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Abstract: Glaucoma and other optic neuropathies are characterized by axonal transport deficits.
Axonal cargo travels back and forth between the soma and the axon terminus, a mechanism ensuring
homeostasis and the viability of a neuron. An example of vital molecules in the axonal cargo are
neurotrophic factors (NTFs). Hindered retrograde transport can cause a scarcity of those factors
in the retina, which in turn can tilt the fate of retinal ganglion cells (RGCs) towards apoptosis.
This postulation is one of the most widely recognized theories to explain RGC death in the disease
progression of glaucoma and is known as the NTF deprivation theory. For several decades, research
has been focused on the use of NTFs as a novel neuroprotective glaucoma treatment. Until now, results
in animal models have been promising, but translation to the clinic has been highly disappointing.
Are we lacking important knowledge to lever NTF therapies towards the therapeutic armamentarium?
Or did we get the wrong end of the stick regarding the NTF deprivation theory? In this review,
we will tackle the existing evidence and caveats advocating for and against the target-derived NTF
deprivation theory in glaucoma, whilst digging into associated therapy efforts.

Keywords: retinal ganglion cells (RGCs); neurotrophic factors (NTFs); glaucoma; neuroprotection;
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1. Introduction

A common theme in the nervous system is the two-way axonal stream between neurons and their
target areas. To ensure the homeostasis and viability of the innervating neuron, essential molecules
are transported along this axonal highway from the cell soma to the axon terminus—i.e., anterograde
transport—and the other way around—i.e., retrograde transport. Retinal ganglion cells (RGCs),
positioned in the inner retina, form no exception to this. Their axons collectively bundle into the
optic nerve, which guides visual information towards target brain centers. As such, the optic nerve
shapes the vital connection between the eye and the brain. Consequences of a disruption or any other
damage to this linkage—as witnessed in optic neuropathies—cannot be underestimated. The most
common optic neuropathy is glaucoma, in which progressive degeneration of RGCs and their axons
gradually culminates into irreversible blindness [1]. Despite the extensive research performed to
unravel the pathogenesis of glaucoma, the initial event that triggers the start of RGC degeneration
is yet unknown [2]. Nowadays, glaucoma is viewed as a complex multifactorial disease, referring
to the multitude of possible underlying pathological mechanisms. The identity, sequence, as well
as the interplay between various contributing factors is still highly debated [3,4]. One piece of the
glaucoma puzzle is the theory around target-derived deprivation of neurotrophic factors (NTFs) [3,5–8].
This theory arose in the glaucoma research field from the observation that failure of axonal transport
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is an early hallmark, presumably proceeding cell soma degeneration [9,10]. Hindered retrograde
transport might cause a deficiency of crucial, target-derived survival factors at the cell soma [11].
One class of such important factors traveling retrogradely alongside the axonal highway are NTFs.
These diffusible peptides regulate neuronal survival in the developing, adult and injured/diseased
nervous system [12]. Regardless of the instigating mechanism of axonal transport malfunction—e.g.,
physical compression, reduced blood supply, and energy deficiency, etc.—the NTF deprivation theory
states that the scarcity of those vital target-derived NTFs triggers RGC death (Figure 1) [3,5–9,13].

Figure 1. The neurotrophic factor (NTF) deprivation theory in the adult visual system. (A) Under
physiological conditions, NTFs are secreted by cells in target brain centers and retrogradely transported
alongside the optic nerve towards the retinal ganglion cells (RGCs). (B) In situations where axonal
transport is perturbed—as witnessed in glaucoma and other optic neuropathies—RGCs are deprived
from target-derived NTFs. According to the NTF deprivation theory, this scarcity is the final push that
forces the struggling RGCs to surrender to the injury stressors and undergo apoptosis.

The NTF deprivation theory is not confined to glaucoma and might also apply to other
optic neuropathies—e.g., optic neuritis and Leber hereditary optic neuropathy—and even to other
neurodegenerative diseases in which axonal transport and retinal function is compromised—e.g.,
Parkinson’s and Alzheimer’s diseases [14]. The broad variety of diseases in which NTF deprivation
might be involved denotes that it is highly unlikely that NTF deprivation is the initial trigger causing
neuronal degeneration. Nowadays, NTFs are reckoned as generic mediators of neuronal survival in
the naive, aging and injured/diseased nervous system. When experiencing stress, the destiny of a
neuron balances between survival and apoptosis. NTFs represent a counterbalance towards neuronal
survival as they are known to increase the stress resistance of a neuron. Absence of this vital NTF
support will send the neurons unarmed to the battle field and almost destine them to surrender.
Of note, NTFs function independently of the kind of stress that makes the neuron prone to die. As such,
NTF supplementation has been glorified as a potential treatment for various neurodegenerative
diseases—such as age-related macular degeneration, amyotrophic lateral sclerosis, Parkinson’s disease,
Alzheimer’s disease, etc. [15,16]. In glaucoma, NTF supplementation showed auspicious results in
animal models, yet clinical translation keeps failing as NTF therapy shows minimal or no effects in
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patients. In order to lever NTF therapies towards the therapeutic armamentarium, we might need to
reevaluate the target-derived NTF deprivation theory.

2. Which NTFs and Signaling Pathways Are Involved?

Although there is often a mixed usage of the terms “neurotrophic factors” and “neurotrophins”,
they are not interchangeable. NTFs is a collective name for all secreted neuron-supporting peptides,
which can be broadly classified into four superfamilies: the neurotrophin, neurokine/neuropoetin,
transforming growth factor β (TGF-β) and non-neuronal factor superfamilies [17,18]. Amongst all,
the neurotrophins are appointed as the most potent survival agents in the central nervous system,
and thus received the most attention in glaucoma research. The classical neurotrophin family consists
out of four well-defined members: nerve growth factor (NGF), brain-derived neurotrophic factor
(BDNF), neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5). In contrast to mammals, two additional
neurotrophins have been identified in fish: neurotrophin-6 (NT-6) and neurotrophin-7 (NT-7) [19,20].
NT-6 and -7 are most closely related to NGF, but mammalian orthologs have not been found [21].
Besides these neurotrophins, ciliary nerve trophic factor (CNTF) and glial cell-derived neurotrophic
factor (GDNF) are often cited as potent neuroprotective agents in glaucoma. They belong to the
neurokine/neuropoetin and TGF-β superfamily respectively. Although NTF deprivation is not
considered as the primary cause of glaucoma, evidence for a linkage between NTFs and two of
the most prevalent glaucoma risk genes—myocilin and optineurin—has been found. For example,
NGF treatment increased the endogenous levels of both genes in PC12 cells [22] and a deficiency of
optineurin was shown to reduce the secretion of NT-3 and CNTF in vitro [23]. On the other hand,
genome-wide association studies show a correlation between mutations in some NTF genes—NT-4 and
BDNF—and the occurrence of glaucoma [24–26]. However, NTF mutations alone are almost certainly
insufficient to trigger the onset of glaucomatous damage, as multiple studies have shown that these
genetic mutations are very heterogenous and clearly vary with different ethnicities [27,28].

Literature screening revealed a striking dispersion of studies investigating NTFs in the naive and
injured visual system and clearly denotes a lack of comprehensive studies. Moreover, researchers
seem to be wearing blinders when studying NTFs as they mostly focus on the abovementioned
NTFs, of which the survival promoting functions are already validated in the (visual) nervous system.
Nevertheless, other NTFs or molecules not yet appointed to the NTF family could potentially be as
powerful or even more promising neuroprotectants. Up till now, an unbiased screening to reveal the
complete spectrum of retrogradely transported NTFs in the optic tract is missing and as such, the exact
identity of each NTF in the vital cocktail for RGC survival remains elusive.

NTFs exert their function by binding to cell surface receptors and consequently triggering various
intracellular signaling pathways involved in neuronal survival [29,30]. The best studied NTF pathways
include the mitogen-activated protein kinase/extracellular-signal-regulated kinase (MAPK/ERK),
phospholipase C-γ (PLC-γ), phosphoinositol-3 kinase/protein kinase B (PI3K/AKT), Janus kinase/signal
transducers and activators of transcription (JAK/STAT) and nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-κB) pathways [31]. On the other hand, NTFs are also associated with the
activation of the pro-apoptotic c-Jun N-terminal kinase (JNK) cascade [30,32–36]. This labyrinth
of divers signaling pathways and distinct biological outcomes, already hints at the complexity of
NTF functioning. Many variations exist along each step of the NTF action mechanism, as multiple
NTFs, receptors, associated signaling molecules, downstream targets, variants of signaling pathways,
etc. are involved, which most probably intersect and crosstalk to influence the specific biological
outcome. Although they were first identified as proteins affecting cell fate, NTFs are now known to
be involved in a broad variety of other cellular responses like proliferation, differentiation, neurite
outgrowth/remodeling, cytoskeleton remodeling, membrane vesicle transport, synaptic functions,
etc. [37]. It is therefore highly likely that the biological outcome will hinge on the specific cell type
and settings. This notion is of particular importance since the existence and functioning of NTFs
is not limited to the visual system but observed throughout the entire nervous system. Moreover,
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the vast majority of our current knowledge regarding NTF signaling is derived from in vitro studies,
which often exclude the specific microenvironment of a certain tissue. Commonly used cultured
cells in NTF research are PC12 cells, which come with the major drawback of having a limited NTF
receptor expression [20,37]. Hence, only the signaling pathways of a small number of NTFs can
be interrogated. Most of these studies have been focusing on NGF, the first identified and best
characterized NTF. Unfortunately, extrapolating NGF signaling pathways to other neurotrophins or
NTFs is not straightforward. For example, although NGF and NT-3 bind the same receptor, they do
mediate a divers output [38]. While it is recognized that each NTF most probably induces a (slightly)
different set of downstream actuators, the complete cobweb of molecular players for every particular
NTF is not yet uncovered and might even differ in distinct tissues. Nevertheless, signaling pathways
previously linked to NTF actions in PC12 cells have often been shown to be up- or downregulated
in animal glaucoma models, as reviewed by Levkovitch-Verbin [31]. An important note is that the
vast majority of these reports select one or more downstream actuators of a specific signaling pathway
and examine their phosphorylation state in a glaucoma setting via Western blot. Hence, the exact
identity and in vivo mechanism of action of NTFs in the visual system is not completely resolved.
We believe that all of the abovementioned gaps in the current NTF knowledge are striking and need to
be addressed prior to continuing the search towards therapeutic applications for NTFs.

3. NTFs in the Developing and Adult Nervous System

Before digging into the current knowledge upholding the NTF deprivation theory, we first wish to
tackle the assumption that target-derived NTFs exert a similar role in the survival of adult neurons as in
developing neurons. During development, an overproduction of neurons ensures fine-tuning of proper
target innervation: neurons that fail to adequately connect to their target—and NTF source—area,
undergo programmed cell death [29,39–44]. Experimental results document conclusively that this is
governed by the competition for limited quantities of target-derived NTFs. Hence, the acquired level
of target-derived NTFs tilts the fate of the neuron towards survival or death [30]. Of note, cell death
regulation during development by means of NTF competition is referred to as the “neurotrophic
theory”, not to be confused with the NTF deprivation theory reviewed here [29,45,46]. Retinal axons
projects to more than 50 target areas, of which the dorsal lateral geniculate nucleus (dLGN) and the
superior colliculus (SC)—or its nonmammalian homolog, the optic tectum—are the most prominent,
depending on the species [47,48].

Target-derived NTFs clearly play a key role in the survival of developing neurons and cited
evidence for the NTF deprivation theory in the adult injured nervous system often builds on these
observations. However, the dependency of NTF support for neuronal survival can differ over the
course of the lifetime of a neuron. After proper target innervation, the necessary NTF support for
neuronal survival might shift from a target-derived to a local mode of action [49]. This hypothesis is
supported by discordant observations after lesion or removal of the major RGC target structure in
neonatal and adult animals. Ablation of the SC or dLGN in neonatal rodents caused an acute and
substantial loss of RGCs [50–52]. Per contra, after SC ablation in adult rodents, significant RGC loss was
not observed [53] and destruction of the dLGN in adult cats only caused RGC death several months
later [54]. This postponed RGC death indeed points out a reduced dependency of RGCs on functional
target areas. It should however be noted that mature RGCs can project to multiple target areas [55]
and lesion/ablation of a sole target structure does not imply full deprivation of target-derived support.
An interesting finding is that target ablation or axonal transport blockage—either by lidocaine or by
optic nerve injury (ONI)—in adult rodents does result in a rapid reduction of RGC functionality [53,56].
Of note, this finding is often overlooked in current NTF studies. The majority of them report RGC
survival, but neglect RGC functionality, whilst being highly important for future clinical approaches.
To conclude, functioning of mature RGCs probably continuous to depend on intact target areas and/or
retrograde axonal transport, albeit to another degree as compared to neonatal RGCs. When drawing a
conclusion about NTF support, one should always disconnect studies that examine the developing and
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mature nervous system as target-derived NTF dependency might differ in both settings. The following
sections will primarily focus on studies in the adult nervous system, unless indicated otherwise.

4. Which Tangible Evidence Corroborates the NTF Deprivation Theory in Glaucoma?

4.1. Axonal Transport Deficits in Glaucoma

It has been shown that purposefully blocking axonal transport by ONI or lidocaine application
rapidly leads to a decline in RGC functionality and eventually culminates into cell death [57].
Even in animal glaucoma models without direct interference with axonal transport—such as the
experimental laser photocoagulation or vein cauterization model—deficits in axonal transport were
reported. This phenomenon was mainly studied by applying neurotracers like FluoroGold to
target centers in the brain and assessing the retrograde labeling of RGCs [58–64] or by exploring
axonal cytoskeletal/organelles abnormalities—such as the accumulation of dynein motor proteins,
mitochondria and microvesicles [65,66]. Axonal transport deficits have also been documented in the
DBA/2J mouse, which spontaneously develops glaucoma with age [67,68]. Likewise, post mortem
studies of eyes of human glaucoma patients revealed axonal abnormalities [9] and local disruption of
axonal transport [69]. Besides retrograde failure, also anterograde transport is affected in glaucoma
models [61,62,70–73]. At first sight, this might seem irrelevant for the NTF factor deprivation theory,
but one should bear in mind that NTF receptors are assembled in the RGC soma and need to be
anterogradely transported towards the axon termini to ensure continued responses to target-derived
NTFs [74,75]. As such, both failure of anterograde and retrograde transport espouses the NTF
deprivation theory. Of note, hindrance of axonal transport is assumed to precede RGC death [63,64,76].
The latter is an important notice since it proves that axonal transport discrepancies are not a result
of RGC death, but rather contribute to it by inducing and/or amplifying cell death in glaucomatous
settings. Hence, well-functioning axonal transport seems to be a prerequisite for RGC functionality
and survival.

4.2. NTF Transport along the Optic Nerve

The next question that arises is: what proof do we have that NTFs are transported along the optic
nerve? First of all, the aforementioned NTFs—BDNF, NGF, NT-3, NT-4/5, CNTF and GDNF—are
detected in adult RGCs, which have also been shown to express the respective NTF receptors [3,77–83].
Moreover, both target neurons and astrocytes have been shown to synthesize and secrete a variety of
NTFs, such as BDNF in the SC and dLGN [72,84–89]. A logical corollary was the implementation of
tracing experiments. Indeed, application of radiolabeled BDNF to the SC revealed retrograde transport
of the labeled NTF towards the RGC soma, whereas this transport was substantially diminished
in rodent and dog glaucoma models [90,91]. It should be mentioned that these radioautography
experiments demonstrate transport failure by observing accumulation of the radiolabeled BDNF at the
optic nerve head, as compared to anterior (retina) and posterior (axon) sites. Therefore, these studies
did not really corroborate axonal transport disruption, but rather NTF trapping at the optic nerve
head. Yan et al. [92] injected radiolabeled GDNF into a target brain area and observed significantly
accumulated labeling in the retina contralateral to the target injection side. Moreover, by co-injecting
a surplus of unlabeled GDNF, a threefold decrease in detected retinal radiolabeling was observed.
This finding hints that the transport of GDNF is receptor mediated [92]. In another interesting study,
Takihara and colleagues [93] administered fluorescently tagged BDNF to cultured rat RGCs and were
able to follow axonal transport via live-cell imaging. The labeled BDNF was shown to move along the
axon in an anterograde and retrograde direction, hence unveiling that RGCs are able to transport at
least one NTF. When applying colchicine, a drug causing microtubule disruption, movement of the
labeled BDNF was significantly inhibited. This finding documents the involvement of microtubules
in axonal transport of BDNF. An important notice of this study is that RGCs were harvested from
three-day old rat pups and live-cell imaging was performed at P16, which is still a developmental
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stage in rats [93]. In short, retrograde transport of at least two exogenously supplied NTFs—BDNF
and GDNF—was shown in naive settings and found to be obstructed in animal glaucoma models.
The transport is most likely receptor-mediated and involves microtubule transport. Of note, although
these experiments illustrate that NTFs can make it to the retina, they fail to prove that endogenous
NTFs really do travel from the brain towards the retina. As such, cold hard evidence ascertaining that
retrograde transport is a prominent route for NTFs in the retina is still missing.

4.3. NTF Deprivation in the Glaucomatous Retina

If NTF deprivation is indeed prompting RGCs into apoptosis, one can expect a decreased level
of NTFs in the eye after glaucomatous injury. Indeed, decreased BDNF levels were observed in
aqueous humor, blood serum and tears of human patients [94–96]. Nevertheless, studies on NTF
levels in the eyes of glaucomatous animals are contradictory; some indeed show a reduced presence,
others report no alteration or even an enhanced expression. A brief overview is given in a review by
Pietrucha-Dutczak et al. [97]. Importantly, comparing these studies in a straightforward way is rather
difficult as they make use of different glaucoma models, species, quantification techniques, timing and
regions of interest. This region of interest—e.g., the target area, the optic nerve head, the RGCs (layer)
or the whole retina—is of great importance since unique RGC responses could be diluted by injury
responses from other retinal cells. Indeed, in addition to target-derived supply, NTFs can be provided
via local production in an autocrine—i.e., originating from RGCs—or paracrine way —i.e., originating
from other retinal cells than RGCs, like Müller and amacrine cells [8,98–104]. Hence, the upregulation
of local support can temporarily mask and possibly reverse a target-derived NTF depletion.

5. NTFs as Neuroprotective Therapy in Glaucoma: What Information Are We Missing?

The NTF deprivation theory in glaucoma has emerged from the general concept that neurons
depend on their target structure for proper functioning and survival. It accredits an important role to
diminished levels of NTFs in the retina when RGCs are dying after axonal transport deficits. From this
perspective, the NTF deprivation theory pinpoints a specific shortage of retrogradely transported
target-derived NTFs and not a general lack of trophic support. However, NTF deprivation might also
occur locally, since retinal glial cells are known to undergo morphological and functional changes
in response to injury, which might alter their NTF production and secretion, contributing to a local
deprivation of trophic support [105–108]. Note that this clearly pinpoints the need for in vivo studies
regarding the NTF mechanism of action, since in vitro studies often rule out the contribution of other
(retinal) cells. Additionally, decreased levels of BDNF are also observed in patients with age-related
macular degeneration, an eye disease that is not characterized by axonal transport deficits [109].
This again reinforces the statement that alterations in local NTF supply and/or function may be an
additional contributing factor in the progression of glaucoma and should not be overlooked. Of note,
researchers have not yet been able to distinguish local and target-derived NTFs in the retina. As such,
one of the major unsolved questions in the NTF deprivation theory is: is the observed decrease in
retinal NTF levels due to a diminished supply of target-derived or local NTFs, or both?

An evident corollary of the observed NTF deprivation and the accompanying theory was exploring
the neuroprotective potential of local delivery of NTFs. In the past decades, a myriad of studies was
dedicated to scrutinizing this potential therapy. NTFs were supplemented via numerous ways such
as intraocular injection, topical administration, gene therapy, stem cell transplantation, transgenic
recombinase strategies, etc. These studies repeatedly demonstrated an enhanced RGC survival in
different animal models of glaucoma. Hence, these experiments support the idea that RGCs indeed
suffer from NTF deprivation and that locally supplementing NTFs aids them in their struggle for
survival. Direct supplementation of NTFs to glaucomatous RGCs undeniably has an enormous
neuroprotective potential yet this therapy is still in its infancy. This might be due to the hiatuses in
our fundamental knowledge of NTFs in the adult visual system [110], as depicted in Figure 2. In the
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following Sections, we will discuss the major shortcomings of present-day NTF therapy efforts and
reflect on associated knowledge gaps in the basic understanding of NTFs.

Figure 2. Gaps in the fundamental knowledge of neurotrophic factors (NTFs) in the adult visual
system. (A,B) Many fundamental questions regarding the NTF cocktail essential for retinal ganglion
cell (RGC) survival remain unanswered. Precisely which NTFs are involved? Is the interplay between
two or more NTFs a bare necessity? If so, what is the ideal ratio of each NTF in the cocktail? Do vital
NTFs originate from local sources or from target areas, or both; and from which specific cell type—i.e.,
neurons and/or glial cells? (C,D) Also on cellular level, a number of research questions are yet to be
unraveled regarding the NTF mechanism of action. How do NTFs function upon receptor binding?
What is the complete array of involved signaling molecules and pathways? (A,C versus B,D) All of the
abovementioned parameters might differ depending on the site of NTF presentation: at the cell soma
(C) or at the presynaptic terminals (B,D). For example, recruitment of downstream signaling molecules
varies upon the location where the signaling machinery is switched on: the cell soma for retinal NTFs
(C) versus the distal axon for target-derived NTFs (D).

5.1. First Shortcoming of NTF Therapy Efforts: The Transient Effect

A common finding in all NTF supplementation studies is the temporary effect. Local NTF
supplementation seems to delay rather than prevent the onset of RGC degeneration, and thus
falls short in promoting sustained survival. Efforts to prolong the effect—by repeated injections
or by sustained delivery mechanisms—have failed, possibly due to receptor downregulation
(desensitization) [86,111–116]. Indeed, the expression of NTF receptors is altered by glaucomatous
injury, thus complicating exogenous supplementation of NTFs as glaucoma therapy. To circumvent
this problem, present studies are investigating the possibility to implement both BDNF and its
corresponding receptor in gene therapy constructs and initial results look promising [117,118]. Another
way to bypass fluctuating receptor availability is to directly influence a downstream actuator in the
signaling pathway of the NTF [119,120]. A handful of studies report striking RGC neuroprotection
in rat models of glaucoma with viral vector delivery of a pro-survival pathway activator—e.g.,
MEK1, Bcl-XL and BAG1 [121–123]—or a pro-apoptosis pathway inhibitor—e.g., BIRC4, p35 and
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CPP32-like caspase inhibitor [124–126]. However, these reports again document a temporary effect,
which might arise from targeting only one specific signaling pathway. Neuroprotection does not only
entail avoiding the process of apoptosis, it should also secure the recovery of the neuron towards
homeostasis [127]. The pleiotropic effects and the resulting broad spectrum of functions might exactly
be the power of NTFs, although at the same time also the limitation in clinical applications due to
undesirable side effects [119,120]. Hence, researchers are exploring (ant)agonists that selectively mimic
a specific outcome of NTFs, without any side effects of prolonged or excessive NTF delivery [79,119].
For example, neurotrophins can bind two distinct types of receptors: the tropomyosin related kinase
(Trk) and the p75 neurotrophin (p75NTR) receptors. Although highly simplified, one can say that Trk
receptor binding is neuroprotective, whereas p75NTR receptor binding can be both neuroprotective
and neurodestructive [128]. As such, several studies have focused on selective Trk receptor agonists,
which mimic the function of NTFs without binding to the p75NTR receptor. Examples of such agonists
are 7,8-DHF, 1D7 and NGF-C [129–131]. 7,8-DHF showed neuroprotective effects in a primary rat
RGC culture after excitotoxic and oxidative stress [131], whereas 1D7 and NGF-C conveyed significant
in vivo neuroprotection after ONI and episcleral vein cauterization in adult rats [129,130]. These reports
again emphasize the importance of understanding the molecular mechanisms underlying NTF function,
as neuroprotection might rely on both the activation and inhibition of specific pathways.

5.2. Second Shortcoming of NTF Therapy Efforts: The Focus on Monotherapy

A second major shortcoming of most experimental NTF therapies is the focus on a single NT,
whilst combinatorial approaches might exceed the neuroprotective potential of NTF monotherapy.
Moreover, RGCs represent a diverse population; a single-cell transcriptomics experiment has revealed
more than 40 RGC subtypes [132]. As such, it might not be surprising that NTF requirements differ
for distinct RGC subpopulations and multiple NTFs should act in concert to protect the complete
array of RGCs. Already in 1999, it was shown that intravitreal injection of a BDNF and GDNF
mixture led to enhanced RGC survival compared to separate BDNF or GDNF injections in an ONI
model [92]. This experiment was later confirmed by Koeberle et al. [81], who showed similar results
with co-administration of BDNF and neurturin, another NTF belonging to the TGF-β superfamily.
Furthermore, using the same injury model, intravitreal injection of fibroblasts overexpressing single or
combined BDNF, NT-3 and basic fibroblast growth factor (bFGF, member of the non-neuronal factor
superfamily) was compared. Triple NTF expressing fibroblasts significantly boosted RGC survival in
comparison to single NTF expressing fibroblasts [133]. Likewise, dual injection of neural stem cells
releasing GDNF or CNTF showed a synergistic effect after ONI [134]. A very recent study of Kitamura
et al. [135] compared the in vivo effects of single and combined NTF administration on RGC survival in
adult rats after ONI. Once more, they showed that the combinatorial approach was the most effective
one. Of note, besides NT-4, they studied rather unconventional NTFs: tauroursodeoxycholic acid
and citicoline [135]. In sharp contrast, using a laser-induced glaucoma model, Pease et al. [136] were
unable to show an additive effect of dual injection of viral vectors overexpressing BDNF or CNTF on
RGC survival. This might be due to an unsuitable concentration of one or both NTFs. Indeed, the
therapeutic effect of NTFs—either alone or acting in concert—is dose-dependent [92,135–137]. Another
reason might be a high degree of overlapping pathways induced by both NTFs. As aforementioned,
signaling pathways underlying NTF action are not fully unraveled, which is clearly hampering the
addition of NTF to the neuroprotective therapeutic armamentarium. This might also explain why
20 years after the first promising results of a combinatorial approach, there is still no major progress
in this field. Both the identity, concentration as well as the downstream effectors of NTFs that are
essential for long-term neuroprotection are unknown.

5.3. Third Shortcoming of NTF Therapy Efforts: Superfluous Supplementation

The unknown optimal concentration gives rise to a third shortcoming that might explain the
transient neuroprotective effect: an unnatural surplus of NTF levels. Besides the injury itself, receptor
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desensitization might also be caused by a NTF oversupply and leaves RGCs unresponsive to repetitive
NTF therapy. On the other hand, excessive levels of NTFs might induce different pathways as
compared to those triggered by endogenous NTF levels. To sum up, NTF oversupply might provoke
undesired effects and/or receptor downregulation, which might be as detrimental as a shortage of
NTFs. Circumventing a surplus of NTFs could be achieved by artificially enhancing neuronal activity
in the retina. This hypothesis is based on the tight linkage between neuronal activation and release of
NTFs [138–140]. The stimulation of neuronal activity might induce a more endogenous-like, and thus
more physiologically relevant stimulation of NTF expression as compared to artificial supplementation.
Ocular electrical stimulation (ES) has shown promising results for neuroprotective therapy in retinal
and optic nerve diseases as reviewed by Sehic et al. [141] and Manthey et al. [142]. Here, we provide
a brief overview of studies investigating ES and NTF involvement in the visual system. After ES,
cultured Müller cells from postnatal rats are shown to upregulate BDNF [143,144], CNTF [144] and
insulin-like growth factor 1 (IGF-1) [145]. Upregulation of mRNA and protein expression levels
of the anti-apoptotic molecule Bcl-2 and the NTFs CNTF and BDNF, and a downregulation of the
pro-apoptotic molecule Bax was also observed in vivo after transcorneal—i.e., via a contact lens with
electrodes—ES in adult rats. Remarkably, Bcl-2 and CNTF expression was specifically enhanced in the
Müller cells [146]. Further, bFGF was also shown to be upregulated after subretinal ES in a dystrophic
rat retinal degeneration model [147]. Last, Morimoto et al. [148] demonstrated a neuroprotective effect
of transcorneal ES in adult rats. After subjecting those rats to ONI, ES was able to lever RGC survival up
to 85% one week after ONI, as compared to 53% in the control retinas. Interestingly, they hypothesized
that this enhanced RGC survival might be caused by an upregulation of NTFs and performed reverse
transcription polymerase chain reaction (RT-PCR) on four different NTFs; BDNF, CTNF, bFGF and
IGF-1. Surprisingly, the only altered NTF of those interrogated was IGF-1, of which mRNA and
protein levels were increased. Combined application of ES with systemic administration a IGF-1
receptor blocker then nearly completely abolished the previously observed neuroprotective effect [148].
Notably, techniques most often used in these studies are RT-PCR and Western blot, both requiring
prior knowledge about the identity of the mRNA/proteins to be investigated, and thus ignoring
other possible molecules involved. Willmann et al. [149], however, performed a whole genome-wide
expression profiling and looked at up- and downregulated pathways four hours after transcorneal ES
in naive adult rats. Two of the most prominent findings in their dataset are the downregulation of
the anti-apoptotic factor Bax and the fact that there was no differential expression of the previously
mentioned NTFs [149]. Hence, their data combined with the aforementioned differences in NTF
expression after ocular ES hint that the set of mRNA/protein changes might depend on the time point
of RNA isolation and the injury model and might include differential expression of NTFs other than
the usual suspects.

Notwithstanding the clear knowledge gap, and following the neuroprotective effect of transcorneal
ES in different optic neuropathy models in rats [148,150,151], transcorneal ES has already been tested
in human patients with traumatic and ischemic optic neuropathy. For the majority of the patients,
transcorneal ES ameliorated visual acuity without any major complications [152]. Similarly, several
clinical trials with repetitive transorbital alternating current stimulation in patients with optic nerve
damage/lesions have shown partial restoration of vision [153–156]. Some studies reported enhanced
visual acuity and field size in half of the patients [155], others showed only improved visual field,
not visual acuity [156]. At present, a clinical pilot study is ongoing in which the efficacy and feasibility
of repetitive transorbital alternating current stimulation in glaucoma patients is being examined
(NCT03188042, source: www.clinicaltrials.gov, last access date: 30 August 2019).

5.4. Fourth Shortcoming of NTF Therapy Efforts: A Possible Difference between Local and Target-Derived NTFs

Another theory to explain the temporary effect of NTF supplementation states that local NTF
support is both necessary and sufficient to shield the RGCs from initial damage, but target-derived
support must come into play for long-term neuroprotection. This hypothesis is supported by the study
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of Weber et al. [157], who showed that applying BDNF both to the eye and to the brain in adult cats
subjected to ONI provoked prolonged and enhanced RGC survival compared to a sole eye treatment.
Astonishingly, the resulting survival levels observed with this dual approach were—even after two
weeks—comparable to naive RGC counts [157]. Aforementioned target lesion/removal experiments
also seem to espouse this hypothesis, as significant RGC loss was only detected after several weeks
or months post-lesion. However, it is important to mention that although target ablation did not
cause immediate RGC death, it was shown to abruptly impair RGC functionality [53]. In light of these
observations, local NTF support may overcome chronical loss of target support by safeguarding RGCs
from apoptosis at early stages. However, RGCs are still in need of target-derived NTFs to survive
and preserve their full functionality. If this hypothesis holds true, NTFs from different sources could
present distinct physiological roles.

A possible difference between local and distal NTFs are the diverse signaling outcomes that
can be shaped by differences in receptor localization: receptors anchored to the plasma membrane
versus internalized receptor complexes traveling alongside the axon [158–160]. The generally accepted
mechanism for NTF-receptor trafficking towards the cell body is the signaling endosome model [38].
This model was first identified for NGF signaling [161,162] and was later confirmed for BDNF [163].
At the presynaptic terminals of the neurons, NTFs bind to their membrane receptors. After endocytosis,
a vesicle containing the NTF-receptor complex is formed, which starts recruiting downstream signaling
molecules, thereby giving rise to the so-called signaling endosome, which is retrogradely transported
to the cell soma via microtubule-mediated dynein-dynactin active transport (Figure 2). Ligand-receptor
complexes can be sustained in the signaling endosome, hence leading to receptor activation, attraction
of downstream molecules and stimulation of transcriptional responses prior to arrival of the endosome
at the cell body [29,38,75,160,164–167]. This long-distance activation of transcriptional events is one of
the most striking aspects of NTF signaling [75]. On the contrary, locally secreted NTFs directly bind
their receptor at the RGC plasma membrane, hence provoking the initiation of signaling pathways
in the RGC soma [8]. Distinct sites of receptor activation—either at the plasma membrane or within
axonal vesicles—are known to induce specialized signaling pathways [29,158,159,168]. Although
not extensively, this has also been shown in the visual system. In the embryonic retinotectal visual
system of Xenopus laevis, Lom et al. [169] showed a complementary effect of local and target-derived
BDNF delivery on RGC dendritic arborization. Although in another model system (spinal nerve) and
in vitro, NTF stimulation at the cell soma was shown to activate two downstream effectors ERK1/2 and
ERK5 of the MAPK pathway, whereas NTF presentation at the distal axon only controlled ERK5 [170].
Building on this observation, Van Oterendorp et al. [171] were able to validate this finding in vivo
in adult rats. Applying BDNF to the RGC soma upregulated ERK1/2 and ERK5, compared to a sole
ERK5 upregulation upon BDNF stimulation at the RGC axon ending [171]. Discrepancies in local
versus target-derived NTF signaling are just emerging and further elucidation might be the next step
in successful NTF therapy for glaucomatous neuroprotection.

5.5. Tackling the Shortcomings of NTF Therapy Efforts

In a recent publication, we tried to overcome the four abovementioned shortcomings in order
to increase RGC survival in a glaucomatous retina. Instead of a continuous and possible overkilled
supplementation of a single NTF, we opted to focus on controlled stimulation of neuronal activity.
As such, we explored whether controlled stimulation of neuronal activity in the main retinofugal murine
target area, i.e., the SC, conferred neuroprotection in a glaucoma model [172]. To attain such a protracted
stimulation, we used optogenetics due to its superior spatial resolution in comparison with other
stimulation modalities. In short, a light sensitive microbial cation channel—a stabilized step function
opsin (SSFO)—was introduced in the SC via viral vector technology. Blue light irradiation initiated the
opening of the channel and subsequent influx of positive charges into the cell, causing a depolarization
and neuronal firing. Next, glaucomatous RGC death was induced via laser photocoagulation of
the perilimbal and episcleral veins. Repeated optogenetic stimulation was performed twice a day,
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starting the day before laser treatment until 14 days post injury. Following RGC quantification,
the optogenetically stimulated group showed a significant increase in surviving RGCs (90%) as
compared to the unstimulated group (74%). Thereby, we showed that repeated stimulation of neuronal
activity in the SC is neuroprotective for RGCs subjected to glaucomatous injury, plausibly by an
increase in the production and transport of a vital target-derived NTF cocktail (Figure 3) [172]. Notably,
although we focused on neuronal activation, we believe that optogenetic stimulation might affect the
complete astroglial-neural network. Astrocytes are known to sense the activity of their surrounding
neurons and undergo functional changes in response to increased activity [173]. This is of paramount
importance since astrocytes present an additional source of NTFs and as such, could amplify the
neuroprotective effect of neuronal stimulation [72,89].

Figure 3. Does optogenetic stimulation of a target brain area trigger an upregulation of target-derived
neurotrophic factors (NTFs) vital for retinal ganglion cell (RGC) survival after glaucomatous injury?
(A) In glaucomatous conditions—e.g., after laser photocoagulation of the rodent eye—RGCs are
struggling to survive, supposedly and at least partly due to NTF deprivation. (B) Applying the same
injury model whilst chronically stimulating neuronal activity in the principal RGC target area in the
brain, enables the RGCs to survive these stressing conditions. This observed neuroprotective effect
might be attributable to an increased production and transport of target-derived NTFs as a result of
target stimulation. (C,D) One possible stimulation modality is optogenetics, in which genes encoding
for light sensitive modulators are induced via viral vector technology (C). The prototype modulator for
the stimulation of neuronal activation is a microbial cation channel—e.g., a stabilized step function
opsin (SSFO). Light irradiation will open the channels and cause a resulting increase in cytosolic cations,
which drives neuronal depolarization and subsequent neuronal spiking (D).

Ongoing work includes the examination of the mechanism by which optogenetic target stimulation
mediates retinal neuroprotection. By tagging newly synthesized proteins in the SC, retrogradely
transported factors will be identified via proteomic approaches. Similarly, we are investigating which
signaling pathways in the retina are specifically up-/downregulated in our setup via a single-cell
transcriptomics experiment. This way, signaling actuators will be uncovered in an unbiased way,
in contrast to standard techniques—e.g., Western blot, RT-PCR, enzyme-linked immunosorbent
and activity assays—all of which require prior knowledge. Moreover, comparative transcriptomics
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after target and local stimulation—either by NTF supplementation or by ocular ES—will allow
direct comparison of locally versus target-mediated neuroprotective signaling pathways. Ultimately,
appropriate therapeutic manipulation of survival factors and/or downstream signaling pathways
important for target-derived RGC survival might result in the design of an efficient, long-term
neuroprotective treatment. In our study, we exclusively stimulated neuronal activity in the target area
whilst excluding RGC activation to bring in a verdict around the importance of target areas in RGC
neuroprotection [172]. However, as it has been shown that local stimulation also entails neuroprotective
effects—see Section 5.3—, both target and local stimulation might be employed in synergy to lever
RGC survival.

6. Fishing for Interspecies Differences in the NTF Deprivation Theory

Frequently used injury models to study the NTF deprivation theory are ONI models—in which
the optic nerve is either crushed or transected [174]. Strikingly, the onset, progression, as well as
the extent of RGC death, lucidly differ in various animal species after ONI [175,176]. A remarkable
observation is the apparent linkage between RGC neuroprotection and axonal regeneration. Species
capable of regrowing their RGCs axons and restoring synaptic connections with their target neurons in
the brain—amniotes and reptiles—seem to show considerably less RGC death compared to species who
fail to repair/regrow the damaged axon—birds and mammals [177–188]. For example, comparing RGC
survival in rodents versus teleost fish after ONI reveals a striking difference: studies report extensive
RGC loss (~75–90%) in rodents [56,86,176,188–199], whereas close to all piscine RGCs seem to withstand
the injury [200–204]. In a recent publication, we have shown that adult zebrafish show a remarkably
swift and robust regrowth of RGC axons to their principal target area—i.e., the optic tectum—after
optic nerve crush. Axons reach the optic tectum 5 days post-lesion and complete reinnervation is
accomplished at 10 days post crush [205], which is in agreement with other reports [203,206,207].
On the contrary, axonal regeneration is slower, less robust and sometimes only partially achieved—e.g.,
due to axonal misrouting—in adult amphibians. Remarkably, this seems to correlate with higher
RGC loss (40–80%) after ONI [177,178,181,182,184,204,208–212]. These observations collectively hint
towards the hypothesis that target reinnervation is a bare necessity for RGC survival and that its timing
and robustness determines the extent of RGC neuroprotection. This postulation perfectly reconciles
with the NTF deprivation theory: RGCs capable of reconnecting to their target structures regain
their vital target-derived NTF support, which strengthens their resistance to the stressing conditions
caused by ONI. In sharp contrast, adult mammalian and avian RGCs lacking regenerative capacities
irretrievably lose their target (NTF) support and as such surrender to the injury.

Besides differences in the re-establishment of target-derived NTF support, there could also
be interspecies differences in local NTF signaling after injury. NTFs in RGC axonal regeneration
has been extensively studied in fish [213], but their role in teleost RGC neuroprotection has been
overlooked. This is rather surprising since neuroprotection is a prerequisite for successful regeneration.
Notwithstanding, there are some indications that at least one NTF might play a role in the observed
interspecies difference in neuroprotection. The research group of dr. Kato investigated and compared
the expression of anti- and pro-apoptotic molecules of the PI3K/Akt signaling pathway in the early
stages after ONI in the goldfish and rat retina [201,214,215]. In the goldfish retina, there was an increase
in the anti-apoptotic molecules p-Akt, p-Bad and Bcl-2, whereas the pro-apoptotic molecule Bax was
unaltered and caspase 3 was decreased [214]. In sharp contrast, an opposite reaction was observed
in the rat retina: a decrease in the anti-apoptotic molecules and an increase of the pro-apoptotic
molecules [215]. Interestingly, they also observed a contrast in the expression of IGF-1, which decreased
in rodent RGCs yet increased in piscine RGCs [201]. A corollary of this interspecies difference was
to examine whether intraocular injection of IGF-1 was able to rescue RGCs in rats after ONI. Indeed,
as mentioned above, a significant neuroprotective effect of IGF-1 has been found in several studies.
What is very interesting, however, is that a strong upregulation of the IGF-1 protein was observed in
the endfeet of the Müller glia, located in the ganglion cell layer [148]. This suggests that differences



Int. J. Mol. Sci. 2019, 20, 4314 13 of 25

in Müller glia actions might feed differences in neuroprotective capacity of mammals versus teleost
fish [216], an assumption that is plausible as piscine Müller glia are shown to be reprogrammed into
multipotent retinal progenitor cells with true stem cell characteristics after retinal injuries. All these
data then hint towards a neuroprotective environment surrounding the RGCs, instead of endogenous
neuroprotective capacities of RGCs themselves. Hence, the secretion of survival factors arising from
neighboring cells might help RGCs to sustain injury. This notion can be illustrated by the striking
differences in nitric oxide production, which can either be neuroprotective or cytotoxic depending on
the resulting intracellular nitric oxide concentration, in teleosts versus mammals [217,218]. After ONI,
a comparable upregulation of nitric oxide synthase proteins was observed in goldfish [218] and
rat [219,220] RGCs. Conversely, a remarkable difference was spotted in the Müller glia. Whilst rat
Müller glia were shown to have elevated levels of nitric oxide synthase after ONI [220], the activity of
nitric oxide synthase was unaltered in goldfish Müller glia [218]. At first sight, nitric oxide might look
far-fetched in this NTF story. However, multiple studies have demonstrated an interplay between
nitric oxide synthase and NTFs. Studies on postnatal rat hippocampal neurons showed, for instance,
that artificially raising nitric oxide in the close environment of neurons by the application of a nitric
oxide donor causes inhibition of BDNF [140,221] and NT-3 secretion [140].

Besides IGF-1 and nitric oxide synthase, other cell survival/death signals have been shown to be
differentially expressed between rodents and fish after ONI, at early stages. Examples are heat shock
protein 70 (Hsp70) [201,222], neuroglobin [223,224] and semaphorin-3A [225,226]. Of course, there are
more differentially expressed molecules in fish and rodents after ONI than cited here, as described by
Ogai et al. [227]. However, we choose to only quote findings occurring very rapidly after injury, since
the molecular events underlying neuroprotection and neuroregeneration can no longer be separated
after a few days. Moreover, it might still be that the observed RGC survival in teleost fish is unrelated
to NTFs—e.g., due to the presence of other protection mechanisms that prevail in teleost retinas after
ONI. Either way, the opposing patterns observed in NTFs and other possible survival actors in rodent
and fish RGCs post ONI present an excellent opportunity to investigate novel neuroprotective routes.
What are the factors that determine the fate of the RGC? What makes that fish RGCs withstand a
damaging environment, whereas rodent RGCs just seem to surrender? We believe that comparative
research, specifically focusing on the differences in innate neuroprotection, might create new avenues
for future NTF research.

7. Concluding Remarks and Future Perspectives

The theory of NTF deprivation is a very attractive and generally accepted hypothesis to explain
why RGCs undergo apoptosis after glaucomatous injury. Even though many (in)direct observations are
in favor of the theory, we are far from a complete understanding of the exact NTF functioning. This is
not surprising as NTFs and their signaling in the healthy and diseased visual system—and generally
in the nervous system—present a highly complex story. A myriad of NTFs have been appointed as
lead neuroprotective molecules, mainly by testing their potency via exogenous supplementation in
animal glaucoma models. Most studies center their research around a small group of NTFs, although
chances are high that certain NTFs and maybe even molecules not yet appointed to the NTF family
are as powerful or more promising neuroprotectants. The majority of past research outcomes was
based on techniques such as RT-PCR and Western blotting, which rely on prior knowledge. Hence,
identification of novel factors and/or complete signaling pathways is ruled out. Besides, most research
focusses on single NTF administration, whilst a combinatorial approach could be more beneficial.
In summary, both the ingredients as well as the correct proportions of the vital survival cocktail in the
adult visual system remain elusive. Determining the optimal concentration of the NTFs is of paramount
importance since an insufficient quantity will not rescue the RGCs, whereas an oversupply might cause
receptor desensitization and undesirable side effects. The combination of all of the aforementioned
hindrances might explain why the efficacy of NTFs as neuroprotective strategy in glaucoma has been
disappointing. To augment the potential of NTF therapy and to advance present-day NTF research,
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we suggest exploring the complete spectrum of underlying signaling pathways in greater detail. Given
the recent advances in the omics field, fundamental research tackling this lack of knowledge could
lever and truly embark NTF based therapies. Without doubt, single-cell transcriptomics might come
to the rescue. This technique does enable the unraveling of the exact machinery and downstream
effects of NTFs on RGCs in complex in vivo situations and may provide a novel means to improve
our understanding of the role of other retinal cells—i.e., Müller glia—in NTF signaling in the retina.
Moreover, comparative studies between rodent and piscine RGC neuroprotection after ONI might
reveal additional avenues towards neuroprotective strategies. Besides, we enhearten to focus novel
studies on the relationship between the eye and the brain and, in particular, to focus on target-derived
NTFs. Whether a differential signaling from local and target-derived NTFs is essential in (glaucomatous)
optic neuropathies still needs to be shown but is highly important for the future design of effective NTF
therapies. In order to add NTF approaches to the treatment repertoire of neurodegenerative disease in
general and glaucoma in particular, it is of the utmost importance to enhance the comprehension of
these tiny, but vital molecules.

Author Contributions: Conceptualization, M.C. and L.M.; Writing—original draft preparation, M.C.; writing—review
and editing, M.C., L.D.G. and L.M.; visualization, M.C.

Funding: M.C. and L.D.G. are supported by the Research Foundation-Flanders (fellowships 1S18618N and
12I3817N).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

BDNF Brain-derived neurotrophic factor
bFGF Basic fibroblast growth factor
CNTF Ciliary nerve trophic factor
dLGN Dorsal lateral geniculate nucleus
ES Electrical stimulation
GDNF Glial cell-derived neurotrophic factor
Hsp70 Heat shock protein 70
IGF-1 Insulin-like growth factor
JAK/STAT Janus kinase/signal transducers and activators of transcription
JNK c-Jun N-terminal kinase
MAPK/ERK Mitogen-activated protein kinase/extracellular-signal-regulated kinase
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B
NGF Nerve growth factor
NT-3 Neurotrophin-3
NT-4/5 Neurotrophin-4/5
NT-6 Neurotrophin-6
NT-7 Neurotrophin-7
NTF Neurotrophic factor
ONI Optic nerve injury
p75NTR p75 neurotrophin
PI3K/AKT Phosphoinositol-3 kinase/protein kinase B
PLC-γ Phospholipase C- γ
RGC Retinal ganglion cell
RT-PCR Reverse transcription polymerase chain reaction
SC Superior colliculus
SSFO Stabilized step function opsin
TGF-β Transforming growth factor β
Trk Tropomyosin related kinase
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