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PURPOSE. Heat shock protein B8 (HspB8) can be upregulated rapidly in many pathologic
processes, but its role in traumatic optic neuropathy remains unclear. In this study, we
investigated the involvement of autophagy in the effects of HspB8 by using the optic
nerve crush (ONC) model.

METHODS. Male C57BL/6J mice were intravitreally injected with recombinant adeno-
associated virus type 2 (AAV2-shHspB8 or AAV2-GFP) and subsequently received ONC
by a self-closing tweezers. Western blot and immunohistochemistry staining were used
to evaluate the expression of HspB8. We conducted retinal flat-mount immunofluores-
cence to measure the quantities of retinal ganglion cells (RGCs), and full-field flash
electroretinogram (ff-ERG) and optomotor response (OMR) were used to evaluate reti-
nal function. The autophagy level was reflected by western blot, immunohistochem-
istry staining, and transmission electron microscope (TEM) images. We also applied 3-
methyladenine (3MA) and rapamycin (Rapa) to regulate autophagy level in optic nerve
injury.

RESULTS. ONC stimulated the expression of HspB8. Declines of RGCs and ff-ERG b-wave
amplitudes resulting from ONC can be alleviated by HspB8 downregulation. Increased
autophagy activity after ONC was observed; however, this change can be reversed by
intravitreal injection of AAV2-shHspB8. Furthermore, application of autophagy inhibitor
3MA had the same neuroprotective effects as AAV2-shHspB8, as illustrated by ff-ERG
and quantities of RGCs. Also, protection of AAV2-shHspB8 was compromised by the
autophagy activator Rapa.

CONCLUSIONS. Inhibition of HspB8 in mice optic nerve injury had neuroprotective effects,
which may be derived from its downregulation of autophagy.

Keywords: heat shock protein B8, retinal ganglion cells, electroretinogram, autophagy,
neuroprotection

As an integral part of the central nervous system, the
optic nerve (ON) is often used for research on neuro-

protection and regeneration of the central nervous system
by virtue of its accessibility in animal models and functional
detection.1,2 Similar to the pathological process of glauco-
matous neurodegeneration, axonal damage of the ON is
also characterized by progressive loss of retinal ganglion
cells (RGCs) and ON fibers, leading to severe and irre-
versible visual damage.3 Clinical prognosis is strongly asso-
ciated with the survival of RGCs,4 and it has been suggested
that the degeneration and death of RGCs is caused in
two ways: primary and secondary.5,6 Hence, it is crucial
to explore treatment to protect RGCs and maintain the
integrity of the axons projecting to the brain, in addition
to protecting RGCs and glial cells that are unaffected or
only partially affected by primary damage from secondary
degeneration.7

As a member of the ubiquitous small heat shock protein
family, heat shock protein B8 (HspB8) can be upregulated
promptly after various kinds of stress.8 By participating in
proteolytic processes, including proteasome and autophagy,
HspB8 can facilitate the degradation of terminally misfolded
proteins.9,10 HspB8 can also combine with Bcl-2–associated
athanogene 3 (BAG3) to form the HspB8–BAG3 complex,
which engages in autophagy stimulation and plays a deci-
sive role in various neurodegenerative diseases.11,12 The dual
effects of HspB8 on cell death seem to vary with cell type
and extent of expression.13–15

Autophagy is an important physiological cellular process
that promotes the degradation and recycling of cellular
components to maintain homeostasis.16 Misfolded proteins
and damaged organelles cannot be reduced through cell
division in neurons, which makes autophagy even more
necessary in the nervous system.17 The role of autophagy
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in axonal damage remains unclear, as some research has
shown that inhibition of autophagy alleviates axonal degen-
eration after ON injury,18 but another study reported conflict-
ing results.19

In this study, we explored the impacts of HspB8 on
visual function and RGCs survival rate, as well as the role
of autophagy and its participation in the effects of HspB8
by using the optic nerve crush (ONC) model in mice.

MATERIALS AND METHODS

Recombination of Adeno-Associated Virus Type 2
Vector

An adeno-associated virus type 2 (AAV2) vector (GV478,
U6-MCS-CAG-EGFP; Shanghai Genechem Co., Ltd., Shang-
hai, China) containing AAV2-scrambled HspB8 (shHspB8;
U6-MCS-CAG-EGFP-HspB8-shRNA, targeting sequence 5′-
CCGGAAGAGCTGATGGTAA) and AAV2-green fluorescent
protein (GFP; empty GV478 vector without HspB8-shRNA,
U6-MCS-CAG-EGFP) was constructed as an HspB8 silencing
vector and negative control, respectively. These two highly
purified vectors both contain the enhanced green fluores-
cent protein (EGFP) gene driven by the CAG promoter.
AAV2-shHspB8 (1.58 × 1012 viral genomes vg/mL) and
AAV2-GFP (1.95 × 1012 vg/mL) were stocked at −80°C for
follow-up use.

Intravitreal Injection

As previously described,20 precise intravitreal injection
was accomplished with a programmable nanoliter injector
(Nanoject III, Drummond Scientific Company, Broomall, PA,
USA) and pulled glass micropipettes using a dual-stage glass
micropipette puller (Narishige Scientific Instrument Lab,
Setagaya City, Japan). After exposing the superior tempo-
ral side of anesthetized mice eyes sufficiently while avoid-
ing blood vessels, a slow injection into the vitreous cavity
was carefully performed through the sclera 1 to 2 mm
posterior to the corneoscleral limbus. One minute later, the
micropipette was withdrawn to prevent leakage, and antibi-
otic ophthalmic ointment was applied to avoid infection. The
injection solution (1 μL) was comprised of AAV2-shHspB8
and AAV2-GFP vectors (1.58 × 1012 vg/mL and 1.95 × 1012

vg/mL, respectively). We injected 3-methyladenine (3MA;
1 μL, 50 mM; MedChemExpress, Monmouth Junction, NJ,

USA) or rapamycin (Rapa; 1 μL, 1 mM, MedChemExpress,
NJ, USA) right before ONC. The 3MA was dissolved in
phosphate-buffered saline (PBS); the Rapa was dissolved
in dimethyl sulfoxide (DMSO) and diluted in 5% Tween
80 (Sigma-Aldrich, St. Louis, MO, USA), 40% polyethylene
glycol 400, and 45% 0.9% NaCl. Both drugs were prepared
just before administration. Four weeks after injection of
the vector, mice were euthanized for further examinations.
The doses and timing were selected based on similar stud-
ies.18,21–23 A timeline of all animal procedures is shown
in Figure 1.

Animal Model of ONC

Male C57BL/6J mice (8 weeks) provided by the Laboratory
Animal Center of Wuhan University were kept in an air-
conditioned barrier system with sufficient food and water
(room temperature, 23° ± 2°C; 12-hour light/dark cycle).
After 7 days of acclimation, mice were randomly assigned
to interventions. All animal procedures were conducted in
accordance with National Institutes of Health guidelines and
conformed to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. Mice with lens damage,
postoperative bleeding, or eye infection were removed.

After the mice were anesthetized by intraperitoneal injec-
tion of pentobarbital sodium, an incision was made at the
temporal side of the mice conjunctiva. By using forceps,
a blunt dissection of the orbital fat and muscle was made
toward the back of the eye to expose the retrobulbar ON.
The ON was crushed with self-closing Dumont Tweezers
(Electron Microscopy Sciences, Hatfield, PA, USA) at about
2 mm posterior to the globe for 8 seconds. Special atten-
tion was paid to avoiding the surrounding blood vessels.
After the operation, the antibiotic ophthalmic ointment was
applied to avoid infection, and the animal was resuscitated
on a warming pad.

Western Blot

Retinas were quickly obtained over ice and immersed imme-
diately in a homogenizer preloaded with radioimmuno-
precipitation assay lysis buffer containing a 50-mM tris–
HCl, 150-mM NaCl, 1% NP-40, 0.1% sodium dodecyl sulfate
(SDS), 0.5% sodium deoxycholate, 1-mM EDTA, and 1-mM
phenylmethylsulfonyl fluoride (PMSF) protease inhibitor
cocktail. Supernatants were collected after homogeniza-
tion and centrifugation, and total protein concentrations

FIGURE 1. Experimental timeline. IF, Immunofluorescent staining; WB, western blot analysis; TEM: transmission electron microscopy.
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were measured by a bicinchoninic acid protein assay kit.
After separation in 12% SDS–polyacrylamide gel, proteins
were transferred to a polyvinylidene fluoride membrane.
Later, the membrane was blocked with 5% nonfat milk
and 0.1% Tween-20 in tris-buffered saline (TBS-T) for
2 hours at room temperature, then incubated with the
HspB8 (#3059, rabbit mAb, 1:500; Cell Signaling Technol-
ogy, Boston, MA, USA), light chain 3B (LC3B; #3868S, rabbit
mAb, 1:1000; Cell Signaling Technology), p62 (#23214S,
rabbit mAb, 1:1000; Cell Signaling Technology), and glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH; #GB11002,
rabbit mAb, 1:1000; Servicebio, Wuhan, China) overnight
at 4°C. GAPDH was determined to be the housekeeping
protein. After washing in TBS-T solution, the membrane was
incubated with horseradish peroxidase-labeled goat anti-
rabbit immunoglobulin (IgG; Servicebio) at room temper-
ature for 2 hours. The immunoreactive bands were devel-
oped using an enhanced chemiluminescence substrate kit
(Biosharp, Anhui, China) and observed using the ChemiDoc
Touch Imaging System (Bio-Rad, Hercules, CA, USA). Protein
levels were analyzed using ImageJ software (National Insti-
tutes of Health, Bethesda, MD, USA). To estimate the molecu-
lar weight of proteins, a prestained marker (Servicebio) was
used.

Retinal Flat-Mount Immunofluorescence

Extracted eyes were fixed in 4% paraformaldehyde for 30
minutes, then retinas were separated and blocked at 4°C
overnight with PBS containing 5% bovine serum albumin
(GoodbioTechnology, Wuhan, China) and 0.5% Triton X-
100. After the retinas were incubated with Brn3a (#411003,
rabbit pAb, 1:1000; Synaptic Systems, Göttingen, Germany)
for 48 hours and gently rinsed in PBS three times, they
were incubated with Alexa Fluor 594 (#705-585-147; Jackson
ImmunoResearch Labs, West Grove, PA, USA) for 2 hours.
Four radial incisions were made to form retinas into a petal
shape. Three areas of each retinal petal, located 0.5, 1.6,
and 2.7 mm from the optic disc (Fig. 2C) for a total of
12 fields, were selected and photographed by a fluores-
cence microscope (BX51; Olympus, Tokyo, Japan). Surviv-
ing RGCs were marked using the ImageJ Multi-point Tool
and counted using ImageJ software. The number of surviv-
ing RGCs was compared with the control group to determine
RGCs survival.

Scotopic Full-Field Flash Electroretinogram

After being dark-adapted for 12 hours, mice were anes-
thetized intraperitoneally with pentobarbital sodium under
dim red light. Phenylephrine HCl (0.5%) and tropicamide
(0.5%) were used to dilate pupils, and 1% sodium
hyaluronate was used to lubricate and hydrate the cornea.
Gold-plated wire loops were gently and vertically placed on
the center of corneal surfaces as recording electrodes, and
stainless steel needle electrodes were inserted into the skin
between the two ears and into the tail to serve as refer-
ence and ground leads, respectively. After turning off the
dim red light, a Ganzfeld full-field stimulator and RetiMINER
visual electrophysiological apparatus (Chongqing IRC Medi-
cal Equipment Co., Ltd., Chongqing, China) were used to
record responses of white flashes (with luminance increased
sequentially: 0.001, 0.003, 0.01, 0.03, 0.10, 0.30, 1.00, 3.00,
and 10.00 cd·s/m2) in scotopic full-field flash electroretino-
grams (ff-ERGs). A series of non-erratic high-frequency
wavelets on the ascending side of the b-wave were recorded

as oscillatory potentials (OPs). After the mice adapted to
the green background (25 cd·s/m2) for 8 minutes, they were
given a green light stimulation (10.0 cd·s/m2); the ampli-
tudes relative to the baselines of the negative peak following
the b-wave were measured as photopic negative responses
(PhNRs). Mice were placed on a heating pad to maintain
their body temperature during the entire examination. The
following variables were under strict control when all ERG
data were collected: depth of anesthesia, room temperature,
mouse weight, and distance between eyes and the stimula-
tor.

Optomotor Response

Based on previous research,24 mice were placed on the plat-
form in the center of the device after dark adaptation for
4 hours, and rotating gratings with constant contrast and
velocity were displayed on the four screens around the mice.
When a grating was perceived, the mouse usually stopped
moving its body and would begin to track the grating with
reflexive head movements in concert with the rotation. This
is an image stabilization reflex that compensates for the
offset of the visual scene. Optomotor responses (OMRs)
were recorded using MATLAB software (MathWorks, Natick,
MA, USA) and a virtual optomotor system that we assem-
bled. When the OMR device is running, the higher the grat-
ing spatial frequency is the more difficult it is to distinguish
and thus be followed by mice and produce OMRs afterward.
The highest grating spatial frequency (cycles/degrees) that
induced OMRs was used as visual acuity to measure the
visual function of mice.

Cryosection Immunofluorescent Staining

The procedure has been described elsewhere.25 Eyes were
extracted quickly and fixed in 4% paraformaldehyde for
1 hour before the anterior segments were removed. After
they were dehydrated at 4°C in 10%, 20%, and 30% sucrose
for 2 hours, 2 hours, and 8 hours, respectively, the retinas
were embedded in optimum cutting temperature compound
(Sakura Finetek USA, Torrance, CA, USA) and sectioned (14
°m) using a freezing microtome (Leica, Wetzlar, Germany).
The retinal slices were blocked at room temperature for
2 hours with 5% bovine serum albumin and 0.5% Triton
X-100 in PBS, then immunostained with primary antibod-
ies as follows: HspB8 (Cell Signaling Technology), anti-
GFP antibody (ab10145, 1:1000; MilliporeSigma, Burlington,
MA, USA), LC3B (Cell Signaling Technology), and p62 (Cell
Signaling Technology). Cryosections were incubated with
Alexa Fluor 488 (#711-545-152, 1:500; Jackson ImmunoRe-
search Labs) and Alexa Fluor 594 (Jackson ImmunoRe-
search Labs). Finally, 4′,6-diamidino-2-phenylindole (DAPI)
was used to label the cell nucleus of the retina. The sections
were observed and photographed using an Olympus FV1200
confocal laser scanning microscope.

Transmission Electron Microscope

Blocks of 1-mm3 of retinal tissue were fixed for 4 hours at
4°C in 3% glutaraldehyde (pH 7.4) and washed with 0.1-M
phosphate buffer (pH 7.2) for three times, then fixed again
in osmic acid for 1 hour; after that, tissue was dehydrated by
acetone and embedded in Epon-Araldite resin (18030, Ted
Pella Inc., Redding, CA, USA). By using the Leica EM UC6
Ultramicrotone, semi-thin sections (1 °m) were made into
ultra-thin sections (70 nm), which were counterstained with
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FIGURE 2. RGCs loss and HspB8 expression changes after ONC. (A) Immunofluorescent staining of HspB8 (red) in normal retinal slices.
(B) Western blot revealed that, compared with the control group (0.19 ± 0.02), HspB8/GAPDH increased in the ONC3 group (0.42 ± 0.02,
P < 0.0001), and there was no significant difference in the ONC7 group (0.23 ± 0.02, P = 0.8998); n = 12. (C) Immunofluorescent staining
of Brn3a. RGCs survival rates continued to decrease in the ONC3 group (76.62% ± 3.05%, P = 0.0022), ONC5 group (40.93% ± 1.32%,
P = 0.0022), and ONC7 group (16.00% ± 1.12%, P = 0.0022) compared with the control group (100.00% ± 2.30%). The second areas on
the retinal flat-mounts of each group were selected as example images (n = 6). All data are presented as mean ± SEM. ONC3, ONC5, and
ONC7 indicate 3, 5, and 7 days after ONC.

3% uranyl acetate and 0.3% lead citrate. Observation and
photography were carried out using a transmission electron
microscope (JEM-1230; JEOL, Tokyo, Japan).

TdT-Mediated dUTP Nick-End Labeling Staining
Assay

To explore the relationship between apoptosis and
autophagy, a TdT-mediated dUTP nick-end labeling (TUNEL)
assay kit (Beyotime Biotechnology, Shanghai, China) was
used to detect apoptotic cells before retinal sections were
immunostained by LC3, secondary antibody Alexa Fluor
647 (ANT032, donkey anti-rabbit IgG, 1:1000; AntGene,
Wuhan, China) and DAPI as described previously. Slices

were washed three times in PBS for 10 minutes, perme-
abilized with 0.5% Triton X-100 in PBS for 5 minutes at
room temperature, and washed twice in PBS for 10 minutes.
The slices were incubated in TUNEL detection solution for 1
hour at 37°C in a dark place and finally washed three times
in PBS for 10 minutes. The TUNEL detection solution was
freshly prepared from terminal deoxynucleotidyl transferase
and a fluorescent marking reagent (1:9, v/v) in a dark place.
Slices were examined by confocal laser scanning microscope
(Olympus FV1200).

Statistics

Data were analyzed by Prism 8.0 (GraphPad Software, San
Diego, CA, USA) and expressed as means ± SEM. Differ-
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ences between groups were analyzed by Student’s t-test or
one-way ANOVA followed by Tukey’s post hoc test for multi-
ple comparisons. P < 0.05 was considered to be significant
(*P < 0.05, **P < 0.01, ***P < 0.001).

RESULTS

ONC Induced RGCs Loss and HspB8 Dynamic
Changes

Immunofluorescence of normal retinal sections demon-
strated that HspB8 was distributed in the inner plexiform
layer (IPL), inner nuclear layer (INL), outer plexiform layer
(OPL), and even in the internal segment layer of photorecep-

tors, but it is most obvious in the ganglion cell layer (GCL)
(Fig. 2A). A marked increase in HspB8 was observed 3 days
after ONC, but it soon declined to a nearly normal level on
the seventh day (Fig. 2B), whereas RGCs decreased continu-
ously after ONC (Fig. 2C). These results indicate that HspB8
may be involved in RGCs loss following ONC.

Retinal Function Receded After ONC

The ff-ERGs and OMRs were performed after ONC to inves-
tigate visual impairments. Compared with the control group,
the ONC5 group (5 days after ONC) had prolonged latency,
decreased amplitudes of b-waves (Figs. 3A, 3D; Table; see
also Fig. 5F), decreased amplitudes of PhNRs (Figs. 3B, 3C),

FIGURE 3. Characteristics of ff-ERG and OMR following ONC. (A) Latencies shortened and amplitudes increased gradually along with the
increasing luminance of the flash lights. There were lengthened latencies (10.0 cd·s/m2) and decreased amplitudes (3.0 and 10.0 cd·s/m2) of
b-waves and unaffected latency and amplitudes of a-waves in the ONC5 group compared with the control group (P = 0.0168, P = 0.0062, P
= 0.0383, P = 0.4336, P = 0.1189, and P > 0.9999, respectively; n = 10). The data are shown in the Table. (B) For PhNRs, the ONC5 group
had a lower amplitude (17.94 ± 2.94 μV; P = 0.0022) but a not significantly different latency (127.00 ± 4.22 ms; P = 0.2956) compared
with the control group (36.09 ± 4.01 μV, 116.40 ± 5.16 ms); n = 7. (C) Representative PhNRs in the control group and ONC5 group.
(D) Example scotopic ERG waves of the control group and ONC5 group. (E) Detection of OMRs by the virtual optomotor system. (F) Both
the ONC3 group (0.06 ± 0.04 cyc/deg) and the ONC5 group (0.09 ± 0.04 cyc/deg) had significantly reduced visual acuities compared with
the control group (0.41 ± 0.02 cyc/deg) (P = 0.0001 and P = 0.0006, respectively; n = 10). All data are presented as mean ± SEM.
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FIGURE 4. Intravitreal injection of AAV2 had no impact on RGCs survival and visual function. (A) GFP immunofluorescent staining of retinal
section in the AAV2-shHspB8 group. (B) Representative pictures of retinal flat-mounts stained by Brn3a in the control group, AAV2-shHspB8
group, and AAV2-GFP group. (C) RGCs survival rates showed no evident decrease in the AAV2-shHspB8 group (101.20% ± 2.18%) or AAV2-
GFP group (100.90% ± 1.63%) compared with the control group (100.00% ± 2.30%) (P = 0.8925 and P = 0.9367, respectively; n = 6).
(D) Visual acuity appeared to be unaffected by intravitreal injection of AAV2-shHspB8 (0.41 ± 0.03 cyc/deg) compared with the control
group (0.41 ± 0.02 cyc/deg) (P > 0.9999; n = 10). (E) No differences in latencies were statistically significant (10.0 cd·s/m2), nor were
differences in amplitudes (3.0 and 10.0 cd·s/m2, respectively) of a-waves (P > 0.9999, P = 0.9989, and P = 0.9341, respectively) and b-waves
(P > 0.9999, P = 0.5400, and P = 0.7851, respectively) in the control group and the AAV2-shHspB8 group (n = 10). Data are presented in
the Table. (F) Neither the latency nor the amplitude of PhNRs showed significant differences between the AAV2-shHspB8 group (114.20 ±
6.51 ms, 40.64 ± 2.89 μV) and the control group (116.40 ± 5.16 ms, 36.09 ± 4.01 μV) (P = 0.9416 and P = 0.5336, respectively; n = 7).
(G) Example ff-ERG waves of the control group and AAV2-shHspB8 group. All data are presented as mean ± SEM.
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and distinctly damaged visual acuity in OMRs (Fig. 3F). Inter-
estingly, visual acuity did not decline synchronically with
the RGCs survival rate but had already approached almost
zero in the ONC3 group (3 days after ONC). There were no
significant differences in latency, a-wave amplitudes, or the
amplitudes of OPs between the control group and the ONC5
group (Figs. 3A, 3D; Table; see also Fig. 5F).

Intravitreal Injection of AAV2-shHspB8 Had No
Effect on RGCs Survival Rate and Retinal Function

To evaluate the efficiency of AAV2-U6-MCS-CAG-
EGFP-HspB8-shRNA (AAV2-shHspB8) transfection, GFP
immunofluorescent staining was performed in retinal slices
4 weeks after the intravitreal injection. Figure 4A shows
that the GFP was distributed mainly in the GCL, IPL, and
INL and was weaker in the OPL and outer nuclear layer
(ONL). Compared with the control group, RGCs survival
rates in both the AAV2-U6-MCS-CAG-EGFP (AAV2-GFP)
group and AAV2-shHspB8 group showed no evident reduc-
tions (Figs. 4B, 4C). No significant differences were found
in visual acuity (Fig. 4D), latencies, or the amplitudes
of a-waves, b-waves, and PhNRs (Figs. 4E–4G, Fig. 5F)
between the control group and the AAV2-shHspB8 group.
Amplitudes of OPs in these two groups also did not seem
to differ (Fig. 5H). These results confirm the lack of an
effect of AAV2 intravitreal injections on retinal function and
quantity of RGCs.

Downregulation of HspB8 Alleviated RGCs Loss
and Retinal Dysfunction Caused by ONC

Western blot indicated that, whether or not ONC was
performed, protein levels of HspB8 were reduced by intrav-
itreal injection of AAV2-shHspB8 (Fig. 5A), which also led
to maintaining RGCs quantity (Figs. 5B, 5C) and the ampli-
tudes of b-waves (Figs. 5E–5G). Although visual acuity in the
AAV2-shHspB8 + ONC5 group increased slightly compared
to the ONC5 group and the AAV2-GFP + ONC5 group, none
of these differences was statistically significant (Fig. 5D).
No differences were observed in the amplitudes of OPs
(Fig. 5H). These results suggest that intravitreal injection
of AAV2-shHspB8 protected the retina from ON injury by
downregulating HspB8.

ONC-Induced Autophagy Was Inhibited by
AAV2-shHspB8

As an ingredient and a substrate of autophagy, respec-
tively,26,27 microtubule-associated protein LC3 and sequesto-
some 1 (SQSTM1/p62) are often used as markers to measure
autophagy level. We determined LC3II/LC3I ratios and
p62 levels to further explore the mechanism underlying
the neuroprotection of AAV2-shHspB8. Consistent with a
previous study,18 our western blot results indicated raised
LC3II/LC3I ratios and p62 levels after ONC (Fig. 6A), and
immunofluorescent staining had a similar tendency; more-
over, the distribution of LC3 changed from a diffuse pattern
to a punctate pattern (Fig. 6B). All of these results indi-
cate that autophagy can be induced by ONC, a finding that
has been reported by several previous studies.18,28,29 West-
ern blot and immunofluorescent staining also suggested that
the LC3I to LC3II transformation was repressed and p62 level
was enhanced by AAV2-shHspB8 injection in mice with ONC

injury (Figs. 6A, 6B), which implied autophagy inhibition of
HspB8 silencing. After ONC, swelling organelles, karyopy-
knosis in apoptosis cells, and, most importantly, increased
autolysosomes in RGCs and nerve fibers were detected in
transmission electron microscope images, whereas the appli-
cation of AAV2-shHspB8 reduced these changes and main-
tained subcellular structures (Fig. 7). These results support
the hypothesis that the neuroprotection of AAV2-shHspB8
may stem from its limiting overactive autophagy.

Autophagy Suppression may be the Protective
Mechanism of AAV2-shHspB8 in Retina

Autophagy inhibitor 3MA and activator Rapa were used
to clarify the contribution of autophagy inhibition to the
protective effects of AAV2-shHspB8. The 3MA maintained
ff-ERG performance and the quantity of RGCs after ONC
just like AAV2-shHspB8 did; however, Rapa aggravated
RGCs death, not only in mice undergoing ONC but also in
mice injected AAV2-shHspB8 after ONC, which means that
autophagy plays a critical role in the retina and its accel-
eration compromises the neuroprotection of AAV2-shHspB8
(Figs. 8A, 8B, 8D–8F). Surprisingly, the ONC5 + Rapa group
had ascending amplitudes of a- and b-waves, in contrast
to the RGCs survival rate (Figs. 8D–8F). This might result
from the multiple pathway effects of Rapa. OMRs aligned
with RGCs survival rates, as the differences appeared to be
insignificant (Fig. 8C). There were no significant differences
among these six groups in the latencies of a- and b-waves
(data shown in Supplementary Material S1) and the ampli-
tudes of OPs (Fig. 8G).

As shown in the retinal section images in Figure 9A, in
those groups that underwent ONC the application of 3MA
reduced LC3 and improved p62, whereas Rapa had an oppo-
site effect and eliminated the autophagy suppression effects
of AAV2-shHspB8 on LC3 and p62. These findings confirm
the inhibition and activation impact of autophagy by 3MA
and rapamycin, respectively. Taken together, we may draw
a conclusion that downregulation of HspB8 protected RGCs
and retinal function against ON insult through autophagy
suppression.

To explore the relevance between autophagy and apop-
tosis of RGCs, retinas were stained by TUNEL, LC3, and DAPI
5 days after ONC. As Figure 9B shows, some TUNEL-positive
cells had bright LC3-stained puncta (white arrows); however,
there was also a TUNEL-positive cell that did not have an
obvious distribution of LC3 (Fig. 9B,white arrowhead). Thus,
we can conclude that RGCs apoptosis in ONC injury may be
partly attributed to hyperactive autophagy.

DISCUSSION

It is well established that activation of autophagy is a promi-
nent feature of optic axonal degeneration,18,19 and it plays
a key role in maintaining axonal homeostasis.30 Previous
research has suggested that HspB8 participates in autophagy
activation and becomes involved in various neuropathology
conditions.11,12 Indeed, research has only begun to investi-
gate autophagy and HspB8 in the visual system, and their
roles remain a mystery. Here, we have illustrated the effects
of HspB8 in optic axonal damage and its relationship with
autophagy.

Previous studies have reported that autophagy occurs
mainly in RGCs and Müller cells after ONC.31 Although
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FIGURE 5. Silencing of HspB8 protected RGCs and retinal function. (A) The AAV2-shHspB8 group had lower HspB8 protein levels (0.11
± 0.02) compared with the control group (0.19 ± 0.02) (P = 0.0436), as did the AAV2-shHspB8 + ONC5 group (0.19 ± 0.02) compared
with the AAV2-GFP + ONC5 group (0.29 ± 0.03) (P = 0.0089). Consistent with previous results, the ONC5 group had increased HspB8
levels (0.27 ± 0.03) compared with the control group (P = 0.0148). No significant differences were found for the AAV2-GFP group (0.21 ±
0.02; P = 0.4383) compared with the control group or for the AAV2-GFP + ONC5 group compared with the ONC5 group (P = 0.6461); n
= 9. (B) Representative RGCs immunofluorescent images stained by Brn3a: ONC5 group, AAV2-shHspB8 + ONC5 group, and AAV2-GFP +
ONC5 group. (C) The RGCs survival rate of the AAV2-shHspB8 + ONC5 group was higher (52.32% ± 2.38%) than that for the AAV2-GFP
+ ONC5 group (42.14% ± 1.95%) (P = 0.0040), whereas the AAV2-GFP + ONC5 group showed no significant change compared with the
ONC5 group (40.93% ± 1.32%) (P > 0.9999; n = 6). (D) There were no significant differences among the visual acuities of the ONC5 group,
AAV2-shHspB8 + ONC5 group, and AAV2-GFP + ONC5 group (P = 0.3672; n = 10). (E) Typical ERG waves indicated that the AAV2-shHspB8
+ ONC5 group had enhanced b-wave amplitudes compared with the other two groups. (F) The b-wave amplitudes at 3.0 and 10.0 cd·s/m2

(n = 10). (G) The a- and b-wave latencies demonstrated no significant changes among the three groups. The AAV2-shHspB8 + ONC5 group
had higher b-wave amplitudes than those in the AAV2-GFP + ONC5 group at 3.0 and 10.0 cd·s/m2 (P = 0.0011 and P = 0.0007, respectively),
whereas no difference was observed between the AAV2-GFP + ONC5 group and the ONC5 group (P > 0.9999 and P = 0.9968, respectively).
Although similar changes were found in the a-wave amplitudes, none of these differences was statistically significant. Data are shown in
the Table (n = 10). (H) Amplitudes of OPs at 3.0 cd·s/m2 (n = 10). Data are shown in the Table. All data are presented as mean ± SEM.
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FIGURE 6. The ONC enhanced autophagy level was suppressed by AAV2-shHspB8. (A) For the LC3II/LC3I ratios for the AAV2-shHspB8
group (0.29 ± 0.04) compared with the control group (0.37 ± 0.05), P = 0.2219; for the ONC5 group (0.52 ± 0.05) compared with the
control group, P = 0.0444; for the AAV2-shHspB8 + ONC5 group (0.32 ± 0.05) compared with the AAV2-GFP + ONC5 group (0.53 ± 0.05),
P = 0.0045; and for the AAV2-GFP + ONC5 group compared with the ONC5 group, P = 0.8111. For the p62 levels for the AAV2-shHspB8
group (0.98 ± 0.08) compared with the control group (0.61 ± 0.06), P = 0.0013; for the ONC5 group (0.90 ± 0.06) compared with the
control group, P = 0.0170; for the AAV2-shHspB8 + ONC5 group (1.07 ± 0.07) compared with the AAV2-GFP + ONC5 (0.79 ± 0.05) group,
P = 0.0260; and for the AAV2-GFP + ONC5 group compared with the ONC5 group, P = 0.7142 (n = 9). All data are presented as mean
± SEM. (B) Immunofluorescent retinal sections of LC3 (red) and p62 (red); protein levels illustrated by fluorescence intensity in these five
groups showed synchronized trends for the western blot results (n = 3).

intravitreal injection of AAV2 tends to transduce cells in the
GCL,32 our results show that HspB8 was distributed mainly
in the GCL, thus laying a theoretical foundation for the
subsequent intervention of HspB8 silencing and autophagy
regulation in RGCs.

In this study, a decreased b-wave amplitude 5 days after
ONC was observed, which can be explained by the possi-
bility that ONC may mediate cell death in the INL and lead
to b-wave impairment of ff-ERG. Research has proved that
ON injury not only causes RGCs death but also leads to
loss of neurons in the INL33,34 and visual cortex,35 axons of
which do not reach into the ON. Furthermore, this functional
change can also result from Müller cell activation induced
by ON injury36 and neurotrophic factors released from glial
cells.37

Detection by ff-ERG also demonstrated that PhNR ampli-
tudes were affected by ONC but OPs amplitudes were not,
consistent with previous studies.38,39 It is known that PhNRs
originate from RGCs and reflect its visual electrophysiolog-
ical performance,40 and OPs are supposed to reflect the
condition of retinal circulation.41 Hence, we came to the
conclusion that ONC causes dysfunction of RGCs without
retinal circulation injury. In addition, asynchronism between
RGCs death and visual acuity damage with regard to time

and extent was exhibited in our study, which indicated
that functional impairment was earlier and greater than
RGCs death due to ON injury. Existing work has reported
the same consequences and suggests that the remaining
damaged axons are likely unable to continue transmitting
visual signals.42

Numerous studies have confirmed that autophagy can
be stimulated in RGCs after ON injury in terms of mRNA
level, protein level, and ultrastructural characteristics.18,29 An
autophagy cascade is activated with significantly increased
p62 levels 6 hours after acute axonal degeneration in the
ON,18 which may be caused by increased protein synthesis
of p62 and insufficient autophagy flux and affected by levels
of lysosomal-derived amino acids.3,43 These theories would
explain the raised p62 levels with activated autophagy by
ONC in our study, as well.

Research findings suggest that autophagosomes increase
rapidly and persistently as major components in the
damaged ON, and this ultrastructural degeneration can be
alleviated by intravitreal injection of 3MA.18 The harmful
effects of autophagy and neuroprotection of 3MA applica-
tion in the soma of RGCs were also certified in our study.
However, by using Atg4B and Atg5 knock-out mice, previ-
ous study shows that autophagy inhibition decreases cell
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FIGURE 7. AAV2-shHspB8 inhibited autophagy and protected subcellular structures. N, nuclei of RGCs; white arrowheads, autolysosomes
in the soma of RGCs; black #, normal mitochondria in the soma of RGCs; red #, normal mitochondria in nerve fibers; regions with blue
border, unmyelinated nerve fibers and neurotubules inside; blue rectangle, normal Golgi apparatus and endoplasmic reticulum in the soma
of RGCs; region with red border, apoptosis RGCs and its pyknotic nucleus; red circles, vesicular expansions of the endoplasmic reticulum;
black arrowhead, autophagosome in nerve fiber. *Swollen or vacuolar mitochondria.
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FIGURE 8. AAV2-shHspB8 played a neuroprotective role by inhibiting autophagy. (A) Representative images of RGCs immunofluorescent
staining (Brn3a). (B) For the ONC5-3MA group (51.53% ± 2.39%) compared with the ONC5-DMSO group (39.82% ± 2.92%), P = 0.0024;
for the ONC5-Rapa group (30.71% ± 1.62%) compared with the ONC5-DMSO group, P = 0.0238; for the ONC5 group (40.93% ± 1.32%)
compared with the ONC5-DMSO group, P = 0.9981; for the ONC5 group compared with the AAV2-shHspB8 + ONC5 group (52.32% ±
2.38%), P = 0.0032; for the AAV2-shHspB8 + ONC5 + Rapa group (37.95% ± 1.62%) compared with the AAV2-shHspB8 + ONC5 group, P
= 0.0002 (n = 6). (C) Visual acuity in the OMR test (n = 10). (D) The a- and b-wave amplitudes under different flash light intensions (n
= 10). (E) Example ERG waves at 3.0 cd·s/m2. (F) The a-wave amplitudes at 3.0 and 10.0 cd·s/m2 and b-wave amplitudes at 3.0 and 10.0
cd·s/m2: for the ONC5-3MA group compared with the ONC5-DMSO group, P = 0.0004, P = 0.4801, P = 0.0021, and P = 0.0008, respectively;
for the ONC5-Rapa group compared with the ONC5-DMSO group, P = 0.0012, P = 0.0198, P = 0.0034, and P = 0.0004, respectively; for
the ONC5 group compared with the ONC5-DMSO group, P = 0.0733, P = 0.3971, P = 0.5879, and P = 0.9839, respectively; for the ONC5
group compared with the AAV2-shHspB8 + ONC5 group, P = 0.1531, P = 0.2154, P < 0.0001, and P = 0.0002, respectively; and for the
AAV2-shHspB8 + ONC5 + Rapa group compared with the AAV2-shHspB8 + ONC5 group, P = 0.3198, P = 0.2154, P < 0.0001, and P <

0.0001, respectively (n = 10). Data are shown in the Table. (G) Amplitudes of OPs at 3.0 cd·s/m2 (n = 10). Data are shown in the Table.
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FIGURE 9. Immunofluorescent evidence of autophagy level after intervention and the relationship between autophagy and apoptosis in
RGCs. (A) Retinal slices stained with LC3 (red), p62 (red), and DAPI (blue) (n = 3). (B) Multiple staining of LC3 (green), TUNEL (red), and
DAPI (blue) in retinal sections of the ONC5 group.

viability while Rapa increases cell survival in RGCs after
ON transection.28 There is a narrow therapeutic window for
autophagy to affect RGCs survival rates and axonal integrity,3

and autophagy has a wide range of effects from neuro-
protection to neurodegeneration.19,44,45 We suggest that the
requirements for autophagy vary with physiological states
and regions of neurocytes, which may lead to different
consequences of autophagy activation. Therefore, we have
reason to infer that these controversial results can be due
to the multiple effects of gene knockout type and vary-
ing animal models, species, and examination times. These
seemingly contradictory results suggest a critical role of
autophagy in maintaining axonal homeostasis, so we should
pay attention to the timing of intervention and carry out

dynamic treatment, because inappropriate manipulation of
autophagy may turn the double-edged sword onto its other
side.

HspB8 combines with BAG3 to form a complex that
is involved in the regulation of macroautophagy.46,47 This
complex recruits Hsp70 and then mediates the chaperone-
assisted selective autophagy.9,48 Previous studies have
reported that HspB8 promotes the fusion of autophago-
some and lysosome during autophagy,49 whereas the HspB8
K141E mutation impairs this fusion.50 These results suggest
that HspB8 stimulated the forming process instead of the
degradation of autophagosomes. This perspective is also
supported by our observation that AAV2-shHspB8 had the
same neuroprotective impacts as 3MA in ONC, since 3MA is
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known as a PI3K inhibitor and can block the formation of
autophagosomes.51,52

It has been suggested that nuclear factor kappa B (NF-
κB), one of the best known regulators of HSPB8 and BAG3,
influences the expression of HspB8.53,54 It has been found
to be activated by p62 through the receptor activator of
nuclear factor κ B (RANK)–p62–tumor necrosis factor recep-
tor (TNFR)-associated factor 6 (TRAF6)–NF-κB pathway.55,56

Knowing that HspB8 can regulate autophagy level and thus
indirectly affect the expression of p62, we can make the
reasonable assumption that there is a mutual influence
between HspB8 and the RANK–p62–TRAF6–NF-κB axis. The
dynamic change of HspB8 protein level after ONC in this
study may be explained by this hypothesis.

Currently, the interactions and interdependencies among
the HSPs in neuronal diseases have not been well stud-
ied. Several studies have considered the protective roles of
HSP70 and HSP90 in RGCs death.57,58 We found that excess
HspB8 was a detriment after RGCs damage. HSP27, belong-
ing to the same HspBs family as HspB8, is speculated to
be involved in the induction of neuroinflammation in an
autoimmune glaucoma model.59 These seemingly contradic-
tory consequences may due to the varying physiological
properties of different HSP groups. HSPA (HSP70) family
members bind to misfolded proteins and lead to its refold-
ing. The HSPC (HSP90) family is essential for proper folding,
activation, and stabilization of client proteins, and HspBs
insulate proteins and prevent their aggregation.60 However,
protein quality control is a very complicated system, differ-
ent intervened components may ultimately result in variable
conditions.

In conclusion, our results demonstrate the neuropro-
tection of AAV2-shHspB8 through autophagy suppression
in mice ON injury and provide a possible direction for
further scientific exploration and neuroprotective treatment
for axonal degeneration. Future researchers could focus on
the deeper mechanisms of HspB8 and autophagy in the
visual system, as well as the relationship between HspB8
and the RANK–p62–TRAF6–NF-κB axis.
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