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1 SUMMARY

Multiple sclerosis (MS) is a widespread neurological disorder characterized by both neuroinflammatory
and neurodegenerative complications. This disease often leads to significant changes in the structural
and functional integrity of the brain's white and gray matter. The visual system is highly vulnerable to
disruptions associated with MS progression. One suspected factor in MS pathogenesis is glutamate
excitotoxicity. This study is focused on the EAATS (SLC1A7) glutamate transporter, which is crucial
for glutamate regulation at the synapses and is positioned near the active zones of photoreceptor ribbon
synapses.

In my thesis, i used the experimental autoimmune encephalomyelitis (EAE) mouse model to examine
how changes in EAATS5 might influence the structure and functionality of photoreceptor ribbon
synapses in MS. I performed qualitative and quantitative techniques, including immunofluorescence
microscopy and Western blot analyses, to measure EAATS expression and its localization at day 9 post-
immunization, during the pre-clinical stage of EAE.

My results indicate a significant decline in EAATS at the photoreceptor synapses in EAE-afflicted
retinas as compared to controls, observed starting from day 9 nine post-immunization. This decline was
confirmed through Western blot analysis showing reduced EAATS protein levels. Such early
impairments in glutamate transport suggest a potential involvement of EAATS in the synaptic
abnormalities seen in MS.

This investigation underscores the role of EAATS in maintaining synaptic balance and proposed EAATS5
imbalance as potential mechanisms contribute to MS related neurodegenerative and neuroinflammatory
manifestations. These findings contribute to a deeper understanding of the molecular underpinnings of

MS and may inform future therapeutic strategies targeting synaptic dysfunction in this disease.



1 ZUSAMMENFASSUNG

Multiple Sklerose (MS) ist eine weit verbreitete neurologische Erkrankung, die sowohl durch
neuroinflammatorische als auch neurodegenerative Komplikationen gekennzeichnet ist. Diese
Krankheit fiihrt hdufig zu erheblichen Verdnderungen in der strukturellen und funktionellen Integritit
der weilen und grauen Substanz des Gehirns. Besonders anfillig fiir Stérungen, die mit dem
Fortschreiten der MS einhergehen, ist das visuelle System. Ein vermuteter Faktor in der Pathogenese
der MS ist die Glutamat-Exzitotoxizitdt. Die vorliegende Studie konzentriert sich auf den EAATS
(SLC1A7) Glutamat-Transporter, der eine entscheidende Rolle bei der Regulation von Glutamat an den
Synapsen spielt und sich in der Nihe der aktiven Zonen der Photorezeptor-Ribbon-Synapsen befindet.
In meiner Dissertation habe ich das experimentelle Modell der autoimmunen Enzephalomyelitis (EAE)
bei Méusen verwendet, um zu untersuchen, wie Verdnderungen in EAATS die Struktur und
Funktionalitdt von Photorezeptor-Ribbon-Synapsen bei MS beeinflussen kdnnten. Ich setzte qualitative
und quantitative Methoden ein, darunter Immunfluoreszenzmikroskopie und Western-Blot-Analysen,
um die Expression und Lokalisation von EAATS5 am neunten Tag nach der Immunisierung wihrend der
praklinischen Phase der EAE zu messen.

Meine Ergebnisse zeigen einen signifikanten Riickgang von EAATS5 an den Photorezeptor-Synapsen in
von EAE betroffenen Retinas im Vergleich zu Kontrollen, beginnend ab dem neunten Tag nach der
Immunisierung. Dieser Riickgang wurde durch Western-Blot-Analysen bestétigt, die eine reduzierte
EAATS-Proteinexpression zeigten. Solche friihen Beeintrdchtigungen im Glutamattransport deuten auf
eine mogliche Beteiligung von EAATS an den synaptischen Anomalien bei MS hin.

Diese Untersuchung unterstreicht die Rolle von EAATS bei der Aufrechterhaltung des synaptischen
Gleichgewichts und schlédgt ein Ungleichgewicht von EAATS als mdglichen Mechanismus vor, der zu
den neurodegenerativen und neuroinflammatorischen Manifestationen der MS beitrégt. Diese
Erkenntnisse vertiefen unser Verstdndnis der molekularen Grundlagen der MS und konnten zukiinftige
therapeutische Strategien zur Zielsetzung der synaptischen Dysfunktion bei dieser Krankheit

informieren.



2 Introduction
2.1 Multiple Sclerosis (MS)

Multiple sclerosis (MS) is a chronic, immune-mediated disease of the central nervous system (CNS)
characterized by inflammation, demyelination, and axonal degeneration (DOBSON, GIOVANNONI,
2019; WARD, GOLDMAN, 2022). It predominantly affects young adults, with a higher prevalence
among women. The pathological hallmark of MS involves the formation of plaques in the brain and
spinal cord, where myelin—the protective layer around nerve fibers—is damaged. This demyelination
leads to impaired conduction of electrical signals along affected neurons, contributing to the wide range
of clinical manifestations (KORN, 2008). MS is categorized into different subtypes based on its
progression: relapsing-remitting MS is the most common form at onset, characterized by episodes of
neurological dysfunction followed by periods of partial or complete recovery, whereas progressive
forms, including primary progressive MS and secondary progressive MS (SPMS), are associated with
a steady accumulation of disability (COMPSTON, COLES, 2008; GAKIS et al., 2024; THOMPSON
et al., 2018).
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Figure 1. Pathogenesis of Multiple Sclerosis. This illustration delineates three potential mechanisms by
which circulating autoantibodies may contribute to the pathogenesis of multiple sclerosis. 1) Under
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inflammatory conditions, such as enhanced permeability of the blood-brain barrier precipitated by
encephalitogenic T lymphocytes, antibodies that penetrate the brain may exert pathogenic effects. 2)
These antibodies can potentially induce vascular damage and inflammatory lesions within the CNS
through processes involving complement-dependent cytotoxicity or antibody-dependent cellular
cytotoxicity, mediated by Fc receptors on microglia and macrophages. 3) Autoreactive B cells might
infiltrate the brain, leading to elevated intrathecal antibody production. Moreover, antibodies adhering
to the surface of target cells can cause direct damage or modify the functionality of these cells, leading
to demyelination. Additionally, antibodies may facilitate demyelination indirectly by activating
autoreactive T cells, or microglia and macrophages.

Adapted from (STERLING, MATTHEWS, 2005)

The clinical consequences of MS are highly variable and depend on the location and extent of CNS
damage. Symptoms may include motor weakness, spasticity, sensory disturbances such as numbness
and tingling, visual impairment (often due to optic neuritis), and coordination difficulties. Fatigue is
one of the most commonly reported and disabling symptoms (GAKIS et al., 2024; LUBLIN, 2005).
Cognitive dysfunction is observed in approximately 40—70% of patients, often manifesting as memory
impairment, reduced processing speed, and executive function deficits (BENEDICT et al., 2020).
Emotional disturbances, such as depression and anxiety, are prevalent and significantly impact the
quality of life. In advanced stages, MS may result in severe physical disability, with affected individuals
requiring mobility aids or full-time care (RAIMO et al., 2021). The extent of disability is frequently
assessed using the Expanded Disability Status Scale (EDSS), which quantifies the impact on motor and
non-motor functions (KAUR et al., 2012; WASIMUDDIN et al., 2018).

The pathological processes underlying MS involve both inflammatory and neurodegenerative
mechanisms. Early in the disease, inflammation predominates, driven by activated immune cells,
including T lymphocytes, B cells, and macrophages, which breach the blood-brain barrier and target
myelin (MAHAD et al., 2015). Over time, neurodegenerative processes, including axonal loss and
gliosis, become more prominent, contributing to irreversible neurological deficits. Lesions typically
occur in the white matter regions of the CNS, such as the periventricular areas, spinal cord, and optic
nerves, although grey matter involvement is also increasingly recognized. Advanced imaging
techniques, particularly magnetic resonance imaging (MRI), play a crucial role in diagnosing MS and
monitoring disease progression by detecting these lesions (KINDLER et al., 2013; MEY et al., 2023;
THOMPSON et al., 2018).

MS is a lifelong disease with no definitive cure, but disease-modifying therapies have significantly
improved outcomes by reducing the frequency and severity of relapses and slowing disability
progression (HAUSER, CREE, 2020). These therapies target the immune-mediated mechanisms
underlying MS and include agents such as interferons, monoclonal antibodies, and oral

immunomodulators. However, treatment efficacy varies among individuals, and the long-term
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management of MS requires a multidisciplinary approach to address its physical, cognitive, and
emotional consequences (HAUSER, CREE, 2020; SANGER et al., 2010; WASIMUDDIN et al., 2018).
With this understanding of MS as a chronic CNS condition, we now shift our focus to the role of
glutamate and its transporters, key players in maintaining neural homeostasis and their implications in

MS pathology (KOSTIC et al., 2013).

2.2 Glutamate and Glutamate Transporters

Given the importance of understanding MS's complex mechanisms, it is essential to delve into the role
of glutamate, the primary excitatory neurotransmitter in the CNS, and the transporters that regulate its
extracellular concentration. These transporters are critical to maintaining neural homeostasis and
protecting against excitotoxicity, a hallmark of MS pathology (KOSTIC et al., 2013).

Glutamate is the primary excitatory neurotransmitter in the CNS, where it is essential for synaptic
transmission, neuronal communication, and plasticity (BROSNAN, BROSNAN, 2013; ZHOU,
DANBOLT, 2014). It plays a crucial role in cognitive processes such as learning and memory, as well
as sensory perception. During synaptic transmission, glutamate is released from presynaptic neurons
into the synaptic cleft, where it activates ionotropic receptors, including a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA), N-Methyl-D-aspartic acid (NMDA), and kainate receptors, as well
as metabotropic glutamate receptors on postsynaptic neurons (BROSNAN, BROSNAN, 2013;
MAEZAWA et al., 2004; ZHOU, DANBOLT, 2014). This activation triggers downstream signaling
cascades involving calcium influx, which drives synaptic plasticity and intracellular signaling
pathways.

While glutamate is indispensable for normal CNS function, its activity must be tightly regulated.
Excessive extracellular glutamate overstimulates receptors, particularly NMDA receptors, leading to
excitotoxicity—a pathological process associated with calcium overload, oxidative stress, and
mitochondrial dysfunction (AMBROGINI et al., 2019; BADING et al., 1995; LAU, TYMIANSKI,
2010; NICHOLLS, 2004). These processes result in neuronal damage or apoptosis, contributing to the
loss of neural connectivity and impaired CNS function (LAU, TYMIANSKI, 2010; SHAW, INCE,
1997). To prevent excitotoxicity and maintain synaptic homeostasis, the CNS relies on excitatory amino
acid transporters (EAATS) to clear glutamate from the synaptic cleft (GREEN et al., 2021). EAATSs
actively transport glutamate into surrounding glial cells or presynaptic terminals, ensuring that
extracellular concentrations remain within physiological limits. The EAAT family includes five
subtypes—EAATI1 to EAATS5—each with unique properties and distinct tissue distributions, enabling

precise regulation of glutamate levels in different regions of the CNS.

11



EAATI1 and EAAT?2 are predominantly expressed in astrocytes, where they account for the majority of
glutamate uptake in the CNS (YL, HAZELL, 2006). EAAT?2 alone is responsible for approximately 90%
of glutamate clearance and plays a pivotal role in preventing excitotoxicity during high neuronal
activity. EAATI1 is also expressed in glial cells but is particularly enriched in the cerebellum,
contributing to glutamate regulation in this region. EAAT3, found in neurons, supports intracellular
recycling of glutamate for metabolic processes such as glutathione synthesis, which is critical for
maintaining the antioxidative capacity of neurons. EAAT4 is localized to cerebellar Purkinje cells,
where it combines glutamate transport with ion channel-like properties to modulate cerebellar function
and maintain motor coordination (RODRIGUEZ-CAMPUZANO, ORTEGA, 2021; SHIGERI et al.,
2004; VANDENBERG, RYAN, 2013).

EAATS, the most specialized member of the EAAT family, is primarily expressed in the CNS and is
highly concentrated at synapses in regions requiring dynamic regulation of glutamate. Unlike other
EAATs, EAATS functions as both a high-affinity glutamate transporter and a chloride channel
(THORESON, CHHUNCHHA, 2023). This dual functionality allows it to hyperpolarize presynaptic
membranes, thereby modulating neurotransmitter release in response to synaptic activity. EAATS’s
chloride conductance property provides additional control over synaptic responses, ensuring that
glutamate release is precisely calibrated to the demands of neural signaling (GEHLEN et al., 2021;
TANG et al., 2022).

The unique localization of EAATS at presynaptic terminals highlights its importance in maintaining
synaptic integrity. By rapidly clearing glutamate from the synaptic cleft, EAATS prevents the
overstimulation of ionotropic receptors such as NMDA and AMPA receptors, preserving the precision
of excitatory signaling. Its role extends beyond glutamate uptake; the chloride channel function
contributes to the fine-tuning of synaptic transmission, making it indispensable for regions where
synaptic activity fluctuates rapidly (PALMER et al., 2003; WERSINGER et al., 2006).

In addition to its role in glutamate clearance, EAATS participates in light adaptation and sensory
processing by regulating neurotransmitter dynamics in response to changes in synaptic demand. This
makes it particularly valuable in neural circuits that require continuous or graded neurotransmitter
release, such as those in sensory systems. EAATS's ability to maintain synaptic homeostasis under
varying activity levels underscores its significance in overall CNS function (MAGI et al., 2019;
MALIK, WILLNOW, 2019; PALMER et al., 2003).

The structural and functional properties of EAATS also contribute to its efficiency. Its high affinity for
glutamate ensures rapid uptake even at low extracellular concentrations, while its dual transporter-
channel activity adds a layer of complexity to its regulation of synaptic dynamics. This specialization

distinguishes EAATS5 from other EAATSs and positions it as a critical regulator of excitatory signaling.
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Building on the understanding of glutamate and its transporters, it becomes evident how their
dysregulation during MS contributes to the progression of the disease. Let us now explore this critical

dysfunction in greater detail (LIANG et al., 2008; MAGI et al., 2019).
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Figure 2. Glutamate synthesis and Glutamate Transporters. The diagram outlines the
function of excitatory amino acid transporters (EAATS) in the removal of glutamate (Glu) from
the synaptic cleft. Glutamate enters glial cells and is metabolically converted into glutamine
(GIn) by glutamine synthetase. Following this conversion, glutamine is transported out of the
glial cells via sodium-coupled neutral amino acid transporters (SNATSs). Neurons then take up
glutamine through SNAT1 and SNAT2, where it is converted back into glutamate by phosphate-
activated glutaminase. This regenerated glutamate is subsequently loaded into synaptic vesicles
by vesicular glutamate transporters (VGLUTSs) and released into the synaptic cleft, thus
supporting further excitatory neurotransmission. Adapted from (MACHTENS et al., 2015).

2.3 Glutamate Transporters Dysregulation During MS

Building on the understanding of glutamate and its transporters, it is critical to examine how their
dysregulation contributes to MS pathology. The dysfunction of glutamate transporters is a key factor in
the excitotoxic processes driving neurodegeneration in MS (SATTLER, ROTHSTEIN, 2006;
STOJANOVIC et al., 2014).
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The pathological mechanisms underlying MS are complex and involve both neuroinflammatory and
neurodegenerative processes. Among these, excitotoxicity, driven by excessive extracellular glutamate,
plays a pivotal role in the progression of neuronal and synaptic damage in MS (SHELDON,
ROBINSON, 2007). Elevated glutamate levels have been consistently observed in the CNS of MS
patients, particularly in regions of active inflammation and demyelination. This accumulation of
glutamate reflects a disruption in the delicate balance between glutamate release and uptake, a process
heavily reliant on the activity of EAATs(NEWCOMBE et al., 2008; SATTLER, ROTHSTEIN, 2006;
STOJANOVIC et al., 2014).

EAAT dysfunction has been implicated in the failure to clear excess glutamate in MS, leading to
prolonged stimulation of ionotropic glutamate receptors, increased intracellular calcium levels, and the
activation of downstream neurotoxic pathways (MITOSEK-SZEWCZYK et al., 2008). Inflammatory
cytokines such as tumor necrosis factor-alpha (TNF-a) and interleukin-1 beta (IL-1p), which are
abundant in MS lesions, have been shown to downregulate EAAT expression and activity, exacerbating
glutamate-mediated excitotoxicity. This disruption not only damages neurons but also affects glial cells,
further impairing glutamate homeostasis and perpetuating the neuroinflammatory cycle (INOUE et al.,
1996; MCCARTHY et al., 2012; PALLE et al., 2017; SUTTON et al., 2006).

EAATS, as a specialized glutamate transporter, plays a significant role in modulating synaptic glutamate
dynamics, particularly in regions of high synaptic activity. In MS, reduced expression or functional
impairment of EAATS has been identified in experimental autoimmune encephalomyelitis (EAE)
models, an established animal model for MS. This reduction is associated with increased extracellular
glutamate and enhanced susceptibility to excitotoxic damage. EAATS’s unique ability to regulate
glutamate levels and its additional chloride channel activity make it a critical player in limiting
excitotoxicity under inflammatory conditions. Its dysfunction exacerbates synaptic and neuronal
degeneration, particularly in areas of high synaptic turnover, such as optic pathways and other sensory
regions (RAJDA et al., 2017; THORESON, CHHUNCHHA, 2023).

Moreover, the interplay between glutamate dysregulation and immune-mediated damage in MS further
underscores the importance of EAATS. During neuroinflammation, EAATS’s protective mechanisms
are compromised, leading to enhanced glutamate release and impaired reuptake at synaptic sites. This
creates a toxic microenvironment that accelerates neuronal loss and contributes to the progression of
disability in MS. The loss of EAATS function not only impairs synaptic precision but also diminishes
the capacity of neurons to adapt to the increased metabolic and excitatory demands imposed by chronic
inflammation (WERNER et al., 2000, 2001).

Therapeutic strategies targeting EAATS5 may offer potential benefits in managing MS-related
excitotoxicity. Enhancing EAATS expression or mimicking its dual transporter and chloride channel
functions could help restore glutamate homeostasis, reduce synaptic damage, and protect neurons from

inflammatory insults. Although current therapies primarily target immune modulation, integrating
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strategies that address excitotoxicity through EAATS could complement existing approaches and
improve outcomes in MS patients.

With the role of glutamate transporter dysfunction in MS pathology established, we now turn to the
anatomy of the mammalian eye, which provides a basis for understanding how MS affects visual

pathways.

2.4 Anatomy of the Mammalian Eye

With the understanding of MS and its effects on glutamate transporters, it is important to explore the
anatomy of the mammalian eye. This knowledge lays the foundation for understanding the impact of
MS on visual pathways. The mammalian eye is a highly specialized organ designed to capture light and
convert it into meaningful neural signals, ultimately forming the perception of vision. Its anatomy is
divided into three principal layers, each serving distinct functional roles.

The outermost layer, composed of the cornea and sclera, acts as a protective shield for the delicate
internal components. The cornea, a transparent and highly refractive structure, serves as the primary
medium for bending incoming light toward the retina. It works in conjunction with the sclera, the
opaque, fibrous "white" of the eye, which maintains the eye's shape and protects it from external
damage. The middle layer includes the iris, ciliary body, and choroid. The iris regulates light entry by
controlling the pupil size, expanding in low light and constricting in bright conditions. Behind the iris
lies the ciliary body, which adjusts the lens's shape to focus images at various distances, a process known
as accommodation. The choroid, rich in blood vessels, nourishes both the retina and the outer layers of
the eye, ensuring optimal cellular function. The innermost layer, the retina, is where light detection and
signal transduction occur. Despite its location, the retina is an integral part of the CNS, extending
directly from the brain. It captures light through specialized photoreceptors and initiates a complex
cascade of biochemical reactions to convert visual stimuli into electrochemical signals. These signals
are transmitted to the brain via the optic nerve for further processing (AGATHOCLEOUS, HARRIS,
2009; CEPKO et al., 1996; DAGHSNI, ALDIRI, 2021).
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Anatomy of the Human Eye
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Figure 3.Anatomy of mammalian eye. This is an illustration that describes the anatomical part of the
human eye. Adapted from (BAEK et al., 2024).

Light enters the eye through the cornea and is further refracted by the crystalline lens, which fine-tunes
the focus onto the retina. This intricate process enables the retina to detect subtle variations in light
intensity, color, and movement, laying the foundation for detailed visual perception. To fully appreciate
the relationship between MS and visual dysfunction, it is essential to delve deeper into the structure and

function of the retina, the primary site of light detection and neural processing in the eye.

2.5 Structure and Function of the Retina

Building on the anatomy of the eye, we now focus on the retina, the neural structure responsible for
capturing and processing light. Understanding its organization and functionality is crucial for analyzing
how MS affects visual pathways (1868). The retina, a layered structure critical to vision, comprises two
main components: the retinal pigment epithelium (RPE) and the neural retina. The RPE forms a
monolayer of pigmented cells that lies adjacent to the choroid. It plays a pivotal role in photoreceptor
maintenance by absorbing excess light, recycling photoreceptor outer segments, and regulating nutrient
exchange. The RPE also helps maintain the blood-retina barrier, which protects the neural retina from
harmful substances (1868; HOON et al., 2014).

The neural retina consists of five primary neuronal cell types: photoreceptors, bipolar cells, ganglion
cells, horizontal cells, and amacrine cells. These cells are arranged in distinct layers, reflecting their

specialized roles in visual processing. The photoreceptors (rods and cones) are located in the outermost
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layer. Rods are highly sensitive to low light and are primarily responsible for scotopic (night) vision,
while cones are sensitive to bright light and enable photopic (color) vision. These cells initiate
phototransduction, a biochemical cascade that converts light into electrical signals (DE MORAES,
2013; KELTS, 2010; REESE, 2011; ZHU et al., 2023).

Bipolar cells act as intermediaries, transmitting signals from photoreceptors to ganglion cells, which
are the retina's output neurons. The axons of ganglion cells converge to form the optic nerve, carrying
visual information to the brain's visual cortex. Horizontal and amacrine cells mediate lateral
interactions, enhancing contrast sensitivity and refining spatial and temporal aspects of visual stimuli.
Supportive Miiller glial cells, spanning the entire retinal thickness, maintain structural integrity and
regulate the ionic environment. Additionally, astrocytes and microglia contribute to the retina's immune
defense and homeostasis. Having established the structural complexity of the retina, it is essential to
explore the synaptic pathways within this organ to understand how visual information is transmitted

and integrated (AGUIRRE et al., 2016; BRINGMANN, WIEDEMANN, 2012; REESE, 2011).

/
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Figure 4 . Structure of human retina. Situated at the innermost layer of the eye, the retina comprises
an intricate network of neurons, interneurons, and ganglion cells. It is systematically organized into five
specific layers: the Ganglion Cell Layer (GCL), Inner Nuclear Layer (INL), Outer Nuclear Layer
(ONL), and the synaptic zones of the Inner Plexiform Layer (IPL) and Outer Plexiform Layer (OPL).
The retina's photoreceptors, rods and cones, initiate phototransduction by transforming light into
electrical signals. This process takes place in the outer segments of the photoreceptors, which are closely
associated with the apical microvilli of the Retinal Pigment Epithelium (RPE) cells. The conversion
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signals are then propagated to the ganglion cells via bipolar and amacrine cells, ultimately transmitting
visual information to the brain through the optic nerve. Adapted from (KARALI, BANFI, 2015)

2.6 Retinal Synaptic Pathways

With an understanding of the structural organization of the retina, we now turn to its synaptic pathways,
which facilitate the transmission and integration of visual signals. These pathways play a pivotal role
in processing light information and adapting to varying visual demands.

The transmission of visual signals within the retina occurs through specialized synaptic pathways that
integrate excitatory and inhibitory inputs. The outer plexiform layer (OPL) and inner plexiform layer
(IPL) serve as the primary sites of synaptic interaction. In the OPL, photoreceptors form synapses with
bipolar and horizontal cells. Bipolar cells mediate the vertical transmission of signals, while horizontal
cells provide lateral inhibition. This lateral interaction enhances visual contrast, allowing for edge
detection and image sharpening. The OPL serves as the first site where light signals are modified to
emphasize spatial differences, crucial for interpreting fine details in the visual scene (BULDYREV et
al., 2012; FURUKAWA et al., 2020; JOHNSON et al., 1999; TIAN, 2004).

In the IPL, bipolar cells transmit signals to ganglion cells, the retina's output neurons, while also
interacting with amacrine cells. Amacrine cells play a key role in modulating temporal aspects of visual
signals, such as motion detection and adaptation to changes in light intensity. This layer integrates
complex spatial and temporal information before relaying it to the brain for further processing. The
retina processes light increments and decrements through ON and OFF pathways. ON bipolar cells
depolarize in response to increased light, while OFF bipolar cells hyperpolarize in response to decreased
light scene (BULDYREV etal., 2012; FURUKAWA etal., 2020; JOHNSON et al., 1999; TIAN, 2004).
This separation ensures precise coding of light intensity changes, which is critical for detecting motion
and adapting to varying illumination levels (HENDRICKSON, 2016; JOHNSON et al., 1999; O'BRIEN
et al., 2003). These synaptic pathways exemplify the intricate coordination required to process visual
stimuli efficiently. To delve deeper into this complexity, we now examine the morphology and function

of ribbon synapses, which are central to continuous neurotransmitter release in the retina.
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Figure 5 . Retinal Synaptic Pathways. The light is captured by rod and cone photoreceptors, which
transform these light signals into neural signals. These light-evoked signals are then transmitted to
bipolar cells via glutamatergic synapses located in the OPL. Subsequently, the bipolar cells convey
these signals to amacrine and ganglion cells through additional glutamatergic synapses found in the
IPL. This network of synaptic connections among bipolar, amacrine, and ganglion cells in the IPL is
crucial for feature extraction and the reduction of redundancy in the retinal output. Additionally, Miiller
glia play a supportive role in maintaining retinal function. Adapted from (GRIMES et al., 2021)

2.6 Morphology and Function of Ribbon Synapses

Building on the understanding of retinal synaptic pathways, it is important to explore ribbon synapses,
specialized structures essential for the continuous and rapid transmission of visual information. These
synapses are critical to the retina's ability to adapt to the dynamic demands of light and motion
processing.

Ribbon synapses, distinct from conventional synapses, are specialized for sustained neurotransmitter
release. Found in photoreceptors and bipolar cells, these synapses are characterized by an electron-
dense ribbon structure that extends into the cytoplasm from the presynaptic membrane. This ribbon
tethers numerous synaptic vesicles, positioning them for rapid and continuous exocytosis. Such a

configuration ensures that ribbon synapses can sustain high rates of neurotransmitter release, a feature
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indispensable for encoding graded changes in light intensity (BRANDSTATTER et al., 1999;
MATTHEWS, FUCHS, 2010; TOM DIECK et al., 2005).

The ribbon is anchored to the active zone by the arciform density, a specialized structure that facilitates
vesicle docking and fusion. This configuration allows the vesicles to remain primed for release, enabling
the rapid transmission of visual signals. Unlike conventional synapses, which rely on transient bursts
of neurotransmitter release, ribbon synapses support continuous exocytosis. This makes them uniquely
suited for sensory systems like the retina, where precise and sustained signaling is crucial.

Ribbon synapses are also present in other sensory systems, such as the cochlea, where they support
auditory processing. Despite differences in sensory modalities, the physiological role of ribbon synapses
remains consistent: to provide a high temporal fidelity in signal transmission (MAGUPALLI et al.,
2008; MAXEINER et al., 2016; SCHMITZ, 2009; SCHMITZ et al., 2000; ZANAZZI, MATTHEWS,
2009).

By understanding the unique structure and function of ribbon synapses, we gain insight into how the
retina achieves continuous signal transmission under physiological conditions. This knowledge
provides a foundation for examining how MS disrupts these systems, particularly within the visual

pathways.

) Hair cell (b) Cone terminal (c) Bipolar terminal

TRENDS in Neurosciences

Figure 6 . Morphology and Function of Ribbon Synapses. (A) Hair cells feature ribbons that tether
vesicles near the presynaptic membrane, supporting single postsynaptic processes, with around 10-20
ribbons per cell. (B) Cone terminals contain ribbons at invaginations hosting triads of postsynaptic
processes (two horizontal cells and one bipolar dendrite), with each cone displaying around 20-50
triads. (C) Bipolar terminals have ribbons connected to postsynaptic processes, which could include
ganglion cell dendrites or amacrine processes, with amacrine processes often forming reciprocal
synapses. Adapted from (STERLING, MATTHEWS, 2005)

2.7 MS and Visual Complications
Having established the foundational anatomy and functionality of the eye and retina, we now focus on

how MS impacts the visual system. Visual complications are among the most common and earliest
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manifestations of MS, providing a valuable window into understanding the broader neurodegenerative
and inflammatory processes associated with the disease.

The visual system is particularly susceptible to MS pathology, with optic neuritis often serving as an
early clinical manifestation. This condition is characterized by inflammation of the optic nerve, leading
to symptoms such as vision loss, reduced visual acuity, and pain with eye movement. These symptoms
reflect the underlying immune-mediated attack on the CNS that defines MS. Damage to the optic nerve
and retina has been extensively studied, revealing critical insights into the mechanisms of
neurodegeneration in MS. Retinal changes, including degeneration of retinal ganglion cells (RGCs) and
disruptions in synaptic structures, are hallmarks of MS-related visual dysfunction. These alterations are
driven by inflammatory processes and excitotoxicity, further underscoring the role of immune-mediated
damage in MS pathology (COSTELLO, 2016; DHANAPALARATNAM et al., 2022; JASSE et al,,
2013; VAN DER FEEN et al., 2022).

EAE, an established animal model of MS, has been instrumental in studying the visual system. EAE
studies show that retinal degeneration occurs early in the disease process, even before significant
demyelination of the optic nerve. Retinal ganglion cells are particularly vulnerable, with early axonal
loss and synaptic disruptions evident in preclinical stages. This suggests that the retina is a site of early
neuronal vulnerability in MS and may represent a potential target for therapeutic intervention
(CONSTANTINESCU et al., 2011; RAO, SEGAL, 2004; ROBINSON et al., 2014).

Additionally, inflammation-driven alterations in synaptic structure and function within the retina have
been documented in MS and EAE. Photoreceptor synapses, which mediate the transmission of visual
signals, are significantly affected. Early synaptic changes, including disruptions in synaptic protein
expression and neurotransmitter dynamics, precede structural damage to the optic nerve. Glutamate
excitotoxicity, a well-documented mechanism in MS, contributes to this synaptic dysfunction by
overactivating glutamate receptors, leading to calcium overload and neuronal injury (SCHWARZ,
SCHMITZ, 2023).

The molecular mechanisms underlying these early synaptic changes involve a complex interplay
between immune cells, glial cells, and neurons. Inflammatory cytokines, such as TNF-a and IL-1§, are
upregulated in the retina during MS and EAE, disrupting synaptic integrity and accelerating
neurodegeneration. Oxidative stress, mediated by reactive oxygen species (ROS) and nitric oxide,
further exacerbates these changes by damaging synaptic proteins and impairing neurotransmitter
release. These inflammatory and oxidative stress markers are observed in the retina and other CNS
regions affected by MS, highlighting common mechanisms of synaptic and neuronal injury
(BARACZKA et al., 2003; BEZZI et al., 2001; ROVARIS et al., 1996).

Given the early synaptic changes observed in MS, targeting these mechanisms could provide a
therapeutic avenue. Strategies aimed at mitigating glutamate excitotoxicity or enhancing antioxidant

defenses may help preserve synaptic integrity and prevent subsequent neuronal loss. Moreover,
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advanced imaging technologies, such as optical coherence tomography (OCT), offer non-invasive
methods to monitor retinal changes in vivo, potentially serving as biomarkers for disease activity and
therapeutic efficacy (BARACZKA et al., 2003; BEZZI et al., 2001; ROVARIS et al., 1996).

Understanding how MS impacts the visual system underscores the importance of glutamate
transporters, particularly EAATS, in preserving synaptic and neuronal integrity. We now turn to the

specific role of glutamate transporters in managing visual complications associated with MS.

2.8 Glutamate Transporters’ Role in Visual Complications in MS
Building on the understanding of MS-related visual complications, it is critical to explore the potential
role of glutamate transporters, EAATSs, in managing excitotoxicity and preserving synaptic integrity
within the visual system. Dysregulation of these transporters in MS significantly contributes to the
progression of visual impairments.

Visual complications in MS, including optic neuritis and retinal degeneration, are closely linked to
disruptions in glutamate homeostasis (Is this a hypothesis or a fact? If it is a fact, you need to add the
reference. I think you want to say that glutamate transporters likely play an important role. I would re-
phrase that chapter accordingly. Glutamate, the primary excitatory neurotransmitter in the CNS, is vital
for synaptic signaling in the visual pathways. However, its excessive accumulation during
neuroinflammatory conditions such as MS results in excitotoxicity, characterized by overactivation of
glutamate receptors, calcium overload, and subsequent neuronal damage. Glutamate transporters,
particularly EAAT2 and EAATS, play a pivotal role in regulating extracellular glutamate levels in the
visual system. EAAT?2, expressed predominantly in astrocytes along the optic nerve, manages the bulk
of glutamate clearance, preventing excessive accumulation at active synapses. Meanwhile, EAATS,
localized presynaptically in retinal neurons, modulates neurotransmitter release and ensures efficient
glutamate uptake at photoreceptor and bipolar cell synapses (WERSINGER et al., 2006). Together,
these transporters preserve synaptic integrity and prevent excitotoxic damage under physiological
conditions (MANDOLESI et al., 2017; MITOSEK-SZEWCZYK et al., 2008; OHGOH et al., 2002;
STRUZYNSKA et al., 2005).

In MS, the expression and functionality of these transporters are impaired due to inflammatory
processes. Elevated levels of cytokines such as TNF-o and IL-1f in MS lesions downregulate EAAT
activity, exacerbating glutamate dysregulation. This is particularly evident in the optic nerve and retinal
regions, where high metabolic and synaptic demands make neurons and glial cells highly vulnerable to
excitotoxic stress (CENTONZE et al., 2009; MANDOLESI et al., 2015; ROSSI et al., 2014).

EAATS, with its dual functionality as a glutamate transporter and chloride channel, plays a unique role
in synaptic modulation. Its dysfunction in MS has been linked to enhanced susceptibility to

excitotoxicity and synaptic instability in high-activity regions such as the retina. Reduced EAATS
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activity contributes to the degeneration of retinal ganglion cell axons and prolonged visual deficits, even
after acute episodes of optic neuritis resolve (BOCCUNI, FAIRLESS, 2022). Restoring glutamate
transporter function presents a promising avenue for mitigating visual complications in MS.
Pharmacological agents that enhance EAAT expression or mimic its functionality could help re-
establish glutamate homeostasis and protect synaptic structures from excitotoxic damage. These
approaches complement existing immune-modulating therapies and could provide a more
comprehensive strategy for preserving visual function in MS (RAJDA et al., 2017; THORESON,
CHHUNCHHA, 2023).

In summary, glutamate transporters, particularly EAATS, are indispensable for maintaining synaptic
homeostasis in the visual pathways. Addressing their dysfunction represents a critical step in preventing

excitotoxicity and mitigating visual complications in MS.
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3 Materials and Methods

3.1 Materials

3.1.1 Antibodies
3.1.1.1 Primary antibodies
Antibody source dilution

EAATS (immunogen affinity- Abcam; Cambridge UK; 1:200 (IF)
purified rabbit polyclonal) *  ab230217 1:500 (WB)
RIBEYE(B) (mouse Lab-made 1:1000 (IF)
monoclonal, clone 2D9)
Actin (mouse monoclonal Millipore; Molsheim, France; 1:1000 (IF)
antibody, clone C4) #1501R 1:1000 (WB)
6xHis, HexaHis-tag (mouse Proteintech;Planegg- 1:5000 (WB)

monoclonal antibody, clone

1B7GS5)

Martinsried, Germany;

#66005-1-Ig

* EAATS is a 559 amino acid (aa) long protein in mice (NP_666367.3, GI:1597486091) with a predicted
running position at =65 kDa in the Western blot (WB) analyses. The affinity-purified rabbit polyclonal
EAAT 5 antibody (abcam) was raised against a fusion protein corresponding to amino acid (aa) 100—
250 of human EAATS (000341). The specificity of the antibody was verified by a fusion protein that
we generated from recombinant synthetic DNA

3.1.1.2 Secondary antibodies

Antibody Source Dilution

Chicken anti-rabbit- Invitrogen, Molecular Probes,  1:1000 (IF)

Alexad488 Karlsruhe, Germany; A-21441

Donkey anti-rabbit-Alexa488 Invitrogen, Molecular Probes,  1:1000 (IF)
Karlsruhe, Germany; A-21206

Donkey anti-mouse-Alexa568 Invitrogen, Molecular Probes, 1:1000 (IF)

Karlsruhe, Germany; A-10037
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Goat anti-rabbit-horseradish ~ Sigma; Taufkirchen, Germany; 1:5000 (WB)
peroxidase (HRP) A6154
Goat anti-mouse-horseradish  Sigma; Taufkirchen, Germany;  1:5000 (WB)
peroxidase (HRP) A3673

3.1.2 Reagents and Chemicals

Name Company

Acetic acid Roth
Amido Black Merck
Benzil Science Services
Cellulose acetate membrane GE Healthcare
Cobalt Merck
Di sodium hydrogen phosphate Roth
Dimethylsulfoxide Roth
Ethanol ZCHL
Formic acid Merck
gBlock Integrated DNA Technologies
Gibson Assembly Cloning Kit New England Biolabs
Incomplete Freund’s Adjuvant Sigma
Low range protein standard Roti marker Roth
Methanol Roth
Methyl Butane Roth

MOG 35-55/ CFA kit

Hooke’s Laboratories

Nitrocellulose membrane Millipore
Non-fat dry milk powder Supermarket
Paraformaldehyde Roth
Para-hydroxy Coumarin Acid (PCA) Roth

Pertussis toxin

List Biological Laboratories

Ponceau S-stain

Roth

Rotiphorese Gel 30 (29% acrylamide, 0.8 % bisacrylamide) Roth
Sodium azide Merck
TEMED Roth
Trichloroacetic acid Roth
Tween 20 Roth
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Whatman filter paper

Roth

3.1.3 Buffers and Solution

Name

Composition

5x phosphate-buffered saline (PBS)

40 g NaCl, 1 g KCl, 7.2 gNa,HPO4, 1.2 g
KH,PO4; Make up to 1 litre with dd H,O

Amidoblack staining solution

0.5% Amidoblack, 45% Methanol, 45%
Distilled water, 10% Acetic acid

Amidoblack washing solution

47.5% Methanol, 47.5% Distilled water, 5%

Acetic acid

ECL-solution
(Chemiluminescence detection system)

1:1v/vECLIand ECLITIECLI:

10 ml Tris 1M pH 8.5 1 ml Luminol stock
Para-hydroxy Coumarin Acid (PCA) Make volume
up to 100 ml with dd H,O ECL-IIL: 10 ml Tris 1M
pH 8.5 64ul H,0»; Make volume up to 100 ml with
dd H,O

imidazole elution buffer

400 mM imidazole 300 mM NaCl, 50 mM
NaH,HPOy,, pH 8.0

imidazole in washing buffer

(300 mM NacCl, 50 mM NaH»POg, pH 8.0).

imidazole lysis buffer

300 mM NaCl, 50 mM NaH;POy4, 2.5 mM
imidazole, pH 8.0)

MOG 35-55/ Complete Freund’s Adjuvant
CFA emulsion

200 pg of encephalitogenic MOG35-55 (mouse
myelin oligodendrocyte glycoprotein) peptide
(MEVGWYRSPFSRVVHLYRNGK; >90%
purity, generateded by Dr. Martin Jung,
Department ofBiochemistry and Molecular
Biology, MedicalSchool Homburg, Saarland
University) wasmixed at a concentration of 2
mg/ml in sterile water with an equal

volume of complete Freund’s  adjuvant
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(incomplete  Freund’s adjuvant, iCFA
(Sigma) with 10mg/mlinactivated M.
tuberculosis (Fisher Scientific #10218823)).

PBST (1X)

2ml Tween-20 in 900 ml PBS; Make volume up
to 1litre with dd H20

Polyacrylamide 10% running gel

1.5ml dd H20, 1.9 ml 1 M Tris pH 8.8, 2.40 ml
30% Acrylamide, 75 ul 10% SDS, 1.5 ml 50%,
Glycerol5 ul TEMED, 40 ul 10% APS

Polyacrylamide 7% running gel

2.2mldd H,0,, 1.9 ml 1 M Tris pH 8.8, 1.75 ml
30% Acrylamide, 75 ul 10% SDS, 1.5 ml 50%
Glycerol5 ul TEMED, 40 pl 10% APS

Polyacrylamide stacking gel

2.4 ml dd H,O, 950 pl 1 M Tris pH 6.8, 500 pl
30% Acrylamide, 50 pl 10% SDS, 10 ul
TEMED, 50 ul 10% APS

Ponceau S-stain

30 g Trichloroacetic
acid, 5g Ponceau; make

volume up to 1 litre with
dd H20

PTX solution

200ng of pertussis toxin (PTX) from
Bordetella. pertussis (List Biological
Laboratories Inc.#180, via Biotrend, Cologne,

Germany) was dissolved in 100ul sterile PBS

RIPA lysis buffer composed

150 mM NaCl, 50 mM Tris (pH 7.4), 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, and a

protease inhibitor cocktail

SDS-loading buffer 4x

1,6 g SDS, 4 ml B-Mercaptoethanol, 2 ml
Glycerol, 2 ml 1M Tris pH 7, 4 mg Bromo
phenol blue2 ml of ddH20

SDS-PAGE-electrophoresis buffer

3.03 g Tris, 14.4 g Glycine, 1.0 g SDS; Make
volume up to 1 litre with ddH20

Stripping buffer

0.2 M glycine, 0.1% SDS, and adjusted to pH
22
Make volume up to 5 litres with dd H20

Transfer buffer (Western blot)

Tris 15.125 g, Glycine 72.05 g, Methanol 1 litre
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3.1.4 Laboratory instruments and consumable materials

Name

Company

Adjustable pipettes

Eppendorf

Autoclave

Tuttnauer Systec S0SOELCV

Axiovert 200, AxioCam MRm (Camera)

Carl Zeiss

Biofuge fresco Heraeus

Biofuge primo R Heraeus
Biofuge stratos Heraeus
Chemidoc XRS system Bio-Rad
Confocal laser scanning microscope Nikon

DUO 004B vacuum pump Arthur-Pfeiffer Vakuumtechnik
Fluorescence microscope Axiovert 200 M, Carl Zeiss
Freezer -80°C Heraeus

Hot air oven Heraeus

Laminar flow model 1,2 Holten

Magnetic stirrer (Complete Set) Neolab

Overhead rotator Neolab

pH meter Inolab

Polyacrylamide gel system Bio-Rad

Power pack for gel system GE healthcare

Refrigerated incubator shaker Innova 4320

New Brunswick Scientific

Sterile filtration device Millipore
Super-resolution structured illumination Carl Zeiss
microscope

Ultra Turrax T8A IKA Labortechnik;
Ultracut Microtome (UltraCut S) Leica

Ultrasound Bandelin Sonoplus

Bandelin Electronic, Berlin

Vortex

VWR International
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Weighing balance CP64 Sartorius

Western blot transfer apparatus HOEFER SCIENTIFIC INSTRUMENTS

Wide Field Microscope Carl Zeiss

3.2 Methods

3.2.1 Induction of Experimental Autoimmune Encephalomyelitis (EAE) in
Female Mice
To model MS in preclinical studies, EAE was induced in female C57BL/6J mice aged 10 to 12 weeks

and weighing between 20 and 25 grams(DEMBLA et al., 2018; KESHARWANI et al., 2021;
ROBINSON et al., 2014). This animal model mirrors the immune-mediated and neuroinflammatory
characteristics of MS and provides a valuable platform for investigating disease mechanisms and
potential therapeutic strategies. The choice of female mice aligns with the higher prevalence of MS
among young women in humans and reflects the standard approach adopted in EAE studies, where
female mice are preferentially used due to their heightened susceptibility to autoimmunity (DEMBLA
et al., 2018; KESHARWANI et al., 2021; MCCOMBE, GREER, 2022; MUKHERIJEE et al., 2020;
RAHN et al., 2014; ROBINSON et al., 2014)

Induction of EAE was achieved by immunization with the myelin oligodendrocyte glycoprotein
(MOG35-55) peptide, a well-characterized antigen that triggers immune responses against myelin in
the CNS. Two approaches were used for immunization: a ready-to-use emulsion from Hooke
Laboratories (MOG35-55/CFA Emulsion PTX, containing 1 mg MOG peptide/mL of emulsion) or lab-
prepared emulsions. For the latter, the MOG35-55 peptide was dissolved in sterile water at a
concentration of 2 mg/mL and emulsified in a one-to-one ratio with complete Freund’s adjuvant (CFA).
The CFA was prepared by supplementing incomplete Freund’s adjuvant with 10 mg/mL of inactivated
Mycobacterium tuberculosis. Control emulsions contained only CFA, emulsified in an equal ratio with
sterile water. A total volume of 200 uL of the prepared emulsion (either MOG/CFA for the experimental
group or CFA for the control group) was administered subcutaneously in the axillary and groin regions
of each mouse.

To enhance the permeability of the blood-brain barrier and facilitate CNS access for immune cells,
pertussis toxin (PTX) from Bordetella pertussis was administered intraperitoneally. Each mouse
received two injections of 200 ng PTX, the first 60 minutes after the application of the emulsion and
the second 16 to 20 hours post-immunization. This dual PTX injection protocol is critical for
establishing consistent and robust EAE induction.

The study involved five independent immunization experiments for each of two experimental purposes:
immunofluorescence microscopy and Western blot analyses. Each experiment included both

experimental animals injected with MOG/CFA emulsion and control animals injected with CFA
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emulsion. To ensure unbiased results, animals were randomly assigned to the respective groups and
housed together in the same cages to minimize environmental variability. This rigorous experimental
design ensures the reproducibility and reliability of findings related to EAE pathophysiology and the

evaluation of molecular and cellular outcomes. EAE induction was done by Karin Schwarz.

3.2.2 Cloning of pET28a-EAATS

To facilitate the study of human excitatory amino acid transporter 5 (EAATS), a cDNA fragment
encoding amino acids 100-250 of the protein was successfully cloned into the pET-28a vector using
Gibson assembly. This cloning strategy allows for the production of a recombinant EAATS fragment,
enabling structural and functional analyses of the transporter (GIBSON et al., 2009).

The pET-28a vector was prepared for insertion by linearization through restriction digestion with the
enzymes Nhel and Xhol. The DNA insert, designed as a synthetic construct (gBlock), was procured
from Integrated DNA Technologies. This gBlock contained a sequence encoding amino acids 100-250
of human EAATS flanked by 34-nucleotide sequences overlapping the vector at both its 5" and 3’ ends.
These overlapping sequences included the Nhel restriction site at the 5’ end and the Xhol restriction site
at the 3’ end, facilitating precise alignment during the Gibson assembly reaction.

The design of the gBlock insert incorporated additional functional elements to facilitate downstream
protein expression and purification. At the 5’ end, the insert included a STREP-Tag II sequence,
immediately followed by the coding sequence for EAATS residues 100-250. At the 3’ end, the construct
was engineered with vector sequences that ensured proper integration and expression in the host system.
The resulting recombinant vector expressed EAATS as a fusion protein with the following features: an
N-terminal hexa-histidine (His) tag, a thrombin cleavage site, the STREP-Tag II, and a second hexa-
His tag at the C-terminal end. These tags facilitate protein purification and allow for flexibility in
proteolytic cleavage during downstream processing.

The assembly of the gBlock insert into the linearized pET-28a vector was performed using the Gibson
assembly method, a robust and efficient cloning technique. The reaction was carried out in accordance
with the manufacturer's protocol using the Gibson Assembly Cloning Kit. This method enabled
seamless integration of the insert into the vector by leveraging the overlapping sequences provided in
the gBlock design, resulting in a stable and accurate recombinant construct.

The cloned construct was designed to optimize expression and facilitate purification of the EAATS
fragment in bacterial systems. This strategy provides a reliable platform for studying the structural and
functional properties of EAATS5 and exploring its physiological role in glutamate transport and chloride

conductance. Karin Schwarz helped with the cloning of the construct.
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3.2.3 Cloning of pET28a-Cre (Control Protein)

To generate a control protein for experimental applications, a fusion construct comprising the
membrane-permeable HIV TAT peptide fused in-frame with Cre recombinase was cloned into the pET-
28a expression vector using Gibson assembly. This approach facilitates efficient cloning and expression
of the TAT-Cre fusion protein for subsequent experimental studies.

The cloning procedure began with the preparation of the pET-28a vector, which was linearized through
restriction digestion using the enzymes Nhel and Xhol. This step ensured compatibility with the
synthetic DNA insert, enabling precise integration during the Gibson assembly reaction. The insert, a
synthetic DNA construct (gBlock), was designed and synthesized by Integrated DNA Technologies.
The gBlock included 34-nucleotide sequences at both the 5’ and 3’ ends, overlapping the vector's
linearized ends to facilitate seamless assembly.

The 5’ end of the gBlock contained the Nhel restriction site, followed by a STREP-Tag II sequence and
the coding region for the TAT-Cre fusion protein. This design ensured proper orientation and reading
frame alignment during insertion. At the 3’ end, the gBlock included 34 nucleotides of vector-specific
sequence, terminating with the Xhol restriction site. These flanking sequences provided a high degree
of fidelity and stability during the assembly process.

The resulting recombinant construct expressed TAT-Cre as a fusion protein containing multiple
functional elements for ease of purification and processing. The protein included an N-terminal hexa-
histidine (His) tag, a thrombin cleavage site, and a STREP-Tag II. These features enable robust
purification strategies, including affinity chromatography, while offering flexibility for downstream
modifications through site-specific cleavage.

Gibson assembly was performed following the protocol provided by the Gibson Assembly Cloning Kit.
This highly efficient method utilizes overlapping DNA sequences to seamlessly assemble the insert and
vector into a single recombinant plasmid. The resulting construct was designed to optimize the
expression of TAT-Cre in a bacterial system, providing a reliable source of the fusion protein for
experimental applications.

This construct allows for the production of a membrane-permeable TAT-Cre protein, which combines
the translocation capability of the HIV TAT peptide with the site-specific recombination activity of Cre
recombinase. Such a fusion protein is valuable for applications requiring targeted genetic modifications,
including studies involving recombinase-mediated gene excision and activation in cellular or in vivo

systems. Karin Schwarz helped with the cloning of the construct.

3.2.4 Fusion Protein Expression and Purification

The expression and purification of the fusion protein were carried out using a standardized bacterial

expression system, specifically employing BL21 T7 Express bacteria. This system is widely used for
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the efficient production of recombinant proteins due to its robust growth and high protein expression
capabilities (GIBSON et al., 2009).

Transformed bacterial cells were cultured in Luria-Bertani (LB) medium supplemented with 2%
glucose to repress basal expression of the T7 promoter and kanamycin (final concentration 10 pg/mL)
to maintain plasmid selection. Cultures were incubated at 37 °C with shaking until they reached an
optical density at 600 nm (OD600) of 0.8, indicating logarithmic growth and readiness for protein
induction. At this point, the expression of the fusion protein was induced by adding isopropyl p-D-1-
thiogalactopyranoside (IPTG) to a final concentration of 0.1 mM. Induction was continued for 5 hours
at room temperature (RT) to allow sufficient protein production while minimizing the formation of
inclusion bodies.

Following induction, bacterial cells were harvested by centrifugation and washed several times with
ice-cold PBS to remove residual culture medium and contaminants. The resulting bacterial pellet was
resuspended in imidazole lysis buffer, which was supplemented with lysozyme at a concentration of 1
mg/mL to facilitate cell wall digestion. After 30 minutes of incubation on ice to ensure complete
enzymatic lysis, the bacterial suspension was subjected to sonication to disrupt the cells and release the
fusion protein. The lysate was then cleared by centrifugation at 10,000x g for 30 minutes at 4 °C to
remove cellular debris.

The clarified lysate was incubated overnight with Ni-NTA agarose resin at 4 °C on an overhead rotator,
allowing the hexa-histidine (His) tag on the fusion protein to bind to the nickel ions immobilized on the
matrix. The ratio of 1 mL of Ni-NTA resin to 500 mL of bacterial culture was used to ensure efficient
binding. The lysate-resin mixture was subsequently loaded onto a column, and the flow-through was
collected for analysis using SDS-PAGE to monitor protein recovery and evaluate binding efficiency.
To remove nonspecifically bound proteins, the column was washed sequentially with increasing
concentrations of imidazole in washing buffer. The washing steps included buffers containing 10 mM,
20 mM, and 250 mM imidazole. These stepwise washes ensured that weakly bound impurities were
removed while retaining the fusion protein bound to the Ni-NTA resin.

The bound fusion protein was eluted from the resin by applying 6 mL of imidazole elution buffer. The
eluate was collected in 0.5 mL fractions to enable precise identification of the protein-enriched fractions.
Subsequent analysis by SDS-PAGE and Western blotting confirmed the enrichment of the EAATS
fusion protein in fractions 8 to 10. These fractions were pooled and prepared for downstream
applications, ensuring high purity and functionality of the recombinant protein.

This protocol highlights the combination of optimized expression conditions and affinity purification
strategies for the production of high-quality fusion proteins suitable for biochemical and structural

analyses. Fusion protein expression was supported by Karin Schwarz
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3.2.5 Pre-Absorption of EAATS Antibody for Immunolabeling Experiments
To confirm the specificity of the EAATS antibody used in immunolabeling studies, pre-absorption

blocking experiments were conducted. These experiments ensure that the observed immunosignals are
specific to the target protein and not the result of cross-reactivity or nonspecific binding.

The working dilution of the EAATS5 antibody was first optimized to 1:200, corresponding to an antibody
protein concentration of approximately 167 nM. To validate antibody specificity, the EAATS antibody
was incubated with the EAATS blocking fusion protein (the antigen against which the antibody was
raised) or an unrelated fusion protein (HexaHIS-tagged Cre recombinase) in separate experimental and
control tubes. Each tube contained the EAATS antibody mixed with the respective fusion protein at a
molar ratio of 5:1. The mixtures were incubated overnight at 4 °C on a rotator to allow adequate
interaction between the antibody and the fusion proteins.

Following the incubation period, both tubes were centrifuged at 30,000 rpm for 5 minutes using a
Biofuge Stratos centrifuge to pellet any antigen-antibody complexes. The resulting supernatants,
containing unbound antibody, were collected and used for subsequent immunostaining experiments.
Semi-thin sections were processed for co-immunolabeling to compare the immunoreactivity of EAATS
antibody under experimental and control conditions. One section was incubated with a combination of
the EAATS antibody, pre-absorbed with the EAATS5 fusion protein, and a mouse monoclonal antibody
against RIBEYE (clone 2D9). This setup served as the experimental condition. A parallel section was
immunostained with the EAATS antibody pre-absorbed with the unrelated HexaHIS-tagged Cre fusion
protein, along with the RIBEYE antibody, acting as the control. The RIBEYE immunosignal served as
a reference to evaluate EAATS antibody specificity. Both incubations were carried out overnight at 4
°C to ensure adequate binding of the primary antibodies to their respective targets.

After incubation, the sections were washed thoroughly with PBS to remove any unbound primary
antibodies then incubated for 2 hours at room temperature with fluorescently conjugated secondary
antibodies. Binding of the EAATS rabbit polyclonal antibody was detected using donkey anti-rabbit
immunoglobulins conjugated to Alexa Fluor 488, while binding of the mouse monoclonal RIBEYE
antibody (clone 2D9) was with donkey anti-mouse immunoglobulins conjugated to Alexa Fluor 568
(see Table 2) (DEMBLA et al., 2018; KESHARWANI et al., 2021; MUKHERIJEE et al., 2020;
SHANKHWAR et al., 2022; SUIWAL et al., 2022; WAHL et al., 2013).

Following secondary antibody incubation, the sections were washed five times (5 minutes per wash)
with PBS to eliminate excess secondary antibodies and subsequently mounted in n-propyl gallate (NPG)
antifade solution, which preserves fluorescence signals during imaging, as previously described
(DEMBLA et al., 2018; DEMBLA et al., 2014; GIBSON et al., 2009; RAHN et al., 2014; SCHMITZ
et al., 2000; WAHL et al., 2016). Negative control incubations were performed to assess background
fluorescence. These controls involved identical incubation steps but omitted the primary antibody to

evaluate potential nonspecific fluorescence signals, including autofluorescence. This rigorous protocol
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ensured the specificity of EAATS antibody labeling and provided reliable immunofluorescence data for

subsequent analysis. This was done with support of Julia Jaffal.

3.2.6 Immunolabeling of Retinal Sections

Immunofluorescence microscopy was performed on semi-thin retinal resin sections obtained from
experimental mice injected with myelin oligodendrocyte glycoprotein in complete Freund’s adjuvant
(MOG/CFA) to induce EAE and control mice injected with CFA alone. This technique provides a
precise and reproducible method for analyzing retinal alterations associated with EAE pathology, as
previously described (DEMBLA et al., 2018; KESHARWANI et al., 2021; MUKHERJEE et al., 2020).
For sample preparation, the eyes were isolated from euthanized mice within 5 minutes post-mortem to
preserve tissue integrity. The anterior eyecup, including the cornea, lens, and associated structures, was
carefully removed, leaving the posterior eyecup with the attached retina intact. The posterior eyecup
was then flash-frozen in liquid nitrogen-cooled isopentane to rapidly preserve cellular and molecular
structures. Freeze-drying was carried out in a vacuum chamber using a DUO 004B vacuum pump,
maintaining low temperatures with liquid nitrogen cooling for approximately two days. This step
ensured optimal preservation of tissue architecture while preparing the samples for resin infiltration
(DEMBLA et al., 2018; KESHARWANI et al., 2021; MUKHERIJEE et al., 2020; SHANKHWAR et al.,
2022; SUIWAL et al., 2022; WAHL et al., 2013). Following lyophilization, samples were gradually
equilibrated to room temperature and infiltrated with Epon resin over approximately 48 hours. The
infiltration process began with 12 hours of rotation at 28 °C using an overhead rotator operating at 2
rpm to facilitate thorough resin penetration. The process was then continued at room temperature to
ensure uniform resin distribution within the tissue. After complete infiltration, the samples were
polymerized at 60 °C for two days to produce hardened tissue blocks suitable for sectioning.

Semi-thin sections measuring 0.5 pm in thickness were generated using a Reichert ultramicrotome
equipped with a diamond knife. These standardized sections were collected on glass coverslips for
further processing. The Epon resin was carefully removed from the sections, preparing them for
subsequent immunocytochemistry, as previously described.

For immunolabeling, the sections were double-stained using the indicated primary antibodies at
optimized dilutions (see Table 1). The primary antibody incubation was performed overnight at 4 °C to
ensure specific binding to the target proteins. In each experiment, reference samples from CFA-injected
control mice and experimental samples from MOG/CFA-injected mice were processed simultaneously
under identical conditions to ensure comparability.

The next day, sections were washed thoroughly with PBS to remove unbound primary antibodies. They
were then incubated with fluorophore-conjugated secondary antibodies (see Table 2) for 1 hour at room
temperature. This step enabled the visualization of immunosignals using fluorescence microscopy.

Following secondary antibody incubation, the sections were washed multiple times with PBS to
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eliminate any unbound antibodies and were subsequently embedded in n-propyl gallate (NPG) antifade
solution, which preserves fluorescence signals during imaging (DEMBLA et al., 2018; KESHARWANI
et al., 2021; MUKHERIJEE et al., 2020; SHANKHWAR et al., 2022; SUIWAL et al., 2022; WAHL et

al.,2013). Experiments were done by Ali El Samad and Julia Jaffal supported experiments.

3.2.7 Confocal Microscopy and Quantitative Analysis of Immunosignals

Confocal microscopy was employed to analyze immunosignals in retinal sections using a Nikon A1IR
confocal microscope, following established protocols. High-resolution images were captured with a
60x%/1.40 numerical aperture (N.A.) oil objective under the control of NIS Elements software. To ensure
consistency across samples, image acquisition for MOG/CFA- and CFA-injected samples was
performed under identical settings, utilizing the "re-use image settings" feature of the software. This
controlled approach minimized variability introduced by imaging parameters (DEMBLA et al., 2018;
DEMBLA et al., 2014; EICH et al., 2017; WAHL et al., 2013; WAHL et al., 2016).

All image acquisition and subsequent analyses were conducted in a blinded manner, with the
experimenter unaware of the sample group (CFA or MOG/CFA) to eliminate potential bias. Images of
CFA and MOG/CFA samples, derived from each embedding, were captured using the identical re-use
option in the software to maintain uniformity in imaging conditions. Each experimental group
underwent five independent replicates to ensure robust and reproducible data.

For quantitative analysis, a standardized rectangular region of interest (ROI) was applied to both sample
types. The ROI was strategically placed along the outer plexiform layer (OPL), identified
unambiguously by distinct actin and EAATS immunosignals. ROIs were managed and analyzed using
the Analyze-Tools-ROI Manager in ImagelJ, a widely used open-source software for image processing.
Immunosignals of both EAATS and actin were simultaneously recorded to facilitate comparative
analysis.

Actin immunosignals served as a reference signal for normalization, as actin expression remained stable
and unchanged between CFA- and MOG/CFA-injected samples. This stability makes actin an ideal
internal control for correcting potential differences in section thickness or sample preparation.
Fluorescence intensities for EAATS and actin were measured as integrated density values. EAATS
intensities were normalized to the corresponding actin values to account for any variability. The
arithmetic mean integrated density value for CFA samples was set as the 100% baseline, and the relative
values for MOG/CFA samples were expressed as percentages of the CFA baseline.

Quantitative data were compiled and analyzed using Microsoft Excel for initial processing. Statistical
analyses were performed with GraphPad Prism 10 (version 10.2.3), a statistical and graphing software,

to assess the significance of differences between the experimental groups. These rigorous analytical
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procedures ensured accurate and unbiased quantification of immunosignals, providing reliable insights

into EAATS expression under different experimental conditions.

3.2.8 Statistical Analyses of Inmunofluorescence Signals

Statistical analyses were performed using GraphPad 10 (version 10.2.3). Based on prior sample size
estimations (a<0.05, effect size Cohen’s d = 0.8, and power = 0.8) conducted with G*Power Version
3.1.9.6 (FAUL et al., 2007), five independent immunizations were carried out. Each immunization
included CFA-injected control animals and MOG/CFA-injected experimental animals, randomly
assigned to their respective groups and housed together. Samples for immunofluorescence analysis were
randomly selected from these immunizations.

To assess whether data from the individual experiments could be pooled, the consistency of CFA
reference group values across experiments was evaluated. The Shapiro—Wilk test was used to check for
normal distribution, which was not observed for all datasets. Therefore, Kruskal-Wallis ANOVA
followed by Dunn’s post hoc test was applied to compare CFA reference groups across experiments. No
significant differences were found, allowing data pooling for further analysis.

Pooled data from CFA and MOG/CFA groups were analyzed using the non-parametric Mann—Whitney
U test, with significance defined as p<0.05. Post hoc power analysis of the immunofluorescence data
yielded a power of 0.985, with an effect size Hedges’ g = 0.953835 and a=0.0001(HEDGES, 1981).

Statistical analyses were supported by Karin Schwarz.

3.2.9 Western Blot Analysis
The specificity of the EAATS antibody was assessed using Western blot (WB) analysis of retinal lysates

obtained from wild-type mice. Additionally, the global expression levels of EAATS were analyzed and
compared between retinal lysates of MOG/CFA-injected EAE mice and CFA-injected control mice.

Retinas were homogenized in ice-cold RIPA lysis. Homogenization was performed using an Ultra
Turrax T8A for 1-2 seconds. The retinal lysates were then incubated on ice for 20 minutes with gentle
agitation and centrifuged at 13,000 rpm for 30 minutes at 4 °C. The supernatant, containing solubilized
proteins, was collected and mixed 1:1 (v/v) with SDS Laemmli buffer, followed by heating at 96 °C for
10 minutes to denature proteins. Protein concentrations were quantified using the Amido Black method
(DIECKMANN-SCHUPPERT, SCHNITTLER, 1997), where 5 uL of protein samples and bovine
serum albumin (BSA) standards were spotted onto cellulose acetate membranes, air-dried, and stained

with Amido Black 10B solution. After washing and drying, the stained membrane pieces were dissolved
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in Amido black staining solution. Absorbance at 620 nm was measured with a UV/Visible
spectrophotometer and compared to a BSA standard curve to determine protein concentrations.

Thirty micrograms of protein from each retinal lysate were resolved on a 10% acrylamide SDS-PAGE
gel. Proteins were electro-transferred onto nitrocellulose membranes at 50 volts for 6.5 hours at 4 °C.
Following transfer, membranes were washed with PBS and blocked with 5% (w/v) non-fat dry milk in
PBS for 1 hour at room temperature to minimize non-specific binding.

Blocked membranes were incubated overnight at 4 °C with primary antibodies at the optimized dilutions
indicated in Table 1. After washing to remove unbound antibodies, membranes were incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies, as specified in Table 2, for 2 hours at
room temperature. Excess secondary antibodies were removed by washing three times for 10 minutes
each. Antibody binding was visualized using a chemiluminescence detection system (ECL), and signals
were imaged using Bio-Rad Gel Doc imaging systems.

To normalize loading variations, membranes were stripped of antibodies using a stripping buffer.
Stripping was performed at room temperature with mild shaking for 20 minutes. The membranes were
washed with TBST (Tris-buffered saline with 0.1% Tween® 20) to remove residual stripping buffer, re-
blocked with 5% (w/v) non-fat dry milk in PBS, and re-probed with a mouse monoclonal anti-actin
primary antibody (Table 1). Binding of the actin antibody was visualized using secondary HRP-
conjugated antibodies (Table 2) and ECL imaging.

Band chemiluminescence intensity corresponding to EAATS expression was quantified using Image
Studio Lite software (Li-Cor, version 5.2). A rectangular region of interest (ROI) was defined around
the targeted band to measure the corrected pixel intensity sum for area and background. EAATS band
intensities were normalized to the corresponding actin band intensities within the same lane, as actin
levels remained consistent between CFA and MOG/CFA sample.

The normalized EAATS band intensity for CFA samples was set to 100%, and values for MOG/CFA
samples were expressed relative to this baseline. Data were exported to GraphPad Prism 10 for
statistical analysis. Normalized EAATS band intensities were normally distributed (Shapiro—Wilk test),
and one-sample t-tests were used to assess significant differences, with p<0.05p < 0.05p<0.05
considered statistically significant. Results were presented as arithmetic means + standard errors of the
mean (S.E.M.), and all individual values were displayed for transparency. These experiments were

supported by Julia Jaffal.
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4 Results

4.1 Validation of the specificity of antigen affinity-purified rabbit
polyclonal EAATS antibody

This study investigated the expression and distribution of the glutamate transporter EAATS in
photoreceptor synapses located in OPL of the mouse retina. Using immunofluorescence microscopy,
we compared the retinas of MOG/CFA-injected EAE mice with those of CFA-injected control mice,
focusing on day 9 post-injection. For immunocytochemical analysis, we employed an antigen-affinity
purified rabbit polyclonal antibody specific for EAATS, validated extensively through both

immunolabeling and Western blotting experiments.

The EAATS antibody produced prominent punctate immunosignals localized near the presynaptic
release sites of photoreceptor synapses in the OPL (Figure 7A1-A3). These presynaptic sites were co-
labeled using a mouse monoclonal antibody against RIBEYE (clone 2D9), a principal component of
synaptic ribbons (MAXEINER et al., 2016; SCHMITZ et al., 2000; ZENISEK et al., 2004). This co-
labeling confirmed the precise localization of EAATS immunosignals at synaptic release sites. The
punctate pattern of EAATS immunoreactivity in the OPL is consistent with previous observations of
EAATS expression in the mouse retina (GEHLEN et al., 2021). Additionally, we identified punctate
EAATS immunosignals in the inner plexiform layer (IPL) (Figure 7B1-B3). These signals likely
correspond to EAATS in the presynaptic terminals of rod bipolar cells, a finding corroborated by earlier
studies (GEHLEN et al., 2021).

Specificity of the EAATS antibody was further validated through pre-absorption experiments. Pre-
incubation of the EAATS antibody with the EAATS fusion protein, against which the antibody was
raised, completely abolished EAATS immunosignals in both the OPL and IPL (Figure 7C1-C3, E1-

E3). Notably, pre-absorption with an irrelevant HexaHIS-tagged Cre recombinase fusion protein did
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not affect EAATS immunosignals, confirming that the observed labeling was specific to EAATS (Figure
7B1-B3, D1-D3). Importantly, RIBEYE immunosignals remained unaffected under all pre-absorption
conditions, further validating the specificity of the EAATS antibody.

Western blot analyses provided additional evidence of antibody specificity. The EAATS antibody
detected the bacterially expressed EAATS fusion protein but did not react with the control Cre fusion
protein (Figure 7F, G1). The anti-HexaHIS monoclonal antibody was used to confirm the presence of
both fusion proteins on the same blot (Figure 7G2). Furthermore, in wild-type mouse retinal lysates,
the EAATS antibody detected a single protein band at the expected molecular weight of approximately
65 kDa, corresponding to EAATS (Figure 7H). Figure 4 was done with the support of Julia Jaffal and

Karin Schwarz.
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Figure 7. Specificity validation of the antigen affinity-purified EAATS antibody. (Al, A2)
Magnified images of OPLdouble-immunolabeled with the rabbit polyclonal anti-EAATS antibody
(green) and the mouse monoclonal anti-RIBEYE antibody (red). (A3) Merged image showing the co-
localization of both antibodies at photoreceptor synapses in the OPL. (B1-E3) Pre-absorption
experiments on semi-thin (0.5 pm) sections of wild-type mouse retinas. (B1, D1) The EAATS antibody
pre-absorbed with an unrelated control fusion protein retained immunosignals. (C1, E1) Pre-absorption
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with the EAATS fusion protein abolished EAATS signals. (B2, C2, D2, E2) RIBEYE immunosignals
remained unaffected under both conditions. (B3, C3, D3, E3) Merged images combining red and green
channels from the respective experiments. (F-H) Western blot analyses confirming EAATS5 antibody
specificity. (F, G1) The EAATS antibody detected a ~20 kDa band in lanes containing the EAATS fusion
protein (lanes 1 and 2) but not in the lane with the Cre control fusion protein (lane 3). (G2) Anti-
HexaHIS antibody re-probing of the same blot as in (G1) verified the loading of both fusion proteins.
(H) A single band at ~65 kDa was observed in wild-type mouse retina lysates, confirming EAATS
expression. Abbreviations: OPL, outer plexiform layer. Scale bar: 5 um. Published in (EL SAMAD et
al., 2024). Figure from El Samad et al., 2024.

4.2 Immunofluorescence signals of EAATS in photoreceptor
synapses in OPL of EAE model

We used this validated EAATS antibody to compare its expression in the photoreceptor synapses of
MOG/CFA-injected EAE mice and CFA-injected control mice by immunohistochemistry.
Immunofluorescence microscopy revealed a significant reduction in EAATS immunosignals in the OPL
of MOG/CFA-injected EAE mice (Figure 8B1-B3, D1-D3 and 9B1-B3, D1-D3) compared to CFA-
injected control mice (Figure 8B-B3, D1-D3 9A1-A3, C1-C3). These observations were supported by
both qualitative (Figure 8A1-D3 and 9A1-D3) and quantitative (Figure 9E1, E2) analyses. Co-labeling
with actin, a reference protein known to remain unchanged at this stage of EAE (DEMBLA et al., 2018),
allowed for normalization of EAATS immunosignals. Actin labeling also facilitated visualization of the
retinal layers, ensuring accurate identification of the OPL and reliable quantification of EAATS
expression. Negative control images are shown to rule out any autofluorescence or background effect

(Figure 8AA4, B4, C4 and D4).
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Figure 8. EAATS immunofluorescence signals are significantly reduced in photoreceptor synapses
in the OPL of MOG/CFA-injected EAE mice compared to CFA-injected control mice. (A1-D3)
Double immunolabeling of 0.5 pm-thick retinal sections from CFA-injected control mice and
MOG/CFA-injected EAE mice (day 9 post-injection) with a mouse monoclonal antibody against actin
(clone C4, red channel) and a rabbit polyclonal antibody against EAATS (green channel). Merged
images of the red and green channels are shown in (A3, B3, C3, D3). (C1-D3) Magnified views of the
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OPL double-labeled with EAATS5 and RIBEYE antibodies. Abbreviations: CFA, complete Freund’s
adjuvant; EAE, experimental autoimmune encephalomyelitis; MOG, myelin oligodendrocyte protein;
N, number of mice; n, number of confocal images analyzed; OPL, outer plexiform layer; S.E.M.,
standard error of the mean. The negative control panels show the merged green and red channel. Scale
bars: 5 pm. Published in (EL SAMAD et al., 2024) Figure from Samad et al., 2024
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Figure 9. EAATS immunofluorescence signals are significantly reduced in photoreceptor synapses
in the OPL of MOG/CFA-injected EAE mice compared to CFA-injected control mice. (A1-D3)
Double immunolabeling of 0.5 pm-thick retinal sections from CFA-injected control mice and
MOG/CFA-injected EAE mice (day 9 post-injection) with a mouse monoclonal antibody against actin
(clone C4, red channel) and a rabbit polyclonal antibody against EAATS (green channel). Merged
images of the red and green channels are shown in (A3, B3, C3, D3). (C1-D3) Magnified views of the
OPL double-labeled with EAATS and RIBEYE antibodies. (E1) Histogram showing mean fluorescence
intensities (%) of EAATS immunosignals in the OPL for CFA and MOG/CFA samples. Data are
presented as means + S.E.M. (¥***  p<0.0001). (E2) Box-and-whisker plot displaying the distribution
of individual fluorescence intensity values from (E1), with the mean and median values shown as a
dashed blue line and solid green line, respectively. The boxes represent the 25th—75th percentiles, while
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the whiskers extend to 1.5 times the interquartile range. Statistical analysis was performed using the
Mann—Whitney U test (see Methods, Section 2.3). Abbreviations: CFA, complete Freund’s adjuvant;
EAE, experimental autoimmune encephalomyelitis; MOG, myelin oligodendrocyte protein; N, number
of mice; n, number of confocal images analyzed; OPL, outer plexiform layer; S.E.M., standard error of
the mean. Scale bars: 5 um. Published in (EL SAMAD et al., 2024). Figure from Samad et al., 2024.

4.3 Expression of EAATS in the retinal lysates of EAE model
The reduced EAATS immunosignals observed in MOG/CFA-injected EAE mice were consistent with

findings from Western blot analyses. Global EAATS protein expression levels were significantly lower
in retinal lysates from EAE mice compared to controls at day 9 post-injection (Figure 10). These
reductions highlight the impact of EAE-induced neuroinflammation on EAATS expression in the retina.
Together, these data provide compelling evidence that EAE disrupts the expression and distribution of
EAATS in photoreceptor synapses. The reduction in EAATS levels in the OPL and IPL of EAE mice
suggests that glutamate homeostasis in retinal synapses is compromised, potentially contributing to the
synaptic and neuronal dysfunction observed in this model of multiple sclerosis. This figure was

performed with the support and help of Julia Jaffal.
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Figure 10. Western blot analysis of total EAATS expression in retinal lysates from MOG/CFA -
injected EAE mice and CFA-injected control mice at day 9 post-injection. (A) The EAATS antibody
detects EAATS at the expected running position of ~65 kDa in WB analyses of retinal lysates from
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CFA-injected control mice and MOG/CFA-injected EAE mice (lanes 1 and 2, respectively). (B) The
same WB membrane shown in (A) re-probed with an antibody against actin, which served as a loading
control with a band at ~43 kDa. (C) Summary of results from five independent WB experiments
analyzing EAATS expression in retinas from CFA- and MOG/CFA-injected mice. EAATS expression
was normalized to actin, and values for the CFA control group were assigned as 100% to highlight
relative differences between CFA and MOG/CFA groups. Data in (C) are shown as means = S.E.M.,
and statistical significance was determined using a one-sample t-test (**, p<0.01). Abbreviations: WB,
Western blot; CFA, complete Freund’s adjuvant; EAE, experimental autoimmune encephalomyelitis;
MOG, myelin oligodendrocyte protein; S.E.M., standard error of the mean; N, number of experiments.
Published in (EL SAMAD et al., 2024). Figure from El Samad et al., 2024.

S Discussion

MS is a chronic neuroinflammatory disease of the CNS characterized by immune dysregulation,
demyelination, and axonal degeneration. Elevated levels of pro-inflammatory cytokines, such as TNF-
o and IL-1p, are a hallmark of MS and play a pivotal role in disease progression (LEVITE, 2017). These
cytokines have been reported to influence the expression and function of glutamate transporters across
various CNS regions, resulting in dysregulated glutamate homeostasis (LEE et al., 2017; MANDOLESI
et al., 2015; MANDOLESI et al., 2013; PITT et al., 2003; POTENZA et al., 2018; VERCELLINO et
al., 2007). Although most studies highlight a cytokine-mediated downregulation of glutamate
transporters, some findings indicate an enhanced expression of specific transporters under certain
conditions (VALLEJO-ILLARRAMENDI et al., 2006). The association between glutamate transporter
polymorphisms and higher glutamate concentrations in relapsing MS further underscores the role of
these transporters in MS pathogenesis (BOCCUNI et al., 2023; PAMPLIEGA et al., 2008).

Glutamate transporters are integral to maintaining synaptic glutamate balance by clearing glutamate
from the synaptic cleft and preventing excitotoxicity, a pathological process resulting from excessive
glutamate levels. Dysfunctional glutamate uptake can cause glutamate spillover from synaptic to
extrasynaptic sites, activating extrasynaptic glutamate receptors. This activation triggers neurotoxic
cascades, including calcium overload, mitochondrial dysfunction, and oxidative stress, ultimately
leading to neuronal and glial cell death (BADING, 2017; FAIRLESS et al., 2021; HARDINGHAM et
al., 2001; HARDINGHAM, BADING, 2003, 2010; HARDINGHAM et al., 2002; [ZUMI et al., 2002;
PARSONS, RAYMOND, 2014; VANDENBERG, RYAN, 2013). Such mechanisms are implicated in
the progressive neurodegeneration observed in MS.

This study focused on the presynaptic glutamate transporter EAATS, localized in photoreceptor and
bipolar cell terminals of the retina. EAATS is positioned near presynaptic glutamate release sites, which
are characterized by the presence of synaptic ribbons, specialized structures that facilitate sustained
neurotransmitter release (FYK-KOLODZIEJ et al., 2004; GEHLEN et al., 2021; POW, BARNETT,
2000). The specific role of EAATS in modulating synaptic transmission makes it a critical component

of retinal glutamate regulation.
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Our findings demonstrate a significant downregulation of EAATS5 expression in the photoreceptor
synapses of OPLin EAE, a well-established mouse model of MS. Using qualitative and quantitative
immunofluorescence microscopy, we observed a marked reduction in EAATS immunosignals in
MOG/CFA-injected EAE mice compared to CFA-injected controls. Western blot analyses of retinal
lysates corroborated these findings, showing a decrease in total EAATS protein levels in EAE retinas.
The physiological implications of reduced EAATS expression in photoreceptor ribbon synapses in EAE
remain to be fully elucidated. EAATS’s strategic localization near presynaptic release sites allows it to
contribute to the temporal precision of synaptic signaling. Electrophysiological studies have shown that
EAATS plays a role in feedback inhibition through its glutamate-gated chloride conductance, which
helps regulate presynaptic membrane potential (ALLEVA et al., 2022; ARRIZA et al., 1997; CHEN et
al., 2021; GEHLEN et al., 2021; LEE et al., 2012; MACHTENS et al., 2015; PALMER et al., 2003;
PICAUD et al., 1995; SZMAJDA, DEVRIES, 2011; TSE et al., 2014). This mechanism supports the
high temporal resolution required for retinal signal transmission. Impaired EAAT5 function or
expression could disrupt this feedback loop, potentially contributing to the decreased visual
performance and reduced frequency sensitivity previously reported in EAE mice (DEMBLA et al.,
2018).

A critical question arising from these findings is whether reduced EAATS5 expression contributes to
glutamate spillover from synaptic to extrasynaptic sites in EAE. EAATS has a relatively low capacity
for glutamate transport and becomes saturated under conditions of high synaptic activity (BLIGARD et
al., 2020; LUKASIEWCZ et al., 2021; TANG et al., 2022; THORESON, CHHUNCHHA, 2023). Thus,
its ability to prevent spillover may be limited, particularly under the elevated glutamate release rates
associated with EAE. High-capacity glutamate transporters, such as GLAST (EAAT1), are more likely
to mitigate glutamate spillover and prevent excitotoxic damage. GLAST, predominantly expressed in
Miiller glial cells, has been shown to protect retinal ganglion cells from excitotoxicity in EAE
(BOCCUNI et al., 2023; POW et al., 2000; RAUEN et al., 1998). Future studies should investigate
whether GLAST and other glutamate transporters are similarly affected in photoreceptor synapses

during EAE.
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6 Outlook

This study highlights significant alterations in the expression of EAATS, a presynaptic glutamate
transporter, in the mouse model of MS. We demonstrated that EAATS is significantly downregulated at
photoreceptor synapses in the OPL of MOG/CFA-injected EAE mice compared to CFA-injected
controls. Given its low-capacity transport properties and localization near presynaptic release sites,
EAATS’s reduced expression could impair synaptic signaling and contribute to visual deficits observed
in EAE.

EAATS is also expressed at retinal bipolar cell terminals, which are structurally and functionally
diverse. Whether EAATS expression is similarly compromised at bipolar cell synapses in EAE remains
to be investigated. The recently developed EAATS knockout mouse model provides an excellent tool
to explore the functional consequences of EAATS dysregulation in retinal and CNS pathologies
associated with MS.

Future research should also focus on high-capacity glutamate transporters such as GLAST, which play
a critical role in preventing excitotoxic damage. A recent study demonstrated that GLAST is
downregulated in the inner retina of EAE mice, and its overexpression via adeno-associated virus
(AAV)-mediated gene therapy protected retinal ganglion cells from cell death (BOCCUNI et al., 2023).
These findings highlight the therapeutic potential of targeting glutamate transporters in MS. Further
exploration of glutamate transport dysregulation in EAE and MS could pave the way for novel

neuroprotective strategies to mitigate disease progression and improve patient outcomes.
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