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Abstract

Epilepsy Aphasia Syndrome (EAS) is a spectrum of childhood disorders that exhibit
complex co-morbidities that include epilepsy and the emergence of cognitive and language
disorders. Patients with EAS experience seizures, sleep related EEG abnormalities, cognitive
deficits, and loss of language. Treatments for Epilepsy are often insufficient with poor outcomes.
Interestingly as the disorder progresses and epilepsy resolves patients unfortunately suffer from
life-long cognitive and language deficits. Finally, the connection between abnormalities in EEG,
seizures, and the accompanying cognitive-behavioral issues within this spectrum remains unclear,
complicating the development of effective treatments.

Although the clinical features of EAS have been extensively researched for some time,
the causes behind EAS remain unidentified. Studies have found CNKSR2 (Connector Enhancer
of Kinase Suppressor of Ras 2) is an X-linked gene in which mutations are linked to EAS. A few
in vitro investigations indicate that CNKSR2 is responsible for coding a scaffold protein that is
found at the synapse. However, there are few practical studies conducted on Cnksr2 to explore
the effects of its absence on the development of EAS. This thesis focuses on expanding upon the
current role of Cnksr2 in the brain investigating cellular roles and how they contribute to different
phenotypes found within EAS.

We previously demonstrated Cnksr2 knockout (KO) mice model key phenotypes of EAS
analogous to those present in clinical patients with mutations in the gene. Cnksr2 KO mice have
increased seizures, impaired learning and memory, increased levels of anxiety, and loss of
ultrasonic vocalizations (USV). The intricate interplay between these diverse phenotypes at the
brain regional and cell type level remains unknown. Here we leverage conditional deletion of
Cnksr2 in a neuronal cell type manner to demonstrate that anxiety and impaired USVs track with
its loss from excitatory neurons. Conversely inhibitory knockout of Cnksr2 track to the seizure

phenotype previously identified. | further investigate the links between excitatory neuronal
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Cnsksr2 and these phenotypes using temporal and brain-specific deletion of Cnksr2. Using
glutamatergic cortical specific drivers, | find that anxiety and impaired USV calls can be further
separated based brain region. | further narrow the essential role of Cnksr2 loss in USV deficits to
excitatory neurons of the Anterior Cingulate Cortex (ACC), a region previously in mice
implicated in USV production associated with specific emotional states or social contexts, such as
mating calls, distress calls, or social bonding signals. I also utilized proximity labeling of
endogenous Cnksr2 within glutamatergic or GABAergic neurons in vivo to reveal core Cnksr2
functions in excitatory synapse organization. Finally, utilizing in-vitro extracellular
multielectrode array recordings we uncover that neurons with Cnksr2 deletion exhibit increase in
neuronal firing.

Taken together, my doctoral dissertation results reveal a Cnksr2-based mechanism that
underlie USV impairments that suggest communication impairments can be dissociated from
seizures or anxiety. Furthermore, we highlight the cortical circuitry important for initiating USVs,

and the core functions of Cnksr2.
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1 Introduction
1.1 Introduction to Language

The question of when language first emerged in humans is heavily debated among
experts, with a definitive timeline being elusive due to the absence of concrete evidence.
Nonetheless, various theories and research findings propose a spectrum of timeframes for
this significant evolutionary milestone. One of the first pieces of evidence for language
resides in the Homo sapiens that emerged from Africa between 200,000 and 160,000
years ago (Pagel, 2017). This period is when anatomically modern humans are thought to
have developed, suggesting that complex language could have been a distinguishing
feature from the outset. One of the other prevailing theories arise from archaeological
evidence which suggests that the notable discoveries of symbolic manifestations such as
artwork and ceremonial items dating back at least 50,000 years, serve as indirect
indicators of language's existence (d'Errico et al., 2003). Other specific genetic evidence
points to mutations in genes like FOXP2, which are associated with language and speech,
suggesting that key developments in language capabilities may have occurred between
200,000 and 100,000 years ago. This genetic evidence supports the idea that language
could have started to form in a more recognizable way during this time frame (Mozzi et
al., 2016). Language is such a key component of communication, that disruptions to this
can cause immense issues for individuals. Patients who suffer from language loss are
diagnosed with aphasia and currently within the United States it is report two million
Americans suffer from language impairments, with approximately 180,000 new cases

reported each year within the country (NIH).



Aphasia is a communication disorder that arises due to damage to parts of the
brain associated with language. It typically results from a stroke or head injury. Aphasia
affects a person’s ability to express and understand language, both verbal and written. The
severity and scope can vary widely; some individuals may struggle primarily with finding
words or forming complete sentences, while others might have difficulty comprehending
speech or reading text. Notably, aphasia does not affect intelligence (Marinelli et al.,
2017).

Aphasia is divided into several types, each characterized by different patterns of
language difficulties. For example, Wernicke's aphasia involves issues with language
comprehension and producing coherent speech (Cleveland Clinic), while Broca's aphasia
is marked by difficulties in speech production and writing but with relative preservation
of comprehension. Global aphasia, the most severe form, severely limits the ability to
speak, understand speech, read, and write (Yetman et al., 2020).

Treatment typically involves speech and language therapy, aiming to improve the
individual's communication skills and adapt to language difficulties. The therapy's
effectiveness can vary based on the aphasia's cause, the damaged brain areas, and the
therapy's timing after the onset of aphasia (Albert, 1998). Commonly, aphasia is
concurrent with another disorder, called epilepsy. This combination of disorders is known
as Epilepsy Aphasia Syndrome (EAS). The epilepsy aspect is characterized by the
presence of epileptic seizures. Another related condition is Continuous Spikes and Waves
During Slow Sleep (CSWS) syndrome, which also features seizures and other
neurological symptoms. These conditions are thought to result from abnormal brain

activity that interferes with the normal processing of language and can be associated with



epileptiform abnormalities on an electroencephalogram (Conry, 2004; Rho, 2004;

Shields, 2000; Wheless, 2004).

1.2 Introduction to Production of Vocalizations

Vocalization involves a sophisticated pattern of behavior that integrates three key
elements: laryngeal activity, respiratory movements, and supralaryngeal (articulatory)
activity (Jirgens, 2002). This process is supported by specific brain regions that host
motor neurons tasked with controlling the muscles necessary for vocalization.
Vocalization involves a sophisticated pattern of behavior that integrates three key
elements: laryngeal activity, respiratory movements, and supralaryngeal (articulatory)
activity (Jurgens, 2009). Meanwhile, the muscles surrounding the larynx are governed by
neuron groups that stretch from just beneath the hypoglossal nucleus to the ventral horn
of the second cervical segment. The muscles responsible for respiration are under the
control of motor neurons found in the ventral horn of the thoracic and upper lumbar
regions of the spinal cord. Lastly, the muscles involved in articulation are regulated by
motor neurons located in the facial nucleus, the trigeminal motor nucleus, the ventral
horn at the top of the cervical cord, the most anterior part of the nucleus ambiguus, and
the hypoglossal nucleus. Therefore, the motor neurons that facilitate vocalization are
spread throughout the neuraxis, ranging from the pontine brainstem to the lumbar region
of the spinal cord (Jlrgens, 1979; Jirgens, 2002; Jirgens, 2009).

The spread of motor neuron pools across the body brings up the question: How
are they so effectively coordinated? There seem to be two main theories. One theory
holds that the neuron pools responsible for phonation could be directly connected,
enabling them to work in sync. On the other hand, there might be a command center,

3



separate from but directly linked to these phonation-related neuron pools, that
orchestrates their coordination. Studies involving squirrel monkeys and rats have shown a
significant lack of direct connections between these phonation motor neuron pools
(Cunningham and Sawchenko, 2000; Hage and Jurgens, 2006; Manaker et al., 1992;
Thoms and Jirgens, 1987), which casts doubt on the theory of their direct mutual
coordination. Additionally, research has uncovered a substantial area within the lower
brainstem, connected to all the phonation motor nuclei, stretching from the lateral pontine
reticular formation down to the lateral and caudal parts of the medullary reticular
formation (Kirzinger and Jurgens, 1991; Lithe et al., 2000). This discovery points to the
lower brainstem's reticular formation playing a crucial role in managing the coordination
of our vocal motor activities.

The reticular formation and phonatory motor neuron pools are crucial but not
solely sufficient for vocalization production. This was demonstrated in an early study by
Bazett and Penfield (Bazett and Penfield, 1922) on cats, which showed that cats could
still produce species-specific vocalizations such as meowing, growling, hissing, or
purring after a transection was made in the forebrain or the front half of the midbrain.
However, when the cut was placed behind the midbrain, between the midbrain and pons,
the cats became unable to vocalize. This indicates that an essential component for vocal
production resides in the caudal half of the midbrain.

Subsequent, more detailed research on cats, dogs, and squirrel monkeys identified the
periaqueductal gray (PAG) within the midbrain as the critical region whose damage
results in mutism (Esposito et al., 1999). The fact that animals with lesions in the PAG

still exhibit normal locomotor behavior suggests that the PAG's role in vocalization is



specific and not attributable to a general motor deficit. Support for the PAG's vital role in
vocal control not only comes from the effects of lesions, but also from stimulation and
recording experiments. Electrical stimulation of the PAG produces natural-sounding
vocalizations in all mammalian species tested to date (Apfelbach, 1972; Brown, 1915;
Jurgens and Ploog, 1970; Magoun et al., 1937). Furthermore, pharmacological
stimulation of the PAG, through injections of neurotransmitter agonists and antagonists
such as glutamate, carbachol, bicuculline, or histamine, leads to vocalization
(Brudzynski, 1994; Fernandez-Guasti et al., 1986; Jurgens and Lu, 1993). These
substances affect synaptic regions rather than bypassing fibers, indicating that the PAG
functions as a critical relay station where vocal information processing occurs, rather than
merely serving as a pass-through in a descending vocalization-control pathway.

Besides the limbic cingulo-periaqueductal pathway, which regulates the readiness to
vocalize, there is a separate pathway responsible for the formation of vocal patterns. It
has already been noted that the fundamental level of vocal patterning occurs within the
reticular formation in the lower brainstem, while the motor cortex represents the highest
level of this system (Simonyan, 2014). In the motor cortex, muscles are organized
somatotopically, with those involved in oral and laryngeal movements positioned most
laterally, just above the Sylvian fissure. If the equivalent region in humans is damaged on
both sides, it results in the complete inability to speak or sing. This reflects a loss of
voluntary fine motor control over the phonatory apparatus. Interestingly, the pathway
from the motor cortex that controls vocalization bypasses the PAG, directly reaching the

reticular formation in the lower brainstem.



1.3 Introduction to Ultrasonic VVocalizations

Ultrasonic vocalizations (USVs) are high-frequency sounds that are emitted by
certain animals, which include rodents like mice and rats, as well as some species of bats
and insects. These sounds are characterized by their frequencies, which are above the
upper limit of human hearing, typically around 20 kHz. The range of these vocalizations
can extend from 20 kHz to over 100 kHz, varying significantly across different
species(Holy and Guo, 2005). In scientific research, the study of USVs, particularly in
rodents, has provided profound insights into various aspects of animal behavior,
emotional states, and social interactions. For instance, in both mice and rats, the emission
of USVs is closely associated with specific contexts or emotional experiences. Pups of
these species are known to produce ultrasonic calls when they find themselves in distress,
such as being cold or separated from their mother. This behavior is believed to facilitate
maternal retrieval.

Moreover, adult mice and rats utilize USVs as a means of social communication.
During interactions that involve mating, encountering other animals, or even when
experiencing positive or negative emotions, these rodents emit distinct types of USVs.
This diverse range of vocalizations serves as a window into the complex social lives and
emotional worlds of these animals. USVs are not only crucial for the animals’ immediate
social and emotional experiences but also serve as key indicators in research related to
neurodevelopmental disorders, social behavior, and the impacts of pharmacological
agents on behavior. By analyzing these vocalizations, scientists can gain deeper insights
into the neurological and psychological processes underlying these sounds. Furthermore,

the study of USVs holds potential implications for understanding various human



conditions, including autism spectrum disorders, anxiety, and depression, highlighting the
broader significance of USVs in both animal and human health research.

One thing to note is that USVs and language are vastly different and are not
comparable. USVs are mainly an innate trait exhibited by mice and languages are largely
learned. Rodents are also unable to form any form of language, but these USVs can be

used as a proxy for vocal communication.

1.4 The Motor Cortex

The motor cortex plays a crucial role in the initiation and control of vocalizations,
particularly through its regulation of facial muscles and respiratory functions(Arriaga and
Jarvis, 2013). This is key for starting and fine-tuning vocal sounds. In the realm of
ultrasonic vocalizations (USVs), the motor cortex coordinates the detailed movements
necessary for producing these high-frequency sounds, such as activating the laryngeal
muscles and controlling airflow from the lungs(Heindorf et al., 2018). USVs are
frequently used by rodents for social communication, including mating calls or signals of
distress. The motor cortex aids in creating these vocalizations by merging social and
environmental cues with the motor commands required for their execution (Eliades and
Wang, 2003). Additionally, the motor cortex is instrumental in learning motor skills,
which encompasses vocalization. This aspect is crucial not just for human speech
development but also for animals learning to emit species-specific calls. In rodents,
learning processes involving the motor cortex can influence variations in USV patterns,
highlighting its role in the adaptability of vocal communication.

Research that involves lesions or stimulation of the motor cortex in rodents has

shed light on its contribution to USV production. For instance, targeted lesions in the
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motor cortex can alter the acoustic properties of USVs (Okobi et al., 2019), underlining
their significant role in vocal control. While the bulk of USV research focuses on rodents,
studies in other species like birds (Nevue et al., 2023) and non-human primates
emphasize the importance of motor areas in vocalization control (Cerkevich et al., 2022),
enriching our understanding of the evolutionary development of vocal communication
and its underlying neural mechanisms. Although USVs do not feature in human
communication, studies on the motor cortex’s function in speech draw parallels to its
involvement in USVs across different species. The detailed mapping of the motor cortex
in humans, particularly concerning articulation and phonation, underscores its pivotal role

in vocal production across the animal kingdom (Brown et al., 2009).

1.5 Medial Prefrontal Cortex

The medial prefrontal cortex (mPFC) plays a crucial role in higher cognitive
functions, such as decision-making, emotional regulation, and social interactions
(Amaodio; Bickart et al., 2012; Nieves and von Schroder, 2022). Its link to ultrasonic
vocalizations in rodents highlights its importance in complex communication behaviors
and emotional expression. Studies indicate that neural activity in the mPFC is directly
related to USV production, suggesting its involvement in controlling these vocal
behaviors (Burgdorf et al., 2011). For example, changes in mPFC activity can alter the
patterns and frequency of USVs, showcasing its influence on initiating and adjusting
these vocal signals (Burgdorf and Moskal, 2023).

Further research into how the mPFC responds to different emotional states induced
by stress or pleasure sheds light on its ability to regulate USVs (Buchanan et al., 2010).
Variations in emotional states have been found to significantly affect USV production,
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with the mPFC playing a pivotal role in these changes (Boulanger-Bertolus and Mouly,
2021). This suggests that the mPFC's activity is closely tied to the modulation of

vocalizations based on the animal's emotional context.

1.6 Anterior Cingulate Cortex

The ACC is heavily involved in the emotional aspects of communication (Stevens et
al., 2011). In the context of USVs, the ACC may play a role in both the production and
interpretation of these calls (Gan-Or and London, 2023). It helps in modulating the
emotional content of the vocalizations, ensuring that they accurately convey the intended
message. Given its role in social interactions and behaviors, the ACC is thought to
contribute to the regulation and generation of USVs that are socially relevant (Hou et al.,
2024). This includes calls related to maternal care, territory, or hierarchical status within
groups. The ACC's involvement in assessing social situations and modulating behavior
accordingly suggests its importance in the production of USVs that serve social
functions. The ACC is also involved in pain perception and the affective component of
pain (Valentinova et al., 2023). Ultrasonic vocalizations, especially in rodents, can be
indicators of discomfort or pain. Thus, the ACC may influence the generation of distress
calls in response to painful stimuli, reflecting its role in pain processing and emotional
response.

Techniques such as functional magnetic resonance imaging (fMRI) and
electrophysiology have been used to study the ACC's activation in relation to
vocalization in both animals and humans (Sander et al., 2007; von Cramon and Jirgens,
1983). While direct studies on humans regarding USVs are not applicable, research on

the ACC’s role in emotional expression and social communication provides parallels to
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its function in other species. Understanding how the ACC modulates emotional and
social vocalizations in animals can offer insights into the neural mechanisms underlying

human social and emotional communication.

1.7 Introduction to Epilepsy and Seizures

The term "epilepsy™ originates from the ancient Greek verb "epilambanein,” meaning
"to be seized, possessed, or afflicted.” This mirrors the ancient Greek view of the
condition as a divine punishment from the Goddess of the Moon, earning it the moniker
"the sacred disease™ (Magiorkinis et al., 2010). Historically, the stigma and
misconceptions surrounding seizures significantly impacted individuals with epilepsy. It
was not until the 18th and 19th centuries that the deconstruction of these myths began.

Significant advances in imaging, electroencephalograms (EEG), molecular biology,
and neuroscience, as well as improved phenotyping and classification of epilepsy
syndromes, have considerably enhanced our understanding of epilepsy. Despite these
advancements, epilepsy remains the world's most widespread neurological disorder,
affecting over 65 million people, including one in every 200 children. Beyond its
physical and emotional toll, epilepsy also incurs considerable healthcare costs, with the
United States alone spending over $28 billion annually on care for epilepsy patients
(Begley and Durgin, 2015). While epilepsy is primarily defined by recurrent, unprovoked
seizures, it entails much more, including profound cognitive, behavioral, psychiatric, and
neurological comorbidities. Among the spectrum of epilepsy disorders are epileptic
encephalopathies, noted for their severe cognitive and behavioral disturbances. These
conditions often prove resistant to drug treatments, with most therapeutic strategies
focusing on mitigating seizures rather than halting cognitive decline. This deficiency in
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treatment underscores the urgent necessity for research into the disease's underlying

mechanisms.

1.8 The Relationship between epilepsy and other Neurological Disorders

A key question within epilepsy research is the nature of the relationship between
epilepsy and its comorbid conditions, particularly in terms of causality. It was once
thought that active epilepsy, marked by frequent seizures, was the main cause of
observed cognitive and behavioral comorbidities, leading to a treatment focus on
seizures. Alternatively, recent clinical studies indicate that this viewpoint might be too
narrow. Keezer et al.'s review identifies five potential relationships between epilepsy and
its comorbidities: coincidental and artifactual, causative mechanisms from epilepsy to
comorbidities, comorbidities leading to epilepsy, shared risk factors, and bidirectional
impacts.

The prevailing view that comorbidities are directly caused by epilepsy is supported
by extensive research. This belief is primarily based on animal studies, such as those
demonstrating learning and memory deficits after pilocarpine-induced status epilepticus
in adult mice (Muller et al., 2009) and flurothyl-induced seizures in neonatal rats (Bo et
al., 2004). Cross-sectional studies have also established a correlation between the
duration and severity of epilepsy and cognitive function, with more severe epilepsy
associated with poorer cognitive outcomes. Furthermore, interictal epileptiform
discharges (IEDs) have been linked to both temporary and long-term cortical function
disruptions.

This narrative also explores recent studies that both expand upon and challenge the
traditional view. For instance, cognitive impairments have been noted in nearly half of
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the patients at their initial epilepsy diagnosis. Children with newly diagnosed idiopathic
generalized or focal epilepsy also often show impairments from the disease's outset.
Moreover, there's evidence that behavioral problems, including cognitive difficulties and
neurodevelopmental delays, can precede the first recognized seizure in children
(Helmstaedter et al., 2014). These observations support the concepts of bidirectional
effects and shared risk factors. Bidirectional effects, where each condition may cause the
other, and shared risk factors, where both conditions emerge from common underlying
issues, are significant. Although direct clinical evidence for bidirectional effects is
limited, the effectiveness of seizure control techniques involving behavioral and
cognitive activities provides indirect support (Helmstaedter and Witt, 2017). In contrast
to causative and resultant models, the shared risk factor theory posits that epilepsy, and
its cognitive or behavioral comorbidities originate from a shared underlying pathology,
like genetic mutations or structural abnormalities, which could lead to both seizures and
comorbidities.

Recognizing that comorbid problems in children with newly diagnosed seizures may
continue despite effective seizure management highlights the need to delve into the
underlying causes and factors that contribute to epilepsy and its cognitive-behavioral
comorbidities. Unraveling these elements is vital for devising holistic treatments that
address not just the seizures but also the comorbid conditions. A focused investigation on
specific symptom clusters and related disorders offers a promising avenue for research. In
this vein, my thesis will concentrate on Epilepsy-Aphasia Spectrum disorders, shedding

light on their unique characteristics and treatment implications.
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1.9 Epilepsy Aphasia Spectrum Disorders

Epilepsy-aphasia syndrome refers to a group of rare epilepsy disorders characterized
by the combination of epilepsy (seizures) and language disorders (aphasia). These
syndromes are typically present in childhood and can have a significant impact on
language development, cognitive function, and quality of life. The language disorder can
range from mild to severe, and the type and frequency of seizures can vary among
affected individuals. Epilepsy-aphasia syndromes are part of a broader category known as
"epileptic encephalopathies,” where the epileptic activity itself is believed to contribute to
severe cognitive and behavioral impairments beyond what might be expected from the
seizures alone. Within the spectrum of epilepsy-aphasia syndromes, there are several
specific syndromes, including:

Landau-Kleffner Syndrome (LKS): Characterized by the loss of language skills
(aphasia), abnormal electroencephalogram (EEG) findings, and seizures. Children with
LKS often experience a regression in language skills, either gradually or suddenly,
typically between the ages of 3 and 7. Continuous Spike and Waves during Slow Sleep
(CSWS) or Electrical Status Epilepticus during Slow Wave Sleep (ESES): This syndrome
involves a specific pattern on EEG during sleep and is associated with cognitive decline,
behavioral changes, and sometimes language regression. Childhood Epilepsy with
Centrotemporal Spikes (CECTS), also known as Benign Rolandic Epilepsy: While
typically considered a milder form and not always associated with language regression,
some children with CECTS may experience language difficulties or other cognitive

issues. The underlying causes of epilepsy-aphasia syndromes can include genetic factors,
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structural brain abnormalities, and possibly autoimmune responses, though the exact

etiology remains unclear in many cases.

1.10 The Connection Between Genetic Disruptions to Aphasia and
Epilepsy

Childhood epilepsy can originate from various sources, including genetic factors and
structural changes in the brain. Commonly, certain types of epilepsy are inherited, with
genetic mutations impacting the brain's electrical signaling and precipitating seizures.
Additionally, structural brain abnormalities, such as cortical dysplasia or developmental
disorders that result in abnormal brain development, can cause epilepsy. Such structural
issues may also arise from brain injuries. Traumatic Brain Injury (TBI), which includes
head injuries from accidents, falls, or abuse, is another source. Infections like viral
encephalitis and bacterial meningitis, which affect the brain, can also lead to epilepsy.
Furthermore, perinatal injuries, stemming from complications during pregnancy, birth, or
shortly thereafter—such as oxygen deprivation (hypoxic-ischemic encephalopathy), low
birth weight, or premature birth—can induce epilepsy in infancy or early childhood.

The suspicion that a genetic predisposition to seizures existed has been around for
some time, yet it wasn't until the 1950s that Willaim G. Lennox's research on twins
provided definitive evidence supporting the genetic basis of epilepsy. Subsequent
advances in genetics, particularly through Mendelian methods involving linkage analysis
and gene mapping across extensive family studies, gradually unveiled a series of gene
discoveries. From approximately 1990 to 2006, research into the genetics of epilepsy,
often dubbed the "channelopathy era,” identified 13 distinct genes, each associated with a

component of either voltage or ligand-gated ion channels (McNamara et al., 2006).
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Furthermore, the use of pharmacological or genetic interventions to alter ion channel
functions in animal models, such as blocking GABA receptors to induce seizures,
underscored the theory that genetic epilepsies could be classified as a collection of
channelopathies.

lon channels are protein structures embedded in the membranes of cells, including
nerve cells (neurons), muscle cells, and many other types of cells in the body. They form
pores that allow ions (charged particles such as sodium, potassium, calcium, and
chloride) to pass in and out of the cell. The movement of ions through these channels is
crucial for a wide range of biological processes.

In neurons, ion channels play a key role in initiating and transmitting electrical
signals. These channels can be voltage-gated, opening or closing in response to changes
in the cell's membrane potential, or ligand-gated, responding to specific chemical signals,
such as neurotransmitters. The selective permeability of ion channels to different ions
contributes to the electrical charge difference (membrane potential) between the inside
and outside of the cell. This difference is essential for the generation and propagation of
electrical signals in the nervous system, including action potentials, which are the
fundamental means by which neurons communicate with each other and with other types
of cells.

Channelopathies are a group of disorders caused by dysfunctional ion channels.
Channelopathies can affect multiple bodily systems, given the widespread role of ion
channels in various physiological processes. The impact of channelopathies depends on
the type of ion channel affected and the tissues in which those channels are expressed.

Some of the systems and functions commonly affected by channelopathies include,
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central nervous system (CNS), peripheral nervous system (PNS), skeletal muscle, kidney,
pancreas, and heart. At least 25 distinct channelopathies related to epilepsy are currently
recognized. These encompass channelopathies involving voltage-gated sodium,
potassium, and calcium channels, as well as GABA and nicotinic cholinergic receptors.
Although each of these proteins serves a unique function, they collectively play a crucial
role in managing electrical excitability in the body. This includes establishing the resting
membrane potential and controlling the creation, inhibition, and propagation of action
potentials.

The discovery of mutations in ion channels associated with human epilepsy,
combined with electrophysiological measurements of synaptic activity and research in
animal, has solidified the concept that seizures are caused by a disruption in the balance
between neural excitation (E) and inhibition (I). In a healthy brain, excitation and
inhibition are carefully balanced to ensure proper functioning. Excitation refers to the
activation of neurons, making them more likely to fire action potential, while inhibition
refers to the suppression of neuronal activity, making neurons less likely to fire. This
balance is crucial for tasks such as processing sensory information, decision-making, and
regulating mood and sleep. An E/I imbalance, where there is either too much excitation
or too much inhibition, can disrupt neural circuit function and lead to various
neurological and psychiatric conditions.

The genetic basis of Epilepsy-Aphasia Spectrum (EAS) has also seen significant
advancements in recent years. A small number of genes have been identified as being
linked to EAS. These genes include GRIN2A (Glutamate lonotropic Receptor NMDA

Type Subunit 2A), KCNAZ2 (Potassium Voltage-Gated Channel Subfamily A Member 2),

16



KCNAZ1 (Potassium Voltage-Gated Channel Subfamily A Member 1), SLC9A6 (Solute
Carrier Family 9 Member A6), and CNKSR2 (Connector enhancer of kinase suppressor
of Ras 2). Among these, GRIN2A, KCNA2, and KCNAL encode ion channels that play
crucial roles in synaptic transmission. In contrast, SLC9AG is responsible for coding an
endosomal sodium/hydrogen exchanger, and the function of CNKSR2 remains largely
unknown. Notably, only mutations in GRIN2A and CNKSR2 have been conclusively
linked to EAS through extensive clinical research.

NMDA receptors, or N-methyl-D-aspartate receptors, represent a specialized class of
ionotropic glutamate receptors within the brain. They are integral to neural
communication, synaptic plasticity, and brain development—processes crucial for
learning and memory. What sets NMDA receptors apart from other glutamate receptors
are their unique properties: voltage-dependent activation, high calcium permeability, and
comparatively slow response kinetics.

These receptors exhibit three primary characteristics: they function as ionotropic
receptors, require voltage-dependent activation, and are permeable to calcium ions. Their
voltage-dependent activation is particularly noteworthy. For NMDA receptors to activate,
they necessitate not just the attachment of glutamate (and typically a co-agonist such as
glycine or D-serine) but also a depolarization of the neuron. This depolarization removes
a magnesium block from the receptor's ion channel. Hence, NMDA receptors serve as
molecular coincidence detectors, activating only when both ligand binding and
postsynaptic depolarization occur simultaneously. This capability is vital for their

contribution to synaptic plasticity and the formation of memory.
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Upon activation, NMDA receptors facilitate the influx of calcium ions (Ca2+),
alongside sodium (Na+) and potassium (K+), into the neuron. The entry of calcium is of
paramount importance because it initiates a variety of intracellular signaling pathways
that govern synaptic plasticity. This includes mechanisms such as long-term potentiation
(LTP) and long-term depression (LTD), which are believed to be the cellular
underpinnings of learning and memory.

NMDA receptors consist of multiple subunits, typically forming a heterotetrameric
structure, which means they are made up of four subunits arranged together to create a
functional receptor. These subunits are classified into different families: GIuN1, GIuN2
(with variants GIUN2A, GIuN2B, GIuN2C, GIuN2D), and GIuN3 (variants GIUN3A,
GIuN3B). A common configuration for an NMDA receptor includes two GIuN1 subunits
paired with two GIuN2 subunits, although GIuN3 subunits may also be incorporated into
the receptor complex.

GIuN1 subunits are essential for the receptor's operation and are found in all NMDA
receptors, where they bind to the co-agonist glycine or D-serine. The GIUN2 subunits,
which vary (A through D), add to the receptor's functional diversity by influencing
properties like calcium permeability, channel kinetics, and glutamate affinity. The
specific mix of GIuN2 subunits can affect the receptor's location, physiological role, and
pharmacological characteristics.

GIuN3 subunits (A and B), when integrated into the receptor, generally diminish
calcium permeability, and alter the kinetics of the receptor. The specific assortment of

these subunits defines the receptor's functional and pharmacological attributes, enabling a
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broad diversity of NMDA receptors across various neuron types and brain regions. This

diversity significantly contributes to the intricacy of neural signaling and plasticity.

1.11 GRIN2A and its Clinical Connection to EAS

Recently there was a flurry of scientific publications identifying GRIN2A as a
causative gene for EAS (Carvill et al., 2013; Li et al., 2020; Yang et al., 2018). These
studies, with the use of next generation sequencing, found autosomal dominant GRIN2A
mutations in 4 patients with LKS or CSWSS (Carvill et al., 2013) as well as a 7.5%
mutation rate in Lemke’s study. Microarray-based comparative genomic hybridization,
and RT-PCR in Lesca’s publication confirm de novo or inherited mutations of GRIN2A
in ten French families (Lesca et al., 2013). It's crucial to recognize that although studies
on human genetics offer significant insights into disease pathology, unraveling the roots,
progression, and factors contributing to comorbidities in retrospective clinical studies
presents a real challenge, even when the genetic causes are pinpointed. This is why
genetic mouse models are so invaluable. They offer a distinct advantage for examining
the development of the disease in relation to cognitive and behavioral comorbidities, both

as a precursor to and because of seizures.

1.12 Model of EAS through the Lens of GRIN2A

To delve into the pathophysiological mechanisms behind GRIN2A-related
developmental and epileptic encephalopathy, Salmi et al. (2018) studied Grin2a knockout
mice. Their use of magnetic resonance diffusion tensor imaging (MR-DT]) revealed that
at one month of age, these Grin2a-/- mice exhibited microstructural brain abnormalities
in areas such as the neocortex, corpus callosum, hippocampus, and thalamus, but not at

earlier or later life stages. In vivo neocortical EEG recordings, utilizing a 16-channel
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linear silicon probe, showed that these knockout mice had short epileptiform discharges,
yet did not progress to full seizures. Interestingly, mice with a heterozygous knockout of
Grin2a, mirroring the situation in humans where all GRIN2A mutations are
heterozygous, displayed none of these abnormalities.

Subsequent research by the same team in 2019 further explored these knockout
mice, revealing alterations in ultrasonic vocalizations (USV) during maternal
separation—a finding of particular interest given the language impairments observed in
GRIN2A patients. While the quantity of USVs from Grin2a knockout pups matched that
of wild types, the peak frequency of their calls was elevated. However, the study did not
explore USVs in adult mice, which could provide insights into whether this pathology
parallels the progression observed in patients. Moreover, the mice exhibited spontaneous
spike-wave discharges during slow-wave sleep and displayed altered sleep patterns at one
month, with these abnormalities do not present by two months. This suggests an age-
dependent role for Grin2a in sleep physiology.

In a different approach, Amador et al. (2020) generated a Grin2a knock-in mouse
line that carries a mutation analogous to one found in a six-year-old patient with EAS.
Homozygous mutants faced lethal tonic-clonic seizures shortly after birth, whereas
heterozygous mutants showed a decreased seizure threshold without lethal seizures,
alongside symptoms of hyperactivity, reduced anxiety, and less repetitive behavior.
Examinations of neuron cultures and hippocampal slices from these mice revealed
increased activity and altered NMDA receptor functions, indicating a gain-of-function
mutation. These studies underscore the complexity of EAS's pathogenesis and suggest the

involvement of other genes, given the limited replication of human symptoms in
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heterozygous GRIN2A mice. The discussion will next turn to CNKSR2, another gene
linked to EAS, characterized by X-linked inheritance and a male predominance in EAS
cases (McVicar and Shinnar, 2004), further expanding our understanding of EAS's

genetic landscape.

1.13 CNKSR2: An Overview

CNKSR2, standing for Connector Enhancer of Kinase Suppressor of Ras 2, is a gene
integral to brain development and function. It encodes a protein that plays a pivotal role
in the Ras signaling pathway, which is crucial for cell proliferation, differentiation, and
survival. In the nervous system, CNKSR2 is vital for synaptic formation and function,
directly influencing learning, memory, and behavior (Erata et al., 2021; Ito and Nagata,
2022; Lanigan et al., 2003; Udaykumar et al., 2023; Yao et al., 2000).

Mutations in the CNKSR2 gene are linked to several neurodevelopmental disorders.
Among these, X-linked Intellectual Disability (XLID) is prominent, where mutations
cause intellectual disability often accompanied by epilepsy, seizures, and various
developmental and behavioral issues (Daoqi et al., 2020). Being X-linked, the disorder
affects males more severely due to their single X chromosome, while females might show
milder symptoms or none, thanks to their two X chromosomes.

Another significant condition associated with CNKSR2 mutations is Epilepsy-
Aphasia Syndromes (EAS) (Damiano et al., 2017). These developmental and epileptic
encephalopathies combine epilepsy with language disorders, underscoring CNKSR2's
dual role in cognitive development and neuronal excitability regulation. Functionally,

CNKSR2 serves as a scaffolding protein crucial for synaptic signaling and plasticity (Lim
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et al., 2014). It aids in synapse formation and maintenance, essential for neuron
communication.

The CNKSR (connector enhancer of KSR) protein family is recognized for its
evolutionary conservation and functions as scaffold proteins within diverse signaling
pathways. These proteins were first identified in Drosophila through a genetic screen,
where CNKSR was pinpointed as a significant modifier of the Ras/Raf/MAPK (mitogen-
activated protein kinase) signaling pathway (Lanigan et al., 2003). This pathway is
instrumental in regulating key cellular functions such as proliferation, differentiation,
survival, apoptosis, and stress responses (Therrien et al., 1998).

While Drosophila and C. elegans each have only one CNKSR isoform, mammals
possess three CNKSR genes—CNKSR1, CNKSR2, CNKSR3—that through alternative
splicing, generate five isoforms: CNKSR1, CNKSR2A, CNKSR2B, CNKSR3A, and
CNKSR3B. CNKSR2A, also referred to as Membrane-Associated Guanylate kinase
interacting protein (MAGUIN-1) (Yao et al., 1999), bears a strong resemblance to its
counterpart in Drosophila. The distribution of CNKSR proteins varies across tissues:
CNKSR1 is ubiquitously expressed, CNKSR2 mainly in neuronal cells, and CNKSR3's
pattern of expression is less well-defined. In Drosophila, Cnksr is crucial for Ras/ERK
signaling, aiding in Raf activation, and facilitating the interaction between Ras and KSR
(Kinase Suppressor of Ras), thus affecting cellular differentiation, proliferation, and
migration. Similarly, in C. elegans, cnksr enhances Ras signaling pathways (Rocheleau et
al., 2005). Mammalian CNKSRs, however, extend their influence beyond Raf regulation.
For instance, CNKSR1's interaction with the GTPase Rho and various components of the

Rho-signaling pathway triggers JNK activation (Jaffe et al., 2005). CNKSR1 also
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interacts with the angiotensin Il type 2 receptor, potentially influencing anti-proliferative
or pro-apoptotic signals (Fritz and Radziwill, 2005), and regulates the NF-xB pathway,
promoting cancer cell invasion. Moreover, CNKSR1 facilitates Akt-mediated oncogenic
signaling in breast cancer (Fritz et al., 2010). These proteins' vast array of functions
across different signaling pathways underscores CNKSR proteins' critical roles in cellular
responses tailored to specific contexts, far beyond the Raf regulation seen in
invertebrates.

The structural design of CNKSR proteins includes several domains that facilitate
protein-protein interactions. The N-terminus features a sterile alpha motif (SAM) domain,
important for oligomerization and RNA binding, pivotal in Raf activation within
Drosophila, although its mammalian functions remain somewhat ambiguous.
Additionally, the CRIC domain, replete with leucine residues, and the PDZ domain,
known for latching onto specific amino acid sequences at protein C-termini, suggest
CNKSRs' role as scaffolding molecules in signaling pathways. Furthermore, a pleckstrin
homology (PH) domain at the C-terminal binds to phosphoinositides, anchoring proteins
to cellular membranes.

In mammals, there are two splicing variants of Cnksr2, namely Cnksr2a and Cnksr2b,
which primarily differ at their C-terminal regions. Cnksr2a is characterized by the
presence of a PDZ domain-binding motif (ETHV) and the CRAC domain at its C-
terminus, features that are missing in Cnksr2b. The length of Cnksr2a is 1032 amino
acids, whereas Cnksr2b is shorter, consisting of 896 amino acids. Between humans and
mice, the CNKSR2 gene exhibits a 93.8% similarity, with the protein products being

nearly identical, showing a 98.7% match. Cnksr2a includes a PH domain, essential for
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membrane localization (lida et al., 2002). At the very C-terminus, the PDZ binding motif
(ETHV) promotes interactions with the PDZ domains of specific synaptic proteins such
as PSD-95 (Postsynaptic density protein 95), Densin-180 (also known as Lrrc7), and S-
SCAM (Synaptic scaffolding molecule). At its N-terminus, Cnksr2a contains SAM,
CRIC, and PDZ motifs. Although specific roles or binding partners for the SAM and
CRIC domains have not yet been established, eliminating the PDZ motif along with the
DUF domain significantly reduces the protein's capacity to bind to TNIK (TRAF2 and
NCK interacting kinase) and MINK1 (Misshapen Like Kinase 1). This reduction
highlights the critical nature of this region for engaging with these kinds of kinases
(Zieger et al., 2020). Taken together, the incorporation of multiple protein-protein
interaction (PP1) domains in Cnksr2a highlights its role as a potential scaffolding protein,
especially within synaptic environments.

Cnksr2 was initially identified in a rat brain two-hybrid screen as a protein interacting
with the PDZ domains of S-SCAM and was named Maguin-1 (membrane-associated
guanylate kinase-interacting protein) by Yao et al. in 1999. This protein, exhibiting
neural-specific expression, was found to co-immunoprecipitate with PSD95 and MAGI2
(Membrane Associated Guanylate Kinase) proteins from rat synaptosomes. Further
research produced an antibody for Cnksr2, revealing its localization to dendrites in early-
stage synapse formation in cultured rat hippocampal neurons, a process mediated by its
PH domain (lida et al., 2002). Subsequent identification of human Cnksr2 showed its
interaction with Raf and RIf (GEF for Ral GTPases), consistent with the behavior of
other CNK proteins. Overexpression of hCNK2 in HEK293 cells inhibited the MAPK

signaling pathway, and it was found to be phosphorylated by components of this pathway
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(Lanigan et al., 2003). A 2004 study aimed to elucidate Cnksr2's role in Ras-Raf-MEK
signaling in mammalian cells, particularly using rat pheochromocytoma PC12 cells, a
model for ERK-dependent neuronal differentiation. The study demonstrated that Cnksr2
is essential for NGF-induced ERK phosphorylation and neurite outgrowth in these cells.
Beyond ERK signaling, Cnksr2 also contributes to neurite outgrowth by linking NGF
signaling to cytoskeletal remodeling (Bumeister et al., 2004). Further exploration of
Cnksr2 function in neuroblastoma cells revealed its interaction with various Rho family
GTPase signaling components. Notably, Arhgap39 was identified as a primary binding
partner of Cnksr2, essential for NGF-induced neurite outgrowth through RacGDP/GTP
cycling (Lim et al., 2014). This interaction and its role in neurite outgrowth were
paralleled by effects seen with sSiRNA depletion of Cnksr2 in cultured hippocampal
neurons, which altered dendritic spine number and morphology, suggesting a role for
Cnksr2 in synaptic organization and Racl GDP/GTP cycling. Most recently, a study by
(Zieger et al., 2020) showed Cnksr2's involvement in directing TNIK subcellular
localization to synapses in cultured hippocampal neurons and influencing the size of the
postsynaptic density. Although initial studies on Cnksr2 focused on immortalized
mammalian cells, more recent research by (Lim et al., 2014) has investigated its function
in neurons using ShRNAs and siRNAs for Cnksr2 depletion. Despite some discrepancies,
both studies concluded that Cnksr2 depletion leads to changes in dendritic spine number
and/or morphology, underscoring Cnksr2's importance in synaptic organization.

Furthermore in 2023 (Udaykumar et al., 2023) discusses the role of CNKSR2, a
protein involved in cellular signaling pathways, in the development of the chick

forebrain. Specifically, CNKSR2 acts as a mediator in the retinoic acid signaling
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pathway, which is crucial for the development and differentiation of cells in the
vertebrate embryo. The study explores how CNKSR2 influences the Ras/Raf/MEK
signaling pathway. The research highlights CNKSR2's significance in the patterning and
invagination of the chick forebrain roof plate, an essential process in brain development.
By modulating the Ras/Raf/MEK pathway, CNKSR2 ensures proper signaling is
maintained, which is essential for the correct formation and differentiation of the
forebrain.

Maruo et. al also determined that the role of s-Afadin, a protein, in regulating
synaptic functions in hippocampal neurons, specifically focusing on its interaction with
Cnksr2. s-Afadin is shown to bind Cnksr2, a process crucial for the proper localization of
AMPA receptors on the cell surface which in turn affects the glutamatergic synaptic
response. By highlighting the interaction between s-Afadin and Cnksr2 and its impact on
AMPA receptor localization and glutamatergic synaptic response, the article underscores
the complexity of synaptic regulation and the importance of these molecular interactions

in maintaining the efficiency of synaptic transmission in hippocampal neurons.

1.14 CNKSR2 and Other Post Synaptic Scaffolding Proteins

Scaffolding proteins play a pivotal role in organizing neurotransmitter receptors, ion
channels, and other signaling molecules within the synaptic membrane. By securing these
components in precise configurations, they enhance the stability and accuracy of synaptic
signaling. These proteins are vital for facilitating signal transduction pathways within the
synapse, assembling enzymes, receptors, and various signaling molecules to ensure
efficient signal transmission from the synaptic membrane to the neuron's interior.
Additionally, scaffolding proteins are key to synaptic plasticity, which is the synapse’s
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capacity to either strengthen or weaken over time—a process crucial for learning and
memory. They adjust the composition and functionality of synaptic protein complexes
based on neuronal activity, thus influencing synaptic strength.

Synapses are specialized junctions enabling neurons to communicate with each other
or with different types of cells, such as muscle or gland cells. They are crucial for
transmitting nerve impulses, facilitating the nervous system'’s ability to execute complex
functions like movement, sensation, and cognition. A synapse is composed of three parts:
the presynaptic terminal, which is the axon end of the transmitting neuron; the synaptic
cleft, a small gap separating the transmitting and receiving cells; and the postsynaptic
terminal, the portion of the receiving cell next to the synaptic cleft. Synapses are
categorized into two main types based on their transmission method: electrical and
chemical. Electrical synapses allow for the direct transfer of ions and signaling molecules
between cells via gap junctions, enabling swift communication. On the other hand,
chemical synapses utilize neurotransmitters to convey signals. Here, the presynaptic
neuron releases neurotransmitter molecules into the synaptic cleft, which then bind to
receptors on the postsynaptic neuron, triggering a new nerve impulse. Synapses are
instrumental in allowing the nervous system to integrate and connect information from
various sources, enabling neurons to establish networks foundational to behaviors,
memories, and cognitive processes. Synaptic plasticity, the capacity for synaptic
connections to strengthen or weaken over time, is vital for learning and memory.
Operationally in a unidirectional manner, synapses ensure signal transmission flows from
a presynaptic neuron to a postsynaptic neuron or cell, maintaining controlled information

progression through neural circuits.
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Dendritic spines are tiny, protruding structures located on neuron dendrites. They
play a vital role in synaptic transmission and plasticity, acting as the main sites for
excitatory synaptic input within the brain. The shape and size of dendritic spines can
vary, including forms such as thin, stubby, mushroom-shaped, and filopodia-like. These
variations in morphology are thought to correlate with their functionality and level of
maturity. A typical dendritic spine features a head that connects to the dendrite through a
slender neck. This design helps to isolate synaptic activity at the spine's head, facilitating
localized signaling and plasticity. Dendritic spines are essential for the brain's capacity to
process and store information, as they house neurotransmitter receptors and the necessary
molecular components for synaptic transmission. Modifications in a spine’s structure and
composition can adjust the strength and effectiveness of synaptic transmission, aiding in
synaptic plasticity. The morphology of dendritic spines is not static; it can alter in shape,
size, and quantity in response to neuronal activity and external experiences. Such
plasticity is critical for learning and memory, with the creation of new spines or the
fortification of existing ones often linked to the formation of new memories.

The most extensively studied scaffolding protein families within the post-synaptic
density (PSD) are organized into three distinct layers. This organization comprises the
membrane-associated guanylate kinase (MAGUK) family, which interacts with glutamate
and other neurotransmitter receptors at the PSD membrane, the DLG-associated proteins
(DLGAP1-4) that serve as bridges between the upper and lower layers of synaptic
scaffolds, and the SH3 and multiple Ankyrin repeat domains (SHANK1-3) protein
family, which connects the scaffolding architecture to the cytoskeleton (Wilkinson and

Coba, 2020). These scaffolding proteins are pivotal in constructing the PSD protein
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interaction network, thanks to their ability to bind to a diverse array of receptors,
enzymes, cytoskeletal proteins, and other scaffolding protein families. Their crucial
function in synaptic operation is underscored by the fact that disruptions in PSD
scaffolding have been linked to various neuropsychiatric disorders, including
neurodevelopmental conditions such as autism spectrum disorder (ASD) and
schizophrenia (Li et al., 2017). Intriguingly, Cnksr2 has been found to engage with
several PSD scaffolding proteins, such as Shank3, Magi2, Lrrc7, Dlgapl, and PSD95,
indicating a significant role for Cnksr2 in the network of interactions among PSD
scaffolding proteins. Consequently, systematically analyzing the interaction networks of
these scaffolding proteins in different cellular and functional settings could enhance our

understanding of their links to complex neurological disorders.

1.15 CNKSR2: Clinical Studies

There are currently 13 clinical studies published on patients with mutation to
CNKSR2 linked to EAS (Aypar et al., 2015; Bonardi et al., 2020; Damiano et al., 2017;
Daoqi et al., 2020; Higa et al., 2021; Houge et al., 2012; Hu et al., 2016; Kang et al.,
2021; Polla et al., 2019; Sun et al., 2018; Vaags et al., 2014; Zhang et al., 2020, Lou Y et
al., 2024). In this section I will summarize these findings. CNKSR2 is found on the X
chromosome (Chromosome X: 21,372,801-21,654,695). Due to its chromosomal
location, mutations in CNKSR2 lead to X-linked disorders, which are more common in
males because they have only one X chromosome, making them hemizygous for X-
linked genes. While there have been instances of female mutation carriers exhibiting mild
intellectual disability (ID) and epilepsy, most of these carriers do not show symptoms.
This phenomenon can often be attributed to the process of X-chromosome inactivation
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(XCI), a mechanism where one of the female's two X chromosomes is transcriptionally
silenced through the action of a pair of antisense non-coding RNAs. This silencing is
random, and if the X chromosome without the mutation is the one that remains active, the
female will not display any symptoms associated with the mutation, thanks to the
expression of the healthy allele (Carrel and Willard, 2005). Aypar et al. discovered a 342
kilobase deletion on Xp22.12, inherited from the mother, in a male patient who exhibited
no dysmorphic features but had seizures and developmental delays. Similarly, (Kang et
al., 2021) reported a maternally inherited deletion of 234 kilobases that also encompassed
part of the CNKSR2 gene without affecting any other genes. This deletion was identified
in a male patient with phenotypic characteristics closely mirroring those of the former
case, including developmental and speech delays, intellectual disability, and
seizures/epilepsy. Bonardi et. al found that the electro-clinical characteristics of five new
patients diagnosed with ESES linked to CNKSR2 mutations. Three of these individuals
exhibited neurodevelopmental delays and significant language impairments from early
infancy. In contrast, the other two patients showed normal development until they
experienced their first seizures at ages 3 and 6, respectively. The onset of seizures in
these cases was also marked by the emergence or worsening of cognitive and behavioral
issues. Damiano et. al discovered in one Ashkenazi Jewish family, a new nonsense
mutation (c.2314 C>T; p.Arg712*) was identified. The male proband from this family
presented with a severe epileptic encephalopathy characterized by continuous spike-
waves during sleep (ECSWS).

Daoqi et. al found their study identified a minor deletion in two brothers spanning

four exons, about 9.5 kilobases (kb) in length in the CNKSR2 gene in the patients
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expanding the known range of mutations in CNKSR2. It detailed the clinical
manifestations and genetic evaluation of a family where two male members experienced
severe, unmanageable seizures and syndromic intellectual disability. Additionally, their
mother, a symptomatic carrier, presented focal seizures and mild language and
intellectual challenges. Higa et. al uncovered through an active family support group, an
additional 12 males are described, each harboring a different CNKSR2 variant. The
clinical presentation and natural history consistently show early developmental delay,
sleep disturbances, and seizure onset in childhood that is initially intractable but later
becomes better controlled. Hu et. al identified a likely pathogenic frameshift variant
(p.Asp152Argfs*8) in a family with four affected males. Kang et. al document a case
involving a novel nonsense mutation in CNKSR2, identified as ¢.625C > T (p.GIn209%).
The patient exhibited motor development delays since birth. He experienced his initial
epileptic seizure at 2 years old, displaying symptoms such as staring, lip cyanosis, mouth
foaming, and jerking movements of the limbs. Moreover, the patient demonstrated an
absence of verbal communication abilities.

Polla et. al interestingly found that a CNKSR2 nonsense variants in the C-terminal
coding part can result in ID with seizures in female variant carriers. Also, Vaags et. al
studied 8 patients with mutations in CNKSR2. Five boys aged 13 years and younger were
diagnosed with developmental delay, language deficits and seizures and then also
describe 3 brothers, aged 56 years and older, who share a frameshift-premature
termination mutation in CNKSR2 identified through a multinational intellectual disability
X-chromosome exome sequencing project to have similar phenotypes. Zhang et. al also

reported the first splicing variant mutation of CNKSR2. Whole-exome sequencing was
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utilized to identify pathogenic variants in a patient presenting with symptoms including
delayed psychomotor development, attention deficit, impaired logical thinking, and an
introverted personality, yet displaying no signs of epilepsy or notable
electroencephalogram alterations. Genetic analysis uncovered a splicing mutation (c.1904
+ 1G > A), and subsequent RT-PCR analysis demonstrated abnormal splicing of exon 16.
This resulted in a shift in the reading frame and the production of a truncated protein
affecting the PH domain.

Finally in 2024 Lou et. al identified A boy with intellectual disability (ID) resulting
from a CNKSR2 variant underwent a neurological examination, which identified
hypsarrhythmia through electroencephalography and a right temporal polar arachnoid
cyst via brain MRI. Exome sequencing led to the discovery of a new splicing variant in
the CNKSR2 gene (NM_014927.5, ¢.1657+1G>A). This variant led to the retention of a
166 bp intron between exons 14 and 15, a finding confirmed by a minigene assay. These
clinical studies give credence to the necessity for understanding the causes of EAS with

relation to CNKSR2.

1.16 CNKSR2: A Summary

Over recent years there has been a surge of studies investigating CNKSR2 and its
cellular and molecular mechanisms. With the introduction of mouse models, in vitro
analysis and genomic studies the field has progressed quite rapidly. Despite that very
little work has been done regarding modeling animal behavior, neuronal activity, and
proteomic discovery. For the rest of this dissertation, | will focus on animal behavior
involving USVs in adult male mice, as well as analysis of seizures. Following this | aim
to discuss specifically what cortical brain regions are involved in USV production in
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relation to Cnksr2. Based off my findings | will also conduct further proteomic analysis
to give some insight into how certain phenotypes can be separated, which may be due to
the differences in the proteomic environment. Taken together these results provide the

first evidence that Cnksr2 within the ACC plays a role in USV production.
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2 Material and Methods
2.1 Animals

All mice were maintained within the facilities of Duke University's Division of
Laboratory Animal Resources. Every procedure carried out was under protocol
sanctioned by the Duke University Institutional Animal Care and Use Committee,
adhering to the guidelines of the National Institutes of Health. For behavioral testing, the
animals were moved to the Duke Mouse Behavioral and Neuroendocrine Core Facility.
For behavioral testing and other studies, Cnksr2 floxed mice were crossed with either
Emx-Cre, CaMKII-Cre, or Gad2-Cre mice. Littermate wildtype (Cnksr2*/Y) and
hemizygous knockout (Cnksr2”Y) males from heterozygous pairings were used in all

experiments.

2.2 Stereotaxic Injections

Mice were injected with AAV2/9 viruses sourced from Addgene, featuring a viral
titer of 2.3x10%. To target the medial prefrontal cortex, we used coordinates of +1.5mm
anterior of bregma, 1.5mm ventral, and 0.5mm lateral from the midline. For targeting the
anterior cingulate cortex, the coordinates were +1.0mm anterior of bregma, 0.5mm
ventral, and 0.5mm lateral from the midline. The injections were performed on postnatal
day 30, using either AAV2/9-CamKII-Cre-GFP or AAV2/9-CAG-tdTomato. The final
injection coordinates for PAG were AP = 4.7 £ 0.2 mm, ML = 0.7, DV = 1.75, and these
were reached by making a small craniotomy at approximately AP =3.3 £ 0.2 mm, ML =
0.7 and advancing the pipette back toward PAG at a 30 degree angle relative to vertical.
During the surgical procedure, the mice were anesthetized with isoflurane, using 3% for

induction and maintaining 1%-2% throughout. The injections were administered with
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micropipettes using a nanoject, with each hemisphere receiving a volume of 90
nanoliters. The rate of injection was maintained at 9 nanoliters every 30 seconds. The
needle was carefully lowered at a rate of 0.2mm every 30 seconds from the dura. After
each injection, we allowed 5 minutes for the virus to settle in the brain before retracting
the needle by 0.2mm. An additional 30 seconds were then given to ensure further settling
of the virus, after which the needle was completely removed from the brain. Post-
operative care included treatment with meloxicam and bupivacaine, and the mice were

closely monitored 24 and 48 hours after the surgery.

2.3 Miniscope Implantations

For Inscopix imaging experiments, a 1.2 x 1.2 mm square of skull over the
GCaMP injection site was removed, and a lens was implanted in the same position as the
vmPFC injection (Proview Lens Probe, diameter 1.0 mm, length 4.0 mm; Inscopix). A
small screw was also affixed to the skull above the cerebellum to increase the stability of
the implant. All implants were secured to the skull with dental cement (Metabond)

followed by a thin layer of tissue adhesive (VetBond).

2.4 Inscopix Imaging

Calcium events were collected at 20 frames per second at 50% to 60% laser
power (Inscopix nVista HD) for the duration of time within the chamber. The onset of
calcium imaging was synchronized with the placement of the animal in the arena for
concurrent calcium imaging and behavioral tracking (Ethovision 11.5;
https://www.noldus.com/ethovision-xt). At the end of each experiment, mice were
perfused, and the localization of viral expression and lens placement were visually

confirmed with histology. Only mice with viral expression contained within the vmPFC
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across 3 consecutive coronal sections and correct lens placement in the ACC were
included in this study.

The data collected from imaging sessions were processed to extract calcium event
timing (Inscopix data processing 1.3.1; https://www.inscopix.com/software-analysis-
miniscope-imaging). Briefly, using the Inscopix software package mentioned above, data
were spatially downsampled (2—-3%) and motion corrected in reference to the first frame
of the recording. Cells were identified with principal component analysis—independent
component analysis and confirmed as cells by eye. The calcium traces extracted from
principal component analysis—independent component analysis was then thresholded
(median absolute deviation: 3; event shortest decay time: 0.20 seconds), and the timing of

calcium events from individual cells was calculated.

2.5 Virus Preparation

Php.eB-Cnksr2-TurbolD and Php.eB-Soluble-TurbolD were generated using HEK-
293T cells. The process commenced when the HEK cells reached approximately 70
percent confluency, using 12 plates for each virus. The transfection involved 15 g of the
viral serotype, 15 pg each of AAV-CNKSR2-HIUGE-TurbolD and AAV-CNKSR2-
HiUGE-Soluble-TurbolD DNA vectors, and 30 g of the helper virus pAD delta f6. The
DNA mixture was combined with OPTI-Prep and added dropwise to the HEK cells.
Approximately, 6 hours post-transfection, the media of the HEK cells was changed. The
cells were then harvested and processed for virus purification three days after the
transfection. For viral purification, the harvested HEK-293T cells were lysed, and the

virus was concentrated using an OPTI-prep density gradient (Sigma #D1556). Following
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this, the newly obtained virus was tittered to assess the yield and ensure it was within

acceptable limits.

2.6 Multielectrode Array

In our study, we utilized a multielectrode array (MEA) system. We plated postnatal
day 0 neurons from Cnksr2™¥:Emx-Cre” or Cnksr2™¥;Emx-Cre*" cortex in a 48-well
MEA plate (Lumos 48, Axion Biosystems). Neuronal activity was recorded on days 7,
10, and 13 after plating (DI1V). Each well of the MEA plate contains a 4x4 grid of
electrodes, each with a diameter of 50 nm and an electrode spacing of 350 mm from pole
to pole. The wells were coated with 1 mg/ml of poly-L-lysine in sodium borate buffer at
pH 8.5. Neurons were plated at a density of 50,000 cells/5 pl in each well, specifically
targeted onto the electrode grid within the inner well. 1.5 hours after plating, 300 pl of
growth media was added to the neurons. The growth media was changed at 5 DIV and
subsequently each time the neurons were recorded.

Recordings of local field potentials were conducted at a temperature of 37°C and 5%
CO02, using a Maestro MEA system and AxIS software (Axion Biosystems). Ten minutes
after placing the MEA plates on the stage, recordings of 10 minutes duration were taken
for calculating the metrics. For data analysis, only wells with 14 out of 16 active
electrodes were considered. Data acquisition was done at a rate of 12.5 kHz, with a
digital Butterworth bandpass filter set between 200-3000 Hz. The threshold for spike
detection was fixed at 6 standard deviations. Independent measurements were taken from
triplicate MEA plates, with each condition covering 16-24 wells. Electrode bursting was

defined as a minimum of 5 spikes, each separated by less than 100 ms. Representative
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raster plots were generated using the Neural Metrics Tool (Axion Biosystems). Data

collection was performed using three different MEA plates.

2.7 Elevated Zero Maze

In our study, mice were evaluated for behaviors indicative of anxiety using the raised
zero-maze. Each mouse was placed in a sheltered section of the maze, where it was given
5 minutes for uninhibited exploration. This was conducted under subdued lighting
conditions, maintained at 40-60 lux. To record their movements, a high-definition camera
was positioned 180 cm above the center of the maze. The recorded movements were
subsequently analyzed using Ethovision XT7 software from Noldus Information
Technology. The EthovisionXT software generated tracking patterns, which yielded
various data points. These included the duration the mice spent in open zones, the total
distance they covered, their speed in centimeters per second, and the total count of
movements they made through open spaces between the two enclosed sections of the
maze. This comprehensive analysis allowed for a detailed assessment of behaviors related

to anxiety in the mice.

2.8 Adult Ultrasonic Vocalization

Prior to the experimental examination, the animals were housed separately for a
week. We selected C57/B6J female mice to serve as interaction partners. To prime the
male mice, we exposed them to used bedding from the C57/B6J female partners,
followed by a cage change on the subsequent day. This priming routine was repeated
twice. Before the actual testing, the male mice were acclimatized to the recording spaces
for 10-15 minutes daily. On the test day, we visually checked the estrus phase of the

C57/B6J females, including only those females in estrus in the experiment. The testing
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procedure began by placing the male mice in the test area for 2 minutes. Then, a C57/B6J
female in estrus was introduced, allowing the mice to interact for 8 minutes. During the
entire 10-minute duration of the experiment, ultrasonic vocalizations emitted by the mice
were captured as audio waveforms. These recordings were later analyzed using Avisoft
SASLab Pro software. This process ensured a controlled environment for observing and
recording the interactions and vocalizations, facilitating precise and detailed behavioral

analysis.

2.9 Retro Orbital Injections

In our study, Cnksr2™¥ mice were injected with 2 pl of PhP.eB virus into their eye
socket to facilitate viral spread through the ventricles. The injections were carried out
under anesthesia. During this procedure, the male mice were head-fixed and mounted on
a stereotaxic rig. For the control and experimental groups, PhP.eB-CAG-tdTomato and
PhP.eB-CamKII-Cre-GFP viruses were used respectively. After the injections, the mice
were closely monitored for any immediate post-injection effects. This monitoring took
place at two key time points: 24 hours and 48 hours post-injection. This careful
observation helped ensure the well-being of the mice and the successful administration of

the viral injections.

2.10 EEG Recordings

The EEG and EMG data were sampled at a rate of 500 Hz, employing a high-pass
filter at 1.0 Hz and a low-pass filter at 45 Hz. EEG1, EEG2, and EMG signals were
collected using Sirena Acquisition software from Pinnacle Technologies. Both EEG1 and
EEG2 channels were differential recordings sharing a common reference electrode. To

detect epileptiform discharges, we used Seizure Pro software (Pinnacle Technologies).
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Spike-wave complexes that met specific criteria—frequency between 2-10 Hz, voltage
twice the background EEG, and a minimum duration of 1 second—were included in the
quantification of epileptiform discharges. For identifying electrographic seizures, we
applied an automated line-length search method to all EEG channels. The threshold was
set at a line length of 5000 per second, using a 10-second search window and a 1-second
sliding window. High amplitude events exceeding this threshold, containing more than
one spike-like event per second and lasting longer than 10 seconds, were classified as
electrographic seizures. Events detected by the Seizure Pro software underwent
confirmation or exclusion through visual inspection of both EEGs and video recordings.
Non-rapid eye movement sleep (NREMS) periods were identified by extracting delta
frequency (1-4 Hz) from FFT-transformed EEG data. This data was visually inspected
and manually scored. Based on delta power, three states were delineated: wake/rapid eye
movement sleep (REMS), NREMS, and transition periods between NREMS and
wake/REMS. This comprehensive approach allowed for a detailed and accurate analysis

of the EEG/EMG data in relation to the animals' behavior and neurological state.

2.11 Olfactory Testing

Olfactory testing was run with mice that had been housed individually for at least a
week as described (Rodriguiz et al., 2004). Briefly, animals were compared for their
abilities to discriminate the odors from urine from estrus female vs saline. Fifty pl of
urine was pipetted onto 1 cm x 1 cm cotton wadding and was placed into Tissue-Tek
cassettes (3 cm x 4 cm x 0.4 cm; VWR Scientific, Bridge- port, NJ) mounted on opposite
walls of the home cage, 1cm above the floor. The time spent with each cassette was
coded for 5 minutes using the Noldus Observer (Noldus Information Technology,
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Leesburg, VA). Selection was defined as the mouse sniffing or manipulating the cassette
or being within 1 body length of the cassette and oriented towards it. Preference score for
the female urine odor was calculated as the time spent with the urine cassette relative to

the total time spent in both cassettes (urine plus saline).

2.12 Diazepam Injections

Mice are weighted, tail marked, and house in the test room at least 24-48 hours
prior to the start of testing. On the day of testing, atleast 2 hours after light onset, mice
are injected with either vehicle or 0.5 mg/lg of Diazepam and after 30 allowed 5 minutes
free exploration of the elevated zero maze and 10 minutes in the ultrasonic vocalization
chamber. All mice started facing the closed arm at the start of testing for zero maze and
allowed 100 seconds of acclimatization in the ultrasonic vocalization chamber. Drugs and
compounds used 0.5% DMA and 5% sterile water. Following drug administration mice
were continuously monitored via daily room checks and body weight was recorded as
needed if the mice became lethargic or appeared to be losing weight. Evidence of eating
and drinking was conducted by Duke Laboratory and Animal Research division via room
checks. Any exceptions, problems, abnormal injection responses, signs of injury,

pain/distress would be reported Animal Health Records and page on site veterinarian.

2.13 Proteomics

Lsl.Cas9; EMX-Cre injected with CNKSR2-TurbolD and Isl. Cas9; EMX-Cre
injected with Soluble-TurbolD mice were deeply anesthetized with isoflurane were
decapitated, and their cortex were rapidly dissected and preserved using dry ice. Tissue
was homogenized on ice using RIPA Buffer. The homogenate was then sonicated for 30

seconds and then centrifuged for 40 min at 1000 x g. The supernatant was removed and
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placed into Zeba desalting columns and spun down. Samples were then incubated with
streptavidin beads and incubated overnight at 4 degrees Celsius. The following day
samples were washed twice in RIPA buffer, once in 1M KCI, once in 0.1M Na2CO3,
once in 2M Urea and two more times in RIPA. Proteins were then eluted off beads using
90ul of 2x sample buffer supplemented with 2.5mM biotin. All buffers used were treated

with protease inhibitors. Final solution is then sent off to mass spectrometry for analysis.

2.14 Sample Preparation

12 samples (3 of each CNKSR2_Gad2 Soluble, CNKSR2_Gad2_Turbo,
CNKSR2_EMX Soluble, and CNKSR2_EMX_Turbo) were sent to The Duke Proteomics
and Metabolomics Shared Resource (DPMSR) which were kept at -80C until processing.
Samples were spiked with undigested bovine casein at a total of either 1 or 2 pmol as an
internal quality control standard. Next, they were reduced by 15 min at 80C, alkylated
with 20 mM iodoacetamide for 30 min at room temperature, then supplemented with a
final concentration of 1.2% phosphoric acid and 616 pL of S-Trap (Protifi) binding buffer
(90% MeOH/100mM TEAB) (Supplemental Table 1). Proteins were trapped on the S-
Trap micro cartridge, digested using 20 ng/uL sequencing grade trypsin (Promega) for 1
hr at 47C, and eluted using 50 mM TEAB, followed by 0.2% FA, and lastly using 50%
ACN/0.2% FA. All samples were then lyophilized to dryness. Samples were resuspended
in 120 puL of 1% TFA/2% acetonitrile with 12.5 fmol/uL of yeast ADH. A study pool QC

(SPQC) was created by combining equal volumes of each sample.

2.15 LC-MS/MS Analysis
Quantitative LC/MS/MS was performed on 4 pL of each sample, using an MClass

UPLC system (Waters Corp) coupled to a Thermo Orbitrap Fusion Lumos high
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resolution accurate mass tandem mass spectrometer (Thermo) equipped with a
FAIMSPro device via a nano electrospray ionization source. Briefly, the sample was first
trapped on a Symmetry C18 20 mm X 180 pum trapping column (5 pl/min at 99.9/0.1 v/v
water/acetonitrile), after which the analytical separation was performed using a 1.8 um
Acquity HSS T3 C18 75 um x 250 mm column (Waters Corp.) with a 90-min linear
gradient of 5 to 30% acetonitrile with 0.1% formic acid at a flow rate of 400
nanoliters/minute (nL/min) with a column temperature of 55C. Data collection on the
Fusion Lumos mass spectrometer was performed for three difference compensation
voltages (-40v, -60v, -80v). Within each CV, a data-dependent acquisition (DDA) mode
of acquisition with a r=120,000 (@ m/z 200) full MS scan from m/z375 — 1500 with a
target AGC value of 4e5 ions was performed. MS/MS scans with HCD settings of 30%
were acquired in the linear ion trap in “rapid” mode with a target AGC value of 1e4 and
max fill time of 35 ms. The total cycle time for each CV was 0.66s, with total cycle times
of 2 sec between like full MS scans. A 20s dynamic exclusion was employed to increase
depth of coverage. The total analysis cycle time for each sample injection was

approximately 2 hours.

2.16 Quantitative Data Analysis

Following 15 total UPLC-MS/MS analyses (excluding conditioning runs, but
including 3 replicate SPQC samples, data were imported into Proteome Discoverer 3.0
(Thermo Scientific Inc.) and individual LCMS data files were aligned based on the
accurate mass and retention time of detected precursor ions (“features”) using Minora
Feature Detector algorithm in Proteome Discoverer. Relative peptide abundance was
measured based on peak intensities of selected ion chromatograms of the aligned features
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across all runs. The MS/MS data was searched against the SwissProt M. musculus
database, a common contaminant/spiked protein database (bovine albumin, bovine
casein, yeast ADH, etc.), and an equal number of reversed sequence “decoys” for false
discovery rate determination. Sequest with INFERY'S was utilized to produce fragment
ion spectra and to perform the database searches. Database search parameters included
fixed modification on Cys (carbamidomethyl) and variable modification on Met
(oxidation). Search tolerances were 2ppm precursor and 0.8Da product ion with full
trypsin enzyme rules. Peptide Validator and Protein FDR Validator nodes in Proteome
Discoverer were used to annotate the data at a maximum 1% protein false discovery rate
based on g-value calculations. Note that peptide homology was addressed using razor
rules in which a peptide matched to multiple different proteins was exclusively assigned
to the protein that has more identified peptides. Protein homology was addressed by
grouping proteins that had the same set of peptides to account for their identification. A
master protein within a group was assigned based on % coverage. Raw intensity values
for each identified peptide are presented in Table 2. Prior to normalization, a filter was
applied such that a peptide was removed if it was not measured at least twice across all
samples and in at least 50% of the replicates in any one single group. After that filter,
samples were total intensity normalized (total intensity of all peptides for a sample are
summed then normalized across all samples). Next, the following imputation strategy is
applied to missing values. If less than half of the values are missing in a biological group,
values are imputed with an intensity derived from a normal distribution of all values
defined by measured values within the same intensity range (20 bins). If greater than half

values are missing for a peptide in a group and a peptide intensity is > 5e6, then it was
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concluded that peptide was misaligned, and its measured intensity is set to 0. All
remaining missing values are imputed with the lowest 2% of all detected values. Peptide
intensities were then subjected to a trimmed-mean normalization in which the top and
bottom 10 percent of the signals were excluded, and the average of the remaining values
was used to normalize across all samples. Lastly, all peptides belonging to the same
protein were then summed into a single intensity. These normalized protein level
intensities are what was used for the remainder of the analysis. In addition, the “PD
detected peptides” column indicates in which runs the peptide was detected. This allows

for an easy visualization of how many peptide intensities were from imputed values.

2.17 Parallel reaction monitoring (PRM) targeted proteomics

For the PRM analysis, 28 ug of total protein from micro-dissected ACC and mPFC
samples were used. Cortical brain region samples were supplemented with sodium dodecyl
sulfate (SDS) to a final concentration of 5% for digestion. Samples were then reduced with
10 mM dithiothreitol for 30min at 80°C and alkylated with 20 mM iodoacetamide for 30
min at room temperature. Next, they were supplemented with a final concentration of 1.2%
phosphoric acid and 1440ml of S-Trap (Protifi) binding buffer (90% MeOH/100 mM
TEAB). Proteins were trapped on the S-Trap, digested using 20 ng/ml sequencing grade
trypsin (Promega) for 1 h at 47°C, and eluted using 50 mM TEAB, followed by 0.2% FA,
and lastly using 50% acetonitrile (ACN)/0.2% FA. All samples were then lyophilized to
dryness and resuspended in 15ml 1%TFA/2% ACN containing 12.5fmol/ml yeast alcohol
dehydrogenase (ADH_YEAST). A Sample Pool QC (SPQC) was created by taking 5ml

from each sample, which was run periodically throughout the acquisition period.
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2.18 Immunohistochemistry

Adult mice were first deeply anesthetized with isoflurane, then underwent
transcardial perfusion with heparin-containing PBS (pH 7.4) followed by 4%
paraformaldehyde (PFA) in PBS. The brains were removed, post-fixed overnight at 4°C
in the same fixative, and cryo-protected with 30% sucrose in 1X PBS. Using a cryostat,
30-micron thick coronal brain sections were prepared and stored at -20°C until needed.
These free-floating sections underwent three 10-minute washes in TBS with 0.2% Triton
X-100 (Roche), were blocked for an hour at room temperature in 10% Normal Goat
Serum (Sigma) with 0.2% Triton X-100 in TBS, and then incubated overnight at 4°C
with primary antibodies. After another set of washes in TBS with 0.2% Triton X-100,
sections were incubated with secondary antibodies (goat anti-mouse Alexa Fluor 594-
ThermoFisher #A11032 at 1:500 and goat anti-rabbit Alexa Fluor 488- ThermoFisher
#A11008 at 1:500) for two hours at room temperature. Following a final series of washes,
the sections were mounted with Fluorsave Reagent (EMD Milipore, 345789) and imaged
on a Zeiss 710 confocal microscope. At least three confocal images per animal were
analyzed, and cell counts were manually quantified using the Cell Counter plugin in

Imagel. The sample processing and the experiment itself were blinded to the genotypes.

2.19 Western Blotting

The primary antibodies utilized included Anti-alpha Tubulin (at a dilution of
1:500) and Anti-HA at a dilution of (1:500). The secondary antibodies were Goat anti-
Rabbit IR Dye 800CW (LI-COR, #926-3221, at a dilution of 1:5000) and Goat anti-
Mouse IR Dye 680 (LI-COR, #925-68070, at a dilution of 1:5000). The cortical samples

were subjected to electrophoresis using a 15-well, 4-20% SDS-PAGE gel (Bio-Rad
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#4561096) at 100V for an hour at room temperature, and subsequently transferred onto a
nitrocellulose membrane (GE Life Sciences #GE10600002) at 100V for 70 minutes, also
at room temperature but on ice. Membranes were then blocked with Odyssey blocking
buffer (LI-COR #927-50000) for an hour at room temperature. This was followed by an
overnight incubation with the primary antibodies at 4°C. After rinsing the membranes
four times with 1X TBST, they were incubated with the secondary antibodies for an hour
at room temperature, rinsed again four times with TBST, and finally, imaged using an

Odyssey Fc imaging system at 700nm and 800nm wavelengths.

2.20 TurbolD Genomic Integration

We utilized an approach we recently developed in which CRISPR-genome
engineering using Homology-independent Universal Genome Engineering (Gao, 2019)
inserts TurbolD into the coding sequences of a target bait protein (Branon et al., 2018;
Gao et al., 2022). To enable cell-selective capture of Cnksr2 interactomes, Emx-Cre mice
were crossed to lox-stop-lox (Isl) spCas9 mice, which express spCas9 in the presence of
Cre recombinase. A previous challenge in tagging Cnksr2 at the C-terminus was its PDZ
binding motif. Tagging TurbolD after this PDZ binding motif on the C-terminus could
lead to loss of the function of this protein-interacting motif and thus the relevant proteins
identified from the proximity proteomics. To avoid losing potential protein interactions,
we introduced a synthetic exon containing TurbolD into an intronic region between exons
21 and 22 of Cnksr2. This created a fusion protein of Cnksr2, TurbolD and the PDZ
binding motif, preserving its c-terminal position. We used an unfused, soluble version of
TurbolD expressed from the endogenous Cnksr2 promoter as a negative control, AAV-
PhP.eB-Cnksr2HiIUGE-IRESTurbolD. We then injected postnatal day 0 pups with either
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AAV-PhP.eB-Cnksr2HiUGE-TurbolD or AAV-PhP.eB-Cnksr2HiUGE-IRESTurbolD.
The guide sequence for TurbolD integration is 5> CGAGGTCACTAGTACCTGACGG
3.
2.21 Statistical Analysis

Information on experimental repetitions and the statistical methods used is
detailed in the captions of each figure. All studies were conducted at least three times.
Statistical evaluations and graph creation were done using GraphPad Prism or Microsoft
Excel. The Shapiro-Wilk test checked data for normal distribution to decide between
parametric and nonparametric statistical tests. When multiple comparisons were made,
suitable post hoc tests were applied, as noted in the figure captions. T tests reported

include two-tailed p-values, and all graphed data are presented as mean + SEM.

2.22 Topsy-Turvy 3D

From the proximity-labeled data, we conduct an all-vs-all analysis of the Cnksr2-
Emx and Cnksr2-Gad2 proteomes using combinations. These pairs are tested in silico using
the deep learning model Topsy-Turvy 3Di (TT3D), allowing sequence and structure to be
tokenized using Bepler & Berger and Foldseek respectively to create protein-protein
interaction maps, utilizing a A100 GPU [1, 5]. TT3D assigns probabilities to paired

interactions, with predictions above 0.5 deemed as positive PPIs.

2.23 AlphaFastPPi
Full FASTA sequences for each protein were compiled into the AlphaFold database
sourced from the AlphaPulldown repository within the docker folder. The UniRef2021

database was upgraded to UniRef2023. Data processing to generate structural template
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features, specifically monomer objects, was performed using the Multiple Sequence
Alignment tool mmseqs2. This was facilitated by the script create_individual_features.py
run on CPUs with parameters: --fasta_path, --data_dir, --output_dir, --max_template_date,
--use_mmseqs2=True, skip_EXxisting=True.

AlphaFastPPi supports both pulldown (bait + candidates) and all versus all
methods. Additionally, a pipeline to select specific protein pairs, beyond the standard
options, is integrated. The script AlphaFastPPi.py executes structural analysis and
generates .pdb files for each protein pair, with parameters: --mode pairs, -l
proteins_fasta.txt, -d alphafold_database2023/, -m monomers_dir/, -0 output_dir. Each
pair is accompanied by a .pdb file and .pkl file for visualization of the folded complex.

Metrics provided include pDockQ, which assesses docking confidence based on a
sigmoidal curve of DockQ versus IF_pIDDT*log(IF_contacts); mpLDDT, indicating the
confidence of each structure relative to the alpha carbon; and ipTM and ipTM+pTM, which
measure the accuracy of predicted relative positions in the complex and individual chains,

respectively.
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3 Expanding our Understanding of Cnksr2
3.1 Introduction

Childhood and infancy epilepsy are complex, debilitating disorders with largely
unknown causes. These conditions encompass a spectrum, ranging from epilepsy to
epilepsy-aphasia syndrome (EAS), predominantly affecting males. At the severe end of
this spectrum lie Landau-Kleffner syndrome and continuous spike and wave during slow-
wave sleep syndrome (CSWS). These syndromes are characterized by seizures, electrical
status epilepticus during sleep, cognitive disability, and aphasia (Deonna, 1991; Nickels
and Wirrell, 2008; Tassinari et al., 2000). The treatment options for EAS are limited, with
most children receiving speech therapy and anticonvulsants for seizures. However, these
treatments often fall short in addressing cognitive impairments, resulting in many patients
enduring persistent language and cognitive challenges (Dugas et al., 1976; Moreno-
Flagge, 2013).

Recent studies have implicated heterozygous loss of function mutations of
CNKSR2 with EAS, which are characterized by seizures, aphasia or the progressive loss
of language, attention deficits, and X-linked neurodevelopmental disorders (Kang et al.;
Polla et al., 2019; Bonardi et al., 2020b). The CNKSR2 gene encodes the Connector
Enhancer of Kinase Suppressor of Ras 2, a scaffolding protein that may influence the
mitogen-activated protein kinase pathways downstream of Ras (Ito and Nagata; Ito et al.,
2021). This protein, comprised of 1034 amino acids, contains various protein and
membrane biding domains such as PDZ, SAM (sterile alpha motif), PH (pleckstrin
homology), CRIC (conserved region in CNK), and a C-terminal PDZ-binding motif.

CNKSR2 may link signal transduction to membrane and cytoskeletal remodeling (Ito and
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Nagata; Ito et al., 2021). Notably, its location on the X chromosome fits with the male
predominance in EAS patients (Higa et al., 2021). We previously developed a conditional
Cnksr2 knockout mouse model, whose phenotype, when ubiquitously deleted,
successfully models aspects of primary human patient phenotypes in adult male mice
(Erata et al., 2021). This transgenic model of Cnksr2 loss offers a unique opportunity to
further investigate the basis of the diverse phenotypes that model EAS symptoms
observed in human patients.

A key, but enigmatic phenotype of EAS, including EAS associated with CNKSR2
mutations, is the progressive loss of vocal communication in children with this disorder.
Although there are clear differences between human language and mouse vocal
communication, loss of ultrasonic vocalizations (USVs) was observed in the Cnksr2 KO
mice. However, the genetic-to-circuit mechanisms of this pathology were unknown.
Recent debates have emerged about the cortex's role in USV production in mice (Arriaga
et al., 2012b). Damage to the M1 region of the motor cortex was found to slightly alter
the USV frequency without affecting syllable composition or amplitude (Okobi et al.,
2019). Conversely, (Hammerschmidt et al., 2015) found that genetically removing all
excitatory neurons in the cerebral cortex did not impede USV production, as cortex-
lacking mice produced USVs comparable to control mice. However, other mammalian
studies highlight the importance of cortical circuits in vocalizations, especially the ACC
(Bennett et al., 2019). Vocal behaviors, which vary in complexity, involve three key
components: respiratory movements, laryngeal activity, and supralaryngeal activity
(Beckstead Rm Fau - Morse et al.; Ezure et al.; Fort et al.). The motor neurons controlling

these activities are in the ventral horn of the spinal cord, as well as in the pons and
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medulla. The coordination of various motor neurons is managed by a complex network
that includes the lateral pontine reticular formation, the ventrolateral parabrachial area,
the anterolateral and caudal medullary reticular formation, and the nucleus retroambiguus
(Slugg and Light, 1994). This network is directly connected to the phonatory motor
neurons and receives sensory input from laryngeal, pulmonary, and oral
mechanoreceptors through the solitary tract nucleus and the principal and spinal
trigeminal nuclei (Jirgens, 2002). Vocalization production requires inputs from the
periaqueductal grey (PAG) in the midbrain and the adjacent lateral tegmentum (Jirgens,
2009). Control over vocalization initiation or suppression involves two cortical regions:
the medial prefrontal cortex (mPFC) and the anterior cingulate cortex (ACC) (Bennett et
al., 2019). These circuits connect to the PAG, then to the reticular formation in the pons,
and finally to the phonatory motor neurons (Simonyan, 2014). This vocalization circuit is
conserved across humans, non-human primates, and rodents, including rats. In rats, the
mPFC and ACC have been extensively studied for their roles in controlling ultrasonic
vocalizations (USV) (Bennett et al., 2019). In mice, USVs elicited during social
interactions, are high-pitched frequencies (30kHz) used in mating or to attract attention
for nursing needs for adults’ males and neonatal pups respectively (Branchi et al., 2001).
Recently, in mice, it was discovered that the ACC is involved in USV production (Gan-
Or and London, 2023) and thus may be a prime candidate for further analysis regarding
EAS.

Beyond the question of circuitry dysfunction that may underlie EAS, it is also
unclear whether the associated seizures, which often precede aphasia, contribute to the

vocal communicative deficits (Marques Mendes et al., 2018). There are also other
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epilepsy/seizure-related disorders in which patients also have language deficits. Some
examples are Koolen-de Vries Syndrome (KdVS) and FOXP1 Syndrome (Koene et al.,
2023; Shalev et al., 2023). Patients with KdVS have a 100% likelihood of developing
language disorders and 33% likelihood of acquiring seizures (Khan et al., 2022; Karamik
et al., 2023). The diagnosis of KdVS was recently established in a proband who has either
a heterozygous 500- to 650-kb deletion at chromosome 17g21.31 that includes KANSL1
or a heterozygous intragenic pathogenic variant in KANSL1, suggesting mutations of this
gene may underline the disorder (Karamik et al., 2023). FOXP1 Syndrome is also
characterized by delays in early motor and language milestones, mild-to-severe
intellectual deficits, speech and language impairments, and epilepsy (Benvenuto et al.,
2023). However, there are many other instances of disorders in which epilepsy/seizures
are not associated with language loss as well as cases where language loss is not
associated with epilepsy, such as Smith-Magenis Syndrome in which patients are
diagnosed with language disorders but lack seizures (Korteling et al., 2023). Thus, it
remains unclear whether the seizures associated with CNKSR2 mutations are functionally
linked to the subsequent language loss.

Here we report proteomic analysis of endogenous Cnksr2 in a cell-type specific
manner which reveals its core function in organizing the post synapse, reflected by
common alterations in neural activity in its absence for both excitatory and inhibitory
neurons in vitro and in vivo. We also find that using conditional Cnksr2 knockout mice,
the vocal communication phenotypes of the KO mice can be dissociated by deletion of
Cnksr2 in either GABAergic or glutamatergic neurons. Deletion of Cnksr2 in

glutamatergic neurons leads to elevated levels of anxiety and loss of ultrasonic
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vocalizations in adult male mice, while deletion in GABAergic neurons does not. Further
analysis also reveals that the Cnksr2 expression in glutamatergic neurons within the ACC
is important for USV production. Taken together, these results provide insight into the
molecular functions of Cnksr2 and how its loss in distinct cell types leads to the diverse

phenotypes associated with EAS.

3.2 Multielectrode Array Assay reveals Cnksr2 deletion in Emx positive
excitatory neurons increases neuronal activity in vitro

The diverse phenotypes resulting from the loss of Cnksr2 could reflect
phenotypes differentially linked to specific cell types that express Cnksr2, which include
both excitatory glutamatergic and GABA inhibitory neurons (Erata et al., 2021). These
phenotypes include elevated epileptic seizures, increased anxiety and loss of adult
ultrasonic vocalization. We reasoned that discovering its cell-type specific functions
related to neuronal activity might reveal conserved or core functions as well as
potentially context-specific functions. We first aimed to explore the effects of Cnksr2
deletion in glutamatergic neurons in vitro. To understand the impact of loss of Cnksr2 on
neuronal activity we recorded mean field potentials using Microelectrode Arrays (MEA)
(Figure 1). We conducted simultaneous local extracellular field recordings of dissociated
neuronal cultures over time, allowing us to detect temporal alterations to neuronal
network activity during in vitro development (Erata et al., 2021; Uezu et al., 2019). We
cultured dissociated cortical neurons from Cnksr2"¥:Emx-cre*” (Figure 1). We monitored
their spontaneous activity every three days, from day in vitro 7 (DIV7) to DIV13 (Figure
2). Neuronal spikes were detected using a threshold-based method, which was then used

for raster plot creation and further data analysis. From DIVV7 onwards, both WT and
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Cnksr2 knockout groups displayed synchronized neuronal firing. Furthermore, deletion
of Cnksr2 in glutamatergic neurons led to an increase in the weighted mean firing rate
compared to WT littermates, but with notable differences in the time course (Figure 2B,
and 2C). The deletion of Cnksr2 from excitatory neurons at DIV7 also affected all 4
measured parameters (number of spikes, number of bursts, burst frequency, number of
network bursts) with all 4 still altered at DIV10 (number of spikes, number of bursts,
burst frequency, and number of network bursts), and 1 out of 4 parameters showing

significant increases at DIV13 (number of spikes) (Figure 3A-3D).
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Figure 1 Experimental design to record spontaneous local neural activity using the
Multielectrode Array. Cultured cortical neurons were prepared from Cnksr27Y;Emx Cre*,
Cnksr2”;Emx Cre™, Cnksr2”Y;Gad2 Cre*" and Cnksr2”Y;Gad2 Cre” PO neonatal male pups and
spontaneous neuronal activity was recorded at DIV 7, 10 and 13. Three Cnksr2”Y;Emx Cre*,
Cnksr2¥;Gad2 Cre*- and three Cnksr2”Y;Emx Cre”, Cnksr2”Y;Gad2 Cre” pups were used for
three MEA plates.

3.3 Multielectrode Array Assay reveals Cnksr2 deletion in Gad2 positive
inhibitory neurons increases neuronal activity in vitro

We further extended these experiments to inhibitory neurons by generating

Cnksr2™: Gad2-cre* postnatal pups. We then once again cultured dissociated cortical
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neurons from these mice and plated them on a 48 well MEA plate (Figure 1A). We
monitored their spontaneous activity every three days, from day DIV7 to DIV13.
Neuronal spikes were detected using a threshold-based method, which was then used for
raster plot creation and further data analysis. Interestingly deletion of Cnksr2 GABAergic
neurons led to an increase in the weighted mean firing rate compared to WT littermates
as well, but with notable differences in the time course (Figure 2B and 2D). For example,
deletion of Cnksr2 from GAD2+ neurons at DIV7 resulted in a significant increase in
activity in 4 out of 4 measured parameters (number of spikes, number of bursts, burst
frequency, and number of network bursts). By DIV10 these neurons appeared
indistinguishable from the WT group (Figure 4A-4D). These observations suggest that
Cnksr2 has conserved functions at synapses of both glutamatergic and GABAergic
neurons based off the similar elevated neuronal activity. Given the observed effects on
neural network activity, we next explored the proximity proteomes of Cnksr2 in a cell-

type specific manner in vivo.
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Figure 2: Cnksr2 loss in glutamatergic and GABAergic neurons leads to increased
spontaneous firing rates of cortical neurons in vitro. (A) Representative raster plots showing
spontaneous activity recorded Cnksr27Y;Emx Cre*", Cnksr2”Y;Emx Cre”, Cnksr2”Y;Gad2 Cre*"
and Cnksr2"Y;Gad2 Cre™ cortical neurons on DIV 10. Electrodes 1-16 are presented on the Y-axis,
plotted against time. (B) Graph of spontaneous weighted mean firing rates on DIV7, DIV10, and
DIV13 for Cnksr2™:Emx Cre*- and Cnksr2™;Emx Cre”. KO neurons displayed significantly
increased weighted mean firing rates during all three timepoints (DIV7: *p=0.0328, DIV10:
****p=<0.0001, DIV13: ****p<0.0001, Two-Way ANOVA with Multiple Comparisons and
Repeated Measures). n=72 wells from 3 plates. Data are Data are mean + SEM. (C) Graph of
spontaneous weighted mean firing rates on DIV7, DIV10, and DIV13 for Cnksr27Y:Gad2 Cre*- and
Cnksr2™¥;Gad2 Cre”-. KO neurons displayed significantly increased weighted mean firing rates on
DIV7 and DIV10 (DIV7:**p=0.000013, DIV10: ***p<0.000001, Wilcoxon test with Multiple
Comparisons (non-Gaussian distribution)). n=72 wells from 3 plates, Data are Data are mean *
SEM.

3.4 Discussion of Cnksr2 and its effect on neuronal firing in a cell type
specific manner

Given the paucity of mechanistic studies at the genetic and cellular level for EAS,
we took advantage of the conditional allele for Cnksr2 to discover and disentangle its
roles in the neuronal cell populations it is expressed in, excitatory and inhibitory neurons.
Our results highlight the core as well as distinct cellular and molecular features of

Cnksr2, which is important for understanding the interplay between comorbidities of
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EAS. Loss of Cnksr2 resulted in elevated neuronal activity, whether it was deleted from
excitatory or inhibitory neurons, which was surprising given the opposing roles of these
neuronal cell types. This is surprising because it is commonly thought that the increase in
neuronal activity within inhibitory neurons leads to epileptic discharges. While it is
currently unclear how loss of Cnksr2 in both neuronal populations lead to elevated
network activity, we speculate it is likely by distinct mechanisms. We and others have
previously shown that loss of Cnksr2 in excitatory neurons leads to a decrease in spine
density (Lim et al., 2014). This study discusses the role of the CNK2 protein scaffold in
the development of dendritic spines in hippocampal neurons, which are essential for
synaptic transmission and plasticity in the brain and shows its role in modulating Racl
activity during spine morphogenesis. Some key interactions and mechanisms discussed
are a novel interaction between CNK2 and Vilse (a Rac-specific GTPase activating
protein). This interaction is critical for the modulation of Racl activity. By interacting
with Vilse, CNK2 helps modulate the cycling of Racl between its active (GTP-bound)
and inactive (GDP-bound) states. This modulation is vital for the proper formation and
maintenance of dendritic spines.

Interestingly, we previously showed that loss of the dendritic spine Arp2/3
complex subunit, ArpC3, also led to reduced spine density and a paradoxical increase in
neuronal activity (Kim et al., 2015). In the case of ArpC3 loss, we found that excitatory
synapses shifted from axo-spine contacts to axo-dendritic shaft synapses. Alongside that
we discovered reduced synaptic stability and structures through the ArpC3 mutations.
There is a notable decline in synaptic efficiency and functionality, manifesting as reduced

synaptic transmission and altered synaptic plasticity. Some behavioral abnormalities
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present in these mice are cognitive impairments, including problems with memory
formation and retrieval. ArpC3 mutants also have deteriorating motor skills, linked to the
structural abnormalities in dendritic spines.

We also speculated that the increase in spontaneous firing might be due to the loss
of the electrical insulator function of spines (Harnett et al., 2012), (Tgnnesen et al., 2014).
More specifically the study examines how dendritic spines function not only as structural
units but also as active participants that amplify synaptic inputs and facilitate the
integration of those inputs, enhancing input cooperativity among neurons. The first key
finding was that they uncovered that the unique geometry of dendritic spines allows for
localized increases in the concentration of calcium ions, which amplifies the postsynaptic
signals. This amplification is crucial for activating further downstream signals within the
neuron. Also, variations in spine density and size across different neurons and neural
circuits can modulate the extent of synaptic amplification, thereby impacting the overall
synaptic strength and network functionality.

Given the similar results for Cnksr2, future work will be needed to determine if
this might be a mechanism at play upon its loss. Loss of Cnksr2 in inhibitory neurons
also resulted in increased activity. The most parsimonious explanation is that loss of
Cnksr2 in GABAergic neurons may reduce their excitatory input, leading to reduced

inhibition of excitatory neurons. These mechanisms remain speculative, however.
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Figure 3: Cnksr2 Loss in Glutamatergic neurons leads to abnormal neuronal firing in-vitro.
(A) Graph on number of spikes on DIV7, DIV10, and DIV13 for Cnksr2”Y;Emx Cre*" and
Cnksr2”;Emx Cre”. KO neurons displayed significantly increased number of spikes on DIV7,
DIV10, and DIV13. (B) Graph on number of bursts on DIV7, DIV10, and DIV13 for Cnksr2”Y;Emx
Cre*" and Cnksr2”;Emx Cre”. KO neurons displayed significantly increased number of bursts on
DIV7, and DIV10. (C) Graph on burst frequency on DIV7, DIV10, and DIV13 for Cnksr2”Y;Emx
Cre*" and Cnksr2”Y;Emx Cre”. KO neurons displayed significantly increased number of bursts on
DIV7, and DIV10. (D) Graph on number of network bursts on DIV7, DIV10, and DIV13 for
Cnksr2™;Emx Cre* and Cnksr2™;Emx Cre”. KO neurons displayed significantly increased
number of bursts on DIV7, and DIV10. Data are mean + SEM.
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4 Molecular Insights into Cnksr2

4.1 HiUGE BiolD labeling of Cnksr2 in Emx positive excitatory neurons
proximity reveals structural constituents of the post synapse

To explore the endogenous proteomic environment of Cnksr2, we utilized an
approach we recently developed in which CRISPR-genome engineering using
Homology-independent Universal Genome Engineering (Gao, 2019) inserts TurbolD into
the coding sequences of a target bait protein (Branon et al., 2018; Gao et al., 2022)
(Figure 5A). To enable cell-selective capture of Cnksr2 interactomes, Emx-Cre mice
were crossed to lox-stop-lox (Isl) spCas9 mice, which express spCas9 in the presence of
Cre recombinase (Figure 5C). Tagging TurbolD after this PDZ binding motif on the C-
terminus could lead to loss of the function of this protein-interacting motif and thus the
relevant proteins identified from the proximity proteomics. To avoid losing potential
protein interactions, we introduced a synthetic exon containing TurbolD into an intronic
region between exons 21 and 22 of Cnksr2. This created a fusion protein of Cnksr2,
TurbolD and the PDZ binding motif, preserving its c-terminal position (Figure 5B). We
used an unfused, soluble version of TurbolD expressed from the endogenous Cnksr2
promoter as a negative control, AAV-PhP.eB-Cnksr2HiUGE-IRESTurbolD. Php.eB
vector was obtained from (Chan et al., 2017). We then injected postnatal day 0 pups with
either AAV-PhP.eB-Cnksr2HiUGE-TurbolD or AAV-PhP.eB-Cnksr2HIUGE-
IRESTurbolD. Mice were aged to postnatal day 21, injected with biotin for five days, and
then underwent tissue harvesting, streptavidin incubation, and protein pull-down (Figure
5D). LC-MS/MS analysis of the Cnksr2-TurbolD samples identified 196 significantly

enriched in glutamatergic neurons (Figure 6) Indeed, the largest protein cluster in both
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cell types was significantly enriched for the GO term, structural constituents of the
postsynapse, suggesting the main function of Cnksr2 is the regulation of synaptic input
(Figure 6C).

I will now take some time to discuss key proteins found uniqule within Emx+
excitatory neurons. Notably, mutations in Cnksr2 lead to dendritic spine loss (Zieger et
al., 2020) and we observed new potential interactions with proteins involved in spine
actin remodeling whose loss also results in spine abnormalities, such as the WAVEL
regulatory subunit Nckapl (Kim et al., 2006) and the formin Fmn2 (Law et al., 2014).
The significant enrichment of ribosomal proteins was unexpected within glutamatergic
neurons, but the sterile alpha motif of Cnksr2 may bind RNAs (Niu et al., 2017)

potentially explaining this interaction (Wang and Zhang, 2023).
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Figure 4: Cnksr2 Loss in GABAergic neurons leads to abnormal neuronal firing in-vitro. (A)
Graph on number of spikes on DIV7, DIV10, and DIV13 for Cnksr27Y;Gad2 Cre*" and
Cnksr2Y;Gad2 Cre”". KO neurons displayed significantly increased number of spikes on DIV7.
(B) Graph on number of bursts on DIV7, DIV10, and DIV13 for Cnksr2”Y;:Gad2 Cre*" and
Cnksr2¥;Gad2 Cre™. KO neurons displayed significantly increased number of bursts on DIV7. (C)
Graph on burst frequency on DIV7, DIV10, and DIV13 for Cnksr2”Y;Gad2 Cre*" and
Cnksr27Y;Gad2 Cre”". KO neurons displayed significantly increased number of bursts on DIV7.
(D) Graph on number of network bursts on DIV7, DIV10, and DIV13 for Cnksr27Y;Gad2 Cre*"
and Cnksr2™Y;Gad2 Cre”. KO neurons displayed significantly increased number of bursts on
DIV7. Data are mean + SEM.

4.2 CaMKI|I

We also identified the calmodulin family of proteins Camk2a,b,d, and g to be
significantly enriched. CaMKII is a marker for excitatory neurons and not found within
the Gad2 inhibitory dataset. CaMKII proteins are a prominent serine/threonine-specific
protein kinase that is regulated by the Ca**/calmodulin complex. It plays a crucial role in

several cellular processes, particularly in the brain, where it is involved in neuronal and
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synaptic functions. Some of these functions are learning and memory (Silva et al., 1992),
processes like long-term potentiation (LTP) (Malinow et al., 1988), CaMKII is activated
by calcium/calmodulin which leads to phosphorylation of other proteins that strengthen
synaptic connections. They are also involved in regulation of ion channels by
phosphorylating these channels, CaMKII affects their conductance and kinetics, which
influences neuronal excitability and signal transduction (Chan et al., 1994). CaMKI|
proteins also affect neuronal morphology by influencing the stability and layout of the
cytoskeleton, which includes elements like microtubules and actin filaments (Goold et al.,
1995; Singh et al., 1996; Wu and Cline, 1998). This impacts dendritic architecture,

affecting how neurons integrate synaptic inputs.

4.3 Scna, Mapt, and Ndufa

We also uncovered that Cnksr2 to be near Scna, Mapt, and Ndufa, which are all
proteins involved in some aspect of protein localization within neurons. Scna is more
commonly known as alpha-synuclein, is a protein that is extensively studied for its role in
neuroscience, particularly in relation to neurodegenerative diseases (Han et al., 1995).
Alpha-synuclein is primarily found in the brain, although it is also present in smaller
amounts in the heart, muscles, and other tissues. Alpha-synuclein is a natively unfolded
protein, meaning it does not have a fixed or rigid structure (Davidson et al., 1998). This
allows it to adopt multiple conformations depending on its interactions with other
molecules. The precise physiological function of alpha-synuclein is not fully understood,
but it is known to play several important roles such as synapse function, plasticity, and

fatty acid binding.
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Mapt which is the Microtubule-Associated Protein Tau is a gene that
encodes for the tau protein, which is critically involved in stabilizing microtubules in
neuronal cells. Tau protein is primarily found in neurons of the central nervous system
but is also present in peripheral tissues. The function and pathology of tau, particularly its
abnormal aggregation, are central to various neurodegenerative diseases known as
tauopathies. Tau proteins interact with tubulin to stabilize microtubules and promote
tubulin assembly into microtubules (Witman et al., 1976), playing a critical role in
maintaining the structure and function of neurons.

The NDUFA genes are integral in encoding the subunits of Complex | (NADH:
ubiquinone oxidoreductase), which is the first complex within the electron transport chain
of mitochondria. In the brain, the proper functioning of these subunits is crucial due to
the high demand for energy in neuronal cells, which is necessary to support various
cerebral functions, including neurotransmission, synaptic plasticity, and maintenance of
ionic gradients. Complex | facilitate the transfer of electrons from NADH to ubiquinone,
coupled with proton pumping across the mitochondrial inner membrane, establishing a
proton gradient used to produce ATP through Complex V (ATP synthase). Complex |
dysfunction has been implicated in several neurodegenerative diseases, including
Parkinson’s disease (PD) and Alzheimer’s disease (AD). In PD, reduced Complex I
activity in the substantia nigra contributes to the pathogenesis of dopaminergic neuron
loss. In AD, impaired mitochondrial function exacerbates oxidative stress, contributing to
neuronal damage (Schapira et al., 1990; Shoffner et al., 1993).

Strikingly a common thread for all three of these proteins are their implication in

neurodegenerative disorders and not EAS. These proteins also play a role in cell
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pathology through aggregation. The linkages between NDUFA, SNCA, and MAPT
extend deeply into their roles in cellular energy metabolism, protein aggregation
pathology, and oxidative stress, all of which are crucial in the pathogenesis and potential
treatment of neurodegenerative diseases. Understanding these proteins in conjunction
offers insights into the interconnected nature of cellular systems and highlights
comprehensive therapeutic strategies that might address multiple aspects of

neurodegeneration simultaneously.
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Figure 5: HIUGE-BIiolD. (A) Strategy to preserve the C-terminal PDZ-Binding motif of Cnksr2
by integration of a TurbolD-HA synthetic exon into the intronic region between exon 21 and 22 of
Cnksr2. (B) Schematic representation of the endogenous Cnkrs2 protein containing TurbolD for
biotinylation of neighboring proteins in vivo. (C) Breeding scheme to obtain experimental mice
expressing Cas9 in excitatory neurons for AAV injections. Lox-stop-lox Cas9 mice (Isl.Cas9**)
crossed with Emx-Cre*™* mice resulting in Isl.Cas9*;Emx-Cre*" mice. (D) Schematic workflow of
HiUGE-BiolD. Isl.Cas9";Emx-Cre* mice are injected with AAV-PhP.eB-Cnksr2HiUGE-
TurbolD or AAV-PhP.eB-Cnksr2HIUGE-IRES_TurbolD virus. Then at P21 mice are given i.p
injections of biotin over the course of 5 days. Cortices are then harvested, streptavidin purified and
run through mass spectrometry. A total of 4 cortices per biological replicate with 3 biological
replicates were used.

4.3 GPCR Activity

Cnksr2 was also found to be close to proteins involved in GPCR activity.
ARHGEF7 (Beta-Pix), GIT1, and GRK2 are proteins involved in signal transduction
pathways crucial for neuronal function, including synaptic organization, plasticity, and
receptor regulation. Each of these proteins have distinct but sometimes overlapping roles

in neurons, contributing to the complex regulation of synaptic activity and neuronal
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signaling. GIT1 can form complexes with ARHGEF7, linking it to Racl and Cdc42
signaling pathways (Liu et al., 2022b). This interaction is crucial for coordinated actin
remodeling and synaptic function. Both GIT1 and ARHGEF?7 are involved in the
formation and function of dendritic spines, although through slightly different
mechanisms and pathways (Richier et al., 2010). GRK2 complements these functions by
regulating receptor dynamics, affecting synaptic stability and plasticity (lacovelli et al.,
1996; Sallese et al., 2000). Dysregulation of these proteins is linked to various
neurological disorders, including neurodevelopmental disorders and neurodegeneration,

highlighting their roles in maintaining neuronal function and integrity.

4.4 Neuronal Development and Plasticity

We also uncovered Smarca4, Ctnnd2, Statl, and Ctnnbl which are genes that
encode critical regulatory proteins involved in neuronal development, function, and
plasticity. Each of these proteins has a unique role in managing cellular processes, from
chromatin remodeling and gene expression to cell signaling and adhesion. Understanding
their functions provides insights into how neurons form, connect, and adapt in response
to physiological stimuli. PSMA3, PSMB1, PSMAZ2, and CCT8 are also significantly
enriched and encode for proteins that are integral components of cellular machinery
related to protein folding, degradation, and quality control mechanisms (Tino et al., 2000;
Wu et al., 2023; Yu et al., 2023). Each of these proteins play a crucial role in maintaining
neuronal health by ensuring that proteins are properly synthesized, folded, and degraded,
which is essential for neuronal function and survival. The combination of all these
identified proteins gives us an insight into how the surrounding environment around
Cnksr2 may be altered when the protein is mutated causing EAS.
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Two unique proteins involved in cell adhesion were identified were Tenm4 and
Adgri3. TENM4 and ADGRL3 are crucial for neuronal development and function,
mediating important processes such as synaptic organization, and neurotransmitter
regulation (Hor et al., 2015; Vidal et al., 2022). Their involvement in
neurodevelopmental and neuropsychiatric disorders highlights them as potential targets
for therapeutic intervention. Understanding these proteins' interactions and functions
could lead to advancements in treating complex brain disorders and improving cognitive
and behavioral therapies. Each protein's unique role underscores the complexity of brain
function and the importance of precise cellular interactions in maintaining mental health

and stability.
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Figure 6: In Vivo BiolD of Cnksr2 within glutamatergic cortical neurons. (A) (Top)
Interactome plot of Cnksr2 in Isl.Cas9; Emx-Cre. Cnksr2 bait protein in yellow. Proteins whose
abundance in the Cnksr2 TurbolD purification was significant (two-tailed heteroscedastic t test on
log2-transformed data) compared to control who are clustered based on cellular functions via
ShinyGo analysis. A total of 196 proteins were identified. Red edges are proximity interactions,
blue edges represent PPIs annotated in the String database. Proteins dysregulated in comparison to
Cnksr2 global knockouts from Erata et.al. are represented by red nodes. Proteins shared with Gad2
proteomics (grey), and proteins unique to Emx (pink) are also shown. (Bottom) Node color legend.
(B) Gene enrichment analysis of the Cnksr2 Emx interactome, number of genes and -log10(FDR)
enrichment on the right, plotted from highest -log10(FDR) to lowest. Note the PDZ domain binding
is significant, indicating preservation of this domain.
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4.5 Neuronal Metabolism

Acly, Acads, and Acsslwere also labeled, these proteins at the core are metabolic
enzymes that play crucial roles in neuronal metabolism. Each of these enzymes is
involved in distinct but essential metabolic pathways that support energy production,
synaptic function, and neuroplasticity in neurons. ACLY is a critical enzyme that
converts citrate to acetyl-CoA and oxaloacetate (Couch et al., 1994). This reaction is a
key connection between cellular metabolism and energy production, particularly in
linking mitochondrial and cytosolic metabolic pathways. ACADS is an enzyme involved
in the fatty acid p-oxidation pathway, catalyzing the dehydrogenation of short-chain acyl-
CoAs to enoyl-CoAs. This process is essential for breaking down fatty acids to produce
energy (Kim et al., 2016). ACSS1 converts free short-chain fatty acids into acyl-CoAs,
which are then available for further metabolism, including energy production and lipid

biosynthesis (Zhou et al., 2021).

4.6 Structural Constituents of the Post Synapse

Finally, I will discuss the unique proteins found within the structural constituents
of the post synapse of Emx+ glutamatergic neurons. These proteins are Adam22,
Prickle2, Homer2, Dlgap, Grial, Homer3, Homerl, Kalrn, and Igsec2. ADAM22 (A
Disintegrin and Metalloproteinase Domain 22) is a member of the ADAM family, which
is known for its role in cell adhesion and proteolytic processing of membrane proteins.
ADAM?22 functions primarily as a cell adhesion molecule and is predominantly
expressed in the nervous system, where it plays critical roles in neural development,
synaptic formation, and neuronal signaling (Ogawa et al., 2010; Ozkaynak et al., 2010;

Sagane et al., 2005). Mutations or dysfunctions in ADAM22 and its interaction with
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LGI1 are linked to certain forms of epilepsy, including autosomal dominant lateral
temporal lobe epilepsy (Owuor et al., 2009). The disruption in synaptic stability and
receptor regulation is a likely contributor to the pathophysiology of these conditions.
Interestingly, this is not expressed within inhibitory neurons. PRICKLE?2 (Prickle Planar
Cell Polarity Protein 2) is a central component of the noncanonical Wnt/planar cell
polarity (PCP) signaling pathway, which is essential for establishing cell orientation
within the plane of a tissue, distinct from the direction of apical-basal polarity.
PRICKLEZ2 plays critical roles in various developmental processes, including neuronal
development and the establishment of planar cell polarity, which affects cell migration
and positioning crucial for functional tissue organization (Okuda et al., 2007; Tao et al.,
2012).

Homer proteins, specifically Homerl, Homer2, and Homer3, are a family of post-
synaptic density proteins that play critical roles in the trafficking, linkage, and clustering
of metabolic receptors and ion channels at neuronal synapses. These proteins are essential
for synaptic plasticity, which is the ability of synapses to strengthen or weaken over time,
a fundamental process for learning and memory. The Homers are characterized by their
ability to interact with a variety of signaling proteins through their Ena/\VVASP Homology
1 (EVH1) domain, thus influencing numerous neuronal functions (Beneken et al., 2000).
DLGAPL1 (Discs, Large (Drosophila) Homolog-Associated Protein 1), also known as
SAPAP1 (SAP90/PSD-95 Associated Protein 1) or GKAP (Guanylate Kinase-Associated
Protein), is a neuronal scaffolding protein that plays a crucial role in the assembly and
function of synaptic junctions (Romorini et al., 2004). DLGAP1 is part of a family of

DLGAP proteins that interact with membrane-associated guanylate kinases to form a
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complex network essential for synaptic stabilization and plasticity (Tu et al., 1999).
GRIA1 (Glutamate lonotropic Receptor AMPA Type Subunit 1), also known as GIuAl
or GluR1, is a critical component of AMPA (a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) receptors, which are fast-acting ionotropic glutamate receptors
in the brain. These receptors are essential for rapid excitatory synaptic transmission in the
central nervous system, playing key roles in synaptic plasticity, learning, and memory
(Magri et al., 2006; Mead et al., 2005; Mead et al., 2006; O'Connor and Hemby, 2007).
KALRN (Kalirin) is a multifunctional cytoplasmic protein critically involved in
neuronal development and synaptic plasticity. Kalirin is named after the multiple-handed
Hindu goddess Kali, reflecting its multifaceted roles in signal transduction. This protein
plays a crucial role in actin remodeling, dendritic spine formation, and is implicated in
various neuropsychiatric and neurodegenerative disorders due to its extensive
involvement in neuronal signaling pathways (Parnell et al., 2021; Penzes and Remmers,
2012; Russell et al., 2014; Russell et al., 2018). IQSEC2 (1Q Motif and Sec7 Domain 2)
is a gene that encodes a protein involved in synaptic function and neuronal signaling
(Levy et al., 2019). This protein, also known as BRAG1 (Brefeldin A-Resistant Arf GEF
1), is a guanine nucleotide exchange factor (GEF) that specifically activates ADP-
ribosylation factors (Arfs), a family of small GTP-binding proteins that play a crucial role
in membrane trafficking and cytoskeletal dynamics (Bai et al., 2023; Petersen et al.,
2020; Shoubridge et al., 2010). Also, of interest when comparing these proteomic results
with the knockout proteomic analysis conducted by Erata et. al and the inhibitory dataset

| conducted we observed interesting similarities and differences as highlighted the gray
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(shared with Gad2 proteomics), red (dysregulated with Erata et. al), and pink (unique

proteins) (Figure 6B).
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Figure 7: In Vivo BiolD of Cnksr2 within GABAergic cortical neurons. (A) (Top) Interactome
plot of Cnksr2 in lIsl.cas9; Gad2-Cre. Cnksr2 bait protein in yellow. Significantly enriched
biotinylated proteins are clustered based on cellular functions via ShinyGo analysis. A total of 168
proteins were identified. Proteins dysregulated in comparison to Cnksr2 global knockouts from
Erata et.al. are represented by red nodes. Proteins found to be dysregulated (red edges) in
comparison to Cnksr2 global knockouts from Erata et. al. Proteins shared with Emx proteomics
(grey), and proteins unique to Gad2 (pink) are also shown. Proteins encoded by genes implicated
in epilepsy are colored orange. (Bottom) Node color legend. (B) Gene enrichment analysis of
Cnksr2 Gad?2 interactome, Number of genes and -log10(FDR) enrichment on the right. Processes
Cnksr2 is involved with in vivo, plotted from highest -log10(FDR) to lowest. Note the PDZ domain

binding is significant indicating preservation of this domain.
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4.7 HIUGE BiolD labeling of Cnksr2 in Gad2 positive inhibitory neurons
also proximity reveals structural constituents of the post synapse

We utilized the same approach as described above to label Cnksr2 within
inhibitory neurons (Figure 5A). To enable cell-selective capture of Cnksr2 interactomes,
Gad2-Cre mice were crossed to lox-stop-lox spCas9 mice, which express spCas9 in the
presence of Cre recombinase. This cross results in pups that express cas9 only within
Gad2+ inhibitory neurons. Once again, we used an unfused, soluble version of TurbolD
expressed from the endogenous Cnksr2 promoter as a negative control, AAV-PhP.eB-
Cnksr2HiUGE-IRESTurbolD (Figure 5D). LC-MS/MS analysis of the Cnksr2-TurbolD
samples identified 168 proteins significantly enriched in GABAergic neurons (Figure 7A)
with the largest cluster of proteins being involved in the structural constituents of the post
synapse (Figure 7C). 60 proteins were shared between the two cell types and 136 and 108
proteins were unique for glutamatergic or GABAergic neurons respectively (Figure 6B,
and Figure 7B). Importantly, our prior work on Cnksr2 KO mice had quantified how the
synapse was molecularly altered, and these altered proteins were distributed between both
excitatory and inhibitory proximity proteomes, suggesting its loss affects synapses in
both cell types (Figure 7B). Fascinatingly, Grin2a was also associated with Cnksr2 in
both excitatory and inhibitory neurons. Grin2a is the only other gene in addition to
Cnskr2 in which mutations have been found linked to EAS, suggesting a potential
convergence at the molecular level between the two.

Intriguingly, when analyzing Cnksr2’s proximity proteome within inhibitory
neurons, we also found several proteins whose genes have been linked to epilepsy that
were not found in the excitatory neuronal interactome. These included Asicl, Asic3,

Kcnj2, Plppr4, Pkdl, Algl, Grik2, Grin2d, Slitrk5, Gria4, Elfnl, Mcm6 and Atp13a2
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(Behrens et al., 2010; Beyer et al., 2008; Cao et al., 2016; Cheng et al., 2021; Dolan and
Mitchell, 2013; Haruna et al., 2007; Knierim et al., 2023; Liu et al., 2023b; Pan et al.,
2021; Platzer et al., 1993; Rohlfing et al., 2014; Smits et al., 2023; Xiong et al., 2019).
These results reveal that the core function of Cnksr2 within both glutamatergic and
GABAergic neurons is likely related to excitatory postsynaptic processes but also
suggests some cell type-specific effects. Altered regulation of the WAVE1 complex and
FMN2 in excitatory neurons may explain the spine morphology phenotypes associated
with the loss of Cnksr2 in these neurons, while the specific association of Cnksr2 with
Asicl, Asic3, Kenj2, Plppr4, Pkdl, Algl, Grik2, Grin2d, Slitrk5, Gria4, EIfnl, Mcm6
and Atp13a2 in inhibitory neurons might predict its loss in this neuronal cell type could
lead to the seizure phenotypes of the mice. Overall, the combined electrophysiology and
proteomic data suggested Cnksr2 has a core function of regulating excitatory synapses in
both cell types, but that some differences exist in the local cellular proteomes and the
network activity of cultures upon its loss in each cell type. We thus analyzed the loss of
Cnksr2 from excitatory neurons using two different cre-lines (CaMKII-cre and EMX-cre)

as well as its loss from inhibitory neurons using Gad2-cre.
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Figure 8 : In Silico Protein Interaction Predictions for Cnksr2 Emx and Gad2 Proteomics.
Cytoscape networks illustrating interactions predicted by Topsy-Turvy 3D (TT3D) for (A) Gad2-
Cre or (B) Emx-Cre neurons with nodes that passed confidence scores from TT3D (>0.5) and
AlphafastPPi (pDockq score >0.23 and mpIDDT score) >50. Cnksr2 and DIg4 interactions are
yellow. (C-D) Comparison of BiolD results from this study to reciprocal BiolD results of Uezu et.
al, 2016. Shared proteomes for (C) Emx contains 43 overlapping proteins (p<0.0001,
heteroscedastic t test), while (D) Gad2 contains 48 overlapping proteins (p<0.0001, heteroscedastic
t test). (E-F) Shared proteomic comparisons with Gao et. al, 2024 of (E) Ankslb and Cnksr2 Emx
proteomes, with 82 overlapping proteins, (p<0.0001, heteroscedastic t test) and (F) Lrrc4c found
in Cnksr2 Gad2 proteomes, with 70 overlapping proteins (p<0.001, heteroscedastic t test).

4.8 Cell Growth, Signaling, Connectivity, and Organization

I will now discuss other proteins uniquely enriched within the inhibitory dataset.
We see that Cnksr2 is in proximity within inhibitory neurons to proteins involved in the
regulation of cell growth. These proteins are Ptpnl14, Lats2, Wwcl, Amotll, Amot, and
Nedd4l. These proteins interact with each other in multiple contexts, particularly in the
Hippo signaling pathway, which plays a significant role in controlling organ size, cell

proliferation, and apoptosis (Cao et al., 2023; Gao et al., 2021; Li et al., 2023; Qin et al.,
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2024; Sadlak et al., 2023; Wang et al., 2022). In neurons, these proteins are implicated in
processes ranging from cell polarity and dendritic architecture to synaptic function and
plasticity.

Other clustered significantly enriched proteins are Erbb4, Grasp, Kcnj12, Magi3,
Met, Ablim3, Ablim1, Wwpl, and Sh3kbpl. They represent a diverse group involved in
various aspects of neuronal function including receptor signaling, synaptic connectivity,
ion channel activity, and cytoskeletal organization. Their roles in neurons are critical for
processes ranging from developmental signaling pathways to the maintenance of mature
neuronal networks. Below is a detailed overview of each protein's function within
neuronal cells. Erbb4 is a receptor tyrosine kinase that is part of the EGFR family. It
plays a significant role in the development and function of the nervous system (Lin et al.,
2018). GRASP proteins are involved in neuronal transport and are associated with
receptor trafficking (Bakshi et al., 2011). KCNJ12 encodes a subunit of the inwardly
rectifying potassium channel (Kaibara et al., 2002). MAGI3 is a scaffolding protein that
interacts with multiple signaling receptors and ion channels at synapses (Yao et al.,
2004). MET is a receptor tyrosine kinase that is known for its role in the control of cell
growth and differentiation (Gonzatti-Haces et al., 1986). ABLIM1 and ABLIM3 are
actin-binding proteins involved in organizing the actin cytoskeleton, which is crucial for
processes such as neurite outgrowth and synaptic stability (Matsuda et al., 2010; Roof et
al., 1997; Yang et al., 2022). WWPL1 is an E3 ubiquitin-protein ligase that helps regulate
the turnover and function of various proteins through ubiquitination (Chen et al., 2007).
SH3KBP1, also known as CIN85, is involved in endocytic processes critical for

maintaining receptor levels at the synaptic membrane (Shimokawa et al., 2010). These
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proteins collectively contribute to essential neuronal functions such as receptor tyrosine
kinase activity (Erbb4, MET), ion channel functionality (KCNJ12), Cytoskeletal
Organization (ABLIM1, ABLIM3), synaptic plasticity and stability (MAGI3, GRASP,
WWP1, SH3KBP1).

Dysfunction in any of these proteins can lead to neurological issues, including
developmental disorders, synaptic malfunctions, and potentially neurodegenerative
diseases. Their interconnected roles in signaling pathways highlight the complexity of
synaptic regulation and neuronal maintenance, which are critical for overall brain
function and cognitive health. The study of these proteins not only enhances our
understanding of neuronal biology but also underscores potential therapeutic targets for

treating neurological disorders.

Table 1: TT3D and AlphaFastPPi Computed Interactions. Table of predicted PPIs for
both Emx and Gad2 datasets. Protein pairs are listed as protein 1 and protein 2, followed
by TT3D score, pDockg, mpIDDT, and number of residues with 5A representing
interfaces. PMID numbers for supporting literature of interaction pairs, if existing, are
listed.
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Proteinl
n2

Gad2 Kcnj12
Dlg3
Gria3

Nedd4l
Wwpl
Dlg3
Dlg3
Wwpl

Ptpn14

Smurf2

Wwpl

Wwpl
Scrib
Nck1

Zap70
Nck2

Wwpl

Smurf2
Dlg2
Sh3kbpl

Cnot7

Scrib
Nck2
Dlgl
Nedd4l
Nck1
Dlg3

Wwpl

Protei

Kcnj2
Dlgl
Griad
Zap70
Dlg4
Dlg4
Dlg2
Zap70
Zap70
Dlg4

Smurf

Dlg2
Zap70
Zap70

Dlg4

Dlg4

Nedd4

Zap70
Nck1
Dlg4

H2bc2

Dlg4
Baiap2
Zap70

Dlg4

Dlg4

Nck2

Cnot7
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TT3D

Score

0.52696145

0.96527773

0.52921528

0.65074569

0.84773582

0.96245307

0.96143776

0.79114771

0.71824575

0.80374193

0.89080828

0.74172729

0.77137011

0.94243717

0.91406363

0.9137075

0.83244598

0.84705806

0.88249201

0.75268382

0.70573008

0.96624827

0.84806234

0.86487675

0.68912929

0.91091681

0.91525132

0.68870413

pDockQ

0.71510917
0.46657663
0.70349182
0.65653471
0.62462717
0.35903159
0.31239918
0.59414394
0.55884235
0.55318421

0.53736364

0.52353879
0.52103574
0.50010373
0.4995125
0.48513266

0.47356623

0.47270192
0.46594462
0.45309278

0.44998481

0.44289352
0.43242396
0.43052188
0.4239039
0.41210875
0.32063397

0.39251411



4.9 Unique Inhibitory Proteins

Unique proteins found in the structural constituents of the post synapse within
GAD?2+ inhibitory neurons are Tjpl, Lrrc4c, Cacng2, Grik5, Grid2, and Scrib. TJP1
(Tight Junction Protein 1), also known as ZO-1 (Zonula Occludens-1), is a critical protein
that plays a fundamental role in the formation and maintenance of tight junctions (Kuo et
al., 2021). It is part of the membrane-associated guanylate kinase (MAGUK) family,
which is characterized by their involvement in cell-cell adhesion, signal transduction, and
intracellular signaling processes. LRRC4C belongs to a family of proteins characterized
by leucine-rich repeat (LRR) domains. These domains are typically involved in protein-
protein interactions and are common in proteins that participate in signal transduction and
neurodevelopment (Maussion et al., 2017). Lrrc4c is expressed in the brain and has been
implicated in several key processes related to neural network formation and synaptic
stabilization such as synaptogenesis, neural development, and axon as well as dendrite
growth (Meltzer et al., 2022). CACNG2 (Calcium Channel, Voltage-Dependent, Gamma
Subunit 2), also known as stargazin, is a protein encoded by the CACNG2 gene in
humans. This protein is part of the voltage-dependent calcium channel complex and is
particularly important in the nervous system for its role in synaptic transmission (Burgess
and Noebels, 1999). GRIKS5 (Glutamate lonotropic Receptor Kainate Type Subunit 5) is
one of the subunits forming the kainate receptors, which are a class of glutamate
receptors that mediate excitatory synaptic transmission in the central nervous system
(Chew et al., 2001). Kainate receptors are involved in various neural processes, including

learning, memory, and the regulation of neural network dynamics (Hall et al., 1994).
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They are tetrameric ion channels that modulate neuronal excitability both presynaptically
and postsynaptically (He et al., 2021; Pinheiro and Mulle, 2006).

GRID2 (Glutamate Receptor, lonotropic, Delta 2) encodes the delta-2
subunit of glutamate receptors, which are less conventional compared to the more well-
known AMPA, kainate, and NMDA glutamate receptors. The delta family of glutamate
receptors, which includes GRID1 and GRID?2, is implicated in synaptic development and
neurodevelopmental processes rather than typical fast synaptic transmission (Kato et al.,
2012; Veerapandiyan et al., 2017). SCRIB (Scribble Planar Cell Polarity Protein),
encoded by the SCRIB gene, is a scaffolding protein that plays a critical role in cell
polarity, signaling, and migration (Nakajima, 2021). In the context of neuroscience,
Scribble is integral to neuronal development, synaptic architecture, and functionality,

which are vital for cognitive processes such as learning and memory (Ezan et al., 2022).

4.10 Discussion of Cell Types Specific Proteomics

Investigation of cell type specific proteomics of Cnksr2 within excitatory and
inhibitory neurons reveal a lot, currently thought to be true but the coverage of these
experiments reveals many exciting new possibilities and questions regarding EAS and its
activity for the organization of postsynaptic structures. Using quantitative mass
spectrometry, we identified 196 proteins near Cnksr2 in excitatory cells, and 168 proteins
for Cnksr2 within inhibitory neurons, enriched over negative controls. These results
reveal new protein-proximity interactions for endogenous Cnksr2 that are cell-type
dependent. Comparative analysis of both groups reveals 60 shared proteins between the
two networks and gene enrichment analysis of these reveals a core function of Cnksr2 is

involved in the structural integrity of the postsynapse. Among the identified proteins that
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were common between neuronal cell types were both AMPA and NMDA subunits, key to
excitatory synapse function, and other scaffolding proteins like Shank and Dlgap
families. Additionally, proteins involved in Arp2/3-dependent actin remodeling, such as
Nckapl, were enriched, consistent with the global Cnksr2 deletion leading to loss of
dendritic spines (Han and Ko, 2023). Further comparison of the Cnksr2 proteome within
excitatory and inhibitory neurons to our previously published Cnksr2 KO proteomics
analysis of dysregulated synaptic proteins (Erata, 2021) gives informative insights into
how loss of Cnksr2 may alter synapses. Comparison of the excitatory neuronal Cnskr2
proximity proteome to those proteins at synapses altered by its loss reveals nine proteins
that may be dysregulated within glutamatergic synapses. Of these proteins, several are
involved in processes that are likely important for maintaining synaptic structures. For
example, the loss of Shank3 or Arhgap39 has previously been shown to alter postsynaptic
development and density (Harris et al., 2016; Lee et al., 2017). The formin, Fmn2 is
involved in actin cytoskeleton assembly and reorganization (Kundu et al., 2022), Ncam2
a synaptic adhesion molecule (Watanabe et al., 1989), Usp7 a deubiquitinating enzyme
implicated in neurodevelopmental disorders (Hao et al., 2015), Pkar2a which is a
regulatory subunit of the cAMP-dependent protein kinases involved in cAMP signaling at
synapses (Mucignat-Caretta and Caretta, 2020), and Cyth3 a GEF for Arf6 that can lead
to activation of Racl (Santy and Casanova, 2001). Comparison of Cnksr2’s inhibitory
proximity proteome to those altered in synaptosomes by its loss revealed three shared
proteins Arhgap39, Shank3, and Gda. These three proteins are also present within
Cnksr2’s glutamatergic proteome. The role of GDA at synapses, which catalyzes the

deamination of guanine is unclear, however, it has been detected in a recent
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comprehensive analysis of both excitatory and inhibitory synaptosomal proteomes (van
Oostrum et al., 2023).

The proteomes of Cnksr2 also reveal potential modifiers of its function that are
potentially related to its cell type-specific phenotypes. For example, several proteins
significantly enriched in the Cnksr2 proteomes from both neuronal types have previously
been linked to elevated neuronal activity in vivo, including seizures. These include Grinl,
Grin2a, Pkdl, Zdhhc8, Syngapl, Tanc2, Cdkl5 and DIlg3 (He 2023, Sampedro-Castafieda
2023, Tian 2021, Thomas 2024, Yang 2018, Wang 2022, Liu 2023). Functional
interactions between Cnksr2 and these proteins may be relevant to the epileptiform
discharges observed upon loss of Cnksr2 in either glutamatergic or GABAergic neurons.
It is important to note that variants of GRIN2A are also linked EAS (Carvill et al., 2013),
and Cnksr2 HiIUGE-BiolD identified Grin2a in both excitatory and inhibitory
interneurons. Reports have also shown GRIN2A to be implicated in epilepsy (Reutlinger
et al., 2010). Several proteins whose genes have been linked to epilepsies were also
selectively enriched in the Cnksr2 GABAergic HIUGE-BIolD, including the kainate
receptor Grik2, the potassium channel Kcnj2, and the NMDA receptor subunit Grin2d
(Xiong, 2019, Ambrosini, 2014, Li, 2016). Future work such as genetic interaction
analysis will be needed to determine if these modify the seizure phenotypes associated
with loss of Cnksr2 in GABAergic neurons.

With these results we can speculate that although like an extent Cnksr2 does in
fact interact with different proteins in different cell types which begs the question if
epilepsy and aphasia can also be separated into this cell type specific manner, especially

when faced with the fact there are many significantly enriched proteins within inhibitory
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neurons that are drivers for epilepsy and seizures. In conjunction with the MEA data that
suggests elevated neuronal firing we then aimed to delete Cnksr2 once again in a cell

type specific manner to see if the phenotypes can indeed be separated.

Table 2: List of overlapping proteins from Figure 4C-F. Table of overlapping proteins
between BiolD experiments of Cnksr2 and reciprocal baits are listed.

Emx-Cre_Cnksr2 Gad2-Cre_ Cnksr2 Emx-Cre_ Cnksr2 Gad2-Cre_ Cnksr2
vs Dlg4 vs Dlg4 vs Ankslb vs Lrrcdc
Dlg3 Dlg3 Dlg3 Dlg3
Shank?2 Lrrcdb Magi2 Lrrcdb
Lrrcdb Elfn2 Lrrcdb Elfn2
Begain Lrrcdc Tnik Lrrcdc
Baiap2 Sh3kbp1 Adgrb3 Sh3kbpl
Mink1 Frs3 Ildr2 Frs3
Elfn2 Shisa9 Znf365 Spata2
Shisa9 Gria2 Pragl Tnik
Shank3 Cyld Mink1 Shisa9
Grinl Erbb4 Shank1 Gria2
Cyld Elfnl Elfn2 Adgrb3
Grin2b Shisa6 Shisa9 Cyld
Grin2a Prr7 Peakl Ildr2
Cit Lzts3 Spata2 Erbb4
Lrrtm4 Lrrc7 Syngapl Astn2
Dlg2 Mink1 Grinl Elfnl
Dlgap2 Gria3 Cyld Prr7
Dlg4 Cnksr2 Tenm2 Lzts3
Cacng8 Grik2 Grin2b Lrrc7
Dlgap3 Fnbpll Erbin Erbin
Lrrc7 Shank2 Grin2a Magi2
Prickle2 Cacng2 Cit Mink1
Pkpl Cdkl5 Flrt2 Zdhhc8
Arhgap39 Slitrk5 Lrrtm4 Gria3
Dlgap4 Dlg2 Nck2 Cnksr2
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Gria3
Ankslb
Cnksr2
Dlgapl
Dab2ip

Ntrk3

Gda
Fnbpll

Cdkl5

Gnai2

lgsec2

Kalrn

Dlgl

Adam22
Lzts3
Jup
Frmpd4
Gria2

Sarml

Ppplri6b
Begain
Netol
Griad

Cacng8
Grin2b

Arhgap39
Shank3
Baiap2
Grinl

Frmpd4
Grin2a
Ankslb
Cit
Dlgl
Lrritm4
Gda
Dab2ip
Dlgap3
Lrrtm3
Dlgap4
Dlgap2

Dlg4

Dlgap2
Cacng8
Dlgap3
Adgrb2
Lrrc7
Prickle2
Tenm4
Arhgap39
Dlgap4
Gria3
Asapl
Ankslb
Cnksr2
Dab2ip
Ntrk3
Trim9
Tnrcéb
Gda
Fnbp1l
Cdkl5
Nyap2
Dock3
Sipalll
lgsec2
Jecad
Homer3
Kalrn
Rimbp2
Dlgl
Tanc2
Abi2
Arhgap32
Dyrkla

Lzts3

Astnl
Peakl
Brinpl
Adgrbl
Fnbpll
Cdkl5
Slitrk5
Flrt2
Ppp1rl6b
Nedd4l
Nck2
Tenm2
Netol
Trim9
Gria4
Cacng8
Grin2b
Igsfob
Arhgap39
Grinl
Grin2a
Nck1
Ankslb
Shank1
Cit
Dlgl
Tenm3
Jcad
Lrrtm4
Gda
Sipalll
Dab2ip
Adgrb2

Exph5
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Magi3
Homer2
Homerl
Caskinl
Fbxo41
Frmpd4

Gria2
Arhgef7
Plekha6

Gitl
Cct8

Zdhhc8

Mtus2
Gigyf2

Dap3

Tancl

Srcinl

Astnl

Ajml

Plpprd
Dlgap3
Asicl
N4bp3
Adgral
Dlgap4
Dlgap2
Magi3
Tjpl
Syngapl

Mb21d2
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5 Implementation of Artificial Intelligence and Deep Learning

5.1 In-Sillico analysis of In-Vivo Proximity Proteomics using TT3D and
Alphafast PPi

One major question pertaining to proximity proteomics is the notion of whether
the nearby proteins are interacting with one another. To address this, we implemented
artificial intelligence and deep learning to in-sillico predict protein-protein interactions
identified by TurbolD. Primarily to predict these interactions we used Topsy Turvy 3D
(TT3D) and AlphafastPPi. TT3D leverages precomputed 3D structural models of
proteins, particularly those generated from sequence data, rather than relying solely on
primary sequence information. TT3D makes use of existing structural databases (e.g.,
AlphaFold or other computational protein structure prediction models) to enhance its
predictive capability. The inclusion of 3D structural information helps identify
complementary surfaces and interaction hot spots, which improves the model's ability to
predict whether two proteins will interact. TT3D is particularly useful for predicting
interactions in proteins with no experimentally determined structures, making it versatile
across different organisms and proteins. The tool can be applied in drug discovery, where
identifying potential protein targets and interactions is essential. It is also valuable for
functional genomics, providing insights into protein networks within cells. It addresses
challenges in conventional PPI prediction methods, which often rely purely on sequence
data and overlook structural aspects critical for protein binding. By integrating 3D
structure into the prediction pipeline, TT3D aims to improve the accuracy of PPI
predictions, since the spatial arrangement of amino acids is key to understanding how

proteins interact. TT3D represents a significant advancement in computational biology by
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combining the predictive power of protein 3D structural data with PPI prediction
algorithms, potentially increasing the accuracy and applicability of PPI predictions in

various fields of research.

5.2 Alphafast PPi

AlphaFastPPi is a computational pipeline designed to efficiently predict protein-
protein interactions (PPIs) using AlphaFold-Multimer, a tool that models protein
complexes. AlphaFastPPi builds upon existing PPI tools by reducing computational
resource demands, making large-scale PPI studies more feasible for users with limited
computational power. It minimizes resource use by generating a single protein model for
each PPI, as opposed to the usual five models required in other methods. This
optimization significantly reduces the time, GPU hours, and storage needed for large-
scale PPI screenings, without sacrificing prediction accuracy. The tool supports two
operational modes: "pull-down™ mode, which screens specific protein candidates against
baits, and "all-vs-all" mode, where all proteins in a given dataset are screened against
each other. This streamlined process also promotes environmental sustainability by
lowering computational waste and energy consumption, which is a significant advantage
for large proteome-wide screenings. AlphaFastPPi’s performance has been tested on
various datasets, including heterodimeric protein complexes and validated positive PPlIs,
showing comparable sensitivity and specificity to existing tools but with reduced
computational load (GitHub)(CBIRT). This makes it a highly practical tool for
researchers conducting preliminary PPI analyses or those working with large-scale

datasets.
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5.3 Topsy Turvy 3D

The analysis of the proteomic data was based on predicted interactions from the
STRING database that is curated from the literature. As such, there may be bias in the
PPIs predicted based on the number of studies for each protein. We thus also leveraged
newer computational approaches to analyze in sillico the proximity labeled proteomics
data in a less biased manner using Topsy Turvy 3D (TT3D) (Sledzieski et al., 2023) and
an AlphaFold Multimer implementation (Bellinzona et al., 2024) to detect potential direct
interactions. TT3D offers a sequence and structure-based analysis of two input proteins,
by providing an interaction map with the assistance of numerous complex mathematical
manipulations. The sequence is tokenized via a protein language model (PLM) and the
structure is interpreted using Foldseek (van Kempen et al., 2024).

For a comprehensive analysis, we conducted an all-vs-all assessment of the proximity-
labeled proteins. TT3D assigns probabilities to paired interactions, with predictions
scoring above 0.5 deemed as positive protein-protein interactions. Next, TT3D
predictions were further analyzed using AlphaFold-Multimer. Utilizing AlphaFastPPi
(Bellinzona et al., 2024), a pipeline built upon AlphaPulldown (Liu et al., 2023a) and
AlphaFold-Multimer (Evans et al., 2022), we reduced the models constructed per pair
from five to one, while maintaining prediction accuracy. Each paired model was returned
with metrics annotating confidence, docking caliber, and accuracy of protein structure.
We focused on the pDockQ score, a metric indicating confidence and measure of
docking, and mpLDDT, which informs the confidence of each structure relative to every
alpha carbon. The pDockQ score is evaluated along the sigmoidal curve fitted to DockQ

vs IF_pIDDT*log(IF_contacts) DockQ score; given a threshold of DockQ>0.23
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establishes an acceptable quality model, we term a quality pDockQ score to be pDockQ >
0.23 (Liu et al., 2023a). Using this filter, along with a returned mpLDDT>0.5, the
optimal candidates for protein-protein interactions were selected. Computationally
predicted PPIs for proteomes from Gad2-cre and Emx-cre are shown (Figure 8A, and
Figure 8B) (Table 1).

Additional evidence for several of the proximity interactions was provided by
reciprocal iBiolD from recent studies we conducted (Gao et al., 2024; Uezu et al., 2016)
(Figure 8C-8F). These two studies conducted iBiolD on several other synaptic proteins
that also detected Cnksr2. These include Ankslb detected within our Cnksr2 Emx, Lrrc4c
detected within the Gad2 iBiolD proteomics, and DIg4 in both. We observed 43
overlapping proteins in the Cnksr2 Emx and DIg4 proximity proteomes (Figure 8C), 48
overlapping proteins in the Cnksr2 Gad2 and Dlg4 (Figure 8D), 82 overlapping proteins
between the Cnksr2 Emx and the Ankslb (Figure 8E), 70 overlapping proteins between
Cnksr2 Gad2 and Lrrc4c (Figure 8F) (Table 2). The overlap between these reciprocal
iBiolD datasets were not just by random chance. A heteroscedastic t-test revealed non-
random overlap between the sets (Emx-Dlg4, p<0.001; Gad2-Dlg4, p<0.0001; Emx-
Ankslb, p<0.0001; and Gad2-Lrrc4c, p<0.0001) with a background list of 9687 proteins
that represent all unique proteins we have measured from mouse brain over the past ten
years.

Next, we aimed to visualize these predicted interactions (Figure 9). PyMol visual
representation of four PPIs uncovered from TT3D found in both Gad2 and EMX
proteomes. (Figure 9A) Cnksr2-Dlg4, (Figure 9B) Baiap2-Dlg4, (Figure 9C) Dlg2-Dlg4,

(Figure 9D) Dlg2-Dlgl. SH3 domains are highlighted in yellow, and interaction interface
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points (<5 angstroms interprotein) are depicted in red. Taken together these results
support the proximity interactions discovered via intron targeting proximity labeling of

Cnksr2 in Emx and Gad2 neurons.

Figure 9: PyMol Visualization of AlphaFast PPiand TT3D In Sillico Predictions. PyMol visual
representation of four PPIs uncovered from TT3D found in both Gad2 and EMX proteomes. (A)
Cnksr2-Dlg4, (B) Baiap2-Dlg4, (C) Dlg2-Dlg4, (D) DIg2-Dlgl. SH3 domains are highlighted in
yellow, and interaction interface points (<5 angstroms interprotein) are depicted in red.
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6 Separation of Seizure and Vocalization Phenotypes in Cnksr2
Conditional Knockdown Mice

6.1 Conditional deletion of Cnksr2 within CaMKI 1+ excitatory neurons
demonstrate elevated anxiety and loss of USVs

A critical question in the field of epilepsy-aphasia revolves around the origin of
the complex phenotypes and their relationship to each other. For example, it is currently
unclear whether the seizures experienced by patients are the cause of their language loss
(Unterberger et al., 2021). The article titled "Epileptic aphasia - A critical appraisal”
underscores the complexity of diagnosing and managing aphasia linked with epileptic
conditions. It stresses the importance of distinguishing these conditions from other
neurological disorders for effective management. The critical appraisal advocates for a
multidisciplinary approach involving tailored medical treatment, continuous EEG
monitoring, and rehabilitative speech therapy to manage this challenging intersection of
epilepsy and language dysfunction effectively. The article highlights the need for further
research to improve diagnostic accuracy, treatment efficacy, and ultimately, patient
outcomes.

Elevated neuronal excitation and seizures are often comorbid in neurologic
disorders that present with behavioral abnormalities (Rubenstein and Merzenich, 2003).
Elevated neuronal excitation and seizures are often comorbid in neurologic disorders that
present with behavioral abnormalities (Rubenstein and Merzenich, 2003). The model
highlights the roles of glutamate (the primary excitatory neurotransmitter) and GABA
(the primary inhibitory neurotransmitter) in maintaining the excitation-inhibition (E/I)
balance. This balance is disrupted due to alterations in the function or regulation of these

neurotransmitter systems. Changes in synaptic function, particularly at synapses that use
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glutamate and GABA, contribute to the altered E/I ratio. The model suggests that these
changes can lead to the over-excitation of neural circuits that are supposed to be tightly
regulated.

To address this, we explored the conditional deletion of Cnksr2 in glutamatergic
neurons. For the deletion of Cnksr2 in excitatory cells, we crossed Cnksr2™f females with
CaMKII-cre*"males. This resulted in male offspring being Cnksr2™¥:CaMKIl-cre*"
(Figure 10A). These breeding schemes were crucial to ensure littermate controls from the
same Cross.
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Figure 10: Loss of Cnksr2 in CaMKII excitatory neurons leads to USV deficits. (A) Schematic
experimental timeline for animal breeding and behavioral analysis. (B) Representative spectrogram
pattern of USVs in adult mice during courtship. (Left) Cnksr2”;CaMKIl Cre*- and
Cnksr2™Y;:CaMKII Cre” (right) Cnksr27Y;Gad2 Cre*" and Cnksr27Y;Gad2 Cre™ spectrograms.(C)
Graphs depicting the total number of calls for each genotype in a 10-minute trial. Significant
differences were observed in the Cnksr2”Y;CaMKIl Cre* (n=12) group compared to
Cnksr2Y;:CaMKII Cre” (n=13). No effect of genotype was detected for the Cnksr2”";Gad2 Cre*"
(n=8) group compared to Cnksr2”;Gad2 Cre” (n=8) (*p=0.0170 and p=0.6712 respectively,
unpaired t test). (D) Graphs depicting the average duration for each genotype. No significant
difference was observed between genotypes in the duration of calls (p>0.05, Mann-Whitney Test).
Data are + SEM.

93



6.2 Loxp Cre Recombinase System

The LoxP-Cre system is a powerful genetic tool used extensively in molecular
biology for site-specific recombination of DNA. This system is particularly popular for
creating conditional knockouts in mice, which allows researchers to delete specific genes
in particular tissues at specific stages of development (Pliick, 1996). The LoxP-Cre
system provides a highly precise method for manipulating the genome, which is
invaluable in the study of gene function and genetic contributions to various biological
processes and diseases. Cre recombinase is an enzyme derived from the P1 bacteriophage
(Abremski and Hoess, 1985). The enzyme recognizes specific DNA sequences known as
LoxP sites and performs recombination between these sites. Cre recombinase catalyzes
the excision, inversion, or integration of DNA segments flanked by LoxP sites depending
on their orientation and location relative to each other. LoxP sites are 34 base pair (bp)
sequences that are specifically recognized by the Cre enzyme. A typical LoxP site
consists of two 13 bp inverted repeats separated by an 8 bp spacer region, which
determines the directionality of the site. These sites act as markers or signals for Cre
recombinase (Hoess and Abremski, 1985). When a DNA segment is flanked by LoxP
sites (termed 'floxed'), Cre can recombine these sites to excise the intervening DNA,
effectively knocking out the gene of interest. If the LoxP sites are in the same orientation,
the DNA between them is excised out when Cre is present, leading to a knockout of the
gene in cells where Cre is expressed (Li et al., 2007). If the LoxP sites are oriented
oppositely, the floxed DNA segment is inverted, which can disrupt gene function or

regulatory elements (Oh-McGinnis et al., 2010). Rarely, if LoxP sites are located on
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different chromosomes, Cre can mediate translocation events (Hoess and Abremski,

1985).

6.3 Analysis of Ultrasonic Vocalizations

Following genotyping, the mice were aged to P60 and then subjected to
behavioral assays for USVs, olfactory discrimination test, Elevated Zero Maze (EZM),
and seizure analyses (Figure 10A). To analyze courtship related vocalizations, sonograms
were recorded for males of both genotypes in response to a female stimulus (Figure 10B).
Adult male mice typically produce ultrasonic vocalizations at 30kHz to court females for
reproduction (Whitney, 1970). This research is significant as it helps delineate the normal
progression of vocal development, which can be critical for understanding
communication and social interaction in mice and provides a foundation for studying
vocalization abnormalities related to genetic mutations or neurodevelopmental disorders.
Here’s a concise summary of the key points and findings from the article: Birth to
Weaning (P0-P21): Initially, vocalizations are rare and primarily occur as distress calls
when pups are separated from their mother or the nest. Weaning to Juvenile (P21-P35):
An increase in the complexity and frequency of vocalizations, which coincides with
significant social and exploratory behavioral increases. Adulthood (Post P35):
Vocalizations become more structured and are used in a variety of social contexts,
including mating and territorial behaviors. Frequency and Pitch: There is a gradual
decrease in the pitch of vocalizations as mice age, with the deepest tones observed in
adult mice. The study notes that the purpose of these vocalizations shifts from primarily
survival-based in infancy (e.g., distress calls) to social communications in adulthood
(e.g., mating calls).
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Quantification of these USV revealed that when compared to littermate controls,
Cnksr2™:CaMKIl-cre*- mice exhibited a decrease in the number of calls
(Cnksr2™Y:CaMKII Cre-: 828.538 calls, Cnksr2"Y:CaMKII Cre+: 346.917 calls,
p=0.0170). Cnksr2™;CaMKII Cre+ mice did not exhibit differences in the total duration
of existing calls (Figure 10C and 10D). Since olfaction is a crucial component of social
behaviors in mice (Egnor and Seagraves, 2016), we also analyzed the olfactory responses
in Cnksr2™:CaMKII-cre* and control mice, since CaMKIl-cre can also be expressed in
the olfactory bulb (Zou et al., 2002). Mice use olfaction to detect pheromones released
by potential mates. These chemical signals are crucial for initial attraction, guiding mice
to each other before other forms of communication, such as ultrasonic vocalizations, take
over. The detection of pheromones can trigger the production of ultrasonic vocalizations
in males, which then play a role in further attracting the female and modulating her
behavior (Whitten et al., 1968). This shows a synergistic interaction between olfactory
cues and auditory signals in facilitating courtship. Olfactory cues are essential not only
in attracting females but also in enhancing their receptivity to the male's courtship
attempts. The combination of good olfactory and auditory cues from a male increases a
female's likelihood of acceptance. Females use olfactory information to assess the health
and genetic compatibility of males (Decoster et al., 2024). This assessment often
influences their responses to the males’ ultrasonic vocalizations, with preferred males (as
determined through olfactory and possibly visual cues) receiving more attention and

positive responses.
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6.3 Analysis of Olfaction

Olfaction also plays a role in contextual and environmental influences. The
effectiveness and context of olfactory and vocalization signals can be influenced by the
environmental conditions, such as the presence of predators or competing males, which
can affect pheromone distribution and detection (Apfelbach et al., 2005). Olfactory
signals also convey information about the social status and territorial boundaries of the
emitting males, which can affect courtship dynamics and vocalization patterns. We thus
used an olfactory discrimination test in which mice are presented with a female urine
cassette and a saline cassette within the same cage (Figure 11A and 11B). The number of
mice spending more time in the scent zone versus the saline zone was similar (7/11 mice;
WT and 9/12 Cnksr2™:CaMKIll-cre*") (Figure 11D). There was no difference between
genotypes in the total distance traveled in the arena (Figure 11C). Likewise, there was
also no effect of genotype on the number of visits to the urine scent zone. These data
suggest that Cnksr27Y;CaMKII Cre- and Cnksr2”Y;CaMKII Cre+ males do not exhibit
differences in responses to olfactory stimuli; thus, the reduced USVs are likely not due to
differences in olfaction. To test genotype effects on anxiety, EZM analysis was also
conducted. These results revealed that Cnksr2™Y:CaMKII-cre*” mice displayed elevated
levels of anxiety, spending less time in the open arms of the maze. Importantly these
mice did not display any difference in distance traveled. Finally, we also tested whether
the loss of Cnksr2 in excitatory neurons modulated epileptiform activity and seizures.
Twenty four hour EEG recordings were analyzed for epileptiform discharges
Cnksr2™:CaMKII-cre*- mice had an increase in epileptiform discharges when compared

to wildtype controls. EEG recordings were also analyzed for electrographic seizures. No
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seizures were detected for the wildtype littermates of either genotype, or in the

Cnksr2™:CaMKIl-cre*”- mice.
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Figure 11: Excitatory Deletion of Cnksr2 does not Affect Olfaction. (A) Representative spatial
heat maps of time spent in the arena during olfactory testing. Cnksr2”Y;CaMKII Cre” and (B)
Cnksr2”:CaMKII Cre*" heat maps. Saline cassette was placed on the right side of the arena and
urine cassette on the left side of the arena. (C) Graph depicting the quantification of total distance
traveled for each group. No significant differences were observed between genotypes
(Cnksr2™:CaMKII Cre* n=12) (Cnksr27Y;CaMKII Cre” n=11) (p>0.05 unpaired t test). Data are
+ SEM. (D) Graph depicting the sum number of scent zone visits for each group. No significant
differences were observed between genotypes (Cnksr2”Y;CaMKII Cre*" n=12) (Cnksr2”Y;CaMKI|I
Cre’ n=11) (p>0.05 unpaired t test). Data are = SEM.

6.4 Conditional deletion of Cnksr2 within Gad2+ inhibitory neurons
demonstrate elevated epileptiform discharges and seizures

Next, we aimed to assess the effects of Cnksr2 within inhibitory neurons. For the
deletion of Cnksr2 in inhibitory cells, we crossed Cnksr2"" females with Gad2-cre*”
males. This resulted in male offspring being Cnksr2"¥:Gad2-cre* (Figure 12A). Once
again, this cross was essential to obtain wild type littermate controls. Following

genotyping, the mice were aged to P60 and then subjected to behavioral assays for USVs,
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olfactory discrimination test, Elevated Zero Maze (EZM), and seizure analyses.
Quantification of USV revealed that when compared to littermate controls
Cnksr2™;:Gad2 Cre+ displayed no effect on the number of calls produced or the duration
of calls. We once again used the olfactory discrimination test and observed no difference
in exploration for the scent. Then we tested for anxiety using the EZM and observed that
Cnksr2™:Gad2-cre*” mice showed no significant differences between control and
experimental groups for time spent in the open arms of the maze. Finally, we also tested
whether the loss of Cnksr2 in inhibitory neurons modulated epileptiform activity and
seizures (Figure 13). Twenty-four-hour EEG recordings were analyzed for epileptiform
discharges. Cnksr2Y:Gad2-cre*” mice also exhibited elevated epileptiform discharges,
although to a greater extent than their excitatory counterpart (Figure 13C). EEG
recordings were then also analyzed for electrographic seizures and showed 4 out of 12
Cnksr2™:Gad2-cre*” mice exhibited electrographic seizures during the recording period,
with a total of 36 events in these animals (Figure 13D). Overall, these data demonstrated
elevated neuronal activity following loss of Cnksr2 from either CaMKII-cre+ or Gad2-
cre+ neurons in vivo, consistent with our MEA data, but the effect may be stronger in
Gad2-cre mice, leading to a trend of increased seizures. This trend was consistent with
proteomics data suggesting an increased proportion of proteins linked to seizures in the
Gad2 proximity proteome. In contrast, altered vocal communication via USVs

specifically arises downstream of the loss of Cnksr2 in CaMKII-cre+ cells.
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6.5 Discussion on the conditional deletion of Cnksr2 within CaMKI I+
excitatory and Gad2+ inhibitory neurons affecting behavior

Acquired aphasia is one of the most severe deficits seen in EAS disorders and its
genetic and cellular basis is poorly understood. It is a highly penetrant phenotype of
Cnksr2 variants in humans. A recent review of case reports of male patients with Cnkrs2
variants found that 31 out of 33 have language difficulties. Of these, all but one was
reported to have seizures. This fits with the broader literature on EAS, in which aphasia
coincides with the occurrence and worsening of seizures (Bonardi et al., 2020). Bonardi
et al. delves into the neurological impacts of mutations in the CNKSR2 gene, particularly
focusing on their association with the epilepsy syndrome known as Status Epilepticus
during Slow Sleep (ESES). This condition is characterized by a high spike-and-wave
discharge rate during slow-wave sleep, significantly affecting cognitive functions.
Patients typically present with seizures and a notable regression in language skills, which
are hallmark features of ESES. Besides seizures, affected individuals may show
behavioral disturbances and various degrees of intellectual disability. The EEGs of
patients show a distinctive pattern of ‘status epilepticus during slow sleep’, characterized
by nearly continuous spike-wave activity during non-REM sleep. While the nighttime
EEG shows severe abnormalities, daytime EEGs may appear normal or show only mild
abnormalities. This then brings forth the question is aphasia a direct consequence of
seizures presents within patients, or can they be separated?

Given that loss of speech and/or language can have devastating impacts on
patients, understanding the mechanisms underlying aphasia is critical. While mouse
USVs are extensively used in studies to model human vocal communication and

associated disorders (Fischer and Hammerschmidt, 2011; Chabout et al., 2016; Wang et
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al., 2016), it is important to acknowledge limitations that may hinder the translation of
results from mice to human conditions. While human language is learned, mouse USVs
are innate (Whitney, 1970). Additionally, most EAS patients retain the ability to laugh
and cry, which are innate vocalizations. Despite this, corticostriatal and corticobulbar
circuits like those that control learned vocalizations in humans are also implicated in
USV production in mice, suggesting some overlap exists between the two species
(Arriaga et al., 2012).

Here we report that loss of Cnksr2 from cortical excitatory neurons, using two
different Cre lines, is sufficient to significantly impair ultrasonic vocalizations in adult
male mice, providing some of the first insights into its cellular basis. This is also the first
evidence that the seizures experienced by patients in fact are not involved in the aphasia
present. This gives credence to the notion there are separate mechanisms governing the
behaviors. Such mechanism can involve circuity as different brain regions may govern
loss of vocalization and seizures separately. Given the combination of MEA, proteomic,
and behavioral data it appears that elevated neuronal activity is present within excitatory
and inhibitory deletions the endogenous proteome for both cell types have noticeable
differences. These slight changes appear to affect the behavior in mice accordingly.
Inhibitory proteomic analysis of Cnksr2 involves many more proteins involved in
epilepsy and seizure in comparison to excitatory and this corresponds to mice inhibitory
deletion of Cnksr2 leading to seizures. There has been recent debate about the role of the
cortex in regulating USVs in mice. The evidence is conflicting: some studies have shown
that mice can produce USVs even after complete removal of the cortex, while others have

successfully induced USV production by directly stimulating specific cortical areas
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(Hammerschmidt et al., 2015; Okobi et al., 2019). Hammerschmidt articulates theories
about the neurological underpinnings of vocal learning in mammals. This research
specifically investigates the development of vocalization in mice genetically engineered
to lack a cerebral cortex, examining whether these mice can develop and produce 'normal’
vocal songs, which are complex behaviors typically associated with higher brain
functions. Surprisingly, the mice lacking the cerebral cortex were able to develop and
produce vocalizations that were structurally comparable to those of typical mice with a
complete cortex. These cortex-less mice exhibited a range of normal songs, suggesting
that the neural circuits responsible for these vocalizations reside outside the cerebral
cortex. The findings indicate that subcortical areas in the brain might play more critical
roles in the basic aspects of vocal production than previously understood. This challenges
the traditional view that complex vocal behaviors and learning processes are strictly
cortical and suggests that subcortical networks could also be integral to these functions.
The study hypothesizes that structures such as the brainstem or basal ganglia, which are
intact in these mice, may contain the primary circuits necessary for generating vocal
patterns observed in normal mice.

Okobi et al. in their work “Motor cortical control of vocal interaction in
neotropical singing mice” investigates how the motor cortex influences vocal
communication in neotropical singing mice, a species known for their complex and
interactive vocalizations. This study specifically examines the role of the motor cortex in
regulating and controlling the production of vocalizations during social interactions. They
found that the motor cortex is actively involved when mice engage in vocal interactions,

particularly in modulating the tempo and pitch of their vocalizations. Neurons in the
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motor cortex are shown to be essential for the precise timing of vocal emissions, which is
critical for the song-like sequences that these mice use during courtships and territorial
disputes. The motor cortex appears to help coordinate the turn-taking patterns seen in
vocal interactions, suggesting a role like that seen in human conversational speech. There
is also evidence that the motor cortex is involved in adapting and learning new vocal
patterns based on social context and environmental feedback. The findings imply
significant plasticity in the motor cortex, allowing it to adapt its function for highly
specialized vocal behaviors. Finally, the study draws parallels between the vocal control
mechanisms in mice and those in humans, suggesting that some aspects of human speech
might have evolutionary counterparts in simpler mammalian systems.

This information regarding the cortex and USV serves as an excellent opportunity
to further delve into the current separations we have made within EAS to provide a

deeper mechanistic look into the loss of USVs we find.
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Figure 12: Loss of Cnksr2 in CaMKII+ excitatory neurons contributes to elevated anxiety.
(A) Schematic experimental timeline for animal breeding and behavioral analysis. (B and C)
Elevated zero maze representative locomotion traces for Cnksr2”Y;CaMKIlI Cre™,
Cnksr2Y;:CaMKII Cre*", Cnksr27Y;Gad2 Cre”, and Cnksr2"Y;Gad2 Cre*" respectively. (D) Graph
of quantifications for EZM distance traveled (cm) showed no significant difference in all groups
(Cnksr2™:CaMKIIl Cre” n=14, Cnksr2”;CaMKIl Cre*" n=11) (Cnksr2"¥;Gad2 Cre’ n=8
Cnksr2Y;Gad2 Cre*" n=8) (p>0.05, unpaired t test). Data are mean + SEM. (E) Graph depicting
time spent in the open arms (s) of Cnksr2”Y;CaMKII Cre*" (n=11) showing a significant decrease
compared to Cnksr2?Y;CaMKII Cre”- (n=14) (*p=0.0476, unpaired t test). Cnksr2"¥;Gad2 Cre*"
(n=8) shows no significant change in time spent in open arms (p>0.05, unpaired t test). Data are
mean + SEM.
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Figure 13: Loss of Cnksr2 in Gad2+ Inhibitory neurons contribute to seizures. (A-B) Graph
depicting the quantification of epileptiform discharges in all groups. Both Cnksr2”Y; Gad2 Cre*"
(n=12) and Cnksr2™; CaMKII Cre*" (n=11) displayed significantly increased number epileptiform
discharges compared to their control littermates (Cnksr2Y; Gad2 Cre” n=8) (Cnksr2"Y; CaMKII
Cre’” n=11) (**p= 0.0014, *p=0.04; Mann-Whitney Test). Data are mean + SEM. (C)
Representative EEG trace of electrographic seizures detected in a Cnksr2Y; Gad2 Cre*” mouse.
(D) Pie chart of mice that display seizures during one day of recording, Cnksr2”Y;CamKIl Cre™,
Cnksr2”Y;CamKII Cre*", Cnksr2"";Gad2 Cre” lack seizure activity but 4/12 Cnksr2Y;Gad2 Cre*"
mice exhibit seizures with a total of 36 events collectively amongst the 4 mice. Data are mean *
SEM.
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7 Effects of Excitatory Deletion in Cnksr2

7.1 Deletion of Cnksr2 in Emx1 positive neurons recapitulates loss of
ultrasonic vocalization and increased levels of anxiety in adult male mice

The above results suggested that loss of Cnksr2 from excitatory neurons may
specifically lead to the USV phenotypes of these mice, however, it is known that CaMKI|I
promoter-based strategies can result in sparse expression in some inhibitory neuron
subtypes (Keaveney et al., 2020). This work aimed to develop and implement a miRNA-
based viral gene targeting strategy to selectively identify and manipulate CaMKIla-
positive interneurons within the brain. Using this strategy, the team was able to mark
CaMKIIa-positive interneurons for further analysis, which involved studying their
physiological properties and interactions within neural circuits. Preliminary functional
studies revealed unique aspects of calcium signaling in these interneurons, suggesting
that CaMKIla plays different roles in interneurons compared to excitatory neurons. This
technique opens new pathways for analyzing the specific contributions of various
interneuron subsets to brain function and disease, enhancing our understanding of neural

circuit dynamics.

7.2 Emx1 in Excitatory Neurons in the Brain

Thus, to confirm whether loss of Cnksr2 from glutamatergic neurons is causative
for the USV phenotypes we used empty spiracles homeobox (Emx)-Cre. Emx expression
is limited to the cortex, hippocampus, and olfactory bulbs (Gorski et al., 2002; Simeone
et al., 1992). Furthermore, Simeone and colleagues found the expression of these genes is
tightly regulated during development; they are present from early stages and continue

throughout the formation of the cortical layers. The presence of Emx1 and Emx2 in
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specific cortical layers suggests they play crucial roles in the differentiation processes of
these areas. Emx-cre results in the deletion of floxed alleles in redial glia, resulting in cre-
mediated recombination in both glutamatergic neurons and some glia. However, Cnksr2
shows minimal expression in glial cells, including astrocytes (Zhang et al., 2014), and

glial cells are not targeted by CaMKII-cre.

In 2002 Gorski et al. aimed to determine which cell types in the cerebral cortex
are derived from progenitor cells that express the Emx1 gene. Most excitatory neurons in
the cerebral cortex are derived from Emx1-expressing progenitor cells. These neurons are
typically glutamatergic, contributing to the cortex's principal signaling capabilities. Glial
cells, including astrocytes and oligodendrocytes, are also predominantly produced from
Emx1-expressing lineages, highlighting Emx1's role in glial as well as neuronal
development. Contrary to excitatory neurons and glia, GABAergic neurons, which are
inhibitory, do not originate from Emx1-expressing progenitors. This distinction
underscores the gene's specific role in fostering excitatory neuronal networks. The
findings suggest that Emx1 influences the formation of cortical layers through its control
over excitatory neuron and glial production, which are integral to cortical circuit
construction and function. The specificity of Emx1 in generating excitatory neurons and
glia but not inhibitory neurons imply a role in defining the functional properties of the

cortex, particularly in relation to excitatory signaling pathways.

For this analysis, we generated male mice with Cnksr2 knocked out in Emx-
positive glutamatergic neurons (Cnksr2™¥:Emx-cre*-). We allowed these mice to age to

postnatal day 60 before conducting behavioral testing to assess anxiety and vocal
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communication behaviors (Figure 14A). Analysis of the EZM test revealed that the
knockout mice showed a significant reduction in time spent in the open arms compared to
wild-type littermates (Figure 14B and 14C). To differentiate between anxiety and motor
deficits, we also measured the velocity and distance traveled these mice, finding no
differences between genotypes (Figure 14D and 14E). Thus, the effects on time spent in
the open arms of the maze suggested that deleting Cnksr2 in glutamatergic cells of the
cortex and hippocampus leads to elevated anxiety. We then examined USV production by
recording sonograms during courtship behavior, as in the above CaMKII-cre and Gad-2-
cre analysis. Analysis revealed the knockout male mice showed a significant reduction in
both the number and duration of USVs produced (Figure 15A-15C). This data
collectively confirms that deletion of Cnksr2 in excitatory neurons of the cortex and
hippocampus results in increased anxiety levels and a reduction in USV production in
male mice. One observation of interest is the decrease in the duration of USVs, compared
to the CaMKII-cre mice. This may be due to the ongoing theme of targeting purely
excitatory neurons leading to a larger effect on the USVs in comparison to the CaMKI|
group. | have now provided evidence that deletion of Cnksr2 within excitatory cells of
the cortex does in fact play a role in USV production, | can now begin to dissect which
brain regions are particularly involved in this behavior. These experiments helped

provide more insight into the cortex’s role in USV production.
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Figure 14 : Loss of Cnksr2 in Emx+ glutamatergic neurons recapitulate the elevated anxiety
phenotype of knockout mice. (A) Schematic experimental timeline for animal breeding and
behavioral analysis. (B) Representative locomotion traces during elevated Zero Maze for
Cnksr2”;Emx Cre™ (top) and Cnksr2”Y;Emx Cre* (bottom) male mice. (C) Graph depicting the
total time spent in the open arms of the maze for both groups are shown. Cnksr2”Y;Emx Cre*"
(n=16) mice spent significantly less time in the open arms than the Cnksr2™;Emx Cre” (n=13)
(***p=0.0009, Mann-Whitney Test). Data are mean + SEM. (D) Graph of the locomotor velocity.
No significant effect of genotype in either group were detected (p>0.05; unpaired t test).
Cnksr2™;Emx Cre*" (n=16) and Cnksr2”'Emx Cre” (n=13). Data are mean + SEM. (E) Graph of
the distance traveled. No significant effect of genotype in either group were detected (p>0.05;
unpaired t test). Cnksr2”Y;Emx Cre*" (n=16) and Cnksr2”Y;Emx Cre” (n=13). Data are mean *
SEM.
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7.3 Discussion of excitatory deletion of Cnksr2 and its effects on USV
production

Considering the debate regarding the cortex and its relationship to USV
production, these experiments provide some new crucial insight within the topic. The
traditional view is that it has long been thought that the cortex plays a crucial role in
controlling vocalizations in vertebrates, largely based on studies from primate models and
human brain research (von Cramon and Jurgens, 1983). The cortex is known to manage
complex behaviors and its involvement in language and communication in humans is
well-documented (Eichert et al., 2020). However, studies in rodents have shown that
removing or damaging areas of the cortex does not necessarily stop mice from producing
ultrasonic vocalizations, suggesting that subcortical areas might be primarily responsible
for this capability (Hammerschmidt et al., 2015). Research indicates that structures like
the basal ganglia and the brainstem could be integral in generating the rhythmic patterns
of sounds that constitute USVs in mice (Fujimoto and Hasegawa, 2023; Park et al.,
2024). These areas are involved in motor control and the coordination of muscles,
including those controlling the larynx and respiratory system. There is evidence to
suggest that mice can produce USVs autonomously from the brainstem, without cortical
input, especially under conditions like social interaction or stress (Dietrich et al., 2020).
The findings underline important differences between species in how vocalizations are
controlled. Unlike humans and non-human primates, where the cortex's role is prominent,
mice and likely other rodents utilize more primitive, subcortical mechanisms. This
suggests an evolutionary perspective where cortical control over vocalizations may have
developed later and may not be necessary for the basic production of sound patterns seen

in simpler mammals. The differences in vocal control mechanisms between rodents and
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humans imply limitations in using mice as models for studying speech and
communication disorders that are typically managed by the cortex in humans. The debate
over the cortex's role in ultrasonic vocalizations in mice underscores the complexity of
brain functions and the dangers of overgeneralizing findings across species. While the
cortex is central to human vocal communication, it was believed that mice predominantly
use subcortical structures for generating USVs. This distinction highlights the importance
of choosing appropriate animal models for neuroscience research and has significant
implications for studies on the neural control of vocalization. As research progresses, a
more nuanced understanding of these mechanisms will enhance our ability to study and

potentially treat human conditions involving speech and communication deficits.

Our findings provide more evidence that the cortex indeed has a role with these
vocalizations as excitatory knockout of Cnksr2 affects total number of calls and duration
of calls produced by these adult male mice. These effects are also seen across two
different excitatory drivers (Emx and CaMKII). We next wanted to determine the specific
cortical region involved in USV production, but in these experiments, | utilized a cre
driver to conditionally ablate Cnksr2. In the next upcoming experiments, | will need to
determine if viral deletion of Cnksr2 is able to reproduce or recapitulate the same

experimental results.
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Figure 15: Loss of Cnksr2 in Emx+ glutamatergic neurons recapitulate reduced USV
phenotypes of knockout mice. (A) Representative spectrogram pattern of USVs in adult mice
during courtship. (Top) Cnksr2”:Emx Cre” (Bottom) Cnksr2”";Emx Cre*" spectrograms. (B)
Graph depicting the total number of calls produced by male mice exposed to females.
Cnksr2”;Emx Cre*" mice (n=16) had a significant decrease in USVs produced compared to
Cnksr2”;Emx Cre” (n=13) (***p=0.0004, unpaired t test). Data are mean + SEM. (C) Graph
showing the average duration of calls produced by male mice when exposed to female mice.
Cnksr2™;Emx Cre*" mice (n=16) had a significant decrease in average duration of USVs compared
to Cnksr2”;Emx Cre” (n=13) male mice (*p=0.0196, Mann Whitney test). Data are mean + SEM.

7.4 Viral deletion of Cnksr2 through the whole brain via retro orbital
Injections recapitulates loxp mediated deletion phenotypes

Retro-orbital injections are a common method used in laboratory research for
administering substances directly into the bloodstream of mice and rats. This technique
involves injecting a substance into the retro-orbital sinus, a venous plexus located behind
the eye (Yardeni et al., 2011). Due to its rapid access to venous circulation, it is a
preferred method for ensuring fast distribution of the compound throughout the animal's
body. The mouse is typically restrained manually or with the help of a restraining device.
Anesthesia may or may not be used depending on the protocol and substance being
administered. If awake, the animal usually requires only mild restraint. The person
performing the injection gently pulls the skin surrounding the animal’s head back to
slightly protrude the eye, increasing the visibility of the medial canthus (the corner of the

eye closest to the nose). A small, fine-gauge needle (commonly 25-30 gauge) is used.

112



The needle is carefully inserted at a slight angle into the medial canthus of the eye. Care
is taken to direct the needle away from the eye globe towards the base of the orbit where
the venous sinus is located. The substance is slowly injected into the retro-orbital sinus.
The practitioner must be cautious to avoid applying excessive pressure, which can
damage the sinus and surrounding tissues. Once the injection is complete, the needle is
gently withdrawn. Pressure may be applied to the injection site for a short period to
prevent bleeding and ensure hemostasis. The animal is monitored post-procedure for any

signs of distress or complication.

There are several advantages of retro orbital injections making it a reliable
technique to achieve viral infection. These reasons are efficiency, lack of stress, and ease
of use. This technique provides rapid and efficient systemic distribution of the injected
compound. Also, when performed correctly, it is less stressful compared to other methods
like tail vein injections, which can be difficult and time-consuming. Finally, it requires
less technical skill and time than intravenous injections in the tail vein. Although
advantageous there are risks involving this process such as potential for injury as the
proximity to the eye means there is a risk of damaging the eye if the injection is not

performed correctly.

Vocal communicative disorders are complex and their etiology in most cases
remains enigmatic. The finding that USV abnormalities downstream of loss of Cnksr2
tracks to its functions in excitatory neurons provides a possible opportunity to further
narrow down the brain regions responsible for this phenotype. An attractive approach to

do so, could leverage viral-mediated approaches to delete Cnksr2 in specific brain
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regions using the CaMKII promoter. As a prelude to brain regional deletion of Cnksr2,
we first sought to validate the overall approach that could recapitulate the USV
phenotypes observed in the EMX and CaMKII-cre genetic lines. To do so, we utilized
retro-orbital delivery of AAV-PhP.eB-CAG-tdtomato (control) and AAV-PhP.eB-
CaMKII-Cre-GFP (experimental) virus into Cnksr2™¥ mice at postnatal day 21 (Figure
16A). This is the earliest age in which I can mount the adolescent mouse into the
stereotaxic rig. Viral infection using this approach was validated by direct visualization
of tdtomato to verify brain-wide transduction under these conditions. We next assessed
USVs on postnatal day 60. This point was important as it not only allowed the virus to
spread throughout the brain but also allowed mice to reach adulthood (Figure 16B).
USVs were again detected using sonograms and | recorded for 10 minutes with the
female partner in the cage. Analysis from male mice of both viral conditions showed a
significant decrease in both the quantity and duration of calls produced by mice infected
with CaMKII-Cre when compared to those infected with tdtomato expressing AAV
(Figure 16C-16E). These results suggest that deletion of Cnksr2 using viral expression of
Cre by the CaMKII promoter can indeed recapitulate the USV deficits of conditional
knockout mice. These results supported further investigations to determine Cnksr2’s role

in specific cortical regions regarding USVs.
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Figure 16: Retro orbital viral-mediated knockout of Cnksr2 affects USV production. (A)
Schematic experimental timeline for animal breeding, injections, and behavioral analysis. (B)
Representative histology image for retro-orbital viral infection with Php.eB-CAG-tdTomato in a
sagittal section of 50 pm at P60. Php.eB-CAG-tdTomato expression can be seen throughout the
entire brain, particularly in the cortex. Scale bar, 500 um. (C) Representative spectrogram pattern
of USVs in adult mice during courtship. (Left) Cnksr27Y-AAV-Php.eB-CAG-tdTomato (Right)
Cnksr2™Y-AAV-Php.eB-CaMKII-Cre-GFP. (D) The number of calls was significantly decreased in
Cnksr2”Y-AAV-Php.eB-CaMKII-Cre-GFP group (n=8) when compared to Cnksr2”Y-AAV-
Php.eB-CAG-tdTomato (n=7) (*p=0.0200, Mann Whitney Test). Data are mean + SEM. (E)
Average duration of calls was significantly decreased in Cnksr2”Y-AAV-Php.eB-CaMKII-Cre-
GFP group (n=8) when compared to Cnksr2”Y-AAV-Php.eB-CAG-tdTomato (n=7) (*p=0.0312
unpaired t test). Data are mean £ SEM.
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8 Brain Region Specific Effects of Cnksr2 Excitatory Deletion

8.1 Brain regional specific deletion of Cnksr2 within CaMKI I positive
neurons in the medial prefrontal cortex does not affect ultrasonic
vocalization and does not affect anxiety

At least two regions of the cortex, the medial prefrontal cortex (mPFC) and
anterior cingulate cortex (ACC), have been implicated in vocal communication in mice
and rats (Bennett et al., 2019; Gan-Or and London, 2023). Both regions have projections
to the midbrain region of the PAG, the vocal gating center, which is known to regulate
USVs. Thus, we hypothesized that Cnksr2 function in either of these two regions — mPFC

or ACC - is necessary for normal USV production.

8.2 Role of the mPFC in USV Production

The mPFC is involved in the modulation and initiation of ultrasonic vocalizations
in rodents (Burgdorf et al., 2007). It integrates cognitive and emotional inputs to produce
context-appropriate vocal responses. For instance, in mating scenarios, male rodents
produce sequences of USVs that are thought to be modulated by the mPFC in response to
female presence or signals (Bicks et al., 2015). USVs, particularly in the context of
distress calls from pups or submissive calls from adults, are closely linked to emotional
states (Schwarting and Wohr, 2012). The mPFC’s role in processing emotional
information makes it a critical area for the regulation of these types of vocalizations.
Different types of USVs (e.g., 22 kHz alarm calls vs. 50 kHz mating calls in rats) are
associated with different emotional contents, and the mPFC differentially regulates these
vocalizations based on the affective state of the animal (Demaestri et al., 2019). The

mPFC influences vocalization through its connections with other brain regions, such as
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the amygdala, which processes emotional reactions, and the periaqueductal gray (PAG),
which is fundamental in the modulation of vocal outputs (Zhang et al., 2024). Activation
or inhibition of the mPFC can lead to corresponding changes in USV production, which
are mediated through these downstream pathways. Neurotransmitters such as dopamine
and serotonin, which are involved in mood regulation and reward circuits, also affect
USV production and are modulated within the mPFC (Achterberg and VVanderschuren,
2023). Hormonal states can influence mPFC activity and thus affect USV production, as
seen in different phases of mating or social dominance. Experiments using lesions or
pharmacological manipulations (such as infusions of neurotransmitter agonists or
antagonists) in the mPFC have demonstrated changes in the patterns and quantities of
USVs emitted in various social situations (Achterberg and VVanderschuren, 2023).
Optogenetic stimulation of the mPFC can increase or decrease USV production,
depending on the specific neural populations targeted and the contextual emotional state
of the animal. Costa et al. examine how dopamine activity in specific brain regions
affects ultrasonic vocalizations (USVS) in rats, particularly in response to amphetamine
treatment. This study focuses on two types of USVs: drug-stimulated calls directly
triggered by amphetamine and conditioned calls that are associated with the anticipation
of amphetamine (learned response). Treatment with amphetamine significantly increases
the emission of 50-kHz USVs, correlating with enhanced dopamine transmission.
Conversely, blocking dopamine receptors in the mPFC decreases both drug-stimulated
and conditioned 50-kHz USVs, indicating that dopamine in the mPFC is crucial for both

types of vocalizations.
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Dupin et al. explores the significant role of the medial prefrontal cortex (mPFC)
in regulating 22-kHz ultrasonic vocalizations (USVs) associated with fear responses in
rats. The study particularly focuses on how the mPFC's activity correlates with these
vocalizations, respiration changes, and brain oscillatory dynamics during fear-inducing
situations. The mPFC exhibits specific patterns of oscillatory activity in response to fear,
characterized by significant changes in theta and gamma rhythms. These rhythms are
believed to modulate processes associated with emotional regulation and the
physiological aspects of fear responses. There is an enhanced synchronization of theta
rhythms in the mPFC during the emission of 22-kHz USVs, which are typically produced
in fearful or high-anxiety states. This synchronization suggests that the mPFC is actively
processing emotional information and may be attempting to regulate the emotional
response to fear. Theta oscillations in the mPFC have been linked with various aspects of
emotional processing, including the assessment and contextualization of fearful stimuli.
Alongside theta rhythms, there is also an increase in gamma oscillations within the mPFC
during periods of USV production. Gamma rhythms are often associated with higher
cognitive functions, including the processing of sensory input and the consolidation of
memory. The rise in gamma oscillations indicates a heightened state of alertness and
cognitive processing related to the fear response, suggesting the mPFC's role in
integrating emotional and cognitive aspects of the fear response. The activity patterns in
the mPFC underline its role as a crucial modulator of fear responses. By influencing both
theta and gamma oscillations, the mPFC can affect the regulation and expression of fear-

related behaviors, such as 22-kHz USVs.
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8.3 Effects on USV and Anxiety

To test this hypothesis, we used a stereotaxic approach to conditionally delete
Cnksr2 within CaMKII-positive cells in the mPFC at postnatal day 30, and then assessed
USVs postnatal day 60 (Figure 17A). This deletion was achieved by injected an AAV2/9-
CaMKII-Cre virus into Cnksr2™Y male mice. The virus after expression in CaMKI|
positive neurons will then excise Cnksr2 via LoxP recognition sequences and knockout
protein levels after transcription and translation. Analysis revealed no significant impact
on USV calls or duration when Cnksr2 was deleted in CaMKII-positive cells within the
mPFC (Figure 17B-17F). These experiments involved 6 mice injected with control virus
(AAV2/9-CAG-tdTomato) and 7 mice injected with experimental virus AAV2/9-
CaMKII-Cre-GFP. Even though there is a decrease in the number of calls observed it is
statistically not significant. Power analysis also reveals 6-7 mice as the number of mice
required for proper analysis. We also verified injections into the mPFC via visualization
of GFP. Briefly when accessing the sonograms there also appear to be no striking
differences between the two groups. | also interrogated anxiety through the elevated zero
maze. Representative trace files at a glance appear to show no differences in the

locomotion and time spent in the open arms of the zero maze. When this data is
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quantified, | see no effect on anxiety. We also verified locomotion parameters such as

velocity and distance traveled and observed no effect on these.
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Figure 17: Deletion of Cnksr2 within CaMKI 1+ glutamatergic neurons of the mPFC does not
affect USV production. (A) Schematic experimental timeline for animal breeding, injections, and
behavioral analysis. (B) Representative histology image for mPFC viral targeting of Cnksr2 in
coronal section of 50 um at P60. AAV2/9-CamKII-Cre-GFP expression can be seen in the mPFC.
Scale bar, 500 um. (C) (Top) Example spectrogram pattern of USV’s in Cnksr27Y-AAV2/9-CAG-
tdTomato and (Bottom) Cnksr2”Y-AAV2/9-CaMKII-Cre-GFP adult male mice during courtship.
Graphs of (D) total number of calls and (E) average call duration. No significant effect was
observed on the number of calls and average duration of calls (p>0.05 unpaired t test) (n=6). Data
are mean = SEM. (F) Representative locomotion traces in the elevated zero maze for (Left)
Cnksr2"Y-AAV2/9-CAG-tdTomato and (Right) Cnksr2”Y-AAV2/9-CaMKII-Cre-GFP male mice.
Graphs showing elevated zero maze data for: (G) time in the open arms; (H) average velocity; and
() total distance moved. No significant effect of treatment was observed in any of these metrics
(p>0.05; unpaired t test) (Cnksr2”Y-AAV2/9-CAG-tdTomato n=6 and Cnksr2”Y-AAV2/9-
CaMKII-Cre-GFP n=7). Data are mean + SEM.
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8.4 The Anterior Cingulate Cortex’s Role in USV's

Alongside the mPFC the anterior cingulate cortex is also implicated is production
of USVs. Recently it was discovered by Gan-Or the specifics of this brain region.
Specifically, they delve into the neurological underpinnings of how social vocalizations
are controlled in mice, specifically focusing on the role of cortical circuits. The study
provides significant insights into the brain's mechanisms that regulate vocal
communication in mice, a key aspect of their social behavior. Previous research has
largely focused on subcortical areas of the brain in understanding the production of
vocalizations in mammals. This study aims to explore cortical contributions, which are
less well understood, particularly in the context of complex social behaviors like vocal
communication. The study identifies the anterior cingulate cortex is actively involved in
modulating the frequency, timing, and type of social vocalizations emitted by mice.
These areas likely interact with both motor and auditory functions to coordinate vocal
responses. It was found that these cortical regions exert control over vocal output by
influencing motor pathways that govern the vocal apparatus. This suggests a direct link
between cortical activity and vocalization mechanics. The cortex also plays a role in
processing auditory feedback from vocalizations, which is crucial for maintaining the
structure and appropriateness of social calls in various contexts. The ACC is
interconnected with subcortical structures previously known to be involved in
vocalization, such as the basal ganglia and brainstem. This highlights a complex network
of brain regions working in concert to produce and modulate vocal behaviors. Evidence
suggests that synaptic plasticity within these cortical areas may underline the ability to

adapt vocal behaviors based on social context and experience.
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Saito et al. also explores how the anterior cingulate cortex (ACC) of rat’s
processes and responds to ultrasonic vocalizations (USVs), which are a key aspect of rat
communication. These vocalizations play a critical role in social interactions among rats,
and the ACC's involvement provides insights into the neural processing of complex
communicative signals. USVs in rats are often emitted in various social contexts and are
believed to convey emotional and contextual information. The ACC is known for its role
in cognitive processes and emotional regulation, making it a prime candidate for studying
how these vocalizations are interpreted in the brain. The ACC showed distinct activation
patterns when exposed to different types of USVs. This indicates that the ACC is finely
attuned to variations in ultrasonic vocal signals, suggesting its role in decoding the
communicative content of these sounds. The ACC differentially responded to
vocalizations based on their acoustic characteristics, such as frequency and duration,
which may correspond to different emotional states or social functions in rats. The ACC's
response to USVs suggests that it is involved in processing the emotional content of the
vocalizations, potentially influencing how rats perceive and react to the emotional states
of their peers. The ACC may also play a role in contextualizing the USVs, helping rats
understand the social context in which the vocalizations are emitted, such as mating,
alarm, or play. The study detailed specific synaptic mechanisms and neural circuits
within the ACC that are activated in response to USVs, shedding light on the neural

substrates that support auditory processing and emotional evaluation in rats.
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8.5 Brain regional specific deletion of Cnksr2 within CaMKI I positive
neurons in the anterior cingulate cortex does affect ultrasonic vocalization
and does not affect anxiety

Given the breath previous research involving the ACC we also hypothesized
deletion of Cnksr2 within this cortical region may play a role in USV production. We
employed a stereotaxic method to selectively eliminate Cnksr2 from CaMKII-positive
neurons in the ACC at postnatal day 30 and subsequently evaluated ultrasonic
vocalizations (USVs) at postnatal day 60 (Figure 18A). This targeted deletion was
accomplished by administering an AAV2/9-CaMKII-Cre virus into Cnksr2™¥ male mice.
Once expressed in CaMKII-positive neurons, the virus facilitates the excision of Cnksr2
through recognition of LoxP sequences, effectively knocking out protein levels following
transcription and translation. For this experiment I used 12 control mice and 12
experimental mice with Cnksr2 deleted in excitatory neurons of the ACC. We verified the
injection site once again and observed GFP labeling in the ACC (Figure 18B).
Interestingly when we looked at the representative called from the sonograms of male
mice with Cnksr2 deleted in the ACC qualitatively we see a decrease in the calls
produced by these mice. Then we quantified this data by the number of calls and average
duration of these calls and see there is a decrease in the calls produced over the 10-minute
exploration time allotted with a female partner (Figure 18C and 18D). Even though there
is a decrease in the number of calls the duration of these calls appears to be not affected.
Next, we assessed anxiety once again via EZM. Analyzing the representative trace files
for exploration in these mice there appears to be no difference in their movements. Then |
quantified the time spent in open arms of the EZM and see there is no difference in that
parameter. In conjunction with this there also is no effect on the motor parameters of both
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groups of mice as their velocity and distance traveled have no significant alterations
(Figure 18E-18F). This experiment suggests that deletion of Cnksr2 within the ACC of
excitatory neurons causes a decrease in the number of USVs produced while leaving the
duration of these calls intact. This further provides us with insight to the brain regions

governing USVs and specifically furthers the research for the ACC’s role in vocalization.
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Figure 18: Deletion of Cnksr2 within CaMKII1+ glutamatergic neurons of the ACC leads to
altered USV behavior. (A) Schematic of experimental timeline for animal breeding, injections,
and behavioral analysis. (B) Representative histology image for ACC viral targeting of Cnksr2 in
coronal section of 50 um at P60. AAV2/9-CamKII-Cre-GFP expression can be seen in the ACC.
Scale bar, 500 um. (C) (Top) Example spectrogram pattern of USV’s in Cnksr2"Y-AAV2/9-CAG-
tdTomato and (Bottom) Cnksr27Y-AAV2/9-CaMKII-Cre-GFP adult male mice during courtship.
Graphs of (D) total number of calls and (E) average call duration. The number of calls was
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significantly decreased in Cnksr27Y-AAV2/9-CaMKII-Cre-GFP (n=13) when compared to
Cnksr2”-AAV2/9-CAG-tdTomato groups (n=12). Average duration was not affected (p>0.05,
Mann Whtiney Test) (Number of calls **p=0.0089, unpaired t test). (F) Elevated zero maze
representative locomotion traces shown for (Left) AAV2/9-CAG-tdTomato and (Right) AAV2/9-
CaMKII-Cre-GFP injections. Graphs showing elevated zero maze data for: (G) time in the open
arms; (H) average velocity; and (1) total distance moved. No significant effect of treatment was
observed in any of these metrics (p>0.05; unpaired t test)(n=13) (p>0.05; unpaired t test). Data are
mean + SEM.

8.6 Analyzing Infectivity of AAV2/9-CaMKII-Cre in the mPFC versus
ACC

I next aimed to verify the efficiency of viral-mediated Cnksr2 depletion to
confirm the different behavioral results observed were not attributable to differences in
the depletion levels between the ACC and mPFC. To do so, we conducted targeted
parallel reaction monitoring (PRM) after transduction with Cre or control virus with three
peptides from each protein to quantify the levels of Cnksr2 versus five unrelated control
proteins (plectin, bassoon, spectrin alpha-1, clathrin, and myosin 10) (Figure 20A-20F).
Microdissected ACC and mPFC exhibited significant and comparable decreases in
Cnksr2 protein levels compared to tissue without cre (Figure 20G). In contrast, there was
no significant differences for the unrelated control proteins (Figure 20H). Furthermore,
we aimed to quantify the percentage of neurons infected with the virus. For this approach
I injected our virus into the ACC and mPFC of Ail4 mice, then harvested and sectioned
coronal slices of these two regions and stain with NeuN to determine the virus infectivity
in these two regions (Figure 19A-19D). Colocalization analysis revealed no difference in
the infection of the virus between these two brain areas (Figure 19E). Thus, the different
behavioral effects Cnksr2 depletion between these brain regions is likely a reflection of

its brain regional roles.
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Figure 19: Quantitative Analysis of the Viral Mediated Infection of Cnksr2 in the ACC and
mPFC. (A) Representative confocal histology image for AAV2/9-CaMKII-Cre virus expression in
the ACC of Ail4 mice. Coronal sections of 50 microns. Whole brain stained with DAPI and NeuN.
Scale bar is 500 micron. (B) Representative confocal histology image for AAV2/9-CaMKII-Cre
virus in the ACC, coronal section 50 microns at P60 in Ail4 mice, images are taken at 40x
magnification, neurons are stained with NeuN and neurons infected with virus express tdTomato.
Scale bar, 20 microns. N=4. (C) Representative confocal histology image for AAV2/9-CaMKI|I-
Cre virus expression in the mPFC of Ail4 mice. Coronal sections of 50 microns. Whole brain
stained with DAPI and NeuN. Scale bar is 500 micron. (D) Representative confocal histology
image for AAV2/9-CaMKII-Cre virus in the mPFC, coronal section 50 microns at P60 in Ail4
mice, images are taken at 40x magnification, neurons are stained with NeuN and neurons infected
with virus express tdTomato. Scale bar, 20 microns. (E) (Top) Quantification of cells expressing
AAV2/9-CaMKII-Cre and stained with NeuN within the ACC and mPFC. No significant effect
was observed on the number of cells expressing virus stained for NeuN with the ACC compared to
the mPFC (p>0.05 multiple t test)(n=4). (Bottom) Quantification for the percentage of neurons that
were stained for NeuN and expressed tdTomato normalized to the ACC. There was no significant

difference between the ACC and mPFC for NeuN positive cells that also expressed tdTomato
(p>0.05 unpaired t test).

8.7 Discussion of Brain regional specific deletion of Cnksr2 within
CaMKI|I positive neurons

Based on the results provided from these experiments I can conclude that the
ACC when Cnksr2 is depleted within excitatory neurons affects USV production as we
can observe a significant decrease in the total number of calls. This is interesting because

of the well-known circuitry of the ACC as it projects to the PAG (Marchand). Ziobro et
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al. in a study explores the role of the specific midbrain neurons in generating ultrasonic
vocalizations (USVs) in mice, with a particular focus on whether these neurons are also
necessary to produce distress calls. The study provides insights into the neural circuits
involved in vocal communication in mice and distinguishes between different types of
vocalizations based on their neural requirements. The study confirms that specific
neurons in the midbrain are critical to produce typical USVs in mice, which are used in
various social interactions such as mating and territory marking. These neurons are part
of a well-defined neural circuit that coordinates the vocal motor control necessary for
generating ultrasonic sounds. Interestingly, the research demonstrates that these same
midbrain neurons are not required for producing distress calls. Mice were still able to
emit distress vocalizations in the absence of activity from these neurons. This suggests
that alternative neural pathways or circuits are involved in mediating distress calls, which
may be activated under different emotional or physiological states. The findings
significantly contribute to the understanding of the neural basis of vocal communication
in mice. By distinguishing between the neural substrates for different types of
vocalizations, the study adds complexity to our understanding of animal communication.
The ability of mice to produce distress calls independently of the midbrain neurons
associated with other USVs suggests a level of neural plasticity or the existence of

multiple, redundant neural pathways for vocal production.

It is quite possible that deleting Cnksr2 specifically within this glutamatergic
circuit to the PAG may also directly affect USV production. An experiment as such can
provide unique answers to how mice directly vocalize and this circuit being the primary

driver for USV production. One method to achieve this is utilizing a split cre
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recombinase injected into parts of the PAG and ACC within the Cnksr2 floxed line. The
Split-Cre recombinase system is an advanced genetic tool used to control gene expression
with high spatial and temporal precision (Wang et al., 2012). This system is particularly
useful in complex biological studies where conditional and specific gene manipulation is
required. The Split-Cre system is based on the division of the Cre recombinase enzyme
into two separate fragments, neither of which is active on its own. These two fragments
can be separately expressed in cells and are designed to reassemble into a functional Cre
enzyme only under specific conditions or in the presence of certain signals. This
reassembly then allows Cre-mediated recombination at LoxP sites, leading to targeted
gene modifications. Cre recombinase is split into two halves, commonly referred to as the
N-terminal and C-terminal fragments. These halves are modified to ensure that they alone
do not possess recombinase activity. Each Cre fragment is cloned into separate vectors,
which can be driven by distinct promoters or be responsive to different inducers,
providing control over where and when Cre is reactivated. The reassembly of Cre
fragments can be controlled by various mechanisms, including chemical inducers which
are small molecules that can be used to induce dimerization of the Cre fragments. Light-
activated systems like optical systems using light-sensitive domains that trigger fragment
complementation upon light exposure. Protein-protein interaction domains by using
leucine zippers or other protein interaction domains that facilitate the reconstitution of the
Cre enzyme in specific cellular contexts or in response to specific signals (Martin and
Nguyen, 2022). | hope to use the Intein sequence to allow for reconstitution for both
fragments of the cre recombinase. There are a couple of benefits for this system. The

need for both fragments to be present for recombination to occur significantly reduces the
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background activity and off-target effects compared to traditional Cre-lox systems.
Various inducers and control strategies can be employed, allowing for precise spatial and
temporal control over gene expression. Upon removal of Cnksr2 within this circuit we
can analyze USVs to see how they are affected.

Another crucial aspect from these findings that needs to be addressed is
whether these neurons from the ACC are actively firing during USV courtship with
female mice. This approach would be utilizing GCaMP imaging in vivo with a miniscope
implant in male mice. GCaMP is a genetically encoded calcium indicator widely used in
neuroscience research to visualize and measure intracellular calcium ion (Ca2+)
dynamics in real time (Nakai et al., 2001). Developed from a fusion of a green
fluorescent protein (GFP), calmodulin (CaM), and M13, a peptide sequence from myosin
light chain kinase, GCaMP allows researchers to observe neuronal activity by linking
changes in calcium concentrations to fluorescence intensity (Wang et al., 2004). GCaMP
consists of three main components, Green Fluorescent Protein (GFP): which provides the
fluorescent signal that can be visually detected using fluorescence microscopy.
Calmodulin (CaM) serves as the calcium-binding domain. When calcium ions bind to
calmodulin, the conformation of the GCaMP molecule changes. The M13 Peptide, this
peptide sequence, interacts with calmodulin in the presence of calcium, which enhances
the change in fluorescence of the GFP component. When neurons fire and intracellular
calcium levels rise, calcium ions bind to calmodulin within the GCaMP molecule. This
binding induces a conformational change that brings the M13 peptide and the GFP closer
together, increasing the fluorescence of GFP. The fluorescence decreases as calcium

unbinds and the molecule returns to its original state, thus providing a dynamic measure

129



of neuronal activity. GCaMP is extensively used to monitor neuronal activity in live cells,
tissues, and even whole organisms. Researchers use it to study brain activity patterns in
response to various physiological and environmental stimuli. It helps in mapping
functional connections between neurons, allowing scientists to trace circuits and better
understand how different parts of the brain interact during various tasks and behaviors.
GCaMP is employed to study the dysregulation of calcium signaling in neurological
diseases such as Alzheimer’s, epilepsy, and schizophrenia (l1zquierdo et al., 2024; Milder
et al., 2022; Seshadri et al., 2020). Researchers use GCaMP to assess how drugs affect
neuronal activity and calcium signaling, facilitating the development of new therapeutic
agents.

Miniscope in vivo imaging refers to a technology that allows researchers to
visualize and record neural activity in freely moving animals using miniaturized,
lightweight fluorescence microscopes. This technology is particularly significant in the
field of neuroscience as it enables the study of brain function in naturalistic settings,
providing insights into how neural circuits underlie behaviors under physiological
conditions. A compact, lightweight microscope that can be mounted on the head of a
small animal, such as a mouse. This unit includes lenses, a fluorescence filter, and an
illumination source (usually LED) for exciting fluorescent dyes or proteins like GCaMP.
Attached to the optical unit to capture real-time images or videos of neuronal activity as
indicated by fluorescent signals. For data acquisition hardware and software for recording
and analyzing the video data streamed from the digital camera. A mechanism, often a
baseplate and a head-post, surgically implanted on the skull of the animal, allows for

stable attachment of the miniscope. These experiments will allow us to uncover the role
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these neurons play in real time and corelate activity to USV production. Particularly the
ability to show how these Cnksr2 neurons respond when conducting USVs, which to date

has yet to be uncovered.
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Figure 20: Quantitative analysis of the viral-mediated depletion of Cnksr2 from the ACC and
mPFC. (A) Schematic showing three different peptides and the exons they are derived from that
were targeted for PRM LC-MS assay to quantify relative protein expression levels across WT and
cKO animals. (B-F) Representative PRM chromatograms of the examples for the most abundant
product ions for (B) Cnksr2, (C) Plectin, (D) Bassoon, (E) Myosin 10, (F) Spectrin alpha 1. (G)
Quantification of protein abundance of Cnksr2 in control and cKO ACC and mPFC regions as
calculated by averaging the abundance of all three peptides targeted for all samples. Cnskr2 was
significantly depleted in the cKOs compared to the WT control (****p=<0.0001 for ACC cKO,
***p=0.0004 for mPFC cKO, one-way ANOVA with multiple comparisons). n=3 animals per
group. Data are mean £ SEM. (H) Quantification of protein abundance for control proteins in WT
and cKO ACC and mPFC regions as calculated by averaging the abundance of all three peptides
targeted for all samples. No significant differences were observed. Data are mean = SEM.
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9 Preliminary Studies for Analysis of Activity of Cnksr2
Knockdown Neurons in vivo within the ACC during USVs and
Anxiolytics to treat Anxiety

9.1 Preliminary Labeling of Cnksr2 neurons projecting to the PAG from
the ACC

To conduct experiments to record Cnksr2 neurons projecting to the PAG we
needed to verify the circuit first. This type of circuit specific labeling is done through
retrograde tracing. Normally 1 used AAV2/9 serotypes for viral experiments which are
anterograde viruses. Anterograde viruses are specialized tools used in neuroscience to
trace neural pathways and study the connectivity between neurons in a forward direction,
from the soma (cell body) of a neuron to its axonal terminals and the synapses it forms
with downstream neurons. These viruses are engineered to infect neurons at a specific
site and then travel along the axon to reach and label connected neuronal populations.
Anterograde viruses are injected into a specific region of the brain where they infect
neuron cell bodies. The viral particles are taken up by the neuron and begin expressing
the engineered genetic material, such as fluorescent proteins. After infection, the virus
harnesses the neuron’s own transport mechanisms to move along the axon toward the
axon terminals. This movement is part of the normal biological process where neurons
transport materials from the soma to the synaptic terminals. As the virus reaches the
axonal terminals, it infects the synapses and can spread to post-synaptic neurons in the
case of trans-synaptic tracing viruses. This allows researchers to visualize the output
neural circuits and understand the direct connections from the initial site of infection.
Anterograde tracing is crucial for mapping the outputs of specific neuronal populations,

helping to elucidate how different brain regions are connected and how information flows

132



through neural networks. Anterograde viruses can be targeted to specific types of neurons
or brain areas, allowing for detailed mapping of neural pathways. The use of fluorescent
markers enables high-resolution imaging of neuronal pathways, revealing fine anatomical

details of neural connections.

Alongside anterograde viruses there are also retrograde viruses. Retrograde
viruses are specialized viral tools used in neuroscience research to trace neural circuits in
the opposite direction of synaptic transmission, meaning from the axonal terminals back
to the cell bodies. These viruses are particularly valuable for mapping the inputs to
specific neuronal populations, enabling researchers to identify where the signals to a
neuron are originating from and to study the connectivity and organization of neural
networks. Retrograde viruses are typically injected into a target area where their particles
infect the axonal terminals of neurons projecting to that region. Once inside the neuron,
these viruses utilize the cell’s own transport mechanisms to travel back to the soma. This
movement involves retrograde axonal transport, which is naturally used by neurons to
send signals and materials from the synapse back to the nucleus. As the virus travels and
reaches the cell bodies, it can express genetic markers such as fluorescent proteins, which
can be visualized using microscopy techniques. This marking provides a clear indication
of the neurons that project to the target area. To label neurons projecting from the ACC to
the PAG, | will need to apply retrograde labeling versus anterograde tracing. | will utilize
an AAVrg-jGCaMP8s virus injected at the PAG at postnatal day 60 and allow for 30
days of viral infection and spread. Upon harvesting in the post 30 days | harvest and fix
the brains, followed by sectioning to acquire ACC sections. Upon staining GFP we can

visualize the GCaMP labeling of all ACC projecting neurons to the PAG. Using this data,
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we can now determine the effects of deleting Cnksr2 within these neurons and image

them during USVs (Figure 23).

1,000 pm

Figure 21: AAV2/9-jGCaMP8s-GFP expression in ACC. Sagittal mouse brain section at P60,
scale bar is 1,000 microns. Mouse brain stained with DAPI and expression of AAV2/9-jGCaMP8s-
GFP is seen in green.

9.2 Preliminary Live In Vivo Imaging of the ACC

We have provided evidence that deletion of Cnksr2 within the ACC results in loss
of USVs as well as being able to label specifically all the ACC neurons that project to the
PAG a circuit involved in vocal control. Our next goal is to determine if we can image
these neurons in vivo. First, we inject an AAV2/9-jGCaMP8s-GFP into the ACC of
Cnksr2 ™ mice. We then implant a miniscope with the ACC after the GCaMP injection. |
then allowed the mice to recover and express the calcium indicator. Then at age P60 we
image using the miniscope to visualize neuronal activity. Before imagining we verified
the infection efficiency of the AAV2/9-jGCaMP8s-GFP virus with a GFP staining
(Figure 21). Upon immunohistochemistry we were able to verify the expression of the
virus specifically within the ACC and can indeed be detected via staining. Then we

aimed to observe during free movement in these mice if we can detect calcium activity
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within ACC neurons. These neurons are highlighted, and the next goal will be to verify if
these neurons can have Cnksr2 knocked out (Figure 24). Although hazy at best it
provides us with the ability to trouble shoot and image this brain region during USV trials
in these mice. With the goal to corelate neuronal firing with USVs, it would further
provide powerful evidence in the ACC involvement with these social calls. The next step
involving these imaging studies is to determine if Cnksr2 knockdown neurons can be
labeled and express the GCaMP virus. To do this I injected the AAVrg-jGCaMP8s virus
injected at the PAG at postnatal day 60 in Cnksr2™¥; CaMKI1-Cre;Ai14 mice. This line
will visualize all the knockdown neurons with the Ail4 reporter, and I can then also

determine the colocalization with the GCaMP virus. When we observe knockdown

neurons in the ACC, we can determine these neurons indeed also express the calcium

indication (Figure 22).

Figure 22: Labeling of Cnksr2 Knockout Neurons also Expressing AAV2/9-jGCaMP8s-GFP.
(A) AAV2/9-jGCaMP8s-GFP expression in the ACC (B) then zoomed in at 40x in (B). (C)

Cnksr2¥;CaMKII-Cre;Ail4 knockout neurons in the same section as (A) and zoomed in at 40x in
(D). (E) Merged, yellow arrows label Cnksr2 knockout neurons also expressing GCaMP.

200 pm "
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9.3 Effects of Anxiolytic Drugs on USV production

One of the main questions regarding the USV phenotype seen is that of stress.
Specifically, are the males too nervous to vocalize or do they lack the ability to produce
these calls. We can tackle these questions with the use of pharmacological drugs known
as anxiolytics. Anxiolytics, also known as anti-anxiety medications, are drugs used to
treat symptoms of anxiety. They can help alleviate excessive worry, fear, or tension.
There are five classes of anxiolytics which are benzodiazepines, selective serotonin
reuptake inhibitors (SSRIs), serotonin-norepinephrine reuptake inhibitors (SNRIs),
buspirone, and beta-blockers. An example of benzodiazepines is diazepam and it
essentially enhance the effect of the neurotransmitter GABA, producing a calming effect
(van der Klejin et al., 1971). SSRIs include sertraline, fluoxetine, and escitalopram which
all increase the levels of serotonin in the brain by inhibiting its reuptake (DeLucia et al.,
2016). The third class of SNRIs include venlafaxine and duloxetine as they similarly
increase levels of serotonin and norepinephrine by inhibiting their reuptake (Sansone and
Sansone, 2014). Buspirone generally affects serotonin and dopamine receptors (Lechin et
al., 1998). Finally, beta blockers include propranolol and atenolol which block the effect
of adrenaline on the body’s beta receptors (do Vale et al., 2019). Although there is a wide
arsenal of anxiolytics available for this experiment, 1 will focus on utilizing diazepam a

form of benzodiazepine.

Diazepam has been extensively studied in animal models to understand its effects,
mechanisms of action, and potential therapeutic uses. These studies have provided
valuable insights into its pharmacology, efficacy, and safety. Studies have shown that

diazepam reduces anxiety-related behaviors in rodents (Matsumoto et al., 2021). For
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example, in the elevated plus maze test, diazepam increases the time spent in open arms,
indicating reduced anxiety (Liu et al., 2022a). Diazepam also induces sedation and
promotes sleep in various animal species (Padua-Reis et al., 2021). Diazepam is also
effective in preventing and reducing the severity of seizures induced by chemicals like
pentylenetetrazole (PTZ) and electroshock in rodents (Vito et al., 2014). Diazepam can
also reduce muscle spasms and increase muscle relaxation which were shown in studies
involving rodents and cats (Koga et al., 1992). Research on diazepam dates to 1961
where the first clinical trial was conducted, and it was discovered as a new therapeutic
agent (Randall et al., 1961). Shortly after it was also uncovered that diazepam has other
therapeutic effects on electroencephalography, schizophrenia, musclo-skeletal spasms

and other disorders (1970; Bacon, 1968; Gorbach, 1968; Juul, 1966).

In this experiment | will treat Cnksr2 knockout mice with diazepam to reduce
anxiety levels and see if that influences USV production. If the lack of USV production is
indeed due to anxiety these mice will be able to produce these calls in the presence of a
female mouse, but if they still cannot produce USVs then this implied that Cnksr2
knockout USVs deficits are independent of anxiety. For this experiment we once again
bred Cnksr2 knockout mice by crossing Cnksr2 ¥ with CamKII-Cre mice to obtain
hemizygous Cnksr2 % X CamKII-Cre mice. We then allow these mice to age to 60
postnatal days and conduct EZM to verify we can indeed reduce anxiety in these mice.
On the day of testing, we injected diazepam intravenously 30 minutes before the trial and
allowed for 5 minutes of exploration. We then analyzed the time spent in the open arms,
distance travel, velocity and time spent in the decision area. Shockingly when we

assessed the time spent in the open arms, we observed a significant decrease in the time
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spent in the open arms for the excitatory deletion of Cnksr2 compared to the wild type
littermates (Figure 25A). This evidence suggests that diazepam injections into these mice
lead to hyper anxiety in these Cnksr2 excitatory knockout mice. These results are
inconsistent with the canonical effects diazepam as it is an agent to alleviate anxiety not
further its effect. While in contrast to diazepam’s function there are studies and clinical
observations suggesting that the use of diazepam, particularly when discontinued
abruptly or used long-term, can lead to elevated anxiety in certain scenarios. This
phenomenon is often related to tolerance, dependence, and withdrawal effects associated
with benzodiazepines like diazepam. Here are some key points from the literature.
Heather Ashton extensively studied the effects of benzodiazepines and noted that
withdrawal from long-term use can lead to a range of withdrawal symptoms, including
increased anxiety, which can persist for weeks or months. They conclude that tapering
benzodiazepines gradually is essential to minimize withdrawal symptoms and reduce the
risk of elevated anxiety. This example, although provides evidence for diazepam leading
to elevated anxiety, is in the context of withdrawal, thus not a suitable explanation to our
naive mice treated only once with anxiolytic. Lader, M. and Morton, S. in 1991
conducted research on the long-term use of benzodiazepines and the associated
withdrawal effects. They observed that discontinuation, especially abrupt discontinuation,
often leads to withdrawal symptoms characterized by increased anxiety, irritability, and
insomnia. Once again, this study also does not adhere to the phenotype currently present
as this study once again states elevated anxiety due to withdrawal symptoms. There was
also another instance in which Rickels, K. et al. in 1990 focused on the management of

anxiety disorders and the use of benzodiazepines like diazepam. It was found that patients
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who used diazepam for extended periods experienced significant withdrawal symptoms,
including heightened anxiety, upon tapering off the medication. The literature provides
evidence that elevated anxiety due to single treatments of diazepam is not a likely
outcome as this will only occur from prolonged exposure and patients undergoing
withdrawal. No such studies have shown this phenotype during single use of the

anxiolytic.

The likely explanation for this is that the current dosage of diazepam used is not
correct, either too much or too little was used, which was able to induce this hyper
anxious behavior found in this experiment. Future testing will be required to determine
the proper dosage required to elicit the correct response and increase the time spent in the
open arms. Upon determination of the correct dosage, we can then further understand the
role of anxiety in these mice. Diazepam use also has a sedative role and may explain the
lack or exploration. This may be an explanation of diazepam not having the opposite
effect but rather the effects of the treatment lead to the sedation of mice. This however

remains speculative.
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Figure 23: ACC GCaMP+ Neurons Projecting to PAG. C57/B6J mice injected with RG-GCaMP8s-
GFP in PAG at P30. Mice were then harvested and sectioned, whole brain coronal section. Green
are GCaMP+ neurons in the ACC that project to the PAG and blue is DAPI.
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10 Conclusions

We have previously been able to establish an animal model to study EAS
pathogenesis. This model was generated to understand how loss of function mutations to
the gene leads to EAS as there are limited studies that shed light on the causative effect of
Cnksr2 to EAS. Our studies are in fact one of the few functional studies conducted on
Cnksr2 and we further aim to shed more light on its mechanistic role for EAS. Cell type
specific deletion demonstrates that excitatory and inhibitory neurons play different roles
regarding the contribution of phenotypes present in these mice. Excitatory deletion of
Cnksr2 leads to loss of USVs and elevated anxiety, whereas inhibitory deletion affects
seizures present in these mice. We also find that the cortex plays a role in USV
production specifically in the context of glutamatergic neurons. This data may give us an
insight into what brain regions are implicated in vocal control to possibly allow for
targeted therapeutics to help patients cope with EAS. Alongside these findings I also
provide evidence that specifically glutamatergic neuron of the ACC and not the mPFC
also has a role to produce USVs. This evidence provides a specific brain region to assign
USV production in terms of Cnksr2 and how we could aim to treat brain regions and see

if we can rescue vocalization.
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Figure 24: Live In-Vivo Imagining of ACC positive neurons. C57/B6J mice were injected with a
2/9-CaMKI1I-GCaMP8s-GFP at P30. Then following recovery, they were at P60 surgically
implanted with an Inscopix Miniscope directly into the ACC. White outlines identify GCaMP+
neurons in the ACC active during free locomotion.

| also then determined via multielectrode arrays that deletion of Cnksr2 within
both excitatory and inhibitory neurons leads to increased neuronal firing. This gives us an
insight into the electrophysiological impact of these mutations on the neurons themselves.
Taking in conjunction with the circuit mechanism alongside the neuronal output effect we
can deduce that cells in the ACC also exhibit increased neuronal firing thus altering the
ability of these mice to produce USVs. Given this data there is a main question in the
field whether epileptiform activity contributes to language deficits, behavior and
cognition thus preventing normal brain function. This idea was supported by trials where
“spike-suppressing” drugs were used to alleviate behavioral abnormalities of patients
with EAS, but to date no experimental model was used to test this hypothesis. We
provide evidence that conditional deletion of Cnksr2 provides evidence against this
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notion as the phenotypes of EAS can be segregated in a cell type specific manner as
glutamatergic neuronal deletion of Cnksr2 only affect loss of USVs and anxiety, whereas
GABAergic specific neuronal deletion affects only seizures in male mice. We also find
that regardless of epileptiform discharges they are not sufficient to drive epilepsy as both

glutamatergic and GABAergic deletion of Cnksr2 displayed an increase in discharges.

Another topic of conversation was the current role of the cortex in producing
vocalizations in mice. There is conflicting evidence in the field as to how this brain
region is involved with USV production. Different labs have been able to directly
stimulate neurons in the cortex and elicit USVs, whereas another lab was able to
completely remove the cortex and still observe USVs in mice. Due to this question we
wanted to try and verify what Cnksr2’s role is involving the cortex as well. We see that
when using another glutamatergic driver that has expression restricted to the cortex,
hippocampus, and olfactory bulb that knockout of Cnksr2 in these mice also affects
USVs as well as anxiety. Also, of note these mice also did not display any seizures. | also
uncovered which region of the cortex can drive USV activity and glutamatergic specific
deletion of Cnksr2 within the ACC leads to a decrease in USV production. This evidence
provides insight into the possible circuity responsible to vocalization in mice as it

pertains to EAS.

Furthermore, | analyzed proximity labeling of Cnksr2 in excitatory and inhibitory
neurons. The questions remain even though I uncovered the behavioral and
electrophysiological effects of Cnksr2 mutations, what is occurring on a molecular level

and how does this mutation impact the cell. To answer this question, we fused a BirA
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ligase onto Cnksr2 and expressed it in GABAergic and glutamatergic neurons separately.
We uncovered that Cnksr2 primarily is near other proteins involved in the structural
constituents of the post synapse. This finding is in line with the native function of Cnksr2
as a scaffolding protein. This experiment provides us with an idea as to the possible
networks of proteins that may potentially be disrupted by mutation to Cnksr2. Taken
together these experiments reveal that mutation to Cnkr2 leads to loss of USVs within
glutamatergic neurons of the ACC, which is caused by elevated neuronal activity. This
elevated activity is a consequence to possible protein networks disrupted involving the

structural constituents of the post synapse.

>
*
*
o5}
»
8

@
S

50

Distance Taveled (cm)
Time Spent in Decision Areas (s)
2

Time Spent in Open (s)

Figure 25: Effects of Diazepam on Excitatory Deletion of Cnksr2. Cnksr2 excitatory knockdown
mice were injected with anxiolytic diazepam and anxiety was assessed through an elevated zero
maze. (A) Injections with diazepam leads to significantly decreased time spent in the open arms of
the zero maze. (B-D) No significant effect observed on distance traveled, velocity and time spent
in the decision area.

144



References

1970. Diazepam in spasticity. Lancet. 1:1161-1162.

Abremski, K., and R. Hoess. 1985. Phage P1 Cre-loxP site-specific recombination. Effects
of DNA supercoiling on catenation and knotting of recombinant products. | Mol
Biol. 184:211-220.

Achterberg, E.J.M., and L. Vanderschuren. 2023. The neurobiology of social play
behaviour: Past, present and future. Neurosci Biobehav Rev. 152:105319.

Albert, M.L. 1998. Treatment of aphasia. Arch Neurol. 55:1417-1419.

Amodio, D. i Frith, CD (2006). Meeting of minds: the medial frontal cortex and social
cognition. Nature reviews neuroscience. 7:268.

Apfelbach, R. 1972. Electrically elicited vocalizations in the gibbon Hylobates lar
(Hylobatidae), and their behavioral significance. Z Tierpsychol. 30:420-430.

Apfelbach, R., C.D. Blanchard, R.J. Blanchard, R.A. Hayes, and 1.S. McGregor. 2005. The
effects of predator odors in mammalian prey species: a review of field and
laboratory studies. Neurosci Biobehav Rev. 29:1123-1144.

Arriaga, G., and E.D. Jarvis. 2013. Mouse vocal communication system: Are ultrasounds
learned or innate? Brain and Language. 124:96-116.

Bacon, A K. 1968. Diazepam in tetanus. Br Med |. 4:646.

Bai, G., H. Li, P. Qin, Y. Guo, W. Yang, Y. Lian, F. Ye, J]. Chen, M. Wu, R. Huang, J. Li, Y.
Lu, and M. Zhang. 2023. Ca2+-induced release of IQSEC2/BRAG1 autoinhibition
under physiological and pathological conditions. | Cell Biol. 222.

Bakshi, K., M. Kosciuk, R.G. Nagele, E. Friedman, and H.Y. Wang. 2011. Prenatal cocaine
exposure increases synaptic localization of a neuronal RasGEF, GRASP-1 via
hyperphosphorylation of AMPAR anchoring protein, GRIP. PLoS One. 6:e25019.

Bazett, H.C., and W.G. Penfield. 1922. A STUDY OF THE SHERRINGTON
DECEREBRATE ANIMAL IN THE CHRONIC AS WELL AS THE ACUTE
CONDITION. Brain. 45:185-265.

Behrens, ML.I,, N. Briiggemann, P. Chana, P. Venegas, M. Kagi, T. Parrao, P. Orellana, C.
Garrido, C.V. Rojas, ]. Hauke, E. Hahnen, R. Gonzalez, N. Seleme, V. Fernandez,

145



A. Schmidt, F. Binkofski, D. Kémpf, C. Kubisch, J. Hagenah, C. Klein, and A.
Ramirez. 2010. Clinical spectrum of Kufor-Rakeb syndrome in the Chilean
kindred with ATP13A2 mutations. Movement Disorders. 25:1929-1937.

Bellinzona, G., D. Sassera, and A.M.]J.J. Bonvin. 2024. AlphaFastPPi: a fast AlphaFold-
Multimer-based pipeline for high-throughput screening.
bioRxiv:2024.2006.2007.597882.

Beneken, J., ].C. Tu, B. Xiao, M. Nuriya, ].P. Yuan, P.F. Worley, and D.]. Leahy. 2000.
Structure of the Homer EVH1 domain-peptide complex reveals a new twist in
polyproline recognition. Neuron. 26:143-154.

Bennett, P.J.G., E. Maier, and M. Brecht. 2019. Involvement of rat posterior prelimbic and
cingulate area 2 in vocalization control. Eur | Neurosci. 50:3164-3180.

Beyer, B., C. Deleuze, V.A. Letts, C.L. Mahaffey, R.M. Boumil, T.A. Lew, ].R. Huguenard,
and W.N. Frankel. 2008. Absence seizures in C3H/He] and knockout mice caused
by mutation of the AMPA receptor subunit Gria4. Human Molecular Genetics.
17:1738-1749.

Bickart, K.C., M.C. Hollenbeck, L.F. Barrett, and B.C. Dickerson. 2012. Intrinsic
amygdala—cortical functional connectivity predicts social network size in
humans. Journal of Neuroscience. 32:14729-14741.

Bicks, L.K., H. Koike, S. Akbarian, and H. Morishita. 2015. Prefrontal Cortex and Social
Cognition in Mouse and Man. Front Psychol. 6:1805.

Boulanger-Bertolus, J., and A.M. Mouly. 2021. Ultrasonic Vocalizations Emission across
Development in Rats: Coordination with Respiration and Impact on Brain Neural
Dynamics. Brain Sci. 11.

Brown, S., A.R. Laird, P.Q. Pfordresher, S.M. Thelen, P. Turkeltaub, and M. Liotti. 2009.
The somatotopy of speech: Phonation and articulation in the human motor
cortex. Brain and Cognition. 70:31-41.

Brown, T.G. 1915. Note on the physiology of the basal ganglia and mid-brain of the
anthropoid ape, especially in reference to the act of laughter. | Physiol. 49:195-207.

Brudzynski, S.M. 1994. Ultrasonic vocalization induced by intracerebral carbachol in
rats: localization and a dose-response study. Behav Brain Res. 63:133-143.

Buchanan, T.W., D. Driscoll, S.M. Mowrer, ].J. Sollers, 3rd, ].F. Thayer, C. Kirschbaum,
and D. Tranel. 2010. Medial prefrontal cortex damage affects physiological and

146



psychological stress responses differently in men and women.
Psychoneuroendocrinology. 35:56-66.

Burgdorf, J., R.A. Kroes, C. Weiss, M.M. Oh, ].F. Disterhoft, 5S.M. Brudzynski, J.
Panksepp, and J.R. Moskal. 2011. Positive emotional learning is regulated in the
medial prefrontal cortex by GluN2B-containing NMDA receptors. Neuroscience.
192:515-523.

Burgdorf, J., P.L. Wood, R.A. Kroes, ].R. Moskal, and J. Panksepp. 2007. Neurobiology of
50-kHz ultrasonic vocalizations in rats: electrode mapping, lesion, and
pharmacology studies. Behav Brain Res. 182:274-283.

Burgdorf, ].S., and J.R. Moskal. 2023. A prefrontal cortex alpha/delta switch controls the
transition from positive to negative affective states. Discov Ment Health. 3:19.

Burgess, D.L., and J.L. Noebels. 1999. Single gene defects in mice: the role of voltage-
dependent calcium channels in absence models. Epilepsy Res. 36:111-122.

Cao, Q., W. Wang, J. Gu, G. Jiang, K. Wang, Z. Xu, ]. Li, G. Chen, and X. Wang. 2016.
Elevated Expression of Acid-Sensing Ion Channel 3 Inhibits Epilepsy via
Activation of Interneurons. Mol Neurobiol. 53:485-498.

Cao, R, R. Zhu, Z. Sha, S. Qi, Z. Zhong, F. Zheng, Y. Lei, Y. Tan, Y. Zhu, Y. Wang, Y.
Wang, and F.X. Yu. 2023. WWC1/2 regulate spinogenesis and cognition in mice
by stabilizing AMOT. Cell Death Dis. 14:491.

Cerkevich, C.M,, ].-A. Rathelot, and P.L. Strick. 2022. Cortical basis for skilled
vocalization. Proceedings of the National Academy of Sciences. 119:2122345119.

Chan, H.C,, M.A. Kaetzel, A.L. Gotter, J.R. Dedman, and D.]. Nelson. 1994. Annexin IV
inhibits calmodulin-dependent protein kinase II-activated chloride conductance.
A novel mechanism for ion channel regulation. ] Biol Chem. 269:32464-32468.

Chen, C., X. Sun, P. Guo, X.Y. Dong, P. Sethi, W. Zhou, Z. Zhou, ]. Petros, H.F. Frierson,
Jr., R.L. Vessella, A. Atfi, and ]J.T. Dong. 2007. Ubiquitin E3 ligase WWP1 as an
oncogenic factor in human prostate cancer. Oncogene. 26:2386-2394.

Cheng, Y., W. Zhang, Y. Li, T. Jiang, B. Mamat, Y. Zhang, F. Wang, and H. Meng. 2021.

The Role of ASIC1a in Epilepsy: A Potential Therapeutic Target. Curr
Neuropharmacol. 19:1855-1864.

147



Chew, L]., X. Yuan, S.E. Scherer, L. Qie, F. Huang, W.P. Hayes, and V. Gallo. 2001.
Characterization of the rat GRIKS5 kainate receptor subunit gene promoter and its
intragenic regions involved in neural cell specificity. | Biol Chem. 276:42162-42171.

Conry, J.A. 2004. Pharmacologic treatment of the catastrophic epilepsies. Epilepsia. 45
Suppl 5:12-16.

Couch, F.J.,, KJ. Abel, L.C. Brody, M. Boehnke, F.S. Collins, and B.L. Weber. 1994.
Localization of the gene for ATP citrate lyase (ACLY) distal to gastrin(GAS) and
proximal to D175856 on chromosome 17q12-q21. Genomics. 21:444-446.

Cunningham, E.T., Jr., and P.E. Sawchenko. 2000. Dorsal medullary pathways
subserving oromotor reflexes in the rat: implications for the central neural
control of swallowing. ] Comp Neurol. 417:448-466.

d'Errico, F., C. Henshilwood, G. Lawson, M. Vanhaeren, A.-m. Tillier, M. Soressi, F.
Bresson, B. Maureille, A. Nowell, J. Lakarra, L. Backwell, and M. Julien. 2003.
Archaeological Evidence for the Emergence of Language, Symbolism, and
Music-An Alternative Multidisciplinary Perspective. Journal of World Prehistory.
17:1-70.

Damiano, J.A., R. Burgess, S. Kivity, T. Lerman-Sagie, Z. Afawi, L.E. Scheffer, S.F.
Berkovic, and M.S. Hildebrand. 2017. Frequency of CNKSR2 mutation in the X-
linked epilepsy-aphasia spectrum. Epilepsia. 58:e40-e43.

Daogqi, M., C. Guohong, W. Yuan, Y. Zhixiao, X. Kaili, and M. Shiyue. 2020. Exons
deletion of CNKSR2 gene identified in X-linked syndromic intellectual disability.
BMC Med Genet. 21:69.

Davidson, W.S., A. Jonas, D.F. Clayton, and ].M. George. 1998. Stabilization of alpha-
synuclein secondary structure upon binding to synthetic membranes. | Biol Chem.
273:9443-9449.

Decoster, L., S. Trova, S. Zucca, J. Bulk, A. Gouveia, G. Ternier, T. Lhomme, A. Legrand,
S. Gallet, U. Boehm, A. Wyatt, V. Wahl, P. Wartenberg, E. Hrabovszky, G. Réacz,
F. Luzzati, G. Nato, M. Fogli, P. Peretto, S.C. Schriever, M. Bernecker, P.T.
Pfluger, S.M. Steculorum, S. Bovetti, S. Rasika, V. Prevot, M.S.B. Silva, and P.
Giacobini. 2024. A GnRH neuronal population in the olfactory bulb translates
socially relevant odors into reproductive behavior in male mice. Nat Neurosci.
27:1758-1773.

DeLucia, V., G. Kelsberg, and S. Safranek. 2016. Which SSRIs most effectively treat
depression in adolescents? | Fam Pract. 65:632-634.

148



Demaestri, C., H.C. Brenhouse, and J.A. Honeycutt. 2019. 22 kHz and 55 kHz ultrasonic
vocalizations differentially influence neural and behavioral outcomes:

Implications for modeling anxiety via auditory stimuli in the rat. Behav Brain Res.
360:134-145.

Deonna, T.W. 1991. Acquired epileptiform aphasia in children (Landau-Kleffner
syndrome). | Clin Neurophysiol. 8:288-298.

Dietrich, M., R.D. Andreatta, Y. Jiang, and J.C. Stemple. 2020. Limbic and cortical control
of phonation for speech in response to a public speech preparation stressor. Brain
Imaging Behav. 14:1696-1713.

do Vale, G.T., C.S. Ceron, N.A. Gonzaga, J.A. Simplicio, and ]J.C. Padovan. 2019. Three
Generations of (3-blockers: History, Class Differences and Clinical Applicability.
Curr Hypertens Rev. 15:22-31.

Dolan, J., and K.J. Mitchell. 2013. Mutation of Elfn1 in Mice Causes Seizures and
Hyperactivity. PLOS ONE. 8:e80491.

Eichert, N., D. Papp, R.B. Mars, and K.E. Watkins. 2020. Mapping Human Laryngeal
Motor Cortex during Vocalization. Cereb Cortex. 30:6254-6269.

Eliades, S.J., and X. Wang. 2003. Sensory-Motor Interaction in the Primate Auditory
Cortex During Self-Initiated Vocalizations. Journal of Neurophysiology. 89:2194-
2207.

Erata, E., Y. Gao, A.M. Purkey, E.J. Soderblom, J.O. McNamara, and S.H. Soderling.
2021. Cnksr2 Loss in Mice Leads to Increased Neural Activity and Behavioral
Phenotypes of Epilepsy-Aphasia Syndrome. | Neurosci. 41:9633-9649.

Esposito, A., G. Demeurisse, B. Alberti, and F. Fabbro. 1999. Complete mutism after
midbrain periaqueductal gray lesion. Neuroreport. 10:681-685.

Evans, R, M. O’Neill, A. Pritzel, N. Antropova, A. Senior, T. Green, A. Zidek, R. Bates, S.
Blackwell, J. Yim, O. Ronneberger, S. Bodenstein, M. Zielinski, A. Bridgland, A.
Potapenko, A. Cowie, K. Tunyasuvunakool, R. Jain, E. Clancy, P. Kohli, J.
Jumper, and D. Hassabis. 2022. Protein complex prediction with AlphaFold-
Multimer. bioRxiv:2021.2010.2004.463034.

Ezan, J., M.M. Moreau, T.M. Mamo, M. Shimbo, M. Decroo, N. Sans, and M.

Montcouquiol. 2022. Neuron-Specific Deletion of Scrib in Mice Leads to
Neuroanatomical and Locomotor Deficits. Front Genet. 13:872700.

149



Fernandez-Guasti, A., K. Larsson, and J. Vega-Sanabria. 1986. Depression of
postejaculatory ultrasonic vocalization by (+)-bicuculline. Behav Brain Res. 19:35-
39.

Fujimoto, H., and T. Hasegawa. 2023. Reversible inhibition of the basal ganglia prolongs
repetitive vocalization but only weakly affects sequencing at branch points in
songbirds. Cereb Cortex Commun. 4:tgad016.

Gan-Or, B., and M. London. 2023. Cortical circuits modulate mouse social vocalizations.
Sci Adv. 9:eade6992.

Gao, P, X. Ma, M. Yuan, Y. Yi, G. Liu, M. Wen, W. Jiang, R. Ji, L. Zhu, Z. Tang, Q. Yu, J.
Xu, R. Yang, S. Xia, M. Yang, J. Pan, H. Yuan, and H. An. 2021. E3 ligase Nedd4l
promotes antiviral innate immunity by catalyzing K29-linked cysteine
ubiquitination of TRAF3. Nat Commun. 12:1194.

Gao, Y., D. Shonai, M. Trn, J. Zhao, E.J. Soderblom, S.A. Garcia-Moreno, C.A. Gersbach,
W.C. Wetsel, G. Dawson, D. Velmeshev, Y.-h. Jiang, L.G. Sloofman, J.D.
Buxbaum, and S.H. Soderling. 2024. Proximity analysis of native proteomes
reveals phenotypic modifiers in a mouse model of autism and related
neurodevelopmental conditions. Nature Communications. 15:6801.

Gongzatti-Haces, M., M. Park, M. Dean, D.G. Blair, and G.F. Vande Woude. 1986. The
human met oncogene is a member of the tyrosine kinase family. Princess
Takamatsu Symp. 17:221-232.

Goold, R., KM. Chan, and A.J. Baines. 1995. Coordinated regulation of synapsin I
interaction with F-actin by Ca2+/calmodulin and phosphorylation: inhibition of
actin binding and bundling. Biochemistry. 34:1912-1920.

Gorbach, A.C. 1968. Diazepam for eclampsia. Am | Obstet Gynecol. 102:611-612.

Gorski, J.A., T. Talley, M. Qiu, L. Puelles, J.L. Rubenstein, and K.R. Jones. 2002. Cortical
excitatory neurons and glia, but not GABAergic neurons, are produced in the
Emx1-expressing lineage. | Neurosci. 22:6309-6314.

Hage, S.R., and U. Jiirgens. 2006. On the role of the pontine brainstem in vocal pattern
generation: a telemetric single-unit recording study in the squirrel monkey. |

Neurosci. 26:7105-7115.

Hall, R.A., M. Kessler, and G. Lynch. 1994. Kainate binding to the AMPA receptor in rat
brain. Neurochem Res. 19:777-782.

150



Hammerschmidt, K., G. Whelan, G. Eichele, and J. Fischer. 2015. Mice lacking the
cerebral cortex develop normal song: insights into the foundations of vocal
learning. Sci Rep. 5:8808.

Han, H., P.H. Weinreb, and P.T. Lansbury, Jr. 1995. The core Alzheimer's peptide NAC
forms amyloid fibrils which seed and are seeded by beta-amyloid: is NAC a
common trigger or target in neurodegenerative disease? Chem Biol. 2:163-169.

Han, K.A., and J. Ko. 2023. Orchestration of synaptic functions by WAVE regulatory
complex-mediated actin reorganization. Exp Mol Med. 55:1065-1075.

Haruna, Y., A. Kobori, T. Makiyama, H. Yoshida, M. Akao, T. Doi, K. Tsuji, S. Ono, Y.
Nishio, W. Shimizu, T. Inoue, T. Murakami, N. Tsuboi, H. Yamanouchi, H.
Ushinohama, Y. Nakamura, M. Yoshinaga, H. Horigome, Y. Aizawa, T. Kita, and
M. Horie. 2007. Genotype-phenotype correlations of KCNJ2 mutations in
Japanese patients with Andersen-Tawil syndrome. Hum Mutat. 28:208.

He, L., J. Sun, Y. Gao, B. Li, Y. Wang, Y. Dong, W. An, H. Li, B. Yang, Y. Ge, X.C. Zhang,
Y.S. Shi, and Y. Zhao. 2021. Kainate receptor modulation by NETO2. Nature.
599:325-329.

Heindorf, M., S. Arber, and G.B. Keller. 2018. Mouse Motor Cortex Coordinates the
Behavioral Response to Unpredicted Sensory Feedback. Neuron. 99:1040-
1054.e1045.

Hoess, R.H., and K. Abremski. 1985. Mechanism of strand cleavage and exchange in the
Cre-lox site-specific recombination system. ] Mol Biol. 181:351-362.

Holy, T.E., and Z. Guo. 2005. Ultrasonic songs of male mice. PLoS Biol. 3:e386.

Hor, H., L. Francescatto, L. Bartesaghi, S. Ortega-Cubero, M. Kousi, O. Lorenzo-
Betancor, F.J. Jiménez-Jiménez, A. Gironell, ]J. Clarimoén, O. Drechsel, ].A.
Agundez, D. Kenzelmann Broz, R. Chiquet-Ehrismann, A. Lle6, F. Coria, E.
Garcia-Martin, H. Alonso-Navarro, M.J. Marti, J. Kulisevsky, C.N. Hor, S.
Ossowski, R. Chrast, N. Katsanis, P. Pastor, and X. Estivill. 2015. Missense
mutations in TENM4, a regulator of axon guidance and central myelination,
cause essential tremor. Hum Mol Genet. 24:5677-5686.

Hou, Y., Y. Li, D. Yang, Y. Zhao, T. Feng, W. Zheng, P. Xian, X. Liu, S. Wu, and Y. Wang.
2024. Involvement and regulation of the left anterior cingulate cortex in the
ultrasonic communication deficits of autistic mice. Front Behav Neurosci.
18:1387447.

151



Tacovelli, L., R. Franchetti, M. Masini, and A. De Blasi. 1996. GRK?2 and beta-arrestin 1 as
negative regulators of thyrotropin receptor-stimulated response. Mol Endocrinol.
10:1138-1146.

Ito, H., and K.I. Nagata. 2022. Functions of CNKSR2 and Its Association with
Neurodevelopmental Disorders. Cells. 11.

Izquierdo, P., R.B. Jolivet, D. Attwell, and C. Madry. 2024. Amyloid plaques and normal
ageing have differential effects on microglial Ca(2+) activity in the mouse brain.
Pflugers Arch. 476:257-270.

Jiirgens, U. 1979. Vocalization as an Emotional Indicator. Behaviour. 69:88-117.

Jiirgens, U. 2002. Neural pathways underlying vocal control. Neuroscience & Biobehavioral
Reviews. 26:235-258.

Jiirgens, U. 2009. The Neural Control of Vocalization in Mammals: A Review. Journal of
Voice. 23:1-10.

Jirgens, U., and C.-L. Lu. 1993. Interactions between glutamate, GABA, acetylcholine
and histamine in the periaqueductal gray's control of vocalization in the squirrel
monkey. Neuroscience Letters. 152:5-8.

Jiirgens, U., and D. Ploog. 1970. Cerebral representation of vocalization in the squirrel
monkey. Exp Brain Res. 10:532-554.

Juul, P. 1966. [Diazepam (Valium). I. A review of pharmacology, indications for therapy
and effects]. Ugeskr Laeger. 128:109-112.

Kaibara, M., K. Ishihara, Y. Doi, H. Hayashi, T. Ehara, and K. Taniyama. 2002.
Identification of human Kir2.2 (KCN]J12) gene encoding functional inward
rectifier potassium channel in both mammalian cells and Xenopus oocytes. FEBS
Lett. 531:250-254.

Kang, Q., L. Yang, H. Liao, L. Wu, B. Chen, S. Yang, X. Kuang, H. Yang, and C. Liao.
2021. CNKSR2 gene mutation leads to Houge type of X-linked syndromic mental
retardation: A case report and review of literature. Medicine (Baltimore).
100:e26093.

Kato, A.S., M.D. Knierman, E.R. Siuda, ].T. Isaac, E.S. Nisenbaum, and D.S. Bredt. 2012.

Glutamate receptor 02 associates with metabotropic glutamate receptor 1
(mGluR1), protein kinase Cy, and canonical transient receptor potential 3 and

152



regulates mGluR1-mediated synaptic transmission in cerebellar Purkinje
neurons. | Neurosci. 32:15296-15308.

Keaveney, M.K,, B. Rahsepar, H.A. Tseng, F.R. Fernandez, R.A. Mount, T. Ta, ].A. White,
J. Berg, and X. Han. 2020. CaMKIla-Positive Interneurons Identified via a
microRNA-Based Viral Gene Targeting Strategy. | Neurosci. 40:9576-9588.

Kim, Y.M., C.K. Cheon, K.H. Park, S. Park, G.H. Kim, HW. Yoo, K.A. Lee, and ].M. Ko.
2016. Novel and Recurrent ACADS Mutations and Clinical Manifestations
Observed in Korean Patients with Short-chain Acyl-coenzyme a Dehydrogenase
Deficiency. Ann Clin Lab Sci. 46:360-366.

Kirzinger, A., and U. Jiirgens. 1991. Vocalization-correlated single-unit activity in the
brain stem of the squirrel monkey. Exp Brain Res. 84:545-560.

Knierim, E., ]. Vogt, M. Kintscher, A. Ponomarenko, J. Baumgart, P. Beed, T. Korotkova,
T. Trimbuch, A. Panzer, O.K. Steinlein, U. Stephani, A. Escayg, M. Koko, Y. Liu,
H. Lerche, D. Schmitz, R. Nitsch, and M. Schuelke. 2023. Mutations in plasticity-
related-gene-1 (PRG-1) protein contribute to hippocampal seizure susceptibility
and modify epileptic phenotype. Cereb Cortex. 33:7454-7467.

Koga, Y., S. Sato, N. Sodeyama, M. Takahashi, M. Kato, N. Iwatsuki, and Y. Hashimoto.
1992. Comparison of the relaxant effects of diazepam, flunitrazepam and
midazolam on airway smooth muscle. Br | Anaesth. 69:65-69.

Kuo, W.T,, L. Zuo, M.A. Odenwald, S. Madha, G. Singh, C.B. Gurniak, C. Abraham, and
J.R. Turner. 2021. The Tight Junction Protein ZO-1 Is Dispensable for Barrier

Function but Critical for Effective Mucosal Repair. Gastroenterology. 161:1924-
1939.

Lanigan, T.M., A. Liu, Y.Z. Huang, L. Mei, B. Margolis, and K.L. Guan. 2003. Human
homologue of Drosophila CNK interacts with Ras effector proteins Raf and RIf.
Faseb j. 17:2048-2060.

Lechin, F., B. van der Dijs, H. Jara, B. Orozco, S. Baez, M. Benaim, M. Lechin, and A.
Lechin. 1998. Effects of buspirone on plasma neurotransmitters in healthy

subjects. | Neural Transm (Vienna). 105:561-573.

Levy, N.S., G.K.E. Umanah, EJ. Rogers, R. Jada, O. Lache, and A.P. Levy. 2019. IQSEC2-
Associated Intellectual Disability and Autism. Int ] Mol Sci. 20.

153



Li, H., B. Guan, S. Liu, H. Liu, L. Song, G. Zhang, R. Zhao, C. Zhou, and P. Gao. 2023.
PTPN14 promotes gastric cancer progression by PI3KA/AKT/mTOR pathway.
Cell Death Dis. 14:188.

Li, Z., A. Xing, B.P. Moon, S.A. Burgoyne, A.D. Guida, H. Liang, C. Lee, C.S. Caster, J.E.
Barton, T.M. Klein, and S.C. Falco. 2007. A Cre/loxP-mediated self-activating
gene excision system to produce marker gene free transgenic soybean plants.
Plant Mol Biol. 65:329-341.

Lim, J., D.A. Ritt, M. Zhou, and D.K. Morrison. 2014. The CNK2 scaffold interacts with
vilse and modulates Rac cycling during spine morphogenesis in hippocampal
neurons. Curr Biol. 24:786-792.

Lin, T.W., Z. Tan, A. Barik, D.M. Yin, E. Brudvik, H. Wang, W.C. Xiong, and L. Mei.
2018. Regulation of Synapse Development by Vgat Deletion from ErbB4-Positive
Interneurons. | Neurosci. 38:2533-2550.

Liu, J., Z. Guo, T. Wu, R.S. Roy, F. Quadir, C. Chen, and J. Cheng. 2023a. Enhancing
AlphaFold-Multimer-based Protein Complex Structure Prediction with
MULTICOM in CASP15. bioRxiv.

Liu, J., B.W. Scott, and W.M. Burnham. 2022a. Effects of cannabidiol and A9-
tetrahydrocannabinol in the elevated plus maze in mice. Behav Pharmacol. 33:206-
212.

Liu, S., R.T. Premont, K.H. Park, and D.C. Rockey. 2022b. 3-PIX cooperates with GIT1 to
regulate endothelial nitric oxide synthase in sinusoidal endothelial cells. Am |
Physiol Gastrointest Liver Physiol. 323:G511-g522.

Liu, Y., L. Zhang, M. Ai, D. Xia, H. Chen, R. Pang, R. Mei, L. Zhong, and L. Chen. 2023b.
Upregulation of SLITRKS in patients with epilepsy and in a rat model. Synapse.
77:€22266.

Liithe, L., U. Hausler, and U. Jiirgens. 2000. Neuronal activity in the medulla oblongata
during vocalization. A single-unit recording study in the squirrel monkey. Behav
Brain Res. 116:197-210.

Magoun, HW., D. Atlas, E.H. Ingersoll, and S.W. Ranson. 1937. Associated Facial, Vocal
and Respiratory Components of Emotional Expression: An Experimental Study. |
Neurol Psychopathol. 17:241-255.

Magri, C., R. Gardella, S.D. Barlati, D. Podavini, P. Iatropoulos, S. Bonomi, P. Valsecchi,
E. Sacchetti, and S. Barlati. 2006. Glutamate AMPA receptor subunit 1 gene

154



(GRIA1) and DSM-IV-TR schizophrenia: a pilot case-control association study in
an Italian sample. Am | Med Genet B Neuropsychiatr Genet. 141b:287-293.

Malinow, R., D.V. Madison, and R.W. Tsien. 1988. Persistent protein kinase activity
underlying long-term potentiation. Nature. 335:820-824.

Manaker, S., L.J. Tischler, T.L. Bigler, and A.R. Morrison. 1992. Neurons of the motor
trigeminal nucleus project to the hypoglossal nucleus in the rat. Experimental
Brain Research. 90:262-270.

Marinelli, C.V., S. Spaccavento, A. Craca, P. Marangolo, and P. Angelelli. 2017. Different
Cognitive Profiles of Patients with Severe Aphasia. Behav Neurol. 2017:3875954.

Martin, L.J., and H.T. Nguyen. 2022. Basic Leucine Zipper Transcription Factors as
Important Regulators of Leydig Cells' Functions. Int ] Mol Sci. 23.

Matsuda, M., J.K. Yamashita, S. Tsukita, and M. Furuse. 2010. abLIM3 is a novel
component of adherens junctions with actin-binding activity. Eur | Cell Biol.
89:807-816.

Matsumoto, D., S. Ushio, Y. Wada, Y. Noda, S. Esumi, Y. Izushi, Y. Kitamura, and T.
Sendo. 2021. Bumetanide prevents diazepam-modified anxiety-like behavior in
lipopolysaccharide-treated mice. Eur | Pharmacol. 904:174195.

Maussion, G., C. Cruceanu, J.A. Rosenfeld, S.C. Bell, F. Jollant, J. Szatkiewicz, R.L.
Collins, C. Hanscom, I. Kolobova, N.M. de Champfleur, I. Blumenthal, C.
Chiang, V. Ota, C. Hultman, C. O'Dushlaine, S. McCarroll, M. Alda, S.
Jacquemont, Z. Ordulu, C.R. Marshall, M.T. Carter, L.G. Shaffer, P. Sklar, S.
Girirajan, C.C. Morton, J.F. Gusella, G. Turecki, D.J. Stavropoulos, P.F. Sullivan,
S.W. Scherer, M.E. Talkowski, and C. Ernst. 2017. Implication of LRRC4C and
DPP6 in neurodevelopmental disorders. Am | Med Genet A. 173:395-406.

Mead, A.N., G. Brown, J. Le Merrer, and D.N. Stephens. 2005. Effects of deletion of grial
or gria2 genes encoding glutamatergic AMPA-receptor subunits on place
preference conditioning in mice. Psychopharmacology (Berl). 179:164-171.

Mead, A.N., H.V. Morris, C.I. Dixon, S.L. Rulten, L.V. Mayne, D. Zamanillo, and D.N.
Stephens. 2006. AMPA receptor GluR2, but not GluR1, subunit deletion impairs
emotional response conditioning in mice. Behav Neurosci. 120:241-248.

Meltzer, S., K.C. Boulanger, E. Osei-Asante, A. Handler, Q. Zhang, C. Sano, S. Itohara,
and D.D. Ginty. 2022. A role for axon-glial interactions and Netrin-Gl1 signaling

155



in the formation of low-threshold mechanoreceptor end organs. Proc Natl Acad
SciU S A. 119:e22104211109.

Milder, P.C., A.S. Zybura, T.R. Cummins, and J.A. Marrs. 2022. Neural Activity
Correlates With Behavior Effects of Anti-Seizure Drugs Efficacy Using the
Zebrafish Pentylenetetrazol Seizure Model. Front Pharmacol. 13:836573.

Mozzi, A., D. Forni, M. Clerici, U. Pozzoli, S. Mascheretti, F.R. Guerini, S. Riva, N.
Bresolin, R. Cagliani, and M. Sironi. 2016. The evolutionary history of genes
involved in spoken and written language: beyond FOXP2. Sci Rep. 6:22157.

Nakai, J., M. Ohkura, and K. Imoto. 2001. A high signal-to-noise Ca(2+) probe composed
of a single green fluorescent protein. Nat Biotechnol. 19:137-141.

Nakajima, Y.I. 2021. Scrib module proteins: Control of epithelial architecture and planar
spindle orientation. Int | Biochem Cell Biol. 136:106001.

Nevue, A.A., B.M. Zemel, S.R. Friedrich, H. von Gersdorff, and C.V. Mello. 2023. Cell
type specializations of the vocal-motor cortex in songbirds. Cell Rep. 42:113344.

Nickels, K., and E. Wirrell. 2008. Electrical status epilepticus in sleep. Semin Pediatr
Neurol. 15:50-60.

Nieves, N., and C. von Schroder. 2022. Roles of medial prefrontal cortex activity in
human and animal social learning. Encyclopedia of Animal Cognition and
Behavior:6113-6120.

Niu, N., J.F. Xiang, Q. Yang, L. Wang, Z. Wei, L.L. Chen, L. Yang, and W. Zou. 2017.
RNA-binding protein SAMD4 regulates skeleton development through
translational inhibition of Mig6 expression. Cell Discov. 3:16050.

O'Connor, J.A., and S.E. Hemby. 2007. Elevated GRIA1 mRNA expression in Layer II/III
and V pyramidal cells of the DLPFC in schizophrenia. Schizophr Res. 97:277-288.

Ogawa, Y., J. Oses-Prieto, M.Y. Kim, I. Horresh, E. Peles, A.L. Burlingame, J.S. Trimmer,
D. Meijer, and M.N. Rasband. 2010. ADAM22, a Kv1 channel-interacting protein,
recruits membrane-associated guanylate kinases to juxtaparanodes of myelinated
axons. | Neurosci. 30:1038-1048.

Oh-McGinnis, R., MLJ. Jones, and L. Lefebvre. 2010. Applications of the site-specific
recombinase Cre to the study of genomic imprinting. Brief Funct Genomics. 9:281-

293.

156



Okobi, D.E,, Jr., A. Banerjee, A.M.M. Matheson, S.M. Phelps, and M.A. Long. 2019.
Motor cortical control of vocal interaction in neotropical singing mice. Science.
363:983-988.

Okuda, H., S. Miyata, Y. Mori, and M. Tohyama. 2007. Mouse Pricklel and Prickle2 are
expressed in postmitotic neurons and promote neurite outgrowth. FEBS Lett.
581:4754-4760.

Owuor, K., N.Y. Harel, D.J. Englot, F. Hisama, H. Blumenfeld, and S.M. Strittmatter.
2009. LGI1-associated epilepsy through altered ADAM23-dependent neuronal
morphology. Mol Cell Neurosci. 42:448-457.

Ozkaynak, E., G. Abello, M. Jaegle, L. van Berge, D. Hamer, L. Kegel, S. Driegen, K.
Sagane, ].R. Bermingham, Jr., and D. Meijer. 2010. Adam?22 is a major neuronal
receptor for Lgi4-mediated Schwann cell signaling. | Neurosci. 30:3857-3864.

Padua-Reis, M., D.A. Noga, A.B.L. Tort, and M. Blunder. 2021. Diazepam causes
sedative rather than anxiolytic effects in C57BL/6] mice. Sci Rep. 11:9335.

Pagel, M. 2017. Q&A: What is human language, when did it evolve and why should we
care? BMC Biol. 15:64.

Pan, X,, C. Yang, S. Ma, W. Wang, P. Liu, Y. Guo, Y. Liu, J. Song, S. Wu, L. Yi, W. Wei,
and Z. Chen. 2021. A case of TSC2-PKD1 contiguous deletion syndrome: Clinical
features and effective treatment for epilepsy. International Journal of Developmental
Neuroscience. 81:191-199.

Park, J., S. Choi, J. Takatoh, S. Zhao, A. Harrahill, B.X. Han, and F. Wang. 2024.
Brainstem control of vocalization and its coordination with respiration. Science.
383:eadi808]1.

Parnell, E., L.P. Shapiro, R.A. Voorn, M.P. Forrest, H.A. Jalloul, D.D. Loizzo, and P.
Penzes. 2021. KALRN: A central regulator of synaptic function and
synaptopathies. Gene. 768:145306.

Penzes, P., and C. Remmers. 2012. Kalirin signaling: implications for synaptic pathology.
Mol Neurobiol. 45:109-118.

Petersen, A., ].C. Brown, and N.Z. Gerges. 2020. BRAG1/IQSEC2 as a regulator of small
GTPase-dependent trafficking. Small GTPases. 11:1-7.

Pinheiro, P., and C. Mulle. 2006. Kainate receptors. Cell Tissue Res. 326:457-482.

157



Platzer, K., I. Krey, and J.R. Lemke. 1993. GRIN2D-Related Developmental and Epileptic
Encephalopathy. In GeneReviews(®). M.P. Adam, J. Feldman, G.M. Mirzaa, R.A.
Pagon, S.E. Wallace, L.J.H. Bean, K.W. Gripp, and A. Amemiya, editors.
University of Washington, Seattle

Copyright © 1993-2024, University of Washington, Seattle. GeneReviews is a registered
trademark of the University of Washington, Seattle. All rights reserved., Seattle
(WA).

Pliick, A. 1996. Conditional mutagenesis in mice: the Cre/loxP recombination system. Int
] Exp Pathol. 77:269-278.

Qin, M., E. Geng, ]. Wang, M. Yu, T. Dong, S. Li, X. Zhang, J. Lin, M. Shi, ]J. Li, H. Zhang,
L. Chen, X. Cao, L. Huang, M. Wang, Y. Li, X.P. Yang, B. Zhao, and S. Sun. 2024.
LATS2 condensates organize signalosomes for Hippo pathway signal
transduction. Nat Chem Biol. 20:710-720.

Randall, L.O., G.A. Heise, W. Schallek, R.E. Bagdon, R. Banziger, A. Boris, R.A. Moe, and
W.B. Abrams. 1961. Pharmacological and clinical studies on Valium (T.M.) a new
psychotherapeutic agent of the benzodiazepine class. Curr Ther Res Clin Exp.
3:405-425.

Rho, J.M. 2004. Basic science behind the catastrophic epilepsies. Epilepsia. 45 Suppl 5:5-
11.

Richier, L., K. Williton, L. Clattenburg, K. Colwill, M. O'Brien, C. Tsang, A. Kolar, N.
Zinck, P. Metalnikov, W.S. Trimble, S.R. Krueger, T. Pawson, and J.P. Fawcett.
2010. NOS1AP associates with Scribble and regulates dendritic spine
development. | Neurosci. 30:4796-4805.

Rohlfing, A.K,, S. Rust, J. Reunert, M. Tirre, I. Du Chesne, S. Wemhoff, F. Meinhardt, H.
Hartmann, A.M. Das, and T. Marquardt. 2014. ALG1-CDG: A new case with
early fatal outcome. Gene. 534:345-351.

Romorini, S., G. Piccoli, M. Jiang, P. Grossano, N. Tonna, M. Passafaro, M. Zhang, and C.
Sala. 2004. A functional role of postsynaptic density-95-guanylate kinase-
associated protein complex in regulating Shank assembly and stability to
synapses. | Neurosci. 24:9391-9404.

Roof, D.J., A. Hayes, M. Adamian, A.H. Chishti, and T. Li. 1997. Molecular

characterization of abLIM, a novel actin-binding and double zinc finger protein. |
Cell Biol. 138:575-588.

158



Russell, T.A., K.D. Blizinsky, D.J. Cobia, M.E. Cahill, Z. Xie, R.A. Sweet, J. Duan, P.V.
Gejman, L. Wang, ].G. Csernansky, and P. Penzes. 2014. A sequence variant in
human KALRN impairs protein function and coincides with reduced cortical
thickness. Nat Commun. 5:4858.

Russell, T.A., M.]. Grubisha, C.L. Remmers, S.K. Kang, M.P. Forrest, K.R. Smith, K.J.
Kopeikina, R. Gao, R.A. Sweet, and P. Penzes. 2018. A Schizophrenia-Linked
KALRN Coding Variant Alters Neuron Morphology, Protein Function, and
Transcript Stability. Biol Psychiatry. 83:499-508.

Sadlak, J., I. Joshi, T.J. Prészynski, and A. Kischel. 2023. CircAMOTL1 RNA and
AMOTL1 Protein: Complex Functions of AMOTL1 Gene Products. Int ] Mol Sci.
24.

Sagane, K., K. Hayakawa, ]J. Kai, T. Hirohashi, E. Takahashi, N. Miyamoto, M. Ino, T.
Oki, K. Yamazaki, and T. Nagasu. 2005. Ataxia and peripheral nerve
hypomyelination in ADAM22-deficient mice. BMC Neurosci. 6:33.

Sallese, M., L. Salvatore, E. D'Urbano, G. Sala, M. Storto, T. Launey, F. Nicoletti, T.
Knopfel, and A. De Blasi. 2000. The G-protein-coupled receptor kinase GRK4
mediates homologous desensitization of metabotropic glutamate receptor 1.
Faseb j. 14:2569-2580.

Sander, K., Y. Frome, and H. Scheich. 2007. FMRI activations of amygdala, cingulate
cortex, and auditory cortex by infant laughing and crying. Hum Brain Mapp.
28:1007-1022.

Sansone, R.A., and L.A. Sansone. 2014. Serotonin norepinephrine reuptake inhibitors: a
pharmacological comparison. Innov Clin Neurosci. 11:37-42.

Schapira, A.H., ].M. Cooper, D. Dexter, ].B. Clark, P. Jenner, and C.D. Marsden. 1990.

Mitochondrial complex I deficiency in Parkinson's disease. | Neurochem. 54:823-
827.

Schwarting, R.K., and M. Wohr. 2012. On the relationships between ultrasonic calling
and anxiety-related behavior in rats. Braz | Med Biol Res. 45:337-348.

Seshadri, S., D.J. Hoeppner, and K. Tajinda. 2020. Calcium Imaging in Drug Discovery
for Psychiatric Disorders. Front Psychiatry. 11:713.

Shields, W.D. 2000. Catastrophic epilepsy in childhood. Epilepsia. 41 Suppl 2:52-6.

159



Shimokawa, N., K. Haglund, S.M. Holter, C. Grabbe, V. Kirkin, N. Koibuchi, C. Schultz,
J. Rozman, D. Hoeller, C.H. Qiu, M.B. Londofio, J. Ikezawa, P. Jedlicka, B. Stein,
S.W. Schwarzacher, D.P. Wolfer, N. Ehrhardt, R. Heuchel, I. Nezis, A. Brech,
M.H.H. Schmidt, H. Fuchs, V. Gailus-Durner, M. Klingenspor, O. Bogler, W.
Waurst, T. Deller, M.H. de Angelis, and I. Dikic. 2010. CIN85 regulates dopamine
receptor endocytosis and governs behaviour in mice. Embo j. 29:2421-2432.

Shoffner, ].M., M.D. Brown, A. Torroni, M.T. Lott, M.F. Cabell, S.S. Mirra, M.F. Beal, C.C.
Yang, M. Gearing, R. Salvo, and et al. 1993. Mitochondrial DNA variants

observed in Alzheimer disease and Parkinson disease patients. Genomics. 17:171-
184.

Shoubridge, C., R.S. Walikonis, J. Gécz, and R.J. Harvey. 2010. Subtle functional defects
in the Arf-specific guanine nucleotide exchange factor IQSEC2 cause non-
syndromic X-linked intellectual disability. Small GTPases. 1:98-103.

Silva, A.J., R. Paylor, ].M. Wehner, and S. Tonegawa. 1992. Impaired spatial learning in
alpha-calcium-calmodulin kinase II mutant mice. Science. 257:206-211.

Simeone, A., M. Gulisano, D. Acampora, A. Stornaiuolo, M. Rambaldi, and E. Boncinelli.
1992. Two vertebrate homeobox genes related to the Drosophila empty spiracles
gene are expressed in the embryonic cerebral cortex. Embo j. 11:2541-2550.

Simonyan, K. 2014. The laryngeal motor cortex: its organization and connectivity. Curr
Opin Neurobiol. 28:15-21.

Singh, T.J., ].Z. Wang, M. Novak, E. Kontzekova, I. Grundke-Igbal, and K. Igbal. 1996.
Calcium/calmodulin-dependent protein kinase II phosphorylates tau at Ser-262
but only partially inhibits its binding to microtubules. FEBS Lett. 387:145-148.

Sledzieski, S., K. Devkota, R. Singh, L. Cowen, and B. Berger. 2023. TT3D: Leveraging
precomputed protein 3D sequence models to predict protein—protein
interactions. Bioinformatics. 39.

Smits, D.J., R. Schot, C.A. Popescu, K.R. Dias, L. Ades, L.C. Briere, D.A. Sweetser, 1.
Kushima, B. Aleksic, S. Khan, V. Karageorgou, N. Ordonez, F. Sleutels, D.C.M.
van der Kaay, C. Van Mol, H. Van Esch, A.M. Bertoli-Avella, T. Roscioli, and
G.M.S. Mancini. 2023. De novo MCM6 variants in neurodevelopmental

disorders: a recognizable phenotype related to zinc binding residues. Hum Genet.
142:949-964.

160



Stevens, F.L., R.A. Hurley, K.H. Taber, R.A. Hurley, L.A. Hayman, and K.H. Taber. 2011.
Anterior Cingulate Cortex: Unique Role in Cognition and Emotion. The Journal of
Neuropsychiatry and Clinical Neurosciences. 23:121-125.

Tao, H., K. Inoue, H. Kiyonari, A.G. Bassuk, J.D. Axelrod, H. Sasaki, S. Aizawa, and N.
Ueno. 2012. Nuclear localization of Prickle2 is required to establish cell polarity
during early mouse embryogenesis. Dev Biol. 364:138-148.

Tassinari, C.A., G. Rubboli, L. Volpi, S. Meletti, G. d'Orsi, M. Franca, A.R. Sabetta, P.
Riguzzi, E. Gardella, A. Zaniboni, and R. Michelucci. 2000. Encephalopathy with
electrical status epilepticus during slow sleep or ESES syndrome including the
acquired aphasia. Clin Neurophysiol. 111 Suppl 2:594-s102.

Thoms, G., and U. Jiirgens. 1987. Common input of the cranial motor nuclei involved in
phonation in squirrel monkey. Experimental Neurology. 95:85-99.

Tino, W.T., M.]. Huber, T.P. Lake, T.G. Greene, G.P. Murphy, and E.H. Holmes. 2000.
Isolation and characterization of monoclonal antibodies specific for protein
conformational epitopes present in prostate-specific membrane antigen (PSMA).
Hybridoma. 19:249-257.

Tu, J.C,, B. Xiao, S. Naisbitt, ].P. Yuan, R.S. Petralia, P. Brakeman, A. Doan, V.K. Aakalu,
A.A. Lanahan, M. Sheng, and P.F. Worley. 1999. Coupling of mGluR/Homer and
PSD-95 complexes by the Shank family of postsynaptic density proteins. Neuron.
23:583-592.

Udaykumar, N., M.A.A. Zaidi, A. Rai, and J. Sen. 2023. CNKSR2, a downstream
mediator of retinoic acid signaling, modulates the Ras/Raf/MEK pathway to
regulate patterning and invagination of the chick forebrain roof plate.
Development. 150.

Uezu, A, E. Hisey, Y. Kobayashi, Y. Gao, T.W.A. Bradshaw, P. Devlin, R. Rodriguiz, P.R.
Tata, and S. Soderling. 2019. Essential role for InSyn1 in dystroglycan complex
integrity and cognitive behaviors in mice. eLife. 8:e50712.

Uezu, A., D.J. Kanak, T.W. Bradshaw, E.J. Soderblom, C.M. Catavero, A.C. Burette, R.].
Weinberg, and S.H. Soderling. 2016. Identification of an elaborate complex
mediating postsynaptic inhibition. Science. 353:1123-1129.

Valentinova, K., M.A. Acufia, N.R. Ntamati, N.E. Nevian, and T. Nevian. 2023. An

amygdala-to-cingulate cortex circuit for conflicting choices in chronic pain. Cell
Reports. 42.

161



van der Klejin, E., ].M. van Rossum, E.T. Muskens, and N.V. Rijntjes. 1971.
Pharmacokinetics of diazepam in dogs, mice and humans. Acta Pharmacol Toxicol
(Copenh). 29 Suppl 3:109-127.

van Kempen, M., S.5. Kim, C. Tumescheit, M. Mirdita, J. Lee, C.L.M. Gilchrist, ]J. S6ding,
and M. Steinegger. 2024. Fast and accurate protein structure search with
Foldseek. Nat Biotechnol. 42:243-246.

Veerapandiyan, A., S. Enner, V. Thulasi, and X. Ming. 2017. A Rare Syndrome of GRID2
Deletion in 2 Siblings. Child Neurol Open. 4:2329048x17726168.

Vidal, O.M,, ].I. Vélez, and M. Arcos-Burgos. 2022. ADGRL3 genomic variation
implicated in neurogenesis and ADHD links functional effects to the incretin
polypeptide GIP. Sci Rep. 12:15922.

Vito, S.T., A.T. Austin, C.N. Banks, B. Inceoglu, D.A. Bruun, D. Zolkowska, D.].
Tancredi, M.A. Rogawski, B.D. Hammock, and P.J. Lein. 2014. Post-exposure
administration of diazepam combined with soluble epoxide hydrolase inhibition

stops seizures and modulates neuroinflammation in a murine model of acute
TETS intoxication. Toxicol Appl Pharmacol. 281:185-194.

von Cramon, D., and U. Jiirgens. 1983. The anterior cingulate cortex and the phonatory
control in monkey and man. Neurosci Biobehav Rev. 7:423-425.

Wang, L., K. Choi, T. Su, B. Li, X. Wu, R. Zhang, ].H. Driskill, H. Li, H. Lei, P. Guo, E.H.
Chen, Y. Zheng, and D. Pan. 2022. Multiphase coalescence mediates Hippo
pathway activation. Cell. 185:4376-4393.e4318.

Wang, P., T. Chen, K. Sakurai, B.X. Han, Z. He, G. Feng, and F. Wang. 2012.
Intersectional Cre driver lines generated using split-intein mediated split-Cre
reconstitution. Sci Rep. 2:497.

Wang, X.Y., and L.N. Zhang. 2023. RNA binding protein SAMD4: current knowledge
and future perspectives. Cell Biosci. 13:21.

Wang, Y., H.F. Guo, T.A. Pologruto, F. Hannan, I. Hakker, K. Svoboda, and Y. Zhong.
2004. Stereotyped odor-evoked activity in the mushroom body of Drosophila
revealed by green fluorescent protein-based Ca2+ imaging. | Neurosci. 24:6507-
6514.

Wheless, ].W. 2004. Nonpharmacologic treatment of the catastrophic epilepsies of
childhood. Epilepsia. 45 Suppl 5:17-22.

162



Whitten, W.K., F.H. Bronson, and J.A. Greenstein. 1968. Estrus-inducing pheromone of
male mice: transport by movement of air. Science. 161:584-585.

Witman, G.B., D.W. Cleveland, M.D. Weingarten, and M.W. Kirschner. 1976. Tubulin
requires tau for growth onto microtubule initiating sites. Proc Natl Acad Sci U S
A. 73:4070-4074.

Wu, G.Y., and H.T. Cline. 1998. Stabilization of dendritic arbor structure in vivo by
CaMKIL. Science. 279:222-226.

Wu, Z,, L. Deng, ]J. Tao, Y. Lu, X. Zeng, W. Jia, and H. Chen. 2023. CCT8 promotes cell
migration and tumor metastasis in lung adenocarcinomas. | Cancer. 14:3238-3247.

Xiong, S., Y. Wang, H. Li, and X. Zhang. 2019. Interaction among GRIK2 gene on
epilepsy susceptibility in Chinese children. Acta Neurol Scand. 139:540-545.

Yang, S., C. Liu, Y. Guo, G. Li, D. Li, X. Yan, and X. Zhu. 2022. Self-construction of actin
networks through phase separation-induced abLIM1 condensates. Proc Natl Acad
Sci U S A. 119:e2122420119.

Yao, I., T. Ohtsuka, H. Kawabe, Y. Matsuura, Y. Takai, and Y. Hata. 2000. Association of
membrane-associated guanylate kinase-interacting protein-1 with Raf-1. Biochem
Biophys Res Commun. 270:538-542.

Yao, R., Y. Natsume, and T. Noda. 2004. MAGI-3 is involved in the regulation of the JNK
signaling pathway as a scaffold protein for frizzled and Ltap. Oncogene. 23:6023-
6030.

Yardeni, T., M. Eckhaus, H.D. Morris, M. Huizing, and S. Hoogstraten-Miller. 2011.
Retro-orbital injections in mice. Lab Anim (NY). 40:155-160.

Yu, T., Q. Zhang, SK. Yu, F.Q. Nie, M.L. Zhang, Q. Wang, and K.H. Lu. 2023. THOC3
interacts with YBX1 to promote lung squamous cell carcinoma progression
through PFKFB4 mRNA modification. Cell Death Dis. 14:475.

Zhang, H., Z. Zhu, W.X. Ma, L.X. Kong, P.C. Yuan, L.F. By, ]J. Han, Z.L. Huang, and Y.Q.
Wang. 2024. The contribution of periaqueductal gray in the regulation of
physiological and pathological behaviors. Front Neurosci. 18:1380171.

Zhang, Y., K. Chen, S.A. Sloan, M.L. Bennett, A.R. Scholze, S. O'Keeffe, H.P. Phatnani, P.

Guarnieri, C. Caneda, N. Ruderisch, S. Deng, S.A. Liddelow, C. Zhang, R.
Daneman, T. Maniatis, B.A. Barres, and ].Q. Wu. 2014. An RNA-sequencing

163



transcriptome and splicing database of glia, neurons, and vascular cells of the
cerebral cortex. | Neurosci. 34:11929-11947.

Zhou, W., ZW. Nie, D.]J. Zhou, and X.S. Cui. 2021. Acetyl-CoA synthases are essential
for maintaining histone acetylation under metabolic stress during zygotic
genome activation in pigs. | Cell Physiol. 236:6948-6962.

Zieger, H.L., S.A. Kunde, N. Rademacher, B. Schmerl, and S.A. Shoichet. 2020. Disease-

associated synaptic scaffold protein CNK2 modulates PSD size and influences
localisation of the regulatory kinase TNIK. Sci Rep. 10:5709

164



