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Summary

The brain is a highly intricate and specialized organ which plays critical roles in
regulating multitudes of functions throughout the body, perceiving and reacting the
world around us, and supporting survival. Since the pioneering work of Cajal over a
century ago, the central nervous system has been extensively studied to comprehend
its structure and function. The progress has been extraordinary. We now own very
detailed knowledge about many different aspects of the brain, including its development
and ability to learn and remember, and generate movements and complex behavioral
patterns. However, it is also clear that many outstanding questions still need to be
answered before the brain could be “understood”. Some of the greatest challenges
include, for example, finding of cure for brain-related diseases and disorders. Efforts to
attain this overarching goal require a detailed understanding of brain circuits and their
molecular composition. Such a molecular composition includes molecules that are
relevant for specifying connections between billions of brain cells, maintaining the

brain’s connectivity during the lifespan, and supporting neural function overall.

In this thesis, | focus on questions related to neuronal connectivity and explore
wiring mechanisms in the adult brain in detail. Although evidence suggests that the
adult brain retains a considerable capacity for circuit formation, adult wiring has not
been broadly considered. During my thesis work, | aimed to understand at least some
of the organizing principles underlying adult wiring. During developmental wiring,
synaptic cell surface receptor and adhesion molecules as well as transcription factors
and transcriptional regulators play fundamental roles. The key hypothesis is that
proteins belonging to these molecular classes define a blueprint or a “molecular code”
for the brain’s intricate connectivity. Once discovered, this code could explain key
features of the brain’s structure and function and open exciting possibilities for the
attainment of circuit therapy and repair. The role of these molecules during adult wiring
is even less understood, and furthermore the question of which molecular programs

can reactivate and regulate wiring in adult neurons also remains entirely open.

To address these outstanding problems, | investigated the epilepsy-associated
hippocampal mossy fiber sprouting as a powerful model for adult brain wiring. My
primary research aim was to characterize cellular and molecular changes that take

place during further wiring.



In the first introductory chapter (Chapter 1), | provide the Reader with a historical
context of my research and introduction to developmental and adult wiring, and brain
areas relevant for my research. In Chapter 2, | will focus on a molecular program which
can reactivate wiring in adult neurons. Specifically, | will describe our finding showing
that activation of the transcriptomic regulator /d2 can cell autonomously induce
recurrent mossy fiber sprouting in adult hippocampal granule cells. This study, on which
| am second author, describes the molecular program activated by /d2 as well as the
consequences of adult wiring on network operations and learning and memory, and
has been published in PNAS (Luo et al., 2021). In Chapter 3, | will focus on synaptic
cell surface receptor and adhesion molecules which may be important for adult wiring.
Specifically, | will describe the role of Pcdh11x in the target specification of mossy fiber
sprouting. This study, on which | am a co-author, has been published in Frontiers in
Neurosciences (Luo et al., 2022). Then, in Chapter 4, | will describe my first author
study on the rapid formation of commissural connections during adult wiring and
characterization of a previously unnoted cells type, the commissural granule cells. This
study has been published in PNAS Nexus (Egger et al., 2023). Finally, in Chapters 5
and 6, | will summarize and discuss my findings in a broader context and provide a

outlook on future research.

Overall, | believe that my studies make important conceptual and practical
contributions to brain research. | hope that the Reader will enjoy reading this thesis and

gain a fresh perspective for understanding the brain’s intricate connectivity.



Riassunto

Il cervello € un organo altamente complesso e specializzato che svolge ruoli
fondamentali nella regolazione di moltissime funzioni in tutto il corpo, nella percezione
e reazione del mondo circostante e nel supporto alla sopravvivenza. Dal lavoro
pionieristico di Cajal, oltre un secolo fa, il sistema nervoso centrale & stato ampiamente
studiato per comprenderne la struttura il funzionamento. | progressi sono stati
straordinari. Oggi possediamo conoscenze molto dettagliate su tanti aspetti diversi del
cervello, tra cui il suo sviluppo e la sua capacita di apprendere e memorizzare, nonché
di generare movimenti e modelli comportamentali complessi. Tuttavia, € chiaro, che
molte domande ancora aperte devono trovare risposta prima che il cervello possa
essere "compreso" nella sua totalita. Alcune delle sfide piu grandi includono, ad
esempio, la ricerca di una cura per le malattie e i disturbi legati al cervello. Gli sforzi
per raggiungere questo obiettivo generale richiedono una comprensione dettagliata dei
circuiti cerebrali e della loro composizione molecolare. Tale composizione molecolare
include molecole importanti per specificare le giuste connessioni tra miliardi di cellule
cerebrali, mantenere la connettivita del cervello durante la vita e sostenere le funzioni

neuronali in generale.

In questo lavoro di dottorato, mi concentro su questioni legate alla connettivita
neuronale ed esploro in dettaglio i meccanismi di cablaggio nel cervello adulto.
Sebbene I'evidenza suggerisca che il cervello adulto mantenga una notevole capacita
di formazione di circuiti, il cablaggio adulto non & stato ancora sufficientemente
considerato. Durante il mio lavoro di tesi, ho cercato di comprendere alcuni dei principi
organizzativi alla base del cablaggio in eta adulta. Durante il cablaggio del cervello in
fase di sviluppo, le molecole di recettori transmembrana e di adesione della superficie
cellulare sinaptica, nonché i fattori di trascrizione e i regolatori trascrizionali, svolgono
ruoli fondamentali. L'ipotesi chiave & che le proteine appartenenti a queste classi
molecolari definiscano un modello o un "codice molecolare" per l'intricata connettivita
del cervello. Una volta scoperto, questo codice, potrebbe spiegare le caratteristiche
chiave della struttura e del funzionamento del cervello e aprire stimolanti possibilita per
lo sviluppo di terapie e riparazioni dei circuiti. Il ruolo di queste molecole durante |l
cablaggio in eta adulta & ancora meno conosciuto, e inoltre la questione di quali
programmi molecolari possano riattivare e regolare il cablaggio nei neuroni adulti

rimane del tutto aperta.



Per affrontare questi problemi ancora irrisolti, ho studiato la crescita delle fibre
muschiose dell'ippocampo, che sono associate all'epilessia, come importante modello
di cablaggio del cervello adulto. Il mio obiettivo primario di ricerca & stato quello di
caratterizzare i cambiamenti cellulari e molecolari che avvengono durante i cablaggi

aggiuntivi.

Nel primo capitolo introduttivo (Capitolo 1), fornisco al lettore un contesto storico
e un'introduzione al cablaggio durante lo sviluppo e nel cervello adulto e alle aree
cerebrali rilevanti per la mia ricerca. Nel Capitolo 2 mi concentrerd su un programma
molecolare in grado di riattivare il cablaggio nei neuroni adulti. In particolare, descriverd
le nostre scoperte, che dimostrano che I'attivazione del regolatore trascrittomico /d2
pud indurre autonomamente la crescita di fibore muschiose ricorrenti nelle cellule
granulari dell'ippocampo adulto. Questo studio, di cui sono il secondo autore, descrive
il programma molecolare attivato da /d2 e le conseguenze del cablaggio nel cervello
adulto sulle operazioni nella rete cerebrale e sull'apprendimento e la memoria, ed &
stato pubblicato su PNAS (Luo et al., 2021). Nel Capitolo 3, mi concentrerd sulle
molecole di recettori e di adesione della superficie cellulare sinaptica che possono
essere importanti per il cablaggio in eta adulta. In particolare, descrivero il ruolo di
Pcdh11x nella specificazione del luogo di formazione delle sinapsi durante la crescita
delle fibre muschiose. Questo studio, di cui sono coautore, & stato pubblicato su
Frontiers in Neurosciences (Luo et al., 2022). Nel Capitolo 4 descrivero il mio studio, di
cui sono primo autore, sulla rapida formazione delle connessioni commissurali durante
il cablaggio in eta adulta e sulla caratterizzazione di un tipo di cellule finora sconosciuto,
le cellule granulari commissurali. Questo studio € stato pubblicato su PNAS Nexus
(Egger et al., 2023). Infine, nei capitoli 5 e 6, riassumero e discutero i miei risultati in

un contesto piu ampio e fornird una prospettiva sulle ricerche future.

Nel complesso, ritengo che i miei studi apportino importanti contributi
concettuali e pratici alla ricerca sul cervello. Spero che il lettore apprezzi la lettura di
questa tesi e acquisisca una nuova prospettiva sulla comprensione dell'intricata

connettivita del cervello.



Chapter 1 — General introduction

The brain is a complex and highly specialized organ responsible for controlling
and coordinating diverse functions of the body. It consists of around 85 billion cells
called neurons, which are responsible for processing and transmitting information
through the central and peripheral nervous system. The neurons mainly communicate
with each other through synapses and form complex networks which are indispensable
for all brain functions. The synaptic circuits constantly change and adapt in response
to new experiences and information, and perform multitudes of functions from
sensation and motor control to complex cognitive processes, memory and emotions.
Despite decades of research progress, the brain remains largely enigmatic. For
example, it is still not understood in it is entirety how complex neural circuits are
assembled and how they change and adapt throughout life, during new experiences,

ageing, or injury.

Until ~1900, it was generally thought that the brain and the nervous system did
not conform to cell theory. Joseph von Geerlach proposed a framework for the reticular
theory, which was later most popularized by Italian biologist and pathologist Camillo
Golgi. The theory suggested that the grey matter of the brain consisted of an extremely
dense and intricate network of axons coming from different cells, forming a ‘diffuse
nervous network’ (Raviola & Mazzarello, 2011). To prove this theory, Golgi developed
a new staining technique, the so-called “black reaction”. Although the black reaction
revealed nerve cells in the cerebro-spinal axis which contrary to the theory appeared
as single units, he remained focusing on the diffuse network model without fully

embracing the significance of his observations (Raviola & Mazzarello, 2011).

The pathologist Santiago Ramén y Cajal learned the staining protocol of Golgi
in Madrid and also realized its potential for studying the nervous system. By further
developing the staining method, axons and dendrites became clearly visible and
distinguishable from each other, and Ramon y Cajal was able to visualize and draw the
structure of single neurons as we know them today (Ramoén y Cajal, 1888a; De Carlos
& Borrell, 2007). He noticed in the grey matter that axons do not form a diffuse network
but contact the cell bodies and dendrites of other neurons (Ramén y Cajal, 1888b).
Furthermore, he identified short processes which arise from the dendritic surface and
called them dendritic spines (Ramén y Cajal, 1888a). Accordingly, he proposed the

neural doctrine (Katz-Sidlow, 1998), a concept stating that the nervous system is



composed of discrete individual cells, conforming to the cell theory. These observations

and emerging concepts proved to provide solid foundations for modern neuroscience.

The use of the black reaction represented a turning point in Ramoén y Cajal’s
research career, as he acknowledged several times: ‘And then 1888, my greatest year,
arrived [...] my year of fortune’ (De Carlos & Borrell, 2007). From there, he started a
systematic study of the nervous system. It applied the newly learned and improved
method to study the different region of the nervous system in various animal models,
and methodically and accurately drew hundreds of single neurons. During his studies
on the avian retina, he realized that cells had different morphological features and
axonal endings, which led to the description of two different photoreceptors cells
(Ramon y Cajal, 1888a). Later, during his studies on the avian optic lobe and the
organization of the circuit in the cerebellar cortex, he hypothesized the existence of a
functionally-relevant directionality, from presynaptic axon terminals, to dendrites, then
to cell bodies (or somata), and finally to output axons (Ramoén y Cajal, 1898; Llinas,
2003). In his last article, he sometimes used the term synapses to refer to the complex
structure forming a connection from a presynaptic axon terminal to the postsynaptic
spine on the adjacent dendrites (Ramén y Cajal, 1933). With a great foresight, he

claimed synapses enable neurons to receive, process, and transmit information.

Ramon y Cajal was also interested in how neurons grow their axon and contact
their appropriate target cells. Whilst working on chicken embryos, he saw that the
growing axon endings, or growth cones, looked like canonical protoplasm. He was able
to distinguish two types of growth cones, one with divergent thin, short, thorny
processes and the other with a triangular laminar shape. They are known today as
filopodia and lamellipodia, respectively (Ramén y Cajal, 1890a, 1890b). In addition, he
observed that the growth cones are highly dynamic and postulated that growth cones
define the path for axon elongation, presumably guided by attracting and repelling
forces by certain chemical substances. This led to the theory of chemotropism, in which
a neuron migrates or navigates the environment in response to chemical signals

(Ramon y Cajal, 1893; Tessier-Lavigne & Placzek, 1991).

In the late 1900s, Ramon y Cajal further investigated whether neurons could
grow axons in adults. These studies revealed a very different picture: ‘Once
development was ended, the fonts of growth and regeneration of axons and dendrites

dried up irrevocably. In the adult centers, the neural paths are something fixed and



immutable: everything may die, nothing may be regenerated (Ramén y Cajal, 1914).
This became a central dogma in neuroscience until Joseph Altman showed in the 1960s
that radioactive thymidine could be incorporated in the dentate gyrus of the
hippocampus, suggesting the possibility of neural proliferation in the adult brain
(Altman, 1962, 1963).

Ramon y Cajal was a pioneer of and to date remains a prominent figure in
modern neuroscience. Through his work, he produced detailed descriptions about the
structure of individual neurons, as well as the development of the nervous system and
the structure of the growth cone. His work provided a fundamental framework for brain
research in the decades to come. In 1906, he shared the Nobel Prize in Physiology or

Medicine with Camillo Golgi.

Circuit formation during brain development

The mammalian brain starts to form in the embryo and evolves through a series
of complex cellular processes until maturation, ranging from proliferation to
programmed cell death of excess neurons (Stiles & Jernigan, 2010). During embryonic
development, neural stem cells in the neural tube are self-renewing, and multipotent
cells undergo a process of proliferation and differentiation to generate three main types
of cells, which are the building blocks of the nervous system: neurons, astrocytes, and
oligodendrocytes. Neurons are generated from neuronal stem cells via symmetric or
asymmetric division. During asymmetric division, a neural stem cell produces two
daughter cells with different features, one which is identical to the stem cell and the
second one programmed to differentiate into a neuron or a glial cell (Gage, 2000).
Newly generated neurons then migrate from the neurogenic zones to their final
destination in the brain. The migration process is critical for the proper formation of
neural circuits and for establishing functional connectivity in the nervous system. The
migration from the ventricular zone is regulated by a variety of molecular signals,
including growth factors and cell-surface receptor and adhesion proteins, or CAMs as
| will refer to them for short (Tessier-Lavigne et al., 1988; Bixby & Harris, 1991; Kuffler,
1994; Squire et al., 2012).

Over the course of neuroscience, axonal tracing techniques have enabled
researchers to investigate many different classes of axons in different species and their
circuitry. Studies have shown that newly generated neurons, after migrating to their

corrected region, must mature, elongate their primary axons, which then must reach



their target area, and form functional synapses on target cells. During development,
axon growth is facilitated by an extracellular milieu composed of many different growth
promoting factors, and the elongating axons are readily guided through molecularly
distinct areas. Whilst growing, the axon endings encounter so-called decision points,
which are locations where the axon must choose between different directions to reach
its appropriate target area. This “decision” is highly regulated by specialized molecular
signals and cascades. For example, such molecular signals determine if an axon
remains on the same brain hemisphere or spinal side where its cell body is located or
crosses the midline to form commissural projections. Slit, roundabout (robo) and
commissurless (comm) have been shown to play a key role in midline crossing (Seeger
et al., 1993; Kidd et al., 1999).

More broadly, molecular cues play a critical role in neural circuit formation and
can be generally divided into four types: short-range (“contact”) or long-range
(“diffusible”) cues, each of which can be either attractant (“move toward”) or repellent
(“move away”). To detect and respond to guidance cues in the environment the growth
cone is presumed to display specific sets of surface proteins, or CAMs. Depending on
the molecule they encounter, the binding between the cue and its receptor engages
specific intracellular signaling cascades, which changes the cytoskeletal dynamic,
whereby the growth cone moves towards or away the cue, or may collapse to end axon
elongation (Mitchison & Kirschner, 1988). The combinatorial action of multiple guidance
cues is thought to ensure reproducibility and high-fidelity direction selection. Molecules
belonging to multiple different protein families (such as netrin-s, slit-s, semaphorin-s,
and ephrin-s) have been shown to play a critical role in the guidance process (Sperry,
1963; Tessier-Lavigne & Goodman, 1996; Polleux et al., 1998; Kolodkin & Tessier-
Lavigne, 2011; Squire et al., 2012; Kania & Klein, 2016; Stoeckli, 2018). In addition,
studies on proteoglycans have indicated their involvement in the regulation of growth
factor availability and axon growth promotion (Bandtlow & Zimmermann, 2000). It is
important to emphasize that different axons can respond to the same set of extracellular
cues in different ways depending on the availability of CAMs they display on the growth
cone (Shibata et al., 1998). In addition to guidance, CAM interactions can also influence
axonal and dendritic branching and arborization (Schmidt & Rathjen, 2010; Gibson &
Ma, 2011; Kalil & Dent, 2014; Onesto et al., 2021; Moreland & Poulain, 2022).

Once the developing axon reaches its intended target area, the next step is to

connect with appropriate partner neurons, which may be multiple different types of



neurons. How appropriate target neurons are recognized is not fully understood. A key
hypothesis suggest that this recognition is also enabled by a matching combination of
CAMs displayed on the axon ending and target cell, providing a molecular code for
target recognition, similarly to a keylock mechanism. While several large and small
gene families have been identified in target recognition, including members of the
immunoglobulin, cadherin, teneurin, latrophilin, and leucine-rich repeat super-families
(Sperry, 1963; Washbourne et al., 2004; Sanes & Zipursky, 2010, 2020; Stidhof, 2018,
2021), the proving of the above hypothesis is still subject to intense research
(Yamagata et al., 2002; Shen & Bargmann, 2003; Shen et al., 2004; Kamiguchi, 2007;
Pollerberg et al., 2013; De Wit & Ghosh, 2015; Ribeiro et al., 2018; Sanes & Zipursky,
2020; Moreland & Poulain, 2022).

After identifying the appropriate target cells, synapses appear to form
“automatically” (Ziv & Garner, 2001; Yamagata et al., 2003; Shen & Cowan, 2010). The
physical contact between an axon terminal and a dendrite shaft is followed by controlled
changes in morphology and molecular content to form mature synapses (Scheiffele et
al., 2000; Biederer et al., 2002; Sytnyk et al., 2002; Fu et al., 2003). Research have
shown that CAMs may also play important roles in determining synaptic size and
strength (Scheiffele, 2003; Yamagata et al., 2003), and are possibly responsible for the
generation of structural and functional synapse diversity throughout the nervous
system. During the lifespan, experience- and activity-dependent changes may
constantly modify synaptic properties, including their formation, strengthening,
weakening, or elimination (Missler et al., 2012; De Wit & Ghosh, 2015; Qiao et al., 2016;
Sudhof, 2017; Ribeiro et al., 2018; Sanes & Zipursky, 2020).

The developing nervous system displays an extremely high capacity for axon
growth, which is crucial for the proper formation of neural networks. As already
mentioned, guidance cues, including growth inhibitory molecules, regulate the growth
and target specification. After the vast majority of axons and synaptic connections are
established, the growth promoting environment dissipates (Harel & Strittmatter, 2006;
Yiu & He, 2006) and the capacity for circuit formation radically drops (Seng et al., 2022).
During a next stage, the elimination of exuberant axons, synaptic pruning, and activity
dependency refinement shape the structure and function of the neural circuit (Purves
& Lichtman, 1980; Bailey & Chen, 1989; Goodman & Shatz, 1993; Katz & Shatz, 1996;
Innocenti & Price, 2005; Holtmaat & Svoboda, 2009; Squire et al., 2012; Bennett et al.,

2018). These processes are presumed to be facilitated by a transition of the growth-



promoting environment to a growth-inhibiting environment. Growth inhibition is to play
a key role in the stabilization of circuits. However, growth inhibition also poses a major
limitation before the regeneration of injured axons in the adult nervous system. Multiple
factors and mechanisms may contribute to growth inhibition such as a reduction of
neurotrophic and growth factor levels, increased inhibitory signals, and
structural/molecular changes in the extracellular matrix (Sanes, 1989; Schwab et al.,
1993; Horner & Gage, 2000; Lacroix & Tuszynski, 2000; Harel & Strittmatter, 2006; Yiu
& He, 2006; Cohen-Cory et al., 2010; Schwab, 2010; Baldwin & Giger, 2015).
Understanding the molecular mechanisms of the growth promotion to inhibition switch
is a focus of intense research. A comprehension of the mechanisms involved would not
only help us to clarify the fundamental steps of developmental circuit formation but also
how to bypass the inhibitory barriers to facilitate recovery in central nervous system
after injury (Schwab, 2002; Harel & Strittmatter, 2006), and potentially enable other

forms of circuit repair for neurological and neurodevelopmental disorders.

Circuit formation in the adult brain

Until the mid-20th century, it was believed that no regeneration and no cell
division were possible in the nervous system. While Ramon y Cajal’s research on the
‘fixed’ and ‘immutable’ adult brain critically influenced this view (Ramon y Cajal, 1928;
Owiji & Shoja, 2020), technological limitations also prevented further insights into this
question. Studies by Altman on neurogenesis with the use of tritiated thymidine as a
marker, followed by studies by Michael Kaplan and James Hinds, however, have
revealed that the adult brain retains a capacity to generate new neurons, fundamentally
challenging the conventional wisdom (for a historical review, see (Kaplan, 2001)).
Altman demonstrated glial cell proliferation and newly generated neurons in the dentate
gyrus of the hippocampus and in the cortex in adult rats and cats (Altman, 1962, 1963).
In addition to adult neurogenesis, it is also become clear that under certain conditions
new axons may grow in the adult brain, which were referred to as sprouted or
regenerated axons (Edds & Small, 1951; Causey & Hoffman, 1955; Liu & Chambers,
1958; McCouch et al., 1958). Despite the magnitude of these discoveries, the scientific
community struggled to accept neurogenesis and axon growth in the adult brain, and it
took another 30 years of research before other studies could partially accomplish the
task of showing that neurons are continuously produced in the adult rodent brain. In the
past two decades, adult neurogenesis and axon sprouting/regeneration have drawn

considerable attention. As a result of this, many examples of further wiring or rewiring
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in the adult brain became apparent. The growth of knowledge in this area also required
terminological refinements such as referring to sprouting as further axon growth from
an uninjured neuron and axon regeneration as axon growth in neurons that have

experienced injury (Tuszynski & Steward, 2012).

Axon growth and circuit reorganization in the adult brain are frequently observed
in human neurological disorders and after injury as well as in rodent experimental
models of spinal cord and traumatic injury, stroke, and epilepsy (Noebels et al., 2012;
Carmichael et al., 2017; Seng et al., 2022). Both sprouting and regeneration have been
described in many different brain regions cell types. Further, sprouting, or more broadly
any wiring in the adult brain, may have different phenotypes and can be subdivided into
further categories. New axons may represent short-range (or local) (Salin et al., 1995;
Carmichael et al., 2001) or long-range projections (Liu et al., 2010; Dougherty et al.,
2020). The new circuits can represent either feedback or feedforward motifs. Moreover,
the target specificity might be so-called typical, resembling connections established
during development (Salin et al., 1995; Dougherty et al., 2020), or atypical, creating
connections that do not emerge during normal brain development (Carmichael et al.,
2001; Dhar et al., 2016), or both (Steward, 1992; Siddiqui & Joseph, 2005). Finally, the
speed of the wiring may greatly differ depending on the cell type or model investigated,

from a few days to weeks or months.

Next, | will provide more background on and highlight examples of adult wiring.
Given that my thesis focuses on the hippocampus, first | will focus on adult wiring
phenotypes in non-hippocampal areas. Then, in the next chapter | will describe the
typical hippocampal circuitry, which will help the reader to contextualize adult wiring

phenotypes in the hippocampus, which | will describe and focus on afterward.

Although multiple observations in the context of neurological diseases, grafted
and reprogrammed cells, adult-born neurons, and behavioral relevant rewiring
(Carmichael et al., 2017; Fischer et al., 2020; Denoth-Lippuner & Jessberger, 2021;
Seng et al., 2022) evince that the brain retains a considerable capacity for axon growth
and circuit formation, there are also clear examples showing that further wiring can be
severely limited. Such limitations become extremely prominent during injury or stroke;
for example, the connections between the cortico-spinal neurons in the sensory-motor
cortex and spinal motor neurons and interneurons are frequently severed. While the

injured neurons can survive the trauma and show moderate signs of regeneration, they
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are unable to re-establish or rewire their connections to the original target areas and
cell types. In other words, the mammalian nervous system lacks the ability to self-repair.
Intensive research has revealed that the above-mentioned growth-inhibitory milieu
plays a key role in this. While multiple growth inhibitory molecules exist, Nogo in
particular drew much attention because of its ability to block axon regeneration (Caroni
& Schwab, 1988; Chen et al., 2000; Kadoya et al., 2009). Research has shown that
neutralizing antibodies against Nogo and/or pharmacological blockade of the Nogo-
activated Rho/ROCK pathway can indeed facilitate axon regeneration, compensatory
sprouting, as well as functional recovery (Bregman et al., 1995; Dergham et al., 2002;
Schwab, 2004).

In the context of cell grafting (also referred to as cell transplantation) and
programming, several examples show pronounced further wiring in adults. For
example, after spinal cord injury, stem cells grafted into the injury site gave rise to
neurons, which grew axons within a few days (Lu et al., 2012, 2014; Sharp et al., 2014;
Fischer et al., 2020). Some of the axons remained locally, others reached distant brain
areas centimeters away. In other studies, the transplantation of embryonic or
pluripotent stem cells or neurons in different cortical and subcortical areas produced
striking wiring phenotypes, frequently establishing new connections with neurons in
distal areas and forming functional circuits (Gaillard et al., 2007, 2009; Steinbeck et al.,
2012, 2015; Adler et al., 2019). To achieve cellular reprograming, different approaches
have been developed (Gascon et al., 2017), which either convert existing non-neuronal
cells into neural types or directly reprogram the connectivity of adult neurons. The
conversion of non-neural cell types resulted in significant axon growth phenotypes and
the formation of target-specific projections to the striatum, substantia nigra, and
hippocampus (Torper et al., 2013; Qian et al., 2020; Lentini et al., 2021). The direct
reprograming of wiring also revealed that axon growth or regeneration can be cell
autonomously facilitated. Thus far, such reprograming has been achieved with the
ectopic overexpression of the transcriptional regulator /d2 in adult hippocampal and
spinal neurons (Lasorella et al., 2006; Yu et al., 2011; Ko et al., 2016; Huang et al.,
2019). Given that the overall regulation and maintenance of wiring during the lifespan
is still poorly understood, it is feasible that the targeted activation or inactivation of other
transcription factors and/or regulators can also achieve similar wiring effects.
Nonetheless, these results have clearly demonstrated that the activation of cell
autonomous (or cell intrinsic) wiring mechanisms have the capacity to promote robust

axon growth, overcoming the limiting effects of the growth inhibitory milieu.
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Finally, select types of adult neurons have been shown rewire their connectivity
in response to environmental or behavioral stimuli. Such examples include the
circadian clock-regulated periodic rewiring of ventral lateral neurons and in dorsal
anterior clock neurons in drosophila (Petsakou et al., 2015; Song et al., 2021) and the
estrous cycle-dependent rewiring of hypothalamic progesterone-receptor-expressing

neurons in female mice (Inoue et al., 2019).

The hippocampal circuitry

Beginning already with Cajal’'s work, the hippocampus is one brain area which
has been extensively studied to understand the structure and function of neural circuits.
Its unique structure, such as the organization of its cell layers, greatly facilitated this
effort. The hippocampus is composed of both excitatory principal neurons and inhibitory
interneurons, which can be further subdivided into several neuronal types, and proved

to be critical for certain types of learning and memory processes.

Hippocampal circuitry is comprised of three major subregions, the dentate
gyrus, the CA3 and CA1 areas as well as specialized cell types within each region,
which define the so-called “trisynaptic hippocampal circuit”. While it has become clear
that the “trisynaptic” nature of the hippocampus is overly general, it still provides a

framework for the general description of this brain region.

In the dentate gyrus, granule cells and mossy cells, whereas in the CA3-CA1
regions, pyramidal cells represent major glutamatergic (or principal) cell populations.
Within each region, there is also many different types of GABAergic interneurons.
Glutamatergic neurons greatly outnumber the GABAergic population; GABAergic
interneurons are estimated to comprise about 10-15% of all neurons in the
hippocampus (Pelkey et al., 2017). The major input to the hippocampal neurons is from
the entorhinal cortex (EC) via the perforant pathway, which can be divided into a direct
and indirect path. The direct path is monosynaptic: layer Il cells in the EC target CA3-
CA1 neurons (Hjorth-Simonsen, 1972; Steward & Scoville, 1976; Naber et al., 2001;
Witter, 2007a). By contrast, the indirect path involves multiple synaptic relays and is
referred to as the trisynaptic path: layer Il cells in the EC target granule cells in the
dentate gyrus, which target CA3 pyramidal cells, which then target CA1 pyramidal cells
in a unidirectional fashion (Amaral et al., 2007; Andersen et al., 1971; Schaffer, 1892).
The major output of the hippocampus is generated by the CA1 or subiculum pyramidal

cells and conveyed onto layer IV and V neurons in the EC, as well as neurons in the
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amygdala, nucleus accumbens, and other cortical and sub-cortical structures
(Andersen et al., 1971; Swanson & Cowan, 1977; Van Groen & Wyss, 1990; Cenquizca
& Swanson, 2007). While CA3 pyramidal cells form extensive local collaterals to target
other CA3 pyramidal cells, granule cells and CA1 pyramidal cells rarely establish
synaptic contacts within the own populations (Scharfman, 1994, 2007; Witter, 2007b;
Le Duigou et al., 2014).

In addition to extrahippocampal projections to other areas, the two hippocampi
(each located in each brain hemispheres) form extensive synaptic connections with one
other. Most significant are the commissural CA3 pyramidal cell and mossy cell
connections which densely innervate the contralateral hippocampus (Swanson et al.,
1981; Ribak et al., 1985; Ishizuka et al., 1990; Frotscher et al., 1991; Buckmaster et
al., 1992; Scharfman & Myers, 2012; Shinohara et al., 2012; Bui et al., 2018; Botterill
et al., 2021). While commissural CA1 pyramidal cell connections have been also
described (Van Groen & Wyss, 1990), granule cell projections have been thought to be

entirely restricted to the CA3 area within each hippocampus.

In contrast to principal neurons, GABAergic interneurons establish extensive
local connections within each hippocampi and hippocampal subregion, although
extrahippocampal GABAergic projections have been also described (Buzsaki, 1984;
Zappone & Sloviter, 2001; Maccaferri & Lacaille, 2003; Somogyi & Klausberger, 2005;
Kullmann, 2011; Pelkey et al., 2017; Eyre & Bartos, 2019).

As this brief overview illustrates, we have a relatively detailed knowledge base
regarding the structure of hippocampus. With regard to the function of the
hippocampus, and how it supports learning and memory, one of the earliest insights
can be traced back to 1957. At that time, patient H. M., who suffered from
pharmacologically uncontrollable medial temporal lobe epilepsy, underwent an
extensive brain surgery to treat the disorder. During the surgery, a large portion of his
temporal lobe was removed, including the hippocampus. The surgery was successful
in the sense that it provided H.M. with a relief from seizures. However, it has quickly
became apparent that H. M. lost the ability to form new declarative memories, a
condition also known as anterograde amnesia. He could still recall memories from
before the surgery though (Squire, 2009; Knierim et al., 2014). This condition of H.M.
and later that of other patient inspired an extensive research effort, which revealed the

fundamental principles of how memories are formed and distributed through different
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brain areas. The hippocampus in particular was found to be essential for the formation
of so-called declarative memories by creating a framework which integrates distinct
sensory, emotional, and cognitive elements, to allow a comprehensive encoding of

experiences over time and space.

Next, | will describe the structure and function of one part of the hippocampus

in greater detail, on which my research focused: the dentate gyrus.

Dentate gyrus

Anatomically, the dentate gyrus is divided into multiple layers: (1) the granule
cells layer, where the densely packed cell bodies of granule cells are located, (2) the
molecular layer, where the dendrites of the granule cells are located, and (3) the
polymorphic layer or hilus, which is largely circumferenced by the granule cell layer and
through which the output stream of granule cell axons passes toward the CA3 area.
Granule cells have been largely recognized for their role in processing and integration
of incoming inputs from the entorhinal cortex (Van Strien et al., 2009), from the
associational and commissural fibers of mossy cells which are located in the hilus
(Frotscher et al., 1991; Buckmaster et al., 1992), as well as from several types of
GABAergic interneurons (Amaral, 1978; Freund & Buzsaki, 1996).

With regard to delineating the function of the dentate gyrus, and more broadly
that of the entire hippocampus, the classical works of David Marr have been extremely
influential. Marr’'s work was motivated by the studies on patient H.M., and specifically
that H.M. was unable to form new memories while still being able to recall older
memories after the surgery. Marr (Marr, 1971) theorized that the hippocampus could
form simple memory traces by strengthening connections between neurons. Soon
after, physiological evidence for long-term potentiation of synaptic connections has
been reported (Bliss & Lomo, 1973). Marr furthermore theorized that to sense the
external world one needs to evaluate if daily experiences are different from or similar
to those previously experienced. Such a process would require computations that
support pattern separation and completion. These are two different and opposing
cognitive processes which could feasibly keep similar but not identical episodes as
separate entities and help to retrieve previous memories based on environmental cues.
Marr hypothesized that the recurrent networks in the CA3 area could support auto-
association and be involved in pattern completion. In addition to Marr’s theories, others

suggested that the brain could contain a “cognitive map” of the surrounding spatial
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environment and underscoring such a hypothesis the so-called place cell, which only
active when the animal is in a specific location in the environment, have been also
discovered (Tolman, 1948; O’Keefe & Dostrovsky, 1971; Moser et al., 2017). As a
consequence of these influential works, multitudes of studies have focused on how the
main input of CA3, the dentate gyrus could support pattern separation and completion.
This large body of work, using electrophysiological, lesioning, genetic, and behavioral
approaches, have revealed that the dentate gyrus and specifically the granule cells play
an important role in pattern separation (McNaughton et al., 1989; Leutgeb et al., 2007;
McHugh et al., 2007; Goodrich-Hunsaker et al., 2008; McTighe et al., 2009; Yassa &
Stark, 2011; Knierim et al., 2014; GoodSmith et al., 2019).

Given that the dentate gyrus is one of the two areas of the mammalian brain in
which new neurons, i.e. granule cells, are generated throughout life it became an
important question how newly generated a granule cells may contribute to the
hippocampal function. It soon became clear that changes in the neurogenic capacity of
the dentate gyrus impacts in the execution of certain hippocampal learning tasks
(Kempermann et al., 1997; Van Praag et al., 1999; Shors et al., 2001; Drapeau et al.,
2003; Zhang et al., 2008; Jessberger et al., 2009; Deng et al., 2010). More specific
experiments furthermore have suggested that adult-born granule cells play an
important role in pattern separation (Clelland et al., 2009; Sahay et al., 2011; Nakashiba
et al., 2012a). However, other studies challenged this view (Swan et al., 2014;
Whoolery et al., 2020), underscoring that a clear comprehension of the brain’s pattern

completion and separation mechanisms has not been achieved.

Nonetheless, at least in humans, pattern separation is thought to be particularly
important for performing daily tasks such as recognizing faces, places, and objects and
also for contextual learning and spatial navigation. Functional magnetic resonance
(fMRI) studies investigating the hippocampus and in particular the dentate gyrus thus
far support this hypothesis (Bakker et al., 2008; Carr et al., 2010; Lacy et al., 2011;
Azab et al., 2014; Berron et al., 2016; Leal & Yassa, 2018).

Circuit wiring and rewiring in the adult hippocampus

The hippocampus is also one brain regions in which multiple different adult-
brain wiring phenotypes by different cell types have been extensively studied. Adult-
born granule cells significantly contribute to circuit formation in the adult hippocampus.

They grow their axons along the developmentally-established granule cells projections,
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which are called hippocampal mossy fibers, and form synaptic connections with hilar
and CA3 glutamatergic and GABAergic neurons (Stanfield & Trice, 1988; Markakis &
Gage, 1999; Zhao et al., 2006; Noebels et al., 2012; Sun et al., 2013; Drew et al., 2016;
Trinchero et al., 2019; Briones et al., 2021; Denoth-Lippuner & Jessberger, 2021). In
addition, axon sprouting phenotypes have been investigated in the context of temporal
lobe epilepsies. One prime example is the hippocampal mossy fiber sprouting by
granule cells, whereby granule cells (or mossy fibers) sprout new axons into the inner
molecular layer of the dentate gyrus creating a local feedback circuit (Laurberg &
Zimmer, 1981; Tauck & Nadler, 1985; Sutula et al., 1988; Wenzel et al., 2000;
Buckmaster, 2012; Luo et al., 2021). With the exception of the ventral tip of the
hippocampus, this connection does not exist and is considered to be an atypical circuit
motif. Further, axonal sprouting in many different hippocampal cell types has been
demonstrated, including that of CA3 and CA1 pyramidal neurons and multiple different
GABAergic cell types (Perez et al., 1996; Smith & Dudek, 2001; Siddiqui & Joseph,
2005; Scharfman, 2007; Zhang et al., 2009; Karlocai et al., 2011; Peng et al., 2013;
Marchionni et al., 2019). Their sprouting phenotypes may greatly differ in terms of
projection distance (local or long-range), typical or atypical target selectivity, and
dynamics (speed) of growth. Because it will be relevant for some of my own findings, it
is also important to note that CA3 pyramidal neurons and the so-called parvalbumin-
expressing GABAergic interneurons have been shown to develop long-range sprouting
phenotypes targeting the contralateral hippocampus (Schauwecker et al., 1995;
Siddiqui & Joseph, 2005; Christenson Wick et al., 2017). It is feasible that other long-
range sprouting phenotypes also exist, but because sprouting has been frequently

studied in brain slice preparations, has not been noticed.

Brain circuit analysis: A brief methodological overview

The classification of brain regions, neurons, and connections has been a major
focus of neuroscience since Golgi developed the black reaction in the late 19th century.
Using the black reaction, Ramoén y Cajal started to draw every neuron he was able to
visualize, and classify them into different types, such as pyramidal neurons, Purkinje
cells, or interneurons. His precise illustrations also highlighted the intricate nature of
neuronal connections and synapses. Ever since, researchers have strived to create an
all-encompassing catalogue of brain cells and create a standardized nomenclature to
refer to them. Technological advances in imaging, molecular biology, and

electrophysiology over the past two decades have vastly accelerated this effort, and
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lead to the discovery of several previously unnoted cell types and revealed fundamental
principles underlying brain function (Armstrong, 1995; Osten & Margrie, 2013; Harris et
al., 2014; Zeng & Sanes, 2017; Luo et al., 2018; Voigt et al., 2019; Navabpour et al.,
2020).

The anatomical characterization of neurons typically relies on the location of the
cell body (or soma) as well as structural characteristics of dendrites, axons, and
connections. All these properties critically determine how a neuron is integrated into a
circuit, and ultimately, how it contributes to brain function. Viral tracing has proved to
be a powerful method to analyze neuronal connectivity. It typically involves the injection
of non-pathogenic viruses obtained from natural strains of neurotrophic viruses (Nassi
et al., 2015) or recombinant viral vectors (Kondratov et al., 2021) containing fluorescent
proteins into specific brain regions. The injected virus and/or fluorescent labeling can
travel in either an anterograde (from the soma toward axon and dendrite endings) or
retrograde (from axon endings toward the soma and dendrites) directions. Different
viruses can be non trans-synaptic (i.e. remain in the infected neuron), trans
monosynaptic or multi synaptic (i.e. the virus “jumps” one or multiple synapses,
respectively), and can be used to reveal input and output cell types and connections
(Xu et al., 2020; Wang & Zhang, 2021; Liu et al., 2022). Further, progress in circuit
neuroscience has been benefiting enormously form the systematic generation of
different reporters and transgenic reporter lines, by which specific cell types can be
visualized and/or manipulated through controlled expression of fluorescent proteins
and/or other genes, as well as the cell-specific knock-out of particular genes of interest
(Roy et al., 1994; Mombaerts et al., 1996; Feng et al., 2000; Sugino et al., 2005;
Madisen et al., 2009; Huang & Zeng, 2013).

Functional readouts, including electrophysiology and neuronal activity imaging,
have provided another dimension to cell type classification (Verkhratsky & Parpura,
2014). Similarly to anatomical properties, biophysical properties and typical activity
patterns can be very specific for each cell type, helping us to acquire fundamental
knowledge about their role in the circuit and its computation (Armstrong, 1995;
Klausberger et al., 2003; Maccaferri & Lacaille, 2003; Le Van Quyen et al., 2008).
Based on functional properties, passive biophysical properties (e.g. resting membrane
potential, resistance, or capacitance), active features (e.g. action potential, after hyper,
or after depolarization), and typical activity patterns during on-going behavior of the

neurons can be characterized and classified (Connors & Gutnick, 1990; Lewicki, 1998;

18



Migliore & Shepherd, 2005; Le Van Quyen et al., 2008; Karmazinova & Lacinova, 2010;
Komendantov et al., 2019).

In addition to anatomical and functional properties, transcriptomic profiling has
become an extremely important and widely used approach for cell characterization.
This involves the analysis of the gene expression of individual cells and the
identification of genes which may be specific to a cell population (Usoskin et al., 2014;
Darmanis et al., 2015; Hanchate et al., 2015; Zeisel et al., 2015). Cell types may be
classified by a single or few known or unique markers, or based on their overall gene
expression profiles. Next-generation single-cell sequencing now allows routine profiling
of 100 to 1000s of cells simultaneously and have the advantage of specifically reporting

the transcriptional profile of each cell in addition to cell type level characteristics.

The combination of the different approaches highlighted above furthermore
allows simultaneous characterization of different structural, molecular, and functional
features of single neurons and circuits. Such multimodal classification approaches are
becoming fundamental tools in modern neuroscience (Cadwell et al., 2015, 2017; Fuzik
et al., 2015; Poulin et al., 2016; Zeng & Sanes, 2017; Que et al., 2021).

In addition to classification, technological advances in gene and neuronal
activity manipulations have significantly facilitated our knowledge gain about the brain.
Such tools, often in combination with the above readouts, now allow the identification
of single genes or molecules which are relevant to neural function in the healthy brain
or contribute to pathological conditions. In this manner, the use of transgenic lines for
cell type-specific molecular access; shRNA and CRISPR/Cas9 technologies for gene
editing; optogenetics, chemogenetics and Tet-on or Tet-off systems for activity
manipulations; tagging of immediate early genes, calcium imaging, advanced
microscopy, and high density probes for activity readouts (Sheng & Greenberg, 1990;
Lanahan & Worley, 1998; Foéldy et al., 2004, 2016; Rao et al., 2009; Fenno et al., 2011;
Yizhar et al., 2011; Grienberger & Konnerth, 2012; Cadwell et al., 2015; Fuzik et al.,
2015; Gascon et al., 2017; Voigt et al., 2019; Navabpour et al., 2020; Ueda et al., 2020;
Luo et al., 2021) have all became essential tools. Finally, detailed behavioral readouts
can further facilitate the functional interrogation of neuronal circuits (Zhang et al., 2007;
Sternson, 2013; Liithi & Lischer, 2014; Wolff & Olveczky, 2018; Luo et al., 2021).

19



As the reader will see in the following Chapters, my own research has greatly
benefited from several of these incredible technologies, allowing me to make the

discoveries laid out in this Thesis.
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Objectives of the thesis

As the general Introduction already highlights, there has been an enormous
progress in neuroscience toward understanding the structure and function of the brain.
However, it is also clear that the brain is not yet fully “understood”, and much more
work will need to be done until, for example, neurological, neurodevelopmental, and
neuropsychiatric disorders and injuries will be curable. An important step toward
achieving these goals is to understand the “molecular logic” of the brain’s wiring, i.e.
the molecular rules governing the assembly of synaptic circuits during development as
well as their maintenance and function during the lifespan. In establishing this
molecular logic, the combinatorial expression of CAMs is presumed to play a key role.
As such, characterizing the specific expression of CAMs in different cell types and
synapses is an important goal. The combination of CAMs in the synapses is thought
not only to determine which cell types a neuron is connected, but also the structural
and functional properties of the synaptic connections themselves (Zipursky & Sanes,
2010; Foldy et al., 2013, 2016; Stdhof, 2018, 2021; Sanes & Zipursky, 2020). Previous
work from our lab has contributed to this characterization effort (Lukacsovich et al.,
2019; Que et al., 2019, 2021; Winterer et al., 2019). In addition to revealing cell type-
specific CAM expression patterns, these results illuminated an intriguing possibility that
the combinatorial expression of different CAMs, potentially hundreds in a single neuron,
could be attributed to a much smaller number of transcription factors controlling their

expression.

The aim of my thesis was to explore this hypothesis in a greater detail. For this,
we chose an experimental approach which was to study newly formed circuits in the
adult brain and investigate the underlying molecular mechanisms behind their
formation. The key idea behind this approach is that the formation of new circuits
requires specific CAMs which define axon targeting properties. Some of these CAMs
may not be endogenously expressed by the neurons before, but appear during further
wiring. We hypothesized that such CAM expression changes would manifest

themselves at the transcriptomic level controlled by specific transcription factors.

As described in the general Introduction, there are multiple forms of circuit
formation in the adult brain, several of which are associated with neurological disorders,
such as epilepsy. One key example is the hippocampal mossy fiber sprouting by

granule cells, which has been associated with temporal lobe epilepsies. Mossy fiber
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sprouting has been extensively studied and is reliably inducible in multiple different
experimental models, such as by electrical, chemical or mechanical approaches.
Despite decades of progress, the molecular mechanisms of mossy fiber sprouting as
well as its contribution to seizures remain elusive (Buckmaster, 2014; Cavarsan et al.,
2018). We chose to focus on this paradigm of circuit formation in the adult rodent brain,
and adopted the well-established intrahippocampal kainic acid microinjection model as
an experimental approach. After kainic acid injection, granule cells sprout new axons
and form a local recurrent excitatory circuit within the dentate gyrus. According to our
hypothesis, the formation of this new recurrent circuit would require a specific set of
CAMs and feasibly the activation and/or inactivation of a specific transcriptomic
program, which controls CAM expression. To investigate this program, we used single-
cell RNA sequencing from control and sprouting granule cells and subsequent
molecular manipulations to test the involvement of presumably key “candidate”

molecules.

Already the first experiments revealed that the potentials of our approach go
beyond an ontological characterization of CAMs and their upstream molecular
programs. Namely, we observed that activation of a single transcriptomic regulator, /d2,
can reactivate wiring in adult neurons and drive the formation of a new mossy fiber

circuit. This discovery defined my research goals.

My thesis work is composed of three conceptually interlinked and yet
independent research projects. As a shared feature, | focused on the mechanisms and
consequences of adult wiring in each project. As mentioned in the general introduction,
wiring in the adult brain has not been broadly considered and remain overall poorly
understood. In the first project (Chapter 2), | will address how we identified /d2 as a key
regulator of wiring in the kainic acid microinjection model of experimental epilepsy and
characterized its wiring effect in the healthy adult brain. Key questions that | will be
addressing include which transcriptomic programs are activated by /d2, what are the
anatomical and physiological properties of the new circuits, and what is the impact of
the new circuits on behavior, learning and memory. In the second project (Chapter 3),
I will address the involvement of specific CAMs in mossy fiber sprouting, and more
broadly, the question of how CAMs may determine target specificity during adult wiring.
Finally, in the third project (Chapter 4), | will follow up on an intriguing observation we
made during the previous two projects, showing the rapid onset of a so-called

commissural form of adult wiring, i.e. the establishment of long axonal connections
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between the two brain hemispheres. My results in this last project did not only provided
insights into commissural axon growth during adult wiring but helped to reveal a
previously unnoted subpopulation of hippocampal granule cells in the healthy adult

brain.
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Chapter 2 — Reactivation of wiring in adult hippocampal granule

cells

Introduction

In contrast to developmental wiring, wiring in the adult brain has not been
generally considered and its mechanisms remain poorly understood. Mossy fiber
sprouting by hippocampal granule cells is one pronounced form of adult wiring, which
has been extensively investigated in the context of epilepsies, for example to
understand seizure mechanisms. By contrast, mossy fibers sprouting as a model of
adult wiring has received much less attention. While experimental models of temporal
lobe epilepsy, such as intrahippocampal kainic acid microinjection model, frequently
induce both mossy fiber sprouting and seizures, most studies have been focusing on
hippocampal structure and function after the onset of seizures. We took advantage of
that mossy fiber sprouting typically begins to develop as early as 1 to 3 days after kainic
acid injection, whereas the seizures only 3 to 4 weeks later. Thus, for a certain amount
of time, circuit formation can be studied without the need of considering additional and
potentially confounding consequences of the seizures. We used multimodal analyses
involving electrophysiology, neuroanatomy, and single-cell transcriptomics to analyze
the cellular/molecular changes in control and sprouting granule cells within this time

window in order to better understand the wiring mechanisms.

| contributed to this project with research design discussions and performing
different sets of experiments. Specifically, | was responsible for tissue preparation,

staining, histology analysis and behavioral testing.
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Circuit formation in the central nervous system has been historically
studied during development, after which cell-autonomous and non-
autonomous wiring factors inactivate. In principle, balanced reacti-
vation of such factors could enable further wiring in adults, but their
relative contributions may be circuit dependent and are largely un-
known. Here, we investigated hippocampal mossy fiber sprouting
to gain insight into wiring mechanisms in mature circuits. We found
that sole ectopic expression of Id2 in granule cells is capable of
driving mossy fiber sprouting in healthy adult mouse and rat. Mice
with the new mossy fiber circuit solved spatial problems equally
well as controls but appeared to rely on local rather than global
spatial cues. Our results demonstrate reprogrammed connectivity
in mature neurons by one defined factor and an assembly of a
new synaptic circuit in adult brain.

mossy fiber | single-cell RNA-seq | Id2 | circuit formation |
adult brain rewiring

Connectivity is one of the most defining features of cellular
identity in neurons of the brain and spinal cord. During
development, cell surface receptors and neurotrophic gradients
guide axon growth and formation of synaptic connections be-
tween neurons (1-3). After the developmental milieu dissipates,
inhibitors of neurite growth are up-regulated (4, 5), and the ax-
onal and dendritic structure of neurons become established. In adult
brain, the lack of cell intrinsic axon growth, growth-supportive sub-
strate, and chemoattraction hinders not only further wiring but also
the attainment of therapeutic rewiring after injury (6). Currently,
cell-autonomous mechanisms—including those mediated by tran-
scription factors such as members of the CREB, HDAC, ID, KLF,
SMAD, STAT, and SOX families—have been able to partially re-
capitulate circuit wiring (7, 8). However, it is thought that additional
cell nonautonomous mechanisms are required to fully recapitulate
circuit wiring (6). Nevertheless, other studies demonstrated that
under mixed developmental-adult conditions, as seen after adult
neurogenesis (9) and after in vivo glia/astrocyte to neuron conversion
and stem cell grafting (10), long-range axonal wiring and synaptic
integration can be achieved in adult circuits. This would suggest that
some cell-autonomous mechanisms can overcome barriers to further
circuit formation, but the nature of such permissive signals is not
understood.

To explore wiring mechanisms in mature circuits of adult
brain, we investigated axonal sprouting in the hippocampal
mossy fiber (MF) system. Formed during normal development,
naive MF axons originate from dentate gyrus granule cells (GCs)
and target different cell types in hilus and CA3 (11). By contrast,
during MF sprouting, which is typically studied in the context of
temporal lobe epilepsies (TLE), GCs form new axons and syn-
apses within the dentate and thereby create a new circuit on top of
the developmentally established wiring scheme (12-14). MF
sprouting is also inducible by different approaches, such as coarse
mechanical (15, 16), electrical (17), and chemical induction (18),
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or by excessive activation of the mTOR pathway in postnatally
generated GCs (19). However, these manipulations coinduce
multiple other alterations in the network (e.g., cell death, GC
dispersion, formation of aberrant GC dendrites, and changes in
cell excitability), which thus far hindered understanding their rel-
ative contributions to TLE pathology (20) and of molecular
mechanisms of MF sprouting (21-23). Regardless of its relation to
TLE, MF sprouting involves all key stages of circuit assembly
(i.e., axon growth, target cell specification, and synapse formation)
and thus also represents a comprehensive model for studying
wiring mechanisms in adult brain.

Our study aimed to elucidate transcriptional mechanisms be-
hind MF sprouting and test if, analogous to reprogramming of
differentiated cells (24), the connectivity of differentiated mature
GCs can be reprogrammed via cell-autonomous genetic induction.
Consistent with the assembly of an entirely new circuit, we hy-
pothesized that MF sprouting was associated with broad tran-
scriptomic changes in GCs. To recapitulate these changes in their
entirety, we focused on transcription factors and regulators, whose
activation may initiate the wiring process. Using a single-cell
RNA-sequencing (RNA-seq) screen, we identified Id2, an inhib-
itor of transcription factors, as master regulator whose sole acti-
vation in GCs drove MF sprouting and formation of functional
synapses. Mechanistically, activation of 1d2 led to transcriptomic
up-regulation of molecules in the JAK/STAT and interferon
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signaling pathways and controlled downstream expression of
multiple wiring-related effectors. We furthermore tested if ge-
netically induced MF sprouting generated hyperexcitability in the
hippocampus, as posited by certain models of seizure generation,
and investigated its consequences on learning and memory.

Results

Single-Cell Transcriptome of MF Sprouting. To begin, we used
chemical induction (neuroexcitatory kainic acid [KA], microin-
jection into the hippocampus) in 2-mo-old mice to investigate
the MF sprouting transcriptome. Using single-cell patch RNA-seq
(25, 26), we sampled mature GCs 1 d (representing acute cellular
response to induction) and 14 d after induction (27), by which time
MF sprouting, but not epilepsy (28, 29), reliably develops
(Fig. 14). Transcriptomic analysis revealed up-regulated expres-
sion (FDR < 0.05) of several transcription regulators, including
members of the ID (Id2), SMAD (Smad3), SOX (Sox11), STAT
(Stat3, Statl), HDAC (Hdac9), KLF (KIf10, KIf5), and CREB
(Crebl) families (Fig. 1B and SI Appendix, Fig. S1). Of these, Id2,
a developmentally active inhibitor of transcription factors, was a
particular candidate of interest. Previously, Id2 was shown to have
increased expression in GCs after status epilepticus (30), and
separate studies have linked this gene to axon growth in cell and
slice culture (31-33) and following spinal cord injury (34). Using
immunostaining, we confirmed up-regulation of Id2 protein levels,

which was apparent in few GCs already 1 d after KA (SI Appendix,
Fig. S1G) but present in most GCs 3 d after KA (Fig. 1C and S/
Appendix, Fig. S1H). This up-regulation persisted 14 d later
(Fig. 1D). At first, the Id2 signal was present in nucleus (1 d) but
later (3 d and after) become enriched in cytosol. This was consistent
with a model in which 1d2 is either sequestered to the cytosol by
other factors (35-37) or itself binds and sequesters transcription
factors to the cytosol (38). Notably, our analyses also revealed the
presence of Id2 protein in MF axons in CA3, which was indepen-
dent of its lack (in controls) or presence (after KA) in GC soma
(Fig. 1D). While this may suggest a yet unrecognized role for Id2 in
MEF axons, since in this study our focus was on rewiring, we followed
up on the up-regulation of 1d2 that corresponded to sprouting.

AAV-1d2 Induces Axon Growth in the Mature MF System. To test if
Id2 played a role in MF sprouting, we cloned and ectopically
expressed the Id2 gene selectively in GCs of the ventral hippo-
campus of adult Calb1-IRES2-Cre-D mice using Cre-dependent
AAVDJ/8 virus (note that although AAV-Id2 was coinjected
with AAV-EGFP to confirm the injection site by visualizing GCs,
hereafter, we refer to this injection simply as AAV-Id2; for
controls, only AAV-EGFP was used, in equal volume; Fig. 24).
One to three months after induction, histological analyses
revealed newly formed MF axons targeting the GC and inner
molecular layer (GCL and IML, respectively; Fig. 2 B and C and
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Fig. 1.

Transcriptomic analysis of chemically induced MF sprouting. (A) Experimental design. (B) Volcano plot shows acute transcriptomic changes of

transcription and translation-related molecules in single GCs 1 d after KA induction of MF sprouting. Red points denote differentially expressed genes (FDR <
0.05 and >2-fold change, or |log,FC| > 1 as in plot). (C) MF sprouting is already ongoing and 1d2 is up-regulated in GCL 3 d after KA induction. Upper panels
show saline-injected controls; lower panels show KA. From left to right: Timm'’s staining-based MF axon tracings reconstructed from 80-um-thick sections;
Timm’s-stained brain slices at higher magnification; immunohistochemical staining of ZnT3 and Id2. (D) MF sprouting develops and 1d2 remains up-regulated
in GCL 14 d after KA. Upper panels show saline-injected controls; lower panels show KA. From left to right: Timm'‘s-stained hippocampal slices displaying the
whole MF system; immunostaining of 1d2 in the MF system (note the presence of 1d2 in naive fibers in hilus and CA3); immunostaining of ZnT3 and 1d2 in
dentate gyrus shown at higher magnifications.
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SI Appendix, Fig. S2). Quantification of axonal length and puncta
further corroborated these observations. Both the measurement
of MF axon length (AAV-EGFP: 1.3 + 0.17 cm, n = 6 mice;
AAV-Id2, 1 mo: 2.5 + 0.34 cm, n = 4 mice, 2 mo: 2.8 + 0.42 cm,
n =3 mice, 3 mo: 4.7 + 0.56 cm, n = 5 mice; Fig. 2D) and puncta
size (in GCL, AAV-EGFP: 0.82 + 0.024 pmz, 737 puncta/4 mice;
AAV-Id2: 1 mo: 1.6 + 0.038 pmz, 691 puncta/3 mice, 2 mo: 1.9 +
0.14 pm?, 853 puncta/3 mice, 3 mo: 2.5 + 0.25 um?, 712 puncta/3
mice; in IML, AAV-EGFP: 0.90 + 0.044 pmz, 206 puncta/4 mice;
AAV-1d2, 1 mo: 1.3 + 0.076 pm?, 309 puncta/3 mice, 2 mo: 1.8 +
0.22 pm?, 534 puncta/3 mice, 3 mo: 1.8 + 0.081 pm?, 358 puncta/3
mice; Fig. 2F) revealed time-dependent increases after AAV-Id2
delivery. Because zinc transporter-3 (ZnT3) is a known marker
of naive MFs (39), we tested its expression by immunostaining
(Fig. 2F) and found both increased density (in GCL, AAV-

EGFP: 1.1 + 0.16 x 10° puncta/mm>, AAV-1d2: 4.5 + 0.47 x 10°
puncta/mm3; in IML, control: 0.86 + 0.16 x 10° puncta/mm3;
AAV-1d2: 5.0 + 0.96 x 10° puncta/mm’; AAV-EGFP: 11 hip-
pocampi from 6 mice, AAV-1d2: n = 8 hippocampi from 6 mice;
Fig. 2G) and size (in GCL, AAV-EGFP: 0.83 + 0.15 um? AAV-
Id2: 1.6 + 0.13 pm?% in IML, AAV-EGFP: 0.83 + 0.15 pm?;
AAV-1d2: 1.2 + 0.17 pm?; AAV-EGFP: 1 = 5 hippocampi from 5
mice, AAV-1d2: n = 5 hippocampi from 5 mice; Fig. 2H) of
ZnT3+ puncta 3 mo after AAV-Id2 induction. We also con-
firmed that AAV-1d2 induced rewiring at the single-cell level by
morphological reconstruction of individual GCs, which revealed
recurrent fibers in GCL/IML after AAV-Id2 induction without
apparent reorganization of the cells’ developmentally established
axonal and dendritic structure (Fig. 21). In order to test if, in
addition to its effect on anatomical rewiring, AAV-Id2 also
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Fig. 2. AAV-delivered Id2 induces axon growth and target-specific rewiring in mature hippocampal GCs. (A) Experimental design. The Calb1-IRES-Cre-D
transgenic line allows genetic access to dentate GCs via expression of Cre. Confocal images show confirmation of 1d2 overexpression by immunostaining. (B)
Timm's staining shows the dentate gyrus 3 mo after Cre-dependent AAV-EGFP (control) and AAV-Id2 injections. After AAV-Id2, dark ring-like precipitation
around GCL represents newly formed MFs (red arrowheads). (C) Timm'’s stainings show MFs in GCL/IML 1, 2, and 3 mo after AAV-EGFP and AAV-Id2 injections.
(D) Quantification of total axon length after AAV-EGFP and AAV-Id2 injections (one-way ANOVA, AAV-EGFP versus AAV-Id2, 1 mo, *P = 0.043; 2 mo, *P =
0.023; 3 mo, ****P < 0.0001). (E) Quantification of Timm's positive puncta size in GCL/IML after AAV-EGFP and 1, 2, and 3 mo after AAV-Id2 injections (data
points represent one individual; two-way ANOVA, GCL: AAV-EGFP versus AAV-ld2, 1 mo, ***P = 0.0003; 2 mo, ****P < 0.0001; 3 mo, ****P < 0.0001. IML:
AAV-EGFP versus AAV-Id2, 1 mo, P =0.053; 2 mo, ****P < 0.0001; 3 mo, ****P < 0.0001). (F) EGFP labeling of GCs (green) and ZnT3 staining of MF synapses
(red) in GCL/IML 3 mo after AAV-EGFP and AAV-Id2 injections (note that AAV-Id2 was coinjected with AAV-EGFP to visualize GCs). (G) Quantification of ZnT3-
positive puncta density in GCL/IML 3 mo after AAV-EGFP and AAV-Id2 injections (two-way ANOVA, GCL: AAV-EGFP versus AAV-ld2, ****P < 0.0001; IML: AAV-
EGFP versus AAV-Id2, ****P < 0.0001). (H) Quantification of ZnT3-positive puncta size in GC/IML 3 mo after AAV-EGFP and AAV-Id2 (two-way ANOVA, GCL:
AAV-EGFP versus AAV-ld2, **P = 0.0022; IML: AAV-EGFP versus AAV-Id2, P = 0.089). (/) Reconstruction of single GCs 3 mo after AAV-EGFP and AAV-ld2
injections. After AAV-Id2, newly formed axons that extend into GCL and IML are shown in red. Original MF projections to CA3 are marked with blue ar-
rowhead. CA3 is omitted for clarity.
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changed action potential (AP) firing of GCs or their overall
synaptic drive onto CA3, we performed electrophysiological
characterization of these properties. These revealed that despite
an increase in the cells’ input resistance, AAV-Id2 did not ap-
pear to change either current-pulse—induced AP firing properties
or the cells’ developmentally established synaptic drive onto CA3
pyramidal cells (SI Appendix, Fig. S3).

Since the ventral and dorsal hippocampus support different
brain functions and display distinct molecular patterns (40-42)
and left-right asymmetries in hippocampal function have also
been recognized (43), in a next set of experiments, we tested if
AAV-1d2 induced MF rewiring in hippocampal locations other
than the ventral part. For this, we expressed AAV-1d2 in dorsal
and ventral GCs, both in left and right hippocampi (Fig. 34),
which led to development of MF rewiring throughout the entire
mouse hippocampus, independent of anatomical location
(Fig. 3B and SI Appendix, Fig. S24).

Finally, in addition to mice, because MF sprouting has been
extensively characterized in rats (1218, 21, 22), we tested if 1d2
had the ability to induce MF sprouting in this different species.
For this, we injected Cre-independent AAV-Id2 into the hip-
pocampus of wild-type rats. Similarly to observations in mouse,
this manipulation revealed powerful MF rewiring (Fig. 3 C-F).
Two to three months after injection, the relative intensity of
Timm’s staining was significantly higher both in GCL and IML in
AAV-Id2-injected dentate gyrus compared to controls (Control,
GCL: 18.4 + 4.3%, IML: 30.3 + 4%, six hippocampi from three
rats; AAV-1d2, GCL: 404 + 2.8%, IML: 69.9 + 5.5%, seven
hippocampi from five rats; percentages represent signal intensity
relative to hilus in the same sections). These observations dem-
onstrate that AAV-Id2 can uniformly activate a GC wiring
program in different hippocampal segments and species.

AAV-1d2 Induces Functional MF Synapse Formation. To test if ge-
netically induced MF sprouting by AAV-Id2 involved formation
of functional synapses, we labeled MF boutons by ZnT3 immu-
nostaining and characterized them using electron microscopy.
This showed that ZnT3+ boutons were formed on GC dendrites
and spines, each bouton containing one or multiple release sites
and abundant supply of synaptic vesicles (Fig. 4 A and B). To
probe physiological transmission, we induced MF rewiring with
AAV-1d2 while also expressing channel-rhodopsin (AAV-ChR)
in GCs in vivo and prepared brain slices for electrophysiology 3
mo after induction. Because large conductance ChR currents
would mask the comparably smaller synaptic currents, we re-
stricted ChR expression and rewiring to a subset of GCs by using
Rbp4-Cre transgenic mice, in which only ~30% of GCs express
Cre and thus Cre-dependent Id2 and ChR (Fig. 4C). In separate
experiments in the dorsal and ventral hippocampus, we per-
formed patch-clamp recordings from ChR nonexpressing cells.
Independent of anatomical location, ChR activation by blue light
evoked larger and more frequent excitatory synaptic events in
slices after AAV-Id2 injection compared to controls (in dorsal
hippocampus, Control: —9.9 + 1.9 pA, AAV-Id2: —40 + 11pA;
Control, n = 8 out of 34 cells, from six mice; AAV-1d2, n = 17
out of 55 cells, from seven mice; Fig. 4D; in ventral hippocam-
pus, Control: —11 + 2.8 pA, AAV-Id2: =36 + 9.7 pA; Control,
n = 10 out of 36 cells, from six mice; AAV-Id2, n = 6 out of 39
cells, from seven mice; Fig. 4F). To summarize, AAV delivery of
the single transcriptional regulator Id2 led to formation of a new
MF circuit, including formation of functional synapses.

The transcriptomic network controlled by Id2 in mature GCs. Next,
we sought to better understand the molecular mechanisms be-
hind AAV-Id2-induced MF rewiring. Although Id2 has been
extensively characterized for its role in transcriptional regulation
(31, 38, 44), one previous study suggested that Id2 may directly
contribute to axon growth and growth cone formation independently
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of transcriptional regulation (33). This function was dependent on
Akt-mediated phosphorylation of the serine 14 site in Id2 (33). To
test this possibility first, we virally expressed phosphorylation-ablated
mutant Id2(S14A), AAV-Id2(S14A), in the ventral hippocampus.
We hypothesized that MF rewiring would not develop using this
mutant form if Akt/Id2 signaling was involved. However, AAV-
Id2(S14A) still induced MF rewiring (SI Appendix, Fig. S4), sug-
gesting that direct growth cone formation by Id2 was unlikely.

Second, we investigated transcriptomic changes induced by
Id2. By directly binding transcription factors, Id2 inhibits their
DNA binding and thereby their transcriptional activity (31, 44)
(Fig. 54). Consequently, increased expression of Id2 would fea-
sibly lead to both up-regulated and down-regulated expression of
genes, whose identity depends on the transcription factors that
were inhibited by Id2. To study transcriptomic consequences, we
sequenced single GCs 1 mo after AAV-1d2 induction (Fig. 5B),
when growing axons were already apparent (Fig. 2C). Consistent
with a role in transcriptional regulation, this revealed broad
transcriptomic changes, which were dominated by members of the
JAK-STAT (Statl, Stat3, and Irf9) (45) and interferon signaling
pathways (e.g., Irfl, Irf7, Irf9 IsglS, Uspl8) (46) as well as by
multiple other molecules that have been associated with axonal
wiring (e.g., Tlel, Nefm, Slitl, Adcyl; Fig. 5C and SI Appendix,
Fig. S5; see Discussion).

We next asked what might be key mediators of the AAV-
Id2-induced rewiring program, that is, molecules that interface
1d2 and the aforementioned genes. Since 1d2 inhibits the activity
of transcription factors, without necessarily changing their expres-
sion, the found transcriptomic changes likely represent downstream
effects and do not indicate upon which transcription factors Id2
directly acts. Therefore, we performed transcription factor-target
enrichment analysis with the aim of identifying transcription fac-
tors that were either directly or indirectly inhibited or indirectly
disinhibited by Id2. Using Enrichr (47, 48), we found 26 such factors
whose known regulatory network matches the observed gene ex-
pression patterns and which were expressed in at least 30% of GCs
(Fig. 5D). Together with this analysis, our results outlined a com-
prehensive transcriptomic model behind MF rewiring, in which Id2
exerts control over members of the wiring-related JAK-STAT, Wnt,
cAMP, and Slit/Robo signaling pathways (Fig. SE and SI Appendix,
Figs. S5-S7).

Hippocampal brain dynamics after AAV-ld2-induced MF rewiring.
The ability to genetically induce MF sprouting allowed us to
examine the network effects of this observed rewiring event. MF
sprouting is observed in human TLE and is a hallmark in ex-
perimental TLE, but the question of whether it is a cause or
consequence of seizures has been debated (20, 21). Thus, by
performing multichannel silicon probe recordings in the hippo-
campus of freely moving mice, we looked to see if signatures of
pathological brain dynamics (49) have developed 3 mo after
AAV-I1d2-induced MF rewiring (Fig. 6 A and B). In the 1 to
400 Hz range of local field potentials, our recordings did not
register pathological oscillations or seizure-like activity (Fig. 6C).
Specifically, theta, beta, slow and fast gamma, and ripple and fast
ripple range oscillations remained intact. In addition, we analyzed
CA1 sharp wave-ripple (SWR) and dentate spike (DS) events
because their intrinsic frequency and occurrence, respectively,
both increased in TLE (50, 51). Neither of these pathologies were
present in our data. The occurrence (AAV-EGFP: 0.31 + 0.033
Hz, n = 6 mice; AAV-Id2: 0.27 + 0.037 Hz, n = 6 mice) and in-
trinsic frequency (AAV-EGFP: 152 + 7.8 Hz, n = 6 mice; AAV-
Id2: 152 + 2.7 Hz, n = 6 mice) of SWRs were not different be-
tween AAV-EGFP and AAV-Id2-injected mice (Fig. 6D and SI
Appendix, Fig. S8). By contrast, the occurrence of type-1 DS (DS1)
decreased (AAV-EGFP: 0.59 + 0.12 Hz, n = 6 mice; AAV-Id2:
0.32 + 0.19 Hz, n = 6 mice; P = 0.06, Mann—-Whitney U test),
whereas type-2 DS (DS2) were selectively lost after AAV-Id2

Luo et al.
Recurrent rewiring of the adult hippocampal mossy fiber system by a single
transcriptional regulator, 1d2



| Mouse (Mus musculus)

A B aavEecrp AAV-Id2
B 2montiald  Smonthiold Ws528 WS525 (L) WS525 (R) WS526 (L) WS526 (R)
dDG " N M by o [
M Y 3months Y /‘— 3 R - - /‘\1' T o
e | | : : m—
A A v 200
AAV injection Histology

AAV.CAG-FLEX-EGFP w/o 1d2

“
" dorsal DG\ >
ventral DG

Calb1-IRES-Cre-D

| Rat (Rattus norvegicus)

GCL IML
C D Control AAV-1d2 E
g o e
R93 (L) R96 (L) R98 (R) R100 (L) R100 (R) = 100
[}
Birth 2-month-old  5-month-old dDG ~ 5
M M 2-3 months M E
] | E w
A A o E
AAV injection Histology ﬁ
@©
E
o
b4

AAV.CaMKlla-1d2
AAV.hsyn-EGFP

) ventral DG

wild-type =

ML .100 100 ym

oS i

100 pm 100 uym

Nli—

AR W A AT e m el

Fig. 3. AAV-delivered Id2 induces MF rewiring throughout the mouse and rat hippocampus. (A) Experimental design showing Id2 overexpression in mouse
dorsal and ventral hippocampus. (B) Images show Timm's-stained sections collected from different levels of dorsal hippocampus (bregma, -2.0 mm and -3.2
mm) after AAV-EGFP (control) and AAV-Id2 injections. Higher-magnification images at bottom show sprouting in GCL and IML in AAV-Id2 mice. (C) Ex-
perimental design showing Id2 overexpression in rat ventral hippocampus. (D) Example images of Timm staining in rats after 1d2 overexpression. Coronal
sections of rat ventral hippocampus (bregma, -6.2 mm) were collected from regions where AAV infection was confirmed by EGFP expression.
Non-AAV-infected hippocampus was used as control. (E) Quantification of Timm's staining intensity. Intensities were measured relative to signals in the hilus
of the same sections (two-way ANOVA, GCL: Control versus AAV-ld2, **P = 0.0017; IML: Control versus AAV-ld2, ****P < 0.0001). (F) ZnT3 staining of MF

synapses in GCL/IML 3 mo after AAV-Id2 injections.

delivery (AAV-EGFP: 0.22 + 0.089 Hz, n = 6 mice; AAV-1d2:
0.021 + 0.020 Hz, n = 6 mice; P = 0.015, Mann—-Whitney U test,
Fig. 6E and SI Appendix, Fig. S8). Taken together, intact oscilla-
tions and SWRs suggested that the network dynamics in AAV-Id2
mice are divergent from TLE, whereas the decrease in DS oc-
currence suggested that activity routing was still effectively altered
in the dentate network.

Learning and memory after AAV-ld2-induced MF rewiring. DS1 and
DS2 events have been suggested to be triggered by population
bursts of layer II stellate cells of the lateral entorhinal cortex (LEC)
and medial entorhinal cortex (MEC), respectively (52). Since the
LEC and MEC are proposed to support navigation based on local
(“egocentric reference framework™) and global (“allocentric refer-
ence framework™) landmarks, respectively (53-55), and the dentate
gyrus is critically involved in certain forms of object-related and
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spatial learning and memory (11, 41, 42), we hypothesized that MF
sprouting-related network effects would manifest themselves during
behavior. To test this hypothesis, we utilized eight different previ-
ously validated assays to phenotype mice 3 mo after bilateral, dorsal,
and ventral AAV-EGFP or AAV-Id2 injections (see Methods for
particulars of each assay).

Before the tests, the animals were subjected to light cycle in-
version. To examine light cycle adaptation, locomotor activity,
and freely moving behavior, we monitored each mouse in its
home cage for 13 d and in a novel open-field environment for
20 min. In the home cage, mice in both groups adapted equally
well to an inverted day-light cycle, and their overall activity level
was not different (SI Appendix, Fig. S94). In addition, in the
open field, there was no discernible difference in total travel
distance (AAV-EGFP: 66 + 2.7 m,n = 12; AAV-1d2: 75 + 4.4 m,
n = 12) and time spent in center zone (AAV-EGFP: 29 + 2.2%,
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n =12; AAV-1d2: 25 + 2.5%, n = 12) between the two groups (S
Appendix, Fig. S9B). Together, these suggest that AAV-1d2 mice
did not display hyperactivity or anxiety-like behavior.

Next, we tested hippocampus-dependent long-term and short-
term memory performance using novel object recognition and
T-maze tests, which both take advantage of strong preference to
novelty, whether object-related or environment-related, shown
by rodents. The novel object recognition test showed that al-
though both groups displayed preference to the novel object,
AAV-1d2 mice did so to a lesser degree than controls (discrim-
ination index [DI]; AAV-EGFP: 71 + 3.2%, n = 8; AAV-1d2:
50 + 8.7%, n = 7; mice with DI > 25% during training were
excluded from analysis) (Fig. 74 and SI Appendix, Fig. S9C). In
T-maze, alternation was above chance for both groups
(AAV-EGFP: 71 + 5.6%, n = 12; AAV-1d2: 61 + 7.5%, n = 12)
(Fig. 7B), which is also the expected outcome in untreated ro-
dents. However, AAV-1d2 mice did not show a normally oc-
curring increase in choice latencies across trials, and their latency
to enter an arm remained significantly shorter than that of AAV-
EGFP mice (at trial 6: AAV-EGFP: 35 £ 8.3s,n = 11; AAV-1d2:
10 = 2.2 s, n = 11) (Fig. 7B).

To test spatial information-related memory performance, we
used the Morris water, Barnes, and eight-arm radial maze assays,
in which goal-oriented navigation is reinforced by aversive, natu-
ral, and positive stimuli, respectively. In the Morris water maze,
indicative of successful spatial learning, escape latencies (Fig. 7C)
and swim path lengths (SI Appendix, Fig. S9D) robustly decreased
in both groups during the acquisition. Moreover, both groups
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displayed robust preference for the original target quadrant in the
first probe trial of reversal learning, which was to test spatial re-
tention (day 4; time in quadrant as percentage of total time, AAV-
EGFP: target quadrant 36 + 4.8%, adjacent quadrants 21 + 2.2%;
n = 12; AAV-1d2: target 39 + 3.0%, adjacent 23 + 1.6%, n = 12)
(Fig. 7C). However, during the second probe trial of reversal
learning (also on day 4), which was to test reversal learning itself,
AAV-1d2, but not AAV-EGFP, mice still displayed a preference
for the original target quadrant (AAV-EGFP: target quadrant
25 + 4.5%, adjacent quadrants 24 + 2.4%, n = 12; AAV-Id2:
target 39 + 3.1%, adjacent 21 + 1.2%, n = 12) (Fig. 7C), sug-
gesting spatial perseverance. Furthermore, AAV-1d2 mice rever-
ted to a wall-oriented, nonspatial swimming strategy (Fig. 7C).
Congruent with the observations in the Morris water maze, both
groups learned the Barnes maze task (Fig. 7D and SI Appendix,
Fig. S9E). However, AAV-1d2 mice made more errors in finding
the escape chamber (primary errors, throughout all trials; AAV-
EGFP: 7.6 + 0.52, n = 12; AAV-1d2: 10 + 0.69, n = 12) and did
not show preference for the original target when the escape
chamber was removed in the probe trial (poke ratio at original
target, angle = 0°, AAV-EGFP: 3.6 + 0.75, n = 12; AAV-Id2:
1.3 + 0.28, n = 12). This was likely because AAV-1d2 mice more
frequently adapted a serial search strategy (i.e., trying neighboring
holes one after another) than AAV-EGFP mice (serial strategy,
AAV-EGFP: 16 + 4.1% of all tries, n = 12; AAV-1d2: 33 + 5.7%,
n = 12). In the eight-arm radial maze, again, both groups learned
equally well to decrease their memory errors, which is entry to an
arm where the bait was already consumed per consumed baits of
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of Stat1 homodimers and Stat1, Stat2, and Irf9, respectively (45).

the total of eight baits over days (test days 9 to 10, AAV-EGFP:
0.47 + 0.095, n = 12; AAV-Id2: 0.47 + 0.13, n = 12) (Fig. 7E).
However, memory errors during collection of the last two baits
were higher in the AAV-Id2 mice (averaged over all test days,
AAV-EGFP: 1.7 + 0.15, n = 12; AAV-1d2: 22 + 0.2, n = 12;
Fig. 7E), suggesting a buildup of memory load in these mice. As a
preferred strategy, both groups tended to enter the neighboring
arm after visiting one (angle = 45°) (Fig. 7E). However, AVV-1d2
mice, but not AAV-EGFP, robustly increased their choices at this
preferred angle over days (AAV-EGFP: days 1 to 2 = 38 +
2.0%, days 3 to 8 =52 + 3.7%, days 9 to 10 = 50 + 4.3%, n = 12,
AAV-1d2: days 1 to 2 =32 + 3.5%, days 3 to 8 =47 + 4.1%, days 9
to 10 = 59 + 6.7%, n = 12) (Fig. 7E).

Finally, we used a cued and contextual fear conditioning test
to assay associative learning. Here, while both groups showed
freezing response during context retention test, the response was
smaller in AAV-1d2 mice (AAV-EGFP: 12 + 2.1%, n = 12,
AAV-1d2: 3.1 + 1.7%, n = 12) (Fig. 7F). By contrast, although
the response to tone retention still appeared to be lower in
AAV-1d2 mice, freezing responses during tone retention and
extinction tests were not significantly different between the two
groups (tone retention: AAV-EGFP: 21 + 3.1%, n = 12; AAV-
1d2: 13 + 3.6%, n = 12; extinction test: first tone: AAV-EGFP:
23 +4.2%,n =12; AAV-1d2: 19 + 4.6%, n = 12, last tone: AAV-
EGFP: 11 + 1.4%, n = 12; AAV-1d2: 9.1 = 2.4%, n = 12)
(Fig. 7F).

Discussion

In this study, we systematically analyzed MF sprouting with the
aim of understanding transcriptomic mechanisms that can
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facilitate axon growth and circuit formation in the adult brain.
Our study design was motivated by the hypothesis that activation
of certain cell-autonomous mechanisms may be sufficient to
drive rewiring in the adult brain, where further axon growth is
generally inhibited. Our results suggest three major conclusions,
which have implications not only for circuit assembly in adult
brain but also for TLE pathophysiology and information pro-
cessing in the dentate gyrus.

Molecular Mechanisms of MF Sprouting. In the developing nervous
system, Id2 enhances cell proliferation and inhibits the activity of
mainly basic helix-loop-helix (31) but also other transcription
factors (44). Mechanistically, developmentally regulated degrada-
tion of Id2 has been linked to up-regulation of axon growth in-
hibitors (31), which suggested that activation of Id2 could
counteract growth inhibition and enhance axon growth, but this
prediction was only tested in culture systems and after spinal cord
injury (31-34). In contrast to previous studies, we identified Id2
using an unbiased single-cell RNA-seq screen and interrogated
consequences of Id2 activation in mature, uninjured neurons of
healthy adult mice and rats. We found that the sole activation of
Id2 in mature GCs is capable of driving MF sprouting and for-
mation of functional synapses.

During our initial analyses, we found that during chemically
induced MF sprouting, both Id2 mRNA and protein became
enriched in GCs (Fig. 1). This suggested that Id2 may play a role
in MF sprouting, which we tested by cell-autonomous activation
of Id2 in GCs. We found that AAV-Id2 had the remarkable
capacity to induce MF rewiring throughout the whole hippo-
campus with a circuit architecture that resembled previous
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occurrence.

descriptions of MF sprouting (e.g., refs. 12-14, 21) but without
signs of GC death or layer dispersion (Figs. 2-4).

As a master regulator, Id2 activated a comprehensive tran-
scriptomic program for rewiring. Because 1d2 is an inhibitor of
transcription factors, MF rewiring appeared to result from sup-
pression of persistently active transcriptional programs, and
consistent with this, we found activation and silencing of molecules
whose function is related to circuit-level reorganization (Fig. 5).
Up-regulated JAK-Stat3 has been implicated in promoting axon
growth after injury in visual and spinal systems (56-59). While
previous work has separately linked Id2 and Stat3 to axon growth,
our results establish a link between the two whereby activation of
1d2 promotes downstream expression of Stat3. Other up-regulated
genes included Phf11d, a regulator of the transcription factor Bex1
(60), which facilitates axon regeneration (61).

Down-regulated molecules were also consistent with an in-
creased capacity for axonal organization and circuit formation
and included 1) Tlel, a corepressor of the axon patterning Wnt
signaling (62, 63); 2) neurofilaments Nefl and Nefm, which de-
termine mature axon structure and caliber (64); 3) Slitl, a regu-
lator of developmental axon guidance and patterning (65), down-
regulation of which may allow MF entry to the dentate gyrus; 4)
Adcyl, loss of which led to developmental axon retraction arrest
(66), exuberant axon branching in sensory areas (67, 68), and re-
covery after spinal cord injury (69); 5) Fmrl, modulator of local
translation of synaptic proteins (70); and 6) Rrebl, a regulator of
Wallerian axon degeneration after injury (71).

Delineating the sequential activation/inactivation and stepwise
role of involved molecules will be important for understanding
the MF rewiring process in detail. It remains possible that further
aspects of MF rewiring could also be controlled independently of
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Id2 yet still cell autonomously. For example, AAV-Id2-induced
MF sprouting developed over months (Fig. 2), which is similar to
other observations (21), although slower than that is achieved by
non-cell-specific chemical induction (Fig. 1). Whether the fac-
tor(s) controlling the speed of circuit formation are cell autono-
mous and can be separately identified and how synapse targeting
can be reprogrammed to other cell types instead of GCs remain
outstanding questions. With regard to other pathways that have
been previously implicated in axon growth, regeneration, or MF
sprouting in particular, our data from single GCs did not reveal
Id2-induced transcriptomic changes in the TGF-beta/BMP-Smad
(axon growth) (72-74), BDNF (MF sprouting) (21, 23), PTEN-
mTOR (MF sprouting in postnatally generated GCs) (19, 22), and
p38/JNK (in axon regeneration) (75) pathways (SI Appendix, Fig.
S5). Some of these may be upstream of 1d2 (e.g., TGF-beta/
Smad2) (72), be controlled translationally, act independently of
1d2, or simply not be involved in MF sprouting by mature GCs.

MF Sprouting and Hippocampal Brain Activity. Our ability to ge-
netically induce MF rewiring in GCs allowed us to examine
consequent network effects in the context of two related but in-
dependent hypotheses. According to one hypothesis, MF sprout-
ing may generate hyperexcitable network states. MF sprouting is
observed in human TLE and is one of the hallmarks of chemically
induced (which is nonspecific and broadly impacts different cell
types) circuit alterations in experimental TLE (21). Whether MF
sprouting is a cause or consequence of seizures has been debated
(20). Thus, one particular question was whether pathological brain
dynamics, such as in the epileptic brain, would appear after ge-
netically induced MF rewiring. However, our in vivo electro-
physiological recordings did not register pathological oscillations,
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Fig. 7. Learning and memory after AAV-ld2-induced MF rewiring. (Statistical tests are two-way ANOVA unless stated otherwise.) (A) Novel object recog-
nition. Left to right: experiment design, DI (AAV-EGFP versus AAV-Id2, training P = 0.87, test *P = 0.021). (B) T-maze. Left to right: experiment design, al-
teration (Mann-Whitney U test, P = 0.33), and choice latency (AAV-EGFP versus AAV-ld2, trial 1, P=0.87, trial 2, P = 0.66, trial 3, P = 0.31, trial 4, **P = 0.0048,
trial 5, *P = 0.011, trial 6, ****P < 0.0001). (C) Morris water maze. Left to right: experiment design, escape latency [Fp.y (4, 84) = 13, P < 0.0001; Frreatment (1,
21) = 0.056, P = 0.82; Frreatment X pay (4, 84) = 1.4, P = 0.23], quadrant time (adjacent versus target, first probe trial, AAV-EGFP: *P = 0.017, AAV-Id2: *P =0.014;
second probe trial, AAV-EGFP: P = 0.82, AAV-Id2: **P = 0.0026), swim path length parallel to walls (acquisition versus reversal, AAV-EGFP: **P = 0.0025, AAV-
Id2: P = 0.45), and number of wall approaches (acquisition versus reversal, AAV-EGFP: **P = 0.0079, AAV-Id2: P = 0.57). (D) Barnes maze. Left to right: ex-
periment design, primary path length [Fp., (4, 88) = 6.6, P = 0.0001; Frreatment (1, 22) = 0.4, P = 0.52; Frreatment X pay (4, 88) = 0.3, P = 0.85], primary errors
(Mann-Whitney U test, **P = 0.0038), poke ratio in probe trial after acquisition (AAV-EGFP versus AAV-ld2, angle = 0°: ****P < 0.0001, angle = 18°: P=0.52,
angle = 36°: P=0.54, angle = 54°: P =0.98, angle > 72°: P = 0.72), and average strategy used during acquisition and reversal AAV-EGFP versus AAV-1d2: direct,
P =0.31, serial, **P = 0.0047, mixed P = 0.059). (E) Eight-arm radial maze. Left to right: experiment design, memory errors per consumed baits over days [Fp.,
(2, 44) = 9.0, P =0.0005; Frreatment (1, 22) = 2.8, P=0.11; Frreatment X pay (2, 44) = 0.53, P = 0.59], memory errors per consumed bait (AAV-EGFP versus AAV-Id2:
bait 1 to 4, P=0.88, bait 5 to 6, P = 0.86, bait 7 to 8, **P = 0.0029), preferred angle [Fangie (2, 44) = 16, P < 0.0001; Frreatment (1, 22) = 0.056, P = 0.81; Frreatment X Angle
(2, 44) = 2.6, P = 0.086], and choices performed at preferred angle (AAV-EGFP, days 1 to 2 versus 3 to 8, **P =0.0071, days 1 to 2 versus 9 to 10, *P = 0.020, day 3to 8
versus 9 to 10, P = 0.68; AAV-Id2, days 1 to 2 versus 3 to 8, **P = 0.0049, days 1 to 2 versus 9 to 10, ****P < 0.0001, days 3 to 8 versus 9 to 10, *P = 0.026). (F)
Contextual and cued fear conditioning. Left to right: experiment design, freezing during context retention (AAV-EGFP versus AAV-Id2: baseline, P = 0.60, context,
**%*P < 0.0001), freezing during cue retention (AAV-EGFP versus AAV-ld2: pretone, P = 0.58, tone, P = 0.032, q = 0.064; does not meet FDR criterion), and freezing
during extinction (AAV-EGFP versus AAV-Id2: baseline, P = 0.24, first tone, P = 0.38, last tone, P = 0.73).
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SWRs, or seizure-like activity 3 mo after AAV-Id2 delivery
(Fig. 6). By contrast, after chemically induced epilepsy, decreased
theta and midgamma oscillations (49), and increased intra-SWR
frequency (50) have been reported. Our results thus reveal net-
work dynamics divergent from epilepsy and indicate that MF
rewiring does not generate seizures (20).

According to another hypothesis, the dentate gyrus is pre-
sumed to process information about content (e.g., objects) and
local spatial landmarks, delivered from the LEC, and about
global spatial landmarks, delivered from the MEC (53-55). Our
in vivo recordings in AAV-Id2 mice revealed a decrease in the
occurrence of DS1 and a loss of DS2 events, which have been
suggested to be triggered by population bursts in LEC and MEC,
respectively (52). While circuit mechanisms behind DS events
remain elusive, our data suggested that MF sprouting differen-
tially interfered with the generation of DS1 and DS2 events.
Consequently, information from LEC about content and local
landmarks and from MEC about global spatial context of an
experience may be differentially impacted by MF sprouting.

Learning and Memory after MF Sprouting. By employing multiple
different memory assays to evaluate object and spatial-related
information processing, we found a recurrent schema in the
behavior of AAV-1d2 animals that had MF sprouting. With
regard to objects, we found that AAV-Id2 mice displayed pref-
erence to novel objects, although the preference was less than
that of controls (Fig. 7). Notably, the decreased preference to
novel objects correlated with decreased occurrence of LEC-
linked DS1 events in the AAV-Id2 mice. These represent fur-
ther divergence from TLE, as novel object preference was not
altered (76, 77) and DS occurrence was increased in epileptic
mice (51) (note that DS1 and DS2 were not separately analyzed
by this later study). Nonetheless, these do not contradict our
findings, which suggest that DS1 events may be related to rec-
ognition of novel objects. With regard to spatial information,
AAV-1d2 mice did not display deficits in primary task perfor-
mance, but they appeared to solve spatial problems differently
from controls. Specifically, the Morris water, Barnes, and eight-
arm radial maze assays showed that AAV-Id2 mice learn and
perform well, without deficits in spatial retention (Fig. 7). Note
that these findings represent yet another divergence from TLE,
where the same assays revealed learning and memory impair-
ments (49, 78-80). However, AAV-1d2 mice displayed a higher
level of spatial perseverance and opted to nonspatial, wall-
oriented swimming strategies during reversal learning in the
Morris water maze and performed more serial trials at the ex-
pense of direct and mixed trials in both the Barnes maze and
eight-arm maze, together indicating that AAV-1d2 mice were
prone to use local landmark-based and possibly self-referential
navigation-based strategies rather than relying on global spatial
cues. Since MEC (global spatial information)-linked DS2 events
were specifically lost in AAV-1d2 mice, our finding suggests that
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DS2 events are not required for solving primary spatial tasks per
se but may facilitate the processing of global spatial cues that
guide navigation to enhance performance. One interpretation of
these findings that should also be considered is a potential
confusion in pattern separation caused by recurrent redistribu-
tion of neural activity among GCs after MF sprouting. Pattern
separation is one principal function performed by dentate gyrus
(11, 81) thought to be controlled by young but not mature adult-
born GCs (82). Since in these experiments the Calbl-IRES2-
Cre-D line was used to deliver Id2 to GCs and the onset of
Calbl1 expression marks a transition of adult-born GCs into more
mature states (83), it is unlikely that altered pattern separation
by young adult-born GCs substantially contributed to our ob-
servations. Overall, our results are consistent with the hypothesis
that MEC and LEC support navigation based on global and local
cues, respectively (54, 55). Finally, we also found that AAV-1d2
mice, unlike controls, did not increase their choice latencies over
subsequent trials in the T-maze. This phenotype could potentially
be the result of an egocentric navigation strategy that utilizes left-
right sequences with high precision but could also be interpreted as
an inability to habituate (although our other data did not suggest
this) or faster decision making, and therefore, its relationship to
MF sprouting is currently less clear.

Summary. Repair being a key objective, factors that facilitate
circuit rewiring in the adult nervous system are typically studied
in the context of pathology or injury. Our results provide evidence
for cell-autonomous activation of axon growth and circuit forma-
tion in healthy mature neurons in the absence of developmental or
injury signaling. More detailed understanding of how involved
molecules contribute to this process will help to advance circuit
engineering approaches that can induce axon growth and control
target cell-specific circuit formation in the adult brain.

Methods

All mouse protocols and husbandry practices were approved by the Veteri-
nary Office of Zurich Kanton. For comprehensive description of 1) animals, 2)
plasmids and viruses, 3) stereotaxic injections, 4) single-cell RNA-seq and
bioinformatics, 5) histology and neuroanatomy, 6) electron microscopy, 7)
in vitro electrophysiology, 8) in vivo electrophysiology, 9) behavior, and 10)
statistical analyses, see the S/ Appendix.

Data Availability. RNA-seq data have been deposited in National Center for
Biotechnology Information Gene Expression Omnibus (GSE161619) (27).
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Discussion

In this study, we performed multimodal analyses of single hippocampal granule
cells in order to understand the molecular mechanisms of mossy fiber sprouting, and
more broadly, that of adult wiring. A key motivation behind this study was to determine
potential expression changes in CAMs as crucial controllers of the wiring process and,
simultaneously, transcription factors and regulators, which may regulate the
combinatorial expression of CAMs. As a result, we identified a single transcriptomic
regulator, /d2, whose sole activation could drive the entire wiring process. In addition
to the Discussion presented in our paper, here | highlight conceptually important
aspects of this work that are relevant for adult brain wiring and potential next steps
which can help to deepen our understanding in the regulation of neuronal wiring during

the lifespan.

First, the corollary of our results and that of other studies, which showed that
Id2 can facilitate axon regeneration after injury (Yu et al., 2011; Ko et al., 2016), is the
hypothesis that at least some bHLH transcription factors actively suppress neuronal
wiring in adult neurons. This hypothesis is supported by that (1) /d2 is an inhibitor of
bHLH transcription factors (Benezra et al., 1990; Norton, 2000) and (2) the activation
of /d2 reactivates wiring in adult neurons, which observations together suggest that /d2
reveals its wiring effect by neutralizing a wiring suppressing transcriptional program.
This model has important implications toward the post developmental regulation of
wiring in neurons. Developing neurons display a large capacity for wiring. After
development, this wiring capacity rapidly decreases, and most neurons cease further
wiring. How this change of wiring capacity is regulated within the neuron (“cell
autonomously”) and/or in the tissue environment (“cell nonautonomously”) remains
elusive. A key hypothesis suggests broad upregulation of neurite growth inhibitors in
the tissue environment during later stages of development, which are to significantly
contribute to the cell nonautonomous inhibition of further wiring and stabilization of
circuits. The cell autonomous regulation of wiring is comparably less understood. It is
feasible that developmentally-relevant wiring programs in the neuron are disassembled
after development. An alternative possibility is that such wiring programs are not
disassembled but suppressed after development. Our results provide support for this
later scenario. To further test this hypothesis, it will be important to address in future

experiments if /d2 can reactivate wiring in adult neuron types other than hippocampal

39



granule cells; i.e. if wiring is being actively suppressed in other adult neuronal types as

well.

Second, our results provide evidence that the connectivity of adult neurons can
be reprogrammed by targeted molecular manipulations. In our experiments, we cell
type-specifically activated /d2 only in hippocampal granule cells, but not in other cell
types or in the tissue, which lead to further wiring. In this manner, the seen adult wiring
phenotype (in this case mossy fiber sprouting) relied on molecular mechanisms within
the manipulated cells, suggesting that the regulation of wiring is purely a cell
autonomous process. However, as a further consideration, during mossy fiber
sprouting granule cells form new connections with other granule cells, and therefore it
is possible that the kainic acid injection or the /d2 activation simultaneously primes
wiring both in the pre and postsynaptic population, which are here the same. Thus, to
further test the hypothesis of cell autonomous wiring regulation, it will be crucially
important to identify other transcriptional factors and/or regulators, which can induce
wiring in adult neurons, and ideally lead to circuit formation between different cell types.
In this scenario, the two cell types could be independently manipulated in order to
determine if the circuit formation indeed required molecular reconfigurations only in the

presynaptic or both neuronal populations.

Finally, important questions regarding the new circuits are whether how stable
they are on the long term, and what molecular mechanisms support their maintenance.

| will revisit these questions in the final Discussion of this thesis.
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Chapter 3 — Molecular control of target specification

Introduction

The initial goal of our previous study (Luo et al., 2021) was to characterize CAM
changes and their transcriptomic regulation during mossy fiber sprouting. As discussed
above, we first followed up on the role of a transcriptomic regulator, /d2, which we found
drives the entire sprouting process. In this project, we revisited our initial goal and
specifically focused on CAMs. It is feasible, that at least some of the CAMs, whose
expression has changed during mossy fiber sprouting play important roles in
determining target specificity. Target specificity includes (1) to which brain region(s) the
new axons grow, and (2) on which cell type(s) and (3) in which subcellular domain(s)
the new synapses are formed. To gain insights into these questions, we further
analyzed our single-cell transcriptomic data generated during the aforementioned study
(Luo et al., 2021), containing transcriptomic information on virtually all CAMs before
and after mossy fiber sprouting. Based on these data, we identified three potential
candidates — Cntn4, Fat3, and Pcdh11x — whose transcript expression were absent in
control granule cells but significantly upregulated during sprouting. To characterize the
function of these molecules, we devised a CRISPR-Cas9-based screen to introduce
deleterious (or loss of function) mutations in these genes in adult granule cells in vivo
and investigated their loss of function effects on the target specificity of mossy fiber

sprouting.

| contributed to this project with experimental design, experiments, and analysis.
Specifically, | was responsible for tissue preparation, staining, histological analysis, and

guide RNA testing in cell culture.
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Circuit formation is a defining characteristic of the developing brain. However,
multiple lines of evidence suggest that circuit formation can also take
place in adults, the mechanisms of which remain poorly understood. Here,
we investigated the epilepsy-associated mossy fiber (MF) sprouting in the
adult hippocampus and asked which cell surface molecules define its target
specificity. Using single-cell RNAseq data, we found lack and expression of
Pcdhllx in non-sprouting and sprouting neurons respectively. Subsequently,
we used CRISPR/Cas9 genome editing to disrupt the Pcdhlix gene and
characterized its consequences on sprouting. Although MF sprouting still
developed, its target specificity was altered. New synapses were frequently
formed on granule cell somata in addition to dendrites. Our findings shed light
onto a key molecular determinant of target specificity in MF sprouting and
contribute to understanding the molecular mechanism of adult brain rewiring.

granule cell, axonal rewiring, mossy fiber sprouting, cell adhesion molecule, synaptic
adhesion molecule, protocadherin, Pcdhl11x, target specificity

Introduction

Mossy fiber (MF) sprouting in the hippocampal dentate gyrus represents a non-
developmental form of circuit formation in the adult brain (for review, see Seng et al.,
2022). MF sprouting has been extensively studied in the context of temporal lobe
epilepsies (Noebels et al., 2012) and is inducible by mechanical (Laurberg and Zimmer,
1981; Zimmer and Gihwiler, 1987), electrical (Sutula et al., 1988), chemical (Tauck and
Nadler, 1985), and genetic approaches (Luo et al., 2021). During MF sprouting, granule
cells (GCs) grow new axonal branches into the inner molecular layer (IML) of dentate
gyrus and form synapses mostly on proximal dendrites of GCs (Laurberg and Zimmer,
1981; Wenzel et al., 2000; Cavazos et al., 2003; Frotscher et al., 2006; Luo et al., 2021),
but potentially also on interneurons as observed in chronically epileptic rats (Frotscher
et al., 2006). This new circuit is formed on top of the developmentally established
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MF circuit, which extends into CA3 (Hainmueller and
Bartos, 2020). As any neuronal wiring, MF sprouting is
thought to require molecular programs for axon growth,
target specification, and synapse formation (Godale and
Danzer, 2018; Koyama and Ikegaya, 2018; Luo et al,
2021). Such processes generally involve synaptic cell-surface
receptors and cell-adhesion molecules (Missaire and Hindges,
2015; de Wit and Ghosh, 2016; Sanes and Zipursky, 2020;
Stidhof, 2021), which hereafter we collectively refer to as
CAMs, for short.

The role of different CAMs during developmental MF
wiring is relatively well understood. Netrin and slit signaling
control axon guidance toward CA3 (Muramatsu et al,
2010). Plexin and semaphorin signaling establish layer
specificity within CA3 (Chen et al,, 2000; Suto et al.,, 2007,
Tawarayama et al., 2010). Other CAMs regulate MF target
specificity and/or synapse function to CA3 pyramidal cells
(NCAM, Cdh9, Gpr158) (Cremer et al, 1998; Williams
et al, 2011; Basu et al, 2017; Condomitti et al., 2018),
interneurons (Kirrel3, Igsf8) (Martin et al, 2015; Apodstolo
et al,, 2020), or possibly to both (Pcdh19) (Hoshina et al,
2021). Finally, semaphorin-neuropilin-plexin (Bagri et al,
2003) and ephrin (Xu and Henkemeyer, 2009; Liu et al,
2018) signaling control MF pruning. By contrast, CAM
signaling in MF sprouting is much less understood. While
abundance changes in multiple CAMs have been reported
in models of temporal lobe epilepsy or directly in sprouting
fibers, their involvement in sprouting remains elusive (see
section “Discussion”). Recently, we studied transcriptomic
mechanisms of MF sprouting and identified a transcriptomic
regulator, 1d2, whose sole overexpression in GCs induced
MF sprouting (Luo et al, 2021). While Id2-induced MF
sprouting alone was insufficient to provoke pathological
network activity seen in epilepsy, further lessening its
potential as a clinical target (Buckmaster, 2014), MF sprouting
remains a robust model for studying circuit formation in
the adult brain.

Here, we used single-cell RNA-seq data generated using
the intrahippocampal kainic acid- (KA) injection model
to study CAMs in MF sprouting. We used the KA, but
not Id2, model because MF sprouting develops significantly
faster by KA (within weeks) than by Id2 (requires months)
(Luo et al, 2021). Thus, functional testing, which here
we aimed for, is more attainable in the KA model. We
focused on differentially expressed CAMs, and identified
three candidate genes-Fat3, Cntn4 and Pcdhllx-which were
upregulated after sprouting. We targeted these genes by
CRISPR/Cas9 guide RNAs (gRNAs) to disrupt their genomic
sequences in GCs in vivo, and confirmed mutation/deletions
in Pcdhllx, likely rendering this gene null mutant in
most cells. After GC-specific Pcdhllx KO, KA still induced
MF sprouting, but new synapses frequently and atypically
formed on GC somata.
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Materials and methods

Animals

All animal protocols and husbandry practices were
approved by the Veterinary Office of Zurich Kanton.
The University of Zurich animal facilities comply with all
appropriate standards (cages, space per animal, temperature,
light, humidity, food, and water) and cages were enriched with
materials that allow the animals to exert their natural behavior.
The following lines were used in this study: Calbl-Cre:
B6;129S-Calb1 ™2 1(cre)Hze 1 1AX:028532 and H11-LSL-Cas9:
B6;129-Igs2tm1(CAG-cas9*)Mmw/], JAX:026816. The animals
used in this study were obtained by mating the homozygous
Calbl-Cre mice with heterozygous HI11-LSL-Cas9 mice.
In each experiment, the control and non-control animals
were littermates.

List of CAMs

An extended set of 421 CAMs was used for gene expression
analysis. We used a previously published list of 406 CAMs
(Foldy et al., 2016), to which Nptxr, Sema3a, Sema3c, Sema3d,
Sema3g, Semada, Sema4b, Semadc, Semadf, Sema5a, Sema5Db,
Sema6a, Sema6b, Semaéc, Slitl, Slit2, Slit3 were added, whereas
Ptpn2 and Ptpn5 were removed as non-receptor type protein
tyrosine phosphatases.

Design of guide RNAs

To design guide RNAs (gRNAs), we prioritized to (i) target
early coding regions that are shared by all transcript variants
of a gene in order to maximize the probability of introducing
functionally disabling mutations and/or deletions, (ii) minimize
the possibility of unwanted off-target effects, and (iii) maximize
editing efficacy at the intended target site. For each targeted
gene (i.e., Fat3, Cntn4, and PcdhllIx), two gRNAs (19 - 21 bp
long) were designed targeting possible target sites on exons 1-3,
followed by a 3 bp long NGG PAM sequence on the 3" end (see
Supplementary Figure 1A for specific sequences). Each gRNAs
were evaluated by “CRISPR-Cas9 gRNA checker” (Integrated
DNA technologies, Inc.), resulting in two scores: (1) “on-
target score” that indicates the predicted editing performance of
gRNA at the intended target site (higher value indicates better
performance) and (2) “off-target score” that indicates potential
off-target effects and N (number) nucleotide mismatch hits
during genome screening (in a range from 0 to 100, higher
value indicates lower off-target risk). Fat3-gRNAI: on-target
score 66, off-target score 36 (high off-target risk), 0 mismatch
only on Fat3, no potential off-target sites were identified with
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1 or 2 mismatches. Fat3-gRNA2: on-target score 36 (low on-
target performance), off-target score 82, 0 mismatch hit only
on Fat3, no potential off-target sites with 1 mismatch, one 2
mismatch off-target site were found in a non-coding region
(chr5: + 18040716). Cntn4-gRNAI: on-target score 40 (low on-
target performance), off-target score 86, 0 mismatch hit only
on Cntn4, no potential off-target sites with 1 mismatch, one
2 mismatch off-target site were found in a non-coding region
(chré6: + 8683610). Cntn4-gRNA2: on-target score 8 (low on-
target performance), off-target score 58, 0 mismatch hit only
on Cntn4, no potential off-target sites with 1 or 2 mismatches.
Pcdh11x-gRNAI: on-target score 56, off-target score 85, 0
mismatch only on Pcdhllx, no potential off-target sites with
1 or 2 mismatches. Pcdhllx-gRNA2: on-target score 53, off-
target score 72, 0 mismatch hit only on Pcdhllx, no potential
off-target sites with 1 or 2 mismatches. Note that the gRNA’s on-
target performance was subsequently tested and validated in cell
cultures before in vivo experiments (see below).

Plasmids and viruses

For in vivo genomic targeting of CAMs, gRNAs were
designed and cloned into pBSK-U6 backbone (pBSK-U6-
gRNAs). The plasmids were purified and used for evaluation
of knockout efficiency in cell culture. After evaluation, the
same gRNAs were cloned into Cre-dependent tRFP expression
vector and packaged into adeno-associated virus (AAV)
serotype DJ/8. For Fat3 targeting, a viral mixture (2.2 x 10%3
vg/ml) of vVWL51.AAVD]J8/2-[hU6-gRNA1(mFat3)]rev-hSynl-
dlox-TurboRFP(rev)-dlox-WPRE-hGHp(A) and vWL52.AAV
DJ8/2-[hU6-gRNA2(mFat3)]rev-hSyn1-dlox-TurboRFP(rev)-
dlox-WPRE-hGHp(A) were used. For Cntn4 targeting, a
viral mixture (1.7 x 10 vg/ml) of vWL44.AAVDJ8/2-
[hU6-gRNA1(mCNTN4)]rev-hSyn1-TurboRFP(rev)-WPRE-
hGHp(A) and vWL45.AAVDJ8/2-[hU6-gRNA2(mCntn4)]rev-
hSyn1-TurboRFP(rev)-WPRE-hGHp(A)
Pchdllx targeting, a viral mixture (1.7 x 10! vg/ml)
of wWL46.AAVDJ8/2-[hU6-gRNA1(mPcdhllx)]rev-hSynl-
TurboRFP(rev)-WPRE-hGHp(A) and vWL47.AAVDJ8/2-
[hU6-gRNA2(mPcdh11x)]rev-hSynl-TurboRFP(rev)-WPRE-
hGHp(A) were used. All viral vectors were produced
by the Viral Vector Facility (VVF) of the Neuroscience
Center Zurich (ZNZ).

were used. For

Validation of CAM targeting guide
RNAs in cell culture

The mixture of gRNA expressing vectors (0.4 pug of pBSK-
U6-gRNA1 and 0.4 pg of pBSK-U6-gRNA2) were transfected
into Neuro-2a cells expressing doxycycline-inducible CRISPR
Cas9 nuclease from Rosa26 locus (GeneCopoeia, SL508)
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using Lipofectamine 3000, according to recommendations
of the manufacturer (Invitrogen). Forty-eight hours after
transfection, doxycycline (1 pg/ml) was applied to induce
stable Cas9 expression. To maintain Cas9 expression, the
medium containing doxycycline was renewed every 48 h. Cells
were harvested 7 days after transfection and prepared for
Sanger sequencing.

Stereotaxic injection

Mice were deeply anesthetized and placed into a stereotactic
apparatus. Microinjections were performed at a rate of
100 nl/min using a programmable syringe pump with a 35-
gauge beveled NanoFil needle (World Precision Instruments,
United States). For in vivo CAM targeting, 500 nl of the above
mentioned viruses were injected into the ventral dentate gyrus
(—3.4 mm anterior/posterior, 2.9 mm middle/lateral, —3.3 mm
ventral/dorsal to bregma). To induce MF sprouting, 70 nl of KA
(5 mM) was injected into the same position 4 weeks later or into
gRNA non-injected animals.

In vitro electrophysiology

Brain slice preparation, recording solutions, whole-cell
patch-clamp recording, and measurement of biophysical
properties were as previously described (Luo et al, 2021).
In short, neurons were visualized by infrared differential
interference contrast optics in an upright microscope (Olympus;
BX-51WI) using Hamamatsu Orca-Flash 4.0 CMOS camera
and recorded using borosilicate glass pipettes with filament
(Harvard Apparatus; GC150F-10; o.d. 1.5 mm; i.d. 0.86 mmy;
10-cm length). Recordings were made using MultiClamp700B
amplifier (Molecular Devices), signals were filtered at 10 kHz
(Bessel filter) and digitized (50 kHz) with a Digidatal440A
and pClamp10 (Molecular Devices). Spontaneous events were
recorded in voltage clamp mode at -60 mV for 5 min,
in presence of Gabazine (10 pM), or APV (10 pwM) and
NBQX (5 pwM). The data analysis was performed using
Python, R, Clampfit (Molecular Devices), and MiniAnalysis.
For subsequent post hoc visualization, cells were filled
with biocytin (Sigma-Aldrich, 2%) during recording. For all
electrophysiological experiments, the experimenter was blind to
the recording condition.

Histology
Sample preparation
Animals were deeply anesthetized and transcardially

perfused first with 3 ml 0.9% saline solution followed by
3 ml 0.1% Na,S in 0.1 M PB solution, and then by 4%
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paraformaldehyde (PFA) in 0.1 M PB (1ml/1g bodyweight).
Brains were immersed into 4% PFA in 0.1 M PB overnight at 4°C
and then sectioned the next day using a vibratome, or further
transferred into 30% sucrose in 0.1 M PB and stored at 4°C until
sectioning using a frozen tissue sliding microtome. Fixed brains
were cut into 50 or 80 pwm thick horizontal sections.

Immunohistochemistry

Slices were first permeabilized and blocked in incubating
medium (0.1 M PB containing 5% normal goat serum
and 0.2% Triton) for 1 hour at room temperature, and
then incubated overnight with primary antibodies at 4°C.
Primary antibodies used: rabbit monoclonal anti-SLC30A3
(ZnT3; ThermoFisher, PA5-77769, 1:600), guinea pig polyclonal
ZnT3 antiserum (Synaptic system, #197004, 1:500), rabbit
polyclonal PCDH11X antibody (aa987-1117, LS-C673568,
LifeSpan BioSciences, 1:500). Next day, slices were rinsed in 0.1
M PB and incubated with secondary antibodies overnight at
4°C. Secondary antibodies used: goat anti-rabbit IgG (H + L)
cross-adsorbed, Alexa Fluor 488 (Invitrogen, A-11008, 1:500),
anti-guinea pig IgG (H + L) highly cross-adsorbed secondary
antibody, Alexa Fluor 568 (Invitrogen, A-11075, 1:500). Sections
were rinsed in 0.1 M PB (some sections were subsequently
stained with DAPI for nuclear staining) and mounted in
Vectashield (Vector Laboratories) for analysis.

Timm's staining

Sections were rinsed in 0.1 M PB and post-fixed in 2.5%
glutaraldehyde in 0.1 M PB solution for 10 min. Then, sections
were rinsed in 0.1 M PB and immersed in Timm’s reaction
solutions, a 12:6:2 mixture of 20% gum arabic, hydroquinone,
and citric acid trisodium citrate buffer, with 100 nl of 17%
silver nitrate solution. The reaction was carried out for 20-
30 min at 29°C, then slices were washed thoroughly in 0.1
M PB. After dehydration steps, the sections were mounted
using DPX mounting medium and imaged using a Leica wide-
field microscope.

Morphological reconstruction

Biocytin-filled cell-containing brain slices were fixed 4%
PFA in 0.1 M PB overnight at 4°C. Next day, DAB staining
(Vectastain ABC KIT, Vector Laboratories) was performed,
and sections were dehydrated and mounted in DPX mounting
medium (Electron Microscopy Science, United Kingdom).
Cells were reconstructed using Neurolucida (MicroBrightField,
Inc., United States).

Image analysis and quantification
Fluorescent images were acquired using Leica Stellaris 5

confocal microscope. Image analyses and quantification were
performed in Fiji (version 2.0.0-rc-68/1.52h).
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Quantification of PCDH11X immunostaining in
wild-type animals after kainic acid injection

Tile-scan confocal images (1,024 x 1,024 pixels, zoom
0.75) were obtained using 20x immersion lens (0.75 NA).
The mean gray value of PCDHI11X immunostaining signals
were measured in hilus, granule cell layer (GCL), inner
molecular layer (IML), and middle/outer molecular layer
(MML/OML). In addition, the mean gray value of PCDH11X
immunostaining signal was measured in an area (that is
below CA3 and outside hilus) that appeared to be PCDH11X
negative in all conditions, to be used as baseline. Then,
GCL, IML, and MML/OML signal intensities were normalized
by subtracting this baseline signal intensity. In this manner,
two images per animal were analyzed, the average values
of which are shown in figure(s). As controls, normalized
mean gray values from sections collected from ipsi- and
contralateral hippocampus of saline injected animals (6 or
10 days after saline) and from the contralateral hippocampus
of KA injected animals (6 or 10 days after KA) were
averaged and used.

Quantification of PCDH11X immunostaining
after Pcdh11x“oMro+KA and pedh11xXO+KA

To confirm the location of injections and sufficient
delivery of gRNAs into GCs, we included a turboRFP
(tRFP) sequence in gRNA expression vectors. As intended,
the tRFP signal broadly labeled GCs. However, we also
found that the tRFP signal was strong and cross-bleed into
the GFP channel to be used for detection of PCDHI1X
signals. This effect was most prominent in GCL where GC
somata were strongly labeled with tRFP. To alleviate this
problem, we exposed sections to light for several hours to
bleach the tRFP signal and stained them for PCDH11X only
afterward. While this treatment lowered the tRFP intensity,
it did not completely eliminate the tRFP signal from the
GFP channel. We then quantified PCDH11X signal intensity
with and without normalization for the tRFP signal seen
in the GFP channel. For quantification, tile-scan confocal
images (1,024 x 1,024 pixels, zoom 0.75) were obtained
using 20x immersion lens (0.75 NA). To obtain tRFP-non-
normalized values, we used the same approach as described
above (see Quantification of PCDHIIX immunostaining in
wild-type animals after KA injection). To obtain tRFP-
normalized values, we first measured signal intensity in
the GFP channel in hilus, GCL, IML, MML, and OML
separately in sections from Pcdhl1xC°! and Pcdh11xKO
animals. We chose to do this in KA-non-injected samples,
because in these the tRFP signal in the GFP channel was
similar to those in KA-injected samples, but the PCDH11X
signal was expected to be the lowest. Then, these values
were averaged between PcdhllxC°""°! and Pcdh11xXC in
each region separately (i.e. hilus, GCL, IML, MML/OML),
to be used as baselines. Subsequently, these baseline values
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were subtracted from PCDHI11X signal intensities measured
in each area (i.e., hilus, GCL, IML, MML/OML) from KA-
injected Pedh11xCoMrolH+KA and Pedh1xKO+KA animals. In this
manner, two images per animal were analyzed, the average
values of which are shown in figure(s). Independently of
the approach used (i.e., tRFP-normalization or tRFP-non-
normalization), PCDH11X signal intensities were significantly
lower in GCL and IML of Pcdh11xXO+KA samples compared to
Pedhi1xConrol+KA amples.

Quantification of Timm'’s staining intensity
Bright-field images were acquired using a THUNDER
(Leica) (0.95
NA). Using Fiji, the mean gray value of Timm signals
in both GCL and IML, from which
ratio

wide-field microscope using 40x lens
were measured
the GCL/IML
The average value from 4

shown in the plot.

of gray values was calculated.

sections per animal was

Quantification of ZnT3-positive puncta
surrounding GC somata

Single panel confocal images (1,024 x 1,024 pixels) were
obtained using 63x oil lens (1.4 NA). ZnT3 + signals on
95-170 GC somata from at least 2 images were quantified
per animal. The percentage of GC somata surrounded by
different numbers of ZnT3 + puncta was calculated based on
the surrounding ZnT3 + puncta numbers per soma and total
number of somata analyzed.

Immuno-electron microscopy

into 80 pm thick
For better penetration of

After fixation, brains were cut
sections using a vibratome.
the antibodies,

liquid nitrogen using sucrose as cryoprotectant with the

single sections were frozen/thawed in
following concentration steps 10, 20, 30, 20, 10% and
washed several times in 0.1 M PB. Then, the sections were
treated with 0.5% NaBHy to bind free aldehyde groups
for 15 min, followed by 5 min treatment with 3% H,O,
and 10% Methanol in 0.1 M PB to reduce endogenous
peroxidase. After thoroughly washing in 0.1 M PB, the
sections were blocked for 1 h at room temperature in 5%
normal goat serum in 0.1 M PB and then incubated in
rabbit monoclonal anti-SLC30A3 (ZnT3; ThermoFisher,
PA5-77769, 1:600) at 4°C overnight. Next day, sections
were incubated in biotinylated anti-rabbit solution (1:100,
Vector Laboratories) at 4°C overnight. Next day, sections
were developed with a standard avidin-biotin peroxidase
kit (1:500; Vectastain) and postfixed in 1% OsO4 followed
by 3 x 5 min washing in 0.1 M PB. After washing,
sections were dehydrated and embedded in durcupan
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(Sigma-Aldrich) and re-sectioned. Finally, 60 nm ultra-
thin sections were contrasted with 3% Lead citrate (Leica)
and imaged using a FEI Tecnai G2 Spirit transmission
electron microscope or Apreo VS (Thermo Fisher Scientific)
scanning electron microscope. 3D rendering was performed
with Fiji/Image].

Statistical analyses

Statistical analyses were performed using Prism 9. All
values represent mean =+ standard error of the mean (SEM).
The significance of differences was assessed using Welch’s
t-test, Mann-Whitney U test, one-way ANOVA, or two-
way ANOVA, whichever is applicable (noted in text and/or
figure legends). Data distribution normality was tested by
Shapiro-Wilk Test. For normal distributions, Welch’s #-test
was performed. For non-normal distributions, non-parametric
Mann-Whitney U test were performed. Significant main
effects or interactions were followed up with post hoc
testing using the original FDR method of Benjamini and
Hochberg. The threshold for significance was p = 0.05 or
FDR = 0.05, with a precise p value stated in each case.
Non-significance is indicated with ’'ns’. All tests were two-
sided. Data analyses and quantifications were done blindly with
respect to treatment.

Results

CAM expression changes during mossy
fiber sprouting

To begin, we further analyzed our previously published
single-cell transcriptomic data set consisting of control GCs
as well as GCs 1 and 14 days after unilateral hippocampal
KA injection (Figure 1A) (Luo et al, 2021; GSE 161619).
Based on an extended list of 421 CAMs (see Foldy et al,
2016 and section “Materials and methods”), we considered
differentially expressed genes (fold change > 2 and FDR < 0.05)
between the control and KA data sets (Figure 1B). This
analysis revealed significant enrichment of Fat3, Pcdhllx in
KA GCs, both 1 and 14 days after KA injection. Fat3, an
atypical cadherin, has been implicated in the development of
neuronal morphology (Deans et al., 2011; Krol et al., 2016).
PcdhllIx, a deltal-type protocadherin, has been implicated in
homophilic trans cell-cell interactions (Harrison et al., 2020;
Pancho et al, 2020), dendritic branching (Wu et al.,, 2015),
and neuronal stem cell differentiation and proliferation (Zhang
etal, 2014). We shortlisted these molecules for further analysis.
Although Cntn4 was significantly enriched only in 14-day KA
GCs after MF sprouting has developed, we also shortlisted
this gene, because it has been linked to circuit formation
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FIGURE 1

CAM expression changes during MF sprouting. (A) Experimental design and schedules used for generating the single-cell RNAseq dataset (Luo
etal, 2021; GSE 161619). (B) Volcano plots show differentially expressed CAMs in GC 1 (left panel) and 14 days (right panel) after
intrahippocampal KA injection compared to controls. Red points denote differentially expressed genes (FDR < 0.05 and fold change > 2). Gene
names highlighted with blue were previously reported in epilepsy and/or MF sprouting models (see section “Discussion”). Gene names
highlighted with red were shortlisted for further analysis in this study. (C) Heat map of top 10 differentially expressed genes and
genes/molecules previously reported in epilepsy and/or MF sprouting models. Scale bar shows log2-normalized gene expression level.

(Oguro-Ando et al, 2017), target specification (Osterhout
et al, 2015), synaptic plasticity (Oguro-Ando et al, 2021),
neurodevelopmental disorders (Baig et al., 2017; Oguro-Ando
et al., 2017), and Alzheimer’s disease (Carrasquillo et al., 2009).
In addition, we looked for CAMs, whose abundance change
has been reported in different temporal lobe epilepsy models
or in MF sprouting (see section “Discussion,” Figure 1C).
However, with the exception of Slitl (previously reported to
be up-regulated in hippocampal tissue, but down-regulated in
KA GCs), their expression did not significantly change in our
single-cell data (Figures 1B,C).

Genomic targeting of CAMs in adult
granule cells

To study the role of Fat3, Pcdhllx, and Cntn4 in MF
sprouting, we aimed to introduce loss-of-function deletions
and/or mutations in their genomic sequences. To achieve this
goal, we designed two CRISPR/Cas9 guide RNAs (gRNAs)
targeting each gene, to be delivered into GCs in the adult
brain (Figure 2A and Supplementary Figure 1A, and section
“Materials and methods”). To identify the transfected area
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and neurons that expressed the gRNA, we also included
a Cre-dependent turboRFP (tRFP) reporter into the gRNA-
expressing AAV vectors. This in vivo gene editing approach
minimized unwanted effects during development, ensured cell
type-specificity and—since Fat3, Pcdhl1x, and Cntn4 transcripts
were virtually absent from control GCs (Figure 1C)—
that loss-of-function effects would manifest themselves only
after KA injections.

First, we tested gRNAs targeting each gene in cell cultures
and confirmed their efficacy in introducing genomic mutations
(Supplementary Figure 1). Second, to achieve GC-specific gene
manipulations, we separately delivered the pairs of gRNAs into
the dentate gyrus of 2 months old Calb1C€re/+; 1 LSL—Cas9/+
mice, in which GCs expressed Cas9. Four weeks later, we
confirmed broad presence of the tRFP reporter in the dentate
gyrus and prepared lysates for target gene specific PCR
amplification. Genomic sequence analysis revealed multiple
mutations or large deletions (>200 basepair) in Pcdhllx,
likely rendering this gene null mutant (KO) in most neurons
(Figure 2B and Supplementary Figure 1). By contrast, Fat3 and
Cntn4 sequences did not display deleterious effects. To further
test these two genes, we sequenced 24 single clones from the
PCR product of each. This analysis revealed insertions/deletions
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FIGURE 2
Genomic targeting of CAMs in adult GCs. (A) Schematic representation of the genome targeting approach for Fat3, Cntn4, and Pcdh11x. Table
shows targeted exons and the presence or absence of mutations during cell culture (Cas9-expressing N2A cells) and in vivo (Cas9-expressing
mice) validation. (B) /n vivo genomic targeting of Pcdhl1x. Left panel shows specific gRNA design and experimental schedule. Right panel shows
sequence maps of detected mutations and/or deletions in dentate gyrus lysates prepared from two different mice.

only in 1/24 of Fat3 and 2/24 of Cntn4 clones, further confirming
their inefficient targeting in vivo (Supplementary Figure 1).
Variations in the in vivo targeting efficiency of different genes
were not completely unexpected, however, based on these results
we could proceed further only with PcdhlIx.

PCDH11X protein levels in the dentate
gyrus

To investigate the role of Pcdhllx in MF sprouting, we first
aimed to establish the extent of PCDH11X protein expression
(we refer to protein form with capitalized gene name) in the
dentate gyrus of wild-type animals, including if cell types other
than GCs expressed this protein. Using PCDH11X antibody,
we immunostained sections 6-10 days after saline- and KA-
injections (Figures 3A,B and Supplementary Figure 2). We
presumed that Pcdhl1x mRNA seen 1 day after KA (Figure 1)
would be translated and detectable by this time. In addition,
6-10 days after KA likely represents a critical period for
establishing MF target specificity, since most growing axons
would still advance toward IML during this phase (MF sprouting
starts ~2-3 days after KA and becomes largely established
~14 days after KA) (Luo et al,, 2021).

In controls, some cells in the hilus, GCL and dentate
molecular layers appeared to be PCDH11X positive and a weak
punctate, possibly background signal, could be observed in
all dentate layers (Figure 3B and Supplementary Figure 2).
About 6-10 after KA, less hilar but more GCL cells were
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PCDHI11X positive, and a prominent punctate PCDH11X signal
became apparent in GCL and IML (Figures 3B,C). In part,
the emergence of this signal was due to PCDH11X located in
the somato-dendritic domain of GCs (Figure 3B). In addition,
PCDHI11X appeared to localize in zinc transporter-3 (ZnT3,
a frequently used MF marker) positive MF boutons in IML
and GCL (Figure 3B, inserts in lower right panels). These
results thus revealed KA-induced PCDH11X enrichment in
areas relevant for MF sprouting and during a phase likely
critical for target specification. However, the question whether
PCDHI11X enrichment originated only from GCs or possibly
also from other cells expressing this protein remained open. To
answer this question, we used the above described Cas9 system
to evaluate if genetic Pcdhl1x KO in GCs occluded KA-induced
PCDHI11X enrichment.

We injected Pcdhllx targeting gRNA-
containing AAVs into the gyrus of
Calb1C/*+  (Pcdh11x°°" lacking Cas9 expression) or
Calb1€re/*;H11LSL=Cas9/+ mice (Pcdhl1 xKO). Four weeks later,
we injected KA into the left dentate gyrus to induce Pcdhllx

and tRFP-

ventral dentate

upregulation and MF sprouting, and then two weeks later,
we prepared 50 pm thick horizontal sections for histological
analysis (Figure 3D). Using the tRFP reporter, we localized
the transfected area and quantified the ratio of tRFP + and
DAPI + cells in GCL, which revealed > 90% transfection
efficacy both conditions (Pedh1xControl+KA, 95 4 + 0.97%,
n = 3; Pcdh11xXO+KA. 92 82 4+ 0.49%, n = 3) showing that our
manipulations broadly impacted GCs. Using immunostaining,
we then examined PCDHI11X protein expression 14 days
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PCDH11X protein expression in the dentate gyrus. (A) Schematic representation of the experimental design. (B) Confocal images show
PCDH11X and ZnT3 immunostaining in the dentate gyrus 6 days after saline (upper row) and KA injection (lower row). From left to right,
PCDH11X immunostaining, PCDH11X and ZnT3 immunostaining, higher magnification images of the PCDH11X and ZnT3 immunostaining, and
finally higher magnification images of the regions highlighted with white frames in the previous panels are shown. In the lower right panels,
inserts show PCDH11X localization in ZnT3 + MF boutons in IML (empty arrowheads) and in GCL (white arrowheads). (C) Quantification of the
PCDH11X signal in controls and 6-10 days after KA (two-way ANOVA, F ,ye (3,27) = 17, p < 0.0001; Frreatment (1,9) = 14, p = 0.0051;
Frayerxtreatment (3.27) = 5.1, p = 0.0066; post hoc analyses: control vs KA, hilus: ns, p = 0.94; GCL: p = 0.0008; IML: p = 0.0002; MML/OML:

p = 0.0095). (D) Schematic representation of the experimental design in Cas9-expressing and -non-expressing mice. (E) Confocal images show
PCDH11X immunostaining in the dentate gyrus of Pcdhl11xContoHHKA ang pcah11xKO+KA mice 14 days after KA. Areas highlighted with boxes are
shown in higher magnification in panels (a—d). (F) Quantification of tRFP-normalized PCDH11X levels in dentate gyrus of Pcdh11x“ontro+KA gng
Pcdh11xKO+*A mice [two-way ANOVA, Fiaye, (3,24) = 19, p < 0.0001; Fyo (18) = 3.7, p = 0.09L; Frayerko (3.24) = 5.5, p = 0.0049; post hoc
analyses: Pcdh11xControl+KA s peah11xKO+KA hilus: ns, p = 0.17; GCL: p = 0.012; IML: p = 0.0092; MML/OML: p = 0.62] (for
tRFP-non-normalized values see Supplementary Figure 2).

after KA injection. We found that the punctate and in some
cells somato-dendritic PCDH11X labeling was present in
Pedh11xContol+KA (following the same pattern as in wild-type
animals 6 days after KA), but largely absent from Pcdh 1 1xK0+KA
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samples (Figure 3B). However, in both Pcdh11xControl+KA apqd
Pcdh11xKOtKA samples, we also noticed that the tREP signal
used for cell labeling (intended to be visible only in RFP
channel) was intense and visible in the GFP channel used
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for PCDH11X detection. This effect was most prominent in
GCL where GC somata are located. To address this issue, we
quantified PCDH11X signals with and without normalization
to tRFP seen in the GFP channel (see section “Materials and
methods”). Independently of the normalization approach used,
PCDHI11X signal intensity was significantly lower in GCL and
IML in Pcdh11xXO+KA compared to Pedhi 1xCOo+KA samples
(tRFP-normalized, Pcdhl1xControl+KA: hilys: 1.7 + 0.88, GCL:
9.97 £ 1.57, IML: 7.17 £ 2.39, MML/OML: 1.33 £ 1.68, n = 5;
Pedh11xXOFKA; hilus: -1.28 & 0.81, GCL: 4.30 & 1.49, IML:
1.27 + 1.57, MML/OML: 2.40 £ 0.98, n = 5, Figures 3E,F) (for
tRFP-non-normalized data, see Supplementary Figure 2B,C).

Together, these results suggested that the KA-induced
Pcdhllx mRNA upregulation (Figures 1B,C) lead to an
increased PCDH11X protein expression in the dentate gyrus,
and this PCDH11X enrichment was GC-dependent. In addition,
related to Pcdh11x KO but irrespective of PCDH11X labeling, an
increased GCL dispersion in the Pcdhl1xXOTXA dentate gyrus
become apparent (see Figure 3E and below).

Impact of Pcdh1ix KO on mossy fiber
sprouting

To study the KA-induced phenotypes in Pcdhllx KO,
we employed the same experimental approach as described
above (Figure 3D). First, we analyzed GCL dispersion,
which is although mechanistically independent from MF
sprouting (Haas et al,, 2002; Heinrich et al., 2006; Duveau
et al, 2011), a known phenotype of KA injections in
the dentate gyrus. While KA-induced GCL dispersion
developed both in Pedh11xControl+KA - 4 pedh11xKO+KA,
it was more pronounced in KOs (GCL width: non-injected,
66 % 1.8 pm, Pedh11xContol+KA 1109 + 6.2 jum, Pedh11xKO+KA,
138 4+ 59 um; one-way ANOVA, PcdhllxControl+KA
vs Pcdhl1xKO+KA p = 0.0031; GCL area: non-injected,
0.097 %+ 0.005 mm?, Pedhl1x0ntoHKA 016 + 0.013 mm?,
Pcdh11xX0TKA 021 4 0.011 mm?, Figures 4A,B).

Next, we examined the impact of Pcdhllx KO on
MF sprouting. To visualize MF sprouting, we utilized
two MF labeling approaches: Timm’s staining and ZnT3
immunostaining (Figure 4C) (Luo et al,, 2021). Using Timm’s
staining, we observed dense signal in IML of Pcdh11xControl+KA
which is the typical targeting zone of MF sprouting. By
contrast, the Timm’s signal became more diffuse overall but
also denser in GCL of Pcdh11xXO+KA  highlighting a pattern
atypical for MF sprouting. To quantify these observations,
we measured the signal intensity ratio between GCL and
IML, which was significantly higher in KOs than in controls
(GCL/IML signal ratio: Pcdh11xXO+tKA 093 4+ 0.046, n = 6
mice; Pedh11xConrol+KA 071 4 0,04, n = 6 mice; Welch’s ¢-test,
p = 0.0054) (Figures 4D,E). ZnT3 immunostaining confirmed
this pattern. A large number of ZnT3 + puncta were present
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in the IML of both Pcdhl1x“°nt*KA and pedh1xKO+KA, but
become significantly enriched in the GCL of Pcdhl1xKO+KA
compared to Pcdhl1x“onoHKA (Figure 4F), suggesting that
MEF sprouting target specification was altered in KOs.

To further study this phenotype, we first considered
the possibility that the apparent change in target specificity
appeared as a consequence of increased GCL dispersion in
KOs. According to this scenario, sprouting MF axons in
KOs populated the same spatial area as in controls, but the
broader GC dispersion created an altered context. To test this
possibility, we quantified ZnT3 + puncta density in the inner
(proximal to hilus) and outer (proximal to IML) half of GCL,
and in IML. We hypothesized that ZnT3 + puncta density
would not change in the inner half of GCL if the effect was
due to increased GCL dispersion, because the inner half of
GCL in KOs remained before the GCL/IML border seen in
controls. However, ZnT3 + puncta density was significantly
increased both in the inner and outer half of GCL in KOs
compared to controls, whereas that in IML was similar in both
conditions (Pcdhl1xControl+KA. GCL, inner: 1.4 + 0.26 x 10*
puncta/mm?, GCL outer: 1.0 £ 0.13 x 10* puncta/mm?, IML:
34 £ 0.58 x 10* puncta/mm?, n = 5 mice; Pcdhl1xKOTKA;
GCL inner: 2.6 + 027 x 10* puncta/mmz, GCL outer:
22 £ 021 x 10* puncta/mm?, IML: 3.8 £ 031 x 10*
puncta/mm?, n = 6 mice) (Figure 4G), suggesting that
target specificity in KOs has changed independently of GCL
dispersion. Consequently, the total (as measured in the inner
and outer half of GCL, and IML) ZnT3 + puncta density
(Pedh11xControl+KA. 1 8 4 0.25 x 10* puncta/mm?, n = 5 mice;
Pcdh11xKO+KA: 2.8 +0.17 x 10* puncta/mm?, n = 6 mice) and
the GCL/IML ZnT3 + puncta density ratio increased in KOs
(Pedh11xControl+KA, 939 + 0,044, n = 5 mice; Pedhl1xKOTKA,
0.66 £ 0.043, n = 6 mice) (Figure 4G).

To gain further insights into the target specification of
MF sprouting, we quantified the number of ZnT3 + puncta
surrounding GC somata as a proxy for potential synapses. In
Pedh11xControl+KA e found that ~50% of GCs somata were
lacking adjacent ZnT3 + puncta. By contrast, in Pcdh11xKO+KA,
only ~20% of GCs somata were lacking adjacent ZnT3 + puncta
while the rest were surrounded with more ZnT3 + puncta than
those in controls (Figure 4H).

Electrophysiological characterization
of Pcdh1ix KO GCs

Next, following the same injection schedule as above, we
made patch-clamp recordings from Pcdhl1xControl+KA and
Pcdh11xKO+KA GCs. As additional controls, we also included
GCs from Pcdhl1xComtrol and Pedh11xX© (six weeks after
gRNA injection), neither of which received KA (Figure 5A).
The resting membrane potential (RMP), input resistance

(R), and capacitance (C) of cells reflected consequences of
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FIGURE 4

Impact of Pcdhlix KO on MF sprouting. (A) Confocal images show DAPI immunostaining and virally-delivered tRFP signal in the dentate gyrus
of non-injected control, Pcdh11xCONtroHKA  and Pcdh11xXO+KA mice. In each sample, the width of GCL was determined as the average of six
width measurement (wy to wg) based on DAPI staining. (B) Left plot shows quantification of average GCL width in non-injected,
Pcdh11xControl+kA and peah11xkO+KA samples. The transfected area was localized based on the tRFP signal. Right plot shows quantification of
GCL area (quantified as the circumference of DAPI staining) in non-injected, Pcdh11x“OntrolKA and pcdh11xKO+KA samples. Each data point
represents one animal (one-way ANOVA tests, F(2,17) = 29, p < 0.0001; p-values of the post hoc analyses are indicated in the figure).

(C) Experimental design for visualizing MF boutons by Timm's staining and ZnT3 immunostaining. (D) Timm's staining shows stratification of MF
boutons in Pcdh11x“OntrolHKA andg pedh11xKO+KA mice. (E) Quantification of Timm's signal intensity between GCL and IML in Pcdh11xControl+KA
and Pcdh11xXO+KA mice (Welch's t-test). (F) ZnT3 staining shows stratification of MF boutons in Pcdh11xContoKA ang pedh11xKO+HKA mice. Areas
highlighted with boxes are shown in higher magnification in panels (a—h). (G) Quantification of ZnT3 + puncta density in the inner and outer half
of GCL and in IML [left plot; two-way ANOVA, Fiayer (2,18) = 31, p < 0.0001; Fyo (L9) = 7.8, p = 0.021; Fiayerxko (2.18) = 1.9, p = 0.18; post hoc
analyses: Pcdh11xControltkA v pegh11xXO+KA GCL inner: p = 0.01; GCL outer: p = 0.013; IML: ns, p = 0.46], in GCL and IML together (middle
plot; Welch's t-test, p = 0.016), and the GCL/IML ratio of ZnT3 + puncta density (right plot; Welch's t-test, p = 0.0022). (H) Distribution of GC
somata (in %) that are surrounded by 0, 1, 2, ..., 14 ZnT3 + boutons in Pcdh11x“°MoHKA and pedh11xKO+HKA mice (two-way ANOVA, Fu of puncta
(14,126) = 141, p < 0.0001; Fxo (1,9) = 2.8, p = 0.13; F# ofpunctax ko (14,126) = 26, p < 0.0001; p-values of the post hoc analysis are indicated in
the figure; p-values are > 0.05 for 6 or more puncta).
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FIGURE 5

Electrophysiological characterization of Pcdh11x“OntroltKA and pcdh11xKO+KA GCs. (A) Example electrophysiological traces show responses to
1.5 s long current pulse injections in Pcdh11x“o"rol pcdh11xKC, pcah11xControltKA and Pcdh11x*O+KA GCs. (B) Quantification of resting
membrane potential, input resistance, and capacitance (two-way ANOVA tests; resting membrane potential: Fxa treatment (1,135) = 30,

p < 0.0001; Fgo (1, 135) = 1.1, p = 0.30; Fatreatmentx ko (L135) = 0.35, p = 0.56; input resistance: Fxa treatment (1,135) = 0.0009, p = 0.98; Fxo (1,
135) = 0.92, p = 0.33; Fxa treatmentx ko (1,135) = 4.3, p = 0.04; capacitance: Fxa treatment (1.135) = 9.8, p = 0.0022; Fxo (1, 135) = 1.8, p = 0.18;

Fia treatmentx ko (1,135) = 1.1, p = 0.30; p-values of post hoc analyses are indicated in the figure; data points represent single cells).

(C) Quantification of steady-state current injection-evoked action potential (AP) counts. (D) Quantification of EPSC parameters recorded from
Pcdh11xControl+KA and pedh11xKO+KA GCs (Mann-Whitney U test; data points represent single cells recorded from males). (E) Quantification of
IPSC parameters recorded from Pcdh11xCONtroHHKA and pegh11xKO+KA GCs (Mann-Whitney U test; data points represent single cells recorded
from males).

KA, but not gRNA treatment (for Pcdhl1x“™°l n = 18 (MOhm): 240 £ 20/198 £ 10/211 % 11/226 £ 14; C (pF):
cells/Pedh11xXC, n = 43 cells/Pedh11xConroHKA - = 36 42 4 1.8/47 & 1.8/51 £ 2.0/52 + 1.8) (Figure 5B). In addition,
cells/Pcdh11xKOHKA 0 = 42 cells, respectively; RMP we analyzed action potential firing threshold, amplitude,
(mV): —81 + 1.80/—79 + 1.0/—71 + 1.6/—71 + 1.7; R and attenuation, none of which showed difference between
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the different conditions (not shown). Further, steady-state
current injection-evoked action potential (AP) counts did
not differ between the groups (Figure 5C). These results
established that Pcdhllx KO had no effect on the intrinsic
electrophysiological properties of GCs. Next, we analyzed
spontaneous glutamatergic EPSCs (in presence of 10 pM
Gabazine) and GABAergic IPSCs (in presence of 10 uM APV
and 5 pM NBQX) in Pedhl1xControKA and pedh]1xKO+KA
GCs. We hypothesized that somatic boutons in Pcdhllx KOs
may elicit larger and/or faster synaptic events, because they
were closer to the recording pipette. However, neither the
number and frequency of recorded EPSCs and IPSCs, nor
their amplitudes, rise and decay times revealed significant
differences between the two groups (Figures 5D,E). This could
be because synaptic events evoked by sprouted synapses were
not sufficiently represented in our recordings (e.g., they were
not spontaneously activated or possibly represented silent
synapses), or the recordings did not have sufficient resolution
for differences, or both.

Morphological characterization of
Pcdh1ix KO GCs

To study the morphology of individual GCs, we filled
cells with biocytin during the patch-clamp recordings and
reconstructed them afterwards. A limitation of this approach,
however, is that the recovery of axons (e.g. in CA3 or sprouted
fibers in IML) is limited in brain slice preparation. First,
we analyzed dendritic morphology (Figure 6A), because the
overexpression and knockdown of Pcdhllx was previously
reported to reduce and increase dendritic complexity in
developing neurons, respectively (Wu et al.,, 2015). However,
neither the total dendritic length, total dendritic branch count,
number of primary and secondary dendrites, nor Sholl analysis
showed a difference between PcdhllxContol  pedh11xKO,
Pedh11xContro+KA “and Pedh11xKO+HKA GCs (Figures 6B,C).
Second, whenever possible, we reconstructed axons from GCs.
As expected, GCs in the KA-non-injected control groups
(Pedh11xContol and Pedh11xKC GCs) lacked axons in GCL
or IML. By comparison, GCs in both KA-injected groups
(Pcdh11xContoHKA and Pedh11xKOTKA GCs) displayed MF
sprouting, i.e., axons were detectable in GCL and to some
extent in IML (Figure 6D and Supplementary Figure 3). While
insights into target specification by this analysis were limited, it
confirmed the presence of Pcdh11xXOTXA GC axons in GCL.

Immuno-electron microscopy
characterization of sprouted Pcdh11x
KO GC synapses

Thus far, our histological analyses revealed differences in
target specificity between Pcdhllx controls and KOs after
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MF sprouting, but our electrophysiological and morphological
analyses could not further substantiate this. Importantly, the
question whether ZnT3 + and Timm + boutons in GCL
formed synapses remained open. To answer this question, we
prepared horizontal sections from the ventral dentate gyrus,
immunostained them with ZnT3 antibody and used immuno-
electron microscopy (Figure 7 and Supplementary Figure 4).
In Pcdhl1xContoHKA " we only found dendritic synapses,
an expected outcome after KA treatment (Supplementary

Figure 4). By contrast, in Pcdhl1xXO+KA

, electron microscopy
revealed an abundance of ZnT3 + synapses on GC somata
(7GEM,N and Supplementary Figure 4). The synapses
contained one or multiple release sites and many vesicles. In
some cases, ZnT3 + boutons formed synapses both on soma and
neighboring dendrites in GCL (Figure 7H) or only on dendrites
(Figures 71,] and Supplementary Figure 4). Such dendrites in
GCL may have belonged to GCs whose soma was proximal to

hilus or interneurons (Frotscher et al., 2006).

Discussion

Hippocampal MF sprouting is a striking example of circuit
formation in the adult brain (Seng et al., 2022). Previously, we
studied the induction mechanisms of MF sprouting (Luo et al,,
2021). Here, we investigated the question of target specificity.

Associated with MF sprouting, CAM expression and/or
abundance changes have been previously described in different
models, such as pilocarpine (PC) or kainate (KA) induced status
epilepticus and intrahippocampal electrical stimulation (IES).
Arguably, the most striking phenotype was achieved by the
knockdown of Unc5a, which prevented PC-induced recurrent
MF sprouting in hippocampal slice cultures (Muramatsu et al.,
2010), directly implicating this molecule in axon guidance.
Others reported up-regulation of Nrcam, Slit1, Celsr3, Semaé6a,
Epha4, and Epha7 transcripts in whole hippocampal tissue
(PC model) (Hansen et al., 2014), increased protein abundance
of N-cadherin (Cdh2) (PC model) (Shan et al, 2002) and
NCAM (encoded by Ncaml or Ncam2) (KA model) (Niquet
et al, 1993) in sprouted MF synapses, and transient down-
regulation of Sema3a (IES model) (Holtmaat et al, 2003).
In addition, Clq-like-s were characterized in MF sprouting.
Typically, CIQL1 and C1QL3 are secreted from MF synapses
and form a complex with presynaptic NRXN3 to facilitate trans-
synaptic recruitment of kainate-sensitive glutamate receptors
(KARs) in CA3 cells (Matsuda et al., 2016). While MF sprouting
still developed in the double C1qI2/C1gl3 knock-out mice, KARs
were not recruited to sprouted synapses (PC model; Matsuda
et al, 2016), showing a shared feature between naive and
sprouted MF synapses.

Together, these findings illuminated a complex landscape
behind MF sprouting. As a caveat, most observations were
made in tissue-level samples and/or after seizures, limiting
delineation of cell types in which CAM abundance has
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FIGURE 6

Morphological characterization of Pcdh11x“ontro+KA and pcah11xKO+KA GCs. (A) Morphological reconstruction of dendrites from Pcdhi11xControl,
Pcdh11x¥C, Pcdh11xControltkA  and pedh11x“O+KA GCs. (B) Quantification of dendritic parameters, such as total dendrite length, total dendritic
branch count, number of primary dendrites, and number of secondary dendrites (two-way ANOVA test; data points represent single cells).

(C) Sholl analysis of dendritic complexity. None of the comparisons had significance p < 0.05 (two-way ANOVA test). (D) Morphological
reconstruction of axons from Pcdh11x“oM0!, pcdh11xXC, Pcdh11xControHkA and Pcdh11xKO+KA GCs. Axons and dendrites are shown in red and
blue respectively. For further examples, see Supplementary Figure 3.
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FIGURE 7

Immuno-electron microscopy characterization of Pcdh11xXO+KA GC synapses. (A) Transmission electron microscopy image of four GC somata
in GCL. In white box, ZnT3 + boutons are visible next to GC soma. (B) Magnification of the white box in panel A. GC soma, dendrite, and
presynaptic ZnT3 + boutons are presudo-colored in red, yellow, and blue, respectively. (C) Magnification of the area labeled with C in panel B
shows synapses on dendrites (yellow arrowheads). (D) Image shows the next section of what is shown in panel (B). (E-G) Magnification of the
areas labeled with E, G, and F in panel (D) show somatic, somatic and dendritic, and dendritic synapses, respectively (yellow and red
arrowheads). In the lower right part of panel (F), a dendritic synapse is also visible. However, the presynaptic compartment is lacking ZnT3 and
thus MF identity of this synapse could not be confirmed. (H) 3D reconstruction of ZnT3 + boutons and synapses shown in panels (A=F). (1,J)
Images show additional dendritic synapses with multiple release sites (yellow arrowheads) from the same animal. (K) Image show five GC
somata in GCL. (L) Magnification of the area shown in panel (K). (M,N) Magnification of the areas labeled with M and N in panel (L) show
somatic synapses with one and multiple release sites, respectively (red arrowheads).

changed and causal dependencies (e.g., if CAM changes were after KA) (Tanaka et al., 1992; Ben-Ari and Cossart, 2000).

required for sprouting or induced by seizures). We alleviated Our results did not reveal significant transcriptomic changes
these limitations by specifically studying non-sprouting and in the above listed molecules, with the one exception of
sprouting GCs (1 and 14 days after KA), sampled before Slitl. However, in contrast to up-regulation at the tissue
the expected onset of status epilepticus (typically 14-28 days level (Hansen et al, 2014), we found down-regulation of
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Attractant model

&3 attractant PCDH11X signaling @ sprouted MF synapse

Possible models for PCDH11X function in MF sprouting. (A) PCDH11X is surface-expressed on sprouting GC axons as well as in both the IML and
GCL, and homophilic trans PCDH11X interactions serve as a repellant in both layers. This model requires a second unknown modulator that
selectively negates repellant PCDH11x signaling in IML. (B) PCDH11X is an attractant and is surface displayed on sprouting GC axons as well as
GC dendrites in IML. Homophilic PCDH11X interactions drive selective synapse targeting to the IML during sprouting. (C) PCDH11X is an
attractant and is surface displayed on sprouting GCL axons as well as on somata and dendrites both in GCL and IML. This model requires a
second unknown modulator that competes for binding with PCDH11X and outcompetes homophilic trans interactions.

Slit] in KA GCs (Figure 1). It is possible that (i) previously
reported molecules did not change in GCs (but in other cell
types), (ii) their expression changed in GCs but at other time
points as in our study, (iii) they were induced by status
epilepticus, (iv) they manifested themselves only at protein
level (e.g., N-cadherin, NCAM), or (v) they were model
specific. Thus, we focused on differentially expressed CAM:s that
were upregulated in our single GC data set, and shortlisted
Fat3, Pcdhllx, and Cntn4 for a CRISPR/Cas9-based in vivo
screen. Sequence analysis revealed loss-of-function deletions in
Pcdhll1x, but not in Fat3 or Cntn4, which were not considered
further in this study.

With regard to Pcdhl1x, we showed upregulation of Pcdhllx
mRNA and enrichment of PCDHI1X protein in Pcdhllx
non-deficient control GCs during MF sprouting. Furthermore,
using a CRISPR/Cas9-based strategy in vivo, we showed
that while MF sprouting still developed in Pcdhllx KOs
(Pcdh11xKO+KA) (4) GC dispersion was increased, (ii) sprouted
synapses frequently formed on GC somata in addition to
dendrites, and (iii) ~50% more ZnT3 + puncta were detectable
in GCL compared to Pcdhl1x non-deficient controls (Figures 1-
4, 7 and Supplementary Figure 4).

Pcdh11x was previously implicated in dendritic branching in
developing neurons (Wu et al., 2015) and in the differentiation
and proliferation of neural stem cells (Zhang et al, 2014).
However, it is unlikely that these functions contributed to
the phenotypes. First, dendritic branching was not different
between Pcdh11xControl+KA 5 pedh11xKO+KA GCs (Figure 6),
and second, although the adult dentate gyrus retains a
neurogenic niche producing GCs, the use of Calb1%*/* line and
adeno associated virus (AAV) ensured that Pcdhllx mutations
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occurred only in mature GCs but not in neural stem cells
(Brandt et al., 2003).

Alternatively, Pcdhllx also has been implicated in
homophilic trans cell-cell interactions (Harrison et al., 2020;
Pancho et al,, 2020). In a first potential hypothesis, PCDH11X is
surface-expressed on sprouting GC axons (ZnT3 + MF boutons)
as well as in both the IML and GCL, and homophilic trans
PCDHI1X interactions serve as a repellant or inhibit synapse
targeting in both layers. This model is consistent with the
phenotype we observed in the Pcdhl1x KOs, where KA-induced
sprouting occurs not only in the IML (as seen in controls) but in
the GCL as well—presumably, according to this model, due to a
release of PCDHI11X-mediated inhibition of synapse targeting
in the GCL. However, in order to achieve the IML-specific
targeting seen in KA-treated wildtypes, this model requires that
either (a) PCDH11X is exclusively expressed in GCL, which our
immunostaining data shows not to be the case, or (b) a second
unknown modulator selectively negates repellant PCDH11x
signaling or releases inhibition of synapse targeting in the
IML (Figure 8A).

A second, simpler model assumes that PCDH11X is a strong
attractive signal and is surface displayed on sprouting GC axons
as well as GC proximal dendrites in the IML; by virtue of specific
expression in the IML (as opposed to the GCL), homophilic
PCDH11X interactions drive selective synapse targeting to
the IML during sprouting. In apparent contradiction to the
model, we observed PCDH11X immunostaining in both the
IML and GCL, including somatic and proximal dendritic
compartments of GCs; however, the antibody we used
targeted the intracellular domain of PCDHII1X and could
conceivably label intracellularly-retained molecules instead of
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surface-displayed PCDHI11X in the soma, therefore preserving
the possibility of this second hypothesis. Assuming this
model, we explain the targeting of sprouted MF synapses
onto both GC somata and dendrites of PcdhllxKOTKA a5
follows: in the absence of a strong attractive signal that
condenses or concentrates synapse targeting to the IML,
synapses will form indiscriminately, in both the GCL and IML
(Figure 8B).

Finally, a third model posits that PCDHI11X—similarly
to the second model—is an attractive cue.
unlike the second model, it assumes that PCDHI11X is
expressed in both the GCL and/or GC cell bodies as well

as in the IML and/or GC proximal dendrites, since we

However,

cannot rule out the possibility that the antibody used

in our immunostaining experiments does indeed label
surface-displayed PCDHI11X molecules at the soma.
Instead, it invokes a modulatory or repellant signal

specific to the GCL, such as an unidentified CAM that
competes for binding with PCDH11X (e.g., via repellant,
heterophilic interactions that outcompete homophilic trans
interactions) (Figure 8C).

While not in our focus, the lack of an attractant, homophilic
trans PCDH11X interaction may also explain the increased GCL
dispersion seen in Pcdhllx KOs. Although both GC dispersion
and MF sprouting were induced by KA, they are mechanistically
independent. GC dispersion is due to impaired Reelin secretion
by Cajal-Retzius cells (Haas et al., 2002; Heinrich et al., 2006;
Duveau et al., 2011), whereas MF sprouting is a GC autonomous
process (Luo et al,, 2021). It is plausible that trans binding of
PCDHI11Xs displayed on neighboring neurons/dendrites after
KA could serve as a structural break before further dispersion
in controls, but not in KOs.

Together, our results revealed that PCDH11X controls
synapse targeting during MF sprouting. With regard to
implications for epilepsy, partial Pcdhllx duplication (as part
of a broader Xq13-q21 duplication) was reported in one patient
with recurrent seizures (Linhares et al., 2016). Based on the
association of other protocadherins with epilepsy, such as
Pcdh19 (Dibbens et al., 2008; also see Hoshina et al., 2021)
and Pcdh7 (Lal et al,, 2015), authors of the partial Pcdhllx
duplication study hypothesized that the Pcdhllx mutation
may be relevant for the seizures of this patient (Linhares
et al.,, 2016). Our results provide additional insights showing
altered connectivity in Pcdhl1x KO. However, a more thorough
testing of a link between Pcdhllx mutations and seizures,
including conditions under which somatic synapses become
activated in the brain, is beyond the scope of our study.
Further, it is also clear that other CAMs may be involved
in MF sprouting which our study did not cover. As such,
the roles of SLIT1, FAT3, and CNTN4, if any, remain to be
determined. More broadly, delineating which signals control
target cell type selectivity (among GCs and different GABAergic
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interneuron types) as postsynaptic targets remain a major
challenge. MF sprouting is a robust model to study these
questions. Potentially, at least some of the mechanisms will be
generalizable beyond MF sprouting, and applicable in other
cell types in which to facilitate circuit repair in brain disorders
and after injuries.
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Discussion

In this study, we investigated the role of CAMs in the target specificity of mossy
fiber sprouting. The key hypothesis is that CAMs are important for determining the
regional, cellular, and subcellar specification of synapses. As described in our paper
(Luo et al., 2022), we employed a CRISPR-Cas9-based screen in the adult brain in
vivo, in which we were able to confirm deleterious genetic mutations only in one of the
candidate genes, Pcdh11x. In addition to the Discussion presented in our paper, here

| discuss further, conceptually relevant points.

Importantly, our results revealed that Pcdh11x is important for the subcellular,
as opposed to regional or cellular, targeting of mossy fiber sprouting. We found that
sprouting granule cells lacking functional Pcdh11x establish synapses on both on the
soma and proximal dendrites of other granule cells, instead of only on dendrites as
typically seen in mossy fiber sprouting. In this manner, our study clarified one of the
multiple features of mossy fiber target specification, suggesting the involvement of
other CAMs. While the question remains, which CAMs control the regional and cellular
targeting of mossy fiber sprouting, our results clearly indicate that different CAMs may

combinatorically contribute to wiring in the adult brain, similarly to developmental wiring.

It is clear that technological improvements and/or emerging technologies will be
required to uncover a broader set of CAMs in adult wiring. First, our study demonstrates
the potential of CRISPR-Cas9-based screens to identify CAMs involved in adult wiring.
However, our study also revealed a limitation of this approach. The in vivo gene editing
was inefficient for several genes (targeting of only 1 out of 3 target genes, that is
Pcdh11x, was successful) despite the same gRNAs displayed high editing efficacy in
vitro (3 out of 3 genes; i.e. Pcdh11x, Cntn4, Fat3). The reason for this discrepancy is
currently unknown. It is possible that the efficiency of the gene editing may depend on
the characteristic chromatin state and nucleosomes of the cell type (Horlbeck et al.,
2016; Isaac et al., 2016; Verkuijl & Rots, 2019), in this case that of granule cells. It is
feasible that our intended editing sites in Cntn4 and Fat3 were inaccessible before the
induction of wiring, i.e. at the time when we employed gene editing, or in controls. Given
the rapid onset of these gene’s expression during wiring, these editing sites most likely
became accessible after induction. However, this scenario leaves only a very narrow
timeframe for effective gene manipulations before the onset of wiring. How quickly

deleterious mutations could be inferred in the genome (while the not yet manipulated
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genes start to express the endogenous isoforms) to influence wiring is both
unpredictable and difficult to control. In any case, | envision this limitation to overcome
by technological advances in gene editing, such as the use of modified versions
designed to increase editing specificity while preserving effectiveness or avoid the need
of protospacer adjacent motifs near the target location (Tycko et al., 2017; Uddin et al.,
2020). The use of short-hairpin RNAs (shRNAs) would represent an alternative
approach (Rao et al., 2009; Huang & Zeng, 2010). The shRNA technology is based on
targeting the already transcribed mRNA, whose translation is to be prevented by the
binding of matching shRNAs. An advantage of this approach is that the mRNA of
virtually any gene could be reasonable targeted. A disadvantage, however, is the
potentially broad off target effects, which are also harder to control than that of gRNAs.
To alleviate potential off target effects, multiple rounds (even up to 5-10) of shRNA
designs may be used to target a single gene in independent experiments. If the results
of these manipulations are similar, then the influence of potential off target effects

becomes less likely.

Finally, it will be clearly important to gain insights into wiring mechanisms at the
proteomic level. | envision that the use of multiplexed or iterative immunofluorescence
staining will likely make significant impact in this regard. Using iterative
immunostaining, it is possible to gain insights into the localization and/or abundance of
potentially dozens of proteins in the same samples (Gut et al., 2018; Cole et al., 2022).
Using this approach, future experiments could include the simultaneous monitoring
broad sets of CAMs during adult wiring, from which to systematically deduce their

combinatorial or complementary role in the target specific of adult wiring.

In the next chapter, | will present another study which provided us with further
insights into the target specificity of mossy fiber sprouting. However, as the Reader of
this thesis will notice, this discovery was facilitated by fair amount of serendipity in

addition to my diligent efforts.

62



Chapter 4 — Commissural mossy fiber sprouting

Introduction

The previous two Chapters (Luo et al., 2021, 2022) were motivated by the
hypothesis that generation of the epilepsy-associated mossy fiber requires the
activation and/or inactivation of a specific set of transcription factors/regulators and
CAMs. These studies highlighted the power of single-cell transcriptomics in
understanding the molecular bases of adult wiring and the potentials of harnessing
such mechanisms for circuit therapy and repair. To briefly recapitulate, in Chapter 2, |
described the role of a single transcription regulator, /d2, in inducing the canonical steps
of circuit formation (i.e. axon growth, target specification, and synapse formation) in the
adult brain, and recapitulating mossy fiber sprouting (Luo et al., 2021). Then, in Chapter
3, | described a study on investigating the role of CAMs specifically in the target

specification of mossy fiber sprouting (Luo et al., 2022).

Importantly, as already mentioned in the Introduction, the epilepsy-associated
mossy fiber sprouting has been described as a so-called local form of sprouting,
meaning that growing axons remain and form new connections within each dentate
gyrus. In addition to mossy fiber sprouting, local sprouting or further wiring has been
observed in other adult brain regions and experimental models (Seng et al., 2022). In
contrast to local wiring, however, multiple studies also demonstrated long-range wiring
phenotypes in the adult brain (Seng et al., 2022). During long-range wiring, new axons
leave the brain region where the cell body is located and extend into other areas, which

can be even centimeters away.

In this final Chapter, | will describe the discovery of a previously unnoticed form
of mossy fiber sprouting, whereby in addition to local sprouting, adult granule cells grow
new axons into the contralateral hippocampus located in the other brain hemisphere.
In addition to the extensive characterization of this wiring phenotype in the
intrahippocampal kainic acid microinjection model of experimental epilepsy (the same
model we used in the above studies), my results revealed that contralateral
hippocampus-projecting granule cells (or “commissural granule cells” as | will hereafter

refer to these neurons) exist in the unperturbed or healthy adult brain.

In this manner, my results do not only reveal a new inter-hemispheric form of

adult, but also include the description of a new neuronal cell type. Similarly to our

63



previous studies, we employed a multimodal approach involving electrophysiology,
neuroanatomy, single-cell transcriptomics, and circuit tracing to examine the wiring of

this unique cell type.

| contributed to this project with experimental design, performing most of the

experiments and analyses, and data interpretation.
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Abstract

Dentate granule cells (GCs) have been characterized as unilaterally projecting neurons within each hippocampus. Here, we describe a
unique class, the commissural GCs, which atypically project to the contralateral hippocampus in mice. Although commissural GCs
are rare in the healthy brain, their number and contralateral axon density rapidly increase in a rodent model of temporal lobe
epilepsies. In this model, commissural GC axon growth appears together with the well-studied hippocampal mossy fiber sprouting
and may be important for the pathomechanisms of epilepsy. Our results augment the current view on hippocampal GC diversity and
demonstrate powerful activation of a commissural wiring program in the adult brain.

Keywords: hippocampal granule cell, contralateral projection, commissural axon, sprouting, circuit formation, adult brain

Significance Statement

Neuronal connections between the two hippocampi are composed mainly of axons of mossy cells and CA3 pyramidal cells and to less-
er degree axons of CA1 pyramidal cells and different interneurons. Here, we show that dentate granule cells also project to the contra-
lateral hippocampus and that the density of commissural granule cell axons rapidly increases in a rodent model of temporal lobe
epilepsy. Our results reveal a striking capacity for commissural axon growth in the adult brain and open up multiple questions for
future research regarding possible mechanisms of adult-brain circuit formation and epilepsy.

Introduction

In contrast to during brain development, circuit formation in the
adult brain is generally thought to be absent. However, research
on neurological disorders, adult-born, grafted, and repro-
grammed neurons, and innate behaviors has shown that the adult
brain retains a considerable capacity for axon growth and circuit
formation (1). Understanding the underlying mechanisms oriden-
tifying new forms of circuit formation in adults would facilitate in-
sights into the organization of brain circuits in health and
diseases.

The hippocampal dentate gyrus is one brain region where cir-
cuit formation in adults can be routinely observed, either as cir-
cuit integration of adult-born immature granule cells (GCs) (2) or
epilepsy-associated local mossy fiber sprouting by mature GCs
(3). The circuit formed by adult-born GCs is virtually identical to
that formed by GCs during development: GCs project their axons,
the mossy fibers, through the hilus to ipsilateral CA3 area, and
form synapses on different glutamatergic and GABAergic cell

types. By contrast, during mossy fiber sprouting, new GC axons
mostly grow into the molecular layer of dentate gyrus and create
a local feedback circuit. Thus, target specification is different be-
tween adult-born and sprouting adult mossy fibers. Adult-born
GCs likely utilize similar cues to those during development,
whereas target specification during sprouting remains compar-
ably less understood (4).

In this study, we followed up on an observation we made while
studying mossy fibers in the intrahippocampal kainic acid (KA) in-
jection model of temporal lobe epilepsy (4, 5). Specifically, signa-
tures of sprouting became apparent in the associational/
commissural pathway. Such a locale would be unexpected for
sprouted (as well as for developmentally established and adult-
born) GC axons and represent a previously undisclosed axon
targeting. Meanwhile, it remained possible that these axons origi-
nated from cell types other than GCs. Using the Rbp4-Cre trans-
genic mouse line with a genetic access restricted to GCs in the
hippocampus, we tested the hypothesis that sprouting axons in
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the associational/commissural pathway originated from GCs. We
show that some GCs atypically project to the contralateral hippo-
campus in the healthy mouse brain and that the number of such
commissural GCs as well as their contralateral axon density rap-
idly increases in a rodent model of temporal lobe epilepsy.

Results

Commissural GC projections in saline- and
KA-injected mouse brain

To study control and sprouting mossy fibers, we performed unilat-
eral intrahippocampal saline and KA (known to induce mossy fi-
ber sprouting within 1-2 weeks) microinjections, respectively, in
mice. Hereafter, we refer to these specific procedures as saline
or KA, for short (note that although bilateral hippocampal or in-
traperitoneal KA injections can be also used to induce mossy fiber
sprouting, as shown by many studies, the term KA should be un-
ambiguous in this current study). To enable GC-specific labeling,
we used the Rbp4-Cre transgenic mouse line. In published reports,
this line appeared to selectively express Cre in the dentate gyrus,
as opposed to other hippocampal areas (6, Fig.2; 7, Fig.S7E). To ver-
ify this, we crossed Rbp4-Cre with the Ail4 reporter line and saw
that Cre expression was highly specific to GCs, with ~30% of GCs
expressing Cre (Fig. S1). To begin, we coinjected AAV.cDIO-EGFP
(EGFP is to be expressed in GCs in a Cre-dependent manner) and
KA (70 nl, 5 mwm) or saline (equal volume to KA; used as control)
into the left ventral dentate gyrus (ipsilateral side). Two weeks lat-
er, we prepared 50-um-thick whole-brain serial sections and
looked for EGFP+ axons in the ipsilateral (left) and contralateral
(right) hemispheres.

We made two observations. First, we found EGFP+ axons enter-
ing the ipsilateral associational/commissural pathway and ap-
pearing on the contralateral side after both saline and KA
(Fig. 1A). In the contralateral side, the axons appeared to termin-
ate in the hippocampal CA1-CA3 and subiculum areas (Fig. 1B).
These findings were unexpected because contralateral GC projec-
tions have not been described before in naive or epileptic brain.
Second, we found visibly more EGFP+ commissural axons after
KA. To quantify this, we reconstructed all EGFP+ axons on the
contralateral side starting from the midline, which revealed sig-
nificantly more EGFP+ axons after KA (total axon length, saline:
2.74+0.45 cm, n=5mice; KA: 11.78 + 2.36 cm, n=5 mice; data re-
present mean + SEM; P =0.007, Mann-Whitney test) (Fig. 1C). The
increased axon length after KA suggested robust growth of new
commissural GC fibers within 2 weeks after injection. To further
investigate this phenotype, we also considered an alternative
scenario whereby a potentially increased EGFP transfection effi-
cacy after KA (e.g. due to cellular changes) labeled more GCs, in-
cluding already existing commissural GCs. For this, we
calculated the ratio of EGFP+ versus DAPI+ labeled cells in the
transfected area of the ipsilateral GC layer after saline and KA;
however, rather than increased, EGFP transfection efficacy was
decreased after KA (EGFP+/DAPI+ cells, saline: 34 +0.48%, n=5
mice and KA: 20 +2.3%, n=>5 mice), suggesting that the increased
contralateral axon length after KA appeared despite less ipsilat-
eral neurons was labeled.

Retrograde labeling identifies commissural GCs

Next, we aimed to identify GCs that project to the contralateral
side. The previous experiment did not allow separate visualiza-
tion of such cells, because the somato-dendritic domain of all
Cre-expressing GCs was EGFP labeled independent of their axonal

targeting (see ipsilateral side in Fig. 1A). Thus, to specifically label
contralaterally projecting cells, we injected retroAAV.EGFP into
the right (contralateral) ventral hippocampus and saline or KA to-
gether with AAV.cDIO-mCherry (mCherry is to be expressed in
GCs in a Cre-dependent manner to visualize the injection site)
into the left (ipsilateral) hippocampus with symmetrical injection
coordinates (Fig. 2A).

Two weeks later, we prepared serial sections from the left (ipsi-
lateral) hippocampus and looked for retrogradely labeled EGFP+
cells. A caveat of this approach is that other contralaterally pro-
jecting neurons, such as mossy and CA3 pyramidal cells, were
also retrogradely labeled; nonetheless, we could alleviate this is-
sue by restricting our analysis into the GC layer. Again, we made
two observations. First, we found EGFP+ cells after both saline
and KA (Fig. 2B), whose localization and dendritic morphology re-
sembled typical GCs (Fig. 2C and D). Second, consistent with the
increased length of commissural projections after KA, we de-
tected significantly more retrogradely labeled GC cells after KA
(120.8 £26.2 cells, n=9 mice), approximately five to six times
more, than after saline (22.1+6.1 cells, n=8 mice) (P=0.0001,
Mann-Whitney test) (Fig. 2E). As expected from a KA-induced ef-
fect, most EGFP+ GCs appeared around the injection site
(Fig. 2F). However, unexpectedly, a similar pattern was apparent
after saline injection as well, raising the possibility that the injec-
tion procedure itself contributed to the detection of commissural
GCs. Thus, as a control experiment, we injected retroAAV.EGFP
contralaterally without any ipsilateral injection in wild-type
mice, in which EGFP+ GCs were still visible in similar number
and distribution as after ipsilateral saline injection (Fig. S2).
Note that meanwhile these experiments identified commissural
GCs projecting from the left to the right hippocampus, commis-
sural GCs projecting from the right to the left hippocampus
were also detectable in similar number and distribution (Fig. S3).

Together, these results provided support for the notion that
some GCs atypically project to the contralateral hippocampus in
naive mice and established that the number of such commissural
GCs significantly increases after KA. In addition, the distribution
of commissural GCs in ipsilateral saline- and noninjected mice
suggested that the contralateral axons of commissural GCs are or-
ganized in a laminar fashion; i.e. they projected to the same septo-
temporal level where their somata were located.

Finally, in addition to the KA model, we looked for retrogradely
labeled GCs in the 1d2 overexpression (OE) model of local (ipsilat-
eral) mossy fiber sprouting (5). If in addition to local GC sprouting
Id2 OEinduced commissural GC growth, then the number of retro-
gradely labeled GCs should increase, similar to the KA model;
however, the number of retrogradely labeled GCs did not increase
in the Id2 OE model (3.2+2.6 cells, n=4 mice) compared to
saline-injected controls (12.5+0.5 cells, n=2 mice), suggesting
that Id2 OE alone does not have the capacity to induce commis-
sural GC axon growth.

Anterograde labeling identifies contralateral
targets of commissural GCs

Toidentify neurons targeted by commissural GCs, we used a two-
component trans-synaptic labeling approach. The first compo-
nent, AAV.cDIO-WGA_Flpe, was injected into the left (ipsilateral)
dentate gyrus (WGA_Flpe is to be expressed in GCs in a
Cre-dependent manner and transported to target cells trans-
synaptically). The second component, AAV.fDIO-mRuby, was in-
jected into the right (contralateral) hippocampus (mRuby is to
be expressed in a WGA_Flpe-dependent manner). In theory, only
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data point represents the total axon length traced from one animal, as in B). Data represent mean + SEM (Mann-Whitney test).

expression systems may display unwanted transcription in the
first, second, or both components, resulting in false-positive label-
ing. To mitigate this issue, we first tested our system in wild-type

those cells should express mRuby in the right hippocampus,
which received WGA_Flpe from commissural GCs in the left
hippocampus. As a limitation of this approach, multicomponent
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animals, lacking Cre. In the contralateral dentate, CA3-CA2, and
CA1l-subiculum areas, we found an average of 92 +6.2, 55+ 2.9,
and 58 +2.5 mRuby+ cells, respectively, in 50-um-thick sections
(n=>5 mice), which we then considered as baselines (Fig. S4).
Next, we performed the same experiment but now in Rbp4-Cre
mice and together with ipsilateral saline or KA injection (Fig. 3A). In
both conditions, this experiment revealed trans-synaptically labeled
mRuby+ cells in the contralateral CA3-CA1 and subiculum areas
(Fig. 3B), where most commissural GC axons terminated (Fig. 1B).

For the accurate estimation of mRuby+ cell numbers, we subtracted
the above-derived baselines from the cell counts (for nonnormalized
data, see Fig. 54). The number of mRuby+ cells was significantly in-
creased after KA, most prominently in CA1 and subiculum (saline
vs. KA, n=5 and 5 mice; dentate: 1.5+3.4 vs. 16 4.8 cells,
CA3-CA2: 26 +4.9 vs. 44 +5.2 cells, CAl-subiculum: 18 +3.5 vs. 81
+6.5 cells, per 50-um-thick sections) (Fig. 3C). Because mRuby+ cells
resided in the principal cell layers, glutamatergic cells likely repre-
sented the major targets of commissural GCs. To examine this
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possibility, we immunostained sections with AMPA-type glutamate
receptor subunit 2/3 (GluR2/3), Wfs1, and parvalbumin (PV) anti-
bodies and tested the colocalization of these markers with
trans-synaptically activated mRuby in CA3 pyramidal neurons (note,
however, that GluR2/3 is also expressed by some GABAergic inter-
neuron types) (8, 9), CA1 pyramidal neurons (7), and GABAergic PV in-
terneurons (10), respectively, after KA (Fig. 3D). We found that most
mRuby+ cells expressed GluR2/3+ in CA3 (saline: 269/269 cells, 3
mice, 100%; KA: 226/226 cells, 3 mice, 100%) and Wfs1in CA1 (saline:
237/294 cells, 3 mice, 81 + 1.4%; KA: 156/204 cells, 2 mice, 77 + 1.4%),
but not PV (saline: 0/370 cells, 3 mice, 0%; KA, 1/367 cells, 3 mice,
0.27%; intriguingly, this also suggested that PV neurons were not
prone to nonspecific mRuby expression) (Fig. 3E). To further investi-
gate theidentity of targeted neurons, we filled mRuby+ cells with bio-
cytin during electrophysiological recordings and reconstructed them
afterwards. In agreement with the immunostaining, these mRuby+
cells displayed pyramidal cell morphology (Fig. 3F).

Finally, we used electron microscopy to visualize synaptic con-
tacts made by anterogradely labeled (from the left, ipsilateral den-
tate gyrus) EGFP+ axons in the contralateral hippocampal CA1
and CAS3 areas after ipsilateral saline injection. This analysis re-
vealed structurally intact synapses abundantly filled with synap-
tic vesicles and multiple release sites juxtaposing postsynaptic
densities in dendritic spines (Fig. 3G), but not on interneuron den-
drites, suggesting that commissural GCs established functional
synapses with postsynaptic target cells. In addition, we found
that EGFP+ synapses in the CAl area were comparably larger
(1-3 ym in diameter) than surrounding EGFP nonlabeled, pre-
sumed Schaffer collateral synapses (~<1um) (Figs. 3G and S5).
Together, these results showed that commissural GCs targeted
glutamatergic cells in the contralateral hippocampus.

Electrophysiological and morphological
characterization of commissural GCs

Thus far, we made multiple observations showing more commis-
sural GCs, contralaterally projecting GC axons, and trans-synaptically
labeled contralateral hippocampal cells after KA. Consistent with one
other, these observations suggested that commissural GCs represent
a unique GC class. To test if additional distinctions could be recog-
nized in the biophysical, morphological, and transcriptomic do-
mains, we employed a multimodal cell characterization approach
(5, 10-12) after retroAAV.EGFP labeling (Fig. 4A).

Two weeks after injections, we prepared 300-um-thick brain
slices and performed electrophysiological patch-clamp record-
ings from EGFP+ commissural and neighboring EGFP- noncom-
missural GCs after saline or KA; from a subset of cells, we also
collected the mRNA after recordings for subsequent single-cell se-
quencing. We refer to the four groups as saline-noncommissural
(n=103 cells/6 mice), saline-commissural (n=8 cells/6 mice),
KA-noncommissural (n =49 cells/12 mice), and KA-commissural
(n=33 cells/12 mice) GCs (Fig. 4B). Limited by their overall number
(Fig. 2E and F) (~3-5 cells in 300-yum-thick slices, but not all access-
ible with the patch pipette), the number of saline-commissural
GCs remained relatively low compared to other groups.

With regard to electrophysiological properties, GCs from
KA-injected mice had more depolarized resting membrane potential
and higher capacitance and lower input resistance; however, inde-
pendently of the treatment, there was no difference between
commissural and noncommissural GCs (resting membrane potential,
saline-noncommissural: —80+ 0.8 mV; saline-commissural: —78 +
2.4mV; KA-noncommissural: —66 +0.95 mV; KA-commissural:
—64+1.4mV; capacitance, saline-noncommissural: 46+ 1.2 pF;

saline-commissural: 47 + 3.9 pF; KA-noncommissural: 59 + 2.1 pF;
KA-commissural: 61 + 2.6 pF; input resistance, saline-noncommis-
sural: 188 +6.9 MOhm; saline-commissural: 196 +29 MOhm; KA-
noncommissural: 140+5.8 MOhm; KA-commissural: 125+ 10
MOhm) (Fig. 4C). In addition, current injection-evoked action poten-
tial firing was enhanced in GCs after KA, but not different between
commissural and noncommissural GCs (Fig. 4D). Thus, while the
biophysical and AP firing properties reflected KA effects, e.g. (4, 5,
13, 14), they did not reveal commissural GC-specific features.

We also analyzed the local axonal morphology of commissural
GCs, which could not be visualized in our previous experiment
(seeFig. 2C and D). Because KA also induces ipsilateral mossy fiber
sproutingin GCs, one key question was whether commissural GCs
sprouted new ipsilateral axons in addition to the contralateral
ones. To answer this question, we reconstructed biocytin-filled
commissural GCs after the recordings (Fig. 4E). Due to severance
of long axons in brain slices, the recovery of GC axons beyond
the hilus was limited. However, in four out of seven commissural
GCs, we confirmed the presence of ipsilateral mossy fiber sprout-
ing, suggesting that contralateral and ipsilateral sprouting pheno-
types were not distinctive markers for the commissural and
noncommissural GC populations.

Transcriptomic characterization of
commissural GCs

Next, we analyzed single-cell RNAseq data from 27 saline-noncom-
missural, 5 saline-commissural, 36 KA-noncommissural, and 27
KA-commissural GCs 2 weeks after injections. An advantage of
this time pointis the insights into potentially lasting transcriptomic
changes in commissural GCs whose contralateral axons have been
already established (a prerequisite for retrograde labeling).
However, insights into the potentially transient induction phase
(most likely within 1-2 days after KA, when contralateral axons
are not yet established) and molecular programs that control com-
missural axon growth would be limited (see Discussion).

First, we examined the expression of known GC markers (Fig. 5A).
Independently of commissural projections or KA treatment, cells ex-
pressed mature GC markers Calbl and Prox1 (15, 16) but lacked im-
mature GC markers Dcx or Calb2 (17, 18). In addition, cells
expressed Gad1 (glutamate decarboxylase 1) (19), Slc17a7 (vesicular
glutamate transporter 1) (20), and Slc30a3 (zinc transporter 3,
ZnT-3) (21). Congruent with our previous observation (Figs. 2C and
D and S1), only ~30% of the cells expressed Rbp4, further indicating
that commissural GCs are not restricted to the Rbp4-expressing GC
population. Furthermore, we analyzed genes with known lasting ex-
pression changes after KA. Following previously described patterns,
Npy (22) and Pnoc (23, 24) were up-regulated, whereas Cck was down-
regulated (22), both in KA-commissural and KA-noncommissural
GCs. Other interneuronal markers (e.g. Reln, Ndnf, Pvalb, Vip, and
Sst) were not or infrequently detected (Fig. SA). Thus, commissural
and noncommissural GCs did not differ by known markers.

To analyze transcriptomic profiles more broadly, we performed
differential gene expression analysis between KA-commissural
and KA-noncommissural GCs (although the low number of com-
missural GCs hindered such a comparison after saline, we pre-
sumed that unique properties of the commissural GCs should be
similar both after saline and KA). This comparison revealed differ-
entially regulated genes between the two groups (Figs. 5B and S6).
Although the expression of several genes were significantly differ-
ent by single comparison (P < 0.05), none of them were by multiple
comparisons (false discovery rate or FDR < 0.05 and fold-change >
2 or |log,FC|>1). In addition, top ranking genes did not display a
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clear distinguishing pattern, suggesting that commissural GCs
cannot be identified by specific marker expression (Fig. 5C).

To further examine the transcriptomic profile of commissural
GCs, we performed gene ontology (GO) enrichment analysis based
on genes, whose expression level was >2-fold higher or lower than
in noncommissural GCs. Using Enrichr (25), we found significant en-
richment of multiple translation and protein transport-related bio-
logical pathways in commissural GCs (Fig. 5D). These pathways
shared several genes which encoded ribosomal proteins (such as
ribosomal protein large subunit, RPL, and ribosomal protein small
subunit, RPS) (Fig. S7). As an independent approach, using STRING,
we analyzed protein interactions based on the top 150 up- and down-
regulated genes. Consistent with the Enrichr results, this analysis
also revealed a significantly enriched cluster of ribosome proteins
in commissural GCs (Figs. SE and S8). While both Enrichr and
STRING revealed significant enrichments, neither approach sug-
gested de-regulation of molecular pathways (Figs. S7 and S9).

Discussion

In the present study, we systematically characterized GCs target-
ing the contralateral hippocampus. Our current results suggest
three conclusions that have implications not only for GC diversity

and circuit formation in the adult brain but potentially also for the
pathophysiology of epilepsy.

First, we described a rare type of hippocampal GCs that atypic-
ally project to the contralateral hippocampus in naive mice.
Previously, GCs had been extensively characterized as unilaterally
projecting neurons within each hippocampus, critically involved
in certain forms of learning and memory (26-28). While most
GCs are located in the dentate GC layer and relatively homogen-
ous, other atypical GC types have been also described, such as
semilunar GCs in the inner molecular layer (29-34) and GCs in
CA3 (35). Unlike these other types, commissural GCs are embed-
ded in the GC layer. Using retrograde tracing, we identified ~20
commissural GCs in each dentate gyrus. As a caveat, this cell
count was based on retrograde tracer injections at a single level
of the septo-temporal axis of the hippocampus and therefore
does not account for all commissural GCs in the entire hippocam-
pus; in addition, imperfect axonal uptake, retrograde transport,
and/or expression of the tracer may limit the efficacy of retro-
grade labeling. Thus, the actual number of commissural GCs is
likely higher, possibly a few hundred or thousand in each dentate
gyrus. In the contralateral hippocampus, commissural GC axons
mostly innervated the CA3-CA1 and subiculum areas, and using
trans-synaptic labeling, we showed that the major postsynaptic
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E) Plot shows the only enriched protein cluster identifiable by STRING cluster analysis based on the top 150 up-regulated

genes in KA-commissural GCs compared to KA-noncommissural GCs (also see Fig. S8). Proteins in this cluster are related to ribosome function. STRING
analysis of the 150 down-regulated genes did not reveal identifiable clusters (see Fig. S9).

targets are pyramidal neurons. As an additional caveat, the antero-
grade axon and trans-synaptic cell tracing experiments were based
on the ~30% of GCs that express Cre in the Rbp4-Cre transgenic
line, although we also showed that commissural GCs are not re-
stricted to Rbp4-expressing GC population. Thus, the total length
of commissural GC axons and the number of innervated neurons
are also likely higher. Irrespectively, our results indicate that com-
missural GCs are uniquely positioned to mediate interhemispheric
information transfer within the hippocampal GC population.

To gain further insights into the identity of these cells, we used
multimodal electrophysiological, morphological, and transcrip-
tomic analyses, which revealed that commissural GCs are princi-
pally very similar to other mature GCs. Apart from their
commissural axons, our analyses did not reveal unique features
that could be used as biomarker for this atypical GC population.
Nonetheless, we detected several differentially regulated genes
and, based on these, significant enrichment of ribosome- and
translation-related biological processes in commissural GCs, feas-
ibly reflecting an increased cellular load to support the biogenesis
and/or maintenance of long commissural axons.

Second, in contrast with a prevalent hypothesis that posits
broad axon growth inhibition in the adult central nervous system
(36,37), our results revealed robust growth of contralateral projec-
tions after KA treatment. Specifically, we found that the number
of retrogradely labeled commissural GCs, length of anterogradely
labeled contralateral GC axons, and the number of trans-
synaptically labeled contralateral hippocampal neurons in-
creased by ~5-6-, 4.3-, and 2- to 10-fold, respectively. With regard
to previous reports on inter-hippocampal projections, contralat-
eral sprouting of commissurally projecting hippocampal PV (38)
and CA3 pyramidal neurons (39) and of an unidentified cell type
(40) was observed in epilepsy models. Independently of epilepsy,
human embryonic stem cells grafted into the mouse and rat den-
tate gyrus grew new commissural axons into the contralateral
hippocampus (41). Thus, our finding together with other evidence
indicates that the adult brain retains a capacity for inter-
hippocampal axon growth and/or sprouting and that such proc-
esses are exempt from growth inhibition.

Given that most GCs activate a unilateral wiring program for lo-
cal mossy fiber sprouting after KA, the commissural growth of
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axons may be controlled by additional wiring mechanisms (e.g. for
midline crossing and for contralateral target specification), the
identification of which remains an important goal. Similarly to lo-
cal mossy fiber sprouting (5), commissural axon growth feasibly
starts within 1-2 days after KA injection. Induction mechanisms
may be active only transiently, constrained by KA availability
and/or neuronal sensitivity to KA. For example, we previously
identified 1d2 as a key regulator of local mossy fiber sprouting
based on its exceptionally strong up-regulation 1 day after KA
(5); however, 2 weeks later, its expression was decreased to the
level of a much less likely candidate. Thus, assuming that com-
missural fiber growth is controlled transcriptionally, it is possible
that our transcriptomic data (2 weeks after KA) reflected molecu-
lar states associated with maintenance rather than induction.
Currently, the major limitation of exploring the molecular mech-
anisms of induction in greater detail is the inability to access com-
missural GCs shortly after KA: retrograde labeling does not solve
this problem, because commissural axons are not yet established
in the contralateral hippocampus.

Third, commissural GC projections may contribute to epilepsy.
In the unilateral intrahippocampal KA microinjection model,
spontaneous behavioral seizures may develop several weeks after
injections (42-44). Approximately 60% of the seizures start in the
KA-injected (ipsilateral) hippocampus, whereas the remainder
starts in the noninjected (contralateral) hippocampus, bilaterally,
or elsewhere (42). Independently of the locus of seizure onset,
closed-loop (seizure-triggered) activation of local inhibitory PV in-
terneurons in the hippocampus contralateral to KA microinjec-
tion effectively reduced seizure duration and/or completely
stopped seizures (45), suggesting that contralateral excitatory
neurons (major targets of PV neurons) and their commissural con-
nections are important for seizure activity. Consistent with this,
corpus callosum bisection may lead to seizure reduction and/or
freedom in pharmacologically intractable seizures (46). Here, we
showed that commissural GCs contribute to an inter-
hippocampal excitatory-to-excitatory circuit. By directly targeting
pyramidal cells in the contralateral hippocampus, commissural
GCs bypass several feedback and feedforward inhibitory microcir-
cuits which could control seizures (47), suggesting that excessive
activation of this cell type may facilitate the generation and/or
generalization of seizures (48).

Conclusion

In this study, we characterized commissural GCs that atypically
project to the contralateral hippocampus. Multiple questions
arise regarding this cell population, for example, how commis-
sural GCs contribute to information processing in the healthy
brain and if they play a role in epilepsy. Although we showed
that commissural GC form synapses on contralateral pyramidal
cells, the physiological properties of these synapses as well as
the conditions under which they are activated remain to be elu-
cidated. Furthermore, deciphering molecular mechanisms that
control contralateral axon growth in the adult brain will likely
have important implications for understanding the molecular
logic of adult brain circuits. A critical next step to addressing
these problems is to gain more specific access to commissural
GCs, allowing higher throughput molecular and activity read-
outs as well as activity manipulations. The anterograde and
retrograde approaches employed in our study have had limited
capacity to achieve these goals. Finally, the question whether
commissural GCs are presentin species other than mice remains
open.

Materials and methods

All mouse protocols and husbandry practices were approved by
the Veterinary Office of Ziirich Kanton. For comprehensive de-
scription of (i) mouse breeding and husbandry, (ii) stereotactic in-
jection, (iii) histology and neuroanatomy, (iv) image analysis, (v) in
vitro electrophysiology, (vi) single-cell RNA sequencing and bio-
informatics, and (vii) statistical analysis, see Appendix S1.
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Discussion

In this study, | characterized a long-range or commissural form of wiring in the
adult brain and a new cell type, the commissural granule cells (Egger et al., 2023). My
findings open multiple questions for future research, some of which are already

discussed in the Discussion of our paper.

First, it will be critically important to investigate the function of commissural
granule cells in health and disease. Our work characterized these cells in the
anatomical, biophysical, and transcriptomic domains; however, what these cells “really
do” remains an outstanding question. Additional anatomical and physiological
characterization (e.g. synapse number counts, further characterization of target cells in
the ipsilateral and contralateral hippocampus, the electrophysiological recording of
synaptic responses elicited by commissural GCs, and addressing the question if
commissural granule cell axons are myelinated) could provide further insights. For
example, mossy fibers and sprouted mossy fibers associated with medial temporal lobe
epilepsy have been previously described as thin, non-myelinated axons (Frotscher et
al., 2006; Andersen et al., 2010; Squire et al., 2012), suggesting a potentially slower
conduction velocity compared to myelinated axons (Waxman & Bennett, 1972).
Therefore, future studies that use electron microscopy to visualize the myelin
ensheathment (Sherman & Brophy, 2005) of commissural axons could clarify at least
the basic dynamics of signal propagation enabled by commissural granule cells
between the two hippocampi. Further, the targeted activation and/or inactivation (or
silencing) of commissural granule cells would represent a more direct approach to
understand their function. However, as mentioned in the paper, these efforts currently
remain limited by our inability to molecularly access commissural granule cells and

deliver the necessary viral constructs for activity manipulations.

Second, it will be important to further investigate the molecular mechanisms
underlying commissural sprouting. Why do many, if not all, granule cells sprout new
axons ipsilaterally, but only comparably fewer contralaterally? How do contralaterally
sprouting granule cells reach and find their targets in the contralateral hippocampus?
Our molecular analysis thus far indicated a potentially increased protein translation rate
in commissural granule cells, but thus far did not reveal insights into answering the
above questions. As discussed in our study, | hypothesize that the transcriptomic

results, obtained 2 weeks after wiring induction (i.e. kainic acid microinjection), may
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reflect the transcriptomic states of wiring maintenance rather than formation. In order
to gain insights into mechanisms that are active during the wiring phase, it will be
necessary to sample and sequence the transcriptomic content of commissural granule
cells 1-3 days after induction. It is possible that in addition to wiring, potentially distinct
marker expression seen in this time window would allow the much sought after
molecular access to commissural granule cells. However, during 1-3 days after
induction, growing axons do not reach the contralateral hippocampus yet, and as a
consequence, commissural granule cells cannot be retrogradely labeled from the
contralateral hippocampus. Currently, this is the only way we can identify these cells.
To circumvent this limitation, | recently performed additional experiments, in which |
intended to label the elongating cells by injecting the retrograde AAV markers into
commissural fiber tracks rather than the contralateral hippocampus. However,
conclusive results from this experiment were limited by nearly unavoidable virus spread
into the ventricles and ipsilateral hippocampus. In addition, the success of this
experiment is also contingent on that the virus can be taken up by elongating axon
endings (rather than by synapses), for which we currently do not have solid evidence.
In this manner, molecular access to commissural granule cells as well as insights into
the wiring mechanisms will clearly require the establishment of a more refined

technological approaches.

Third, our results have also revealed an intriguing pattern of commissural
granule cell axons in the contralateral hippocampus. Specifically, we found a high
density of axons in the contralateral CA1 and subiculum areas. Granule cell axons, or
mossy fibers, have been extensively studied before and their extensive innervation of
the ipsilateral CA3 area and inability to enter the ipsilateral CA1 area in most rodent
and primate species are one of their hallmark features (Andersen et al., 2010).
Intriguingly, however, there are also select species, such as in the siamese cat, water
shrew and European Hedgehogs (Laurberg & Zimmer, 1980; Gaarskjaer et al., 1982;
West et al., 1984; Blaabjerg & Zimmer, 2007) in which mossy fibers reach deep into
CA1 and appear to be essential part of the CA1 circuit; the functional relevance of this
projection is entirely unknown. The desire to understand the reasons behind the
general lack of mossy fibers in CA1 has motived multiple research studies. These
studies employed various techniques such as mechanical damage or neurotoxic
destruction of CA3 (Cook & Crutcher, 1985), grafting of cells (Zimmer et al., 1985), or
co-culturing of dentate gyrus slice posed in proximity to CA1 slices (Zimmer et al., 1985)

to find potential signatures of mossy fiber sprouting into the ipsilateral CA1; however,
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such signatures could not be detected (see also Blaabjerg & Zimmer, 2007). These
observations are consistent with the overall hypothesis that a single or a combination
of few CAMs and/or guidance cues may repel mossy fibers from entering the ipsilateral
CA1. Although my results do not provide further mechanistic insights into this problem,

they highlight conceptual possibilities.

It is possible that commissural granule cells employ a different combination of
CAMs compared to noncommissural granule cells, feasibly allowing their axons to (1)
enter the commissural/associational pathway in the ipsilateral hippocampus, (2) cross
the midline and enter the contralateral hippocampus, and (3) enter CA1 and subiculum
in the contralateral hippocampus. However, this hypothesis would not explain why
commissural granule cells do not already enter the spatially much closer ipsilateral
CA1. Further, it is possible that commissural and noncommissural granule cells utilize
the same set of CAMs, but molecular asymmetries between the left and right
hippocampus play a role in allowing commissural granule cell axons to enter the
contralateral CA1. This scenario would not be completely unexpected as functionally
relevant left-right asymmetries between the two hippocampi have been previously
observed (Shinohara et al., 2008; Kohl et al., 2011; Shipton et al., 2014; EI-Gaby et al.,
2015). However, this scenario assumes that the repelling mechanisms have evolved
differently in each hippocampus, which although is not impossible, | consider unlikely.
In addition, this hypothesis would not explain why only commissural, but not
noncommissural, granule cells enter the commissural/associational pathway. To
resolve these conceptual inconsistencies, | hypothesize that both CAM differences
between commissural and noncommissural granule cells and left-right asymmetries
may combinatorically contribute to this effect. However, it is clear that any experimental
validation of this hypothesis will require a significant and technically nontrivial effort,
and again contingent on molecular readouts from commissural granule cells shortly

after wiring induction.

Overall, the identification of commissural granule cells and their rapid circuit
formation in the adult brain has raised several questions for future experiments, in
which understanding the molecular mechanisms will be crucial not only for generating
further insights into adult brain wiring but to systematically analyze the function of new

circuits.
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Chapter 5 — Discussion and perspectives
Summary of key findings

In the three studies | presented, my colleagues and | systematically analyzed
the epilepsy-associated hippocampal mossy fiber sprouting by granule cells using the
well-established intrahippocampal kainic acid microinjection model as an experimental
approach. The overarching goal of my thesis work aimed at understanding the
molecular mechanisms of mossy fiber sprouting, and more broadly, of adult wiring.
Although mossy fiber sprouting has been extensively researched, previous studies
mostly focused on its relevance for epilepsies. In our projects, we took advantage of
the fact that the circuit rewiring takes place before the seizures, and thus for a certain
time window we were able to study wiring mechanisms with the need of considering
the potentially confounding consequences of seizures. My research outcomes have not
only established solid bases for future investigations on adult wiring and circuit
assembly in the adult brain, but also revealed important insights into the cellular

composition of dentate gyrus and the pathophysiology of temporal lobe epilepsies.

The thesis design was motivated by the hypothesis that the combinatorial
expression of CAMs determines wiring specificity (or the “molecular code”) of brain
circuits, and this code could be understood through a potentially much smaller group
of transcription factors and regulators controlling the combinatorial expression of
CAMs. To explore this hypothesis, my research employed single-cell RNA
transcriptomic profiling of control and sprouting granule cells, and subsequent

molecular, electrophysiological, neuroanatomical and behavioral experiments.

First, in Chapter 2, | presented a study showing how systematic transcriptional
profiling can be used to identify wiring mechanisms in adult neurons. Previous research
results on regenerating axons (Bareyre et al., 2011; Sun et al., 2011; Pernet et al.,
2013) have indicated that regeneration, and by extension further wiring in the adult
nervous system requires the simultaneous deployment of several cell autonomous and
cell nonautonomous factors. In contrast with this hypothesis, we found that the cell
autonomous activation of a single transcriptomic regulator, /d2, can induce axon
growth, target specification, and synapse formation (Luo et al., 2021). Given that /d2 is
an inhibitor of bHLH transcription factors, this finding suggested that — at least in adult
granule cells — the capacity of wiring is transcriptionally suppressed rather than

deregulated. Further, this finding shed new light on how to approach the systematic
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analysis of adult wiring mechanisms and potentially the development of new circuit
engineering technologies. Finally, results from this study have also provided valuable
insights into the pathophysiology of temporal lobe epilepsies, which | will discuss further

below.

Second, in Chapter 3, | described a study aiming to identify which specific CAMs
contribute to the target specification of mossy fiber sprouting. By employing a single
cell transcriptomic- and CRISPR-Cas9 technology-based screen, we identified a role
for Pcdh11x in the subcellular targeting of mossy fiber sprouting (Luo et al., 2022). This
finding has directly implicated CAMs in adult wiring, and because our Pcdh11x
manipulations only explained one component of target specification, suggested a role
for further CAMs in mossy fiber sprouting. Although technological limitations hindered
our efforts to uncover the roles of other CAMs, our results highlight a potentially capable

approach for the future investigation of CAMs in adult wiring.

Finally, in Chapter 4, | presented my first author work on the rapid development
on commissural projections in the adult brain and characterization of a previously
unnoted granule cell subpopulation (Egger et al., 2023). The results of this work
represent a fundamental set of observations, rather than mechanistic insights,
regarding adult wiring. These observations also open far reaching possibilities which |
believe have the potential to facilitate our understanding of adult wiring as well as the

pathomechanisms of epilepsy.

Formation and stability of the new circuits

Clearly important questions regarding adult wiring include what rules shape
formation of the new circuits and how stable they are in the long term. Currently, we

have limited evidence providing answers to these questions.

A key difference between developmental and adult wiring is that further adult
wiring takes place on top of already established and functional circuits. During
development, synaptic competition is thought to play a central role in determining
precisely which connections will be stabilized for the long term (Purves & Lichtman,
1980; Bailey & Chen, 1989; Goodman & Shatz, 1993; Katz & Shatz, 1996; Lin &
Koleske, 2010; Stiles & Jernigan, 2010). Whether synaptic competition plays a role in
adult wiring is an entirely open question. It is possible that the formation of new

synapses inevitably leads to elimination of some of the established synapses. Such
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synapse elimination may take place “directly”, i.e. at the time of synapse formation, or
“‘indirectly”, i.e. later, when synaptic weights in the network may adjust to accommodate
information transfer through the new circuits. | envision that knowledge gain in this
domain will be facilitated by cutting-edge technologies, such as direct imaging of the
growing axons during adult wiring. In such an experiment, it would be possible to
directly analyze the postsynaptic environment, such as dendrites, where new synapses
are formed, and determine structural dynamics (growth or elimination) of neighboring
synapses. Not least, such an experiment would provide direct insight into the synaptic
contact formation during adult wiring. While technically challenging, similar experiments
have demonstrated the feasibility of this approach (Niell et al., 2004; Meyer & Smith,
2006; Holtmaat & Svoboda, 2009; Dhar et al., 2016).

With regard to the long-term stability of circuits, the most concrete insights are
from studies on the circuit integration of adult-born granule cells and behaviorally-
relevant periodic rewiring. Surviving adult born neurons integrate into existing circuit in
subsequent maturation steps, after which they become essentially undisguisable from
other adult granule cells (Carlén et al., 2002; Zhao et al., 2006; Toni et al., 2007; Sierra
et al., 2010; Pilz et al., 2018; Denoth-Lippuner & Jessberger, 2021). This suggests that
the circuits formed by adult-born neurons are stable. By contrast, the circuits formed by
periodic rewiring (Fernandez et al., 2008; Gorostiza et al., 2014; Inoue et al., 2019;
Song et al., 2021) are inherently disassembled after a certain time, most likely governed
by specific molecular signals. In contrast to these types of adult wiring, the long-term
stability of circuits formed after cell grafting or reprogramming has not been
systematically assessed. These studies, including ours, have thus far focused on the
molecular mechanisms or other technical considerations underlying circuit formation,
rather than on maintenance, and typically analyzed the circuits up to 3-6 months after
induction. Given that the grafting and reprograming technologies have clear therapeutic
potentials, it will be important to evaluate the long-term stability of these circuits,

possibly over years.

This question also directly precipitated itself in my own research, highlighting
another important question. As described in Chapter 2, we found that /d2 activation in
adult granule cells induces the formation of a recurrent mossy fiber circuit. To achieve
this, we employed AAV-mediated overexpression of the /d2 gene together with
fluorescent reporters, which we mainly used to identify the site of injection. Although

we do not have direct evidence showing how long the AAV expression vectors would
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actively support transcription of the exogenous /d2, based on the sustained presence
of the fluorescent reporter signal, it is likely to be at least several months. Therefore,
an important question that will need to be addressed in future experiments is whether
Id2 is only required for the induction or also for the maintenance of the new circuit.
Answering this question will require precise temporal control over /d2 activation and,
subsequently, inactivation. In principle, such temporal control could be achieved with a
newly engineered transgenic mouse line in which expression of the endogenous /d2
gene is to be controlled, for example, by a tetracycline-inducible or a Cre-loxP system
(Kihn & Torres, 2002; Sun et al., 2007). However, the generation of such transgenic
mouse line will also require careful considerations to ensure cell type specificity for the
activation/inactivation of /d2. | envision that this and other similar experiments would
provide fundamental insights into the mechanisms of induction and maintenance, and

the relationship between the two.

Functional considerations regarding the new circuits

Although the results from the projects presented in this thesis as well as those
from others have provided insights into the function of new circuits, addressing this
overall question will be clearly an important challenge for all future research on adult

wiring.

Previously, others have shown that periodic brain rewiring plays a key role in
the behavioral response to light in drosophila (circadian rewiring) (Fernandez et al.,
2008; Gorostiza et al., 2014; Petsakou et al., 2015) and the sexual behavior of female
mice (estrous cycle-dependent rewiring) (Inoue et al., 2019). In addition, research on
adult-born granule cells have shown the relevance of new circuits for pattern separation
(Clelland et al., 2009; Sahay et al., 2011; Nakashiba et al., 2012b), whereas studies
focusing on brain repair have shown that new circuits can replace injured pathways and
promote functional recovery after brain injury (Gaillard et al., 2007, 2009; Thompson et
al., 2009; Benowitz & Carmichael, 2010; Lu et al., 2012; Tornero et al., 2013, 2017; Filli
& Schwab, 2015; Steinbeck et al., 2015; Besusso et al., 2020). In these examples, the
functional assessment was facilitated by detailed investigation of a specific cell type
(such as adult-born granule cells), a circuit rewiring phenotype (such as circadian
rewiring in drosophila), a behavior for which the found circuit rewiring proved to be
important (such as sexual behavior in female mice), or known functions which were

impaired by injury.
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My research focused on the epilepsy-associated mossy fiber sprouting, in which
the new circuits may do not have a physiological function in the above sense. Instead,
they may contribute to pathomechanisms, such as the generation of seizures. The
rationale for this hypothesis is that the new circuits, such as the recurrent and
commissural mossy fiber circuits described in Chapters 2 to 4, may represent network
motifs capable of amplifying excitatory signals and promoting seizure prone network
states. We specifically addressed this possibility in the study on /d2-induced recurrent
mossy fiber sprouting, described in Chapter 2. We performed in vivo
electrophysiological recordings from freely-moving mice after /d2-induced rewiring to
uncover potential signatures of neuronal hyperexcitability, pathological oscillations, or
electrographic and behavioral seizures (Luo et al., 2021). However, contrary to the
above hypothesis, we did not find such signatures, suggesting that the recurrent mossy
fiber sprouting is not epileptogenic per se. However, it is important to note, as discussed
in our paper (Luo et al., 2021), that recurrent mossy fiber spouting is only one of the
pathologies associated with temporal lobe epilepsies. Therefore, it is possible that other
pathologies, such as cell dispersion and death, play more important roles in
epileptogenesis, or that recurrent mossy fiber sprouting would only manifests its
relevance only on the background of other pathologies. Related to this issue, an
important question, which our study did not directly address is whether /d2 is essentially
required for the development of recurrent mossy fiber sprouting in the unilateral
hippocampal kainic acid injection model, which also induces epilepsy on the long term.
As outlined in Chapter 3, we now should have the technological means (e.g. CRIPSP-
Cas9 editing- or shRNA-based technologies) to investigate if the blockade of kainic
acid-induced /d2 upregulation would occlude recurrent mossy fiber sprouting. Finding
this to be the case would help us to better understand the molecular mechanisms
underlying mossy fiber sprouting, and importantly, enable more detailed investigations

into the question if seizures occur in the absence of recurrent mossy fiber sprouting.

Although we did not find signatures of hyperexcitability in the /d2 model, our
results revealed significant alterations in specific network events, such as the drastic
decrease in the occurrence of dentate spikes. Dentate spikes have been linked to
information transfer from the entorhinal cortex to the hippocampus and may play a role
in spatial information processing (Penttonen et al., 1997; Knierim et al., 2014; Wang et
al., 2018; Fernandez-Ruiz et al., 2021). Congruent with this hypothesis, we found that
mice with the Id2-induced circuits appeared to rely on local rather than global spatial

cues when solving spatial problems (Luo et al., 2021).
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Functional insights in the two further studies discussed in Chapter 3 and 4
remain possibly more elusive. In Chapter 3, | described a new recurrent mossy fiber
circuit in which the target specificity was altered, whereas in Chapter 4, | described the
formation of a new commissural circuit. In principle, both could significantly contribute
to the generation of epileptic seizures, the investigation of which will be an important
goal for future research. Finally, in Chapter 4, | also described a subpopulation of
granule cells in the healthy brain, the commissural granule cells, which although are
relatively infrequent, establish a direct excitatory connection between the two
hippocampi. Also here, our ability to explain the physiological function of commissural
granule cells remains speculative as most. As discussed in Chapter 4, attempts to
uncover the role of commissural granule cells in health and disease would greatly

benefit from a specific molecular access to this cell population.

Further considerations and outlook

As the above chapters and sections highlight, understanding the molecular
mechanisms and harnessing the potentials of adult wiring is an outstanding challenge.
Many insights presented in this thesis have been enabled by the transformative power
of cutting-edge technologies, such as next-generation single cell sequencing and gene
editing, which provide unprecedented access and control to the transcriptomic states
and mechanisms of single neurons. Overall, the corollary of my findings is the
hypothesis that there are specific molecular programs which can control wiring in adult
neurons. However, such programs may be only in part transcriptional. It is likely that
future research will delineate additional translational and post translational mechanisms
and/or effectors that support adult wiring (Seng et al., 2022). Their identification may
be enabled by future proteomic studies that can specifically assay the cell types
undergoing further wiring. For known or presumed molecules involved, immunostaining
may already provide a viable approach. However, a broader investigation of proteomic
mechanisms and/or consequences of adult wiring will require more unbiased
approaches. In the near future, this could be feasibly achieved by mass-spectroscopy
analysis of dissected brain tissue containing the relevant cellular processes for further
wiring, such as cell bodies and axons. Such a readout would not have the single cell
resolution as for example single cell transcriptomics has, but could reliably report on
differentially enriched proteins before and after wiring. In the future, these efforts may
be significantly facilitated by eventual technological breakthroughs toward achieving

single cell proteomics.
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Chapter 6 - Concluding remarks

Over the last century, an incredible progress has been made toward
understanding the structure and function of brain circuits. This progress was
accelerated by several technological advances, starting from Golgi’'s black staining to
next generation single cell sequencing and editing technologies, and beyond. However,
it is also clear that the human endeavor “to understand the brain” — and ultimately

ourselves — is still ongoing.

In my thesis, | aimed to provide the Reader with detailed insights into one area
of brain research, which | find particularly exciting and to which | contributed the most:
to understand wiring mechanisms in the adult brain. In contrast to developmental
wiring, adult wiring has not been broadly considered and remain comparably less
understood. | provided the Reader with several examples, including those from my own
research, demonstrating different adult wiring phenotypes (Seng et al., 2021), already
representing an extensive list. | envision that more detailed insights into structure and

function of specific brain circuits will add many more examples to this list.

| foresee that the studying of adult brain wiring will make significant impact in
two major domains. First, it provides us with a unique window through which to
understand how brain circuits are regulated and maintained during the lifespan. These
mechanisms are poorly understood at any stage of life, and feasibly altered by aging.
Second, the knowledge of how specific circuits could be induced or circuit maintenance
could be facilitated has the potential to significantly facilitate the development of new
circuit therapy approaches for neurodevelopmental, neurological, neuropsychiatric
disorders and repair after injury. Achieving either aims will require a significant effort
and rigorous experimentation, similarly to the path leading to the knowledge we have

today.

It fills me with an immense amount of gratitude that at least to the extent of the
work | presented in this thesis | could contribute to the endeavor of understanding the
brain. | hope that my results will prove to be a considerable step toward achieving the
above goals and provide a solid foundation for future investigations following up on the

mechanism, consequences, and potentials of adult brain wiring.
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