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Abstract

Glaucoma is one of the leading cause of blindness globally, and is characterized by loss of retinal
ganglion cells (RGCs). Because vision loss in glaucoma is not reversible, therapeutic interventions
early in disease are highly desirable. However, due to the current limitations in evaluating
glaucomatous neurodegeneration, it is challenging to monitor the disease severity and progression
objectively, and to design rational therapeutic strategies accordingly. Therefore, there is a clear
need to identify quantifiable molecular biomarkers of glaucomatous neurodegeneration. As such,
in our opinion, molecular biomarker(s) that specifically reflect stress or death of RGCs, and which
correlate with disease severity, progression and response to therapy, are highly desirable.
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Challenges of glaucoma treatment and diagnosis/prognosis

Glaucoma, a group of irreversible, progressive optic neuropathies, is the second leading
cause of blindness globally [1, 2]. This neurodegenerative condition results in loss of retinal
ganglion cells (RGCs) (see Glossary) leading to blindness. Molecular mechanisms of RGC
death followed by axonal degeneration in glaucoma are not fully understood, but a monkey
model of intraocular pressure (I0P) elevation showed accumulation of radioactive label at
the lamina cribrosa, indicating that blockade of both anterograde and retrograde axonal
transport could lead to deprivation of neurotrophic signals [3]. In addition, /n vivo imaging
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of mitochondria has recently shown decreased number of transported mitochondria before
RGC death in a mouse model (laser-induced ocular hypertension) of glaucoma [4],
indicating that axonal transport of mitochondria may play a key role in glaucoma
pathogenesis.

As IOP is the most important and modifiable risk factor for the development of glaucoma
[5-8], all currently available medical, laser, and surgical therapies for glaucoma are focused
on lowering 10P as a strategy to protect RGCs from cell death [9]. Thus, neuroprotection for
glaucoma would be highly desirable, but strategies aimed at protecting RGCs have thus far
failed to demonstrate efficacy in clinical trials, with no agents currently approved by
regulatory authorities [10]. Recent and extensive experimental approaches aim to regenerate
damaged RGC axons, or potentially, replace dead RGCs by transplantation [11]; however, it
will take considerable time to be able to apply these concepts to the clinical setting.

Other (non-modifiable) risk factors of primary open angle glaucoma (POAG) include
older age [12-14], African descent [15], thinner central corneal thickness [16, 17], and a
family history of glaucoma [18, 19]. Genome wide association studies (GWAS) [20] have
identified several genomic variants associated with glaucoma [21-24], but this does not
currently represent a clinically-relevant assessment for patients [25].

Because vision loss in glaucoma is not reversible, therapeutic interventions that might
prevent RGC loss early in the disease process, should be sought after. However, there is a
lack of available and reliable methods for screening high-risk populations, established
parameters of early diagnosis, as well as the prompt detection of disease progression and
stability. This poses significant challenges for the clinician managing patients with
glaucoma. Therefore, we posit that there is a clear need to identify specific molecular
markers that quantify glaucomatous neurodegeneration by accurately and objectively
measuring RGC-specific cell death.

Current methods of monitoring glaucomatous neurodegeneration

Accurate monitoring for evidence of disease stability/progression is vital to preserve visual
function of glaucoma patients. Ultimately, the desired goal of any glaucoma therapeutic
intervention is neuroprotection, leading to survival of RGCs. Physicians currently have only
surrogate measures of glaucomatous neurodegeneration, as described below (Figure 1).
Although these surrogate measures often synergize to assist the treating physician in making
an informed decision, no single examination or diagnostic test is able to accurately predict
disease progression, due to inherent subjectivity, unreliability, and limitations of normative
databases [26].

Tonometry (IOP measurement)

Various instruments are utilized to measure IOP in the clinical setting. The current gold
standard instrument is the Goldmann applanation tonometer, that measures 10P by
providing force that indents a constant area of the cornea. Notably, variations in the central
corneal thickness -- another independent risk factor for glaucoma -- have been shown to
affect the accuracy of this tonometer. Indeed, this instrument overestimates 0P with thicker
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central corneal thickness, and underestimates IOP with thinner central corneal thickness [16,
27]. In addition, there is no proven range of “normal” IOP for a given individual or
population. Although 10P is considered “elevated” when greater than 21 mmHg, the
distribution is non-Gaussian, and does not correlate with glaucoma pathology [28]. Elevated
IOP (ocular hypertension) is a risk factor for glaucoma, but not a definitive characteristic. In
fact, some individuals have low tension or normal tension glaucoma with no evidence of
IOP elevation [29-31]. Therefore, although 10P is the most significant risk factor for the
development of glaucoma and the surrogate endpoint used for assessment and regulatory
approval of novel therapies, IOP measurement alone cannot provide precise information of
glaucomatous neurodegeneration.

Examination of the Optic Nerve

Biomicroscopic examination in the clinical setting of the optic nerve as it exits the retina
provides morphologic cues regarding evidence of optic neuropathy, a requisite for the
diagnosis and progression of glaucoma. In humans, the optic nerve head en faceis called the
disc. There is a recessed area in the central region of the nerve head, the cup, around which
the RGC axons are arranged. Thus, an increased “cup-to-disc” ratio represents loss of
RGCs, a phenotype that is quantifiable (Figure 2 A, B) [32]. However, there is wide
variation of the normal ratio, given that evaluation of the optic nerve is subjective and
dependent on precisely where the observer designates the rim margin of the cup [33, 34]. In
addition, there are differences in size of the optic disc itself, with larger cup-to-disc ratios
identified in eyes without glaucomatous damage [35]. Therefore, examination of the optic
nerve is quantifiable but subjective, and thus considered a supplemental method to monitor
glaucomatous neurodegeneration.

Optical Coherence Tomography (OCT)

Substantial technological advances in optic nerve imaging have occurred over the past few
decades and have become widely accepted in glaucoma management. Optical Coherence
Tomography (OCT) is an extension of a technique known as low-coherence interferometry, a
light-based imaging procedure used to non-invasively visualize the anterior and posterior
segments of the eye at high resolution [36]. A significant advantage of this technique is that
it objectively allows for acquisition of quantifiable data both cross-sectionally and
longitudinally, with comparison to a normative database of age-matched control subjects
[36]. Rapid acquisition of data scanning around the optic nerve measuring retinal nerve
fiber layer (RNFL) thickness provides information of parameters that discriminate
glaucomatous eyes from healthy ones by detecting thinning of RNFL in the affected area
(Figure 1C, D). However, there are challenges to comparing assessment with the normative
database in terms of racial differences, anatomical variants with unreliable measurements
(e.g. high myopia), as well as other yet unknown variables [37]. Therefore, although OCT
can give us objective and quantifiable data of glaucomatous neurodegeneration, refined and
reliable normative databases are required before OCT can become an independent method to
monitor glaucomatous neurodegeneration.

Trends Mol Med. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ban et al.

Page 4

Perimetry (Visual Field Testing)

Molecular

Tears

Perimetry, or visual field testing, is a subjective but quantifiable test to directly measure the
patient’s visual field (Figure 2E, F) [38]. A light spot is repeatedly presented in different
areas of the visual field and the patient responds when the light is perceived. The patient
must maintain fixation on a central target and only respond when the light is projected and
perceived. Central visual acuity is usually preserved until very advanced stages of glaucoma,
making this assessment critical to monitoring progression in early, moderate and severe
stages. As a functional measure of RGC loss, therapeutic interventions are aimed at
preventing initiation or progression of visual field defects. However, because of inherent
subjectivity, interpretations of visual field testing results can be challenging and often
require a period of time to reliably detect progression with this modality, thus frequently
occurring after documentation of RGC loss has taken place [39]. Therefore, visual field
testing alone is not considered a reliable method to monitor glaucomatous
neurodegeneration independently.

biomarkers to monitor neurodegeneration in glaucoma

In light of the dynamic range of acceptable IOP levels for a given patient, the imperfect and
developing normative database for OCT interpretation, and the inherent subjectivity of
visual field testing, there is a heightened need for molecular biomarkers; especially ones that
can predict glaucomatous neurodegeneration prior to its occurrence.

Biomarkers are defined as measurements that can indicate a biological process; these include
physiologic measurements, blood testing information, metabolic or genetic data, and image
quantification [40]. Biomarkers are further differentiated into biomarkers of exposure,
utilized to predict susceptibility to disease [40, 41], and biomarkers of disease, including
diagnosis and monitoring of disease progression [40]. To monitor glaucomatous
neurodegeneration, we need biomarkers of disease. In addition, prediction of a clinically
relevant outcome and the effect of therapies on the outcome determines whether a biomarker
can be characterized as a surrogate endpoint [42].

Potential molecular biomarkers for glaucoma, including both biomarkers of exposure and
biomarkers of disease, have previously focused on key pathways of disease development
[43]. For this, the following fluids have been studied as a potential source of glaucoma
biomarkers because the sampling is non-invasive, or minimally invasive.

Collecting tears for analysis is performed by using a strip of test paper or a microcapillary
glass tube, and these collection methods are simple and essentially non-invasive. Brain-
derived neurotrophic factor (BDNF) in tears has been reported to be significantly decreased
in patients with primary open angle glaucoma compared to control cataract patients without
glaucoma [44]. However, there are potential biases caused by topical medications (e.g. eye
drops) because topical antiglaucoma medications induce ocular surface inflammation and
affect protein profiles in tears [45]. One study investigated only newly diagnosed primary
open angle glaucoma patients who did not use any eye-drops, and showed that interleukin
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IL-12 was significantly lower in primary open angle glaucoma patients compared to patients
without glaucoma [46]. Because tears are secreted by the lacrimal gland and coat the ocular
surface, but are not in direct contact with the tissues inside of the eye, they may not be the
appropriate fluid to detect molecular biomarkers to monitor glaucomatous
neurodegeneration.

Although collecting urine is also essentially non-invasive, few studies of glaucoma patients’
urine biomarkers have been performed. Urinary 8-hydroxy-2’-deoxyguanosine (8-OHdG), a
marker of oxidative DNA damage, has been reported to be significantly increased in patients
with progressive normal tension glaucoma, compared to patients with non-progressive
normal tension glaucoma [47]. Another study showed elevated urine formaldehyde in elderly
patients with primary open angle glaucoma, compared to healthy controls [48]. However, in
addition to a lack of contact with the eye, measurement of target molecules in urine can be
confounded by the effects of filtration and reabsorption in the kidney. For instance, plasma
citrate concentrations have been reported to being significantly lower in glaucoma patients
compared to healthy controls, while no significant difference in citrate concentrations
between glaucoma patients and healthy controls were found [49]. Therefore, the possibility
of robustly and accurately detecting molecular biomarkers of glaucoma in urine seems to be
unlikely.

Blood (Serum/Plasma)

The majority of previous glaucoma biomarker studies have used blood (serum/plasma)
samples as the source of glaucoma biomarkers, although blood does not inherently contact
the eye. The procedure to obtain blood samples is minimally invasive, but in addition,
samples are relatively easy to obtain because blood tests are routinely performed at various
medical settings. Circulating biomarkers of oxidative stress such as superoxide dismutase 1
(so0d1) gene expression in blood have been reported to be significantly decreased in primary
open angle glaucoma patients compared to healthy controls [50]. Neuroprotective factors
such as brain-derived neurotrophic factor (BDNF) in serum have been found to be decreased
in patients with primary open angle glaucoma compared to control cataract patients without
glaucoma [44]. In addition, neurotoxic factors such as plasma homocysteine have been
reported to be increased in patients with primary open angle glaucoma compared to control
cataract patients without glaucoma [51, 52]. However, in the pathogenesis of glaucoma,
these markers can be considered as biomarkers of exposure, but not biomarkers of disease.
Challenges of sampling blood in order to detect molecular biomarkers to monitor
glaucomatous neurodegeneration include the confounding effect of dilution of eye-derived
factors and the relative abundance of proteins such as albumin that could mask low-abundant
eye-derived proteins. Therefore, blood samples may not be appropriate for detecting
molecular biomarkers to monitor glaucomatous neurodegeneration, although they may be
useful as biomarkers of exposure, when searching for systemic factors that may lead
glaucoma.

Requiring invasive techniques for sampling, other fluids have also been studied as a potential
source of glaucoma biomarkers. Although the ease of accessibility of tear, urine and blood
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samples may be attractive for biomarker screening, analysis of fluids that have contact with
the tissues of interest (i.e. RGC layer) may provide more specific information about the
disease. Thus, studies of aqueous humor and/or vitreous may be more advantageous in
identifying candidates for molecular biomarkers to monitor glaucomatous neurodegeneration
(Figure 3).

Cerebrospinal fluid (CSF)

Vitreous

CSF is an ultra-filtrate of blood in direct contact with the optic nerve, which is collected by
lumbar puncture. Although interest in CSF biomechanics has increased with findings that
low CSF pressure is associated with glaucomatous optic neuropathy in normal tension
glaucoma [53], no studies of glaucoma biomarkers in CSF have been performed to date.
Therefore, CSF is not likely an appropriate target fluid for the detection of putative
molecular biomarkers to monitor glaucomatous neurodegeneration.

Vitreous is a transparent gelatinous substance, which fills the posterior space of the ocular
globe, between the lens and the retina, and in direct contact with RGCs (Figure 3). In a
mouse glaucoma model (IOP elevation model induced by episcleral vein injection of
hypertonic saline), dying or damaged RGCs have been found to release key molecules such
as catalase, which are significantly increased in both the retina and vitreous [54]; thus, it is
possible that such molecules may be exploited as biomarkers of glaucomatous
neurodegeneration. However, vitreous collection, often performed as a surgery called
vitrectomy, is an invasive procedure with the inherent possibility of complications [55], and
only performed in an operating room setting. Although there is a report of office-based
vitreous sampling [56], the safety of this method for routine diagnostic testing has not yet
been established. Therefore, although vitreous may offer the possibility of detecting
biomarkers to monitor glaucomatous neurodegeneration, it is relatively invasive for routine
sampling, unless a new minimally-invasive collection method is brought forth.

Aqueous humor (AH)

Agueous humor (AH), secreted by the ciliary body, is a transparent fluid that fills the
anterior segment of the eye, supplying nutrients and removing waste from surrounding
avascular tissues (Figure 3). Analysis of human vitreous and aqueous humor of the same
eyes with ischemic retinal diseases such as diabetic retinopathy, has indicated that a
vitreous-to-aqueous gradient promotes the anterior diffusion of vascular endothelial growth
factor (VEGF) [57]. This finding potentially accounts for the occurrence of anterior segment
neovascularization in association with retinal ischemia [57]. Similar results have been shown
for IL-6 levels in vitreous and aqueous humor sampled from a same eye of patients with
diabetic retinopathy [58, 59]. Based on these findings, soluble factors such as cytokines are
now considered to be able to diffuse from vitreous into AH. Thus, AH might be considered
to be indirectly in contact with RGCs (Figure 3).

AH is harvested by a procedure called paracentesis through the peripheral cornea, a micro-
invasive procedure that may be performed in an outpatient clinic setting. Because of the
putative contacts with fluid bathing RGCs, and relative ease of access to obtain the sample,

Trends Mol Med. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ban et al.

Page 7

we believe AH currently represents the best target for measuring candidate molecular
biomarkers to monitor glaucomatous neurodegeneration. Numerous glaucoma biomarker
candidates have been identified in AH of patients with primary open angle glaucoma,
including inflammatory proteins such as IL-8 [60-62] and TNF-alpha [63, 64], hypoxia-
related proteins such as erythropoietin [65-67], and other proteins, including endothelin-1
[68, 69].

In addition, previous studies have focused on the role of transforming growth factor beta 2
(TGF-B2) in the pathogenesis of AH of patients with primary open angle glaucoma and in
animal models of glaucoma. Specifically, in these studies, TGF-B2 concentrations in AH
were found to be significantly elevated in primary open angle glaucoma patients compared
to control cataract patients without glaucoma [70-76]. However, one limitation of using AH
as a target fluid to detect candidate molecular biomarkers to monitor glaucomatous
neurodegeneration has been that AH is in contact with ocular tissues such as the lens and
ciliary body (Figure 3), and these tissues can secrete or modify target molecules [77, 78]. In
fact, primary cultures of human, rat, and bovine ciliary epithelial cells [79], and primary
cultures of rat lens epithelial cells have been demonstrated to be capable of producing TGF-
B2 [80]. In addition, following RGC death induced by optic nerve crush in mice and rats,
tgrb2 gene expression was not significantly increased in the eye, when compared to sham-
operated eyes [81]. Furthermore, TGF-B2 concentrations in AH did not correlate with the
severity of glaucomatous neurodegeneration in a cross-sectional human study that compared
various stages of disease severity in primary open angle glaucoma patients [81]. Moreover,
studies have shown that TGF-B2 concentrations are linked to the decreased ability of the
trabecular meshwork to effectively drain AH and maintain IOP at a normal range, leading
to elevation of 10OP [82]. These findings indicate that TGF-B2 in AH might be used as a
biomarker of exposure, but not as a biomarker of disease, and the latter would be preferable
for monitoring glaucomatous neurodegeneration..

We recently reported that growth differentiation factor 15 (GDF15) in AH is elevated in
both mouse and rat following RGC death induced by optic nerve crush, and in patients with
primary open angle glaucoma compared to control cataract patients with glaucoma [81].
Unlike TGF-B2, which appears to a biomarker of exposure, we hypothesize that an ideal
molecular biomarker to monitor glaucomatous neurodegeneration would be one that reflects
damage to RGCs (cell stress and/or cell death) so that we may infer RGC death by
measuring levels of these molecules. In order to identify such retinal secretory proteins
specific to RGC death, we carefully selected GDF15, choosing a factor that was upregulated
in the retina following RGC death induced by optic nerve crush, but which was not
upregulated in a mouse inflammation model (endotoxin-induced uveitis) or in a mouse
photoreceptor-specific cell death model (light-induced retinal degeneration) [81].
Furthermore, these findings were validated retrospectively in a small cohort of patients with
various stages of severity of primary open angle glaucoma [81]; GDF15 concentrations were
significantly increased in the AH of patients with primary open angle glaucoma compared to
control cataract patients without glaucoma; furthermore, GDF15 concentrations were
significantly associated with increasing severity of disease, as measured by visual field
testing [81]. Although prospective studies in larger patient populations will be evidently
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needed to validate the utility of GDF15 in clinical practice, and to determine whether it can
robustly predict disease progression or response to treatment, we believe that GDF15 may
hold significant promise as a potential molecular marker of glaucomatous
neurodegeneration.

Concluding remarks

There is a clear need for molecular biomarkers of glaucomatous neurodegeneration,
potentially providing clinicians objective and predictive information about the stability and
severity of a patient’s disease. Currently, the AH may represent a superior avenue to detect
such biomarkers, although there is a clear limitation in that AH is in touch with ocular
tissues such as lens and ciliary body, which can secrete or modify target molecules. With the
recent development of comprehensive multiplex protein arrays or mass spectrometry, it is
now possible to analyze various targets in the AH of glaucoma patients. However, non-
targeted exhaustive analyses tend to be associative, with low specificity and sensitivity.
Targeted analysis using animal models that can lead to the identification of novel candidate
molecular biomarkers with a clear causal relationship to disease, as well prospective human
studies will be needed to identify sensitive and specific biomarkers of disease severity,
progression and response to therapy (See box 1 and Outstanding Questions). Once this is
achieved, technologies may be harnessed to facilitate the development of a test that can be
routinely used to assess disease status in glaucoma patients.

Box 1
Clinician’s corner

Glaucoma is characterized by loss of retinal ganglion cells (RGCs), visual field
loss, and, if untreated, may result in blindness. Because vision loss in glaucoma is
not reversible, therapeutic interventions early in the disease are highly desirable.

Among the verified risk factors of glaucoma, only high intraocular pressure (IOP)
is modifiable. All currently available therapies for glaucoma are focused on
lowering IOP as a strategy to protect RGCs from cell death.

Due to the current limitations in evaluating glaucomatous neurodegeneration, it is
challenging to monitor glaucoma severity and progression objectively and design
rational therapeutic strategies accordingly.

Physicians could treat glaucoma patients more appropriately if we had sensitive
and specific molecular biomarker(s) of glaucoma severity, progression and
response to therapy.

Outstanding Questions

What is the underlying molecular mechanism of glaucomatous retinal ganglion
cell (RGC) loss? Can we identify novel pathways --either dependent or
independent-- of intraocular pressure (IOP) elevation?
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Although IOP lowering is the only treatment option for glaucoma, can
neuroprotective or regenerative therapies be on the horizon?

Can reliable normative databases be developed to accurately enable the latest
imaging techniques (e.g. optical coherence tomography (OCT)),s0 as to
objectively evaluate glaucomatous neurodegeneration?

Can growth differentiation factor (GDF15) in aqueous humor (AH) predict the
development and progression of glaucoma in prospective, longitudinal studies?

Can we reveal any correlation between elevation of GDF15 and the quantitative
retinal nerve fiber layer (RNFL) alterations seen by imaging using OCT in
glaucoma?

What is the molecular function of GDF15, especially in RGCs?
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Aqueous humor
Transparent fluid secreted by the ciliary epithelium, filling the anterior segment of the eye

Axonal degeneration
Degeneration or loss of axons after damage to cell bodies and/or axons of the neuron; one of
the characteristic events of neurodegenerative disease.

Biomarkers of disease
Measurable characteristics objectively measured and evaluated as indicators of pathogenic
processes that can be used in screening, diagnosis, and monitoring of disease.

Biomarkers of exposure
Measurable characteristics used in risk prediction and/or susceptibility to disease.

Ciliary body
Composed of the ciliary muscle that controls accommodation of the lens, and the ciliary
epithelium that secretes AH into the posterior chamber

Cup
The size of the recessed area in the central region of the nerve head when viewed from the
front of the eye

Disc
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The optic nerve head en face where the RGC axons converge to exit the eye to form the optic

nerve.

Cup-to-disc ratio
Ratio of recessed area in the central region of the nerve head (cup) to the optic nerve head
(disc). Increased cup-to disc ratio generally reflects loss of RGC axons.

Genome wide association studies (GWAS)
unbiased genome search method to detect small variations in genes occurring more
frequently in individuals with a specific disease.

Goldmann applanation tonometer

Instrument used to measure intraocular pressure (IOP) by providing force that indents a
constant area of the cornea. This device is the most widely accepted method of IOP
measurement.

Growth differentiation factor 15 (GDF15)
Secreted protein (cytokine) belonging to the TGF-B superfamily. GDF15 has a role in
regulating cell/tissue stress and apoptotic pathways.

Intraocular pressure (I10P)
Fluid pressure inside the eye, usually measured by a tonometer.

Lamina cribrosa
Mesh-like structure that allows nerve fibers of the optic nerve to pass through the sclera.

Normal tension glaucoma
Type of glaucoma in which glaucomatous neurodegeneration occurs without eye pressure
exceeding the normal range (not greater than 21 mmHg).

Normative databases
A benchmark against which a given subject can be compared in order to determine its
relative standing relative to a group of known healthy subjects.

Primary open angle glaucoma (POAG)
Type of glaucoma defined by an open and normal appearing anterior chamber angle with no
other underlying disease. POAG is the most common type of glaucoma.

Retinal nerve fiber layer (RNFL) thickness

Thickness of the retinal nerve fiber layer, reflecting the number of RGC axons, and is
measured in the region around the optic nerve (peripapillary) to assess glaucomatous
damage.

Retinal ganglion cells (RGCs)
Type of neuron located near the inner layer of the retina RGCs receive visual information
from photoreceptor cells via bipolar cells and amacrine cells.

Paracentesis
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Procedure to sample body fluid. In ophthalmology, it refers to the procedure by which
peripheral cornea are punctured by a needle to sample AH.

Trabecular meshwork
Tissue located in the anterior chamber angle around the base of the cornea; responsible for
draining AH from the eye.
Transforming growth factor beta 2 (TGF-B2)
Secreted cytokine belonging to the TGF-B superfamily.
Visual field testing
or perimetry; directly measures the patient’s central and peripheral vision. A light spot is
repeatedly presented in different areas of the visual field and then the patient responds when
the light is perceived.
Vitreous
Transparent gelatinous substance filling the posterior space of the globe between the lens
and the retina.
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Trends Box

There is a clear need to identify objective molecular biomarker(s) to monitor
glaucomatous neurodegeneration due to the subjectivity of clinical biomicroscopy,
visual field testing, and current limitations of normative databases of other
imaging techniques such as optical coherence tomography (OCT).

Although it is now possible to analyze various targets in aqueous humor (AH)
from glaucoma patients with comprehensive multiplex protein arrays and mass
spectrometry, non-targeted exhaustive analyses tend to be associative, with low
specificity and sensitivity.

Growth differentiation factor 15 (GDF-15) in AH, which is elevated in mice and
rats following retinal ganglion cell injury and in primary open angle glaucoma
patients, might have the potential of being exploited as a molecular marker to
assess the severity of glaucomatous neurodegeneration.
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Figure 1.

Current methods of detecting/monitoring glaucomatous neurodegeneration: pros and cons.
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Figure 2. Biometric tools to assess the presence and severity of glaucoma in humans
(A-B) Cupping (excavation) of the optic nerve head (ONH) of the (A) normal and (B)

glaucomatous eye. Loss of retinal ganglion cells is associated with enlargement of the optic
cup. Solid circle represents the outline of the ONH, and dashed circle represents the contour
of the cup within the ONH. Note that the glaucomatous eye has a larger cup than the normal
eye. There is also a hemorrhage at the ONH rim (white arrow), which is another
characteristic of glaucoma. Average diameter of ONH is approximately 1.5 mm. (C-D)
Representative graphs of retinal nerve fiber layer (RNFL) thickness of the (C) normal and
(D) glaucomatous eye measured by optical coherence tomography (OCT) are shown. Note
that the inferior RNFFL of the glaucomatous eye is thinner (yellow arrow) than normative
database. S or SUP: superior. T or TMP: temporal. | or INF: inferior. N or NAS: nasal refer
to the thickness of the RNFL in selected quadrants. (E-F) Perimetry of the (E) normal and
(F) glaucomatous eye. Dark region in the normal visual field of the right eye indicates
“physiological” blind spot corresponding to the reflection of the optic nerve in the temporal
visual field. In contrast, perimetry of the glaucomatous eye demonstrates a superior arcuate
visual field defect corresponding to loss of RNFL in the inferior quadrant.
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Figure 3 (Key figure). Structure of the neurosensory retina and access to molecular biomarkers
of retinal ganglion cell health

The retina is composed of various types of neurons (red box inset); photoreceptors (rods and
cones) in the outer retina, intermediate neurons (bipolar, amacrine, and horizontal cells), and
ganglion cells in the inner retina. Axons of retinal ganglion cell (RGC) come together to
form the optic nerve that extends processes that synapse in the lateral geniculate nucleus,
ultimately sending axons to the occipital (visual) cortex of the brain. Retinal pigmented
epithelium (RPE), which is located external to the neurosensory retina, performs essential
specialized functions such as phagocytosis of photoreceptor outer segments and recycling
photopigments in the visual cycle.

Secreted proteins or soluble factors are released from RGCs into vitreous (1) and can diffuse
throughout the vitreous body (2). In addition, they can be detected in the aqueous humor
(AH) in the posterior chamber (3), and in the anterior chamber (4) of the eye. AH in anterior
chamber is collected by a micro-invasive procedure called paracentesis through the
peripheral cornea.
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