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Abstract: Dissociated optic nerve fiber layer (DONFL) appearance is characterized by dimpling
of the fundus when observed after vitrectomy with the internal limiting membrane (ILM) peeling
in macular diseases. However, the cause of DONFL remains largely unknown. Optical coherence
tomography (OCT) findings have indicated that the nerve fiber layer (NFL) and ganglion cells
are likely to have been damaged in patients with DONFL appearance. Since DONFL appearance
occurs at a certain postoperative period, it is unlikely to be retinal damage directly caused by ILM
peeling because apoptosis occurs at a certain period after tissue damage and/or injury. However, it
may be due to ILM peeling-induced apoptosis in the retinal tissue. Anoikis is a type of apoptosis
that occurs in anchorage-dependent cells upon detachment of those cells from the surrounding
extracellular matrix (i.e., the loss of cell anchorage). The anoikis-related proteins βA3/A1 crystallin
and E-cadherin are reportedly expressed in retinal ganglion cells. Thus, we theorize that one possible
cause of DONFL appearance is ILM peeling-induced anoikis in retinal ganglion cells.

Keywords: macular hole (MH); vitrectomy; internal limiting membrane (ILM); dissociated optic
nerve fiber layer (DONFL); optical coherence tomography (OCT); anoikis; βA3/A1 crystallin; E-
cadherin; retinal ganglion cell

1. Introduction

Dissociated optic nerve fiber layer (DONFL) appearance, a fundus finding first re-
ported by Tadayoni et al. [1] in 2001, is observed after vitrectomy with the internal limiting
membrane (ILM) peeling in macular diseases, such as a macular hole (MH) and the
epiretinal membrane (ERM), or for rhegmatogenous retinal detachment [2,3]. It has also
been reported that the appearance of DONFL can occur after secondary ILM peeling for
hematomas under the ILM [4]. Ophthalmoscopically, DONFL appearance features arcuate
striae color changes, which appear to be multilinear in shape, that are frequently observed
in the macular nerve fiber layer (NFL) (Figure 1A,B). Since the appearance of DONFL is
not common in patients who have undergone vitrectomy without ILM peeling [2,3], it is
thought that ILM peeling is certainly involved in its occurrence. Reportedly, DONFL ap-
pearance commonly occurs at 1–3 months after vitrectomy, and thereafter, persists in some
patients or becomes slightly less distinct in other patients [5,6]. Although the incidence
of DONFL varies from report to report, it apparently occurs in approximately 30–60% of
MHs in which an ILM peel is performed [1–6]. Although previous studies have suggested
various factors associated with DONFL appearance, its exact cause remains unclear.
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Figure 1. Fundus photograph of a patient obtained pre (A) and post (B) vitrectomy surgery for an idiopathic macular hole 
(MH). Ophthalmoscopically, the dissociated optic nerve fiber layer (DONFL) appearance features arcuate striae color 
changes, which appear to be multilinear shaped, that are frequently observed in the macular nerve fiber layer ((B), white 
arrowheads). 

2. Anatomical Features of DONFL Appearance 
While DONFL appearance can be observed by ophthalmoscopy or color fundus pho-

tography, more detailed graphic images can be obtained by infrared fundus photography 
or optical coherence tomography (OCT). Kishimoto et al. [6] reported that examination by 
OCT is highly likely to detect DONFL appearance even when it cannot be detected on 
color fundus photographs. Kusuhara et al. [7] and Pichi et al. [8] reported that “en face” 
OCT layer imaging was useful for the diagnosis of DONFL appearance. Reportedly, when 
scanned vertically to the arcuate striae of DONFL appearance using OCT, small dimples 
are observed in the retinal NFL (RNFL), which are consistent with the striae [9]. In patients 
without DONFL appearance, OCT fails to visualize distinct dimples in the RNFL. In a 
report by Miura et al. [10], the authors demonstrated using scanning laser ophthalmos-
copy (SLO) of an MH that DONFL appearance is a change in the retinal surface. In a report 
by Mitamura et al. [9], the authors measured the RNFL thickness (i.e., the mean RNFL 
thickness at both ends of the dimple site) and the depth of the dimples at three sites in 
patients using OCT, and their findings showed that the mean RNFL thickness at the dim-
ple margins was 38.1 ± 9.3 μm, that the depth of each dimple was 28.6 ± 8.0 μm, and that 
the depths of all dimples measured were limited to the RNFL thickness. Kim et al. [11] 
reported that DONFL appearance gradually increased after surgery and that in 57.7% of 
the cases, DONFL appearance was confined to the NFL at 6-months postoperative, while 
in 30.8% of the cases, DONFL appearance extended to the inner plexiform layer. It should 
be noted that Demirel et al. [12] also reported results consistent with those findings. 

2.1. DONFL Appearance and Visual Function 
Several previous studies have investigated the relationship between DONFL appear-

ance and visual function in patients undergoing vitrectomy for an MH, and the findings 
in those reports often revealed that there were no significant differences in improvement 
rates of visual acuity between eyes with and without DONFL appearance [1,2,12,13]. It 
was initially suspected that DONFL appearance might be associated with optic nerve fiber 
disorders because its morphology resembles RNFL defects observed in glaucoma cases. 
Tadayoni et al. [1] performed Goldmann dynamic visual field testing in three patients 

Figure 1. Fundus photograph of a patient obtained pre (A) and post (B) vitrectomy surgery for an idiopathic macular
hole (MH). Ophthalmoscopically, the dissociated optic nerve fiber layer (DONFL) appearance features arcuate striae
color changes, which appear to be multilinear shaped, that are frequently observed in the macular nerve fiber layer ((B),
white arrowheads).

2. Anatomical Features of DONFL Appearance

While DONFL appearance can be observed by ophthalmoscopy or color fundus pho-
tography, more detailed graphic images can be obtained by infrared fundus photography
or optical coherence tomography (OCT). Kishimoto et al. [6] reported that examination
by OCT is highly likely to detect DONFL appearance even when it cannot be detected on
color fundus photographs. Kusuhara et al. [7] and Pichi et al. [8] reported that “en face”
OCT layer imaging was useful for the diagnosis of DONFL appearance. Reportedly, when
scanned vertically to the arcuate striae of DONFL appearance using OCT, small dimples
are observed in the retinal NFL (RNFL), which are consistent with the striae [9]. In patients
without DONFL appearance, OCT fails to visualize distinct dimples in the RNFL. In a
report by Miura et al. [10], the authors demonstrated using scanning laser ophthalmoscopy
(SLO) of an MH that DONFL appearance is a change in the retinal surface. In a report
by Mitamura et al. [9], the authors measured the RNFL thickness (i.e., the mean RNFL
thickness at both ends of the dimple site) and the depth of the dimples at three sites in
patients using OCT, and their findings showed that the mean RNFL thickness at the dimple
margins was 38.1 ± 9.3 µm, that the depth of each dimple was 28.6 ± 8.0 µm, and that
the depths of all dimples measured were limited to the RNFL thickness. Kim et al. [11]
reported that DONFL appearance gradually increased after surgery and that in 57.7% of
the cases, DONFL appearance was confined to the NFL at 6-months postoperative, while
in 30.8% of the cases, DONFL appearance extended to the inner plexiform layer. It should
be noted that Demirel et al. [12] also reported results consistent with those findings.

2.1. DONFL Appearance and Visual Function

Several previous studies have investigated the relationship between DONFL appear-
ance and visual function in patients undergoing vitrectomy for an MH, and the findings
in those reports often revealed that there were no significant differences in improvement
rates of visual acuity between eyes with and without DONFL appearance [1,2,12,13]. It
was initially suspected that DONFL appearance might be associated with optic nerve fiber
disorders because its morphology resembles RNFL defects observed in glaucoma cases.
Tadayoni et al. [1] performed Goldmann dynamic visual field testing in three patients with
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DONFL appearance, and their findings revealed that there were no visual field abnormali-
ties. Moreover, numerous other studies evaluating visual function using other visual field
tests also reported that DONFL appearance is not associated with visual field abnormalities.
Mitamura et al. [14] investigated the retinal sensitivity in the area of DONFL appearance
using the Micro Perimeter 1 (MP-1; NIDEK Co., Ltd., Gamagori, Japan) device and reported
that there was no difference in retinal sensitivity between the DONFL appearance area
showing arcuate striae and the area showing a normal color. Similar findings were also
reported by Imai et al. [15] and Ito et al. [2], who performed visual function analysis using
SLO microperimetry and found that DONFL appearance is due to dehiscence of the optic
NFL and is not a defect of the nerve fiber bundles. Accordingly, it has been generally
accepted that DONFL appearance is dimpling localized in the RNFL and is unlikely to
be nerve fiber injury. However, Demirel et al. [12] reported the observation of significant
thinning of the ganglion cell inner plexiform layer and that it was correlated with reduced
visual acuity. OCT scans of our study patients also showed frequent thinning and irregu-
larity of the inner retinal layer (Figure 2A,B). Thus, these findings appear to indicate that
the NFL and ganglion cells are very likely to have been damaged in patients with DONFL
appearance. A possible reason for the lack of marked functional abnormalities is that the
visual testing in the abovementioned studies may have failed to detect visual impairment
due to a mild degree of tissue damage.
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layer ((B), black arrowheads), thus indicating that the nerve fiber layer and ganglion cells were highly likely to have been
damaged. The patient’s visual acuity was 20/100 before surgery and 20/25 after surgery.



Int. J. Mol. Sci. 2021, 22, 1724 4 of 13

2.2. Previous Studies on the Pathogenesis of DONFL Appearance

Since the ILM is the basement membrane of Müller cells, ILM peeling during vitreous
surgery may damage Müller cells. Runkle et al. [13] assessed the relationship between
DONFL and intraoperative membrane-peeling dynamics as visualized using intraoperative
OCT and evaluated the functional implications of DONFL. Their findings showed the acute
post-peel increase in inner retinal thickness, and they concluded that one mechanism in
the development of DONFL appearance may be intraoperative trauma to the inner retina,
potentially during ILM peeling. In regard to this matter, Tadayoni et al. [1] proposed two
hypotheses, the first being that the inner surface of the ILM is smooth, but its outer surface
is irregular, and thus, DONFL appearance is an irregularity on the retinal surface after
ILM peeling, and the second being that DONFL appearance is caused by the cleavage of
the nerve fiber bundles due to ILM peeling-associated damage to the Müller cells, which
keep the optic nerve fiber bundles close together. Steel et al. [16] described that the extent
of DONFL observed postoperatively can be partly explained by the amount of cellular
debris on the retinal side of the peeled ILM, while Park et al. [17] reportedly found no
difference in the frequency of DONFL on the use of indocyanine green. Kim et al. [11]
assessed the association between the appearance of DONFL after ILM peeling and changes
in the macular NFL area by spectral-domain OCT. Their findings showed that there was no
significant difference in average macular NFL area between group I (presence of DONFL)
and group II (absence of DONFL) at 6-months postoperative. Based on these results,
they reported that DONFL appearance started to occur at approximately 1-month post-
operatively, and was thus unlikely to be mechanical damage to the NFL caused by ILM
peeling and that DONFL appearance might represent macular NFL rearrangement and
reorganization [5]. Spaide [18] reported that the correlation of the volume-rendered im-
ages with B-scan spectral-domain OCT showed focal areas of thinning of the ganglion
cell layer with decreased reflectivity from the NFL in the areas of DONFL. They also
described that DONFL seems to be the result of an interplay between trauma and healing
processes constrained by NFL and does not appear to be due to the dissociation of optic
nerve fibers. As Spaide noted, the word “dissociated” may not be correct, and the term
“inner retinal dimpling” may be more appropriate. Their findings also reportedly showed
that DONFL appearance is the result of an interplay between the damage to Müller cells
caused by ILM peeling and the healing processes, and not damage to the RNFL itself.
Hisatomi et al. [19] examined retinal changes after vitrectomy with ILM peeling by using a
cynomolgus monkey model and focused on surgical damages of ILM peeling for a long
observational period of 3 years. Their ultrastructural studies showed that most of the ILM
peeling area was covered with glial cells during the wound healing processes and that
retinal changes were found comparable with DONFL appearance, which was clinically
observed with OCT. However, the mechanism underlying such changes observed 1 month
or more after vitreous surgery has yet to be fully elucidated. Moreover, Müller cells span
across the entire retina. Thus, if DONFL appearance is ILM peeling-associated damage to
the Müller cells, then a localized lesion within the inner sensory retina is not explicable.

3. Involvement of Anoikis in the Pathogenesis of DONFL Appearance

There are two types of cells: anchorage-dependent and anchorage-independent cells.
Anchorage-dependent cells proliferate while adhering to the culture vessel, and many
cells, such as epithelial cells, belong to this category. On the other hand, cultured cells that
proliferate while floating in the medium are known as anchorage-independent cells, such
as blood cells. The shape of the whole body is maintained by adhesion between cells that
constitute the whole body, and these cells are anchorage-dependent. Blood cells dispersed
throughout the whole body are anchorage-independent. Anchorage-dependent cells un-
dergo apoptosis when they are detached from proximal cells or the basement membrane
and become suspended. This is probably a form of cellular suicide (i.e., programmed
cell death) that naturally occurs to prevent the detached cells from migrating to other
organs and disrupting the homeostasis of the surrounding tissues. Apoptosis that occurs
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when anchorage-dependent cells detach from the surrounding extracellular matrix (i.e.,
the loss of cell anchorage) is termed anoikis [20–22]. For many anchorage-dependent cells,
adhesion to the extracellular matrix is an essential function/characteristic for survival
and proliferation. However, cancer cells reportedly become anoikis resistant, and the
resulting anchorage independence is thought to allow cancer cells to evade apoptosis and
become metastatic [23,24]. Moreover, anchorage-dependent cells require attachment to
solid substrates, such as basement membranes, and this cell adhesion is reportedly medi-
ated by integrins [25]. Once integrin binding to basement membranes is disrupted, cells
become suspended. To date, more than 25 types of integrins have been confirmed. When
certain types of integrins are released from the substrates, signals that induce anoikis are
transmitted to the nucleus through various kinases, such as focal adhesion kinase, thereby
leading to anoikis [26]. The types of integrins that trigger anoikis differ according to cell
types. Retinal ganglion cells express focal adhesion kinase [27,28], and the expression of
integrins has reportedly been detected in the ILM and neural retina [25]. Therefore, ILM
peeling may cause integrins to trigger anoikis by transmitting signals that induce anoikis
to the nuclei of ganglion cells through focal adhesion kinase.

3.1. Anoikis and Eye Diseases

In the field of ophthalmology, a few previous studies have investigated the associ-
ation between eye disease and anoikis, and anoikis and its involvement in the onset of
eye diseases has reportedly been observed in retinal pigment epithelium (RPE) cells in
cases of age-related macular degeneration (AMD) [29–31], in pericytes in cases of dia-
betic retinopathy (DR) [32,33], and vascular endothelial cells in cases involving retinal
microaneurysms [34]. Ng et al. [29] identified the HTRA1 insertion–deletion (indel) variant
(c.34delCinsTCCT) in 195 exudative AMD patients and 390 controls and followed by study-
ing its biological functions in RPE cells. As the result of that, they discovered that ARPE-19
cells expressing HTRA1 c.34delCinsTCCT variant had higher cell viability and lower cell
apoptosis and that the cells were less responsive to anoikis as a mechanism involved in
AMD. Petrovski et al. [31] described that the model using ARPE-19 cells can be used for
studying both dry and wet types of AMD in vitro and for testing different pharmacological
aspects affecting AMD. Liu et al. [32] reported that cysteine-rich protein 61 (Cyr61) and
connective tissue growth factor (CTGF), which are an anoikis-prone phenotype to rat
retinal pericytes, are aberrantly expressed in the retinal vasculature from the early stages
of DR. Yang et al. [33] reported that the increased matrix metalloproteinase-2 (MMP-2)
activity compromises retinal pericyte survival possibly through MMP-2 action on extra-
cellular matrix (ECM) proteins and/or direct association of MMP-2 with integrins, which
promotes apoptosis/anoikis by loss of cell contact with an appropriate ECM. López-Luppo
et al. [34] described that the senescent endothelial cells were discontinuously covered by
fibronectin, and p16 colocalized with the β1 subunit of fibronectin receptor α5β1 integrin
under the endothelial cellular membrane, thus suggesting anoikis as a mechanism involved
in endothelial cell apoptosis during the formation of retinal microaneurysms.

In all such cases, basement membranes involved in the survival of these cells were
reportedly subjected to some form of damage, which could be considered to lead to anoikis.
Anoikis is a biological phenomenon that occurs upon detachment of anchorage-dependent
cells from the substrates, and it has been reported that the likelihood of anoikis occurrence
varies depending on cell type.

There are other reports of anoikis being involved in cell death in the central nervous
system. In the hippocampus of the brain, it has been reported that neurogenesis occurs
as well as neuronal death caused by anoikis [35]. Anoikis has also been reported to be
involved in the development of degenerative diseases in the brain, such as Alzheimer’s
disease, Parkinson’s disease, and Wallerian degeneration [36–38]. These findings suggest
that anoikis may be involved in neuronal cell death, not only in the sensory retina but also
in various regions.
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3.2. Anoikis and Glial Cells

As mentioned above, there is a hypothesis that DONFL appearance is due to damage
to Müller cells caused by ILM peeling. Previous studies have reported an association
of anoikis with the glial cells of astrocytes, oligodendrocytes, and Schwann cells [39–43].
Astrocytes and Müller cells are known to be major types of retinal glial cells, and astrocytes
play an important role in the formation of the nervous system, the maintenance of extra-
cellular fluid homeostasis, and the formation of the blood–brain barrier. Astrocytes in the
brain project foot processes (i.e., astrocytic endfeet) that envelop blood vessels, neurons,
and the pia mater to form the glia limitans. These endfeet cover the external wall of capillar-
ies to form perivascular endfeet at the blood–brain barrier [44]. Synapses in close proximity
to astrocytic endfeet are reportedly considered highly stable [45]. Miñambres et al. [39]
reported that astrocytes exposed to ethanol became apoptotic by anoikis and that the
RhoA/ROCK-I/MLC pathway was involved in the mechanism of the onset of ethanol-
induced apoptosis in astrocytes. Ma et al. [40] reported that Bcl-2 inhibitor of transcription-1
(Bit1), a regulator of anoikis, is expressed in the retina and is associated with anoikis in
astrocytes and that β2-crystallin in the lens, a promoter of anoikis, is expressed in astrocytes.
However, our review of the published literature yielded no descriptions of associations
between Müller cells and anoikis.

Moreover, Müller cells express vimentin, which is the marker of mesenchymal cells [46].
Reportedly, mesenchymal cells are usually anoikis resistant [47], which indicates that
DONFL is not caused by ILM peeling-associated damage to the Müller cells.

3.3. β. A3/A1-Crystallin and Anoikis

Crystallins are known to be major proteins in the lens. Mammalian lens crystallins
are divided into alpha, beta, and gamma families in the order of molecular weight and
are further classified into many subtypes. Of these, βA3/A1-crystallin is reportedly
involved in the development and differentiation of the lens [48] and reportedly maintains
the physiological functions of the lens [45]. Age-related degradation of the βA3/A1-
crystallin gene causes cataracts [49–51], and mutations in this gene are known to cause
cataracts [52,53]. βA3/A1-crystallin is also known as an anoikis-related protein. It has
been reported that this crystallin is expressed in astrocytes, pericytes, ganglion cells, and
RPE cells of the retina and optic disc, as ocular tissues other than the lens, and that it is also
involved in the development and differentiation of these tissues [54,55]. However, there
have been no published studies reporting that Müller cells express βA3/A1-crystallin.

βA3/A1-crystallin is a protein involved in the hydrolysis of lysosomes. It has been
pointed out that if this function in the RPE deteriorates due to aging, waste materials, such
as lipofuscin, accumulate in the RPE and cause AMD [56–61]. Moreover, the findings in
another study have shown that a mutation in the βA3/A1-crystallin gene decreases the
phagocytic capacity of RPE cells [62].

Reportedly, βA3/A1-crystallin is an important protein for maintaining the functions
of astrocytes in the optic nerve head [63] and is essential for normal development and
remodeling of retinal blood vessels [64,65]. Impairment of βA3/A1-crystallin in optic
nerve head astrocytes is known to lead to impaired formation of blood vessels in the optic
nerve head [66] and persistent hyperplastic primary vitreous [67].

3.4. E-Cadherin and Anoikis

Cadherins are a class of transmembrane glycoproteins involved in cell adhesion, and
they play an important role in maintaining normal tissue morphogenesis [68]. Epithelial
cadherin (E-cadherin) is one of the classical cadherins (along with N-, P-, R-, and B-
cadherin) in the cadherin superfamily and is reportedly expressed on the cell surface of
most epithelial tissues [69]. E-cadherin is involved in the regulation mechanism of epithelial
cell proliferation, differentiation, and survival and is also known to be an anoikis-related
protein [70,71]. N-cadherin maintains the structure of the ventricular zone by controlling
adhesion between neural progenitor cells [72]. N-cadherin is necessary for neurons to
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adhere to radial processes, and it plays an important role in neuronal migration. In the
process of neural differentiation, neurons lose E-cadherin and express N-cadherin [73].
Epithelial cells expressing N-cadherin are known to have mesenchymal properties, thus
losing epithelial properties, which makes apoptosis less likely [74]. It has been reported that
the loss of E-cadherin in RPE cells with AMD leads to epithelial–mesenchymal transition
and that apoptosis is less likely to occur, thus resulting in the formation of connective tissue
under the retina [55].

3.5. Anoikis and Retinal Ganglion Cells

As mentioned above, βA3/A1-crystallin, an anoikis-related protein, is not expressed in
Müller cells, yet is expressed in retinal ganglion cells [55,56] Therefore, changes in the inner
retinal layer observed in DONFL appearance is thought to be due to ILM peeling-induced
anoikis in retinal ganglion cells and not in Müller cells. The retina is part of the central
nervous system, and neurons constituting the retina normally express N-cadherin [75],
while ganglion cells during embryogenesis express E-cadherin [76]. This means that
relatively newly formed ganglion cells express E-cadherin and may undergo anoikis,
whereas old ganglion cells originally present around the fovea centralis do not express E-
cadherin and are, therefore, unlikely to undergo anoikis; accordingly, inner retinal changes
featuring arcuate striae may occur.

3.6. Neurogenesis in the Macular Region

Although the fovea centralis constantly collects light and is continually stressed by
light, its morphology and function are maintained without cell depletion throughout the life
cycle of the cell. The fovea centralis also has anatomical features of a tissue stem cell niche,
i.e., avascular, hypoxic, and concave. Based on the hypothesis that undifferentiated cells,
such as retinal stem cells, are present in the fovea centralis, and nerve regeneration may be
occurring, we conducted an immunohistological study of monkey foveal retinas [77]. After
preparing frozen tissue sections of the retina, including the foveal pit, immunostaining
was performed for glial fibrillary acidic protein (GFAP), nestin, vimentin, neuron-specific
class III β-tubulin (Tuj-1), arrestin 4, neurofilament, CD117, CD44, and Ki67, followed by
fluorescence and/or confocal microscopy examinations. Immunostaining of the tissue
sections enabled clear observation of strongly GFAP-positive cells that corresponded to
the inner-half layer of the foveolar Müller cell cone. The surface layer of the foveal slope
was partially contained with GFAP and vimentin. Tuj-1-positive cells were observed in
the innermost layer of the foveolar retina, which spanned to the surrounding ganglion
cell layer. Moreover, colocalization of Tuj-1 and GFAP was observed at the foveal pit. The
coexpression of CD117 and CD44 was found in the interphotoreceptor matrix of the fovea.
The foveolar cone stained positive for both nestin and arrestin 4. However, the photore-
ceptor layer outside of the foveola displayed weak staining for nestin. Colocalization of
nestin and vimentin was observed in the inner half of the Henle layer, while colocalization
of nestin and neurofilament was observed in the outer half, predominantly. Scattered
Ki67-positive cells were observed in the cellular processes of the outer plexiform layer
and the ganglion cell layer around the foveolar (Figure 3A,B). The Müller cell cone was
divided into GFAP-strongly positive cells, presumably astrocytes, in the inner layer and
nestin-positive/GFAP-weakly positive radial glia-like cells in the outer layer. These find-
ings indicated that groups of such undifferentiated cells in the foveola might be involved in
maintaining morphology and regeneration. Moreover, the precursor cells of TUJ-1-positive
ganglion cells in the fovea started to divide, playing a role in homeostatic regeneration
in the macular region. The pathogenesis of an idiopathic MH is tangential vitreomacular
traction, which is generated by a detached perifoveal posterior vitreous membrane. There
is some possibility that an MH might be related to anoikis of these undifferentiated cells.
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It is generally accepted that apoptosis occurs in a newly formed cell but is unlikely to
occur in a senescent cell. In the adult hippocampus, most of the newly generated cells are
eliminated by apoptosis, possibly because of their failure to integrate properly into neural
networks [35]. Among the thousands of new neurons that integrate into the adult olfactory
bulb each day, 50% are eliminated through apoptosis [78]. The continuous generation of
new neurons in the adult brain is counterbalanced by accompanying cell death in the same
regions [79]. As stated above, DONFL appearance is considered to be due to anoikis in a
neuropoietic area around the fovea centralis; i.e., DONFL appearance may be due to anoikis
that takes place when retinal stem cells present in the fovea centralis differentiate into
ganglion cells. This might be the reason why retinal function was somewhat maintained
after DONFL appearance occurred.

The findings in recent studies have demonstrated the presence of neural stem cells in
the hippocampus and subventricular zone of the brain [80,81]. Neuroblasts migrate from
the subventricular zone to the olfactory bulb along an astrocyte tube termed the ‘rostral
migratory stream’ [82–84]. DONFL appearance is likely to be defects caused by anoikis
in neuronal chains migrating along astrocytes in the Müller cell cone when neurons lose
scaffolds for chain migration due to ILM peeling.

4. Reasons for the Frequent Occurrence of DONFL after Vitrectomy for an MH

It has been reported that DONFL frequently occurs after a vitrectomy for an MH [6,
7,13,85]. We previously reported that the intravitreal activities of chymase and tryptase,
which are serine proteases produced by mast cells, were increased in idiopathic MH and
idiopathic ERM patients [86]. Based on the findings of our histological study, we also iden-
tified that mast cells residing in the bursa premacularis, a peculiar sac-like structure present
in the premacular vitreous, might be the source of these serine proteases [87]. Mast cells
are immune cells of the myeloid lineage that are present in mucosal and connective tissues
throughout the body [88]. There are two types of mast cells, i.e., tryptase-positive mucosal
mast cells and tryptase/chymase-positive connective tissue mast cells [89]. Chymase and
tryptase, which are mast cell serine proteases, are involved in various physiological and
pathological processes, including fibrosis, angiogenesis, and apoptosis, as well as tissue
remodeling [90–93].

Chymase has apoptotic effects on various cells and reportedly degrades basement
membranes by activating matrix metalloproteinase-9 [92]. In allergic conjunctivitis, anoikis
reportedly occurs in conjunctival epithelial cells due to the apoptotic effect of chymase [94].
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Originally, chymase, which is highly active in the vitreous, weakens the ILM. Furthermore,
ILM peeling during vitrectomy may lead to anoikis-mediated apoptosis in ganglion cells.

In clinical practice, close long-term follow-up of patients with DONFL appearance
and the application of recently advanced technologies, such as adaptive optics retinal
imaging, are both considered useful [95]. The effect of tropomyosin receptor kinase B
(TrkB), a neurotrophic factor receptor, on inhibiting anoikis may also be examined as a
prophylactic measure against DONFL appearance [96,97]. We previously reported that as
well as neurotrophic factors, such as nerve growth factor and brain-derived neurotrophic
factor, neurotrophic factor receptors, such as tropomyosin receptor kinase A and TrkB, are
expressed in cultured Müller cells [98]. Thus, a successful eliciting of these effects may lead
to the prophylaxis of DONFL appearance.

5. Conclusions

As mentioned above, DONFL appearance may be changes caused by anoikis in
ganglion cells associated with ILM peeling. However, further research is needed to verify
this hypothesis.
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12. Demirel, S.; Abdullayev, A.; Yanık, Ö; Batıoğlu, F.; Özmert, E. Evaluation of Ganglion Cell-Inner Plexiform Layer Thickness after
Vitreoretinal Surgery with Internal Limiting Membrane Peeling in Cases with Idiopathic Macular Hole. Turk. J. Ophthalmol. 2017,
47, 138–143. [CrossRef]

13. Runkle, A.P.; Srivastava, S.K.; Yuan, A.; Kaiser, P.K.; Singh, R.P.; Reese, J.L.; Ehlers, J.P. Factors associated with development of
dissociated optic nerve fiber layer appearance in the pioneer intraoperative optical coherence tomography study. Retina 2018, 38,
S103–S109. [CrossRef] [PubMed]

14. Mitamura, Y.; Ohtsuka, K. Relationship of Dissociated Optic Nerve Fiber Layer Appearance to Internal Limiting Membrane
Peeling. Ophthalmology 2005, 112, 1766–1770. [CrossRef] [PubMed]

15. Imai, H.; Ohta, K. Microperimetric determination of retinal sensitivity in areas of dissociated optic nerve fiber layer following
internal limiting membrane peeling. Jpn. J. Ophthalmol. 2010, 54, 435–440. [CrossRef]

16. Steel, D.H.W.; Dinah, C.; White, K.; Avery, P.J. The relationship between a dissociated optic nerve fibre layer appearance after
macular hole surgery and Muller cell debris on peeled internal limiting membrane. Acta Ophthalmol. 2016, 95, 153–157. [CrossRef]

17. Park, S.H.; Kim, Y.J.; Lee, S.J. Incidence of and risk factors for dissociated optic nerve fiber layer after epiretinal membrane surgery.
Retina 2016, 36, 1469–1473. [CrossRef]

18. Spaide, R.F. “Dissociated optic nerve fiber layer appearance” after internal limiting membrane removal is inner retinal dimpling.
Retina 2012, 32, 1719–1726. [CrossRef] [PubMed]

19. Hisatomi, T.; Tachibana, T.; Notomi, S.; Nakatake, S.; Fujiwara, K.; Murakami, Y.; Ikeda, Y.; Yoshida, S.; Enaida, H.; Murata, T.;
et al. Incomplete repair of retinal structure after vitrectomy with internal limiting membrane peeling. Retina 2017, 37, 1523–1528.
[CrossRef] [PubMed]

20. Grossmann, J. Molecular mechanisms of “detachment-induced apoptosis—Anoikis”. Apoptosis 2002, 7, 247–260. [CrossRef]
[PubMed]

21. Frisch, S.M.; Screaton, R.A. Anoikis mechanisms. Curr. Opin. Cell Biol. 2001, 13, 555–562. [CrossRef]
22. Valentijn, A.; Zouq, N.; Gilmore, A.P. Anoikis. Biochem. Soc. Trans. 2004, 32, 421–425. [CrossRef]
23. Simpson, C.D.; Anyiwe, K.; Schimmer, A.D. Anoikis resistance and tumor metastasis. Cancer Lett. 2008, 272, 177–185. [CrossRef]

[PubMed]
24. Taddei, M.L.; Giannoni, E.; Fiaschi, T.; Chiarugi, P. Anoikis: An emerging hallmark in health and diseases. J. Pathol. 2011, 226,

380–393. [CrossRef]
25. Brem, R.B.; Robbins, S.G.; Wilson, D.J.; O’Rourke, L.M.; Mixon, R.N.; Robertson, J.E.; Planck, S.R.; Rosenbaum, J.T. Immu-

nolocalization of integrins in the human retina. Invest. Ophthalmol. Vis. Sci. 1994, 35, 3466–3474.
26. Lee, Y.-C.; Jin, J.-K.; Cheng, C.-J.; Huang, C.-F.; Song, J.H.; Huang, M.; Brown, W.S.; Zhang, S.; Yu-Lee, L.-Y.; Yeh, E.T.; et al.

Targeting Constitutively Activated β1 Integrins Inhibits Prostate Cancer Metastasis. Mol. Cancer Res. 2013, 11, 405–417. [CrossRef]
[PubMed]

http://doi.org/10.1016/S0161-6420(01)00856-9
http://doi.org/10.1016/j.ophtha.2005.02.023
http://doi.org/10.1097/IAE.0000000000001558
http://www.ncbi.nlm.nih.gov/pubmed/28234805
http://doi.org/10.1016/j.ophtha.2016.12.014
http://doi.org/10.5301/ejo.5001067
http://doi.org/10.1007/s10792-011-9474-4
http://www.ncbi.nlm.nih.gov/pubmed/22057824
http://doi.org/10.1159/000364811
http://doi.org/10.1007/s10792-013-9831-6
http://www.ncbi.nlm.nih.gov/pubmed/23864285
http://doi.org/10.1016/j.ajo.2004.01.052
http://www.ncbi.nlm.nih.gov/pubmed/15183817
http://doi.org/10.1097/00006982-200308000-00024
http://doi.org/10.1159/000350552
http://doi.org/10.4274/tjo.34545
http://doi.org/10.1097/IAE.0000000000002017
http://www.ncbi.nlm.nih.gov/pubmed/29346239
http://doi.org/10.1016/j.ophtha.2005.04.026
http://www.ncbi.nlm.nih.gov/pubmed/16095706
http://doi.org/10.1007/s10384-010-0839-4
http://doi.org/10.1111/aos.13195
http://doi.org/10.1097/IAE.0000000000000949
http://doi.org/10.1097/IAE.0b013e3182671191
http://www.ncbi.nlm.nih.gov/pubmed/23007669
http://doi.org/10.1097/IAE.0000000000001388
http://www.ncbi.nlm.nih.gov/pubmed/27828909
http://doi.org/10.1023/A:1015312119693
http://www.ncbi.nlm.nih.gov/pubmed/11997669
http://doi.org/10.1016/S0955-0674(00)00251-9
http://doi.org/10.1042/bst0320421
http://doi.org/10.1016/j.canlet.2008.05.029
http://www.ncbi.nlm.nih.gov/pubmed/18579285
http://doi.org/10.1002/path.3000
http://doi.org/10.1158/1541-7786.MCR-12-0551
http://www.ncbi.nlm.nih.gov/pubmed/23339185


Int. J. Mol. Sci. 2021, 22, 1724 11 of 13

27. Santos, A.R.C.; Corredor, R.G.; Obeso, B.A.; Trakhtenberg, E.F.; Wang, Y.; Ponmattam, J.; Dvoriantchikova, G.; Ivanov, D.;
Shestopalov, V.I.; Goldberg, J.L.; et al. β1 Integrin-Focal Adhesion Kinase (FAK) Signaling Modulates Retinal Ganglion Cell (RGC)
Survival. PLoS ONE 2012, 7, e48332. [CrossRef]

28. Li, Y.; Chen, Y.-M.; Sun, M.-M.; Guo, X.-D.; Wang, Y.-C.; Zhang, Z.-Z. Inhibition on Apoptosis Induced by Elevated Hydrostatic
Pressure in Retinal Ganglion Cell-5 via Laminin Upregulating β1-integrin/Focal Adhesion Kinase/Protein Kinase B Signaling
Pathway. Chin. Med. J. 2016, 129, 976–983. [CrossRef]

29. Ng, T.K.; Liang, X.Y.; Lu, F.; Liu, D.T.; Yam, G.H.; Ma, L.; Tam, P.O.; Chen, H.; Cen, L.-P.; Chen, L.J.; et al. Protective effects of an
HTRA1 insertion–deletion variant against age-related macular degeneration in the Chinese populations. Lab. Investig. 2016, 97,
43–52. [CrossRef] [PubMed]

30. Albert, R.; Kristóf, E.; Zahuczky, G.; Szatmári-Tóth, M.; Veréb, Z.; Oláh, B.; Moe, M.C.; Facsko, A.; Fésüs, L.; Petrovski, G.
Triamcinolone regulated apopto-phagocytic gene expression patterns in the clearance of dying retinal pigment epithelial cells. A
key role of Mertk in the enhanced phagocytosis. Biochim. Biophys. Acta Gen. Subj. 2015, 1850, 435–446. [CrossRef]

31. Petrovski, G.; Berényi, E.; Moe, M.C.; Vajas, A.; Fésüs, L.; Berta, A.; Facskó, A. Clearance of dying ARPE-19 cells by professional
and nonprofessional phagocytesin vitro- implications for age-related macular degeneration (AMD). Acta Ophthalmol. 2010, 89,
e30–e34. [CrossRef]

32. Liu, H.; Yang, R.; Tinner, B.; Choudhry, A.; Schutze, N.; Chaqour, B. Cysteine-Rich Protein 61 and Connective Tissue Growth
Factor Induce Deadhesion and Anoikis of Retinal Pericytes. Endocrinology 2008, 149, 1666–1677. [CrossRef] [PubMed]

33. Yang, R.; Liu, H.; Williams, I.; Chaqour, B. Matrix Metalloproteinase-2 Expression and Apoptogenic Activity in Retinal Pericytes:
Implications in Diabetic Retinopathy. Ann. N. Y. Acad. Sci. 2007, 1103, 196–201. [CrossRef] [PubMed]

34. López-Luppo, M.; Catita, J.; Ramos, D.; Navarro, M.; Carretero, A.; Mendes-Jorge, L.; Nacher, V.; Muñoz-Cánoves, P.; Rodriguez-
Baeza, A.; Ruberte, J. Cellular Senescence Is Associated with Human Retinal Microaneurysm Formation During Aging. Investig.
Opthalmol. Vis. Sci. 2017, 58, 2832. [CrossRef] [PubMed]

35. Bunk, E.C.; König, H.-G.; Bernas, T.; Engel, T.; Henshall, D.C.; Kirby, B.P.; Prehn, J.H.M. BH3-only proteins BIM and PUMA in the
regulation of survival and neuronal differentiation of newly generated cells in the adult mouse hippocampus. Cell Death Dis.
2010, 1, e15. [CrossRef] [PubMed]

36. Akhter, R.; Saleem, S.; Saha, A.; Biswas, S.C. The pro-apoptotic protein Bmf co-operates with Bim and Puma in neuron death
induced by β-amyloid or NGF deprivation. Mol. Cell. Neurosci. 2018, 88, 249–257. [CrossRef] [PubMed]

37. Marchionini, D.M.; Collier, T.J.; Camargo, M.; McGuire, S.; Pitzer, M.; Sortwell, C. Interference with anoikis-induced cell death of
dopamine neurons: Implications for augmenting embryonic graft survival in a rat model of Parkinson’s disease. J. Comp. Neurol.
2003, 464, 172–179. [CrossRef]

38. Działo, J.; Tokarz-Deptuła, B.; Deptuła, W. Excitotoxicity and Wallerian degeneration as a process related to cell death in nervous
system. Arch. Ital. Biol 2013, 151, 67–75.

39. Miñambres, R.; Guasch, R.M.; Pérez-Aragó, A.; Guerri, C. The RhoA/ROCK-I/MLC pathway is involved in the ethanol-induced
apoptosis by anoikis in astrocytes. J. Cell Sci. 2006, 119, 271–282. [CrossRef]

40. Ma, B.; Sen, T.; Asnaghi, L.; Valapala, M.; Yang, F.; Hose, S.; McLeod, D.S.; Lu, Y.; Eberhart, C.; Zigler, J.S.; et al. βA3/A1-Crystallin
controls anoikis-mediated cell death in astrocytes by modulating PI3K/AKT/mTOR and ERK survival pathways through the
PKD/Bit1-signaling axis. Cell Death Dis. 2011, 2, e217. [CrossRef]

41. Abe, Y.; Yamamoto, T.; Sugiyama, Y.; Watanabe, T.; Saito, N.; Kayama, H.; Kumagai, T. “Anoikis” of Oligodendrocytes Induced by
Wallerian Degeneration: Ultrastructural Observations. J. Neurotrauma 2004, 21, 119–124. [CrossRef]

42. Plant, C.D.; Plant, G.W. Schwann Cell Transplantation Methods Using Biomaterials. Toxic. Assess. 2018, 1739, 439–453. [CrossRef]
43. Koda, M.; Someya, Y.; Nishio, Y.; Kadota, R.; Mannoji, C.; Miyashita, T.; Okawa, A.; Murata, A.; Yamazaki, M. Brain-derived

neurotrophic factor suppresses anoikis-induced death of Schwann cells. Neurosci. Lett. 2008, 444, 143–147. [CrossRef]
44. Thomsen, M.S.; Routhe, L.J.; Moos, T. The vascular basement membrane in the healthy and pathological brain. Br. J. Pharmacol.

2017, 37, 3300–3317. [CrossRef]
45. Nuriya, M.; Hirase, H. Involvement of astrocytes in neurovascular communication. Prog. Brain Res. 2016, 225, 41–62. [CrossRef]
46. Okada, M.; Matsumura, M.; Ogino, N.; Honda, Y. Müller cells in detached human retina express glial fibrillary acidic protein and

vimentin. Graefe’s Arch. Clin. Exp. Ophthalmol. 1990, 228, 467–474. [CrossRef]
47. Cao, Z.; Livas, T.; Kyprianou, N. Anoikis and EMT: Lethal “Liaisons” during Cancer Progression. Crit. Rev. Oncog. 2016, 21,

155–168. [CrossRef] [PubMed]
48. Ji, W.-K.; Tang, X.-C.; Yi, M.; Chen, P.-Q.; Liu, F.-Y.; Hu, X.-H.; Hu, W.-F.; Fu, S.-J.; Liu, J.-F.; Wu, K.; et al. p53 Directly Regulates

αA- and βA3/A1-Crystallin Genes to Modulate Lens Differentiation. Curr. Mol. Med. 2013, 13, 968–978. [CrossRef] [PubMed]
49. Srivastava, O.; Srivastava, K. Characterization of a sodium deoxycholate-activatable proteinase activity associated with βA3/A1-

crystallin of human lenses. Biochim. Biophys. Acta Protein Struct. Mol. Enzym. 1999, 1434, 331–346. [CrossRef]
50. Srivastava, O.; Srivastava, K.; Harrington, V. Age-Related Degradation of βA3/A1-Crystallin in Human Lenses. Biochem. Biophys.

Res. Commun. 1999, 258, 632–638. [CrossRef] [PubMed]
51. Werten, P.J.; Vos, E.; de Jong, W.W. Truncation of βA3/A1-crystallin during Aging of the Bovine Lens; Possible Implications for

Lens Optical Quality. Exp. Eye Res. 1999, 68, 99–103. [CrossRef]

http://doi.org/10.1371/journal.pone.0048332
http://doi.org/10.4103/0366-6999.179785
http://doi.org/10.1038/labinvest.2016.117
http://www.ncbi.nlm.nih.gov/pubmed/27841854
http://doi.org/10.1016/j.bbagen.2014.10.026
http://doi.org/10.1111/j.1755-3768.2010.02047.x
http://doi.org/10.1210/en.2007-1415
http://www.ncbi.nlm.nih.gov/pubmed/18187544
http://doi.org/10.1196/annals.1394.000
http://www.ncbi.nlm.nih.gov/pubmed/17332085
http://doi.org/10.1167/iovs.16-20312
http://www.ncbi.nlm.nih.gov/pubmed/28570738
http://doi.org/10.1038/cddis.2009.13
http://www.ncbi.nlm.nih.gov/pubmed/21364616
http://doi.org/10.1016/j.mcn.2018.02.011
http://www.ncbi.nlm.nih.gov/pubmed/29499358
http://doi.org/10.1002/cne.10785
http://doi.org/10.1242/jcs.02723
http://doi.org/10.1038/cddis.2011.100
http://doi.org/10.1089/089771504772696002
http://doi.org/10.1007/978-1-4939-7649-2_29
http://doi.org/10.1016/j.neulet.2008.07.055
http://doi.org/10.1177/0271678X17722436
http://doi.org/10.1016/bs.pbr.2016.02.001
http://doi.org/10.1007/BF00927264
http://doi.org/10.1615/CritRevOncog.2016016955
http://www.ncbi.nlm.nih.gov/pubmed/27915969
http://doi.org/10.2174/15665240113139990052
http://www.ncbi.nlm.nih.gov/pubmed/23745585
http://doi.org/10.1016/S0167-4838(99)00183-1
http://doi.org/10.1006/bbrc.1999.0506
http://www.ncbi.nlm.nih.gov/pubmed/10329436
http://doi.org/10.1006/exer.1998.0584


Int. J. Mol. Sci. 2021, 22, 1724 12 of 13

52. Ma, Z.; Yao, W.; Chan, C.-C.; Kannabiran, C.; Wawrousek, E.; Hejtmancik, J.F. Human βA3/A1-crystallin splicing mutation
causes cataracts by activating the unfolded protein response and inducing apoptosis in differentiating lens fiber cells. Biochim.
Biophys. Acta Bioenerg. 2016, 1862, 1214–1227. [CrossRef]

53. Kannabiran, C.; Rogan, P.K.; Olmos, L.; Basti, S.; Rao, G.N.; Kaiser-Kupfer, M.; Hejtmancik, J.F. Autosomal dominant zonular
cataract with sutural opacities is associated with a splice mutation in the betaA3/A1-crystallin gene. Mol. Vis. 1998, 4, 21.

54. Zigler, J.S.; Sinha, D. βA3/A1-crystallin: More than a lens protein. Prog. Retin. Eye Res. 2015, 44, 62–85. [CrossRef]
55. Hegde, S.; Kesterson, R.A.; Srivastava, O.P. CRYβA3/A1-Crystallin Knockout Develops Nuclear Cataract and Causes Impaired

Lysosomal Cargo Clearance and Calpain Activation. PLoS ONE 2016, 11, e0149027. [CrossRef]
56. Parthasarathy, G.; Ma, B.; Zhang, C.; Gongora, C.; Zigler, J.S.; Duncan, M.K.; Sinha, D. Expression of βA3/A1-crystallin in the

developing and adult rat eye. J. Mol. Histol. 2011, 42, 59–69. [CrossRef]
57. Ghosh, S.; Shang, P.; Terasaki, H.; Stepicheva, N.; Hose, S.; Yazdankhah, M.; Weiss, J.; Sakamoto, T.; Bhutto, I.A.; Xia, S.; et al. A

Role for βA3/A1-Crystallin in Type 2 EMT of RPE Cells Occurring in Dry Age-Related Macular Degeneration. Investig. Opthalmol.
Vis. Sci. 2018, 59, AMD104–AMD113. [CrossRef] [PubMed]

58. Shang, P.; Valapala, M.; Grebe, R.; Hose, S.; Ghosh, S.; Bhutto, I.A.; Handa, J.T.; Lutty, G.A.; Lu, L.; Wan, J.; et al. The amino acid
transporter SLC36A4 regulates the amino acid pool in retinal pigmented epithelial cells and mediates the mechanistic target of
rapamycin, complex 1 signaling. Aging Cell 2017, 16, 349–359. [CrossRef] [PubMed]

59. Valapala, M.; Sergeev, Y.; Wawrousek, E.; Hose, S.; Zigler, J.S.; Sinha, D. Modulation of V-ATPase by βA3/A1-Crystallin in Retinal
Pigment Epithelial Cells. Taurine 6 2015, 854, 779–784. [CrossRef]

60. Sinha, D.; Valapala, M.; Shang, P.; Hose, S.; Grebe, R.; Lutty, G.A.; Zigler, J.S.; Kaarniranta, K.; Handa, J.T. Lysosomes: Regulators
of autophagy in the retinal pigmented epithelium. Exp. Eye Res. 2016, 144, 46–53. [CrossRef]

61. Valapala, M.; Wilson, C.; Hose, S.; Bhutto, I.A.; Grebe, R.; Dong, A.; Greenbaum, S.; Gu, L.; Sengupta, S.; Cano, M.; et al. Lysosomal-
mediated waste clearance in retinal pigment epithelial cells is regulated by CRYBA1/βA3/A1-crystallin via V-ATPase-MTORC1
signaling. Autophagy 2014, 10, 480–496. [CrossRef] [PubMed]

62. Zigler, J.S.; Zhang, C.; Grebe, R.; Sehrawat, G.; Hackler, L.; Adhya, S.; Hose, S.; McLeod, D.S.; Bhutto, I.; Barbour, W.; et al.
Mutation in the A3/A1-crystallin gene impairs phagosome degradation in the retinal pigmented epithelium of the rat. J. Cell Sci.
2011, 124, 523–531. [CrossRef]

63. Valapala, M.; Hose, S.; Gongora, C.; Dong, L.; Wawrousek, E.F.; Zigler, J.S.; Sinha, D. Impaired endolysosomal function disrupts
Notch signalling in optic nerve astrocytes. Nat. Commun. 2013, 4, 1629. [CrossRef] [PubMed]

64. Sinha, D.; Valapala, M.; Bhutto, I.; Patek, B.; Zhang, C.; Hose, S.; Yang, F.; Cano, M.; Stark, W.J.; Lutty, G.A.; et al. βA3/A1-
crystallin is required for proper astrocyte template formation and vascular remodeling in the retina. Transgenic Res. 2012, 21,
1033–1042. [CrossRef]

65. Sinha, D.; Klise, A.; Sergeev, Y.; Hose, S.; Bhutto, I.A.; Hackler, L.; Malpic-Llanos, T.; Samtani, S.; Grebe, R.; Goldberg, M.F.; et al.
βA3/A1-crystallin in astroglial cells regulates retinal vascular remodeling during development. Mol. Cell. Neurosci. 2008, 37,
85–95. [CrossRef] [PubMed]

66. Valapala, M.; Edwards, M.; Hose, S.; Hu, J.; Wawrousek, E.; Lutty, G.A.; Zigler, J.S.; Qian, J.; Sinha, D. βA3/A1-crystallin is a
critical mediator of STAT3 signaling in optic nerve astrocytes. Sci. Rep. 2015, 5, 8755. [CrossRef]

67. Zigler, J.S.; Valapala, M.; Shang, P.; Hose, S.; Goldberg, M.F.; Sinha, D. βA3/A1-crystallin and persistent fetal vasculature (PFV)
disease of the eye. Biochim. Biophys. Acta Gen. Subj. 2016, 1860, 287–298. [CrossRef] [PubMed]

68. Hirano, S.; Takeichi, M. Cadherins in Brain Morphogenesis and Wiring. Physiol. Rev. 2012, 92, 597–634. [CrossRef] [PubMed]
69. Takeichi, M. Morphogenetic roles of classic cadherins. Curr. Opin. Cell Biol. 1995, 7, 619–627. [CrossRef]
70. Kumar, S.; Park, S.H.; Cieply, B.; Schupp, J.; Killiam, E.; Zhang, F.; Rimm, D.L.; Frisch, S.M. A Pathway for the Control of Anoikis

Sensitivity by E-Cadherin and Epithelial-to-Mesenchymal Transition. Mol. Cell. Biol. 2011, 31, 4036–4051. [CrossRef] [PubMed]
71. Yao, X.; Pham, T.; Temple, B.; Gray, S.; Cannon, C.; Chen, R.; Abdel-Mageed, A.B.; Biliran, H. The Anoikis Effector Bit1 Inhibits

EMT through Attenuation of TLE1-Mediated Repression of E-Cadherin in Lung Cancer Cells. PLoS ONE 2016, 11, e0163228.
[CrossRef] [PubMed]

72. Suzuki, S.C.; Takeichi, M. Cadherins in neuronal morphogenesis and function. Dev. Growth Differ. 2008, 50, S119–S130. [CrossRef]
73. Pla, P.; Moore, R.; Morali, O.G.; Grille, S.; Martinozzi, S.; LaRue, L. Cadherins in neural crest cell development and transformation.

J. Cell. Physiol. 2001, 189, 121–132. [CrossRef]
74. Pal, M.; Bhattacharya, S.; Kalyan, G.; Hazra, S. Cadherin profiling for therapeutic interventions in Epithelial Mesenchymal

Transition (EMT) and tumorigenesis. Exp. Cell Res. 2018, 368, 137–146. [CrossRef]
75. Riehl, R.; Johnson, K.; Bradley, R.; Grunwald, G.B.; Cornel, E.; Lilienbaum, A.; Holt, C.E. Cadherin Function Is Required for Axon

Outgrowth in Retinal Ganglion Cells In Vivo. Neuron 1996, 17, 837–848. [CrossRef]
76. Oblander, S.A.; Ensslen-Craig, S.E.; Longo, F.M.; Brady-Kalnay, S.M. E-cadherin promotes retinal ganglion cell neurite outgrowth

in a protein tyrosine phosphatase-mu-dependent manner. Mol. Cell. Neurosci. 2007, 34, 481–492. [CrossRef]
77. Ikeda, T.; Nakamura, K.; Oku, H.; Horie, T.; Kida, T.; Takai, S. Immunohistological Study of Monkey Foveal Retina. Sci. Rep. 2019,

9, 5258. [CrossRef]
78. Lepousez, G.; Lledo, P.-M. Life and death decision in adult neurogenesis: In praise of napping. Neuron 2011, 71, 768–771.

[CrossRef] [PubMed]

http://doi.org/10.1016/j.bbadis.2016.02.003
http://doi.org/10.1016/j.preteyeres.2014.11.002
http://doi.org/10.1371/journal.pone.0149027
http://doi.org/10.1007/s10735-010-9307-1
http://doi.org/10.1167/iovs.18-24132
http://www.ncbi.nlm.nih.gov/pubmed/30098172
http://doi.org/10.1111/acel.12561
http://www.ncbi.nlm.nih.gov/pubmed/28083894
http://doi.org/10.1007/978-3-319-17121-0_104
http://doi.org/10.1016/j.exer.2015.08.018
http://doi.org/10.4161/auto.27292
http://www.ncbi.nlm.nih.gov/pubmed/24468901
http://doi.org/10.1242/jcs.078790
http://doi.org/10.1038/ncomms2624
http://www.ncbi.nlm.nih.gov/pubmed/23535650
http://doi.org/10.1007/s11248-012-9608-0
http://doi.org/10.1016/j.mcn.2007.08.016
http://www.ncbi.nlm.nih.gov/pubmed/17931883
http://doi.org/10.1038/srep08755
http://doi.org/10.1016/j.bbagen.2015.05.017
http://www.ncbi.nlm.nih.gov/pubmed/26022148
http://doi.org/10.1152/physrev.00014.2011
http://www.ncbi.nlm.nih.gov/pubmed/22535893
http://doi.org/10.1016/0955-0674(95)80102-2
http://doi.org/10.1128/MCB.01342-10
http://www.ncbi.nlm.nih.gov/pubmed/21746881
http://doi.org/10.1371/journal.pone.0163228
http://www.ncbi.nlm.nih.gov/pubmed/27655370
http://doi.org/10.1111/j.1440-169X.2008.01002.x
http://doi.org/10.1002/jcp.10008
http://doi.org/10.1016/j.yexcr.2018.04.014
http://doi.org/10.1016/S0896-6273(00)80216-0
http://doi.org/10.1016/j.mcn.2006.12.002
http://doi.org/10.1038/s41598-019-41793-y
http://doi.org/10.1016/j.neuron.2011.08.014
http://www.ncbi.nlm.nih.gov/pubmed/21903071


Int. J. Mol. Sci. 2021, 22, 1724 13 of 13

79. Biebl, M.; Cooper, C.M.; Winkler, J.; Kuhn, H.G. Analysis of neurogenesis and programmed cell death reveals a self-renewing
capacity in the adult rat brain. Neurosci. Lett. 2000, 291, 17–20. [CrossRef]

80. Ehninger, D.; Kempermann, G. Neurogenesis in the adult hippocampus. Cell Tissue Res. 2007, 331, 243–250. [CrossRef]
81. Zhao, C.; Deng, W.; Gage, F.H. Mechanisms and Functional Implications of Adult Neurogenesis. Cell 2008, 132, 645–660.

[CrossRef] [PubMed]
82. Whitman, M.C.; Greer, C.A. Adult neurogenesis and the olfactory system. Prog. Neurobiol. 2009, 89, 162–175. [CrossRef] [PubMed]
83. Cullen, D.K.; O’Donnell, J.C.; Katiyar, K.S.; Panzer, K.V. A tissue-engineered rostral migratory stream for directed neuronal

replacement. Neural Regen. Res. 2018, 13, 1327–1331. [CrossRef]
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