littermates, indicating normal visual and motor functions as well as distance-

based navigation (Figure Ill. 9).
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Figure Ill. 9. Unaltered spatial cue learning in PV-cKO mice. (A) Schematic of Morris water
maze (MWM) cue training. Intact navigation to a cued platform in PV-cKO mice and their WT
littermates is evident from comparable (B) total moved distance (genotype F(1,24) = 0.03, p =
0.86, NS; block F(1.8s4522) = 6.77, p < 0.01; interaction Fp2,48) = 0.89, p = 0.41, NS) (C) escape
latency to the platform (genotype F(1,24) = 0.00012, p = 0.99, NS; block F(1.863,44.84) = 9.45, p <
0.001; interaction F(2,45) = 0.88, p = 0.42, NS), percentage of thigmotaxis duration (genotype
F(1,24) = 1.01, p = 0.32, NS; block F(1.62,38.87) = 4.65, p < 0.05; interaction F,4s) = 0.98, p = 0.38, NS),
and (E) swimming velocity (genotype F(1,24) = 0.0012, p = 0.91, NS; block F(1.729,41.49) = 9.32, p <
0.001; interaction F(2,48)= 0.52, p = 0.60, NS). All WT, n = 11; PV-cKO, n = 15. Data representing
the mean = S.E.M. Significance was assessed with a two-way ANOVA with a mixed-effects

model and a post hoc Bonferroni test.

Overall, the experiments suggested that the removal of Arc/Arg3.1 from parvalbumin-positive
interneurons does not significantly affect spatial learning and memory in the Morris water

maze in mice.
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3.2. Role of Arc/Arg3.1 in somatostatin-positive interneurons for spatial memory in mice.

The results of the fear conditioning tests demonstrated that deletion of Arc/Arg3.1 in
proximately 78% of SST interneurons leads to increased memory generalization (Figure Il. 6).
However, it remains unknown whether other forms of learning and memory might be affected.

To address this question, | tested the SST-cKO mice in the Morris water maze (MWM).

During the training (Figure Ill. 10. A), the SST-cKO mice and their WT littermates showed
comparable learning curves (Figure Ill. 10. C, D) but different thigmotaxis behavior (Figure lII.
10. E) during the training days. However, the WT and SST-cKO mice performed similar
strategies when searching for the hidden platform (Figure IIl. 10. B). Although the SST-cKO mice
occasionally displayed higher swimming velocities (Figure 1ll. 10. F) compared to their WT

littermates, the difference was overall, not significant.
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Figure Ill. 10. Intact spatial learning in SST-cKO mice. (A) Schematic of Morris water maze
(MWM) training. (B) Analysis of search strategies in WT and SST-cKO mice scored as the
percentage of trials for each defined strategy following 7 d of training. Similar progression of
navigational strategy was observed in both groups. x? test of independence for grouped
strategies as color-coded (x? ) = 6.524, P = 0.367, NS). C, chaining; DS1, directional search;

DS2, directed search; DSwim, direct swim; FS, focal search; RS, random search; S, scanning; T,
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thigmotaxis. (C, D) SST-cKO mice showed an indistinguishable learning curve from their WT
littermates as indicated by total moved distance (C, genotype F(1,13) = 0.46, p = 0.51, NS; block
F2.67,34.66) = 10.27, p < 0.001; interaction F7s) = 0.66, p = 0.680, NS) and escape latency (D,
genotype F(1,13) = 0.0071, p = 0.93, NS; block F(2.80,36.45) = 14.60, p < 0.001; interaction Fs,s) =
0.60, p = 0.731, NS) to the submerged platform. (E) WT mice maintained a different
thigmotactic swimming percentage over training days, while SST-cKO mice started at higher
levels but subsequently decreased a 2-way ANOVA shows a significant interaction difference
(genotype Fp1,13) = 0.59, p = 0.46, NS; block F3.10,40.27) = 0.70, p = 0.56; interaction F,s) = 3.14,
##p < 0.01). (F) Slightly faster swimming of SST-cKO mice was not significantly different from
WT littermates (genotype F(1,13) = 3.43, p = 0.08, NS; block F(1.96,52.45) = 2.20, p = 0.13; interaction
Fie,78) = 0.68, p = 0.66, NS). All WT, n = 8; PV-cKO, n = 7. Data representing the mean + S.E.M.
Significance was assessed with a two-way ANOVA with a mixed-effects model and a post hoc

Bonferroni test.

The probe test was conducted on the SST-cKO mice 1 day after the training sessions (Figure Ill.
11. A). The results showed that both the SST-cKO mice and their WT littermates persistently
searched for the submerged platform in the target quadrant (Figure Ill. 11. B) or target zone
(Figure 1ll. 11. D). Furthermore, significantly higher crossings of the target zone (Figure IIl. 11.
C), compared to other virtual zones, indicated that both WT and SST-cKO mice were able to
form an accurate representation of the platform location. Further exemplified by the similar
average occupancy heat maps (Figure Ill. 11. E). In total, the SST-cKO mice demonstrated an

intact 1-day spatial memory.
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Figure Ill. 11. Indistinguishable spatial memory in SST-cKO mice 1 day after training. (A)
Schematic of Morris water maze (MWM) probe test and analysis arenas. SST-cKO mice showed
indistinguishable spatial memory compared with their WT littermates, which indicated by (B)
spent time in each quadrant (genotype F(1,52) = 0.012, p = 0.91, NS; zone F(1.8531.98) = 13.42, p <
0.001; interaction F352) = 0.99, p = 0.41, NS), (C) annulus crossings in 2 x zones (genotype F1,52)
= 1.33, p = 0.25, NS; zone F(.8549.39) = 15.61, p < 0.001; interaction Fz,s2) = 1.21, p = 0.99, NS),
and (D) percent time in 3 x zones (genotype F1s2) = 5.16E2%, p > 0.99, NS; zone F(23841.22) =
21.16, p < 0.001; interaction F3sy) = 1.01, p = 0.446, NS). (E) Occupancy plots illustrate
comparable search precision of the SST-cKO mice and their WT littermates in the vicinity of the
platform zone. All WT, n = 8; SST-cKO, n = 7. Data represents the mean * S.E.M. Significance
was assessed with a two-way ANOVA with a mixed-effects model and with a post hoc
Bonferroni test. The box plots showed the median (-), whiskers showed min to max, and all
data points. Occupancy plots represent the normalized mean occupancy across the maze area.
Kruska-Wallis test with Dunnett post hoc test was also performed in B, C, and D to test the

preference for the target quadrant within groups (Table II. 2).

In the 7-day probe test (Figure lll. 12. A), the SST-cKO mice and their WT littermates showed
enduring intact recent spatial memory (Figure Ill. 12. B-E). All mice showed a preference for

crossing the target zone (Figure Ill. 12. C) and searching in the target quadrant (Figure Ill. 12.
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B). Both WT and SST-cKO mice searched preferentially in the target zone (Figure Ill. 12. D),
indicating that the SST-cKO mice and their WT littermates maintained a relatively precise
spatial representation of the platform location 7 days after training (Figure lll. 12). The SST-cKO
mice and their WT littermates exhibited similar searching activities around the platform target

area as shown in the average occupancy heat maps (Figure lll. 12. E).
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Figure lll. 12. Indistinguishable spatial memory in SST-cKO mice 7 days after training. (A)
Schematic of Morris water maze (MWM) probe test and analysis arenas. SST-cKO mice showed
indistinguishable spatial memory compared with their WT littermates, which indicated by (B)
spent time in each quadrant (genotype F(1,52) = 0.0034, p = 0.95, NS; zone F(1.99,3454) = 9.17, p =
0.0006; interaction F352) = 1.26, p = 0.297, NS), (C) annulus crossings in 2 x zones (genotype
F1,52) = 3.96, p = 0.052, NS; zone F(2550,4333) = 11.17, p < 0.001; interaction F;352 = 0.041, p =
0.989, NS), and (D) percent time in 3 x zones (genotype F(152) = 4.13E%°, p > 0.99, NS; zone
F2.66,46.17) = 13.93, p < 0.001; interaction F352) = 0.904, p = 0.446, NS). (E) Occupancy plots
illustrate comparable search precision of the SST-cKO mice and their WT littermates in the
vicinity of the platform zone. All WT, n = 8; SST-cKO, n = 7. Data represents the mean + S.E.M.
Significance was assessed with a two-way ANOVA with mixed-effects model and with a post
hoc Bonferroni test. The box plots showed the median (-), whiskers showed min to max, and all

data points. Occupancy plots represent the normalized mean occupancy across the maze area.
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Kruska-Wallis test with Dunnett post hoc test was also performed in B, C, and D to test the

preference for the target quadrant within groups (Table II. 2).

The remote spatial memory probe test was conducted 21 days after training (Figure lll. 13. A),
and both the SST-cKO mice and their WT littermates demonstrated enduring intact spatial
memory (Figure Ill. 13. B-E). All the mice showed a preference for searching in the target
quadrant (Figure Ill. 13. B) and crossing the target zones (Figure lIl. 13. C. D. E), indicating the
SST-cKO mice and their WT littermates maintained a relatively precise spatial representation of

the platform location 21 days after training (Figure IIl. 13).
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Figure lll. 13. Indistinguishable spatial memory in SST-cKO mice 21 days after training. (A)
Schematic of Morris water maze (MWM) probe test and analysis arenas. SST-cKO mice showed
indistinguishable spatial memory compared with their WT littermates, which indicated by (B)
spent time in each quadrant (genotype F(1,52) = 2.44E2%, p > 0.99, NS; zone F(2.43.42.14) = 6.43, p
=0.002; interaction F3 52 = 1.12, p = 0.35, NS), (C) annulus crossings in 2 x zones (genotype F(1,13)
=0.89, p = 0.36, NS; zone Fi2.60,33.78) = 11.79, p < 0.001; interaction F(339) = 1.63, p = 0.197, NS),
and (D) percent time in 3 x zones (genotype Fis2) = 8.77E%°, p > 0.99, NS; zone F(2.32,40.19) =
15.33, p < 0.001; interaction F@3s2) = 1.16, p = 0.335, NS). (E) Occupancy plots illustrate

comparable search precision of the SST-cKO mice and their WT littermates in the vicinity of the
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platform zone. All WT, n = 8; SST-cKO, n = 7. Data represents the mean * S.E.M. Significance
was assessed with a two-way ANOVA with a mixed-effects model and with a post hoc
Bonferroni test. The box plots showed the median (-), whiskers showed min to max, and all
data points. Occupancy plots represent the normalized mean occupancy across the maze area.
Kruska-Wallis test with Dunnett post hoc test was also performed in B, C, and D to test the

preference for the target quadrant within groups (Table . 2).

Table lll. 2. Kruska-Wallis test within WT and SST-cKO groups.

MWM probe trial tests for WT and SST-cKO groups Kruskal-Wallis test with Dunn’s multiple comparison
WT Dunn’s multiple comparisons
Days Groups p value Figure
p n Tvs. O Tvs. L Tvs.R
Time in quadrant 0.0119 | 8 0.025 0.106 0.007 Figurelll. 11. B
1 day Time in zone 0.0038 | 8 0.061 0.008 0.003 Figure lll. 11. D
Annulus crossings 0.0182 | 8 0.1006 0.024 0.016 Figure 111.11. C
Time in quadrant 0.0008 | 8 0.022 0.462 0.0003 Figure Ill. 12. B
7 day Time in zone 0.0019 | 8 0.009 0.330 0.001 Figure lll. 12.D
Annulus crossings 0.0038 | 8 0.002 0.148 0.0104 Figure 1ll. 12. C
Time in quadrant 0.0033 | 8 0.032 0.155 0.001 Figure I1l. 13. B
21 day Time in zone 0.0015 | 8 0.0003 0.155 0.076 Figure 11l.13.D
Annulus crossings 0.0004 | 8 0.026 0.545 0.0002 Figure 111.13. C
SST-cKO Dunn’s multiple comparisons .
Days Groups p value Figure
p n Tvs.O Tvs. L Tvs.R
Time in quadrant 0.0041 | 7 0.008 0.031 0.004 Figurelll. 11.B
1 day Time in zone 0.0041 | 7 0.049 0.0104 0.003 Figurelll. 11. D
Annulus crossings 0.0048 | 7 0.054 0.009 0.004 Figure lll. 11. C
Time in quadrant 0.0313 | 7 0.021 >0.999 0.273 Figure I1l.12. B
7 day Time in zone 0.0113 | 7 0.003 0.273 0.104 Figure lll. 12. D
Annulus crossings 0.0276 | 7 0.018 0.377 0.044 Figure lll. 12. C
Time in quadrant 0.1508 | 7 0.380 0.273 0.089 Figure lll. 13. B
21 day Time in zone 0.0023 | 7 0.009 0.002 0.017 Figure lll. 13.D
Annulus crossings 0.0356 | 7 0.028 0.072 0.075 Figure 11l. 13. C

In the cued version of the Morris water maze (MWM) test (Figure 1ll. 14.A), the SST-cKO mice
found the flagged platform after swimming a longer distance (Figure Ill. 14.B), with comparable
escape latencies (Figure Ill. 14.C) to their WT littermates. The thigmotaxic duration of SST-cKO
mice (Figure Ill. 14. D) was similar to WT, and the swimming velocity (Figure IIl. 14. E) was
slightly higher but not statistically significant. Given that swimming velocity was higher for the

SST-cKO and that latencies on day 1 of the test were similar, it’s likely that their swimming
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ability was intact. Instead, their ability to switch between allosteric (submerged platform) and

cued navigation (flagged platform) strategies was blunted.
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Figure Ill. 14. Unaltered spatial cue learning in SST-cKO mice. (A) Schematic of Morris water
maze (MWM) cue training. Altered navigation to a cued platform in SST-cKO mice and their WT
littermates is evident from (B) total distance moved (genotype F(1,13) = 5.16, p < 0.05; block
F(1.97,25.67) = 4.87, p < 0.05; interaction F(2,26) = 1.57, p = 0.23, NS), but intact (C) escape latency to
the platform (genotype F(1,13) = 2.64, p = 0.13; block F(1.99,25.80) = 6.38, p < 0.01; interaction F(2,26)
= 1.80, p = 0.19, NS), (D) percentage of thigmotaxis duration (genotype F(1,13) = 0.69, p = 0.80;
block F(1.62,21.01) = 0.81, p = 0.43; interaction F(2,26) = 1.05, p = 0.36, NS), and (E) swimming
velocity (genotype F(1,13) = 3.50, p = 0.084; block F(1.33,17.32) = 2.09, p = 0.164; interaction F2,26) =
0.57, p =0.57, NS) were showed between SST-cKO mice and their WT littermates. All WT, n = 8;
SST-cKO, n = 7. Data representing the mean £ S.E.M. Significance was assessed with a two-way

ANOVA with a mixed-effects model and a post hoc Bonferroni test.

In summary, the experiments suggested that the removal of Arc/Arg3.1 from somatostatin-

positive interneurons does not significantly affect spatial learning and memory in the Morris
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water maze in mice, but may decrease cognitive flexibility upon changing from reference to

cued navigation.
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Our previous study revealed that deleting Arc/Arg3.1 in the germline or in CaMKlla-positive
cells during the first 7 postnatal days but not after P21 specifically impaired spatial learning and
oscillatory activity in adult mice (Xiaoyan Gao et al., 2018). These results were interpreted to
indicate a critical period in the development of hippocampus-dependent learning functions.
The same study revealed that long-term spatial and contextual memories were impaired in all
KO lines, demonstrating the constant requirement of Arc/Arg3.1 consolidation for declarative
memories. In the current study | asked whether Arc/Arg3.1 expression in specific inhibitory
populations, the PV- and SST neurons, is required for learning and memory. | generated PV-cKO
mice, and using RNAScope technology, | revealed Arc/Arg3.1 expression exclusive to PV
neurons of the TRN. Somatostatin neurons displayed Arc/Arg3.1 expression in a couple of brain
regions, most abundantly in the LS and least in the HPC. The PV-cKO mice displayed a near
complete deletion of Arc/Arg3.1 in TRN PV neurons and SST-cKO mice lost Arc/Arg3.1 in most
of LS SST neurons. Despite the extensive ablation of Arc/Arg3.1 in PV-cKO and SST-cKO mice,
they showed normal spatial learning and memory in the Morris water maze. The slower
learning of SST-cKO after switching to the cued-platform test could indicate cognitive
inflexibility. In episodic memory tests, PV-cKO and SST-cKO mice exhibited normal contextual
memory. However, SST-cKO mice had impaired memory discrimination in recent but not
remote context tests. It has been observed that SST is expressed in various regions of the brain,
including the LS where it is found to be colocalized with CaMKlla (Kuku, 2020). Additionally, the
first part of this thesis indicated that acute ablation of Arc/Arg3.1 in SST/CaMKlla positive
interneurons in the LS leads to a deficit in recent memory discrimination. This suggests that
Arc/Arg3.1 in SST-positive interneurons might be involved in modulating recent memory

discrimination in mice.

SST and PV neurons constitute the majority of GABAergic neurons in the forebrain. However,
the expression of Arc/Arg3.1 in other GABAergic subtypes was not excluded in this study. Other
inhibitory subtypes include calretinin, calbindin, and NYP, and the effects of Arc/Arg3.1 on

learning and memory via these might be possible.

It has been reported that hippocampal SST-positive neurons are dysfunctional and modulate
memory deficits in Alzheimer’s disease model mice. (Schmid et al., 2016). Optical inactivating
CA1 dendrite-targeting SST-positive neurons impaired fear learning (Lovett-Barron et al., 2014).

Optogenetic (Zicho et al., 2023) or pharmacogenetic (Delorme et al., 2021) inhibition of the
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SST-positive neurons in the DG both impaired the consolidation of fear memory. However, this
part of my thesis demonstrated that Arc/Arg3.1 in SST-positive neurons mainly contributed to
fear memory discrimination instead of other memory processes or spatial memory in mice. The
second part of the thesis indicated that Arc/Arg3.1 colocalized with SST-positive neurons in the
cortical regions and SST-positive neurons in the prefrontal cortex (PFC). However, a previous
study indicated that acute ablation Arc/Arg3.1 in the anterior cingulate cortex (ACC) or PFC did
not affect fear memory discrimination in mice (Xiaoyan Gao, 2016). A detailed study from our
group (Kuku, 2020) and my results demonstrated that the lateral septum (LS) is another
memory-relevant brain region rich in SST neurons. The activation of hippocampal-lateral
septum circuitry was reported to play a crucial part in memory discrimination (Besnard et al.,
2020; Besnard & Sahay, 2021). In contextual and spatial memory learning tasks, optical
inhibition of DG SST-positive neurons disrupted the discrimination of similar memories
(Morales et al., 2021). Furthermore, it is important to note that dysfunction of the plasticity of
GABAergic interneurons contributes to cognitive impairments and memory deficits (Honore et
al., 2021; Morales et al., 2021). Arc/Arg3.1, as a key protein for synaptic plasticity (Link et al.,
1995; Plath et al., 2006; Tzingounis & Nicoll, 2006), could mediate the plasticity in SST-positive
neurons or modulate the activity of other neurons that receive SST-positive neuronal
projection in the brain. In the first part of the thesis, the specific ablation of Arc/Arg3.1in LS in
adult mice leads to a deficit of fear memory discrimination as well. Thus, the results suggest
that Arc/Arg3.1 in SST-positive neurons in LS may modulate fear memory discrimination in

mice.
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Since its discovery in 1995, Arc/Arg3.1 had become a prime benchmark for probing learning
and memory in the brain. The ability of Arc/Arg3.1 to mediate and modulate a diverse range of
plasticity processes provides a wide basis for understanding molecular, cellular, structural and
network mechanisms underlying learning memory. The specificity of Arc/Arg3.1 to learning and
memory processes also provides a unique opportunity to interfere with these via genetic
manipulations of the gene without disrupting fundamental neural or synaptic function. The
predominance of Arc/Arg3.1 expression in glutamatergic neurons in the forebrain placed this
subtype at the forefront of Arc/Arg3.1 research. Indeed, deletions of the gene in CaMKII-
expressing neurons, the majority of which are glutamatergic, revealed profound loss of
learning and memory of all types: procedural, implicit and explicit. However, alongside
glutamatergic neurons, a rarer expression of Arc/Arg3.1 was observed in GABAergic neurons.
Recently, our group has mapped this expression to unique nuclei in the brain, where GABAergic
cell types, including somatostatin and parvalbumin neurons, can express Arc/Arg3.1 under
baseline conditions and greatly upregulate this expression after strong stimuli. The role of
these Arc/Arg3.1 expressing GABAergic neurons in behavior remained entirely unknown. In this
thesis, | undertook to explore this question. | first mapped Arc/Arg3.1 expression in the mouse
brain following memory acquisition and recall and identified a major upregulation of the gene
and protein in the lateral septum, a GABAergic nucleus involved in emotional regulation. Next, |
traced a major pathway linking the dCA1 of the hippocampus, a key hub of explicit memories,
with GABAergic neurons in the lateral septum. | manipulated neural activity and Arc/Arg3.1
expression in each region and investigated explicit and implicit fear memory. Finally, | studied
neural activity in the circuit as the basis for the memory effects. The results showed that
optical inhibition of neural activity in the dCA1-LS circuit diminishes context discrimination and
downregulates Arc/Arg3.1 while exacerbating implicit fear memory. In turn, the deletion of
Arc/Arg3.1 in this circuit resulted in the identical loss of context discrimination combined with
excessive implicit fear memory and blunted IEG expression. In-vivo electrophysiological
recordings demonstrated that Arc/Arg3.1 deletion modulated neuronal firing rates, network
oscillations and inter-areal communication, reflecting disturbed GABAergic function. These
findings reveal that the specificity of explicit memory relies on the dCA1-LS circuit and is
guaranteed by the formation of two Arc/Arg3.1-expressing engrams: a glutamatergic one in the
hippocampus and a GABAergic in the LS. The role of activity in dCA1 is to upregulate Arc/Arg3.1

locally, and via the monosynaptic projection, also in the LS. Arc/Arg3.1 expression provokes
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long-lasting changes in neural activity in both engrams that enable a precise recollection of the
memory. These findings uncover a new mechanism in the consolidation of memory and a novel
role of Arc/Arg3.1 in GABAergic neurons. The molecular underpinnings of Arc/Arg3.1 regulation
of neural firing rates in glutamatergic and GABAergic neurons remain to be discovered. The LS
hosts a plethora of GABA- and neuropeptide-expressing neurons, which may have a differential
impact on neural activity, local networks and memory. In the third part of this thesis, |
investigated the role of two Arc/Arg3.1 expressing GABAergic neurons in learning and memory.
Conditional knockout mice in somatostatin neurons (SST-cKO) displayed deficits in memory
specificity similar to those observed following the inactivation of the dCA-LS circuit. Using the
high-sensitivity in situ hybridization method, | revealed that the majority of these Arc/Arg3.1-
expressing SST neurons were located in the LS, thereby identifying one of the LS neural
subtypes involved in memory specificity. In other behavioral tests, SST-cKO mice displayed
enhanced levels of anxiety and more immobility during stress-inducing situations that might
have contributed to their memory specificity deficit. Stress enhances fear learning through the
processes in the basolateral amygdala (BLA), which was revealed to modulate hippocampal
plasticity and dendritic growth (Giachero, Calfa, & Molina, 2013, 2015; Maroun et al., 2013).
However, excessive stress may lead to post-traumatic stress disorder (PTSD) and other memory
disorders, which are characterized by symptoms like re-experiencing trauma memories and
negative emotions (Ressler et al., 2022). On the one hand, the brain circuits involved in PTSD
include the amygdala, prefrontal cortex (PFC), anterior cingulate cortex (ACC), and
hippocampus (Ressler et al.,, 2022). On the other hand, the amygdala (L. A. Rodriguez et al.,
2023), prefrontal cortex (de Leon Reyes et al., 2023) and hippocampus (Y. Liu et al., 2022) were
reported to send direct projection into the lateral septum and modulate social novelty
recognition in mice. In stressful situations, for example, restraint stress (Part Il), elevated plus
maze test, and tail suspension test (Kosugi et al., 2021), the neurons in vCA1-LS were activated.
The brain circuits responsible for novelty discrimination also trigger aversive and anxiogenic
responses in mice. This could explain how optical suppression, presumably affecting LS SST
neurons or the specific ablation of Arc/Arg3.1 in these neurons affects both fear memory

discrimination and stress-related behaviors in mice.

Arc/Arg3.1 is known as an important protein for synaptic plasticity (Eriksen & Bramham, 2022;

Link et al., 1995; Lyford et al., 1995; Plath et al., 2006; H. Zhang & Bramham, 2021). In the LFP
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recording Arc/Arg3.1 KO mice, | observed a decrease in theta and low gamma power in dCA1,
reflecting the impact of Arc/Arg3.1 loss during early postnatal development (Xiaoyan Gao et al.,
2018). The acute ablation of Arc/Arg3.1 in LS or HPC in the adult brain led to a decrease in the
power of gamma and HFO oscillations only in the dLS, sparing the dCA1, suggesting that
Arc/Arg3.1 continuously regulates gamma and HFO oscillations in dLS. Gamma oscillations in
cortical regions are important for working memory (Yamamoto, Suh, Takeuchi, & Tonegawa,
2014), learning (Kei M. lIgarashi et al., 2014), attention (H. Kim, Ahrlund-Richter, Wang,
Deisseroth, & Carlen, 2016), cognitive (Cho et al., 2015) and sensory response (Cardin et al.,
2009) processes. The gamma oscillations in the LS and its top-down pathways (mPFC-LS-LH)
were reported to regulate exploration and learning in mice (Carus-Cadavieco et al., 2017) and
may help maintain a precise information transfer between the cortex, hippocampus and LS and
thereby support memory discrimination in mice. Deletion of Arc/Arg3.1, restricted to the
lateral septum, affected not only local network activity but also the communication in the
gamma frequency bands between the dorsal CA1 and dorsal lateral septum. This suggests that
the typical coordination of gamma oscillations in the dorsal CAl-dorsal lateral septum circuits
may play a role in encoding specific memories. Furthermore, it demonstrates that the
Arc/Arg3.1 gene in the hippocampus is responsible for long-term memory discrimination in
mice. Gamma oscillations are known to be generated through the activity of fast-spiking
GABAergic inhibitory neurons (Bartos, Vida, & Jonas, 2007; Cardin et al., 2009; Whittington,
Traub, & Jefferys, 1995). Ablation of Arc/Arg3.1 either in HPC or LS, altered the activity of fast-
spiking units in the LS. In the HPC-LS-MS-HPC circuitry, hippocampal neurons send axonal
projections to GABAergic neurons in the LS and MS, the LS interacts with MS through
GABAergic neurons, and MS GABAergic, cholinergic, glutamatergic neurons project back to
hippocampal GABAergic and glutamatergic neurons (Khakpai, Zarrindast, et al., 2013; Muller &
Remy, 2018). The loss of Arc/Arg3.1 in the HPC leads to a firing rate reduction in the
hippocampal pyramidal and GABAergic neurons and lateral septal fast-spiking neurons, but the
loss of Arc/Arg3.1 in the LS leads to a firing rate increase in the hippocampal pyramidal and
GABAergic neurons and lateral septal fast-spiking neurons. The ablation of Arc/Arg3.1 in the
HPC or LS was driven by neuronal firing rate into opposite directions during REM-like sleep
states. The data suggests that the Arc/Arg3.1 ablation in the LS may disinhibit the activities in
the MS and further activate the neuronal activities in HPC. Although the ablation of Arc/Arg3.1

in HPC or LS showed opposite firing rate driving in parts of the neurons in the dCA1-dLS circuits,
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it showed both impaired gamma and HFO oscillations in general. | hypothesized that pyramidal
neurons send stronger driving activities to hippocampal GABAergic neurons and lateral septal

fast-spiking neurons in dCA1-dLS circuits.

Parvalbumin neurons were implicated in sensory perception and learning memory, and their
dysfunction was linked to synaptic and network pathologies of neurodevelopmental and
neurodegenerative diseases. In a mapping study, | also identified parvalbumin neurons that co-
express Arc/Arg3.1. These were restricted to the TRN nucleus, while PV-neurons, abundant in
other brain regions, lacked Arc/Arg3.1 expression. Conditional deletion of the gene in all
parvalbumin neurons (PV-cKO) had no impact on spatial learning, explicit memory, anxiety or
immobility during stress-inducing conditions, suggesting that Arc/Arg3.1 expression in the TRN
neurons does not partake in these behaviors, however, is likely to influence other brain

functions.

My study breaks new ground by identifying a hippocampal-lateral septum circuit essential for
modulating fear learning, memory consolidation and discrimination in mice. Moreover, my
findings reveal how the expression of Arc/Arg3.1 in this circuit shapes local and inter-areal
activity patterns required for memory consolidation. My findings in SST-cKO mice confirmed
that the processing of fear memory and its precision relies on the expression of Arc/Arg3.1 in
this GABAergic population of the LS. In a broader scope, expression of Arc/Arg3.1 in the lateral
septum, a nucleus rich in neuropeptide-containing GABAergic neurons, could provide a
mechanism for storing information on emotional states encoded by these neurons and
conveying these to executive regions such as the hypothalamus, with which it is profusely
connected. Through the strong and influential input from the hippocampus, the LS is in the
position to link the emotional states to context information. This suggestion was bolstered by
my findings of a wide range of stress-response modulations in mice lacking Arc/Arg3.1 in LS
GABAergic neurons, suggesting a potential link between Arc/Arg3.1 in the LS and stress-related
memory or psychiatric disorders. The ubiquitous expression of Arc/Arg3.1 in GABAergic LS
neurons contrasts with its predominant expression in glutamatergic neurons in the forebrain,
hinting towards possibly novel mechanisms of Arc/Arg3.1 function in plasticity and memory,
which are yet to be discovered. This study is the first to report the function of Arc/Arg3.1 in
GABAergic systems and provides a first work frame for future investigation of its involvement

in normal and pathological conditions.
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1. Experimental animals

C57BL/6J genetic background mice aged 24 to 32 weeks were group-housed (3-6 per cage) in a
vivarium with an inverted 12-hour dark/light cycle (8:00 - 20:00 is dark period) under standard
housing conditions (23 + 1°C, 40-50% humidity, food, and water ad libitum). The animals were
housed individually 1 week prior to behavioral and electrophysiological experiments but 4
weeks before optogenetic behavioral experiments. All the experiments were performed in
accordance with German legislation (§ 8 des Tierschutzgesetzes vom 18. Mai 2006 BGBI. IS.
1207,1313) and approved by the local authorities of the City of Hamburg. All experimental
procedures were designed to minimize pain or discomfort to the animals, and experimenters

were blind to genotype when performing the behavioral tests.

2. Generation of Arc/Arg3.1 deficient mice

The Arc/Arg3.1 knock-out mice were generated and described in detail by Plath et al (Plath et
al., 2006).

Arc/Arg3.1 ablation in different types of interneurons was accomplished by breeding the LoxP-
flanked Arc/Arg3.1 mouse line (Arc/Arg3.1flo¥/flox) "generated and characterized previously in
our group ((Xiaoyan Gao et al., 2018; Plath et al., 2006) with Cre recombinase transgenic mice:
parvalbumin-Cre (PV-Cre) mice B6;129P2Pvalbtm1(cre)Arbr/) (Jax008069) (Hippenmeyer et al.,
2005) and somatostatin-Cre (SST-Cre) mice B6;Ssttm2.1(cre)Zjh/J (JAX013044) (Taniguchi et al.,
2011). After 2 generations of cross breeding, the genotype scheme of the F3 mice became
Arc/Arg3.17::PV-Cre (Figure 1. A) and Arc/Arg3.17%:SST-Cre (Figure 1. B). The Arc/Arg3.1 gene

was conditionally deleted in parvalbumin-positive or somatostatin-positive interneurons.
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Figure 1. Generation scheme of Arc/Arg3.1 deficient mice. Expressing Cre recombinase in

different types of interneurons enables a cell-specific ablation of Arc/Arg3.1 in (A) parvalbumin

(PV) interneurons and (B) somatostatin (SST) interneurons. (A, B) The schemes on the top

showed the genetic schemes of their WT littermates.

3. Brain perfusion

Mice were anesthetized with intraperitoneal injection of 15% urethane (1.5 mg/g b.w., Sigma)

dissolved in 0.9% saline. Anesthesia depth was confirmed by loss of paw and tail reflexes in

response to mechanical stimulation and loss of eyelid closure reflex in response to air puffs.

Mice were intracardially perfused with 37°C 1x PBS (8g NaCl. 0.2g KCl, 1.44g Na;HPOQ,4, 0.24g

KH2PO4 in 1L H20, PH7.4) followed by 4°C4% paraformaldehyde (PFA). Brains were collected

and post-fixed in 4°C 4% PFA for at least 3 days before use.

4. Immunohistochemistry
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Primary antibodies used in this study are: anti-Arc/Arg3.1 rabbit polyclonal antiserum (1:1000,
Kuhl lab, 5904) (Xiaoyan Gao et al., 2018), anti-cFos chicken polyclonal antibody (1:1000, Sigma,
GW21144), anti-cFos rat monoclonal antibody (1:1000, Synaptic Systems, 226017), anti-Cre

recombinase mouse monoclonal antibody (1:2000, Millipore, MAB3120).

Secondary antibodies were: Biotinylated HRP-complex conjugated goat anti-rabbit antibody
(1:1000, Vector Labs, BA-1000), poly-HRP-conjugated goat anti-rabbit secondary antibody
(Thermo Fisher Science, B40925), Alexa Fluor® 488 conjugated goat anti-rabbit (1:500,
Invitrogen, A-11008), Alexa Fluor® 488 conjugated goat anti-mouse (1:500, Invitrogen, A-
11001), Alexa Fluor® 555 conjugated goat anti-rabbit (1:500, Invitrogen, A-21428), Alexa Fluor®
633 conjugated goat anti-rat (1:500, Invitrogen, A-21094) and Alexa Fluor® 555 conjugated

goat anti-mouse secondary antibody (1:1000, Invitrogen, A-21422).

4.1. Diaminobenzidine (DAB) staining

After post-fixation, brains were sliced with a Vibratome (Leica VT1200s) on a coronal plane and
40 um free-floating sections, were collected. Brain sections were first incubated in 0.3% H,0;
(Sigma) for 30 min. Then, they were incubated in blocking solution (10% goat serum (Jackson),
0.2% Bovine serum albumin (BSA, Sigma), and 0.3% Triton X-100 (Sigma) in 1x PBS) for 60 min
at room temperature (RT). After the blocking step, sections were incubated with the primary
antibody in a carrier solution (1% goat serum (Jackson), 0.2% Bovine serum albumin (BSA,
Sigma), and 0.3% Triton X-100 (Sigma) in 1x PBS) at 4°C overnight. On the second day, sections
were washed with 1x PBS and then incubated with biotinylated HRP-complex conjugated
secondary antibody (Vector Labs) in carrier solution for 120 min at RT. Immunoreactivities
were detected using Vectastain ABC Kit (A, B solution 1:500 in PBS, Vector Labs) and 3, 3-
diaminobenzidine (Sigma-Aldrich) as chromogen. Sections were dried and mounted with

microscopy mounting medium (Entallan - Merck Millipore).

4.2. Tyramide-conjugated fluorescence staining
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The Tyramide-conjugated fluorescence staining was performed with the Tyramide
SuperBoost™ Kit (Thermo Fisher Science) using Goat anti-rabbit Alexa Fluor™ 594. Free-
floating coronal sections (40 um) were prepared on a Vibratome (Leica VT1200s). Sections
were first incubated in 0.3% H»0; (Tyramide SuperBoost™ Kit) for 60 min and subsequently
incubated in blocking solution (Tyramide SuperBoost™ Kit) for 60 min at RT. After the blocking
step, the sections were incubated with the primary antibody in carrier solution (1% goat serum
(Jackson), 0.2% BSA, and 0.3% TritonX (Sigma) in 1x PBS) at 4°C overnight. On the second day,
the sections were washed with 1x PBS and then incubated with poly-HRP-conjugated goat anti-
rabbit secondary antibody (Tyramide SuperBoost™ Kit) for 60 min at RT. The sections were
washed with 1x PBS and incubated in Tyramide working solution (100x Tyramide stock solution:
100x H,0; solution: 1x Reaction buffer = 1: 1: 100) for 8 min at RT. The reaction should be
stopped immediately by adding the same volume of Reaction Stop Reagent Working solution
(Reaction Stop Reagent Stop Stock solution 1:11 in 1x PBS) and incubated at room temperature
for 5 min. After 1x PBS washing, the nuclear staining was obtained by incubating in NucBlue™
Fixed Cell Stain ReadyProbes™ reagent (Thermo Fisher Science) for 15 min at RT. Slices were
dried, mounted with ProlongTM Gold antifade reagent (Thermo Fisher Science), and stored at

4°C until imaging.

4.3. Immunofluorescence staining

Free-floating coronal sections (40 um) were incubated in blocking solution for 60 min at RT,
followed by 4°C overnight incubation with the primary antibody in the carrier solution. On the
second day, the sections were washed with 1x PBS and then incubated with secondary
antibody in carrier solution for 120 min at RT. The slices were dried, mounted with ProlongTM

Gold antifade reagent (Thermo Fisher Science), and stored at 4°C until imaging.

5. RNA scope: in situ Hybridization

The RNA scope was performed according to the manufacture protocol (Document number

323100-USM) and the Kit from ACD-Biotechne (Figure 2. A).
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Figure 2. RNAscope workflow. The different target genes hybridized with ZZ pairs on 20 bases.
Two adjacent Zs created a binding motif for a preamplifier, and the amplifier bonded to the
preamplifier. The high specific detection confirmed by the preamplifier cannot bind to only one
“Z’. Different RNA genes were dye-labeled by different fluorophores (Hildyard, Rawson, Wells,
& Piercy, 2020; F. Wang et al., 2012).

After post-fixation, the brains were subsequently placed in 10% sucrose (Sigma), 20% sucrose,
and 30% sucrose solutions dissolved in 1 mol/L PB (2g KCl, 14.4g Na;HPO4, 2.4g KH,PO4 in 1L
H20) at 4°C until the brains sunk to the bottom and kept in -20°C until slicing. Coronal brains
sections (14um) were prepared on a cryostat (Leica, Cryo Star HM 560) at approximately -20°C
and mounted on Superfrost plus slides (Thermo Scientific). All slides were stored at -80°C until

use.

Sections were first washed in 1x PBS to remove cryo-embedding media (Tissue Tek), followed
by baking for 30 min at 60°C in the HybEZ™ Il OVEN. After that, sections are post-fixed in ice-
cold 4% PFA for 30 min, passed through an ethanol series (50% and 70% ethanol) at RT,
washed with 1x PBS, followed by quenching endogenous peroxidase activity in hydrogen

peroxide for 10 min at RT. To maximally expose low-abundance RNA transcripts in the tissue,

189



Materials and methods

sections were treated with the target retrieval method by immersing in 99°C 1x PBS for 10 s
and followed with immersing in the 1x Target Retrieval Reagent at 99°C for 5 min. After the
target retrieval step, sections were placed in 1x PBS for 2 min at RT, followed by 3 min in
absolute ethanol at RT. After drying in the air for 5 min at RT, a waterproof barrier was drawn
around the sections with an ImmEdge hydrophobic barrier pen. We used Protease Ill from the
Kit and incubated sections in the oven for 30 min at 40°C. After the protease treatment step,
we treated the sections with rewarmed (water bath, 40°C, 10 min) mRNA conjugated
hybridization probes: Arc/Arg3.1 (2924-2342-C1, custom designed, 1x solution) and
Somatostatin (404631-C2, 50x stock solution). The sections were incubated in a probe mixture
in the oven for 120 min at 40°C. The sections were washed with 1x Wash Buffer, prepared by
diluting the rewarmed 50x RNA scope wash buffer in distilled water and stored in 5x saline
sodium citrate buffer (SSC) at RT overnight. Pre-amplifiers specific to each target mRNA were
added for 30 min at 40°C in the oven. Next, HRP-conjugated amplifiers were added and
incubated for 15 minutes at 40°C in the oven. Opal dyes (1:1500, ACD), combined with
tyramide amplification technology, were then added to bind with the amplifiers and incubated
for 30 minutes at 40°C in the oven. Redundant HRP sites were covered by HRP-Blocker solution
for 15 minutes at 40°C in the oven. After each hybridization step, the sections were washed
with 1x Wash Buffer at room temperature. The nuclears were stained by incubating with DAPI
for 5 min at RT. The sections were dried and mounted with Prolong™ Gold antifade reagent

(Thermo Fisher Science). The slides were stored at 4°C until use.

6. Stereotaxical operations

6.1. Mouse anesthesia and analgesia

A complete anesthesia system for small animals with a stereotaxic anesthesia mask (Harvard
Apparatus, Holliston) was used for mice anesthesia during the operation. Mice were
anesthetized with 5% isoflurane (Abbot, lllinois) mixed with 99.8% oxygen flowing at 0.5 L/min
in a transparent induction chamber. While under anesthesia, mice were subcutaneously
injected with buprenorphine (0.05 mg/kg, prepared in 0.9% saline), for analgesia during the
surgery. Mice were then placed in a stereotaxic apparatus (DAVID KOPF INSTRUMENTS) and
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anesthesia was continuously administered via a mouth mask with ~1.5% isoflurane mixed with
oxygen during the entire surgery. Body temperature was maintained at 37.5°C with a
homeothermic heating pad (WPI), controlled by a feedback temperature controller system (DC
Temperature controller, FHC), located under the mouse body. Following surgery, carprofen
(IDT Biologika, Dessau-RoRlau) with a dose of 5 mg/kg, prepared in 0.9% saline, was
administered subcutaneously for postoperative analgesia and hydration. Additional doses of

Carprofen were administered every 24 hours for up to 3 days post-surgery.

6.2. Stereotaxical viral vector injection in vivo

Viral vectors (AAV-CaMKII-Cre, AAV1/2 titer: 4 x 10'2 vg/ml, Addgene plasmid: 27227) (Dittgen
et al., 2004) were produced and purified by the HEXT vector facility at the University Medical
Center Hamburg-Eppendorf (UKE). After fixing the mouse head in the stereotaxic frame, the
hair was shaved with an electric shaver, and the skin was disinfected with iodophor, followed
by 70% ethanol. A midline skin incision was made with a medical scalpel. To expose the bregma
and lambda, the skull was cleaned with 0.9% saline and dried by blowing air with the rubber
ear washer. Small craniotomies were drilled under the stereomicroscope (Olympus) above the
hippocampus (AP: -2.0 mm, ML: £1.5 mm, DV: -1.8 mm and -1.4 mm from the brain surface;
relative to bregma; AP, ML and DV denote anteroposterior, mediolateral and dorsoventral
distance from the bregma, respectively) or the lateral septum (AP: +0.6 mm, ML: #0.25 mm, DV:
-3.2 mm and -2.7 mm from the brain surface; relative to bregma) unilaterally or bilaterally with
a micro drill (Fine Science Tools). The viral vectors were delivered with a Neuros Syringe
(Hamilton) controlled by an injection robot (Neurostar). Each injected region received 1 uL of
viral vector solution with the speed set as 0.1 uL/min. The injection of 1 uL viral vector solution
was separated into two steps, 0.4 plL at the DG and 0.6 plL at the CA1 for the hippocampus, and
with two boli of 0.5 uL each in the ventral lateral septum and dorsal lateral septum,
respectively. To facilitate the virus spread in the tissue, the syringe needle was left stationary
for 3 min after the first volume and 9 min after the second volume. The skin was closed by
sewing with fine suture needles and threads (Nylon monofilament). Finally, the wound was

disinfected with lodophor. The mice were administrated with carprofen and placed in their
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home cage on a warm mat until fully recovered and resumed motor and feeding activity. Soft

food was provided in the days following surgery.

To identify the connection between hippocampus (HPC) and lateral septum (LS), the
anterograde viral vector (rAAV-CaMKII-GFP, AAV1/2 titer: 3 x 10'?2 vg/ml, Addgene plasmid:
27227) was injected into the HPC, and the retrograde viral vector (AAVrg-CaMKII-FusionRed,
AAV retrograde, titer: 4.6 x 10'2 vg/ml, Addgene plasmid: 105669) was injected into the LS. The
sterotaxical coordinates are the same as above. After a 7-day expression of the viral tracers,
the direct projection from the dorsal hippocampal CA1 to the lateral septum (LS) was observed

after perfusion and brain slicing.

6.3. Stereotaxical opsin injection and fiber-optic cannula implantation

Injection of a retrograde virus expressing the inhibitory opsin (AAVrg-CaMKII-stGtACR-
FusionRed, AAV retrograde, titer: 6 x 102 vg/ml, Addgene: 105669-AAVrg) in the lateral
septum and the implantation of fiber-optic cannula in the hippocampus were performed in one
surgery. Mice were anesthetized, fixed in the stereotaxic apparatus and the skull was exposed,
as described above (6.2). Two small craniotomies were drilled above the left and right lateral
septum (AP: +0.6 mm, ML: £0.25 mm, DV: -3.2 mm and -2.7 mm from the brain surface;
relative to bregma). The Neuros Syringe needle was lowered into the left intermediate LS (imLS,
DV: -3.2 mm) and 0.4 puL retrovirus solution was injected at a speed of 0.1 pL/min. Following 3
min pause, the syringe was elevated to the dorsal LS (dLS, DV: -2.7 mm) and 0.6 uL virus were
delivered at 0.1 puL/min followed by a 9 min stationary pause of the needle. The syringe was

retracted, and the injection was repeated, identically, on the right hemisphere.

Next, small craniotomies were drilled above the right and left dorsal hippocampus (AP: -2.0
mm, ML: £2.0 mm, DV: -1.1 mm from the brain surface; relative to bregma, angle: 20° to mid-
line). A cannula holder was mounted on the stereotaxic arm and the optic-fiber was lowered
above CA1 (DV: -1.1 mm from the brain surface)with an angle of 20° to mid-line. The fiber-optic
cannula was secured to the skull with a self-curing dental adhesive resin cement (Universal Kit,
Super-Bond) based on acrylic resin (4 META-TBB) technology. After the dental cement dried

completely, the cannula was released from the holder. The mice received a carprofen dose and

192



Materials and methods

were placed on the warm mat until they fully recovered from anesthesia. Soft food was applied

in the following recovery days.

7. Behavioral tests

Mice were handled by experimenters for 3-4 days before behavioral tests and were habituated

to the experimental laboratory for 30-60 minutes before handling or testing.

7.1. Open field test (OFT)

Spontaneous exploration and locomotor activity were evaluated in a white box (50 cm x 50 cm
x 50 cm) constructed from opaque white plates. Testing was performed under indirect
illumination (~15 Lux in the corner, ~20 Lux in the central arena) and mouse behavior was
recorded by a video-tracking system (Ethovision XT v16.0, Noldus Information Technology),
also used for on- and off-line analyses. The test began when the mice were put in the center of
the box. After free movement for 10 min, mice were returned to their home cage. For analysis,
the floor of the box was divided into 16 virtual squares of equal area (Figure 3), and the arena’s
center zone was defined by the area of the four center squares. The distance traveled and time
spent in each zone were calculated. The box was cleaned with 70% ethanol and dried for 2 min

before each test.

50 cm

193



Materials and methods

Figure 3. Open field schematic representation. The Gray lines represent the 16 virtual squares
defined in the tracking system, and the 4 virtual squares with the red dashed lines represent
the center area.

7.2.  Elevated plus maze test (EPMT)

The elevated plus maze (Figure 4) consisted of a central platform (5 cm x 5 cm), two open arms
(5 cm x 30 cm), and two closed arms (5 cm x 30 cm) with 15 cm high protective walls. The maze
was elevated 70 cm above the ground and placed in a room with indirect illumination (~15 Lux
in closed arms, ~20 Lux in opened arms). Mice were placed on the central plate facing the open
arm and allowed to explore the maze freely for 5 min. Mouse behavior was recorded by the
video-tracking system (Ethovision XT v16.0, Noldus Information Technology) also used to
analyze the number of entries and time spent in each arm. the. The elevated plus maze was

cleaned with 70% ethanol and dried for 2 min before the test for each animal.

65 cm

K.
- Jssem

Figure 4. Elevate plus maze schematic representation.
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7.3. Forced swimming test (FST)

The mice swam individually in a cylindrical glass container(Powell, Fernandes, & Schalkwyk,
2012) (diameter: 10 cm, height: 32 cm, water depth: 15 cm, Figure 5.) filled with clean water
(22£1°C) and placed in a room with indirect illumination (~35 Lux) for 6 min. Mouse activity
was recorded by a video-tracking system (Ethovision XT v16.0, Noldus Information Technology).
The mice were dried with soft wipes and returned to their home cages immediately after
testing. Immobility time was defined as lack of any active movements except for minimum
movements necessary to keep the head and nose above the water (for example, single limb
paddling) (Cui et al., 2018; Powell et al., 2012; Yankelevitch-Yahav, Franko, Huly, & Doron,
2015). The total immobility time was calculated as the sum of all immobile epochs during the

last 4 min of the test.

32cm

wd gL

Figure 5. Forced swimming schematic representation and apparatus.

7.4. Tail suspension test (TST)
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The apparatus for the tail suspension test (Powell et al., 2012) (Ramirez et al., 2015; Steru,
Chermat, Thierry, & Simon, 1985; Zhou et al., 2019)was a PVC box (50 cm x 30 cm x 30 cm)
covered with white paper and equipped with a hook attached to the ceiling (Figure 6). The box
was placed in a room with indirect illumination (~35 Lux). Mice were suspended 15 cm above
the floor with medical tape safely secured to the tail tip. The video-tracking system recorded
the 6 min suspension test session (Ethovision XT v16.0, Noldus Information Technology). The
freezing time was scored for the last 4 min of the session (Ramirez et al., 2015; Zhou et al.,
2019). Mice were returned to their home cages after the test. The box was cleaned with 70%

ethanol and dried for 2 min before each test.

50cm

20 cm

e
30cm

Figure 6. Tail suspension schematic representation.

7.5. Morris water maze test (MWMT)

Spatial learning and memory were tested by the Morris water maze test (MWMT) (da Silva,
Bast, & Morris, 2013; Morris, Garrud, Rawlins, & O'Keefe, 1982). The maze consisted of a
circular tank (diameter: 1.5 m, Figure 7. A) filled with water (22+1°C), a submerged circular
platform in the fixed position and four large reference cues. To make the water opaque and
hide the platform, we mixed the water with non-toxic soluble paint (Redimix COLOR & Co.

Gouache, Amazon). The circular platform (diameter: 14 cm) was placed 1 cm below the water
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surface in the tank. The references were attached to the wall 5 cm above the water at an
unequal distance from each other. The experiment was performed under indirect illumination
with white curtains placed around the maze, for isolation. Mice were trained to find the hidden

platform during the acquisition phases.

We designed 4 different start positions and 4 acquisition trials for 9 consecutive days (Figure 7.
D). On each trial, mice were released at a different start position chosen in a semi-random
order for each day. Mice were allowed to swim and explore the tank freely until they found the
hidden platform. If the mice failed to find the platform, they were guided to the platform and
allowed to rest for 60 s for the first trial on the first day, 30 s for the second trial on the first
day, and 15 s for the rest of the following trials. The time mice spent (Escape latency to the
platform) and the total moving distance (Moving distance) in finding the hidden platform was
used to generate the learning curve. The short-term and long-term spatial memory was
assessed by subjecting the mice to a single probe trial (60 s) on the first day, seventh day, and
21°t day after the 9-day acquisition sessions (Figure 7. D). During the probe test, the platform
was removed, and mice were released in the opposite quadrant. For analysis, the maze arena
was virtually separated into 4 equal quadrants (Figure 7. B, C). A virtual annulus zone (diameter:
28 cm, 2 x platform area) was defined over the previous location of the submerged platform
and copied to the corresponding position for each quadrant as identical zones. The time mice
spent in the annulus zone and the number of mice that crossed the annulus zone were

calculated to evaluate memory precision.

Mice were tested within the same water maze with a visual cue (a flag extended 12 cm above
the water surface) placed on the submerged platform. The starting position for releasing the
mice and the position of the visual cue were changed for each trial (60 s) to ensure the mice
were using the visual cue to locate the platform. The video-tracking system recorded the trails

(Ethovision XT v16.0, Noldus Information Technology).
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Figure 7. Morris water maze schematic representation and experiment procedure. (A)
Schematic representation of the water maze tank. (B) The water maze was divided into 4 equal
guadrants: Target quadrant (T), Opposite quadrant (O), Right quadrant (R), and Left quadrant
(L). The directions were defined as North (N), South (S), East (E), and West (W). The circle
shows the location of the submerged platform. (C) The schematic representation of identical
zones and annulus zones for the analysis. (D) The schematic representation of the maze setting
during training (blue), memory testing (red) and cued-navigation days.

7.6. Fear conditioning test (1 CS-US)

We designed a fear conditioning test that assesses both implicit (tone) and explicit (context)
memory. The test was performed with an automated conditioning system (TSE Multi-
Conditioning System). During acquisition (in Context A, Day 0), mice were placed in the
conditioning chamber (Figure 8.), an acrylic transparent box (20 cm x 20 cm x 40 cm) without a
floor placed over a metal grid floor and illuminated with white light (~70 Lux), and allowed to
explore for 120 s. Next, a high-frequency tone (10K Hz, 70 dB) was played for 30 s and followed
by an electrical foot shock (2 s, 0.5 mA) applied through the metal grids. After the shock, mice

remained in the chamber for 60 s and returned to their home cages. During conditioning,
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sensory cues were applied as unique identifiers of the environment: A constant background
noise was emitted from an internal fan (28 dB). The box was cleaned with 70% ethanol and
illuminated with dim white light (~35 Lux). Recent and remote memory were tested 7, 14 or 21
days, respectively, after conditioning. On each test day, mice were placed first in the
conditioning chamber for 180 s, with all original cues present (Context A). One hour later, mice
were introduced to a new chamber (Context B), an opaque box with one transparent wall (or a
simulated home cage) and a plastic floor covered by fresh bedding. The background fan noise
was omitted, and the box was illuminated with dim red light (~20 Lux). Distal cues were pasted
on the chamber's walls and 1% acetic acid was used for cleaning and as an olfactory cue. The
mice were first allowed to explore the new arena for 120 s to test the context memory
specificity. Subsequently, the conditioning tone was played for 120s. Freezing was defined as a
complete lack of mobility for at least 1 s and was automatically measured based on beam-
braking technology (TSE). Total freezing time was calculated for each phase of the test. Context

memory specificity was evaluated based on a discrimination index (DI) calculated as follows:

DI = Freezingtimein Context A (%)

Freezingtimein Context A (%)+ Freezingtimein ContextB (%)

Context test Novel context and tone test

[ 120s |l [60s 60s | 60s | 60s 60s | 605 NGORMNGOREN

Figure 8. Fear conditioning schematic representation.

7.7. Optogenetic inhibition in fear conditioning test (2 CS-US)
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For all optogenetic testing, mice implanted with optic-fibers cannula were attached to the optic
cable and the laser via a patch cord with sleeves. One day prior to conditioning, mice were
connected to the optic cable and placed in their home cage for 3 min to habituate to the test
conditions. The test was performed with an automated conditioning system (TSE Multi-
Conditioning System). The same procedure and conditions were used for optogenetical testing
of fear memory as described in 7.6. One difference was using two conditioning stimuli in the
optogenetic experiments instead of one. Analysis was performed as described in 7.6. The laser
power emitted at the patch cord tip, was calibrated daily prior to testing with a laser power
meter (Power meter Pronto-si, Doric). Depending on the experiment design, a continuous laser
stimulus (450 nm, 6-9 mW) was delivered from the laser light source (Laser Diode Fiber Light
Source, Doric) during the acquisition (Figure 9. B) or the discrimination test (Figure 9. A).

Freezing time for each phase and DI were calculated as previously described (7.6).

A
7d/21d
— -
Conditioning Context test Novel context and tone test
2s 2s i
. 120s -‘}1 60's 60s [ 60s | 605 | 60s

@305 305
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Conditioning Context test
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@W30s  @W30s

Figure 9. Optogenetic fear conditioning schematic representation. 450 nm light pulses were
applied during (A) conditioning and (B) altered context tests.

7.8.  Flinch-jump threshold test
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The sensitivity of the mice to the electrical stimulation applied during conditioning was
assessed with the flinch-jump procedure in the TSE Multi-Conditioning System. Mice were
placed in a transparent box on the metal grid floor to deliver electrical currents. Mice were first
habituated in the chamber illuminated with a dim white light (~70Lux) for 30 s, followed with a
series of consecutive 0.5 s long foot shocks with 30 s intervals. The foot shocks were
administered stepwise from 0.1 mA to 1.0 mA in steps of 0.1 mA. Behavioral responses were
recorded as: no response, flinch, or jump at each intensity. The lowest current intensity

eliciting a flinch or jump was considered the threshold value. This value was hitherto used in

Figure 10. Fear conditioning schematic representation and schematic diagram of the flinch-
jump threshold test.

8. Restraint-induced stress model

To investigate the expression of Arc/Arg3.1 by stress inducing stimulation, mice were
restrained for 2 hr in a 50 ml transparent tube pierced with holes for air (diameter: 0.5 cm).
Immediately afterward, mice were deeply anesthetized with 15% urethane and transcranial

perfused with PFA, as described in 3.

9. Kainate-induced seizure

To maximize the expression of Arc/Arg3.1, mice were subjected to Kainate-induced seizures.

Adult mice (20-40 g, 3-8 months of age) were intraperitoneally injected with Kainic acid (Abcam,
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Cambridge, UK) (14.8 mg/kg body weight) prepared in sterile PBS. Seizures were scored based
on clinical signs according to the scale table defined by Yang DD et al. (D. D. Yang et al., 1997).
The process of the seizures was classified into 6 grades: 1. Arrest of motion; 2. Myoclonic jerks
of the head and neck, with brief twitching movements; 3. Unilateral clonic activity; 4. Bilateral
forelimb tonic and clonic activity; 5. Generalized tonic-clonic activity with loss of postural tone;

6. Death from continuous convulsions.

If the mice did not show grade 5 behavior (generalized tonic-clonic activity with loss of postural
tone) within 60 min of the first injection, they were given an additional dose of Kainic acid (20
ul). Once the mice reached score 5, they were placed in their home cages in a quiet room
illuminated with dim red light (~5 Lux). After 45 min or 90-120 min onset of generalization

seizures, mice were deeply anesthetized with 15% urethane and transcranial perfused.

10.Multiple electrodes local field potential recordings in vivo

The electrophysiology experiment was performed 7 days after the viral vector injection. Mice
were initially anesthetized by 5% isoflurane mix with 99.8% oxygen, followed by an
intraperitoneal injection of 1.2 mg/g b.w. urethane (15% w/v, Sigma) prepared in 0.9% saline.
After placing the mice on the stereotaxic apparatus (Stoelting), the anesthesia was maintained
with 1.0-1.5% isoflurane mixed with 99.8% oxygen during the surgery. The body temperature
was maintained at 37°C using a homeothermic heating pad (WPI). The skull was exposed by
making a mid-line skin incision with the medical scalpel and dried by blowing air with the
rubber ear washer. Three craniotomies were drilled by a micro drill (burr tip diameter: 0.9 mm,
Fine Science Tools): 1) above the right lateral septum (AP: +0.55 mm, ML: +0.25 mm, DV: -2.8
mm probe depth from the brain surface), 2) above the right dorsal hippocampus (AP: -2.45 mm,
ML: +2.85 mm, DV: ~-1.2 mm probe depth from the brain surface) and 3) above the cerebellum
all coordinates are given relative to bregma. We inserted a ground wire-connected stainless-
steel screw in the cerebellum as the common ground and reference electrode. In the right
lateral septum, a linear 32-site silicon probe with a 25 um inter-site distance and 177 pum?
electrode surface (A1x32-5mm-25-177, NeuroNexus) was vertically lowered into the tissue. In

the right dorsal hippocampus, a staggered (3 columns of sites) 32-site silicon probe with a 25
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um inter-site distance and 177 um? electrode surface (A1x32-poly3-5mm-25s-177, NeuroNexus)
was lowered into CA1 with an angle of 20° to mid-line. Before insertion, probes were dipped in
a Dil-solution (Vybrant®, ThermoFisher Scientific) for the postmortem probe position
verification. Each probe was connected to a 1x preamplifier (Neuralynx) mounted on the
stereotaxic instrument. When the silicon probes and the sensor were in place, isoflurane
anesthesia was discontinued. To remove the effects of isoflurane, recording started 10 min and
lasted for ~1 hour. Data from both probes and sensor were digitally filtered (0.5-9000 Hz
bandpass) and digitized as 16-bit integers with a sampling rate of 30k Hz using a SmartBox data
acquisition system (NeuroNesxus). During the recording, anesthesia depth was monitored from
breathing rates, twitching and electrophysiological properties. If required, an additional
urethane dose (0.2 g/kg b.w.) was given. After the experiment, mice were deeply anesthetized
with an intraperitoneal injection of 15% urethane (1.5 mg/g b.w., Sigma) dissolved in 0.9%
saline before quick decapitation and excision of the brain. The brains were put into 4% PFA for

fixation until use.

11.Data analysis of local field potential recordings in vivo

11.1. LFP analysis

The in vivo data was analyzed and visualized using MATLAB (MathWorks) routines. The local
field potential (LFP) signals were created by lowpass filtering (Butterworth, 10*" order, cuff-off
frequency 600 Hz) the raw traces and down sampling to 1.2k Hz. The electrodes were chosen
for LFP analysis independently for each animal according to the probe position for the lateral
septum (LS) and sharp wave oscillatory patterns for the hippocampus (HPC). We applied a
notch filter to eliminate the power grid noise in the frequency ranges of 45-55 Hz and 145-155
Hz. To display the LFP data in spectrums, we interpolated the data in the aforementioned
frequency ranges based on the data 10 Hz before and after, but we did not include it in the

statistical analysis.

To identify the rapid-eye movement-like sleep state (REM-like sleep state) and the slow-wave
sleep-like state (SWS-like sleep state), the electrode with the highest mean ripple power during

the SWS-like sleep state was defined as the Ripple Channel. The Multi-taper Time-Frequency
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spectrogram, created with the Ripple Channel and visualized by Neuroscope2, a built-in data
viewer in CellExplorer (Petersen, Siegle, Steinmetz, Mahallati, & Buzsaki, 2021), was used to
identify the different sleep states. REM-like sleep states were identified as epochs during which
the instantaneous theta (3-6 Hz)/delta (0.2-1.2 Hz) power ratio was 1.4 times greater than the
1 hr average theta/delta ratio value. SWS-like sleep states were defined as epochs when the
delta oscillation power was 1.4 times greater than the 1 hr average power of delta oscillation
and when the theta/delta ratio was close to zero. Other periods were considered as transition
sleep states and were not included in the analysis. The functional connectivity and the power
of oscillatory components in the frequency domain between HPC and LS were analyzed with
the MATLAB Fieldtrip toolbox (Oostenveld, Fries, Maris, & Schoffelen, 2011) from the REM-like

sleep states.
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Figure 11. Local Field Potential (LFP) analysis. An exemplary spectrogram from the LFP
recording of an individual animal. (A) Short representative excerpts of the SWS-like (blue trace)
and REM-like (red trace) LFP are shown. (C) REM-like (red) and SWS-like sleep states (blue)
were marked out with red (REM) and blue (SWS) shadows in the spectrogram. (B) Black lines in
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the spectrograms represent instantaneous delta power. (D) Black lines in the spectrograms
represent the instantaneous theta/delta (REM) ratio. White lines are placed at 1.4 x the
average power.

11.2. Spike sorting and cell type classification.

Single-unit spike detection and sorting were performed with Klusta-suite software
(http://klusta.readthedocs.io) and were manually  curated with Phy 2.0
(https://github.com/cortex-lab/phy). Spikes were detected from the bandpass filtered raw
signals (500 Hz-6000 Hz) as threshold-crossing deflections of the signal mean)of all electrodes
(The parameters changed to fit different conditions of probes showed in Table 1). Spike
features were extracted and assigned to single units, based on a principal component analysis
in Klusta-suite. The isolation of units was curated with Phys2 by manual inspection of spike
waveform consistency, autocorrelogram lags and sufficient distance between recordings sites.

Only units with clear negative waveforms were included.

Table 1. Spike detection parameters.

Arc/Arg3.1 KO HPC-cKO LS-cKO
HPC LS HPC LS HPC LS
Threshold strong factor 4.5 3.5 4.5 3.5 4.5 3.5
Threshold weak factor 3.4 2 3.5 2 3.5 3
Features 4 3 4 3 4 3

Main parameters

Single units in the hippocampus were classified into putative excitatory neurons and inhibitory
interneurons (Sirota et al., 2008). The main parameters were used for classification listed in
Table 1. Single units in the lateral septum were classified into medium-spiny neurons and fast-
spiking neurons, a third group constituted unclassified neurons (Howe & Blair, 2021; Hagar G.
Yamin et al.,, 2013). The classification was performed in CellExplorer (Petersen et al., 2021)
based on the firing frequencies, spike through-to-peak latency, spike waveform asymmetry,

and proportion of time associated with long interspike-intervals (ISIs > 2 s) (PROPisi > 2 s)
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(Schmitzer-Torbert & Redish, 2008). The main parameters were used for classification listed in

Table 2 and 3.

Table 2. Main parameters used for the unit classification in hippocampus.

. Firing rate Trough to .
Ab ratio (Hz) peak (is) acg tau rise
Excitory neurons -0.4510.14 0.7210.43 0.60%0.10 1.91+1.57
Inhibitory neurons 0.07+0.34 2.06+1.83 0.38+0.13 6.03+5.53

Data presented as mean £ SD.

Table 3. Main parameters used for the unit classification in lateral septum.

Ab ratio Firing rate Trough to PROPisi>2s
(Hz) peak (us)
Medium spiny neurons | -0.1440.14 0.55+0.38 0.55+0.07 >30%
Fast spiking neurons -0.17+0.15 3.57+£2.16 0.57+0.09 <29%

Data presented as mean + SD.
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Figure 82. Typical units in the Hippocampus and lateral septum . (A) Examples of units in HPC
that were classified as putative excitatory and inhibitory neurons. (B) Examples of units in the
LS that were classified as medium-spiny and fast-spiking neurons.

12.Statistical analysis

For optical suppression fear condition test data, a Kruskal-Wallis test and Dunn’s multiple
comparison was applied between the control, stGtACR-Novel, and stGtACR-Condition groups.
For cell counting data and in vivo local field potential recordings, the Mann-Whitney test was
applied between groups. The Mann-Whitney test was applied between genotypes for the fear
conditioning test in LS-cKO mice, SST-cKO mice, and PV-cKO mice. For the open field test,
elevated plus maze test, forced swimming test, and tail suspension test in SST-cKO and PV-cKO
mice, the Mann-Whitney test was applied between genotypes. For the acquisition of Morris
water maze, cue test of water maze, and fear conditioning, a two-way ANOVA with a mixed-

effects model was performed within subjects following time or trials, and a post hoc Bonferroni
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test was used on comparisons between genotypes and groups. For the water maze probe test,
a two-way ANOVA with a mixed-effects model and with a post hoc Bonferroni test was applied
between genotypes and different zones/quadrants. In the optical suppression tone fear
conditioning test, the Kruskal-Wallis test was applied between the control, stGtACR-Novel, and
stGtACR-Condition groups during tone fear acquisition. In the optical suppression tone fear
memory retrieval tests, a one-way ANOVA test with post hoc Bonferroni test was applied
between the control, stGtACR-Novel, and stGtACR-Condition groups. The Mann-Whitney test
was applied between genotypes for the tone fear conditioning and tone fear memory retrieval
test in LS-cKO mice, SST-cKO mice, and PV-cKO mice. All statistics were done with GraphPad
Prism 10.0, and p < 0.05 was considered as significant. All graphs were generated with
GraphPad Prism 10.0, Adobe lllustrator 2023, and Matlab R2021b (MathWorks). Values
presented in line plots mean * S.E.M. The box plots showed the median (-), whiskers showed

min to max, and all data points.
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