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ABSTRACT

Myelin-associated inhibitor NogoA exerts an inhibitory effect on CNS axonal
regeneration and synaptic plasticity. Studies have shown that neutralization of NogoA
signaling enhanced long-term potentiation, increased dendritic branching complexity
and spine immaturity. However, upstream regulators of NogoA and downstream
molecular signaling still remain largely unknown. Here, | demonstrate that neuronal
NogoA levels and surface trafficking are under the regulation of membrane
depolarization and chronic changes in network activity, respectively. | also identify
intracellular and neuron-specific phosphorylation of NogoA as a possible mechanism for
surface trafficking and signaling. Since NogoA knockout mouse models were shown to
have compensatory upregulation of axon guidance inhibitors, | employ a previously
published shRNA-mediated NogoA knockdown to study the downstream molecular
mechanisms, | demonstrate that following shNogoA transduction, hippocampal neurons
display permanently downscaled excitatory synaptic transmission, impaired homeostatic
synaptic scaling, and reduced functional inhibitory synaptogenesis. Having verified
NogoA target-specificity by using commercial shNogoAs, | conduct biochemical and
RNA sequencing experiments to identify synaptogenic molecules regulated by shNogoA
transduction. However, combining shNogoA-mediated knockdown and Cre-mediated

knockout of NogoA revealed that the observed synaptic gene and protein regulations

XXV



are largely NogoA-independent. Concurrent mRNA and miRNA sequencing
experiments following transduction with step-wise mutated shNogoA constructs
confirmed that these complementary regulations were NogoA-independent. Comparison
of transcriptomes following transduction with two scrambled shRNAs revealed a
sequence-dependent, but not sequence-specific off-target regulation of synaptic gene
expressions. In conclusion, the findings that | hereby report strongly implicate shRNA
overexpression-mediated saturation and/or off-target dysregulation of the miRNA

processing machinery as a possible mechanism.
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CHAPTER 1:

Introduction to the Interplay of Regeneration, NogoA, and Synaptic Plasticity

1.1 Abstract

The adult mammalian central nervous system (CNS) differs from the peripheral
nervous system (PNS) in its inability to spontaneously regenerate axons post-injury. In
addition to the reduced intrinsic growth-promoting programs, the environmental
micromillieu of the CNS is quite hostile for injured axons to re-grow, find original targets,
and re-establish synapses. One such contributor is the myelin-associated inhibitor (MAI)
NogoA, which is a negative regulator of neurite outgrowth and axonal regeneration.
Expressed by both oligodendrocytes and neurons, NogoA not only maintains a multi-
faceted brake system on the regenerative capacity of the injured adult mammalian CNS,
but also exerts a negative regulation on activity-dependent synaptic plasticity. In fact,
even in baseline and health, NogoA locks in highly plastic processes, such as dynamic
re-sculpturing of neuronal morphology and bidirectional modulation of synaptic strength,
which collectively form the basis of learning and memory formation. Therefore, it is
paramount to thoroughly investigate and precisely describe the function of NogoA,
especially by way of studying receptor partners and downstream signaling. In this
chapter, | review key characteristics of CNS axon regeneration, discovery and inhibitory

function of NogoA, and involvement in the regulation of synaptic plasticity.



1.2 Introduction

1.2.1 CNS Regeneration or the Undeniable Lack There-of

The central nervous system (CNS) development requires harmonious execution
of a multitude of processes, possible with a concerted effort between attractive and
repulsive signals. In fact, numerous inhibitory molecules are expressed all throughout
development, providing sufficient negative cues to direct otherwise lost neuronal cell
bodies or processes. Overall, CNS development depends on a fine balance between
positive and inhibitory molecules for the timely order and proper execution of cell
proliferation, migration, initial synaptic connectivity, synaptic pruning, and maturation (7-
3). However, once these complex circuitries are formed and stabilized following
developmental stage and closure of the critical period, the now-adult CNS neurons lose
their plastic ability (4-7). This is certainly true in healthy baseline, where sensory
exploration of the surrounding space, immediate response to external stimuli,
consequent active learning and long-lasting memory formation take place on a regular
basis. An example of this is seen with cellular regenerative capacity being highly limited
to only two select sites of the entire CNS: the olfactory bulb and the hippocampus (8-
10). Perhaps more detrimental to the human health is the CNS neurons’ near-complete
inability to self-renew, regenerate, or functionally recover following injury (77-13).

After a trauma or injury to the CNS, while all non-neuronal (or glial) cells can self-
populate, neurons remain least resilient and mostly incapable to regenerate (72, 13).

Resident microglia can rapidly proliferate, migrate to the damaged area to phagocytose



cell debris, and trigger initial intercellular communication, which ultimately helps mount
an immune response (74, 15). One such target of this signaling, astrocytes can assume
a reactive polarization profile, migrate to and proliferate at the damaged area to form an
isolating glial scar, which was shown to actually facilitate regeneration (76, 77). Finally,
oligodendrocyte precursor cells (OPCs) can also proliferate, and fully differentiate into
myelinating oligodendrocytes, so that the newly regenerated axons, if any, could be re-
myelinated for faster action potential conduction, as well as mechanical and metabolic
support (78, 19). So what makes neurons, the principal cells of the nervous system, so
resilient to sponteneous regeneration, either on a cellular or subcompartmental level?
First of all, mature neurons of the adult CNS have limited cell-intrinsic capacity to
entrain axonal regeneration. Having both peripheral and central branches, sensory
dorsal root ganglion (DRG) neurons historically provided the ideal platform to study the
differential activation of regeneration-associated gene (RAG) expression following either
CNS or PNS injury. A nerve crush or complete transection injury to the sciatic nerve,
which constitutes the peripheral axonal branch of sensory and motoneurons, robustly
upregulates multitude of RAGs that ultimately facilitate spontaneous axonal
regeneration (20-22). However, without prior injury to the sciatic nerve (referred to as
conditioning injury), a hemisection of the dorsal column in the spinal cord, which
contains the central branch, fails to upregulate expression of RAGs (23). In fact,
manipulations to epigenetically upregulate these RAGs (24), remove the transcriptional
inhibition on the Jak-STAT pathway (25), or constitutively activate the mTOR pathway
(26) can dramatically increase regenerative capacity of the CNS neurons. Taken

together, these findings demonstrate that the DRG neurons can enter a regenerative



state following injury to the PNS, remain completely vulnerable following injury to the
CNS, but can be primed to regenerate with conditioning injury or genetic manipulations.

Secondly, the microenvironment of the adult, mammalian CNS is far more
restrictive and hostile for regeneration than the PNS. This was elegantly demonstrated
by nerve grafting experiments, where CNS neurons could overcome their cell-intrinsic
negative regulation and sustain axonal regeneration in the presence of PNS nerve
transplantation. Conversely, optic nerve segments grafted onto the sciatic nerve were
bypassed by regenerating axons due to the hostile CNS environment (27, 28). In
addition to a drastic lack of sufficient neurotrophic support (29, 30), there are also
various negative regulators of growth within the extracellular milieu. In addition to the
chondroitin sulfate proteoglycans (CSPGs) secreted by reactive astrocytes within the
glial scar to inhibit regenerative growth and plasticity (37, 32), oligodendrocytic myelin
encapsulates expression of numerous inhibitory molecules, collectively referred to as
myelin-associated inhibitors (MAIls). For instance, enriched in Schmidt-Lanterman
incisures and the periaxonal membrane of myelin sheath (33), myelin-associated
glycoprotein (MAG) regulates the axonal cytoskeleton and caliber (34), post-
translational modification of microtubules (35, 36), phosphorylation of MAP2 (37), and
activation of the RhoA/ROCK signaling pathway. Another commonly studied MAI is the
oligodendrocyte myelin glycoprotein (OMgp), which is enriched near the nodes of
Ranvier, and shown to negatively regulate axon collateral sprouting (38) and activity-
dependent synaptic plasticity (39). The final component of the MAIs is the reticulon
family member RTN4A/NogoA, which will constitute the main focus of our work

described here, and therefore will be introduced in greater detail.



Taken together, neurons of the adult, mammalian CNS are at a double-faceted
disadvantage in terms of responding to an external injury, recovering from the negative
regulations of the extracellular milieu, and mounting growth-promoting cell-intrinsic
programs in order to sustain axonal regeneration, target pathfinding, and functional
synaptogenesis. As such, further mechanistic investigations on both individual
components and their complex interactions are required before we could gain a deeper
understanding of the pathophysiology of currently untreatable spinal cord injury, as it

sharply contrasts impressive PNS regeneration and functional recovery.

1.2.2 Introduction to NogoA: Beginning of a 32-Year Long Journey

Twelve years after the identification of membrane-bound molecules relaying the
inhibitory nature of the CNS myelin (40, 47), NogoA was first fully discovered and
characterized from spinal cord myelin extract. In fact, that very study identified that
neutralization of NogoA with the function-blocking antibodies (AS Bruna, AS 472 or mAb
IN-1) could negate the inhibitory influence of the CNS myelin, and consequently allow
for cultured DRG neurites to grow into the optic nerve explants (42). Identified as a
reticulon family member with an endoplasmic reticulum retention signal (42, 43), Nogo
has three splice isoforms with different molecular weights, shared domains, expression
pattern, and consequent function. NogoA (1163aa, 190kDa) was expressed most
strongly by the oligodendrocytes and neurons of the brain and spinal cord, and to a
lesser extent by testis and heart. NogoB (360aa, 55kDa) was also strongly expressed

within the brain and spinal cord tissues, but almost equally within the testis, heart,



spleen, and kidney, and most strongly within the lung. Lastly, NogoC (25kDa) was
expressed in small fraction within the brain tissue, but nowhere as strongly as within the
skeletal muscle (42, 44). When this expression profile (44) was combined with complete
and efficient neutralization of inhibitory function with NogoA-specific antibody AS Bruna
472 (42), the field mostly focused on the signaling mechanism and associated
physiological roles of the NogoA isoform.

NogoA has three discrete regions, where only two were shown to exert a robust,
yet varying inhibitory functions on growth cone collapse, neurite outgrowth, and activity-
dependent synaptic plasticity. The extracellular and C-terminal Nogo-66 domain (rat aa
1026-1091) was identified first as commonly shared amongst all Nogo splice isoforms.
The dimeric Nogo-66 relays the strongest degree of growth cone collapse through the
neuronally expressed Nogo-66 Receptor 1 (NgR1) (45, 46). In fact, receptor-binding
partner for other MAls such as MAG and OMgp, NgR1 activation was shown to drive
actomyosin contraction as well as microtubule and F-actin disassembly downstream of
RhoA/ROCK-dependent signaling (45-48). Later studies collectively demonstrated that
the Nogo-66 binding event with synaptic NgR1 exerted a strong negative regulation on
dendritic spine morphology and activity-dependent synaptic plasticity (39, 49, 50).
Moreover, either genomic deletion of NgR1 (39, 49) or treatment with the anti-NgR1
function-blocking antibody (50) resulted in enhanced induction of hippocampal long-
term potentiation. Lastly, Nogo-66 domain was also shown to directly bind to the paired
immunoglobulin-like receptor B (PirB) (57), which is partially responsible for relaying

inhibitory function of CNS myelin due to concurrent OMgp binding (39).



More recently, the focus of the field has shifted onto the NogoA-specific NogoA-
A20 region (rat aa 544-725), which was discovered to exert a strong inhibition of neurite
outgrowth as well as growth cone collapse capability (45). The NogoA-A20 region has
so far only one well-characterized and reproducibly identified receptor partner: the G
protein-coupled receptor (GPCR) sphingosine 1 receptor 2 (SP1PR2). As soon as 15
minutes following binding, the NogoA-A20-SP1PR2 complex is internalized in a pincher-
and rac-dependent, but clathrin- and dynamin-independent manner. Once endocytosed
into the neurites, this NogoA-A20-containing signalosome is retrogradely transported to
the cell body, all the meanwhile leading to the activation of the G protein G13, leukemia-
associated Rho guanine exchange factor (RhoGEF) LARG, and RhoA (562, 53). Lastly, it
is through interaction with S1PR2 that the NogoA-A20 region negatively regulates
activity-dependent synaptic plasticity within the hippocampus or motor cortex. Indeed,
disruption of the NogoA-A20 signaling via treatment with function-blocking anti-NogoA-
specific antibody (11C7) or pharmacological S1PR2 antagonist (JTE-013) releases the
inhibitory influence, and induces enhanced LTP. Lastly, JTE-013 treatment of
hippocampal slices from NogoA” mouse does not lead to any change in LTP induction,
suggesting that S1PR2-mediated negative regulation of synaptic plasticity is solely
through NogoA binding (52).

Taken together, an impressive collection of biochemical and electrophysiological
in vitro studies helped characterize NogoA topology, expression pattern, binding
partners, and multi-faceted inhibitory function. As NogoA is at least in part responsible
for the CNS myelin’s powerful inhibition on growth cone maintenance, neurite

outgrowth, and activity-dependent synaptic plasticity, the possibility of blockade of this



complex signaling gained increasing popularity as a way to recover function following
injury. Consequently, further studies were carried out with NogoA and its identified
receptor partners, particularly using in vivo models with RNA interference as well as

genomic and conditional knockouts.

1.2.3 Controversial Reports on Genomic Nogo Deletion

The field’s first attempt to block the inhibitory function of complex NogoA
signaling was through genomic knockout of NogoABC. In 2003, Simonen et al.
genetically removed NogoA from the mouse genome, and assessed neurite outgrowth
and corticospinal tract (CST) regeneration following spinal cord injury. They found that
the spinal cord extract from the NogoA KO mice was less inhibitory to neurite outgrowth
in vitro. Moreover, axonal regeneration or sprouting past the lesion site following dorsal
column hemisection was increased upon NogoA depletion. However, this was at the
expense of the robust upregulation of NogoB protein as a compensatory mechanism
(54). To avoid the concurrent upregulation of NogoB upon NogoA deletion, Kim et al.
genetically deleted both NogoA and NogoB from the mouse genome, and reported
increased sprouting and CST fiber regeneration, and enhanced locomotor function (55).

On the other hand, there were studies that reported lack of enhanced injured
CNS regeneration with the Nogo genomic deletion mouse models. Indeed, Zheng et al.
produced both NogoAB and NogoABC-deficient mice, and studied CST fiber

regeneration following dorsal column hemisection. Although they did report NogoAB-



deficient myelin’s reduced inhibitory regulation on neurite outgrowth in vitro, their results
demonstrated no significant improvement in axonal regeneration in either mouse model
(56). In line with this evidence, Lee et al. generated a NogoAB gene-trap knockout
mouse model, and replicated lack of CST regeneration following spinal cord injury (57).
Altogether, this further corroborated the conclusion that Nogo deletion alone is not
sufficient for enhanced axonal regeneration of adult CNS mammalian neurons

These differences in observations were explained by presence of one or more
isoforms of Nogo (64, 55, 57), strain-dependent differences between mouse knockout
models (568), as well as compensatory upregulation of numerous inhibitory axon
guidance molecules upon NogoA deletion (59). As such, efforts refocused on
conditional knockout of NogoA in oligodendrocytes or neurons only to delineate cell-
specific function of the inhibitory role of NogoA signaling. Upon oligodendrocyte-specific
depletion of NogoA (Cnp-Cre™; Rtn4A™) Vajda et al. reported increased both
spontaneous and inflammation-mediated axonal outgrowth following complete
intraorbital optic nerve crush. In contrast, they reported that the neuron-specific
depletion of NogoA (Thy1-Cre"; Rtn4A™) decreased axon sprouting in the injured optic
nerve (60). Follow-up studies by Zemmar et al. demonstrate that both NogoA
conditional knockout models show enhanced dendritic spine remodeling of the adult
motor cortex, while neuronal and oligodendrocytic NogoA affect dendritic branching
complexity, length, and spine density at proximal and distal regions, respectively (67).
Most recently, Meves et al. independently confirmed that only the oligodendrocyte-
specific deletion of all Rtn4 isoforms (PLP-Cre-ER’; Rtn4™) enhances compensatory

sprouting of injured CST axons without any significant functional recovery. On the other



hand, the neuron-specific deletion of Rtn4 via cortical adeno-associated virus (AAV2)-
Cre injection into the Rtn4™ mouse brain failed to show any significant change in
compensatory sprouting following unilateral pyramidotomy (62).

Given the contradictory results obtained from various approaches to genetically
deleting Nogo alone, the field has not so far reached a consensus about whether the
removal of NogoA'’s inhibitory effect was sufficient on enhancing axonal sprouting,
regeneration, or synaptic plasticity. As such, alternative methods of NogoA depletion or
NogoA signaling blockade were employed to better study its physiological function

without serious ramifications of compensation, strains, and cell-specificity.

1.2.4 Neutralization of NogoA Signaling and Function

Especially since the genomic knockout of Rtn4/Nogo caused a plethora of
complexities, including strain differences, targeting isoform, compensatory
upregulations, functional studies investigating the physiologically relevant inhibitory role
of NogoA have more heavily used the acute treatment with the function-blocking anti-
NogoA antibodies. First described in 1988 to neutralize the newly discovered non-
permissive substrate properties of the CNS myelin (40, 41), IN-1 antibody was later on
found to bind to the NogoA-A20 (42, 45), induce internalization (53), and blocks NogoA
inhibitory signaling on cell surface and therefore function. Since as early as 1998,
treatment of injured adult rat CST with the IN-1 or 11C7 function-blocking antibodies
were demonstrated to increase axonal sprouting with a consequent improvement in

functional recovery in motor and sensory tests (63, 64). In fact, studies with 11C7
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showed similar results with non-human primates subjected to unilateral cervical lesions
(65, 66). Moreover, this treatment was extended to clinical trials with relatively tolerable
adverse effects (67), and is currently in the Phase Il clinical trial stage (NCT03935321).
Of more importance for our studies was anti-NogoA function blocking-antibody
treatments in the context of regulation of activity-dependent synaptic plasticity and
dendrospinal morphology. In 2010, Zagrebelsky et al. treated days in vitro (DIV) 21
organotypic neonatal mouse hippocampal slices with the 11C7 anti-NogoA function-
blocking antibody for 4 days, and assessed dendrite and spine structure. Neutralization
of NogoA increased dendritic intersections in both CA1 and CA3 regions of the
hippocampus, and shifted dendritic spines to a more immature state, while sparing
axonal complexity and length (68). Delekate et al. used hippocampal slices acutely
treated with anti-NogoA (11C7) and anti-NgR1 function-blocking antibodies, and found
enhanced LTP induction at a fast and immediate time scale, which once again
demonstrated the negative regulatory function of NogoA (50). These experiments
formed the foundation of in vivo studies, where Zemmar et al. replicated blockade of
either NogoA or NgR1 leading to enhanced LTP induction in rat motor cortex slices. The
investigators took these results one step further, and demonstrated that 6 day
continuous intrathecal application of the anti-NogoA function-blocking antibody
increased dendritic spine density of layer 5 cortical pyramidal neurons with a
consequent improved motor learning (69).
Taken together, results from these and many other studies suggest a
strong and physiological role for NogoA-mediated inhibition, which can be negated both

immediately, functionally, and morphologically via treatments with anti-NogoA or anti-
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NgR1 function-blocking antibodies. Nonetheless, since NogoA is ubiquitously expressed
within the developing and adult rodent CNS, the target(s) of these antibodies or the cell

autonomy of these neutralization experiments are still unanswered, key questions.

1.2.5 RNA Interference (RNAi)-Mediated Knockdown of NogoA

Unlike acute NogoA neutralization, genomic deletion of NogoA does not lead to a
significant morphological change in dendrite and spine structure (68) or activity-
dependent synaptic plasticity (50). To circumvent unwanted compensatory upregulation
of other isoforms and inhibitory molecules (59) and to decipher cell-autonomous nature
of phenotypes seen with the targeted cells, studies have used various RNA interference
(RNAi)-mediated approaches to selectively and acutely knock down NogoA expression.
In the same study mentioned above, Zagrebelsky et al. used a short hairpin (RNA)-
mediated NogoA knockdown on acute hippocampal slices, and reproduced similar
results in dendritic morphology and spine maturity (68). Moreover, Pradhan et al.
delivered another shRNA against NogoA, packaged into an AAV2/8, to pyramidal
neurons of the neonatal rat primary sensorimotor cortex to study morphology and
density of dendritic spines in vivo. Results showed that the cell-autonomous knockdown
of neuronal NogoA led to a decrease in spine density, and an increase in filopodia-like
spine immaturity (70). Especially the findings with the immature dendritic spine
morphology was in line with previous studies using NogoA neutralization, as well as
conceptually meaningful in the sense that upon the release of the inhibitory brakes,

cytoskeletal structures of the spines become more dynamic than stable.
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Last two mechanistic studies used either NogoA micro RNA (miRNA)-mediated
transgenic rat or small interfering RNA (siRNA)-mediated NogoA knockdown to study its
function in synaptic electrophysiology and receptor expression pattern. Tews et al.
generated L2 line rats with constitutively active NogoA miRNA expression,
demonstrated NogoA-specific knockdown without an upregulation of the NogoB isoform
or apparent repercussion on the global miRNA machinery. Moreover, they showed an
enhanced LTP induction in both hippocampus and cortex, which could be correlated to
the manifestation of schizophrenia-like behaviors (771). Peng et al. used yet another
siRNA to specifically knock down NogoA or NgR1 in primary hippocampal neurons.
Despite incomplete depletion of either expression, they showed a robust increase in
GluA1/2, GIuN2A/B, and PSD-95 protein levels, which were regulated upon the
activation of the mTOR signaling pathway (72). These observations were certainly
consistent and complementary with previous studies.

Taken together, neutralization of the NogoA function or knockdown of NogoA
expression was repeatedly studied with various different antibodies and RNAI
approaches to harmoniously demonstrate the negative regulatory influence of NogoA on
axonal growth and activity-dependent synaptic plasticity. However, because each small
RNA-mediated knockdown and model system employed by these studies was entirely
different, observed findings failed to build up on one another, strengthening our
conceptual and mechanistic understanding of the physiological role of NogoA
expression and signaling. Collectively, these observations and the forthcoming open

questions ultimately formed the basis of our investigations.
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1.2.6 Activity-Dependent and Homeostatic Synaptic Plasticity

When action potentials are propagated to the presynaptic axon terminal, voltage
gated calcium channels (VGCCs) change conformation, lead to an increase of
intracellular calcium, which then triggers fusion of primed and docked synaptic vesicles
packed with neurotransmitters. In an excitatory synapse, glutamate reaches the post-
synaptic densities, mostly located in dendritic spines, bind to ionotropic glutamate
receptors such as AMPA receptors, which allow in cations such as sodium and calcium.
The membrane potential depolarizes, and the influx of calcium triggers a host of
intracellular signaling cascade including activation of calcium/calmodulin-dependent
protein kinase Il (CaMKII). Activating stepwise transcriptional mechanisms as well as
immediate local protein translation, this signaling cascade ultimately monitors
successive trafficking of more AMPA receptors both to the directly activated synaptic
site and to the nearby silent synapses, which contained mostly NMDA receptors that
were blocked by magnesium in the absence of nearby depolarization. Consequently,
the next time the post-synaptic neuron is stimulated, the cation influx, the calcium
signaling, the consequent increase in glutamatergic receptor production and trafficking
would be of a higher magnitude. This mechanistic cycle, in essence and simplistic
terms, constitute the long-term potentiation (LTP) as a form of activity-dependent
Hebbian synaptic plasticity. As such, the synaptic connection between a pre- and post-
synaptic neuron pair firing temporally proximally to one another is strengthened over

time, which constitutes the basis of learning and memory formation (73-75).
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When pairs of neurons are stimulated back and forth, they start firing action
potentials at a higher than normal target rate, and the network they belong to will
become more and more activated over time. As such, the excitatory-inhibitory balance
of network activity gets disrupted, and the uncontrolled over-activation could lead to
excitotoxicity or epileptic seizures. One mechanism to avoid such positive feedback
loops and sustain maintenance of target firing rate is termed homeostatic synaptic
plasticity. Accordingly, when neuronal activity is chronically silenced by lack of external
stimuli, for example, neurons activate a somewhat shared signaling mechanism to
produce more glutamatergic receptors, and more importantly increase their trafficking
into or stabilization at synaptic sites. By so doing, the post-synaptic neuron is essentially
increasing its synaptic drive, or in other words, sensitivity to a forthcoming external
stimulus. This particular set of events are referred to as homeostatic up-scaling. In in
vitro primary hippocampal or cortical neuronal cultures, chronic treatment with
tetrodotoxin is a common way to block voltage-gated sodium channels to inhibit action
potential propagation. As such, if the global neuronal network is silenced for 24-48
hours, individual neurons increase total production and surface/synaptic trafficking of
AMPA receptors. Moreover, AMPA receptors present at the synapse would be post-
translationally modified for better anchoring or retention. Consequently,
electrophysiological recordings demonstrate an increase in miniature excitatory post-
synaptic current (MEPSC) amplitude but not frequency, since the post-synaptic
response to each pre-synaptic neurotransmitter-filled vesicle fusion event is going to be
higher. Conversely, when global neuronal networks are over-activated for a prolonged

period of time, individual neurons reduce synaptic drive by decreasing AMPA receptor
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content from synaptic sites by endocytosis-mediated internalization or lateral diffusion
into extra-synaptic sites. This set of events are referred to as homeostatic down-scaling.
In primary neuronal cultures, bicuculline is a commonly used pharmacological reagent
to chronically block GABAAR receptors, reduce inhibitory tone, and consequently lead to
over-excitation. In response, global neuronal networks reduce surface and synaptic
AMPA receptors, and mEPSC amplitude for each vesicle fusion event (76-83).

Taken together, both activity-dependent and homeostatic synaptic plasticity use
converging signaling mechanisms, and therefore must exist in synergy to maintain
proper excitatory-inhibitory balance. Overall, the interplay between the two mechanisms
have been conceptualized by the synaptic homeostasis hypothesis (SHY), which
postulates the requirement and importance of sleep as a stage of homeostatic down-
scaling of neuronal network drive following activation during learning and memory
formation (84-87). As such, investigations of underlying mechanisms both individual to
and shared between each form of synaptic plasticity are of importance. Lastly, we are
particularly interested in the interplay between MIAs such as NogoA and regulation of
synaptic plasticity, especially since both an important role in the discovery of a novel
therapeutic intervention to sustain axonal regeneration, re-innervation, and functional

recovery following CNS injury.

1.2.7 Biogenesis of and Master Regulation by Synaptic miRNAs

Once transcribed, mMRNAs can be stably expressed and translated for an

extended time (88, 89). One mechanism to dictate context-dependent translation of
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MRNA expression is through endogenous miRNAs. Through association with the 3’
untranslated region (UTR) of target mRNAs, these small RNAs can act as master
regulators of local translation in response to acute and dynamic external stimuli (90).
Owing to long axonal projections that could span more than a meter in larger organisms
such as humans, neurons switch on or off local translation of distally trafficked mRNAs
by regulating miRNA expression, trafficking, and processing. This is especially
important for fast responses to axonal injury, which would otherwise be stalled by
generation and trafficking of nascent mRNAs (97). Similarly, the synaptic sites for the
majority of excitatory synaptic transmission, dendritic spines could reside on highly
arborized dendritic branches located long distances away from cell soma. As such, an
immediate and robust transcriptional regulation is especially important for fast-scale
mechanisms such as activity-dependent synaptic plasticity (92). Consequently, there
have been a lot of studies on how miRNAs are regulated in a synaptic activity-
dependent manner (93, 94).

In an elegant study, Sambandan et al. posed and explored the possibility that the
miRNA-mediated master regulation of mMRNAs could immediately follow local synaptic
activity in individual dendritic spines by local processing and maturation of miRNAs (95).
Moreover, mRNAs are overwhelmingly more abundant than miRNAs, and can be
targeted by the same mature miRNA. As such, one way to efficiently and specifically
repress expression of an activity-dependent mRNA could become possible through on-
demand miRNA processing in close proximity to the targeted mRNAs. A mature miRNA
is generated after two steps of enzymatic processing: first, a primary miRNA (pri-

miRNA) is transcribed and gets processed within the nucleus by Drosha and Dgcr8 to
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generate a pre-miRNA (96-98). Then, the pre-miRNA is transported to the cytoplasm,
where it is locally processed by Dicer to generate a mature miRNA (Figure 1-1) (98, 99).
Since both Dicer and pre-miRNAs were observed in dendrites and near synapses (700-
103), and Dicer activity is known to be calcium-dependent (703), Sambandan et al.
investigated this intricate interplay between the two. First, they evaluated expression
and abundance of miRNAs within the hippocampal neuropil, and their possible mRNA
targets within the context of synaptic stimulation. At the top of the list was miR-181a
(95), which was previously identified as a neuronal miRNA with high hippocampal
expression (7102, 104, 105). Pre-miR-181a was abundantly found in the cell soma and
dendrites, and was processed in a Dicer-dependent manner as soon as 10 minutes
following evoked action potential firing. In fact, pre-miR-181a at the dendritic shaft or
spine was found to be processed into mature miRNA as soon as 10 seconds following
local glutamate uncaging. Moreover, since one of the known targets of miR-181a is the
master regulator CaMKIlla, Sambandan et al. found a significant reduction in local
synthesis of CaMKIla following dendrite-specific glutamate uncaging and consequent
miR-181a maturation (95). Taken together with numerous studies studying regulation of
synaptic miRNAs (93, 94, 106-109), these results clearly demonstrate an important role
for tightly regulated miRNA expression and processing machinery. Consequently,
dynamic miRNA-mRNA interactions at synaptic sites dictate regulation of local protein

synthesis, required for the induction and maintenance of synaptic plasticity.
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1.3 Conclusions

Neurons of the adult mammalian CNS fail to support axonal regeneration
following injury due to intrinsically turned off growth programs and extrinsically hostile
environment without sufficient neurotrophic factors. One of the strongest inhibitory
regulators of the CNS neurons is the MAI NogoA, which negative regulates neurite
outgrowth in vitro, axonal sprouting in vivo, and activity-dependent synaptic plasticity.
To date, only three receptor partners have been well established and characterized,
with poor understanding of the complex signaling mechanism. Moreover, the cell
autonomy and the cell-type origin of these inhibitory cues are still not well understood.
Curiously, the germline knockout of either NogoA/B/C or NgR1 does not manifest a
significant alleviation of the inhibitory brakes on regeneration or synaptic plasticity. As
such, studies have so far employed various approaches to neutralize NogoA function
within the context of injury or synaptic plasticity, using cell-type conditional knockouts,
function-blocking antibody treatments, pharmacological reagents, or RNA interference.

In Chapter 2, we took an alternative approach and set out to fill the gaps in
knowledge on physiological conditions or contexts that modulate NogoA protein
expression. First, we lay out the foundation of our studies by describing our primary
neuronal and astroglial culture systems and characterizing cell type- and subcellular
compartment-specific NogoA protein expression patterns. Next, we demonstrate that
total NogoA protein expression was robustly downregulated following chemically
induced membrane depolarization on synaptically immature neurons. We also show that

upon synaptic maturity, NogoA levels at the neuronal cell surface, but not within
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intracellular pools, are bidirectionally regulated with homeostatic synaptic plasticity, in
an opposite fashion to surface GIuA1 expression. Lastly, we generate and characterize
a phospho-specific anti-NogoA ser-343 antibody. We show this NogoA phosphorylation
event was restricted to neuronal populations, since expression was not seen with either
primary astroglial cultures or oligodendrocytic myelin membranes from rat brains.
Moreover, since NogoA p-S343 was also absent from the neuronal surface, we
hypothesize that this phosphorylation mark might be associated with the regulation of
NogoA endo-/exocytosis. Future investigations should build on these findings to identify
the kinase/phosphatase pair(s) responsible for NogoA phosphorylation and consequent
regulation of subcompartmental trafficking.

In Chapter 3, we switch gears, and follow a conciliatory approach, where we
combine previously reported culture systems (72) and NogoA-specific shRNA (68).
Unlike previous findings, however, we detect a robust downregulation of synaptically
important key genes and their protein products, namely GluA1/2, GAD-65/67, and S6K.
We link the functional outcome of these regulations to a drastic reduction in mEPSC
amplitude and an inability to drive homeostatic scaling in either direction. Following
expansive RNA sequencing experiments and complementary biochemical analyses, we
conclude that shNogoA transduction causes activation of L-type VGCCs, consequent
elevated levels of intracellular calcium at a global network level, and a concurrent
upregulation of immediate-early genes, such as Npas4, Arc, and Fos. Despite multiple
facets of verification, we rigorously demonstrate that the shNogoA relayed manifestation
of these phenotypes through non-specific, secondary targets. Small and total RNA

sequencing experiments following step-wise mutations of the shNogoA seed region
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corroborate NogoA-independent nature of these observations, and heavily implicate the
dysfunctional miRNA machinery. Current investigations are exploring the involvement of
miRNA processing enzymes in relaying shNogoA'’s off-target effects

In conclusion, the first portion of our work addresses some of the open questions
within the domain of physiological role of NogoA function, and provides novel tools to
study NogoA as a neuron-specific phospho-protein. The second portion of our work
addresses a larger audience, and communicates important findings that would
collectively advise rigorous scrutiny on miRNA machinery when using RNAi methods,
especially with highly specialized and complex cell-types such as post-mitotic neurons.
We therefore recommend that RNAI findings be verified with null tissue, and replicated

through alternative acute depletion approaches such as CRISPR-Cas9 systems.
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1.4 Figures
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Figure 1-1: microRNA biogenesis pathway is shared by short hairpin RNA

processing machinery.

Newly transcribed primary miRNA (pri-miRNA) is processed in the nucleus by
Drosha/Dgcr8 complex into precursor miRNA (pre-miRNA). Exogenously transduced
short hairpin RNA (shRNA) structurally and functionally resembles pre-miRNA. Both are
then exported from the nucleus by exportin-5 (XPOS5). In the cytoplasm, Dicer
processes pre-miRNA and shRNA into corresponding miRNA and short interfering RNA
(siRNA) duplexes. Argonuate (Ago) proteins load these duplexes into the RNA-induced
silencing complex (RISC) for messenger RNA (mRNA) repression Adapted with

permission from Matsuyama and Suzuki, 2019 (98).
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CHAPTER 2:

Activity-Dependent Regulation of the Neuronal Phospho-Protein NogoA

2.1 Abstract

Identified as an inhibitor of axonal outgrowth, NogoA has also been shown to
negatively regulate synaptic strength, including long-term potentiation of transmission.
However, the underlying mechanisms and whether NogoA itself is regulated by
neuronal activity still remain unknown. Here, we employ primary hippocampal cultures
to study NogoA expression, surface trafficking, and post-translational modifications
under the regulation of synaptic activity. We demonstrate that synaptically immature
neurons downregulate NogoA expression upon sustained depolarization; however, once
fully matured, total NogoA levels are largely stable regardless of network activity. In
contrast, surface levels of NogoA are under bidirectional and homeostatic regulation.
We show that chronic treatment with tetrodotoxin or bicuculline induces homeostatic
scaling, and regulates surface NogoA in an opposite manner to GluA1. To elucidate the
mechanism underlying such regulation, we identified phosphorylation sites on the rat
NogoA, and characterized a neuron-specific, intracellular phosphorylation at NogoA
serine-343. Future experiments should investigate the activity-dependent physiological

contexts and identify the molecular players that modulate NogoA phosphorylation.

32



2.2 Introduction

NogoA was originally discovered in the central nervous system (CNS) myelin,
formed by a glial subtype called oligodendrocytes (7). A later study showed that NogoA
was expressed in high levels within the brain, spinal cord, and optic nerve. Moreover,
NogoA expression was not only restricted to oligodendrocytes, but also seen with
various subtypes of neurons, including glutamatergic, excitatory pyramidal neurons of
the hippocampus and neocortex, as well as parvalbumin- and calbindin-expressing
inhibitory interneurons. The same study also showed that GFAP-expressing astrocytes
within the CNS white matter did not express NogoA protein (2). In stark contrast, brain
RNA-seq transcriptome studies strongly demonstrated that Ritn4 transcripts were
detected with considerable abundance in all cell types of the CNS, including astrocytes,
microglia, oligodendrocyte lineages from mouse and human origins (3, 4).

The physiological function of oligodendrocytic NogoA in preventing axonal
sprouting and outgrowth has been well-studied and characterized. In these studies,
cultured cells were treated with bath applied myelin extracts or recombinant NogoA
fragments, and their cytoskeleton retraction, growth cone collapse, and lack of neurite
outgrowth were observed (7, 2, 5-9). Moreover, receptor partners of NogoA were found
to exert a restrictive influence on the ocular dominance plasticity of the visual system
(70, 11). As such, when this negative regulation was removed by genomic knockout of
Nogo-66 Receptor 1 (NgR1) (12) or Paired immunoglobulin-like receptor B (PirB) (13),
ocular dominance plasticity continues after the end of the critical period, reminiscent of

the experimental degradation of the inhibitory chondroitin sulphate proteoglycans
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(CSPGs) (14). This led to the discovery that NogoA exert a negative regulation on the
induction and maintenance of activity-dependent, morphological, and functional synaptic
plasticity. For instance, acute hippocampal slices were treated with function blocking
antibodies against the NogoA-A20 domain or the Nogo66 Receptor 1 (NgR1), and the
ability to sustain tetanus-induced long-term potentiation (LTP) was assessed (715-24). In
both paradigms, the functional role of NogoA signaling was modulated: in the former
case, exogenous NogoA was supplied to increase signaling, and in the latter scenario,
endogenous NogoA was prevented from binding receptor partners. Although this shed
some light onto the function of NogoA, the field still has some knowledge gaps in
addressing the complex interactome of this signaling cascade besides cytoskeletal
regulation. Moreover, the issue of how NogoA expression, trafficking, and signaling are
modulated under more physiological conditions left untouched.

Until very recently, the focus of the field has been on the functional outcomes
when NogoA signaling was experimentally overexpressed or interrupted. In 2019, Fricke
et al. contributed a novel perspective, by treating synaptosomes isolated from acute
hippocampal cultures with KCI, and assessing NogoA expression. They found that upon
increased and sustained depolarization, not only the glutamatergic AMPA receptor
subunit GIluA1, but also the NogoA protein expression in the synaptosomes was
robustly reduced (25). This was suggestive of neuronal NogoA'’s involvement in the
maintenance of homeostatic synaptic plasticity.

The term homeostatic synaptic plasticity (HSP) refers to the set of complex
mechanisms that maintain neuronal network firing rate at a set, pre-determined range.

In other words, when a network of neurons is silenced or over-stimulated for an
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extended period of time, the response of each individual neuron in the network is to
increase (scale-up) or decrease (scale-down) the amplitude of the miniature excitatory
post-synaptic current (MEPSC) derived from each stimulus. One way to do so is by
mobilizing glutamatergic receptors to and from synapses, by means of lateral diffusion,
endocytosis, or exocytosis (26-32). However, this is merely the functional outcome,
assessed at static snapshots throughout chronic silencing or over-activation. We
therefore reasoned that transmembrane proteins known to inhibit Hebbian forms of
synaptic plasticity, such as NogoA and NgR1, could also be involved upstream of GluA1
surface expression, synaptic trafficking, or stabilized anchoring.

Mechanisms of activity-dependent LTP and HSP can converge on the same
functional terminal step, which is the highly dynamic and regulated trafficking of the
AMPA receptor subunits responsible for excitatory glutamatergic transmission. Many
groups have so far identified labile post-translational modifications (PTMs) as an
effective means to shuttle membrane-bound proteins to and from the cell surface (32-
34). For instance, calcium permeable AMPA receptor subunit GIuA1 can be
phosphorylated by a-calcium-calmodulin-dependent protein kinase Il (CaMKII) at serine-
831 residue (35-37) and by protein kinase C (PKC) at serine-816/818 residues (38) to
increase conductance and insertion during the induction of long-term potentiation.
Similarly, GIuA1 can also be phosphorylated by protein kinase A (PKA) at serine-845
residue, which enables better anchoring and retention at the post-synaptic density
(PSD) following homeostatic scaling up. Conversely, recruitment of phosphatases that
remove these phosphorylation marks will aid in the endocytosis or lateral diffusion of

GIluA1 subunits to extra-synaptic sites (28). As such, we reasoned that even when total
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NogoA expression remained stable, network activity states could deposit various post-
translational modifications, including but not limited to phosphorylation, in order to
mobilize NogoA to various subcellular compartments, thereby modulating its function.
Here, we address these questions by employing primary neuronal and astroglial
cultures isolated from the rodent hippocampus. Using a cohort of pharmacological
reagents, we modulated neuronal network activity states, intracellular signaling
pathways, and known NogoA interactors. By so doing, we assessed how total
expression, surface trafficking, and post-translational modifications of neuronal NogoA
are regulated in relationship to different network activity states. Our findings
demonstrate that the total expression of NogoA is quite static, resistant to most
manipulations except for acute and global membrane depolarization. However, NogoA
on the neuronal cell surface is much more malleable, decreasing with sustained
blockade of action potentials, and increasing with chronic decrease in inhibitory tone.
Moreover, we identified and characterized a novel phosphorylation site (ser-343) on the
rat NogoA that was absent from surface expression, restricted to neuronal NogoA, and
showed regulation only following KCI-induced membrane depolarization. On the other
hand, pharmacological manipulations that promote neuronal growth, such as activation
of PKA or inhibition of Rho-associated protein kinase (ROCK) and myosin || ATPase, do
not alter NogoA ser-343 phosphorylation. Overall, we demonstrate that endogenous
neuronal NogoA expression and phosphorylation are regulated as a function of synaptic
activity. These findings form the foundation for future investigations on various post-
translational modifications deposited on NogoA as a way to modulate its total

expression, localization, and function.
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2.3 Results

2.3.1 NogoA Expression is Highly Neuronal and Localizes to Somatodendritic Synapses

Before we moved forward with the characterization of neuronal NogoA function in
different physiological contexts, it was imperative that we investigate and reconcile
contradictory reports on NogoA expression pattern (2-4).

For most of the studies reported here, we employed embryonic or perinatal
rodent primary cultures, isolated from the hippocampus alone, or in conjunction with the
neocortex (forebrain). Experiments investigating synaptic formation and plasticity were
conducted with primary neuronal cultures, supplemented with primary astroglial culture
conditioned media to facilitate structurally intact and functionally unsilenced
synaptogenesis (39-42). Because neither culture preparation is pure in cell type
composition, we took large, multi-tled images from neuronal (Figure 2-1A) and
astroglial cultures (Figure 2-1B), and qualitatively assessed differential cell type
abundance. Neuronal cultures were stained with GFAP (Figure 2-1A) to demonstrate
abundant presence of astrocytes. GFAP" astrocytes (green) had long, thick extensions
that spanned large surface areas compared to their GFAP", Hoechst” neighbors (blue).
These cells are of presumptively neuronal origin, and in clearly dominant abundance
compared to astrocytes. On the other hand, astroglial cultures isolated from perinatal rat
neocortex were occupied mostly by GFAP™" astrocytes (magenta) with much wider and
flatter morphology compared to those observed in neuronal cultures (Figure 2-1). There

were also trace numbers of Olig2” oligodendrocyte-lineage cells (cyan), as well as
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TUJ1" cells (yellow) that resembled more fibroblasts than neurons (Figure 2-1C-C’).
Overall, we concluded that in each type of primary culture preparation, the principal cell
type also constituted the majority.

We then wondered about the NogoA expression pattern between different cell
types within the same culture, as well as between different culture preparations. To
address these questions, we used immunofluorescent staining to assess NogoA
expression within primary neuronal cultures, and found that GFAP", Hoechst" cells with
neuronal morphology expressed NogoA (magenta) to much greater extents than GFAP*
astrocytes (green) (Figure 2-2A). To compare NogoA expression between neuronal and
astroglial cultures, total cell lysates isolated from perinatal neocortical astroglial cultures
and embryonic hippocampal neuronal cultures were analyzed by Western blotting.
Firstly, neuron-specific B-1ll Tubulin (TUJ1) was exclusively detected from the neuronal
cultures, whereas astrocyte-specific GFAP signal was greatly enriched in the astroglial
culture. Gaining confidence in the composition of these culture preparations, we
observed qualitatively higher NogoA expression detected from the neuronal lysates,
thereby increasing confidence in immunofluorescent observations (Figure 2-2B).

We were then curious about the intracellular expression pattern of neuronal
NogoA. To address that question, we carried out immunofluorescence staining under
non-permeabilized and permeabilized conditions to detect NogoA expression on the cell
surface and throughout the entire cell, respectively (Figure 2-2C). In addition to previous
publications (24, 43, 44), the anti-NogoA or anti-NogoAB antibodies were initially
verified by immunofluorescence staining following sparse neuronal transfection with the

NogoA-specific small hairpin RNA (shRNA) (Figure 2-4H). Antibodies were also verified
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by Western Blot analysis following global neuronal transduction with the same shRNA
(Figure 2-4B) or following Cre-mediated deletion of NogoABC™ from primary
hippocampal neurons (Figures 3-4E and 3-7). Delineating the neuronal morphology with
somatodendritic MAP2 staining (green), we observed discrete and discontinuous
patches of strong NogoA expression at the neuronal cell surface (45) and along MAP2*
dendrites. A weaker NogoA signal was observed on the surface of MAP2" axons,
marked with the axon initial segment protein Ankyrin-G staining. Staining under
permeabilized conditions revealed an altogether distinct pattern of total NogoA
expression: strongest signal was detected from the peri-nuclear regions, which was
presumably due to the strong NogoA expression within the endoplasmic reticulum (ER)
continuous with the nuclear envelope (7). NogoA was also strongly and uniformly
expressed along MAP2" dendrites, and to a lesser extent by MAP2 axons. In order to
biochemically verify this expression pattern, we employed cell surface biotinylation of
primary hippocampal neurons, followed by Western blot analysis (Figure 2-2D). We first
verified that intracellular proteins, such as AKT, are not biotinylated, whereas known
neuronal cell surface proteins, such as the transferrin receptor (TfR), can be detected
by cell surface biotinylation. Also worthy of note is the reduction of TfR within the
intracellular fraction, which was obtained following streptavidin-coated agarose bead
precipitation of biotinylated surface proteins. Resident to the ER, NogoA was indeed
most abundant within the intracellular compartments. In comparison to total NogoA
expression, we also detected significantly lower (£10%) levels of NogoA at the neuronal
cell surface. These observations are in line with previously reported findings that an ER-

resident transmembrane protein can be found at the plasma membrane, and give

39



confidence in our experimental methodology, as well as lead the way to answering
important biological questions pertaining to the surface trafficking of NogoA under
different physiological conditions (7, 45).

Next, we were curious whether NogoA signaling takes place in the synapses as
much as within the crude myelin. To answer this question, adult rat hippocampi and
neocortices were subjected to mechanical homogenization and subsequent subcellular
fractionation. We verified correct fractionation by qualitatively assessing enrichment of
post-synaptic density (PSD) proteins such as PSD-95 and Homer-1 (46). Moreover,
isolated crude myelin fractions were heavily enriched for myelin-associated glycoprotein
(MAG), which is typically found in the peri-axonal myelin sheath and Schmidt-
Lanterman incisions (47) (Figure 2-2E). As previously described, NogoA localizes to
synapses with higher abundance in the PSD (27), inner- and outer-loop of the CNS
myelin sheath (2). As expected, we detected robust enrichment of NogoA expression
within the PSD-95", Homer-1" synaptosomal fraction; but surprisingly, only very low
levels within the MAG" myelin fraction (Figure 2-2E). Finally, we were curious whether
NogoA distribution follows a similar pattern in different regions of the CNS. To address
that question, we used adult male C3H mice, dissected the spinal cords, hippocampi,
somatosensory cortices, and cerebelli, and followed the same homogenization and
subcellular fractionation protocol as before. In adult brain tissue, NogoA shows highest
protein expression in the plastic-most regions of the CNS, namely the somatosensory
cortex and the hippocampus, whereas spinal cord and cerebellum demonstrated
modest levels. Consistent with our previous findings with rat hippocampus and

neocortex (Figure 2-2E), mouse NogoA expression is highly enriched in the PSD-95"
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synaptosomal fractions isolated from most of these CNS regions, and shows weaker
levels in the MAG™ myelin fractions (Figure 2-2F). This confirms abundance of NogoA in
various myelin compartments of the CNS, as well as in highly specialized synaptic sites

with a hitherto undercharacterized function.

2.3.2 Surface NogoA is Bidirectionally Regulated by Global Changes in Neuronal

Network Activity

In physiological conditions where neuronal growth and synaptic drive need to be
continuously monitored and adjusted to maintain homeostasis (27), it is conceivable that
expression or activity of NogoA can be regulated by fluctuations in network activity. To
date, there has been only one very recent study that investigated endogenous NogoA
expression as a function of neuronal activity: Frickle et al. found that when
synaptosomes isolated from acute hippocampal slices were continuously depolarized
with KCI treatments, NogoA expression was robustly reduced (25). The fact that this
observation was in parallel with a reduction in glutamatergic AMPA receptor subunit
GluA1 signaled to the maintenance of excitatory-inhibitory homeostasis (48).

First, we were curious whether fully intact, physiologically developing embryonic
neuronal cultures were capable of modulating NogoA expression upon sustained
membrane depolarization. To that end, we treated embryonic (E) 17.5 rat hippocampal
cultures on days in vitro (DIV) 7 with 55mM KCI for 2 hours of continuous membrane

depolarization, with or without a 10 minute pre-treatment with 5mM of extracellular
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calcium chelator EGTA (Figure 2-3A). We verified the physiological response to KCI-
induced neuronal membrane depolarization by assessing protein expression of the
immediate-early transcription factor neuronal PAS domain 4 (Npas4) (49) by Western
blot analysis. Two hours of KCI treatment increased Npas4 protein expression 1.8-fold
compared to vehicle-treated cultures (n=8, p=0.0008). Induction of Npas4 was
completely abolished by a 10 minute EGTA pre-treatment (n=8, p<0.0001). We then
investigated NogoA, and found that in addition to a small (~5kDa) reduction in molecular
weight, total NogoA was reduced 0.7-fold compared to vehicle-treated cultures (n=13,
p=0.0129). The KCl-induced reduction in molecular weight and protein abundance was
no longer observed when cultures were pre-treated with EGTA (n=13, p=0.0009)
(Figure 2-3A’). Strikingly, when same cultures were maintained until DIV14, where
synaptic maturity has been demonstrated (50-52), KCI treatment no longer upregulated
Npas4 or altered NogoA protein expression (data not shown; n=3-4, p>0.1).
Interestingly, synaptically mature DIV14 cultures showed elevated levels of NogoA,
when compared to more immature DIV7 cultures (data not shown). Nevertheless, it is
worthwhile to point out that the increased mobility of the NogoA band could still be
observed with bath applied KCI, and restored with EGTA pre-treatment (Figure 2-3A).
While continuous neuronal membrane depolarization with KCI still provides some
insight into over-activated physiological state, we were curious more specifically about
the bidirectional modulation of synaptic activity, and how it affects NogoA. To that end,
we took advantage of neuronal networks’ ability to globally scale synaptic drive at an
individual unit neuron level to counteract chronic changes in external stimuli (26, 27). In

more detail, we allowed formation and maintenance of structurally intact and functional
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synapses (39-42), and treated DIV14 neurons for 24 or 48 hours with the following
pharmacological reagents to induce homeostatic synaptic scaling: 2uM tetrodotoxin
(TTX), which competitively blocks voltage-gated sodium channels and prevents action
potential propagation, or 40uM bicuculline (BIC), which competitively blocks GABAAa
receptors and significantly reduces inhibitory tone (26). Following drug treatments,
cultures were subjected to cell surface biotinylation to label surface proteome, which
can be precipitated with streptavidin-beads and analyzed by Western blotting in
conjunction with total cell extracts. We first verified that these cultures were synaptically
mature to sufficient levels to induce synaptic scaling. Consistent with previous reports
(26, 28), in our studies, total GluA1 levels increased by ~15% after 48 hours of TTX
treatment (n=5, p=0.0015), and decreased by ~30% after 48 hours of BIC treatment
(n=7, p=0.0106). Surface GIuA1 levels increased by ~17% after 48 hours of TTX
treatment (n=6, p=0.0377), and showed a strong (~36%) but not statistically significant
decrease with 48 hours of BIC treatment (n=6, p=0.1223). In the same cultures, total
levels of NogoA did not significantly change following TTX or BIC treatments (n=6-7,
p>0.17). However, NogoA at the cell surface was significantly and bidirectionally
regulated in an opposite manner to that of GluA1: decreased by ~45% following 48
hours of TTX (n=7, p=0.0001), and increased by ~70% after 24 hours of BIC treatment
(n=5, p<0.0001) (Figure 2-3B). This was the first demonstration that NogoA trafficked to
and from the cell surface can be regulated with changes in neuronal network activity.

As an independent assessment for activity-dependent regulation of neuronal
NogoA at the cell surface, we employed immunofluorescence staining of primary

hippocampal neurons under permeabilized and non-permeabilized conditions. We
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qualitatively assessed total and surface levels of GIluA1 and NogoAB expression. In
both conditions, GluA1 staining co-localized exclusively with somatodendritic marker
MAP2, delineated dendritic spines, and showed a robust increase with 48 hours of TTX
treatment. Under permeabilized conditions following 48 hours of TTX, whereas peri-
nuclear and dendritic NogoAB staining showed modest decrease, axonal NogoAB
intensity remained unchanged. Under non-permeabilized conditions, discrete and
discontinuous patches of surface NogoAB signal were reduced with 48 hours of TTX
treatment (Figure 2-3C). Altogether, these findings suggest that NogoA at the neuronal

cell surface is regulated by network synaptic activity, in opposite direction to GluA1.

2.3.3 Intracellular Neuronal NogoA is Phosphorylated at Ser-343

Given how PTMs have been shown to dictate receptor localization, conformation,
and function (32-34), we investigated how NogoA might be differentially phosphorylated
at baseline, homeostatic scaling up and down (Figure 2-3B-C). Previous studies from
our laboratory have affinity-purified NogoA from untreated and chronically TTX-treated
primary rat hippocampal cultures, and analyzed PTMs by mass spectrometry. Under
basal conditions, with ~68-72% coverage of the entire protein, this analysis revealed a
plethora of post-translational modifications, including numerous phosphorylation sites
(Table 2-1). Comparison between untreated and TTX-treated NogoA revealed no
significant differences in phosphorylation site occupancy or ubiquitination (Table 2-2)
(53). This was our first indication that NogoA surface trafficking and/or band separation

might in fact due to multiple, concurrent post-translational modifications.
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In 2017, Diering et al. published an interesting study, using tandem mass tag
spectrometry to investigate differential phospho-proteome in the post-synaptic densities
of the mouse forebrain isolated at either sleep (10AM) or wake (10PM) states. They
found that GIuA1 phosphorylation at ser-845 and ser-831 increased by ~50% in PSD
proteome between wake and sleep forebrains (29). This further verified that these PTMs
initially identified in in vitro settings under different pharmacological reagents and
artificial physiological states (28, 35-37) do indeed translate to some learning and
behavior function in vivo (29). Studying the whole list of identified proteins,
phosphorylation of which showed significant change between wake and sleep states,
we noticed Rtn4 phosphorylation sites that increased by a factor anywhere from 50% to
450% between wake and sleep states. The greatest change in mouse NogoA between
wake and sleep states was phosphorylation at ser-344 with 450% increase (29). This
phosphorylation site is evolutionarily conserved (Figure 2-4A), and was independently
identified in hippocampal neurons at baseline neuronal activity state (Table 2-1) (53).
We therefore decided to investigate this NogoA phosphorylation site in greater detail.

We raised and characterized a polyclonal antibody against the rat NogoA,
phospho-ser-343 (Figure 2-4A). We then tested the specificity of this antibody by
analyzing cell lysates that express endogenous levels of NogoA following control
lentiviral infection with Empty-Vector-GFP (LV-EV), or undetectable levels of NogoA
following lentiviral infection with the previously characterized and published NogoA-
ShRNA-GFP (LV-shNogoA) (24). Loading was duplicated, and the entire blots were
probed with two different antibodies: one was a-NogoAB Bianca antibody that

recognizes both ~200kDa and ~50kDa bands corresponding to NogoA and NogoB
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isoforms respectively (2, 9), and the other was our custom-made a-NogoA p-S343
antibody. As reported previously, a-NogoAB antibody revealed that the LV-shNogoA
depleted all detectable NogoA expression while retaining NogoB expression to control
levels (24, 53). On the other hand, our a-NogoA p-S343 antibody strongly and
specifically detected NogoA around the ~200kDa molecular weight, along with some
minor, non-specific bands at lower molecular weight that did not disappear in cultures
transduced with the LV-shNogoA (Figure 2-4B). Next, we wanted to verify whether our
custom a-NogoA p-S343 antibody specifically detected a phosphorylation site within
NogoA itself, and not any other phospho-protein with a molecular weight of ~200kDa.
We immunoprecipitated NogoA with a mouse monoclonal antibody directed against the
NogoA-A20 domain (11C7) (9) from an E18.5 rat whole brain, and subjected samples to
Western blotting, probed blots with anti-NogoAB and anti-NogoA p-S343 custom
antibodies. Compared to the isotype-matched control a-BrdU antibody or empty beads,
11C7 successfully immunoprecipitated NogoA around ~200kDa molecular weight. While
our a-NogoA p-S343 antibody revealed nonspecific bands around ~100 and ~150kDa,
only the band around ~200kDa was heavily enriched by the NogoA immunoprecipitation
(Figure 2-4C). Our final verification was to check if the antibody really detects a specific
phosphorylation mark on NogoA. To address that question, solubilized neuronal lysates
were treated with lambda phosphatase (A-PP) in vitro, and analyzed by Western
blotting. Signal obtained with a-AKT p-S473 or a-NogoA p-S343 antibodies was
completely abolished with the A-PP treatment, demonstrating strong phospho-
specificity. When these blots were consecutively probed with the a-pan-AKT and a-

NogoAB antibodies, signal was successfully recovered, albeit at a significantly lowered
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molecular weight and signal intensity than that of the input due to robust
dephosphorylation reaction (Figure 2-4D). Overall, this was sufficient evidence to
indicate target-specificity of our custom-made a-NogoA p-S343 antibody.

Since our studies were so far carried out with neuronal hippocampal culture or
whole brain lysates, we were curious whether NogoA phosphorylation was restricted to
a specific cell type. So we investigated NogoA p-S343 expression within direct
comparison of culture lysates obtained from perinatal rat neocortical astroglia and
embryonic rat hippocampal neurons (Figure 2-2B). Neuronal cultures had specific,
strong, but variable signals for NogoA phosphorylation. Strikingly, even the astroglial
culture with the strongest NogoA expression showed no detectable NogoA
phosphorylation with our custom antibody (Figure 2-4E). We were then curious whether
alternate NogoA phosphorylation levels could be correlated with differential NogoA
expression on the cell surface. We then revisited lysates from Figure 2-2D, where
neurons were treated with 2uM TTX, 10uM AMPA, and 200nM K252a. Previous studies
from our laboratory had demonstrated that acute treatment with a low dose of K252a
inhibits TrkB in neuronal cultures, and causes a small, but persistent increase in NogoA
band mobility, which could be interpreted as a downward shift in NogoA molecular
weight. On the other hand, treatment with TTX or AMPA was shown to reveal a double
band separation of NogoA, which was abolished with A-PP treatment. However, neither
observation could be definitively explained (53). Since we here demonstrated that TTX
also reduces surface NogoA expression, this was an opportune moment to investigate
NogoA phosphorylation as a function of surface trafficking. To that end, we subjected

total, intracellular, and surface protein lysates to Western blot analysis, once again
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verified correct compartmentalization, and assessed NogoA p-S343 levels. Whereas
baseline and K252a treatment revealed a singular band with higher p-NogoA mobility,
TTX and AMPA treatments revealed a singular band with lower p-NogoA mobility
(Figure 2-4F). This was the first evidence that collective rat NogoA phosphorylation
events could account for the observed molecular weight shift. Strikingly, however,
NogoA S343 phosphorylation was completely undetectable from the surface proteome,
even if NogoA itself was expressed at low levels. In fact, when the same blot was
consecutively probed with a-pan-NogoAB antibody, the missing second bands from the
total and intracellular pool, as well as the surface expression of NogoA could be
recovered (Figure 2-4F). This suggested that the cell surface trafficking of neuronal
NogoA was dependent on the dephosphorylation of the ser-343 residue.

In order to claim that NogoA S343 phosphorylation was specific to neurons, we
wanted to exclude another glial type that heavily expressed NogoA: myelinating
oligodendrocytes. We also wanted to investigate if NogoA localizing to the synaptic sites
could retain phosphorylation before or after being trafficked to the cell surface. To
address both questions, we analyzed previous samples from the adult female rat
hippocampus or neocortex subcellular fractionation (Figure 2-2E), but probed for NogoA
p-S343 expression. Interestingly, NogoA localized to the synaptosomes did express
considerable levels of S343 phosphorylation, albeit without a visible enrichment as seen
with pan NogoA expression (Figure 2-4G). What was more striking were the
undetectable levels of NogoA S343 phosphorylation from the crude myelin (Figure 2-
4G). Before we made further claims, we wanted to check whether the lack of NogoA

S343 phosphorylation was a technical impediment instead of a biological phenomenon.
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We reasoned that perhaps the detection of the a-NogoA p-S343 antibody was blocked
by biotinylation itself, or overlooked due to the already lower NogoA expression within
the crude myelin. To address these issues, we used 10-15ug of the crude myelin
isolated from the cortex, treated the precipitates with PBS or the biotinylation reagent in
vitro, and analyzed NogoA expression and phosphorylation by Western blotting. Even
with higher amount of myelin membranes and NogoA expression, there was still no
detectable NogoA p-S343 signal. As a result, treatment with the biotinylation reagent
could not offer more information (Figure 2-4G’).

We intended to verify our understanding of the NogoA p-S343 expression pattern
and subcellular localization by supplementing our biochemical data with
immunofluorescent visualization. To that end, we cultured embryonic rat hippocampal
neurons, and transiently transfected them with the NogoA-shRNA-GFP at low efficiency.
We then studied GFP*, NogoA-depleted neurons in comparison to the GFP", NogoA-
expressing neighbors. Whereas the strong perinuclear NogoA signal was almost
completely abolished in the shRNA-transfected, GFP* cells, signal retrieved from the a-
NogoA p-S343 antibody remained unchanged. In fact, the expression pattern of this
mostly nuclear signal did not overlap with NogoA expression altogether. This
unfortunately suggested that this custom-made antibody did not work well or specifically
for immunofluorescent staining, at least under these stereotypical conditions (Fig 4H).
Consequently, the rest of the NogoA phosphorylation studies will henceforth be
dependent on Western blot analysis.

We then wanted to recapitulate the findings of the initial study by Diering et al.,

and show fluctuation of NogoA phosphorylation within the forebrain PSD as a function
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of neuronal activity in wake and sleep states (29). Despite the highly similar sequence
homology, our custom-made a-NogoA p-S343 antibody did not cross-react with the
mouse NogoA (data not shown). Hence, subcellular fractionation from the CNS regions
of the C3H mice (Figure 2-2F) could not be used to study NogoA S343 phosphorylation.
As a result, we switched to carrying out these experiments with adult male Sprague-
Dawley rats, which have been reported to entrain intact circadian rhythmicity (54). Rats
were euthanized at 10AM (sleep) or 10PM (wake) regardless of the current sleep state
at the time, tissue were flash frozen, homogenized, and fractioned in a discontinuous
sucrose gradient for synaptosome isolation and PSD enrichment. We probed these
samples for pan and p-S845 GluA1, as well as pan and p-S343 NogoA (Figure 2-5A).
Surprisingly GluA1 expression or phosphorylation did not increase between wake and
sleep states. As expected, however, total NogoA levels remained pretty stable across
both compartments and timepoints. Interestingly, phosphorylated NogoA ratio seemed
to have slightly decreased from sleep to wake states (n=3, p=0.2382 for Syn, p=0.7790
for PSD) (Figure 2-5A’). Overall, these in vivo studies proved inconclusive, possibly due
to a failed entrainment of circadian rhythm in our shared animal facilities, as opposed to
specialized light- and motion-controlled compartments used for these studies.

Before tackling the complex physiological relevance of this singular
phosphorylation event, we wondered whether simplistic manipulations over neuronal
activity states would change NogoA phosphorylation. We acutely treated forebrain or
hippocampal neurons with 55mM KCI, 2uM TTX, or 50uM BIC, and assessed protein
expression by Western blot analysis (Figure 2-5B). TTX reduced the baseline

expression of the immediate-early transcription factor Npas4, whereas KCI on DIV7 and
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BIC on DIV14 induced robust upregulation (49). As we also demonstrated earlier
(Figure 2-3A), KCI significantly reduced the molecular weight of pan-NogoA band
(Figure 2-5B). More importantly, NogoA p-S343 molecular weight as well as expression
signal intensity also reduced statistically significantly with both timepoints of KCI
treatment (n=3, p<0.0002) (Figure 2-5B’). TTX caused a band separation of the NogoA
signal, while not changing total expression level as we have shown before (Figure 2-3B-
4F). When we assessed NogoA phosphorylation, we could see a clear increase in
molecular weight with TTX treatment, and a slight decrease with BIC. However,
interestingly enough, neither TTX or BIC treatment on DIV14 changed the relative or
absolute phosphorylated NogoA expression (Figure 2-5B). Altogether, these data
suggest that while different neuronal activity states do indeed induce deposition or
removal of phosphate groups on NogoA as inferred from molecular weight shifts, once
synaptogenesis is nearly complete, the turnover is so highly regulated that the total
levels remain similar at various snapshots. This is evident by the TTX timecourse: by
short timepoints such as 30 minutes, change in NogoA mobility or molecular weight shift
does not occur yet. However, longer acute treatments (Figure 2-5B) or chronic
treatments (Figure 2-3B-4F) all induce a clear NogoA band separation. Moreover,
NogoA phosphorylation is clearly affected by neuronal development and
synaptogenesis in vitro. Whereas TTX and BIC only change phosphorylated NogoA
mobility, KCI treatment leads to the removal of enough phosphate groups to cause both
a downward molecular weight shift and reduced expression (Figure 2-5B). This
implicates the signaling mechanism divergent between membrane depolarization and

synaptic transmission modulation. Lastly, phosphorylated NogoA being completely
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absent from the cell surface (Figure 2-4F) signals physiological importance for balance
between endocytosis and exocytosis.

As phosphorylation events serve transitory physiological function and are
therefore often labile, we were curious about the reversibility of the phosphorylation
mark deposited on rat NogoA ser-343. Because we demonstrated that TTX and K252a
changes NogoA mobility via the addition or removal of phosphate groups on NogoA, we
wondered whether the combinatorial treatment of these two pharmacological reagents
would override the effect of one. To address that question, we chronically pre-treated
cultures with TTX, and combined with a low dose of acute K252a treatment.
Interestingly enough, the differential mobility as well as the slight reduction of
expression of NogoA p-S343 induced by TTX treatment alone could no longer be
sustained in the presence of K252a (Figure 2-5B”). In order to increase our confidence,
we also verified the bioreactivity of K252a by detecting the robust and consistent
increase in AKT phosphorylation at ser-473, as reported previously (55). Altogether,
these findings suggested that the phosphorylation induced by chronic TTX treatment
can be negated by an acutely activated mechanism, implicating a dynamic and labile
signaling imposed upon NogoA.

At this point, we wanted to describe the molecular players or a signaling cascade
leading to the phosphorylation of NogoA at ser-343. We were initially curious whether
NogoA-NgR1 complex signaling might be involved in regulating NogoA phosphorylation.
To that end, we treated cultures with 20uM ROCK inhibitor Y27632 (n=2) or 30uM
myosin Il ATPase inhibitor blebbistatin (n=3), thereby counterbalancing this signaling

cascade’s inhibitory effects on neuronal growth (56-58). Neither treatment significantly
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altered pan or phosphorylated NogoA expression (Figure 2-5D"-E). We then shifted our
balance to PKA, since it has been implicated to phosphorylate an E3 ubiquitin ligase
that marks NogoA for degradation in heterologous systems (59). However, neither
activation with 10uM forskolin (n=1) nor inhibition with 2uM KT5720 (n=1) changed
showed any change (Figure 2-5D”-E). Then we completely shifted gears, and focused
on the mTOR pathway, since inhibition of the upstream BDNF-TrkB signaling by K252a
revealed molecular weight shifts (Figure 2-4F-5B”). Additionally, mTOR pathway is
especially important for local protein synthesis required for the induction of LTP and
many other forms of synaptic plasticity (60-62). Therefore, we treated cultures with
20ng/mL rapamycin (n=1), and assessed mTOR and S6K phosphorylation for
verification, as well as NogoA expression and phosphorylation. Even when these two
kinases were drastically shut off with this treatment, NogoA remained completely
unaffected (Figure 2-5D’-E). Lastly, we investigated the possibility of calcium-dependent
signaling, since this complex signaling cascade plays an important role for synaptic
transmission and most forms of plasticity (63-65). We initially looked at CaMKIl, as it
interacts directly with F-actin (66), or translocates to the synapse to activate RAS-ERK
signaling, leads to the phosphorylation of the GluA1-anchoring protein stargazin, or
directly phosphorylates GluA1 to increase calcium conductance (67). So, we inhibited
CaMKIl activity with 1uM KN-93 (n=10) or blocked L-type voltage-gated calcium
channels (VGCC) with 10uM nifedipine (n=9), respectively. KN-93 treatment induced a
double band NogoA formation, and led to a slight increase of phosphorylated NogoA
ratio, albeit not statistically significant (n=10; p=0.0678 for 30m, p=0.1242 for 2h)

(Figure 2-5E). On the other hand, L-Type VGCC inhibition showed absolutely no
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change in NogoA expression or phosphorylation. For our last target, we chose the
Ca®*/CaM-dependent serine/threonine protein phosphatase calcineurin, as it is heavily
implicated in many forms of synaptic plasticity, especially including homeostatic
synaptic plasticity (68). We treated cultures with 5uM cyclosporin-A (n=3) to inhibit
calcineurin, and assessed protein expression and phosphorylation by Western blotting.
Upon verifying bioreactivity and dosing by observing increased GluA1 phosphorylation
at ser-845 (68), we assessed NogoA expression and phosphorylation. Even though
longer treatments with cyclosporin-A induced a greater separation of NogoA bands,
neither total expression nor phosphorylation significantly changed even by 48 hours of
treatment (Figure 2-5D'”-5E). Overall, we are still left with an unknown mechanism or
kinase-phosphatase pair responsible for NogoA phosphorylation at ser-343 residue.
Future investigations could incorporate techniques like biotinylation by antibody

recognition (BAR) (69) or BiolD (70) to study direct and dynamic protein-protein

interactome in an unbiased fashion to identify possible kinase or phosphatase partners.
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2.4 Discussion

Here, we detail a thorough initial characterization of NogoA, for the first time as a
protein that is affected by other physiological events or signaling, and not as the one
responsible for entraining them. Firstly, we describe our current system, its cell-type
composition, and the limitations this impurity might bring onto the conclusions drawn
from these findings. Next, we characterize NogoA expression as principally of a
neuronal origin, localizing to the somatodendritic regions in high levels, to axons to a
lesser extent, and to the cell surface at a ~5-10% fraction of total expression. Given that
expression pattern, we successfully replicated previous findings that discovered strong
NogoA expression within synaptosomes as well as post-synaptic densities (27), while
extending this knowledge to different CNS regions to offer a deeper understanding of
relative NogoA expression. Moreover, we offer an expression comparison between
synaptosomes and crude myelin, despite the oligodendrocytic origins of NogoA'’s initial
discovery. Finally, we demonstrate that despite being a resident ER protein, NogoA
does localize to the neuronal cell surface, and that expression pattern is much more
malleable than the intricate balance between NogoA production and degradation.

Since blocking NogoA function has already been shown to release the inhibitory
brakes on activity-dependent synaptic plasticity, we were wondering whether or not
neuronal activity was regulating NogoA expression, thereby closing the feedback loop.
After we defined our system and characterized NogoA expression pattern, we tested
this hypothesis by continuously depolarizing neuronal membranes as well as chronically

modulating synaptic activity. We found that early on in culture development and
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synaptogenesis, total NogoA expression can be downregulated by sustained membrane
depolarization, while the mechanism in charge becomes stunted later on. At that fully
mature and functional stage, different neuronal network activity states become in charge
of modulating surface expression of NogoA in a bidirectional manner. All of this complex
mechanism of action can be conceptualized as maintaining synaptic homeostasis. For
instance, when neuronal networks are chronically silenced or deprived of external
stimuli, disruption of inhibitory signaling by endocytosis of NogoA could either be
sufficient alone to release pronounced synaptic inhibitory tone, or lead the way to
exocytosis, synaptic diffusion, or anchoring of GIuA1 for higher levels excitatory
synaptic transmission.

In an attempt to elucidate how an ER-resident, principally intracellular protein
such as NogoA can be trafficked onto the cell surface, we turned to post-translational
modifications. Inspired by a recent report investigating total and phosphorylated
proteome within the mouse PSD at wake and sleep states (29), we identified a
phosphorylation site at ser-343 of the rat NogoA as a possible candidate for relaying
activity-dependent, physiologically-relevant PTM in charge of regulating NogoA
localization and function. We created a custom-designed polyclonal antibody against
this NogoA phospho-site, and thoroughly characterized its detection pattern and
specificity via Western blot analysis. First of all, we discovered that this phosphorylation
event is unique to neurons — or at least nearly absent from astroglia and crude myelin.
Next, we found that NogoA phosphorylated at this site is removed from the neuronal cell
surface. This was an exciting finding, namely because these data might be interpreted

as phosphorylation mark deposited by a specific kinase being somehow translated as a
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signal for NogoA endocytosis. Alternatively, NogoA might be trafficked to the cell
surface only when the phosphorylation mark is removed by a responsible phosphatase.
This question itself yields an interesting problem to be tackled by future investigations.
Lastly, we modestly attempted to explore the physiological role of the NogoA
phosphorylation in vivo, by studying rat synaptosomes and PSD fractions isolated from
wake and sleep forebrain. Even though we failed at obtaining conclusive evidence,
possibly due to lack of proper equipment to entrain a robust and well-controlled
circadian rhythm onto male rats, there were trends of regulation of phosphorylated
NogoA. When we turned back to our neuronal culture system, we discovered that KCI-
induced, sustained membrane depolarization at early stages of in vitro development
significantly reduced molecular weight, expression, and phosphorylation of NogoA.
What is more intriguing was that the not the molecular weight change, but the robust
downregulation of phosphorylated NogoA expression disappeared as neurons
underwent synaptic maturation. In other words, as neurons morphologically grew and
synaptically matured, as network circuitry is stably molted, levels of total NogoA
expression and phosphorylation became less sensitive or responsive to network activity
changes, reminiscent of the closure of the critical period within the visual pathway (70,
11). We also tried a cohort of pharmacological inhibitors to identify the
kinase/phosphatase partners responsible for NogoA ser-343 phosphorylation. To our
surprise, when we pharmacologically inhibited neuronal growth-restrictive proteins
particularly implicated downstream of NogoA-NgR1 signaling, such as ROCK or myosin
Il ATPase, we did not observe any significant change in total NogoA expression or

phosphorylation level. Although this limited and biased search did not lead any fruitful
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conclusions, we learned that the inhibition of BDNF-TrkB signaling could override
NogoA phosphorylation. However, direct inhibition of mMTOR or S6K phosphorylation by
application of rapamycin was not sufficient to reduce molecular weight or expression of
phosphorylated NogoA. These two findings alone significantly narrow down the list for
future investigations. Overall, this body of work is a first step to acknowledge the gaps

of knowledge within the literature on NogoA expression, localization, and function.
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2.5 Materials and Methods

2.5.1 Animals

All procedures and experiments were approved by the University of Michigan
Institutional Committee on the Use and Care of Animals (ICUCA) and were performed in
accordance with guidelines developed by the National Institutes of Health (NIH). Time-
pregnant adult Sprague-Dawley female rats were purchased from Charles River
Laboratories, MA, USA. Adult male C3H/HeNTac mice were purchased from Taconic
Biosciences, NY, USA. Adult Sprague-Dawley male rats were donated from the
University of Michigan’s Unit for Laboratory Animal Medicine (ULAM) Rodent Recycling

Program.

2.5.2 Primary Neuronal Cultures

Time-pregnant female rat was euthanized, first by flow-controlled COz influx, then
by cervical dislocation. The abdomen was disinfected consecutive application of 70%
ethanol and povidone-iodine solution. Surgical scissors and forceps were sterilized with
70% ethanol. Uterus was exposed with a wide bilateral incision, E18.5 rat embryos were
extracted and placed into a sterile 10-cm petri dish (Fisher Scientific FB0875712) filled
with Leibovitz’s L-15 solution (Gibco 21083-027) supplemented with 1:100
Penicillin/Streptomycin (P/S) (Gibco 15140-122). Embryos were removed out of the

amniotic sacs and transferred into fresh L-15 with P/S, heads were decapitated, brains
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were exposed and cleaned of meningeal membranes. Either hippocampus alone or
hippocampus combined with the neocortex (forebrain) was microdissected under a
standard dissecting scope. Tissue was collected in conical test tubes, washed with
Hanks' Balanced Salt Solution (HBSS)free of Ca?*, Mg®*, and phenol red (Gibco
14175-095). Tissue was digested fresh HBSS supplemented 1:1 with 0.5% Trypsin-
EDTA (Gibco 15400-054) and 1:10 with DNAse | dissolved in 10mL solution (Roche
10104159001) for 15-20 minutes in 37°C water bath with gentle agitation. Digestion was
halted by 5 minute incubation with ice-cold 10% fetal bovine serum (FBS) (Gibco
16000-036) in 1x Dulbecco's Modified Eagle Medium (DMEM) with high glucose and no
glutamine (Gibco 11960-044). Following another wash with the same solution, tissue
was washed two more times with Neuronal Growth Medium (NGM): Neurobasal (Gibco
21103-049) with 25mM D(+)-glucose (Sigma G6152), 2mM Glutamax | (Gibco 35050-
061), 50 units/mL penicillin and 50ug/mL streptomycin (Gibco 15140-122), and 2% B-27
supplement (Gibco 17504-044). Tissue was initially triturated with one pass through a
P1000 pipet tip in 1mL NGM, then triturated approximately 10x times though flame-
polished Pasteur pipette (VWR 14673-010) to fully dissociate into single cell
suspension. After cell count with Trypan blue solution (Gibco 15250-061) and a
hemacytometer, approximately 700000-800000 cells were plated per well of 100ug/mL
poly-D-lysine (Sigma P7886) coated 6-well plate (TPP TP92006) containing 2mL of
NGM. Alternatively, 50000-70000 cells were seeded onto a 12-mm coverslip (Carolina
Biological Supply 633029) coated with 500ug/mL poly-L-lysine (Sigma P2636) in 30-
50uL NGM, then supplemented with 500uL pre-warmed NGM after cells were observed

to adhere. Cells were maintained in vitro with half-media changes every 2-3 days with
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equal volume of pre-warmed fresh NGM and neuronal conditioned media (NCM). For
cultures that required advanced synaptic formation and maturity, cells were fed with a
1:1:1 mix pre-warmed NGM, NCM, and astrocyte-conditioned media (ACM)
supplemented with B-27, P/S, and 2uM cytosine arabinoside (AraC) (Sigma C1768).
Due to empirical observation of B-27 lot-to-lot variability, a system had to be devised to
select and use only the optimal B-27 lot, so as to maintain consistency between each
culture preparations. What worked best was maintaining hippocampal cultures in NGM
with various lots of B-27, treating neurons on DIV7 with 55mM KCI for 2 hours to induce
continuous membrane depolarization, and verify robust protein expression upregulation
of the of the immediate-early transcription factor Npas4 (49). The reserved B-27 lot with
the highest satisfactory upregulation was ordered in sufficient supply to last 6 months to

a year, kept frozen at -20°C, aliquoted and used as appropriate.

2.5.3 Primary Astroglial Cultures

A modified version of the previously published cortical astrocyte isolation protocol
was followed (77). Briefly, 6x post-natal day (P)0 Sprague-Dawley rat pups were
sprayed with 70% ethanol and sacrificed. Brains were removed, washed with, and
dissected in Dulbecco’s Phosphate Buffered Saline (DPBS) (Gibco 14287-080). Cortical
tissue was microdissected and cut into small pieces, approximately 1-2mm in size.
Then, most of the Ca** and Mg*-containing DPBS was removed, and tissue was
transferred into 37°C-equilibrated Ca®*- and Mg?*-free DPBS (Gibco 14190-144) with

160U of Papain (Worthington Biochemical LS003126), 5000U of DNase | (Worthington
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Biochemical LS002007), and 2mg L-cysteine hydrochloride (Sigma C7477). Tissue was
digested at 34°C for 45 minutes, with intermittent gentle agitation. After digestion, tissue
was re-suspended in 10X Low-Ovomucoid solution, containing 3g bovine serum
albumin (BSA) (Sigma A8806), 3g Trypsin inhibitor (Worthington Biochemicals
LS003086) prepared in DPBS. After trituration for about 2 rounds of 10 passes, tissue
was centrifuged at 1100 rpm for 11 minutes at room temperature before another round
of trituration in High-Ovomucoid solution, containing 6g BSA and Trypsin inhibitor. Once
centrifuged, cells were re-suspended in Astrocyte Growth Medium (AGM), which is a
modified version of NGM, where 10% heat-inactivated donor equine serum (HyClone
SH30074.03) replaced D(+)-glucose and B-27 supplement. After filtering the cell
suspension, counting viable cells, centrifuging and re-suspending the cell pellet in AGM,
approximately 20 million cells were plated onto a 10ug/mL poly-D-lysine (Sigma P6407)
coated 75 cm? flask (TPP TP90075) with 15mL of AGM. After a half media change with
fresh AGM on DIV 1, flasks were allowed to reach confluence on about DIV3, during
which time flasks were agitated vigorously until holes in the astroglial layer were
created. After most contaminating non-astroglial cells were sufficiently shaken off, fresh
AGM was added to the flask. On DIV5, another half-media change was carried out, this
time with a final concentration of 2uM AraC (Sigma C1768) to inhibit mitotic fibroblast
proliferation. Before initiating the collection of ACM, astrocytes were diligently washed
with AGM, this time containing only 1% donor equine serum. Later on, ACM was
collected every 3-5 days for approximately 1.5 months. Each collection was immediately

filtered and stored at -20°C. At the termination point of the astroglial cultures, all
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collected and stored ACM were thawed overnight at 4°C, combined, filtered once again,

and aliquoted for future use with neuronal cultures.

2.5.4 Pharmacological Treatments

Neuronal cultures were treated with the following pharmacological reagents with
reported final concentrations, catalog numbers, and solvents: 556mM potassium chloride
(Fisher Scientific P330) [Neurobasal], 5mM EGTA (Sigma E8145) [Neurobasal], 2uM
tetrodotoxin citrate (Abcam ab120055) [ddH20], 40-50uM (+)-bicuculline (Tocris 0130)
[DMSO], 200nM K252a (Calbiochem 420298) [ddH.0], 10uM AMPA (Sigma) [ddH,O],
20uM Y27632 [DMSO], 30uM blebbistatin [DMSQ], 10uM forskolin (Sigma F6886)
[DMSO], 2uM KT5720 (Tocris 1288) [DMSO], 1uM KN-93 (EMD Millipore 422711)
[ddH20], 10uM nifedipine [DMSO], 20ng/mL rapamycin [Ethanol], 5uM cyclosporin-A

(Tocris 1101) [DMSO].

2.5.5 Transient and Sparse Transfection

Primary hippocampal neuronal cultures were transfected on DIV3 for highest
survival and transfection efficiency. For each well of a 24-well plate, 0.5ug plasmid
amplified and purified in endonuclease-free solutions was mixed with 1uL of
Lipofectamine 2000 (Sigma L3000008) and OptiMEM (Gibco 31985070). Following brief
incubation at 37°C, this solution was mixed with NGM and used to replace whole media

covering the coverslips for 3-4 hours. Lastly, saved NCM and fresh, pre-warmed NGM
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were combined 1:1, and replaced the entirety of the media per well. If the transfected
plasmid has a fluorescent marker or a molecular tag, transfection efficiency was
qualitatively assessed under an epifluorescent microscope prior to fixation and staining,
which followed at least 3-4 days after transfection to see full expression. For transient
and sparse knockdown of NogoA, we used the GFP-tagged plasmid with shRNA
against NogoA, which was received from Dr. Christine Bandtlow, amplified, and purified
in-house. The sequence of the previously published shRNA against NogoA is as

follows: AAGATTGCTTATGAAAC (24).

2.5.6 Lentiviral Transduction

All lentiviral preparations used in this study were conducted by the University of
Michigan Vector Core. If the plasmid packaged into the lentiviral particles contained a
fluorescent marker, Vector Core transduced A549 cells with the lentivirus at 1X
concentration, and quantified the percentage of fluorescent cells on an epifluorescent
microscope. Their reported transduction efficiency ranged from 90-95%. Although a
formal fluorescent quantification was never carried out with primary neurons, qualitative
assessment reveals ~80% transduction efficiency. Regardless, transduction efficiency
was always measured as a function of remaining protein product, as detected by
Western blot analysis. Most lentiviral transductions were carried out on DIV3-6, with the
exceptions of co-infections of multiple lentiviruses. Importantly, at least 4 days were
allowed following any lentiviral transduction before cells were fixed or lysed for analysis.

Lentiviral preparations ranged from 10X to 500X stock concentrations in Neurobasal,
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depending on the scale of the production. However, the final viral concentration used in
this study has always been kept at 1X, since repeated or higher load of viral content
could very well change neuronal physiology. All lentiviral transductions were carried out
in half media changes with fresh and pre-warmed NGM. If ACM were to be
supplemented to a neuronal culture that had received lentiviral transductions on DIV3,
at least 2 days were allowed so as to prevent counteracting influence of the donor
equine serum on lentiviral transduction efficiency. For knockdown of NogoA, Dr.
Christine Bandtlow’s shRNA (described above) was cloned into the GFP-tagged
pLentilox3.7 plasmid obtained from the UM Vector Core, and packaged into

concentrated lentivirus.

2.5.7 Immunofluorescence Labeling

Cells were washed with 1x Phosphate-Buffered Saline (PBS) pH 7.4, and fixed
with 4% paraformaldehyde (Sigma 158127), often supplemented with 4% sucrose
(Fisher Scientific S5-3) for 15 minutes at room temperature. Following additional PBS
washes, cells were permeabilized with 0.3% Triton X-100 (Sigma T8787) prepared in 1x
PBS for 5 minutes. For staining with extracellular epitopes of cell surface proteins, this
step was omitted. Cells were then blocked with 5% donkey serum (EMD Millipore S30),
0.1% Triton X-100 (omitted for extracellular staining) in PBS for 1 hour at room
temperature, and incubated overnight at 4°C with 1:500 dilutions of the following
primary antibodies: chicken anti-GFAP (EMD Millipore AB5541), rabbit anti-GFAP

(Dako Z033429-2), rabbit anti-CD11b (Abcam ab133357), rabbit anti-Olig2 (EMD

65



Millipore AB9610), goat anti-NogoAB (R&D Systems AF3098), mouse anti-NogoA
(11C7, courtesy of Martin E. Schwab), chicken anti-MAP2 (Abcam ab92434), mouse
anti-MAP2 (Abcam ab36447), rabbit anti-Ankryin G (courtesy of Paul Jenkins), rabbit
anti-GluA1-CT (EMD Millipore AB1504), mouse anti-GIuA1-NT (EMD Millipore
MAB2263). Following PBS washes, coverslips were incubated with species-specific,
Cy- or Alexa fluorophore-conjugated secondary antibodies (Jackson ImmunoResearch
Laboratories and Life Technologies) diluted at 1:500 in blocking buffer for 1 hour at
room temperature. Nuclei were counterstained with 1:50000 Hoechst 33342 (Invitrogen)
diluted in 1x PBS. Coverslips were washed extensively and mounted in antifade Prolong
Gold (Thermo Fisher Scientific P36930) on microscope slides (Fisher 12-550-15).
Coverslips were then imaged with a Zeiss Apotome2 microscope equipped with an

Axiocam 503 mono camera and Zen software.

2.5.8 Cell Surface Biotinylation

Cell surface biotinylation experiments were performed on primary rat
hippocampal neuronal cultures on DIV 13-14. 6-well plates of neuronal cultures were
brought to room temperature momentarily before being placed on ice, at which point
media were aspirated, and cells were washed three times with ice-cold 1x PBS
supplemented with 1TmM CaCl, and 0.5mM MgCl,. At the end of washes, cells were
incubated with 1-2mg/mL EZ-Link™ Sulfo-NHS-LC-Biotin reagent (Thermo Scientific
21335), which was equilibrated to room temperature for at least 30 minutes prior. The

reaction was later on quenched with 3x washes of 1x Tris-Buffer Saline (TBS) pH 7.4
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following removal of the biotin reagent. Neurons were then lysed for ~30 minutes on ice
using ice-cold Brij lysis buffer (BLB): 10mM potassium phosphate pH 7.2 (Sigma
P0662), 1mM EDTA (EMD Millipore 4010-OP), 10mM MgCl, (Sigma M8266), 50mM f3-
glycerophosphate (BGP) (Sigma G9422), 1mM Na3zVO4 (Sigma S6508), 0.5% NP-40
(Fluka Analytical 13021, and 0.1% Brij-35 (Fisher Scientific BP345) containing 1:100
protease inhibitor cocktail (PIC) (Sigma P8340). Lysates were then centrifuged at
15000rpm (Eppendorf 5430R) for 5 minutes at 4°C, and supernatant was tumbled in an
end-over-end tube revolver overnight at 4°C with pre-washed high capacity streptavidin
agarose resin (Thermo Scientific 20359). Following centrifugation, bead resins were
washed 3x times with 1x PBS and once with BLB, boiled in equal volume of 2x Laemmli
sample buffer (BioRad 1610737) containing 1:20 B-mercaptoethanol (BME), and stored

at -80°C until Western Blot analysis.

2.5.9 Crude Fractionation of Myelin, Synaptosomes, and PSD

Isolation of crude and concomitant fractionation of myelin, synaptosomes, and
PSD of adult Sprague-Dawley rats and male C3H mice was performed as described
previously with slight modifications (27, 29). Following concurrent CO,-induced
euthanasia, animals were decapitated and kept on ice. Different regions of the CNS
tissue were dissected out in ice-cold 1x PBS supplemented with 1 mM CaCl, and
0.5mM MgCl,. Tissue was combined with either 0.32M sucrose homogenization buffers:
A. 0.32M sucrose, 0.1mM CaCl,, 1mM MgCly, 25uM HEPES pH 7.4 (Sigma H4034),

1:100 PIC, 1TmM NazVOs, B. 0.32M sucrose, 10mM HEPES pH 7.4, 1TmM EDTA, 5mM
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sodium pyrophosphate (Sigma P8010), 1mM NazVO,4, 200nM okadaic acid (EMD
Millipore 495604), 1:100 PIC. Tissue was then homogenized with 12 strokes with the
loose pestle, followed by another 12 strokes with the tight pestle in the tissue dounce
homogenizer (Wheaton 06-435B). Tissue was centrifuged 1000xg for 10 minutes at
4°C, agitated, vortexed, and re-centrifuged at 500xg for 2 minutes at 4°C. Small fraction
of homogenates was stored at this point for WB analysis. The remaining was underlaid
with 0.80M and 1.20M sucrose solutions. Samples were subjected to an
ultracentrifugation step at 100000xg (Beckman Coulter SW-41 Ti rotor, 28000rpm) for 2
hours at 4°C. Following ultracentrifugation, fractions at 0.80M/1.20M and 0.32M/0.80M
interfaces were collected as synaptosomes and crude myelin, respectively. Myelin
fractions were subjected to osmotic shock with 10mM HEPES pH 7.4 prepared in
ddH20, and centrifuged at 10000xg (Beckman Coulter SW-41 Ti rotor, 9000rpm) for 10
minutes at 4°C. Pellets were transiently tried and initially reconstituted in PBS for protein
concentration assays, diluted appropriately, boiled in equal volume of 2x Laemmli
sample buffer containing 1:20 BME, and stored at -80°C until Western Blot analysis.
Terminal synaptosome fractions were diluted with 0.1mM CaCl;, TmM MgCl, and
0.2mM Na3zVO4 in ddH20, and centrifuged at 17000rpm with SW-41 Ti rotor for 10
minutes at 4°C. Resulting pellet was treated the same way for WB preparation.
Repurposed synaptosome fractions were combined with 1% Triton X-100, tumbled for
30 minutes at 4°C, and centrifuged at 14000rpm with SW-41 Ti rotor for 20 minutes.

Resulting PSD pellet was treated the same way for WB preparation.
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2.5.10 Lambda Phosphatase Treatment

Primary E18.5 rat hippocampal cultures were treated on DIV7 with 55mM KCI for
2 hours with or without 10 minutes of 5mM EGTA. Following treatments, cells were
lysed in 100uL of RIPA buffer pH 8.0 supplemented only with 1:100 PIC, without any
phosphatase inhibitors: 150mM NaCl (Fisher Scientific BP358), 50mM Tris (Fisher
Scientific BP152), 1% NP-40, 3.5mM sodium dodecyl sulfate (Fisher Scientific BP166),
12mM sodium deoxycholate (Sigma D6750). Following thorough scraping, cell lysates
were centrifuged for 3 minutes at 15000rpm at 4°C, and each tube’s supernatant was
split into two tubes. While input samples were directly processed by combining 1:1 with
2x Laemmli buffer with BME and boiling at 100°C for 10 minutes, reaction samples were
subjected to the instructions followed by the supplier (NEB P0753S). Briefly, lysates
were mixed with buffer constituents and active A-PP, and intermittently shaken at 30°C
for 1 hour. At the end of reaction, samples were processed for WB analysis in the same

manner as input.

2.5.11 NogoA Immunoprecipitation

Three E18.5 rat embryo whole brains were pooled and lysed in BLB,
homogenized using a pestle motor mixer (RPI 299200), vortexed thoroughly, and
centrifuged at 15000rpm for 10 minutes at 4°C. Pellets were homogenized similarly for a
second round of solubilization. Supernatants were pooled, diluted 5-fold in BLB to reach

approximately 1mg/mL protein concentration, and pre-cleared with pre-washed protein
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G Plus/protein A-Agarose beads (EMD Millipore IP10) during a 20 minute rotation at
4°C. Lysates were then combined with pre-washed beads, and one of the following: A.
5ug of 11C7 mouse monoclonal anti-NogoA antibody, B. 5ug of mouse monoclonal anti-
BrdU antibody (epitope-matched control), C. nothing (negative control). Samples were
tumbled in an end-over-end tube revolver overnight at 4°C; beads were washed
extensively with PBS and BLB, while precipitating with brief centrifugation in between.
Post-immunoprecipitation supernatant of each sample was saved and boiled in equal
volume of 2x Laemmli buffer with BME for 10 minutes. Beads were precipitated with
brief centrifugation, and prepared for WB in the same fashion. 20uL of input,

immunoprecipitate, and post-immunoprecipitate was loaded and analyzed concurrently.

2.5.12 Development of anti-Rat NogoA p-343 Antibody

Phospho-specific polyclonal antibody production package was purchased from
GenScript, NJ, USA. Briefly, New Zealand rabbits were immunized with an antigen
consisting of a short peptide sequence with phosphorylated rat NogoA
(DRVVSPEKTMDIFNC). Pre- and post-immune sera were collected from immunized
rabbits, and phospho-specific antibody was affinity-purified. Specificity of the purified
polyclonal antibody was tested by ELISA to assess direct binding to small peptide
sequences of pan (lot no. U8894CE260-1) and phosphorylated (lot no. U7443CE260-1)
rat NogoA at various dilutions. According to the reported ELISA results, at 1:4000

dilution or 250ng/mL final concentration of the purified antibody, binding to the phospho-
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NogoA antigen was ~31.6 fold higher than that to the pan-NogoA antigen. This was the

only dilution used at this study.

2.5.13 Western Blot Analysis

Primary neuronal and astroglial cultures, whole brains, and subcellular fractions
of CNS tissue were solubilized in either BLB or RIPA buffer supplemented with 50mM
BGP, 1mM Na3zVO,4, and 1:100 PIC. Briefly, cells were gradually brought to room
temperature, extensively washed with ice-cold 1x PBS, lysed in complete lysis buffer for
20-30 minutes on ice, and scraped off the wells. Samples were centrifuged at 15000rpm
at 4°C for 10 minutes, supernatant was transferred to a new tube, and protein
concentration was measured with a DC Protein Assay Kit (Bio-Rad 5000111) using a
photospectrometer at 750 nm (Molecular Devices SpectraMax M5e). Supernatant was
then diluted with an equal volume of 2x Laemmli sample buffer with BME, boiled for 10
minutes, and stored at -80°C. If nuclear, and especially DNA-bound transcription factors
were to be included in investigation, cells were directly lysed on the plate with 1:1
combination of RIPA buffer and Laemmli buffer. The resulting DNA-rich viscous lysate
was scraped off and transferred into a fresh tube, boiled for 10 minutes to fully
dissociate any forming pellet, and stored at -80°C. For SDS-PAGE, equal amounts of
total protein (~5-10ug) for each sample were loaded per lane of a 7.5% gel. Separated
proteins were transferred onto PVDF membrane (EMD Millipore IPVH00010) for 2 hours
at constant 120V in cold transfer buffer: 25mM Tris, 192mM Glycine (Fisher G48), 10%

methanol (Fisher Scientific A412P). Membranes were blocked in 5% blotting-grade
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blocker (BioRad 1706404) prepared in 1x TBS-T [TBS pH 7.4 supplemented with 0.1%
Tween-20 (Sigma P1379)] for 1 hour at room temperature, and probed overnight at 4°C
with the following primary antibodies diluted in 3% BSA (Fisher Scientific BP1600) in 1x
TBS-T: rabbit anti-NogoAB Bianca (courtesy of Martin E. Schwab, 1:25000), goat anti-
NogoAB (R&D Sytems AF3098, 1:5000), mouse anti-NogoA (courtesy of Martin E
Schwab, 1:5000), rabbit anti-NogoA p-S343 (custom GenScript, 1:4000), rabbit anti-
MAG (homemade serum, 1:1000), mouse anti-B-actin (Sigma A5441, 1:20000), mouse
anti-Blll-Tubulin (Promega G712A, 1:50000), rabbit anti-GFAP (Dako Z033429-2,
1:10000), mouse anti-GAPDH (Abcam ab8245, 1:5000), mouse anti-Transferrin
Receptor (Invitrogen 13-6800, 1:1000), rabbit anti-AKT (CST 4691S, 1:5000), rabbit
anti-AKT p-S473 (CST 4060S, 1:2000), rabbit anti-PSD-95 (EMD Millipore AB9708,
1:2000), mouse anti-Homer-1 (SCBT sc-17842, 1:250), rabbit anti-Npas4 (courtesy of
Michael E. Greenberg, 1:1000), rabbit anti-GluA1-CT (EMD Millipore AB1504, 1:500),
rabbit anti-GluA1 p-S845 (EMD Millipore AB5849, 1:1000), rabbit anti-p70 S6 Kinase
(CST 9202S, 1:1000), rabbit anti-p70 S6 Kinase p-Thr389 (CST 9234L, 1:1000).
Horseradish peroxide (HRP)-conjugated secondary IgG’s were obtained from EMD
Millipore with the following catalog numbers: AP136P (a-rat), AP182P (a-rabbit),
AQ160P (a-mouse), AP106P (a-goat), AP147P (a-sheep). All HRP-conjugated
secondary antibodies were diluted at half the dilution of the corresponding primary
antibody in 3% BSA in 1x TBS-T, and the HRP signal was developed with various
strengths of chemiluminescent substrates from Thermo-Fisher Scientific (SuperSignal
West Pico Plus, 34580 or SuperSignal West Femto. 34095) or Li-COR Biosciences

(WesternSure Premium, 926-95000). Protein band intensity was visualized and
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quantified in the linear range using LI-COR C-Digit (CDG-001313) and Image Studio

Software (Version 5.2.5).

2.5.14 Mass Spectroscopy for Phospho-Proteomics

For proteomic analysis of NogoA post-translation modifications, NogoA was
immunoprecipitated with the anti-NogoAB antibody (R&D Sytems AF3098) from rat
hippocampal cultures on DIV17 either following 24 hours of vehicle or 2uM tetrodotoxin
treatments. Following solubilization of resin-bound proteome, 70uL of supernatant was
loaded into a 1.5mm-thick 7.5% gel, and separated by SDS-PAGE. The gel was stained
with Imperial Protein Stain (Life Technologies 24615) according to the manufacturers
instructions, in a clean Stainease Staining Tray (Life Technologies NI2400). The NogoA
band was excised, digested with trypsin, and analyzed by liquid chromatography
tandem mass spectrometry (LC-MS/MS) using an Orbitrap Fusion Tribrid Mass
Spectrometer (Thermo Scientific). Samples were run in both collision-induced
dissociation (CID) and higher-energy collisional dissociation (HCD) fragmentation
methods. Data were analyzed using X!Tandem/TPP software suite and Proteome

Discoverer 1.4.

2.5.15 Statistical Analysis

There was no experimental prediction of the difference between control and

experimental groups when the study was designed. Therefore, we did not use
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computational methods or power analysis to determine sample size a priori. Instead, we
used minimum of three (n=3) biological replicates coming from independent
experiments, when permitting with technical replicates to increase confidence. Signals
derived from technical replicates were averaged and used as one data entry for the
purposes of statistical analysis. Unless indicated otherwise, results were reported as
mean value £+ SEM. For comparison between two groups, unpaired two-tailed Student’s
t-test was used, where a p-value<0.05 was considered statistically significant. For
comparison amongst multiple groups, ordinary one-way ANOVA followed by multiple
comparisons tests such as Dunnett’s or Tukey’s were used. All statistical analyses were

carried out using GraphPad Prism Software (version 8.3.0).
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2.8 Figures
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Figure 2-1: In vitro primary cultures offer extremely powerful, albeit impure
systems to study.

(A) Primary neuronal culture from the E18.5 rat hippocampus was analyzed on DIV11
for abundance of astrocytes. Culture was stained for astrocyte-specific market GFAP
(green), and total number of cells was assessed by were Hoechst nuclear acid
counterstain (blue). A tiled image was acquired at 20x magnification to cover a
representative area of the center of the 12mm-coverslip. Scale bar=500um. (B) Primary
astroglial culture from the perinatal rat neocortex was analyzed at confluence for the
composition of different cell types. The two most prominent cell types found in astroglial
cultures, astrocytes and microglia were marked with astrocyte-specific GFAP (magenta)
and macrophage/microglia-specific CD11b (cyan). A tiled image was acquired at 20x
magnification to cover a representative area of the center of the 25cm?-flask. Scale
bar=500um. (B’) A single image acquired from the same flask at 20x ma%nification to
show greater detail. GFAP staining is completely absent from the CD11b"¢ -expressing
cells, but there is a faint CD11b"°" expression derived from the GFAP-expressing
astrocytes. Scale bar=50um. (C) Parallel-prepared and -processed 25cm?>-flask of
primary astroglial culture was analyzed at confluence for composition of different cell
types. Oligodendrocyte-lineage marker Olig2 (cyan) and neuron-specific marker Blll-
Tubulin (TUJ1) (yellow) were used to identify contaminating cell types. A tiled image
was acquired at 20x magnification to cover a representative area of the center of the
flask. Scale bar=500um. Olig2-expressing cells were in the minority. Numerically more
abundant were GFAP-negative, TUJ1-expressing cells, which had non-neuronal
cytoskeletal morphology resembling more that of fibroblasts. (C’) Zoom-in on the boxed
region-of-interest within the tiled image to show greater detail. Scale bar=50um.
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Figure 2-2: NogoA is expressed at the neuronal somatodendritic regions and
synaptosomes more strongly than on neuronal cell surface, crude CNS myelin,
and astrocytes.

(A) Primary neuronal culture from the E18.5 rat hippocampus was analyzed for NogoA
expression. Astrocytes were stained with astrocyte-specific marker GFAP (green), and
all cells were non-specifically counterstained with the nuclear acid marker Hoechst
(blue). NogoA expression was detected and qualitatively assessed from both cell types
(magenta). Neuronal NogoA expression was somatodendritic, and most strongly
perinuclear. Astrocytic NogoA expression was significantly weaker, with preferential
localization to the cell soma rather then end-feet. Scale bar=20um. (B) Total cell lysates
from perinatal rat neocortical astroglial culture and embryonic rat hippocampal neuronal
culture were analyzed by Western blotting. Neuron-specific marker BlII-Tubulin (TUJ1)
was completely absent from the astroglial cultures. Astrocyte-specific marker GFAP
showed a drastic enrichment within the astroglial cultures compared to mixed neuronal.
NogoA was expressed at higher levels by the neuronal cultures. (C) Neuronal NogoA
localization and expression pattern was analyzed with mature embryonic rat
hippocampal cultures. Under permeabilized conditions (bottom), NogoA (magenta) is
expressed strongest within the MAP2-expressing (green) perinuclear regions of the cell
soma and along the dendrites. There is weaker, but considerable NogoA expression
derived from the MAP2 axons. Under non-permeabilized conditions (top), NogoA
(magenta) is expressed on the cell surface, along the MAP2" (green) dendrites,
especially in discrete and discontinuous patches. There is considerably less surface
NogoA expression along the axons identified with the axon initial segment marker
Ankryin-G” (red). Cell nuclei were counterstained with Hoechst (blue). Scale bar=20um.
(D) Following cell surface biotinylation, total lysate, supernatant, and precipitated
biotinylated surface proteome were altogether analyzed for NogoA expression by
Western blotting. Intracellular signaling protein AKT was absent from the cell surface,
and endosomal transferrin receptor was partially depleted from the intracellular pools.
NogoA expression was robustly higher in total and intracellular lysates, compared to cell
surface. (E) Hippocampus (Hip) and neocortex (Ctx) of adult female Sprague-Dawley
rat were subjected to subcellular fractionation by discontinuous sucrose gradient
ultracentrifugation. Crude myelin isolation from the 0.32/0.80M interface was confirmed
by robust enrichment of MAG. Synaptosomal enrichment within the 0.80/1.20M
interface was verified by stronger detection of PSD-95 and Homer-1. NogoA was
expressed at the highest level within the synaptosomes compared to whole
homogenate and crude myelin. (F) Spinal cord (Sc), hippocampus (Hip), somatosensory
cortex (StCx), and cerebellum (Cer) of adult male C3H mice were subjected to the same
subcellular fractionation by discontinuous sucrose gradient ultracentrifugation. Isolated
fractions were verified similarly by MAG and PSD-95 enrichment. NogoA expression
showed similar subcellular expression pattern, with a slight preference to plastic-most
regions of the adult CNS, such as hippocampus and neocortex.
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Figure 2-3: Surface expression of neuronal NogoA is under the bidirectional
regulation of network activity states.

(A) Primary neuronal cultures from the E18.5 rat hippocampus were continuously
depolarized with 55mM KCI for 2 hours with or without extracellular calcium chelation
with 5mM EGTA pre-treatment for 10 minutes. Immediate-early transcription factor
Npas4 expression showed robust upregulation with KCl treatment and complete
depletion with EGTA pre-treatment on DIV7. On DIV14, while calcium chelation showed
the same depletion, KCI no longer upregulated Npas4 following synaptic maturation.
KCI treatment reversed the baseline NogoA expression, double band separation, and
visibly reduced the molecular weight. EGTA pre-treatment was sufficient for partial
recovery. (A’) Quantification of protein expression following DIV7 experiments with KCI
and EGTA. Loading control normalization was against 3-Actin. n=8 for Npas4, n=13 for
NogoA quantification. p.4<0.05 was deemed statistically significant, as assessed by
ordinary one-way Anova followed by Tukey’s multiple comparisons test. (B) Primary
neuronal cultures were subjected to cell surface biotinylation on DIV13-14 following 2uM
tetrodotoxin (TTX) or 40uM bicuculline (BIC) treatments for 24-48 hours. Total and
surface protein expression of GIuA1 were assessed as read-out of homeostatic scaling
entrainment. TTX induced molecular band separation of NogoA, and reduced surface
NogoA expression. BIC only increased surface NogoA expression without apparent
post-translational modification. (B’) Quantification of total and surface protein expression
following chronic TTX and BIC treatments. Loading control normalization for both was
against Blll-Tubulin (TUJ1) signal from total lysates. n=5-6. p,4<0.05 was deemed
statistically significant, as assessed by ordinary one-way Anova followed by Dunnett’s
multiple comparisons test. (C) Synaptically mature primary neuronal cultures were
treated with 2uM TTX for 48 hours to induce homeostatic scaling up. Somatodendritic
regions were delineated by MAP2 (green), and nuclei were counterstained with Hoechst
(blue). Both total and surface GIuA1 expression (red) showed increase with TTX
treatment. TTX reduced NogoAB (magenta) slightly for total and significantly for surface
expression. Scale bar=20um.
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Figure 2-4: Intracellular and synaptosomal neuronal NogoA is phosphorylated at
serine 343.

(A) Schematic of mouse, rat, and human NogoA protein sequence with the same
conserved phosphorylation site (red). Amino acids that are not conserved are marked in
green. (B) Primary neuronal cultures were infected with with LV-EmptyVector or LV-
shNogoA, treated with 2uM TTX for 48 hours upon synaptic maturity, and lysates were
analyzed by Western blotting. Pan-NogoAB was probed with the polyclonal antibody
Bianca to verify NogoA-specific knockdown. Same lysates were concurrently probed
with the anti-NogoA p-S343 antibody. Higher molecular NogoA band was detected by
the phospho-specific antibody, the signal from which completely disappeared upon
NogoA loss. (C) NogoA was successfully immunoprecipitated (IP) from the embryonic
rat whole brains, using the NogoA-specific monoclonal 11C7 antibody. Epitope-matched
anti-BrdU antibody and empty beads were used as negative controls. Supernatants
following precipitation (Post-IP) were assessed to confirm NogoA depletion. Same
samples were concurrently analyzed with the anti-NogoA p-S343 antibody. Only the
band around 200kDa was enriched with NogoA IP, confirming NogoA-specificity. (D)
Primary neuronal cultures from the embryonic rat hippocampus were treated with 55mM
KCI for 2 hours with or without 10 minute pre-treatment with 5mM EGTA. Lysates were
collected, split, and subjected to 1 hour of lambda phosphatase (A-PP) reaction.
Successful and near-complete dephosphorylation of AKT (positive control) and NogoA
(experimental group) was verified using phospho-specific antibodies. Retention of
unphosphorylated proteins with lower molecular weight was consecutively verified using
pan antibodies. (E) Previously described lysates from the astroglial and neuronal
cultures were analyzed by Western blotting for NogoA phosphorylation. NogoA p-S343
was completely absent from the astroglial cultures. (F) Previously described cell-surface
biotinylated neuronal lysates were analyzed for NogoA phosphorylation. While 48 hours
of 2uM TTX and 2 hours of 10uM AMPA treatments induced phosphorylation of the
higher molecular NogoA band, 2 hours of 200nM K252a treatment reduced molecular
weight due to dephosphorylation. Phosphorylated NogoA was completely absent from
the neuronal cell surface, even though presence of unphosphorylated NogoA was
verified by consecutive probing with the pan-NogoAB antibody. (G) Previously
described rat hippocampal and cortical subcellular fractions were analyzed for NogoA
phosphorylation. NogoA p-S343 was detected from the synaptosomes, but completely
absent from the crude myelin. (G’) Cortical crude myelin membranes were precipitated
and combined with the biotinylation reagent in vitro. Biotinylation did not affect NogoA
detection, but phosphorylation was still absent despite high input. (H) Primary
hippocampal neurons were sparsely and transiently transfected with the GFP-tagged
shRNA against NogoA. Perinuclear NogoA signal (magenta) was completely lost from
the GFP-expressing neurons (green). However, NogoA p-S343 signal (yellow)
overlapped strongly with the Hoechst stain (blue), but not with NogoA, and did not
disappear with NogoA loss. Scale bar=20um.
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Figure 2-5: NogoA phosphorylation is regulated by network activity in vitro, with
an unknown physiological relevance and kinase/phosphatase pair.

(A) Rat forebrains were subjected to subcellular fractionation for isolation of
synaptosomes and post-synaptic densities (PSD) at sleep (10AM) and wake (10PM)
states. Enrichment of PSD-95 was used to verify fractionation. Samples were analyzed
for expression and phosphorylation of NogoA and GluA1. (A’) Quantification of total and
phosphorylated forms of NoogA and GIuA1 expression. Loading control normalization
was against PSD-95. n=3. p,<0.05 was deemed statistically significant, as assessed
by unpaired Student’s t-test. (B) Synaptically immature DIV7 rat neuronal cultures were
treated with 30 minutes or 2 hours of 56mM of KCI to induce continuous membrane
depolarization. Immediate-early transcription factor Npas4 was strongly upregulated by
2-hour timepoint. Both treatments led to robust loss of NogoA phosphorylation and
molecular weight downward shift. Synaptically mature DIV14 rat neuronal cultures were
treated with 2uM TTX or 50uM BIC for different timepoints. After 4 hours of treatment,
Npas4 expression was drastically reduced with TTX and upregulated with BIC.
Molecular weight shifts of pan- and phosphorylated NogoA were observed, although
without any change in expression level. (B’) Quantification of DIV7 experiments with 30
minutes or 2 hours of KCI treatment. Loading control normalization was against B-Actin.
n=3 biological with 2 technical replicates each. p,4<0.05 was deemed statistically
significant, as assessed by ordinary one-way Anova followed by Dunnett's multiple
comparisons test. (B”) Synaptically mature rat hippocampal cultures were treated with
2uM TTX with or without 2 hours of 200nM K252a treatment prior to lysis. Lysates were
probed for AKT phosphorylation at ser-473 for bioreactivity verification. Acute K252a
treatment overrode upward molecular weight shift of NogoA p-S343 induced by chronic
TTX treatment. (C-D”’) Mature rat hippocampal cultures were treated with the following
pharmacological reagents to modulate NogoA-NgR1, PKA, CamKIl, L-VGCC, mTOR,
and calcineurin signaling in this order: 20uM Y27632, 30uM blebbistatin, 10uM
forskolin, 2uM KT5720, 1uM KN-93, 10uM nifedipine, 20ng/mL rapamycin, 5uM
cyclosporin-A. NogoA expression and phosphorylation were assessed, along with
positive controls for drug bioreactivity. (E) Comprehensive quantification of
phosphorylated over total expression of NogoA, as assessed by Western blot analysis.
Loading control normalization was against either BllI-Tubulin (TUJ1) or B-Actin. n=1-10
biological replicates, as indicated. Statistical analysis was only conducted for
blebbistatin, KN-93, nifedipine, and cyclosporin-A treatments, since prerequisite was
nz3 biological replicates. Unpaired two-tailed Student’s t-test revealed no statistical
significance, as assessed by p,<0.05 cut-off.
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2.9 Tables

Description >Coverage ># PSMs Coverage A3
Reticulon OS=Rattus norvegicus
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AYLESEVAISEELVQK 103
CLEDSLEQK 5 C1(Carbamidomethyl)
DAASNDIPTLTK 18
DAASNDIPTLTK 1 K12(GlyGly)
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IKESETFSDSSPIEIIDEFPTFVSAK

87

24
11
58

23
15
22

113

23

12

88
13

20

S10(Phospho);
S13(Phospho)

C25(Carbamidomethyl)

M7 (Oxidation)

M7 (Oxidation)

C21(Carbamidomethyl)

S8(Phospho)

S2(Phospho);
S6(Phospho)

K14(GlyGly)
K14(GlyGly)
S5(Phospho);

S9(Phospho)

T6(Phospho)

C25(Carbamidomethyl);
C30(Carbamidomethyl)

K11(GlyGly)

S16(Phospho)

T8(Phospho)

S2(Phospho)

S11(Phospho)

S(2): 0.1; S(10):

99.8; S(13): 16.8;

T(14): 83.4; S(21):
0.0; S(22): 0.0

S(2): 0.0; T(4): 0.0;
S(6): 8.5; S(8):
82.9; S(9): 8.5;

T(19): 0.0; S(22):
0.0

S(2): 75.4; T(4):
43.9; S(6): 43.9
S(8): 18.3; S(9)
18.3; T(19): 0.2;
S(22): 0.1

T(2): 0.1; S(5):
86.7; T(6): 13.2;
S(9): 100.0; S(13):
0.0; Y(15): 0.0;
S(16): 0.0
T(2): 0.3; S(5):
49.8; T(6): 49.8;
S(9): 0.1; S(13):
0.0; Y(15): 0.0;
S(16): 0.0

S(16): 100.0
S(2): 33.3; S(4):
33.3; T(8): 33.3;
S(16): 0.0; S(22):
0.0; S(23): 0.0

S(2): 88.9; S(7):
11.1; T(14): 0.0

S(4): 0.0; T(6): 0.0;
S(8): 0.2; S(10):
10.8; S(11): 89.0;
T(21): 0.0; S(24):



IKESETFSDSSPIEIIDEFPTFVSAK

IMDLMEQPGNTVSSGQEDFPSVLLETAASLPSLSPLSTVSFK

IMDLMEQPGNTVSSGQEDFPSVLLETAASLPSLSPLSTVSFK

IMDLMEQPGNTVSSGQEDFPSVLLETAASLPSLSPLSTVSFK

IMDLMEQPGNTVSSGQEDFPSVLLETAASLPSLSPLSTVSFK

IMDLMEQPGNTVSSGQEDFPSVLLETAASLPSLSPLSTVSFK

IMDLMEQPGNTVSSGQEDFPSVLLETAASLPSLSPLSTVSFK

ISLQMEEFNTAIYSNDDLLSSK
ISLQMEEFNTAIYSNDDLLSSK
ISLQMEEFNTAIYSNDDLLSSKEDK

ISLQMEEFNTAIYSNDDLLSSKEDK

KAQIITEK
KAQIITEKTSPK

KCLEDSLEQK
KLPSDTEK
KLPSDTEKEDR
KPAAGLSAAAVPPAAAAPLLDFSSDSVPPAPR

LEPENPPPYEEAMNVALK
LEPENPPPYEEAMNVALK

LFLVDDLVDSLK

LPEDDEPPARPPPPPPAGASPLAEPAAPPSTPAAPK

LPEDDEPPARPPPPPPAGASPLAEPAAPPSTPAAPK

LPSDTEKEDR

LSASPQELGKPYLESFQPNLHSTK

28

12

30

28

11

23
26

18
16

14
46
10
32

30

10

41

S8(Phospho);
S10(Phospho)

M2(Oxidation);
M5(Oxidation)

M2(Oxidation)

M2(Oxidation);
S34(Phospho)

M2(Oxidation);
M5(Oxidation);
S34(Phospho)

S34(Phospho)

M5(Oxidation)

M5(Oxidation);

S20(Phospho)

S10(Phospho)
C2(Carbamidomethyl)

M13(Oxidation)

S20(Phospho)

S4(Phospho)

0.0

S(4): 70.5; T(6):
81.9; S(8): 27.1;
S(10): 16.0; S(11):
4.6; T(21): 0.0;
S(24): 0.0

T(11): 0.0; S(13):
0.0; S(14): 0.0;
S(21): 0.0; T(26):
0.0; S(29): 0.0;
S(32): 5.7; S(34):
93.7; S(37): 0.4;
T(38): 0.1; S(40):
0.1
T(11): 0.0; S(13):
0.0; S(14): 0.0;
S(21): 0.1; T(26):
1.3; S(29): 1.3;
S(32): 18.3; S(34):
72.9; S(37): 4.8;
T(38): 1.3; S(40):
0.1

T(11): 0.0; S(13):
0.0; S(14): 0.0;
S(21): 0.0; T(26):
0.2; S(29): 0.1;
S(32): 0.5; S(34):
1.2; S(37): 32.7;
T(38): 32.7; S(40):
32.7

S(2): 0.0; T(10):
0.0; Y(13): 0.1;
S(14): 1.2; S(20):
18.6; S(21): 80.1

T(6): 0.0; T(9): 7.1;
S(10): 92.9

S(20): 100.0;
S(30): 0.0; T(31):
0.0

S(2): 50.0; S(4):

50.0; Y(12): 0.0;

S(15): 0.0; S(22):
0.0; T(23): 0.0



LSASPQELGKPYLESFQPNLHSTK
LSTEPSPDFSNYSEIAK

LSTEPSPDFSNYSEIAK

LSTEPSPDFSNYSEIAK

MEDIDQSSLVSSSTDSPPRPPPAFK

NEDASFPSTPEPVK
NEDASFPSTPEPVK

NEDASFPSTPEPVK

NEDASFPSTPEPVKDSSR

NEDASFPSTPEPVKDSSR

NEDASFPSTPEPVKDSSR

NIYPKDEVHVSDEFSENR

QPSWERSPAAPAPSLPPAAAVLPSK

QPSWERSPAAPAPSLPPAAAVLPSK

RGSGSVDETLFALPAASEPVIPSSAEK

RRGSGSVDETLFALPAASEPVIPSSAEK

SDEGHPFR
SEIANIQSGADSLPCLELPCDLSFK
SKDKEDLVCSAALHSPQESPVGK

SKDKEDLVCSAALHSPQESPVGK

SKDKEDLVCSAALHSPQESPVGK

SLGKDSEGR
SLSAVLSAELSK
SPAAPAPSLPPAAAVLPSK

SPAAPAPSLPPAAAVLPSK

SVPEHAELVEDSSPESEPVDLFSDDSIPEVPQTQEEAVMLMK

SVPEHAELVEDSSPESEPVDLFSDDSIPEVPQTQEEAVMLMK

TMDIFNEMQMSVVAPVR

89

40
20

12

10
13

21

22

11

35

11
13
11

21
19

28

S6(Phospho)
K17(GlyGly)
M1(Oxidation);

S7(Phospho)

S8(Phospho)

S5(Phospho);
S8(Phospho)

T9(Phospho)

S5(Phospho);
S8(Phospho)

S3(Phospho)

S3(Phospho);
S7(Phospho)

S3(Phospho)

S6(Phospho)

C15(Carbamidomethyl);
C20(Carbamidomethyl)

C9(Carbamidomethyl)
C9(Carbamidomethyl);

S15(Phospho)

C9(Carbamidomethyl);

S15(Phospho);
S19(Phospho)

S1(Phospho)

M39(Oxidation);

M41(Oxidation)
M39(Oxidation)

M2(Oxidation);
M8(Oxidation);
M10(Oxidation)

S(2): 0.0; T(3): 0.0;
S(6): 100.0; S(10):
0.0; Y(12): 0.0;
S(13): 0.0

S(7): 49.9; S(8):
49.9; S(11): 0.1;
S(12): 0.0; S(13):
0.0; T(14): 0.1;
S(16): 0.0

S(5): 0.0; S(8):
50.0; T(9): 50.0
S(5): 100.0; S(8):
50.0; T(9): 50.0

S(5): 0.0; S(8):
90.4; T(9): 9.6;
S(16): 0.0; S(17):
0.0

S(5): 100.0; S(8):
1.7; T(9): 98.3;
S(16): 0.0; S(17):
0.0

S(3): 96.8; S(7):
3.2; S(14): 0.0;
S(24): 0.0
S(3): 100.0; S(7):
100.0; S(14): 0.0;
S(24): 0.0
S(3): 79.6; S(5):
10.2; T(9): 10.2;
S(17): 0.0; S(23):
0.0; S(24): 0.0
S(4): 14.6; S(6):
85.4; T(10): 0.0;
S(18): 0.0; S(24):
0.0; S(25): 0.0

S(1): 0.0; S(10):
0.0; S(15): 100.0;
S(19): 0.0
S(1): 0.0; S(10):
0.0; S(15): 100.0;
S(19): 100.0

S(1): 100.0; S(8):
0.0; S(18): 0.0



TMDIFNEMQMSVVAPVR
TMDIFNEMQMSVVAPVR

TMDIFNEMQMSVVAPVR

TMDIFNEMQMSVVAPVREEYADFKPFEQAWEVK

TMDIFNEMQMSVVAPVREEYADFKPFEQAWEVK

TMDIFNEMQMSVVAPVREEYADFKPFEQAWEVK
TMDIFNEMQMSVVAPVREEYADFKPFEQAWEVK
TSNPFLVAVQDSEADYVTTDTLSK
TSVVDLLYWR

VTEAAVSNMPEGLTPDLVQEACESELNEATGTK
VTEAAVSNMPEGLTPDLVQEACESELNEATGTK

VTEAAVSNMPEGLTPDLVQEACESELNEATGTK

VVSPEKTMDIFNEMQMSVVAPVR

VVSPEKTMDIFNEMQMSVVAPVR

VVSPEKTMDIFNEMQMSVVAPVR

VVSPEKTMDIFNEMQMSVVAPVREEYADFKPFEQAWEVK

YQFVTEPEDEEDEEEEEDEEEDDEDLEELEVLER
YSNSALGHVNSTIK
YSNSALGHVNSTIK

27

12

44
33

@ ©

27
40

M2(Oxidation)

M8(Oxidation);
M10(Oxidation)
M8(Oxidation);
M10(Oxidation)
M2(Oxidation);
M8(Oxidation);
M10(Oxidation)

M8(Oxidation)

M9(Oxidation);

C22(Carbamidomethyl)
C22(Carbamidomethyl)

M9(Oxidation);
T14(Phospho);

C22(Carbamidomethyl)

S3(Phospho);
M8(Oxidation)

S3(Phospho);
M8(Oxidation);
M14(Oxidation);
M16(Oxidation)

T7(Phospho);
M8(Oxidation);
M14(Oxidation)

S3(Phospho);
M8(Oxidation);
M14(Oxidation);
M16(Oxidation)

K14(GlyGly)

T(2): 0.0; S(7): 0.0;
T(14): 100.0;
S(24): 0.0; T(30):
0.0; T(32): 0.0
S(3): 11.2; T(7):
88.8; S(17): 0.0

S(3): 99.9; T(7):
0.1; S(17): 0.0

S(3): 12.0; T(7):
88.0; S(17): 0.0

S(3): 95.5; T(7):
4.5; 5(17): 0.0;
Y(26): 0.0

Table 2-1: Neuronal NogoA is post-translationally modified in baseline conditions.
NogoA was immunoprecipitated from rat primary hippocampal neurons on DIV17, and
subjected to LC-MS/MS. This table summarizes the peptides identified from both CID
and HDC fragmentation methods. The column on the right indicates the probability that
each serine, threonine, or tyrosine residue is phosphorylated, for a given phospho-

peptide.
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Description >Coverage ># PSMs Coverage A3
B ] S ?”S[F” " [\éer\?gc_u;AT] (e e e
Sequence # PSMs Modifications pthopbhaobﬁ{l;Sﬁite
EHGYLGNLSAVSSSEGTIEETLNEASK 64
S(4): 98.3; S(6):
RRGSGSVDETLFALPAASEPVIPSSAEK 36 S4(Phospho) slig)-T((;g):s(()'z(Z)-
0.0; S(25): 0.0
KPAAGLSAAAVPPAAAAPLLDFSSDSVPPAPR 29
ESLTEVSETVAQHKEER 46
S(6): 0.0; Y(10):
DLAEFSELEYSEMGSSFKGSPK 5 S20(Phospho) s(()i%):sg(;;):s(()i%):
0.0; S(20): 100.0
GESAILVENTKEEVIVR 138
S(6): 0.0; Y(10):
DLAEFSELEYSEMGSSFKGSPK 12 “"812%((%’;]'3:;"?2))’ s(()i%):sﬁ(;;)'s(()i%):
1.0: S(20): 98.0
S(2): 50.0; S(4):
LSASPQELGKPYLESFQPNLHSTK 33 S4(Phospho) 582)2(52)3 (02'2)?:
0.0; T(23): 0.0
DLAEFSELEYSEMGSSFK 37
EGIKEPESFNAAVQETEAPYISIACDLIK 21 C25(Carbamidomethyl)
ISLQMEEFNTAIYSNDDLLSSK 31 M5(Oxidation)
SPAAPAPSLPPAAAVLPSK 22
LSASPQELGKPYLESFQPNLHSTK 24
S(3): 97.0; S(5):
RGSGSVDETLFALPAASEPVIPSSAEK 22 S3(Phospho) 3(11'75);-To(%)-: 31(23)
0.0; S(24): 0.0
TSNPFLVAVQDSEADYVTTDTLSK 68
SEIANIQSGADSLPCLELPCDLSFK 8 %;%&%Z;%Z”;‘%‘;”;‘Zttm))’
LPEDDEPPARPPPPPPAGASPLAEPAAPPSTPAAPK 20
NEDASFPSTPEPVKDSSR 20
HQVQIDHYLGLANK 38
YSNSALGHVNSTIK 22
AYITCASFTSATESTTANTFPLLEDHTSENKTDEK 7 C5(Carbamidomethyl)
ESLTEVSETVAQHK 17
DAASNDIPTLTK 20
AYLESEVAISEELVQK 115
DSEGRNEDASFPSTPEPVKDSSR 5
NEDASFPSTPEPVK 16
DEVHVSDEFSENR 25
GESAILVENTK 19
KAQIITEKTSPK 30 S10(Phospho) 6T_ (6?):3?1'?);):%?;1
LSTEPSPDFSNYSEIAK 6
LEPENPPPYEEAMNVALK 30 M13(Oxidation)
SLSAVLSAELSK 15
KLPSDTEKEDR 19
LEPENPPPYEEAMNVALK 11
IKESETFSDSSPIEIDEFPTFVSAK 12
ASISPSNVSALEPQTEMGSIVK 15
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DLAEFSELEYSEMGSSFK
KAQIITEK

NEDASFPSTPEPVK
DSEGRNEDASFPSTPEPVK
GPLPAAPPAAPER

SKDKEDLVCSAALHSPQESPVGK

DSEGRNEDASFPSTPEPVKDSSR

ISLQMEEFNTAIYSNDDLLSSKEDK
TSVVDLLYWR
EEYADFKPFEQAWEVK
ISLQMEEFNTAIYSNDDLLSSK

TMDIFNEMQMSVVAPVR

TMDIFNEMQMSVVAPVREEYADFKPFEQAWEVK

ASISPSNVSALEPQTEMGSIVK
NIYPKDEVHVSDEFSENR

LSTEPSPDFSNYSEIAK

EKISLQMEEFNTAIYSNDDLLSSK
VTEAAVSNMPEGLTPDLVQEACESELNEATGTK

ESLTEVSETVAQHK
ESETFSDSSPIEIIDEFPTFVSAK
TMDIFNEMQMSVVAPVR
EYTDLEVSDK
CLEDSLEQK

NEDASFPSTPEPVKDSSR

ATNPFVNR

KCLEDSLEQK
EEYADFKPFEQAWEVKDTYEGSR

TMDIFNEMQMSVVAPVR
YQFVTEPEDEEDEEEEEDEEEDDEDLEELEVLER

DKEDLVCSAALHSPQESPVGK
LFLVDDLVDSLK
ASISPSNVSALEPQTEMGSIVK
LPSDTEKEDR

VVSPEKTMDIFNEMQMSVVAPVR

TMDIFNEMQMSVVAPVR

92

38

10
15

16

20
21
41

19

35

11

12

M13(Oxidation)

S8(Phospho)

C9(Carbamidomethyl);

S15(Phospho)

T14(Phospho)

M2(Oxidation);
M8(Oxidation);

M10(Oxidation)

M2(Oxidation);
M8(Oxidation);

M10(Oxidation)
M17(Oxidation)

S6(Phospho)

M7 (Oxidation)
M9(Oxidation);

C22(Carbamidomethyl)

K14(GlyGly)

M2(Oxidation)

C1(Carbamidomethyl)

S8(Phospho)

C2(Carbamidomethyl)

M8(Oxidation);

M10(Oxidation)

C7(Carbamidomethyl)

S4(Phospho)

S3(Phospho);
M8(Oxidation);

M14(Oxidation);
M16(Oxidation)

S(5): 4.0; S(8):
48.0; T(9): 48.0

S(1): 0.0; S(10):
0.0; S(15): 100.0;
S(19): 0.0
S(2): 0.0; S(10):
0.0; S(13): 12.2;
T(14): 87.8;
S(21): 0.0; S(22):
0.0

S(2): 0.0; T(3):
0.0; S(6): 99.2;
S(10): 0.8; Y(12):
0.0; S(13): 0.0

S(5): 0.0; S(8):

88.6; T(9): 11.3;

S(16): 0.0; S(17):
0.0

S(2): 8.6; S(4):
91.3; S(6): 0.1;
S(9): 0.0; T(15):
0.0; S(19): 0.0

S(3): 90.1; T(7):
9.9; S(17): 0.0



EKISLQMEEFNTAIYSNDDLLSSK

LPEDDEPPARPPPPPPAGASPLAEPAAPPSTPAAPK

IKESETFSDSSPIEIIDEFPTFVSAK

SKDKEDLVCSAALHSPQESPVGK

ASISPSNVSALEPQTEMGSIVK

IKESETFSDSSPIEIIDEFPTFVSAK

VVSPEKTMDIFNEMQMSVVAPVR

VVSPEKTMDIFNEMQMSVVAPVREEYADFKPFEQAWEVK

AYITCASFTSATESTTANTFPLLEDHTSENK
EYTDLEVSDKSEIANIQSGADSLPCLELPCDLSFK
VTEAAVSNMPEGLTPDLVQEACESELNEATGTK

ESETFSDSSPIEIIDEFPTFVSAK

VTEAAVSNMPEGLTPDLVQEACESELNEATGTK

GSGSVDETLFALPAASEPVIPSSAEK

EPESFNAAVQETEAPYISIACDLIK
DKEDLVCSAALHSPQESPVGK
GSGSVDETLFALPAASEPVIPSSAEK
VVSPEKTMDIFNEMQMSVVAPVR

IMDLMEQPGNTVSSGQEDFPSVLLETAASLPSLSPLSTVSFK

SPAAPAPSLPPAAAVLPSK

TMDIFNEMQMSVVAPVREEYADFKPFEQAWEVK

NEDASFPSTPEPVKDSSR

IMDLMEQPGNTVSSGQEDFPSVLLETAASLPSLSPLSTVSFK

93

38

45

28

13

2]

24

11

11

11

S20(Phospho)

S10(Phospho);
S11(Phospho)

C9(Carbamidomethyl)

S4(Phospho);
M17(Oxidation)

S11(Phospho)

T7(Phospho);
M8(Oxidation);
M14(Oxidation)

S3(Phospho);
M8(Oxidation);
M14(Oxidation);
M16(Oxidation)

C5(Carbamidomethyl)

C25(Carbamidomethyl);
C30(Carbamidomethyl)

C22(Carbamidomethyl)

S8(Phospho)

M9(Oxidation);
T14(Phospho);
C22(Carbamidomethyl)

T8(Phospho)

C21(Carbamidomethyl)

C7(Carbamidomethyl);
S13(Phospho)

S3(Phospho);
M8(Oxidation)
M2(Oxidation);
M5(Oxidation)

S1(Phospho)

M8(Oxidation);
M10(Oxidation)

S5(Phospho);
S8(Phospho)

M2(Oxidation);
M5(Oxidation);
S37(Phospho)

S(20): 100.0;
S(30): 0.0; T(31):
0.0
S(4): 0.5; T(6):
86.6; S(8): 37.6;
S(10): 37.6;
S(11): 37.6;
T(21): 0.0; S(24):
0.0

S(2): 47.4; S(4):
47.4; S(6): 5.3;
S(9): 0.0; T(15):
0.0; S(19): 0.0
S(4): 0.0; T(6):
0.0; S(8): 0.1;
S(10): 9.4; S(11):
90.5; T(21): 0.0;
S(24): 0.0

S(3): 2.0; T(7):
98.0; S(17): 0.0

S(3): 93.2; T(7):
6.6; S(17): 0.1;
Y(26): 0.1

S(2): 0.0; T(4):
0.0; S(6): 1.1;
S(8): 89.1; S(9):
9.7; T(19): 0.0;
S(22): 0.0
T(2): 0.0; S(7):
0.2; T(14): 99.8;
S(24): 0.0; T(30):
0.0; T(32): 0.0
S(2): 10.4; S(4):
10.4; T(8): 79.1;
S(16): 0.0; S(22):
0.0; S(23): 0.0

S(8): 0.0; S(13):
100.0; S(17): 0.0

S(3): 1.5; T(7):
98.5; S(17): 0.0

S(1): 100.0; S(8):
0.0; S(18): 0.0

S(5): 99.9; S(8):
50.0; T(9): 50.0;

S(16): 0.0; S(17):

0.1

T(11): 0.0; S(13):
0.0; S(14): 0.0;

S(21): 0.0; T(26):
0.0; S(29): 0.0;

S(32): 0.6; S(34):



DKEDLVCSAALHSPQESPVGKEDR

DKEDLVCSAALHSPQESPVGKEDR
SVPEHAELVEDSSPESEPVDLFSDDSIPEVPQTQEEAVMLMK

QPSWERSPAAPAPSLPPAAAVLPSK

QPSWERSPAAPAPSLPPAAAVLPSK

DSEGRNEDASFPSTPEPVK

ETKLSTEPSPDFSNYSEIAK

EKISLQMEEFNTAIYSNDDLLSSKEDK
GPLPAAPPAAPERQPSWER

ETKLSTEPSPDFSNYSEIAK

TSNPFLVAVQDSEADYVTTDTLSK

SDEGHPFR
AQIITEKTSPK

SKDKEDLVCSAALHSPQESPVGK

ESETFSDSSPIEIIDEFPTFVSAKDDSPK

IMDLMEQPGNTVSSGQEDFPSVLLETAASLPSLSPLSTVSFK

IMDLMEQPGNTVSSGQEDFPSVLLETAASLPSLSPLSTVSFK

DAASNDIPTLTK
GVIQAIQK

DSEGRNEDASFPSTPEPVK
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C7(Carbamidomethyl);

S13(Phospho);
S17(Phospho)

C7(Carbamidomethyl)

M39(Oxidation);
M41(Oxidation)

S3(Phospho);
S7(Phospho)
S3(Phospho)

S10(Phospho);
S13(Phospho)

S5(Phospho)

M7 (Oxidation)
S16(Phospho)

S5(Phospho);
S9(Phospho)

S2(Phospho)

S9(Phospho)

C9(Carbamidomethyl);

S15(Phospho);
S19(Phospho)

T19(Phospho)

M2(Oxidation);
S34(Phospho)

M5(Oxidation)
K12(GlyGly)

T14(Phospho)

5.5; S(37): 58.6;
T(38): 17.6;
S(40): 17.6

S(8): 50.1; S(13):
50.1; S(17): 99.9

S(3): 100.0; S(7):
100.0; S(14): 0.0;
S(24): 0.0
S(3): 84.4; S(7):
15.6; S(14): 0.0;
S(24): 0.0
S(2): 0.0; S(10):
66.7; S(13): 66.7;
T(14): 66.7
T(2): 0.2; S(5):
49.2; T(6): 49.2;
S(9): 1.3; S(13):
0.0; Y(15): 0.0;
S(16): 0.0

S(16): 100.0
T(2): 1.1; S(5):
49.5; T(6): 49.5;
S(9): 100.0;
S(13): 0.0; Y(15):
0.0; S(16): 0.0
T(1): 23.0; S(2):
76.8; S(12): 0.1;
Y(16): 0.1; T(18):
0.1; T(19): 0.0;
T(21): 0.0; S(23):
0.0

T(5): 0.1; T(8):
49.9; S(9): 49.9
S(1): 0.0; S(10):

0.0; S(15): 100.0;

S(19): 100.0
S(2): 0.0; T(4):
0.0; S(6): 0.0;
S(8): 0.0; S(9):

0.0; T(19): 78.8;

S(22): 17.2;

S(27): 4.0

T(11): 0.7; S(13):
2.8; S(14): 2.8;

S(21): 13.3;

T(26): 2.8; S(29):

0.7; S(32): 13.3;
S(34): 31.0;
S(37): 13.3;
T(38): 13.3;

S(40): 6.0

S(2): 0.0; S(10):
0.0; S(13): 2.7;
T(14): 97.3
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K14(GlyGly)

S10(Phospho);
S13(Phospho)

S5(Phospho);
S8(Phospho)

T6(Phospho);
S29(Phospho)

C7(Carbamidomethyl);

S13(Phospho);
S17(Phospho)

S2(Phospho)

S6(Phospho);
S8(Phospho)

S9(Phospho);
S22(Phospho)

K14(GlyGly)

M1(Oxidation);
S7(Phospho)

M39(Oxidation)
K17(GlyGly)

Table 2-2: Post-translationally modifications on neuronal
significantly change following chronic TTX treatment.

NogoA was immunoprecipitated from rat primary hippocampal neurons on DIV17
following 24 hours of 2uM tetrodotoxin (TTX) treatment, and subjected to LC-MS/MS.
This table summarizes the peptides identified from both CID and HDC fragmentation
methods. The column on the right indicates the probability that each serine, threonine,

or tyrosine residue is phosphorylated, for a given phospho-peptide.
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S(2): 2.6; S(10):
97.3; S(13): 13.8;
T(14): 86.3;
S(21): 0.0; S(22):
0.0

S(5): 99.9; S(8):
50.0; T(9): 50.0

S(4): 3.9; T(6):
3.9; S(8): 12.1;
S(10): 40.0;
S(11): 40.0;
T(21): 2.9; S(24):
8.6; S(29): 88.5

S(8): 0.0; S(13):
100.0; S(17):
100.0

S(2): 100.0; S(7):
0.0; T(14): 0.0
S(2): 12.1; T(4):
27.6; S(6): 69.9;
S(8): 81.1; S(9):
8.8; T(19): 0.2;
S(22): 0.2
S(2): 0.8; T(4):
0.8; S(6): 2.3;
S(8): 7.4; S(9):
88.7; T(19): 47.9;
S(22): 47.9;
S(27): 4.1

S(7): 27.7; S(8):
27.7; S(11): 7.4;
S(12): 7.4; S(13):
27.7, T(14): 2.1;
S(16): 0.1

NogoA do not
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CHAPTER 3:

shRNA in Neurons: Robust Synaptic Regulations Independent of Primary Target

3.1 Abstract

NogoA’s inhibition on synaptic plasticity has been studied through function
neutralization and genomic knockout. Since ER-resident NogoA is largely intracellular,
surface neutralization is an inadequate approach to block NogoA signaling and function.
Moreover, NogoA knockout causes compensation by NogoB and other inhibitory genes.
Hence, studies used various RNA interference (RNAI) approaches to knock down
neuronal NogoA. However, there has not been a consolidatory characterization of the
molecular mechanisms underlying reported morphological phenotypes. Here, we use
lentiviral vector (LV)-mediated transduction of a small hairpin RNA (shRNA) against
NogoA (shNogoA). In shNogoA-transduced neurons, we observe a strong upregulation
of the immediate-early gene (IEG) Npas4, and downregulation of excitatory (GluA1) and
inhibitory (GAD-65/67) synaptic proteins. In stark contrast, both Cre excision of
NogoABC™ from hippocampal neurons and step-wise mutations in the shNogoA seed
region confirm NogoA-independent nature of synaptic regulations. RNA-sequencing
experiments investigate shNogoA'’s off-target effects, dependence on the micro RNA

(miRNA) machinery, and participation in regulating synapse generation and strength.
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3.2 Introduction

The mammalian Reticulon-4 (Rtn4) gene encodes three different splice isoforms,
with corresponding protein products NogoA (190kDa), NogoB (55kDa), and NogoC
(25kDa) (7-3). While NogoC is not expressed within the CNS and restricted to muscle
tissue, NogoA and NogoB are abundantly found in the developing and adult brain and
spinal cord (3). NogoA and NogoB share the Nogo-66 domain, which has been
extensively characterized as the principal binding partner of Nogo-66 Receptor 1
(NgR1) and paired immunoglobulin-like receptor B (PirB) to drive growth cone collapse
and negatively regulate activity-dependent synaptic strength (2, 4-8). In addition, NogoA
harbors another inhibitory transmembrane domain, NogoA-A20, which binds to a poorly
characterized set of receptors including sphinsone-1-phosphate receptor 2 (S1PR2) and
integrins. NogoA-A20 region signaling has been shown to relay a whole set of inhibitory
function, especially on the regulation of activity-dependent synaptic plasticity (2, 9-17).

Most studies used monoclonal function blocking antibodies against the NogoA-
A20 region or NgR1 counteract NogoA signaling on the cell surface. As a result,
negating the inhibitory function of NogoA yielded a more robust induction of LTP (70,
12, 13). However, the drawback of this method is the expression pattern and unknown
intracellular signaling of NogoA: NogoA is an ER-resident protein (74), and expressed
only at a small fraction on cell surface (Figure 2-2) (75). Upon binding to the function-
blocking antibody, NogoA is endocytosed and therefore can no longer interact with
NgR1 or S1PR2 on the cell surface. However, this recycling endosomal NogoA

complex’s physiological function, degradation, and turnover are still not well understood
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(76). To circumvent remaining intracellular NogoA and its unknown function, many
groups have generated genomic knockout mouse models, where either gene encoding
Nogo(A) or NgR1 was completely removed from the genome. First of all, based on the
generation of the knockout mouse model, different groups demonstrated different
extents of axonal regeneration following injury to the spinal cord (77-19). Moreover,
genomic deletion of NogoA or NgR1 failed to display enhanced LTP induction (70).
Upon closer examination, this lack of regenerative or synaptic phenotypes could be
explained by compensatory upregulation of the NogoB isoform and numerous other
inhibitory genes, which might collectively act as homeostatic regulators upon activity-
dependent synaptic plasticity mechanisms (77, 20).

Altogether, there is a gap in our knowledge of NogoA function specifically within
the context of synaptic formation, maintenance, and plasticity. To address that question,
many groups have used various small RNA interference methods to acutely knockdown
NogoA (13, 21-23). More recently, studies have shifted to using Ritn4(a) conditional
knockout mouse models for neuron- or oligodendrocyte-specific deletion (24-26). Many
of these investigations successfully release the inhibitory brakes imposed by NogoA,
and evaluate structural and morphological changes of the dendritic spine maturity,
density, and complexity (6, 7, 12, 13, 23, 25, 27). Although these findings are of
significance, our understanding of how neuronal or even synaptic NogoA loss entrains
these snapshot observations is still lacking. To date, there is a singular study with some
concentration on molecular consequences of NogoA loss. Investigators knocked down
NogoA in primary hippocampal neuronal cultures using a small interfering RNA (siRNA),

and observed a robust upregulation of glutamatergic AMPA and NMDA receptor subunit
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expression in an mTOR-pathway dependent manner (28). However, there has been no
significant effort to follow up on and conceptualize these novel findings.

Here, we attempt to bridge the gap in our understanding of physiological function
of NogoA as well as consequences of NogoA depletion. We employed a previously
published small hairpin RNA (shRNA), which was designed specifically to target NogoA
and successfully used in organotypic hippocampal slice cultures (73). Most importantly,
we verified stable expression of NogoB, without obvious compensatory upregulation as
seen with genomic knockouts. Using this shRNA, we knocked down neuronal NogoA
expression in primary neuronal cultures prepared from the rodent hippocampus, and
observed robust changes in many genes implicated in synaptic formation and plasticity.
Unfortunately, despite use of similar systems, our findings were in opposition to the
above-mentioned study (28). To deepen our understanding and consolidate different
findings, we conducted and analyzed nascent and stable mRNA transcriptome following
NogoA knockdown. This allowed us to identify interesting molecular players, which
involved activity-dependent and immediate-early transcription factors, especially
important for inhibitory synaptogenesis. However, combining shRNA-mediated NogoA
knockdown (713) with recombination-mediated NogoABC knockout (26) revealed that the
observed phenotypes were due to the presence of non-specific targets that persist with
step-wise point mutations within the NogoA shRNA seed region. As such, ongoing work
is focused on conceptualizing the analysis of additional total and small RNA sequencing
experiments. Further investigations will focus on the identification of shRNA off-targets,
dysregulated miRNA processing machinery, and activated interferon response that

collectively impair excitatory synaptic transmission and inhibitory synaptogenesis.
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3.3 Results

3.3.1 NogoA shRNA Reduces Baseline Excitatory Synaptic Transmission and Blocks

Homeostatic Scaling

Since there was an account of shRNA-mediated NogoA knockdown robustly
upregulating glutamatergic receptor subunits, we were curious about the possible
contributing mechanisms (28). We therefore used a NogoA-specific ShRNA, previously
characterized to increase dendritic branching complexity and spine immaturity of CA3
pyramidal neurons similarly to the function-blocking antibody 11C7 treatment (73). We
transduced days in vitro (DIV)10 primary hippocampal cultures with this GFP-tagged
shRNA (hereafter referred to as shNogoA), and allowed 7DIV before processing and
analysis. For most experiments, concomitant lentiviral transduction with an empty vector
pLentilox3.7-GFP (hereafter referred to as pLL3.7 or EV) was used as negative control.
First of all, we assessed the extent of GFP-expressing cell numbers, and verified that
both lentiviral vectors (LVs) had approximately 80% transduction efficiency (data not
shown). Total cell lysate analysis by Western blotting replicated initial characterization
of the shRNA: LV-shNogoA transduction depleted almost all detectable levels of
neuronal NogoA (AmeantSEM=-96.26+1.22%, n=4, p<0.0001), while the NogoB isoform
remained unchanged (n=2, p=0.4270). Then, we looked at some of the proteins
important for glutamatergic synaptic transmission and synaptic plasticity. In stark
contrast to the previous study’s reports (28), both AMPA receptor subunits GIluA1

(AmeantSEM=-58.39+2.58%, n=5, p<0.0001) and GIuA2 (AmeantSEM=-26.03+3.24%,
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n=5, p=0.0013) were robustly downregulated upon LV-shNogoA transduction.
Moreover, even within glutamatergic signaling, this was quite specific to AMPA
receptors, since neither NMDA receptor subunit GIuN2B nor the post-synaptic density
scaffolding protein PSD-95 expression showed significant change (n=2-3, p=0.2830).
Lastly, since Peng et al. implicated mTOR signaling pathway as the mediator of their
siNogoA'’s effects (28), we investigated the possibility of mTOR signaling pathway
activation, and instead discovered a robust downregulation of both total and
phosphorylated levels of S6K (AneantSEM=-46.45+5.73%, n=4, p=0.0002) (Figure 3-1A-
A’). To answer whether or not these protein expression patterns were downstream of
gene regulation, we employed RT? Profiler PCR array plates for GABA/Glutamate in
addition to mTOR signaling pathways. Consistent with previous biochemical findings,
genes encoding GluA1 (Grial, AmeantSEM=-56.20+6.36%, n=4, p=0.0001), GIuA2
(Gria2, AmeantSEM=-37.94+12.59%, n=4, p=0.0236), and S6K (Rps6kb1, Ameant SEM=-
49.62+0.10%, n=4, p<0.0001) were all drastically and significantly downregulated upon
shNogoA transduction. On the other hand, gene products encoding NMDA receptor
subunits GIuN1 (Grin1), GIuN2B (Grin2b), or another post-synaptic density protein
Homer1 (Homer1) did not change significantly (n=4, p=0.3551) (Figure 3-1A’). This
suggested that there was an upstream downregulation of genes important for excitatory
synaptic transmission, albeit in opposition with previous findings (28).

We were then curious whether the delivery of shNogoA transduction within the
developmental timeline of the primary hippocampal cultures plays a role in neuronal
health or manifestation of observed phenotypes. To investigate the kinetics of NogoA

knockdown and regulation of synaptic proteins, we transduced neurons at synaptically
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immature (DIV3), intermediate (DIV10), and mature (DIV14) states, and harvested total
cell lysates on DIV17 (29). Firstly, morphological assessment by bright field microscopy
(data not shown) and detection of comparable neuron-specific 3-lll Tubulin (TUJ1)
signal (Figure 3-1B) collectively indicated lack of significant neuronal toxicity associated
with LV-shNogoA transduction, regardless of the developmental timeline of the cultures
at the time of infection. Next, Western blot analysis demonstrated two important
findings: 1. shNogoA-mediated NogoA depletion requires more than three days to reach
near-complete levels. 2. The robust downregulation of GIuA1 can be observed
regardless of the maturity of the culture at the time of shNogoA infection, so long as
NogoA levels are significantly knocked down (Figure 3-1B).

Before we further investigated the mechanisms underlying phenotypes observed
following the shNogoA transduction, we wanted to confirm NogoA dependence and
target specificity. To that end, we employed the same embryonic rat hippocampal
culture system and experimental timeline, but transduced neurons with different
commercially available shRNAs against NogoA. We established baseline expression by
including three negative controls: no lentiviral vector infection, empty-vector (pLL3.7)
that serves as backbone for all LV constructs used in our studies, and a scrambled
shRNA designed for the previously published shNogoA (73). Then we compared our
characterized shNogoA (713) to commercially available shRNAs against NogoA, one
from Open Biosystems and two from Origene. Having observed satisfactory baseline
similarity amongst the negative controls, we verified that none of the lentiviral vector
transductions showed neuronal toxicity, as assessed by comparable TUJ1 signal

(Figure 3-1C) and bright field microscopy (data not shown). Next, we first investigated
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NogoA expression following these four shNogoAs. Besides sh-OpenBio, all other
shNogoAs robustly reduced NogoA protein expression, even though previously
characterized shNogoA was still the most effective (13). Whenever NogoA expression
was successfully knocked down, we observed a drastic decrease with GIuA1 and p-S6K
expression, while NogoB levels remained unchanged (Figure 3-1C). Lastly, we
generated an shNogoA-resistant, LV-human-NogoA-myc overexpression construct to
conduct phenotype rescue experiments. Despite successful overexpression in non-
neuronal (HEK-293T) cells, transduction of primary hippocampal neurons with the same
construct failed to overexpress recombinant NogoA or rescue depleted NogoA (data not
shown). Taken together, these results still strongly indicate the involvement of NogoA in
the regulation of glutamatergic synaptic proteins.

Because GIuA1 transcription, translation, and trafficking are important steps
within the maintenance of activity-dependent and homeostatic synaptic plasticity (30-
39), we became interested in the shNogoA-transduced neurons’ ability to dynamically
modulate synaptic strength. To investigate this question, we transduced embryonic rat
hippocampal neurons with the pLL3.7 or shNogoA lentiviral vectors on DIV10, allowed
6DIV for near-complete NogoA depletion and GIuA1 downregulation, and silenced
global neuronal activity with 2uM of tetrodotoxin (TTX) for 24 hours. Upon chronic
silencing, pyramidal neurons are known to increase GIluA1 production, trafficking to and
stabilization at the post-synaptic sites (37-39), by so doing maintain a stable range of
firing rate. In addition to the reduction in GluA1 mRNA and protein expression (Figure 3-
1A-A’), we found that shNogoA transduction decreased baseline surface GIuA1 levels

by about 50% (n=5, p=0.0005). More interestingly, when neurons were challenged with
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chronic TTX treatment, while pLL3.7-transduced neurons could upregulate surface
GIluA1 expression by ~45% (n=5, p=0.0018), shNogoA-transduced neurons stalled at
baseline levels regardless of treatment (n=5, p=0.3957) (Figure 3-1C-C’). This was a
novel observation, indicating that shNogoA transduction blocks homeostatic
mechanisms to upregulate and traffic GluA1 subunits onto the cell surface.

To test true physiological relevance of the modulation of mMRNA, total and surface
protein expression, we employed electrophysiological recordings of miniature excitatory
post-synaptic currents (MEPSCs) from GFP-expressing, pyramidal-like neurons that
were sparsely transfected with scrambled shRNA or shNogoA. In line with previous
reports of homeostatic scaling, neurons transduced with the scrambled shRNA
bidirectionally modulated mEPSC amplitude with 24 hours of 1uM TTX (scaling up,
Amean=121%, p=0.0124) and 10uM bicuculline (BIC) (scaling down, Amean=-22%,
p=0.0056) treatments (Figure 3-1E-E’) (38). On the other hand, neurons transduced
with the shNogoA had a significantly lower baseline mEPSC amplitude (Amean=-23%,
p=0.0029), consistent with our previous biochemical findings. In fact, neurons with
shNogoA transduction and vehicle treatment displayed very similar mEPSC amplitudes
when compared to neurons with scrambled shRNA transduction and chronic BIC
treatment (Amean=10%, p=0.8642). This observation was suggestive of their baseline
downscaled state. More interestingly, neurons with shNogoA transduction failed to
modulate synaptic drive when chronically treated with TTX to scale up (p=0.2670), or
with BIC to scale down (p=0.2060). In fact, comparison of mMEPSC amplitudes between
TTX- and BIC-treated states revealed no overall difference (Amean=1.13%, p=0.8938).

Lastly, there were no significant differences seen with mEPSC frequencies or decay
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times (Figure 3-1E’), collectively implicating regulation of glutamatergic post-synaptic
receptor abundance and trafficking. Taken together, these data strongly demonstrate
that the shNogoA transduction significantly downregulates expression of AMPA receptor
subunits, and permanently lowers baseline excitatory synaptic transmission to a
downscaled state. As a result, shNogoA-transduction cell autonomously prevents
neurons from bidirectionally modulating synaptic drive in an attempt to maintain steady-

state firing against drastic changes in network activity levels.

3.3.2 shNogoA Alters the Landscape of the Immediate-Early Synaptic Gene Expression

Since mTOR signaling pathway is especially important for local protein synthesis,
which has been previously implicated in various forms of synaptic plasticity (40-42), we
reasoned that the shNogoA-mediated robust reduction in S6K mRNA, protein, and
phosphorylation might be a valid candidate to explain some of our observations with
biochemical regulations and electrophysiological recordings. However, the drastic
regulation of synaptic gene expressions cannot be explained by such mechanism. To
deepen our understanding and discover possible signaling candidates in an unbiased
assay, we carried out extensive RNA sequencing experiments with rat forebrain cultures
transduced with LV-pLL3.7 control vector or LV-shNogoA. We infected these neurons
on DIVG6 to intervene at a more critical, synaptically immature state, and waited for 4DIV
to capture shNogoA’'s effects in intermediate action, towards the near-complete
depletion state. On DIV10, we incubated both groups of neurons with 30 minutes of

bromodeoxyuridine (BrdU) in neuronal conditioned medium (NCM), during which any
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RNA that was in the process of transcription would incorporate bromo-uridine (BrU).
Next, we isolated total RNA from these cultures, and used half of the input RNA to
immunoprecipitate BrU-incorporated nascent RNA. We prepared separate RNA
libraries, and concomitantly analyzed nascent and total mRNA by next generation
sequencing (Figure 3-2A).

Overall, BrU-incorporated, nascent RNA sequencing (BrU-seq) revealed very
mild changes induced by shNogoA transduction compared to control, with only ~20%
changes in read numbers of differentially expressed genes in either direction.
Altogether, we identified 49 upregulated and 28 downregulated genes, nascent RNA of
which showed statistically significant change (p.4<0.05). Upon closer examination and
categorization of some of the candidate genes, we detected many were associated with
synaptic components, regulators of axon guidance, and RNA binding (Figure 3-2B). We
were particularly interested in Bdnf, since its exon-specific transcript expression is
heavily regulated by various transcriptional factors binding at different promoter regions
depending on behavioral and developmental contexts. Moreover, BDNF protein function
has been associated with neuronal development and growth, synaptic plasticity, and
inhibitory synaptogenesis (43-49). In our dataset, nascent RNA expression of Bdnf was
upregulated by ~30% (pag=0.0067), which was relatively high compared to the total
change in number of differentially regulated genes (Figure 3-2B).

Next, we analyzed ribosomal RNA (rRNA)-depleted mRNA sequencing (mMRNA-
seq), which was carried out from the same input RNA isolated from control- vs.
shNogoA-transduced forebrain neurons (Figure 3-2A). Compared to nascent

transcriptome, mMRNA-seq revealed a much greater number of differentially expressed
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gene pool: we detected 97 upregulated and 124 downregulated genes with statistical
significance (pag<0.05). Even then, the mean fold-change difference in read numbers of
mRNA-seq was around 20-30%, quite similar to that of BrU-seq. At an initial glance, we
observed that the primary target of the shNogoA, Rtn4 gene expression, was
unequivocally the most heavily downregulated gene product, with a reduction of ~75%
in expression (padj=8.9X1088). On a closer examination, we found the three most well-
characterized immediate-early genes (IEGs), Arc, Fos, and Npas4, were all upregulated
by more than ~50% upon shNogoA transduction (padj=1.0x107 for Arc, p&,d,-=9.8x108 for
Fos, pag=9.2x10"¢ for Npas4) (Figure 3-2C). We focused particularly on the upregulation
of Npas4, since many of this transcription factor’'s established direct DNA-binding
partners such as Nr4a1/2 or Junb (50-53) were also upregulated upon shNogoA
transduction. Amongst that list was also Bdnf, which had come up as one of the prime
upregulated candidate genes from our nascent BrU-seq dataset (Figure 3-2B).

Due to poor specificity and affinity of the commercially available antibodies
against premature and mature forms of BDNF, we wanted to validate Bdnf gene
expression upregulation upon shNogoA transduction by quantitative reverse
transcription PCR (RT-qPCR). We used previously characterized primer sets (54-56) to
detect Bdnf gene expression at promoter regions Bdnf IV and Bdnf IX, since they were
both under the regulation of activity-dependent synaptic plasticity, learning and memory
(54, 57, 58). Before setting out to assess Bdnf upregulation following shNogoA
transduction, we wanted to confirm whether expression detection patterns were in line
with previous reports. To that end, total RNA was isolated from primary forebrain

cultures, treated with 2uM TTX (48hrs), 200nM K252a (2hrs), or 10uM forskolin (2hrs).
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We found that both Bdnf IV and IX expression were mildly decreased with TTX
treatment alone (59), and robustly increased with K252a treatment alone. Moreover, the
upregulation induced by K252a could no longer be observed when combined with TTX
treatment. Additionally, we observed a significant increase in Bdnf expression following
acute forskolin treatment (60) (Figure 3-2D). Confident in this system, we isolated total
RNA from a separate set of forebrain cultures following the same experimental timeline
as depicted in Figure 3-2A. We observed 98.8% and 36.7% increase in Bdnf IV and
Bdnf IX gene expression following shNogoA transduction, respectively (n=6; p=0.0377
for 1V, p=0.0173 for IX) (Figure 3-2D). Here, we demonstrated and confirmed that
shNogoA transduction induces upregulation of many immediate-early synaptogenic
genes, as well as a number of their direct binding partners. Taken together, these
findings render NogoA knockdown an ideal candidate to study regulation synaptic

transmission, formation, and modulation.

3.3.3 Global shNogoA Transduction Upregulates Npas4 via L-Type VGCC Activation

Through our Bru-seq and mRNA-seq experiments, we discovered that Npas4
and Bdnf gene expressions are both upregulated following shNogoA transduction, and
the transcription factor Npas4 was previously shown to directly bind Bdnf promoter
regions (50, 57). Next, we wanted to explore whether there is a stronger correlation
between these two observations. We transduced primary hippocampal cultures with the
control vector pLL3.7 or lentiviral shNogoA on DIV3, and allowed for 4DIV to efficiently

knock down NogoA to near-complete levels (Figure 3-1B). On DIV7, we treated these
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synaptically immature hippocampal neurons with 55mM KCI for 2 hours to induce
sustained membrane depolarization, with or without 10 minutes of 5SmM EGTA pre-
treatment for extracellular calcium chelation (57). We first verified by Western blotting
that NogoA protein expression was indeed almost completely depleted (Figure 3-3A).
As reported previously and replicated through our studies (Figure 2-3) (567), KCI
treatment induced an 81% upregulation of the Npas4 protein expression compared to
vehicle-treated baseline (n=8, p=0.0016). Moreover, EGTA pre-treatment further
reduced baseline Npas4 protein expression by an additional 65% (n=8, p=0.0180)
(Figure 3-3A-A’). Next, we examined whether the 86% increase in Npas4 gene
expression we detected with mRNA-seq (Figure 3-2C) translated to the Npas4 protein
levels. We found that shNogoA transduction also upregulated baseline Npas4 protein
levels by 77% (n=8, p=0.0028). Strikingly, following shNogoA transduction, KCI
treatment failed to cause further upregulation of Npas4 protein expression (n=8,
p=0.1660), possibly due to a ceiling effect. This observation provided the first clue about
the involvement of an over-activated calcium influx and/or impaired recycling
mechanism (Figure 3-3A-A’).

Next, we were curious whether the upregulation of baseline Npas4 persisted well
into synaptic maturity, and if so, whether it could be further increased by
pharmacological manipulations of synaptic activity. When maintained until DIV14,
hippocampal neurons can be synaptically over-activated by acute (2hr) treatment with
50uM BIC, which competitively blocks GABAa receptors, and therefore reduces
inhibitory tone. Unlike non-specific membrane depolarizing agent KCI, acute BIC

treatment will lead an over-activation of neuronal networks due to pronounced influx of
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synaptic calcium through glutamatergic AMPA/NMDA receptors as well as voltage-
gated calcium channels (VGCC). In fact, the IEG Npas4 gets activated by this increase
in intracellular calcium concentrations, thereby increasing Npas4 protein expression,
consequent DNA binding, and transcription modulation. For instance, upon such
stimulation, direct Npas4 binding increases at Bdnf promoter regions / and /V, which
later on plays an important role in driving inhibitory synaptogenesis. In fact, previous
reports have shown that complete chelation of extracellular calcium (EGTA), blockade
of calcium-permeable glutamate receptors (CNQX, APV), and specific inhibition of L-
type VGCCs (nimodipine) drastically negate the BIC-induced upregulation of Npas4
protein expression (67). As such, we transduced hippocampal neurons with pLL3.7 or
shNogoA on DIV3, waited until synaptic maturation on DIV14, and assessed Npas4
protein expression through different pharmacological treatments. First of all, control
neurons transduced with pLL3.7 behaved as previously reported (67): Npas4 protein
expression increased by 5-fold following 2-hour treatment with 50uM BIC (n=8,
p<0.0001), and by 8.3-fold following 2-hour treatment with 1uM L-type VGCC agonist
FPL64176 (n=8, p<0.0001). This robust induction of Npas4 expression by BIC treatment
was completely reversed to baseline levels with 1-hour pre-treatment with 5uM L-type
VGCC antagonist nimodipine (n=8, p<0.0001). Lastly, already low baseline levels of
Npas4 could not be further reduced with 3-hour treatments with 5mM EGTA or 5uM
nimodipine alone (n=8, p>0.9999). Following vehicle treatment of shNogoA-transduced
neurons, we observed that baseline Npas4 protein levels increased by 186% (n=11,
p=0.0328) (Figure 3-3A-A”). Compared to DIV7, shNogoA-dependent Npas4

upregulation was more robust on DIV14, suggestive of an accumulated load or
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impairment of the calcium recycling mechanisms of these cultures. Unlike global KCI
stimulation on DIV7, however, synaptically mature DIV14 neurons transduced with
shNogoA can further upregulate Npas4 expression upon acute BIC (n=8, Amean=4.15X,
p=0.0122) or FPL64176 treatments (n=8, Amnean=6.68x, p<0.0001). As with control
neurons, this robust BIC-induced Npas4 upregulation can also be completely depleted
by nimodipine pre-treatment (n=8, Amean=3.39%, p<0.0001). Lastly, we observed that
shNogoA-induced upregulation of baseline Npas4 protein expression was reduced by
almost 2-fold following acute EGTA (n=8, Amean=1.4X, pag=0.4421) or nimodipine alone
(n=8, Amean=1.6X, pag=0.2034) treatments (Figure 3-3A-A”). Taken together, we
demonstrated that shNogoA transduction induces robust IEG expression following
elevated levels of intracellular calcium, particularly but not exclusively through over-
activated L-type VGCCs.

We were then curious about the mechanism(s) behind shNogoA-induced
upregulation of Npas4 protein expression, especially upstream of the L-type VGCC
activation. To differentiate between cell-autonomous versus network effect, we sparsely
transfected hippocampal neurons on DIV3 with the GFP-tagged shNogoA construct,
maintained neuronal cultures until synaptic maturity is attained by DIV14, and assessed
immunofluorescence signal intensity from nuclear Npas4 expression in comparison to
neighboring GFP-negative control cells (Figure 3-3B). Quantification from GFP*, NogoA™
cells (n=28) versus GFP", NogoA" cells (n=100) revealed no difference in nuclear Npas4
signal intensity (p=0.3254) (Figure 3-3B’). This demonstrated that the cell-autonomous
expression of shNogoA does not cause sufficient calcium influx or subsequent Npas4

protein induction. In fact, this observation was in line with the cell-autonomous decrease
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in mEPSC amplitude following sparse shNogoA transfection (Figure 3-1D-D’), which
would translate to less calcium influx. We then explored the impact of network neuronal
activity modulation caused by global LV-shNogoA transduction. Following a similar
experimental timeline as DIV3-14 biochemical analysis (Figure 3-3A), we verified robust
and global knockdown of NogoA, and assessed nuclear Npas4 protein expression by
immunofluorescence analysis. In line with our reported biochemical results (Figure 3A-
A”), the percentage of Npas4-expressing Hoechst™ nuclei increased by ~50% upon
global shNogoA transduction (n=19-20 fields of view from n=3 biological replicates,
p=0.0001). Moreover, nuclear Npas4 signal intensity increased by 127% upon global
shNogoA transduction, compared to LV-pLL3.7-transduced neurons (n=76 neurons
from n=3 biological replicates, p<0.0001). Overall, these data strongly demonstrate that
the global shNogoA transduction induces a strong upregulation of Npas4 protein
expression through overall increase in neuronal network activity and subsequent influx
of extracellular calcium through L-type VGCCs. Future studies should consolidate the
interplay between the cell-autonomous decrease in GIuA1 expression and mEPSC and

network upregulation of calcium influx and Npas4 expression.

3.3.4 NogoA Interacts with and/or Modulates L-type VGCC Auxiliary Subunit Caya2d1

In our attempt to decipher the upstream activation of L-type VGCCs following

shNogoA transduction, we focused on known calcium channel auxiliary subunits, which

can modulate conductance by changing conformation and activation states based on

physiological contexts, external stimuli, and intercellular signaling. One such auxiliary

118



subunit, Caya2d1 directly interacts with L-type VGCC (61, 62), is the receptor for
gabapentin, strongly inhibits excitatory synaptogenesis (63, 64). Caya2d1 is also the
neuronal receptor for thrombospondins, which are astrocyte-secreted growth-promoting
molecules that play a role in the excitatory synapse formation and maturation (64, 65).
Lastly, hippocampal samples obtained from patients with mesial temporal lobe
epileptiform activity showed increased NogoA expression (66), which implicates NogoA
in regulating the fine balance between excitation and inhibition.

In order to determine whether NogoA and Caya261 interact in vivo, we isolated
membrane fractions from post-natal 24 (P24) or adult (2P60) mouse brains, and
immunoprecipitated NogoA using the NogoA-A20-specific, mouse monoclonal (11C7)
antibody or the isotype-matched anti-FG12 antibody. Despite higher NogoA expression
during mid-development, in both young and adult mouse brains, NogoA was strongly
detected in the total homogenate (S1), cytosolic fraction (S2), and to a higher extent in
the membrane fraction (P2) (Figure 3-4A). The membrane fractions were then
solubilized, pre-cleared, and incubated with the above-specified antibodies or empty
beads. Using the anti-pan-NogoAB antibody (Bianca), we confirmed that NogoA was
specifically enriched in the immunoprecipitated samples. We first checked whether
membrane-bound NogoA directly binds GluA1, since shNogoA transduction drastically
reduces its expression and surface trafficking. However, no such binding was observed.
Our next candidate was the L-type VGCC subunit Cay1.2, which was enriched in brain
membrane without NogoA binding. Lastly, we observed a strong co-immunoprecipitation

of the membrane-enriched Caya2d1 auxiliary subunit with anti-NogoA, but not with anti-
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FG12 isotype control antibody. This interaction was not as pronounced in the adult
brain, perhaps due to the lower input and immunoprecipitation of NogoA (Figure 3-4A).

Next, we immunostained synaptically mature hippocampal neurons with the anti-
NogoA (11C7) and anti-Caya2d1 antibodies under non-permeabilized conditions to
detect surface expression patterns, followed by permeabilized anti-MAP2 co-staining to
delineate somatodendritic morphology (Figure 3-4B). While overall surface expression
patterns were quite distinct from one another, almost all discrete and discontinuous
dendritic surface NogoA signal (Figure 2-2C) overlapped with surface Cayo201
expression. However, the reverse did not hold true: there was distinguishable surface
Caya2d1 signal that did not overlap with surface NogoA (Figure 3-4B). Overall,
immunofluorescence labeling of primary neurons corroborated our biochemical findings,
strongly indicating overlapping expression and possible interaction.

Next, we wondered whether shNogoA transduction regulated Npas4 expression
through changing Caya2d1 protein levels. To address that question, we transduced rat
hippocampal neurons with shNogoA or control pLL3.7, and probed for total Caya2d1 by
Western blotting. Our initial observation was two distinct bands with different mobility
and associated molecular weights: one at the predicted 150kDa (63), and another
around 200kDa. shNogoA transduction did not significantly alter the 150kDa band
intensity, whereas the band at 200kDa almost completely disappeared (Figure 3-4C).
Given NogoA itself is around 200kDa, this was our first suspicion that the commercially
available anti-Caya261 antibody also detected rat NogoA. In parallel with consultation
with the commercial vendor (Alomone), we aligned the protein sequence of rat NogoA

(Uniport # Q9JK11) and the epitope that the anti-Caya201 antibody targets, but at least
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algorithmically could not find sufficient homology for cross-detection (data not shown).
Finally, we immunostained rat hippocampal neurons for surface NogoA and Caya261
following pLL3.7 or shNogoA transduction. We verified that control-transduced neurons
demonstrated similar expression patterns for surface NogoA and Caya2d1 signal
(Figure 3-4B). Upon global knockdown of NogoA, Caya2d1 surface expression showed
a robust reduction along the MAP2 axons as well as the previously observed discrete
and discontinuous patches along the MAP2" dendrites (Figure 3-4D). This increased
our confidence in cross-reactivity between rat NogoA and Caya261.

To introduce another species and an alternative approach to NogoA depletion,

we used a NogoABC™

conditional knockout mouse model (Figure 3-7B) (26).
Hippocampal cultures were prepared, and one half was transduced with LV-CMV-Cre
on DIV3. This would allow for Cre recombinase expression, and subsequent excision of
mouse Ritn4 exons 4 and 5, common to NogoA-C (Figure 3-7B) (26). On DIVG6, all
cultures were lentivirally co-transduced with either pLL3.7 or shNogoA. We then
maintained these cultures until synaptic maturity, and harvested total cell lysates on
DIV14 to assess global protein expression by Western blotting. We first verified that
NogoA was successfully depleted by either Cre-mediated recombination (~83%) or
shNogoA-mediated knockdown (~99%) alone (n=6, p.4<0.0001). The NogoA-specificity
of the shNogoA was once again verified (Figure 3-1) (713, 29), since only the conditional
knockout robustly (~90%) depleted NogoB protein expression (n=3, pag<0.0001) (Figure
3-7B-B”). When mouse Caya2d1 protein expression was assessed, observations

differed from those with rat hippocampal neurons (Figure 3-4C). First of all, probing for

the mouse Caya2d1 revealed a weak signal at ~100kDa and much stronger, distinct

121



band around the expected molecular weight ~150kDa (Figure 3-4E). Unlike with rat
neurons, we did not observe a non-specific, cross-reactive band around ~200kDa,
which had previously disappeared following shNogoA transduction. More interestingly,
we show that although the mouse Caya2d1 levels did not change upon NogoABC
knockout (n=3, p.q=0.8986), the protein expression was significantly downregulated
following shNogoA knockdown (n=3, Amean=-31-35%, paq=0.0044-0.0084) (Figure 3-4E-
E’). Taken together, we report a strong functional, biochemical, and colocalizational
relationship between the NogoA and Caya2d1 as a foundation for future investigation of
their interconnected regulation. Overall, we demonstrated that rat and mouse protein
products could show varying degrees of influence from either shNogoA targeting or

antibody reactivity, regardless of highly conserved algorithmic homology.

3.3.5 shNogoA Impairs Homeostatic Scaling Through Immediate-Early Gene Induction

We demonstrated that the shNogoA-transduced neurons not only showed lower
baseline synaptic transmission, but also had impaired ability to entrain bidirectional
homeostatic scaling (Figure 3-1). We wondered whether these neurons’ ability to
transcriptionally respond to acute or chronic activity modulators were also impaired. To
address this question, we lentivirally transduced hippocampal neurons with pLL3.7 or
shNogoA on DIV3, and maintained cultures until synaptic maturity is reached by DIV14.
We treated these cultures with 2uM TTX for 3, 24, and 48 hours, where only the last two
chronic treatments will induce homeostatic scaling up (38). On DIV14, 2 hours prior to

lysate collection, we challenged these TTX-treated neurons with 50uM BIC to decrease
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spontaneous inhibitory synaptic transmission, which would normally induce Npas4 and
c-Fos protein expression. Control neurons behaved as expected: acute BIC treatment
induced robust Npas4 and c-Fos protein expression (n=4; p<0.0001 for Npas4,
p=0.0007 for c-Fos). Moreover, 1 hour of TTX pre-treatment (totaling 3 hours)
sufficiently blocked action potential propagation and prevented BIC-induced
upregulation of Npas4 and c-Fos (n=4-9; p=0.0002 for Npas4, p=0.0034 for c-Fos). In
contrast, when action potentials were still blocked in the continuous presence of TTX for
48 hours, neuronal cultures still responded to acute BIC treatment possibly by way of
blocked miniature inhibitory postsynaptic currents (mIPSCs), and robustly induced
Npas4 and c-Fos expression (n=8-11; p=0.0077 for Npas4, p=0.0831 for c-Fos). On the
other hand, shNogoA-transduced neurons behaved similarly following acute TTX
treatment, but failed to drive scaling up following chronic TTX treatment. First of all,
Npas4, but not c-Fos, protein expression was elevated at baseline (n=10-12; p=0.0017
for Npas4, p=0.8329 for c-Fos). As previously reported, acute BIC treatment was able to
induce Npas4 and c-Fos upregulation (n=4-12; p=0.2605 for Npas4, p=0.0036 for c-
Fos). Like control neurons, 1 hour TTX pre-treatment abolished the BIC-induced IEG
expression (n=4-9; p=0.0022 for Npas4, p=0.0291 for c-Fos). In stark contrast, there
was no significant difference in the BIC-induced Npas4 or c-Fos protein expression
between 3 hours and 48 hours of TTX treatment (n=8-10; p=0.1193 for Npas4,
p=0.3734 for c-Fos) (Figure 3-5). These data strongly implicated the induction and
regulation of calcium- and activity-dependent IEGs as possible candidates responsible

for shNogoA-mediated impaired entrainment of homeostatic synaptic scaling.
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3.3.6 shNogoA Transduction Impairs Inhibitory Synaptogenesis

One functional and cell-autonomous outcome of post-synaptic Npas4 activation
is proper inhibitory synapse formation and strength by way of direct binding to and
driving Bdnf expression (57). Inspired by this set of findings, we wanted to test whether
the Npas4 and Bdnf upregulation caused by shNogoA transduction leads to a
consequent increase in inhibitory synapse density and/or strength. We sparsely
transfected DIV3 hippocampal neurons with the GFP-tagged shNogoA, and qualitatively
assessed inhibitory synapse number by immunofluorescence staining against the
presynaptic marker GAD-65. We did not detect any noticeable change in peri-somatic or
dendritic GAD-65" puncta density between GFP® transduced neurons and GFP
neighboring neurons (Figure 3-6A). Since we had previously demonstrated that
shNogoA-mediated Npas4 induction was a network effect rather than a cell autonomous
regulation (Figure 3-3), we globally transduced hippocampal neurons following the
same timeline, and immunostained for the presynaptic marker GAD-65. Qualitative
assessment revealed that global shNogoA transduction robustly decreased presynaptic
GAD-65" puncta density, even with similar numbers of somatostatin® inhibitory
interneurons (Figure 3-6B). As an alternative verification, we subjected hippocampal
neurons to the same experimental paradigm, and quantitatively assessed protein
expression by Western blotting. In contrast to previous studies (50, 51, 53), ~3-fold
upregulation of Npas4 protein expression (n=33, p<0.0001) did not lead to an
upregulation of inhibitory synaptogenesis. In fact, both GAD-65 and GAD-67 protein

expression were consistently reduced by ~50% (p<0.0001; n=35 for GAD-65, n=6 for
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GAD-67) (Figure 3-6C-C’). Taken together, we suspected these observations would
lead to decreased inhibitory synapse formation following shNogoA transduction.

To test functional relevance of these robust reductions in the GABAergic pre-
synaptic markers GAD-65 and GAD-67, we globally transduced primary rat
hippocampal neurons with LV-pLL3.7 or LV-shNogoA on DIV7, compared miniature
inhibitory post-synaptic current (mIPSC) events on DIV14. Unlike our observations with
mEPSC recordings (Figure 3-1E-E’), mIPSC amplitude did not significantly change
between pLL3.7- and shNogoA-transduced neurons (n=8-9, Amean=121.561+14.66%,
p=0.1614). This ruled out possible differences in inhibitory synaptic transmission due to
the regulation of post-synaptic receptor clustering or abundance. Next, we assessed
mIPSC frequency between these two groups, and discovered a drastic decrease in the
shNogoA-transduced neurons (n=8, Amean=-75.13£18.80%, p=0.0013). This was in line
with the robust decline in pre-synaptic GAD-65 and GAD-67 protein expression by both
qualitative immunofluorescence staining and semi-quantitative Western blot analysis.
Lastly, we detected no change in the mIPSC decay time (n=8-9, Anean=-8.17£17.03%,
p=0.6383), indicating similar temporal kinetics between the two groups. These data
collectively demonstrate a reduction in inhibitory synaptogenesis in shNogoA-
transduced neurons, independent of global Npas4 and Bdnf upregulation. While the
molecular mechanisms currently remain elusive, these results can be explained by
concurrent — instead of unilateral — Npas4 increase in both pre- and post-synaptic
neurons (57), maintenance of excitatory-inhibitory balance (53), and compensatory

mechanisms to ensure synaptic homeostasis (30).
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3.3.7 Observed Synaptic Phenotypes are NogoA-Independent

Since our observations so far depended on an established primary rat
hippocampal neuronal culture system, here we describe some additional controls we
carried out to verify the inter-species and target specificity of the shNogoA (73). Due to
the inconsistent observations with mouse and rat NogoA-Caya2d1 interactions (Figure
3-4), we used primary hippocampal neurons from E15.5-18.5 Crl:CD1(ICR) (hereafter
referred to as CD1) mouse (67, 68), transduced cultures similarly with control pLL3.7 or
shNogoA on DIV3, treated with the same pharmacological reagents on DIV7 or DIV14,
and assessed for expression patterns of target proteins by Western blotting. Before any
experimentation, we aligned NogoA amino acid sequence for Rattus norvegicus
(accession number Q9JK11.1) and Mus musculus (accession number Q99P72.2), and
found 100% coverage with 89.39% identity. Similar to experiments with rat neurons
(Figures 2-3A-A’ and 3-3A), we found that at a synaptically immature state on DIV7, 2
hours of 556mM KCI treatment decreased mouse NogoA expression by ~30% (n=12,
p=0.0009), and 10 minutes of extracellular calcium chelation with 5mM EGTA pre-
treatment could effectively negate this decrease (n=12, p=0.0087) (Figure 3-7A-A’).
Worthy of note here is that anti-pan-NogoAB antibodies, including homemade (Bianca)
or the commercially available alternative (R&D), failed to detect a mouse NogoA band
separation (compare Figure 3-7A to Figure 2-3A). This possible epitope unavailability
was also evident by lack of detection using the serine-343 phospho-specific anti-NogoA
antibody (Figure 2-4) (data not shown). As such, we could only observe a slight

decrease in mouse NogoA molecular weight following KCI treatment (Figure 3-7A).
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Following synaptic maturation, mouse NogoA protein remained stably expressed
regardless of pharmacological treatments, in complete accord with previous biochemical
findings on the regulation of rat NogoA (Figure 3-3A).

Next, we assessed expression of proteins that showed significant regulation
following shNogoA transduction of rat hippocampal neurons. In control-transduced
mouse neurons, Npas4 protein expression showed similar induction patterns with
various pharmacological treatments, and at baseline was upregulated by ~2.5-fold upon
shNogoA transduction on both DIV 7 and 14 (n=12; p=0.0336 for DIV7, p=0.0022 for
DIV14). Similarly, mouse GAD-65 levels were downregulated by 56% and 70% upon
shNogoA transduction on both developmental stages, respectively (n=12, p<0.0001). By
synaptic maturation on DIV14, both GluA1 and S6K protein levels were reduced by 45%
and 64% (n=12; p=0.0005 for GluA1, p<0.0001 for S6K) (Figure 3-7A”). Collectively,
these data strongly suggest that unlike our observations with Caya2d1 (Figure 3-4),
most other gene and protein regulation was highly conserved between mouse and rat
neurons, resulting in greatly similar observations following shNogoA transduction.

To conclusively test the target-specificity of shNogoA and confirm NogoA’s
regulatory role in manifesting these phenomena, we employed an independent strategy
as described before (Figure 3-4). Briefly, we prepared primary hippocampal cultures

from perinatal (P0-1) NogoABC™"

mice, where exons 4 and 5 common to NogoA-C are
flanked by loxP sites (Figure 3-7B) (26). We infected half of the cultures with LV-CMV-
Cre on DIV3, and co-infected both cultures with LV-pLL3.7 or LV-shNogoA on DIVG6.
Cells were maintained until DIV14, and total cell lysates were analyzed by Western

blotting. We first demonstrated that efficiency of Cre-mediated recombination of
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NogoABC by assessing NogoA protein expression by using commercial (R&D) and
homemade (11C7) antibodies for Western blotting. As seen qualitatively with 1/4™
sample loading and quantitatively following normalization with (-actin, NogoA levels
were reduced by 83% upon Cre-recombination only (n=6, p<0.0001). In contrast,
NogoA protein expression decreased beyond detection following shNogoA transduction,
regardless of Cre-recombination (n=6, p<0.0001). Western Blot analysis revealed that
the Cre-mediated recombination of NogoABC™ alone does not lead to upregulation of
Npas4 or downregulation of GAD-65, GluA1, or S6K expression. On the other hand,
infection of shNogoA alone, or co-infection of shNogoA following Cre-recombination
recapitulated all of these previously characterized bidirectional regulations (Figure 3-7B-
B”). Despite small fraction of leftover NogoA protein expression (17%), these data
collectively demonstrate for the first time that the observed regulations in synaptic
proteins are independent of NogoA depletion, but might instead be artifacts of non-

specific targeting of the previously published and characterized shNogoA.

3.3.8 Step-wise Mutated shNogoA Still Replicates Regulation of Excitatory and

Inhibitory Synapse Formation and Strength

We demonstrated that the robust regulation of synaptic proteins following LV-sh-
NogoA transduction is independent of NogoA expression (Figure 3-7), and therefore
likely the result of off-target effects of the shNogoA construct. Here, we carried out
additional studies in order to identify the molecular targets of the shNogoA responsible

for driving such drastic synaptogenic phenotypes. We used the original shNogoA
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construct (73) in the pLL3.7 vector backbone; but introduced two (shNogoA-2pMt) or
five point mutations (shNogoA-5pMt) within the seed region of the shNogoA stem loop
(Figure 3-8). We anticipated that additive point mutations of the seed sequence would
incrementally reduce the efficacy of shRNA-mediated knockdown of NogoA, while
retaining regulatory elements and their target binding activities within the shNogoA.

We prepared primary hippocampal cultures from embryonically age-matched
Sprague-Dawley and C57BL/6 mice, and lentivirally transduced neurons on DIV4-6 with
the following plasmids: pLL3.7 (empty vector) control plasmid, characterized shNogoA,
shNogoA-2pMt, and shNogoA-5pMt. We maintained cultures until synaptic maturity,
collected whole cell lysates on DIV14, and analyzed protein expression by Western
blotting. We first assessed NogoA protein expression with these four plasmids. As
expected, shNogoA reduced NogoA protein levels by ~97% for both species (p<0.0001;
n=3 for rat, n=6 for mouse). Neuronal transduction with of two point mutations to the LV-
shNogoA (shNogoA-2pMt) caused an incomplete (~80-90%) knockdown of the NogoA
compared to pLL3.7 transduced cultures (n=3, p=0.0004 for rat; n=6, p<0.0001 for
mouse). Transduction of hippocampal neurons with the shNogoA with five point
mutations (shNogoA-5pMt) did not result in a significant (~13-17%) reduction of NogoA
compared to the control cultures (n=3, p=0.4281 for rat; n=6, p=0.1467 for mouse)
(Figure 3-9A-A’). Together, these results show that the seed region of the shNogoA
stem loop is important for NogoA targeting, and that introduction of mismatch mutations
leads to a stepwise reduction in NogoA knockdown efficiency. Worthy of note here is
that transduction with shNogoA-2pMt (Figure 3-9A-A’) revealed similar NogoA

expression as that of NogoABC™ mouse neurons infected with LV-CMV-Cre (Figure 3-
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7B-B”). Therefore, comparison between the previously described and following
phenotypes should dispel the possibility of regulation entrained by remaining NogoA.

As demonstrated before, shNogoA transduction of mouse hippocampal neurons
robustly upregulated Npas4 protein expression (n=6, Amean=2.5x, p=0.0042). However,
transduction with neither shNogoA-2pMt nor shNogoA-5pMt induced Npas4
upregulation in mouse neurons (n=6; p=0.9964 for shNogoA-2pMt, p>0.9999 for
shNogoA-5pMt), suggesting the need for a robust, near-complete depletion of NogoA
protein expression. Worthy of note here is that in rat neurons, Npas4 protein expression
was strikingly upregulated to a significantly greater extent with shNogoA-5pMt
transduction, even when compared to shNogoA (n=3, Amean=7.3X, p=0.0013) (Figure 3-
9A). Beyond Npas4, the molecular targets we had identified in our previous efforts were
regulated in a similar fashion: upon lentiviral transduction with shNogoA, shNogoA-
2pMt, or shNogoA-5pMt, protein expression of GluA1, S6K, GAD-65, and GAD-67 was
significantly downregulated as assessed by Western blotting (Figure 3-9A-A’). Most of
these reductions were also observed with rat neurons (quantification not shown) (Figure
3-9A). Collectively, experiments with stepwise-mutated shNogoAs revealed that the
previously observed regulations of synaptic proteins occur independently of NogoA, and
are in fact due to shNogoA-mediated off-target effects.

Curiously, step-wise mutations within the seed-region of the shNogoA also
revealed some de novo phenotypes. In rat, but not mouse, neurons, protein expression
of ser-133 phosphorylated CREB was downregulated by 40-50%, only following
transduction with shNogoA-2pMt and shNogoA-5pMt but not shNogoA (n=3; p=0.9818

for shNogoA, p=0.0355 for shNogoA-2pMt, p=0.0214 for shNogoA-5pMt). Moreover, in
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both rat and mouse neurons, the expression of the presynaptic protein synapsinlla
remained at comparable levels with shNogoA transduction (n=3, p=0.8150 for rat; n=6,
p=0.6309 for mouse), but showed a dramatic reduction following transduction with
shNogoA-2pMt and shNogoA-5pMt (n=3, p=0.0032, 0.0315 for rat; n=6, p<0.0001 for
mouse). In fact, this decrease in synapsinlla showed a step-wise effect, intensifying with
additive introduction of mismatch basepairs (n=3, p=0.3512 for rat; n=6, p=0.1898 for
mouse) (Figure 3-9A-A’). These de novo phenotypes observed with shNogoA mutations
were both interesting and alarming at the same time. We will attempt to explore the
significance, ramifications, and mechanism of such phenomenon in greater detail.

To increase our confidence in afore-mentioned biochemical findings, we
subjected mouse hippocampal cultures to a similar experimental timeline, followed by
immunofluorescence staining against synaptic markers. First, we verified the near-
complete knockdown of NogoA protein expression following shNogoA transduction.
Qualitative assessment revealed that transduction of neurons with the shNogoA-2pMt
recovered some faint NogoA signal, whereas shNogoA-5pMt almost completely
restored NogoA expression (Figure 3-9B). We then explored the density of excitatory,
glutamatergic synapses, by assessing puncta and signal intensity of presynaptic
synapsinlla and postsynaptic GIuA1. Following a similar pattern to our Western blot
analysis (Figure 3-9A-A’), qualitative assessment of immunostaining showed that total
GluA1 signal dramatically decreased with shNogoA transduction, and remained low with
either shNogoA-2pMt or shNogoA-5pMt transduction. On the other hand, synapsinlla
remained unchanged following shNogoA transduction, but was significantly

downregulated following transduction with either shNogoA-2pMt or shNogoA-5pMt
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(Figure 3-9B). Next, we explored inhibitory synapses as assessed by immunostaining
against the presynaptic GAD-65 and postsynaptic GABAxRy2. Compared to the control
pLL3.7, qualitative assessment revealed a robust reduction in GAD-65 puncta density
following transduction with all three constructs, while GABAARY2 density and/or intensity
remained unchanged (Figure 3-9B). Overall, albeit qualitative, these observations
complemented our biochemical findings, and implicated the role of off-target regulatory

elements within the shNogoA, rather than varying levels of NogoA expression.

3.3.9 mRNA Sequencing Experiments with Step-wise Mutated shNogoA Constructs

Shed Light onto NogoA-Independent Regulations

We showed that even though shNogoA transduction of hippocampal neurons
leads to highly efficient depletion of NogoA expression, some unknown regulatory
element(s) within the rest of the shNogoA plasmid interact(s) with secondary, unspecific
targets. As a result, the signaling cascade dysregulates excitatory synaptic strength and
impairs inhibitory synapse formation, altogether shifting the fine balance between
excitation and inhibitory. So far, we attempted to distinguish NogoA-dependent versus
NogoA-independent gene regulation by using RT-qPCR arrays (Figure 3.1A’) or RNA-
seq experiments (Figure 3-2). In order to investigate on a deeper level, we transduced
mouse forebrain neurons on DIV4 with the control empty vector pLL3.7 (EV), the
characterized shNogoA, as well as shNogoA that was mutated with two (shNogoA-
2pMt) or five (shNogoA-5pMt) basepairs (Figure 3-8). Unlike our previous RNA-seq

studies (Figure 3-2), we maintained cultures for 10 DIV following LV-transduction for two
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main reasons: we wanted these cultures to reach synaptic maturity (DIV14), while
allowing a chronic phase following, instead of an intermediate snapshot during,
depletion of NogoA. Finally, we isolated all RNA from cultures, split the RNA input for
concurrent total and small RNA library preparations, and analyzed mRNA and micro
RNA (miRNA) transcriptomes by next-generation sequencing (Figure 3-10A).

We first examined mRNA and long-noncoding RNA (IncRNA) transcriptome of
these cultures following transduction with four different lentiviral plasmids. Principal
component analysis (PCA) revealed highly reproducible, but global transcriptional
changes amongst cultures transduced with different LV constructs. We found that the
transcriptomes of LV-EV- and LV-shNogoA-transduced cultures were more similar, than
those of LV-shNogoA-2pMt- or LV-shNogoA-5pMt-transduced cultures (Figure 3-10B).
We then studied the differentially expressed genes (DEGs) amongst these four groups
of lentivirally-transduced cultures. Due to high level of reproducibility between biological
replicates, even the smallest changes in a plethora of genes were deemed statistically
significant (pag<0.05). To capture only biologically relevant as opposed to statistically
significant changes, we focused on DEGs with 22-fold change compared to EV-
transduced cultures. Even then, we found that shNogoA transduction alone significantly
changed expression of 827 genes, when compared to pLL3.7-transduced control
neurons. In parallel with the PCA, transduction with either shNogoA-2pMt or shNogoA-
5pMt greatly diverged from the transcriptome of shNogoA-transduced neurons, and
altered expression of as many as 2884 or 2143 genes, respectively. Moreover, all three
plasmids significantly changed expression of the same 185 transcripts when compared

to EV-transduced neurons, regardless of varying extents of NogoA expression. Finally,
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we also detected a great number of DEGs, which changed significantly upon
combinatorial comparison between transcriptomes of neuronal cultures transduced with
any two shNogoA constructs. (Figure 3-10B).

Plotting differentially expressed genes between LV-pLL3.7 and LV-shNogoA-
transduced neurons once again demonstrated that Rin4 was once again the most
robustly and statistically significantly downregulated gene, as the primary target of the
shNogoA (Figure 3-10C). To confirm the intended regulation dictated by shNogoA and
step-wise point mutations, we showed that shNogoA reduced Ritn4 gene expression by
96% (n=4, padj=4.8x10'24). Introduction of only two point mutations within the shNogoA
(shNogoA-2pMt) led to an incomplete knockdown of the Ritn4 expression,
corresponding to a %85 decrease (n=4, pay=4.6x102") compared to the LV-pLL3.7-
transduced neurons. Introduction of three more point mutations (shNogoA-5pMt) only
downregulated Rtn4 gene expression by 4%, thereby making it indistinguishable from
EV-transduced cultures (n=4, p.q=0.1516) (Figure 3-11A). These findings confirmed
that our shNogoA mutations behaved as intended, resulting in stepwise loss of NogoA
MRNA knockdown efficiency. We then started by going after the DEGs we had
identified in our previous RNA-seq following shNogoA transduction (Figure 3-2). For
instance, both Gad?1 and Gad2, encoding for GAD-67 and GAD-65 respectively, were
downregulated by ~60-80% upon shNogoA transduction (n=4; p;,,dj=4.1x10'8 for Gad1,
padj=5.9x10'7 for Gad?2). The transcript downregulation for both genes also remained low
following either of the two step-wise mutated shNogoA transduction, albeit to varying
extents (Figure 3-11A). This indicated that the reduction in GAD-65/67 expression was

indeed not NogoA-dependent. Looking more closely onto inhibitory synaptogenesis, we
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found that expression of two inhibitory interneuron subtype-specific genes, somatostatin
(Sst) and parvalbumin (Pvalb), was reduced by ~60-80% following shNogoA
transduction (n=4; padj=1.4x10'10 for Sst, padj=5.OX10-7 for Pvalb) (Figure 3-10C).
Curiously, while Sst transcript expression seemed to be downregulated only following
transduction with shNogoA constructs causing successful NogoA depletion, Pvalb
remained downregulated upon transduction with any of the three shNogoA constructs
regardless of differential NogoA expression. This was our first indication that unlike
results gathered from previous immunofluorescence staining (Figure 3-6B), the
reduction in GAD-65/67" presynaptic puncta might in fact be due to the downregulation
of parvalbumin, alternatively interpreted as loss of parvalbumin-expressing cells.

Since the most prominent DEGs from our previous RNA-seq were IEGs (Figure
3-2), we shifted our attention to the same three implicated genes: Npas4, Bdnf, and Arc.
Whereas the 2-fold Npas4 upregulation following shNogoA transduction was not
statistically significant (n=4, p.=0.05935), gene induction of Arc and Bdnf were more
than 2.5-fold (n=4; paO,j=4.6x10'5 for Arc, pad,-=1.8x10'7 for Bdnf) (Figure 3-11B). Based
on the WB images and quantification with mouse neurons (Figure 3-9A-A’), we
expected baseline expression with either shNogoA-2pMt or shNogoA-5pMt
transduction. However, Bdnf, and to a lesser extent Npas4, transcript expression
bounced back and forth between shNogoA, shNogoA-2pMt, and shNogoA-5pMt
transductions (Figure 3-11B), reminiscent of the Npas4 protein expression seen with rat
neurons (Figure 3-9A). On the other hand, Arc transcript expression remained high with
all three forms of shNogoA transductions when compared to control pLL3.7 (Figure 3-

11B). The inconsistency of expression patterns continued with genes encoding for
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GluA1 (Gria1) and S6K (Rps6kb1). Consistent with our initial RT-qPCR findings (Figure
3-1A’), both Gria1 and Rps6kb1 transcript levels decreased by ~50% following the
original shNogoA transduction (n=4; p.;=3.3x10"" for Gria1, p.g=1.9x10"" for Rps6kb1)
(Figure 3-11A). However, the regulation of these two genes diverged following
transduction with stepwise-mutated shNogoA constructs. For example, shNogoA-2pMt-
transduced neurons had only ~30% downregulation of Gria1 expression (n=4,
padj=6.8x10'8), while transduction with shNogoA-5pMt reduced Gria1 expression (47%)
just as efficiently as shNogoA, despite control levels of NogoA (n=4, p.4=3.1x10"2). In
stark contrast, shNogoA-2pMt-transduced neurons showed 56% reduction in Rps6kb1
expression (n=4, pad,-=3.9x10'13), while transduction with shNogoA-5pMt did not change
Rps6kb1 when compared to control neurons (n=4, p.4q=0.6081) (Figure 3-11A). Taken
together, these data demonstrated that the regulation of IEGs and Gria1 was due to off-
target regulatory elements, whereas that of Rps6kb1 was in fact NogoA-dependent.
Next, we explored DEGs implicated in excitatory synaptogenesis, regulation of
which could reinstitute excitatory-inhibitory homeostasis. We first explored Syn2, since
the corresponding protein product synapsinlla was downregulated de novo with
shNogoA-2pMt or shNogoA-5pMt transduction (Figure 3-9). Similar to protein
expression, we found that Syn2 remained unchanged with shNogoA or shNogoA-2pMt
transductions, but was downregulated by 27% following shNogoA-5pMt (n=4,
padj=2.3x10'6) (Figure 3-10C). This was a NogoA-independent regulation, emerging due
to the introduced novel binding partner(s) of the mutated shNogoA seed region. Another
gene we identified was Syf2, encoding for the calcium-dependent synaptic vesicle

membrane protein synaptotagmin2. mRNA-seq analysis revealed 90% reduction in Syt2
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gene expression following shNogoA transduction (n=4, padj=3.4x10'9). Moreover, Syt2
expression remained downregulated by 59-69% upon transduction with either shNogoA-
2pMt or shNogoA-5pMt (n=4; padj=5.7x10'7 for shNogoA-2pMt, padj=6.0x10'8 for
shNogoA-5pMt) (Figure 3-10C). This was the first indication that neuronal transduction
with  shNogoA might cause impaired vesicle priming, fusion, and subsequent
neurotransmitter release, all regulated in a NogoA-independent manner.

Lastly, we wanted to investigate the NogoA-independent, off-target
transcriptional regulation of the shNogoA-5pMt construct in a larger biological
framework. To that end, we subjected top 300 DEGs detected following lentiviral
transduction with LV-shNogoA-5pMt compared to LV-pLL3.7 to STRING analysis (69)
(Figure 3-12). At initial glance, we observed a major cluster of DEGs, all strongly
regulated despite the near-endogenous levels of NogoA. In fact, STRING analysis
revealed that this network of corresponding proteins has more statistically significantly
interactions than expected amongst size-matched proteins randomly drawn from the
genome (protein-protein interaction (PPI) enrichment p-value=1.52x107). Upon closer
investigation, we identified many biological processes and pathways that could
summarize the observed phenotypes with the dysregulation of synapse formation and
strength. To name just a few at the core of the major-most cluster, we are interested in
further studying DEGs participating in the regulation of ion transport (Prkcb, Calm1,
Cacna2d?2), chemical synaptic transmission (Mef2c), synaptic vesicle cycle (Syt11,
Dnm1/3, Vamp2, Sic17a7), and mTOR signaling pathway (Nras, Map2k1, Pik3r3)

(Figure 3-12). Taken together, with deeper bioinformatic data-mining and
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complementary biochemical studies, these datasets hold the potential of elucidating key

mechanisms involved in the regulation of synapse formation and strength.

3.3.10 Small RNA Sequencing Identifies shNogoA-Regulated miRNA Expression

To deepen our understanding of the regulatory elements within shNogoA, we
concurrently investigated small RNA transcriptome following the same experimental
paradigm (Figure 3-10A). Since microRNAs (miRNAs) are known to be powerful
regulators of mMRNA expression, stability, and translation (70, 77), we hypothesized that
the shNogoA might somehow influence miRNA production, transport, or processing
machinery. To address this possibility, we first looked at all differentially expressed
small RNAs expressed following transductions with the same lentiviral vectors. Similar
to the global mRNA transcriptome association (Figure 3-10B), PCA revealed that the
small RNAs expressed following EV and shNogoA transductions were the most similar.
Also consistently, shNogoA-2pMt or shNogoA-5pMt showed great deviation from this
pair, onto opposite ends (Figure 3-13A). When we looked more closely to the spread of
differentially expressed miRNAs upon shNogoA transduction, we came across 37
upregulated and 22 downregulated miRNAs with statistical significance (Figure 3-13B).
If we filtered this list based on the highest fold-change of regulation and greatest read
counts per million (CPM), we were left with select miRNAs that satisfied these two
criteria (Figure 3-13C). For instance, two of the highest upregulated miRNAs with the
greatest CPM was mmu-miR-181a-5p and mmu-miR-132-3p (Figure 3-13B). These

miRNAs were upregulated by 68% and 95% upon shNogoA transduction (n=4;
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pag=4.3x10"° for mmu-miR-181a-5p, pag=9.2x10™"" for mmu-miR-132-3p), and remained
consistently upregulated upon shNogoA-2pMt or shNogoA-5pMt transduction (n=4;
padj<10'5) (Figure 3-14B). Two other miRNAs that were robustly regulated following
shNogoA transduction were mmu-miR-1a-3p and mmu-miR-7b-5p, which were
downregulated by 76% and upregulated 4-fold, respectively (n=4; p.q=7.4x10"° for
mmu-miR-1a-3p, p,,,dj=3.1x10'18 for mmu-miR-7b-5p) (Figure 3-13B). Strikingly these
miRNAs’ regulation patterns (Figure 3-14) were reminiscent of the IEG mRNA
expression that bounced back and forth between different LV transduction (Figure 3-
11B). We reasoned that NogoA expression played no role in regulating these four
mMiRNAs, since the expression profiles following EV and shNogoA-5pMt transductions
bore no resemblance. On the other hand, for example, mmu-miR-210-3p expression
was downregulated by 69% and 50% following shNogoA and shNogoA-2pMt
transduction, respectively (n=4; padj=1.8x10'5 for shNogoA, pag=0.0113 for shNogoA-
2pMt). However, upon shNogoA-5pMt transduction, mmu-miR-210-3p expression was
completely indistinguishable from EV levels (n=4, p,;=0.8909) (Figure 3-14A). This
observation strongly suggested that there were also some miRNAs, expression of which
was regulated following shNogoA transduction in a NogoA-dependent manner.

To initiate a preliminary overview of the correlative link between miRNA
expression and mRNA regulation, we characterized differentially expressed miRNAs
with two different calculations. For instance, the strongly and steadily upregulated mmu-
miR-7b-5p has 22 known targets that were significant in the top 250 DEGs. In other
words, 8.9% of the DEGs have validated interactions with mmu-miR-181a-5p. On the

flip side, we used a complementary calculation, where mmu-miR-181a-5p is known to
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target 30.98% of the differentially expressed mRNAs that have an identified miRNA in
this analysis (Figure 3-13C). In fact, Rin4 was one of these 22 differentially regulated
mMRNAs targeted by mmu-miR-181a-5p, even when their expression patterns are vastly
different (compare Figures 3-11A and 3-14B). Following similar calculations, we found
that the strongly but inconsistently downregulated mmu-miR-7b-5p has 19 known
targets, making 7.7% of the top 250 DEGs. Moreover, mmu-miR-7b-5p itself is known to
target 26.8% of the significantly regulated mRNAs that have a known miRNA in this
analysis (Figure 3-13C). Moreover, Gria1 was one of the 19 established targets of mmu-
miR-7b-5p, where the regulation of both showed complementary expression patterns
(compare Figures 3-11A and 3-14B).

Lastly, we explored known protein-protein interactions amongst the 72 DEGs that
were regulated in conjunction with their known miRNA targets following neuronal
transduction with shNogoA constructs. To that end, we subjected this gene set to
STRING analysis to investigate implicated biological processes and pathways (Figure 3-
13D) (69). The resulting interactome of miRNA-dependent mRNA regulation was less
strongly correlated compared to the analysis with overall DEGs (Figure 3-12), but was
nonetheless more statistically significant than random selection (PPl enrichment p-
value=0.0498). At an initial glance, we failed to detect visibly associated protein clusters
with more than 5 DEGs. However, upon closer examination, we identified genes
participating in many key biological processes and pathways. In fact, we noticed that
some of the DEGs targeted by miRNAs identified by our sequencing experiments
participate in synaptogenic biological processes such as learning or memory (Griat,

Hif1a), modulation of chemical synapses (Mef2c, Erbb4), and mTOR signaling pathway
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(Rps6kb1, Map2k1). Overall, future investigations should focus on the complementary
and overlapping analyses of mMRNA and miRNA regulation following shRNA constructs
in an attempt to elucidate some of the secondary targets underlying the observed robust

synaptic phenotypes.
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3.4 Discussion

NogoA’s negative regulation of activity-dependent synaptic plasticity was studied
by two key accounts that laid the foundation of our work. Zagrebelsky et al. used a
powerful shRNA to specifically knock down NogoA, which led to an increase in proximal
apical dendritic complexity within the CA3 region of the hippocampus (73). Peng et al.
used an siRNA that partially knock down NogoA to demonstrate that the transduced
hippocampal neurons express increased levels of excitatory GluA1/2, GIluN1/2AB, and
PSD-95, under the regulation of the mTOR signaling pathway (28). As these studies
used different knockdown approaches (shRNA versus siRNA) and systems (organotypic
slice versus dissociated neuronal cultures), and looked at different aspects of synaptic
plasticity (dendritic morphology versus glutamate receptor expression), they do not
complement one another, or deepen our understanding of NogoA’s regulation of
synaptic plasticity. To fill this gap, we combined Zagrebelsky et al.’'s NogoA-specific
shRNA and Peng et al.’s culture system, analyzed, and compared results.

To our surprise, when NogoA was specifically and almost completely knocked
down from hippocampal neurons via lentiviral transduction with this shNogoA at any
developmental stage (Figure 3-1B), AMPA receptor subunits GluA1 and GIuA2 were
drastically downregulated, while GIuN2B or PSD-95 protein expression remained
unchanged (Figure 3-1A-A”). In fact, the reduction in total GluA1 expression and
surface trafficking (Figure 3-1D-D’) correlated with cell-autonomously and permanently
reduced baseline synaptic strength, as assessed by mEPSC amplitude (Figure 3-1E-

E’). Because these results were in direct opposition with Peng et al’s work, we
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reasoned a more detailed investigation was warranted. We showed that unlike germline
knockout models (77, 20), NogoB was not compensatorily upregulated (Figure 3-1A-A’),
these downregulated proteins were also regulated on an mRNA level (Figure 3-1A'),
and various commercially available shRNAs against NogoA manifested similar results
(Figure 3-1C). More importantly, our unbiased mRNA-seq experiments reproducibly
corroborated the fact that Rtn4 was the most strongly downregulated gene, separated
from other DEGs in terms of fold-change, statistical significance, and RCM (Figures 3-2,
3-9). These mRNA-seq experiments also revealed a robust increase in expression of
well-characterized IEGs (Arc, Fos, Npas4), their established binding partners (Nr4a1/2,
Badnf, Junb) (Figures 3-2, 3-9). We went one step further and demonstrated that the
protein expression of these synaptogenic genes also increase, at least in part due to an
elevated calcium influx through activation of L-type VGCC (Figure 3-3).

If these transcriptional and molecular observations were indeed due to the
complete knockdown of NogoA protein levels, we reasoned that other forms of NogoA
depletion should at least partially reproduce these changes. After demonstrating high
level of homology and reproducibility between rat and mouse neurons (Figure 3-7A-A”),
we were curious whether acute, Cre recombination-mediated deletion of NogoABC™"
(26) would manifest a similar set of phenotypes. If synaptic phenotypes observed with
shNogoA-mediated NogoA knockdown could be replicated with NogoABC conditional
knockout, this would be an important entryway to studying outcomes of spatiotemporally
controlled NogoA depletion in vivo as well. Whereas protein expression of candidate
genes was indistinguishable between wildtype and NogoABC-depleted -cultures,

shNogoA alone or co-transduction was sufficient to manifest all of the observed
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phenotypes (Figure 3-7B-B”). Even though extensive bioinformatic analyses, mRNA-
seq results (Figure 3-2), and commercially available shNogoAs (Figure 3-1C)
collectively had revealed shNogoA target specificity against Ritn4, this was our first
indication that shNogoA had secondary, non-specific targets that were at least partially
responsible for these molecular changes. To distinguish between the NogoA-dependent
and shNogoA-linked phenotypes, we mutated two or five base pairs within the seed
region of the shNogoA to create an alternative scrambled shRNA, while keeping intact
all the promoter/enhancer and regulatory elements within the pLL3.7 lentiviral
expression backbone (Figure 3-8). We transduced rat and mouse hippocampal neurons
with the pLL3.7 empty vector, the original shNogoA (713), or the mutated versions
shNogoA-2pMt and shNogoA-5pMt. Upon close examination, we discovered that many
of the observed synaptogenic phenotypes were replicated even with the shNogoA-5pMt,
despite near-control levels of NogoA expression. Even more strikingly, there were
phenotypic differences between rat and mouse neurons, as well as de novo regulations
that were not observed with either EV or shNogoA itself (Figure 3-9). Considering how
prevalent the use of scrambled shRNA as a negative control is in the field (72), we were
alarmed by the fact that our newly generated alternative scrambled shRNA could
replicate as well as create many non-specific changes in protein expression. However,
we are confident this was not an isolated account, since a similar observation was
previously reported for another characterized shRNA against doublecortin family. In this
study, investigators generated nine scrambled shRNAs, and demonstrated that four
showed statistically significant differences in neuronal migration in a sequence-

dependent, but not sequence-specific manner (73). In other words, if we had originally
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used this shNogoA-5pMt as our scrambled control, we would have concluded that
reduction in NogoA protein expression following shNogoA transduction would have
caused a downregulation of Npas4 and S6K, and an upregulation of p-CREB and
synapsinlla (Figure 3-9).

Deeply alarmed by these alternative and opposite interpretations, we decided to
undertake comprehensive total and small RNA sequencing experiments using all four
lentiviral constructs, with hopes of elucidating the intricate mechanisms underlying
observed differential gene expression associated with altered synapse density and
strength (Figures 3-10-14). Upon confirming the reproducibility of results derived from
the previous mRNA-seq experiments (Figure 3-2), we attempted to identify genes
regulations that were solely differentially expressed following shNogoA transduction,
and returned to baseline with five point mutations (shNogoA-5pMt). These would be key
candidates, since the off-targeting regulatory shNogoA elements would be shared, and
the observed gene expression changes could be more easily correlated with unchanged
NogoA protein expression. We were surprised that many of the genes that we had
identified before were regulated independently of NogoA expression, and more so in
striking patterns. In fact, there were cases where Bdnf gene expression, for example,
was differentially upregulated following transduction with shNogoA or shNogoA-5pMt,
but returned to control-like baseline upon shNogoA-2pMt transduction (Figure 3-11B).
Overall, we had expected to see closest correlation to be between shNogoA and
shNogoA-2pMt, since the only difference was two point mutations that did not drastically
impact NogoA knockdown efficiency. In stark contrast, PCA revealed greatest

association between global transcriptomes following EV and shNogoA transductions,
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despite the near-complete depletion of NogoA expression (Figure 3-10B). This
suggested that synaptically implicated genes were more vulnerable than overall
transcriptome to show diverged regulation between EV- and shNogoA-transduced
neurons. Last but not least, STRING analysis (69) of the top 300 DEGs between
pLL3.7- and shNogoA-5pMt-transduced cultures corroborated this hypothesis, and
revealed that the inter-connected, multi-faceted regulations were in fact observed within
key biological processes such as chemical synaptic transmission, synaptic vesicle
cycle, and mTOR signaling pathway were all NogoA-independent (Figure 3-12).

Since gene expression can be epigenetically and post-transcriptionally regulated,
we reasoned that shNogoA could be manifesting these phenotypes due to regulation of
small, non-coding RNAs called micro RNAs (miRNAs) (70, 71, 74). Processed in
multiple, highly regulated steps with the involvement of key enzymes such as
Drosha/Dgcr8 and Dicer (70, 75-77), miRNAs offer a fine-tuned, master regulation of
local and dynamic expression of numerous mRNAs even within highly specialized
dendritic spines (71, 78-80), especially under the regulation of activity-dependent
synaptic plasticity (71, 80-82). We were additionally interested in investigating the
possibility of shNogoA transduction mediating its regulation through miRNA targeting or
machinery for three reasons: 1. miRNAs can bind to the 3’ untranslated regions (UTRs)
of as many as 100 mRNAs, and therefore have the power of regulating expression of
multiple genes at the same time (74). 2. miRNA copy numbers are drastically
outweighed by the abundance of mRNAs (79, 83, 84), raising the possibility of a more
fine-tuned and dynamic spatiotemporal regulation of gene expression (87). 3. shRNA

overexpression may choke the miRNA pathway by modulating expression of exportin-5
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and/or argonaute-2, where the former is involved in transporting shRNAs and pre-
miRNAs from the nucleus into the cytoplasm, and the latter is involved in miRNA
biogenesis and cleavage of the bound target mRNA (85). Even though shNogoA
transduction did not significantly change Xpo5 and Ago2 expression on an mRNA level,
future studies should investigate protein levels and possible interplay.

Taken together, we carried out a concurrent small RNA sequencing with the
same samples in an attempt to identify miRNAs responsible for gene regulation driving
changes in synapse formation and strength. At an initial look, PCA revealed that the
overall small RNA expression profile (Figure 3-13A) was highly similar to that of global
transcriptome (Figure 3-10B). Upon a closer inspection, we identified 37 upregulated
and 22 downregulated miRNAs with statistical significance (Figure 3-13B). In fact, some
of the most differentially expressed (fold change) and abundant (CPM) miRNAs
demonstrated highly alternating expression patterns (Figure 3-14), and implicated key
biological processes such as modulation of chemical synaptic transmission and learning
or memory (Figure 3-13D). Cross-reference between mRNA and miRNA sequencing
data (Figure 3-13C) helped us to narrow our focus on a subset of miRNAs, since it
revealed that mmu-miR-181a-5p was shown to regulate Rtn4 gene expression, whereas
mmu-miR-7b-5p was shown to regulate Gria1 gene expression. More strikingly, our
dataset identified miRNAs that were previously characterized and linked to activity-
dependent and homeostatic synaptic plasticity. For example, Sambandan et al.
identified miR-181a as the most abundantly expressed miRNA at dendritic spines of
hippocampal neurons. Moreover, expression of the mature form of miR-181a within

dendritic spines was induced as soon as 10 seconds following local stimulation (87).
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Another activity-dependent miRNA that was upregulated following shNogoA
transduction was miR-132, which is processed into the mature form in a Dicer-
dependent manner following BIC-induced activation of CREB (86). Last but not least,
shNogoA transduction was shown to significantly downregulat miR-485, which Cohen et
al. characterized as a developmentally expressed miRNA that dynamically modulates
dendritic spine number and synapse formation in an activity-dependent and homeostatic
fashion (87). The list also includes miR-129 (88), miR-132 (89, 90), and miR-212 (89),
all of which were characterized as participating in or regulating some form of synaptic
plasticity. Inspired by these findings, we are curious whether or not the shNogoA-driven
molecular phenotypes are results of dysregulation of the miRNA processing machinery.
Hence, ongoing investigations are focusing on studies with primary hippocampal
neurons prepared from Dgcr8” (91-93) and Dicer™ (94-96) mice, where miRNA
processing can be interrupted at a pri- or pre-miRNA stage, respectively (70, 71). By co-
transducing neurons with LV-Cre and LV-EV or LV-shNogoA, we hope to elucidate
whether disruption of the miRNA processing machinery alone causes similar synaptic
phenotypes as observed with LV-shNogoA transduction. We are also curious to
entertain the possibility of shNogoA depending on functional miRNA machinery to relay
transcriptional regulations and signaling that underlie observed molecular phenotypes.
In conclusion, although we had set out to conciliate two previous bodies of work
(13, 28) using different approaches and models into one platform and shared
mechanism, we now know a lot more about the complicated and non-specific
physiology of shRNA-mediated knockdown. Whereas our report had started off

addressing only those working on the physiological role of NogoA within the regulatory
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context of synaptic formation, maintenance, and strength, our findings should concern
biologists of all domains that integrate RNA interference as an approach of studying a
singular gene’s or protein’s function. Our findings clearly demonstrate that a concurrent
use of empty vector (pLL3.7) or a scrambled shNogoA (shNogoA-5pMt) cannot be
sufficient and adequate negative control to confirm the specificity of shRNAs. In fact,
even reversal of phenotypes by way of rescue experiments with ectopic overexpression
constructs should not surpass the need to rigorously control for target specificity either
(97). We hereby propose that any shRNA must be thoroughly tested against null cells or
tissue, before it can be deemed, at least preliminarily, target-specific. This control is
particularly important when working with primary neurons, where dynamic trafficking,
maturation, and regulation of miRNAs are known to play a key role in synapse
development and function (71, 80). Even then, possible non-specific effects caused by
off-target binding should be explored with extensive and unbiased RNA-seq studies.
Our datasets should, therefore, lay a strong foundation for future investigations

interested in studying non-specific gene regulation by shRNAs.
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3.5 Materials and Methods

3.5.1 Animals

All procedures and experiments were approved by the University of Michigan
Institutional Committee on the Use and Care of Animals (ICUCA) and were performed in
accordance with guidelines developed by the National Institutes of Health (NIH). Time-
pregnant adult Sprague-Dawley rats or C57BL/6J mice were purchased from Charles
River Laboratories, MA, USA. Time-pregnant CD1 and adult NogoABC"" mice were

contributions of Catherine Collins (U-M) and Binhai Zheng (UCSD) (26), respectively.

3.5.2 Primary Neuronal Cultures

The protocol followed for the preparation and maintenance of neuronal cultures
used in experiments described in this chapter was the same as that for Chapter 2.
Briefly, brain tissue was isolated, digested, and thoroughly triturated for single cell
suspension. Cells were seeded onto PDL-coated plastic plates or PLL-coated glass
coverslips. For electrophysiological recordings, cells were seeded onto PLL-coated
MatTek dishes (MatTek P35G-0-14-C). Cells were supplemented with half-media
changes every 2-3 days with a mix of ACM, NCM, and fresh NGM. Cultures were
maintained until DIV7 for immature, but polarized state, and DIV14 for synaptically fully
mature state. For these experiments, we prepared neuronal cultures from either

embryonic (E15.5-E18.5) or perinatal (P0O-1) staged rat or mouse pups. To increase
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yield and depth for RNA-seq experiments, we used the whole rodent forebrain,
comprised of the hippocampus and the neocortex. For all other experiments, only the

hippocampi were used for culture preparation.

2.5.3 Pharmacological Treatments

For biochemical and immunofluorescence experiments, neuronal cultures were
treated with the following pharmacological reagents in reported final concentrations,
catalog numbers, and solvents: 55mM potassium chloride (Fisher Scientific P330)
[Neurobasal], 5mM EGTA (Sigma E8145) [Neurobasal], 2uM tetrodotoxin citrate
(Abcam ab120055) [ddH;0], 40-50uM (+)- bicuculline (Tocris 0130) [DMSO], 200nM
K252a (Calbiochem 420298) [ddH,0], 10uM forskolin (Sigma F6886) [DMSQO], 1uM
FPL64176 (Tocris 1403) [DMSO], 5uM nimodipine (Tocris 0600) [DMSO]. For
electrophysiological recordings, neuronal cultures were treated with 1uM tetrodotoxin
(Tocris 1078) [ddH20] or 10pM 1(S),9(R)-(-)-Bicuculline methiodide (Sigma 14343)
[ddH20]. For BrU-seq experiments, neuronal cultures were incubated with 2mM 5-

Bromouridine (Sigma 850187) [ddH20].

3.5.4 Transient and Sparse Transfection

For immunofluorescence studies, embryonic rat hippocampal neurons were

transfected with the GFP-tagged scrambled shRNA or the shNogoA on DIV3 following

the same protocol described in Chapter 2. For electrophysiological studies, perinatal rat
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hippocampal neurons were transfected on DIV12, however slightly differently: neuronal
cultures were first supplemented with a half-media change with transfection media
(BrainBits TM500), while keeping the conditioned media for after transfection. 100uL
transfection reagent was mixed with 1-2uL Lipofectamine 2000 (Sigma L3000008). At
the same time 100puL transfection reagent was mixed with 1ug of plasmid DNA. These
two mixes were combined by gentle inversion, incubated for 20 minutes at room
temperature, mixed again. 200uL of the solution was gently placed directly on the
neurons plated on the glass portion of the MatTek dishes. Cultures were returned to the
incubator for 1-2 hours, and supplemented with the saved neuronal conditioned media
until DIV14. shRNA constructs were expressed under the transcriptional control of the
Histone H1 promoter. Targeting sequences were identical to the sequences of the
previously published shNogoA and its scrambled (mismatch) control (73):
- Scrambled shRNA: GATATGAAACCCCACTTA

- shNogoA: AAGATTGCTTATGAAAC.

3.5.5 Lentiviral Transduction

Primary neuronal cultures were transduced with plasmids packaged into pLL3.7
lentiviral particles by the U-M Vector core, following the same protocol as described in
Chapter 2. Briefly, most lentiviral transductions were carried on DIV3-6, primarily
depending on the time of the lysate collection. With co-infections, half the neurons were
first transduced with the lentiviral construct expressing Cre recombinase on DIV1 in

fresh, pre-warmed NGM. On DIV3, half the neurons were transduced with empty vector
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(pLL3.7) or shNogoA cloned into pLL3.7 lentiviral expression construct. Sequences
and/or catalog numbers of the plasmids used are as follows:

- pLentilox 3.7 GFP: Addgene 11795, obtained from U-M Vector Core

- shNogoA: AAGATTGCTTATGAAAC (13)

- shNogoA-2pMT: AAGATTGCTTATGACAA

- shNogoA-5pMT: AAGATTGCTTCTAACCA

- shNogoA Open Biosystems (V2LMM_33110): TCTCTTCCTAGTTTATGTG

- shNogoA (Origene TL711619B): CAGCAGTGTCATCCTCAGAAGGAACAATT

- shNogoA (Origene TL711619C): GATACCTTGGTAACTTATCAGCAGTGTCA

- LV-CMV-NLS-Cre: Addgene 12106

3.5.6 Immunofluorescence Labeling

Neurons seeded and maintained on PLL-coated glass coverslips were subjected
to the same immunofluorescence labeling protocol as described in Chapter 2. Briefly,
cells were washed, permeabilized (skipped for surface staining), blocked, and stained
overnight with 1:500 dilution of the following primary antibodies: mouse anti-NogoA
(11C7, courtesy of Martin E. Schwab), rabbit anti-Npas4 (courtesy of Michael
Greenberg), rabbit anti-Caya261 (Alomone ACC-015), chicken anti-MAP2 (Abcam
ab92434), mouse anti-GAD-65 (Santa Cruz sc-377145), rabbit anti-Somatostatin-14
(Peninsula T-4103), rabbit anti-GIuA1-CT (EMD Millipore AB1504), mouse anti-
Synapsinlla (BD Pharmingen 610666), chicken anti-GABAaRYy2 (SySy 224-006). Next

day, coverslips were washed, incubated in species-appropriate fluorophore-conjugated
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secondary antibodies, counterstained with Hoechst, and mounted as described.
Coverslips were imaged using Zeiss Apotome2 microscope equipped with an Axiocam
503 mono camera and Zen software.

For quantification of Npas4 signal intensity, acquired CZI images were Apotome
processed, z-stacked, and exported as high-resolution TIFF images. Images were then
imported into ImagedJ v1.52a (NIH Bethesda, USA) (98), where merged channels were
split into separate 8-bit images. Using the DAPI channel, dimensions of neuronal-like,
Hoechst-labeled nuclei were outlined using the freehand drawing tool, approximating to
~3-4pm? in area. The same outlined shapes were transposed onto the dsRed channel,
where Npas4 signal was acquired and stored. For each field of view, a randomly
determined and placed box was used for background signal quantification. This
background signal was subtracted from calculated mean value, where the resulting
product was then multiplied by the nuclear area for final signal intensity value. Signal
intensities collected from multiple fields of view from each coverslip, experimental and
biological replicates were pooled together for statistical analysis.

For quantification of percentage of Npas4-expressing nuclei, similar image
processing was carried out. Single channel, 8-bit images were uploaded onto Cell
Profiler v3.1.9 (99). Using the DAPI channel, Hoechst-labeled neuronal-like nuclear
area was subjected to a filter based on a singular and consistent threshold. On the
dsRed channel, Npas4 signal intensity was accepted as positive signal, if and when it
fell within the standard threshold range, which was determined by the mean background
and signal values derived from the above-mentioned signal intensity analysis. Following

streamlined analysis of multiple fields of view from each coverslip, experimental and
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biological replicates, percentages of Npas4-expressing, Hoechst-labeled nuclei were

pooled together for statistical analysis.

3.5.7 Crude Brain Membrane Isolation

Isolation of crude brain membrane fractions was conducted similarly to as
described in Chapter 2. Briefly, whole brains were dissected and homogenized in 10mL
of 0.32M sucrose-based homogenization buffer following 12 strokes with first loose,
then tight pestles (S0). Homogenates were subjected to tabletop centrifugation at
1000xg for 15 minutes. The insoluble nuclear pellet (P1) was stored, and the soluble
supernatant (S1) was subjected to ultracentrifugation with Beckman Coulter SW-41Ti
rotor at 200000xg for 30 minutes. The soluble cytosolic supernatant (S2) was stored,
and the formed pellet was resuspended in homogenization buffer, and subjected to the
same ultracentrifugation step. Along with previously stored fractions, crude brain
membranes in the final pellet (P2) were solubilized in RIPA buffer with protease and

phosphatase inhibitors, following vigorous trituration and vortexing.

3.5.8 NogoA Immunoprecipitation

NogoA Immunoprecipitation was conducted following the same protocol as

described in Chapter 2. Briefly, solubilized crude membrane fractions were diluted

accordingly to scale down to 1mg/mL protein concentration for optimized binding

probability. Lysates were split into three tubes, where approximately 1mg of protein was

155



combined with pre-washed A/G beads. While one tube received no additional reagent
(negative control), the others were combined with either 10pg of mouse monoclonal
anti-NogoA (11C7) antibody or epitope-matched anti-FG12 antibody control. Following
overnight tumbling, post-immunoprecipitation supernatant (post-IP) was saved, beads
were gently precipitated, extensively washed, and boiled 1:1 by volume in 2x Laemmli
Buffer supplemented with B-ME to fully dissociate and linearize bound proteins.

Samples were analyzed by Western blotting in equal volume and/or protein loading.

3.5.9 Western Blot Analysis

Primary neuronal cultures, whole brains, and subcellular fractions of CNS tissue
were solubilized in RIPA buffer, as described in Chapter 2. Also as described previously
for experiments requiring analysis of transcription factor expression, cells were directly
lysed on-plate with 1:1 by volume combination of RIPA buffer supplemented with the
protease and phosphatase inhibitors and 2x Laemmli Buffer supplemented with 3-ME.
Briefly, proteins were separated by 7.5% SDS-PAGE and transferred onto PVDF
membranes, which were then blocked and incubated overnight with the following
primary antibodies: rabbit anti-NogoAB Bianca (courtesy of Martin E. Schwab, 1:25000),
goat anti-NogoAB (R&D Sytems AF3098, 1:5000), mouse anti-NogoA (courtesy of
Martin E Schwab, 1:5000), mouse anti-B-actin (Sigma A5441, 1:20000), mouse anti-BlII-
Tubulin (Promega G712A, 1:50000), mouse anti-Transferrin Receptor (Invitrogen 13-
6800, 1:1000), rabbit anti-PSD-95 (EMD Millipore AB9708, 1:2000), mouse anti-

Synapsinlla (BD Pharmingen 610666, 1:5000), rabbit anti-Npas4 (courtesy of Michael
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E. Greenberg, 1:1000), rabbit anti-c-Fos (CST 2250S, 1:1000), rabbit anti-CREB p-
S133 (CST 9198, 1:2000), rabbit anti-GluA1-CT (EMD Millipore AB1504, 1:500), mouse
anti-GluA2 (EMD Millipore MABN71, 1:1000), rabbit anti-GluN2B (EMD Millipore 06-
600, 1:1000), rabbit anti-p70 S6 Kinase (CST 9202S, 1:1000), rabbit anti-p70 S6 Kinase
p-Thr389 (CST 9234L, 1:1000), rabbit anti-Cay1.2 (Alomone ACC-003, 1:500), rabbit
anti-Caya2061 (Alomone ACC-015, 1:500), mouse anti-GAD-65 (Santa Cruz sc-377145,
1:2000), mouse anti-GAD-67 (EMD Millipore MAB5406, 1:1000). PVDF membranes
were then washed extensively, incubated in species-appropriate HRP-conjugated
secondary antibodies, and developed with ECL substrates. Protein band intensity was

visualized and quantified in linear range with LiCor c-Digit and Image Studio Software.

3.5.10 Electrophysiological Recordings

Hippocampal neuronal cultures were prepared from P1-3 Sprague-Dawley rats,
and seeded on PDL-coated MatTek dishes as previously described (700). Cultures
were maintained for at least 14 DIV for synaptic maturation. Glial and cortical
conditioned media were supplemented to the neuronal growth medium for the initial
plating. Neurons were sparsely transfected on DIV12 as described above or globally
transduced with LV-pLL3.7 or LV-shNogoA on DIV7, and electrophysiological
recordings were acquired on DIV14.

Whole-cell patch-clamp recordings were made with an Axopatch 200B amplifier
for mEPSCs and with a Multiclamp 700B amplifier for mIPSCs from cultured

hippocampal neurons bathed in HEPES-buffered saline (HBS) containing 119mM NaCl,
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5mM KCI, 2mM CaCl,, 2mM MgCl,, 30mM Glucose, 10mM HEPES, pH 7.35. Whole-
cell pipettes had resistance ranging 3-6 MQ. Internal solution contained 100mM cesium
gluconate, 0.2mM EGTA, 5mM MgCl,, 2mM adenosine triphosphate, 0.3mM guanosine
triphosphate, 40mM HEPES, pH 7.2. mEPSCs were recorded at -70mV from neurons
with a pyramidal-like morphology in the presence of 1M TTX and 10M bicuculline,
whereas mIPSCs were recorded at OmV holding potential in the presence of 1uM TTX,
10uM CNQX, and 50uM DL-APV. All acquired traces were analyzed off-line using

Synaptosoft MiniAnalysis software.

3.5.11 Reverse Transcription PCR (RT-qPCR)

Primary embryonic rat hippocampal cultures were infected on DIV9 with lentiviral
constructs, and maintained until DIV16. RNA was isolated using the RNeasy Mini Kit
(Qiagen 74204), QiaShredder Kit (Qiagen 79654), and on-column DNase | digestion
(Qiagen 79254). 1ug of RNA was used for first-strand cDNA using the SuperScript Il
First Strand Synthesis System (Invitrogen 18080-051). Target gene expression was
assessed using RT? Profiler PCR Arrays according to the manufacturer’s instructions:
Rat mTOR Signaling (Qiagen PARN-098Z) and GABA & Glutamate (Qiagen PARN-
1527). Data were acquired using Applied Biosystems StepOne Plus RT-PCR
Thermocycler and analyzed with StepOne Software (v.2.2.3). Cycle thresholds for each
sample were normalized to p-actin levels. Relative mRNA expression following
shNogoA transduction was compared to that of cultures with pLL3.7 control

transduction. Four independent experiments were performed.
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For verification of mRNA-seq by RT-gPCR, primary embryonic rat forebrain
neurons were infected with pLL3.7 or shNogoA on DIV6, and maintained until DIV10.
RNA was extracted and purified in TRIzol reagent (Invitrogen 15596-018), following
manufacturer’s instructions. DNase treatment, reverse transcription, and qPCR reaction
were carried out as mentioned above. Cycle thresholds for each sample were
normalized first to its Gapdh expression, then to the internally normalized level of
pLL3.7-transduced cultures. Six biological replicates derived from two independent
experiments were performed. Previously published primer sequences were selected
following drug treatments known to regulate Bdnf expression:

-  Gapdh: 5-GTGGACCTCATGGCCTACAT-3 (Fw)
5-TGTGAGGGAGATGCTCAGTG-3 (Rv) (55)
- BdnfIV: 5-ACTGAAGGCGTGCGAGTATT-3’ (Fw)
5-TGGTGGCCGATATGTACTCC-3’ (Rv) (56)
- Bdnf IX: 5-GGGTGAAACAAAGTGGCTGT-3’ (Fw)

5-ATGTTGTCAAACGGCACAAA-3' (Rv) (55).

3.5.12 RNA Sequencing

For BrU-seq (Figure 3-2B), 2mM 5-Bromouridine (Sigma 850187) was added to
neuronal cultures for 30 minutes, after which lysates were collected in Tri-Reagent BD
(Sigma T3809) and frozen immediately. Purification and enrichment of BrU-containing
RNA and library preparation were performed as previously described with minor

modifications (7107-703). Custom designed adaptors were directly ligated to the 3’ ends
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of RNA using RNA ligase 1 (NEB M0437), and truncated RNA ligase KQ (NEB M0373).
BrU-labeled RNAs were immunoprecipitated using anti-BrdU antibody (SCBT sc-
32323). Enriched RNAs were reverse transcribed using a primer complementary to the
RNA adaptor. Adaptor duplexes with 5- or 6-base pair random nucleotide overhangs
were ligated to the 3’ end of the cDNA. The cDNA libraries were amplified using primers
that carry Illumina indices; 180-400nt DNA libraries were isolated through 2% agarose
gel electrophoresis and sequenced on the lllumina HiSeq 2500, as V2 rapid paired-end
50nt reads, according to manufacturer's recommended protocols.

For mRNA-seq (Figure 3-2C), RNA was assessed for quality using the
TapeStation (Agilent, Santa Clara, CA) using manufacturer's recommended protocols.
Samples were prepared using the lllumina TruSeq Stranded Total RNA Library Prep kit
(lumina, San Diego, CA) using manufacturer's recommended protocols. 100ng of total
RNA was rRNA-depleted using Ribo-Zero (lllumina, San Diego, CA). The rRNA-
depleted RNA was then fragmented and copied into first strand cDNA using
reverse transcriptase and random primers. The 3’ ends of the cDNA were adenylated,
and uniquely barcoded adapters were ligated. Products were purified and enriched by
PCR to create the final cDNA library. Final libraries were checked for quality and
quantity by TapeStation and qPCR following manufacturer’s instructions for Kapa’s
library quantification kit for lllumina Sequencing platforms (Kapa Biosystems,
Wilmington MA). Samples were pooled and sequenced on the lllumina NextSeq, as 75
cycle High Output read, according to manufacturer's recommended protocols.

For both BrU- and mRNA-seq (Figure 3-2), the quality of the sequencing data

was confirmed by FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
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Reads were mapped onto the RGSC 6.0/Rn6 reference genome using Bowtie2 (704)
and annotated with Tophat2 (705). Adaptors were trimmed using BBDUK
(http://jgi.doe.gov/data-and-tools/bb-tools/) (k=30, mink=2, minlength=20, hdist=1). sSeq
signals were quantified by FeatureCounts (706), excluding overrepresented ribosomal
RNAs (Rn18s, Rn28s, Rn45s, Rn5s, Rn5-8s, Rn4.5s, LOC310928, LOC102723236,
Lars2, Cdk8, and Zc3h7a) and the mitochondrial genome. DE-genes were identified
using DESeq2 (707) with an adjusted p-value <0.05.

For total RNA-seq (Figure 3-9), RNA was assessed for quality using the
TapeStation (Agilent, Santa Clara, CA). Samples were prepared using the NEBNext
Ultra 1l Directional RNA Library Prep Kit for lllumina (E7760L), Ribo depletion
Module NEBNext rRNA Human/Mouse/Rat (E6310X), and NEBNext Multiplex Oligos for
lllumina Unique dual (E6440L) (NEB, Ipswitch, MA). The rRNA-depleted RNA is then
fragmented 10 minutes determined by RIN (RNA Integrity Number) of input RNA as per
protocol, and copied into first strand cDNA using reverse transcriptase and dUTP mix.
Samples underwent end-repair and dA-tailing step followed by ligation of NEBNext
adapters. Products were purified and enriched by PCR to create the final cDNA library.
Final libraries were checked for quality and quantity by TapeStation (Agilent) and gPCR
using Kapa's library quantification kit for lllumina Sequencing platforms (KK4835) (Kapa
Biosystems, Wilmington MA). Samples were pooled and sequenced on the lllumina
NovaSeq S4 Paired-end 150bp, according to manufacturer's recommended protocols.

53-82 million reads were obtained for each sample. Trim_galore 0.6.0
(github.com/FelixKrueger/TrimGalore, a wrapper around, Cutadapt version 1.15) (708)

was used to trim the lllumina standard adapter and low quality bases (Phred score 20).
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Both reads of the pair were removed if either read had fewer than 20bp remaining.
Fewer than 5% of bases were lost. STAR version 2.7.2 (109) was used with the
standard ENCODE options to align reads to the GRCm38 reference sequence; all
samples had greater than 83% alignment. RSeQC (770) was used to calculate read
distributions across genome features; greater than 75% of mapped reads were in an
exon or 3’ region. featureCounts from the Rsubread Bioconductor (777) package was
used along with the comprehensive genecode.vM23.annotation GTF to summarize
reads. Multimapped reads were ignored per featureCounts defaults. Counts were
preprocessed using the Bioconductor package edgeR (7712), normalized and scaled
using the weighted trimmed mean (TMM) technique (773) and further prepared for
linear modeling using the Voom method from the limma package (774). Linear models
are then fit to Log counts per million (CPM) values using the standard limma empirical
Bayes method and contrasts of interest are extracted.

For small RNA-seq (Figure 3-10), RNA was assessed for quality using the
TapeStation (Agilent, Santa Clara, CA) using manufacturer's recommended protocols.
Samples were prepared using the NEBNext Multiplex Small RNA Library Prep Set for
lllumina (E7300L). Adapters were ligated to 100ng of total RNA, which then underwent
First Strand Synthesis and PCR amplification. Products are purified and size selected
by Pippin Prep according to NEB protocol recommendations. Final libraries were
checked for quality and quantity by TapeStation (Agilent) and gPCR using Kapa'’s library
quantification kit for Illumina Sequencing platforms (catalog # KK4835) (Kapa
Biosystems,Wilmington MA). Samples were pooled and sequenced on the

lllumina NovaSeq S4 Paired-end 150bp, according to manufacturer's recommendations.
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Single end small RNA fastq files were trimmed similarly to the mRNA files expect
a minimum length of 18 bases was used. Trimmed fastq files were then aligned using
Bowtie (715) through the miRDeep2 software package (776). miRNA’'s were annotated
using mirbase version 22 (117). Counts produced by miRDeep2 were then processed
through the same limma pipeline as the mRNA data to find differentially expressed
miRNAs. The down-regulated mRNAs and up-regulated miRNAs were used as input
into the multiMiR R package (778, 119) to map miRNAs and mRNA interactions. The
miRmapper package was used to summarize these interactions and find miRNAs with
the greatest impact (720). miRNAs with a large impact were defined as those that
regulate the greatest number of targets. In the same sense, mMRNAs regulated by the

greatest number of miRNAs were also of interest.

3.5.13 Statistical Analysis

There was no experimental prediction of the difference between control and
experimental groups when the study was designed. Therefore, we did not use
computational methods or power analysis to determine sample size a priori. Instead, we
used minimum of three (n=3) biological replicates coming from independent
experiments, when permitting with technical replicates to increase confidence. Signals
derived from technical replicates were averaged and used as one data entry for the
purposes of statistical analysis. Unless indicated otherwise, results were reported as
mean value £+ SEM. For comparison between two groups, unpaired two-tailed Student’s

t-test was used, where a p-value<0.05 was considered statistically significant. For
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comparison amongst multiple groups, ordinary one-way ANOVA followed by multiple
comparisons tests such as Dunnett’s, Tukey’s, or uncorrected Fisher's LSD were used.

All statistical analyses were carried out using GraphPad Prism Software (version 8.3.0).
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Figure 3-1: NogoA shRNA reduces baseline excitatory synaptic transmission and
blocks homeostatic scaling.

(A) Western blot analysis of primary rat hippocampal neurons transduced on DIV10 with
LV-pLL3.7-GFP empty vector (EV) control or LV-shNogoA, and lysed on DIV17. (A’)
Quantification of protein levels, normalized first to TUJ1, then to the EV control. n=2-5
biological with 3 technical replicates each. mMRNA expression for the same proteins
were analyzed by RT? PCR Profiler Array (Qiagen). Cycle threshold was normalized first
to Gapdh, then to the EV control. n=4 independent biological replicates. For both
quantification, p<0.05 was deemed statistically significant, as assessed by unpaired
two-tailed Student’'s t-test. (B) Western blot analysis of rat hippocampal neurons
transduced with EV or shNogoA on DIV3, 10, and 14, and harvested on DIV17. Internal
loading control was neuron-specific marker TUJ1. (C) Western blot analysis of rat
embryonic hippocampal neurons transduced with different lentiviral constructs on
DIV10, and harvested on DIV17. pLL3.7 empty vector, scrambled shRNA, and no
lentiviral infection served as negative controls. Loading control was TUJ1. (D) Western
blot analysis of primary rat hippocampal neurons transduced with the same lentiviral
constructs on DIV10, treated with 2uM tetrodotoxin (TTX) on DIV16, and subjected to
cell surface biotinylation on DIV17. (D’) Quantification of surface GIuA1 expression,
normalized first to the transferrin receptor (TfR), then to the EV+veh control. n=5
biological with 3 technical replicates each. p,<0.05 was deemed statistically significant,
as assessed by ordinary one-way Anova followed by Tukey’s multiple comparisons test.
(E) Representative traces of mEPSC electrophysiological recordings on DIV14,
following sparse transfection with scrambled or shNogoA plasmids on DIV12, as well as
vehicle, 1uM TTX or 10uM bicuculline (BIC) treatments on DIV13. Scale bars= 10pA
(vertical), 125ms (horizontal). (E’) Quantification of mEPSC amplitude (pA), frequency
(Hz), and decay time (ms) from n=8-10 GFP*, pyramidal-like neurons per group.
paqi<0.05 was deemed statistically significant, as assessed by ordinary one-way Anova
followed by uncorrected Fisher's LSD multiple comparisons test. All data are presented
as meantSEM.
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Figure 3-2: shNogoA alters the landscape of the immediate-early synaptic gene
expression.

(A) Schematic of experimental design and timeline. Rat primary forebrain cultures were
transduced with pLL3.7 and shNogoA on DIV6, treated with 2mM BrU for 30 minutes,
and harvested for total RNA isolation. Split into two groups, this input RNA was used for
cDNA libraries from BrU-incorporated, nascent RNA (B), or rRNA-depleted mRNA (C).
Both libraries were subjected to next generation sequencing and analysis. (B) Volcano
plot of BrU-seq data marks upregulated (red) and downregulated (blue) genes with
Paqi<0.05 are marked (left). Analysis shows the extent of differentially expressed gene
regulation (right). Table displays 10 genes with such bidirectional regulation. (C) Overall
(left) and zoomed in (right) volcano plots of mMRNA-seq data from the same input RNA
mark upregulated (red) and downregulated (blue with p,4<0.05. Analysis shows the
extent of differentially expressed gene regulation (bottom). Table displays 25 genes with
such regulation. (D) Quantification of Bdnf IV and IX mRNA expression by first strand
RT-gPCR. Bdnf expression was normalized first to Gapdh, then to pLL3.7 or vehicle
control groups. Primary rat forebrain cultures were treated with 2uM TTX (48hrs),
200nM K252a (2hrs), or 10uM forskolin (2hrs) or lentivirally transduced following same
experimental paradigm. For primer verification experiments following drug treatments,
n=1 biological with 3 technical replicates. For experiments following lentiviral
transduction, n=6 biological with 2 technical replicates, derived from 2 independent
experiments. All data are presented as meantSEM, where p<0.05 was deemed
statistically significant, as assessed by unpaired two-tailed Student’s t-test.
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Figure 3-3: Global shNogoA transduction upregulates Npas4 via L-Type VGCC
activation.

(A) Western blot analysis of primary hippocampal neurons transduced with pLL3.7 or
shNogoA on DIV3, and maintained until DIV7 or DIV14. On DIV7, neurons were treated
with 55mM KCI (2hrs) with or without 5mM EGTA (10mins) pretreatment. On DIV14,
neurons were treated with 50uM BIC (2hrs) or 1TuM FPL64176 (2hrs) with or without
5mM EGTA (10mins) or 5uM nimodipine (1hr) pre-treatment. (A’-A”) Quantification of
experiments with DIV7 (A’) and DIV14 (A”) cultures. Signal intensity was first
normalized to the loading control 3-Actin, then to the normalized EV+Veh control levels.
Data are presented as meant+SEM from n28 biological replicates. p,<0.05 was
deemed statistically significant, as assessed by ordinary one-way ANOVA followed by
Tukey’s multiple comparisons test. (B) Immunofluorescence images of primary
hippocampal neurons sparsely transfected with the GFP-tagged shNogoA (green) on
DIV3, and maintained until DIV14. Neurons were stained for NogoA (magenta), Npas4
(red), and Hoechst (blue). Scale bar=20um. (B’) Quantification of nuclear (Hoechst")
Npas4 signal intensity from GFP" cells with shNogoA transduction (n=28) compared to
GFP" neighboring (n=100), NogoA-expressing cells. p=0.3254, deemed statistically not
significant as assessed by unpaired two-tailed Student’s t-test. (C) Immunofluorescence
images of primary hippocampal neurons lentivirally transduced with pLL3.7 or shNogoA
on DIV3, and maintained until DIV14. Neurons were stained for NogoA (magenta),
Npas4 (red), and Hoechst (blue). Scale bar=50um. (C’) Quantifications of Npas4-
expressing cell percentage as well as nuclear Npas4 signal intensity. For percentage
quantification, n=19-20 FOVs from 3 biological replicates, p=0.0001 as assessed by
unpaired two-tailed Student’s t-test. For intensity quantification, n=76 neurons from 3
biological replicates, p<0.0001 as assessed by unpaired two-tailed Student’s t-test.
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Figure 3-4: NogoA interacts with and/or modulates L-type VGCC auxiliary subunit
Caya261.

(A) Western blot analysis of homogenate (S1), cytosol (S2), and membrane (P2)
fractions from the early postnatal or adult mouse brains. NogoA was
immunoprecipitated with the mouse monoclonal 11C7 antibody from solubilized
membrane fractions. Similar mouse IgG1 signals (~50kDa) indicate equal input of 11C7
and isotype control anti-FG12 antibody. Additional negative control was omission of
antibodies (beads only). Loading control was B-Actin. (B) Immunofluorescence images
of hippocampal neurons stained for surface NogoA (red) and Caya201 (green)
expression under non-permeabilized conditions. Consecutive permeabilization allowed
for neuronal MAP2 (magenta) staining for somatodendritic morphology delineation.
Scale bar=20um. (C) Western blot analysis of hippocampal cultures transduced with
pLL3.7 or shNogoA on DIV3, and harvested on DIV14. Loading control was TUJ1. (D)
Immunofluorescence images of primary hippocampal neurons subjected to a similar
experimental timeline. Neurons were stained for surface NogoA (red) and Cayo201
(green) expression under non-permeabilized conditions. Neuronal somatodendritic
morphology was delineated by immunostaining for MAP2 (magenta) under
consecutively permeabilized conditions. Scale bar=20pm. (E) Western blot analysis of
NogoABC™ mouse neurons co-infected with LV-CMV-Cre (DIV3) and LV-EV or LV-
shNogoA (DIV6). (E’) Quantification of Caya2d1 protein expression from n=3 biological
replicates. Signal intensity was first normalized to the loading control B-Actin, then to EV
control. Data are presented as mean+SEM, where statistical significance was based on
Paqi<0.05 as assessed by ordinary one-way ANOVA, followed by Dunnett's multiple
comparisons test.
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Figure 3-5: shNogoA impairs homeostatic scaling through immediate-early gene
induction.

(A) Western blot analysis of hippocampal neurons transduced with pLL3.7 or shNogoA
on DIV3, and harvested on DIV14. Cultures were treated with 2uM TTX for 3, 24, and
48 hours before lysis. All 50uM BIC treatments were for 2 hours. (A) Quantification of
Npas4 and c-Fos from n=4-12 biological replicates. Signal intensity was first normalized
to the loading control B-Actin, then to the EV+Veh control. Data are presented as
mean+SEM, where statistical significance was based on p<0.05 as assessed by
unpaired two-tailed Student’s t-test.
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Figure 3-6: shNogoA transduction impairs inhibitory synaptogenesis.

(A) Immunofluorescence images of hippocampal neurons sparsely transfected with the
GFP-tagged shNogoA (green) on DIV3, and maintained until DIV14. Neurons were
stained for the inhibitory pre-synaptic protein GAD-65 (red). (B) Immunofluorescence
images of hippocampal cultures globally transduced with the lentiviral constructs pLL3.7
and shNogoA on DIV3, and maintained until DIV14. GAD-65 (red) marks inhibitory
presynaptic sites, somatostatin (magenta) identifies an inhibitory interneuron subtype,
and MAP2 (cyan) delineates somatodendritic morphology. (C) Western blot analysis of
hippocampal cultures subjected to the same experimental timeline. (C’) Npas4, GAD-65
and GAD-67 protein expression were normalized first to the loading control 3-Actin, then
to the pLL3.7 control. Data are presented as meantSEM from n=33,35,6 biological
replicates for Npas4, GAD-65, and GAD-67, where p<0.0001 as assessed by unpaired
two-tailed Student’s t-test. (D) Representative traces of miniature inhibitory post-
synaptic current (mIPSC) recordings from primary hippocampal neurons globally
transduced with LV-pLL3.7 or LV-shNogoA. Scale bars=300ms(horizontal),
20pA(vertical). (D’) Quantification of mIPSC frequency, amplitude, and decay time. Data
from n=8-9 neurons are presented as meantSEM, where statistical significance was
based on p<0.05 as assessed by unpaired two-tailed Student’s t-test.
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Figure 3-7: Observed synaptic phenotypes are NogoA-independent.

(A) Western blot analysis of CD1 mouse hippocampal cultures transduced on DIV3 with
pLL3.7 or shNogoA, and harvested on DIV7 and DIV14. On DIV7, neurons were treated
with 55mM KCI (2hrs) with or without 5mM EGTA (10mins) pretreatment. On DIV14,
neurons were treated with 50uM BIC (2hrs) with or without 5uM nimodipine (1hr) pre-
treatment. (A’) Quantification of NogoA protein expression. Data are presented as
mean+SEM from n=12 biological replicates, where p,4<0.05 was deemed statistically
significant as assessed by ordinary one-way ANOVA followed by Tukey’s multiple
comparisons test. (A”) Quantification of Npas4, GAD-65, GluA1 and S6K from DIV7 or
DIV14 neurons. Data are presented as meantSEM from n=7-12 biological replicates,
where p<0.05 was deemed statistically significant as assessed by unpaired two-tailed
Student’s t-test. (B) Diagram of the NogoABC™" conditional knockout mouse model and
experimental timeline. (B’) Western blot analysis of perinatal (P0-1) NogoABC™ mouse
hippocampal cultures, which were transduced with LV-CMV-Cre on DIV3 and with EV or
shNogoA on DIV6, and maintained until DIV14. (B”) Quantification of protein
expression, where signal intensity was normalized first to the loading control (B-Actin,
then to EV only. Data are presented as meantSEM from n=3-6 biological replicates,
where p,4<0.05 was deemed statistically significant as assessed by ordinary one-way
ANOVA followed by Dunnett’s multiple comparisons test.
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Figure 3-8: shNogoA seed region was mutated with two or five basepairs to study
the target-specificity of observed regulations.

Schematic of how the seed sequence of the shNogoA was mutated with two (A) or five
(B) basepairs in both sense and anti-sense strands. Once expressed under the weak
histone (H1) promoter, shNogoA construct is originally designed to target and repress
expression of NogoA mRNA. Images adapted with permission from systembio.com.
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Figure 3-9: Step-wise mutated shNogoA still replicates regulation of excitatory
and inhibitory synapse formation and strength.

(A) Western blot analysis of DIV14 hippocampal cultures prepared from E18.5 rat or
E17.5 mouse, transduced on DIV4-6 with pLL3.7, shNogoA, shNogoA-2pMt, shNogoA-
5pMt. (A’) Quantification of protein expression from experiments with mouse
hippocampal cultures only. Signal intensity was normalized first to the loading control 3-
Actin, then to the normalized pLL3.7 value. Data are reported as meantSEM, from n=6
biological replicates. p.4<0.05 was deemed statistically significant as assessed by
ordinary one-way ANOVA followed by Tukey’'s multiple comparisons test.
(B) Immunofluorescence images of mouse hippocampal cultures following similar
experimental timeline. Neurons were immunostained for NogoA (magenta) and Hoechst
(cyan). Glutamatergic synapses were marked with post-synaptic GluA1 (red) and pre-
synaptic Synapsinlla (green). GABAergic synapses were marked with pre-synaptic
GAD-65 (red) and post-synaptic GABAARY2 (green). Scale bar=20um.

183



A E17.5Mouse
Brain

Dimension 2

. DIV4

OmlcallHlppommpa
Culture

0.4

0.3

0.2

0.1

0.0

-0.1

-0.2

EV
shRNA

shRNA-5pMt

Nogo-A Levels

After
10 DIV

-l ~>
S O OO

Empty shRNA  shRNA shRNA

Vector a-NogoA w/ 2pMt w/ 5pMt

Total RNA

Isolation
# Total RNA
\"va Library Prep

l .~"

Small RNA
Isolation

Small RNA
Q@' Library Prep

Next Generation

Sequencing & Analysis

log,Fold-Change

-03

-0.2 -0.1 0.0 0.1 02

Dimension 1

shRNA

shRNA 5bp

shRNA_2bp

e Rtn4

4
Average log,CPM

T T T T
10 12 14

16




Figure 3-10: mRNA sequencing experiments with step-wise mutated shNogoA
constructs demonstrate robust transcript regulation.

(A) Schematic of experimental design and timeline. Neuronal cultures were prepared
from E17.5 mouse forebrain, transduced with the four lentiviral constructs on DIV4, and
harvested on DIV14. Total RNA was isolated, purified, and split into two groups for
separate cDNA library preparations from total and small RNAs. Both libraries were
analyzed following next generation sequencing. (B) Principal component analysis (PCA)
displays global transcriptome association (left). Venn diagram shows overlap of
differentially expressed genes (DEGs) with 22-fold regulation (right). (C) Dot-plot
displays comparison of individual gene expressions between EV and shNogoA. DEGs
with =2-fold regulation are marked: upregulated (red) and downregulated (blue). Some
candidate genes of interest are annotated.
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Figure 3-11: mRNA sequencing reveals NogoA-independent regulation of
synaptically important gene products.

Individual data points showing expression profiles of selected downregulated (A) or
upregulated (B) genes following four different lentiviral transductions.

187



i Regulation of lon Transport

C Chemical Synaptic Transmission

é Regulation of Synaptic Vesicle Cycle

6 Axon Guidance

c mTOR Signaling Pathway

caa

. € g

mod

@ \ Atpb1g2
Loe @
)
- : \
-

Witz

\

188



Figure 3-12: Analysis of NogoA-independent differentially expressed genes
reveals synaptic protein-protein interactions.

STRING analysis of the top 300 DEGs following lentiviral transduction of primary
neuronal cultures with LV-pLL3.7 and LV-shNogoA-5pMt. Lines indicate known protein-
protein interactions. Proteins encoded by identified DEGs were categorized by
implicated biological processes or signaling pathways.
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Figure 3-13: Small RNA sequencing identifies shNogoA-regulated miRNA
expression.

(A) Principal component analysis (PCA) of the concurrent small RNA-seq displays
global transcriptome association. (B) Dot-plot graph displays comparison of individual
miRNA expressions between EV and shNogoA. miRNAs with =2-fold regulation are
marked as upregulated (red) and downregulated (blue). Some candidate miRNAs of
interest are annotated. (C) Graphs show the correlative nature of identified miRNAs and
their known target mRNAs, as detected by concurrent mRNA sequencing experiments.
(D) STRING analysis of the 72 DEGs with known binding by the miRNAs regulated by
LV-shNogoA transduction.

191



log,Fold-Change

log,Fold-Change

587 . 5.0 .
.
5.6+ .
. 4.8 .
5.4 - R 46
. .
5.2
4.4
5.0 & .
c 4.2 .
48+ s .
O 4.0
46+ . B
O 3.8 .
444 . )
42 . & 361 *
204 3.4
3.8 3.2
.
36 . 3.0
3.4+ 2.8
324 26+ .
.
3.0 . : . : T T T T
EV ShRNA ShRNA2bp ShRNASbp EvV ShRNA shRNA2bp shRNASbp
Lentiviral Transduction Lentiviral Transduction
mmu-miR-7b-5p mmu-miR-181a-5p
i .
12.5 . o 14.0 4
.
12.04 . 13.8 .
.t B
.
[}
115 g : )
- 8 136
Q
.
% .
11.0 L 134
N
(=
o
10.5 o 1324
.o
10.04 13.0 .
.
05 12.8 .
.
T T T T T T T T
EV ShRNA shRNA2bp ShRNASbp EV ShRNA shRNA2bp shRNASbp
Lentiviral Transduction Lentiviral Transduction
11.0 p .
.
.
10.8 .
.
.
.
.
o 1067
o
c
©
<
Q 1044
T
°
('8
N
o
o 1024
10.0
.
9.8 °
.
.
T T T T
EV ShRNA shRNA2bp shRNASbp

Lentiviral Transduction

192



Figure 3-14: Small RNA sequencing reveals NogoA-independent regulation of
activity-dependent miRNAs.

Individual data points showing expression profiles of selected downregulated (A) or
upregulated (B) miRNAs following four different lentiviral transductions.
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CHAPTER 4:

Discussion and Future Directions

4.1 Abstract

The body of work communicated in this dissertation provides novel insights to the
neuronal NogoA physiology. Through characterization of a published shRNA against
NogoA (shNogoA), we study mechanisms underlying synaptogenesis and synaptic
plasticity. Taken together, my work contributes the following to the general knowledge:
1. Neuronal NogoA expression is regulated by membrane depolarization in synaptically
immature neurons. 2. Forebrain neurons bidirectionally modulate surface, but not total,
NogoA under the regulation of homeostatic synaptic plasticity 3. Intracellular NogoA
pools are phosphorylated at the ser-343 residue, an event that contributes to context-
dependent molecular weight changes of neuronal NogoA. 4. Global transduction of
forebrain neurons with the shNogoA alters synaptic protein and gene expression as well
as disrupts inhibitory synaptogenesis independently of NogoA expression. 5. Differential
mMRNA regulation seen with the shNogoA transduction is accompanied by changes in
miRNA expression implicated in activity-dependent synaptic plasticity. Here we discuss
the significance of our findings and propose future experiments that will elucidate the

role of NogoA depletion and/or proper miRNA machinery in observed phenotypes.
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4.2 Key Findings and Future Directions for the Regulation of NogoA

4.2.1 Neuronal NogoA Expression is Regulated by Membrane Depolarization

Studies with neutralization of surface NogoA signaling with function-blocking
antibodies (7-3) or bath application of the soluble Nogo-66 recombinant protein (4)
demonstrated that NogoA exerts a strong inhibition on activity-dependent synaptic
plasticity. When this negative regulatory brake is released, forebrain slices entrained
stronger induction of long-term potentiation (2, 3), dendritic complexity increased, and
dendritic spine morphology became more dynamic and immature (7). As a result,
neutralization of NogoA signaling and function led to increased dendritic spine density
and enhanced motor learning in vivo (3). However, until recently, there was no account
of activity-dependent regulation of endogenous neuronal NogoA expression.

Both Fricke et al. (56) and our work presented in this dissertation consistently
show for the first time that continuous neuronal membrane depolarization causes robust
downregulation of NogoA protein levels. The reported study treated acute mouse
hippocampal slices with 55mM KCI for 10 minutes, isolated synaptosomal fractions, and
demonstrated that NogoA protein levels were drastically reduced (5). In our studies, we
treated synaptically immature (DIV7) neurons from the rat or mouse hippocampus with
55mM KCI for 2 hours, and showed robust reduction in total NogoA protein expression
(Figures 2-3, 3-7). In fact, NogoA downregulation was seen as soon as 30 minutes of
KCI treatment, even before the induction of the immediate-early, activity-dependent

transcription factor Npas4 (6) (Figure 2-5). Moreover, we established a strong link
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between NogoA downregulation and depolarization-induced influx of extracellular
calcium, since 10 minute pre-treatment with the chelating agent EGTA completely
reversed these effects (Figures 2-3, 3-7). Curiously, when synaptically mature (DIV14)
neurons were similarly treated, no such NogoA regulation was observed (Figures 2-3, 3-
7). We therefore hypothesize that once neurons reach synaptic maturity, total NogoA
levels get much more tightly regulated. This differs from, but does not contradict, Fricke
et al’s findings, since they assessed synaptosomal NogoA expression following
depolarization of neuronal networks while still in physical and metabolic interaction with
over-populated and physiologically-relevant glial cells (5). In our studies we examined
total, but not synaptosomal, NogoA expression in primary hippocampal cultures. While,
neurons are still the principal constituents, the existing outnumbered astrocytes assume
a different morphological state when compared to that seen with primary astroglial
cultures (Figure 2-1). Taken together, we are amongst the first to demonstrate that
neuronal NogoA protein levels are rapidly reduced following chemically induced,

continuous membrane depolarization.

4.2.2 Surface NogoA is Bidirectionally Regulated by Homeostatic Synaptic Plasticity

Because synaptically mature (DIV14) neurons failed to respond to global
membrane depolarization of neuronal networks, we decided to specifically manipulate
synaptic activity of primary hippocampal cultures. We induced homeostatic synaptic
upscaling with chronic (224hr) treatments with tetrodotoxin (TTX), which competitively

inactivates voltage-gated sodium channels, and halts action potential propagation.
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When neuronal networks are silenced for long periods of times, complex intracellular
signaling mechanisms increase individual neuron’s synaptic drive by producing,
trafficking, and anchoring AMPA receptor subunit GIuA1 onto the cell surface and
synaptic sites (7, 8). We first verified that total NogoA expression does not change
(Figure 2-3), similar to lack of regulation following membrane depolarization of mature
neurons (Figures 2-3, 3-7). More importantly, through quantitative biochemical and
qualitative immunofluorescence labeling studies, we found that surface NogoA
expression was significantly and robustly reduced, while surface GluA1 expression
increased (Figure 2-3). This was an interesting and novel finding, since endogenous
neuronal NogoA expression itself had never been shown to be regulated within the
context of synaptic plasticity. We then induced homeostatic downscaling with chronic
(=24hr) treatment with bicuculline, which competitively antagonizes GABAa receptors,
and reduces inhibitory tone. When neuronal networks are over-activated for long
periods of time, signaling mechanisms decrease neuronal synaptic drive by removing
the post-translational modifications (PTMs) responsible for better anchoring of GluA1
onto the post-synaptic densities, which causes endocytosis and/or lateral diffusion (7-9).
We found that even though total NogoA protein levels did not change, surface NogoA
expression robustly increased in this homeostatic downscaled state (Figure 2-3).

Taken together, these data demonstrated for the first time that unlike total
expression, NogoA protein levels at the neuronal surface are under the regulation of
activity-dependent synaptic plasticity. It is conceivable that the site of regulation of
NogoA expression is indeed neuronal cell surface, since NogoA was shown to

prominently with membrane-bound Nogo-66 Receptor 1 (NgR1) (70, 171) and
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transmembrane paired immunoglobulin-like receptor B (PirB) (4, 72). Our observations
were also in line with previous studies, which depend on treatments with the anti-NogoA
function-blocking antibodies that specifically target the extracellular NogoA-A20 region
to alleviate the inhibitory signaling and function of NogoA (7-3). Lastly, Joset et al.
showed that neuronal NogoA-A20 is internalized in a pincher- and rac-dependent, but
clathrin- and dynamin-independent manner (13), which could be one way of dynamically

modulating NogoA signal and function.

4.2.3 Neuronal NogoA is Intracellularly Phosphorylated in a Context-Dependent Manner

Synaptic proteins, such as the AMPA receptor subunit GluA1, undergo various
PTMs as they are directed to and from synaptic sites in an activity-dependent manner
(8, 14-25). In 2014, Diering et al. reported that bidirectional homeostatic synaptic scaling
depends on PKA-encoded phosphorylation mark at GluA1 serine-845 residue. When
neuronal networks are upscaling following prolonged silencing, for example, GIuA1 gets
increasingly phosphorylated at this site, and consequently remains anchored at the
post-synaptic density (PSD) (8). As circadian rhythmicity is entrained by combined
influences including sensory stimulus processing, learning, memory formation, and
sleep, the same group isolated forebrain PSDs from the mouse brain at wake and sleep
states, and analyzed both total and phosphorylated protein expression. In addition to
increased GluA1 and CaMKIla phosphorylation within the wake forebrain PSDs, Diering
et al. also detected 24-fold increase in NogoA phosphorylation at serine-344 residue

(24). Since this phosphorylation site was identified in our previous phospho-proteomics
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studies with NogoA isolated from primary rat hippocampal cultures (Tables 2-1, 2-2), we
became interested in the possibility of this phosphorylation site regulating NogoA
expression, surface trafficking, and physiological function.

We generated a polyclonal antibody specifically against the rat NogoA phospho-
serine-343 residue, rigorously verified its specificity, and tested this phosphorylation
site’s expression pattern (Figure 2-4) and physiological role (Figure 2-5). Interestingly,
our data strongly suggests that NogoA p-S343 is restricted to neuronal expression,
absent from primary astroglial cultures as well as the crude myelin fractions isolated
from rat brains. Moreover, we found that neuronal NogoA is phosphorylated at this site
only within the intracellular pools, but not on the cell surface. In fact, we detected a
strong NogoA p-s343 signal from rat forebrain synaptosomes (Figures 2-4). Next we
asked whether NogoA ser-343 phosphorylation changes in rat forebrain synaptosomes
and PSDs between sleep and wake states in vivo. Despite strong signal detection, we
did not find any change in total or phosphorylated expression of GluA1 or NogoA
(Figure 2-5). These negative data suggest that animals maintained at our shared
housing facilities on a 6AM/6PM, lights on/off schedule failed to entrain a tightly
regulated circadian rhythm sufficient to change protein expression and phosphorylation
in adult male Sprague-Dawley rats (24, 26). Alternatively, the sleep/wake state of the
animals at the time of euthanasia might play a greater role in regulating NogoA
phosphorylation, as it relates to neuronal activity better than circadian rhythmicity.

We then wanted to study NogoA phosphorylation in vitro using primary
hippocampal cultures due to the availability of versatile pharmacological manipulations.

We found that in synaptically immature (DIV7) neurons KCl-induced membrane
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depolarization reduces expression and molecular weight of phosphorylated NogoA as
soon as 30 minutes of KCI treatment. Interestingly, the immediate-early activity-
dependent transcription factor Npas4 was only strongly expressed following 2 hours of
continuous KCl-mediated membrane depolarization. This suggests that reduction in
total and phosphorylated NogoA expression precedes Npas4 induction. However, just
like Npas4 induction or total NogoA expression, NogoA phosphorylation is mostly
recovered following EGTA pre-treatment (Figure 2-4), indicating an intracellular calcium-
dependent mechanism. Moreover, we found that upon synaptic maturation (DIV14),
neuronal networks stabilize both total and phosphorylated NogoA expression,
regardless of synaptic activity states. We show that increased durations of TTX
treatment create a visible NogoA band separation, and phosphorylated NogoA
additively decreases in mobility (Figure 2-5). While phosphorylation event specifically at
serine-343 is detected in TTX-mediated increase in NogoA molecular weight, the lack of
change in expression signal intensity implicates presence of other phosphorylation
events. In fact, lambda phosphatase treatment of neuronal lysates strongly increases
NogoA mobility even farther than baseline, suggestive of combinatorial phosphate
deposition (Figure 2-4). Interestingly, we further showed that this increase in molecular
weight via collective phosphorylation marks could be overcome by selective inhibition of
Trk receptors. Conversely, BIC treatment causes a small reduction in phosphorylated
NogoA molecular weight (Figure 2-5). The duality of lack of difference in abundance and
molecular weight shifts still remain elusive, but can be explained by the possibility that

serine-343 phosphorylation mark initiating other sets of PTMs on NogoA.
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To elucidate the kinase/phosphatase pairs behind the regulation of NogoA
phosphorylation we conducted a series of pharmacological treatments of primary
hippocampal cultures. We first explored molecular players implicated in intracellular
signaling downstream of NogoA-NgR1-PiRB interaction (70, 12, 27). Upon inhibition of
neuronal growth-inhibitory molecules, such as ROCK and myosin Il ATPase, we failed
to see a robust regulation of NogoA expression or phosphorylation. Next, we studied
growth-promoting molecules, such as PKA, CaMKIl, L-type voltage-gated calcium
channels (VGCCs), or the mTOR pathway. Although band separation was still visible
with inhibition of CaMKIl, L-type VGCC, and calcineurin, expression remained
unchanged. Similarly, robust inhibition of phosphorylated S6K did not elicit a noticeable
change (Figure 2-5). Taken together, the physiological role or the upstream regulators

of NogoA phosphorylation remains elusive.

4.2.4 Future Directions

Our work is amongst the first to demonstrate that NogoA protein expression is
regulated under the control of activity-dependent synaptic plasticity. We are also the first
to identify NogoA as a phospho-protein, expression of which can be modulated based
on neuronal developmental stage and network activity states. However, our findings
open doors to many outstanding questions, which should be investigated further.

We demonstrate that upon synaptic maturity, only surface expression of NogoA
changes with different network activity states (Figure 2-3). We reasoned NogoA PTMs

or more specifically phosphorylation events, could elucidate the mechanism(s) by which
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NogoA is trafficked to the cell surface, to and from the synaptic sites, or internalized to
modulate its inhibitory signaling. Although phospho-proteomics of NogoA isolated from
primary rat hippocampal cultures treated with vehicle or TTX revealed no overall change
(Table 2-2), we identified rat NogoA phospho-site at serine-343, which was not
expressed at the neuronal cell surface, but was detected in synaptosomes and PSDs
(Figure 2-4). Future studies should therefore investigate whether the phosphorylation of
NogoA directly causes its internalization, or removal of baseline phosphorylation is the
initial signal for NogoA trafficking. Furthermore, complementary protein-protein
interactome studies should elucidate the specific kinase/phosphatase pairs responsible
for deposition and removal of phosphorylation marks on NogoA to regulate its
subcellular localization and function.

We generated a polyclonal phospho-specific antibody against rat NogoA. We
later found out that despite inter-species homology, our antibody does not cross-react
with mouse NogoA or work with immunofluorescence staining. This necessitates
generation of additional antibodies in order to study phosphorylated NogoA’s
physiological relevance in various genetic knockout models, regulation under circadian
rhythmicity, and subcellular localization. Finally, because investigation of the intricate
balance between sleep and circadian rhythm presents conceptual and technical
challenges, we propose that future studies entrain contextual fear conditioning or induce
kainic-acid mediated seizures to robustly elevate hippocampal activity, immediate-early
gene expression, and study total and phosphorylated NogoA levels in different
subcellular fractions (6, 28-31). This approach would dissociate sleep-mediated

regulation from intrinsic circadian rhythmicity, and focus solely on heightened neuronal
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activity. Additionally, investigation of NogoA expression in membrane, synaptosome or
PSD fractions isolated from these animal models will elucidate the differential trafficking

and physiological function of NogoA in an activity-dependent manner.
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4.3 Key Findings and Future Directions for the shNogoA-Mediated Regulation of

Synapse Formation and Strength

4.3.1 shNogoA Permanently Downscales Baseline Excitatory Synaptic Transmission

When we employed Zagrebelsky et al.’s shNogoA (1) with primary hippocampal
neurons, we were expecting to recapitulate and build up on Peng et al.’s results to add
mechanistic insight into how NogoA knockdown drives the mTOR signaling pathway
and causes upregulation of AMPA and NMDA receptor subunits (32). Instead, we
observed a robust downregulation of GluA1 and GluA2 protein and gene expression.
When we verified that neither the developmental stage at the time of LV transduction
nor the commercially available shNogoA we used made any difference in these
observations: GluA1 expression was reproducibly and reliably downregulated whenever
NogoA expression was sufficiently knocked down. Next we discovered that not only
total GluA1 production, but also its surface trafficking was drastically downregulated,
even in TTX-treated, normally homeostatic upscaling hippocampal cultures. Lastly, we
demonstrated that pyramidal-like neurons sparsely transduced with shNogoA showed a
permanently and cell-autonomously entrained downscaling of miniature excitatory post-
synaptic current (mMEPSC) amplitude, regardless of the pharmacologically induced
synaptic activity states (Figure 3-1). The reductions in mEPSC amplitude and GIluA1/2
expression collectively point to a post-synaptic regulation of synaptic drive, since we
found that neither mEPSC frequency (Figure 3-1) nor the presynaptic terminals marked

with synapsinlla changed following global LV-shNogoA transduction (Figure 3-9).
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Moreover, we saw a robust downregulation of both phosphorylated and total S6K
protein expression following global transduction of primary hippocampal cultures with
the shNogoA (Figure 3-1). Since S6K and its activation within the mTOR signaling
pathway play an important role for local protein synthesis important for the maintenance
of activity-dependent synaptic plasticity (33-36), this provided a preliminary mechanistic
insight into how post-synaptic densities failed to keep up with the physiological needs of
differential network activity states. Since Peng et al. implicated activation of the mTOR
signaling pathway in shNogoA-mediated upregulation of GIuA1 and GIuA2 expression
(32), we initially reasoned there might be a link between the concurrent reduction in
GIluA1 and S6K. However, we then found out that the mRNA transcripts for Gria1
(GluA1), Gria2 (GIuA2) and Rps6kb1 (S6K) were drastically downregulated following
shNogoA transduction (Figure 3-1). Then we reasoned there must be a higher up,
transcriptional regulation that drove these observed phenotypes.

To address this open question, we transduced primary forebrain cultures with LV-
shNogoA, isolated nascent and fully processed mRNA, and analyzed transcriptome via
next-generation sequencing. At an intermediate time-window following incomplete
NogoA depletion, we did not observe any statistically significant change in Gria1, Gria2,
or Rps6kb1 expression. However, we found striking and robust upregulation of
immediate-early genes (IEGs) such as Npas4, Arc, and Fos, and some of the binding
targets such as Bdnf, Nr4a1/2, and Junb (6, 29) (Figure 3-2). Curiously, gene
expression of these candidates is induced by synaptic activity-dependent intracellular
calcium influx, mostly through activated AMPA and NMDA receptors as well as heavily

studied L-type VGCCs (6, 28). This was surprising since we demonstrated a reduced
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baseline excitatory transmission by both biochemical and electrophysiological analyses
(Figure 3-1). Since our observed reduction in mEPSC amplitude correlates with less
abundant glutamatergic receptors (7, 8), which would normally be expected to cause a
reduction in calcium influx and signaling, we directed our attention to the selective
activation of L-type VGCCs. In fact, pharmacological inhibition of these channels was
shown to prevent any induction in the activity-dependent transcription factor Npas4 (6).
We found that DIV3 shNogoA transduction increased Npas4 protein expression both by
DIV7 and DIV14 in an extracellular calcium-dependent manner (Figure 3-3). Unlike our
findings with cell-autonomous GIuA1 downregulation and consequent decrease in
mEPSC amplitude (Figure 3-1), Npas4 upregulation was seen only following global
transduction with LV-shNogoA, suggesting dependence on differential network activity
states. Interestingly, shNogoA-induced baseline Npas4 upregulation could be
significantly reduced following prior inhibition of the L-type VGCCs (Figure 3-3). Taken
together, our data strongly suggest that global shNogoA transduction of hippocampal
neurons leads to a selective activation of L-type VGCCs, and despite reduced levels of
GIuA1/2 expression, this causes elevated intracellular calcium concentrations and a
consequent induction of activity-dependent IEGs.

Lastly, we entertained the possibility of NogoA directly binding to L-type VGCC
subunits or auxiliary subunits to modulate its function. Despite possible antibody cross-
reactivity issues, NogoA seems to co-immunoprecipitate not with the L-type VGCC
subunit Cay1.2, but instead with the auxiliary subunit Caya2d1 in the rat brain
membrane fractions. This binding event, coupled with these known functions of

Caya201 render it a prime candidate of investigation: 1. Caya2d1 is the known receptor
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for the anti-epileptic and analgesic pharmacological reagent gabapentin, which
antagonizes Caya201 and excitatory synaptic transmission and formation (37, 38). 2.
Cayo2d1 was also reported to be the target neuronal receptor of thrombospondins,
which are factors secreted by astrocytes to facilitate excitatory synaptogenesis (39, 40).
Because of the cross-reactivity between rat NogoA and Caya2d1, we switched to using

primary hippocampal neurons isolated from the NogoABC™"

mouse (47), where there
was no longer a cross-detection issue. Interestingly, Cre recombination-mediated
deletion of NogoABC did not change protein expression of Caya2d1. Contrary to our
expectation, shNogoA transduction significantly lowered Caya2d1 protein levels (Figure
3-4). Curiously, mRNA sequencing experiments identified Cacna2d2, but not Cacna2d1,
gene as significantly downregulated following shNogoA transduction (Figure 3-9). While
this begs the question of gene homology and functional redundancy or compensation
between auxiliary subunits, these data lead to two possible and currently untested
hypotheses: 1. LV-shNogoA transduction reduces total Caya2d1 protein expression.
This could alleviate the inhibitory regulation of endogenous antagonists, which would
then lead to the activation of L-type VGCCs. 2. LV-shNogoA transduction leads to an
immediate and prolonged activation of L-type VGCCs, which would cause an over-
excitation due to elevated intracellular calcium concentrations. As such, neuronal
networks would maintain homeostasis by downregulating expression of positive
modulators such as Caya2d1. Either way, the interaction between NogoA and Caya261

poses an interesting mechanism, through which LV-shNogoA transduction modulates

VGCC activity, calcium influx, and excitatory synaptic transmission.

217



4.3.2 shNogoA Transduction Causes a Robust Reduction in Inhibitory Synaptogenesis

Npas4 upregulation has been shown to induce BDNF production, drive and
modulate inhibitory synaptogenesis (6, 28-37). Since global LV-shNogoA transduction
causes upregulation in baseline Npas4 gene and protein expression (Figures 3-2, 3-3),
we reasoned that the reduction in excitatory synaptic transmission (Figure 3-1) might
also be explained by an increase in inhibitory synapse formation and strength. Contrary
to our expectations, we found that pre- but not post-synaptic GABAergic markers were
robustly downregulated following global shNogoA transduction (Figures 3-6, 3-9).
Moreover, our mRNA sequencing data also demonstrated that genes encoding these
proteins, Gad1 and Gad2, were also downregulated following shNogoA transduction
(Figure 3-10-11). Lastly, we also showed that global shNogoA transduction leads to a
drastic decrease in miniature inhibitory postsynaptic current (mIPSC) frequency, while
both amplitude and decay time remain unchanged (Figure 3-6). This selective decrease
corroborated our biochemical and immunofluorescence analyses of GAD-65/67
expression, and implicated reduced abundance of GABAergic presynaptic terminals
following global shNogoA transduction. Taken together, we demonstrate that shNogoA-
transduced cultures robustly downregulate inhibitory tone and GABAergic synapse
density, despite elevated activation of Npas4-driven signaling mechanisms (6). Although
we do not currently know which event occurred first, it is conceivable that the reduction
in excitatory synaptic transmission was compensated by homeostatic mechanisms that
downscale inhibitory synaptogenesis. By so doing, neuronal networks could still

maintain excitatory-inhibitory balance, and return to target firing rate (7, 42, 43).
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4.3.3 shNogoA Transduction Manifests Synaptic Phenotypes Independently of NogoA

In our studies we used Zagrebelsky et al.’s shNogoA, which was tested in acute
hippocampal slices against control shRNA to demonstrate NogoA's inhibitory regulation
on the dynamic regulation of complex dendritic architecture (7). Even early on, we
tested NogoA-dependence of robust GluA1 and S6K downregulation by transducing
primary hippocampal neurons with the LV-shNogoA at different in vitro developmental
stages as well as with various commercially available shRNAs targeting different
sequences of the NogoA-specific exon 3 (Figure 3-1). Next, we attempted to drive
overexpression of NogoA in un-transduced hippocampal neurons or rescue the
depleted NogoA pool following shNogoA transduction. Transduction of non-neuronal
(HEK-293T) cells with the shNogoA-resistant, LV-human-NogoA-myc construct worked
successfully and drove overexpression of myc-tagged NogoA. However, once primary
hippocampal cultures were transduced with the same lentiviral construct, we detected
exogenous myc expression, without an overall change in NogoA protein levels (data not
shown). Although these RNA interference (RNAI) rescue experiments are commonly
used in the field, they pose additional problems stemming from ectopic expression
levels typically under the control of strong promoters (44). Since rescue experiments
with an shNogoA-resistant construct were not feasible, we employed an even more
unbiased and stringent approach, and analyzed nascent and mature mRNA isolated
from shNogoA-transduced neurons by next-generation sequencing (Figure 3-2). As
expected, NogoA was the most robustly downregulated gene product, easily

distinguishable from the rest by fold change, read counts, and statistical significance
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(Figures 3-2, 3-10-11). These findings initially increased our confidence in the target-
specificity of the previously published shNogoA construct (7), and incentivized us to
further study the molecular mechanisms underlying observed phenotypes.

Given how NogoA neutralization, knockdown, and genomic knockout manifested
different observations (see Chapter 1), we wondered whether or not conditional
knockout of NogoABC could reproduce the same phenotypes as shNogoA-mediated
knockdown of NogoA. If successful, we reasoned that this experimental paradigm could
also provide a highly informative conditional knockout animal model to study the acute
and spatiotemporally controlled depletion of NogoABC in vivo. We found that LV-CMV-

Cre transduction of NogoABC™"

hippocampal neurons depleted majority of NogoA and
NogoB (417), but did not cause any of our previously observed synaptic phenotypes. On
the other hand, when these neurons were co-transduced with the LV-shNogoA, we
could recapitulate all of the robust phenotypes (Figure 3-7). There are three arguments
that could be raised based on our reported results: 1. One could argue that although
Rattus norvegicus and Mus musculus share evolutionary conserved transcriptomic
homology, mRNA sequences might be just different enough to entrain distinguishable
shRNA targeting, or protein-protein interactions might diverge between two species. To
address this concern, we verified that rat and mouse NogoA sequences shared
satisfactory homology in silico, and that LV-shNogoA transduction alone could
successfully reproduce all observed synaptic phenotypes in mouse hippocampal
neurons (Figure 3-7). 2. Because LV-CMV-Cre transduction does not lead to complete

depletion of NogoA, one could argue that the remaining levels of NogoA protein could

still act as an inhibitory brake on intracellular signaling. This incomplete depletion could
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then explain why we could recapture observed phenotypes following shNogoA co-
transduction (Figure 3-7). We addressed this concern by mutating the seed region of
the shNogoA with two (shNogoA-2pMt) or five (shNogoA-5pMt) basepairs (Figure 3-8),
recovered NogoA protein expression in a stepwise fashion, and assessed NogoA and
synaptic protein expression profiles (Figure 3-9). 3. LV-CMV-Cre transduction equally
depleted both NogoA and NogoB gene and protein products, whereas LV-shNogoA
transduction specifically targets the NogoA isoform. Therefore, it is conceivable that
combinatorial knockout of both inhibitory Nogo isoforms could potentially cause
compensatory regulations in genomic and/or protein expression levels. This possibility
has not yet been tested by our studies, hence offers a platform for further investigations.

When we transduced rat or mouse hippocampal neurons with shNogoA-2pMt, we
saw that NogoA protein expression was very similar to that after conditional knockout of
NogoABC (compare Figures 3-7 to 3-9). Whereas NogoABC conditional knockout did
not cause any observable changes in synaptic protein expression (Figure 3-7),
shNogoA-2pMt transduction retained a small fraction of NogoA protein expression while
recapitulating robust reductions in GluA1, S6K, and GAD-65 levels (Figure 3-9). This
strongly suggested that the comparable extents of remaining NogoA protein expression
following conditional knockout cannot be deemed sufficient to justify persistent inhibitory
actions that were later on alleviated by shNogoA co-transduction. We then assessed
NogoA expression and synaptic phenotypes following shNogoA-5pMt transduction. As
expected, this alternative form of scrambled shRNA did not change NogoA protein
expression. However, the reductions in GluA1, S6K, and GAD-65 protein expression

were still present at indistinguishable levels when compared to shNogoA-transduced
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cultures (Figure 3-9). Taken together, these data corroborated the NogoA-independent

nature of observed regulations of synaptic gene and protein expressions.

4.3.4 shNogoA Transduction Concurrently Regulates mRNA and miRNA Expression

Important for Synapse Formation and Strength

Our biochemical and immunofluorescence analyses demonstrated that step-wise
mutations within the seed region of the shNogoA recapitulated regulation of the same
synaptic proteins independent of NogoA expression, and even created de novo
phenotypes. To understand the mechanism behind such consistent dysregulation
regardless of abundance of the primary target, we employed next-generation
sequencing analysis of mMRNA expression of cultures transduced with LV-shNogoA, LV-
shNogoA-2pMt, and LV-shNogoA-5pMt constructs. Principal component analysis (PCA)
revealed that neurons transduced with the LV-pLL3.7 control construct had the highest
extent of transcriptomic similarity with those transduced with the LV-shNogoA (Figure 3-
10). This was most surprising, since NogoA expression was robustly depleted in
shNogoA-transduced cultures. Moreover cultures transduced with LV-shNogoA-5pMt
had indistinguishable levels of NogoA with those transduced with LV-pLL3.7. This led to
the hypothesis that robust depletion of NogoA expression does not significantly affect
global transcriptome of primary forebrain cultures. When we examined some of the
differentially expressed genes (DEGs), we found that expression of our candidate
synaptically relevant genes was generally comparable amongst primary forebrain

cultures transduced with LV-shNogoA, LV-shNogoA-2pMt, and LV-shNogoA-5pMt
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(Figure 3-10). These unbiased findings further increased our confidence in concluding
the NogoA-independent regulation of the shNogoA construct.

Next, we wanted to understand how transductions with the original and step-wise
mutated shNogoA constructs could elicit such robust and similar regulation of
synaptically important gene expressions. Since micro RNAs (miRNAs) are known to be
master regulators of dynamic and local mRNA stability and translation, especially
important in dendritic spine synapses where they regulate synaptic structure and
function (45-57), we concurrently analyzed small RNA expression profiles using next-
generation sequencing. We identified several miRNAs (Figure 3-13), which were
differentially expressed following shNogoA transduction and a subset that remained
unchanged following step-wise mutations (Figure 3-14). Curiously, some of the mRNA
expression patterns (Figure 3-11) following transduction with the three versions of the
LV-shNogoA constructs matched corresponding miRNA expression patterns (Figure 3-
14), indicative of a miRNA-mediated mRNA regulation. More interestingly, some of the
miRNAs we identified to be differentially regulated following LV-shNogoA transduction
were known regulators of activity-dependent and homeostatic synaptic plasticity as well
as synaptogenesis (Figure 3-14) (52-57). Taken together, transduction of forebrain
neurons with the LV-shNogoA and its step-wise mutated forms appears to relay its
NogoA-independent off-target effects by dysregulating miRNA expression profiles,
possibly due to altered miRNA synthesis, processing or export machinery (68, 59).

This hypothesis is certainly not derived from a stand-alone, isolated observation
specific to our shNogoA. shRNA-mediated exogenous overexpression has been

previously observed to cause adverse effects due to the induction of an interferon
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response, cell toxicity and organismal fatality, and significant off-target effects and
saturation of the miRNA machinery (60-66). In fact, van Gestel et al. reported that when
rat ventromedial hypothalamus was transduced with adeno-associated 2 (AAV2) viral
vectors containing five different shRNAs targeting the fat mass and obesity-associated
protein (FTO), infected regions manifested a reduction in NeuN-expressing neuron
numbers as well as noticeable degenerative changes in tissue morphology. Moreover,
transduced GFP-expressing neurons were found to express decreased levels of the
neuronal mMiRNA miR-124, indicating saturation of the miRNA pathway (58). Similarly to
our observations with scrambled LV-shNogoA-5pMt transduction, van Gestel et al. also
found a similar loss in miR-124 levels in neurons transduced with AAV2-control-shRNA,
indicating a higher up regulation of the miRNA processing machinery independent of
target gene expression (58).

Since shRNAs are structurally and functionally similar to precursors to mature
miRNA called pre-miRNAs, overexpression of shRNAs might be competing for the
machinery that would otherwise be processing intermediates of the endogenously
expressed miRNAs. As such, Yi et al. used easily transduced cell lines to demonstrate
that the saturation of the miRNA machinery caused by shRNA overexpression could be
reversed by concurrent overexpression of exportin-5 (67), which is responsible for
nuclear export of both shRNAs and pre-miRNAs (68). Moreover, they found that the
efficiency of the shRNA-mediated knockdown of the targeted gene significantly
increased with the simultaneous overexpression of exportin-5. This suggested that
shRNA overexpression can significantly hijack existing miRNA processing machinery at

the expense of compromising targeted knockdown (67). Taken together, these previous
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reports could help reveal a miRNA-dependent component of our observed phenotypes
and gene expression regulations.

In conclusion, we hypothesize that neuronal transduction with the LV-shNogoA
and its mutated versions might impair the miRNA processing machinery, and cause off-
target effects independent of the seed sequence or primary target. However, if this were
the sole mechanism by which we observed changes in synaptic formation and strength,
PCA would reveal closer transcriptomic association amongst shNogoA lentiviral
constructs (Figure 3-10). The fact that LV-shNogoA-5pMt could introduce de novo
synaptic phenotypes, such as the robust downregulation of synapsinlla (Figure 3-9),
suggests that there must be other physiological targets of the shNogoA currently
unidentified by our work. Given how Alvarez et al. demonstrated that transducing rat
hippocampal neurons with an shRNA targeting a coding region absent from the rat
genome can still show reductions in dendritic branching complexity and spine density,
we recognize how shRNAs can have sequence-dependent and widespread off-target
effects particularly in complex cell types such as neurons (69). Hence, taking into
account that intricate processes such as regulation of synapse formation and strength
are especially vulnerable to shRNA-mediated off-target effects, we acknowledge the
need for further investigations to describe how additive point mutations within the seed
sequence of the shNogoA stem loop could modulate gene expression in a different way

from commonly generated and employed scrambled shRNAs (44, 70, 71)
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4.3.5 Future Directions

The work we reported here address a lot of unanswered questions, but more
importantly opens up the doors to exciting future directions. Based on some of the
conceptual gaps in our studies, we identify five main sets of experiments that need to be
followed up on by further investigation.

Firstly, the binding interaction between NogoA and Caya2d1 needs to be verified.
In our studies, we determined that the rat NogoA and Caya261 showed antibody cross-
reactivity issues by both biochemical co-immunoprecipitation and immunofluorescence
co-localization. However, mouse NogoA and Caya2d1 do not seem to show the same
cross-reactivity problem (Figure 3-4). Hence, these experiments need to be repeated
and expanded upon using the Cacna2d? conditional knockout mouse tissue (72), an
alternative and knockout-verified anti-Caya261 antibody, and greater input of membrane
fractions isolated from embryonic mouse forebrains. Alternatively in vitro binding assays
could be used to verify direct binding of NogoA and Caya2d1, while determining
necessary binding-supportive domains on each protein. Lastly, ultrastructure studies
could be employed to determine whether or not NogoA directly binds Caya2d1 at the
same spot as gabapentin and thrombospondins (39).

Secondly, we would like to get a deeper understanding of why and how shNogoA
transduction relays a robust regulation of synaptically relevant mRNA and miRNA
expression. To test if these NogoA-independent, off-target effects depend on proper
miRNA synthesis and processing machinery, we suggest that future studies employ

Dgcr8 (73-77) and Dicer (78-82) conditional knockout mouse models. Once
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synthesized, pri-miRNAs are processed by Drosha/Dgcr8 enzyme complex in the
nucleus, exported into the cytoplasm by exportin-5 as pre-miRNAs, processed by Dicer
into mMiRNA complexes, and assembled into RNA-induced silencing complexes (RISCs)
by association with argonuate proteins (59). As such, studying the synaptic phenotypes
following Cre-mediated deletion of Dgcr8 or Dicer alone or in conjunction with the LV-
shNogoA transduction would be extremely informative. By so doing, future studies could
elucidate the shNogoA'’s dependence on proper miRNA processing to relay its off-target
effects, especially on excitatory synaptic transmission and inhibitory synaptogenesis.
Along similar lines, we entertained the possibility that shNogoA transduction
might be causing observed regulations of synaptic mMRNA and miRNA expression
through induction of an interferon response. In fact, shRNA overexpression was shown
to induce expression of interferon genes in a construct-, promoter-, and dose-dependent
manner. Moreover, these observations become relevant to our studies since interferon
response was shown to extend to mammalian cells, including neurons. A classic
interferon target gene that is robustly upregulated by various RNAi approaches is 2°,5'-
oligoadenylate synthetase (Oas1) (60, 61, 66). Another well-established phenomenon is
how introduction of double stranded RNA (dsRNA) or even small interfering RNA
(siRNA) induces an interferon response in mammalian cells through activation of
dsRNA-dependent protein kinase R (PKR), which could eventually result in global
shutdown of protein synthesis (64, 65, 83). Informed by these observations, we checked
back our datasets, and found that LV-shNogoA transduction does not significantly
upregulate either Oas1b or Oas1c mRNA expression. Moreover, the gene product

encoding for PKR, eukaryotic translation initiation factor 2-alpha kinase 2 (Eif2ak2), also
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remained unchanged in all three LV-shNogoA constructs. This at least preliminarily
rules out a major contribution of interferon response in manifesting observed synaptic
regulations. Curiously enough, however, shNogoA-2pMt-transduced neurons displayed
elevated levels of Oas7b mRNA, while transduction with either LV-shNogoA-2pMt or
LV-shNogoA-5pMt was sufficient to induce a robust upregulation of Oas7c mRNA.
Given how shNogoA-2pMt and shNogoA-5pMt produced de novo synaptic phenotypes
and greatly diverged from shNogoA as revealed by PCA of both mRNA and miRNA
transcriptomes, we suspect that a neuronal interferon response might at least be
partially responsible. Hence, future investigations should employ manipulations to
bidirectionally regulate the interferon target gene expression to either accentuate or
alleviate the off-target effects seen with the original and step-wise mutated versions of
the shNogoA construct.

We demonstrated that the synaptic phenotypes observed upon shNogoA
transductions were independent of NogoA expression (Figures 3-7, 3-8, 3-9). Although
we might be able to identify the molecular targets and mechanisms through which
synapse formation and strength are regulated, the question of how NogoA or NgR1
function neutralization alleviates the negative regulation on activity-dependent synaptic
plasticity remains elusive (2, 3, 84-86). Even though multiple constructs of RNAi-
mediated NogoA-specific knockdown exist in the literature (7, 32, 87-89), we propose
that future studies employ an alternative route of acute depletion, and avoid off-target
effects of shRNAs (58, 70), deceptive scrambled controls, and ectopic overexpression
of rescue experiments (44). One such example would be the CRISPR-Cas9-mediated

excision of NogoA, using single guide RNAs (sgRNAs) targeting NogoA-specific exon 3.
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We empirically learned that algorithmic predictions of sgRNA target efficiency do not
always match reality. However, future investigations could verify successful NogoA
excision by testing the efficiency of multiple sgRNA transductions of primary neurons
prepared form the same constitutively active CRISPR-Cas9 knock-in mouse forebrain
(90). This would also enable testing of cell-autonomy and NogoA-dependence of
observed phenotypes in sparsely transfected neurons.

Last but not least, we propose that future studies study the NogoA’s negative
regulation on activity-dependent synaptic plasticity by driving acute and cell-type
specific NogoA depletion in NogoA (91, 92) or NogoABC (41) conditional knockout
mouse models. As we demonstrated (Figure 3-8), LV-Cre transduction of primary
forebrain neurons prepared from NogoABC™ mouse will deplete majority of NogoA/B
protein expression. Next-generation RNA sequencing experiments with acute NogoA or
NogoABC deletion would help elucidate the NogoA-dependent changes in gene
expression in an unbiased and stringent manner. These experiments could also be
complemented by co-transduction of the shNogoA, in an attempt to identify the NogoA-
independent changes in neuronal transcriptome with more certainty than point
mutations within the seed region of the shNogoA (Figure 3-9). Collectively, these
experiments have the potential of describing NogoA'’s physiological function in forebrain

neurons as well as higher up mechanisms regulating synapse formation and strength.
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4.4 Concluding Remarks

The work communicated in this dissertation advances the field by characterizing
neuronal and glial NogoA expression patterns, identifying neuronal NogoA as a novel
phospho-protein, and demonstrating activity-dependent regulation of NogoA in rodent
forebrain neurons. Our consolidatory efforts revealed lack of single target specificity of a
previously published shRNA initially directed against NogoA (7). More importantly, our
work transcends the audiences of myelin-associated inhibitors, CNS regeneration, or
synaptic plasticity, and advises devoted caution when employing models of RNA
interference as an approach to knock down targeted gene expression. We hope the
scientific rigor and transparency shown in our studies will serve not to deter or
discourage passionate and curious scientists, but to encourage and motivate them to

carefully validate their tools early on in their studies.
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