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ABSTRACT
Lysine 63 (K63)-linked polyubiquitin chains are the second-most abundant form of
ubiquitin chain in the nervous system, behind K48 chains. Unlike K48-linked chains that tag
protein substrates for proteasomal degradation, K63 chains facilitate multiprotein complex
assembly during signaling transduction, and are most notably involved in the NF-κB pathway
that mediates immune response and inflammation. A prominent K63 deubiquitinase,
cylindromatosis (CYLD), is well known as a tumor suppressor in immunity and inflammation,
and its loss-of-function mutations lead to familial cylindromatosis, a head and neck skin tumor.
However, recent studies reveal that CYLD is enriched in mammalian brain postsynaptic
densities, and is implicated in a number of neurological and psychiatric diseases. A gain-offunction mutation of CYLD is causative for frontotemporal dementia (FTD), suggesting critical
roles at excitatory synapses. The goal of this dissertation was to delineate the role of CYLD in
synapse remodeling, plasticity, behavior, and its underlying mechanisms.
Using biochemical, cellular imaging, electrophysiology, and behavioral approaches, I
identify a novel role of CYLD as a regulator of synaptic morphogenesis, postsynaptic efficacy,
plasticity, and behavior. I find that CYLD-deficient mice have anxiety- and depression-like
behaviors, abnormal sociability, and behavioral flexibility deficits. I also find that CYLDdeficient mouse hippocampal neurons have increased dendritic spine density, particularly
mushroom spines, which is opposite in CYLD-overexpressing neurons. This effect requires the
deubiquitinase activity of CYLD, and acts through a pruning rather than developmental
mechanism. CYLD-deficient mice also have reduced mEPSC frequency and long-term
depression (LTD) impairments. I identify CYLD as a positive regulator of autophagy and
negative regulator of the AKT/mTOR pathway in the cortex and hippocampus, which underlies
vii

the effects of dendritic spine remodeling by CYLD. Pharmacological restoration of autophagy
can rescue dendritic spine morphogenesis, synaptic transmission, and LTD in the hippocampus
of CYLD-deficient mice. This work represents a novel role of the immune-related K63
deubiquitinase CYLD as a central regulator of synaptic function and plasticity through an AKTmTOR autophagy-dependent mechanism.
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Abstract
Ubiquitin plays important roles in regulating a variety of biological processes in the
brain. The conformation by which polyubiquitin chains are assembled on protein substrates can
dictate their fate. K63-linked polyubiquitin chains are the second-most abundant form of
ubiquitin chain in the CNS, behind proteasomal K48 chains. Emerging studies have begun to
reveal K63 chains in the regulation of the brain and behavior. One pathway regulated by K63mediated mechanisms is the AKT/mTOR-autophagy pathway, which has been implicated in a
variety of neurodevelopmental and nervous system disorders, with strong roles in synaptic
remodeling and plasticity. The synaptically-enriched K63 deubiquitinase, CYLD, targets several
components of, and may act on various points along the AKT/mTOR-autophagy pathway. Here,
I summarize the literature surrounding both K63 ubiquitination and autophagy in the synapse and
their roles in brain disorders and review the potential mechanisms by which CYLD can regulate
neuronal AKT-mTOR signaling and autophagy to control synaptic functions.

Introduction
Ubiquitination is a post-translational modification through which the 76 amino acid
protein ubiquitin is conjugated to a protein substrate (Hershko & Ciechanover, 1998).
Ubiquitination involves three sequential enzymatic steps through the E1 ubiquitin-activating, E2
ubiquitin conjugating, and E3 ubiquitin ligating enzymes, and sometimes an E4 ligase (Koegl et
al., 1999). The reversal of this process, deubiquitination, is carried out by a family of
deubiquitinating enzymes (DUBs) (Figure 1.1.a). Ubiquitin conjugation may occur as a single
conjugated ubiquitin molecule (monoubiquitination), or as polyubiquitin chains linked through
the C-terminal glycine of one ubiquitin molecule, and a lysine amino acid of another ubiquitin
molecule. Ubiquitin contains seven internal lysine residues where ubiquitin molecules can be
2

conjugated (K6, K11, K27, K29, K33, K48, and K63), resulting in seven distinct polyubiquitin
chain conformations (Husnjak & Dikic, 2012). Additionally, ubiquitin molecules may be linked
at the N-terminal methionine of one ubiquitin molecule and the C-terminus of another, resulting
in a head-to-tail linear conformation (Figure 1.1.b). The various chain types are read by
ubiquitin-binding domain (UBD)-containing proteins, which bind ubiquitin and interact with the
protein substrate to “decode” the ubiquitin signal into a specific biochemical or cellular response
(Husnjak & Dikic, 2012; Komander & Rape, 2012).
K63-linked poly-Ub chains are the second-most abundant form of poly-Ub chain, behind
K48 chains. (Matsumoto et al., 2010; Wickliffe et al., 2011). Unlike K48 chains that adopt a
compact structure to be recognized by the 26S proteasome, K63 chains have a long, linear
structure that resists recognition and degradation by the proteasome (Finley, 2009). These chains
have non-proteolytic roles in endocytosis, DNA repair, and cell signaling (Chen & Sun, 2009;
Husnjak & Dikic, 2012; Kulathu & Komander, 2012; Mukhopadhyay & Riezman, 2007). The
function of these non-proteolytic ubiquitin chains is determined by UBD-containing substrates,
that either read the ubiquitin tag to signal translocation or cellular processes, or act as a signaling
scaffold on which protein complexes can assemble (Ohtake et al., 2016; Sun & Chen, 2004).
Perhaps the most well-known K63 signaling complex is the canonical NF-κB pathway in
immune system signaling. In the canonical NF-κB pathway, proinflammatory cytokines such as
TNF-α or interleukin 1 receptor (IL-1R) induce assembly of K63 chains by an E3 ligase
(TRAF2/5/6, cIAP1/2, LUBAC) on substrates such as RIP1 or IRAKs. These chains act as
complex assembly scaffolds to bring the TAK1 kinase complex in close proximity to IKK to
drive its activation and subsequent NF-κB complex-mediated transcription (Maniatis, 1999). In
addition to non-proteolytic roles, K63 ubiquitination of ULK1 drives autophagy induction (Nazio
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et al., 2013), and K63 ubiquitination of substrates signals for selective macroautophagy by
binding to the autophagy receptor p62 (Sun et al., 2018). In these ways, K63 polyUb chains can
drive both proteolytic and non-proteolytic functions, and the enzymes that control them can
tightly regulate these processes.
Cylindromatosis (CYLD) is a gene that encodes a 107 KDa (956 amino acid)
deubiquitinase that specifically cleaves K63 and linear (M1) polyubiquitin chains from proteins
in several important signaling complexes (Bignell et al., 2000). CYLD was first identified as a
tumor suppressor gene mutated in familial cylindromatosis, a rare familial disorder resulting in
benign skin tumors of the head and neck (Biggs et al., 1995; Bignell et al., 2000). It has been
mainly studied in the immune system for its role as a negative regulator of the NF-κB pathway
by removing K63 chains from NEMO as well as upstream regulators of IKK, including TRAF2,
TRAF6, TRAF7, RIP1, and TAK1 (Sun, 2010). The structure of CYLD contains several
functional domains: three N-terminal CAP-Gly domains and a C-terminal catalytic ubiquitinspecific protease (USP) domain (Bignell et al., 2000). The first two CAP-Gly domains facilitate
microtubule binding (Gao et al., 2008), whereas the last CAP-Gly domain facilitates association
with proline-rich sequences in NEMO/IKKGamma (Saito et al., 2004). The catalytic domain of
CYLD contains a Zn-binding module, that acts similar to RING-finger ubiquitin binding
domains of E3 ligases, conferring the ability to specifically recognize and cleave extended
conformations of polyUb: K63 and linear M-1 linked polyUb chains (Komander et al., 2008).
The catalytic activity of CYLD requires ubiquitin binding via its CAP-Gly3 domain, and
phosphorylation at Ser568 stimulates cleavage of K63 polyUb. This phosphorylation switch
allows CYLD to balance K63 and M-1 linked polyUb chains to promote LUBAC and NF-kB
signaling (Elliott et al., 2021).
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Interestingly, CYLD is enriched in the brain at the post-synaptic density (PSD), where it
is endogenously active and controls PSD-95 deubiquitination (Dosemeci et al., 2013; Ma et al.,
2017). CYLD is recruited to the synapse in response to NMDA or high K+ stimulation in a
CaMKII-dependent manner (Dosemeci et al., 2013; Thein, Tao-Cheng, et al., 2014), where it is
activated by IKK (inhibitor of κB kinase) phosphorylation (Thein, Pham, et al., 2014). CYLD
knockout results in enhanced GABAergic transmission in the dorsal striatum (Zhang et al.,
2016), and impairs excitatory synaptic transmission in the basolateral amygdala (H. D. Li et al.,
2021), and participates in anxiety-like behavior (Han et al., 2020). A gain-of-function mutation
in CYLD resulting in hyperactive deubiquitinase activity (M719V) has recently been identified
as a causative mutation for frontotemporal dementia/amyotrophic lateral sclerosis (FTD/ALS),
and its expression in neurons results in shortened axons and accumulation of TDP-43 (DobsonStone et al., 2020; Oyston et al., 2021). These recent studies all suggest a role of CYLD in brain
function, though very little is known about its role in the brain and the underlying mechanisms.
This review will attempt to provide a comprehensive background regarding K63 ubiquitination
and autophagy in the CNS and speculate on how CYLD may use these mechanisms to control
nervous system functions.

K63 Ubiquitin in the CNS
In the nervous system, the ubiquitin-proteasome system (UPS) has many established
roles, controlling neuronal development, function, and plasticity (DiAntonio & Hicke, 2004;
Mabb & Ehlers, 2010; Tai & Schuman, 2008). UPS-dependent protein degradation has a major
role in shaping synapse remodeling and plasticity, and the UPS has established roles in
neurological and neuropsychiatric disorders (Bingol & Sheng, 2011; Mabb & Ehlers, 2010; Tai
& Schuman, 2008). In contrast, proteasome-independent ubiquitination has not been so well
5

studied in neurons, despite being the second-most abundant form of ubiquitin chain
conformation in the mammalian synapse (Na et al., 2012). However, recent studies have begun
to identify the role of proteasome-independent ubiquitination in synaptic development, plasticity,
and brain disorders (Zajicek & Yao, 2021).
1.1 K63 Ubiquitin in Neuronal Development
K63 ubiquitination has several important roles in neuronal development, differentiation,
and outgrowth (Figure 1.2). During development, K63 ubiquitination drives neural patterning
signals such as Sonic Hedgehog (Shh) and Gli gradients to control neural progenitor patterning
along the dorsal-ventral axis (Ma et al., 2019). Additionally, NGF stimulates TRAF6-dependent
K63 ubiquitination of Ulk1/2, recruiting it to the TrkA receptor complex to induce its clathrinindependent internalization, allowing filopodia withdrawal (Geetha et al., 2005). TRAF6 also
acts postsynaptically to promote early spinogenesis through binding neuroplastin (Vemula et al.,
2020). Proteasome-independent ubiquitin may also regulate presynaptic development,
differentiation, and outgrowth by regulating presynaptic protein trafficking to the ESCRTdependent sorting system and lysosome (Hall et al., 2017). Phospholipase A2 Activating (PLAA)
recognizes K63-polyUb conjugated proteins to target them for ESCRT-dependent sorting and
degradation, and PLAA deficiency in mice leads to disrupted Purkinje cell migration, dendritic
arborization, presynaptic swelling, and loss of SV proteins (Hall et al., 2017). In support of the
role of K63 ubiquitin in presynaptic development, mutations in K63-regulating E3s such as
RNF8 and the K63-specific E2 Ubc13 result in excess presynaptic boutons and synaptic
transmission (Valnegri et al., 2017).
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1.2 K63 Ubiquitin in Postsynaptic Remodeling
The role of non-proteasomal ubiquitin in the postsynaptic compartment is less well
understood, though some recent evidence has implicated K63-polyUb chains in dendritic spine
morphogenesis and postsynaptic function (Figure 1.2). K63-regulating proteins, including
TRAF3, TRAF6, CYLD, and A20 are found in the mammalian PSD (Fernandez et al., 2009; Ma
et al., 2017; Mei et al., 2020). TRAF6, a K63 E3, ubiquitinates and stabilizes the PSD
scaffolding protein PSD-95 at the PSD (Ma et al., 2017), and promotes early spinogenesis
through neuroplastin in cultured rat and mouse neurons (Vemula et al., 2020). In contrast, the
PSD-enriched K63 DUB CYLD removes K63 ubiquitin chains from PSD-95 (Ma et al., 2017).
The ubiquitin editing enzyme A20 also inhibits dendritic arborization and dendritic spine
formation in cultured neurons (Mei et al., 2020). K63 ubiquitin may also regulate the active
control of synapses through postsynaptic receptor trafficking and synaptic plasticity, though
controversy surrounds whether AMPA receptors (AMPARs) are ubiquitinated before or after
endocytosis (Huo et al., 2015; Widagdo et al., 2015; Widagdo et al., 2017). Regardless, K63
ubiquitin appears to be the primary polyUb linkage conjugated to AMPARs, and their
ubiquitination may facilitate their fate to be either recycled back to the membrane (Scudder et al.,
2014) or sorted to the lysosome for degradation (Ehlers, 2000; Goo et al., 2015; Widagdo et al.,
2015).
1.3 K63 Ubiquitin in Synaptic Plasticity
The dynamic process of synaptic plasticity is also controlled by proteasome-independent
ubiquitination mechanisms. K63 ubiquitination of the presynaptic metabotropic glutamate
receptor mGlu7 by Nedd4 and β-Arrestin targets it to be degraded by the lysosome, preventing
its inhibition of P/Q Ca2+ channels through activation of PLC/PKC (Lee et al., 2019). This
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inhibition may contribute to selective, bidirectional control of LTP/LTD switching (Pelkey et al.,
2005) (Figure 1.3). NMDA-induced chemical LTD (cLTD) leads to a rapid and widespread loss
of K63 ubiquitination in cultured neurons, including ubiquitination of the synaptic scaffolding
protein PSD-95, triggering its internalization (Ma et al., 2017). CYLD is recruited to the synapse
in response to high K+ or NMDA-induced neuronal stimulation (Dosemeci et al., 2013; Thein,
Tao-Cheng, et al., 2014), and therefore may be responsible for activity-dependent
deubiquitination and internalization of PSD-95 along with subsequent depression of synaptic
strength (Thein, Tao-Cheng, et al., 2014). K63 ubiquitin also appears to be important for LTP, as
the K63 E3 Nedd4 is required for LTP (Camera et al., 2016), and knockout of the K63-chain
interacting protein p62 causes loss of AMPAR trafficking and LTP in CA1 neurons (Jiang et al.,
2009). Finally, AMPA receptor trafficking and degradation occurs in an activity-dependent
manner through bidirectional ubiquitination and deubiquitination by NEDD4 and USP8,
respectively (Scudder et al., 2014). However, it is debated whether ubiquitination is a signal for,
or just associated with internalization (Jewett et al., 2015; Lin et al., 2011; Schwarz et al., 2010;
Scudder et al., 2014; Widagdo et al., 2017).
1.4 CYLD as a Synaptic Regulator of K63 Ubiquitination
CYLD has mainly been studied for its role as a tumor suppressor and inflammation
modulator (Chen et al., 2021; Ding et al., 2015; Feng et al., 2017; Guo et al., 2014; Li et al.,
2019; Song et al., 2012), though recent work has begun to establish CYLD as a central player in
the regulation of neuronal cell health, morphogenesis, plasticity, and behavior (Zajicek & Yao,
2021). Work in zebrafish has shown that TALEN-based homozygous deletion of CYLD in the
brain and notochord result in embryonic death, suggesting a role of CYLD in CNS development
(T. Li et al., 2021). Further supporting the role of CYLD in the brain and behavior, global
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knockout of CYLD in mice results in anxiety-like behavior and a reduction in amygdaladependent fear memory (Han et al., 2020; H. D. Li et al., 2021). Consistent with behavioral
deficits, CYLD knockout mice have synaptic transmission deficits, with increased firing rates
and excess GABAergic transmission in the striatum, and reduced amplitude and frequency of
spontaneous EPSCs in basolateral amygdala neurons (Zhang et al., 2016). CYLD is enriched at
and recruited to the PSD in an activity-dependent manner mediated by CaMKII, and NMDA
treatment induces CYLD-dependent global deubiquitination, implying it may have an activitydependent role, perhaps in synaptic plasticity (Dosemeci et al., 2013; Ma et al., 2017; Thein,
Tao-Cheng, et al., 2014). However, these studies have not identified whether the effect is due to
the DUB activity of CYLD, or if the effect is due to a compensatory mechanism of CYLD loss.
Recently, CYLD mutations have also been identified as causative mutations for human
frontotemporal dementia (FTD)/amyotrophic lateral sclerosis (ALS) (Dobson-Stone et al., 2020;
Tabuas-Pereira et al., 2020). A novel missense mutation in CYLD (M719V), which leads to
hyperactive K63 deubiquitinase activity increased cytoplasmic TDP-43 and shortened axons in
mouse neurons, and inhibited autophagosome-lysosome fusion in HEK293 cells (Dobson-Stone
et al., 2020). This, in combination with CYLD’s interaction with other autophagy-related disease
genes (TBK1, OPTN, SQSTM1/p62) suggest that CYLD may act through autophagy to regulate
nervous system functions (Dobson-Stone et al., 2020; Lork et al., 2018; Nagabhushana et al.,
2011).

Autophagy in the CNS
1.5 Introduction to Autophagy
Macroautophagy, hereafter referred to as autophagy, is a UPS-independent degradation
process involved in energy and nutrient homeostasis (Klionsky & Emr, 2000; Mizushima &
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Komatsu, 2011). Autophagy involves a multi-step process of engulfment by a double-membrane
vesicle called the autophagosome that targets proteins and organelles to the lysosome for
degradation and component recycling (Klionsky & Emr, 2000). There are currently 32 identified
autophagy-related genes (ATGs) across various species that control several steps in the process
of autophagy (Nakatogawa et al., 2009): Initiation, elongation, maturation, autophagosomelysosome fusion, and degradation (Glick et al., 2010; Zachari & Ganley, 2017). One of the most
important markers for autophagic flux is Atg8/LC3B, that is processed sequentially during
autophagy initiation by Atg4 to form cytosolic LC3-I and conjugated with
phosphatidylethanolamine (PE) in a stepwise fashion by Atg7/Atg3 to generate LC3-II (Ichimura
et al., 2000). LC3-II is recruited and integrated into the growing phagophore on both the internal
and external surface of the phagophore, allowing for a convenient and reliable method for
measuring the quantity of autophagosomes in cells (Klionsky et al., 2016). Similarly, the K63binding protein p62/SQSTM1, involved in cargo recognition and sequestration, is associated
with the autophagosome where it binds with LC3-II through its LC3-interacting region (Komatsu
et al., 2007; Pankiv et al., 2007). p62/SQSTM1 is degraded by autophagy, making it a reliable
indicator of autophagic flux in combination with LC3-II (Barth et al., 2010; Klionsky et al.,
2016). Following engulfment of protein or organelle substrates, the mature autophagosome fuses
with the acidified lysosome to form the autolysosome, where cargo is degraded, and components
are recycled (Tanaka et al., 2000).
1.6 Neuronal Autophagy
Despite the abundance of literature regarding autophagy in the periphery, autophagy in
the brain is not as well understood. As postmitotic cells, neurons must tightly control cellular
health to retain normal function throughout an organism’s life, making autophagy an important
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neuronal homeostatic process (Kulkarni et al., 2018; Maday, 2016). Evidenced by this, loss of
normal autophagy leads to widespread neuronal loss (Hara et al., 2006; Komatsu et al., 2006),
and autophagy deficiency is associated with multiple neurodegenerative and psychiatric diseases
(Menzies et al., 2017; Merenlender-Wagner et al., 2015; Nixon, 2013). Autophagy localization is
both dynamic and highly compartmentalized in neurons, with differential regulation between
soma, axons, and dendrites (Maday & Holzbaur, 2016; Maday et al., 2012).
1.7 Autophagy in the Presynaptic Compartment
In the presynaptic compartment, autophagy plays several important roles: axonal growth
and development, synaptic homeostasis, and synaptic plasticity. Autophagosomes are formed in
axonal synaptogenic filopodia, and influence axon-dendrite partner choice in Drosophila neurons
(Kiral et al., 2020). Deletion of the essential autophagy initiation protein Atg7 specifically in
Purkinje cells leads to dystrophic axonal swelling, as well as accumulation of p62/SQSTM1
aggregates (Komatsu et al., 2007). Neuron-specific knockout of Atg5 recapitulates this effect,
with swelling of Purkinje cell axons, as well as accumulation of cytoplasmic inclusion bodies
and cell death (Hara et al., 2006). Due to the highly compartmentalized nature of autophagy in
neurons, autophagosomes generated in the cell body are distinct from autophagosomes generated
at axons (Maday & Holzbaur, 2016). Axonal autophagosomes are continually generated at the
neurite tip and are retrogradely transported in a dynein-driven manner to the soma where they
mature and fuse with the lysosome to degrade cargo (Maday et al., 2012). Synaptic vesicles are
one such cargo: Local presynaptic autophagy degrades synaptic vesicles, and chronic autophagy
deficiency leads to expanded vesicle release and axonal swelling (Hernandez et al., 2012). In this
way, autophagy has been hypothesized to be a “brake” on presynaptic neurotransmission (Torres
& Sulzer, 2012). The presynaptic scaffolding protein Bassoon may limit autophagy by binding
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Atg5 to regulate autophagosome elongation (Okerlund et al., 2017), or by regulating Parkinmediated K63 ubiquitination and autophagic degradation of SNARE complex proteins
(Hoffmann-Conaway et al., 2020). Furthermore, acute reactive oxygen species generation in
mouse hippocampal neurons leads to induction of presynaptic autophagy of damaged synaptic
vesicle proteins, pointing to a role of autophagy in maintaining presynaptic protein homeostasis
and responding to damage (Hoffmann et al., 2019).
1.8 Autophagy in the Postsynaptic Compartment
Autophagy in the postsynaptic compartment is less well understood, with studies only
recently emerging to suggest its involvement in postsynaptic development and plasticity. During
periods of development, autophagy plays a key role in the elimination of dendritic spines in the
cortex (Tang et al., 2014). Additionally, loss of function of Atg genes in Drosophila sensory
neurons implicates autophagy in increasing dendritic arborization and branching, whereas
increasing autophagy dramatically reduces dendritic complexity (Clark et al., 2018). Although
turnover and degradation of synaptic proteins is widely accepted to be required for post-synaptic
remodeling and plasticity (Alvarez-Castelao & Schuman, 2015), the molecular mechanisms that
underly autophagy in dendritic spines, as well as post-synaptic targets of autophagy, remain
largely elusive. However, a few post-synaptic scaffolding proteins (PSD-95, SHANK3, PICK1)
have been identified as synaptic cargo of autophagy (Nikoletopoulou et al., 2017). Furthermore,
post-synaptic receptors including GABAA receptors (Rowland et al., 2006) and AMPARs
(Shehata et al., 2012) have been identified as proteins dynamically degraded by autophagy.
Although the mechanisms underlying autophagy in the synapse are not well understood, it is
clear that autophagy controls many aspects of synaptic development and composition.
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1.9 Autophagy in Dendritic Spine Pruning
Dendritic spines are dynamic post-synaptic structures that can change morphology or be
pruned away over periods as short as minutes, or up to days (Alvarez & Sabatini, 2007).
Dendritic spine pruning is one mechanism by which unnecessary or redundant dendritic spines
can be removed either by the neuron itself or microglia (Lieberman et al., 2019). One study
found that post-mortem human Autism Spectrum Disorder (ASD) temporal lobe tissue had
significantly reduced dendritic spine pruning compared to controls, with a corresponding
decrease of autophagy with increased mTOR activation, suggesting that mTOR-dependent
autophagy may underly synaptic pruning deficits (Tang et al., 2014). Interestingly, mTORhyperactive Tsc2+/- show spine pruning deficits, and treatment of these mice with the mTOR
inhibitor rapamycin rescues spine pruning. Supporting the hypothesis that mTOR-dependent
autophagy underlies spine pruning, Rapamycin had no effect on Atg7cKO mice, which are
deficient in downstream autophagosome elongation (Tang et al., 2014). This hypothesis has been
further supported in Fmr1 KO mice, a model of human Fragile X syndrome. Fmr1 KO mice
show excess mTORC1 activity, reduced autophagy flux markers, and aberrant dendritic spine
structures (Yan et al., 2018). Activation of autophagy through shRNA against the mTORC1
component Raptor in the CA1 of these mice rescued their aberrant dendritic spine structures, as
well as associated synaptic plasticity and cognition deficits (Yan et al., 2018).
1.9 Autophagy in Activity-Dependent Synaptic Plasticity
The active control of synaptic strength and efficacy is another important role of
autophagy in the CNS. Protein turnover is known to be required for synaptic plasticity (AlvarezCastelao & Schuman, 2015), though the role of autophagosomal degradation in synaptic protein
turnover has not been well established. However, some recent studies have suggested important
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roles of autophagy in the induction and maintenance of synaptic plasticity. Autophagy is
activated during and required for both NMDAR- and mGluR- mediated LTD in cultured neurons
(Compans et al., 2021; Kallergi et al., 2020; Shehata et al., 2012). Consistently, autophagy is
induced by, and required for chemical-LTD (cLTD) induced degradation of AMPA receptors in
cultured neurons (Shehata et al., 2012). NMDAR-dependent LTD, but not P2XR-dependent LTD
involves autophagosomal degradation of PSD-95, uncoupling AMPARs from the synapse
(Compans et al., 2021). On the other hand, BDNF signaling suppresses autophagy in vivo via a
PI3K/Akt-dependent pathway, and autophagy suppression is required for BDNF-induced LTP
and memory enhancement (Nikoletopoulou et al., 2017). Furthermore, autophagy induction
destabilizes LTP in rats, enhancing memory erasure in vivo (Shehata et al., 2018). However,
whether autophagy itself enhances or inhibits synaptic plasticity in vivo has yielded varying
results, though it is hypothesized that autophagy in the synapse may change over development,
and may differentially control induction and maintenance of changes to the synapse (Compans et
al., 2021; Shehata et al., 2018; Shen et al., 2020).

AKT-mTOR in the CNS
1.10 Introduction to AKT-mTOR
Basal levels of autophagy are constitutively active in neurons to clear misfolded proteins
and maintain nutrient homeostasis (Komatsu et al., 2007; Maday, 2016). However, under certain
conditions such as nutrient deprivation, hypoxia, or growth factor activation, autophagy can be
further induced through mTOR-dependent mechanisms, especially in non-neuronal cells. The
PI3-kinase (PI3K)/AKT/mTOR pathway is a strong inhibitor of autophagy induction which is
suppressed in response to signaling cues (Kim et al., 2011; Nazio et al., 2013). Under normal
conditions, the mTORC1 complex suppresses the ULK1 complex, preventing autophagy
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initiation (Kim et al., 2011; Nazio et al., 2013; Saxton & Sabatini, 2017). Under starvation
conditions, AMPK inhibits mTORC1 through phosphorylation of TSC2 and Raptor, and
activates ULK1 through phosphorylation, triggering autophagosome initiation (Kim et al., 2011).
Upon growth factor stimulation such as insulin, AKT inactivates TSC2 through phosphorylation,
which destabilizes its interaction with TSC1 to stimulate mTOR activity and suppress autophagy
(Inoki et al., 2002).
Due to its strong inhibition on autophagy initiation, the AKT-mTOR pathway is a
convenient target for the study of autophagy in the nervous system. However, it should be noted
that AKT and mTOR can act independently of autophagy. The mTORC1 complex plays a role in
mRNA translation and ribosome biogenesis (Sabatini, 2006), and AKT controls autophagyindependent signaling of the cell cycle, cell survival and apoptosis, and protein synthesis
(Hemmings & Restuccia, 2012). AKT/mTOR can act independently of autophagy to regulate
mRNA translation in neurons, act as a downstream translation enhancer following BDNF, and
regulate neuronal protein expression, including GluR1 (Inamura et al., 2005; Slipczuk et al.,
2009). This AKT/mTOR-related protein synthesis may underly critical brain development
processes, and defects in AKT/mTOR-dependent translation have been implicated in
developmental disorders such as Rett Syndrome (Ricciardi et al., 2011).
1.11 AKT/mTOR Regulation of Neuronal Autophagy
The autophagy-regulating roles of the AKT/mTOR pathway in the CNS are relatively
unexplored, though recent work has begun to implicate AKT/mTOR in control of neuronal
autophagy, and subsequently regulation of neuronal functions. In cultured midbrain neurons,
inhibition of mTOR with rapamycin induces acute LC3 lipidation and formation of LC3 puncta
(Hernandez et al., 2012). Rapamycin also increases LC3-II and LC3 puncta in vivo and in wild15

type cultured neurons (Tang et al., 2014). NMDA-induced cLTD increases LC3-II in a time
course consistent with AKT and mTOR deactivation (Shehata et al., 2012). This AKT-mTOR
dependent regulation of autophagy also translates to synaptic effects: Chronic inhibition of PI3K
or mTOR reduces dendrite complexity and dendritic spine and filopodia density, whereas shortterm inhibition led to the formation of mushroom-morphology spines in cells expressing
constitutively active PI3K, AKT, or treated with BDNF (Kumar et al., 2005). Similarly, chronic
expression of a dominant-negative AKT construct in cultured hippocampal neurons decreases
dendritic spines (Majumdar et al., 2011). Additionally, mTOR was found to be an underlying
mechanism behind ketamine-induced synaptogenesis in mouse models of depression, though it
was not shown whether autophagy is directly involved (Li et al., 2010). AKT suppression of
autophagy is also required for BDNF-induced synaptic plasticity (Nikoletopoulou et al., 2017),
and downstream inhibitors of AKT wortmannin and LY294002 as well as rapamycin suppress in
vivo LTP (Sui et al., 2008). AKT-mTOR signaling also underlies behavior, with Tsc1
heterozygous mice displaying learning and memory deficits and social behavior deficits
(Goorden et al., 2007), and Tsc2 heterozygous mice displaying translation-independent paired
pulse facilitation deficits (von der Brelie et al., 2006). Through these mechanisms, AKT/mTORdependent autophagy may regulate neuronal function and plasticity, and by extension behavior
and brain diseases.
1.12 CYLD Control of AKT-mTOR Dependent Autophagy
CYLD has links to the control of autophagy through AKT/mTOR dependent
mechanisms, though much of the work on this topic has been outside the CNS. CYLD interacts
with, and directly deubiquitinates AKT in HEK293 and A549 cells, inhibiting its activity (Lim et
al., 2012; Yang et al., 2013). Mouse embryonic fibroblasts isolated from CYLD knockout mice
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have increased basal phosphorylation of AKT compared to wild-type, which is reversed with
transfection of wild-type, but not deubiquitinase-null CYLD (Yang et al., 2013). CYLD also
interacts with the autophagy receptor p62 and TRAF6 to control turnover of K63-ubiquitinated
proteins such as TrkA receptors (Wooten et al., 2008). Despite this early work identifying CYLD
as a regulator of AKT, CYLD has only recently been proposed as a regulator of autophagy itself.
Cell-specific overexpression of CYLD in cardiomyocytes inhibits mTORC1 reactivation and
autolysosome efflux, offering some insight into how CYLD expression may affect autophagy in
the periphery (Qi et al., 2020). In contrast, RNAi knockdown of CYLD decreases expression of
autophagy markers LC3-II and Beclin-1 in bladder cancer cells, suggesting there may be a celltype specific effect of CYLD on autophagy and its different stages (Dai et al., 2020). An ALSlinked mutation causing hyperactivation of CYLD deubiquitinase activity causes impaired
autophagosome-lysosome fusion in HEK293T cells, and neurons transfected with this mutant
have increased cytoplasmic TDP-43, increased glial activity, and shortened axons (Dobson-Stone
et al., 2020). Although the role of CYLD in regulating neuronal autophagy has not yet been
established, these studies suggest CYLD-mediated K63 deubiquitination may have a role in
regulation of autophagic flux, perhaps through the deubiquitination of AKT to limit mTORC1
suppression of autophagy initiation. Studying these mechanisms may contribute to our
understanding of both the basic mechanisms controlling autophagy in the brain and how they
relate to pathological phenotypes seen in brain diseases such as FTD/ALS.

K63 Ubiquitin and Autophagy Mechanisms of Brain Disease
1.13 K63 Ubiquitin Dysregulation in Neurological and Psychiatric Disorders
In addition to the wide array of neuronal functions controlled by non-proteasomal
ubiquitin chains, K63 polyUb chains have also been linked to several neurodevelopmental,
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neuropsychiatric, and neurodegenerative disorders (Summarized in Table 1.1). Loss-offunction mutations of the K48 and K63 deubiquitinase, USP7 have been found in patients with
developmental disorders including intellectual disability and autism spectrum disorders (ASDs)
(Nicholson & Suresh Kumar, 2011). Additionally, an increase of K63 polyUb chains has been
reported in patients with Down Syndrome compared to controls, with even higher K63 and K48
chains in patients with Down Syndrome with Alzheimer’s neuropathology (Tramutola et al.,
2017). Dysregulation of K63 polyUb has also been described in neuropsychiatric disorders, such
as schizophrenia (SCZ). Post-mortem brain samples from the superior temporal gyrus of SCZ
patients display a reduction of K48 ubiquitination, and increased K63 ubiquitination, as well as a
reduction in the K63 E3 Nedd4 (Rubio et al., 2013). Similarly, K63 dysfunction is associated
with neurodegenerative disorders such as Parkinson’s (PD), Alzheimer’s (AD), and FTD. K63
ubiquitination by Parkin, the causative gene for autosomal recessive PD, controls ubiquitination
and autophagosome targeting of misfolded proteins, and deficiencies in this pathway lead to
accumulation of toxic protein aggregates (Olzmann & Chin, 2008). AD, the most common
neurodegenerative disease, is associated with hallmark intracellular aggregation of
hyperphosphorylated tau and extracellular aggregation of Aβ plaques (Hardy & Selkoe, 2002).
Aβ is generated by cleavage of amyloid precursor protein (APP) by presenilin secretases, a
process that is controlled by K63 ubiquitination by TRAF6 (El Ayadi et al., 2012). The secondmost common form of dementia, FTD is characterized by a degeneration of the frontal and/or
anterior temporal lobe with behavioral and cognitive impairments, as well as characteristic
protein ubiquitin-positive aggregates. The tau-negative protein aggregates found in FTD patient
brains contains TDP-43 (transactive response-DNA protein-43), which is K63 ubiquitinated by
Parkin to promote cytoplasmic accumulation, though it is unclear whether this accumulation is
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causative for the associated pathogenesis (Hebron et al., 2013). Additionally, a gain-of-function
mutation in the K63 DUB CYLD which results in an increase of K63 deubiquitinase activity and
subsequent TDP-43 aggregation has been identified as a causative mutation in FTD/ALS
(Dobson-Stone et al., 2020).
1.14 Autophagy Dysregulation in Neurological and Psychiatric Disorders
Autophagy has recently been emerging as a common mechanism for developmental,
psychiatric, and neurodegenerative disorders, in addition to its known roles in neuronal function
(Summarized in Table 1.2). Autophagy dysregulation has been identified as a common feature
of psychiatric disease, with dysregulated autophagy markers seen in the post-mortem brains of
ASD (Tang et al., 2014; Yan et al., 2018), schizophrenia (Merenlender-Wagner et al., 2014), and
neurodegeneration (Piras et al., 2016). Furthermore, mutations along the autophagy pathway lead
to neurodevelopmental and neuropsychiatric diseases. Mutations in the mTOR-inhibiting TSC
complex proteins TSC1 and TSC2 lead to Tuberous Sclerosis (TSC), a developmental disorder
that is characterized by brain malformation and behavioral deficits including intellectual
disability (Roach et al., 1998). Fragile X syndrome, the most common genetic disorder among
ASDs, is caused by a mutation in Fragile X mental retardation 1 (FMR1), leading to excess
mTOR activity and decreased autophagy, which is responsible for the mutation’s spine pruning,
plasticity, and cognition deficits (Yan et al., 2018).
Perhaps one of the most well-established roles of autophagy in brain disorders is the
clearance of toxic protein aggregates in neurodegenerative disorders. Mice with region-specific
deletions of Atg5 or Atg7 display strong neurodegenerative phenotypes, as well as accumulation
of polyubiquitinated protein inclusions (Hara et al., 2006; Komatsu et al., 2006). Conversely,
expression of typical inclusion proteins such as α-synuclein or SOD1 in mice results in an
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increase of autophagy induction, perhaps in compensation to the damaged protein aggregates (Li
et al., 2008; Xilouri et al., 2009). It is possible that this increased autophagy only becomes
problematic when autolysosomal clearance is impaired, such as what is seen in AD.
Autolysosomes are normally cleared rapidly, and are therefore absent in control brains.
However, in AD brains, prelysosomal autophagic vesicles are abundant, likely as a result of
impaired autolysosomal clearance (Boland et al., 2008; Nixon, 2005). Consistent with this
hypothesis, mutations in Presinilins 1 and 2, which causes familial AD, leads to decreased
lysosomal pH (Coffey et al., 2014; Wolfe et al., 2013), though whether this affects
autolysosomal degradation has been debated (Zhang et al., 2012). Nevertheless, autolysosomal
degradation in neurodegeneration has been supported in other models. Lentiviral expression of
Beclin-1 into α-synuclein transgenic mice enhances autolysosomal activity, degrading
intracellular α-synuclein and ameliorating synaptic and dendritic alterations (Spencer et al.,
2009). Similarly, increased autophagic vesicle (AV) content due to inefficient degradation and
engulfment of cytoplastmic cargo is a feature of Huntington’s disease (HD) (Martinez-Vicente et
al., 2010). Supporting the hypothesis that inefficient targeting of autophagic cargo underlies
neurodegeneration, mutations in the autophagy receptors p62 and OPTN result in deficient
autophagic targeting and clearance of inclusion bodies and misfolded proteins in models of ALS
(Gal et al., 2009; Shen et al., 2015; Teyssou et al., 2013). These many implications of autophagy
in neuronal and psychiatric disorders make it a key player in the study of brain diseases. As such,
autophagy and autolysosomal degradation have been proposed as therapeutic targets for a variety
of neurodegenerative and psychiatric diseases (Rubinsztein et al., 2012). Therefore,
understanding the molecular mechanisms that control and utilize autophagy in the synapse are
vital to understanding how autophagy may underly these conditions.
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Conclusions and Goals of this Thesis
Regulation of synaptic remodeling and plasticity represents an important field in
understanding the basic function and dysfunction of neurons. Although proteolysis has roles in
many important nervous system functions including synaptic plasticity and remodeling, and
behaviors such as memory formation, non-proteolytic ubiquitin has not been well studied. CYLD
is a postsynaptically enriched K63 DUB that is recruited to the synapse in response to neuronal
activity, and deubiquitinates the important synaptic scaffolding protein PSD-95 to regulate its
synaptic insertion. CYLD also has links to behavioral deficits including anxiety and FTD/ALS
and may control synaptic morphogenesis. However, the in vivo role of CYLD in synaptic
function and plasticity, behavior, and the underlying mechanisms remain largely unknown.
mTOR-dependent macroautophagy has been proposed as a mechanism behind dendritic spine
remodeling, plasticity, and behavior. Based on emerging evidence discussed above, I
hypothesize that CYLD regulates this process by K63 deubiquitination of AKT and regulates
mTOR activity and autophagy, influencing synaptic function, remodeling, and plasticity.
Therefore, the following goals have been addressed in this thesis:
1. To characterize synaptic function, plasticity, dendritic spine morphology, and
behaviors in CYLD-deficient mice and to
2.

investigate the role of CYLD in spine remodeling both in vitro and in vivo (Chapter
2)

3. To determine the mechanism underlying CYLD regulation of synaptic remodeling
and plasticity, focusing on CYLD regulation of the AKT-mTOR autophagy pathway
(Chapter 3)
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Figure 1.1. Various faces of polyubiquitin chain linkages.

22

Figure 1.1 Various faces of polyubiquitin chain linkages.
a. Schematic of enzymatic steps involved in substrate ubiquitination and deubiquitination.
Ubiquitination by E1, E2, and E3 enzymes, as well as ubiquitin chain extension by U-Box/E4
enzymes and deubiquitination by deubiquitinases (DUB) are shown. Mechanisms for RING,
HECT, and RBR E3 ligases are depicted. IBR in between ring, SBR substrate binding region.
b Eight different chain topologies and their degradative and non-degradative roles in protein
fates are shown. TNF tumor necrosis factor, ERAD endoplasmic reticulum associated
degradation, M methionine, K lysine, G glycine
*Figure from Zajicek & Yao, 2020
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Figure 1.2. Non-Proteolytic Functions in Neuronal Development and Remodeling
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Figure 1.2 Non-proteolytic ubiquitination in synapse development and remodeling.
Schematic of K63 ubiquitination-related molecular pathways involved in pre- and postsynaptic
development and/or remodeling. Presynaptically, the ubiquitin adaptor protein PLAA is required
for sorting of ubiquitin-modified membrane proteins into the lumen of MVB/late endosomes.
This process plays an important role in synaptic vesicle (SV) recycling, reserve pool size,
synaptic transmission, and terminal differentiation. K63 ubiquitination also regulates filopodia
extension and branching of sensory axons via an endocytic process. NGF induces K63polyubiquitination of Ulk1/2 likely by TRAF6, allowing the binding of Ulk1/2 to p62 and the
recruitment of Ulk1/2 to active TrkA complex via p62, leading to TrkA internalization,
attenuation of NGF signaling, and filopodia withdrawal. TRAF6 also mediates early
spinogenesis through binding with the adhesion molecule neuroplastin. RNF8/HERC2 regulates
presynaptic differentiation in a K63-dependent manner through ubiquitination of unidentified
substrates (S). A lysosome, although primarily localized in the soma, is shown here to facilitate
illustration and discussion. Postsynaptically, A20 inhibits dendritic arborization and spine
remodeling through suppression of NF-κB activity, likely via regulation of gene expression in
the nucleus, causing postsynaptic remodeling. TRAF6 binds with neuroplastin to promote spine
adhesion and early spinogenesis. TRAF6 and CYLD control local postsynaptic remodeling
through K63-polyUb chain conjugation and disassembly on PSD-95. PSD-95 is constitutively
K63- ubiquitinated by TRAF6 in conjunction with Ubc13/Uev1A, and deubiquitinated by
CYLD. The K63-polyUb conjugation sites are localized primarily in the GK domain, where the
assembled K63 chains are essential for PSD-95 interactions with its GK binding partners
including SPAR, GKAP/SAPAP, and AKAP79/150. K63- ubiquitinated PSD-95, but not its unubiquitinated form, is targeted to the PSD to promote synapse efficacy (AMPAR numbers) and
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maturation. CYLD removes K63-polyUb from PSD-95, leading to translocation of
deubiquitinated PSD-95 away from the PSD, destabilizing the PSD, weakening the synapse, and
inhibiting synapse formation and maturation. PDZ, SH3, and GK domains of PSD-95 are
indicated. PSD-95 binds NMDARs directly and AMPARs through Stargazin and localizes these
receptors at the synapse.

*Figure modified from Zajicek & Yao, 2020
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Figure 1.3. Non-Proteolytic Functions in Synaptic Plasticity
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Figure 1.3. Non-proteolytic ubiquitination regulates Hebbian synaptic plasticity.
Schematic of K63 ubiquitination-related pre- and post-synaptic mechanisms regulating activitydependent plasticity. Pre-synaptically, sustained synaptic activity leads to activation of
presynaptic mGluR7, which inhibits glutamate (Glu) neurotransmitter release through PLC and
PKC-dependent suppression of P/Q type Ca2+channels. K63 ubiquitination of mGluR7 routes it
for lysosomal degradation, whereas K48 ubiquitination targets it for proteasomal degradation.
These processes may regulate a metaplastic LTD/LTP switch at MF-SLIN synapses. SV,
synaptic vesicle. Postsynaptically, IKK regulates constitutive CYLD activity through
phosphorylation under basal conditions. NMDAR-mediated Ca2+influx activates CaMKII,
which further activates CYLD through phosphorylation and/or recruits CYLD to the PSD.
CYLD deubiquitinates PSD-95 and causes dispersal of PSD-95, leading to loss of synaptic
AMPARs and weakening of synapses.
*Figure from Zajicek & Yao, 2020
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Figure 1.4. Autophagy Dysregulation Alters Dendritic Spine Pruning
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Figure 1.4. Autophagy Dysregulation Alters Dendritic Spine Pruning
Alterations in autophagy can result in altered dendritic spine density (Tang et al., 2014).
Upregulation of autophagy can occur by chronic PI3K/mTOR inhibition (Kumar et al., 2005)
either pharmacologically or with genetic manipulations, rapamycin treatment, or expression of a
dominant-negative (DN) form of AKT (Majumdar et al., 2011). These models of enhanced
autophagy result in a reduction of dendritic spines, and in some cases, an increase of filopodia.
Autophagy is reduced in several models, including human autism spectrum disorder (ASD)
brains, TSC2 heterozygous mice (Tang et al., 2014), Fmr1 KO mice (Yan et al., 2018), and
ATG7 (Tang et al., 2014) conditional knockout in neurons. In these models of reduced
autophagic activity, an increase in the number of dendritic spines is seen, particularly mushroommorphology spines.
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Figure 1.5. Autophagy Regulation of Synaptic Function and Plasticity
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Figure 1.5. Autophagy Regulation of Synaptic Function and Plasticity
Pre-synaptically, autophagosomes are continually formed, and transported to the soma (Maday et
al., 2012). Bassoon suppresses autophagy by binding Atg5 to prevent it from activating
autophagosome initiation (Okerlund et al., 2017). Bassoon also downregulates Parkin-mediated
K63 ubiquitination of SV proteins including SNARE complex proteins, preventing their
autophagosomal degradation and increasing SV pool size (Hoffmann-Conaway et al., 2020).
Post-synaptically, BDNF stimulation suppresses autophagy in an AKT-dependent manner. This
suppression of autophagy is required for LTP induction in vivo (Nikoletopoulou et al., 2017).
Chemical induction of LTD by NMDA or high potassium stimulation induces autophagy via
suppression of AKT/mTOR, which is required for LTD and autophagosomal degradation of
AMPA receptors (Shehata et al., 2012). Post-synaptic scaffolding proteins, including PSD-95,
SHANK3, and PICK1 are all targets of autophagy, and presumably their autophagosomal
degradation contributes to mechanisms of remodeling (Nikoletopoulou et al., 2017).
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Table 1.1. Summary Table of Discussed Non-Proteasomal Ubiquitination-related Proteins and
Their Roles in Neurons
Gene
(Protein)
CYLD
(CYLD)

Protein and cellular function
in the CNS
K63 and M1-specific DUB that
removes K63 chains in the PSD,
PSD-95 scaffolding, cLTD,
striatal GABAergic
transmission, amygdala
excitatory transmission, axon
outgrowth

NEDD4
(NEDD4)

K63-conjugating E3 that is
required for LTP, regulates
mGluR7 activity, ubiquitinates
AMPARs and regulates their
lysosomal degradation

NEDD4-2 K63-conjugating E3 that
(NEDD4L) regulates GluA1 trafficking and
degradation and homeostatic
plasticity
RNF8
E3 ligase that interacts with
(RNF8)
Ubc13 to limit synapse
formation likely via a K63dependent mechanism
TNFAIP3
Ubiquitin-editing enzyme which
(A20)
inhibits dendritic arborization
and dendritic spine formation
TRAF6
K63 E3 which regulates
(TRAF6)
neurotrophin signaling, synapse
formation & remodeling, axon
outgrowth
UBE2N
(Ubc13)

E2 ubiquitin conjugating
enzyme that works with TRAF6
and HERC2 to conjugate K63
chains to regulate presynaptic
function and stabilize PSD-95 at
the PSD

Associated brain
disorders
Mutations associated
with FTD/ALS,
potentially via
regulation of TDP-43
cytoplasmic
accumulation;
anxiety, interacts
with many proteins
associated with ASD,
SCZ, and depression
Expression reduced
in post-mortem brains
of SCZ patients,
involved in clearance
of a-synuclein in
mouse models
Deficiency linked to
epilepsy

Refs

A deletion in the
regulatory region
linked to ASD

(Valnegri et al.,
2017)

Deficiency
exacerbates MS-like
disease
Involved in APP
generation, prevents
Aβ-mediated cell
death in models of
AD
Unknown

(Mei et al., 2020;
Voet et al., 2018)

(Dobson-Stone et al.,
2020; Dosemeci et
al., 2013; Ma et al.,
2017; Thein, TaoCheng, et al., 2014)

(Lee et al., 2019; Lin
et al., 2011; Rubio et
al., 2013; Schwarz et
al., 2010; Scudder et
al., 2014; Sugeno et
al., 2014)
(Jewett et al., 2015;
Zhu et al., 2017)

(El Ayadi et al.,
2012; Geetha et al.,
2012; Vemula et al.,
2020)
(Ma et al., 2017;
Valnegri et al., 2017)
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Table 1.1. Summary Table of Discussed Ubiquitin-Related Genes and Their Roles in Neuronal
Function and Brain Disorders.
List of discussed ubiquitin-related genes, their associated protein, their normal function and
dysfunction in neuronal processes, and their links to human brain diseases.
Abbreviations: AD – Alzheimer’s Disease, ALS – Amyotrophic Lateral Sclerosis, ASD –
Autism Spectrum Disorder, MS – Multiple Sclerosis, PD – Parkinson’s Disease, FTD –
Frontotemporal Dementia, FXS – Fragile X Syndrome, SCZ – Schizophrenia

*Modified from Zajicek & Yao, 2020
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Table 1.2. Summary Table of Discussed Neuronal Autophagy and Autophagy-Related Genes
and Their Roles in Neuronal Function and Brain Disorders
Gene
(Protein)
AKT(Akt)

Neuronal autophagy-related
Function
Upstream activator of mTORdependent autophagy
inhibition through Tsc2
inactivation. Contributes to
BDNF-induced suppression of
autophagy. Regulates
neuronal mRNA translation.

Associated brain
disorders
Defects associated
with Rett Syndrome.
Haplotypes identified
in SCZ patients.
Disruption found in
neurodegenerative
disorders

Refs

ATG5
(Atg5)

Component of autophagy
initiation complex. Knockout
results in ubiquitinated
cytoplasmic inclusion
accumulation and swelling of
axons in Purkinje neurons.
Sequestered by Bassoon in the
presynaptic compartment to
regulate local autophagy.
Knockout in Drosophila
neurons results in dystrophic
dendritic development and
branching
E1-like enzyme involved in
LC3 processing for autophagy
initiation. Knockout results in
axonal swelling, P62
accumulation, and
ubiquitinated cytoplasmic
inclusion accumulation
Mammalian of homologue of
Atg. Involved in
autophagosome formation.

Plasma ATG5
increased in ALZ

(Cho et al., 2019;
Clark et al., 2018;
Hara et al., 2006;
Komatsu et al.,
2006)

Knockout results in
neurodegeneration in
animal models

(Hara et al., 2006;
Komatsu et al.,
2006; Komatsu et
al., 2007)

Involved in
neurodegeneration,
decreased in
postmortem SCZ
brain tissue. Involved
in protein clearance
in models of PD
Mutations associated
with FTD/ALS,
potentially via
regulation of TDP-43

(MerenlenderWagner et al., 2015;
Spencer et al., 2009)

ATG7
(Atg7)

BECN1
(Beclin-1)

CYLD(CYLD) PSD-associated K63
deubiquitinates that regulates
PSD-95 deubiquitination,
Interacts with P62, regulates

(Gabbouj et al.,
2019; Hemmings &
Restuccia, 2012;
Inamura et al., 2005;
Schwab et al., 2005;
Slipczuk et al.,
2009; Yan et al.,
2018)

(Dobson-Stone et
al., 2020; Dosemeci
et al., 2013; Jin et
al., 2019; H. D. Li et
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BSN
(Bassoon)

FMR1
(FMRP)

MTOR
(mTOR)

OPTN
(Optineurin)

RPTOR
(Raptor)

activity of Akt, and inhibits
mTORC1 reactivation and
autolysosome efflux in the
periphery. Controls cLTD,
striatal GABAergic
transmission, amygdala
excitatory transmission, and
axon outgrowth
Regulator of presynaptic
vesicle pool. Sequesters Atg5
and regulates Parkin to control
local autophagy at the
presynaptic compartment.

cytoplasmic
accumulation;
Knockout mice have
anxiety-like deficits.
Interacts with many
ASD, SCZ, and
depression-related
proteins.
Mutations associated
with human
progressive
supranuclear palsylike syndrome

RNA binding protein that
negatively regulates
translation in neurons.
Knockout in mice increases
mTOR activity and decreases
autophagy, increases
autophagy, disrupts dendritic
spine morphogenesis,
increases synaptic plasticity,
and regulates PSD-95 and Arc
expression
Component of the mTORC1
complex and regulator of
autophagy initiation.
Regulator of neuronal mRNA
translation following BDNF.
Regulates neuronal protein
expression. Required for
ketamine-induced
synaptogenesis in models of
depression.
Selective autophagy receptor.
Mutations associated with
reduction of autophagymediated clearance of
inclusion bodies in neurons

Mutations associated
with FXS, cognitive
dysfunction, and
ASD

Component of the mTORC1
complex and regulator of
ULK1-dependent autophagy
initiation. Knockdown of

Increased in postmortem ASD brains.
mTORC1 signaling
increased in mouse
models of FXS.
Defects associated
with Rett Syndrome.
mTOR signaling
implicated in mouse
models of depression
Mutations associated
with familial
glaucoma and ALS;
Colocalizes with
inclusion bodies in
ALZ, Parkinsons,
ALS, and HD
Enhanced
translocation to the
lysosome associated
with FXS

al., 2021; Oyston et
al., 2021; Thein,
Pham, et al., 2014;
Thein, Tao-Cheng,
et al., 2014; Wooten
et al., 2008; Zhang
et al., 2016)
(Hernandez et al.,
2012; HoffmannConaway et al.,
2020; Okerlund et
al., 2017; Yabe et
al., 2018)
(Sharma et al., 2010;
Yan et al., 2018)

(Inamura et al.,
2005; Slipczuk et
al., 2009; Tang et
al., 2014; Yan et al.,
2018)

(Maruyama et al.,
2010; Mori et al.,
2012; Osawa et al.,
2011; Schwab et al.,
2012; Shen et al.,
2015)
(Kim et al., 2011;
Yan et al., 2018)
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SQSTM1
(P62)

TSC1
(TSC1)

TSC2
(Tsc2)

ULK1
(ULK1)

MAP1LC3B
(LC3B)

Raptor in FMR1 mice restores
spine density, synaptic
plasticity, and cognitive
defects
Binds K63 polyUb-conjugated Mutations associated
proteins and sequesters them
with familial and
for selective macroautophagy sporadic ALS.
Increased in ASD
post-mortem brain
Component of TSC complex
Mutations result in
and regulator of mTORC1Tuberous Sclerosis,
dependent autophagy.
ASD, and intellectual
disability
Component of TSC complex
Mutations result in
and regulator of mTORC1Tuberous Sclerosis,
dependent autophagy.
ASD, and intellectual
Knockout results in dendritic
disability
spine pruning deficits and
cortical malformations.
Activator of autophagy
Involved in
initiation suppressed by
neurodegeneration.
mTORC1 signaling. Involved Dominant-negative
in TrkA receptor
ULK1 expression
internalization and filopodial
improves
withdrawal
neurodegenerative
and motor symptoms
in models of PD
Lipidated form (LC3-II) is
Reduced in models of
integrated into phagophores,
SCZ. Reduced in
binds P62. Marker of
ASD post-mortem
autophagosomes.
brains

(Gal et al., 2009;
Sun et al., 2018)

(Goorden et al.,
2007; Roach et al.,
1998; Yoshida et al.,
2011)
(Inoki et al., 2002;
Kim et al., 2011;
Roach et al., 1998;
Tang et al., 2014)

(Balke et al., 2020;
Kim et al., 2011;
Nazio et al., 2013;
Zachari & Ganley,
2017)

(MerenlenderWagner et al., 2015;
Pankiv et al., 2007;
Tang et al., 2014;
Yuan et al., 2015)
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Table 1.2. Summary Table of Discussed Autophagy and Autophagy-Related Genes and Their
Roles in Neuronal Function and Brain Disorders.
List of discussed autophagy and autophagy-related genes, their associated protein, their normal
function and dysfunction in neuronal processes, and their links to human brain diseases.
Abbreviations: AD – Alzheimer’s Disease, ALS – Amyotrophic Lateral Sclerosis, ASD –
Autism Spectrum Disorder, PD – Parkinson’s Disease, FTD – Frontotemporal Dementia, FXS –
Fragile X Syndrome, SCZ – Schizophrenia
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Abstract
CYLD has been traditionally studied as a tumor suppressor protein and negative regulator
of the NF-κB pathway in innate immunity and inflammation. However, it has been recently
shown to be enriched in neurons, especially at the post-synaptic density of excitatory synapses in
the mammalian brain. More recently, a CYLD mutation has been identified as a causative gene
for fronto-temporal dementia (FTD)/amyotrophic lateral sclerosis (ALS), though the underlying
mechanisms are unknown. Here, I show that CYLD plays a critical role in synaptic remodeling,
function, and plasticity, and regulates an array of behaviors in mice. CYLD-deficient mice
display behavioral deficits including anxiety- and depression-like deficits, hypersociability, and a
reduction of behavioral flexibility. These deficits are accompanied by excessive synapses,
enhanced synaptic transmission, impaired LTD, and increased expression of major synaptic
proteins in the CYLD KO hippocampus. I additionally show that CYLD overexpression in
cultured hippocampal neurons reduces dendritic spine density, particularly mushroom spines,
whereas knockdown increases them, which can be rescued with coexpression of a shRNAresistant CYLD construct. Overexpression-induced loss of spines is recapitulated in mature
neurons, suggesting that CYLD acts through a pruning or remodeling mechanism, and requires
the deubiquitinase (DUB) activity of CYLD. Together, these findings indicate that CYLD plays
a major role in synaptic remodeling by limiting synaptic strength, which has major consequences
on animal behavior.

Introduction
CYLD is a K63-specific deubiquitinase which controls a variety of biological processes
but has mainly been studied as a regulator of immune signaling and tumor suppression (Guo et
al., 2014; Komander et al., 2008; Song et al., 2012; Sun, 2010). Deficiency of CYLD is the cause
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of cylindromatosis, a genetic disease characterized by skin tumors of the head and neck (Biggs et
al., 1995; Bignell et al., 2000). CYLD exerts its control on immune and apoptotic signaling by
acting on several substrates to serve as a brake on NF-KB signaling (Sun, 2010). Through this
pathway, CYLD has general effects on the brain’s development and maintenance, controlling
notochord development in zebrafish (T. Li et al., 2021), and regulating neuronal health and
apoptosis (Ganjam et al., 2018). However, more recently CYLD has been emerging as an
important protein in the control of the mammalian synapse (Zajicek & Yao, 2021). CYLD is
enriched at the post-synaptic density (PSD) (Ma et al., 2017), where it is recruited in response to
high K+ or NMDA stimulation in a CaMKII-dependent manner (Dosemeci et al., 2013; Thein,
Tao-Cheng, et al., 2014), and activated by IκB Kinase (IKK) (Thein, Pham, et al., 2014). At the
synapse, CYLD interacts with over 100 synaptic proteins in the mouse striatal synaptosome (Jin
et al., 2019). Additionally, CYLD is a deubiquitinase for the synaptic scaffold PSD-95, and
regulates its synaptic targeting and stabilization in response to NMDA stimulation (Ma et al.,
2017). CYLD is also required for chemical NMDA-induced long-term depression (cLTD) in
cultured hippocampal neurons (Ma et al., 2017). Global loss of CYLD results in synaptic
transmission deficits, including GABAergic transmission in the striatum and reduced excitability
of principal neurons in the basolateral amygdala (H. D. Li et al., 2021; Zhang et al., 2016). More
recently, CYLD has been shown to be involved in anxiety-like behavior and amygdaladependent tone-cued fear memory in mice (Han et al., 2020; H. D. Li et al., 2021). Mutations in
CYLD have been identified as causative mutations for FTD, and appeared as a protein
potentially dysregulated in Parkinson’s Disorder (PD) (Bustos et al., 2020; Dobson-Stone et al.,
2020). Therefore, it is important to understand the role of CYLD in the nervous system, though
little work has been done to characterize its functions in the synapse.
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In this chapter, I describe the role of CYLD in behavioral deficits, including behavioral
flexibility, a process which requires hippocampal synaptic plasticity (Collingridge et al., 2010). I
also demonstrate that CYLD knockout mice have biochemical, morphological, and
electrophysiological deficits including synaptic plasticity deficits. I describe a CYLDoverexpression driven loss of mature dendritic spines by a pruning mechanism in a
deubiquitinase-dependent manner. Our findings provide novel insights into the role of this FTDlinked, synaptically-enriched K63 deubiquitinase in the control of synaptic morphogenesis,
activity, plasticity, and behavior.

Materials and Methods
Animals
CYLD knockout mice were generously gifted by Dr. Shao-Cong Sun (university of Texas
MD Anderson Cancer Center, TX, USA) (Reiley et al., 2006). CYLD wildtype (WT),
heterozygote, and homozygote (KO) mice were bred in-house by crossing CYLD heterozygous
male and females, and genotyped using PCR. C57BL/6J mice were obtained from Jackson
Laboratory initially and bred in-house (Bar Harbor, ME, USA). Timed pregnant (E18) Wistar
Rats were purchased from Charles River Laboratories (Wilmington, MA, USA). Mice were
housed in same-sex groups of 2-5 under a 12h light/dark cycle with ad-libitum access to food and
water. All animal procedures were approved by the SUNY Upstate Institutional Animal Care and
Use Committee.
Plasmids
Wildtype CYLD, hCYLD, CYLD C601A mutant, and shCYLD (5′-ggctgtgcgcgcagacttc3) constructs were generated using the pLL3.7 lentiviral vector backbone under the CMV
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promoter with an EGFP reporter (Ma et al., 2017). Myc-hCYLD and Myc-CYLD C601A AAV
plasmids were generated using the pAAV backbone under the hSyn promoter. pAAV-hSynDsRed was a gift from Edward Callaway (Addgene plasmid # 22907). Plasmids were
transformed into XL10-GOLD ultracompetent E. coli (Agilent) according to the manufacturer’s
protocol. Plasmid DNA was isolated using a Plasmid Midiprep Kit (Thermo Fisher) and stored in
TE buffer (Thermo Fisher). Concentration and purity were recorded on a NanoDrop 1000
(Thermo Fisher). All constructs were confirmed by DNA sequencing and protein expression
before use.
Antibodies
Primary antibodies were used for western blotting at the following concentrations: NR1 (1:1000;
Cell Signaling, 5704), PSD95 (1:1000; Cell Signaling, 2507), GluA1 (1:1000, Cell Signaling,
13185), GluA2 (1:1000; Abcam, AB20673), NR2A (1:1000; Abcam, ab124913), NR2B
(1:1000; Abcam, ab254356), β-Actin (1:2000; Santa Cruz, SC-47778), Goat anti-Rabbit IgG
(H+L) HRP (1:2000; Invitrogen, 32460), Goat anti-Mouse IgG (H+L) HRP (1:2000; Invitrogen,
A16066).
Behavior
Age-matched adult mice (3-4 months old) were acclimated to the behavior rooms for at
least 30 minutes in their home cage prior to all behavior testing. All testing chambers were
cleaned between trials and subjects with REScue veterinary cleaner (Rescue Disinfectants). All
behavioral assays were carried out and scored blind to genotype.
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Open Field: Mice were placed in a 40 cm x 40 cm x 30 cm open-field chamber (Med
Associates) for 30 minutes. Total distance and time in the sides and corners were assessed by
AnyMaze (Stoelting).
Forced Swim: Animals were placed in a 50 cm tall x 18 cm diameter glass beaker
containing fresh 22° tap water up to 24 cm to ensure mice were not able to climb out of, or to
touch the bottom of the beaker. Mice were allowed to swim freely for an induction phase of 5
minutes. 24 hours later, mice were placed back in the beaker for 5 minutes and locomotion was
recorded with AnyMaze. Immobility was scored as a lack of climbing, diving, or swimming
beyond what was required to stay above water for 2 or more seconds.
Elevated Plus Maze: Mice were placed on an elevated plus maze (Med Associates)
containing two ‘open’ arms with no walls, and two ‘closed’ arms with 30.5 cm tall walls
surrounding the arms. Mice were allowed to explore the apparatus for 5 minutes. Time in each
arm, as well as entries to each arm was recorded by an overhead camera and scored
automatically with AnyMaze.
Three Chamber Sociability Test: Mice were placed into the center of a modular chamber
(Med Associates) 120 cm x 40 cm x 40 cm, with another modular chamber on each side,
separated by a plexiglass divider. Mice were acclimated to the center chamber for 5 minutes
before being allowed to explore the remaining segments for another 10 minutes. The left and
right chambers each contained a wire cup, either empty or containing a novel, age- and sexmatched non-littermate mouse. Time spent interacting with the empty cup or stranger mouse was
manually scored. Time in each chamber was automatically scored by AnyMaze.
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Cocaine Sensitization: To induce locomotor sensitization to cocaine, WT or KO mice
were placed in an open-field chamber and allowed to explore for 30 minutes. Mice were then
given an intraperitoneal (I.P.) injection of 10 mg/kg cocaine (Sigma) and allowed to explore the
chamber for another 30 minutes. Mice were then given an I.P. injection of 10 mg/kg cocaine
each day for 7 days. On day 8, mice were reintroduced to the open field chamber previously
explored, and allowed 30 minutes to explore. At 30 minutes, mice were given a dose of 10 mg/kg
cocaine and allowed to explore again. Distance travelled was measured automatically by
AnyMaze.
Barnes Maze: To assess learning and memory, mice were briefly trained to locate the
escape tunnel of a Barnes maze (122 cm diameter, 20 holes evenly spaced along the edge, Med
Associates). The escape tunnel was large enough to accommodate the mouse. The next day, mice
were allowed to explore the Barnes Maze for 3 minutes, with their time spent until entering the
escape tunnel, and number of non-escape tunnel explorations recorded with AnyMaze. The test
was ended either at the end of three minutes, or when both of the animal’s forelimbs had entered
the escape tunnel. Animals that did not locate the escape tunnel by the end of the test were
guided to the escape tunnel. This was repeated three times per day for 4 days. To assess
behavioral flexibility, the escape tunnel was relocated to the hole 180° from the original position,
on the opposite side of the table. Mice were allowed 5 minutes per day, once per day to locate
the new location of the escape tunnel. To assess long-term memory, mice were tested once per
day at 5, 10, and 15 days after the initial 4 days of training.
Electrophysiology
Brains for electrophysiology were collected from P20-P30 male and female CYLD WT
or KO mice. Mice were euthanized by cervical dislocation and decapitation, and brains were
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rapidly extracted and sectioned transversely at 300 μm with a S1200 vibratome (Leica) in icecold, oxygenated (95% O2, 5% CO2; Airgas) sucrose cutting solution containing 75 mM sucrose,
87 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 7 mM MgCl2, 25 mM NaHCO3, 10 mM Dglucose, 0.5 mM CaCl2, and 1.3 mM ascorbic acid. Slices were then transferred to preincubation
chamber at 37°C for 45 minutes in artificial cerebrospinal fluid (aCSF) containing 126 mM
NaCl, 18 mM NaHCO3, 2.5 mM KCl, 2.4 mM MgCl2, 1.2 mM CaCl2, 1.2 mM NaH2PO4, and 11
mM D-glucose (Chaouloff et al., 2007). Slices were then transferred to room temperature for the
remainder of the experiment. Following incubation, slices were placed in a recording chamber
containing oxygenated ACSF with 100 μM picrotoxin at 32°C.
Whole-cell patch-clamp recordings were performed on visually identified CA1 pyramidal
neurons in the hippocampus. Pipettes (3.5-5.5 MΩ) were filled with internal solution containing
142 mM Cs-gluconate, 8 mM NaCl, 10 mM HEPES, 0.4 mM EGTA, 2.5 mM QX-314, 2 mM
Mg-ATP, and 0.25 mM GTP-Tris, adjusted to pH 7.2. All recordings were made at 32°C with a
temperature controller (Warner Instruments). Drugs were delivered to the extracellular bath with
a perfusion system (Harvard Apparatus). For miniature excitatory post-synaptic current
(mEPSC) recordings, bath solution was supplemented with 1μM TTX to block voltage-gated
sodium channels. Neurons were voltage-clamped at -60 mV for 10 minute recordings. For
experiments measuring evoked excitatory postsynaptic currents (eEPSCs), Schaffer collateral
afferents in the stratum radiatum were stimulated using a concentric bipolar electrode (FHC) to
evoke a response in CA1 hippocampal neurons. Only cells displaying a single, monosynaptic
response were included in analysis.
For LTD experiments, baseline was established by holding cells at -60 mV, and a
presynaptic stimulus was delivered at 0.033 Hz (200 μs pulse duration), with stimulation
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intensity controlled such that baseline eEPSC amplitude was consistently 150-250 pA. Following
10 minutes of stable baseline recording, LTD was induced by pairing 1000 presynaptic stimuli
(at 2 Hz) with postsynaptic depolarization at -40 mV. Following LTD induction, cells were
returned to -60 mV and stimulus was given at 0.033 Hz for 60 minutes. LTD was measured as
the EPSC amplitude after induction, divided by average baseline amplitude. Series resistance
was monitored throughout whole-cell recordings, and recordings where the resistance changed
by >15% were discarded.
Signals were collected with a Multiclamp 700B amplifier (Molecular Devices) and
digitized at 10 kHz on a Digidata 1440a (Molecular Devices), filtered at 1 kHz. mEPSCs were
analyzed on MiniAnalysis software (Synaptosoft), and eEPSCs were analyzed on pCLAMP 10
software (Molecular Devices).
Stereotaxic Surgery and In Vivo Labelling
For in vivo dendritic spine analysis, P14-15 CYLD WT and KO mice were anesthetized
with isofluorane and injected bilaterally with 0.2 μL AAV2-hsyn-EGFP (Addgene #50465AAV2) into the CA1 hippocampus (AP: -1.8 mm, ML +/- 1.5 mm, DV: -1.3 mm; 0.05
μm/minute). On P30, mice were anesthetized with ketamine/xylazine cocktail for cardiac
perfusions. Mice were perfused with phosphate buffered saline (PBS) followed by 4%
paraformaldehyde (PFA) in PBS. Brains were post-fixed overnight at 4°C in 4% PFA with 5%
sucrose. Brains were then embedded in low-melting temperature agarose and sliced transversely
at 100 μm on a Vibratome 1000 (TPI). Slices were stored in 4% PFA in 5% sucrose until
imaging.
Cell Culture and Transfection
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Primary hippocampal neurons were isolated from either E18 rat embryos or P0 mouse
pups using a Papain Dissociation Kit according to the manufacturers protocol (Worthington
Biochemistry). Cells were plated on poly-D-lysine (Sigma Aldrich) coated coverslips in 24-well
dishes (Thermo Fisher) at medium density (~60,000 cells/coverslip). Cells were cultured in
Neurobasal medium (Thermo Fisher), and supplemented with 1X GlutaMax (Thermo Fisher),
1X B27 (Gibco), and 200 U/mL Penn/Strep (Thermo Fisher), and incubated at 37°C in 5% CO2.
Medium was changed every 3-4 days with 50% fresh medium. Cells were cotransfected with
hSyn-DsRed and the indicated construct on DIV 7 or DIV 19 (for older neurons) with 1μg total
purified plasmid DNA via CalPhos Mammalian Transfection Kit (TaKaRa Bio) according to the
manufacturer’s protocol. Successful transfection was confirmed 24 hours later by fluorescence
microscopy.
In Vitro Virus Preparation and Infection.
AAV particles used for in vitro infection were packaged by Vigene Biosciences. To
infect cultured neurons, concentrated virus was added to DIV7 neurons at an MOI of ~5,000
overnight. The next day, media was replaced with 50% fresh, 50% conditioned neurobasal media
and cells were grown to DIV21 for analysis.
Confocal Microscopy and Image Analysis
Whole-cell and dendritic images were gathered using a Leica TSC SP5 Spectral Confocal
Microscope (Leica Microsystems) with a 40x or 63x (with 4x digital zoom) objective at a
resolution of 1,024 x 1,024 pixels. Brain slices and coverslips were mounted in ProB antifade
mounting reagent (Thermo Fisher) and imaged and analyzed blinded to genotype and condition
of the samples. For brain slices, CA1 hippocampus pyramidal neurons were visually identified
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and imaged. For cultured cells, pyramidal neurons were randomly selected for imaging. Images
were taken along the Z-axis at a total thickness of 1 μm (for dendrite segments), 3 μm (for
whole-cell images of cultured neurons), or 5 μm (for whole-cell images of brain slice neurons).
Dendrites were imaged at the first branch of the primary apical dendrite, and every spine along
the >25 μm length was measured using ImageJ software (Schneider et al., 2012). Spine
classification was automatically sorted in Excel (Microsoft) by the following criteria: mushroom
(head width:neck length >1.5), stubby (total length < 1 µm, head width:neck length < 1.5), thin
(neck length >1 µm, head width:neck length < 1.5), filopodia (no discernible head) (Harris et al.,
1992). For dendritic arborization analysis, a binary image of the whole-cell image was generated
using ImageJ, and analyzed using the Sholl plugin (Stanko et al., 2015), with the center set at the
soma and a starting radius of 10 μm, 10 μm step size, and averaging of 3 points.
Immunoblot Analysis
Cortical and hippocampal tissue were rapidly (in under one minute) extracted on ice, snap
frozen on dry ice, and stored at -80°C until lysis. Tissue was homogenized in ice-cold
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCL (pH 7.4), 1% NP-40, 0.1%
SDS, 0.25% deoxycholic acid, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1X protease inhibitor
cocktail (Roche), and Phosphatase Inhibitor Cocktail 3 (Sigma Aldrich). The lysate supernatant
was collected by centrifugation for western blotting. Lysates were mixed with SDS loading
buffer and heated to 95 °C for 5 minutes before loading on a 7.5% SDS/PAGE gel. Proteins were
transferred to a PVDF membrane (Bio-Rad) and blocked with 3% BSA blocking buffer in Tris
Buffered Saline with 0.1% TWEEN 20 (TBS-T, Santa Cruz). Membranes were incubated with
primary antibodies at 4°C overnight, and secondary antibodies at room temperature for 1 hour.
For resolution of multiple proteins, blots were stripped between probes with Membrane Stripping
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Buffer-3 (Boston BioProducts). Signals were detected using SuperSignal West Femto Maximum
Sensitivity Substrate Kit (Pierce) on a ChemiDoc MP (BioRad). Relative protein band intensity
was quantified within linear range using ImageJ (NIH) (Schneider et al., 2012).
Statistical Analysis
All data are represented as mean ± SEM. Comparisons involving two groups were
analyzed with a two-tailed unpaired Student’s t test. For comparison of behavioral sensitization
before and after sensitization, a paired t-test was used. For data containing more than two groups,
a one-factor ANOVA was performed followed by appropriate multiple comparison post-hoc test.
For Sholl analysis, groups were compared with a two-factor ANOVA with Bonferroni’s multiple
comparison test to compare each bin. For cumulative probability tests, the Kolmogorov-Smirnov
test was used. Significance threshold was set at α = 0.05. All statistical analyses were performed
using Prism 7 (GraphPad).

Results
2.1 CYLD Knockout Mice have Social, Affective, and Cognitive Behavioral Deficits
To better understand the role of CYLD in the brain in vivo, CYLD WT and KO mice
were subjected to several behavioral tests (Figure 2.1). CYLD KO mice travelled significantly
less distance during an open field test, and spent significantly less time in the center of the
apparatus compared to WT (Figure 2.1a), suggesting impaired locomotor activity and increased
anxiety-like behavior. Supporting this, the KO mice spent significantly more time in the closed
arm portion of an elevated plus maze and crossed into the open arms a fewer number of times,
supporting increased anxiety-like deficits in these mice (Figure 2.1b), consistent with previous
work (Han et al., 2020). There was also an increase in the immobility of the KO mice during a
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forced swim test (Figure 2.1c), suggesting that CYLD KO mice also have a depression-like
phenotype. To test whether CYLD may play a role in behavioral sensitization, a paradigm
thought to model some aspects of drug-induced plasticity, mice were given a dose of 10 mg/kg
of cocaine and tested in an open field apparatus before and after 7 days of cocaine sensitization
regimen. Following sensitization, there was a significant increase in distance travelled following
cocaine challenge by the WT mice, but distance traveled by the KO mice was not significantly
altered (Figure 2.1d). I additionally found that CYLD KO mice spent significantly more time
interacting with a novel stranger but return to baseline following repeated daily interaction with
the stranger mouse, indicating a stronger response to first-day social novelty in these mice
(Figure 2.1e). CYLD heterozygous mice did not display deficits compared to WT during open
field, forced swim, or elevated plus maze tests (data not shown). Taken together, it is likely that
CYLD plays a role in various aspects of behavior, particularly anxiety- and depression-like
behaviors and sociability.
Next, I tested whether CYLD knockout mice have learning and memory deficits. To do
so, I first tested learning acquisition with a Barnes maze assay, with no significant difference in
the time to find the escape tunnel across all four days of the learning phase of the test (Figure
2.2a + b). However, when the escape tunnel was relocated to the opposite side of the Barnes
maze table, KO mice took significantly longer to find the new location of the escape tunnel,
often staying near the previous location (Figure 2.2a + b), implying a behavioral flexibility
deficit in these mice. Additionally, when mice were tested 10, 15, 20, or 30 days after the initial
learning acquisition phase, the KO mice took longer than the WT to locate the escape tunnel
when tested 10, 15, and 20 days later, though these points did not reach statistical significance,
which may indicate a potential long-term memory deficit in the CYLD KO mice (Figure 2.2c).
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2.2 CYLD Knockout Mice Have Altered Synaptic Activity and Plasticity
Next, the role of CYLD in synaptic activity and plasticity was investigated. Using wholecell patch clamp on CA1 hippocampal neurons from acute brain slices, miniature excitatory postsynaptic currents (mEPSCs) were measured in the presence of the sodium channel blocker TTX,
and GABAA receptor antagonist PTX to isolate AMPA receptor (AMPAR)-mediated currents
(Figure 2.3a). mEPSC amplitude was unchanged (Figure 2.3b), but mEPSC frequency was
significantly increased in the KO mice (Figure 2.3c), indicating increased synaptic activity,
either due to pre- or post-synaptic mechanisms. These data demonstrate a synaptic strengthening
of CA1 hippocampal neurons in CYLD KO mice, likely due to a higher density of functional,
mature synapses in the KO mice (see below). Additional paired-pulse ratio experiments indicate
that the increased synaptic efficacy in CYLD KO mice was likely due to a postsynaptic, rather
than an altered presynaptic release mechanism (Zajicek et al., 2021). Furthermore, induction of
LTD by pairing low-frequency stimulation (1000 presynaptic stimuli at 2 Hz) with postsynaptic
depolarization at -40 mV, resulted in impaired LTD in the KO (91.6 ± 9.0%) compared to WT
(69.759 ± 5.6%; p = 0.04 vs. KO; unpaired two-tailed t-test) (Figure 2.3d). Together, these
results demonstrate that CYLD plays important roles in both synaptic efficacy and NMDARdependent long-term synaptic plasticity.
2.3 CYLD Regulates Synaptic Protein Levels
I hypothesized that CYLD may control synaptic composition in the hippocampus due to
its effects on hippocampus-related behavior, and hippocampal mEPSC frequency and plasticity. I
found that CYLD expression increases over the course of development in the hippocampus,
proportional to expression of its synaptic substrate, PSD-95 (Figure 2.4a). Additionally, the
glutamate receptor subunits GluA1 and GluN1, as well as PSD-95 were all significantly
64

increased in the hippocampus of CYLD KO mice (Figure 2.4b-c). Conversely, overexpression
of CYLD in cultured hippocampal rat neurons by AAV infection had a largely opposite effect,
resulting in significantly reduced GluA1 and GluN1, but no change in PSD-95 (Figure 2.4d-e).
These results could indicate a change in synaptic protein composition, or the number or
morphology of dendritic spines.
2.4 CYLD Controls Synaptic Morphogenesis in vivo and in vitro
Given the effects of CYLD manipulations on behaviors, synaptic receptors, and
hippocampal synaptic efficacy and plasticity, I next tested whether CYLD alters hippocampal
synaptic density and maturity. I assessed dendritic spine density in in vivo and in vitro models
(Figure 2.5). First, I injected CYLD WT and KO mice with AAV2-hSyn-EGFP into the CA1
region of the hippocampus (Figure 2.5a) and imaged the first branch of the primary apical
dendrite (Figure 2.5b). Consistent with the increase of mEPSC frequency, KO mice had a
significantly increased dendritic spine density (Figure 2.5b-d). In particular, there was a specific
increase in mushroom spines, which are the dendritic spine type associated with mature, stable
synapses (Grutzendler et al., 2002) (Figure 2.5c). This was associated with an increased head
area, but not neck length, also indicating a shift towards mature spines (Grutzendler et al., 2002)
(Figure 2.5e-f). To ensure this effect was not due to a compensatory mechanism in response to
CYLD KO, I used an shRNA construct to knockdown CYLD in cultured rat hippocampal
neurons (Figure 2.6a). shCYLD expression significantly increased dendritic arborization, which
was rescued with coexpression of an shRNA-resistant hCYLD construct (Figure 2.6b). Similar
to the knockout I observed a significant increase in the number of dendritic spines (particularly
mushroom spines) in the shCYLD-expressing neurons (Figure 2.6c-d). Coexpression with the
RNAi-resistant hCYLD rescued mushroom spines to control levels, and further reduced total and
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stubby spines compared to neurons expressing only shCYLD (Figure 2.6c-d). Neck length was
unchanged with CYLD knockdown (Figure 2.6e), but there was a non-significant increase in
head area (Figure 2.6f), which was significantly reduced with coexpression of hCYLD. The
opposite was true when overexpressing CYLD. Overexpression of CYLD resulted in
significantly reduced dendritic arborization (Figure 2.6g-h), as well as a significant reduction in
total dendritic spines (Figure 2.6j), reducing both mushroom and stubby spines, while increasing
filopodia (Figure 2.6i). CYLD overexpression also resulted in increased neck length (Figure
2.6k) and decreased head area (Figure 2.6l), indicating a shift towards immature spine types.
2.5 CYLD Regulates Dendritic Spine Morphogenesis through a Pruning and DeubiquitinaseDependent Mechanism
In search of the underlying mechanisms behind the effect of CYLD on synapses, I first
tested whether the loss of spines seen by overexpression of CYLD was due to excess spine
pruning, or a reduction of spine formation (Figure 2.7). To test this, I transfected CYLD into
cultured hippocampal rat neurons at DIV19, past peak synaptogenesis which occurs at DIV4-10
in cultured neurons (Kim & Lee, 2012). At DIV19, CYLD overexpression still induced a robust
reduction in dendritic spine density, with a specific reduction in mushroom spines, and an
increase of filopodia (Figure 2.7d-f). Additionally, to test whether the effect was dependent on
CYLD’s deubiquitinase activity, I transfected cultured CYLD KO hippocampal neurons with
wild-type or deubiquitinase null CYLDC601A. I found that expression of CYLDC601A in the
CYLD-deficient mouse neurons, unlike wild-type CYLD, had no significant effect on total or
mushroom spine density, with a slight non-significant increase in total spines and a significant
increase in thin spines (Figure 2.7a-c). Therefore, CYLD is likely acting on dendritic spine
morphogenesis through a pruning mechanism, dependent on its deubiquitinase activity.
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Discussion
K63 ubiquitination has only recently begun to emerge as a mechanism for the regulation
of synapses. Here, I identify the K63 deubiquitinase CYLD as an important and robust
developmentally expressed regulator of synaptic morphogenesis, shifting dendritic spines away
from mature spine types, to more immature filopodia. One in vitro study, however, described
CYLD as an enhancer of dendritic spine formation (Li et al., 2019), which apparently contradicts
this work. Though the reasons for the discrepancy are unclear, one potential explanation is that
they counted all protrusions as spines rather than classifying different spine types and separating
them from filopodia, which are differentially regulated by CYLD. Additionally, while Li et al.,
solely relied on in vitro neuronal cultures with CYLD overexpression and knockdown, my study
employs comprehensive and thorough in vivo and in vitro approaches and the results are also
supported by functional electrophysiological evidence, all supporting a negative regulatory role
of CYLD on synaptic density in vivo and in vitro. I found that CYLD knockout increased
dendritic spine density in the intact brain, particularly mushroom spines, and this effect was
recapitulated by knockdown in cultured neurons: shCYLD increased total and mushroom spines,
as well as dendritic arborization, and coexpression with RNAi-resistant hCYLD rescued spine
density to baseline, indicating that the effect seen in KO cells is not likely due to a compensatory
mechanism. In contrast, overexpression reduced total and mushroom spine density, and
expression of wild-type but not enzyme-dead mutant C601A in KO cells rescued spine density,
indicating that the effect of CYLD on synaptic morphogenesis works through a deubiquitinasedependent mechanism. In addition, overexpression of CYLD in mature neurons past peak
synaptogenesis recapitulated the loss of spines, demonstrating that the effect was likely not due
to a lack of dendritic spine formation, and instead likely acts through a pruning or remodeling
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mechanism. These data are supported by a negative regulation of synaptic proteins including
GluA1, GluN1, and PSD-95 in CYLD overexpressing neurons. These results suggest that CYLD
exerts robust, bidirectional control on synaptic composition and morphogenesis.
In addition, CYLD also controls synaptic activity and plasticity. Consistent with
increased dendritic spines in CYLD KO mice, these mice also displayed an increase in mEPSC
frequency, but not amplitude, suggesting increased synaptic activity in the CYLD KO
hippocampus, likely due to the increased dendritic spine density seen in these mice. Our lab
previously found that CYLD is required for cLTD in cultured neurons (Ma et al., 2017).
Consistent with this finding, CYLD KO mice had a low-frequency stimulation (LFS)-induced
LTD deficit in CA1 hippocampal neurons compared to WT controls, supporting a role for CYLD
in NMDAR-dependent plasticity (Collingridge et al., 2010). Though the mechanism has not yet
been described, I later implicate CYLD-dependent control of autophagy in this process (Chapter
3).
I found that CYLD plays a major regulatory role on many aspects of behavior beyond
what is already known from the literature, including locomotor, affective, social, reward, and
cognitive behaviors. CYLD KO mice had a locomotor deficit during an open field test, though
this may have resulted from increased anxiety, manifesting as reduced motivation to explore.
This was supported by an increase of anxiety-like deficits during the elevated plus maze and
open field tests, which is consistent with previous literature (Han et al., 2020). Additionally,
CYLD KO mice had a depression-like phenotype, as well as a blunted cocaine sensitization, and
an increase of sociability on trial 1 of the three-chamber test. Although I did not observe any
changes in working memory during general learning and memory during a Barnes maze test, the
KO mice had reduced behavioral flexibility and long-term memory, both of which require
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efficient synaptic plasticity (Collingridge et al., 2010). This data provides new insights into the
many roles of CYLD in the regulation of behavior and cognition.
K63-polyUb regulation of synaptic development and plasticity has many important
functions in the nervous system, despite evidence only recently emerging (Chapter 1). This
work adds CYLD to the growing list of K63-regulating enzymes in CNS functions. Additionally,
this work establishes CYLD as the first K63 DUB identified in synaptic plasticity and
remodeling. So far, only K48-related DUBs have been identified in the regulation of synaptic
plasticity through UPS-dependent mechanisms, making CYLD a novel regulator of synaptic
function through K63-deubiquitination. Additionally, though CYLD has been implicated in some
functions of behavior and synaptic function, this work identifies CYLD as an important protein
in several levels of CNS function, from synaptic protein composition, to synaptic plasticity and
function, to behavioral outcomes.
So far, the majority of work studying CYLD has been as a tumor suppressor gene through
traditional immune pathways. CYLD has more recently been established as an FTD-related
protein and may also be involved in anxiety and Parkinson’s disease (Bustos et al., 2020;
Dobson-Stone et al., 2020; Tabuas-Pereira et al., 2020). These disorders, among many others,
involve immune dysregulation as a hallmark trait (Chase et al., 2016; Chen et al., 2016; Estes &
McAllister, 2015; Fang et al., 2018; Katzeff et al., 2020; Mevorach et al., 2021). This work
demonstrates the role of CYLD as a synapse regulator, in addition to its known role as an
immune system regulator, and therefore may contribute to understanding how the immune
system and nervous system interplay in the development of these diseases. Though the exact
mechanism has not been described, it was previously hypothesized that CYLD may regulate
autophagic flux (Dobson-Stone et al., 2020), though no work has proven whether this is true in
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the in vivo brain. I further discuss the role of autophagy in CYLD-dependent synaptic
remodeling and plasticity in Chapter 3.
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Figure 2.1. CYLD Knockout Mice Have Altered Behavior
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Figure 2.1. CYLD Knockout Mice Have Altered Behavior
a. Open field test. Total distance traveled and time spent (left) in the center of the open field
apparatus (right). n = 16 (WT) and 21 (KO) mice. ** p < 0.01; two-tailed unpaired t-test.
b. Elevated plus maze. Time spent in the closed arm (left) and number of crossings into the open
arm portion (right). n = 19 (WT) and 23 (KO) mice. * p < 0.05, ** p < 0.01; two-tailed unpaired
t-test.
c. Forced swim test. Time the animal spent immobile during the test. n = 19 (WT) and 23 (KO)
mice. * p < 0.01 two-tailed unpaired t-test
d. Cocaine sensitization. Distance traveled after cocaine injected on day 1 before (D1) or day 8
after (D8) cocaine sensitization. n = 16-27/group. N.S. = not significant, * p < 0.05, two-tailed
paired t-test.
e. Three chamber test. Diagram of test (left) and time spent sniffing the novel stranger (right). n
= 8 (WT) and 9 (KO) mice. ** p < 0.01 two-way ANOVA with Bonferroni’s multiple
comparison post-hoc test.

Experiments for subfigure e were performed by H. Dai.
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Figure 2.2. CYLD Knockout Mice Have Reduced Behavioral Flexibility
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Figure 2.2. CYLD Knockout Mice Have Reduced Behavioral Flexibility
a. Barnes Maze. Time to locate the escape tunnel during a learning acquisition phase (left) or
reversal phase (right) during a Barnes maze test. n = 30 (WT) and 33 (KO) mice.
b. Representative track plots of WT and KO mice during a Barnes maze task during learning
acquisition days 1 and 5, and during the first day of reversal. Blue dot indicates start, and red dot
indicates finish of the test. Circle on day 5 represents the previous location of the escape tunnel.
c. Long-term memory. Time to locate the escape tunnel 10, 15, 20, or 30 days past the last
acquisition phase trial. n = 7 (WT) and 6 (KO).
All summary data are mean ± sem. N.S., not significant; *p < 0.05; **p < 0.01; ***P < 0.001;
two-tailed unpaired t-tests or two-way ANOVA with Bonferroni’s multiple comparison test.
W. Burnette contributed partially to data presented in b and c.
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Figure 2.3. CYLD Knockout Mice Have Altered Hippocampal Synaptic Efficacy and Plasticity
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Figure 2.3. CYLD Knockout Mice Have Altered Hippocampal Synaptic Efficacy and Plasticity
a. Representative mEPSC traces from CYLD WT and KO CA1 hippocampal neurons. Scale bar:
25 pA, 200 ms
b. Average amplitude (inset) and cumulative probability of mEPSC amplitude. n = 30 (WT) and
23 (KO).
c. Average frequency (inset) and cumulative probability of mEPSC interevent interval. n = 30
(WT) and 23 (KO). *** p < 0.001; two-tailed unpaired t-test. ## p < 0.01 Kolmogorov Smirnov
test with Bonferroni’s multiple comparison post-hoc test.
d. Long-term depression. LTD was induced in CA1 hippocampal neurons by delivering 1000
stimuli at 2Hz to the Schaffer collateral afferent while holding the cell at -40 mV. Insets
represent EPSCs before and after LTD induction (arrow). Scale bars: 50 pA, 25 ms. n = 12 (WT)
and 7 (KO) cells.
Summary data are mean ± sem.
Summary data from b-c contains data from H. Ruan. Experiments and analysis for figures a and
d were performed by H. Ruan.
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Figure 2.4. CYLD Alters Synaptic Protein Expression
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Figure 2.4. CYLD Alters Synaptic Protein Expression
a. Western blot of CYLD and PSD-95 from C57 wild-type mouse hippocampus at various
timepoints throughout development from P0-P60.
b. Representative western blots of indicated synaptic proteins and β-actin from CYLD WT and
KO hippocampus lysates.
c. Quantifications of protein levels from b normalized to WT controls, adjusted to β-actin. n = 10
(WT) and 10 (KO) mice.
d. Representative western blots of indicated synaptic proteins and β-actin from DIV21 rat
neurons infected DIV7 with AAV-EGFP or AAV-CYLD.
e. Quantification of protein levels from d normalized to AAV-EGFP controls, adjusted to βactin. n = 4 (AAV-EGFP) and 4 (AAV-CYLD) culture well lysates.
Summary data are mean ± sem. *p < 0.05; **p < 0.01; ***P < 0.001; two-tailed unpaired t-tests.
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Figure 2.5. CYLD KO Mice Have Increased Dendritic Spine Density in vivo
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Figure 2.5. CYLD KO Mice Have Increased Dendritic Spine Density in vivo
a. Representative 10X (left) and 40X (right) images showing AAV2-hsyn-EGFP infected
neurons from a P30 WT hippocampal slice, infected on P15. White box indicates region of
interest (first branch of the primary apical dendrite) for dendritic spine imaging. Scale bars: 200
µm (left) and 50 µm (right).
b. Representative dendrite images from the first primary apical branch of CA1 hippocampal
neurons prepared from CYLD WT and KO mice. Scale bar: 5 µm.
c. Dendritic spine type quantifications. Classified spine densities quantified from WT and KO
neurons. M = Mushroom, S = Stubby, T = Thin, F = Filopodia.
d. Total dendritic spine quantifications from WT and KO neurons.
e. Neck length quantifications. Length from dendrite to spine head from WT and KO neurons.
f. Head area quantifications. Total 2-dimensional spine head area of spines from WT and KO
neurons.
n = 20 (WT) and 18 (KO) cells from 3 mice per group. * p < 0.05, ** p < 0.01, *** p < 0.001;
two-tailed unpaired t-test.
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Figure 2.6. CYLD Negatively Regulates Dendritic Spine Morphogenesis in vitro
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Figure 2.6. CYLD Negatively Regulates Dendritic Spine Morphogenesis in vitro
a. Representative whole-cell (top) and dendrite (bottom) images from DIV 21 cultured rat
hippocampal neurons cotransfected on DIV 7 with DsRed and shControl, shCYLD, or shCYLD
+ RNAi resistant hCYLD. Scale bars: 20 µm (top), 5 µm (bottom).
b. Quantifications of dendritic arborization from a. # p < 0.05, two-way ANOVA with
Bonferroni’s multiple comparison post-hoc test vs. shLuciferase.
c-d. Quantifications of spine types (c), total spine density (d) from a. n = 15 (shLuciferase), 13
(shCYLD), 19 (shCYLD + hCYLD).
e-f. Quantifications of average neck length (e), and average head area (f) from a. n = 15
(shLuciferase), 13 (shCYLD), 11 (shCYLD + hCYLD) dendrites.
g. Representative images of whole neurons (top) and dendritic segments (bottom) from DIV21
GFP or GFP/CYLD rat embryonic hippocampal neurons transfected on DIV7. Scale bars: 20
µm (top), 5 µm (bottom).
h. Quantifications of dendritic arborization from g. # p < 0.05, two-way ANOVA with
Bonferroni’s multiple comparison post-hoc.
i-j. Quantifications of dendritic spine type (i) and total spine densities (j) from g. n = 17 (GFP)
and 22 (GFP/CYLD) cells from 3-4 independent cultures. M = Mushroom, S = Stubby, T = Thin.
F = Filopodia
k-l. Quantifications of average neck length (k) and spine head area (l) from g. n = 22 (GFP) and
18 (GFP/CYLD) dendrites.
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All summary data are mean ± sem. *p < 0.05; **p < 0.01; ***P < 0.001; two-tailed unpaired ttests or one-way ANOVA with post-hoc Bonferroni’s multiple comparison test.
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Figure 2.7. CYLD Regulates Dendritic Spine Morphogenesis Through a DeubiquitinaseDependent Pruning Mechanism
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Figure 2.7. CYLD Regulates Dendritic Spine Morphogenesis Through a DeubiquitinaseDependent Pruning Mechanism
a. Representative dendrite images from cultured hippocampal CYLD KO mouse neurons
transfected with either control, CYLD, or deubiquitinase-null CYLDC601A. Scale bar = 5 µm.
b-c. Quantifications of dendritic spine type (b) and total spines (c) from neurons transfected with
wild-type CYLD or mutant C601A. n = 21 (GFP), 19 (CYLD), and 19 (C601A). * p < 0.05; ** p
< 0.01; *** p < 0.001, one-way ANOVA with Bonferroni’s multiple comparison post-hoc test.
d. Effects of CYLD overexpression in mature neurons. Representative dendritic segments from
mature rat hippocampal neurons transfected on DIV 19 and imaged on DIV25. Scale bar = 5 µm.
e-f. Quantifications of spine type (e) and total spines (f) from mature neurons. N = 8 (GFP) and 8
(GFP/CYLD) from 3 independent experiments. * p < 0.05; *** p < 0.001, two-tailed unpaired ttest.
M = Mushroom; S = Stubby; T = Thin; F = Filopodia.
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THROUGH AKT-MTOR AUTOPHAGY
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Abstract
We have previously shown that CYLD regulates synaptic remodeling and plasticity, but
the underlying mechanism has been unknown. Previous work has suggested that CYLD may
play a role in autophagy, a pathway implicated in many neurodevelopmental and
neuropsychiatric disorders. However, CYLD has not been shown to directly regulate autophagy
in the brain in vivo. Here, I show that CYLD knockout mice have decreased autophagy markers
in the cortex and hippocampus. In addition, CYLD KO mice display increased activity of AKTmTOR signaling, which is a master inhibitor of autophagy initiation. In contrast, CYLD
overexpression in cultured neurons suppresses mTOR and AKT activity and increases
autophagic flux. Pharmacological inhibition of autophagy at various points along the autophagy
pathway in CYLD overexpressing neurons results in a rescue of dendritic spine deficits. In
contrast, activation of autophagy with the mTOR inhibitor rapamycin in CYLD knockout mice
rescues dendritic spines, miniature excitatory post-synaptic current (mEPSC) frequency, and
long-term depression (LTD) of activity in the hippocampus in vivo. These results suggest that
CYLD is a central regulator of synaptic function and plasticity through an AKT-mTOR
autophagy dependent mechanism.

Introduction
CYLD has been rapidly emerging as a major regulator of the mammalian synapse
(Zajicek & Yao, 2021). I previously showed that CYLD limits dendritic spine density, controls
synaptic strength and plasticity, and is a mediator of behavior and cognition (Chapter 2)(Zajicek
et al., 2021). CYLD is strongly enriched at the post-synaptic density (PSD), and is recruited to
the PSD in response to neuronal activity in a CaMKII-dependent manner (Dosemeci et al., 2013;
Ma et al., 2017; Thein et al., 2014). CYLD deubiquitinates and regulates the synaptic abundance
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of PSD-95, a postsynaptic scaffolding protein important in maintaining synaptic stability and
mediating NMDA receptor-dependent LTD in cultured neurons (Ma et al., 2017). Although it is
primarily enriched in the PSD, CYLD is also present in the presynaptic compartment (Ma et al.,
2017), where it regulates axonal length and branching in cultured mouse hippocampal neurons
(Dobson-Stone et al., 2020). Recently, mutations in the CYLD gene have been linked to
amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD), an early onset form of
dementia with characteristic neurodegeneration of the frontal and temporal lobes and
accumulation of toxic protein aggregates (Dobson-Stone et al., 2020; Tabuas-Pereira et al., 2020;
Hebron et al., 2013). Despite this, the mechanisms behind the synaptic effects of CYLD have
remained unknown.
Macroautophagy (hereafter referred to as autophagy) is an important catabolic process
that degrades damaged organelles and unnecessary proteins through fusion with the lysosome
(Klionsky & Emr, 2000). Autophagy occurs in a stepwise fashion: Initiation, elongation,
maturation, and autophagosome-lysosome fusion (Klionsky & Emr, 2000). The important
autophagosome marker LC3-II incorporated into the phagophore during autophagy initiation,
making it a reliable measure of autophagosome content in cells (Klionsky et al., 2016). The
classical autophagy receptor, p62/SQSTM1, involved in K63 binding of autophagic cargo, is
degraded during autophagosome-lysosome fusion, and can therefore be measured in combination
with LC3-II to measure autophagic flux (Klionsky et al., 2016). Autophagy has essential roles in
neuronal health and development (Hara et al., 2006; Komatsu et al., 2006) as well as normal
neuronal functions such as dendritic branching (Clark et al., 2018), dendritic spine pruning (Tang
et al., 2014), and NMDAR-dependent LTD (Compans et al., 2021; Kallergi et al., 2020;
Nikoletopoulou et al., 2017; Shehata et al., 2012). Autophagy deficiency is a hallmark of many
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neurodegenerative and neuropsychiatric diseases (Menzies et al., 2017; Nixon, 2013; Yamamoto
& Yue, 2014). Autophagy deficits including mutations in the autophagy receptors p62 and
OPTN have been associated with ALS, and models of FTD/ALS display altered autophagic flux
(Ji et al., 2017; Teyssou et al., 2013). Additionally, autophagy dysregulation has been proposed
as a mechanism underlying pathogenesis of an FTD-linked CYLD mutation (Dobson-Stone et
al., 2020).
CYLD interacts with several autophagy-related proteins, including p62, OPTN, TBK1,
and HDAC6 (Jin et al., 2008; Lork et al., 2018; Nagabhushana et al., 2011; Wickström et al.,
2010; Wooten et al., 2008). CYLD has speculated to act as a “brake” on autophagy, inhibiting
autophagosome-lysosome fusion in HEK293 cells (Dobson-Stone et al., 2020) and suppressing
autolysosome efflux and mTORC1 reactivation in cardiomyocytes (Qi et al., 2020). However,
CYLD may also regulate upstream modulators of autophagy, such as the AKT-mTOR autophagy
inhibition pathway. CYLD KO mice have increased phosphorylation of AKT in non-neuronal
cells, which is reduced with reintroduction of wild-type but not deubiquitinase-null CYLD (Yang
et al., 2013). In HEK293t and A549 cells, CYLD directly deubiquitinates AKT, which
downregulates its activity (Lim et al., 2012; Yang et al., 2013).
In this study, I identified CYLD as an enhancer of autophagic flux through inhibition of
the AKT-mTOR pathway in the mouse brain. I also showed that autophagy is responsible for the
morphological and functional deficits seen in CYLD overexpressing and CYLD KO neurons: I
showed that pharmacological inhibition of autophagy can rescue dendritic spine density and
dendritic arborization in CYLD overexpressing cultured hippocampal neurons. In contrast,
activation of autophagy with rapamycin in vivo rescued dendritic spine, synaptic transmission,
and synaptic plasticity deficits in CYLD KO CA1 hippocampal neurons. My findings indicate
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that CYLD is a central, bidirectional regulator of synaptic remodeling and plasticity through
AKT-mTOR control of autophagy.

Materials and Methods
Animals
CYLD-deficient mice were generated previously (Reiley et al., 2006). CYLD wildtype
(WT), heterozygote, and homozygote (KO) mice were bred in-house by crossing CYLD
heterozygous males and females and genotyped using PCR. Timed pregnant (E18) Wistar Rats
were purchased from Charles River Laboratories (Wilmington, MA, USA). Mice were housed in
same-sex groups of 2-5 under a 12h light/dark cycle with ad-libitum access to food and water.
All animal procedures were approved by the SUNY Upstate Institutional Animal Care and Use
Committees.
Plasmids
Wildtype CYLD construct was generated using the pLL3.7 lentiviral vector backbone
under the CMV promoter with an EGFP reporter (Ma et al., 2017). Myc-hCYLD AAV plasmid
was generated using the pAAV backbone under the hSyn promoter. pAAV-hSyn-DsRed was a
gift from Edward Callaway (Addgene plasmid # 22907). Plasmids were transformed into XL10GOLD ultracompetent E. coli (Agilent) according to the manufacturer’s protocol. Plasmid DNA
was isolated using a Plasmid Midiprep Kit (Thermo Fisher) and stored in TE buffer (Thermo
Fisher). Concentration and purity were recorded on a NanoDrop 1000 (Thermo Fisher). All
constructs were confirmed by DNA sequencing and protein expression before use.
Antibodies
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Primary antibodies were used as follows. Western blot: AKT (1:1000; Cell Signaling,
9272), p-AKT [T308] (1:1000; Cell Signaling, 9275), CYLD (1:1000; Cell Signaling, 8462),
mTOR (1:1000; Cell Signaling, 2983), p-mTOR [S2448] (1:1000; Cell Signaling, 5536), p62
(1:1000; Cell Signaling, 5114), LC3B (1:1000; Cell Signaling, 38685), PSD95 (1:1000; Cell
Signaling, 2507), GluA1 (1:1000, Cell Signaling, 13185), K63 Ubiquitin (1:1000, Cell
Signaling, 5621). Ubiquitin (1:1000, Cell Signaling, 3936). β-Actin (1:2000; Santa Cruz, SC47778), Goat anti-Mouse IgG (H+L) HRP (1:2000; Invitrogen, A16066), Goat anti-Rabbit IgG
(H+L) HRP (1:2000; Invitrogen, 32460). Staining: LC3B (1:200; Santa Cruz, SC-376404),
Alexa Fluor 647 Goat anti-Rabbit IgG (1:500; Thermo Fisher, A-21244). Immunoprecipitation:
AKT (1:50; Cell Signaling 9272).
Electrophysiology
To determine a dose that selectively rescues deficits in the KO mice without affecting
WT, WT and KO mice were injected intraperitoneally once per day with either 1.5 or 3 mg/kg
InSolution rapamycin (Sigma Aldrich) diluted in saline, or an equivalent volume of saline from
P20-P28. At P29-P30, mice were sacrificed, and brains were rapidly removed and sectioned
transversely at 350 μm with a S1200 vibratome (Leica) in ice-cold, oxygenated (95% O2, 5%
CO2; Airgas) sucrose cutting solution containing 75 mM sucrose, 87 mM NaCl, 2.5 mM KCl,
1.25 mM NaH2PO4, 7 mM MgCl2, 25 mM NaHCO3, 10 mM glucose, 0.5 mM CaCl2, and 1.3
mM ascorbic acid. Slices were placed in a preincubation chamber at 37°C for 45 minutes in
artificial cerebrospinal fluid (aCSF) containing 126 mM NaCl, 18 mM NaHCO3, 2.5 mM KCl,
2.4 mM MgCl2, 1.2 mM CaCl2, 1.2 mM NaH2PO4, and 11 mM D-glucose (Chaouloff et al.,
2007). Slices were then transferred to room temperature for the remainder of the experiment.
Following incubation, slices were placed in a recording chamber containing oxygenated ACSF
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with 100 μM picrotoxin at 32°C. Whole-cell patch-clamp recordings were performed on visually
identified CA1 pyramidal neurons in the hippocampus. Pipettes (3.5-5.5 MΩ) were filled with
internal solution containing 142 mM Cs-gluconate, 8 mM NaCl, 10 mM HEPES, 0,4 mM
EGTA, 2.5 mM QX-314, 2 mM Mg-ATP, and 0.25 mM GTP-Tris, adjusted to pH 7.2. All
recordings were made at 32°C with a temperature controller (Warner Instruments).
For miniature excitatory post-synaptic current (mEPSC) recordings, bath solution was
supplemented with 1 μM TTX (Sigma Aldrich) to block voltage-gated sodium channels. CA1
pyramidal neurons were voltage clamped at -60 mV for a 10-minute recording. For experiments
measuring evoked excitatory postsynaptic currents (eEPSCs), Schaffer collateral afferents in the
stratum radiatum were stimulated using a concentric bipolar electrode (FHC) to evoke a response
in CA1 hippocampal neurons. Only cells displaying a single, monosynaptic response were
included in analysis.
For LTD experiments, baseline was established by holding cells at -60 mV, and a
presynaptic stimulus was delivered at 0.033 Hz, 200 μs pulse, with stimulation intensity
controlled such that baseline eEPSC amplitude was consistently 150-250 pA. Following 10
minutes of stable baseline recording, cells were held at -40 mV and the presynaptic stimulus was
delivered at 2 Hz for 1000 sweeps to induce LTD. Following LTD induction, cells were returned
to -60 mV and stimulus was given at 0.033 Hz for a total recording time of 60 minutes. LTD was
measured as the EPSC amplitude after induction, divided by average baseline amplitude. Series
resistance was monitored throughout whole-cell recordings, and data was discarded if the
resistance changed by >15%.
Signals were collected with a MultiClamp 700B amplifier (Molecular Devices) and
digitized at 10 kHz on a Digidata 1440A (Molecular Devices), filtered at 1 kHz. mEPSCs were
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analyzed on MiniAnalysis software (Synaptosoft), and eEPSC were analyzed by pClamp 10
software (Molecular Devices).
In Vivo Labelling
For in vivo dendritic spine analysis, P14-15 WT and KO mice were anesthetized with
isofluorane and injected with 0.2 μL AAV2-hsyn-EGFP (Addgene #50465-AAV2) into the CA1
hippocampus (AP: -1.8 mm, ML +/- 1.5 mm, DV: -1.3 mm; 0.05 μm/minute). From P20-P28,
mice were injected intraperitoneally with 1.5 mg/kg InSolution rapamycin (Sigma Aldrich) daily.
On P30, mice were anesthetized with ketamine/xylazine cocktail for cardiac perfusions. Mice
were perfused with phosphate buffered saline (PBS) followed by 4% paraformaldehyde (PFA) in
PBS and post-fixed overnight at 4°C in 4% PFA with 5% sucrose. Brains were then embedded in
low-melting temperature agarose and sectioned transversely at 100 μm on a Vibratome 1000
(TPI). Sections were stored in 4% PFA in 5% sucrose until imaging.
Cell Culture, Transfection, and Treatments
Primary hippocampal neurons were isolated from E18 rat embryos using a Papain
Dissociation Kit according to the manufacturers protocol (Worthington Biochemistry). Cells
were plated on poly-D-lysine (Sigma Aldrich) coated coverslips in 24-well dishes (Thermo
Fisher) at medium density (~60,000 cells/coverslip). Cells were cultured in Neurobasal medium
(Thermo Fisher), and supplemented with 1X GlutaMax (Thermo Fisher), 1X B27 (Gibco), and
200 U/mL Penn/Strep (Thermo Fisher) and incubated at 37°C in 5% CO2. Medium was changed
every 3-4 days with 50% fresh medium. Cells were cotransfected with hSyn-DsRed and the
indicated construct on DIV 7 with 1μg total purified plasmid DNA via CalPhos Mammalian
Transfection Kit (TaKaRa Bio) according to the manufacturer’s protocol. Successful transfection
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was confirmed 24 hours later by fluorescence microscopy. For drug treatments, cultured rat or
mouse hippocampal neurons were treated from DIV12-19 daily with SC79 (15 µM; Sigma),
Wortmannin (100 nM; Sigma), bafilomycin (10 nM; Sigma) or an equal volume of DMSO as
vehicle control. Media was replaced daily with 50% conditioned media collected from the same
batch of neurons during previous media changes, and 50% fresh media containing each drug.
Drug-treated samples were processed in parallel. DMSO controls that were processed
simultaneously with multiple drug treatments were included in the data for each applicable
group.
In Vitro Virus Preparation and Infection.
AAV particles used for in vitro infection were packaged by Vigene Biosciences. To
infect cultured neurons, concentrated virus was added to DIV7 neurons at an MOI of ~5,000
overnight. The next day, media was replaced with 50% fresh, 50% conditioned neurobasal media
and cells were grown to DIV21 for analysis
Confocal Microscopy and Image Analysis
Whole-cell and dendritic images were gathered using a Leica TSC SP5 Spectral Confocal
Microscope (Leica Microsystems) with a 40x or 63x (with 4x digital zoom) objective at a
resolution of 1,024 x 1,024 pixels. Brain slices and coverslips were mounted in ProB antifade
mounting reagent (Thermo Fisher) and imaged and analyzed blinded to genotype and condition
of the samples. For brain slices, CA1 hippocampus pyramidal neurons were visually identified
and imaged. For cultured cells, pyramidal neurons were randomly selected for imaging. Images
were taken along the Z-axis at a total thickness of 1 μm (for dendrite segments), 3 μm (for
whole-cell images of cultured neurons), or 5 μm (for whole-cell images of brain slice neurons).
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Dendrites were imaged at the first branch of the primary apical dendrite, and every spine along
the >25 μm length was measured using ImageJ software (Schneider et al., 2012). Spine
classification was automatically sorted in Excel (Microsoft) by the following criteria: mushroom
(head width:neck length >1.5), stubby (total length < 1 µm, head width:neck length < 1.5), thin
(neck length >1 µm, head width:neck length < 1.5), filopodia (no discernible head) (Harris et al.,
1992). For dendritic arborization analysis, a binary image of the whole-cell image was generated
using ImageJ, and analyzed using the Sholl plugin (Stanko et al., 2015), with the center set at the
soma and a starting radius of 10 μm, 10 μm step size, and averaging of 3 points.
Immunoblot Analysis
Cortex and hippocampal tissue were rapidly (in under one minute) extracted on ice, snap
frozen on dry ice, and stored at -80°C until lysis. Tissue was homogenized in ice-cold
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCL (pH 7.4), 1% NP-40, 0.1%
SDS, 0.25% deoxycholic acid, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1X protease inhibitor
cocktail (Roche), and Phosphatase Inhibitor Cocktail 3 (Sigma Aldrich). For ubiquitin assays, Nethylmaleimide (Thermo Fisher) was also supplemented to block DUB activity. The lysate
supernatant was collected by centrifugation for western blotting. Lysates were mixed with SDS
loading buffer and heated to 95 °C for 5 minutes before loading on a 7.5% or 15% (for LC3-II
resolution) SDS/PAGE gel. Proteins were transferred to a PVDF membrane (Bio-Rad) and
blocked with 3% BSA blocking buffer in Tris Buffered Saline with 0.1% TWEEN 20 (TBS-T,
Santa Cruz). Membranes were incubated with primary antibodies at 4°C overnight, and
secondary antibodies at room temperature for 1 hour. For resolution of multiple proteins, blots
were stripped between probes with Membrane Stripping Buffer-3 (Boston BioProducts). Signals
were detected using SuperSignal West Femto Maximum Sensitivity Substrate Kit (Pierce) on a
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ChemiDoc MP (BioRad). Relative protein band intensity was quantified within linear range
using ImageJ (NIH).
Statistical Analysis
All data are represented as mean ± SEM. Comparisons involving two groups were
analyzed with a two-tailed unpaired Student’s t test. For data containing more than two groups, a
one-factor ANOVA was performed followed by appropriate multiple comparison post-hoc tests.
For Sholl analysis, groups were compared with a two-factor ANOVA with Bonferroni’s multiple
comparison test to compare each bin. For cumulative probability tests, the Kolmogorov-Smirnov
test was used. Significance threshold was set at α = 0.05. All statistical analyses were performed
using Prism 7 (GraphPad).

Results
3.1 CYLD Positively Regulates Autophagy in the Brain
CYLD has been proposed as a regulator of neuronal autophagy (Dobson-Stone et al.,
2020), though no work has been done to directly show whether CYLD is involved in autophagy
of the in vivo brain. To test whether CYLD is involved in the regulation of autophagy in the
brain and neurons, I collected hippocampal and cortical tissue from CYLD WT and KO mice,
and used the resulting lysates to blot for autophagy markers. I found that at all ages tested (P30,
P60, and P270), there was a significant reduction in the autophagosome marker LC3-II, as well
as a decrease of LC3-II/LC3-I ratio in the KO hippocampus (Figure 3.1a-b). Similarly, I
observed a significant decrease of both LC3-I and LC3-II in P30 KO cortical tissue (Figure 3.1
e-f). LC3-II, but not LC3-I is associated with mature autophagosomes and is therefore a marker
for total levels of autophagy (Klionsky et al., 2016). However, decreased LC3-II can indicate
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either inefficient autophagosome formation or excess degradation of autophagosomes. Therefore,
to test whether autophagic flux was altered in these mice, I also blotted for the autophagy
receptor p62. There was an increase of p62 at all ages in the KO hippocampus, suggesting that
increased degradation was not responsible for the decrease in LC3-II in CYLD KO mice,
suggesting reduced autophagic flux (Figure 3.1a-b). In contrast, AAV-mediated overexpression
of CYLD in cultured hippocampal rat neurons resulted in the opposite effect, increasing both
LC3-I and LC3-II, and decreasing p62 compared to AAV-EGFP controls, supporting a positive
regulatory role of CYLD on autophagic flux (Figure 3.1 c-d, Figure 3.2 f-g). Additionally, I
tested whether the increase of autophagy markers also increased the number of autophagosomes
by staining for LC3 in AAV2-hsyn-EGFP infected hippocampal neurons from WT and KO
slices. Given that LC3 forms puncta when associated with an autophagosome (Klionsky et al.,
2016), number of autophagosomes in these neurons could be quantified, and a significant
decrease in LC3 puncta in the KO was observed, suggesting decreased autophagosomes,
consistent with biochemical data (Figure 3.1g-h).
3.2 CYLD Negatively Regulates the AKT-mTOR Pathway
In non-neuronal cells, CYLD regulates activity of the autophagy inhibitors, AKT and
mTOR (Lim et al., 2012; Qi et al., 2020; Yang et al., 2013). To test whether CYLD also controls
the AKT-mTOR pathway in the brain, I performed several blots for total and active
(phosphorylated) states of AKT and mTOR. First, I performed an immunoprecipitation for AKT,
and blotted for K63 or total ubiquitin. There was an increase in K63 polyUb chain, but not total
ubiquitin level in AKT immunoprecipitation samples from the KO hippocampus compared to
WT (Figure 3.2a), suggesting that CYLD is important for K63 deubiquitination of AKT, as is
shown in non-neuronal cells (Lim et al., 2012; Yang et al., 2013). I also found that the KO
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mouse hippocampus had increased expression of the mTORC1-activating p(T308)-AKT, and an
increase in both total and phosphorylated mTOR compared to controls (Figure 3.2b-c). The
same was true of P30 cortical KO tissue, displaying an increase of p-AKT, as well as both total
and phosphorylated mTOR (Figure 3.2 d-e). In contrast, AAV overexpression of CYLD
drastically reduced p-AKT, and reduced total AKT, p-mTOR, and total mTOR compared to
AAV-EGFP expressing cells (Figure 3.2 f-g). These results indicate a strong negative regulatory
role of CYLD on AKT-mTOR activity by deubiquitination, which may underly the effect of
CYLD on the autophagy pathway.
3.3 CYLD Controls Dendritic Spine Morphogenesis and Dendrite Arborization Through Autophagy
Autophagy and the AKT-mTOR pathway are strongly implicated in the regulation of
dendritic spine density and dendritic arborization (Goorden et al., 2007; Kumar et al., 2005;
Majumdar et al., 2011; Tang et al., 2014; Yan et al., 2018). To test whether AKT-mTOR
autophagy was responsible for the inhibitory effect of CYLD on dendritic morphogenesis, I
overexpressed CYLD in cultured rat hippocampal neurons, and simultaneously inhibited
autophagy at various steps along the autophagy pathway (Figure 3.3k). Treatment with SC79
(15 µM), an AKT activator (Jo et al., 2012), rescued total, mushroom, stubby, and filopodia
morphology spines to control levels (Figure 3.3a, b, c). SC79 had no effect on WT neuron
dendritic arborization, but rescued dendritic complexity in CYLD overexpressing neurons
(Figure 3.3a, d). Treatment with the autophagy initiation inhibitor wortmannin (100 nM) also
rescued total, mushroom, and stubby dendritic spines, but had no effect on dendritic arborization
in CYLD overexpressing neurons (Figure 3.3 a, e, f, g). Finally, treatment with the
autophagosome-lysosome fusion inhibitor bafilomycin A1 (10 nM) rescued total, mushroom, and
stubby spines, as well as filopodia to the level of controls while slightly but non-significantly
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increasing dendritic arborization in CYLD overexpressing neurons (Figure 3.3h, i, j). Thus,
inhibition of autophagy either at the level of AKT, autophagy initiation, or autophagosomelysosome fusion can all prevent CYLD-overexpression induced loss of dendritic spines and at
least partially rescue dendritic arborization. Therefore, it is likely that CYLD acts through an
autophagy-dependent mechanism to reduce dendritic spine morphogenesis and dendritic
arborization.
3.4 Rapamycin Rescues Synaptic Deficits in vivo
To test whether synaptic deficits could be rescued in vivo in CYLD KO mice, mice were
treated from P20-P28 with rapamycin (Figure 3.4 a), an mTOR inhibitor that has been
previously used to rescue dendritic spine deficits in autophagy-deficient mice (Tang et al., 2014).
Intraperitoneal treatment with rapamycin (1.5 mg/kg/day) rescued LC3-II expression in KO
mice, suggesting successful restoration of autophagy to WT control levels (Figure 3.4 f-g). To
test if dendritic spine deficits could be rescued with rapamycin, I stereotaxically injected AAVhSyn-EGFP on DIV 14-15 into the CA1 hippocampus of WT and KO mice prior to treatment
(Figure 3.4a, b, c). I found that total dendritic spine density was restored to the level of WT
controls in KO mice treated with rapamycin (Figure 3.4 d-e). Rapamycin treatment at 1.5
mg/kg/day had no significant effect on WT spine density, consistent with previous work at 3
mg/kg/day (Figure 3.4 d-e) (Tang et al., 2014). Additionally, mushroom and stubby spines were
also restored to the level of controls in KO mice treated with rapamycin (Figure 3.4 d-e).
Consistent with a rescue of dendritic spines, GluA1 was restored to WT control levels in the
hippocampus of KO mice treated with rapamycin (Figure 3.4 f-g). Additionally, CYLD KO
mice treated with either 3 mg/kg/day of rapamycin, or a lower dose of 1.5 mg/kg/day which
specifically affected the KO, significantly rescued mEPSC frequency in KO CA1 hippocampal
102

neurons (Figure 3.5 a, b, d), with unchanged amplitude (Figure 3.5 c + e). Finally, rapamycin
treatment rescued LTD in CYLD KO CA1 hippocampal neurons to the level of WT controls
(Figure 3.6 a-b). Together, these results suggest that reduced autophagy is likely behind the
synaptic function and plasticity deficits seen in CYLD KO mice, which can be rescued through
restoration of autophagy (Figure 3.6c).

Discussion
CYLD plays many roles in synaptic function, including synaptic morphogenesis, mEPSC
frequency, plasticity, and animal behavior (Chapter 2). It has been previously suggested that
CYLD regulates autophagy, an important component of synaptic morphogenesis and plasticity
(Compans et al., 2021; Kallergi et al., 2020; Shehata et al., 2012; Tang et al., 2014) due to its
interaction with autophagy receptors p62 and OPTN (Nagabhushana et al., 2011; Wooten et al.,
2008; Yamashita et al., 2019), though no work has identified whether CYLD directly regulates
autophagy in the brain. Here, I identified CYLD as a positive regulator of autophagy in the brain
and found that autophagy is responsible for the synaptic changes occurring with CYLD
expression manipulations. Although previous work proposed that CYLD may regulate autophagy
in neurons (Dobson-Stone et al., 2020), this work is the first to study the effects of CYLD in the
in vivo brain. I found that CYLD knockout mouse cortex and hippocampus has reduced
autophagic flux, characterized by a reduction in LC3-II, an increase of p62, and a reduction of
LC3 puncta in hippocampal slices. In contrast, overexpression of CYLD in cultured rat
hippocampal neurons resulted in an increase of LC3-II and decrease of p62. Although other work
described an inhibitory effect of CYLD on autophagy, these studies were performed in nonneuronal and in vitro models (Dobson-Stone et al., 2020; Qi et al., 2020). However, another
study found reduced LC3 and Beclin-1 mRNA in bladder cancer cells expressing shCYLD (Dai
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et al., 2020). Therefore, it is possible that CYLD may have different effects on autophagy
initiation, formation, autophagosome-lysosome fusion, and cargo recognition depending on cell
type and model. Further work will be necessary to understand how CYLD affects each of these
steps along the autophagy degradation pathway in the brain. Nevertheless, this work
demonstrates an important role of CYLD in the regulation of autophagy in the brain, a pathway
linked heavily to neurodevelopmental and neuropsychiatric disease.
In search of the mechanism underlying a positive regulatory effect of CYLD on
autophagy, I found that the enhancement of autophagy by CYLD occurs through upstream
control of the AKT-mTOR autophagy initiation inhibition pathway. CYLD KO hippocampal and
cortical lysates displayed an increase of active AKT and mTOR markers, with the opposite found
in CYLD overexpressing cultured hippocampal neurons. Consistent with previous work showing
that CYLD deubiquitinates AKT in the periphery to control its activity (Lim et al., 2012; Yang et
al., 2013), CYLD KO mouse hippocampus tissue had an increase in AKT-associated K63
ubiquitination. Taken together, CYLD enhances autophagy in the brain through inhibition of
AKT-mTOR, perhaps by deubiquitinating AKT to disinhibit autophagy. I additionally found that
CYLD controls synaptic function and plasticity through an AKT-mTOR-autophagy dependent
mechanism. Treatment of CYLD overexpressing neurons with either the AKT activator SC79,
autophagy initiation inhibitor wortmannin, or autophagosome-lysosome fusion inhibitor
bafilomycin all prevented loss of dendritic spines associated with CYLD overexpression,
particularly mushroom morphology spines, suggesting that autophagy is required for CYLDinduced loss of dendritic spines.
Deficits in CYLD KO mice were also rescued in vivo with the autophagy-activating
mTOR inhibitor rapamycin. Rapamycin treatment rescued total, mushroom, and stubby spine
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density to the level of WT controls in CYLD KO hippocampus. Consistently, rapamycin
treatment rescued mEPSC frequency in CYLD KO hippocampus without affecting mEPSC
amplitude, indicating that rapamycin restoration of autophagy rescues synaptic efficacy to
baseline in KO mice, likely due to a reduction in the number of synapses. Finally, rapamycin
treatment rescued LTD in CYLD KO mice, indicating that autophagy not only mediates CYLDinduced dendritic spine remodeling, but also CYLD-mediated synaptic plasticity. Together, this
data suggests a new role for CYLD as a central regulator of synaptic remodeling and plasticity
through control of the AKT-mTOR-autophagy pathway.
Our previous work demonstrated that CYLD regulates synaptic function and plasticity. I
have now shown that this CYLD action is through an AKT-mTOR-autophagy mechanism. It
should be noted that AKT and mTOR also have autophagy-independent functions, including
mTOR-dependent local protein synthesis at the synapse (Inamura et al., 2005), and AKTdependent receptor phosphorylation (Wang et al., 2003) and dendritic spine pruning (Majumdar
et al., 2011). However, targeting multiple steps of autophagy both upstream and downstream of
AKT-mTOR demonstrated that autophagy may be the major component of CYLD-mediated
synaptic remodeling and plasticity. It is also currently unclear whether autophagy enhances or
suppresses LTD in wild-type neurons, with conflicting findings in the literature (Compans et al.,
2021; Shehata et al., 2018; Shehata et al., 2012; Shen et al., 2020). This work supports that an
intact autophagy mechanism may be required for LTD and can be rescued by restoring
autophagy. Furthermore, the triggers and target cargos of synaptic autophagy are not yet known,
with only a few proposed autophagic substrates in the literature (Nikoletopoulou et al., 2017),
including the CYLD substrate, PSD-95 (Ma et al., 2017). However, more work will be necessary
to determine whether CYLD affects the autophagic degradation of synaptic molecules, and
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whether their degradation underlies the effects seen by manipulating CYLD. Nevertheless, this
work provides a new mechanism by which cells can control autophagy through CYLD-mediated
regulation of the AKT-mTOR pathway, making it an important protein in synaptic function.
Autophagy and its upstream pathways have been implicated in a variety of
neurodevelopmental and psychiatric disorders (Chapter 1). CYLD itself has been implicated in
FTD/ALS and PD (Bustos et al., 2020; Dobson-Stone et al., 2020), though how CYLD
contributes to these diseases has been unknown. We now know that CYLD can control synaptic
function and plasticity through regulating AKT-mTOR-autophagy. Understanding the role of
CYLD in the synapse may contribute to our understanding of these disorders. It will be important
to test whether restoration of autophagy with rapamycin can rescue behavioral deficits in CYLD
KO mice, and whether heightened autophagy through AKT-mTOR suppression underlies the
pathogenic effects of CYLD-linked FTD mutants.
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Figure 3.1. CYLD Positively Regulates Autophagy in the Brain

107

Figure 3.1. CYLD Positively Regulates Autophagy in the Brain
a. Representative LC3 and p62 blots on hippocampal lysates prepared from p30, p60, and p270
WT and KO mice.
b. Quantifications from a, relative to WT, adjusted to β-Actin. n = 10-12 mice/group.
c. Representative LC3 blots on protein lysates prepared from DIV21 cultured hippocampal
neurons infected on DIV7 with AAV-EGFP or AAV-CYLD.
d. Quantifications from c, relative to WT, adjusted to β-Actin. n = 8 samples/group.
e. Representative LC3 blots on cortical lysates prepared from p30 WT and KO mice.
f. Quantifications from e. relative to WT, adjusted to β-Actin. n= 6 mice/group.
g. Representative LC3 staining on hippocampal sections (left) and CA1 hippocampal soma
(right). Scale bars: 200 µm (left) and 5 µm (right).
h. LC3 puncta numbers per soma from WT and KO CA1 hippocampal neurons infected with
AAV-EGFP and stained for LC3. N = 26 (WT) and 15 (KO) neurons from 3 mice/group.
All summary data are mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001. Two-tailed unpaired
t-tests.
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Figure 3.2. CYLD Negatively Regulates the AKT-mTOR Pathway in the Brain
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Figure 3.2. CYLD Negatively Regulates the AKT-mTOR Pathway in the Brain
a. AKT immunoprecipitation, blotting for K63 Ub, total Ub, and AKT (bottom).
b. Representative AKT and mTOR blots from CYLD WT and KO P30 mouse cortex lysates.
c. Quantifications of total and phosphorylated AKT and mTOR, adjusted to β-actin, relative to
WT. n = 6 mice/group.
d. Representative AKT and mTOR blots from CYLD WT and KO P30 mouse hippocampus
lysates.
e. Quantifications of total and phosphorylated AKT and mTOR, adjusted to β-actin, relative to
WT. n = 10-12 mice/group.
f. Representative AKT and mTOR western blots from DIV 21 cultured rat hippocampal neurons
infected with AAV-EGFP or AAV-CYLD.
g. Quantifications of total and phosphorylated AKT and mTOR blots from f. n = 6/group for
p62; n = 8/group for all others.
Summary data are mean ± sem. *P < 0.05, **P < 0.01, *** P < 0.001; Two-tailed unpaired ttests.
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Figure 3.3. CYLD Affects Dendritic Arborization and Dendritic Spine Morphogenesis through
the AKT-mTOR Pathway
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Figure 3.3. CYLD Affects Dendritic Arborization and Dendritic Spine Morphogenesis through
the AKT-mTOR Pathway
a. Representative whole-neuron (top) and primary dendrite (bottom) images from cultured
hippocampal neurons transfected with DsRed or DsRed/CYLD, and treated with either DMSO
(vehicle), SC79 (10 M), Wortmannin (100 nM) or Bafilomycin A1 (10 nM) from DIV12-19.
Scale bars: 20 and 5 m.
b-d. Quantifications of SC79 effects on total spines (b), spine types (c), and dendritic
arborization (d). n = 23-30 cells/group from 3 independent experiments. # p < 0.05, ## p < 0.01;
Two-way ANOVA with Bonferroni’s multiple comparison post-hoc test vs. WT + DSMO.
e-g. Quantifications of wortmannin effects on total spines (e), spine types (f), and dendritic
arborization (g). n = 15-23 cells/group from 3 independent experiments.
h-j. Quantifications of bafilomycin effects on total spines (b), spine types (c), and dendritic
arborization (d). n = 21-28 cells/group from 3 independent experiments.
Summary data are mean ± sem. *P < 0.05, **P < 0.01, *** P < 0.001; One-way ANOVA with
Bonferroni’s multiple comparison post-hoc test.
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Figure 3.4. Restoring Autophagy Rescues Dendritic Spine Deficits in KO Mice in vivo
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Figure 3.4. Restoring Autophagy Rescues Dendritic Spine Deficits in KO Mice in vivo
a. Rapamycin treatment and analysis timeline.
b. Representative 10X (left) and 40X (right) images showing AAV-EGFP infected neurons from
a hippocampal slice. White box indicates the region of interest (first branch of the primary apical
dendrite) for spine imaging. Scale bars: 200 µm (left) and 50 µm (right).
c. Representative dendritic segments from the first branch of CA1 hippocampal neurons prepared
from CYLD WT and KO mice, treated with either saline or 1.5 mg/kg/day rapamycin. Scale bar:
5 µm.
d-e. Quantifications of spine type (d) and total spines (e) from WT and KO treated with 1.5
mg/kg/day rapamycin or saline. n = 11-19 cells per group from 4-6 mice per group.
f. Representative western blots of GluR1 and LC3-I/II of hippocampal lysates from P29-30
CYLD wildtype and knockout mice treated with 1.5 mg/kg/day rapamycin or saline from P20P28.
g. Quantifications of GluR1, LC3-I and LC3-II western blot band intensity from f, relative to WT
+ saline, adjusted to β-actin.
All summary data are mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001; One-way ANOVA
with Bonferroni’s multiple comparison post-hoc test.
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Figure 3.5. Restoring Autophagy in CYLD KO Mice Rescues mEPSC Deficits in vivo
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Figure 3.5. Restoring Autophagy in CYLD KO Mice Rescues mEPSC Deficits in vivo
a. Representative mEPSC traces from P29-30 WT and KO CA1 hippocampal neurons treated
with saline, 1.5 mg/kg/day rapamycin, or 3 mg/kg/day rapamycin each day from P20-28. Scale
bar represents 20 pA and 500 ms.
b-c. Average mEPSC frequency (b) and amplitude (c) quantifications from CA1 hippocampal
neurons treated with saline, 1.5 mg/kg/day rapamycin, or 3 mg/kg/day rapamycin.
d-e. Cumulative frequency plot of interevent interval (d) and amplitude (e) from a. ## p < 0.01,
### p < 0.001, Kolmogorov Smirnov test vs. WT + Saline with Bonferroni’s multiple
comparison post-hoc test.
n = 14-19 cells per group from 3-4 mice per group. * p < 0.05, ** p < 0.01, *** p < 0.001, one
way ANOVA with Bonferroni’s multiple comparison post-hoc test.
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Figure 3.6. Restoring Autophagy in CYLD KO Mice Rescues LTD Deficits
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Figure 3.6. Restoring Autophagy in CYLD KO Mice Rescues LTD Deficits
a. LTD rescue by rapamycin. LFS-LTD at Schaffer Collateral-CA1 synapses from saline or
rapamycin (1.5mg/kg/day) treated CYLD WT or KO mice. LTD was induced (arrow) after 10
min baseline recording. Insets are representative EPSCs 5 minutes before (pre) and 40 minutes
after (post) LTD induction. Scale bars: 50 pA, 25 ms. n= 7 (WT Sal), 7 (WT Rapa), 9 (KO Sal),
and 6 (KO Rapa).
b. LTD quantifications calculated from 20-40 minutes post-induction. n= 6-7 cells/group. * p <
0.05, one-way ANOVA with Bonferroni’s multiple comparison post-hoc test.
c. Cartoon schematic of CYLD’s proposed mechanism for synaptic regulation. CYLD inhibits
the AKT/mTOR autophagy inhibition pathway, therefore “removing the brakes” of autophagy,
allowing it to proceed. Increased autophagy results in changes to dendritic spine pruning and
synaptic plasticity.
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CHAPTER FOUR:
GENERAL DISCUSSION

Ubiquitination controls a variety of synaptic functions, though most of its study has been
limited to the ubiquitin proteasome system. The functions of proteasome-independent
ubiquitination are not well understood, with only a few known enzymes implicated in synaptic
function and brain disorders (Zajicek & Yao, 2021). Among them, the NF-κB regulating K63
deubiquitinase CYLD has emerged as a PSD-enriched DUB with a variety of synaptic functions,
and a link to FTD. However, the in vivo role of CYLD in synaptic function and plasticity,
behavior, and its underlying mechanisms remain largely unknown.
Here, CYLD is identified as a regulator of synaptic morphogenesis, function, and
plasticity by regulation of the AKT-mTOR autophagy pathway. This work also showed that
CYLD KO mice have behavioral impairments, including increased first-day sociability,
decreased locomotor activity, anxiety- and depression-like phenotypes, and behavioral flexibility
deficits. Additionally, CYLD KO mice have synaptic deficits, including excess dendritic spines,
particularly mushroom spines. CYLD KO mice also displayed increased mEPSC frequency and
impaired LTD. These effects were due to defective AKT-mTOR autophagy signaling, and
pharmacological manipulations of the AKT-mTOR autophagy pathway could rescue deficits
both in vitro and in vivo. These results now establish CYLD as an important regulator of synaptic
morphogenesis, function, and plasticity through control of the AKT-mTOR autophagy pathway.
This work further supports CYLD as an important protein in several rodent behaviors.
Locomotor deficits were seen in CYLD KO mice, although it may be attributed in part to an
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anxiety-like deficit, as shown by an increase of the time these mice spend in the sides and
corners of the apparatus. This was supported by anxiety-like behavior during an elevated plus
maze test, consistent with previous work (Han et al., 2020). Additionally, CYLD KO mice
displayed a depression-like deficit and increased sociability. CYLD KO mice also showed a
behavioral flexibility deficit during a Barnes maze test, which may be in part due to the reduced
LTD, a process which is required for behavioral flexibility (Collingridge et al., 2010).
Interestingly, despite altered synaptic plasticity, working memory and learning acquisition during
the Barnes maze test appeared to be intact.
Additionally, this work demonstrated that CYLD is a regulator of dendritic spine
remodeling. CYLD overexpression led to loss of total and mushroom morphology dendritic
spines. This likely occurs through a pruning or remodeling mechanism, eliminating mature
spines rather than preventing their formation. This is in contrast to previous work reporting that
CYLD overexpression increased dendritic spines (Li et al., 2019). Although the reason for this
apparent discrepancy is unclear, this work uses a more complete and thorough analysis of
dendritic spines, classifying spine types and filopodia, which are differentially regulated by
CYLD. Additionally, this study used both in vivo dendritic spine labelling and in vitro rescue in
KO cells, supporting a negative regulatory role of CYLD on dendritic spines, particularly
mushroom spines. Consistent with the increase of spines, synaptic receptor subunits GluA1 and
GluN1 were increased in CYLD KO hippocampal tissue, which were decreased in vitro with
CYLD overexpression, perhaps as a result of changes in the number of synapses. mEPSC
frequency, but not amplitude, was increased in CYLD KO mice, supporting the notion of an
increase of functional synapses. CYLD KO mice also displayed an NMDAR-LTD, but not
mGluR1-LTD impairment (Zajicek et al., 2021) in the CA1 hippocampus, supporting our
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previous work demonstrating that CYLD is required for cLTD (Ma et al., 2017). Together, these
results suggest that CYLD has an important role in the regulation of synaptic function and
plasticity, in addition to regulating synapse remodeling.
CYLD has been previously hypothesized to act as a negative regulator of autophagy,
inhibiting autophagosome-lysosome fusion in HEK293 cells (Dobson-Stone et al., 2020) and
suppressing autolysosome efflux by preventing mTORC1 reactivation in cardiomyocytes. CYLD
also interacts with several autophagy-related proteins, including TBK1 (Lork et al., 2018; Xu et
al., 2020), OPTN (Nagabhushana et al., 2011), p62/SQSTM1 (Jin et al., 2008; Wooten et al.,
2008), and HDAC6 (Wickström et al., 2010). In this way, CYLD has been speculated to act as a
“brake” on autophagy. However, this work demonstrated that CYLD has a net positive effect on
autophagy in the brain, supported by a decrease in autophagy marker LC3-II, decreased LC3
puncta, and increased p62 in the CYLD KO mouse brain, supported by an increase of LC3-II in
CYLD overexpressing cultured neurons. This enhancement of autophagy by CYLD may occur
by disinhibition of the AKT-mTOR signaling pathway through K63 deubiquitination of AKT by
CYLD. In non-neuronal cells, CYLD inhibits AKT phosphorylation and activity through K63
deubiquitination (Lim et al., 2012; Yang et al., 2013). Consistent with these non-neuronal
systems, AKT-associated K63-, but not total polyUb was increased in the KO hippocampus.
Furthermore, active AKT and mTOR were increased in the KO hippocampus, and decreased
with overexpression of CYLD in vitro. These results suggest that CYLD activates autophagy in
the brain through K63 deubiquitination of AKT, resulting in suppression of AKT and
downstream mTOR activity, disinhibiting autophagy initiation to increase autophagy flux.
However, CYLD may differentially act on autophagosome gene expression, initiation, cargo
delivery, and degradation in a cell-type and even subcellular compartment-dependent manner,
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potentially resulting in different effects of CYLD on autophagy in different cell types. It will be
important to further dissect the role of CYLD in controlling each of these steps along the
autophagy pathway.
Finally, I showed that disinhibition of AKT-mTOR autophagy by CYLD underlies its
effect on synaptic morphogenesis, function, and plasticity. Inhibiting autophagy at various points
along the autophagy pathway prevented CYLD overexpression-mediated loss of dendritic spines.
In contrast, activating autophagy with rapamycin in CYLD KO mice rescued dendritic spine
density, mEPSC frequency, and LTD in vivo. These results demonstrate that CYLD promotes
dendritic spine remodeling and NMDAR-LTD through its activity on the AKT-mTOR
autophagy pathway. However, it is also important to note that other mechanisms may be at play
as well. mTOR can regulate synaptic remodeling through modulating local protein synthesis
(Inamura et al., 2005; Ricciardi et al., 2011; Sharma et al., 2010; Slipczuk et al., 2009).
Additionally, loss of AKT activity can reduce dendritic spine density through an autophagyindependent signaling complex, and therefore CYLD downregulation of AKT may also inhibit
spine density through an autophagy-independent AKT mechanism (Majumdar et al., 2011).
CYLD also has substrates from other pathways, such as PSD-95 (Ma et al., 2017), β-catenin
(Tauriello et al., 2010), and the synaptic NF-κB pathway (Sun, 2010; Meffert et al., 2003). All of
these mechanisms, though not mutually exclusive, can regulate synaptic remodeling and
plasticity, and therefore more work must be done to determine their involvement in CYLDdependent synaptic remodeling (Boersma et al., 2011; Compans et al., 2021; Ma et al., 2017;
Maniatis, 1999).
Additionally, the mechanism behind synaptic remodeling by autophagy remains
unknown. As a K63 deubiquitinase with a known synaptic target (PSD-95), and known interactor
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of autophagy receptors p62 and OPTN (Nagabhushana et al., 2011; Wooten et al., 2008), it is
possible that CYLD affects K63 ubiquitination, and subsequently autophagosome targeting of
synaptic cargo proteins. However, only a few synaptic targets of autophagy have been identified
(PSD-95, SHANK3, PICK1) (Nikoletopoulou et al., 2017), and it is not known whether CYLD
affects their autophagic targeting and degradation. Identifying the molecular cargoes of synaptic
autophagy, and whether CYLD affects their trafficking will be critical in elucidating the
underlying mechanisms behind CYLD-mediated synaptic remodeling and plasticity.
Additionally, autophagy deficiency in other cell types such as microglia can impair synaptic
pruning (Kim et al., 2016), and therefore it is possible that global knockout of CYLD contributes
to the gain of dendritic spines in CYLD KO mice through glial cells. In future work, it will be
important to dissect the role of CYLD-mediated autophagy activation in different cell types.
Mutations of the CYLD gene have been linked to FTD/ALS, making CYLD a new target
for the study of FTD/ALS (Dobson-Stone et al., 2020; Tabuas-Pereira et al., 2020), of which
behavioral and synaptic deficits are characteristic changes (Neary et al., 1998; Starr & Sattler,
2018). Additionally, CYLD is a central regulator of immune signaling (Komander et al., 2008;
Sun, 2010) and as we have shown, alters neuronal response to immune signaling molecules
(Appendix 2). Dysregulation of the immune system is a common feature of many psychiatric
and neurological disorders which involve synaptic deficits (Boulanger & Shatz, 2004; Estes &
McAllister, 2015; Hammond et al., 2019). This work provides a foundation for new avenues of
future investigation into synaptic remodeling and plasticity deficits in psychiatric and
neurological diseases.
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A1. CYLD and Autophagy in Maternal Immune Activation
Abstract
Maternal infection is recognized as a risk factor for neurodevelopmental and psychiatric
disorders, particularly autism spectrum disorder. Maternal immune activation (MIA) can be
mimicked in mice by injection of polyinosinic:polycytidylic acid (polyI:C) to induce a maternal
immune response resulting in offspring with autism-like deficits (Estes & McAllister, 2015).
Though many cytokines and immune pathways are implicated in this process, the mechanism of
how immune activation results in synaptic and behavioral deficits is relatively unknown. CYLD
is a central regulator of the immune system, and is expressed in the brain where it controls
several aspects of synapse function and behavior, making it an important candidate protein to
study in the development of MIA-induced behavioral deficits. Here, I investigate the effect of
CYLD KO on MIA-associated behavioral deficits, and the effect of MIA on CYLD’s
downstream pathway, autophagy.
Introduction
Immune signaling has important roles in neuronal development, and heightened immune
signaling during fetal development by maternal infection is associated with neurodevelopmental
and neuropsychiatric disorders (Atladóttir et al., 2010; Estes & McAllister, 2015; Garay et al.,
2013; Lombardo et al., 2018). The effects of prenatal maternal infection can be mimicked by
administering immunogenic compounds such as the bacterial mimic, lipopolysaccharide, or the
viral mimic polyinosinic-polycytidylic acid (poly(I:C)) (Meyer, 2014). Administration of
poly(I:C) during at embryonic day 15 in mice, which corresponds to the end of the first trimester
in humans, results in behavioral deficits in the offspring, including stereotypic autism-like
behaviors (Brown & Meyer, 2018; Estes & McAllister, 2016) and anxiety (Quagliato et al.,
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2021). CYLD, a K63 deubiquitinase, is a critical regulator of many aspects of immune signaling,
regulating both canonical and noncanonical immune pathways (Lim et al., 2012; Saito et al.,
2004; Sun, 2010; Yang et al., 2013). Recently, CYLD has been identified as a synapticallyenriched deubiquitinase which regulates an array of synapse functions and behaviors (DobsonStone et al., 2020; Dosemeci et al., 2013; Han et al., 2020; Li et al., 2021; Li et al., 2019; Thein
et al., 2014; Zhang et al., 2016) (Chapters 2 + 3). However, no work has been done to test
whether CYLD is involved in the development of behavioral deficits during maternal immune
activation. Additionally, CYLD exerts its effects on the synapse through an AKT-mTOR
autophagy-dependent mechanism, a pathway strongly associated with neuropsychiatric and
neurodevelopmental disorders (Lombardo et al., 2018; Sharma et al., 2010; Tang et al., 2014;
Yan et al., 2018). Here, I use behavioral techniques to investigate the involvement of CYLD in
MIA-induced deficits, and biochemical techniques to investigate whether autophagy is altered in
MIA mice.
Materials and Methods
Animals
CYLD knockout mice were generously gifted by Dr. Shao-Cong Sun (university of Texas
MD Anderson Cancer Center, TX, USA) (Sun, 2010). CYLD wildtype (WT), heterozygote, and
homozygote (KO) mice were bred in-house by crossing CYLD heterozygous male and females,
and genotyped using PCR. C57BL/6J mice were obtained from Jackson Laboratory initially and
bred in-house (Bar Harbor, ME, USA). Mice were housed in same-sex groups of 2-5 under a 12h
light/dark cycle with ad-libitum access to food and water. All animal procedures were approved
by the SUNY Upstate Institutional Animal Care and Use Committee.
Maternal Immune Activation
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To elicit a maternal immune response, male and female mice were housed together for
12h overnight during the female’s proestrus or estrus phase. Estrous cycle stage was determined
visually as previously described (Byers et al., 2012). The following morning, the male was
separated, and the female’s weight was recorded daily until E12.5. If the mouse gained over 1.75
grams by E12.5, the mouse was injected with either saline or 20 mg/kg poly(I:C)
intraperitoneally (Heyne et al., 2015). The pregnant dam was observed and weighed for sicknessinduced behavior and weight loss (Cunningham et al., 2007).
Behavior
Age-matched adult mice (3-4 months old) were acclimated to the behavior rooms for at
least 30 minutes in their home cage prior to all behavior testing. All testing chambers were
cleaned between trials and subjects with REScue veterinary cleaner (Rescue Disinfectants). All
behavioral assays were carried out and scored blind to genotype.
For marble burying assays, mice were placed in a 46 x 30.5 x 15.9 cm cage with 2 inches
of Sani-Chips pine bedding (PJ Murphy). 20 standard 13 mm diameter marbles were placed on
top of the bedding in 4 rows of 5. Mice were then placed in the chamber and left for one hour.
After an hour, mice were removed from the chamber, and the number of buried marbles was
scored by an independent experimenter blind to animal genotype. Marbles were considered
buried when at least 2/3 of the marble were buried.
To assess startle reactivity and prepulse inhibition, mice were placed in an acoustic startle
chamber (Med Associates) containing a nonrestrictive plexiglass chamber resting on a platform
inside a ventilated, sound-insulated box. Mice were habituated to the chamber while a
continuous background noise was played at 65 dB for 5 minutes. Next, a pulse-alone trial
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consisting of 40 ms 120 dB pulse of broadband noise was given, with 10 pulses given at 15
second intervals. A prepulse trial was then given with prepulse intensities 4, 8, and 16 dB above
the 65 dB background noise for 20 ms, followed by a 100 ms delay, then a 40 ms 120 dB startle
pulse. Prepulse intensities were pseudo-randomized, with 15 seconds between each trial. At the
end of the trail, another 10 presentations of the pulse-alone trial were given as previous. PPI was
then calculated as startle intensity of each trial, divided by intensity during the prepulse trial for
each intensity.
To measure sociability, mice were placed into the center of a modular chamber (Med
Associates) 120 cm x 40 cm x 40 cm, with another modular chamber on each side, separated by a
plexiglass divider. Mice were acclimated to the center chamber for 5 minutes before they were
allowed to explore the remaining segments for another 10 minutes. The left and right segments
of the test each contained a wire cup, either empty or containing a novel, age- and sex-matched
non-littermate mouse. The test was repeated each day for 5 days. On day 5, a novel stranger was
placed in the empty wire cup to assess social novelty. Time spent interacting with the empty cup
or stranger mouse were manually scored. Time in each chamber was automatically scored by
AnyMaze.
Immunoblot Analysis
Animals were sacrificed by cervical dislocation and hippocampal tissue was extracted on
ice and stored at -80°C until lysis. Tissue was homogenized in ice-cold
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCL (pH 7.4), 1% NP-40, 0.1%
SDS, 0.25% deoxycholic acid, 150 mM NaCl, 1 mM EDTA, 1 mM PFSF, protease inhibitor
mixture (Roche), and Phosphatase Inhibitor Cocktail 3 (Sigma Aldrich). The lysate supernatant
was collected by centrifugation for western blotting. Lysates were mixed with SDS loading
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buffer and heated to 95 °C for 5 minutes before loading on a 7.5% or 15% (for resolving LC3-II)
SDS/PAGE gel. Proteins were transferred to a PVDF membrane (Bio-Rad) and blocked with 3%
BSA in TBS-T. Membranes were incubated with primary antibodies at 4°C overnight, and
secondary antibodies at room temperature for 1 hour. For resolution of multiple proteins, blots
were stripped between probes with Membrane Stripping Buffer-3 (Boston BioProducts). Signals
were detected using SuperSignal West Femto Maximum Sensitivity Substrate Kit (Pierce) on a
ChemiDoc MP (BioRad). Relative protein band intensity was quantified within linear range
using ImageJ (NIH).
Antibodies
Primary antibodies were used for western blotting and staining at the following concentrations:
CYLD (1:1000; Cell Signaling, 8462), P62 (1:1000; Cell Signaling, 5114), LC3-II (1:1000; Cell
Signaling, 38685), β-Actin (1:2000; Santa Cruz, SC-47778), TRAF6 (1:1000, Cell Signaling,
8028), Goat anti-Mouse igG (H+L) HRP (1:2000; Invitrogen, A16066), Goat anti-Rabbit IgG
(H+L) HRP (1:2000; Invitrogen, 32460).
Results
To first establish the maternal immune activation model with our animals, I treated
pregnant dams (E12.5) with 20 mg/kg poly(I:C) or saline and tested behavior on the resulting
offspring. I found that consistent to previous literature (Estes & McAllister, 2016; Garay et al.,
2013; Lombardo et al., 2018; Quagliato et al., 2021), MIA mice had slightly increased sociability
during the first day of a 5-day 3 chamber social interaction test (Figure A1a). On the fifth day, a
novel stranger was introduced, and the MIA mice interacted significantly less with the novel
mouse (Figure A1b). MIA offspring also buried more marbles over a 3-day marble burying test
(Figure A1c-d), consistent with stereotypic behavior seen in MIA mice (Estes & McAllister,
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2016; Quagliato et al., 2021). Finally, MIA mice had reduced prepulse inhibition intensity, a
phenotype seen in schizophrenia and rodent models of psychiatric disorders (Mena et al., 2016).
Given that CYLD strongly regulates the immune system, I tested whether CYLD was
involved in the development of MIA-related deficits by checking for behavioral deficits in
CYLD WT and KO offspring of poly(I:C) treated mice. I observed a nonsignificant increase in
marbles buried in both the WT and KO MIA mice, suggesting that CYLD KO does not affect the
development of stereotypic behavior in MIA mice (Figure A2a). A nonsignificant decrease in
PPI in both the WT and KO MIA mice compared to saline treated controls at all prepulse
intensities was also observed (Figure A2b-c). Conversely, to test whether CYLD or autophagy
are altered in MIA mice, I also blotted for CYLD, TRAF6, and autophagy markers p62 and LC3
in control or MIA offspring of C57 mice. Interestingly, I observed a strong significant reduction
in TRAF6, but no change in CYLD (Figure A2d-e). Despite no change in CYLD, both LC3-I
and LC3-II were consistently decreased in the MIA offspring, but no change in p62 (Figure
A2d-e). The reduction in both LC3-I and LC3-II suggests an impairment of LC3 itself, perhaps
by a combination of increased degradation or a lack of LC3 transcription or upstream pathways.
These results suggest that CYLD is not required for induction of MIA-related behaviors,
although TRAF6 and autophagy are disrupted in MIA mice.
Discussion
Maternal immune activation by poly(I:C) administration has been well established as a
model for psychiatric disease in rodents (Estes & McAllister, 2015). However, the underlying
mechanisms behind MIA-mediated synaptic and behavioral deficits is largely unknown. Here, I
investigated whether CYLD and its synaptic target, the autophagy pathway, are involved in the
development of MIA-mediated deficits. MIA offspring of C57BL/6 mice displayed behavioral
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deficits consistent with the literature (Malkova et al., 2012), including hyposociability,
stereotypic behaviors, and a reduction in prepulse inhibition. Both WT and KO offspring of
CYLD heterozygotes had similar effects. Both WT and KO MIA offspring displayed increased
marble burying compared to controls, and decreased prepulse inhibition at all prepulse
intensities. These data suggest that CYLD is not required for the development of MIA-induced
behavioral deficits. However, I found a significant decrease of TRAF6, a K63 E3 which opposes
the activity of CYLD on synaptic molecules such as PSD-95 (Ma et al., 2017). TRAF6 also
ubiquitinates and subsequently activates AKT (Yang et al., 2009), opposite of CYLD (Lim et al.,
2012; Yang et al., 2009). However, if TRAF6 does indeed oppose the action of AKT inhibition
of autophagy, an increase of autophagy would be expected with a decrease of TRAF6 in MIA
mice. Instead, it is possible that TRAF6 acts upstream of AKT-mTOR, at the level of
transcription or initiation. TRAF6 activates autophagy through Beclin-1 recruitment in primary
human monocytes and skeletal muscle (Paul & Kumar, 2011; Shi & Kehrl, 2010). However,
TRAF6 inhibits autophagy in the rodent brain following brain injury in mice, suggesting celltype specificity to the activity of TRAF6 on autophagy (Dou et al., 2017). Therefore, TRAF6mediated autophagy may be reduced in MIA mice to elicit their synaptic and behavioral deficits.
The reduction of both LC3-I and LC3-II could imply that either transcription/translation is
reduced, or autophagosomes are rapidly degraded (Klionsky et al., 2016). However, due to no
change in p62, it is more likely that LC3 transcription or translation is impaired (Klionsky et al.,
2016). More work will be necessary to determine if this is the case, and what the underlying
mechanism is. Nevertheless, this work provides new avenues for the study of the mechanisms
underlying MIA-induced behavioral deficits. Maternal infection is a risk factor for human
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psychiatric disease, and therefore understanding these mechanisms will provide a foundation for
the study of neurodevelopmental and psychiatric disorders.
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Figure A1. Establishing a Model of Maternal Immune Activation.
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Figure A1. Establishing a Model of Maternal Immune Activation.
a,b. Three chamber social interaction. Time spent sniffing a stranger mouse (a) or empty wire
cup (b) during a three chamber social interaction. A novel stranger was introduced to the empty
wire cup on day 5, indicated by the arrow. Two-way ANOVA with Bonferroni’s multiple
comparison post-hoc test.
c,d. Marble burying. Ratio of marbles buried over three trials (c), and overall (d). * p < 0.05;
Two-way ANOVA with Bonferroni’s multiple comparison post-hoc test (c) and two-tailed
unpaired t-test (d).
e,f. Prepulse inhibition. Startle response relative to pulse-only trials at 4, 8, or 16 dB above
baseline noise (e), and across all intensities (f).
All data represents mean ± SEM.
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Figure A2. CYLD Involvement in Maternal Immune Activation.
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Figure A2. CYLD Involvement in Maternal Immune Activation
a. Marble burying. Total percentage of marbles buried by CYLD WT and KO offspring of
control or MIA mice.
b-c. Prepulse inhibition. Prepulse inhibition at each intensity 4, 8 or 16 dB above baseline (b)
and total prepulse inhibition (c) in CYLD WT and KO offspring of control or MIA mice.
d. Western blots. Representative western blots of TRAF6, CYLD, and autophagy markers p62
and LC3 from hippocampus tissue of control or MIA offspring.
e. Quantifications of blots in (d), relative to control, adjusted to β-actin. * p < 0.05, ** p < 0.01,
two-tailed unpaired t-test.
All data represents mean ± SEM.
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A2. CYLD Differentially Regulates Neuronal Morphogenesis Response to Cytokines
Abstract
Cytokines in the brain are important immune signaling molecules which are thought to
mediate blood-brain crosstalk. Cytokines are important for brain development and heightened
cytokines in the brain are associated with several neuropsychiatric and neurodevelopmental
disorders. Although there is some evidence suggesting that cytokines can directly control
neuronal function and plasticity, it is unknown how they do so, and what pathways are involved.
CYLD is a synaptically-enriched immune modulator with roles in neuronal morphogenesis,
activity, and plasticity. Here, I investigate the effects of psychiatric disease-associated cytokines
IL-6, IL-1B, and IL-17A on dendritic arborization and dendritic spine density, and whether
CYLD is required for their effects. I find that each cytokine has unique effects on neuronal
morphogenesis which are differentially modulated by CYLD.
Introduction
Immune signaling is important for neuronal development and function (Boersma et al.,
2011; Estes & McAllister, 2015; Gutierrez & Davies, 2011). Cytokines, immune signaling
molecules, function as essential mediators of neuro-immune system communication, and have
important roles in neuroinflammation (Deverman & Patterson, 2009; Garay et al., 2013). Altered
profiles and functions of cytokines in the brain can result in neuronal circuitry imbalances and
behavioral impairments (Pendyala et al., 2017; Wei et al., 2013; Wei et al., 2012). Furthermore,
heightened expression of cytokines in the brain are associated with neuropsychiatric disorders
such as autism, depression, and schizophrenia (Estes & McAllister, 2015; Mevorach et al., 2021;
Ting et al., 2020). Among them, the cytokines IL-6, IL-1β, and IL-17 are consistently
dysregulated in neuropsychiatric disease (Deverman & Patterson, 2009; Fang et al., 2018; Garay
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et al., 2013; van Kammen et al., 1999; Zhu et al., 2018). Neurons can respond directly to
interleukins (März et al., 1998; Murray et al., 1997), or through signaling by glia and astrocytes
(Waisman et al., 2015). However, the signaling pathways that mediate neuronal changes to
cytokines have not been well documented.
CYLD is a well-established regulator of immune signaling (Komander et al., 2008; Sun,
2010). CYLD is present in neurons and has strong roles in regulating neuronal morphogenesis
and activity through autophagy (see Chapter 3). As a synaptic regulator of immunity, it is
possible that CYLD can mediate the neuronal response to cytokines, thereby modulating their
effects on neuronal development, morphogenesis, and activity. Therefore, to investigate whether
CYLD was involved in the developmental response to cytokines in vitro, I treated WT and KO
cells with disease-dysregulated cytokines. Here, I report that CYLD differentially modulates
neuronal changes in dendritic arborization and dendritic spine morphogenesis in response to
cytokine treatment.
Materials and Methods
Animals
CYLD knockout mice were generously gifted by Dr. Shao-Cong Sun (university of Texas
MD Anderson Cancer Center, TX, USA) (Sun, 2010). CYLD wildtype (WT), heterozygote, and
homozygote (KO) mice were bred in-house by crossing CYLD heterozygous male and females,
and genotyped using PCR. Mice were housed in same-sex groups of 2-5 under a 12h light/dark
cycle with ad-libitum access to food and water. All animal procedures were approved by the
SUNY Upstate Institutional Animal Care and Use Committee.
Cell Culture and Transfection
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Primary hippocampal neurons were isolated from P0 pups using a papain dissociation kit
according to the manufacturers protocol (Worthington Biochemistry). Cells were plated on polyD-lysine (Sigma Aldrich) coated coverslips at medium density (~60,000 cells/coverslip). Cells
were cultured in Neurobasal medium (Thermo Fisher), and supplemented with 1X GlutaMax
(Thermo Fisher), 1X B27 (Gibco), and 200 U/mL Penn/Strep (Thermo Fisher), and incubated at
37°C in 5% CO2. Medium was changed every 3-4 days with 50% fresh medium. Cells were
transfected on DIV 7 with 1μg total isolated hSyn-DsRed (Addgene plasmid # 22907) plasmid
DNA in TE buffer via CalPhos Mammalian Transfection Kit (TaKaRa Bio) according to the
manufacturer’s protocol. Successful transfection was confirmed 24 hours later by fluorescence
microscopy.
Cytokine Treatments
To treat neurons with cytokines, isolated recombinant mouse IL-6 (R&D Systems, 406M), IL-17A (R&D Systems, 421-ML), and IL-1B (R&D Systems, 401-ML) were added to
cultured mouse hippocampal neurons from DIV10-17 at 1 ng/mL. Media was changed daily with
50% fresh, 50% conditioned neurobasal media with fresh cytokine. On DIV 18, coverslips were
washed with ice-cold phosphate-buffered saline (PBS) and fixed with 4% PFA in PBS.
Confocal Microscopy and Image Analysis
Whole-cell and dendritic images were acquired using a Leica TSC SP5 Spectral Confocal
Microscope (Leica Microsystems) with a 40x or 63x (with 4x digital zoom) objective at a
resolution of 1,024 x 1,024 pixels. Brain slices and coverslips were mounted in ProB antifade
mounting reagent (Thermo Fisher) and imaged and analyzed blinded to genotype and condition
of the samples. Pyramidal neurons were randomly selected for imaging. Images were taken along
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the Z-axis at a total thickness of 1 μm (for dendrite segments), or 3 µm (for whole-cell images).
Dendrites were imaged at the first branch of the primary apical dendrite, and every spine along
the >25 μm length was measured using ImageJ (Schneider et al., 2012) for neck length, total
length, spine head diameter, and spine head area. Measurements were exported to Excel
(Microsoft) and spine classification was automatically sorted by the following criteria: Head
width/neck length > 1.5 for mushroom spines; total length < 1 μm for stubby spines, neck length
>1 and head/neck < 1.5 for thin spines, and no discernible head for filopodia (Harris et al., 1992).
For dendritic arborization analysis, a binary image of the whole-cell image was generated using
ImageJ, and analyzed using the Sholl plugin (Stanko et al., 2015), with the center set at the soma
and a starting radius of 10 μm, 10 μm step size, and averaging of 3 points.
Statistical Analysis
All data is represented as mean ± SEM. For spine data, groups were compared with a
one-factor ANOVA followed by Bonferroni’s multiple comparison post-hoc test, with a
significance threshold set at p = 0.05. For Sholl analysis, a two-factor ANOVA was used
(GraphPad).
Results
To test the hypothesis that CYLD can mediate neuronal response to cytokines, I treated
cultured mouse hippocampal neurons from P0 WT and KO mice from DIV10-DIV17 with 1
ng/mL of each cytokine. On DIV19, I analyzed dendritic spine density and dendritic
arborization. I found that IL-6 slightly decreases total dendritic spine density in both CYLD WT
and KO neurons, and had no effect on dendritic arborization, with spine density slightly higher in
both treated and untreated KO neurons (Figure A3 b,e,f). Treatment with IL-17 had the
strongest effect on dendritic spines, significantly reducing total dendritic spine density, and non147

significantly reducing stubby and thin spines in both the WT and KO (Figure A3 c,e).
Interestingly, IL-17 treatment also significantly reduced dendritic arborization in WT neurons,
which had an opposite effect in KO neurons. (Figure A3g). IL-1β had the strongest effect
specifically on mushroom spines, strongly reducing mushroom spines and slightly reducing total
spine density, which was attenuated in KO neurons (Figure A3d,e). IL-1β did not significantly
affect dendritic arborization in either WT or KO neurons (Figure A3h). These data suggest that
CYLD differentially regulates neuronal responses to different pro-inflammatory cytokines.
Discussion
Cytokines mediate a variety of neuronal functions, either directly or through glia and
astrocytes (März et al., 1998; Murray et al., 1997; Waisman et al., 2015). Cytokine dysregulation
during development can lead to changes in neuronal morphogenesis and connectivity (Pendyala
et al., 2017; Wei et al., 2013; Wei et al., 2012). However, the mechanism behind their
remodeling effects is largely unknown. CYLD is an immune regulator specifically enriched at
the post-synaptic density (Dosemeci et al., 2013; Ma et al., 2017; Thein et al., 2014), and
controls synaptic morphogenesis and plasticity (Chapter 2). Here, I find that CYLD
differentially modulates changes in dendritic branching and dendritic spine morphogenesis in
response to proinflammatory cytokines. IL-17, which can directly act on neurons independent of
microglia and astrocytes (Cipollini et al., 2019; Milovanovic et al., 2020) strongly reduced total
dendritic spines, which was nearly abolished in CYLD KO neurons. Although it is controversial
whether IL-17 receptors are present in neurons (Das Sarma et al., 2009; Segond von Banchet et
al., 2013), and whether its signaling acts through traditional mechanisms, signaling via the IL17R pathway in the brain involves activation of NF-κB (Yi et al., 2014), of which CYLD is a
potent negative regulator (Sun, 2010). IL-17 also significantly reduced dendritic arborization in
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WT neurons, but significantly increased arborization in KO neurons. Loss of NF-κB in cortical
neurons is known to decrease dendritic arborization (Gutierrez & Davies, 2011). Therefore,
CYLD KO may result in disinhibited NF-κB in these neurons, resulting in an exaggerated
dendritic arborization. Furthermore, IL-1β treatment strongly decreased mushroom morphology
spines in WT neurons, which was attenuated in CYLD KO mice. It is possible that loss of CYLD
prevents signaling required for pruning of mushroom spines, but I previously found that CYLD
KO mice have increased mushroom spines (Chapter 2), so the effect may be confounded by
increased baseline mushroom spine number. Surprisingly, one of the most important early-phase
proinflammatory cytokines (Ruzek et al., 1997), IL-6, had only a minor, non-significant effect on
spine density in both WT and KO cells. Elevated IL-6 is strongly associated with psychiatric
disorders such as schizophrenia, and the association can even be used to diagnose early-onset
schizophrenia (Chase et al., 2016). However, one of the main functions of IL-6 is to activate
early-phase inflammation, recruiting T-cells and inducing the formation of IL-17-producing
TH17 cells in the periphery (Bettelli et al., 2006). Therefore, it is possible that the neuronal
effects of IL-6 require peripheral activation of the immune system, and secretion of other proinflammatory cytokines such as IL-17A. Nevertheless, this data supports a modulatory role of
CYLD in cytokine-mediated neuronal remodeling. This work provides a foundation for new
avenues of future studies into the neuronal mechanism behind psychiatric disease and
neuroinflammation.
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Figure A3. Cytokine Treatments in CYLD WT and KO Neurons.
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Figure A3. Cytokine Treatments in CYLD WT and KO Neurons.
a. Representative images of whole-cell (top) and dendrite (bottom) images from CYLD WT and
KO neurons treated with cytokines or DMSO control.
b-d. Spine type quantifications from WT and KO neurons treated with IL-6 (b), IL-17A (c), or
IL-1β (d). * p < 0.05, ** p < 0.01 one-factor ANOVA with Bonferroni’s multiple comparison
post-hoc test.
e. Total spine type quantifications from cytokine or DMSO treated WT and KO neurons. * p <
0.05, one-factor ANOVA with Bonferroni’s multiple comparison post-hoc test.
f-h. Dendritic arborization quantifications from IL-6 (f), IL-17A (g), or IL-1β (h) treated WT and
KO neurons. # p < 0.05, ## p < 0.01, ### p < 0.001 two-way ANOVA with Dunnett’s multiple
comparison post-hoc test vs. WT + DMSO.
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