THE HONG KONG
Q POLYTECHNIC UNIVERSITY
& Fenian

Pao Yue-kong Library
BEREEE

Copyright Undertaking

This thesis is protected by copyright, with all rights reserved.
By reading and using the thesis, the reader understands and agrees to the following terms:

1. The reader will abide by the rules and legal ordinances governing copyright regarding the
use of the thesis.

2. The reader will use the thesis for the purpose of research or private study only and not for
distribution or further reproduction or any other purpose.

3. The reader agrees to indemnify and hold the University harmless from and against any loss,
damage, cost, liability or expenses arising from copyright infringement or unauthorized
usage.

IMPORTANT

If you have reasons to believe that any materials in this thesis are deemed not suitable to be
distributed in this form, or a copyright owner having difficulty with the material being included in
our database, please contact lbsys@polyu.edu.hk providing details. The Library will look into
your claim and consider taking remedial action upon receipt of the written requests.

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong

http://www.lib.polyu.edu.hk




SYSTEMIC HYPERTENSION LEADS TO
DECLINED RETINAL FUNCTIONS VIA
NEUROINFLAMMATION-RELATED PATHWAYS

CUI YINGKUN

PhD

The Hong Kong Polytechnic University

2026



The Hong Kong Polytechnic University

School of Optometry

Systemic Hypertension Leads to Declined Retinal Functions via

Neuroinflammation-related Pathways

Cui Yingkun

A thesis submitted in partial fulfillment of the
requirements for the degree of Doctor of Philosophy

August 2024



CERTIFICATE OF ORIGINALITY

I hereby declare that this thesis is my own work and that, to the best of my knowledge
and belief, it reproduces no material previously published or written, nor material that
has been accepted for the award of any other degree or diploma except where due

acknowledgment has been made in the text.

(Signed)

Cui Yingkun (Name of student)



Abstract

Systemic hypertension (HT) is a leading cause of premature death globally. Glaucoma,
a common eye disease, is the major cause of irreversible blindness worldwide.
Despite their prevalence, the relationship between HT and glaucoma risk remains
elusive. The interaction between blood pressure (BP) and intraocular pressure (IOP), a
major glaucoma risk factor, is not fully understood. This study investigated the effects
of chronic HT on IOP, retinal function, and structure across different HT stages,
employing transcriptomic analysis to explore molecular retinal changes. We also
studied the impact of endothelin-2 (EDN2) knockout and endothelin receptor

antagonists on IOP and retinal function.

Using spontaneously hypertensive rats (SHR) and normotensive Wistar-Kyoto rats
(WKY) as models, we measured BP, IOP, retinal function, structure, and vessel lumen
areas at 4, 8, and 12 months, both cross-sectionally and longitudinally. SHR exhibited
consistently higher BP but surprisingly lower IOP than WKY. Retinal functional
responses were similar at 4 months but significantly reduced in SHR at 8 and 12
months compared to WKY. SHR displayed thinner total retinal and inner plexiform
layers from 4 months onward. Both retinal arteries and veins had markedly narrower

lumens in SHR at all time points, suggesting reduced retinal blood flow.

Transcriptomic analysis of SHR retinas at 8 months revealed upregulation of
inflammatory pathways, including leukocyte migration, chemokine signaling,
complement and coagulation cascades, and cytokine-receptor interactions. By 12
months, neuroinflammation-related pathways such as Toll-like receptor and NF-k B
signaling were also upregulated. SHR showed fewer retinal ganglion cells at 8 and 12
months and enlarged, more numerous microglia at 12 months. Elevated EDN2
expression was found in 8-month SHR retinas at both mRNA and protein levels.
These findings strongly suggest that retinal degeneration in SHR is primarily driven

by mechanisms independent of IOP and increased neuroinflammation.



To confirm the involvement of the endothelin system, adeno-associated
virus-mediated EDN2 knockout and intravitreal injections of endothelin receptor
antagonists (Bql23 for EDNRA and Bq788 for EDNRB) were performed. EDN2
knockout enhanced retinal function in SHR without influencing IOP and suppressed
inflammatory pathways. Similarly, Bq123 lowered IOP in WKY but not SHR, but
improved SHR retinal function and downregulated retinal mRNA of IL-1la,
endothelin-1, and EDNRA. Bq788 showed no significant effects. These results
indicate the involvement of EDN2 and EDNRA in HT-induced retinal degeneration,

and targeting these pathways may alleviate retinal damage.

In summary, we demonstrate that chronic HT contributes to retinal degeneration
primarily through impaired blood flow and inflammation rather than elevated 1OP,
with endothelin signaling playing a significant role. Our results provide new insights

into therapeutic strategies for treating HT-related retinal diseases.
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Chapter 1. Introduction to the Pathogenesis of Glaucoma

1. Ocular anatomy and physiology

1.1. Anatomy of the Eyeball

The human eyeball can generally be divided into three layers: the outer supporting
layer, the middle uveal layer, and the inner retinal layer. The outer layer includes the
cornea and sclera, while the middle layer consists of the iris, ciliary body, and choroid.
The lens is attached to the ciliary body by the zonular fibers. Inside the eyeball, there
are three chambers: the anterior chamber, the posterior chamber, and the vitreous
chamber. The anterior chamber is the space between the cornea and the anterior
surface of the iris. The posterior chamber lies between the posterior surface of the iris
and the anterior surface of the crystalline lens. The vitreous chamber is located
between the posterior surface of the lens and the retina. To receive visual signals, light
rays must pass sequentially through the cornea, anterior chamber, pupil, lens, and
vitreous body before reaching the retina. In the retina, light is converted into visual
signals that are transmitted to the brain via the optic nerve (Kels, Grzybowski et al.
2015). Figure 1 illustrates the anatomy of the eyeball. This study focuses on the
impact of blood pressure (BP) on intraocular pressure (IOP) and the retina. Therefore,

the fluid dynamics and retinal structures will be emphasized in this chapter.
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Figure 1. Anatomy of the eyeball.
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1.2. I0OP and Aqueous Flow Dynamics

IOP refers to the fluid pressure inside the eye (Duke-Elder 1926). In healthy
individuals, normal IOP typically ranges from 11 to 21 mmHg (Kelly and Farrell
2018). Under normal conditions, IOP is mainly regulated by the continuous
production (inflow) and drainage (outflow) of aqueous humor (AH) (Duke-Elder
1926). AH is a clear fluid located in the anterior chamber that supplies nutrients to
avascular structures such as the cornea, lens, and trabecular meshwork (TM) (Freddo,
Civan et al. 2021). The AH dynamics generally involve secretion by the ciliary body
processes, flow from the posterior chamber to the anterior chamber, and drainage via
either the trabecular outflow pathway or the uveoscleral outflow pathway (Choplin
and Traverso 2014). The formation of AH occurs in three steps: 1) ultrafiltration
allows fluid to pass from the ciliary capillaries into the ciliary stroma; 2) ions are
actively transported from the stroma across the bilayered ciliary epithelium into the
posterior chamber, and 3) water movement follows, driven by the resulting osmotic
gradient (Choplin and Traverso 2014). Ion pumps, including paired Na’/H" and
CI/HCOs antiporters, as well as the Na”/K*/2Cl- symporter, are located on the
pigmented ciliary epithelium (PE) cells and mediate ion transport from the ciliary
stroma into these cells. Na* and Cl- ions then move through intercellular gap junctions
to the non-pigmented ciliary epithelium (NPE) cells. Finally, ions are transported into
the posterior chamber via Na'/K*/ATPases, Cl- channels, K" channels, and the
Na*/K/2Cl- symporter on NPE cells. Water follows osmotic pressure gradients and
exits the NPE cells into the posterior chamber through aquaporin channels (Li, Shan
et al. 2023). Figure 2 illustrates the pathway of ion movement during AH secretion
from the ciliary stroma to the posterior chamber. The outflow of AH occurs via two
main pathways: the trabecular outflow pathway and the uveoscleral outflow pathway
(Choplin and Traverso 2014). In the trabecular pathway, the AH passes through the
TM, Schlemm’s canal, collector channels, and episcleral veins to enter the systemic
circulation. The TM consists of three layers: the inner uveal meshwork, the middle
corneoscleral meshwork, and the outer juxtacanalicular meshwork. Resistance to fluid

drainage increases progressively from the inner to the outer meshwork layer. In the
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uveoscleral outflow pathway, AH flows into the supraciliary space, then through
spaces between ciliary muscle bundles, and eventually exits through the sclera

(Choplin and Traverso 2014). These pathways are illustrated in Figure 3.
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Figure 2. The routes of active ion transport during aqueous humor secretion.
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1.3. Structures of the Retina

The structures of the human retina are illustrated in Figure 4. The retina is composed
of retinal pigmented epithelium (RPE) cells, photoreceptors, bipolar cells, retinal
ganglion cells (RGCs), horizontal cells, amacrine cells, and glial cells, including
astrocytes, Miiller cells, and microglia. The RPE lines the outermost layer, which
plays a vital role in nourishing the photoreceptors. Photoreceptors can be classified
into rods and cones responsible for scotopic and photopic vision, respectively. The
soma of photoreceptors form the outer nuclear layer (ONL). These photoreceptors
transduce visual signals to intermediate cells in the inner nuclear layer (INL),
including bipolar, horizontal, and amacrine cells. The intermediate cells then transfer
the signals to the RGCs. The soma of RGCs form the ganglion cell layer (GCL), and
their axons constitute the retinal nerve fiber layer (RNFL). RGC axons pass through
the lamina cribrosa and form the optic nerve, which transfers visual signals to the
brain (Gensheimer, Veerman et al. 2025). Miiller glia span radially across the retina,
and their foot processes form the inner and outer limiting membranes (Wang, Cioffi et
al. 2002). Astrocytes are primarily located in the RNFL, and microglia normally
reside in the inner retinal layers, including the GCL to INL. Under pathological
conditions, Miiller cells and astrocytes may undergo gliosis, and microglia can
become activated and migrate to other layers (Telegina, Kozhevnikova et al. 2018).
The retina's blood supply originates from two sources: the central retinal artery and
the choriocapillaris. The inner retinal layers, from the RNFL to the outer plexiform
layer (OPL), are supplied by the central retinal artery, whereas the photoreceptors and
RPE layers receive blood from the choriocapillaris (Sun and Smith 2018).
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Figure 4. Structures of the human retina.
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2. Prevalence, Type, and Treatments of Glaucoma

Glaucoma refers to a group of ocular conditions characterized by the loss of RGCs,
leading to characteristic visual field defects and damage to the optic nerve (Costa,
Arcieri et al. 2009). It is the leading cause of irreversible blindness worldwide
(Dandona and Dandona 2006). As the disease progresses, the optic disc exhibits
thinning of the neural rim, pallor, and progressive cupping (Agarwal, Gupta et al.
2009). It is estimated that over 76 million people suffered from glaucoma globally in
2020 (Tham, Li et al. 2014). Key risk factors for glaucoma include aging, genetic
predisposition, and elevated IOP. Aging significantly elevates glaucoma risk through
multiple mechanisms (Kapetanakis, Chan et al. 2016, Zhang, Huang et al. 2024). First,
aging increases aqueous outflow resistance as extracellular materials accumulate in
the trabecular meshwork, narrowing outflow pathways (Miyazaki, Segawa et al.
1987). Second, it impairs energy supply to RGCs, which have high metabolic
demands and thus vulnerable; humans lose approximately 4,000 RGC axons annually
(Jonas, Schmidt et al. 1992, Calkins 2013). Aged RGCs also showed delayed recovery
from acute IOP elevation compared to younger ones (Lee, Zhao et al. 2022). Third,
age-related declines in ocular blood flow increase glaucoma susceptibility (Kuroda,
Uji et al. 2016). Current clinical treatments focus primarily on lowering IOP (Tribble,
Hui et al. 2023). Glaucoma is generally classified into primary open-angle glaucoma
(POAG), normal tension glaucoma (NTG), primary angle-closure glaucoma (PACG),
and acute angle-closure glaucoma (AACG) based on different etiologies (Gerstenblith
and Rabinowitz 2012). The most prevalent type is POAG, characterized by elevated
IOP with a wide-open and clear anterior chamber angle (Stone, Fingert et al. 1997).
NTG similarly features an open and clear anterior chamber angle along with
progressive optic neuropathy, but it is characterized by IOP levels comparable to those
of healthy individuals. Due to the similarities between POAG and NTG, they are
often grouped as open-angle glaucoma (OAG). In contrast, PACG is characterized by
peripheral anterior synechiae and chronic IOP elevation. AACG results from acute

obstruction of the anterior chamber angle, leading to a sudden increase in IOP
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(Gerstenblith and Rabinowitz 2012). In some cases, an identifiable pathological cause
may induce elevated IOP, termed secondary glaucoma, such as traumatic glaucoma

(Blanton 1964, Iannucci, Manni et al. 2023).

Current treatments for glaucoma include eye drops, surgical interventions, and laser
therapy. Topical eye drops are commonly considered the first-line treatment for
glaucoma (Gazzard, Konstantakopoulou et al. 2019). Commonly used topical eye
drops include prostaglandin analogs, B-blockers, o -agonists, carbonic anhydrase
inhibitors, Rho-associated protein kinases (ROCK) inhibitors, and muscarinic receptor
agonists (Lusthaus and Goldberg 2019, Pagano, Lee et al. 2023). However, these
medications have undesirable side effects that may lead to non-compliance.
Prostaglandin analogs can cause increased periocular pigmentation; B-blockers may
lead to bradyarrhythmia and hypotension; a.-agonists can induce drowsiness and dry
mouth; carbonic anhydrase inhibitors may cause anorexia and renal issues; ROCK
inhibitors may lead to conjunctiva hyperemia and corneal verticillate, and muscarinic
receptor agonists can cause miosis-induced blurred vision or even retinal tear or
detachment (Lusthaus and Goldberg 2019, Haga, Waller et al. 2022, Jethva, Bhagat et
al. 2022). Laser trabeculoplasty may cause fewer side effects, but its effectiveness
often declines over time (Weinand and Althen 2006, Shi and Jia 2012). If these
treatments become ineffective, due to drug resistance or poor compliance, surgical
intervention may be indicated to lower IOP (Garg and Gazzard 2020). Minimally
invasive glaucoma surgery (MIGS) employs microscopic equipment and small
incisions to reduce IOP with less invasiveness than traditional procedures. However,
MIGS carries risks such as stent malpositioning and obstruction, limiting its
applicability in some patients (Dhingra and Bhartiya 2020). Trabeculectomy surgery
is regarded as the gold standard for glaucoma surgery, reducing IOP by creating a
fistula between the anterior chamber and subconjunctival space, providing an
alternate pathway for AH to exit the eye (Razeghinejad, Fudemberg et al. 2012). If

trabeculectomy does not achieve the desired target IOP, other options, such as tube
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shunt, may be explored (Singh and Gedde 2011). Although surgical interventions can
result in a more significant IOP reduction, various risks, including scarring and

postoperative infection, are increased (Stein, Ruiz et al. 2008).

The pathophysiology of glaucoma remains unclear. Although lowering IOP is
currently the only effective treatment, many patients continue to experience vision
loss due to disease progression, even after their IOP is well controlled (Chauhan and
Drance 1992). The pathogenesis of glaucoma is commonly explained by two main
theories: the mechanical theory and the vascular theory (Flammer 1994, Yamamoto
and Kitazawa 1998, Ahmad 2024). According to the mechanical theory, elevated IOP
exerts pressure on ocular structures, subsequently damaging the axons and RGCs
(Nemesure, Honkanen et al. 2007, Fernandez-Albarral, Ramirez et al. 2024). Several
mechanisms have been proposed to explain how this compression leads to axonal
damage, including direct apoptosis of RGCs, blockage of axonal transport,
mitochondrial dysfunction, and neuroinflammation. In contrast, the vascular theory
posits that RGC damage results from ischemia due to insufficient blood supply to the
optic nerve. These theories are likely interconnected, as neither mechanism alone fully
accounts for the variability observed in glaucomatous damage (Flammer and Orgul
1998, Dengler-Crish, Smith et al. 2014, Soto and Howell 2014, Levkovitch-Verbin
2015, Jassim, Inman et al. 2021, Cui, Pan et al. 2022).
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3. The Mechanical Theory

3.1. Apoptosis of RGCs

Elevated IOP may induce RGC death through multiple mechanisms, including
mechanical injury, alterations in anterograde and retrograde axonal transport, changes
in the retinal extracellular matrix (ECM), and direct or indirect pressure-induced
apoptosis (Guo, Moss et al. 2005, Dengler-Crish, Smith et al. 2014). Both clinical and
animal studies suggest that increased IOP causes RGC death primarily through
apoptosis, a programmed form of cell death characterized by enzymatic digestion of
DNA (Garcia-Valenzuela, Shareef et al. 1995, Kerrigan, Zack et al. 1997). For
example, retinal sections from patients with POAG exhibited more apoptotic RGCs
detected by Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining compared to healthy controls (Kerrigan, Zack et al. 1997). This indicates that
high IOP triggers RGC death not only by passive mechanical compression but also
programmed cell death (Garcia-Valenzuela, Shareef et al. 1995). The exact pathways
through which elevated IOP causes RGC apoptosis are not fully understood. Recent
research shows that membrane-bound receptors such as TRPV1 and P2X7 mediate
hydrostatic pressure-induced RGC apoptosis (Sappington, Sidorova et al. 2009, Hu,
Lu et al. 2010, Dong, Hu et al. 2018). These channels elevate intracellular Ca?* levels
in RGCs under elevated pressure, promoting apoptosis, while antagonists targeting
TRPV1 or P2X7 effectively prevent this in rat RGCs (Sappington, Sidorova et al.
2009, Hu, Lu et al. 2010). In addition, P2X7 activation triggers microglial responses
that contribute to RGC death (Dong, Hu et al. 2018). These studies support the notion

that hydrostatic pressure directly and independently induces RGC apoptosis.

The mechanisms underlying hydrostatic pressure-induced neuronal apoptosis may
include disrupted transmembrane ion fluxes and altered neuronal electrophysiological
activity (Agar, Yip et al. 2000, Sappington, Sidorova et al. 2009). In addition, other

retinal cells, especially glial cells, also contribute to RGCs’ apoptosis in vivo.
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Coculture experiments of RGCs with glial cells showed that elevated hydrostatic
pressure increases glial secretion of tumor necrosis factor-a. (TNF-a) and nitric oxide
synthase (NOS). Blocking glia-secreted TNF-a or NOS reduced RGC apoptosis by
approximately 50%, indicating that glial cells exacerbate pressure-induced RGC death
(Tezel and Wax 2000). Thus, elevated IOP causes RGC apoptosis via both direct
neuronal injury and indirect glial-mediated mechanisms. Alterations in the retinal
ECM may represent another pathway through which increased IOP induces RGC
apoptosis. For example, decreased laminin deposition in the retina correlates with IOP
elevation and may contribute to RGC loss (Guo, Moss et al. 2005). Moreover,
caspases, a family of cysteine proteases crucial for neuronal apoptosis, are also
believed to mediate RGC apoptosis (Kermer, Klocker et al. 1998). Impaired axonal
transport caused by elevated IOP may lead to RGC apoptosis by disrupting
neurotrophic support. High IOP can impair retrograde transport of neurotrophins such
as brain-derived neurotrophic factor (BDNF) from RGC axon terminals back to the
soma (Quigley, Nickells et al. 1995). In rat models of elevated IOP, the neurotrophic
receptor tyrosine kinase B accumulates in the optic nerve. The retrograde transport of
BDNF from the superior colliculus to the retina is reduced (Pease, McKinnon et al.
2000). Consequently, neurotrophin deprivation may also lead to RGC apoptosis in
POAG.

3.2. Axonal Transport Blockage

The proper physiological function of RGC relies on the efficient axonal trafficking of
molecules (Dengler-Crish, Smith et al. 2014). Transport from the cell body to the
axon terminal is known as anterograde transport, while transport from the axon
terminal back to the cell body is called retrograde transport. Since the axon is
essential for neuronal communication with other cells, it has a substantial metabolic
demand. Proteins and energy required by the axon are produced in the cell body and
delivered via active anterograde transport (Sheng and Cai 2012, Yu, Cringle et al.

2013, Dengler-Crish, Smith et al. 2014). On the other hand, survival factors such as
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BDNF are transported from the superior colliculus back to the soma of RGCs (Pease,
McKinnon et al. 2000). Retrograde transport is also responsible for bringing aging
proteins and organelles back to the cell body for degradation (Maday, Twelvetrees et
al. 2014). The molecular motors mediating anterograde and retrograde transport
belong to the kinesin and dynein families, respectively (Cai and Sheng 2009,
Dengler-Crish, Smith et al. 2014, Maday, Twelvetrees et al. 2014).

In animal models of ocular hypertension (OHT), RGCs exhibit deficits in both
anterograde and retrograde transport following IOP elevation (Anderson and
Hendrickson 1974, Dengler-Crish, Smith et al. 2014, Maddineni, Kasetti et al. 2020).
In particular, reductions in anterograde transport precede impairments in retrograde
transport (Dengler-Crish, Smith et al. 2014). The loss of axonal transport induced by
high IOP may result from mechanical compression at the optic nerve head and
ischemic damage (Anderson and Hendrickson 1974, Dengler-Crish, Smith et al. 2014).
In OHT, dyes used as markers for anterograde transport fail to reach distal regions of
the optic nerve (Maddineni, Kasetti et al. 2020). At moderate levels of OHT, RGCs
may sustain normal protein synthesis. However, once hypertension surpasses a critical
threshold, RGCs’ function deteriorates and protein synthesis ceases (Anderson and
Hendrickson 1974). Disruption of anterograde transport impairs mitochondrial
activities along the axon, leading to decreased energy supply for the neuron (Quintero,
Shiga et al. 2022). Elevated IOP has been shown to compromise the metabolism of
RGCs by impairing Disrupted in schizophrenia (Discl), a key protein involved in
mitochondrial trafficking. Discl interacts with the Mirol and trafficking kinesin
protein 1/2 (TRAK1/2) complex, which connects mitochondria to kinesin motors
along microtubules for transport (Quintero, Shiga et al. 2022). Expression of the
Discl gene is reduced in RGCs in OHT eyes, and restoring Discl levels via
adeno-associated virus (AAV) vectors improves retinal and oculomotor function
(Quintero, Shiga et al. 2022). Thus, OHT impairs retinal functions by disrupting

regular mitochondrial anterograde transport. Importantly, these changes in
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anterograde transport occur before detectable structural loss of RGCs (Maddineni,
Kasetti et al. 2020, Quintero, Shiga et al. 2022). Restoring anterograde transport could
provide novel therapeutic targets for glaucoma. In addition to Discl, CD82, a
membrane glycoprotein, has been proposed to exert neuroprotective effects by
restoring anterograde transport through activating the mechanistic target of rapamycin

(mTOR) signaling pathway (Ye, Huang et al. 2021).

Retrograde transport is impaired at a later stage compared to anterograde transport
(Calkins 2012, Dengler-Crish, Smith et al. 2014). One possible explanation is that
dynein motors have more adenosine triphosphate (ATP) hydrolyzing sites and can
take larger steps than kinesin motors, making retrograde transport more resilient
(Calkins 2012). Retrograde transport is crucial for RGCs’ function and survival
because essential neurotrophins, including BDNF, are transported from the superior
colliculus back to the RGCs’ soma (Quigley, Nickells et al. 1995, Pease, McKinnon et
al. 2000). Deprivation of retrograde BDNF transport leads to RGC degeneration
(Johnson, Bull et al. 2011, Lambert, Carlson et al. 2017). In ischemia/reperfusion (IR)
injury models, both anterograde and retrograde transport are impaired. Intraocular
supplementation of BDNF preserves levels of kinesin and dynein in the retina and
restores both types of axonal transport (Du, Wang et al. 2020). This restoration of
transport also rescues visual functions (Du, Wang et al. 2020). Therefore, strategies to
preserve retinal BDNF may represent promising new directions for glaucoma
treatment. For example, oral administration of HE3286, a synthetic sterol derivative,
restores anterograde transport and retinal BDNF in OHT models, indicating its

potential neuroprotective role in glaucoma (Lambert, Carlson et al. 2017).

3.3. Mitochondria Changes and Oxidative Stress

IOP-dependent mitochondrial alterations and increased oxidative stress represent
important mechanisms contributing to RGCs’ apoptosis (Ju, Liu et al. 2007, Williams,

Harder et al. 2017, Chen, Kang et al. 2020, Mirzaei, Gupta et al. 2020, Tribble,
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Otmani et al. 2021). Mitochondrial dysfunction leads to higher reactive oxygen
species (ROS) production, establishing a close link between oxidative stress and
mitochondrial impairment. The oxidative stress arising from mitochondrial
dysfunction causes cellular damage (Chen, Kang et al. 2020). Clinical studies have
demonstrated a positive correlation between both systemic and local oxidative stress
levels and the risk of POAG (Lee, Sheck et al. 2012, Tanito, Kaidzu et al. 2015, Van
Bergen, Crowston et al. 2015). For example, lymphoblasts from POAG patients
showed reduced oxidative phosphorylation complex I-driven ATP synthesis (Lee,
Sheck et al. 2012, Van Bergen, Crowston et al. 2015). Besides, complete
mitochondrial genome sequencing of POAG patients reveals mutations likely to
inhibit complex I activity (Banerjee, Banerjee et al. 2013, Sundaresan, Simpson et al.
2015). Nicotinamide (NAM), or vitamin B3, is also reduced in the plasma of POAG
patients (Kouassi Nzoughet, Chao de la Barca et al. 2019). Collectively, these findings
suggest that mitochondrial dysfunction, increased oxidative stress, and complex I
defects play significant roles in POAG pathogenesis. Experimental models support
these clinical observations. Rat retinas subjected to OHT demonstrate elevated ROS
levels and decreased mitochondrial membrane potential, indicative of mitochondrial
dysfunction (Chen, Kang et al. 2020). OHT alters the expression of proteins critical
for mitochondrial biogenesis and dynamics, including Mitofusin-2, Optic atrophy 1,
and Dynamin-related protein 1, which regulate mitochondrial fusion and fission
processes (Ju, Kim et al. 2008, Chen, Kang et al. 2020, Zeng, You et al. 2023).
Proteomic analyses of retinal tissue in animal glaucoma models show reduced
abundance of mitochondrial ATP synthase and increased oxidative stress markers
(Mirzaei, Gupta et al. 2020). RNA sequencing of RGCs from DBA/2J mice reveals
that metabolic dysfunction emerges early in disease progression, with functional
impairments preceding neurodegeneration (Williams, Harder et al. 2017).
Morphologically, increased mitochondrial fission and cristae depletion are observed in
RGC axons of DBA/2J mice (Ju, Kim et al. 2008). Elevated IOP may directly induce

these mitochondrial changes. In cultured RGCs, increased hydrostatic pressure
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triggers mitochondrial fission, abnormal cristae depletion, reduced cellular ATP levels,
and excessive ROS generation (Ju, Liu et al. 2007, Chen, Kang et al. 2020). Given the
well-established relationship between IOP elevation and retinal mitochondrial
dysfunction, antioxidants have emerged as promising therapeutic agents for glaucoma.
Resveratrol, a natural polyphenolic compound, has been shown to mitigate
mitochondrial alterations induced by OHT, thereby protecting RGCs (Chen, Kang et
al. 2020). NAM supplementation rescues RGCs without affecting IOP in DBA/2J
mice (Williams, Harder et al. 2017, Williams, Harder et al. 2017). NAM prevents
OHT-induced metabolic disturbances and preserves mitochondrial morphology in the

retina (Tribble, Otmani et al. 2021).

3.4. Neuroinflammation

Increased immune responses have been implicated in  glaucomatous
neurodegeneration. Three types of resident glial cells, namely astrocytes, Miiller cells,
and microglia, are localized within the retina and optic nerve. These cells mediate
local inflammatory responses and become activated in response to glaucoma-related
insults. Upon activation, microglia redistribute throughout the retina and optic nerve,
producing cytokines that may induce cytotoxic neuronal injury (Adornetto, Russo et
al. 2019). The activation of astrocytes, Miiller cells, and microglia has been observed
following IOP elevation (Zhang, Wang et al. 2009, Wang, Liu et al. 2017). For
example, increased glial fibrillary acid protein (GFAP) expression appears in the
end-feet and processes of Miiller cells after acute IOP elevation (Zhang, Wang et al.
2009). Microglial activation occurs in both acute and chronic IOP elevations (Bosco,
Steele et al. 2011, Howell, Macalinao et al. 2011, Yang, Luo et al. 2011, Wang, Liu et
al. 2017, Wang, Song et al. 2020). Immunoglobulin G (IgG) autoantibody
accumulation has been detected in the RGC layer and co-localizes with activated
microglial cells in glaucomatous donor eyes. Concomitantly, increased levels of
TNF- o, interleukin 6 (IL-6), and interleukin 1-f (IL-1B) have been found in

glaucomatous retinas compared to healthy retinas (Gramlich, Beck et al. 2013).
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Several key molecules play critical roles in neuroinflammation during glaucomatous
degeneration,  including  Toll-like  receptors  (TLR), nuclear  factor
kappa-light-chain-enhancer of activated B cells (NF-kB), and complement proteins. A
positive feedback loop exists between activated microglia and astrocytes, as microglia
upregulate interleukin 1- o (IL-1 o) and TNF- o expression, further stimulating
astrocyte activation (Liddelow, Guttenplan et al. 2017). Neurotoxic reactive astrocytes,
in turn, release cytokines and chemokines, including C-C motif chemokine ligand 2
(CCL2) and IL-6, which re-activate microglia, perpetuating inflammation (Liddelow,
Guttenplan et al. 2017). Glia activation can be triggered by various exogenous or
endogenous stimuli, including damage-associated molecular patterns (DAMPs) and
pathogen-associated molecular patterns (PAMPs) (Vernazza, Tirendi et al. 2020,
Mahaling, Low et al. 2022). Oxidative stress mediates neuroinflammation in
glaucoma progression by increasing the generation of advanced glycation end
products. The binding of advanced glycation end products to their receptors on glial
cells activates these cells to secrete neurotoxic cytokines (Adornetto, Russo et al.
2019). It has been demonstrated that tempol, a multifunctional antioxidant, effectively
reduces TNF- a0 expression in the retina and optic nerve of OHT mouse models.
Similarly, mice deficient in superoxide dismutase-1, a key antioxidant enzyme,
exhibit increased neuroinflammation and more severe neuronal loss after IOP

elevation (Yang, Hondur et al. 2016).

Upregulation of TLRs has been identified in glaucomatous human retinas. Proteomic
analyses show significantly higher expression of TLR2, TLR4, and TLR7 in
glaucomatous donors (Luo, Yang et al. 2010). It has been suggested that microglia
predominantly express TLR2 and TLR4, while astrocytes may express TLR3. Heat
shock proteins and oxidative stress likely stimulate TLR overexpression, and many
heat shock proteins are also upregulated in the glaucomatous human retina (Luo, Yang
et al. 2010). Activated TLRs mediate downstream signaling cascades, including p38

MAPK, INK signaling, and NF-« B pathways, leading to secondary immune cell
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activation and overproduction of cytokines such as TNF-a (Luo, Yang et al. 2010).
Elevated expressions of TNF-a, inducible NOS, and p38 MAPK have also been
observed in a rat model of acute IOP elevation (Wang, Liu et al. 2017). Consequently,
at least in part, retinal damage in glaucoma may be mediated by TLR-induced
cytokine expression. NF-k B, a transcription factor complex downstream of TLR
signaling, is upregulated in glaucomatous retina and promotes cytokine production by
microglia (Yang, Luo et al. 2011, Wang, Song et al. 2020). Inhibition of NF-« B
reduces the expression of TLR4, IL-6, and TNF-a in activated microglia (Wang, Song
et al. 2020).

Complement activation is among the earliest changes in glaucoma, preceding
detectable axonal loss caused by elevated IOP. Suppressing complement activities
protects against IOP-induced retinal injury in mouse models (Howell, Macalinao et al.
2011, Williams, Tribble et al. 2016). Complement C1q A chain (C1QA), a key effector
in the complement cascade, is expressed by activated microglia following IOP
elevation. Mice with mutated C1QA exhibit greater preservation of RGCs under
elevated IOP conditions, indicating that complement inhibition may protect against

glaucomatous degeneration (Howell, Macalinao et al. 2011).

Following glial activation, cytokine expression increases, including TNF-o and IL-6
(Wang, Song et al. 2020). Elevated TNF-oa binds to TNF-a receptor 1 (TNFR1) in
RGCs, inducing apoptosis via caspase-8 activation (Oliveira, Vasconcellos et al.
2014). Histological studies have shown increased TNF-o expression in retinal glial
cells and overexpression of TNFR1 specifically in glaucomatous RGCs, suggesting
RGC sensitivity to TNF- o -mediated cytotoxicity (Tezel, Li et al. 2001). In the rat
OHT model, AH IL-6 level rises with IOP elevation and negatively correlates with the
number of RGCs (Song, Song et al. 2018). The role of IL-6 in RGCs’ survival
remains controversial. IL-6 KO mice display similar IOP elevations but show

protection of RGC structure and vision following eight weeks of elevated IOP
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(Echevarria, Formichella et al. 2017). Similarly, IL-6 deficiency protects RGCs after
optic nerve crush in mice (Fisher, Mizrahi et al. 2001). On the contrary, studies
indicate that IL-6 may exert anti-apoptotic effects, as RGCs’ survival decreases in rat

eyes when glial IL-6 is depleted (Sappington, Chan et al. 2006).
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4. The Vascular Theory

4.1. Evidence Supporting the Vascular Theory

Although IOP remains the primary recognized risk factor for glaucoma, many patients
experience disease progression even with well-controlled IOP, suggesting the
involvement of additional pathogenic factors other than mechanical pressure
(Chauhan and Drance 1992). The vascular theory suggests that glaucomatous damage
arises from inadequate blood flow, or perfusion, to ocular tissues (Bonomi, Marchini
et al. 2000). Recent studies reinforce the significance of vascular health in glaucoma.
Epidemiological and clinical evidence link glaucoma risk, particularly in NTG, with
systemic vascular dysregulation, including conditions such as migraine and Raynaud’s
phenomenon, which reduce blood flow and may contribute to vasospasm (Wang,
Mitchell et al. 1997, Bednarczyk, Remler et al. 1998, Cursiefen, Wisse et al. 2000).
NTG patients exhibit delayed restoration of normal blood flow after temperature
changes and elevated levels of endothelin-1 (EDN1), a potent vasoconstrictor
implicated in disease progression (O'Brien and Butt 1999, Resch, Garhofer et al.
2009). Magnetic resonance imaging (MRI) studies reveal NTG-associated cerebral
small vessel ischemia, infarcts, and corpus callosum atrophy, underscoring potential
systemic circulatory contributions to glaucoma risk (Ong, Farinelli et al. 1995).
Additional evidence demonstrates a positive relationship between reduced ocular
perfusion and glaucoma risk (Chung, Harris et al. 1999, Grunwald, Piltz et al. 1999,
Mitchell, Leung et al. 2005, Amerasinghe, Aung et al. 2008). Generalized narrowing
of retinal arteries has been observed in glaucomatous retinas, and this arterial
narrowing is significantly associated with glaucomatous optic nerve damage (Mitchell,
Leung et al. 2005). Importantly, thinning of retinal vessels may not be directly related
to IOP, suggesting that the association between vessel thinning and glaucoma risk is
independent of IOP (Amerasinghe, Aung et al. 2008). The peripheral retina of NTG
patients shows reduced blood flow as measured by laser Doppler flowmetry (Chung,

Harris et al. 1999). Furthermore, blood flow in the optic nerve head is decreased in

42



glaucomatous eyes (Ong, Farinelli et al. 1995, Stroman, Stewart et al. 1995, Chung,
Harris et al. 1999, Grunwald, Piltz et al. 1999, Mitchell, Leung et al. 2005,
Amerasinghe, Aung et al. 2008, Resch, Garhofer et al. 2009).

4.2. The Theory of OPP

The amount of blood supplied to the eye primarily depends on perfusion pressure,
defined as the difference between arterial and venous pressure. Generally, higher
perfusion pressure corresponds to increased blood flow and a lower risk of ischemia.
While the pressure outside the vein is negligible in most tissues, in the eye, IOP
elevates venous pressure in the retinal and choroidal circulations to levels
approximately equal to IOP (Costa, Harris et al. 2014). Therefore, arterial pressure
must be sufficiently high to overcome this venous pressure and maintain normal blood
flow. Because IOP compresses ocular vessels, it can impede circulation. In a healthy
eye, venous blood flows smoothly through the retinal and choroidal vessels, with
venous pressure just before exiting the eye slightly exceeding IOP (Duke-Elder 1926).
Hence, ocular perfusion pressure (OPP) is defined as the difference between arterial
pressure and IOP within the retina and choroid, representing the arteriovenous
pressure gradient in the eye (Civan, Benos et al. 2008). According to Ohm's law,
blood flow is proportional to the arteriovenous pressure gradient divided by vascular
resistance. Thus, higher OPP is believed to increase ocular blood flow and reduce the
risk of ischemia or glaucoma development (Van Keer, Breda et al. 2016). Since OPP
depends on both arterial pressure and IOP, blood pressure (BP) is considered a key
factor influencing ocular blood flow, retinal health, and glaucoma risk (Costa, Harris

et al. 2014).

4.3. Low BP or OPP Increases the Risk of Glaucoma

OPP influences retinal blood flow, and thus low OPP or low BP may increase the risk

of glaucoma (Goldberg, Hollows et al. 1981, Richler, Werner et al. 1982, Pillunat,
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Stodtmeister et al. 1989, Kaiser, Flammer et al. 1993, Sommer and Tielsch 1996,
Leske, Wu et al. 2002, Zheng, Wong et al. 2010, Okumura, Yuki et al. 2012, Tham,
Lim et al. 2018, Lee, Yang et al. 2020). Low OPP has been linked to a higher risk of
OAG (Zheng, Wong et al. 2010, Kim, Oh et al. 2020). It has been suggested that HT
may not have a direct connection to OAG risk; however, low diastolic OPP is
positively associated with glaucoma (Sommer and Tielsch 1996). Later, Tham et al.
(2018) proposed that low systolic OPP is related to POAG, whereas diastolic OPP is
not (Tham, Lim et al. 2018). Zheng et al. (2010) reported that low DBP, mean OPP,

and diastolic OPP all represent risk factors for glaucoma (Zheng, Wong et al. 2010).

Some studies have shown that NTG patients may have lower systolic OPP compared
to individuals without glaucoma (Pillunat, Stodtmeister et al. 1989), while other
research indicates that higher baseline OPP reduces the chance of developing
glaucoma over four years (Leske, Wu et al. 2002). It remains unclear whether IOP or
BP is the primary factor linking OPP to glaucoma risk. Ramdas et al. (2011) observed
a negative association between OPP and OAG risk, but this connection weakened
after adjusting for IOP, suggesting that IOP may predominantly influence OAG risk
(Ramdas, Wolfs et al. 2011). In contrast, Tham et al. (2018) reported a negative
association between systolic OPP and POAG risk after adjusting for IOP (Tham, Lim
et al. 2018). Zheng et al. (2010) also proposed that low mean OPP and diastolic OPP
are risk factors for OAG following IOP adjustment (Zheng, Wong et al. 2010).
Therefore, high IOP combined with low BP exacerbates the damage caused by low
OPP (Zheng, Wong et al. 2010, Tham, Lim et al. 2018). Several studies have
demonstrated that low DBP is also a risk factor for glaucoma progression (Richler,
Werner et al. 1982, Okumura, Yuki et al. 2012). POAG patients with well-controlled
IOP but ongoing progression show lower diurnal and nocturnal SBP than those with
less progression (Kaiser, Flammer et al. 1993). Lower DBP in the ophthalmic artery
has been observed in NTG patients compared to those with OHT but no progression

(Goldberg, Hollows et al. 1981). In NTG patients, low SBP is associated with a higher
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risk of RNFL defect progression, and low DBP is associated with an increased risk of
macular GCL-IPL thinning (Lee, Yang et al. 2020). Among non-glaucomatous
individuals, the cup-to-disc ratio is larger in those with DBP below 90 mmHg due to
antihypertensive treatment compared to those with higher or untreated normal DBP
(Topouzis, Coleman et al. 2006). Therefore, low OPP, whether caused by high IOP or
low BP, may be associated with an increased risk of glaucoma due to insufficient
ocular perfusion (Goldberg, Hollows et al. 1981, Topouzis, Coleman et al. 2006,
Zheng, Wong et al. 2010, Ramdas, Wolfs et al. 2011, Tham, Lim et al. 2018, Lee,
Yang et al. 2020, Cui, Pan et al. 2022).

4.4. Large Nocturnal BP or OPP Dip Increases the Risk of Glaucoma

The nocturnal BP dip refers to the difference between nighttime and daytime BP. The
positive correlation between the magnitude of the nocturnal dip and glaucoma risk
supports the vascular theory, as the nocturnal dip also indicates a form of low OPP.
Over-dippers, who experience a nocturnal BP dip greater than 20%, have been shown
to have a higher risk of optic disc hemorrhage compared to those with smaller dips
(Kim, Park et al. 2017). Larger nocturnal BP dips are observed in glaucoma patients
compared to normal subjects, with the magnitude being greater in NTG patients than
in POAG patients (Meyer, Brandi-Dohrn et al. 1996, Muzyka, Nizankowska et al.
1997). NTG patients with larger nocturnal DBP dips and longer dip durations are
more likely to exhibit parapapillary choroidal microvasculature dropout, an indicator
of impaired optic nerve head perfusion that positively correlates with the severity of
visual field defects (Shin, Jo et al. 2021). Glaucoma patients with disease progression
show larger nocturnal BP dips than those with stable visual fields (Graham, Drance et
al. 1995, Graham and Drance 1999). Compared to healthy controls, DBP fluctuation,
the difference between the highest and lowest values over 24 hours, is higher in
POAG patients (Costa, Jimenez-Roman et al. 2010). In NTG patients, Charlson et al.
(2014) found that the longer the duration during which nocturnal mean arterial

pressure (MAP) is 10 mmHg lower than the diurnal MAP, the greater the likelihood of
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disease progression (Charlson, de Moraes et al. 2014). For untreated NTG patients,
mean OPP fluctuations significantly correlate with the severity of visual field loss,
although mean OPP itself does not correspond with the level of visual field defects
(Choi, Kim et al. 2021). Fluctuations in circadian mean OPP and MAP are
significantly associated with RNFL thickness in NTG patients (Choi, Kim et al. 2007).
Patients with NTG who experience greater mean OPP fluctuations are more likely to
have disease progression (Sung, Lee et al. 2009). Overall, the mean OPP fluctuation is
considered a consistent clinical risk factor for NTG severity and a predictor of disease

progression (Choi, Kim et al. 2007, Sung, Lee et al. 2009).

In addition to evidence showing that a greater nocturnal dip is linked to an increased
risk of OAG, BP or OPP variability, defined as the standard deviation of multiple
measurements in the same individual, has also been identified as a predictor for OAG.
In a prospective study, POAG patients with higher visit-to-visit SBP standard
deviation tend to have an increased risk of disease progression (Lee, Jung et al. 2017).
Kashiwagi (2001) noted that the nocturnal dip is smaller in progressing NTG patients
compared to non-progressing patients, but nocturnal BP deviation is larger in the
progressing group. This suggests that nocturnal dip alone is not as strong a predictor
for NTG progression as nocturnal BP variability (Kashiwagi, Hosaka et al. 2001). It is
also observed that increased mean OPP variability is associated with a higher
likelihood of visual field defect progression. Increased diurnal mean OPP variability
significantly predicts visual field deterioration (Lee, Choi et al. 2015). NTG patients
with worse visual field defects tend to exhibit a greater nocturnal BP dip and circadian

SBP variability (Jin, Seo et al. 2017).
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Chapter 2. Systemic Hypertension Induces Retinal Degeneration Through
Intraocular Pressure-Independent Mechanisms

1. Introduction

1.1. The Prevalence and Pathogenesis of Primary HT

Hypertension (HT) is a prevalent and life-threatening disease. HT is the leading cause
of cardiovascular disease and premature death worldwide (Mills, Stefanescu et al.
2020). From 1990 to 2015, over half of the deaths attributable to ischemic heart
disease, hemorrhagic stroke, and ischemic stroke were linked to HT (Forouzanfar, Liu
et al. 2017). During this period, deaths associated with SBP above 140 mmHg
accounted for 14.0% of all deaths (Forouzanfar, Liu et al. 2017). It is estimated that
more than 1.5 billion people worldwide will suffer from HT by 2025 (Perkovic,
Huxley et al. 2007). In 2010, only half of the HT patients were aware of their
condition, about one-third received treatment, and fewer than 15% achieved BP
control globally (Mills, Bundy et al. 2016). In the United States, it was predicted that
over 45% of adults aged 20 and older, approximately 120 million people, had HT
between 2017 and 2020. Nonetheless, 38% of HT individuals in the US were unaware
of their condition (Tsao, Aday et al. 2023). In China and India, the number of HT
patients is expected to exceed 500 million by 2025 (Perkovic, Huxley et al. 2007).
The Seventh Report of the United States Joint National Committee on Prevention,
Detection, Evaluation, and Treatment of High Blood Pressure (JNC 7) provides the
commonly used definition of HT, as listed in Table 1 (Chobanian, Bakris et al. 2003,
Hall, Granger et al. 2012). However, the 2017 Guideline for High Blood Pressure in
Adults from the American College of Cardiology (ACC) offers a different, stricter
definition (Table 1) (Whelton, Carey et al. 2018). The ACC classification designates
SBP between 120-139 mmHg or DBP between 80-89 mmHg as HT (Whelton, Carey
et al. 2018). This modification was made because the risk of cardiovascular disease

increases even at these lower BP ranges (Whelton, Carey et al. 2018).
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Organization | Classification Definition (Unit: mmHg)

INC 7 Normal BP SBP < 120, and DBP < 80

Prehypertension | 120 < SBP <139, and 81 < DBP < &9

Stage 1 HT 140 < SBP <159, or 90 < DBP <99
Stage 2 HT SBP > 160, or DBP > 100
ACC Normal BP SBP < 120, and DBP < 80

Elevated BP 120 < SBP <129, and DBP < 80

Stage 1 HT 130 < SBP <139, or 80 < DBP <89

Stage 2 HT SBP > 140, or DBP > 90

Table 1. The classifications of HT based on JNC 7 and ACC.

In the short term, BP is determined by cardiac output (CO) and total peripheral
vascular resistance (TPR), as represented by the formula Mean Arterial Pressure
(MAP) = CO x TPR (Hall, Omoto et al. 2024). Cardiac output refers to the total
volume of blood circulated. However, this formula may not accurately reflect more
complex, long-term conditions such as chronic HT (Hall, Granger et al. 2012). During
the progression of chronic HT, increased BP can induce gradual structural changes in
the vessels, including rarefaction and hypertrophy. These adaptations help maintain
normal blood flow despite elevated BP, thereby ensuring that blood flow meets
metabolic demands. If treated early, vascular hypertrophy may gradually regress,
allowing restoration of some vascular function. However, in chronic and severe HT
patients, BP reduction must be treated cautiously because significant vascular injury

has already occurred, and abrupt BP lowering might lead to hypoperfusion.

Several factors contribute to the pathogenesis of HT, including abnormal activation of
the sympathetic nervous system, dysregulation of vasoactive hormones, and vascular

endothelial dysfunction (Hall, Granger et al. 2012, Hall, Omoto et al. 2024). Changes
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in sympathetic innervation and hormone secretion can alter CO, while endothelial
dysfunction increases TPR. The renal system directly regulates BP. When BP drops
too low, the renal system increases sodium and water retention to restore it. However,
elevated renal perfusion pressure enhances urination, lowering BP. (Hall, Guyton et al.
1986). Sympathetic nerves and vasoactive hormones modulate BP by influencing

renal function (Hall, Granger et al. 2012).

Sympathetic nerve activity affects renal activity and BP through renal sympathetic
nerve activity (RSNA). In patients with drug-resistant HT, renal sympathetic nerve
ablation effectively lowers BP (Azizi, Sapoval et al. 2015, Townsend, Mahfoud et al.
2017, Kandzari, Bohm et al. 2018), indicating that abnormal RSNA is at least partly
involved in HT pathogenesis. Sympathetic activity is modulated by peripheral
baroreceptors or chemoreceptors (Hall, Granger et al. 2012). Baroreceptors detect BP
changes, modulating it via autonomic reflexes affecting the heart and blood vessels.
Chemoreceptors respond to oxygen and carbon dioxide levels, thereby influencing BP
(Hall, Granger et al. 2012). For drug-resistant HT, chronic carotid baroreceptor
stimulation reduces BP, heart rate variability, and heart rate turbulence onset
(Wustmann, Kucera et al. 2009). This likely occurs through sympathetic inhibition
and parasympathetic activation (Wustmann, Kucera et al. 2009). Adjusting the
baroreflex presents a novel HT treatment regime (Wustmann, Kucera et al. 2009). The
carotid body acts as a peripheral chemoreceptor sensing ambient pH and partial
pressures of oxygen and carbon dioxide (Iturriaga, Alcayaga et al. 2021). Overactive
carotid body sensitivity has been observed in animal models of primary HT (Tan, Lu
et al. 2010). Carotid body activity can be suppressed by breathing 100% oxygen; HT
patients undergoing hyperoxia show transient reductions in SBP, DBP, and total TPR,
effects not seen in healthy controls (Sinski, Lewandowski et al. 2014). Therefore,
carotid body overactivation might contribute to abnormal sympathetic innervation and

HT.
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The Renin-Angiotensin-Aldosterone System (RAAS) is central to BP regulation (Hall,
Omoto et al. 2024). It consists of two main pathways: the Angiotensin Converting
Enzyme 1 (ACEIl)-Angiotensin II (Angll)-Angiotensin type I receptor (AT1)
(ACE1-Angll-AT1) axis and the Angiotensin Converting Enzyme 2
(ACE2)-Angiotensin  (1-7)-Mas receptor (ACE2-Angiotensin(1-7)-Mas) axis
(Holappa, Vapaatalo et al. 2017). Renin cleaves Angiotensinogen to produce
Angiotensin I, a weak vasoconstrictor. ACE1 then converts Angiotensin I into Angll,
which binds to AT1 receptors to promote aldosterone secretion, vasoconstriction, and
BP elevation. Conversely, the ACE2 pathway generates Angiotensin (1-7), which
activates Mas receptors to induce vasodilation, antiproliferation, and antifibrosis
(Holappa, Vapaatalo et al. 2017). The ACEI1-Angll-AT1 axis regulates kidney
function by promoting sodium and water retention (Hall, Omoto et al. 2024). Angll
stimulates aldosterone secretion by the adrenal gland and increases sodium and water
reabsorption in renal tubules and arterioles, increasing BP (Hall, Omoto et al. 2024).
Angll-induced chronic HT primarily occurs through AT1 receptors in the kidney, as
supported by studies using systemic AT1 KO mice (Crowley, Gurley et al. 20006).
Wild-type (WT) mice develop HT and cardiac remodeling following Angll infusion,
whereas AT1 KO mice do not. This was further supported by the transplantation
experiments. WT kidneys transplanted into AT1 KO mice restore the hypertensive
response, while AT1 KO kidneys in WT mice significantly attenuate it. While other
organs like the brain, heart, and vasculature may contribute, their roles are less
significant compared to the kidney (Crowley, Gurley et al. 2006, Hall, Omoto et al.
2024). Aldosterone acts on mineralocorticoid receptors in renal distal tubules and
collecting tubules, enhancing sodium reabsorption, especially during low sodium
intake. Thus, Angll raises BP either directly or via aldosterone stimulation (Hall,

Omoto et al. 2024).

Vascular endothelial dysfunction is another key HT risk factor. It involves impaired

regulation of vasodilation and vasoconstriction by endothelial cells, caused by

50



damage or imbalance of vasodilators and vasoconstrictors. Overactivated endothelin
system, Nitric Oxide (NO) deficiency, increased oxidative stress, and heightened
vascular inflammation are the contributing factors (Hall, Omoto et al. 2024). The

specific causes of vascular endothelial dysfunction will be discussed later.

1.2. Ocular Disorders Related to HT

As HT progresses, structural alterations in blood vessels can gradually lead to
pathological ocular conditions such as hypertensive retinopathy and hypertensive
choroidopathy (Chopra, Sharma et al. 2014). In the early stage of hypertensive
retinopathy, retinal arteries narrow and arteriovenous nicking occurs. As the condition
worsens, disruption of the blood-retinal barrier leads to retinal hemorrhages,
cotton-wool spots, and hard exudates. At the advanced stage, it causes optic disc
swelling (Chua, Cheung et al. 2020). The exact mechanism underlying hypertensive
papilledema is unclear but may involve ischemia from constricted posterior ciliary
arteries, increased intracranial pressure, or hypertensive encephalopathy (Chatterjee,
Chattopadhyay et al. 2002). The choroidal circulation, similar to the retinal circulation,
may also be compromised in HT (Bourke, Patel et al. 2004). Obstruction in choroidal
arteries and choriocapillaris can cause degeneration of the overlying RPE.
Characteristic signs of hypertensive choroidopathy include Elschnig spots and Siegrist
streaks, representing pigmentary changes secondary to ischemia (Bourke, Patel et al.
2004). Furthermore, leakage from the choroidal circulation may result in subretinal

fluid accumulation and potential retinal detachment (Bourke, Patel et al. 2004).

HT is also associated with ocular disorders such as diabetic retinopathy, age-related
macular degeneration (AMD), and cataract (Srivastava and Rema 2005). The
prevalence of HT is substantially higher in diabetic patients compared to the general
population (Srivastava and Rema 2005). HT may exacerbate diabetic retinopathy by
altering retinal hemodynamics and increasing ocular vascular endothelial growth

factor (VEGF) levels (Srivastava and Rema 2005). Patients with neovascular AMD
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are more likely to have DBP higher than 95 mmHg compared to those without AMD,
potentially related to atherosclerotic changes caused by HT (Hyman, Schachat et al.
2000). HT is also considered a risk factor for cataract (Mylona, Dermenoudi et al.
2019). It has been hypothesized that elevated IOP in HT patients enhances the
pressure gradient across the lens, accelerating glucose accumulation and cataract
formation (Mylona, Dermenoudi et al. 2019). The link between HT and IOP will be

discussed in the following sections.

1.3. The Relationship Between HT and the Risk of Glaucoma

To what extent HT influences glaucomatous neurodegeneration remains uncertain.
Various studies have demonstrated a positive correlation between HT and OAG. The
Blue Mountains Eye Study revealed that without IOP adjustment, each 10 mmHg
increase in SBP corresponded to a 10% higher OAG prevalence. Similarly, a 10
mmHg increase in SBP, DBP, or MAP was linked to a 20-30% increase in OHT
prevalence (Mitchell, Lee et al. 2004). A meta-analysis also showed that patients with
HT have about a 1.2-fold higher risk of developing OAG than healthy individuals,
with a stronger association for POAG than NTG (Bae, Lee et al. 2014). This aligns
with other studies showing a positive link between HT and POAG (Bonomi, Marchini
et al. 2000, Orzalesi, Rossetti et al. 2007). However, the relationship between HT and
NTG 1is more controversial. For example, some reports suggest no correlation
(Dielemans, Vingerling et al. 1995), while others indicate that NTG patients exhibit
higher nocturnal DBP and MAP (Plange, Kaup et al. 2006) and are more prone to
develop HT (Wierzbowska, Wierzbowski et al. 2012). It is estimated that
approximately 8% of HT patients may develop glaucoma, with NTG being the most

common type (Gangwani, Chan et al. 2013).

Despite the evidence of a positive correlation between HT and OAG, some studies
suggest that HT might be protective. Leske et al. reported that HT reduced the risk of

OAG by up to 50% over a 4-year follow-up (Leske, Wu et al. 2002). Another study

52



found that OAG patients with SBP > 160 mmHg had better visual acuity and visual
fields than those with SBP < 120 mmHg, with low SBP patients more likely to be
visually impaired (Perdsalo and Raitta 1990). One explanation is that many HT
patients in Leske et al.’s study were on antihypertensive medication and may have
maintained better vascular health, preserving microvascular function and arterial wall
integrity (Leske, Wu et al. 2002, Harazny, Ritt et al. 2007). Thus, for patients under 60,
HT might increase ocular blood flow and safeguard the eye (Tielsch, Katz et al. 1995).
In contrast, elderly OAG patients often suffer from ocular ischemia and impaired
ocular blood flow regulation, so elevated BP may be needed to maintain perfusion
(Perdsalo and Raitta 1990). The complex relationship among BP, antihypertensive

treatment, ocular perfusion, and glaucoma risk will be discussed later.

1.4. The Relationship Between BP and IOP

It is suggested that POAG has a stronger association with HT than NTG (Bae, Lee et
al. 2014). This raises the possibility that HT may increase POAG risk by increasing
IOP. HT patients are more likely to have higher IOP compared to normotensive
subjects. The prevalence of OHT is approximately 8.1% in treated HT patients and
8.2% in untreated HT, compared to 4.2% in normal controls (Mitchell, Lee et al.
2004). A longitudinal study found that over 9 years, IOP increased by an average of
0.22 mmHg in normotensive subjects but 0.49 mmHg in HT subjects (Wu, Nemesure
et al. 2006). Other studies also document positive correlations between BP and IOP
(Bonomi, Marchini et al. 2000, Chen and Lai 2005, Xu, Wang et al. 2007). A
meta-analysis showed that each 10 mmHg increase in SBP corresponds to a 0.26
mmHg increase in IOP, and each 10 mmHg increase in DBP corresponds to a 0.34
mmHg increase in IOP (Zhao, Cho et al. 2014). Although statistically significant,

these IOP elevations are generally not considered clinically significant.

Several hypotheses may account for the relationship between BP and IOP. First,

common regulation by the sympathetic nervous innervation, which, when
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overactivated, induces HT and IOP elevation (Wyss 1993, Luo, Li et al. 2020).
Sympathetic stimulation can increase outflow resistance by reducing the
cross-sectional area of Schlemm’s canal in rats (Luo, Li et al. 2020). Second, HT may
increase perfusion pressure in ciliary arteries, enhancing AH formation, although this
remains plausible as a reduction of AH production was only observed when the ciliary
blood flow decreased by > 25% (Bulpitt, Hodes et al. 1975). Normally, AH
production remains relatively stable when the ciliary blood flow increases (Kiel,
Hollingsworth et al. 2011). Third, RAAS influences both HT and glaucoma (Holappa,
Vapaatalo et al. 2017). Systemic RAAS inhibitors like losartan and captopril reduce
IOP in POAG patients, suggesting systemic RAAS modulates ocular RAAS and IOP
(Costagliola, Di Benedetto et al. 1995, Costagliola, Verolino et al. 2000). AnglI and
ACEI] have been detected in the retina, ciliary body, and AH (Holappa, Vapaatalo et al.
2017), possibly affecting IOP via transforming growth factor f1 (TGFB1) (Cui, Pan et
al. 2022). Angll stimulates TGFB1 gene expression (Gibbons, Pratt et al. 1992), and
TGFBI increases AH outflow resistance by promoting extracellular matrix deposition
in the trabecular meshwork (Lightman, Rechthand et al. 1987, Gibbons, Pratt et al.

1992, Fleenor, Shepard et al. 2006, Cui, Pan et al. 2022).

1.5. The Influence of HT on the Retinal Structures

Despite known retinal vascular changes in hypertensive retinopathy, such as arterial
narrowing (Ikram, Witteman et al. 2006), the broader impact of HT on retinal
structure and function remains incompletely understood (Ikram, Witteman et al. 2006).
HT has been linked to reduced retinal capillary density (Chua, Chin et al. 2019) and
thinning of the macula and peripapillary RNFL (Xu, Zhou et al. 2013, Kong, Kwun et
al. 2015, Sahin, Sahin et al. 2015, Akay, Gundogan et al. 2016, Lim, Lee et al. 2019).
Animal models, such as Spontaneous hypertensive rats (SHR), display ocular
degenerations including decreased vascular density, irregular and tortuous vessels,
and loss of RGCs and photoreceptors (Sabbatini, Strocchi et al. 2001, Dong,
Gustafson et al. 2019, Leskova, Warar et al. 2020, Li, Wang et al. 2020). Functional
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retinal changes related to HT have been assessed in only one study by Sicard et al.,
which reported reduced electroretinogram (ERG) b-wave amplitudes in SHR
compared to normotensive Wistar Kyoto rats (WKY) (Dong, Gustafson et al. 2019).
These models provide insight into HT-induced retinal alterations, although further

research is needed to elucidate detailed mechanisms.
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2. Objectives

As mentioned above, glaucoma is the leading cause of irreversible blindness
worldwide. However, the correlation between HT and the risk of glaucoma remains
controversial, as studies have reported both positive and negative associations. In
addition, IOP is recognized as a significant risk factor for glaucoma. Despite this, the
influence of BP on IOP has not yet been well documented. In this study, the IOP
profile of the chronic hypertensive and normotensive rats will be examined, and the

relationship between BP and IOP will be investigated.

Previous research has identified characteristic features of hypertensive retinopathy
and choroidopathy. Nevertheless, many questions remain unanswered regarding how
HT affects the eye. Although some studies suggest that HT may lead to retinal
degeneration, the extent to which HT affects the different retinal cell types is poorly
understood. It is also unknown whether the various stages of chronic HT differentially
affect the retina. Retinal structural changes induced by chronic HT have not been
thoroughly explored, and there is little literature on how chronic HT may influence
retinal functions. This study will assess the effects of HT on retinal structure and
functional responses in both hypertensive and normotensive rats throughout the

progression of HT.

While it is generally agreed that HT causes narrowing and stiffening of blood vessels,
hemodynamic changes at different stages of HT remain inadequately documented.
This study will investigate the retinal hemodynamics at various stages of HT by
measuring the inner lumen area of retinal arteries and veins near the optic nerve and

the blood velocities of the central retinal artery at different stages of HT.

Taken together, the primary objectives of this study are:
e To investigate the relationship between BP and IOP at different stages of HT;
e To evaluate the effects of HT on retinal structure and functional responses at

different stages of HT; and
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e To investigate the impact of HT on retinal hemodynamics throughout the

progression of HT.
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3. Methods

3.1. Animals

As mentioned earlier, SHR and WKY have been used as animal models for HT and
normotensive controls, respectively. The development of the SHR model was first
described by Okamoto and Aoki in 1963 (Okamoto and Aoki 1963) to mimic primary
HT in humans (Okamoto and Aoki 1963). The model was established by selecting one
WKY with persistently high SBP (150-175 mmHg) and one female rat with slightly
higher SBP (130-140 mmHg) relative to their peers as parental animals. Through
selective breeding of WKY with SBP over 150 mmHg, the mean SBP in the 6™ filial
generation exceeded 170 mmHg. Because this selective breeding involved no
treatment to induce HT, the SHR model closely resembles primary HT in humans
(Okamoto and Aoki 1963, Yamori 2013). Following the establishment of SHR,
Okamoto et al. further selectively inbred SHR exhibiting stroke to develop a subtype
termed stroke-prone SHR (Okamoto 1974). Due to the frequent occurrence of stroke
and cerebral hemorrhage in this strain, the stroke-prone SHR has become a valuable

model for studying vascular diseases caused by HT (Yamori 2013).

In our study, we aimed to investigate the influence of HT on the retina, including the
hemodynamic changes. Therefore, we used stroke-prone SHR as the animal model
and WKY as normotensive controls. Throughout this study, the term SHR specifically
refers to the stroke-prone SHR. Both SHR and WKY animals were housed in a
temperature-controlled room with a 12-hour light/dark cycle and had free access to
food and water. The light intensity in the animal housing room was approximately 300
lux. All experimental procedures and animal handling complied with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research and were
approved by the Animal Ethics Sub-committee at The Hong Kong Polytechnic
University. The BP, IOP, functional retinal responses, retinal structure, and
hemodynamic parameters were measured at 4, 8, and 12 months of age in both SHR

and WKY groups. This study comprised two parts: a cross-sectional study involving
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all available animals at each targeted age, and a longitudinal study in which a cohort

of SHR and WKY was followed from 4 months to 12 months of age.

3.2. Measurement of BP

The SBP and DBP of SHR and WKY were measured using the BP-2000 Blood
Pressure Analysis System (Visitech Systems). This system consists of a measurement
platform, a control unit, and a computer, as shown in Figure 5A. A red-light source is
positioned beneath the rat's tail being measured, and the amount of light transmitted
through the tail is recorded in real-time. The amount of scattered red light is
proportional to the degree of the vessel dilation. Variations in the light transmitted
through the tail were monitored and displayed on the computer screen. During each
measurement, a tail cuff gradually increases compressive pressure. As the cuff
pressure increases, the degree of the vessel dilation decreases, causing the signal to
weaken. When the signal amplitude begins to decline, it corresponds to the DBP,
while the pressure at which the signal amplitude disappears corresponds to the SBP.
Measurements were conducted between 2 pm and 5 pm. Prior to data collection, the
animals were trained to adapt to the system over three days. For each time point, 20
consecutive measurements were taken, and the average values were used to determine

the final DBP and SBP readings

3.3. Measurement of IOP

The IOP was measured using the Tonolab rebound tonometer (Icare, Finland) between
I pm and 3 pm, as shown in Figure 6A. Six readings were averaged for each
measurement. The sequence of measurements was randomized between the SHR and
WKY groups. All measurements and training for BP and IOP were conducted while
the animals were awake. To ensure the reliability of the IOP and BP data, all

procedures were performed gently to minimize any discomfort to the animals.
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3.4. Measurements of Functional Retinal Responses

Functional retinal responses of SHR and WKY were recorded using a full-field ERG
(Ganzfeld, Q450; RETI Animal, Roland Consult, Germany). The animals were
dark-adapted for at least 6 hours prior to data acquisition. Before the measurements,
the animals were fully anesthetized with a ketamine-xylazine mixture and their pupils
dilated using 0.5% tropicamide (Mydrin-P, Santen Pharmaceutical, Japan). The exact
dosage of anesthetic drugs was 66.67 mg/kg of Ketamine plus 6.67 mg/kg of Xylazine.
Gold ring active electrodes were placed gently on the corneal surface after applying
one drop of lubricating gel to the eye. Reference electrodes were inserted into the
lateral canthi, and the ground electrode was inserted into the base of the tail, as shown
in Figure 7A. The response from RGCs was represented by the positive scotopic
threshold response (pSTR) (Fortune, Bui et al. 2004), recorded at the stimulation
intensity of -4.8 log cd s/m?. The response from photoreceptors was represented by
the a-wave (Nixon, Bui et al. 2001), while the b-wave has been estimated to reflect
the responses from bipolar cells and Muller cells (Bhatt, Hunt et al. 2023). The
amplitudes of a and b-waves were measured under single-flash stimulation with an

intensity of 1.3 log cd s/m?. All recordings were conducted under a bandpass filter of

0.1-1000 Hz.

3.5. Measurements of Retinal Thickness using OCT

The retinal morphologies were imaged using an Optical Coherence Tomography
(OCT) system (Envisu-R2210, Bioptigen, Leica Microsystems, IL, USA) (Figure 8A).
During the measurements, the animals were fully anesthetized with a
ketamine-xylazine mixture, and their pupils were dilated with 0.5% tropicamide
(Mydrin-P, Santen Pharmaceutical, Japan). A single lubricant eye drop (Systane,
Alcon Laboratories) was applied to moisten the eye and enhance the optical quality of
the corneal surface. Retinal thickness was measured radially from the center of the
optic nerve at a radius of 1 mm. Measurements included the thicknesses of the total

retina, RNFL, and IPL (Figure 8D). For each OCT scan, one hundred images were
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obtained, of which eight images were selected for data analysis: the 1%, 13t 26, 38,
515, 637, 76, and 88" images, as illustrated in Figure 8B. If the images overlapped
with inner retinal vasculature, making accurate RNFL thickness measurements
difficult due to vascular interference, adjacent images were used instead. Thickness
measurements were performed manually using ImageJ in a masked manner. During
the analysis, the optic nerve head area was excluded, specifically the central area with
a radius of 0.5 mm, as illustrated in Figure 8C. Figure 8B displays the images
analyzed, with red lines indicating the selected areas. The unshaded area in Figure 8C

represents the measured area for each individual image.

3.6. Measurements of the Inner Lumen Area of Retinal Arteries and Veins

Similarly, the inner lumen area of retinal arteries and veins was estimated using the
Doppler mode of the OCT system (Envisu-R2210, Bioptigen, Leica Microsystems, IL,
USA) (Zhao, Nguyen et al. 2018, Lakshmanan, Wong et al. 2023). The inner lumen
area of the arteries and veins supplying the inner retina near the optic disc was
recorded using a circle scan with 50 replicates. The circle scan was centered on the
optic nerve head with a radius of 0.25 mm, as illustrated in Figure 9A. The blue circle
in Figure 9A represents the scan area. A representative image is shown in Figure 9B,
where the portion of the inner retina (circled by red) represents the arterial blood flow,
and the portion of the inner retina (circled by blue) represents the venous blood flow
(Lakshmanan, Wong et al. 2023). The results were analyzed manually using ImagelJ.
Fifty images were obtained for each Doppler OCT scan, and 10 images were selected

for data analysis: the 6, 11%, 16", 215t 26™, 315, 36, 41, and 46™ images.

3.7. Measurement of Blood Velocities of the Central Retinal Artery

The blood velocities of the central retinal artery were measured using a Doppler 3D
imaging system (FUJIFILM VisualSonics VevoLAZR Multimodality Imaging
Platform). The animals were anesthetized with isoflurane throughout the experiment

to ensure rapid anesthesia and recovery. Before the procedure, a generous layer of
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ultrasound gel was applied and smoothed onto the transducer face, and ultrasound gel
was also applied to the rat’s eye. Care was taken to avoid hair near the eye to prevent
interference with the probe surface. Any air bubbles within the ultrasound gel were
removed before performing ultrasound imaging. During the experiment, the Doppler
3D mode was activated, and both the probe and the rat were positioned to allow
visualization of ocular structures, including the cornea, iris, and arterial and venous
blood supply to the retina. As shown in Figure 10A-B, the red area represents the
arterial signal, while the blue area represents the venous signal. After locating the
central retinal artery, the detector was positioned to obtain the highest blood velocities.
Both peak and mean velocities were measured. Each captured image comprised
twelve cycles and three readings, as illustrated in Figure 10A-B. The reading for each
image was calculated as the mean of all three measurements. Three images were
captured for each eye, and the highest velocity value among them was recorded as the

final measurement.
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4. Results

4.1. Cross-sectional Studies

4.1.1. BP
The SBP and DBP were measured in SHR and WKY at 4, 8, and 12 months. SHR

exhibited significantly higher SBP than WKY at all measured time points, as
illustrated in Figure 5B. For the DBP, SHR values were significantly higher than in
WKY only at 12 months (Figure 5C). Both the SBP and DBP in SHR increased over
time, whereas in WKY, neither the SBP nor the DBP changed significantly. The SBP
difference in SBF was significant at 4 months and increased with age. At 4 months,
the mean SBP difference between SHR and WKY exceeded 30 mmHg. Specifically,
the SBP in SHR was higher than in WKY by 29%, 35%, and 58% at 4, 8, and 12
months, respectively. The DBP in SHR was higher than in WKY by 90% at 12

months.

63



Red-light Source

Computer

Control Unit Measurement Platform

o~]
(@]

*okkok kkokk  Kokkk ns ns  kkkx

300

200+ é

100+

250

200 ¢ +  WKY

%_]-I XS
x ¢ O

150

R4
S
100- a
*
o]

27 N
Sol¥—
3
24
o o 1+
.
so ¥ o,

[
o
1

0 I I I I I
4 8 12 4 8 12

Age (month) Age (month)

Systolic Blood Pressure (mmHg)
s
i
s
Diastolic Blood Pressure (mmHg)
o

Figure 5. A. Illustration of the Blood Pressure Analysis System used to measure BP in
a rat (rat image sourced from Servier Medical Art); B-C. Cross-sectional
measurements of SBP and DBP in SHR and WKY. Data are presented as Mean +
SEM. *##** P < (.0001 (Two-way ANOVA with Bonferroni's multiple comparisons
test).
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4.1.2. 10P
The IOP was measured at 4, 8, and 12 months in both SHR and WKY. While SHR

exhibited significantly higher BP than age-matched WKY, their IOP was significantly
lower (Figure 6B). IOP remained consistent over time in both groups. However, the
difference in mean IOP between SHR and WKY was less than 1.2 mmHg at all
measured time points. The mean IOP in SHR was 9.1, 9.5, 9.4, and 9.5 mmHg at 4, 8,
12, and 15 months, respectively, compared to 10.2, 10.3, 10.5, and 10.3 mmHg in
WKY at the corresponding ages. Although the IOP difference between SHR and
WKY was statistically significant, it is unlikely to have a substantial impact on ocular

physiology and may not be clinically significant.
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Figure 6. A. Illustration of IOP measurement using a rebound tonometer; B.
Cross-sectional measurements of IOP in SHR and WKY. Data are presented as Mean
+ SEM. ** P < 0.01; **** P < 0.0001 (Two-way ANOVA with Bonferroni's multiple
comparisons test).
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4.1.3. Functional Retinal Responses

The functional retinal responses of 4, 8, and 12-month-old SHR and WKY are
summarized in Figures 7F-H. A decline in retinal responses was observed with aging
in both groups. However, retinal function decreased earlier in SHR than in WKY. At 4
months, ERG amplitudes showed no significant difference between SHR and WKY.
By 8 and 12 months, SHR exhibited a significant reduction in ERG amplitudes of
pSTR, a-wave, and b-wave. At 8 months, these responses were reduced by 29%, 12%,
and 11%, respectively, in SHR compared to WKY. At 12 months, reductions increased
to 32%, 28%, and 19%, respectively.
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Figure 7. A. Illustration of the full-field ERG setup; B. pSTR waveforms from 4, 8,
and 12-month-old SHR; C. pSTR waveforms from 4-, 8-, and 12-month-old WKY; D.
a and b-waveforms from 4-, 8-, and 12-month-old SHR; E. a and b-waveforms from 4,
8, and 12-month-old WKY; F-H. Cross-sectional measurements of pSTR, a-wave,
and b-wave amplitudes in 4, 8, and 12-month-old SHR and WKY. Data are presented
as Mean £ SEM. * P < 0.05; *** P <0.001; **** P <0.0001 (Two-way ANOVA with
Bonferroni's multiple comparisons test).
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4.1.4. The Retinal Thicknesses
The OCT results showed retinal thickness measurements in SHR and WKY at 4, 8,

and 12 months (Figure 8F-H). For the RNFL, there were no significant differences
between SHR and WKY at any time point. The thickness of IPL decreased with age in
both groups. However, SHR exhibited significantly thinner IPL at all measured time
points. Specifically, IPL thickness was reduced by 7.9%, 5.8%, and 6.7% in SHR
compared to WKY at 4, 8, and 12 months, respectively. Total retinal thickness
decreased with age in both SHR and WKY, with SHR showing thinner retinas at all
time points. Specifically, retinal thickness was reduced by 4.0%, 4.0%, and 5.76% in

SHR compared to WKY at 4, 8, and 12 months, respectively.

70



0.1 mm

0.05 mm
|_ 4'months SHR 8 months SHR 12 months SHR

i

Retina

F G H
15000 25000 * * **
1 ns ns ns 1 kxx * * 100000 |_|
— 1 < .o + SHR
< =1 |—| < ] [ g . .« WKY
3 MY \ . £ 1 . S o .
Pt 1 R 2 ] B s O 90000 X
2 10000 $ 20000 : < 4
< - - - * © *
i 1 j ] % . :
2 & 1 S 80000
1 S
] P
5000- 15000 70000~ : T
4 8 12 4 8 12 4 8 12
Age (month) Age (month) Age (month)

Figure 8. A. Illustration of the OCT settings; B. Example of analyzed images selected
from 100 captures; C. Illustration of the area excluded from analysis (the shaded
central region); D. Identification of the RNFL, IPL, and total retina layers; E.
Representative OCT images from 4-, 8-, and 12-month-old SHR and WKY; F-H.
Cross-sectional measurements of the RNFL, IPL, and total retina thicknesses in 4-, 8-,
and 12-month-old SHR and WKY. Data are presented as Mean + SEM. * P <0.05; **
P <0.01; *** P < 0.001 (Two-way ANOVA with Bonferroni's multiple comparisons

test).
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4.1.5. The Inner Lumen Area of Retinal Arteries and Veins

The inner lumen area of retinal arteries and veins in SHR was consistently lower than
in WKY at all measured time points, as shown in Figure 9D-E. At 4, 8, and 12 months,
the inner lumen area of retinal arteries in SHR was reduced by 61%, 64%, and 73%,
respectively, compared to WKY. For the inner lumen area of retinal arteries, it
decreased with age in both SHR and WKY. For the inner lumen area of retinal veins,
SHR also exhibited smaller areas than age-matched WKY at all time points.
Specifically, inner lumen area of retinal veins in SHR was 61%, 68%, and 56% lower
than in WKY at 4, 8, and 12 months, respectively. In both groups, the inner lumen
area of retinal veins did not change significantly with age. These results indicate that
vascular remodeling in the retinas of SHR is more severe than in WKY at 4 months of
age. In retinal arteries, the degree of remodeling in SHR progressively increases with
age compared to WKY. For retinal veins, remodeling remains consistently higher in

SHR than in WKY, although the extent does not change over time.

4.1.6. Blood Velocities of the Central Retinal Artery

The mean blood velocity of the central retinal artery was comparable between SHR
and WKY at 4 and 8 months, as shown in Figure 10D-E. At 12 months, the mean
blood velocity was 21% higher in SHR. No significant difference in peak blood
velocity was detected between SHR and WKY at 4 and 8 months. At 12 months, SHR
exhibited a significantly elevated peak blood velocity, 15% higher than that of WKY.
The slight increase in blood velocity may represent a compensatory response to

enhance blood flow.
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Figure 9. A. Fundus view of the circular scan for inner lumen area of retinal arteries
and veins measurements; B. Schematic diagram indicating the measured arterial (red
circle) and venous (blue circle) regions; C. Representative images of inner lumen area
of retinal arteries and veins from 4-, 8-, and 12-month-old SHR and WKY; D-E.
Cross-sectional measurements of inner lumen area of retinal arteries and veins in 4-,
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8-, and 12-month-old SHR and WKY. Data are presented as Mean = SEM. ** P <
0.01; *** P < 0.001; **** P < 0.0001 (Two-way ANOVA with Bonferroni's multiple
comparisons test).
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Figure 10. A-B. Representative images of arterial blood velocities acquired from a (A)
12-month-old SHR and a (B) 12-month-old WKY; D-E. Cross-sectional
measurements of mean and peak arterial blood velocities in 4-, 8-, and 12-month-old
SHR and WKY. Data are presented as Mean = SEM. * P < 0.05; ** P <0.01 (Two-way
ANOVA with Bonferroni's multiple comparisons test).
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4.2. Longitudinal Studies

For the longitudinal studies, groups of SHR and WKY were monitored continuously
from 4 to 12 months. The BP, IOP, functional retinal response, retinal thickness, inner
lumen area of retinal arteries and veins, and blood velocities of the central retinal
artery are summarized in Figure 11. Consistent with the results obtained from the
cross-sectional studies, SBP was significantly higher in SHR than in age-matched
WKY (Figure 411). The DBP was also significantly higher in SHR at 12 months
(Figure 11C). The SBP in SHR exceeded that in WKY by 26%, 47%, and 47% at 4, 8,
and 12 months, respectively (Figure 11B). For DBP, SHR was higher than WKY by
57% at 12 months (Figure 11C). Both SBP and DBP in SHR increased over time,
while in WKY, these measures did not change significantly. Similarly, IOP in WKY
was significantly higher than in SHR at all measured time points, although the
difference in mean IOP between SHR and WKY was less than 1.4 mmHg across all
time points (Figure 11D). In addition, the amplitudes of pSTR, a-wave, and b-wave
decreased over time in both SHR and WKY. The pSTR and a-wave amplitudes in
SHR were significantly reduced compared to WKY at 8 and 12 months, while the
b-wave amplitude was significantly reduced in SHR at 12 months. At 8 months, SHR
showed a 27% reduction in pSTR amplitude and a 19% reduction in a-wave
amplitude. At 12 months, the amplitudes of pSTR, a-wave, and b-wave in SHR were
reduced by 40%, 29%, and 23%, respectively (Figure 11E-G). Retinal thickness
measurements are shown in Figure 11H-J. All measured layers demonstrated a
significant decline with age in both SHR and WKY. No significant difference in
RNFL thickness was detected between SHR and WKY at any time point (Figure 11H).
SHR showed significantly thinner IPL at all measured time points. IPL thickness was
reduced by 6.6%, 8.9%, and 8.1% in SHR compared to WKY at 4, §, and 12 months,
respectively (Figure 11I). Total retinal thickness was consistently thinner in SHR at all
time points, reduced by 4.6%, 6.1%, and 7.3% at 4, 8, and 12 months, respectively
(Figure 11J). Inner lumen area of retinal arteries and veins was consistently lower in
SHR than in WKY at all time points. At 4, 8, and 12 months, the inner lumen area of

retinal arteries in SHR was reduced by 72%, 62%, and 77%, respectively, compared
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to WKY. The inner lumen area of retinal arteries and decreased with age in both
groups (Figure 11K). The inner lumen area of retinal veins decreased with age in SHR
but remained stable in WKY. In addition, the inner lumen area of retinal veins in SHR
is also lower than that of age-matched WKY at all time points (Figure 11L). The inner
lumen area of retinal veins in SHR was lower than in age-matched WKY at all time
points, with reductions of 70%, 69%, and 63% at 4, 8, and 12 months, respectively.
There were no significant differences in blood velocities of the central retinal artery
between SHR and WKY at all time points. In both groups, blood velocities increased
over time, with SHR showing a more substantial rise than WKY (Figure 11M-N).
Similar to the cross-sectional study, we expect that retinal blood flow is significantly
reduced in SHR due to smaller lumen areas, despite blood velocity being relatively
similar to that of WKY. Overall, the results of the longitudinal studies showed good

agreement with those obtained from the cross-sectional studies.
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Figure 11. A. Experimental design; B-D. Longitudinal measurements of BP and IOP
in SHR and WKY; E-G. Functional retinal response measurements in SHR and WKY;
H-J. Retinal thickness measurements in SHR and WKY; K-L. Longitudinal
measurements of inner lumen area of retinal arteries and veins in SHR and WKY;
M-N Blood velocity measurements of the central retinal artery in SHR and WKY.
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Data are presented as Mean = SEM. * P < 0.05; ** P <0.01; *** P <(.001; **** P <
0.0001 (Two-way ANOVA with Bonferroni's multiple comparisons test).
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5. Discussion

In this study, we investigated the influence of chronic primary HT on IOP, functional
retinal responses, retinal structures, and retinal hemodynamics using both
hypertensive and normotensive animal models. We conducted cross-sectional and
longitudinal measurements for both SHR and WKY at different stages of HT. The
results of the longitudinal studies were in good agreement with those from the
cross-sectional studies. Although previous studies have examined the structural and
functional differences between SHR and WKY, our study is the first to investigate
these changes in both groups longitudinally. We observed accelerated structural and
functional decline in SHR. Our findings showed that SHR consistently exhibited
higher SBP but lower IOP than WKY at all measured time points. At an early stage of
HT (4 months), the functional retinal responses in SHR were comparable to those of
WKY. However, as the animals aged, the functional retinal responses in SHR declined
relative to WKY. At 8 and 12 months, the pSTR, a-wave, and b-wave amplitudes in
SHR were significantly reduced compared to WKY. The IPL and total retinal
thickness in SHR were thinner than those in WKY as early as 4 months, and these
differences persisted at older ages. The inner lumen area of retinal arteries and veins
was consistently lower in SHR compared to age-matched WKY, while peak and mean
blood velocities were comparable between SHR and WKY except at 12 months,
whereby SHR was observed to have higher blood velocities. Our results align with a
previous study where a positive correlation was observed between peak blood
velocity in the common carotid artery and BP in humans (Perret and Sloop 2000). It is
anticipated that increased arterial stiffness accompanying HT contributes to elevated
blood velocity. Increased aortic stiffness leads to decreased diastolic blood flow, and
the elevated blood velocity helps sustain diastolic blood flow. Therefore, the rise in
blood velocity serves as a compensatory mechanism to maintain adequate blood flow
(Perret and Sloop 2000). In our study, the inner lumen area of retinal arteries and
veins in SHR was reduced by over 50% at all time points. Although peak blood
velocity in SHR increased by approximately 20% compared to WKY at 12 months,

the compensatory velocity increase was insufficient to offset the reduction in inner
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lumen area. We suggest that SHR likely exhibits reduced overall retinal blood flow

compared to WKY.

Our results revealed that SHR exhibits higher BP but, interestingly, lower IOP than
WKY. Previous studies have shown conflicting results regarding the IOP difference
between SHR and WKY (Vaajanen, Mervaala et al. 2008). One study indicated that
IOP in SHR was higher than in WKY (Vaajanen, Mervaala et al. 2008), reporting
mean [OP of 18.7 mmHg and 16 mmHg at 5 weeks, and 22.5 mmHg versus 20.2
mmHg at 15 weeks, respectively (Vaajanen, Mervaala et al. 2008). Conversely, a
study by Funk et al. reported that at 8-9 months, mean IOP in SHR ranged from 7
mmHg to 7.5 mmHg, whereas WKY ranged from 15 mmHg to 16.5 mmHg (Funk,
Rohen et al. 1985). Our results align with those of Funk et al., suggesting that lower
IOP is seen in SHR. The reason for the discrepancy between BP and IOP in SHR is
not entirely clear. One possibility is that SHR develops vascular rarefaction and
hyalinization in the ciliary body connective tissue, which may reduce AH formation
(Funk and Rohen 1985). Despite this, the observed IOP difference between SHR and
WKY is subtle and may not be clinically significant, making it unlikely to mediate

significant changes in the retina and optic nerve.

Limited evidence has documented retinal functional changes during the HT
progression. To the best of our knowledge, this is the first study to longitudinally
monitor functional retinal changes in SHR and WKY at different hypertensive stages.
We observed reduced amplitudes of pSTR, a-wave, and b-wave in 8-month SHR
compared to WKY, and these declines persisted through at least 12 months. These
findings suggested that in SHR, functional responses of RGCs, photoreceptors,
bipolar cells, and Muller cells are compromised, potentially leading to
neurodegeneration. A previous study reported reduced b-wave amplitude by 20-30%
in 11-week SHR compared to WKY (Sicard, Acar et al. 2007). In contrast, we

detected significant differences starting at 8§ months. Our results indicate that at 4
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months, hypertensive-induced vascular changes may not yet be severe enough to

cause significant functional impairment.

Previous studies have reported deterioration of retinal structures in SHR, including a
reduced population of RGCs and degeneration of photoreceptors (Sabbatini, Strocchi
et al. 2001, Li, Wang et al. 2020), as reflected by degeneration of the GCL at 6 months,
and ONL degeneration at 10 weeks in SHR, respectively (Sabbatini, Strocchi et al.
2001, Li, Wang et al. 2020). In contrast, we observed thinning of the IPL in SHR as
early as 4 months, which may indicate that synapses between RGCs and intermediate
cells degenerate faster than other retinal components in SHR. In addition, total retinal
thickness was reduced in SHR as early as 4 months, suggesting that structural changes

precede functional degeneration.

We observed reduced functional retinal responses in SHR at 8 and 12 months.
Interestingly, the IOP was consistently lower in SHR, indicating that the reduction in
functional retinal responses in SHR is likely due to mechanisms other than
mechanical compression. Furthermore, the inner lumen area of retinal arteries and
veins was significantly smaller in SHR (>60% reduction) than in age-matched WKY.
Conversely, the mean blood velocity in the central retinal artery of 12-month SHR
was only slightly higher than in WKY. We propose that a decline in retinal function in
SHR is due to impaired ocular perfusion. First, vessels in HT develop a higher
wall-to-lumen ratio, which impedes ocular blood flow. An animal study comparing
rats experiencing acute BP elevation with rats having chronic BP elevation for 4
weeks demonstrated that the latter exhibited an increased aortic wall-to-lumen ratio
and decreased ocular blood flow, despite similar BP levels in both groups (He,
Vingrys et al. 2014). In addition, a negative correlation between the aortic
wall-to-lumen ratio and retinal peak vasodilation was observed in rats (van Koeverden,
He et al. 2018). Furthermore, it was demonstrated that rats with chronic HT for 12

weeks showed reduced vasodilatory capacity in retinal vessels when BP decreased,
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compared to normotensive controls. Our findings agree that prolonged HT causes
vascular changes and reduces retinal perfusion. As mentioned above, insufficient
blood supply to ocular structures is believed to play a key role in glaucoma. In our
study, we observed reduced pSTR in SHR at 8 and 12 months compared to WKY,
supporting that diminished inner retinal blood flow may contribute to deteriorated
RGC function in SHR. In addition, reduced blood flow is only one aspect contributing
to HT-related retinal degeneration. The following chapters will explore additional
mechanistic links between HT and reduced functional retinal responses from a

biochemical aspect.
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Chapter 3. Neuroinflammation Mediates Hypertension-Induced Retinal
Degeneration

1. Introduction

1.1.  Overview of the Biochemical Aspect of the Pathogenesis of HT

Close correlations have been shown among Angll, systemic inflammation, and
systemic oxidative stress. Angll affects immune cell differentiation and cytokine
production by binding to AT1. Cytokines produced by Angll, such as TNF-q, can
stimulate ACE production (Tanase, Gosav et al. 2019). Inflammation elevates
oxidative stress. During inflammation, immune cells like neutrophils and
macrophages produce ROS, including superoxide and hydrogen peroxide, through the
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase pathway. Chronic
inflammation may lead to the overproduction of ROS. Oxidative stress causes
vascular dysfunction by reacting with superoxide and reducing the bioavailability of
NO (Dinh, Drummond et al. 2014). In addition, ROS promotes the secretion of
cytokines such as IL-6, which can further stimulate NADPH production. Angll
facilitates immune cells in generating ROS through NADPH oxidase. Increased
activity of NADPH oxidase and serum superoxide can stimulate collagen production,
worsening vascular dysfunction (Patel, Cardneau et al. 2006). As a result, elevated
Angll levels, systemic inflammation, and oxidative stress trigger a positive feedback
loop, leading to vascular dysfunction. This process plays a key role in the
pathophysiology of HT. In the following sections, the effects of inflammation,
oxidative stress, and other molecular factors involved in vascular dysfunction,

including NO and endothelins, will be discussed.

1.2.  The Role of Inflammatory Cytokines in HT

It has been suggested that inflammation plays a pivotal role in the pathogenesis of HT.
BP elevation caused by Angll infusion is reduced in mice lacking T and B cells. In
contrast, adoptive transfer of T cells restores the Angll infusion-induced HT (Guzik,
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Hoch et al. 2007). C-reactive protein, a biomarker of inflammation, is elevated in the
plasma of hypertensive patients (Bautista, Vera et al. 2005). Increased plasma levels
of TNF-a and IL-6 have been identified as independent risk factors for HT (Bautista,
Vera et al. 2005). Patients with HT are also more prone to elevated plasma IL-10 and
IL-1B levels (Barbaro, Fontana et al. 2015). In addition, plasma IL-1B, IL-6, and
TNF-a positively correlate with arterial stiffness (Mahmud and Feely 2005, Barbaro,
Fontana et al. 2015).

It has been proposed that plasma cytokines might contribute to HT development by
worsening vascular damage. Human endothelial cells incubated with serum from
hypertensive patients exhibited a higher rate of apoptosis compared to those from
normotensive subjects (Barbaro, de Aratjo et al. 2015). It was revealed that
infliximab, a TNF-a-neutralizing antibody, reduced apoptosis in cultured human
endothelial cells, highlighting the potential role of TNF-a in triggering endothelial
dysfunction by promoting apoptosis (Barbaro, de Aragjo et al. 2015). In addition to
mediating vascular endothelial apoptosis, cytokines may contribute to HT
development by affecting vascular relaxation processes. Studies in rats have shown
that TNF-o reduces endothelium-dependent, NO-mediated vascular relaxation
(Giardina, Green et al. 2002). Serum infusion of TNF-a in pregnant rats elevates BP,
which may be mediated through the vascular endothelin system. In pregnant rats,
pretreatment with ABT-627, an endothelin type A receptor (EDNRA) antagonist,
prevents TNF-a-induced BP elevation, while ABT-627 treatment does not affect BP in
untreated pregnant rats (LaMarca, Cockrell et al. 2005). Apart from altering blood
vessel structure and function, TNF-o has been shown to stimulate the sympathetic
nervous system. Intravenous TNF-a administration activates neurons in the
paraventricular nucleus of the hypothalamus and in the rostral ventrolateral medulla,
leading to increased sympathetic nerve activity and BP (Zhang, Wei et al. 2003). It is
also observed that IL-6 may mediate BP elevation caused by Angll. Acute Angll
infusion raises BP and plasma IL-6 levels in C57/BL6 mice. In IL-6 KO mice, the BP
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increase induced by Angll is less pronounced compared to control C59BL6 mice (Lee,
Sturgis et al. 2006). It is likely that IL-6 promotes collagen synthesis in the arterial
wall and stimulates fibrinogen production, which can lead to reduced cardiac
contractility and increased left ventricular fibrosis and hypertrophy (Tanase, Gosav et
al. 2019). Other inflammatory cytokines, such as cyclooxygenase 2 (COX2), cluster
of differentiation 68 (CD68), and CCL2, are also associated with HT (Widlansky,
Price et al. 2003, Matsuda, Umemoto et al. 2015, Hopps, Lo Presti et al. 2017, Zhao,
Wang et al. 2018). Treatment with celecoxib, a selective COX2 inhibitor, markedly
improves brachial arterial vasodilation in hypertensive patients, suggesting its crucial
role in endothelial dysfunction (Widlansky, Price et al. 2003). CD68 has been
proposed to mediate vascular macrophage infiltration and remodeling during Angll
infusion, contributing to vascular damage in HT (Zhao, Wang et al. 2018). It promotes
overexpression of IL-1P and IL-6 in vascular tissues during Angll infusion. Moreover,
the cytoplasmic transcription factor NF-k B, which activates inflammatory responses
and ROS production, can be activated by CD68. Moreover, Angll infusion has been
shown to increase CCL2 expression via activated TLR4 in heart tissue (Matsuda,

Umemoto et al. 2015).

1.3. Increased Systemic Oxidative Stress in HT

Evidence suggests that increased oxidative stress plays a crucial role in the
pathophysiology of HT. Angll drives ROS production via NADPH oxidase (Patel,
Cardneau et al. 2006), and the superoxide generated by NADPH oxidase in blood
vessels can inactivate NO, leading to impaired vasodilation. In addition, superoxide
and hydrogen peroxide produced by NADPH oxidase may contribute to fibroblast
growth responses and hypertrophy of vascular smooth muscle cells (Griendling,
Sorescu et al. 2000, Zalba, San Jose et al. 2001). It has been shown that
8-Hydroxy-2’-deoxyguanosine (8-OHdG), a biomarker of oxidative DNA damage and
systemic oxidative stress, is elevated in the urine of hypertensive patients with left

ventricular hypertrophy. Moreover, there is a significant correlation between urine
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8-OHdG levels and the left ventricular mass index in these patients. Urinary 8-OHdG
also positively correlates with plasma TNF-a and IL-6 levels, indicating a strong
association between systemic inflammation and oxidative stress in hypertensive
patients (Rosello-Lleti, de Burgos et al. 2012). Furthermore, a study found that levels
of reduced glutathione, a key antioxidant protein involved in reducing organic
peroxides, and the ferric-reducing ability of plasma (FRAP), a measure of total
antioxidant capacity, are lower in the plasma of hypertensive patients compared to
healthy controls. FRAP levels negatively correlate with DBP (Kashyap, Yadav et al.
2005). In experimental animal models, increased superoxide levels have been
observed in the arterioles and venules of SHR (Suzuki, Swei et al. 1995). Rats with
glutathione depletion exhibit significantly higher BP, accompanied by a notable
decrease in urinary nitrate-plus-nitrite, a stable metabolite of NO. Administration of
vitamin E and vitamin C reduces BP elevation and restores urinary NO metabolite

levels in glutathione-depleted rats, but not in control rats (Vaziri, Wang et al. 2000).

1.4. The Roles of the Endothelin System in HT

EDNI1, a 21-amino acid peptide, is a potent vasoconstrictor secreted by vascular
endothelial cells, exerting its effects on the underlying smooth muscle (Nakas-Icindic,
Zaciragic et al. 2004). An early study has shown that plasma EDN1 concentrations are
elevated in patients diagnosed with essential HT (Shichiri, Hirata et al. 1990). Two
distinct endothelin receptor subtypes have been characterized: endothelin receptor
type A (EDNRA) and type B (EDNRB). It is widely accepted that EDNRA mediates
vasoconstriction, whereas EDNRB promotes vasodilation by increasing NO
production. Some research suggests that EDN1 overexpression in the endothelium
may lead to arterial hypertrophy and endothelial dysfunction independent of BP
elevation (Schiffrin 2005). Investigations have demonstrated that EDN1 activates
NADPH oxidase in human endothelial cells (Duerrschmidt, Wippich et al. 2000).
Furthermore, EDNI1 induces superoxide anion production in rat carotid arteries in a

dose-dependent manner. This effect can be blocked by ABT-627, a selective EDNRA
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antagonist. These findings support the hypothesis that EDNI contributes to
endothelial dysfunction by promoting ROS-mediated inactivation of NO (Li, Fink et
al. 2003). Moreover, administration of EDN1 infusion markedly elevates BP in rats, a
phenomenon that can be completely inhibited by Tempol, a superoxide anion
scavenger (Sedeek, Llinas et al. 2003). On the other hand, ROS has been
demonstrated to upregulate EDN1 synthesis, indicating a positive feedback loop
whereby EDN1 overexpression mediates vascular remodeling, NO depletion, and
endothelial impairment via increased ROS generation (Kahler, Mendel et al. 2000).
EDN1 is also believed to play a key role in HT caused by Angll infusion. Studies in
rats have demonstrated that Angll administration increases EDN1 levels in mesenteric
arteries. The administration of LU135252, an EDNRA antagonist, abolishes these
vascular changes and partially attenuates the Angll-induced BP elevation. It is likely
that Angll induces vascular alterations by increasing EDN1 production via EDNRA
(Moreau, d'Uscio et al. 1997). In addition, EDNRA antagonists have been found to
reduce BP in patients with chronic renal failure (Goddard, Johnston et al. 2004),

indicating that EDNRA mediates BP elevation.

In addition to EDNI, there are two other isoforms of endothelin: endothelin-2 (EDN2)
and endothelin-3 (EDN3). EDN2 has a similar affinity for both EDNRA and EDNRB
receptors, mimicking the action of EDN1 (Ling, Maguire et al. 2013). However,
EDNT1 is the most abundant isoform in the cardiovascular system, while EDN2 is
primarily produced in the intestine and kidney (Nakas-Icindic, Zaciragic et al. 2004).
EDN3 is mainly localized to neurons and glia (Giaid, Gibson et al. 1991) and exhibits
much higher affinity for EDNRB than EDNRA, differing from EDN1 and EDN2
(Kurihara, Kurihara et al. 2001). Mice lacking EDN3 display a deficiency of ganglion
neurons and develop aganglionic megacolon (Kurihara, Kurihara et al. 2001). EDN2
may contribute to HT and increase myocardial fibrosis (Sharma, Hingorani et al. 1999,
Liefeldt, Rylski et al. 2010). Limited research exists on the precise effects of EDN3
on BP.
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1.5. The Role of NO in HT

NO is a key vasodilator produced by vascular endothelial cells. It has been shown that
NO inactivation plays a role in the pathogenesis of HT. Elevated ROS levels in HT
scavenge NO, thereby reducing its bioavailability. The decreased availability of NO
leads to endothelial dysfunction and impaired vasodilation, which in turn exacerbates
HT. Studies have shown that patients with essential HT exhibit lower total NO
production compared to healthy individuals (Forte, Copland et al. 1997). Oral
administration of NG-nitro-L-arginine methyl ester (L-NAME), an NO synthase
inhibitor, raises BP in rats. Treatment with losartan, an angiotensin receptor blocker,
partially attenuates the hypertensive response induced by L-NAME (Ribeiro, Antunes
et al. 1992). In addition to NO deficiency, hypertensive patients display reduced
vascular sensitivity to both vasodilatory and vasoconstrictive stimuli. Infusion of
NG-monomethyl-L-arginine (L-NMMA), another NO synthase inhibitor, elicits a less
pronounced reduction in blood flow in HT subjects compared to normotensive
controls. Similarly, acetylcholine infusion results in attenuated vasodilation in HT
individuals relative to healthy subjects. Notably, L-NMMA significantly blunts
vasodilation in normotensive controls, but this effect is diminished in hypertensive
patients (Panza, Casino et al. 1993). This decreased vascular sensitivity may be linked
to NO deficiency, as L-NMMA administration increases pulse wave velocity in
healthy individuals, highlighting NO’s role in modulating arterial stiffness beyond its
vasodilatory effects. The diminished response could result from arterial stiffening
attributable to chronic NO deficiency (Kinlay, Creager et al. 2001). An interaction
among the renin-angiotensin-aldosterone system, EDN1, and the NO system has been
characterized. Administration of captopril, an ACE inhibitor, reduces EDNI1 levels
and enhances endothelial NO production. This beneficial effect of captopril is
abolished by L-NMMA, suggesting that NO mediates the inhibitory effect of captopril
on EDNI. It is postulated that captopril prevents bradykinin's breakdown, stimulating

NO synthesis and suppressing EDN1 expression (Momose, Fukuo et al. 1993). Figure
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12 illustrates the positive feedback loop involving Angll, NO, and the endothelin

system in the development of HT.
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Figure 12. The positive feedback loop involving Angll, NO, and the endothelin
system in the pathogenesis of HT.
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2. Objectives

As described in Chapter 1, neuroinflammation and oxidative stress are pathogenic
factors in glaucoma development. In addition to altered blood flow, glaucoma and HT
may share pathophysiological mechanisms. Increased inflammation likely contributes
to reduced retinal responses, as observed in SHR with elevated BP. While HT is
known to affect the systemic biochemical environment, specific alterations in the eye

caused by HT remain poorly understood.

This study aims to investigate biochemical changes in the retina induced by HT. To
achieve this, we performed quantitative polymerase chain reaction (qPCR) and bulk
RNA sequencing to assess gene expression in retinas of age-matched SHR and WKY.
Since glial activation is a hallmark of neuroinflammation, we evaluated
neuroinflammation levels by assessing microglia expression in the retinas of both
SHR and WKY. In addition, retinal astrocyte activity was quantified using
enzyme-linked immunosorbent assay (ELISA). We also observed decreased retinal

responses in SHR compared to WKY, prompting RGC quantification in both groups.

Although EDN2 has been implicated in HT (Sharma, Hingorani et al. 1999, Liefeldt,
Rylski et al. 2010), its precise functional role in HT-induced pathology remains
unclear. We hypothesize that EDN2 may play a key role in HT-induced retinal
degeneration. To explore this, we used immunohistochemistry and ELISA to examine

EDN?2 localization and abundance in the retinas of SHR and WKY.

The major objectives of this study are:

e To investigate retinal biochemical changes caused by HT using transcriptomic
analyses;

e To assess neuroinflammation in SHR and WKY retinas through immunohistology
methods; and

e To characterize the localization and abundance of EDN2 in SHR and WKY
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retinas.

3. Methods

3.1. The qPCR and RNA Sequencing

Both 8-month and 12-month SHR and WKT were used. For retinal extraction, the
eyeball was immersed in cold phosphate-buffered saline (PBS) to prevent RNA
degradation. The vitreous was carefully removed from the retina. After isolation, the
retina was immediately transferred to liquid nitrogen and stored at -80 °C. RNA was
extracted from the retina using the Quick-RNA Miniprep Kit (Zymo Research, USA)
and subsequently stored at -80 °C for subsequent qPCR or RNA sequencing analysis.
RNA sequencing was performed by the Beijing Genomics Institute (BGI). Samples
were shipped to the laboratory at -70 °C in an insulated container filled with dry ice.
Results were analyzed using R Studio. For qPCR, cDNA was synthesized using the
High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, USA).
mRNA expression levels of targets related to cellular senescence, inflammation, and
the endothelin system were evaluated: IL-6, TNF-a, IL-1a, IL-1B, CCL2, COX2,
CD68, EDNI1, EDN2, EDN3, EDNRA, and EDNRB. The housekeeping gene used

was acidic ribosomal phosphoprotein PO (36B4). Primer sequences are listed in Table

2.

Gene Forward (5’to 3°) Reverse (5’to 3°)

EDNI1 CCACAGACCAAGGGAACAGA GATGGCCTCCAACCTTCTTAG
EDN2 CTCCTGGCTTGACAAGGAATG GCTGTCTGTCCCGCAGTGTT

EDN3 AGAAGCAGGAGACTGGAGGTC CAGCTAAGGCTGGTGGACTT
EDNRA ACCGTCTTCTGCTTGGTTGT GCAACAGAGGCATGACTGAAA
EDNRB CCTAAGGCAGTTGAGGACCTG GCCGTTTTCAGTCTCGCA

IL-6 TCCTACCCCAACTTCCAATGCTC TTGGATGGTCTTGGTCCTTAGCC
TNF-a ATGGGCTCCCTCTCATCAGT GCTTGGTGGTTTGCTACGAC

IL-1a AAGACAAGCCTGTGTTGCTGAAGG | TCCCAGAAGAAAATGAGGTCGGTC
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IL-1B

GAGGCTGACAGACCCCAAAAGAT

GCACGAGGCATTTTTGTTGTTCA

CCL2 ATCACCAGCAGCAGGTGTCCCAAA | AGAAGTGCTTGAGGTGGTTGTGGA
GAAGCT AAAGAG
COX2 CTGTATCCCGCCCTGCTGGTG ACTTGCGTTGATGGTGGCTGTCTT
CD68 TGTACCTGACCCAGGGTGGAA GAATCCAAAGGTAAGCTGTCCGTA
A
36B4 CGACCTGGAAGTCCAACTAC ATCTGCTGCATCTGCTTG

Table 2. The sequences of the qPCR primers.

3.2. The Immunohistochemistry

To stain microglia and RGCs, the retina was carefully peeled from the eye to preserve
its structural integrity. It was then fixed in 4% paraformaldehyde for 45 minutes. After
fixation, the retina was transferred to Mojito Buffer (containing 1% donkey serum,
10% bovine serum albumin (BSA), 2.5% Triton, and 0.5% Tween in PBS) for 2 hours
to block nonspecific binding. Following blocking, the retina was washed for 10
minutes in Washing Buffer (containing 0.1% Tween and 2.5% Triton in citrate buffer,
pH=6). RGCs were stained with an anti-Brn3a antibody, and microglia were stained
with an anti-Ibal antibody. The retina was incubated with primary antibodies for 48
hours in Staining Solution (containing 1% donkey serum, 1% goat serum, 3% BSA,
0.1% Tween, and 2.5% Triton in Citrate Buffer, pH=6). The primary antibodies used
were Mouse anti-Brn3a (Sigma Millipore, Cat. No. MAB1585) and Rabbit anti-Ibal
(Wako, Cat. No. 019-19741). After incubation, the retina was washed five times for 5
minutes each and then incubated with secondary antibodies: Goat anti-Rabbit IgG
(H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488 (Cat. No. A-11008),
and Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™
555 (Cat. No. A-21422). The retinas were counterstained with DAPI and flat-mounted
under a coverslip. Slides were imaged using an upright confocal microscope at 20x

magnification. For each retina, 24 images were captured. The number and soma size
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of microglia were measured manually using ImageJ, and the number of RGCs was
counted manually. For staining GFAP or EDN2, cryosectioning was performed
instead of flat mounting to investigate their localization. The eyeball was
cryosectioned, and sections within 1 mm of the optic nerve head were used for

staining. Five images were captured per slide.

3.3.  The ELISA

GFAP has been proposed as a key indicator of retinal astrocyte activation (Pekny and
Nilsson 2005). Therefore, we measured retinal GFAP levels to evaluate astrocyte
activation. The expression levels of EDN2 and GFAP in the retina were quantified
using ELISA (Rat Glial Fibrillary Acidic Protein, GFAP ELISA Kit, Bioassay
Technology Laboratory, Cat. No. E0538Ra; Rat Endothelin 2, ET-2 ELISA Kit,
Bioassay Technology Laboratory, Cat. No. E1006Ra). Their weight percentages were

calculated after determining the final concentration of EDN2 or GFAP in the samples.
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4. Results

4.1. The Transcriptomic Results

4.1.1. The 8-month Transcriptomic Results

Figure 13A illustrates the qPCR results for the 8-month-old SHR and WKY. At 8
months, IL-6, EDN2, and CD68 were significantly elevated in the retina of SHR. The
expression levels of EDN3 and COX2 were marginally increased in SHR compared to
the WKY control group. Surprisingly, TNF-a expression was significantly suppressed
in SHR. The RNA sequencing results are presented in Figure 13B-F. Differentially
expressed targets in SHR, with an adjusted P value < 0.05 and a log2 fold change >
1.1 compared to WKY, are displayed using a volcano plot (Figure 13B). We observed
significant overexpression of CD68 and C3 in SHR. When analyzed individually,
EDN2 was also significantly elevated in SHR, as shown in Figure 13C. A detailed
analysis of specific target genes is provided in Figure 13D, focusing on those involved
in the pathophysiology of HT and glaucoma. These targets include cytokines related
to inflammation, components of complement activation, TLRs and their downstream
transducer Myeloid differentiation primary response 88 (MYDS8S), the endothelin
system, and markers of microglial activation or phagocytosis, as well as NO synthases.
Figure 13D displays a heatmap of these targeted genes. Several complement
components, such as C2, CIR, C1S, C3, and C1QA, were upregulated in SHR. In
addition, several TLRs, including TLR2, TLR7, and TLRS, along with MYD88, were
upregulated in SHR. The inflammation marker TGFBI1, associated with glaucoma,
was also elevated. Two markers of microglial activation or phagocytosis, CD68 and
CYBB, were upregulated in SHR. Nitric Oxide Synthase 3 (NOS3), which mediates
vasodilation, was downregulated in SHR. The Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways significantly up- or down-regulated (P < 0.1) are listed in
Figure 13E-F. Several neuroinflammation-related pathways, including leukocyte

transendothelial migration, chemokine signaling, complement and coagulation
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cascades, and cytokine-cytokine receptor interaction, were upregulated in SHR. On

the contrary, oxidative phosphorylation was downregulated in SHR.
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Figure 13. A. qPCR results of retina samples from 8-month-old SHR and WKY. Data
are presented as Mean £ SEM (* P < 0.05, ** P < 0.01, *** P < 0.001, Student’s
t-test); B. Volcano plot of differentially expressed targets; C. Expression levels of
EDN2 in SHR and WKY; D. Heatmap of selected target genes; E-F. Upregulated and
downregulated KEGG pathways in 8-month-old SHR compared to WKY.
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4.1.2. The 12-month Transcriptomic Results

As shown in Figure 14A, at 12 months, IL-1p, EDN1, EDN3, EDNRA, CD68, and
CCL2 were significantly elevated, while IL-1a was marginally increased in SHR. The
RNA sequencing results are presented in Figure 14B-F. Consistent with the 8-month
results, CD68 and C3 were significantly upregulated in SHR (Figure 14B). EDN2 did
not reach the threshold of differential expression; however, individual analysis
confirmed a significant elevation in SHR (P < 0.01), as shown in Figure 14C.
Furthermore, several genes including TGFB1, C1QA, CIR, C1S, C2, C3, CD68,
TLR2, TLR7, TLRS, MyD88, and CYBB were upregulated in 12-month-old SHR.
Additional upregulation was noted for EDN2, EDN3, TLR13, CRIL, C1QB, CI1QC,
C4A, C4B, C5AR2, C7, IL-10, GFAP, AIF1, and CCL2. In contrast, NOS2 expression
was downregulated in SHR. Figure 14E-F present the KEGG pathways exhibiting
significant upregulation and downregulation, respectively. Pathways associated with
neuroinflammatory processes, including cytokine-cytokine receptor interaction,
leukocyte transendothelial migration, complement and coagulation cascades,
chemokine signaling, and toll-like receptor signaling, were upregulated in SHR.
Metabolic pathways and oxidative phosphorylation were downregulated in 12-month

SHR.

Collectively, these RNA sequencing data indicate that molecular targets implicated in
the pathogenesis of glaucoma, particularly those related to neuroinflammation, are
significantly upregulated in SHR relative to age-matched WKY controls at both 8 and
12 months. Notably, these differences were more pronounced at 12 months, as
evidenced by the increased number of significantly altered markers detected at this

age.
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Figure 14. A. qPCR results of retinal samples from 12-month-old SHR and WKY.
Data are presented as Mean £ SEM, * P < 0.05, ** P < 0.01 (Student’s t-test); B
Volcano plot of differentially expressed targets; C. Expression levels of EDN2 in SHR
and WKY; D. Heatmap of selected target genes; E-F. Upregulated and downregulated
KEGG pathways in 12-month-old SHR compared to WKY.
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4.2. The Immunohistochemistry Staining and ELISA

4.2.1. The Staining for RGCs and Microglia

The mounting staining was performed on retinas from 8- and 12-month-old SHR and
WKY. The experimental workflow is illustrated in Figure 15A. Representative images
from the 8- and 12-month retinas of SHR and WKY are shown in Figure 15B. The
number of RGCs was significantly decreased by 12% in SHR compared to WKY at 8
months. At 12 months, the RGC count in SHR was reduced by 14% relative to WKY.
Regarding microglial count, no significant difference was observed between SHR and
WKY at 8 months. At 12 months, microglial numbers were significantly higher in
SHR. Microglial soma size was increased in SHR as early as 8 months and remained
elevated through 12 months. Specifically, at 8 months, microglial soma size in SHR
was 23% larger than in WKY, and at 12 months, it was 16% larger, with both

differences being significant.

101



Peripheral retina

B Brn3a Aifl Dapi Brn3a+Aifl+Dapi

8 months .

SHR

12 months
SHR

12 months

WKY

C D E
* % %k ~ ns %k % —~ 60+ * *

NE 2000 |—| ESOO— NE « SHR
£ . pe3. & . = *3e o & WKY
= - . 4
g 1500 2l €3 I N o .
O . 2 . © |l Te
8 1000 5 " g o |
u“ s - * 7}
N 5 200- 8 20-
2 500+ o * >
£ 2 =
S 'g L
= o4 —— 3 o4 . =0

8 months 12 months 8 months 12 months 8 months 12 months

Figure 15. A. Experimental workflow of the mounting and staining process; B.
Representative images from the 8- and 12-month-old SHR and WKY retinas; C.
Retinal ganglion cell counts; D. Microglial cell counts; E. Microglial soma size
measurements.
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4.2.2. The Staining and ELISA Results of EDN2 and GFAP
Figure 16 illustrates the levels and expression of EDN2 and GFAP in 8-month-old

SHR and WKY, with EDN2 and GFAP signals showing co-localization. Figure 16A
presents images of cryosectioned retinal slides from both groups. For EDN2 staining,
SHR exhibited higher fluorescence intensity compared to WKY. Our results suggested
that astrocytes are a significant source of EDN2 secretion in the rat retina. Both the
fluorescence intensity and weight percentage of EDN2 were elevated in SHR, while
the GFAP weight percentage was higher by 30% in SHR, although this difference has
not yet reached statistical significance. In summary, retinal expression of EDN2 was
greater in SHR at both the mRNA and protein levels, and the overexpressed EDN2 is

likely predominantly produced by astrocytes.
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Figure 16. A. Representative images captured from cryosectioned retinal slides of
8-month-old SHR and WKY; B. Quantification of EDN2 fluorescence intensities; C.
EDN2 weight percentage determined by ELISA; D. GFAP weight percentage
determined by ELISA.
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5. Discussion

In this study, we evaluated retinal changes in SHR relative to WKY from a
biochemical perspective. Transcriptomic analyses, including qPCR and RNA
sequencing, revealed significant alterations in gene expression at both 8 and 12

months.

At 8 months, the expression levels of IL-6, EDN2, CD68, TGFB1, complement
components, TLRs, and CYBB were significantly upregulated in SHR, whereas
NOS3 and TNF-a were downregulated. By 12 months, a broader range of genes,
including IL-1B, IL-1a, CD68, endothelin elements, complement components, TLRs,
CCL2, GFAP, and AIF1, were significantly elevated in SHR, while NOS2 expression
was decreased. Pathway analyses via KEGG demonstrated that, at 8 months, several
neuroinflammation-related pathways, such as leukocyte transendothelial migration,
chemokine signaling, complement and coagulation cascades, and cytokine-cytokine
receptor interaction, were upregulated in SHR. By 12 months, additional
neuroinflammation pathways, including Toll-like receptor signaling and NF- k B

signaling, were also significantly elevated.

In addition, SHR exhibited a reduction in RGC counts at both 8 and 12 months
compared to age-matched WKY controls. Microglial soma enlargement was observed
in the retinas of SHR at both time points, with increased microglial counts detected at
12 months. These findings strongly suggest that RGCs degeneration begins as early as
8 months, accompanied by progressive microglial activation. Consistent with these
changes, ELISA analyses showed overexpression of retinal EDN2 and GFAP in
8-month-old SHR. Immunohistochemical staining further revealed co-localization of
EDN2 and GFAP signals in the retinas of both SHR and WKY, suggesting that

astrocytes are a key source of EDN2 in the retina.

The results indicate increased retinal neuroinflammation in SHR compared to

age-matched WKY at both time points. These findings suggest a mechanistic link
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between HT and glaucoma at both transcriptomic and proteomic levels. Many
inflammatory markers elevated in SHR are believed to play crucial roles in glaucoma
progression. Histological studies have reported elevated levels of IL-6 and IL-1p in
glaucomatous retinas (Gramlich, Beck et al. 2013). Retinal glia cells become activated
during neuroinflammation, secreting various cytokines and chemokines, such as
CCL2 and IL-6, which can further stimulate glia activation (Liddelow, Guttenplan et
al. 2017). CD68, proposed to function as a scavenger receptor, promotes phagocytosis,
clears cell debris, and activates macrophages (Rojas, Gallego et al. 2014). In a mouse
OHT model, CD68 expression increased specifically in the retinal nerve fiber layer
extending to the ganglion cell layer, potentially linking CD68 upregulation to RGC
death (Rojas, Gallego et al. 2014). A human study analyzing optic nerve samples from
glaucoma patients identified TGFBI1 as one of the top upstream regulators elevated in
the glaucomatous optic nerve (Becerra, Sabbagh et al. 2019). In addition, CYBB has
been implicated in exacerbating oxidative stress, contributing to glaucoma
pathogenesis (Fan Gaskin, Shah et al. 2021). Therefore, elevated levels of CD68,
TGFB, and CYBB may contribute to the diminished RGC function observed in SHR.
The role of the complement system in glaucoma is complex. For instance, C3 appears
to mitigate early glaucoma progression in DBA/2J mice but may exacerbate
degeneration during later stages (Bosco, Anderson et al. 2018). Among complement
components, C3 is upregulated early; however, whether increased C3 expression is
protective or detrimental in 8-month-old SHR remains uncertain. Regarding EDN2,
evidence suggests it may compromise blood-retina barrier (BRB) integrity.
Intravitreal injections of EDN2 in mice lead to enhanced vascular leakage and
macrophage infiltration (Alrashdi, Deliyanti et al. 2018). Elevated EDN2 in SHR
could thus reflect altered BRB function, correlating with increased leukocyte

transendothelial migration and CD68 expression.

NOS3, primarily localized in vascular endothelial cells, supports neuroprotection by

facilitating vasodilation and enhancing blood flow (Neufeld, Hernandez et al. 1997).
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Its reduction in SHR aligns with impaired blood flow in the inner retina. Conversely,
the reason for decreased TNF-a expression in SHR remains unclear. While TNF-a is
known to induce RGCs apoptosis via caspase activation (Oliveira, Vasconcellos et al.
2014), it has also been proposed to exert neuroprotective effects by promoting
survival signals (Mac Nair, Fernandes et al. 2014). Thus, its reduced expression might
represent a compensatory protective response, although its precise role in SHR retina
warrants further investigation. Toll-like receptors serve as upstream activators of
immune cells and cytokine production (Luo, Yang et al. 2010). MYDS8S, a
downstream regulator of TLRs, can activate NF-« B signaling, thereby amplifying
inflammatory responses (Shestopalov, Spurlock et al. 2021). Studies have shown that
CI1QA mediates dendrite loss of RGC in DBA/2J mice and that C1 components
contribute to dendritic and synaptic atrophy in OHT (Williams, Tribble et al. 2016).
Moreover, increased C1QB and C3 accumulation occur in the RNFL and GCL in
OHT eyes of both humans and rats. Furthermore, increased C1QB and C3 accumulate
in the RNFL and GCL (Kuehn, Kim et al. 2006). Upstream complement proteins such
as Clq and C4B may activate downstream components, including C5b and C6-C9,
which form the membrane attack complex, thereby triggering inflammatory events
that contribute to RGC degeneration in glaucoma. Indeed, higher expression levels of
C7-C9 have been observed in the GCL and IPL (Tezel, Yang et al. 2010). Given that
the complement system is upregulated in both glaucomatous and SHR retinas, it is
plausible that RGC degeneration in glaucoma and SHR shares a common
pathophysiological mechanism involving complement-mediated neuroinflammation.
Lastly, activation of the endothelin system has been proposed as a detrimental factor
for RGCs’ survival (Chauhan 2008). Administration of EDN1 to the optic nerve
causes decreased ocular blood flow, axonal loss, and reduced visual evoked potential
(VEP) amplitude (Krupin, Orgiil et al. 1996, Orgiil, Cioffi et al. 1996, Oku, Sugiyama
et al. 1999, Nagano, Wei et al. 2007, Wang, LeVatte et al. 2009). Elevated EDN2 is
observed in the retinas of DBA/2J mice and is thought to contribute to glaucomatous

degeneration in these mice (Howell, Macalinao et al. 2011, Howell, Soto et al. 2012).
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Therefore, we suggest that the retinal degeneration observed in SHR might be caused
by the activated endothelin system. A detailed discussion of the endothelin system and

its implications will be discussed in the following chapter.

In contrast to the upregulated pathways observed in SHR, we also identified
downregulation of oxidative phosphorylation at both 8 and 12 months. In addition,
metabolic pathways were downregulated in 12-month-old SHR. ATP production is
primarily carried out by the mitochondrial oxidative phosphorylation system
(Smeitink, van den Heuvel et al. 2001). In the mitochondria, oxidative
phosphorylation complexes -1V, located at the inner membrane, pump protons into
the intermembrane space to maintain the proton gradient necessary for ATP synthesis.
Mitochondrial dysfunction leads to proton leakage, resulting in increased ROS
production and decreased ATP generation. While mitochondria are a major source of
ROS, they are also susceptible to oxidative damage. ROS-mediated apoptosis of
RGCs and mitochondrial damage exacerbate glaucomatous neurodegeneration
(Chrysostomou, Rezania et al. 2013). In 10-month-old DBA/2J mice, abnormal
mitochondrial fission and reduced cristaec volume have been observed in optic nerve
head axons. Furthermore, cyclooxygenase immunoreactivity, a marker of
mitochondrial activity, is decreased in the optic nerve head of these glaucomatous
mice. Excessive mitochondrial fission impairs normal mitochondrial function and
induces respiratory defects at the cellular level (Ju, Kim et al. 2008). Decreased
mitochondrial respiratory activity and altered mitochondrial DNA have also been
demonstrated in blood samples from POAG patients, indicating that mitochondrial
dysfunction plays an important role in glaucoma development (Abu-Amero, Morales
et al. 2006). Our findings of reduced oxidative phosphorylation in SHR are consistent

with these reports and likely contribute to the functional loss of RGCs.
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Chapter 4. Suppression of the Endothelin System Restores Retinal Functions in
Spontaneously Hypertensive Rats

1. Introduction

1.1. The Association Between the Endothelin System and the Risk of
Glaucoma

The potential relationship between the endothelin system and glaucoma risk has
attracted considerable interest. The endothelin system comprises three isoforms,
namely EDN1, EDN2, and EDN3. There are also two main receptor types: EDNRA
and EDNRB. Each isoform exhibits distinct distribution and function in the body.
EDNI plays a critical role in cardiovascular regulation, EDN2 is primarily produced
by the intestines and kidneys, and EDN3 is mainly found in the nervous system (Giaid,

Gibson et al. 1991, Nakas-Icindic, Zaciragic et al. 2004).

Research has proposed a positive correlation between EDN1 and glaucoma risk, with
particular attention to plasma and aqueous EDNI levels in patients (Li, Zhang et al.
2016). Higher plasma EDNI1 concentrations have consistently been observed in
patients with NTG compared to control subjects (Cellini, Possati et al. 1997, Lee,
Park et al. 2012). This trend suggests that elevated plasma EDN1 may be linked to an
increased risk of glaucoma in these patients (Li, Zhang et al. 2016). However, the
relationship between EDN1 and POAG remains elusive. Some studies report no
significant difference in plasma EDNI levels between POAG patients and control
subjects (Tezel, Kass et al. 1997, Cellini and Caramazza 1999, Iwabe, Lamas et al.
2010, Choritz, Machert et al. 2012). However, other studies indicate that POAG
patients, like those with NTG, may exhibit increased plasma EDNI1 concentrations
(Cellini, Strobbe et al. 2012, Chen, Chang et al. 2013). This inconsistency may stem
from the complex and variable pathophysiology of POAG. For example, it has been
suggested that elevated plasma EDN1 may be present primarily in POAG patients
who have well-controlled IOP but continue to experience visual field deterioration

(Cellini, Strobbe et al. 2012). Such findings imply that increased plasma EDNT1 could
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contribute to the underlying pathogenesis of both NTG and POAG (Tezel, Kass et al.
1997, Cellini and Caramazza 1999, Iwabe, Lamas et al. 2010, Cellini, Strobbe et al.
2012, Choritz, Machert et al. 2012, Chen, Chang et al. 2013, Li, Zhang et al. 2016).

Notably, several studies have consistently demonstrated that POAG patients have
significantly higher aqueous EDNI levels compared to healthy controls (Tezel, Kass
et al. 1997, Iwabe, Lamas et al. 2010, Choritz, Machert et al. 2012). In contrast,
evidence regarding EDNI1 levels in the AH of NTG patients is mixed. While some
studies report significantly increased levels, others do not find a significant difference

when compared to controls (Iwabe, Lamas et al. 2010, Sin, Song et al. 2013).

1.2.  The Influence of the Endothelin System on IOP

The distinct patterns of plasma and aqueous EDNI1 levels observed in NTG and
POAG patients suggest that EDN1 plays multiple roles in the pathogenesis of
glaucoma, not only in regulating IOP, but also in mediating pressure-independent
disease progression. EDNI is known to influence IOP by affecting the dynamics of
AH outflow (Korbmacher, Helbig et al. 1989, Matsumoto, Yorio et al. 1996,
Taniguchi, Haque et al. 1996). Both the ciliary muscle and TM possess smooth
muscle-like properties and are pivotal in IOP control. The TM and ciliary muscle
function antagonistically. For example, TM contraction reduces outflow facility, while
ciliary muscle contraction causes the TM to distend, thereby increasing outflow
facility (Wiederholt, Thieme et al. 2000). Experimental evidence shows that EDN1
induces contraction in both the ciliary muscle and TM (Erickson-Lamy, Korbmacher
et al. 1991, Lepple-Wienhues, Stahl et al. 1991, Matsumoto, Yorio et al. 1996,
Taniguchi, Haque et al. 1996, Haque, Pang et al. 1998), likely through elevation of
intracellular calcium (Ca?") via the EDNRA receptor subtype (Korbmacher, Helbig et
al. 1989). For example, in cultured human ciliary muscle cells and TM cells, EDN1
stimulates intracellular Ca?* mobilization and causes smooth muscle-like cell

contraction (Korbmacher, Helbig et al. 1989, Matsumoto, Yorio et al. 1996, Haque,
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Pang et al. 1998). Animal studies have also demonstrated that EDN1, when injected
into the anterior chamber, increases outflow facility by inducing ciliary muscle
contraction in monkeys (Erickson-Lamy, Korbmacher et al. 1991). In bovine ciliary
muscle, administration of a low dose of EDN1 (0.1 nM) induces relaxation, whereas a
higher dose (i.e., 1 nM) causes constriction. The relaxation is likely mediated by
EDNRB, while the constriction is mediated by EDNRA (Kamikawatoko, Tokoro et al.
1995). Numerous animal studies have reported that EDNRA primarily contributes to
IOP elevation, whereas EDNRB appears to regulate IOP reduction (Haque, Taniguchi
et al. 1995, Hollo, Kothy et al. 2002, Wang, Podos et al. 2011). However, the precise
mechanisms by which EDNRA and EDNRB modulate IOP are complex and
influenced by factors such as drug concentration, animal species, and the sensitivity of
the ciliary muscle and TM, all of which affect the final IOP values (Haque, Taniguchi
et al. 1995, Hollo, Kothy et al. 2002, Wang, Podos et al. 2011). Studies with
EDNRA-selective antagonists, e.g., BQ485 and SPP301, have been shown to prevent
or reduce acute IOP elevation in animal models of glaucoma (Hollo, Kothy et al. 2002,
Wang, Podos et al. 2011). On the contrary, administration of the selective EDNRB
agonist Sarafotoxin S8C has been demonstrated to lower IOP in rabbits (Haque,

Taniguchi et al. 1995).

These findings suggest a complex relationship between the endothelin system and
glaucoma. Given the frequently elevated aqueous EDN1 levels observed in POAG,
EDNI likely contributes to both IOP-dependent and IOP-independent mechanisms of
disease progression. Evidence indicates that EDN1-induced muscle contraction may
affect AH dynamics, while its IOP-independent actions could involve retinal blood

flow regulation and neuroprotection.

1.3.  The Influence of EDN1 on the Optic Nerve
It has been hypothesized that optic nerve ischemia is another EDNIl-involved

pathogenic mechanism in glaucoma. EDN1 damages ocular tissues by constricting
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blood vessels and causing hemodynamic disturbances. Administration of EDNI to the
retrobulbar optic nerve in rats decreases optic nerve blood flow (Wang, LeVatte et al.
2009). Similarly, EDN1 applied to the perineural region of the anterior optic nerve
reduces optic nerve blood flow in monkeys and rabbits (Krupin, Orgiil et al. 1996,
Orgiil, Cioffi et al. 1996). The microvasculature supplying the anterior optic nerve
constricts in a dose-dependent manner in response to perineural EDN1 (Iwabe, Lamas
et al. 2010). Intravitreal injection of EDNI triggers decreased optic nerve blood flow,
increased cup/disc ratio, axonal loss, and glial proliferation in rabbits (Oku, Sugiyama
et al. 1999). It also leads to reduced visual evoked potential (VEP) amplitude and
prolonged VEP N1 latency in rabbits (Oku, Sugiyama et al. 1999, Nagano, Wei et al.
2007). These reductions in VEP and optic nerve blood flow caused by EDN1 can be
blocked by iganidipine, a Ca®* channel blocker (Oku, Sugiyama et al. 2000, Waki,
Sugiyama et al. 2001). Therefore, Ca?*"-mediated vasoconstriction contributes to
EDNI1-induced optic nerve disorders (Oku, Sugiyama et al. 2000). Given the
relationship between EDN1 and decreased optic nerve blood flow, it is postulated that
altered hemodynamics may explain the link between increased plasma EDN1 and

NTG (Sugiyama, Moriya et al. 1995).

1.4. The Role of EDN2 in Glaucomatous Degeneration

For EDN2, only limited studies have investigated its impact on glaucoma (Sharma,
Hingorani et al. 1999, Liefeldt, Rylski et al. 2010). Existing research indicates that in
DBA/2J mice, the EDN2 gene is upregulated in the retina and optic nerve head
during early glaucoma. EDN2 expression is localized to
microglia/macrophage-like cells in the nerve fiber layer. Apart from the effects of
EDNI1, intravitreal administration of EDN2 induces RGC damage and
vasoconstriction (Howell, Macalinao et al. 2011). A reduction in the lumen-to-total
blood vessel area has been observed in the retina of DBA/2J mice, likely due to
vasoconstriction caused by elevated EDN2 levels (Howell, Macalinao et al. 2011).

Additional studies demonstrate that x-ray treatment can prevent proinflammatory
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monocytes infiltration into the optic nerve, thereby mitigating glaucomatous damage
in DBA/2]J mice. However, intravitreal EDN2 injections counteract the axon
preservation achieved by x-ray treatment in these mice (Howell, Soto et al. 2012). As
a result, EDN2 was proposed to be a detrimental factor during glaucoma progression
(Howell, Soto et al. 2012). To explore how EDN2 may influence the retinal
biochemical environment, we analyzed data from the human transcriptomic database
GSE115828, focusing on subjects with mild AMD (Mgs level 1-2). We found that
EDN2 positively correlates with complement components, including CIR, CIS,
CIQA, CI1QB, C1QC, C2, C3, C4A, and C4B, with r > 0.3 and P < 0.05 (Figure 17A,
C-I). C3 and C5AR2 also show significant, albeit weaker, correlations with EDN2
(r > 0.2, P < 0.05) (Figure 17B and 17I). Notably, positive correlations were also
observed between EDN2 and markers such as CD68, GFAP, TGFBI1, and IL-6 (Figure
17K-N). Moreover, EDN2 exhibits a weak but statistically significant correlation with
age (r > 0.1, P <0.05) (Figure 170). A heatmap illustrating data from 322 subjects is
presented in Figure 17P. Based on these findings, we hypothesize that EDN2 may be
associated with the activation of the complement system as well as with the

expression of inflammatory and glial markers CD68, GFAP, TGFB1, and IL-6.
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Figure 17. A-J. The correlation between EDN2 and complement elements in the
human retina with mild AMD; K-N. The correlation between EDN2 and GFAP, CD68,
TGFB1, and IL-6 in the human retina; O. The correlation between EDN2 and age in
the human retina; P. A heatmap of the aforementioned targets, with subjects
categorized by different age groups.
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2. Objectives

In the transcriptomic studies, we revealed an activated endothelin system in SHR. At
8 months, SHR exhibited increased EDN2 expression. By 12 months, the levels of
EDNI1, EDN2, EDN3, and EDNRA were clevated in SHR. Furthermore, we observed
that EDN2 expression positively correlates with complement elements, including
CI1QA, C1QB, C1QC, CIS, CIR, C2, C3, C4A, and C4B in human retina with mild
AMD. Based on these findings, we postulate that the endothelin system may
contribute to the neurodegenerative process in the SHR retina, leading to decreased
retinal functional responses. The primary aim of this work is to determine whether the
endothelin system contributes to retinal degeneration in SHR and whether it serves as
a key mechanistic link between HT and glaucoma. In addition, although EDNI1 has
been suggested to influence optic nerve blood flow, it remains unclear whether
EDNRA or EDNRB mediates this response. While EDN2 is proposed as a detrimental
factor in glaucoma pathogenesis, the precise mechanisms by which EDN2 causes

neurodegeneration remain largely unknown.

Our study has two main objectives:

e To investigate how EDN2 affects IOP, retinal function responses, retinal structures,
and inflammation in SHR and WKY by knocking out EDN2; and

e To examine the effects of EDNRA and EDNRB on IOP and retinal responses

through intravitreal injections of their antagonists in SHR and WKY.
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3. Methods

3.1. Intravitreal Injection of AAV to Knock Out EDN2

To investigate the role of EDN2 in the eye, we used AAV to knock out EDN2 in the
eyes of SHR and WKY. Since elevated EDN2 expression was detected in 8-month-old
SHR, we selected 8-month-old SHR and WKY for the experiments described in this
chapter. The AAV used was sgRNA AAV2 (WZ Biosciences Inc.). Unilateral
intravitreal injections of either EDN2 KO AAV or control AAV were performed after
measuring baseline I0OP, retinal function, SBP, and DBP. Both types of AAV were
diluted in PBS to a concentration of 5 x 10'° vg/ml. During treatment, 1 pl of the
diluted AAV was injected. Animals were fully anesthetized with a ketamine-xylazine
mixture, and pupils were dilated using 0.5% tropicamide (Mydrin-P, Santen
Pharmaceutical, Japan). For the experimental treatment eye, a hole was punctured in
the sclera 0.5 mm posterior to the limbus using a 30 G needle. The diluted AAV was
then injected into the vitreous chamber through the puncture site with a glass
micropipette, taking care to avoid contact with the crystalline lens. After injection,
topical antibiotics such as levofloxacin were applied to the puncture site to prevent
infection. Post-treatment assessments of IOP, SBP, DBP, and retinal function were
conducted 26 to 30 Days after injection. Retinas were collected 31 to 35 Days
post-treatment for transcriptomic analysis, ELISA, and immunohistochemistry
staining. We employed qPCR and RNA sequencing to examine how EDN2 influences
retinal function. ELISA and immunohistochemistry staining of EDN2 were performed
to evaluate the efficacy of the EDN2 KO AAV at the protein level. An overview of the

experimental protocol is illustrated in Figure 19A.

3.2. Intravitreal Injection of Endothelin Antagonists

Local blockade of EDNRA and EDNRB in the retinas of SHR and WKY was
achieved through intravitreal injections of Bq123 and Bq788, respectively. Bq123 is a
selective antagonist of EDNRA, while Bq788 selectively antagonizes EDNRB
(Fukuroda, Ozaki et al. 1994). The molecular formulas for Bq123 and Bq788 are
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C31H41N6O7Na and C3sHsoNsNaO»7, respectively. Both compounds were obtained from
Sigma-Aldrich (USA) and stored as sodium salt powders at -20°C. The structures of
Bq123 and Bq788 are shown in Figure 18. Prior to administration, baseline IOP and
retinal functional responses were measured in all animals. For drug treatment, Bq123
or Bq788 was unilaterally injected into the experimental eye on Day 0 and Day 10.
Each injection consisted of 1 pl of Bq123 or Bq788 diluted to 10 uM in PBS. Control
groups received 1 pl of PBS. The injection procedures followed the same protocol as
described for the AAV injections. IOP was measured on Day 8 following the first
injection, and retinal function was evaluated on Day 9. The second injection was
administered on Day 10 at the same dose as the first. Subsequent measurements of
IOP and retinal responses were performed on Days 18 and 19, respectively. Animals
were sacrificed on Day 20, and retinal tissues from the experimental eye were
collected for qPCR analysis. The experimental design for the Bql23 and Bq788

treatment is illustrated in Figure 23A.

Figure 18. Molecular structures of A. Bq123 and B. Bq788 sodium salts.
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4. Results

4.1. The Influence of EDN2 KO on BP and Ocular Phenotypes in SHR and
WKY

The effects of EDN2 KO AAV and control AAV on SBP, DBP, IOP, and retinal
responses in SHR and WKY are summarized in Figure 19B-G. We observed that
injection of EDN2 KO AAV did not affect SBP, DBP, or IOP in SHR. SHR receiving
the control AAV showed a slight increase in SBP. In WKY, neither type of AAV
injection impacted SBP, DBP, or IOP. In SHR treated with EDN2 KO AAYV, the treated
eye exhibited increases of 33%, 29%, and 48% in the amplitudes of the pSTR, a-wave,
and b-wave, respectively. The control AAV did not cause significant changes in retinal
responses in SHR. No notable changes in retinal responses were observed after either

injection in WKY.

AAV injections did not significantly alter total retinal thickness in either SHR or
WKY (Figure 20A). EDN2 KO increased retinal artery lumen area by 61% in SHR
and 31% in WKY (Figure 20C). Retinal vein lumen area increased by 62% in SHR
post-EDN2 KO (P=0.1580), with no significant changes in WKY (Figure 20D). The

control AAV retinas showed no alterations in retinal hemodynamics.
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Figure 19. A. Experimental protocol for AAV treatment and measurements. B-G. Pre-
and post-treatment measurements of SBP, DBP, IOP, pSTR, a-wave, and b-wave in

SHR and WKY.
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Figure 20. A. Pre- and post-treatment measurements of total retinal area in SHR and
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4.2. The Transcriptomic Changes after EDN2 KO in SHR and WKY

The qPCR and RNA sequencing results of SHR injected with EDN2 KO AAV and
control AAV are summarized in Figure 20. Our results showed that injection of EDN2
KO AAV successfully downregulated EDN2 mRNA expression (Figure 20A-C). In
addition, qPCR results revealed downregulation of EDN3, EDNRB, IL-1a, IL-1p, C3,
CI1QA, and TNF-a in SHR treated with EDN2 KO AAV. Consistent with the qPCR
results, RNA sequencing demonstrated downregulation of CIR, C1S, C1QA, C1QB,
C1QC, C2, C3, C4A, C4B, C5AR2, NOS3, TLR13, TLR7, TLRS, TLR2, AIF1, CD68S,
GFAP, TGFB1, EDN3, MYDS88, CCL2, and CYBB in SHR following EDN2 KO
AAV injection. KEGG pathway analysis indicated suppression of complement and
coagulation cascades, as well as cytokine-cytokine receptor interaction pathways, in
SHR receiving EDN2 KO AAV injection. Furthermore, metabolic pathways were
upregulated in SHR injected with EDN2 KO AAV.

The qPCR and RNA sequencing results of WKY injected with EDN2 KO AAV and
control AAV are presented in Figure 21. Similar to the findings in SHR, EDN2 KO
AAV significantly decreased EDN2 mRNA expression in WKY. EDN1 expression
was shown to increase in WKY receiving EDN2 KO AAV. RNA sequencing revealed
downregulation of EDN3, EDNRB, C1QA, C1QC, C1R, C3, C18S, C4A, C4B, GFAP,
TLR7, TLRS, AIF1, CYBB, and TNF-a in WKY after EDN2 KO AAV treatment. The
downregulated KEGG pathways included complement and coagulation cascades, as
well as cytokine-cytokine receptor interactions. Notably, fewer genes were affected in

WKY compared to SHR.
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Figure 21. A. qPCR results of SHR injected with either EDN2 KO AAV or control
AAV; B. Volcano plots showing downregulated targets in SHR treated with EDN2
KO AAV; C. EDN2 expression examined by RNA sequencing in SHR treated with
EDN2 KO AAV and control AAV; D. Heatmap of the targets of interest; E-F.
Upregulated and downregulated KEGG pathways in SHR injected with EDN2 KO
AAV compared to those injected with control AAV.
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Figure 22. A. qPCR results showing WKY injected with EDN2 KO AAV compared to
WKY injected with control AAV; B. Volcano plots illustrating differentially expressed
targets in WKY injected with EDN2 KO AAV versus control AAV; C. EDN2
expressions analyzed by RNA sequencing in WKY injected with EDN2 KO AAV and

control AAV; D. Heatmap of the

targets of interest; E-F. Upregulated and

downregulated KEGG pathways in WKY injected with EDN2 KO AAV compared to

control AAV.
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4.3. Influence of EDN2 KO on RGCs and Microglia in SHR and WKY

Representative post-treatment retinal images are shown in Figure 23A. In SHR,
EDN2 KO AAV injection produced a mild but significant increase in RGC counts
(Figure 23B). Retinas from SHR receiving EDN2 KO AAV also exhibited
significantly fewer microglia and smaller microglia soma sizes, compared to control
AAV-treated SHR (Figures 23D and 23F). These changes were absent in WKY
receiving EDN2 KO AAV versus controls (Figures 23C, 23E, and 23G). Therefore,
EDN KO reduced retinal neuroinflammation at both transcriptomic and protein levels

in SHR, while significantly protecting RGCs from degeneration.
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Figure 23. A. Representative images from post-treatment SHR and WKY retinas;
B-C. Retinal ganglion cell counts from post-treatment SHR and WKY retinas; D-E.
Microglial cell counts from post-treatment SHR and WKY retinas; F-G. Microglial
soma size measurements from post-treatment SHR and WKY retinas. Data are shown
as mean £ SEM. * P <(.5; ** P <0.01; **** P <(.0001 (Student’s T-test).
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4.4. The Efficacy of EDN2 Inhibition at the Protein Level in SHR and WKY

To confirm the effectiveness of EDN2 KO AAV in SHR and WKY at the protein level,
we measured EDN2 levels in the retina using ELISA and immunohistochemistry (IHC)
staining. As shown in Figure 22A-B, the IHC fluorescence intensity in SHR treated
with EDN2 KO AAV was significantly lower than in those receiving the control virus.
In WKY, the reduction in EDN2 expression in the KO group was not statistically
significant. The ELISA results were consistent with the IHC findings, showing a
significant decrease in EDN2 levels in SHR injected with EDN2 KO AAV. In WKY,
no significant difference was observed between the EDN2 KO and control AAV
groups (Figure 22C). For GFAP expression, no significant differences were observed

among the four groups (Figure 22D).

Taken together, EDN2 KO AAV injection led to a significant reduction in EDN2
expression in SHR at both mRNA and protein levels. However, in WKY, the effect of
EDN2 KO AAV was only detected at the mRNA level. This difference might be due

to the low baseline level of EDN2 in WKY, which limits further reduction.
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Figure 24. A. Representative images of SHR and WKY injected with EDN2 KO AAV
or control AAV; B. Quantification of EDN2 fluorescence intensities; C. EDN2 protein
levels measured by ELISA; D. GFAP protein levels measured by ELISA (expressed as
a percentage of total protein).
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4.5. The Influence of Bq123 and Bq788 on the Retina in SHR and WKY

The effects of intravitreal administration of Bql23 and Bq788 on IOP and retinal
responses in SHR and WKY are summarized in Figure 23. Neither Bq123 nor Bq788
affected IOP in SHR. In WKY, Bql23 significantly lowered IOP in the treated eye,
with the mean IOP decreasing from 10.0 mmHg to 9.3 mmHg on Day 8 and to 9.1
mmHg on Day 18. Bql23 improved functional retinal responses in SHR but not in
WKY. In SHR, the pSTR increased by 32% and 58% compared to baseline on Day 9
and Day 19, respectively. In addition, Bq123 treatment enhanced the amplitudes of
the a-wave and b-wave in SHR. On Day 19, the a-wave in the treated eye of SHR
increased by 20% from baseline, and the b-wave showed a 21% increase over baseline
on the same Day. In WKY, Bql23 treatment did not cause significant changes in
retinal responses. On the other hand, Bq788 did not produce detectable changes in

retinal responses in either SHR or WKY.

The qPCR results are presented in Figure 23F-I, comparing eyes with Bql23 or
Bq788 injections to those receiving only PBS. In SHR eyes treated with Bql23,
retinas showed decreased expression of IL-1a, EDN1, and EDNRA. In WKY, only
EDNI levels were significantly reduced after Bq123 treatment. Interestingly, EDN3
was upregulated in the retinas of WKY treated with Bq123. For Bq788 treatment, no

significant changes were observed in either SHR or WKY.
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Figure 25. A. Experimental design for treatment with Bq123 and Bq788 in SHR and
WKY; B-E. IOP and functional retinal responses of SHR and WKY following
injections of Bq123, Bq788, or PBS; F-G. qPCR results for SHR injected with Bq123
or Bq788 compared to SHR injected with PBS; H-I. qPCR results for WKY injected
with Bq123 or Bq788 compared to WKY injected with PBS.
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5. Discussion

We investigated the effects of EDN2 and endothelin receptor antagonists on IOP,
functional retinal responses, and retinal biochemical changes. Our transcriptomic
results revealed that at 8 months, SHR exhibited increased EDN2 expression, and at
12 months, EDN1, EDN2, EDN3, and EDNRA were all elevated in SHR. These
results strongly suggest that activation of these endothelin components may play an
important role in retinal degeneration in SHR. By knocking out retinal EDN2 using
AAV, we observed significant improvements in functional retinal responses in SHR.
Transcriptomic analysis identified downregulation of CIR, CI1S, C1QA, C1QB,
C1QC, C2, C3, C4A, C4B, C5AR2,NOS3, TLR13, TLR7, TLRS8, TLR2, AIF1, CD68,
GFAP, TGFB1, EDN3, MYDS88, CCL2, and CYBB, as well as suppression of
complement and coagulation cascades and cytokine-cytokine receptor interactions in
SHR injected with EDN2 KO AAV. In WKY, EDN2 KO did not significantly rescue
functional retinal responses. Nonetheless, we detected downregulation of EDN3,
EDNRB, CI1QA, CIQC, CIR, C3, CIS, C4A, C4B, GFAP, TLR7, TLRS, AIFI,
CYBB, and TNF-a in WKY receiving EDN2 KO AAV. Complement and coagulation
cascades and cytokine-cytokine receptor interactions were also suppressed in WKY,
albeit with fewer affected genes compared to SHR. IOP remained unaffected by
EDN2 KO AAV injection in both SHR and WKY. The lumen area of retinal arteries
increased significantly in both SHR and WKY after EDN2 KO. Fewer and smaller
retinal microglia were observed in SHR receiving EDN2 KO AAV. The RGCs’ counts
were also mildly higher in SHR receiving EDN2 KO AAV. Furthermore, intravitreal
injection of Bq123 improved the functional retinal responses in SHR, and this effect
was independent of IOP reduction. qPCR results showed that Bq123 administration
decreased retinal expressions of IL-1a, EDN1, and EDNRA in SHR. In WKY, Bq123
reduced EDNI expression but increased EDN3 levels. Treatment with Bq788
produced no significant effects on functional retinal responses or biochemical changes

in either SHR or WKY.
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Previous research on the functional role of EDN2 in the retina is limited. It has been
suggested that EDN2 acts as a detrimental factor in glaucoma development, with
elevated levels observed in the retina and optic nerve of DBA/2J mice (Howell,
Macalinao et al. 2011). However, the precise mechanism by which EDN2 induces
retinal degeneration remains largely unclear. We revealed a positive correlation
between EDN2 and the complement and coagulation cascades. Utilizing a human
retinal RNA sequencing database, we observed positive correlations between retinal
EDN2 and CIR, CI1S, CIQA, C1QB, C1QC, C2, C3, C4A, C4B, CD68, GFAP,
TGFBI, and IL-6. These human findings are consistent with our experimental results
obtained in rats, suggesting that EDN2 may influence functional retinal responses in
SHR through activation of the complement system and other inflammatory
components. Furthermore, immunohistochemistry revealed co-localization of retinal
EDN2 and GFAP, indicating that astrocytes may be the primary source of retinal
EDN2 secretion. It is possible that increased EDN2 in SHR is secreted by astrocytes
and acts on other cell types, including RGCs. By activating the complement system
and promoting inflammation, EDN2 leads to decreased functional retinal responses in

SHR.

Previous studies have demonstrated that blocking EDNRA reduces IOP in rabbits and
monkeys (Hollo, Kothy et al. 2002, Wang, Podos et al. 2011). However, in our study,
administration of Bq123 did not produce a significant IOP reduction in SHR, whereas
it caused a small but statistically significant decrease of < 1 mmHg in WKY. The
reason for this discrepancy remains unclear but may be attributed to species
differences and/or the relatively low baseline IOP in SHR, making it more challenging

to detect measurable changes.

Conversely, our results show that blocking EDNRA with Bq123 can restore retinal
functional responses in SHR. This effect may be mediated by the suppression of IL-1a,

EDNI1, and EDNRA expression. These findings support the hypothesis that
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Bql123-induced EDNRA blockade leads to an improvement in retinal function
independent of IOP reduction. Previous research suggests that it contributes to retinal
degeneration through mechanisms involving glial activation and apoptosis. For
instance, EDN1 promotes the proliferation of human optic nerve head astrocytes via
both EDNRA and EDNRB (Prasanna, Krishnamoorthy et al. 2002). Moreover, in
mice overexpressing EDNI1 in vascular endothelial cells, astrocytes surrounding
retinal blood vessels exhibit enlarged end feet. This swelling is believed to
compromise the blood-retinal barrier, thereby leading to retinal degeneration (Mi,

Zhang et al. 2012).

Literature suggests that EDNRB is a key mediator of RGC loss in glaucoma. Human
glaucomatous optic nerves exhibit higher EDNRB expression compared to those from
healthy controls, with EDNRB expression colocalizing with astrocytic processes in
glaucomatous eyes (Wang, Fortune et al. 2006). In line with this, EDNRB-deficient
rats exhibit less optic nerve degeneration under OHT than wild-type controls (Minton,
Phatak et al. 2012). It has been reported that EDN1 induces apoptosis in cultured
RGCs. This effect is significantly attenuated by EDNRB antagonists, but not by
EDNRA antagonists. Further implicating EDNRB in RGC loss. However, in our
experiments, Bq788 showed no significant effect on retinal functional responses or
inflammation. This suggests that EDNRB does not mediate HT-related retinal
degeneration in our model. As described in Chapter 3, EDNRA and EDNRB generally
mediate vasoconstriction and vasodilation, respectively (Schiffrin 2005). We speculate
that in the retina of SHR, the vasodilatory and potentially protective effects of
EDNRB may outweigh its detrimental effects. Alternatively, the 20-Day treatment

period may be insufficient to observe the benefits of EDNRB blockade.

In contrast, substantial evidence indicates a harmful role for EDNRA in glaucoma.
OHT causes EDNRA accumulation in the GCL, IPL, and OPL in rats (McGrady,

Minton et al. 2017). EDNRA may lead to retinal damage by compromising the blood
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supply. For example, intravitreal EDN1 injections induce RGC death in mice, which
is effectively prevented by systemic deletion of EDNRA and its deletion specifically
from vascular mural cells. This indicates that EDNRA-mediated vasoconstriction in
vascular mural cells leads to RGC death following EDN1 administration (Marola,
Howell et al. 2022). Consistent with these findings, specific EDNRA blockade in our
study significantly improved retinal function in SHR. The beneficial effects of Bq123
may be attributed to increased blood flow. Moreover, EDNRA blocking in SHR was
associated with reduced retinal levels of IL-1a, a neuroinflammation marker primarily
produced by activated microglia and observed to be slightly elevated in 12-month-old
SHR (Liddelow, Guttenplan et al. 2017). Our results suggest that EDNRA inhibition

may mitigate retinal inflammation, with lowered IL-1a as an early indicator.

In conclusion, retinal EDN2 KO rescued the functional retinal responses and RGC
counts in SHR by improving blood flow and reducing complement components and
other inflammatory mediators. Bql23 treatment restored retinal function by
suppressing EDN1, EDNRA, and IL-la expression in the retina. In summary,
HT-induced functional retinal loss in SHR can be mitigated by suppressing the
endothelin system, particularly EDN2 and EDNRA. Blocking EDN2 and EDNRA

may restore functional retinal responses by reducing retinal inflammation.
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Chapter 5. Conclusion

Glaucoma is the leading cause of irreversible blindness worldwide (Dandona and
Dandona 2006). Current treatments for glaucoma, including eye drops, surgical
procedures, and laser therapy, aim to delay disease progression primarily by lowering
IOP (Tribble, Hui et al. 2023). However, no disease-modifying agent exists for
glaucoma, and many patients continue to lose eyesight despite achieving controlled
IOP (Chauhan and Drance 1992). The pathophysiology of glaucoma is thought to
involve both mechanical and vascular mechanisms (Cui, Pan et al. 2022). The
mechanical theory proposes that elevated IOP compresses ocular structures, damaging
RGCs (Cui, Pan et al. 2022). The vascular theory suggests that insufficient blood flow
to the optic nerve causes RGC injury. These two theories are interconnected,
indicating a multifactorial pathogenesis (Cui, Pan et al. 2022). HT is a highly
prevalent condition and the leading cause of premature death worldwide (Mills,
Stefanescu et al. 2020). Its pathophysiology involves abnormal activation of the
sympathetic nervous system, dysregulated vasoactive hormones, and vascular
endothelial dysfunction, which lead to arterial wall thickening and impaired
autoregulation (Hall, Granger et al. 2012, Hall, Omoto et al. 2024). The relationship
between HT and glaucoma risk remains unclear, with studies showing both positive
and negative associations (Perdsalo and Raitta 1990, Dielemans, Vingerling et al.
1995, Bonomi, Marchini et al. 2000, Leske, Wu et al. 2002, Mitchell, Lee et al. 2004,
Plange, Kaup et al. 2006, Orzalesi, Rossetti et al. 2007, Wierzbowska, Wierzbowski et
al. 2012, Gangwani, Chan et al. 2013, Bae, Lee et al. 2014, Asefa, Neustaeter et al.
2020). This inconsistency may relate to variations in patient demographics, stage of
the disease, and timing of antihypertensive treatment. Similarly, the effect of BP on
IOP remains uncertain (Bonomi, Marchini et al. 2000, Chen and Lai 2005, Wu,
Nemesure et al. 2006, Xu, Wang et al. 2007, Zhao, Cho et al. 2014).

This study examined the effects of chronic HT on IOP, functional retinal responses,

and retinal hemodynamics, both cross-sectionally and longitudinally. SHR were used

135



as the chronic HT model, with WKY serving as normal controls. Measurements of
IOP, retinal responses, inner lumen area of retinal arteries and veins, and blood
velocities in the central retinal artery were taken at 4, 8, and 12 months in both groups.
SHR consistently exhibited higher BP but lower IOP compared to WKY. At 4 months,
retinal responses were similar between groups, but by 8 and 12 months, SHR showed
declines relative to WKY. Longitudinal and cross-sectional findings were consistent.
Inner lumen area of retinal arteries and veins was significantly reduced in SHR, while
mean blood velocity in the central retinal artery was comparable between groups.
Despite increased OPP in SHR, their inner retinal blood flow remained lower than
WKY, suggesting that HT-induced elevated OPP does not necessarily increase retinal
blood flow. Chronic HT is associated with increased vascular resistance and
endothelial dysfunction (Intengan and Schiffrin 2000, Resch, Garhofer et al. 2009),
which may underlie decreased retinal blood flow and subsequent retinal dysfunction

in SHR.

Systemic inflammation and oxidative stress are believed to contribute to HT
development (Patel, Cardneau et al. 2006, Dinh, Drummond et al. 2014, Tanase,
Gosav et al. 2019). Neuroinflammation and oxidative stress have been shown to play
important roles in glaucoma development. We hypothesize shared pathophysiological
mechanisms between HT and glaucoma. Our goal was to identify early retinal
changes caused by chronic HT. At 8 months, SHR retinas showed increased
expression of key inflammatory and complement markers such as Cd68, TGFBI,
CYBB, EDN2, C2, C3, CIR, C1S, TLR2, TLR7, TLRS, and MYD&S. By 12 months,
additional inflammatory genes (IL-18, IL-1a, EDN1, EDN3, EDNRA, CCL2, GFAP,
AIF1), and complement factors (C1QA, C1QB, C1QC, CIR, C4A, C4B, C5AR2, C7)
were upregulated. KEGG pathway analysis revealed activation of leukocyte
transendothelial migration, chemokine signaling, complement and coagulation
cascades, and cytokine-cytokine receptor interaction, Toll-like receptor signaling, and

NF-kappa B signaling in SHR. RGC counts were reduced in SHR at 8 and 12 months
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versus WKY. Microglial enlargement occurred at both 8 and 12 months, with
increased microglial counts at 12 months. Elevated retinal EDN2 and GFAP protein
levels were confirmed at 8 months, and these markers colocalized in retinal tissues of
both SHR and WKY. Collectively, these data strongly suggest that HT-induced retinal

functional decline in SHR is mediated by increased neuroinflammation.

Endothelin components are hypothesized to contribute importantly to retinal
neurodegeneration (Howell, Macalinao et al. 2011, Marola, Howell et al. 2022). We
found that SHR exhibited increased EDN2 expression at the gene and protein levels at
8 months, with further upregulation of EDN1, EDN2, EDN3, and EDNRA at 12
months. Using a genetic approach, we conducted Edn2 KO via sgRNA AAV in both
SHR and WKY to investigate its retinal effects. Edn2 KO in SHR increased RGC
counts and retinal blood supply, improved retinal function, and decreased key
inflammatory and complement genes, including C1R, C1S, C1QA, C1QB, C1QC, C2,
C3, C4A, C4B, C5AR2, TLR2, TLR7, TLR8, Cd68, CYBB, and TGFBI. This was
accompanied by suppression of complement and coagulation cascades and
cytokine-cytokine receptor interactions. In WKY, Edn2 KO did not significantly affect
retinal functional responses but did reduce expression of complement factors and
inflammatory markers, although to a lesser degree than in SHR. Importantly, IOP

remained unchanged by EDN2 KO in both strains.

In addition to the genetic approach, we used a pharmacological approach by blocking
EDNRA and EDNRB. Intravitreal injection of Bql23, an EDNRA antagonist,
alleviated HT-induced declines in retinal function, including pSTR, a-wave, and
b-wave amplitudes, in SHR but had no effects in WKY. This improvement was
independent of IOP changes. qPCR showed Bql23 administration downregulated
IL-1a, EDNI1, and EDNRA expression in SHR retinas. Administration of Bq123 did
not cause a significant change in EDN2 expression. One possible explanation is that

EDNRA is a downstream receptor of EDN2, and it does not significantly affect the
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production of EDN2. Conversely, EDN2 may exert a detrimental effect on the retina
mediated primarily by EDNRA. On the other hand, intravitreal injection of Bq788, an
EDNRB antagonist, had no significant effect on retinal responses in either strain.
These findings indicate that endothelin components, particularly EDN2 and EDNRA,
play critical roles in retinal degeneration and functional loss induced by HT in SHR.
Our observations indicate that EDN2 KO in SHR rescues retinal functional
degeneration, potentially through the restoration of retinal blood supply and
downregulation of complement components. This promising finding highlights the
need for future studies to better understand the role of complement components in
HT-induced retinal degeneration. Furthermore, since EDN2 is associated with several
inflammatory markers, including AIF1 and CDG68, it may represent a valuable
therapeutic target for other retinal diseases caused by neuroinflammation. Overall,
targeting the endothelin system presents as a novel approach for treating

inflammation-related retinal disorders and warrants further investigation.
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