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Abstract: We recently demonstrated that chemical proteasome inhibition induced inner retinal
degeneration, supporting the pivotal roles of the ubiquitin–proteasome system in retinal structural
integrity maintenance. In this study, using beclin1-heterozygous (Becn1-Het) mice with autophagic
dysfunction, we tested our hypothesis that autophagy could be a compensatory retinal protective
mechanism for proteasomal impairment. Despite the reduced number of autophagosome, the
ocular tissue morphology and intraocular pressure were normal. Surprisingly, Becn1-Het mice
experienced the same extent of retinal degeneration as was observed in wild-type mice, following an
intravitreal injection of a chemical proteasome inhibitor. Similarly, these mice equally responded to
other chemical insults, including endoplasmic reticulum stress inducer, N-methyl-D-aspartate, and
lipopolysaccharide. Interestingly, in cultured neuroblastoma cells, we found that the mammalian
target of rapamycin-independent autophagy activators, lithium chloride and rilmenidine, rescued
these cells against proteasome inhibition-induced death. These results suggest that Becn1-mediated
autophagy is not an effective intrinsic protective mechanism for retinal damage induced by insults,
including impaired proteasomal activity; furthermore, autophagic activation beyond normal levels
is required to alleviate the cytotoxic effect of proteasomal inhibition. Further studies are underway
to delineate the precise roles of different forms of autophagy, and investigate the effects of their
activation in rescuing retinal neurons under various pathological conditions.

Keywords: proteasome inhibition; autophagy; retinal degeneration; neuroprotection

1. Introduction

The accumulation of toxic protein aggregates is a hallmark feature of many neurode-
generative conditions, such as Alzheimer’s disease, Parkinson’s disease, Huntington’s
disease, and amyotrophic lateral sclerosis [1]. The evidence points to a dysfunctional
ubiquitin–proteasome system (UPS) to be implicated in the pathogenesis of these dis-
eases [2]. UPS promotes the degradation of most soluble proteins via ubiquitination of
target proteins, as well as misfolded and damaged proteins via ubiquitin-independent
pathway, preventing the formation of protein aggregates [3,4]. Proteasome activity is
decreased in aged neurons and in a plethora of neurodegenerative conditions, leading to
the accumulation of aggregated proteins and the formation of ubiquitin-positive inclusion
bodies [5]. Proteasome inhibition in animal models, by genetic or pharmacological means,
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closely mimics the pathology and symptoms of neurodegenerative diseases, such as the
aggregation of ubiquitinated proteins, formation of inclusion bodies, and neuronal cell
death [6–10].

Another major intracellular pathway regulating the clearance of aberrant protein is au-
tophagy, which operates in a closely interlinked manner to the UPS [11]. Autophagy targets
large protein complexes and aggregates, and even damaged cellular organelles [12]. The es-
sential role of autophagy in the clearance of neurotoxic protein aggregates in neurodegener-
ative diseases has been reported in many studies. The genetic deletion of autophagy-related
genes in neuronal cells led to neurodegeneration [13,14], whereas activation of autophagy
via chemical or genetic means, was shown to enhance the clearance of disease-associated
protein aggregates [11]. Thus, these two major protein degradation control systems, the
UPS and autophagy, are effective cellular defense mechanisms in neurons and may be
potential therapeutic targets for neurodegenerative diseases that are caused by neurotoxic
protein accumulation and aggregation.

As seen in the central nervous system, multiple studies have demonstrated that UPS
and autophagy may play significant roles in protein homeostasis in the retina. Retinal pro-
teasome and autophagic activities decline with age, and an increased protein aggregation
is found in the aging retina [15–18]. Impaired proteasome function was reported to induce
photoreceptor degeneration [19,20]; conversely, proteasome activation increased photore-
ceptor survival in an inherited retinal degeneration model [21]. Similarly, autophagy has
been implicated in photoreceptor cell death and survival [22–24], as well as in retinal
pigmented epithelial cell dysfunction in the pathogenesis of age-related macular degen-
eration [25–27]. Recent studies have also linked autophagy to retinal ganglion cell (RGC)
death in glaucoma [28]. Despite these efforts, the interplay between UPS and autophagy in
the regulation of protein degradation in retinal health and disease is not fully understood
at present.

To address this key question, we hypothesized that autophagy could be an innate
defense mechanism against retinal degeneration while proteasome function is impaired.
We previously reported that the pharmacological inhibition of proteasome in the retina
induced an accumulation of poly-ubiquitinated proteins, leading to cell loss in the ganglion
cell layer (GCL) [29], which is resistant to an array of pharmacological agents, such as
antioxidants and endoplasmic reticulum (ER) stress inhibitors. In this study, we used
this chemical proteasome inhibition model in genetically engineered mice with a defect
in beclin1 (Becn1) gene, a key signaling molecule in the autophagic pathway [30]. They
were Becn1-heterozygous (Becn1-Het) with autophagic dysfunction, which have been used
in many earlier studies [31–35]. To our surprise, despite autophagic dysfunction in the
retina of these mice, Becn1-Het mice and normal wild-type (WT) mice displayed equal
vulnerability to retinal degeneration, induced by chemical proteasome inhibition as well as
other pharmacological insults. Furthermore, we demonstrated that only the mammalian
target of rapamycin (mTOR)-independent autophagy activators could protect against
proteasome impairment-induced cytotoxicity in human neuroblastoma cells.

2. Results
2.1. Intravitreal (IVT) Injection of a Proteasome Inhibitor Induced Inner Retinal Degeneration
in Mice

To extend our previous finding that in rats intravitreal (IVT) injection of the proteasome
inhibitor MG-262 induces inner retinal degeneration [29], we first aimed to reproduce this
observation in normal WT mice. Consistent with our previous study, MG-262 (0.01 and
0.04 nmol/eye) induced a severe loss of cells in the GCL, accompanied by inner plexiform
layer (IPL) thinning in a dose-dependent manner, while the inner and outer nuclear
layers (INL and ONL, respectively) appeared relatively normal 7 days following IVT
injection of this agent (Figure 1a,b). Upon MG-262 injection, these retinal morphological
changes were associated with the presence of vacuoles in the optic nerve, indicating
optic neuropathy (Figure 1c). These findings further increase the value and robustness of
chemical proteasome inhibition as a model for inner retinal degeneration in rodents.
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Figure 1. Proteasome inhibitor (MG-262) induced inner retinal degeneration in mice. (a) Representative images of hema-
toxylin and eosin staining of mouse retinae 7 days following intravitreal injection of 0.01 and 0.04 nmol/eye of MG-262, or 
its vehicle (10% dimethyl sulfoxide in Dulbecco’s phosphate buffered solution or D-PBS). Retinae were cross-sectioned, 
and their images were taken approximately 300 µm away from the optic nerve head. GCL: ganglion cell layer; IPL: inner 
plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear layer; IS/OS: photoreceptor inner 
and outer segments. The scale bar shows 50 µm. (b) Quantification of number of cells in the GCL and IPL thickness meas-
urement. Cell counting and thickness measurement were performed on ImageJ. N = 6 eyes from 3 mice per each treatment 
group. Each value represents the mean ± standard deviation with the mean value indicated at the bottom of each bar. 
Statistical analysis was performed with one-way analysis of variance, followed by Dunnett’s post hoc test. ** p < 0.01 *** p 
< 0.001, vs. vehicle (Veh). (c) Representative images of the optic nerve of eyes, injected with 0.01 nmol/eye of MG-262. 
Vacuolation (red arrow heads) was observed throughout the optic nerve in eyes injected with MG-262. The scale bar shows 
200 µm. 

2.2. Characterization of Ocular Phenotypes of Beclin1-Heterozygous (Becn1-Het) Mice with 
Reduced Level of Retinal Autophagy 

To test our hypothesis that autophagy could confer retinal protection against im-
paired proteasome, we characterized retinal phenotypes of Becn1-Het mice, being genet-
ically modified mice, with autophagic dysfunction [31–34] under normal conditions. First, 
we confirmed a reduced level of autophagy in the retina of these mice using an im-
munostaining for LC3, a component of the autophagosome (Figure 2a,b). In accordance 
with previous reports that detected LC3 immunostaining in highly metabolic retinal cell 
layers [25], we observed LC3 punctae in retinal cell layers, including the GCL, INL, and 
ONL (Figure 2b). In the Becn1-Het mice, LC3 punctae were markedly reduced in all three 
layers (Figure 2b), confirming the reduced number of autophagosome in these cells. This 
result further supports the use of Becn1-Het mice as an animal model of defective autoph-
agy. 

We then determined if any ocular abnormality may be present in Becn1-Het mice. As 
shown in Figure 2c,d, a series of clinical imaging, namely, slit lamp photography, fundus 
photography, and fundus fluorescent angiography, failed to detect noticeable differences 
in the morphology of the cornea, the lens, and the retina between WT and Becn1-Het mice. 
Optical coherence tomography further confirmed that the structure of the optic nerve 

Figure 1. Proteasome inhibitor (MG-262) induced inner retinal degeneration in mice. (a) Representative images of
hematoxylin and eosin staining of mouse retinae 7 days following intravitreal injection of 0.01 and 0.04 nmol/eye of MG-262,
or its vehicle (10% dimethyl sulfoxide in Dulbecco’s phosphate buffered solution or D-PBS). Retinae were cross-sectioned,
and their images were taken approximately 300 µm away from the optic nerve head. GCL: ganglion cell layer; IPL: inner
plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear layer; IS/OS: photoreceptor
inner and outer segments. The scale bar shows 50 µm. (b) Quantification of number of cells in the GCL and IPL thickness
measurement. Cell counting and thickness measurement were performed on ImageJ. N = 6 eyes from 3 mice per each
treatment group. Each value represents the mean ± standard deviation with the mean value indicated at the bottom of each
bar. Statistical analysis was performed with one-way analysis of variance, followed by Dunnett’s post hoc test. ** p < 0.01
*** p < 0.001, vs. vehicle (Veh). (c) Representative images of the optic nerve of eyes, injected with 0.01 nmol/eye of MG-262.
Vacuolation (red arrow heads) was observed throughout the optic nerve in eyes injected with MG-262. The scale bar shows
200 µm.

2.2. Characterization of Ocular Phenotypes of Beclin1-Heterozygous (Becn1-Het) Mice with
Reduced Level of Retinal Autophagy

To test our hypothesis that autophagy could confer retinal protection against impaired
proteasome, we characterized retinal phenotypes of Becn1-Het mice, being genetically
modified mice, with autophagic dysfunction [31–34] under normal conditions. First, we
confirmed a reduced level of autophagy in the retina of these mice using an immunostaining
for LC3, a component of the autophagosome (Figure 2a,b). In accordance with previous
reports that detected LC3 immunostaining in highly metabolic retinal cell layers [25], we
observed LC3 punctae in retinal cell layers, including the GCL, INL, and ONL (Figure 2b).
In the Becn1-Het mice, LC3 punctae were markedly reduced in all three layers (Figure 2b),
confirming the reduced number of autophagosome in these cells. This result further
supports the use of Becn1-Het mice as an animal model of defective autophagy.

We then determined if any ocular abnormality may be present in Becn1-Het mice. As
shown in Figure 2c,d, a series of clinical imaging, namely, slit lamp photography, fundus
photography, and fundus fluorescent angiography, failed to detect noticeable differences in
the morphology of the cornea, the lens, and the retina between WT and Becn1-Het mice.
Optical coherence tomography further confirmed that the structure of the optic nerve head,
as well as the inner and total retinal thickness (Figure 2c,d) of these mice were normal.
Additionally, intraocular pressure (IOP) was maintained in the normal range in both groups
of mice (Figure 2e). Overall, despite autophagic dysfunction found in the retina of these
mice, the eyes of Becn1-Het did not display any abnormality in their morphology and
structure or IOP under normal conditions.
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Figure 2. Retinal autophagic dysfunction and ocular phenotypes of beclin1-heterozygous mice (Becn1-Het). (a) Immuno-
fluorescence staining of LC3 in the retina of wild-type (WT) and Becn1-Het mice (each image is representative of 2 eyes). 
Immunofluorescence staining was performed on 5 µm thick retinal cryosections of WT and Becn1-Het mice, and images 
were acquired with confocal microscopy. Representative merged z-stack images are shown. The scale bar shows 50 µm. 
(b) Enlarged images of LC3 immunostaining in the ganglion cell layer (GCL), inner nuclear layer (INL), and outer nuclear 
layer (ONL). Red, yellow, and blue colors correspond to the respective area of the images shown in (a). White arrow heads 
indicate visible LC3 punctae. The scale bar shows 10 µm. (c) Representative clinical imaging of the eyes of WT and Becn1-
Het mice, including (from left to right), slit lamp photography, fundus fluorescein angiography, fundus photography, and 
spectral domain ocular coherence tomography (OCT). (d) Inner and total retina thickness was quantified based on the 
OCT images obtained. Image quantification was performed on ImageJ. The inner retina is defined to include the GCL, IPL 
(inner plexiform layer), and INL, whereas the total retina includes all retinal layers. N = 10–12 eyes from 5–6 mice per each 
group. (e) Intraocular pression (IOP) measured with rebound tonometer in WT and Becn1-Het mice. The same mice shown 
in (d) were used for IOP measurements. Each value represents the mean ± standard deviation with the mean value indi-
cated at the bottom of each bar. Statistical analysis was performed with an unpaired t-test. 

2.3. Becn1-Het and Wild-Type (WT) Mice Possess Equal Vulnerability to Proteasome Inhibition 
and Endoplasmic Reticulum (ER) Stress 

We further examined if autophagic dysfunction in Becn1-Het mice could render them 
more sensitive to inner retinal degeneration caused by proteasome inhibition. As seen 
above, an IVT injection of MG-262 (0.01 nmol/eye) induced moderate cell loss in the GCL 
and IPL thinning in both WT and Becn1-Het mice (Figure 3a). Qualitatively, a similar de-
gree of inner retinal degeneration upon MG-262 treatment was observed between WT and 
Becn1-Het mice. To quantify these changes more precisely, we used the expression level 
of genetic cell markers, neurofilament light chain (Nefl), and rhodopsin (Rho) genes, to 
reflect the number of RGCs [36] and photoreceptors [37] in the whole retina, respectively. 
Consistent with our previous study [29], MG-262 (0.01 and 0.04 nmol/eye) reduced Nefl 
expression in a dose-dependent manner in both mouse groups, and the maximum reduc-
tion from the respective control level in the vehicle group was approximately 70% (Figure 
3b). In contrast, MG-262 reduced the Rho expression level by only 30% at the higher dose, 

Figure 2. Retinal autophagic dysfunction and ocular phenotypes of beclin1-heterozygous mice (Becn1-Het). (a) Immunoflu-
orescence staining of LC3 in the retina of wild-type (WT) and Becn1-Het mice (each image is representative of 2 eyes).
Immunofluorescence staining was performed on 5 µm thick retinal cryosections of WT and Becn1-Het mice, and images
were acquired with confocal microscopy. Representative merged z-stack images are shown. The scale bar shows 50 µm.
(b) Enlarged images of LC3 immunostaining in the ganglion cell layer (GCL), inner nuclear layer (INL), and outer nuclear
layer (ONL). Red, yellow, and blue colors correspond to the respective area of the images shown in (a). White arrow
heads indicate visible LC3 punctae. The scale bar shows 10 µm. (c) Representative clinical imaging of the eyes of WT and
Becn1-Het mice, including (from left to right), slit lamp photography, fundus fluorescein angiography, fundus photography,
and spectral domain ocular coherence tomography (OCT). (d) Inner and total retina thickness was quantified based on
the OCT images obtained. Image quantification was performed on ImageJ. The inner retina is defined to include the GCL,
IPL (inner plexiform layer), and INL, whereas the total retina includes all retinal layers. N = 10–12 eyes from 5–6 mice per
each group. (e) Intraocular pression (IOP) measured with rebound tonometer in WT and Becn1-Het mice. The same mice
shown in (d) were used for IOP measurements. Each value represents the mean ± standard deviation with the mean value
indicated at the bottom of each bar. Statistical analysis was performed with an unpaired t-test.

2.3. Becn1-Het and Wild-Type (WT) Mice Possess Equal Vulnerability to Proteasome Inhibition
and Endoplasmic Reticulum (ER) Stress

We further examined if autophagic dysfunction in Becn1-Het mice could render them
more sensitive to inner retinal degeneration caused by proteasome inhibition. As seen
above, an IVT injection of MG-262 (0.01 nmol/eye) induced moderate cell loss in the GCL
and IPL thinning in both WT and Becn1-Het mice (Figure 3a). Qualitatively, a similar
degree of inner retinal degeneration upon MG-262 treatment was observed between WT
and Becn1-Het mice. To quantify these changes more precisely, we used the expression
level of genetic cell markers, neurofilament light chain (Nefl), and rhodopsin (Rho) genes,
to reflect the number of RGCs [36] and photoreceptors [37] in the whole retina, respectively.
Consistent with our previous study [29], MG-262 (0.01 and 0.04 nmol/eye) reduced Nefl
expression in a dose-dependent manner in both mouse groups, and the maximum reduction
from the respective control level in the vehicle group was approximately 70% (Figure 3b).
In contrast, MG-262 reduced the Rho expression level by only 30% at the higher dose,
compared with the vehicle group. Again, we observed no statistically significant difference
in the level of expression of Nefl or Rho upon MG-262 injection between WT and Becn1-Het
mice (Figure 3b).
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or when protein degradation or folding is impaired following chemical proteasome inhi-
bition or ER stress induction.  
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induced by proteasome inhibition and endoplasmic reticulum (ER) stress. Chemicals, or their vehicle, were intravitreally 
injected into the eyes of WT and Becn1-Het mice, and eyes were isolated 7 and 4 days post-injection for histological eval-
uation (a) and gene expression analysis (b,c), respectively. Quantitative PCR was performed for neurofilament light chain 
(Nefl) and rhodopsin (Rho) genes. Each expression value was normalized to glyceraldehyde-3-phosphate dehydrogenase 
(Gapdh), the housekeeping gene, in individual samples and is shown relative to that obtained in the WT vehicle group. (a) 
Representative images of hematoxylin and eosin-stained retinae, following intravitreal injection of 0.01 nmol/eye MG-262 
or its vehicle (10% dimethyl sulfoxide or DMSO in Dulbecco’s phosphate buffered solution or D-PBS). The scale bar shows 
50 µm. (b) Effects of MG-262 (0.01 and 0.04 nmol/eye) or its vehicle (Veh, 10% DMSO in D-PBS) on Nefl and Rho gene 
expression levels in the retina. N = 8 to 16 eyes from 4 to 8 mice per each group. Black and while bars show WT and Becn1-
Het, respectively. (c) Effects of tunicamycin (Tunc, 2.5 µg/eye) or its vehicle (Veh, 25% DMSO in D-PBS) on Nefl and Rho 
gene expression levels in the retina. N = 5 to 8 eyes from 4 mice per each group. Each value represents the mean ± standard 
deviation with the mean value indicated at the top of each bar. For statistical analysis, a two-way analysis of variance was 
performed, followed by Sidak’s post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 for each pair of comparison. 

2.4. Retinal Degenerative Effects of Other Pharmacological Insults in Becn1-Het Mice 
To extend our findings to other types of retinal degeneration models, we asked if 

excitotoxicity- and neuroinflammation-induced RGC death could be modified in Becn1-
Het mice. IVT injection of N-methyl-D-aspartate (NMDA, 20 nmol/eye), an authentic 
NMDA receptor-coupled channel agonist [38,39], led to cell loss in the GCL and IPL thin-
ning, accompanied by a remarkable reduction in Nefl gene expression levels (Figure 4a,b). 
Similarly, lipopolysaccharide (LPS, 2 µg/eye), a pro-inflammatory substance [40], caused 
a mild but statistically significant reduction in Nefl gene expression. Similar to the retinal 
degeneration induced by MG-262 and tunicamycin IVT injection, we did not observe any 
statistically significant difference in the retinal structural changes and reduction in Nefl 

Figure 3. Beclin1-heterozygous mice (Becn1-Het) and wild-type (WT) mice are equally sensitive to retinal degeneration,
induced by proteasome inhibition and endoplasmic reticulum (ER) stress. Chemicals, or their vehicle, were intravitreally
injected into the eyes of WT and Becn1-Het mice, and eyes were isolated 7 and 4 days post-injection for histological evaluation
(a) and gene expression analysis (b,c), respectively. Quantitative PCR was performed for neurofilament light chain (Nefl) and
rhodopsin (Rho) genes. Each expression value was normalized to glyceraldehyde-3-phosphate dehydrogenase (Gapdh), the
housekeeping gene, in individual samples and is shown relative to that obtained in the WT vehicle group. (a) Representative
images of hematoxylin and eosin-stained retinae, following intravitreal injection of 0.01 nmol/eye MG-262 or its vehicle (10%
dimethyl sulfoxide or DMSO in Dulbecco’s phosphate buffered solution or D-PBS). The scale bar shows 50 µm. (b) Effects
of MG-262 (0.01 and 0.04 nmol/eye) or its vehicle (Veh, 10% DMSO in D-PBS) on Nefl and Rho gene expression levels in
the retina. N = 8 to 16 eyes from 4 to 8 mice per each group. Black and while bars show WT and Becn1-Het, respectively.
(c) Effects of tunicamycin (Tunc, 2.5 µg/eye) or its vehicle (Veh, 25% DMSO in D-PBS) on Nefl and Rho gene expression
levels in the retina. N = 5 to 8 eyes from 4 mice per each group. Each value represents the mean ± standard deviation with
the mean value indicated at the top of each bar. For statistical analysis, a two-way analysis of variance was performed,
followed by Sidak’s post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 for each pair of comparison.

We also tested both animal groups for the retinal effect of tunicamycin, an ER stress
inducer that causes dramatic loss of the photoreceptor cells [29,38]. Consistently, IVT
injection of tunicamycin induced a dramatic reduction in the expression level of Rho, but
not Nefl gene (Figure 3c). As seen by the effect of MG-262 on the inner retinal degenerative,
we did not observe any significant difference in the Nefl or Rho level between WT and
Becn1-Het mice upon injection of tunicamycin (Figure 3c).

Thus, these results suggest that the basal level of autophagic activity does not con-
tribute to the maintenance of the retinal structural integrity under the normal condition, or
when protein degradation or folding is impaired following chemical proteasome inhibition
or ER stress induction.

2.4. Retinal Degenerative Effects of Other Pharmacological Insults in Becn1-Het Mice

To extend our findings to other types of retinal degeneration models, we asked if
excitotoxicity- and neuroinflammation-induced RGC death could be modified in Becn1-Het
mice. IVT injection of N-methyl-D-aspartate (NMDA, 20 nmol/eye), an authentic NMDA
receptor-coupled channel agonist [38,39], led to cell loss in the GCL and IPL thinning,
accompanied by a remarkable reduction in Nefl gene expression levels (Figure 4a,b). Sim-
ilarly, lipopolysaccharide (LPS, 2 µg/eye), a pro-inflammatory substance [40], caused a
mild but statistically significant reduction in Nefl gene expression. Similar to the retinal
degeneration induced by MG-262 and tunicamycin IVT injection, we did not observe any
statistically significant difference in the retinal structural changes and reduction in Nefl
gene expression upon IVT injection of NMDA or LPS between WT and Becn1-Het mice
(Figure 4b,c).
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Figure 4. Beclin1-heterozygous mice (Becn1-Het) and wild-type (WT) mice are equally sensitive to excitotoxicity and neu-
roinflammation. Chemicals or their vehicle (Dulbecco’s phosphate buffered solution or D-PBS) were intravitreally injected 
into the eyes of WT and Becn1-Het mice, and eyes were isolated 7 and 4 days post-injection for histological evaluation (a) 
and gene expression analysis (b,c), respectively. Quantitative PCR was performed for the neurofilament light chain (Nefl) 
gene. Each expression value was normalized to glyceraldehyde-3-phosphate dehydrogenase (Gapdh), the housekeeping 
gene, in individual samples and is shown relative to that obtained in the WT vehicle group. (a) Representative images of 
hematoxylin and eosin-stained retinae following intravitreal injection of 20 nmol/eye N-methyl-D-aspartate (NMDA) or 
its vehicle. (b) Effects of 20 nmol/eye NMDA or its vehicle on Nefl gene expression in the retina. N = 4 to 9 eyes from 2 to 
5 mice for each group. (c) Effects of 2 µg/eye lipopolysaccharide (LPS) or its vehicle on Nefl gene expression in the retina. 
N = 6 to 9 eyes from 4 to 5 mice for each group. Each value represents the mean ± standard deviation with the mean value 
indicated at the top of each bar. For statistical analysis, a two-way analysis of variance was performed, followed by Sidak’s 
post hoc test * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 for each pair of comparison. 

2.5. Specific Autophagy Activators Could Protect against MG-262-Induced Cytotoxicity 
Finally, we tested the possibility that extrinsic activation of autophagy may offer ad-
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images of hematoxylin and eosin-stained retinae following intravitreal injection of 20 nmol/eye N-methyl-D-aspartate
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Altogether, it is likely that Becn1-mediated autophagy may not compensate for reti-
nal damage induced by an array of deleterious insults, including chemical proteasome
inhibition, ER stress, excitotoxicity, and inflammation in mice.

2.5. Specific Autophagy Activators Could Protect against MG-262-Induced Cytotoxicity

Finally, we tested the possibility that extrinsic activation of autophagy may offer
additional protection against cellular damage induced by proteasomal inhibition because
the normal level of autophagic activity may not be sufficient to protect neuronal cells.
To test this possibility, we chose human neuroblastoma cells, SH-SY5Y, often used as
surrogate cells for primary brain neurons [41] because of the less complex and smaller data
variabilities, compared with in vivo experiments. We examined the effects of a series of
mTOR-dependent (rapamycin, Torin-1, RSVA314 and Tat-D11) [42–44] and independent
autophagy activators (trehalose, carbamazepine, lithium chloride, and rilmenidine) [45] on
MG-262-induced neuronal cell death. As shown in Figure 5, MG-262 consistently induced
cell death in SH-SY5Y cells throughout the experiments. Among all tested compounds,
only two mTOR-independent autophagy activators, lithium chloride and rilmenidine, were
found to increase cell viability when treated prior to MG-262 exposure. The maximum
cytoprotective effects of lithium chloride was greater than that of rilmenidine, although
both effects were statistically significant. Regardless of mTOR-dependent or independent
activation, the other chemicals (rapamycin, Torin-1, RSVA314, Tat-D11, carbamazepine or
trehalose) did not rescue these cells. Interestingly, in our experimental setting, the classic
mTOR inhibitors, rapamycin and Torin-1, exacerbated MG-262-induced cytotoxicity in a
statistically significant manner. These data support the notion that mTOR-independent
autophagic activation may play a cytoprotective role against cell death induced by chemical
proteasome inhibition in vitro.
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3. Discussion

The key finding of this study is that autophagic dysfunction did not modify inner
retinal degeneration induced by chemical proteasome inhibition in Becn1-Het mice. To our
knowledge, this is the first report studying the potential roles of autophagy in the retinal
structural integrity, while proteasome function is impaired. Given the proposed retinal
protective roles of autophagy in earlier studies [46–49], we hypothesized that autophagy
could also be a compensatory mechanism to overcome toxic protein accumulation in the
event of proteasome impairment in the retina, and that autophagic dysfunction might
exacerbate the degree of retinal degeneration induced by chemical proteasome inhibition.
Unexpectedly, this hypothesis was not supported by the findings that Becn1-Het and WT
mice displayed equal vulnerability to retinal damage induced by chemical proteasome
inhibition as well as other pharmacological insults, including ER stress, excitotoxicity,
and neuroinflammation. However, we found that mTOR-independent autophagy activa-
tors, lithium chloride and rilmenidine, could significantly alleviate chemical proteasome
inhibition-induced cell death in vitro. These results suggest that although the intrinsic
autophagic activity does not play a major role in retinal cell survival, the extrinsic stim-
ulation of autophagy promotes cytoprotection against cell death caused by proteasome
impairment in vitro.

We previously reported that chemical proteasome inhibition could be used as a
novel animal model for inner retinal degeneration in rats. IVT administration of MG-262
(0.1 nmol/eye), a potent and selective proteasome inhibitor [50], reduces retinal protea-
some activity, resulting in the accumulation of ubiquitinated proteins in the rat retina [29].
In this study, we chose two doses of MG-262 (0.01 and 0.04 nmol/eye), which correspond
to the estimated vitreous concentration (1.7 µM) following MG-262 injection of the tested
dose in the rat eye, given the difference in the vitreous volume between the rat and mouse
eyes (60 vs. 10 µL). We consistently replicated the previous findings that IVT injection of
the proteasome inhibitor MG-262 caused a severe loss of cells in the GCL and IPL thinning,
while leaving the photoreceptor layer relatively intact in normal mice. This further demon-
strates the robustness of this model. We combined this model with Becn1-Het knockout in
mice. Becn1 is an evolutionary conserved protein, which plays a key role in autophagic
vesicle nucleation, together with class III phosphatidylinositol 3-kinase (PI3K) complex [30].
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Homozygous deletion of Becn1 is embryonically lethal, while Becn1 gene haploinsufficiency
in the heterozygote mice was shown to promote tumorigenesis [31,32] and neurodegener-
ation [33], via impaired autophagy. Becn1-Het mice are one of the most popular animal
models used to study the implications of autophagic dysfunction [31], which has been
demonstrated in various tissues, including muscle, bronchial epithelial cells, germinal
center B cells [31], heart aorta [34], and hippocampal neurons [33]. In contrast to these
earlier studies and to our initial hypothesis, we found that Becn1-Het mice did not show
any ocular abnormalities under normal conditions, as seen in an earlier study [35]. More
importantly, Becn1-Het knockout did not affect the susceptibility of these mice to various
pharmacological insults, including proteasome inhibition. Therefore, it is reasonable to
conclude that autophagic dysfunction, due to Becn1 haploinsufficiency, may not contribute
to the maintenance of the retinal structural integrity while proteasome function is impaired.
However, we cannot exclude the possibility that the complete absence of autophagy in
Becn1 homozygous knockout in the retina may enable RGCs to be more sensitive to these
insults. In fact, such a scenario can be seen in an earlier study, demonstrating that con-
ditional knockout of Atg5, another autophagy regulatory gene, in macrophages induced
inflammasome activation and promoted atherosclerosis progression; however, the modest
disruption of autophagy in Becn1-Het mice showed no phenotype [34]. Further studies
using Becn1 conditional knockout in the retina are underway, to determine whether Becn1
homozygous deletion may have a different impact on inner retinal degeneration induced
by chemical proteasome inhibition.

Although the interplay between UPS and autophagy in the retina is largely unknown,
an interesting concept has been proposed in recent studies using Rho mutant mice [51,52].
These investigators demonstrated that an activated autophagic function by a missense
mutation in Rho gene and an mTOR inhibitor exacerbated retinal degeneration, whereas
reduced autophagic activity by retinal specific deletion of Atg5 and the autophagy inhibitor
hydroxychloroquine protected photoreceptors from Rho mutation-induced degeneration.
Furthermore, they found that increased ER stress mediated overactivation of autophagy in
response to Rho mutation, leading to a reduced UPS function and thereby photoreceptor
degeneration. These findings suggest that a balance between UPS and autophagy activities
is critical for photoreceptor survival, and either inhibition of autophagy or activation of
UPS can be a potential therapeutic approach for retinal diseases, including photoreceptor
degeneration. Their findings and concept contradict the proposed protective roles of
autophagy in the retina in earlier studies [46–48,53]. However, a significant number of
studies have also reported consistent results, where the inhibition of autophagy could be a
retinal protective [49,54–56]. For example, the autophagy inhibitor 3-methyl adenine was
reported to suppress RGC death in a retinal ischemia model [56]. In the current study, we
found that reduced autophagy activity did not alter inner retinal degeneration indued by
proteasome inhibition in Becn1-Het mice. Taking into account the above proposed concept
of a balance between UPS and autophagy, one possible interpretation of our findings is
that autophagy may not induce further cell death when UPS function is already eliminated,
following chemical proteasome inhibition. However, this possibility is unlikely because
autophagic dysfunction in Becn1-Het mice had no impact on inner retinal degeneration
induced by ER stress, excitotoxicity, and neuroinflammation. Therefore, autophagy may
not play significant retinal protective or detrimental roles against inner retinal degeneration
induced by a wide variety of chemical insults.

While autophagy may not be an intrinsic protective mechanism, it is possible that
extrinsic activation of autophagy may provide neuroprotection while proteasome activ-
ity is reduced. To eliminate the complexities associated with in vivo studies, including
the pharmacokinetic behavior of tested compounds, and minimized data variabilities
among individual animals, we used cultured neuronal cells, SH-SY5Y, instead of whole
animals. SH-SY5Y cells are well established as model neurons to study neuroprotection
and neurodegenerative mechanisms [41,57,58], and are widely used to study autophagy
and UPS [59–62]. Interestingly, we found that lithium chloride and rilmenidine promoted
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cell protection, whereas rapamycin and Torin-1 exacerbated cell death in SH-SY5Y neurob-
lastoma cells exposed to proteasome inhibition. Rapamycin and Torin-1 are inhibitors of
mTOR [42], a sensor of nutrient availability and recipient of growth factor signaling [63].
mTOR negatively regulates the formation of the ULK complex via phosphorylation of
ULK1/2 [64,65], which is the initial step of autophagic vesicle nucleation. Following this
initial step, Becn1 regulates the formation of another complex called the PI3K complex. In
addition to this, autophagy is regulated by mTOR-independent pathways that involve other
intracellular signaling molecules, including inositol and cyclic adenosine monophosphate
(cAMP) [66]. Rilmenidine reduces cAMP via stimulation of imidazoline-1 receptors [67],
whereas lithium chloride lowers intracellular inositol levels via the inhibition of inositol
monophosphatase 1 [68,69]. Reduced levels in both inositol and cAMP lead to autophagy
activation in a mTOR-independent manner [68,69], although lithium chloride has also
been reported to contribute to the mTOR-dependent pathway via the inhibition of glyco-
gen synthase kinase 3 beta [70]. Although the exact molecular mechanisms are unclear,
extrinsic activation of mTOR-independent autophagic pathways may overcome cellular
stress caused by chemical proteasome inhibition, while that of mTOR-dependent pathways
may enhance this stress, resulting in the opposite outcomes in cell survival and death in
neuroblastoma cells. Given the significance of autophagy in the pathogenesis of neurode-
generative diseases, in depth in vitro and in vivo analyses of the molecular mechanisms of
action for autophagy activators and inhibitors is necessary to identify potential new drug
candidates for the treatment of relevant diseases, as described elsewhere [71,72].

In conclusion, the present study demonstrates that Becn1-Het knockout does not
rescue or sensitize inner retinal cells against degeneration induced by chemical protea-
some inhibition in mice. Furthermore, we provide evidence demonstrating that mTOR-
independent autophagy activators may be protective in neuroblastoma cells and thus can
be regarded as neuroprotective agents. These results suggest that intrinsic autophagy
activities are not sufficient in operating to protect inner retinal cells as a compensatory
mechanism for impaired proteasome function; furthermore, extrinsic autophagy activa-
tion via mTOR-independent pathways still promotes neuroprotection while proteasome
function is compromised in vitro. Thus, our current study further supports the importance
of UPS function in the maintenance of the retinal structural integrity, as demonstrated in
our previous study [29], and provides some insights into the interplay between UPS and
autophagy in the retina. A thorough study characterizing the effect of autophagy and
proteasome modulators on their protein expression levels and activities may uncover novel
crosstalk regulation between the two pathways in the retina. Such a study may also warrant
further development of mTOR-independent autophagy activator as a therapeutic modality
for retinal neurodegenerative diseases associated with proteasome dysfunction [73,74].

4. Materials and Methods
4.1. Chemicals

MG-262, NMDA, and rapamycin were purchased from Enzo Life Sciences, Inc. (Farm-
ingdale, NY, USA). LPS was purchased from Invitrogen (San Diego, CA, USA). Torin-1 and
rilmenidine hemifumarate were purchased from Tocris Bioscience (Avonmouth, Bristol,
UK). Tat-D11 (Tat- Becn1 D11) was purchased from Novus Biologicals (Littleton, CO, USA).
All other chemicals were obtained from Sigma Aldrich (St Louis, MO, USA). All chemicals
were dissolved in dimethyl sulfoxide (Thermo Fisher Scientific Inc., Waltham, MA, USA)
or distilled water to prepare a stock solution, and diluted with Dulbecco’s phosphate
buffered solution (D-PBS; from Life Technologies Corp, Carlsbad, CA, USA) to reach the
final indicated concentration.

4.2. Mice

Becn1-Het mice (B6.129X1-Becn1tm1Blev/J) were purchased from The Jackson Labora-
tory (Bar Harbor, ME, USA). They were bred and housed in the animal facility at SingHealth
Experimental Medicine Centre, where they were maintained under a 12 h light (~10 lux)/
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12 h dark cycle and provided food and water ad libitum. Genotyping was performed
according to the protocol provided by The Jackson Laboratory. All animal experimental
procedures were approved and performed in accordance with Institutional Animal Care
and Use Committee (IACUC) guidelines of SingHealth Singapore and the Association
for Research in Vision or Ophthalmology (ARVO) statement for the Use of Animals in
Ophthalmic and Vision Research.

4.3. IVT Injection

The procedure for IVT injection has been described previously [29,75,76]. Briefly,
prior to injection animals were anesthetized with 150 mg/kg body weight (BW) ketamine
hydrochloride (Parnell Laboratories, New South Wales, Australia) and 10 mg/kg BW
xylazine hydrochloride (Troy Laboratories, New South Wales, Australia) and their pupils
were dilated with a topical application of 1% tropicamide and 2.5% phenylephrine hy-
drochloride (Alcon Laboratories Inc., Fort Worth, TX, USA). For the injection, a 1 µL aliquot
of solution containing each chemical was injected into the vitreous body of both eyes of
each mouse using a Nanofil microsyringe with a 33G needle (World Precision Instruments
Inc., Sarasota, FL, USA), under an ocular surgery microscope (Leica Microsystems GmbH,
Wetzlar, Germany). A bilateral approach was taken to minimize the number of animals
used in this study. All procedures were performed carefully to avoid injuring the lens
or retina. Four or seven days following injections, the eyes were collected and subjected
to further analysis as described below. Eyes with bleeding or inflammation caused by
technical errors were excluded from analysis.

4.4. Intraocular Pressure (IOP) Measurement and Imaging

Animals were anaesthetized with ketamine and xylazine in the same way as described
in the above section. IOP was measured with an Icare TONOLAB rebound tonometer
(Icare Finland Oy, Vantaa, Finland), approximately five minutes after animals were sedated.
IOP was recorded between 9 AM and 11 AM in the room lighting at approximately
700 lux. The average of 5 consecutive measurements per eye was taken each time as the
representative value.

Digital color fundus photographs, spectral domain OCT images, and fundus fluores-
cent angiography (FFA) images were taken using the Micron IV retinal imaging microscope
(Phoenix Research Laboratories, Pleasanton, CA, USA), centered on the optic nerve head
and in all four quadrants. Fundus imaging and fluorescein angiography were performed
following pupil dilation, as described above. FFA was performed after intraperitoneal
injections of 1% sodium fluorescein dye (Akorn Inc., Lake Forest, IL, USA), diluted in
sterile saline and given at a dose of 0.1 mL/10 g BW. FFA images were taken approximately
30 s after the fluorescein injection.

4.5. Histological Evaluation and Immunostaining

Eyes for histology were fixed in 2.5% glutaraldehyde (Agar Scientific Ltd., Essex, UK)
and 10% formaldehyde (Sigma Aldrich, St Louis, MO, USA) for 24 h at room temperature
with gentle shaking. The fixed eyes were embedded in paraffin and the retinae were
cross-sectioned with 3 µm thickness through the optic disk. Eight cross sections were
automatically stained with hematoxylin and eosin (Leica Microsystems GmbH, Wetzlar,
Germany) and three sections per an eye were randomly chosen for quantitative measure-
ments. Images were recorded under a brightfield microscope (Axioplan2, Carl Zeiss GmbH,
Oberkochen, Germany). Approximately 400 µm width of the retina, starting at 300 µm
from the center of the optic disk, was analyzed and the number of cells in the GCL and IPL
thickness were measured by ImageJ (version1.53; NIH, Bethesda, MD, USA). The values
obtained in three sections were averaged as the representative value for each eye.

For immunostaining, an antigen retrieval step was performed using a high pH tar-
get retrieval solution (Agilent Dako, Santa Clara, CA, USA). LC3 immunostaining was
performed using a LC3 antibody (Sigma Aldrich, St Louis, MO, USA) in an antibody
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dilution buffer (2% BSA, 0.1% Triton in D- PBS) for overnight at 4 ◦C, followed by labelling
with a secondary antibody conjugated to Alexa Fluor-488 (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). Nuclei were labelled by incubating the sections in DAPI-containing
D-PBS for 10 min at room temperature, before mounting with Prolong Diamond antifade
(all from Life Technologies Corp, Carlsbad, CA, USA). Confocal images were taken with
Leica SP8 microscopy (Leica Microsystems GmbH, Wetzlar, Germany) and analysed with
Leica Application Suite X (LAS X) software (version 3.7.4; Leica Microsystems GmbH,
Wetzlar, Germany).

4.6. Quantitative PCR

According to the procedures described previously [29,75,76] and the manufacturer’s
instructions, a quantitative PCR was performed. Briefly, total RNA was extracted using a
RNeasy Lipid Tissue Mini kit (Qiagen, Hilden, Germany) and cDNA was synthesized using
0.4 µg of total RNA for each retina in a 20 µL mixture containing Superscipt Enzyme Mix,
oligo-DT primers, and random hexamers (Life Technologies Corp, Carlsbad, CA, USA).
The resultant cDNA was then diluted 20 times, and a 2 µL aliquot was added into a mixture
containing SsoAdvanced Universal SYBR Green Supermix (Biorad, Hercules, CA, USA)
and primer mix (Integrated DNA Technologies, Coralville, IA, USA). The sequences of
forward and reverse primers used were listed in Table 1. Quantitative PCR was performed
using Quantstudio 7 Flex Real-Time Systems (Thermo Fisher Scientific Inc., Waltham,
MA, USA) under the cycling condition at 50 ◦C for 2 min, 95 ◦C for 10 min, followed
by 40 cycles at 94 ◦C for 1 min and 60 ◦C for 1 min. Threshold cycle time (Ct) values
were determined using the Quantstudio software (Thermo Fisher Scientific Inc., Waltham,
MA, USA). Gene expression levels of Nefl relative to that of glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) were determined by interpolating their Ct values to a standard
curve (prepared with increasing amounts of cDNA derived from a 1:1 mixture of total
RNA isolated from mouse brain and retina) and were further normalized to the respective
control (vehicle group).

Table 1. Primer sequences used in the quantitative PCR study in 5′ to 3′ direction.

Gene Forward Reverse

neurofilament light chain (Nefl) CCGTACTTTTCGACCTCCTACA CTTGTGTGCGGATAGACTTGAG
rhodopsin (Rho) CCCTTCTCCAACGTCACAGG TGAGGAAGTTGATGGGGAAGC

glyceraldehyde-3-hosphate
dehydrogenase (Gapdh) 1 TGGCCTTCCGTGTTCCTAC GAGTTGCTGTTGAAGTCGCA

1 Housekeeping gene.

4.7. Cell Culture and Viability Assay

SH-SY5Y human neuroblastoma cells were obtained from ATCC (Manassas, VA, USA)
and cultured in accordance with the supplier’s instruction, in a culture media containing
Dulbecco’s Modified Eagle’s Medium, F12 medium, 2 mM L-Glutamine, 10% fetal bovine
serum, 0.1 mM non-essential amino acids, 1 mM sodium pyruvate, 1.5 mg/mL sodium
bicarbonate, and 100 U/mL penicillin–streptomycin (all from Life Technologies Corp,
Carlsbad, CA, USA).

For viability assay, 10,000 cells were seeded onto a 96 well plate with collagen coating,
and chemical treatments were performed 24 h after seeding as indicated. Autophagy
activators were added 1 h prior to the addition of MG-262. Cell viability was then measured
24 h after treatment using a WST-1 assay kit (Abcam, Cambridge, UK) according to the
manufacturer’s protocol. Absorbance value was measured with Infinite M200 microplate
reader (Tecan, Männedorf, Zürich, Switzerland).

4.8. Statistical Analysis

Each value represents the mean ± standard deviation. For statistical analysis, an
unpaired t-test, one-way, or two-way analysis of variance was performed and followed
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by post hoc analysis, as indicated in the figure legends. Differences were assumed to
be statistically significant when p < 0.05. All statistical analyses were performed with
GraphPad Prism software version 9.0.2 (GraphPad, San Diego, CA, USA).
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