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Introduction

Glaucoma is a progressive degenerative optic neuropathy that results in visual field

defects and eventually blindness. More than 60.5 million people in the world are affected
by glaucoma and it is the leading cause of irreversible blindness in the world.! It is
characterized by death of retinal ganglion cells (RGCs) in the inner retina and loss of

their axons in the optic nerve. This leads to structural thinning of the retinal nerve

fiber layer (RNFL) and excavation of the optic cup that can be detected clinically by
ophthalmoscopy and imaging devices such as optical coherence tomography (OCT) and
laser scanning polarimetry.2 Functionally, RGC loss leads to visual field defects that often
start in the periphery and gradually encroach on central vision.3 However, atrophy of the
RNFL precedes visual field loss.* Up to 40% of the RNFL can be lost before visual field
defects can be detected by conventional perimetry.® Hence, detection of RGC damage is
critical for early identification and monitoring of disease and prevention of vision loss. In
recent years, promising approaches of imaging RGC death and dysfunction in vivo have
been developed. The detection of apoptotic retinal cells (DARC) technology can be used for
in vivo quantification of RGC apoptosis and has the potential of identifying patients with
glaucoma before irreversible vision loss.5 Another technique is TcapQ, a cell-penetrating
probe that has been validated in animal models in vivo to detect RGC apoptosis. In
addition, flavoprotein fluorescence (FPF) has been used to detect mitochondrial dysfunction
in glaucoma patients, while adaptive optics can be used to visualize individual RGCs in vivo
in humans. In this review, we discuss recent developments in these techniques and discuss
the implications for the diagnosis and management of glaucoma.

Mechanisms of RGC Death

RGC death in most cases of glaucoma happens in the context of elevated intraocular
pressure (I0OP), although it can also occur with normal IOP. Thus far, IOP is the only
modifiable risk factor in glaucoma, and reduction of IOP is associated with delayed
progression of the disease.1:7:8 The mechanisms of RGC death are not fully understood and
are likely multifactorial. These include deprivation of neurotrophic factors, mitochondrial
dysfunction, glial activation, excitotoxicity, failure of axonal transport and oxidative
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stress.910 Regardless of the mechanism of injury, RGCs are thought to ultimately die via
apoptosis.111

Apoptosis is programmed cell death that leads to self-destruction of a cell. It is characterized
by cell shrinkage, nuclear fragmentation, exposure of phosphatidylserine (PS) on the cell
surface, and loss of mitochondrial transmembrane potential. These biochemical features are
activated by caspases, a family of proteases responsible for killing the cell.12 Apoptotic

cells are subsequently engulfed by macrophages and microglia. DNA fragmentation pattern
characteristic of apoptosis has been found to be at increased levels in glaucoma patients
using the TUNEL [terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling]
assay.11

Mitochondrial metabolic dysfunction has been proposed as a marker that precedes
apoptosis. Mitochondrial dysfunction increases production of reactive oxygen species,
causing oxidative stress.13 Oxidative stress is thought to contribute to the pathogenesis of
many neurodegenerative diseases, including glaucoma. Oxidative stress can induce RGC
apoptosis from direct neurotoxicity, or indirectly by causing damage to glial cells.1 There is
evidence that mitochondrial dysfunction is present in some glaucoma patients. Studies have
shown that primary open-angle glaucoma (POAG) patients have more mitochondrial DNA
mutations and impaired complex-l-mediated ATP synthesis and respiration.1%16

Detecting RGC Apoptosis With DARC Technology

One of the early events in apoptosis is the translocation of PS from the inner leaflet to

the outer leaflet of the cell membrane. Exposed PS serves as a signal for macrophages

to engulf the apoptotic cell. Annexin V is a phospholipid-binding protein with a high
affinity for PS in the presence of calcium.1’ This property has been exploited for many
years in for detecting apoptotic cells using fluorescently labelled annexin in vitro.18:19 More
recently, Technetium-99m labelled annexin has been used in vivo to detect apoptosis in
many conditions such as myocardial infarction, breast cancer, lymphoma and ischemic brain
injury.20-23

DARC technology has been developed to noninvasively image apoptotic RGCs. It

utilizes fluorescently labelled annexin V, which binds to translocated PS in the outer

leaflet of the membrane of apoptotic RGCs. Individual RGCs undergoing apoptosis
(annexin V-positive cells) are then visualized using a wide-angle confocal laser scanning
ophthalmoscope.24 DARC has been used in experimental models to study the pathogenesis
of neurodegeneration in glaucoma. Prior work has shown that RGC apoptosis is correlated
with elevated 10P and changes in the extracellular matrix in the retina and optic nerve
head.2> Another study showed that amyloid-beta colocalizes with apoptotic RGCs and
induces RGC apoptosis in a dose-dependent and time-dependent manner, implicating that
targeting the amyloid-beta formation and aggregation pathway may reduce glaucomatous
RGC apoptosis.26 DARC has also been used to gage the neuroprotective effect of

existing and novel candidate drugs.2” For example, the alpha-2 adrenergic receptor agonists
brimonidine and clonidine have been shown to have neuroprotective effects via the amyloid-
beta and secreted amyloid precursor protein pathways that are independent of 10P.28 DARC
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has been used to evaluate candidate drugs that target glutamate excitotoxicity, and the
broad-spectrum NMDA receptor antagonist MK801 combined with group 11 metabotropic
glutamate receptor (mGIuR) agonist LY 354740 was the most effective in a study of the role
of glutamate modulation in glaucoma-related RGC apoptosis.2®

A recent proof-of-concept phase | clinical trial demonstrated that DARC can be used in vivo
in the human retina to visualize individual RGCs undergoing apoptosis.3 Eight progressing
glaucoma patients and 8 healthy subjects were randomized to receive varying doses of
intravenous fluorescently conjugated annexin V. DARC enabled individual apoptotic RGCs
to be visualized in the human retina (Fig. 1). The level of apoptosis (DARC count) was
significantly higher in glaucoma patients compared with controls, and was also significantly
greater in patients who later had increasing rates of progression. Fluorescently conjugated
annexin V was well tolerated and there were no serious adverse events in the study. The

dye was rapidly absorbed and had a short half-life (10 to 36 min). This study suggests

that DARC can be used to identify neurodegeneration in the retina. Moreover, DARC count
may be a surrogate marker of disease activity, predictive of increased rates of progression,
thus allowing for earlier treatment and prevention of vision loss. Compared with visual

field testing, it may provide more repeatable data as it does not depend on the patient’s
ability to comply with the test, and can detect early RGC loss that precedes visual field
changes. Compared with OCT imaging, it may enable an earlier diagnosis in patients with
mild glaucoma before detectable structural changes in the RNFL. It may also be helpful in
patients with advanced glaucoma with very thin RNFLs when it is increasingly difficult to
detect nerve fiber loss.

For this technology to be successful in clinical applications, it will be crucial to distinguish
between DARC counts of healthy and glaucomatous individuals, and within those with
glaucoma to distinguish between the different stages of disease. A phase Il clinical trial is
currently underway to study DARC in up to 120 patients, including those with glaucoma,
optic neuritis, age-related macular degeneration, Down syndrome (as a model for Alzheimer
disease), and healthy subjects. It seeks to define the range of DARC counts seen in healthy
subjects and those with different diseases.2# Future studies would also have to determine
the specificity of annexin binding to PS in human eyes. The phase | trial did not include

a scrambled annexin control. Hence, it is difficult to determine if the detected fluorescence
represents annexin binding to PS or nonspecific binding, especially as increased dosage of
annexin did not always correlate with increased DARC count.30

One fundamental criticism of annexin V imaging is that annexin binds to PS regardless
of whether the phospholipid is exposed on the external or internal cell leaflet. Cells that
undergo necrosis have defects in their cell membranes and can allow passage of large
molecules such as annexin, enabling annexin to bind to PS in the inner leaflet. Hence,
labelled annexin may not be able to distinguish between apoptosis and necrosis.3132 In
addition, exposure of PS to the cell surface can also be seen in infected and injured
cells, 33 and may be reversible in viable neurons under conditions of inflammation,34 and
therefore may not be unique to cells committed to the apoptotic cell death pathway. This
may confound the ability to track glaucomatous changes in eyes with other pathologies
besides glaucoma.
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Detecting RGC Apoptosis With TcapQ Technology

TcapQ uses a non—annexin-based technology to detect RGC apoptosis. It comprises

of a cell-penetrating Tat peptide and a fluorophore-quencher pair flanking an effector
caspase consensus sequence. Fluorescence is activated by caspase 3 and 7 in apoptotic
cells.35 Conjugation to a cell-penetrating peptide enables rapid intracellular translocation
of the probe via endocytosis, and enables selective uptake by RGCs following intravitreal
injection.38 Subsequently, TcapQ was validated in an ex vivo model of NMDA-induced
RGC degeneration with confirmation by TUNEL staining.3” More recently, using real-
time imaging of a live rat NMDA-induced RGC degeneration model with a confocal
scanning laser ophthalmoscope, the kinetics of probe activation, signal-to-noise ratios, and
probe safety profiles were characterized in vivo. Fluorescence fundus imaging showed
activation of TcapQ in single cells undergoing RGC apoptosis (Fig. 2), and the density of
fluorescent RGCs increased with rising NMDA concentrations. The peak activation of probe
was 12 hours after intravitreal injection. Electroretinography (ERG) performed following
intravitreal injections of TcapQ showed no significant probe-related toxicity.38

An advantage of an activatable peptide probe is that fluorescence signal should only occur
after uptake and cleavage by the specific target enzyme. However, when probe dose was
high, there was some activation of the probe in the absence of NMDA. The cause is not
entirely clear, and was hypothesized to be due to nonspecific dequenching of fluorescence
not related to probe activation, or probe toxicity causing RGC apoptosis.38 Nonetheless,

it was reassuring that no probe toxicity was detected via ERG. Another advantage of
cell-penetrating probes is that they may be used to deliver other molecular imaging probes
to RGCs, and may be modified to target specific retinal cell types, or be activated by other
proteinases and kinases. As TcapQ moves towards further preclinical validation and use in
glaucoma, it will be helpful to utilize a model of RGC degeneration resulting from elevated
IOP that more closely resembles glaucoma.

One drawback to these cellular labeling techniques, including DARC and TcapQ, is that
the specificity of these probes for RGCs is not well characterized. TcapQ has been shown
to have preferential uptake in RGCs after intravitreal injection in rats. However, a subset
of inner nuclear layer cells was also labeled.38 If other retinal cells are labeled as well,
these techniques can overestimate the amount of RGC apoptosis. These approaches also
capture the number of cells undergoing apoptosis at a certain timepoint but do not track the
RGCs that have already been lost or those that remain healthy. Hence, it may be difficult
to track disease progression. The duration of RGC apoptosis measured by annexin labeling
has been estimated to last around 1 to 2 hours, and the short duration of fluorescence signal
may lead to variability in imaging results.3° As clinical trials move forward with these
techniques, it would be important to show that pattern of RGC apoptosis follows the same
pattern of axonal loss as previously demonstrated in glaucoma, as optic disc cupping with
corresponding arcuate visual field loss is a hallmark of glaucoma.
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Detecting Mitochondrial Dysfunction via FPF

Reactive oxygen species production as a result of mitochondrial dysfunction leads to
oxidation of mitochondrial flavoproteins, which increases their blue light-stimulated
fluorescence.*041 This property renders FPF a potential biomarker for mitochondrial
dysfunction. Patients with ophthalmic diseases such as idiopathic intracranial hypertension,
diabetic retinopathy, and age-related macular degeneration have increased FPF over
controls.#2-44 In cellular and animal models of glaucoma, increased IOP has also been
shown to cause mitochondrial dysfunction.>:46

A recent study sought to investigate if retinal FPF could be a biomarker for early RGC injury
in glaucoma by measuring retinal FPF in ocular hypertension (OHT) and primary POAG
subjects.#” Eyes were imaged on a custom fundus camera modified to measure full retinal
thickness fluorescence at a wavelength optimized to detect FPF. Macular FPF and the ratio
of macular FPF to ganglion cell layer and inner plexiform layer (RGC+) thickness on OCT
were measured. The RGC+ thickness was used as a surrogate to for the total number of
mitochondria, and the ratio of macular FPF to RGC+ thickness adjusted FPF to account for
ganglion cell layer thinning that occurred with progression of glaucoma. The study found
increased macular FPF and macular FPF to RGC+ thickness ratio in OHT compared with
control eyes. This suggests that mitochondrial dysfunction at the macula precedes structural
or functional damage in glaucoma. However, in POAG eyes, FPF was not significantly
increased over control eyes, possibly because of RGC atrophy and decrease in the total pool
of contributing mitochondria. Nonetheless, the FPF to RGC+ thickness ratio was increased,
again implicating mitochondrial dysfunction and oxidative stress in POAG. There was also
a significant correlation between and age and FPF in POAG, suggesting that metabolic
dysfunction may contribute to increased risk of developing POAG with age.*’

This study was performed with a small cohort of patients (36 control eyes, 16 OHT

eyes and 40 POAG eyes), and these results will have to be validated in larger studies.
Nonetheless, FPF shows promise in early detection of glaucomatous injury before structural
and functional changes. Future developments of the technology may allow correlation
between areas of increased FPF and regions of RNFL loss and visual field deficits. Further
analysis of POAG FPF patterns may also reveal distinct patterns of FPF that may predict risk
of progression, and may clarify if FPF can be a useful predictive tool the management of
glaucoma.

In Vivo Imaging of Individual RGCs With Adaptive Optics

The development of OCT 2 decades ago revolutionized how glaucoma is diagnosed by
enabling the measurement of RNFL thickness. The recent incorporation of adaptive optics
to OCT creates the possibility of performing noninvasive in vivo high-resolution cellular
imaging of RGCs in humans. Adaptive optics, first invented for astronomical imaging*®
and recently used for high-resolution microscopic imaging through deep, turbid biological
tissues, is an optical technique that corrects for wavefront aberrations introduced by

the scattering of the imaging medium. It could be performed at the hardware level using
the Shack-Hartmann wavefront sensor and a digital deformable micromirror array in real-

Int Ophthalmol Clin. Author manuscript; available in PMC 2024 January 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liu and Margeta

Page 6

time, %0 or at the computational level where the wavefront aberration sensing and correction
are conducted offline.>1 Cone photoreceptor cells have been imaged via their intrinsic
reflectance using adaptive optics confocal scanning laser ophthalmoscope (AO-SLO), but
RGCs have proven more challenging to image due to their near transparency.>?

Recently, adaptive optics have been combined with ophthalmic OCT imaging, allowing for
in vivo imaging of human photoreceptors®1:53:54 and RGCs%56 with increased resolution.
Advances in real-time eye-motion tracking enable correction of motion artifacts (eg,
heartbeat, breathing) and involuntary eye movements (eg, saccades, micro-tremors). Using
coherent averaging techniques to suppress the common speckle noise that plague OCT
images, high-resolution static images of individual RGC somas (field of view: 1.5x1.5
degrees; transverse resolution: 2.4 um) were obtained in healthy human subjects (Fig. 3).
Individual nerve fiber bundles of human subjects can also be observed in vivo.>” Adaptive
optics combined with OCT imaging technique may enable longitudinal monitoring of the
shrinkage, dropouts and remodeling of diseased RGCs at the cellular level as glaucoma
progresses. It may also lead to improved visualization of the RNFL, allowing for detection
of subtle changes. A recent study showed that AO-SLO can reveal structural defects in the
RNFL that cannot be detected with OCT alone.58

Currently, these novel approaches of RGC imaging with cellular resolution using adaptive
optics have a limited field of view as a trade-off. The hardware is also complex, requiring
expensive cameras with high frame rates and well-aligned adaptive optics modules.
Laborious segmentation and registration with heavy computational reconstruction are
required to restore the optical phase stability compromised by the drifts and fluctuations
during imaging. Other technical challenges include long-term phase stability, speckle noises,
multiple scattering artifacts, trade-offs between high-speed imaging and signal-to-noise
ratio, and management of large data volumes. These need to be addressed before this
technique can be adapted for clinical use.

Future Directions in Monitoring RGC Function and Viability

An ideal method for imaging and labelling RGCs would be minimally invasive, have single
cell resolution, be able to detect changes in cell function, and be stable enough to allow

for longitudinal monitoring. Functional imaging of RGCs using genetically encoded labels
has been trialed in animals, and has the potential for monitoring of RGC function over

time. Genetically coded calcium indicators implemented with adaptive optics have been used
for in vivo imaging of foveal RGCs in macaques. The light responses of RGCs can be
imaged repeatedly, allowing for long-term monitoring of RGC function.%® Recently, adeno-
associated viral (AAV) vectors have been used to deliver fluorescent probes into RGCs via
intravitreal injection in mice.% Fluorescence was detected in vivo via confocal scanning
laser ophthalmoscope imaging. Reassuringly, there were no structural or functional changes
to the retina detected by OCT imaging and ERG after AAV injection. One advantage of this
technique is the high specificity of the AAV vectors to RGCs. Future work would have to
elucidate if AAVs can transduce human RGCs with specificity and reliability, and whether
there are adverse effects of viral transduction. Such gene-based labelling strategies allow for
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longitudinal monitoring of both quantity and function of RGCs in vivo, offering the potential
of tracking disease progression in glaucoma.

There have been attempts to harness the changes in the physical properties of neurons as

an endogenous contrast agent for monitoring neuronal activity.51-63 Although ophthalmic
OCT has micron-scale axial resolution, motion-compensated phase-sensitive OCT enables
the time-resolved detection of an increase of the optical path length (in the order of tens of
nanometers) in the RGC layers during patterned photostimulation.64.65 The origin of the size
increase is still under debate, and is potentially due to osmotic swelling or increased cell
membrane tension during neuronal depolarization.®5:6¢ Future studies will have to determine
how RGC injury in glaucoma and other pathologies alters its electrical activity and physical
response to photostimulation.

Finally, intracellular matility is a promising endogenous contrast agent that may reflect

the cellular viability of RGCs. On the microscopic scale, intracellular organelles including
the mitochondria are not quiet, but are constantly undergoing Brownian motion.5” The
amplitude of Brownian motion could be related to their metabolic activity and hence
cellular viability. Using techniques including dynamic full-field OCT88 and dynamic light
scattering OCT,? intracellular organelle motility can be detected as information-carrying
fluctuations imprinted in the backscattering optical signals. If the fluctuations are correlated
with mitochondrial activity, one may expect a reduction in the dynamic OCT signal during
mitochondrial dysfunction. Indeed, in 2 recent ex vivo studies of retinal explants of mice
and macaques, healthy and stressed RGCs may be distinguished based on the diffusion
constants or signal decorrelation time of intracellular organelles extracted by dynamic light
scattering OCT.”%71 Currently, it is unclear whether the current state-of-the-art OCT engine
has sufficient phase stability to utilize the cellular motility contrast for detecting RGC
dysfunction in vivo.

The current commonly used strategies for diagnosing and monitoring glaucoma include
visual field testing, examination of the optic disc, and imaging of the optic nerve and

RNFL by OCT. These techniques assess RGC loss and cannot identify early RGC injury
before irreversible death occurs. Hence, there is a need for novel techniques to detect and
monitor the course of RGC injury over time in glaucoma and to assess the response to
therapy. Herein we have discussed the use of molecular probes that detect apoptosis, FAF,
adaptive optics and functional imaging to image individual RGCs in glaucoma. Although
these innovative techniques still require extensive testing and validation before clinical use
in humans, they represent an exciting opportunity to identify RGC dysfunction and death
early on in the course of the disease, and to initiate appropriate treatment before irreversible
damage takes place. Furthermore, we expect that techniques shown to be useful for imaging
RGC injury may have applications for the diagnosis and management of other ophthalmic
diseases such as age-related macular degeneration and other degenerative conditions of the
retina, as well as neurodegenerative diseases such as Alzheimer disease.
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Figure 1.
Detection of apoptotic retinal cells counts in a glaucoma patient showing single cell

apoptosis in the retina. 0.4 mg of fluorescently conjugated annexin V was injected
intravenously and retinal images were obtained at 240 minutes. Unmarked (A) and marked
(B) annexin-positive spots are shown with yellow rings highlighting individual spots.
Adapted from Cordeiro et al.30 Adaptations are themselves works protected by copyright.
So in order to publish this adaptation, authorization must be obtained both from the owner
of the copyright in the original work and from the owner of copyright in the translation or
adaptation.
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Figure 2.
TcapQ activation in vivo. In vivo images were taken in a rat eye pretreated with 12.5 mM

NMDA immediately before (A) and at 4 hours (B), 12 hours (C), 25 hours (D), 48 hours
(E), and 72 hours (F) postintravitreal injection of 0.313 nmol TcapQ488. Evidence of initial
probe activation was noted at 4 hours after TcapQ488 injection (B). Scale bar, 200 um in all
images. Reproduced from Qiu et al.38
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Figure 3.
Ganglion cell layer (GCL) somas viewed with averaging registered adaptive optics optical

coherence tomography images. Magnified view of the same small patch of retina is shown
with different amounts of averaging (n = 1, 30, and 137 images). Images are from 12 to 13.5
degrees temporal to the fovea in subject S3. Plot shows the contrast-to-noise ratio (CNR) of
120 individual GCL somas computed as a function of images averaged. Error bars denote

+ 1 SD. CNR increase follows the square root of the number of images (dashed curve).
Reproduced from Liu et al.5®
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