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Amblyopia, a visual system disorder that affects about two percent of the world's
population, is characterized by the asymmetric reception of visual input across the two
eyes. It leads to visual deficits in acuity detection and depth perception in the amblyopic
eye and causes a shift in preference of visual input towards the uncompromised eye.
The mechanisms that underlie synaptic deficits in amblyopia are partially understood.
Therefore, identifying factors contributing to amblyopia during the developmental

critical period remains a priority.

Amblyopia therapies become less effective once humans reach eight years old due to
the maturation of parvalbumin-positive interneurons (PV* INs) in the visual circuit.
However, altering excitatory inputs onto PV* INs can induce layer-specific synaptic

plasticity following monocular deprivation (MD), a treatment that mimics amblyopia.



Cleavage of the structural barriers around PV* INs can also reactivate plasticity,
suggesting that enzymatic activity within the visual cortex could be used in amblyopia

therapy.

Here, | investigate the role of tumor necrosis factor alpha converting enzyme (TACE)
in the juvenile visual cortex following MD. | hypothesize that reduced excitatory
synaptic contacts onto PV* INs in the deprived hemisphere is governed by upregulated
TACE activity. FRET-based fluorescence was utilized to determine the spatial
distribution and localization of TACE activity within the juvenile cortex. First, |
demonstrate that TACE activation decreases in the compromised hemisphere following
MD, independent of presynaptic excitatory biomarkers. Second, | show that TACE
activity within Layer 2/3 of the visual cortex was time-dependent and unilaterally
disrupted by MD. Lastly, I investigated the prevalence of TACE substrate neuronal
pentraxin receptor (NPR) and found that NPR fluorescence increased in the deprived
hemisphere following MD, independent of changes in excitatory synaptic contacts.
Although the involvement of TACE within the excitatory disconnection pathway was
disproven, the in vivo application of FRET-based biomarkers provides new insight into

enzyme-specific therapeutics for amblyopia and other visual system disorders.
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Chapter 1: Introduction

1.1 Background

1.1.1 Overview of Amblyopia

Amblyopia is a visual system disorder characterized by an imbalance in the reception of visual
input across the two eyes. This disorder originates from the Greek meaning “blunt sight,” and leads
to deficiencies in acuity and depth perception in the compromised eye due to miscommunication
with the brain. The three main forms of amblyopia — deprivation amblyopia, refractive amblyopia,
and strabismic amblyopia — are caused by light obstructions, abnormally shaped corneas, and eye
misalignments, respectively. The brain’s natural tendency to select a dominant eye, known as
ocular dominance, is disrupted in all forms of amblyopia. As a result, the brain develops a
preference for visual input from the unaffected eye, causing a shift in ocular dominance away from
the weaker eye. The shift in eye preference limits the proper development of the weaker eye by
reducing visual information being processed by the brain, which contributes to the progression of
amblyopia.

Amblyopia affects around two percent of the world’s population and is a leading cause of visual
loss in infants and young children, with refractive error, the inability to properly focus light, being
the most common cause [Attebo et al., 1998; Hu et al., 2022; Levi, 2020]. The prevalence of
amblyopia increases when proper detection and adequate visual resources are limited. For
example, three percent of children in the United States are affected by this disorder, while the
prevalence soars beyond ten percent in children from rural Indian states [Dandona et al., 2002;
Sengpiel, 2014], highlighting the importance of early detection and diagnosis to ensure effective

treatment.



Sensitivity during the Developmental Critical Period

Initiation of amblyopia beyond the age range of 6 to 8 years old is rare, pointing at a potential
sensitive or critical period for amblyopic development [Keech and Kutschke, 1995; Lai et al.,
2011; Lewis and Maurer, 2005]. Beyond this developmental window, the visual cortex becomes
less responsive to therapeutic intervention, and the potential for recovery is significantly reduced.
This sensitive period of plasticity has become an attractive time interval for studying visual
experience manipulations induced by amblyopia.

Untreated amblyopia can cause visual deficits to persist into adulthood, well beyond this
developmental critical period in humans. This leads to a range of visual, behavioral, and social
challenges that hinder a person’s ability to meet developmental milestones and gives rise to social
challenges in academic, athletic, and workplace environments. Common visual deficits in the
amblyopic eye include reduced contrast sensitivity, as well as diminished sharpness in position
and depth [Levi, 2020]. These deficits make processing visual tasks more difficult, contribute to
academic delays in reading and writing, and hinder fixation and attention, because the brain
prioritizes the dominant, stronger eye over the struggling amblyopic eye [Chung et al., 2015;
Gonzales et al., 2012].

Eye patching is considered the therapeutic gold standard for intervention in humans, as it
strengthens the weaker eye by temporarily occluding the fellow, uncompromised eye. However,
this approach is treatment-based and does not address the underlying factors that contribute to the
initiation of amblyopia. Even more, the visual system becomes resistant to therapeutic efforts with
age, highlighting the need for further understanding of developmental windows and the
mechanisms that contribute to effective treatment [Holmes et al., 2006; Holmes et al., 2012]. Other

amblyopic interventions have emerged like perceptual learning to improve contrast detection and



position discrimination [Huang et al., 2009; Li et al., 2005]. Additionally, video game usage which
replicates examples for real life applications [Bavelier et al., 2012; Hess et al., 2015; Levi, 2012]
has resulted in more than a three-fold improvement in the visual acuity of adults with amblyopia
[Li et al., 2011]. These treatment types highlight the need to understand the mechanisms that

govern recovery during and beyond the critical period.

Normal Visual Processing and Cortical Layer Specificity

Understanding how visual information is processed is a fundamental step for uncovering
amblyopia mechanisms. Visual input travels from the retina, through the optic nerve and to the
optic chiasma, where fibers carrying neuronal information cross over. The information then travels
to the dorsal lateral geniculate nucleus (dLGN) of the thalamus before reaching the primary visual
cortex (V1), which consists of monocular and binocular regions. The monocular visual cortex
(V1m) is medial and responds only to input from the opposite contralateral eye, while the binocular
visual cortex (V1b) extends laterally and receives input from both eyes. Because amblyopia is
characterized by asymmetrical input across the two eyes, V1b has become a central region of
interest for understanding how amblyopia leads to improper development in the visual cortex. The
primary visual cortex is further divided into six layers ranging from superficial Layer 1 to deep
Layer 6, each playing distinct roles in cortical processing and development. This thesis will focus
on Layer 2/3 (80-250 um), where an early response to surgically induced amblyopia was observed

[Murase et al., 2017; Severin et al., 2021].



1.1.2 Animal Models of Amblyopia

Understanding the factors that contribute to the initiation and progression of amblyopia requires
precise control over the timing and quality of visual input. The evaluation of amblyopia with
human studies may not adequately address these factors because the disorder is usually initiated
before proper diagnosis, with some clinical trials showing visual deficits in toddlers [Ankar et al.,
2003]. This means that therapeutic interventions are treatment, not initiation focused Additionally,
human suffering from amblyopia may not adhere to the therapy requirements. Animal models have
been employed to overcome these limitations for greater control of disease onset, adherence to
therapeutic interventions, and recovery potential.

The selection of appropriate animal models for human translation depends on factors like visual
system organization, binocular arrangement in the visual cortex, and similar amblyopia
development [Duffy et al., 2023; Larsson, 2015]. Nonhuman primates like macaque monkeys have
contributed greatly to the knowledge of contrast sensitivity [Kiorpes, 2019]. Even more, the
pioneer work performed by Hubel and Weisel used kittens to establish amblyopia as a binocular
disorder with hemisphere-specific ocular dominance shifts during intervals of heightened plasticity
known as the critical period [Hubel and Wiesel, 1962]. Cost efficiency, time to sexual maturity,
the emergence of controllable genetic lines, the expansion of pharmacological tools, and
anatomical similarities, have caused rodents to become attractive animal models for exploring the
mechanisms of synaptic disconnection and eye preference in relation to amblyopia [Mitchell and
Sengpiel, 2018]. This thesis will focus on critical period mice for subject analysis during the

interval where the effects of visual manipulations can be explored.



Inducing Amblyopia in the Rodent Visual Cortex

Sensory deprivation techniques like eye patching, eye removal, and monocular deprivation have
been physically implemented to study the impact of visual input manipulation on the binocular
cortex [Nys et al., 2015]. Monocular deprivation (MD) during the visual critical period (P21-P35)
will be applied through the duration of this thesis as a sensory deprivation method to induce
amblyopia [Fong et al., 2020; Gordon and Stryker, 1996]. MD is a surgical procedure that occludes
one eye to block visual input and mimic human amblyopia. It allows for detailed studies on how
the visual system responds to input deficits from one eye and provides insights into therapeutic
interventions for those suffering from amblyopia [Holmes et al., 2016]. Interestingly, preliminary
physiological recordings from our lab reveal a deprivation-dependent decrease in synaptic
connectivity in all layers of the visual cortex corresponding to the weaker eye. These observations
emphasize the feasibility of using MD as the intended technique for in vivo amblyopia research.
Other sensory altering techniques like dark rearing (DR), where animals are raised in total darkness
from birth, and enucleation, the removal of one eye, are also used to study sensory deprivation,
but these techniques have their disadvantages and can lead to compensatory effects that skew input
responses. DR can extend the critical period by delaying inhibitory interneurons maturation [Ye et
al., 2013], yet raising an animal in total darkness may disrupt its natural circadian rhythm [Hsu et
al., 2018]. Enucleation eliminates visual input coming from one eye; however, its implementation
can decrease the surface area of the visual cortex by 40% in rodent and ferret models [Andelin et
al., 2019]. For these reasons, monocular deprivation remains the preferred method for

understanding how visual experience influences neural development.



Influence of Parvalbumin on the Juvenile Visual Circuit Plasticity

Research has highlighted the critical role of inhibitory interneurons, specifically parvalbumin-
positive interneurons (PV* INs), in mediating synaptic weakening. PV* INs are known for their
fast-spiking properties which regulate the balance between excitation and inhibition in cortical
circuits by modulating the activity of excitatory glutamatergic synapses [Bridi et al., 2020; Nahar
et al., 2021]. Dysregulation of this balance can be detrimental, as disrupted PV* IN control
foreshadows the progression of schizophrenia [Howes et al., 2012] and hippocampal epilepsy
[Andrioli et al., 2007] in humans. In the context of monocular deprivation, PV* INs are believed
to influence the plasticity of excitatory synapses and initiate the closure of the critical period
following their maturation, highlighting their importance in deprivation studies of the juvenile

visual cortex [Bruckner et al., 2000; Hensch, 2005].

PV* INs also play a role in presynaptic, postsynaptic, and perisynaptic plasticity. For example,
brief one-day monocular deprivation (1dMD) in the juvenile visual cortex induced structural and
functional decreases in presynaptic excitatory drive onto PV* INs in Layer 2/3 of the V1b, along
with postsynaptic internalization of AMPA receptors, the main glutamate receptors in excitatory
communication [Severin et al., 2021; Sun et al., 2017; Tan et al., 2020]. These findings highlight
the diverse relationship between PV* INs and plasticity efforts. Therefore, targeting PV* INs

should remain a focal point for therapeutic strategies.

1.1.3 Synaptic Plasticity in Response to Sensory Deprivation

Role of Visual Experience in Synaptic Plasticity

Visual experience dictates the quality of synaptic and neuronal circuit development during the
critical period [Berardi, 2003; Malinow and Malenka, 2002]. Synaptic plasticity, the process by

6



which synaptic connections are strengthened or weakened due to activity, is heightened over this
interval of time. On a synaptic level, plasticity is governed by long-term potentiation (LTP) and
long-term depression (LTD) mechanisms. Normal binocular vision encourages LTP, which
strengthens and stabilizes synapses as the visual circuit progresses to maturity in a cell-type
specific manner [Pribiag and Stellwagen, 2013]. In contrast, amblyopia reduces the quality of
visual input serving the affected eye, alters plasticity by reducing synaptic contacts, and impairs
synaptic communication, resulting in LTD, which weakens synapses in the visual cortex [Bliss
and Cooke, 2011].

While the effects of amblyopia on synaptic plasticity can impair the visual circuit through LTD
induction, research by Frenkel and Bear provided insight into how sensory deprivation triggered a
specific sequence that led to both LTD and LTP in the visual cortex. They found that reduced
visual input to the deprived eye led to LTD followed by the shift in the response of binocular
neurons that favored the nondeprived eye in mice [Frenkel and Bear, 2004]. While the mechanisms
underlying LTD and LTP may not fully overlap, it is important to note that both can occur in

sequence following deprivation and contribute to synaptic remodeling.

Postsynaptic lonotropic and Metabotropic Receptors in the Visual Cortex

On a synaptic level, changes in strength are mediated by postsynaptic receptor trafficking. The
postsynapse consists of, but is not limited to, receptors that receive neurotransmitter signals in
addition to auxiliary and scaffolding proteins that provide structural stability for these receptors
[Dumenieu et al., 2021]. The receptors are mainly categorized into ionotropic and metabotropic
types, whose position along the postsynapse follows a hierarchical organization [Scheefhals and

MacGillavry, 2018]. lonotropic receptors influence neuronal activity by quickly opening ion



channels for neuronal excitability [Bliss and Cooke, 2011]. In contrast, metabotropic receptors
slowly and indirectly influence neuronal activity through signaling pathways [Gladding et al.,
2009]. N-methyl-D-aspartate receptors (NMDARs) were the first ionotropic receptors to be
recognized for their role in synaptic plasticity [Bear et al., 1990]. This was followed by a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARS), another ionotropic receptor
which is now considered a common metric to define LTP and LTD. AMPARSs, together with
NMDARSs, serve as indicators for understanding changes in synaptic strength and plasticity [Chater
etal., 2014]. Metabotropic glutamate receptors (mGIuRs) also shape synaptic outcomes by altering
in vivo and in vitro models of synaptic LTD that use secondary messengers to regulate ionotropic

receptor activity [Cho et al., 2008; Huber et al., 1991].

MGIuR5-dependent Mechanisms for Synaptic Plasticity

Activation of mGIuR5, which is elevated during heightened developmental plasticity [Sidorov et
al., 2015], can initiate protein kinase C (PKC) and mitogen-activated protein kinases (MAPK) to
regulate AMPAR trafficking to the postsynaptic surface in bidirectional ways [Ko et al., 2012;
Mao et al., 2016]. Notably, Tumor necrosis factor alpha converting enzyme (TACE) is downstream
of this pathway and cleaves two substrates that are relevant to synaptic plasticity. TACE cleavage
of TNF-alpha into its soluble form promotes LTP and the trafficking of AMPARs towards the
membrane [Stellwagen et al., 2005; Heir et al., 2020]. In contrast, the neuronal pentraxin receptor
(NPR) is cleaved following mGIuR5 and TACE activation, which leads to AMPAR engulfment
and LTD in hippocampal cultures [Cho et al., 2008]. Given that preferential TACE cleavage can
modulate AMPAR trafficking, and that PV* INs can regulate critical period timing, experiments

that integrate these two observations should be explored. Specifically, the potential influence of
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TACE activation on synaptic connectivity onto PV* INs in the juvenile visual cortex merits further

research.

1.1.4 Enzymatic Activity within the Visual Cortex

Sensory manipulation in adult amblyopes does not induce plasticity or ocular dominance shifts
like during the juvenile critical period because the critical period has been closed [Frenkel and
Bear, 2004]. The belief that adult plasticity was constrained was challenged by a seminal paper
where chondroitin sulphate proteoglycans (CSPGs) degradation by chondroitinase ABC (chABC)
restored ocular dominance plasticity following monocular deprivation in adult rodents [Pizzorusso
et al., 2002]. CSPGs are components of the perineuronal net (PNN) that surrounds PV* INs,
providing a structural limit to plasticity by hindering axonal growth [Fitch et al., 1997; Grumet et
al., 1996]. Removal of PNNs by chABC restored adult ocular dominance plasticity and introduced
enzymatic activity as a regulator of circuit remodeling.

Recently, the mature form of endogenous matrix metalloproteinase-9 (MMP9) was shown to
weaken PNNs and enhance the adult visual cortex following dark exposure (DE) and light
reintroduction (LRXx), indicating that sensory deprivation triggers internal enzymatic cues that can
promote plasticity [Murase et al., 2017; Murase et al., 2019]. These data show that sensory
deprivation can be an agonist for both endogenous enzymatic activity and synaptic plasticity in the

adult amblyopic visual cortex. However, there is a significant gap in the literature concerning the

role of endogenous enzymatic activity in Layer 2/3 of the juvenile cortex, where early responses

to synaptic disconnections are reported.




TACE as a Candidate for Synaptic Weakening in the Visual Cortex

In vitro mechanisms may foreshadow the use of endogenous enzymes in the juvenile visual cortex.
In vitro mGIuRS5 stimulation increased neuronal pentraxin receptor (NPR) cleavage into its soluble
form in the medium of HEK293T cells and identified TACE as the responsible enzyme, since NPR
cleavage was absent during TACE inhibition. This process led to the internalization of NPR and
AMPAR subunits into the postsynapse inducing synaptic weakening. The observation parallels
elevated mGIuR5 signaling in the visual cortex following induced amblyopia. Even more,
Monocular deprivation also results in reduced synaptic connectivity between the presynaptic and
postsynaptic partners. Additionally, TACE, a 110kDa transmembrane enzyme with more than 70
known substrates, is essential for subject survival, as knockout mice are not viable and exhibit
visual and cardiovascular abnormalities [Chalaris et al., 2010; Endres et al., 2003; Peschon et al.,
1998]. In addition to its involvement in normal development, TACE is often elevated in pathology,
showcasing its versatility in disease models. For example, TACE levels increase amyloid beta (Ap)
plaque progression in Alzheimer models [Heppner et al., 2015]. It is also upregulated in response
to traumatic cortical injury following mechanical insults to the motor cortex, which limits neuronal
generation after injury [Geribaldi-Doldan et al., 2018].

Interestingly, TACE activation pathways are complex. Endres demonstrated that furin, an enzyme
known to activate ADAML10, is responsible for TACE activation [Endres et al., 2003]. The study
further concluded that TACE activation was independent of mGIuR5 since it was not increased
with the mGIuR5 stimulator 1 uM phorbol 12-myristate 13-acetate (PMA) in HEK293 cells.
However, hippocampal culture studies show that mGIuRS5 is stimulated by PMA, while studies of
colorectal cancers show that furin alone is not sufficient to traffic and activate TACE activity

[Srour et al., 2003]. In the context of amblyopia, the question remains whether in vivo monocular
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deprivation can induce alterations in TACE activity similar to the exogenous administration of

PMA in vitro.

1.1.5 Time-dependent Responses and the Influence of Circadian Rhythm

TACE Substrates Foreshadow Circadian Relationship

The functional roles that PV* INs play in regulating the closure of the critical period also extends
to balancing excitation and inhibition of the visual circuit [Bridi et al., 2020]. The deprivation
induced effects of amblyopia can disrupt this tightly regulated balance and result in disorders like
schizophrenia, autism, Alzheimer's disease, and impaired social behavior [Antoine et al., 2019;
Busche et al., 2015; Ferguson and Gao, 2018; Tran The et al., 2022]. While the links between
dynamic enzymatic activity and the regulation of the mammalian biological clock are limited,
evidence suggests that TACE substrates may link the two processes together. For example, TACE
is the primary enzyme responsible for the cleavage of TNF-alpha, a cytokine whose modulation
through the day regulates circadian rhythm genes [Ertosun et al., 2019]. The dynamic expression
of TNF-alpha is highest at the beginning of the light phase in rodents, including in the cortex
[Floyd et al., 1997]. Interestingly, TNF-alpha also follows the same decreasing trend as excitation
levels during the light phase when the animal is at rest. Though TNF-alpha activity can still occur
in its transmembrane form, exogenous administration of soluble TNF-alpha induced sleep during
the rodent’s active dark phase [Dong et al., 2015; Kreuger et al., 1998]. Additionally, TACE can
interact with TNF-alpha receptors at the synapse [Srour et al., 2003]. This highlights the potential
significance of TACE in regulating TNF-alpha and its receptors within an endogenous setting.

Given these studies, there is a clear need to further investigate the endogenous dynamics of TACE

activity and its potential role within the circadian rhythm. Additional studies on the relationship
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between TACE and time of day can provide useful information about TACE-specific therapeutics,

including approaches aimed at reversing amblyopia to a plastic, juvenile state.

FRET-Based Detection as a Tool for Investigating TACE Activity

Fluorometric assays can be employed to assess the deprivation and time-dependent characteristics
of TACE activity. Specifically, Forster Resonance Energy Transfer (FRET) based synthetic
peptides can be injected into live mice to monitor the spatial and temporal profiles of enzymatic
activity. These peptides have been previously applied in vitro to monitor TACE activity in diabetes
and gastric inflammation disorders [Du et al., 2025; Ghiarone et al., 2022]. In the context of
amblyopia, FRET-based MMP9 substrates have been applied to the adult visual cortex, where its
spatial distribution was characterized following sensory deprivation alterations [Murase et al.,
2017]. The ease and commercial availability of this approach will provide the necessary
fluorescent resolution for the detection of active TACE in the visual cortex, a feat not easily
accomplished by conventional immunoblotting. This technique demonstrates the feasibility of
using synthetic substrate cleavage as a fluorescent biomarker for enzymes specific to the substrate
and allows for the localization of enzymatic activity within the visual cortex following deprivation

and time-based studies.

Conclusion
Together, the literature reveals an interesting gap in knowledge concerning how enzymatic activity
contributes to synaptic weaking in the juvenile visual cortex following monocular deprivation.

TACE, the enzymatic candidate, individually and collectively introduces synaptic and time-
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dependent approaches for studying amblyopia to ultimately promote circuit plasticity following

visual deficits in humans.

1.2 Approach

This dissertation will investigate if brief monocular deprivation is sufficient to active TACE in the
binocular primary visual cortex during the interval of heightened plasticity known as the critical
period. Here, a synthetic substrate specific to TACE activity will be injected into juvenile subjects

to enable the spatial mapping and temporal monitoring of the enzyme and to determine if there are

activity dependent correlations following monocular deprivation conditions.
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Figurel.1 Dissertation overview. A) Normal synaptic communication occurs as glutamate (white circle)
is released from presynaptic excitatory pyramidal neurons labeled by CaMKlla (blue cell body), diffuses
across the synaptic cleft, and interacts with AMPA receptors (purple rectangle), the primary receptors for
excitatory synaptic transmission on the postsynaptic partner represented by Parvalbumin positive
interneurons (PV* INs, green cell body). Metabotropic glutamate receptor 5 (mGIuR5, yellow rectangle),
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tumor necrosis factor-alpha converting enzyme (TACE, light blue rectangle), and neuronal pentraxin
receptor (NPR, pink rectangle) are displayed on the postsynaptic partner. B) Synaptic disconnection
(represented by tilted presynaptic partner) is induced by monocular deprivation (MD, red X over mouse
eye) during the juvenile critical period (P21-P35) and results in reduced presynaptic content and a reduction
in the amount of AMPARs at the postsynapse. C) Here, a FRET-based synthetic substrate (syringe) is
injected into the visual cortex to test the hypothesis that MD activates (lightning bolt) mGIuR5, leading to
the downstream activation (lightning bolt) of TACE, which cleaves (scissors) transmembrane NPR and
results in the internalization of NPR-AMPAR clusters into the postsynapse. Image modified from in vitro
MGIUR5-LTD model proposed in Cho et al., 2008. Cartoon schematic courtesy of Dr. Andrew Borrell.

1.3 Objective and Dissertation Outline

The central aim of this dissertation is to determine the role of TACE in the response of the juvenile
cortex to monocular deprivation, specifically on PV* INs which gate circuit maturation. This
dissertation is organized into the following chapters: Chapter 2 describes the laminar, subtype, and
synaptic characteristics of TACE activity in the juvenile visual cortex under sensory deprivation
conditions. Chapter 3 details the time-dependent characteristics of TACE activity, highlighting
dynamic trends within the light phase of the 24hr cycle. Chapter 4 introduces evidence of the
neuronal pentraxin receptor as a potential TACE target following sensory deprivation paradigms.
Lastly, Chapter 5 summarizes the key findings of this dissertation, highlighting its innovation
while proposing future research directions to further investigate the role of TACE in
developmental plasticity and visual system disorders. This dissertation not only fills the significant
gaps in our understanding of TACE’s role in synaptic plasticity but also lays the groundwork for
novel therapeutic approaches to treat visual processing deficits, such as amblyopia, through TACE

activity targets.
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Chapter 2: Investigation of TACE Activity on Excitatory Synaptic
Disconnections following Monocular Deprivation

Introduction

Excitatory synaptic signaling in the visual cortex occurs when the neurotransmitter glutamate is
released from the presynaptic terminal of excitatory neurons and interacts with postsynaptic
glutamate receptors for proper communication. Monocular deprivation (MD), which surgically
induces amblyopia in rodent models, causes synaptic disconnections by decreasing the excitatory
input onto postsynaptic parvalbumin-positive interneurons (PV* INs) in juvenile mice [Severin et
al., 2021]. Visual experience governs synaptic efficiency [Jenks et al., 2020; Tropea, 2008],
however, the mechanisms and pathways that induce synaptic disconnections following MD are not
fully understood. Downstream postsynaptic alterations involving excitatory glutamate receptors,
like AMPA receptors (AMPARS) and metabotropic glutamate receptor 5 (mGIuR5), may provide
clues for MD-induced synaptic disconnections.

AMPARs are glutamate receptors that primarily reside on the postsynapse to transmit signals
between neurons. The availability of AMPARs at the postsynapse can dictate the level of synaptic
communication between presynaptic and postsynaptic partners [Malinow and Malenka, 2002].
This is important so that neuronal messages are properly relayed within the visual cortex [Tropea,
2008]. The prevalence of AMPARSs promotes synaptic strengthening through a process called
long-term potentiation (LTP), which increases the likelihood that neuronal communication occurs
between two neurons. In contrast, reduced AMPAR availability results in synaptic weakening
known as long-term depression (LTD), as seen following MD [Rittenhouse et al., 2009; Yoon et
al., 2009] and modeled in culture [Heynen et al., 2000; Man et al., 2000; Snyder et al., 2001; Wang
et al., 2000]. Regulation of AMPAR trafficking occurs with, but is not limited to, neuronal
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pentraxin receptor (NPR) and tumor necrosis factor-alpha (TNF-alpha). In hippocampal rat and
mouse in vitro cultures, cleavage of transmembrane NPR promotes LTD through AMPAR
aggregation and endocytosis away from the postsynapse [Cho et al., 2008]. However, the
exogenous addition of soluble TNF-alpha can induce LTP through AMPAR trafficking to the
postsynaptic surface when added to in vitro cultures [Beattie et al., 2002; Stellwagen et al., 2005].
Hippocampal excitatory pyramidal neurons experience exocytosis and increased AMPAR surface
expression in the presence of soluble TNF-alpha [Passafaro et al., 2003], while inhibitory medium
spiny neurons exhibit decreased AMPAR surface expression [Lewitus et al., 2014; Stellwagen et
al., 2005].

Cleavage of NPR and TNF-alpha initiates contrasting AMPAR trafficking mechanisms, yet both
substrates are cleaved by the same enzyme — tumor necrosis factor-alpha converting enzyme
(TACE). TACE recognizes the alanine — valine amino acid sequence in NPR and TNF-alpha and
converts them from their transmembrane forms into soluble products, which then initiates the
different effects of AMPAR trafficking [Black et al., 1997; Leonard et al., 2005; Li et al., 2008;
Moss et al., 1997]. Immunoblots of neuronal culture reveal that TACE inhibition blocks the
cleavage of NPR [Cho et al., 2008], while soluble TNF-alpha is released from the membrane
following TACE cleavage [Li et al., 2009]. Despite its implied in vitro role in cell culture, the in
vivo roles of TACE in the context of juvenile MD have not been studied.

Activation of mGIuR5, an upstream deprivation dependent agonist for TACE activation, leads to
the phosphorylation of TACE into its active, mature form [Cho et al., 2008; Li et al, 2009].
Additionally, mGIuR5 expression increases during the juvenile critical period in the rodent brain,

hinting at a potential trend for TACE activity in the mouse visual cortex [Dudek and Bear, 1998].
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In this chapter, | build on the relationship between TACE substrates with synaptic efficiency
through postsynaptic AMPARs as well as the involvement of mGIuR5 activation in the conversion
of TACE into its mature form to understand TACE activity in the juvenile visual cortex under

deprivation conditions. I hypothesize that active TACE will increase in the deprived, contralateral

hemisphere, with an increased presence at excitatory synapses onto PV* INs in vivo. Here, |

employ a FRET-based synthetic substrate specific to active TACE to establish the laminar,

subtype, and synaptic characteristics of TACE in normal reared and deprived conditions.

Materials and Methods

Subjects

C57BL/6J mice (Strain#: 000664; RRID: IMSR_JAX:000664) were purchased from Jackson
Laboratory (Bar Harbor, ME). Wild-type normal reared (WTNR) male and female mice in the
critical period (P24-P32) were used for this study. Mice were raised in a 12 hr light / dark cycle,
and experiments were performed 1 hr into the light phase of a 12 hr light / dark cycle. Mice were
separated into three experimental groups: (1) WTNR control subjects, (2) one-day monocular
deprivation (1dMD) subjects, and (3) one-day monocular deprivation (LdMD) subjects treated
with an mGIuR5 antagonist (LdMD+MPEP) (Figure 2.1). All procedures were conducted within
the guidelines of the University of Maryland Institutional Animal Care and Use Committee
(IACUC Reference #: R-May-22-26).

Preparation of Drug Solutions

For mGIuR5 inhibitor studies, MPEP, a selective mGIuR5 antagonist (Tocris Biosciences,
1mg/mL, i.p.), was injected intraperitoneally into the hindleg of each experimental group subject

prior to monocular deprivation surgeries.
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Figure 2.1. Experimental timeline for different conditional groups. Cannulae were implanted in critical
period mice (P24-28), followed by a 72 hr post-operation recovery period. A) Wild-type normal reared
(WTNR) subjects were injected with FRET biomarker and followed a 24 hr deprivation period before
sacrifice. B) Deprivation surgeries were performed on one-day monocular deprivation (1dMD) subjects
prior to FRET injection. A 24 hr deprivation interval was implemented before animal sacrifice. C) MPEP
(Amg/mL, i.p.) was administered to one-day monocular deprivation with mGIuR5 antagonist
(1dMD+MPEP) subjects prior to deprivation surgeries and FRET injection. A 24 hr deprivation interval
was implemented before animal sacrifice. Created in https://BioRender.com.
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Monocular Deprivation

For monocular deprivation surgeries, subjects were anesthetized with 1.5% isoflurane in 100% O
delivered via an isochamber and lab constructed nosecone. The upper and lower eyelids of one eye
were prepped with betadine, trimmed, and sutured together using a 5-0 suture kit (CP Medical,
385A CP-B385A-04). Subjects recovered on a 37°C heating pad for 15 minutes before being

returned to their home cage.

Preparation and Injection Parameters for Synthetic TACE Substrate Biomarker

The Synthetic TACE substrate (Component A, Anaspec; AS-72085 A520, 1:10) was used to
visualize TACE activity. The A520 biomarker consists of a synthetic FRET substrate whose
fluorescence (excitation/emission: 490/520 nm) is quenched in the absence of TACE-specific
enzymatic activity. FRET substrate cleavage by TACE disrupts quenching and results in
fluorescence emission. Therefore, fluorescence reports TACE activity.

The TACE substrate biomarker was delivered via brain cannulae (PlasticsOne, 2mm projection
and 1mm pedestal), which were implanted three days prior to the injection of the TACE substrate
biomarker to ensure its precise delivery. Subjects were anesthetized with 1.5% isoflurane in 100%
O> delivered via an isochamber and stereotax (Kopf Instruments). Topical lidocaine ointment and
carprofen (0.1mg/kg, i.p.) were administered to ease post-surgery discomfort. A surgical scalpel
blade was used to create an incision along the sagittal suture. Clips were used to hold back the
scalp, and the exposed skull was cleaned with acetone. A single cranial hole was drilled at
appropriate stereotax measurements (Kopf Digital Display Console, 2.2mm from lambda suture
line) using a microdrill (CellPoint Scientific, Ideal Micro-Drill 67-1204). Loctite glue was added

to the dorsal region of the cannula, near the 1mm pedestal projection, and cannula was inserted
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into the drilled hole. Following cannula placement, loctite glue was used to seal the perimeter of
the cannula and to secure the scalp around the cannula. Subjects recovered on a 37°C heating pad
for 15 minutes before being returned to their home cage.

On injection day, the TACE substrate biomarker was diluted in Assay Buffer (Component C) and
delivered through the cannula following monocular deprivation (P27 for 1dMD and WTNR
subjects; P31 for MPEP subjects). A total volume of 4 mL at 200 nL/min was delivered via syringe
(Hamilton; 701RN 10 pL SYR) attached to a Micro syringe Pump Controller (World Precision

Instruments). Subjects were disqualified if cannulae were clogged prior to injection.

Transcardial Perfusion and Slice Preparation

Male and female juvenile subjects were anesthetized with 4% isoflurane in 100% O in a modified
isochamber prior to being sacrificed by transcardial perfusion of the whole mouse with 1X
phosphate buffered saline (PBS) and 4% paraformaldehyde (PFA) in 1X PBS. Subjects were
decapitated for brain extraction. Deprived eyes were monitored and disqualified if the stitches from
eye suturing opened after a four-axis post-perfusion tug. Perfused brains were extracted following
skull removal. Post-fixation of extracted brains was performed in 4% PFA for 24 hr, 30% sucrose
in 1X PBS for 24 hr, and cryoprotectant (30% (v/v) ethylene glycol, 50% (v/v) sodium phosphate
buffer at a pH of 7.4, 3mM sodium azide, and 0.58M sucrose) for 24 hr. The lower entorhinal layer
(Mouse Brain Atlas) of the left hemisphere was cut to distinguish experimental and control
hemispheres. Free-floating coronal sections (40 um) were sliced using a Leica VT1000S and

stored in cryoprotectant filled transwell plates.
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Immunohistochemistry

Brain sections were blocked with blocking buffer solution (4% (v/v) goat serum, 1% (v/v) 0.1 M
sodium azide, 0.4% (v/v) Triton X-100 detergent, 0.09% (v/v) Tween20 detergent, and 94.51%
(v/iv) 1X PBS) for 1 hr followed by three washes in 1X PBS for five minutes each. Slices were
placed in primary antibody solutions diluted into blocking buffer for 24 hr followed by three
washes in 1X PBS for five minutes each. Slices were then incubated with secondary antibodies,
diluted in blocking buffer, for 2 hr followed by three washes in 1X PBS for ten minutes each.
Antibodies included: rabbit anti-parvalbumin (PV; Synaptic Systems Cat# 195-002, RRID:
AB_ 2156474, 1:1000), mouse anti-parvalbumin (PV; Sigma-Aldrich Cat# P3088-2mL, RRID:
AB 477329, 1:1000), guinea pig anti-vesicular glutamate transporter 1 (VGlutl, Millipore Cat#
AB5905, RRID: AB 2301751, 1:1000), rabbit anti-cFos (Abcam Cat# ab214672, RRID:
AB_2939046, 1:300), and rabbit anti-GluAl (Abcam Cat# ab31232, RRID: AB_2113447, 1:200)
followed by appropriate secondary antibodies conjugated to Alexa-488, 546, 568 or 647 (Life
Technologies, 1:1000). Brain tissues were plated on microslides (VWR, Cat# 48312.003) using

immu-mount (Thermo Fisher, Cat# 9990402).

Confocal Imaging and Airyscan Processing

Images were acquired on a Zeiss LSM 980 confocal microscope with Airyscan Processing, which
used linear deconvolution to improve the signal to noise ratio, redirect scattered light back to the
original light source, and increase image resolution to minimize false positives from fluorescence
halos [Huff et al., 2015]. Single z-section images (0.2 pum) were taken using a 40X objective lens

with a 3X zoom.
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For the layer-specific cortical depth distribution of TACE activity, a 70 um x 70 um snhap image
was acquired for each of the six layers in the binocular visual cortex from the most superficial edge
of Layerl to deep Layer6. Six total images corresponding to the six layers of the visual cortex
were obtained for both the right and left hemispheres resulting in twelve collective images per
stained brain slice. Imaging acquisition was performed with three slice replicates per subject.

Power analysis determined that a minimum of five snap images were required to maintain
significance for the cellular subtype and synapse specific distribution of TACE activity on PV*
INs and cFos™ cell bodies in Layer 2/3 (Figure 2.2). Five multichannel snap images were acquired
per hemisphere using a 70 um x 70 um region of interest. Imaging acquisition was performed with

three slice replicates per subject.
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Figure 2.2. Five observations per hemisphere provide sufficient statistical power (¢=0.05). Rainbow
cloud plots combine visual representations of scatter, box, and one-sided violin plots for ipsilateral (left,
green) and contralateral (right, orange) hemispheres. A) Example analysis of three observations in triplicate
for nine observations total with a consistent power level selected (calculated sample size: 26 subjects, p=
0.222, t-test, n=15 subjects). B) Example analysis of four observations in triplicate for twelve observations
total with a consistent power level selected (calculated sample size: 14 subjects, p=0.073, t-test, n=15
subjects). C) Example analysis of five observations in triplicate for fifteen observations total with a
consistent power level selected (calculated sample size: 14 subjects, p= 0.023, t-test, n=15 subjects).
Image Analysis

The following imaging analysis was used for the layer, cellular subtype, and synapse specific
distribution of TACE. Snap images were converted to 8bit images. Multichannels were split
followed by individual thresholds and size exclusions The following threshold and size exclusions
were applied in ImageJ (NIH) for the laminar, cellular subtype and synaptic specificity of TACE
localization: GIuAl (auto threshold (Auto Thr)+25; 0.05 — 2 um), VGlutl (Auto Thr+25, 0.2 — 2
pm), PV (Auto Thr+25, 20 — 200 um), cFos (Auto Thr + 25) and TACE activity biomarker (Auto
Thr+2SD, 0.1 - 2um). The Analyze particle tool was used to determine the fluorescent puncta
count, total fluorescence area, and average puncta size for each composite image (Figure 2.3). The

AND command was used to determine the TACE colocalization with GluAl, VGlutl, PV, and

cFos.
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Figure 2.3. Workflow of data analysis for TACE activity count. Sequence of events from image analysis
to conditional-specific results. A) Representative image of TACE activity biomarker (green) and cFos (red)
colocalization. B) Subject-specific analysis where each data point represents an average of 5 observations
performed in triplicate for contralateral (contra, orange) and ipsilateral (ipsi, blue) hemispheres as selected
in Figure 2.2. Data points for example image (A) are represented by solid green circles. C) Data analysis
where each data point represents one subject within the experimental group. Data points for the subject
associated with example image (A) are represented by solid green circles.

Statistical analysis

Layer-specific cortical depth and condition-specific experimental group analyses were conducted
using one-way ANOVA (JASP). Tukey’s post hoc tests were applied to significant ANOVA
results to identify the specific pairwise comparison. Contralateral and ipsilateral hemisphere
comparisons were performed with paired Student’s t-test. All data values were represented as mean

+ standard error mean (SEM) for visualization. Statistical significance is given by the following

p-values: p<0.05=* p<0.01 =**, p <0.001 = ***,
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Results

Baseline TACE activity is present in all layers of the binocular visual cortex

| first quantified the laminar distribution of cleavage fluorescence as an indicator of TACE activity
within wild-type normal reared (WTNR) control subjects. High magnification ex vivo imaging
revealed punctate TACE activity in all layers of the visual cortex (Figure 2.4A) with comparable
count values (Figure 2.4B), except a significant decrease in Layer 1 (One-way ANOVA, ipsi: p <
0.001; contra: p < 0.001 with Tukey post hoc test). Hemisphere analysis of TACE activity count
was nonsignificant through all layers of the visual cortex (L1: p = 0.869, L2: p = 0.227, L3: p =
0.245, L4: p=0.227, L5: p=0.180, L6: p =0.766, Figure 2.4B). The TACE activity area (Figure
2.4C) and size (Figure 2.4D) also revealed similar trends by layer (One-way ANOVAs for area,
ipsi: p< 0.001; contra: p< 0.001 with Tukey post hoc test; for size, ipsi: p= 0.260; contra: p= 0.002
with Tukey post hoc test) and by hemisphere (area: L1: p=0.456, L2: p=0.348, L3: p=0.030, L4:
p= 0.886, L5: p= 0.056, L6: p= 0.765; size: L1: p= 0.173, L2: p= 0.852, L3: p= 0.038, L4: p=

0.177, L5: p= 0.154, L6: p= 0.468).
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Figure 2.4. Baseline TACE activity is present in all layers of the binocular visual cortex. (A)
Representative high magnification (40X) images of active TACE dependent FRET fluorescence through
six layers of the juvenile binocular visual cortex. Scale bar = 10um. (B-D) Quantification of TACE activity
by hemisphere and cortical depth layers for contralateral (contra, orange) and ipsilateral (ipsi, blue)
hemispheres. B) TACE activity count by cortical layer (One-way ANOVAs, ipsi: F = 53.388, p< 0.001;
contra: F=50.684, p< 0.001 with Tukey post hoc test) and by hemisphere (Student’s t-test: L1: p= 0.869,
L2: p=0.227, L3: p= 0.245, L4: p= 0.227, L5: p= 0.180, L6: p= 0.766, n = 8 subjects). C) TACE activity
area by cortical layer (One-way ANOVAs, ipsi: F = 18.849, p< 0.001; contra: F= 31.695, p< 0.001 with
Tukey post hoc test) and by hemisphere (Student’s t-test: L1: p=0.456, L2: p=0.348, L3: p=0.030, L4: p=
0.886, L5: p=0.056, L6: p= 0.765, n = 8 subjects). D) TACE activity count by cortical layer (One-way
ANOVAs, ipsi: F = 1.356, p= 0.260; contra: F= 4.740, p= 0.002 with Tukey post hoc test) and by
hemisphere (Student’s t-test: L1: p=0.173, L2: p=0.852, L3: p=0.038, L4: p=0.177, L5: p=0.154, L6: p=
0.468, n = 8 subjects).
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Control subjects have comparable VGlutl and TACE parameters on PV* INs

I confirmed the presence of excitatory cortical axons with vesicular glutamate transporterl
(VGlutl) as a positive control for synaptic contacts onto PV* INs. Contralateral and ipsilateral
(Figure 2.5A) hemispheres had comparable count (p=0.292, Figure 2.5B), area (p=0.096, Figure

2.5C), size (p=0.051, Figure 2.5D), and density (p=0.295, Figure 2.5E) values in Layer 2/3.
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Figure 2.5. Excitatory glutamatergic synapses are present on parvalbumin-positive interneurons

(PV+ INs) in Layer 2/3 of WTNR subjects. A) Representative images of Parvalbumin (PV, green) and
marker for cortical axons (VGlutl, magenta) for contralateral (top) and ipsilateral (bottom) hemispheres.
Quantification of VGlutl puncta for contralateral (contra, orange) and ipsilateral (ipsi, blue) hemispheres.
B) VGlutl count (Student’s t-test: p = 0.292, n = 8 subjects). C) VGIutl area (t-test: p = 0.096, n = 8

subjects). D) VGlutl size (t-test: p = 0.051, n = 8 subjects). E) Density of VGIutl puncta per PV area
(Student’s t-test: p = 0.295, n = 8 subjects).

| then determined if TACE activity puncta were present on PV* INs of control subjects. Like
presynaptic VGlutl, the contralateral and ipsilateral (Figure 2.6A) hemispheres had comparable
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count (p=0.102, Figure 2.6B), area (p=0.052, Figure 2.6C), and density (p=0.098, Figure 2.6E)

values in Layer 2/3, while the size parameter decreased in the contralateral hemisphere (p=0.012,

Figure 2.6D).
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Figure 2.6. TACE activity puncta are present on PV INs in Layer 2/3 of WTNR subjects. A)
Representative images of Parvalbumin (PV, red) and biomarker for TACE activity (green) for contralateral
(top) and ipsilateral (bottom) hemispheres. Quantification of TACE activity for contralateral (contra,
orange) and ipsilateral (ipsi, blue) hemispheres. B) TACE activity biomarker count (Student’s t-test: p=
0.102, n= 8 subjects). C) TACE activity biomarker area (t-test: p= 0.052, n= 8 subjects). D) TACE activity
biomarker size (t-test: p=0.012, n= 8 subjects). E) density of TACE activity puncta per PV area (Student’s
t-test: p= 0.098, n= 8 subjects).

Lastly, I established a control for my hypothesis that TACE activity contributes to the deprivation
dependent decrease of excitatory synapses onto PV* INs in Layer 2/3. The triple colocalization of

VGlutl with the TACE activity biomarker on PV* INs was quantified to determine the presence

of TACE enzyme at excitatory synapses onto PV* INs. | hypothesized that since no experimental
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manipulation was performed on the wild-type normal reared subjects, the contralateral and
ipsilateral (Figure 2.7A) hemispheres should be comparable. Analysis revealed no significant
differences in count (p=0.110, Figure 2.7B), area (p=0.070, Figure 2.7C), size (p=0.208, Figure

2.7D), and density (p=0.108, Figure 2.7E) values between the two hemispheres.
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Figure 2.7. Triple colocalization of VGlutl and TACE on PV" INs is minimal in WTNR subjects. A)
Representative images of Parvalbumin (PV, red), VGIlutl (magenta), and biomarker for TACE activity
(green) for contralateral (top) and ipsilateral (bottom) hemispheres. Quantification of triple colocalization
for contralateral (contra, orange) and ipsilateral (ipsi, blue) hemispheres. B) Triple colocalization count
(Student’s t-test: p=0.110, n= 8 subjects). C) Triple colocalization area (t-test: p=0.070, n= 8 subjects). D)
Size (t-test: p= 0.108, n= 8 subjects). E) density of Triple colocalization puncta per PV area (Student’s t-
test: p=0.208, n= 8 subjects).

TACE activity and VVGlutl puncta decrease in the contralateral hemisphere following MD
One day monocular deprivation (1dMD) was surgically applied to determine if disruptions to the
visual input of one eye altered TACE activity within the juvenile visual cortex, since visual
experience shapes neuronal circuitry [Jenks et al., 2020]. Here, | tested if active TACE levels

parallel the upstream activator mGIuR5 following monocular deprivation. | hypothesized that
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active TACE levels, as measured by fluorescently cleaved puncta, would increase in the
contralaterally deprived hemisphere, indicating increased proteolysis following deprivation. High
magnification ex vivo imaging (Figure 2.8A) of 1dMD subjects revealed laminar distribution
trends that were like WTNR subjects (ipsi: p< 0.001; contra: p< 0.001 with Tukey post hoc test,
Figure 2.8B), where the significance in TACE activity count was lowest in Layerl. Analysis of
the hemispheres per layer reveal deprivation dependent decreases in all layers except Layerl and
deeper Layer 2/3 (L1: p= 0.380, L2: p=0.003, L3: p=0.170, L4: p=0.025, L5: p=0.034, L6: p=
0.020, Figure 2.8B). The laminar distribution of TACE activity area was significant (ipsi: p<
0.001; contra: p< 0.001 with Tukey post hoc test, Figure 2.8C) while hemisphere comparison per
layer reveal deprivation dependent decreases only in Layer4 though Layer 6 (L1: p=0.345, L2: p=
0.180, L3: p= 0.196, L4: p= 0.015, L5: p= 0.008, L6: p= 0.015, Figure 2.8C). Lastly, both the
contralateral and ipsilateral size values were significant through the cortical depth (ipsi: p=0.038;
contra: p<0.001 with Tukey post hoc test, Figure 2.8D), while the hemisphere comparisons by
layer were nonsignificant (L1: p= 0.533, L2: p=0.151, L3: p=0.503, L4: p=0.293, L5: p=0.759,

L6: p= 0.354, Figure 2.8D).

30



B TACE Activity Count C TACE Activity Area (um?) D TACE Activity Size (um?)
0 5 10 15 0 5 10 0 0.5 1

L1 L1 L1

-
ko

L2

-
w

L3

-
1S

L4

Cortical Depth (Layers)
Cortical Depth (Layers)

-
o

Figure 2.8. Brief MD induces a deprivation-dependent decrease in contralateral TACE activity. (A)
Representative high magnification (40X) images of active TACE dependent FRET fluorescence through
six layers of the visual cortex. Scale bar = 10 um. (B-D) Quantification of TACE activity by hemisphere
and cortical depth layers for contralateral (contra, orange) and ipsilateral (ipsi, blue) hemispheres. B) TACE
activity count by cortical layer (One-way ANOVAs, ipsi: F =25.286, p< 0.001; contra: F=17.670, p< 0.001
with Tukey post hoc test) and by hemisphere (Student’s t-test: L1: p= 0.380, L2: p= 0.003, L3: p= 0.170,
L4: p=0.025, L5: p=0.034, L6: p=0.020, n = 15 subjects). C) TACE activity area by cortical layer (One-
way ANOVA, ipsi: F = 29.008, p< 0.001; contra: F= 28.330, p< 0.001 with Tukey post hoc test) and by
hemisphere (Student’s t-test: L1: p=0.345, L2: p=0.180, L3: p=0.196, L4: p= 0.015, L5: p=0.008, L6: p=
0.015, n = 15 subjects). D) TACE activity size by cortical layer (One-way ANOVAs, ipsi: F = 2.480,
p=0.038; contra: F=5.170, p<0.001 with Tukey post hoc test) and by hemisphere (Student’s t-test: L1: p=
0.533, L2: p=0.151, L3: p=0.503, L4: p= 0.293, L5: p=0.759, L6: p= 0.354, n = 15 subjects).
31



| then confirmed the deprivation dependent decrease in excitatory contacts onto PV* INs following
monocular deprivation [Severin et al., 2021]. Here, | report significant deprivation dependent
decreases in the count (p= 0.018, Figure 2.9B), area (p= 0.038, Figure 2.9C), and density (p =
0.021, Figure 2.9E) of the contralateral hemisphere, which oppose the nonsignificant size

comparison (t-test: p=0.116, Figure 2.9D).
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Figure 2.9. Excitatory glutamatergic synapses decrease on PV' INs in the contralaterally deprived
hemisphere following monocular deprivation. A) Representative images of Parvalbumin (PV, red) and
marker for cortical axons (VGlutl, magenta) for contralateral (top) and ipsilateral (bottom) hemispheres.
Quantification of VGlutl puncta for contralateral (contra, orange) and ipsilateral (ipsi, blue) hemispheres.
B) VGlutl count (Student’s t-test: p= 0.018, n= 15 subjects) C) VGlutl area (t-test: p= 0.038, n= 15
subjects) D) VGIutl size (t-test: p= 0.116, n= 15 subjects), E) Density of VGlutl puncta per PV area
(Student’s t-test: p= 0.021, n= 15 subjects).
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Next, | examined the subtype specificity of TACE through localization with inhibitory PV* INs
(Figure 2.10A) and excitatory cFos™ cell bodies (Figure 2.10E), where cFos is a known biomarker
for neuronal activity. Similar to the trends found with VGlutl, | report significant decreases in
TACE activity count (p= 0.013, Figure 2.10B) and area (p= 0.012, Figure 2.10C) in the
contralateral hemisphere of PV* INs, with nonsignificant size (p= 0.376, Figure 2.10D) and
density values (p=0.072, Figure 2.10E). I also report significant decreases in TACE activity count
(p=0.047, Figure 2.10G), area (p= 0.026, Figure 2.10H), and density (p= 0.037, Figure 2.101)
in the contralateral hemisphere of cFos* cell bodies, with nonsignificant size (p= 0.376, Figure
2.10J) values.

To determine if enzymatic TACE activity contributes to the deprivation dependent decrease of
excitatory synapses onto PV* INs following monocular deprivation, | quantified the triple
colocalization of VGlutl and the TACE activity biomarker on PV* INs. As seen in WTNR
subjects, there was minimal colocalization of TACE and VGlutl together on PV* INs, regardless
of hemisphere (Figure 2.11A). Here, | report nonsignificant differences in the count (p= 0.587,
Figure 2.11B), area (p=0.636, Figure 2.11C), size (p=0.757, Figure 2.11D), and density (p=0.481,

Figure 2.11E) values following monocular deprivation.
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Figure 2.10. TACE activity count decreases in the contralateral hemisphere of PV" and c-Fos’ cell
bodies following monocular deprivation. A, F) Representative images of Parvalbumin (PV, magenta) or
c-Fos (red) with TACE activity biomarker (green) for contralateral (top) and ipsilateral (bottom)
hemispheres. Quantification of TACE activity puncta for contralateral (contra, orange) and ipsilateral (ipsi,
blue) hemispheres. B) TACE activity biomarker count (Student’s t-test: p=0.013), C) area (t-test: p=0.012).
D) size (Student’s t-test: p=0.376), and E) density (Student’s t-test: p= 0.072, n= 15 subjects) on PV* INs.
G) TACE activity biomarker count (Student’s t-test: p= 0.047), H) area (t-test: p= 0.026). 1) size (Student’s
t-test: p= 0.061), and J) density (Student’s t-test: p=0.037, n= 7 subjects) on c-Fos+ cell bodies.
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Figure 2.11. Triple colocalization of VGlutl and TACE on PV" INs is minimal in 1dMD subjects. A)
Representative images of Parvalbumin (PV, red), VGlutl (magenta), and biomarker for TACE activity
(green) for contralateral (top) and ipsilateral (bottom) hemispheres. Quantification of triple colocalization
for contralateral (contra, orange) and ipsilateral (ipsi, blue) hemispheres. B) Triple colocalization count
(Student’s t-test: p= 0.587, n= 15 subjects). C) Triple colocalization area (t-test: p= 0.636, n= 15 subjects).
D) Size (t-test: p= 0.757, n= 15 subjects). E) density of Triple colocalization puncta per PV area (Student’s
t-test: p= 0.481, n= 15 subjects).
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MPEP administration blocks decreased TACE activity count and VGlutl parameters

An mGIuR5 antagonist experimental group was added to determine if the changes in TACE
activity induced by monocular deprivation could be blocked. Following monocular deprivation
there is an increase in mGIuRS5 in the deprived hemisphere. Here, | asked if the administration of
MPEP, an mGIuR5 antagonist, is sufficient to block the deprivation dependent decrease in the
contralateral hemisphere following monocular deprivation. | hypothesized that following
1dMD+MPEP, there would be comparable levels of TACE activity biomarker in the contralateral
and ipsilateral hemispheres. High magnification ex vivo imaging (Figure 2.12A) of 1dMD+MPEP
subjects revealed laminar distribution trends comparable to WTNR subjects (ipsi: p< 0.001; contra:
p< 0.001 with Tukey post hoc test, Figure 2.12B), where the significance in TACE activity count
was present in Layerl. Analysis of the hemispheres per layer revealed comparable TACE levels
in all layers (L1: p=0.721, L2: p=0.740, L3: p=0.960, L4: p=0.497, L5: p=0.284, L6: p= 0.500,
Figure 2.12B). The laminar distribution of TACE activity area was significant (ipsi: p< 0.001;
contra: p< 0.001 with Tukey post hoc test, Figure 2.12C) while hemisphere comparison per layer
reveal comparable nonsignificant values in all layers (L1: p= 0.833, L2: p= 0.592, L3: p= 0.894,
L4: p= 0.739, L5: p= 0.081, L6: p= 0.986, Figure 2.12C). The contralateral and ipsilateral size
values were nonsignificant through the cortical depth (ipsi:, p=0.794; contra: p=0.231 with Tukey
post hoc test, Figure 2.12D), while the hemisphere comparisons by layer were nonsignificant (L1:

p= 0.496, L2: p= 0.471, L3: p= 0.363, L4: p=0.760, L5: p= 0.103, L6: p= 0.228, Figure 2.12D).
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Figure 2.12. MPEP administration blocks the decrease in TACE activity in the deprived hemispheres
of 1dMD subjects. (A) Representative high magnification (40X) images of active TACE dependent FRET
fluorescence through six layers of the visual cortex. Scale bar = 10 um. (B-D) Quantification of TACE
activity by hemisphere and cortical depth layers for contralateral (contra, orange) and ipsilateral (ipsi, blue)
hemispheres. B) TACE activity count by cortical layer (One-way ANOVAs, ipsi: F = 17.781, p< 0.001;
contra: F=12.841, p< 0.001 with Tukey post hoc test) and by hemisphere (Student’s t-test: L1: p= 0.721,
L2: p=0.740, L3: p=0.960, L4: p= 0.497, L5: p= 0.284, L6: p= 0.500, n = 5 subjects. C) TACE activity
area by cortical layer (One-way ANOVAs, ipsi: F = 10.589, p< 0.001; contra: F= 8.564, p< 0.001 with
Tukey post hoc test) and by hemisphere (Student’s t-test: L1: p=0.833, L2: p=0.592, L3: p=0.894, L4: p=
0.739, L5: p= 0.081, L6: p= 0.986, n = 5 subjects. D) TACE activity count by cortical layer (One-way
ANOVA:s, ipsi: F=0.470, p=0.794; contra: F=1.487, p=0.231 with Tukey post hoc test) and by hemisphere
(Student’s t-test: L1: p= 0.496, L2: p= 0.471, L3: p=0.363, L4: p=0.760, L5: p=0.103, L6: p=0.228, n =
5 subjects).
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Excitatory presynaptic VGlutl was used to determine if the excitatory disconnection of synaptic
contacts onto PVV* INs were blocked by MPEP administration following deprivation. Here, | report
comparable count (Student’s t-test: p= 0.547, Figure 2.13B), area (Student’s t-test: p= 0.742,
Figure 2.13C), size (Student’s t-test: p = 0.829, Figure 2.13E), and density (Student’s t-test: p =

0.699, Figure 2.13E) values between the contralateral and ipsilateral hemispheres.
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Figure 2.13. MPEP administration blocks the decrease in excitatory glutamatergic synapses on PV’
INs following MD. A) Representative images of Parvalbumin (PV, red) and marker for cortical axons
(VGlutl, magenta) for contralateral (top) and ipsilateral (bottom) hemispheres. Quantification of VGlutl
puncta for contralateral (contra, orange) and ipsilateral (ipsi, blue) hemispheres. B) VGlutl count (Student’s
t-test: p= 0.547, n= 5 subjects) C) VGlutl area (t-test: p= 0.742, n=5 subjects) D) VGlutl size (t-test: p=
0.829, n= 5 subjects), E) Density of VGlutl puncta per PV area (Student’s t-test: p= 0.699, n=5 subjects).

Next, | examined if MPEP administration blocked the deprivation dependent decrease in TACE

activity count on PV* INs. | report comparable TACE activity count (p= 0.183, Figure 2.14B),
38



area (p=0.301, Figure 2.14C), size (p=0.286, Figure 2.14D) and density values (p=0.423, Figure
2.14E). | obtained interesting results for the triple colocalization of TACE with VGIlutl. I report
significant differences in the count (p= 0.011 Figure 2.15B), size (p= 0.019, Figure 2.15D), and

density (p=0.013, Figure 2.15E), while the area was nonsignificant (p= 0.175, Figure 2.15C),
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Figure 2.14. MPEP administration blocks the decrease in TACE activity on PV* INs following MD.
A) Representative images of Parvalbumin (PV, red) and TACE activity biomarker (green) for contralateral
(top) and ipsilateral (bottom) hemispheres. Quantification of VGIlutl puncta for contralateral (contra,
orange) and ipsilateral (ipsi, blue) hemispheres. B) TACE activity biomarker count (Student’s t-test: p=
0.183, n= 5 subjects) C) TACE activity biomarker area (t-test: p= 0.301, n= 5 subjects) D) TACE activity
biomarker size (t-test: p=0.286, n= 5 subjects), E) density of TACE activity puncta per PV area (Student’s
t-test: p= 0.423, n= 5 subjects).
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Figure 2.15. MPEP administration shows increased triple colocalization of VGIlutl and TACE on =VA
INs in the contralaterally deprived hemisphere. A) Representative images of Parvalbumin (PV, red),
VGlutl (magenta) and TACE activity biomarker (green) for contralateral (top) and ipsilateral (bottom)
hemispheres. Quantification of VGlutl puncta for contralateral (contra, orange) and ipsilateral (ipsi, blue)
hemispheres. B) Triple colocalization count (Student’s t-test: p=0.011, n=5 subjects) C) Triple
colocalization area (t-test: p=0.175, n=5 subjects) D) Size (t-test: p=0.019, n=5 subjects), E) density of
Triple colocalization puncta per PV area (Student’s t-test: p=0.013, n=5 subjects).
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Validation of postsynaptic AMPAR subunit antibody reveals suboptimal staining

Seeing that AMPAR expression at the synapse has been central to synaptic communication, |
stained for GIuA1, an AMPAR subunit. First, | confirmed the staining of GIuAL as a postsynaptic
partner of presynaptic VGIutl. Visual representations show that GIuAl was present on PV* INs
yet did not colocalize as intended with the presynaptic partner (Figure 2.16A). | then tested the
hemisphere expression of GIuA1 following monocular deprivation, where AMPAR subunits are
expected to decrease in the contralateral hemisphere following MD. | found no difference in the
hemisphere comparisons of 1dMD subjects, even after varying the size of GIuA1 puncta (0.05um:
p=0.302, 0.07um: p=0.386, 0.1um: p=0.338, and 0.2um: p=0.301). Further, power analysis was
performed to determine if the deprivation study was underpowered. Here, | report that the
performed experiment, with seven subjects, exceeded the power analysis number of five subjects
for three of the four size ranges. Due to suboptimal staining, comparable contralateral size values
in deprived subjects, and pilot subjects exceeding the power analysis subject number for

significance, GIuA1 staining was not continued in this work.
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Figure 2.16. Suboptimal staining of AMPAR subunit GluA1l for postsynaptic analysis. A) GluAl
staining (green) with Parvalbumin (PV, red) and presynaptic excitatory marker VGlutl (magenta). B)
GluAl staining with Parvalbumin (PV, red) and TACE activity biomarker (green). Size exclusion
analysis for contralateral (contra, orange) and ipsilateral (ipsi, blue) hemispheres of 1dMD subjects. C)
Size exclusion of 0.05 (Students t-test, p=0.302 . power analysis: 5 subjects. n=7 subjects. D) Size
exclusion of 0.07 (Students t-test, p=0.386 , powe14§1alysis: 5 subjects, n=7 subjects. E) Size exclusion
of 0.1 (Students t-test, p=0.338 , power analysis: 5 subjects, n=7 subjects. F) Size exclusion of 0.2
(Students t-test, p=0.301 , power analysis: 8 subjects, n=7 subjects).



Three different analysis types were measured in the present study. Here, | combined the cortical
depth analysis of active TACE count in Layer 2/3 with the subtype specific analysis of active
TACE count and VGIlutl puncta count on PV* INs. The objective was to investigate if the trends
present in the conditional groups were also present in a larger region of interest and on PV* INs.
Starting with VGIlut1 count on PV* INs, the WTNR control group yielded comparable contralateral
and ipsilateral values. Surgical deprivation for 24hrs resulted in significant decreases in the
contralateral hemisphere, which were blocked by MPEP administration (Figure 2.17A). The
activity TACE count on PVs produced similar hemisphere results; significant deprivation in the
contralateral hemisphere was blocked by my MPEP administration. However, the overall
conditional trends differed, as 1dMD TACE subjects had higher count values than both WTNR
and 1dMD+MPEP counterparts (Figure 2.17B). | then asked if the observed active TACE count
trends were also in a larger region of interest from Layer 2/3. | found similar TACE trends where
the count of 1dMD subject was significantly higher than the conditional counterparts (Figure

2.17C).
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Figure 2.17. TACE activity increases in the deprivation condition group, opposite of excitatory
glutamatergic marker VGlutl. TACE activity biomarker and VGIlutl puncta count for contralateral
(contra, orange) and ipsilateral (ipsi, blue) hemispheres of all experimental groups. A) VGIlutl puncta count

on PV' INs in Layer2/3 (One-way ANOVA by condition, F=0.773, p=0.472 for ipsi hemisphere, for
1dMD:1dMD+MPEP: p=0.879, for 1dMD:WTNR: p=0.443, for 1dMD+MPEP:WTNR, p=0.866; for
contra hemisphere, F=2.853, p=0.077; for 1dMD:1dMD+MPEP: p=0.790, for 1dMD:WTNR: p=0.062, for
1dMD+ MPEP:WTNR, p=0.442; Student’s t-test: for WTNR (p=0.292, n=8 subjects), for 1dMD (p=0.018,

n=15 subjects), for LAMD+MPEP (p=0.547, n=5 subjects). B) TACE activity count on PV' INsin Layer2/3.
(One-way ANOVA by condition, F=20.392, p<0.001 for ipsi hemisphere, for 1dMD:1dMD+MPEP:
p<0.001, for 1dMD:WTNR: p<0.001, for 1dMD+MPEP:WTNR, p=0.853; for contra hemisphere,
F=11.370, p<0.001; for 1dMD:1dMD+MPEP: p=0.028, for 1dMD:WTNR: p<0.001, for
1dMD+MPEP:WTNR, p=0.597; Student’s t-test: for WTNR (p=0.102, n=8 subjects), for 2dMD (p=0.013,
n=15 subjects), for 1JdMD+MPEP (p=0.183, n=5 subjects). C) TACE activity in Layer 2/3 (One-way
ANOVA by condition, F=10.176, p<0.001 for ipsi hemisphere, for 1dMD:1dMD+MPEP: p=0.002, for
1dMD:WTNR: p=0.001, for 1dMD+MPEP:WTNR, p=0.930; for contra hemisphere, F=4.717, p=0.013;
for 1dMD:1dMD+MPEP: p= 0.081, for 1dMD:WTNR: p=0.025, for 1dMD+MPEP:WTNR, p=0.996;
Student’s t-test: for WTNR (p=0.081, n=8 subjects), for 1dMD (p=0.005, n=15 subjects), for 1dMD+MPEP
(p=0.838, n=5 subjects).
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Discussion

The decrease in excitatory synaptic transmission following intervals of sensory deprivation has
been well established in the adult and juvenile visual cortex [Gu et al., 2016; Murase et al., 2017;
Murase et al., 2019; Severin et al., 2021]. In this chapter, | asked if enzymatic TACE activity was
an intermediate step for synaptic weakening following monocular deprivation in the juvenile visual
cortex. The present data tests the hypothesis that TACE activity contributed to the deprivation
dependent decrease in excitatory contacts onto PV* INs. Here, | report the following findings: (1)
TACE activity count decreased in the deprived hemisphere following monocular deprivation, (2)
there is minimally overlapping enzymatic TACE activity at excitatory glutamatergic synapses onto
PV* INs, and (3) the decrease in TACE levels following deprivation can be blocked by MPEP
administration. Together, these results imply that TACE activity is decreased by monocular

deprivation yet does not participate in the synaptic disconnection process.

The injection of FRET-based substrates specific to TACE revealed baseline activity in all layers
of the visual cortex, regardless of conditional group. The findings of this data support the
observation that TACE is essential to subject survival and visual system development [Peschon,
et al., 2016]. Work done by Peschon et al. established the consequences of TACE depletion, as
most TACE knockout mice died hours after birth. The same study showed that TACE deficient
newborns that survived had open eyelids, a process that normally occurs during the second week
of life [Harris et al., 1982], highlighting the importance of TACE in early development and

specifically within visual processing.
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Although | replicated the prior result that brief monocular deprivation decreased excitatory
presynaptic axonal terminals present onto PV* INs [Severin et al., 2021], my study showed that
TACE activity decreased in the deprived hemisphere following monocular deprivation, a result
that contradicts what was previously seen in hippocampal cultures [Cho et al., 2008]. In the Cho
study, activation of mGIuR5 triggered TACE-dependent cleavage of the neuronal pentraxin
receptor (NPR), which resulted in synaptic weakening following the downstream internalization
of NPR with AMPA receptors. While both studies observed synaptic weakening, the TACE-
dependent mechanisms of synaptic plasticity differed. My work showed decreased TACE activity
that did not interact with excitatory synapses following monocular deprivation, while Cho reported
enhanced NPR cleavage products and AMPAR engulfment following TACE activation. The
simplified system detailed in Cho’s culture study placed TACE within the synaptic disconnection
pathway yet does not accurately describe the complexity of the developing visual cortex in mice,

where synaptic disconnections are shown to be TACE-independent.

When | treated mice with MPEP, an inhibitor of upstream mGIuR5 activity, | restored excitatory
synaptic density and TACE activity onto PV* INs following monocular deprivation. The observed
response at excitatory synapses agrees with the functional whole-cell recordings performed by
Chokshi et al., which found that mGIuRS5 participated in excitatory synaptic weakening in Layer
2/3 following MPEP administration during sensory deprivation conditions [Choksi et al., 2019].
Since the decrease in TACE activity observed in my 1dMD subjects was blocked by MPEP
administration, mGIuR5 is likely a negative regulator of TACE activity within the visual cortex of
critical period mice, even though Cho et al. showed a positive relationship between the two [Cho

et al., 2008]. This observation that TACE and mGIuR5 are inversely related introduces the need
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to identify the enzyme or pathway that positively regulates TACE activity in the visual cortex.
Furin, a known activator of TACE in vitro, may also regulate its activity in the juvenile visual
cortex; however, Srour et al. demonstrated that furin was not sufficient to activate TACE alone
[Srour et al., 2003]. Overall, my findings suggest that the juvenile visual cortex does not follow
the same in vitro pathway involving mGIuR5, TACE activity, and excitatory synapses, as further

investigation is needed concerning mechanisms of mGIuR5 independent TACE regulation.

Additionally, the hypothesis that TACE was located at excitatory synapses onto PV* INs was
rejected in the present study. This opposes known literature that emphasizes the importance of
TACE substrates, like NPR, as synaptic organizers with its pentraxin family members [Chang et
al., 2010; Lee et al., 2017]. Alternatively, the reduced availability of VGlutl following 1dMD may
serve as an explanation for the distinct colocalization of TACE at excitatory synapses following
monocular deprivation [Severin et al., 2021]. This suggests VGlutl availability is a limiting factor
for colocalization as VGlutl levels are reduced by 50% following 1dMD. Monitoring the
interactions of TACE and VGlutl at shorter intervals may reveal colocalization of the two

biomarkers.

Due to the contralateral decrease in TACE activity following MD and the absence of TACE
activity puncta at excitatory synapses, | concluded that TACE activity is not involved in the
disconnection of excitatory contacts on PV* INs following 1dMD. Amblyopia efforts are focused
on PV" INs because the neuronal subtype gates the maturation of the visual cortex, yet future

studies concerning the localization preference of TACE should be considered, even if not in the
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context of amblyopia because enzyme-specific therapeutics can be used alongside synaptic

interventions for more favorable recovery of visual and neurological diseases.

Limitations did arise during the completion of this work. One limitation was the suboptimal
volumetric analysis of the data, which was presented as a 70pum x 70um x 0.2um snap image in
Layer 2/3. The single plane analysis presented here does not represent the full depth of the visual
cortex. The single plane analysis was chosen to simplify threshold selection, as multiple images
with one designated threshold could result in false positives following Airyscan light redirection.
To combat the misrepresented volumetric analysis, a higher order approach is needed that analyzes

multiple z-steps without falsely identifying background fluorescence as TACE biomarker puncta.

The interval of deprivation is also a limitation to this study. The minimal colocalization of
enzymatic TACE with VGItul could occur because VGlutl is not present at the synapse after the
elapsed time. Therefore, shorter deprivation intervals can be used to monitor changes in the

colocalization of enzymatic TACE and excitatory synaptic markers.

The following experiments are proposed to address unresolved questions from this work.
Confirmational studies of TACE distribution within the visual cortex are needed. It is known that
TACE is processed and trafficked to the membrane where it interacts with its substrates [Srour et
al., 2003]. Commercially available TACE antibodies, which detect immature TACE, should be at
the same location as the active TACE biomarker. Additionally, western blotting can be used to
verify TACE activation and disruptions by indicating molecular weight bands that correspond to

the mature form of TACE in immunoblots of deprived subjects.
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Additional experiments can be used to conclude the absence of TACE activity within the excitatory
disconnection pathway, as TACE activity could still participate in this pathway in FRET-
independent approaches. An important experiment to confirm or deny TACE as a contributor
would be to administer TAPI-0, a selective TACE inhibitor, into WTNR control subjects. VGlutl
contacts are maintained in controlled conditions. If TACE participates in synaptic disconnection
in a way that is unseen through FRET-based analysis, the administration of TAPI-0 should result
in a decrease in VGIlutl parameters on PV* INs, regardless of hemisphere.

The emerging debate of mGIuR5 and furin as individual activators of TACE is ongoing.
Interestingly, furin can activate TACE in vitro; however, furin mechanisms are dependent on
enzymatic collaboration [Srour et al., 2003]. Therefore, experimental procedures that evaluate
TACE and mGIuR5 following furin specific alterations would bring clarity to the individual or

collaborative approach for TACE activation.

Conclusion

Here, | establish the use of FRET-based synthetic substrates as a tool for monitoring TACE-
specific enzymatic activity in the developing cortex following induced amblyopia. | report distinct
TACE activity on PV* INs, independent of VGIutl, suggesting that active TACE plays a limited
role in the excitatory disconnection pathway onto PV* INs in Layer 2/3. This work brings insight
to the unique role of enzymatic activity on PV* INs following deprivation that can be applied to
other visual and neurological disorders to determine the spatial and temporal distribution of active

TACE within a given system for more targeted, TACE-centered therapeutic approaches.
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Chapter 3: Dynamic Correlation of TACE Activity with Time Intervals

Introduction

Monocular deprivation (MD) induces synaptic disconnections by reducing presynaptic excitatory
glutamatergic drive onto Parvalbumin-positive interneurons (PV* INs) in Layer 2/3 of the juvenile
visual cortex [Severin et al., 2021]. The structural changes associated with MD disrupt the tightly
regulated excitation and inhibition (E/I) balance within the developing visual circuit by changing
glutamatergic receptor expression on the postsynapse [Beston et al., 2010]. E/I balance is typically
maintained across cortical areas and with age [Tao and Poo, 2005; Xue et al., 2014]; however,
studies in both juvenile and adult mice show that the E/I balance fluctuates within a given range
over time [Bridi et al., 2020].

Mice are nocturnal and are more active within the dark phase. During the light phase, when the
animals are resting, excitatory activity in the visual cortex decreases while inhibition increases,
shifting the E/I balance towards inhibition [Maret et al., 2011]. Interestingly, the expression of
TNF-alpha, a substrate of tumor necrosis factor-alpha converting enzyme (TACE), parallels this
trend. Its dynamic expression peaks at the beginning of the light phase and decreases during this
interval of rest, resembling decreases in excitation. [Floyd et al., 1997]. Given these observations,
the time-dependent effects of MD on the E/I balance and the profile of TACE merits further
exploration (Figure 3.1).

In this chapter, | investigate how TACE activity changes with time following monocular
deprivation scenarios. Here, | examine if TACE follows the same decreasing trend as its substrate,

TNF-alpha, within the light phase. I hypothesize that active TACE, as measured by FRET-based

fluorescent puncta, will decrease through the light phase. Additionally, I investigate the time-

dependent response of glutamate vesicles by analyzing VGlutl puncta count on PV* INs.
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Knowledge of TACE activity and VGIlutl puncta dynamics with time can provide insight into

optimal treatment windows for recovering synaptic plasticity following amblyopia.
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Figure 3.1 The dynamic expression of TNF-alpha and E/I balance fluctuates through the light and
dark phases. The light phase in light blue represents an interval of rest for mice and is characterized by
decreases in TNF-alpha (gold line) expression and the overall E/I balance ratio (blue line). The dark phase
in blue represents an interval of wakefulness where both TNF-alpha and the E/I balance ratio increases.
Created in BioRender.com.

Materials and Methods
The experimental methods from this chapter are outlined in Chapter 2. The sections below describe

how the analysis was performed according to the time of day.

Subjects

Wild-type normal reared (WTNR) mice (P24-P32) were divided into three experimental groups:
(1) WTNR control, (2) one-day monocular deprivation (1dMD), and (3) mGIuR5 antagonist-
treated monocular deprivation (1dMD+MPEP). Mice were housed ina 12 hr light / dark cycle, and
all experiments were performed during the light phase interval (7am-7pm) within the guidelines
of the University of Maryland Institutional Animal Care and Use Committee (IACUC Reference

#. R-May-22-26). Animals within the 1dMD and 1dMD+MPEP experimental groups were
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numbered according to the time of deprivation surgery. WTNR subjects were ordered according

to the sacrifice time.

Imaging Analysis
The image analysis outline of TACE activity and VGIlutl puncta count within Layer 2/3 and
preferentially on PV* INs is provided in Chapter 2. All data points in Chapter 2 were plotted as a

function of the time intervals defined below.

Designated Time Intervals

The following time intervals were used as variables for correlation analysis with TACE activity
and VGIlutl puncta count: deprivation time, deprivation duration, injection time, and injection
duration. The deprivation time was defined as the time recorded when monocular deprivation
surgeries were initiated on the subject. This time interval was reported as minutes past 7am,
corresponding to the beginning of the light in the animal colony. Deprivation duration was defined
as the total elapsed time, measured in minutes, between the time of surgical occlusion and animal
sacrifice. Injection time referred to the recorded time that the synthetic substrate for TACE was
injected into each subject. Like, the deprivation time, the injection time was reported in minutes
past 7am. The injection duration was defined as the total elapsed time, measured in minutes, from
the TACE substrate injection to animal sacrifice. All time intervals for each subject were listed in

Table 3.1 and Table 3.2, where perfusion and animal sacrifice are interchangeable.
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It should be noted that the injection order differed from the deprivation and sacrifice orders. The
injection order was applied to the 1dMD subjects and remained consistent across all injection and
perfusion trials, regardless of experimental condition. Specifically, Animall was deprived first for
1dMD and 1dMD+MPEP experiments. Following the completion of all deprivation surgeries, the
TACE substrate injections were administered in the reverse order, since the last animal to be
deprived was already on the surgical table. This meant Animall was injected last. To stay
consistent with the required 24 hr deprivation period, Animal 1, which was deprived first, was also
sacrificed first. In summary, Animall was deprived first, injected last, and sacrificed first,
regardless of the experimental condition. The opposite pattern was also true. For example, Animal
8, the last animal to be deprived within the given cohort, was injected first and sacrificed last,

regardless of experimental condition.

Table 3.1 Recorded time intervals of WTNR subject conditions.

WTNR Subjects
Animal Injection Time (mins) Injection Duration (mins)
Al 542 1240
A2 507 1292
A3 479 1337
Ad 417 1421
AS 379 1476
A6 347 1526
A7 258 1633
A8 306 1602
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Table 3.2 Recorded time intervals of 1ldMD and 1dMD-+MPEP subject conditions.

1dMD Groupl
Animal Deprivation Time Deprivation Injection Time Injection
(mins) Duration (mins) (mins) Duration (mins)
Al 32 1468 542 542
A2 62 1455 502 502
A3 88 1445 470 470
A4 108 1445 412 412
A6 150 1439 345 345
A7 165 1442 256 256
A8 183 1443 306 306
1dMD Group2
Animal Deprivation Time Deprivation Injection Time Injection
(mins) Duration (mins) (mins) Duration (mins)
Al 31 1472 542 961
A2 57 1465 502 1020
A3 72 1466 470 1068
A4 108 1443 412 1139
AS 123 1446 375 1194
A6 146 1441 346 1241
A7 162 1446 260 1348
A8 180 1445 305 1320
dMD+MPEP Subjects
Animal Deprivation Time Deprivation Injection Time Injection
(mins) Duration (mins) (mins) Duration (mins)
Al 51 1471 227 1295
A2 69 1474 196 1347
A3 86 1477 165 1398
A4 107 1476 132 1451
AS 208 1490 321 1377
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Statistical Analysis

Pearson Correlation Coefficient (PCC)

Pilot studies using WTNR control subjects revealed a linear relationship for TACE activity count
as a function of time. Therefore, the Pearson Correlation Coefficient (PCC), which reported a
linear relationship between two variables denoted by an R value, was selected for statistical
analysis. The two variable conditions were the linear relationships between (1) TACE activity
count and time and (2) VGIutl puncta count and time. R values ranged from -1 to +1, representing
a perfectly negative or positive linear relationship between two variables, respectively. R values
of 0 represented no linear relationship between two variables. The null hypothesis for PCC tests
was defined as no linear relationship between TACE activity count, or VGlutl count, and the time
of day (u=0). R value conversions into two-tailed p-value statistics were performed using
MATLAB scripts, seeing that the above test did not explicitly state the direction. Contralateral and
ipsilateral TACE activity count values for WTNR subjects were combined to generate one
hemisphere scatterplot and trendline following comparable results (Student’s t-test: p = 0.102,

Figure 2.6B).

Kolmogorov-Smirnov (KS) Tests

The Kolmogorov-Smirnov (KS) test was used to determine if the data set distribution of the
conditional experimental groups was statistically significant. The null hypothesis for KS-tests was
that there was no difference between the distribution of the experimental groups. The following
pairwise conditions were used for contralateral and ipsilateral TACE activity count analysis: (1)

WTNR:1dMD, (2) WTNR:1dMD+MPEP, and (3) 1dMD:1dMD+MPEP. KS test statistics and
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cumulative distribution function (CDF) plots were performed using MATLAB scripts. Statistical

significance for p-values was defined as follows: p < 0.05=*, p <0.01 =**, and p < 0.001 = ***,

Results

TACE activity count is significantly correlated with injection time and duration in WTNR
subjects

To determine if TACE activity in the juvenile visual cortex is dynamic during the light phase, |
measured active TACE count as a function of time after 7am for WTNR control subjects. Here, |
hypothesized that as time progresses through the light phase, there would be a decrease in TACE
activity count. Interestingly, analysis with the Pearson correlation coefficient revealed a positive
correlation between TACE activity count and the injection time (R value = 0.8394; p = 0.0094,
Figure 3.2A), meaning TACE activity count increases as time passes in the light phase. The time
intervals between injection and animal sacrifice were used to determine if the duration of injection
influenced TACE activity count. Here, | report a negative correlation between TACE activity and
injection duration (R value = -0.8290, p = 0.0109, Figure 3.2B), meaning TACE activity count
decreased according to the sacrifice order. The positive correlation of TACE activity count with
injection time and the negative correlation of TACE activity count with the sacrifice time
collectively show that the subject injected last probably had a higher amount of the TACE activity
substrate in its system at its sacrifice time. In contrast, the subject injected first was also sacrificed
last, suggesting that the TACE activity substrate in its system likely underwent some form of
clearance that may have diminished its overall count. The results represent analysis from
superficial and deep Layer 2/3 combined. Separate analysis was performed for the segments

individually as detailed in Table 3.3.
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Figure 3.2. Pearson correlation coefficients of TACE activity count in Layer 2/3 of wild-type normal
reared (WTNR) control subjects. Each graph represents TACE activity count as a function of different
time intervals for the ipsilateral and contralateral hemispheres combined (blue, circles) of superficial and
deep Layer 2/3. Time past 7am represents the start of the light phase (Zeitgeber time (ZT=0). A) TACE
activity count as a function of injection time (p=0.0091, n=8 subjects). B) TACE activity count as a function
of total injection time (p=0.0109; n=8 subjects).

Table 3.3 R values and p-values of TACE activity count as a function of different time
intervals for wild-type normal reared (WTNR) subjects.
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Layer2/3

R value p-value
Injection Time 0.8394 0.0091

Injection Duration -0.8290 0.0109

Layer2 Only

R value p-value

Injection Time 0.8110 0.0145

Injection Duration -0.7948 0.0184

Layer3 Only

R value p-value
Injection Time 0.8025 0.0165

Injection Duration -0.7983 0.0175

Contralateral hemispheres of deprived subjects have disrupted correlations that are not
blocked by MPEP

Next, | determined if monocular deprivation to the contralateral hemisphere altered the circadian
rhythm within the visual cortex and disrupted the relationship between TACE activity biomarker
count and both deprivation and injection intervals within the light phase. Here, the TACE activity
count was measured as a function of deprivation time, deprivation duration, injection time, and
injection duration. There was a significantly negative relationship between TACE activity count
and deprivation time for the ipsilateral hemisphere (R value = -0.5700, p = 0.0265, Figure 3.3A)
that was absent in the contralateral hemisphere (R value = -0.3671, p = 0.1783, Figure 3.3A). |
report that neither the ipsilateral nor the contralateral hemispheres of 1dMD subjects had
significant relationships with the deprivation duration time interval (ipsi: R value = 0.2715, p =
0.3276; contra: R value = 0.2057, p = 0.4620, Figure 3.3B). The deprivation intervals suggest that
TACE activity count decreases as a function of time, while the deprivation duration interval was

not significantly correlated to the count.
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Injection parameters were also evaluated. It was found that the injection time had a significantly
positive correlation with the TACE activity count in the ipsilateral hemisphere (R value = 0.5721,
p = 0.0258, Figure 3.3C), not the contralateral hemisphere (R value = 0.3427, p =0.2111, Figure
3.3C). The injection duration has a significantly negative correlation in the ipsilateral hemisphere
that was absent in the contralateral hemisphere (ipsi: R value = -0.5906, p = 0.0204; contra: R
value = -0.3599, p = 0.1876, Figure 3.3D). Overall, the ipsilateral hemisphere was significantly
correlated with the deprivation time, injection time, and injection duration, consistent with
previously reported injection intervals of WTNR subjects (Figure 3.2A, B). Here, | report
nonsignificant correlations for all three contralateral counterparts, suggesting that disruptions are
specific to the deprived hemisphere following MD. The results represent analysis from superficial
and deep Layer 2/3 combined. Separate analysis was performed for the segments individually as

detailed in Table 3.4.
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Figure 3.3. Pearson correlation coefficients of TACE activity count in Layer 2/3 of 1-day
monocular deprivation (1dMD) subjects. Each graph represents TACE activity count as a
function of different time intervals for the ipsilateral (blue circles) and contralateral (orange
triangles) hemispheres of superficial and deep Layer 2/3. Time past 7am (A, C) represents the start
of the light phase (Zeitgeber time (ZT=0). A) TACE activity count as a function of deprivation
surgery times (ipsi: p=0.0265, contra: p=0.1783; n=15 subjects). B) TACE activity count as a
function of total deprivation time (ipsi: p=0.3276, contra: p=0.4620; n=15 subjects). C) TACE
activity count as a function of injection time (ipsi: p=0.0258, contra: p=0.2111; n=15 subjects). D)
TACE activity as a function of total injection time (ipsi: p=0.0204, contra: p=0.1876; n=15
subjects).

Table 3.4 R values and p-values of TACE activity count as a function of different time
intervals for 1-day monocular deprivation (1dMD) subjects.
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Layer2/3

Ipsilateral (nondeprived)

Contralateral (deprived)

R value p-value R value p-value
Deprivation Time -0.5700 0.0265 -0.3671 0.1783
Deprivation Duration 0.2715 0.3276 0.2057 0.4620
Injection Time 0.5721 0.0258 0.3427 0.2111
Injection Duration -0.5906 0.0204 -0.3599 0.1876

Layer2 Only

Ipsilateral (nondeprived)

Contralateral (deprived)

R value p-value R value p-value
Deprivation Time -0.5487 0.0341 -0.3855 0.1558
Deprivation Duration 0.2808 0.3106 0.1749 0.5329
Injection Time 0.5595 0.0301 0.3922 0.1482
Injection Duration -0.5731 0.0255 -0.4038 0.1355

Layer3 Only

Ipsilateral (nondeprived)

Contralateral (deprived)

R value p-value R value p-value
Deprivation Time -0.5943 0.0194 -0.3484 0.2031
Deprivation Duration 0.2663 0.3373 0.2451 0.3786
Injection Time 0.5891 0.0208 0.2862 0.3010
Injection Duration -0.6119 0.0153 -0.3102 0.2604

To determine if the disrupted correlations between TACE activity count and time intervals
observed in the deprived, contralateral hemisphere of 1dMD subjects were blocked after
deprivation, I measured the TACE activity count of 1dMD+MPEP subjects as a function of the
same time intervals. Here, | ask if the administration of MPEP, an mGIuR5 antagonist, blocks the
unilateral disruptions between TACE activation and time in the deprived hemisphere. Seeing that
MD disrupts this relationship in the contralateral hemisphere, I hypothesized that MPEP would

block MD disruptions within this relationship, meaning ipsilateral and contralateral TACE count
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correlations should behave similar or have comparable p values and directions. | found that
following MPEP injections and deprivation surgeries, the contralateral and ipsilateral hemispheres
were comparable and nonsignificant for the time of deprivation (ipsi: R value = 0.2226, p =0.7189;
contra: R value =-0.1166, p = 0.8519; Figure 3.4A), total deprivation time (ipsi: R value =0.2752,
p = 0.6541; contra: R value = 0.0069, p = 0.9991; Figure 3.4B), time of injection (ipsi: R value =
0.3094, p = 0.6124; contra: R value = 0.4780, p = 0.4154; Figure 3.4C), and total injection time
(ipsi: R value = -0.1143, p = 0.8547; contra: R value = -0.7179, p = 0.1720; Figure 3.4D). The
results represent analysis from superficial and deep Layer 2/3 combined. Separate analysis was

performed for the segments individually as detailed in Table 3.5.
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Figure 3.4. MPEP administration disrupts correlations in both hemispheres, regardless of time
interval. Each graph represents TACE activity count as a function of different time intervals for the
ipsilateral (blue circles) and contralateral (orange triangles) hemispheres of superficial and deep Layer2/3.
Time past 7am (A, C) represents the start of the light phase (Zeitgeber time (ZT=0). A) TACE activity
count as a function of deprivation surgery times (ipsi: p=0.7189, contra: p=0.8519; n=5 subjects). B) TACE
activity count as a function of total deprivation time (ipsi: p=0.6514, contra: p=0.9991; n=5 subjects). C)
TACE activity count as a function of injection time (ipsi: p=0.6124, contra: p=0.4154; n=5 subjects). D)
TACE activity as a function of total injection time (ipsi: p=0.8547, contra: p=0.1720; n=5 subjects).
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Table 3.5 R values and p-values of TACE activity count as a function of different time
intervals for 1-day monocular deprivation with mGIuR5 antagonist (1dMD+MPEP)
subjects.

Layer2/3
Ipsilateral (nondeprived) Contralateral (deprived)
R value p-value R value p-value
Deprivation Time 0.2226 0.7189 -0.1166 0.8519
Deprivation Duration 0.2752 0.6541 0.0069 0.9991
Injection Time 0.3094 0.6124 0.4780 0.4154
Injection Duration -0.1143 0.8547 -0.7179 0.1720

Layer2 Only

Ipsilateral (nondeprived) Contralateral (deprived)

R value p-value R value p-value
Deprivation Time -0.0576 0.9267 0.3415 0.5737
Deprivation Duration 0.0484 0.9383 0.4707 0.4236
Injection Time -0.0091 0.9884 0.7880 0.1133
Injection Duration -0.0437 0.9443 -0.5595 0.3267

Layer3 Only

Ipsilateral (nondeprived) Contralateral (deprived)

R value p-value R value p-value
Deprivation Time 0.5657 0.3202 -0.4928 0.3989
Deprivation Duration 0.5618 0.3243 -0.3705 0.5392
Injection Time 0.7045 0.1840 0.2388 0.6988
Injection Duration -0.2062 0.7393 -0.8668 0.5717

KS tests were performed to determine if the TACE activity count distribution for 1dMD and
1dMD+MPEP subjects was significantly different. Here, | hypothesized that 1dMD and
1dMD+MPEP experiments groups have distinct distributions even though their times of surgical
deprivation overlap. Representative scatterplot distributions are accompanied by cumulative

distribution function (CDF) plots for analysis and visualization (Figure 3.5A, C). There were
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significant distribution differences only in the ipsilateral hemisphere of the experimental groups

(ipsi: p=0.0299, Figure 3.5B; contra: p=0.2086; Figure 3.5D).
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Figure 3.5. TACE activity count comparisons for 1dMD and 1dMD+MPEP hemispheres as a function
of deprivation time. Each graph represents TACE activity count as a function of different time intervals
for the 1dMD (red squares, n=15 subjects) and 1dMD+MPEP (blue circles, n=5 subjects) conditions. Time
past 7am (A, C) represents the start of the light phase (Zeitgeber time (ZT=0). A) Scatterplot display and
B) cumulative probability of the count for all experimental conditions as a function deprivation time in the
ipsilateral hemisphere (KS test p=0.0299 for 1dMD:1dMD+MPEP). C) Scatterplot display and D)
cumulative probability of the count for all experimental conditions as a function deprivation time in the
contralateral hemisphere (KS test p=0.2086 for 1dMD:1dMD+MPEP).
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WTNR subjects were excluded from deprivation analysis because these subjects were not
surgically deprived. Injection times among the three groups were kept consistent, allowing for
pairwise comparisons of the three experimental groups. The following conditional pairwise
comparisons were performed for contralateral and ipsilateral TACE activity count analysis:
WTNR:1dMD, WTNR:1dMD+MPEP, and 1dMD:1dMD+MPEP. According to the conditional
comparison of TACE activity count (Figure 2.17), | hypothesized that WTNR:1dMD and
1dMD:1dMD+MPEP comparisons would have significantly different distributions, with 1dMD
groups being higher than their pairwise comparison. WTNR:1dMD+MPEP comparisons are
hypothesized to be nonsignificant, with overlapping distributions. The pairwise comparison for
WTNR:1dMD revealed a significant difference in the ipsilateral distribution only (ipsi: p=0.0064,
contra: p=0.0882, Figure6.5). Similar trends were found with the 1dMD:1dMD+MPEP pairwise
comparison  (ipsi: p=0.0299, contra: p=0.2086). The pairwise comparison for
WTNR:1dMD+MPEP was nonsignificant (p=0.9854). Separate analysis was performed for

segments individually as detailed in Table 3.6.
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Figure 3.6. TACE activity count comparisons for WTNR, 1dMD and 1dMD+MPEP
hemispheres as a function of injection time. Each graph represents TACE activity count as a
function of different time intervals for the WTNR (green triangle, n=8 subjects), 1dMD (red
squares, n= 15 subjects) and 1dMD+MPEP (blue circles, n=5 subjects) conditions. Time past 7am
(A, C) represents the start of the light phase (Zeitgeber time (ZT=0). A) Scatterplot display and B)
cumulative probability of the count for all experimental conditions as a function injection time in
the ipsilateral hemisphere (KS test, p=0.0064 for WTNR:1dMD, p=0.0299 for
1dMD:1dMD+MPEP, p=0.9854 for WTNR:1dMD+MPEP). C) Scatterplot display and D)
cumulative probability of the count for all experimental conditions as a function injection time in
the contralateral hemisphere (KS test, p=0.0882 for WTNR:1dMD, p=0.2086 for
1dMD:1dMD+MPEP, p=0.9854 for WTNR:1dMD+MPEP).
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Table 3.6 Kolmogorov-Smirnov (KS) tests and p-values of TACE activity count for
deprivation and injection times.

Deprivation Time
P-value
Ipsilateral (nondeprived) Contralateral (deprived)
1dMD:1dMD+MPEP 0.0299 0.2086
Injection Time
P-value
Ipsilateral (nondeprived) Contralateral (deprived)
WTNR:1dMD 0.0064 0.0882
1dMD:1dMD+MPEP 0.0299 0.2086
WTNR:1dMD+MPEP 0.9854 0.9854

TACE activity and VGlutl puncta count on PV* INs are time-independent

Next, | determined if TACE activity present on PV* INs was time dependent. Similar to the
hypothesis for Layer 2/3, | hypothesize that the correlation between TACE activity count and time
variables would be statistically significant. Here, | report a negative, nonsignificant relationship
between time of injection and the TACE activity count of WTNR subjects, meaning the decrease
in TACE activity count was not a function of the injection time (R value =-0.2860, p=0.492,
Figure 3.7A). The relationship between TACE activity count and injection duration was positive

yet nonsignificant (R value= 0.3452, p=0.4023, Figure 3.7A).
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Figure 3.7. Pearson correlation coefficients of TACE activity count on PV" INs of wild-type normal
reared (WTNR) control subjects. Each graph represents TACE activity count as a function of different
time intervals for the ipsilateral and contralateral hemispheres combined (blue, circles) of superficial and
deep Layer 2/3. Time past 7am represents the start of the light phase (Zeitgeber time (ZT=0). A) TACE
activity count as a function of injection time (R value=-0.2860, p=0.4923, n=8 subjects). B) TACE activity
count as a function of total injection time (R value= 0.3452, p=0.4023; n=8 subjects).

The WTNR trend was used as the PV* IN standard for further experimental conditions. Following
1dMD, there was a nonsignificant correlation between TACE activity count and time interval
conditions. The deprivation time (ipsi: p=0.5643, contra: p=0.2892, Figure 3.8A), deprivation
duration (ipsi: p=0.3726, contra: p=0.2000), injection time (ipsi: p=0.6383, contra: p=0.2993,
Figure 3.8B), and injection duration (ipsi: p=0.6366, contra: p=0.2793, Figure 3.8C) all had
nonsignificant correlations with the TACE activity count for both contralateral and ipsilateral

hemispheres, suggesting that there is no linear relationship between time and TACE activity count

on PV* INs.
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Figure 3.8. Pearson correlation coefficients of TACE activity count on PV INsin Layer 2/3 of 1-day
monocular deprivation (1dMD) subjects. Each graph represents TACE activity count as a function of
different time intervals for the ipsilateral (blue circles) and contralateral (orange triangles) hemispheres of
superficial and deep Layer 2/3. Time past 7am (A, C) represents the start of the light phase (Zeitgeber time
(ZT=0). A) TACE activity count as a function of deprivation surgery times (ipsi: p=0.5643, contra:
p=0.2892; n=15 subjects). B) TACE activity count as a function of total deprivation time (ipsi: p=0.3726,
contra: p=0.2000; n=15 subjects). C) TACE activity count as a function of injection time (ipsi: p=0.6383,
contra: p=0.2993; n=15 subjects). D) TACE activity as a function of total injection time (ipsi: p=0.6366,
contra: p=0.2793; n=15 subjects).

Next, 1dMD+MPEP subjects were analyzed to determine if MPEP administration could block the

nonlinear correlations observed between TACE activity count on PV* INs and time intervals
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following monocular deprivation. Interestingly, the contralateral hemisphere showed a
significantly negative correlation with the deprivation time (ipsi: p=0.3655, contra: p=0.0336,
Figure 3.9A). Deprivation duration (ipsi: p=0.4291, contra: p=0.0539, Figure 3.9B), injection
time (ipsi: p=0.3118, contra=0.3045, Figure 3.9C) and injection duration intervals (ipsi: p=0.8723,
contra: p=0.5650, Figure 3.9D) revealed nonsignificant correlations for both ipsilateral and
contralateral analyses. Taken together, the WTNR, 1dMD, and 1dMD+MPEP data suggest TACE
activity on PV* IN was nonlinear and time independent.
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Figure 3.9. Pearson correlation coefficients of TACE activity count on PV' INsin Layer 2/3 of 1-day
monocular deprivation (1dMD) subjects with mGIuR5 antagonist (1dMD+MPEP) subjects. Each
graph represents TACE activity count as a function of different time intervals for the ipsilateral (blue
circles) and contralateral (orange triangles) hemispheres of superficial and deep Layer 2/3. Time past 7am
(A, C) represents the start of the light phase (Zeitgeber time (ZT=0). A) TACE activity count as a function
of deprivation surgery times (ipsi: p=0.3655, contra: p=0.0336). B) TACE activity count as a function of
total deprivation time (ipsi: p=0.4291, contra: p=0.0539). C) TACE activity count as a function of injection
time (ipsi: p=0.3118, contra: p=0.3045). D) TACE activity as a function of total injection time (ipsi:
p=0.8723, contra: p=0.5650).

| then asked if excitatory contacts onto PV* INs in Layer 2/3 were time dependent. To answer this
question, the Pearson’s correlation coefficient was used to determine if VGIutl puncta count had
a linear relationship with injection and deprivation time intervals. WTNR subjects revealed a
positive, nonsignificant correlation between the VGlutl puncta count onto PV* INs and the
injection time (R value=0.4928, p=0.2147, Figure 3.10A). A negative, nonsignificant correlation
was also observed between the VGIlutl puncta count and the injection duration (R value=-0.4739,

p=0.2356, Figure 3.10B). TACE activity and VGIutl puncta count were detailed in Table3.7.

15 H 15 1

12 A 12 A
3 . 3 *
< 9 < 9
= L = [ ]
< 6 ° < 6 e
5 e 5 w?
[G] : ] '
= L] ® L] = o o L]

3 3

0 T T ] 0 T T ]
0 200 400 600 800 1200 1600 2000
Time Past 7am (mins) Injection Duration (mins)

Figure 3.10. Pearson correlation coefficients of VGIutl puncta count in Layer 2/3 of wild-type normal
reared (WTNR) control subjects. Each graph represents TACE activity count as a function of different
time intervals for the ipsilateral and contralateral hemispheres combined (blue, circles) of superficial and
deep Layer 2/3. Time past 7am represents the start of the light phase (Zeitgeber time (ZT=0). A) TACE
activity count as a function of injection time (R Score=0.4928, p=0.2147, n=8 subjects). B) TACE activity
count as a function of total injection time (R Score=-0.4739, p=0.2356; n=8 subjects).
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Table 3.7 R values and p-values of TACE activity and VGlutl puncta count on PV* INs as
a function of different time intervals for WTNR subjects.

TACE Activity Biomarker Count
R value P-value
Injection Time -0.2860 0.4923
Injection Duration 0.3452 0.4023
VGlutl Puncta Count
R value P-value
Injection Time 0.4928 0.2147
Injection Duration -0.4739 0.2356

Correlations for 1dMD subjects were analyzed to determine if there were dynamic changes in

VGlutl puncta count with injection and deprivation time intervals following visual deprivation.

Here, | report that the VGIutl puncta count and time intervals had no linear correlations, regardless

of hemisphere (ipsi: p=0.6504, contra: p=0.8279 for deprivation time; ipsi: p=0.6289, contra:

p=0.7387 for deprivation duration, ipsi: p=0.5840, contra: p=0.9709 for injection time; ipsi:

p=0.5543, contra: p=0.9366 for injection duration, Figure 3.11). A summary of TACE activity

and VGlutl puncta count for 1dMD subjects was detailed in Table3.8.
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Figure 3.11. Pearson correlation coefficients of VGlutl count on PV INs in Layer 2/3 of 1-day
monocular deprivation (1dMD) subjects. Each graph represents TACE activity count as a function of
different time intervals for the ipsilateral (blue circles) and contralateral (orange triangles) hemispheres of
superficial and deep Layer 2/3. Time past 7am (A, C) represents the start of the light phase (Zeitgeber time
(ZT=0). A) TACE activity count as a function of deprivation surgery times (ipsi: p=0.6504, contra:
p=0.8279; n=15 subjects). B) TACE activity count as a function of total deprivation time (ipsi: p=0.6289,
contra: p=0.7387; n=15 subjects). C) TACE activity count as a function of injection time (ipsi: p=0.5840,
contra: p=0.9709; n=15 subjects). D) TACE activity as a function of total injection time (ipsi: p=0.5543,
contra: p=0.9366; n=15 subjects).
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Table 3.8 R values and p-values of TACE activity and VGlutl puncta count on PV INsasa
function of different time intervals for 1dMD subjects.

TACE Activity Biomarker Count

Ipsilateral (nondeprived) Contralateral (deprived)

R value p-value R value p-value
Deprivation Time 0.1619 0.5643 0.2930 0.2892
Deprivation Duration -0.2481 0.3726 -0.1395 0.2000
Injection Time -0.1323 0.6383 -0.2872 0.2993
Injection Duration 0.1330 0.6366 0.2988 0.2793

VGlutl Puncta Count

Ipsilateral (nondeprived)

Contralateral (deprived)

R value p-value R value p-value
Deprivation Time -0.1276 0.6504 -0.0614 0.8279
Deprivation Duration -0.1360 0.6289 0.0941 0.7387
Injection Time 0.1539 0.5840 0.0103 0.9709
Injection Duration -0.1660 0.5543 -0.0225 0.9366

MPEP administration yielded similar results. VGlutl puncta was no significantly correlated with
the deprivation time (ipsi: p=0.0739, contra: p=0.4234, Figure 3.12A), deprivation duration (ipsi:
p=0.0728, contra: p=0.3658, Figure 3.12B), injection time (ipsi: p=0.0157, contra: p=0.4570,
Figure 3.12C), and injection duration (ipsi: p=0.7766, contra: p=0.9794 Figure 3.12D) time
intervals. In contrast with the sensory deprivation studies in Chapter2, this analysis of VGlutl
puncta with time following varying sensory deprivation conditions suggest that VGlutl changes
on PV* INs are time independent. A summary of TACE activity and VGlutl puncta count for

1dMD+MPEP subjects was detailed in Table3.9.
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Figure 3.12. Pearson correlation coefficients of VGlutl count on PV INs in Layer 2/3 of 1-day
monocular deprivation (1dMD) subjects with mGIuR5 antagonist (ldMD+MPEP) subjects. Each
graph represents TACE activity count as a function of different time intervals for the ipsilateral (blue
circles) and contralateral (orange triangles) hemispheres of superficial and deep Layer 2/3. Time past 7am
(A, C) represents the start of the light phase (Zeitgeber time (ZT=0). A) TACE activity count as a function
of deprivation surgery times (ipsi: p=0.0739, contra: p=0.4234; n=5 subjects). B) TACE activity count as a
function of total deprivation time (ipsi: p=0.0728, contra: p=0.3658; n=>5 subjects). C) TACE activity count
as a function of injection time (ipsi: p=0.0157, contra: p=0.4570; n=5 subjects). D) TACE activity as a
function of total injection time (ipsi: p=0.7766, contra: p=0.9794; n=5 subjects).
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Table 3.9 R values and p-values of TACE activity and VGlutl puncta count on PV* INs as

a function of different time intervals for 1JdMD+MPEP subjects.

TACE Activity Biomarker Count

Ipsilateral (nondeprived)

Contralateral (deprived)

R value p-value R value p-value
Deprivation Time -0.5233 0.3655 -0.9069 0.0336
Deprivation Duration -0.4658 0.4291 -0.8720 0.0539
Injection Time -0.5738 0.3118 -0.5808 0.3045
Injection Duration 0.1005 0.8723 -0.3489 0.5650

VGlutl Puncta Count

Ipsilateral (nondeprived)

Contralateral (deprived)

R value p-value R value p-value
Deprivation Time 0.8416 0.0739 0.4709 0.4234
Deprivation Duration 0.8431 0.0728 0.5230 0.3658
Injection Time 0.9441 0.0157 0.4412 0.4570
Injection Duration -0.1764 0.7766 0.0162 0.9794
Discussion

Here, | examined the hypothesis that enzymatic TACE activity and VGIlutl puncta count are time
dependent in Layer 2/3 and specifically on PV* INs. TACE activity count within Layer 2/3 was
significantly correlated with the injection time and injection duration for WTNR subjects and the
ipsilateral hemisphere of 1dMD subjects, while deprivation resulted in correlation disruptions that
were not rescued by MPEP. Interestingly, there was no linear correlation between time, TACE
activity, and VGlutl puncta count on PV* INs, suggesting these parameters were time independent

on PV* INs.
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To my knowledge this is the first FRET-based approach to correlate TACE activity in the
developing juvenile cortex with time. The dynamic TACE characteristics detailed in this chapter
agree with known time-dependent responses of numerous TACE substrates. Soluble TNF-alpha
increased ten-fold at the end of the active dark phase and decreased during the light phase interval
[Floyd et al., 1997]. While time-related changes in other TACE substrates have also been
documented, such as the decrease in membrane-bound transforming growth factor-alpha (TGF-
alpha) over a one-hour interval in mouse embryonic fibroblast cultures (Chapnick et al., 2015),
and increased cleavage products of neuronal pentraxin receptor (NPR) following timed PMA
administration in HEK293T cultures [Cho et al., 2008], these latter studies did not report the time
of day when the experiments were performed. This present work fills the knowledge gap
concerning the dynamic regulation of TACE activity and supports the previously held belief that

TACE function is not static throughout the day.

Unilateral and bilateral results were reported following monocular deprivation and MPEP
administration, respectively. Deprivation resulted in unilateral disruptions in the correlation
between time and TACE activity in Layer 2/3 of the deprived hemisphere, suggesting that visual
input is necessary for overall TACE activity in Chapter 2 and the time-dependent characteristics
of TACE. The administration of MPEP, which restored TACE activity levels in Chapter 2, did not
restore the deprived eye correlations. Instead MPEP resulted in a bilateral decrease in the deprived
and nondeprived hemispheres, meaning both hemispheres were disrupted when mGIuR5 was
blocked. The dysregulation of mGIuR5 is common in autism, where excess and depleted levels

impair synaptic development and disrupt the E/I balance [Barnes et al., 2015].
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The observations that TACE and VGlutl counts on PV* IN were time-independent were surprising.
Because the excitation and inhibition (E/I) balance is tightly regulated, it was expected that
synaptic transmission would show time-dependent changes to maintain the balance. Interestingly,
the approach used in this work to correlate biomarker parameters with time parallels recent reports
that the PV response in Layer 2/3 is separate from the overall regional response in the same layer
[Severin et al., 2024]. Severin and colleagues used clamp pulses as a functional approach to
determine that PV negative cell bodies like excitatory pyramidal cells showed dynamic alteration
through the light phase, while PV* INs had no changes the capacitance, time constant, or resistance
parameters during the same interval [Severin et al., 2024]. These variables show that the window
for synaptic integration is unchanged for PV+ INs, but the mechanism that governs this stability

remains unexplored.

Injection time and duration intervals resulted in opposite correlation coefficients. As described in
the methods section, Animall was deprived first, injected last, and sacrificed first, regardless of
experimental condition. Animal 8, or the last animal in the given study, was deprived last, injected
first, and sacrificed last. The ordering was chosen because Animal 8, the final animal to be
deprived, was already on the surgical table for injections. This order remained consistent across
all experimental conditions and led to an interesting discovery. Animals injected first (Figure
3.2A) probably had lower TACE activity counts because the fluorescent biomarker may have been
cleared out of the system. Future studies on FRET-based synthetic substrate kinetics and clearance
can provide valuable insight to determine the optimal injection durations to minimize biomarker

loss.
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One limitation present in this study is the assumption that TACE activity is linear. Data reports a
linear correlation with TACE activity and various time intervals, but it may fluctuate as time
progresses in the light phase. Therefore, data points that extend into the light phase are necessary
to determine if the dynamic trend in TACE activity is linear, as analyzed with the Pearson
Correlation Coefficient, or if higher order models, like nonlinear and polynomial regression
models, should be implemented. Additionally, selection of a linear correlation analysis may be too
strict or restrictive. The E/I balance is tightly regulated in a given range. Likewise, TNF-alpha
exhibits a cyclic pattern throughout the 24 hr interval. This same cyclic pattern may be present
within the light and dark phases, meaning a linear correlation may not be the best way to assess
the relationship between count parameters and time. As previously stated, higher order, nonlinear
parameters that introduce cyclic oscillations may better represent the relationship between

biomarkers and time parameters.

The observation that TACE activity and VGlutl puncta on PV* INs showed no correlation with
time was unexpected. However, changes in parameter selection and analysis metric could reveal
insightful results on PV* INs that were covered by analysis. For example, the count variable
represents the quantity of TACE puncta relative to a constant 70 um x 70 um region of interest
within Layer 2/3, while the analysis on PV* INs should be dependent on the variable size.
Therefore, the current analysis may inaccurately show no correlations because the TACE and

VGlutl data were not normalized according to the size of PV* INs they are present on.

This is the first study to directly quantify enzymatic TACE activity in the juvenile visual cortex

under normal reared and deprived conditions, yet valuable insight can be gained by further
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exploring the observations made. In this study, TACE activity was monitored during the first four
hours of the light phase in unequal intervals of 20-30 minutes. A uniform, hourly analysis of the
light phase interval would give insight into TACE activity changes while providing comprehensive
time points for replicate studies. Extending this analysis into the dark phase is also a feasible next
step to understand the dynamic profile of TACE over a 24 hr interval and determine if minimum
or maximum levels are reached as the animal transitions between sleepiness to wakefulness. TNF-
alpha increases during the dark phase [Floyd et al., 1997] which infers an increasing trend in TACE
levels during the active, dark phase. This heightened response would explain the initial peak in
activity once the light phase begins at 7am. Therefore, future studies may provide evidence of

cyclic TACE patterns throughout the full 12 hr/12 hr light/dark cycle.

Conclusion

Here, | determined that enzymatic TACE activity is dynamic as a function of time through the
beginning hours of the light phase, prompting future studies involving TACE specific enzymatic
activity through the light phase and during the active hours of the dark phase. Interestingly, this
time dependent response observed in Layer 2/3 was absent on PV* INs within the same layer,
showing a preference for linear correlations within PV negative spaces. Both TACE activity count
and VGlutl count on PVs showed time independent responses, suggesting that time may not be a
factor when assessing the quantity of inputs present on PV* INs. However, TACE activity is time-
dependent in PV-negative areas of the developing visual cortex, prompting further analysis into
understanding where TACE-specific enzymatic activity is occurring. Measuring TACE activity as
a function of time provides a unique opportunity for a time-dependent therapeutic response to

sensory deprivation. Future work that expands the time-dependent aspect of TACE activity
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through the 24-hour light/dark cycle can help further investigate the dynamic, and potentially
cyclic, expression of TACE with time, which may influence downstream substrates that also serve

as modulators of synaptic connectivity.
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Chapter 4: Investigation of Neuronal Pentraxin Receptor Cleavage on
Excitatory Synaptic Disconnections following Monocular Deprivation

Introduction

Parvalbumin interneurons (PV* INs) are central to visual circuit maturation [Ye et al., 2013].
Therefore, the regulation and maintenance of excitatory synapses onto PV* INs in the juvenile
cortex are crucial for proper visual circuit function [Krishnan et al., 2015]. Amblyopia induction
through monocular deprivation (MD) disrupts synaptic connectivity onto PV* INs and weakens
synapses [Severin et al., 2021]. However, the mechanisms that cause this disconnection are not
fully understood. Recently, our collaborative work with Dr. Alfredo Kirkwood and his laboratory
at Johns Hopkins demonstrated that an early response to one-day MD (1dMD) in juvenile mice is
the transient loss of excitatory pyramidal (Pyr) synaptic contacts onto PV* INs in the visual
hemisphere contralateral to MD. We also showed that overexpression of a member of the neuronal
pentraxin (NP) complex blocks the disconnection of excitatory synapses induced by 1dMD
[Severin, 2021]. These data inspired further investigation into the in vivo and in vitro interactions
of NP complex members following synaptic manipulations in MD.

The neuronal pentraxin (NP) complex consists of two secreted members, neuronal pentraxin 1
(NP1) and neuronal pentraxin 2 (NP2), and one transmembrane member, neuronal pentraxin
receptor (NPR). These NP complex proteins bind together in clusters to stabilize excitatory
synapses [Dobbs et al., 1997; Cho et al., 2008]. NP2, also known as neuronal activity regulating
protein (NARP), is an immediate early gene involved in postsynaptic AMPAR clustering and
excitatory synaptic formation onto PV* INs [O’Brien et al., 1999; Chang et al., 2010]. NP2
dysregulation has important consequences. For example, NARP 7 mice have fewer postsynaptic

AMPARSs and decreased synaptic strength onto PV* INs, as shown through whole-cell recordings,
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hippocampal cultures, and slice preparations [Gu et al., 2013; Chang et al., 2010]. Double
knockout (NARP” / NPR”) mice also had fewer postsynaptic AMPARSs [Pelkey et al., 2016].
These studies suggest that both the individual and collective function of the NP complex are crucial
for maintaining synaptic integrity. However, questions still remain regarding the endogenous NP
complex in vivo. Specifically, does the decrease in NARP activity and reduced excitatory synaptic
connections observed following MD and in knockout mice involve consequential alterations to the
structural integrity of NPR at the synapse?

In hippocampal cultures in vitro, NPR is cleaved by tumor necrosis factor alpha converting enzyme
(TACE) [Cho et al., 2008]. Specifically, TACE cleaved NPR following metabotropic glutamate
receptor (mGIuR5) activation, leading to downstream AMPAR clustering with NP complex
members and synaptic weakening after the endocytosis of both AMPAR subunits and NPR from
the postsynapse. While NPR cleavage by TACE was demonstrated in hippocampal cultures, it is
currently unknown if this occurs in the binocular visual cortex of juvenile amblyopes in vivo.
Additionally, the laminar, cell-type, and synapse-specific NPR distribution in vivo remains

unclear. | hypothesized that NPR cleavage by TACE mediates the loss of excitatory synapses onto

PV" INs induced by MD in the juvenile visual cortex. In this chapter, | quantify NPR abundance

using antibody staining and immunoblotting techniques in Layer 2/3 of control and deprived
subjects. The knowledge gained from this study will determine if in vitro pentraxin-dependent

depression mechanisms participate in sensory dependent responses to amblyopia in vivo.

Materials and Methods
The experimental methods for this chapter are outline in Chapter2, which provides detailed

background information on monocular deprivation, cannula implantation, drug preparation,
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FRET-based TACE substrate biomarker preparation, transcardial perfusion and

immunohistochemistry.

Subjects

C57BL/6J mice (Strain#: 000664; RRID:IMSR_JAX:000664) were purchased from Jackson
Laboratory (Bar Harbor, ME). Critical period male and female mice (P28-P35) were used. Mice
were raised in a 12 hr light / dark cycle. Wild-type normal reared (WTNR) mice were divided
into four experimental groups: (1) WTNR control subjects, (2) one-day monocular deprivation
(1dMD) subjects, (3) mGIuR5 antagonist-treated subjects, which also underwent monocular
deprivation (LdMD+MPEP), and (4) three-day monocular deprivation (3dMD) subjects, serving
as a transient experimental group. All procedures were conducted within the guidelines of the
University of Maryland Institutional Animal Care and Use Committee (IACUC Reference #: R-

May-22-26).

Immunohistochemistry

Antibodies included: rabbit anti-parvalbumin (PV; Synaptic Systems Cat# 195-002, RRID:
AB 2156474, 1:1000), mouse anti-parvalbumin (PV; Sigma-Aldrich Cat# P3088-2mL, RRID:
AB 477329, 1:1000), guinea pig anti-vesicular glutamate transporter 1 (VGIuT1,Millipore Cat#
AB5905, RRID: AB_2301751, 1:1000), mouse anti-neuronal pentraxin receptor (NPTXR; R and
D Systems Cat# MAB4414, RRID: AB_ 2925015, 1:100) and anti-calcium/calmodulin-dependent
protein kinase II alpha (CamKlla; Thermo Fisher Scientific Cat# PA5-84083, RRID:
AB_2791235) followed by appropriate secondary antibodies conjugated to Alexa-488, 546, 568

or 647 (1:1000; Life Technologies).
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Imaging Acquisition and Analysis

Laminar Distribution Analysis

A 10X objective lens was used for the laminar depth distribution of NPR fluorescence within the
visual cortex. A full z-stack was acquired by identifying the top and bottom of each brain slice
within the microscope. The middle image was selected from this given range, and an 848.53 um x
848.53 um snap was used for fluorescence analysis. Images were taken for the left and right
hemispheres of one slice, and image acquisition was performed in triplicate for each subject.
Fluorescence analysis was performed in FI1JI (ImageJ, NIH) by defining a 175 um x 750 um region
of interest as the binocular region of the primary visual cortex. Cortical depth layers were defined
as follows: Layer 1 (0-80 microns), Layer 2/3 (80-250 microns) [Severin et al., 2021], Layer 4
(250-400 microns) [Murase et al., 2017], layer 5 (400-500 microns), and Layer 6 (500-600
microns). Layer 2/3 was further divided into superficial Layer 2/3 (80-165 microns) and deep
Layer 2/3 (165-250 microns) following the TACE activity count analysis in Chapter2. A uniform

5% threshold was applied to images to account for the sparse availability of cell bodies in Layer1.

Cell-type and Synapse Colocalization Analysis

Images were acquired on a Zeiss LSM 980 microscope with Airyscan Processing to minimize
false positives from fluorescent halos. Cell-type and synapse specific colocalization of cell-body
expressing and punctate NPR fluorescence images were acquired with 40X objective lens and a
3X zoom. For subtype, cell body, and synapse specific distribution of NPR fluorescence, five

observations were acquired per hemisphere using a 70 pum x 70 pm snap image.
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Western Blot

WTNR and 1dMD subject were anesthetized with 1.5% isoflurane in 100% O in a modified
isochamber followed by decapitation using a rodent guillotine. Dissection of the primary visual
cortex was performed in ice-cold hippocampal dissection buffer to preserve the structural integrity
of the brains during segment extraction. [Murase et al., 2019]. The binocular primary visual cortex
was collected and homogenized with 100ul of 10% SDS using a Sonic Dismembrator (Model 100,
Fisher Scientific). BCA protein kits were used to determine protein concentrations prior to
normalization in Laemmli buffer. Ten percent SDS-polyacrylamide gels were used for
electrophoresis in running buffer (286.5 g glycine, 60.5 g Tris Base pH at 8.3, 100 mL 20% SDS).
Gels were transferred overnight to nitrocellulose film in transfer buffer (14.7 g glycine, 400 mL
methanol, 253 mL 1.0M un-pHed Tris in distilled water). Films were incubated in blocking buffer
(4% nonfat dairy milk, 1% triton 100X, 10% 10X tris buffer saline (TBS)) for one hour following
by overnight primary antibodies incubation for mouse anti-neuronal pentraxin receptor (NPTXR;
R and D Systems Cat# MAB4414, RRID: AB_2925015, 1:100), glyceraldehyde-3-phosohate
dehydrogenase (GAPDH; Thermo Fisher Scientific Cat# MA5-15738, RRID:AB_10977387) and
NPR specific antibodies (2950-2B8 and 2842-6E1) courtesy of Dr. Alfredo Kirkwood. Films were
then presented in secondary antibodies for two hours. Immunoreactive bands were quantified with
the Amersham Typhoon imaging system (Bioscience Research Building). Band intensities were
analyzed using ImageQuant TL software (GE Healthcare Life Sciences). Glyceraldehyde-3-
phosohate dehydrogenase (GAPDH, molecular weight: 37kDa) was used as a housekeeping

protein.
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Results

NPR fluorescence is prevalent in Layer 2/3 of the binocular visual cortex

To determine the laminar distribution of NPR fluorescence within the juvenile binocular visual
cortex, | employed WTNR subjects as a control group to determine the fluorescent profile of NPR
through the cortical depth. NPR fluorescence (Figure 4.1A) was present in all layers of the visual
cortex (One-way ANOVA, F=47.98, p< 0.001 for left; F= 25.14, p< 0.001 for right), with highest
levels in Layer 2/3 (Figure 4.1B,C) of the visual cortex. Additionally, the fluorescence levels of
the right and left hemispheres were comparable (L1: p=0.128, L2/3 combined (Figure 4.1D):

p=0.857, L2: p=0.627, L3: p=0.614, L4: p=0.711, L5: p=0.066, L6: p=0.540, WM: p=0.153).
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(figure on previous page) Figure 4.1. Cortical depth distribution of neuronal pentraxin receptor (NPR)
in the primary visual cortex of WTNR subjects. A) Low magnification (10X) images of NPR in binocular
V1. B) Distribution of NPR fluorescence across cortical depth (left) where green and light blue boxes over
Layer 2/3 represent superficial (80 um — 165 pum) and deep (165 pm — 250 pum) segments respectively and
C) Distribution of NPR fluorescence by layer for left (navy) and right (cyan) hemispheres (L1: p=0.128,
L2/3 combined: p=0.857, L2: p=0.627, L3: p=0.614, L4: p=0.711, L5: p=0.066, L6: p=0.540, WM:
p=0.153) and across hemispheres (One-way ANOVA, F=47.98, p< .001 for left; One way ANOVA, F=
25.14, p< .001 for right, n=8 subjects). D) Combined (left, p=0.857) and superficial (middle, p=0.627 and
deep (right, p=0.614) fluorescence intensity analysis of Layer 2/3.

Since NPR fluorescence was highest in Layer 2/3, | then tested the cell-type specificity of NPR
fluorescence with CaMKIla, to represent excitatory neuronal pyramidal cells, and parvalbumin
(PV), to represent inhibitory interneurons. High magnification colocalized images (Figure 4.2A)
revealed a preference for NPR cell body fluorescence primarily on CAMKIIa (74.1%), with no
observed NPR* fluorescence on PV* INs (0%). Interestingly this fluorescence was not exclusive

to CaMKIIo since some NPR (25.9%) colocalized with neither CaMKIIo nor PV* INs (Figure

4.2B).
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Figure 4.2. NPR is preferentially expressed by excitatory CaMKlla cell bodies, not Parvalbumin-
positive interneurons. A) High magnification (40X) staining of NPR (red) with select excitatory markers
(CaMKlla, green), inhibitory markers (Parvalbumin-positive interneuron PV, magenta), and DAPI (blue).
B) Colocalization percentage of NPR with excitatory cell-types, inhibitory neuronal cell types, or neither
within a given 70pum x 70um region of interest in Layer 2/3 of the binocular juvenile visual cortex (One-
away ANOVA: F=985.079, p<0.001, n=4 subjects).
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Although NPR* cell body fluorescence was not exclusive to PV* INs, there was evidence of
punctate NPR fluorescence on this inhibitory cell-type. Seeing that NARP and NP1 are present at
excitatory synapses on PV [Chang et al., 2010 and Pelkey et al., 2016] | asked if punctate NPR on
PV* INs colocalized with excitatory synapses represented by presynaptic vesicular glutamate

transporter 1, VGlutl.
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Figure 4.3. Minimal colocalization of punctate NPR at excitatory synapses onto parvalbumin-positive
interneurons. A) Fluorescent images of excitatory synaptic marker VGlutl (magenta) with punctate NPR
(red) on parvalbumin-positive interneurons (green) (top) followed by colocalized area onto parvalbumin-
positive interneurons (bottom). B) VGutl and NPR density per um2 of P area (left, p=0.460); VGlutl
density per um2 of PV area (middle, p=0.308); NPR density per um2 of PV area (right, p=0.392), n=3
subjects.
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After establishing WTNR conditions, experimental conditions that reflect different parameters of
sensory deprivation were introduced including 1dMD, 1dMD+MPEP, and 3dMD subjects. These
experimental groups were assessed to determine if (1) MD is sufficient to decrease NPR levels in
the deprived hemisphere, (2) MPEP administration blocks the deprivation response and (3)
deprivation extension to three days (3dMD) returns NPR fluorescence in the hemisphere back to

comparable levels.

1dMD increased NPR fluorescence in the contralateral hemisphere of deprived subjects
Here, | hypothesized that MD would decrease NPR fluorescence in the contralaterally deprived
hemisphere. Cortical depth profiles of the contralateral and ipsilateral hemispheres revealed an
increase in contralateral NPR levels following MD in Layer 2/3 (One-way ANOVA, F=72.63,
p< 0.001 for contralateral; F= 38.546, p<0.001 for ipsilateral; L1: p=0.526, L2/3 combined:
p=0.026, L2: p=0.016, L3: p=0.724, L4: p=0.998, L5: p=0.922, L6: p=0.373, WM: p=0.215.
Figure 4.4B, C). Layer 2/3 was then separated into “superficial” (80-165um) and deeper (165-
250um) portions by equally dividing the Layer 2/3 range (Figure 4.4D).

(figure on following page) Figure 4.4. Cortical depth distribution of neuronal pentraxin receptor
(NPR) in the primary visual cortex of 1dMD subjects. A) Low magpnification (10X) images of NPR in
binocular V1. B) Distribution of NPR fluorescence across cortical depth for contralateral (burgundy) and
ipsilateral (red) hemispheres where green and light blue boxes over Layer 2/3 represent superficial (80 pum
— 165 um) and deep (165 pm — 250 pum) segments, respectively. C) Distribution of NPR fluorescence by
layer (L1: p=0.526, L2/3 combined: p=0.026, L2: p=0.016, L3: p=0.724, L4: p=0.998, L5: p=0.922, L6:
p=0.373, WM: p=0.215) and across hemispheres (One-way ANOVA, F=72.63, p< 0.001 for contralateral;

One way ANOVA, F= 38.546, p<0.001 for ipsilateral, n=13 subjects). D) Combined (left, p=0.026) and
superficial (middle, p=0.016) and deep (right, p=0.724) fluorescence intensity analysis of Layer 2/3.
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Comparable NPR levels across hemispheres in 1JdMD+MPEP and 3dMD experimental
groups

Next, 1dMD+MPEP was evaluated to determine if the administration of an mGIuR5 antagonist
was sufficient to block the observed increases in the deprived, contralateral hemisphere. |
hypothesized that following 1dMD and the administration of MPEP, the contralateral and

ipsilateral hemispheres would be comparable with one another. Hemisphere levels were
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comparable for LdMD+MPEP subjects (L1: p=0.759, L2/3 combined (Figure 4.5D): p=0.165, L2:

p=0.367, L3: p=0.290, L4: p=0.228, L5: p=0.109 L6: p=0.687, WM: p=0.293, Figure 4.5B,C).
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Figure 4.5. Cortical depth distribution of neuronal pentraxin receptor (NPR) in the primary visual
cortex of 1dMD+MPEP subjects. A) Low magnification (10X) images of NPR in binocular V1. B)
Distribution of NPR fluorescence across cortical depth for contralateral (burgundy) and ipsilateral (red)
hemispheres where green and light blue boxes over Layer 2/3 represent superficial (80 pm — 165 pm) and
deep (165 um — 250 pm) segments, respectively. C) Distribution of NPR fluorescence by layer (L1:
p=0.759, L2/3 combined: p=0.165, L2: p=0.367, L3: p=0.290, L4: p=0.228, L5: p=0.109 L6: p=0.687, WM:
p=0.293) and across hemispheres (One-way ANOVA, F=49.158, p<0.001 for contralateral; One way
ANOVA, F=13.567, p< 0.001 for ipsilateral, n=4 subjects). D) Combined (left, p=0.165) and superficial
(middle, p=0.367) and deep (right, p=0.290) fluorescence intensity analysis of Layer 2/3.
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NPR fluorescence was also evaluated by altering temporal deprivation beyond one day. Here, |
hypothesize that extending monocular deprivation out to three days (3dMD) would result in
comparable hemisphere fluorescence of NPR in the juvenile binocular cortex. Analysis of low
magnification cortical depth images (Figure 4.6A) revealed that the contralateral and ipsilateral
hemispheres were comparable (L1: p=0.831, L2/3 combined (Figure 4.5D): p=0.945, L2:

p=0.570, L3: p=0.529, L4: p=0.916, L5: p=0.676, L6: p=0.491, WM: p=0.221 Figure 4.6B,C).
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Figure 4.6. Cortical depth distribution of neuronal pentraxin receptor (NPR) in the primary visual
cortex of 3dMD subjects. A) Low magnification (10X) images of NPR in binocular V1. B) Distribution
of NPR fluorescence across cortical depth for contralateral (burgundy) and ipsilateral (red) hemispheres
where green and light blue boxes over Layer 2/3 represent superficial (80 [im — 165 |um) and deep (165 pm
— 250 um) segments, respectively. C) Distribution of NPR fluorescence by layer (L1: p=0.831, L2/3:
p=0.945, L2: p=0.570, L3: p=0.529, L4: p=0.916, L5: p=0.676, L6: p=0.491, WM: p=0.221) and across
hemispheres (One-way ANOVA, F=17.243, p<0.001 for contralateral; One way ANOVA, F= 24.254,
p<0.001 for ipsilateral, n=3 subjects). D) Combined (left, p=0.945) and superficial (middle, p=0.570) and
deep (right, p=0.529) fluorescence intensity analysis of Layer 2/3.
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Punctate NPR is deprivation independent at excitatory synapses onto PV+ INs

The primary motivation of this chapter was to determine if NPR alterations contributed to
excitatory disconnections on PV* INs. Punctate NPR contacts onto PV* INs were evaluated under
varying sensory deprivation conditions to determine if NPR colocalization with excitatory
presynaptic marker VGlutl contributed to the reduction in excitatory connectivity. Using Figure
4.3 as a control, | evaluated the characteristics of NPR and VGlutl individually and collective onto
PN* INs. VGIlutl puncta showed a decrease in the deprived contralateral hemisphere (p=0.01), as
previously reported in Chapter2. This decrease was blocked by MPEP (p=0.81) and returned to
ipsilateral levels in 3dMD experiments (p=0.90, Figure 4.7). Interestingly, the fluorescence
changes in NPR™ cell bodies were not evident in punctate NPR on PV* INs. Here, | report no
change in punctate TACE under 1dMD (p=0.26), 1dMD+MPEP (p=0.42) and 3dMD (p=0.93)
conditions. Taken together, the results reveal that deprivation conditions do not induce changes in
punctate NPR.

(figure on following page) Figure 4.7. Punctate distribution of NPR with excitatory biomarker
(VGIuT1) on PV INs following deprivation conditions. A) Synaptic distribution of PV and VGIuT1 (top);
PV and NPR (middle); and PV, VGIuT1, and NPR (bottom) B) Quantitative analysis following 1dMD
(VGlutl: p=0.01, NPR: p=0.26, triple: p=0.90, Student’s t-test, n=9 subjects). C) Quantitative analysis for
3dMD (VG1: p=0.90, NPR: p=0.93, triple: p=0.25, Student’s t-test, n=3 subjects). D) Quantitative analysis
for MPEP (VG1: p=0.81, NPR: p=0.42; triple: p=0.68, Student’s t-test, n=4 subjects).
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Inconclusive NPR cleavage in immunoblots

Full-length NPR has a molecular weight of 65kDa and can be cleaved by the TACE enzyme in
two places, primarily at site A, just beyond the seven amino acid the transmembrane region, and
at site B, between the coiled regions [Cho et al., 2008]. Cleavage at site A results in a 62kDa band
that releases NPR from its transmembrane position, and site B cleavage results in 45kDa and
20kDa products, with the latter remaining attached the membrane. Here, | wanted to determine if
cleavage as analyzed by western blot explained the changes in the fluorescence of NPR+ cell
bodies following 1dMD.

| report comparable contralateral and ipsilateral values in the hemispheres of 1dMD and WTNR
subjects (Figure 4.8B). Full-length (65kDa) and cleaved (~50kDa - 62kDa) bands were present in
lab-generated antibodies for immunoblots visualization (Figure 4.8C, D). These antibodies were
specific to amino acid positions 66-151, meaning they could recognize full-length NPR as well as
the 62kDa band corresponding to site A cleavage. Immunoblots revealed no distinctions were
found among experimental conditions following band quantification, seeing that full-length and

cleavage bands were found in both deprived and control subjects.
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Figure 4.8. Comparable Immunoblot cleavage of NPR in WTNR and 1dMD subjects. A)
Representative immunoblots of NPR (1:200) where L denotes left hemisphere and R denotes right
hemisphere. B) Full-length (left) and Cleaved bands (middle, right) of NPR following deprivation and
control conditions. C) Lab generated NPR epitopes (2950-2B8 specific to NPR amino acid positions 66-
151) and D) Lab generated NPR epitopes (2842-6E1) specific to NPR amino acid positions 66-151 courtesy

of Dr. Alfredo Kirkwood.
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Discussion

Exogenous overexpression of neuronal activity regulating protein (NARP) following monocular
deprivation was sufficient to overcome excitatory synaptic disconnections, while knowledge of its
protein family member NPR was unknown [Severin et al., 2021]. Here, | show that monocular
deprivation increases the endogenous NPR expression in excitatory cell bodies within the juvenile
visual cortex. Though punctate NPR is present at excitatory synapses, | report no change in
punctate  NPR expression, suggesting a deprivation-independent response to monocular

deprivation.

Here, | report elevated NPR levels in Layer 2/3 of the juvenile visual cortex, where the early
response to monocular deprivation is reported. This laminar observation supports the idea that
neuronal pentraxin members cluster [Bjartmar et al., 2006; Dobbs et al., 1997; Kirkpatrick et al.,
2000; Xu et al., 2003], as NARP levels are also elevated in Layer 2/3 [Tsui et al., 1996]. Cell body
parallels were also apparent between NPR and NARP. NARP was reported to be fluorescently
distinct from PV* INs [Zhou et al., 2023] even though it clusters at excitatory synapses on the
interneurons [Chang et al., 2010] and on the postsynaptic membrane in its secreted form [Cho et
al., 2008]. Here, | confirm the fluorescent observation of Zhou, as 74% of NPR™ cell bodies within
the present study were present within CaMKIla cells with no colocalization with PV* INs. Both
cell body and punctate observations may be true as | report punctate NPR on PV* INs. Taken
together, the data shows that NPR localization is similar to the known localization of its pentraxin

family members.
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Following monocular deprivation, NPR increased only in Layer 2/3 of the visual cortex. This
contrasts prior studies which showed decreased NARP in the same layer following monocular
deprivation [Severin et al., 2021]. The difference may arise due to the varying experimental
approaches in microscope usage and selected parameters. The NARP study used live imaging with
Two-Photon microscopy visualize changes in this secreted member, while my data was collected
and visualized with commercially available antibodies that could accurately detect cell body

fluorescence, and not punctate distribution.

The observation that NPR increased following monocular deprivation fit in the context of
enzymatic TACE activity in Chapter 2. NPR is a known in vitro substrate of TACE [Cho et al.,
2008], seeing that TACE inhibition blocked cleavage of full-length NPR. This substrate-enzyme
relationship is also present in the visual cortex. | previously reported decreased TACE activity
count in the deprived hemisphere (Chapter 2). Here, | show increased NPR fluorescence in the
same layer, indicating that the disruption of TACE enzymatic activity following deprivation also

preserved NPR.

| did not observe any changes in NPR cleavage in the contralateral or ipsilateral hemisphere of
deprived and normal reared subjects using western blotting. The in vitro Cho model predicted
mGIuR5 activation would cause a decrease in full-length NPR by cleaving its transmembrane
region with TACE in HEK293T cells [Cho et al., 2008]. This mechanism of synaptic weakening
was not seen in immunoblots following monocular deprivation, even though monocular
deprivation and PMA stimulation elevated mGIuR5 levels as an upstream partner. One explanation

for this discrepancy could be differences in how the samples were collected. The in vitro cultures
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used as western blot lysates could provide more experimental control over the NPR content, while
sectioning Layer 2/3 of the visual cortex may have diluted the sample following the inclusion of
more brain regions within the lysate. Biologically, the in vitro cultures may overexpress NPR

within the system, while endogenous NPR level may not be as abundant.

The inconclusive observations following punctate NPR distribution and western blotting analysis
prompt the need for antibodies specific to the cleavage domain of NPR. NPR is cleaved in two
places — at site A just beyond the transmembrane region and at Site B between its cyclic coils. The
generation and validation of an antibody that identifies both sites is essential to determining the
localization of cleaved NPR in the visual cortex, seeing that the current biomarker for NPR may
not be able to distinguish the fluorescence of full-length NPR from its cleaved, soluble form.

Additionally, the activity dependent response of NARP can occur rapidly, with plateaued
responses after the first 4 hrs of activity depletion or induction [Tsui et al., 1996]. This short
interval for NARP suggests that NPR should also be studied at earlier timepoints to determine

deprivation-dependent responses to monocular deprivation.

Additionally, determining if endogenous NPR is time dependent in the binocular juvenile cortex
could also be an emerging project. TNF-alpha [Floyd et al., 1997], TGF-alpha [Chapnick et al.,
2015] and in vitro cultures of NPR [Cho et al., 2008] are known TACE substrates with some time
dependent aspect. Additionally, NARP rapidly responses to changes in activity [Tsui et al., 1996].
The analysis of NARP levels following in vivo LTP showed that the secreted pentraxin responded
as early as 30mins after induction with noticeable changes or maximal plateaus after 4hrs.

Therefore, monitoring monocular deprivation at a shorter timescale may show pentraxin dependent
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changes at the synapse with punctate NPR, that were absent following 24 hr of monocular
deprivation. Here, the use of a time-based study is essential and would answer the question if
synaptic changes that are pentraxin dependent occur earlier in the 24 hr deprivation window. Tsui
et al. revealed that the NARP timescale for long-term potentiation occurs as early as 30 mins, nears
maximum levels at 4 hr and returns after 24 hr. Though this is the secreted member, it can interact

with the N-terminal of NPR and provide a framework for temporal NPR studies.

Conclusion

In vivo fluorescent staining of neuronal pentraxin receptor (NPR) provided essential knowledge
about its laminar, cellular, and synaptic distributions within the developing visual cortex. Analysis
revealed that the cell body expression of NPR is highest in Layer 2/3, where decreased excitatory
drive onto PV* INs were observed following monocular deprivation. Fluorescent staining and
immunoblot data rejected the hypothesis that NPR participated in the excitatory disconnection
process on PVs. Instead, the data revealed the preservation of full-length NPR in the deprived
contralateral hemisphere following deprivation, agreeing with earlier observations made in
Chapter 2 that its primary enzyme, TACE, decreased in the same hemisphere. | report that
monocular deprivation results in NPR alteration at a cytoplasmic, not synaptic level. Nonetheless,
the staining can provide insight into other disease models like Alzheimer’s, in which NPR cleavage

products have been observed [Bilousova et al., 2015; Yin et al., 2009].
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Chapter 5: Conclusion

5.1 Summary and Conclusion

The work presented in this dissertation describes the application of an in vitro FRET-based
synthetic substrate assay to measure TACE-specific enzymatic activity in the juvenile primary
visual cortex. This fluorescent assay identified locations of active TACE cleavage of the synthetic
substrate and was initially administered to monitor the role of TACE proteolysis in excitatory
synaptic disconnections onto PV* INs. Analysis revealed distinct, minimally overlapping
enzymatic TACE activity at excitatory glutamatergic synapses onto PV* INs in Layer 2/3,
disproving the hypothesis. When mapped according to time, these values showed a dynamic
correlation through the light phase for PV-negative synaptic space in Layer 2/3. Additionally, the
fluorescence of the neuronal pentraxin receptor (NPR), a known TACE substrate, increased in the
deprived hemisphere, suggesting transmembrane preservation during the same deprivation
condition that induced a decrease in TACE activity. Collectively, these results indicate the
complexity of TACE as a dynamic enzyme in Layer 2/3, with no influence on excitatory

disconnections onto PV* INs present in the same layer.

5.1.1 Summary of deprivation dependent work using FRET-based approach

In Chapter 2, | assessed the quantity of active TACE within the binocular region of the juvenile
primary visual cortex. Results showed that baseline TACE activity was present in all layers of
normal and experimental subjects. Interestingly, TACE was absent at excitatory synapses onto
PV* INs, regardless of condition. The decrease in TACE activity in the deprived hemisphere
following monocular deprivation was blocked with mGIuR5 antagonist MPEP, which opposed

initial expectations. Collectively, these results demonstrate that TACE activity is deprivation
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dependent in the visual cortex, with no apparent role in excitatory synaptic disconnections on PV*

INs.

5.1.2 Summary of time-dependent work using FRET-based approach

Chapter 3 expanded the results from Chapter 2 by evaluating TACE activity according to
deprivation and injection time intervals within the light phase. Layer 2/3 analysis in control
subjects showed significant correlations with TACE activity and time, which were disrupted only
in the deprived hemisphere of 1dMD subjects. This disruption in correlation was not blocked by
the MPEP antagonist. Instead, MPEP treated subjects showed disrupted correlations in both
hemispheres, suggesting that MPEP inhibition of mGIuR5 had bilateral effects on TACE activity
while deprivation was unilateral. Even more, TACE activity and VGIlutl puncta on PV* INs were
time-independent, emphasizing the need to distinguish the PV-negative cell bodies where active

TACE is localized.

5.1.3. Summary of deprivation-dependent work with Neuronal Pentraxin Receptor (NPR)

In Chapter 4, | quantified NPR following sensory deprivation conditions. Here, the laminar
distribution through the cortical depth revealed increased NPR fluorescence in Layer 2/3 of the
visual cortex, where excitatory disconnections onto PV* INs were observed. High magnification
showed that NPR* cell bodies did not colocalize with PV* INs. Nonetheless, the NPR fluorescence
increased in the contralateral hemisphere following deprivation and showed comparable
hemisphere values following MPEP administration and extended deprivation intervals (3dMD).
Though punctate NPR was present on PV* INs, its quantity was independent of deprivation. A

similar deprivation-independent result was reported with the western blot analysis where control
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and deprived subjects showed condition independent baseline cleavage of NPR. These findings
suggest that fluorescent changes in NPR may be dependent on the absence of TACE, rather than

synaptic disconnections.

5.2 Contributions to the Field
This thesis provides novel advancements to the fields of neuroscience and bioengineering. This
work is the first to show the following:

(1) Monocular__deprivation suppresses _enzymatic TACE activity independent of

excitatory synaptic depression in the juvenile visual cortex of mice.

The structural and functional impacts of monocular deprivation have traditionally focused on
synaptic weakening. Here, | show that alterations in enzymatic TACE activity occur separately
within the visual system. This independence in enzymatic suppression could help identify
therapeutics that work alongside synaptic strengthening efforts for better recovery from
amblyopia. Because the synaptic disruptions of amblyopia parallel other disease models like
autism, schizophrenia, and Alzheimer’s, the discovery of enzyme-specific responses could
encourage therapeutic interventions that target enzymatic and synaptic pathways.

(2) TACE activity has an early response to_monocular_deprivation, highlighting its

potential as a target for therapeutic interventions in amblyopia.

This work is the first to demonstrate that monocular deprivation disrupts the cleavage of a synthetic
substrate by active TACE enzymes in the juvenile visual cortex, meaning TACE activity changes
in response to sensory deprivation. TACE, previously studied in the context of inflammation and

injury, is now shown to be altered by visual deprivation. Though its synaptic contributions are still
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unknown, this now places TACE in the company of enzymes like chABC and MMP9, two
enzymes that can reactivate adult plasticity.

(3) The_time-dependent analysis of TACE activity introduces optimal windows for

therapeutic intervention.

This dissertation is the first to demonstrate that TACE activity is dynamic during the light phase
of normal-reared control and deprived subjects. These findings reveal that TACE activity exhibits
a linear pattern as a function of time. In the context of therapeutic strategies, the fluctuation in
TACE activity emphasizes that the time of day of therapeutic intervention should be considered
alongside the duration of the intervention. This consideration can be extended to other disease

models where the balance between excitation and inhibition is disrupted.

(4) TACE activity is requlated independent of mGIuR5 in the juvenile visual cortex.

In vitro studies have demonstrated a positive relationship between mGIuR5 and TACE activity.
Here, | show that the brain is more complex, as TACE decreased under conditions that elevate
mGIuR5. Additionally, mGIuRS5 inhibitor MPEP blocked the decrease of TACE activity in the
deprived hemisphere, highlighting its role as a negative regulator. Taken together, this suggests
that mGIuRS5 is not the primary upstream activator for in vivo TACE activity, emphasizing the

need for both in vitro and in vivo studies before progressing to human applications.

5.3 Future Research Directions
Extensions of this work through future experiments would provide valuable insight into the
mechanisms and pathways that participate in synaptic plasticity in both normal and amblyopic

visual processing. In Chapter 2, monocular deprivation altered TACE activity independent of
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excitatory synaptic disconnections onto PV* INs. Future experiments focusing on TACE inhibition
in normal reared control subject should be used to confirm that the pathways are distinct, and that
TACE activity does not participate in excitatory disconnections onto PV* INs within the juvenile
visual cortex. Additionally, experiments that activate or inhibit furin in the visual cortex could
advance knowledge on the primary regulator of TACE activity in the brain, seeing that furin is
already known to convert TACE into its active form in vitro. Chapter 3 demonstrated that TACE
activity is not constant, but changes, during the light phase. Future work that extends this analysis
into the dark phase will help map the dynamic changes in TACE activity through the circadian
cycle and identify its peak. Lastly, antibodies specific to the cleavage domain of the neuronal
pentraxin receptor (NPR) would determine if its cleavage serves as an intermediate step for

excitatory synaptic disconnections following amblyopia.

Collectively, these future experiments would deepen our understanding of how the visual cortex

responds to both experience and time, allowing for more targeted therapeutic approaches for

amblyopia treatment during and beyond the visual critical period.
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Appendices

MATLAB scripts of KS test evaluations for Figure 3.4 and Figure 3.5.

Clean Up

clear all
close all
clc

KS tests

% Variabl
load (' KSTest_MD_MPEF.mat ')

iMD = MD(C:, 1) %ipsi MD

cMD = MD(:,2); % contra MD

iMPEP = MPEP(:,1): %ipsi MPEP
cMPEP = MPEP(:.,2): % contra MPEP

)

% Count Normality and p-values for alpha=0.05

% Ip=ilateral conditions

[hil ,pil]= kstest2 (WTNR,iMD, Alpha’', 0.05) %WINE: ldMD

[hi2, piZ2]= kstest2 (4MD, AMPEP, "Alpha’, 0.05) %I1dMD: IdMD+MPEP
[hi3,pi3]= kstest2 (WTNR, iMPEP, 'Alpha’', 0.0%) %WTNR: ldMD+MFEP

% Contralateral conditions

[hel  pel]= kstest2 (WINR,cMD, "Alpha’, 0.05) %WINE: 1dMD

[he2, pe2]= kstest2 (cMD, cMPEP, "Alpha’, 0.05) %I1dMD: IdMD+MPEP
[he3, pe3]= kstest2 (WTNR,cMPEP, "Alpha ', 0.0%) %WTNR: ldMD+MFPEP

% Plot CDF for Injection, Ipsilateral Hemisphere
figure(l)

[F1.x%] | =ecdf (WTKR) ;

[f2.x2]=ecdf (1MD) ;

[f3. %3] =ecdf ({MPEP)

plot (=1, 1, 2 )

hald ong

plot (=2, 2, )

hald ong

plot(=x3,£3, ')

legend ("WINR ', "4iMD "iMPFEF') .

xlabel (' TACE Act lvity Biomarker Count M
ylabel (' Cumulative Probability');

title( Ipsilateral CDF of Experimental Groups');

% Plot CDF for Injection, Contralateral Hemisphere
figure(2)

[f4,x4]=ecdf (WINR) ;

[f5, %5 ]| =ccdf (cMD) ;

[16, x6]=ecdl (cMPEF)

plot (x4, f4, o)
hald on;
plot(x5,f5, ')
hald on;
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plot (=6, 16, L)

legend ("WINR' | "cMD", "cMPEP')

xlabel (' TACE Activity Biomarker Count'):

ylabel (' Cumulative Probability').

title( Contralateral CDF of Experimental Croups').

#Plot for Deprivation, Ipsilateral Hemisphere
figure(3)

plot(x2,f2, ')

hold on;

plot(=x3,£3, ')

legend ("4iMD', "AMPEP') .

xlabel (' TACE Activity Biomarker Count'):

ylabel (' Cumulative Probability').

title( Ipsilateral CDF of Experimental Groups'),

#Plot for Deprivation, Contralateral Hemisphere
figure(4)
plot(x5,f5, ')
hold on;
plot (=6, 16, L)
legend ("cMD', "cMPEP')
xlabel (' TACE Activity Biomarker Count'):
ylabel (' Cumulative Probability').
title( Contralateral CDF of Experimental Croups').
hil =
logical

!

pil =

0. 0064

hiZ2 =
logical

!

pizZ =

0. 02598

hi3 =

logical
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pi3

0. 8854

hel

logical

]

pol

0. 08582

he2

logical

]

pos

hed

logical

]

pod =

0. 8854
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