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Purrose. To determine alteration of dendritic spines and associated changes in the
primary visual cortex (V1 region) related to unilateral optic nerve crush (ONC) in adult
mice.

MerHops. Adult unilateral ONC mice were established. Retinal nerve fiber layer (RNFL)
thickness was measured by spectral-domain optical coherence tomography. Visual func-
tion was estimated by flash visual evoked potentials (FVEPs). Dendritic spines were
observed in the V1 region contralateral to the ONC eye by two-photon imaging in vivo.
The neurons, reactive astrocytes, oligodendrocytes, and activated microglia were assessed
by NeuN, glial fibrillary acidic protein, CNPase, and CD68 in immunohistochemistry,
respectively. Tropomyosin receptor kinase B (TrkB) and the markers in TrkB trafficking
were estimated using western blotting and co-immunoprecipitation. Transmission elec-
tron microscopy and western blotting were used to evaluate autophagy.

Resurts. The amplitude and latency of FVEPs were decreased and delayed at 3 days,
1 week, 2 weeks, and 4 weeks after ONC, and RNFL thickness was decreased at 2 and
4 weeks after ONC. Dendritic spines were reduced in the V1 region contralateral to the
ONC eye at 2, 3, and 4 weeks after ONC, with an unchanged number of neurons. Reactive
astrocyte staining was increased at 2 and 4 weeks after ONC, but oligodendrocyte and
activated microglia staining remained unchanged. TrkB was reduced with changes in
the major trafficking proteins, and enhanced autophagy was observed in the V1 region
contralateral to the ONC eye.

Concrusions. Dendritic spines were reduced in the V1 region contralateral to the ONC
eye in adult mice. Reactive astrocytes and decreased TrkB may be associated with the
reduced dendritic spines.
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nraveling the experience-dependent synaptic plastic-
Uity of the visual cortex is important for understand-
ing both healthy and abnormal vision. Although experience-
dependent synaptic plasticity predominantly occurs early
in critical periods, it is considered to be alterable in the
adult visual cortex.! Monocular deprivation (MD) is used
widely for studying experience-dependent synaptic plastic-
ity in the visual cortex,?? but MD after the critical period in
rodents tends to be partially reversible later.*-¢ Therefore,
MD is not an ideal model for studying changes in plasticity
in the primary visual cortex (V1 region) due to permanent
visual loss resulting from optic neuropathies, optic nerve
trauma, and glaucoma. Optic nerve crush (ONC) in rodents
is widely used as a model to investigate the neurodegenera-
tion in the central nervous system (CNS) due to irreversible
axonal injury. It is well established that optic nerve injury
in adults is associated with an alteration in the V1 region
in the CNS.”"1° However, few studies have investigated the
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changes of changes in spine density in the V1 region after
ONC.

The formation and elimination of dendritic spines are key
aspects of synaptic plasticity.!!'!? Dendritic spines in neurons
interact with nearby cells such as astrocytes, oligodendro-
cytes, and microglia in the microenvironment via complex
mechanisms.'?~1> Multiple studies have reported important
dual roles of astrocytes in dendritic spine modulation in
vitro and in vivo.!>19-18 A1 reactive astrocytes in ischemic
central nervous system diseases are induced by activated
microglia, which are thought to promote the elimination
of dendritic spines and the death of neurons and oligo-
dendrocytes,!”1” whereas A2 reactive astrocytes are thought
to be protective.?’ The activated microglia can change their
motility and phagocytic activity to eliminate dendritic spines
when responding to varying light and visual stimulation."
The role of oligodendrocytes in the formation and elimina-
tion of dendritic spines is not clear, but their membrane
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proteins, such as Nogo-A, can suppress the formation of
dendritic spines.'* Moreover, astrocytes contain and recy-
cle the nearby precursor form of brain-derived neurotrophic
factor (pro-BDNF) to regulate the amount of BDNF.2! BDNF
is a key factor in regulating the maturation of dendritic
spines through tropomyosin receptor kinase B (TrkB) in
BDNF/TrkB signaling, which has a direct effect on dendritic
spines involved in both endocytosis and autophagy.'!'?* Acti-
vated TrkB is subsequently endocytosed or ubiquitinated,
allowing for either retrograde transport on endosomes
to maintain dendritic spine growth or transport in endo-
somes to lysosomes to eliminate the dendritic spines.??~%
Although autophagy is known to have a bidirectional effect
on synaptic plasticity, decreased autophagy has been proven
to be essential for BDNF/TrkB-induced dendritic spine
formation.?

Accordingly, in vivo two-photon imaging was used to
determine changes in dendritic spines in the V1 region
contralateral to the ONC eye in adult mice. Alteration of
neurons, reactive astrocytes, activated microglia, and oligo-
dendrocytes in the bilateral V1 region were observed, and
changes in TrkB, endocytosis, and autophagy in the V1
region contralateral to the ONC eye were investigated.

METHODS
Animals and Anesthesia

Four-month-old wild-type C57BL/6 mice of both sexes
were purchased from the Guangdong Medical Laboratory
Animal Center in China and were examined via flash visual
evoked potentials (FVEPs), spectral-domain optical coher-
ence tomography (SD-OCT), immunohistochemistry (IHC),
immunofluorescence staining, western blotting, transmis-
sion electron microscopy, and coimmunoprecipitation
(co-IP). Both sexes of Thyl-YFP transgenic mice
(YFP-H-Line), in which the pyramidal cells express yellow
fluorescent protein, were obtained from L.Y. Huang at the
Zhongshan School of Medicine, Sun Yat-sen University, and
were used for two-photon microscopy (TPM) imaging. The
Thyl-YFP transgenic mice were genetically edited based
on the C57BL/6 mouse background and were backcrossed
with C57BL/6J mice for three or four generations. The
total number of mice used was 110, including 95 C57BL/6
mice and 15 Thyl-YFP transgenic mice. The FVEPs and
SD-OCT examinations utilized five C57BL/6 mice; paraffin
IHC, 25 C57BL/6 mice; fluorescence THC, 25 C57BL/6 mice;
western blotting and co-IP, 25 C57BL/6 mice; transmission
electron microscopy, 15 C57BL/6 mice; and two-photon
imaging, 15 Thyl-YFP transgenic mice. Among these Thy1l-
YFP transgenic mice, three mice were excluded because
of a neovascular membrane covering the cranial window,
three mice were excluded because of tissue edema in the
V1 region, and one mouse died during the two-photon
imaging.

The anesthesia used for TPM imaging was intraperi-
toneal injection of Avertin. Avertin is not recommended for
repeated anesthesia unless necessary because of the risks
of peritonitis, ileus, intestinal adhesion, and even death. The
use of Avertin was reported to the Animal Ethics Commit-
tee of Zhongshan Ophthalmic Center, Sun Yat-sen University.
The preparation, storage, and use of Avertin were conducted
under close supervision, and, after the Avertin injections,
the animals were closely monitored. In our study, no animal
died because of the use of Avertin. All of the experiments

IOVS | August 2020 | Vol. 61 | No. 10 | Article 55 | 2

were approved by Zhongshan Ophthalmic Center, Sun Yat-
sen University, and performed in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research.

Optic Nerve Crush Surgery

Wild-type C57BL/6 mice and Thyl-YFP transgenic mice
were intraperitoneally injected with Avertin (250 mg/kg). As
previously described,”’~? after the mice were anesthetized,
the lower bulbar conjunctiva of the mice was incised by 180°,
and the optic nerve of the left eye was carefully exposed,
avoiding the bleeding. Next, the optic nerve was crushed
with cross-action forceps 1 to 2 mm behind the eyeball for
5 seconds. Tobramycin and dexamethasone ointment were
applied to both eyes to prevent cornea drying and infection.

In Vivo Long-Term Transcranial Two-Photon
Imaging

Based on previous studies,>?°-32 a modified surgery was
applied (Supplementary Fig. S1). Thyl-YFP transgenic mice
were deeply anesthetized with an intraperitoneal injection of
Avertin (250 mg/kg) and were administered a one-third dose
every 30 minutes. The hair on the mouse’s head was shaved,
and the periosteum was exposed with a midline scalp inci-
sion of the skin. The periosteum tissue over the skull surface
was removed by toothed forceps. The right-side V1 region
was identified based on stereotactic coordinates (2.7 mm
lateral to midline and 3.5 mm posterior to the bregma) and
was marked. A head holder containing a metal ring with two
bars, which weighed 1.2 g, was attached to the mouse’s skull
with glue (Loctite 495, Henkel, Dusseldorf, Germany), and
the center of the head holder was placed on the marked area
to restrain the head. When the glue had dried, a dental drill
was applied to thin the marked skull, and the round skull
area was then peeled off with microforceps. The dura over
the exposed cortex was partially removed to avoid bleed-
ing and the formation of neovascular membrane while also
allowing the observation area to be more clearly visualized.
A glass coverslip of a size larger than the exposed cortex
was placed on the exposed cortex and sealed with glue.
Next, the mouse was administered a subcutaneous injection
comprised of Tolfedine (4 mg/kg), Butomidor (2 mg/kg),
and Baytril (5 mg/kg) every 3 days to prevent inflammation,
pain, and infection.

Image stacks of the dendritic segments located in
the superficial cortical layer were obtained using TPM
(FVMPE-RS multiphoton laser scanning microscope; Olym-
pus, Tokyo, Japan) with the laser tuned to 920 nm
(25x objective and numerical aperture of 1.05) immersed
in artificial cerebrospinal fluid. A 1x digital zoom was
used to yield images suitable for quantification of dendritic
spines (509.117 pm x 509.117 pm; 2048 x 2048 pixels;
0.75-um Z step size). The above procedure was repeated,
and localization of the same region was performed in the
same mice after the first imaging at 1 week and at 2, 3, and
4 weeks. The images were analyzed using Image ] software
(National Institutes of Health, Bethesda, MD, USA). Filopo-
dia were identified as long, thin protrusions and the remain-
ing protrusions were identified as spines.>?”-3° Spines were
considered different if they were more than 0.7 pm away
from their expected positions based on the previous view-
ing. More than 60 dendritic spines were analyzed from each
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mouse. The minimum length of dendritic branches included
in the analysis was more than 30 pm. The degree of spine
formation or elimination was calculated as the number of
spines added or eliminated divided by the total number
of pre-existing spines.””’?® Image J software was used to
process the image and calculate the dendrite spines.

FVEP Examination

FVEPs were examined using a RETI-port/scan 21 (Roland
Consult Stasche & Finger GmbH, Brandenburg, Germany) in
accordance with the standards of the International Society
for the Clinical Electrophysiology of Vision at specific time
points (0 day, 1 week, 2 weeks, 3 weeks, and 4 weeks) as
a previous study described.>® The C57BL/6 mice were dark
adapted overnight and then anesthetized with pentobarbi-
tal sodium (80 mg/kg) intraperitoneally. Three silver elec-
trodes were implanted supraperiosteally at each hemisphere
V1 region, the midpoint of the binoculars, and the tail of the
mice. The machine automatically corrected amplitude fluctu-
ations, and an alarm sounded if the electrodes were placed
incorrectly. The right eye was patched with a homemade
eye mask while the left eye was examined. The eye mask
was lightproof and was made with tinfoil, wax, and medical
tape. The body temperature of the mouse was maintained at
37°C during the experiments. The test room was illuminated
with a dim red light. White flash stimuli were shown at a
frequency of 2 Hz for 250 ms. The responses were amplified
10,000 times and bandpass-filtered from 1 to 1000 Hz, and
the superposition was conducted 100 times. The parameters
recorded were N1 latency, P1 latency, and N1-P1 amplitude
(from the N1 wave peak to the P1 wave trough). All of the
parameter values were automatically measured by computer
output, and the average of the three successive measure-
ments at different consecutive time points of each mouse
was calculated.

Retinal Nerve Fiber Layer Thickness Measurement

SD-OCT (Spectralis OCT; Heidelberg Engineering, Heidel-
berg, Germany) was applied to measure changes in the
retina nerve fiber layer (RNFL) thickness of the optic
nerve head (ONH) as the pervious study described.?®
After intraperitoneal injection with pentobarbital sodium
(80 mg/kg), the mice pupils were dilated using a topical
eyedrop of tropicamide phenylephrine. A carboxymethylcel-
lulose sodium eyedrop was used to avoid dryness of the
cornea. The mice were placed on a stage that allowed for
free rotation to acquire images centered on the ONH. Thick-
ness data were automatically obtained by the software, and
the measurements at different consecutive time points for
each mouse were recorded.

Tissue Preparation

The C57BL/6 mice were anesthetized with intraperi-
toneal injections of pentobarbital sodium and were tran-
scardially perfused with normal saline followed by 4%
paraformaldehyde (PFA). The brains were carefully removed
and immersed in the 4% PFA overnight, and then they
were dehydrated and embedded in paraffin or Tissue-
Tek OCT compound. For paraffin IHC, 5-pm coronal
sections were prepared; for fluorescence IHC, 20-um coro-
nal frozen sections were prepared. For transmission elec-
tron microscopy, the animal was transcardially perfused with
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PBS followed by 2% PFA and 2.5% glutaraldehyde under
anesthesia. The 1-mm?® visual cortex of the V1 region was
quickly removed and immersed in the 2.5% glutaraldehyde.
The brains samples were prepared at each time point for
different groups of mice (normal control, ONC at 3 days,
ONC at 1 week, ONC at 2 weeks, and ONC at 4 weeks).

Immunohistochemistry

For paraffin THC, the sections were sequentially deparaf-
finized and hydrated, and antigen was retrieved with
10-mM sodium citrate. The sections were then incubated
in 3% hydrogen peroxide for 10 minutes and washed twice
using distilled water. Each section was blocked with animal-
free blocking solution (15019; Cell Signaling Technology,
Boston, MA, USA) for 1 hour at room temperature (RT)
and then incubated with primary antibody NeuN (A0951,
1:300; ABclonal, Wuhan, Hubei, China), glial fibrillary acidic
protein (GFAP, 12389, 1:200; Cell Signaling Technology), and
CNPase (5604, 1:100; Cell Signaling Technology) overnight
at 4°C. After three rinses in Tris-buffered saline (TBS), Signal-
Stain Boost ITHC Detection Reagent (8114; Cell Signaling
Technology) was applied at RT for 30 minutes. After three
washes, 3,3'-diaminobenzidine (DAB, G1212-200; Service-
bio, Wuhan, Hubei, China) was added until an acceptable
staining intensity was reached. The sections were coun-
terstained in hematoxylin. The sections were covered with
coverslips using SignalStain mounting medium (14177; Cell
Signaling Technology). For fluorescence IHC, the frozen
sections were blocked with 10% normal goat serum for
1 hour at RT and then incubated with primary anti-
body CD68 (ab53444, 2.5 ng/mL; Abcam, Cambridge, UK)
overnight at 4°C. After three washes with PBS, Goat anti-Rat
IgG Secondary Antibody, Alexa Fluor 488 (bs-0293G-AF488,
1:500; Bioss Antibodies, Beijing, China) was applied. The
tissues were incubated at RT in the dark for 2 hours, and
the coverslip slides were applied with antifade reagent with
4’ ,6-diamidino-2-phenylindole (DAPI, 8961; Cell Signaling
Technology).

To examine different cells in the visual cortex of both
sides, we first compared the IHC staining section with Paxi-
nos and Franklin’s the Mouse Brain in Stereotaxic Coordi-
nates, 4th Edition®*, and the Allen Mouse Brain Coronal
Atlas (https://mouse.brain-map.org/static/atlas) to ensure
that the area under observation was located at the V1 region.
The sections from each animal were studied at intervals of
30 pm, and the sections from different animals were stud-
ied at intervals of 100 pm. The stereotaxic coordinates of
each THC staining section were recorded, and sections from
different animals with the same stereotaxic coordinates were
grouped together for the experiments. We then selected the
V1 regions circumscribed with a rectangle outlined with a
red-dashed line to analyze the changes in the neuronal cells.
The area we examined included cells in layers 2 to 6. To
better illustrate the layers and regions, we used a paraffin
section with Nissl staining (Fig. 1). In the figures presented
in this article, we chose to enlarge identical areas to show the
details more clearly. The NeuN staining counts and staining
area calculations were processed by Image J software. The
staining areas of GFAP, CNPase, and CD68 were qualified
by using Image J software and an IHC toolbox plug-in. The
areas were expressed as a percentage of the total evaluated
area.

We analyzed 101 sections. Among these 101 sections, one
section from one animal was used for Nissl staining (Fig. 1);
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FiGure 1.

Illustration of regions that were selected for neuronal cell examinations. (A) The brain tissues between the red-dashed lines were

divided into histologic sections according to the stereo-position of the V1 region, which began above the hippocampus and terminated
at the end of the occipital lobe. (B) This Nissl staining section was first matched with information in Paxinos and Franklin’s the Mouse
Brain in Stereotaxic Coordinates, 4th Edition (bregma, —2.53 mm,; interaural, 1.26 mm). The neuronal cells at layer 2-6b in the V1 region

(red-dashed-line rectangle) were then examined. Scale bar: 500 pm.

25 sections from 25 animals were used for NeuN staining
(see Fig. 3); 25 sections from the same 25 animals were used
for GFAP staining (see Fig. 5); 25 sections from the same
25 animals were used for CNPase staining (see Fig. 6); and
25 sections from another 15 animals were used for CD68
staining (see Fig. 7).

Coimmunoprecipitation and Western Blotting

Protein lysates of the contralateral (right side) V1 region
were extracted from tissues by incubating in lysis buffer for
western blotting and IP (P0013; Beyotime, Shanghai, China)
supplemented with phenylmethylsulfonyl fluoride (ST506;
Beyotime) as in previously established procedures.>* For co-
IP, a total amount of 500 pg protein lysate was combined
with 5 pg antibody and then diluted with IP lysis/wash
buffer to 500 pL. The mixtures were incubated for 2 hours
at RT. Protein A/G Magnetic Beads (Pierce Classic Magnetic
IP/Co-IP Kit, 88804; Thermo Fisher Scientific, Waltham, MA,
USA) were used to absorb the bound protein for 1 hour
at RT. The bound proteins were then eluted by low-pH
elution. A magnetic stand was used to collect the beads.
The eluted proteins were separated using sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and analyzed by western blotting. The following antibod-
ies were used: Rab7 (ab50533, 10 pg/mL; Abcam), Rab11
(5589, 1:50; Cell Signaling Technology), TrkB (ab18987,
2 ng/mL; Abcam), IgG (ab172730, 10 pg/mL; Abcam), and
VeriBlot (ab131366, 1:4000; Abcam).

Briefly, equal amounts of proteins were separated in 10%
or 12% SDS-PAGE gels and transferred to an Immobilon-
PSQ 0.2-uym pore size polyvinylidene fluoride (PVDF)
membrane (ISEQ00005; Millipore, Burlington, MA, USA)
or an Immobilon-P 0.45-um pore size PVDF membrane
(IPVHO00010; Millipore) using Trans-Blot SD Semi-Dry Elec-
trophoretic Transfer Cell (Bio-Rad, Hercules, CA, USA). The
membranes were blocked using 5% BSA or 5% fresh skim
milk for 2 hours at RT and incubated with selected primary
antibodies for 1 hour at RT and then at 4°C overnight.
The membranes were washed in TBS with 0.1% Tween-
20 and incubated with secondary antibodies for 1 hour at
RT. Finally, the membranes were washed and imaged using
the Bio-Rad ChemiDoc Touch Imaging System. The protein
levels were quantified by densitometry and normalized
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or
B-actin. The light chain 3 (LC3)-II levels were normalized
to total LC3 levels. Primary antibodies against the following
were used: Beclin 1 (3738, 1:800; Cell Signaling Technology);
LC3A/B (12741, 1:800; Cell Signaling Technology); Ndfip1l
(DF4681, 1:600; Affinity Biosciences, Cincinnati, OH, USA);
Rab5 (AF4073, 1:800; Affinity Biosciences); Rab7 (ab50533,
0.5 pg/mL; Abcam); Rab1l (3539, 1:800; Cell Signaling
Technology); TrkB (ab18987, 2 pg/mL; Abcam); GAPDH
(14C10, 1:1000; Cell Signaling Technology); and p-actin
(4967, 1:1000; Cell Signaling Technology). The secondary
antibody was HRP-conjugated Goat Anti-Rabbit IgG (H+L)
HRP (S0001, 1:5000; Affinity Biosciences). The band density
was calculated by Image J software.
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Ficure 2. Alterations in FVEPs and RNFL after ONC. (A) Experimental timeline over the course of the experiment. FVEPs and SD-OCT were
examined on day 0, 3 days after ONC, 1 week after ONC, 2 weeks after ONC, and 4 weeks after ONC. ONC surgery was performed at day 0
immediately after FVEP and SD-OCT examinations. (B) Example of FVEPs from a single mouse at day 0 and 4 weeks after ONC. Scale bar:
10 pV, 50 ms. (C) N1 latency change over 4 weeks following ONC surgery. (D) P1 latency change over 4 weeks following ONC surgery. (E)
N1-P1 amplitude change over 4 weeks following ONC surgery. (F) Schematic showing partitions in the SD-OCT examinations. (G) RNFL
thickness changes in various areas over 4 weeks following ONC surgery. Summary data are presented as mean £+ SEM. P < 0.05, “P <

0.001 compared with day 0 (z = 5 animals per group).

Transmission Electron Microscopy

The 1-mm3 samples from the contralateral (right side)
V1 region were sent to Wuhan Servicebio Technology
for processing prior to being observed with an HT7700
transmission electron microscope (Hitachi, Tokyo, Japan).
The initial autophagic compartments were identified as
containing rough endoplasmic reticulum and a mitochon-
drion3>3 The late autophagic compartments contained
partially degraded, electron-dense ribosomes.?>3 To reduce
the bias of images readers, a double-blind method was
applied. Five random, non-overlapping images were taken
of V1 tissues from three animals in each group by a pathol-
ogist who was blind to the grouping and experimental
design. A total of 75 neurons images were taken to analyze
the autophagy. The count of secondary lysosomes, early
autophagic compartments, and late autophagic compart-
ments were determined by two readers who were blind to
the grouping.

Statistical Analysis

One-way or two-way ANOVA followed by Bonferroni’s
multiple comparison test was performed (Figs. 2, 3; see

also Figs. 5-9). Two-tailed paired f-tests were performed
(Fig. 4). Data were analyzed using Prism 7.0 (GraphPad,
San Diego, CA, USA). All of the data were considered
statistically significant at P < 0.05.

RESULTS

Abnormal FVEPs and Reduced ONH RNFL
Thickness After ONC

Five eyes from five mice were included in 4-week FVEP and
SD-OCT examinations (Fig. 2A), and the examinations corre-
sponded to the different time points in the same animal. The
representative results of a mouse are shown in Figure 2B.
At day 0, the N1, P1, and N1-P1 amplitudes presented as
normal, but 4 weeks after ONC, the N1 and P1 latencies were
delayed, and the N1-P1 amplitude was reduced. A significant
increase in the N1 latency was observed at 3 days, 1 week,
2 weeks, and 4 weeks after ONC, F(4, 20) = 4.091,
P = 0.0139; Bonferroni’s multiple comparisons P = 0.0004,
P = 0.0051, P = 0.0182, and P = 0.0234, respectively
(Fig. 2C). Significantly elevated latency was also observed
in the P1 latency at 3 days and 1 week after ONC, and the
latency did not increase at 2 weeks and 4 weeks after ONC,
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densitometric analysis of IHC. Scale bar: 50 pym. Summary data are presented as mean & SEM. P < 0.05, “P < 0.001,

with NC group (n# = 5 animals per group).

F(4, 20) = 3.708, P = 0.0205; Bonferroni’s multiple compar-
isons P = 0.0163, P = 0.0182, P = 0.1270, and P = 0.1107,
respectively (Fig. 2D). The amplitude of the N1-P1 wave was
also compared at different days after ONC. ONC reduced the
amplitude at 3 days, 1 week, 2 weeks, and 4 weeks after
ONC, F(4, 56) = 6.576, P = 0.0002; Bonferroni’s multiple
comparisons all P < 0.001 (Fig. 2E).

The RNFL thickness measurements of the ONH were
based on partitions centered on the ONH, which was divided
into five zones (Fig. 2F). The longitudinal overall changes of
different areas are shown in Figure 2G, F(4, 20) = 260.5,
P < 0.001. There were no changes in the RNFL thick-
ness across areas 1, 2, 3, or 4 at 3 days after ONC
(Bonferroni’s multiple comparisons P = 0.6977, P = 0.1060,
P = 0.2298, and P = 0.2298, respectively) and 1 week
after ONC (Bonferroni’s multiple comparisons P = 0.9999,
P = 09999, P = 0.9619, and P = 0.4339, respectively)
compared with those at 0 d. There were significant decreases
in RFNL thickness across areas 1, 2, 3, and 4 at 2 weeks

stk

P < 0.0001 compared

after ONC (Bonferroni’s multiple comparisons P = 0.0222,
P = 0.0312, P = 0.0222, and P = 0.0312, respectively)
and 4 weeks after ONC (Bonferroni’s multiple comparisons
P = 0.0222, P = 0.0432, P = 0.0075, and P < 0.001,
respectively). In addition, the center exhibited no significant
change. These results confirmed that the ONC procedures
were successful, and obvious decreased RNFL thickness was
observed at 2 weeks and 4 weeks after ONC.

Reduced Dendritic Spines in the V1 Region
Contralateral to the ONC Eye

To investigate whether ONC affects the total number of
neurons in the V1 region, we used the neuron-specific
marker NeulN for IHC (Fig. 3A). The results indicate that
the number of neurons in the V1 region did not change
at different time points after ONC, F (1, 36) = 0.2991,
P = 0.5878; Bonferroni’s multiple comparisons all
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are presented as mean + SEM. P < 0.05, “P < 0.001,

P > 0.9999 (Fig. 3B). Hence, we used TPM to visualize
the dendritic spines of layer 2 and 3 pyramidal cells in the
right side V1 regions over 4 weeks based on the stereotaxic
coordinates and the two-photon imaging corresponding
to the different time points in the same animal of the
non-crush control (NC) group and left-side ONC group
(Figs. 4A—4D). The ONC left-side V1 region was identified
as the ipsilateral V1 region to the ONC eye, and the right
side V1 region was identified as the contralateral V1 region
to the ONC eye (Fig. 4B).

In the ONC group, at 1 week there were no significant
differences in the spine elimination rate or spine formation
rate compared to the NC group (elimination, ONC at 1 week
12.56 + 1.54% vs. NC at 1 week 9.45 + 1.01%, ¢ = 1.265,
df = 3, P = 0.2953; formation, ONC at 1 week 12.85
+ 2.41% vs. NC at 1 week 1543 £+ 0.49%, t = 1.097,
df = 3, P = 0.3527) (Fig. 4E). Two weeks after ONC,
a significant increase in the spine elimination rate was
observed when compared to that in the NC group. In addi-
tion, the spine formation rate was not significantly changed
by ONC during the same period (elimination, ONC at
2 weeks 18.21 + 1.51% vs. NC at 2 weeks 10.83 £ 0.79%,
t = 8.534, df = 3, P = 0.0034; formation, ONC at 2 weeks
13.50 £ 1.77% versus NC 2 week 13.43 + 1.06%, t = 0.2009
df = 3, P = 0.8536) (Fig. 4F). Three weeks after ONC,
significant increases in the spine elimination rate and
spine formation rate were observed compared to those
in the 3-week NC group (elimination, ONC at 3 weeks

P < 0.0001 (7 = 4 animals per groups).

20.28 £ 1.16% vs. NC at 3 weeks 11.67 £ 0.52%, t = 4.986,
df = 3, P = 0.0155; formation, ONC at 3 weeks 7.47 +
1.0% vs. NC 3 weeks 10.83 £ 1.50%, t = 5.977,df = 3, P =
0.0094) (Fig. 4G). Furthermore, 4 weeks after ONC, signifi-
cant alterations were observed in both spine elimination and
spine formation rates (elimination, ONC at 4 weeks 18.66 +
0.58% vs. NC at 2 weeks 10.27 + 0.68%, t = 47.85, df =
3, P < 0.00001; formation, ONC at 4 weeks 10.43 £ 0.25%
vs. NC at 4 weeks 15.90 £+ 0.85%, t = 4.097, df = 3, P =
0.0263) (Fig. 4H). These results confirm that in the V1 region
contralateral to the ONC eye, 2, 3, and 4 weeks after ONC
spine elimination was increased and at 3 and 4 weeks after
spine formation was decreased.

Increased Reactive Astrocytes Staining in the V1
Region Contralateral to the ONC Eye

To further investigate whether other cell components in
the V1 region changed with the reduction in dendritic
spines after ONC, we used specific cell markers (GFAP,
CNPase, and CD68) to show the overall staining area of reac-
tive astrocytes, oligodendrocytes, and activated microglia.
The staining areas were observed in the bilateral V1
regions.

In the V1 region contralateral to the ONC eye, the staining
area of GFAP was significantly increased. In contrast, the
staining area did not increase in the V1 region ipsilateral
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compared with the NC group (# = 5 animals per groups).

to the ONC eye, F(1, 31) = 16.8, P = 0.0003 (Fig. 5), with
the following Bonferroni’s multiple comparisons: For the V1
region contralateral to the ONC eye, NC versus 3 days after
ONC, P > 0.9999; NC versus 1 week after ONC, P = 0.0167;
NC versus 2 weeks after ONC, P < 0.0001; and NC versus
4 weeks after ONC, P = 0.0010. For the V1 region ipsilateral
to the ONC eye, NC versus 3 days after ONC, P > 0.9999;
NC versus 1 week after ONC, P = 0.9810; NC versus 2 weeks
after ONC, P = 0.0735; and NC versus 4 weeks after ONC,
P > 0.9999. Additionally, there were significant differences
between the contralateral and ipsilateral V1 regions in the
GFAP staining area 2 weeks after ONC and 4 weeks after
ONC, with the following Bonferroni’s multiple comparisons
for the V1 region ipsilateral to the ONC eye versus V1 region
contralateral to the ONC eye: NC, P > 0.9999; 3 days after
ONC, P = 0.9914; 1 week after ONC, P = 0.1573; 2 weeks
after ONC, P = 0.0401; and 4 weeks after ONC, P = 0.0103.

st

P< 0.0001

However, no significant differences were seen between
the NC and ONC groups at any of the time intervals
after ONC in the CNPase staining area, F(1, 34) = 1.83,
P = 0.1850 (Fig. 6), with the following Bonferroni’s multi-
ple comparisons: For the V1 region ipsilateral to the ONC
eye, all P > 0.9999. For the V1 region contralateral to the
ONC eye, NC versus 3 days after ONC, P = 0.7293; NC
versus 1 week after ONC, P > 0.9999; NC versus 2 weeks
after ONC, P = 0.5879; and NC versus 4 weeks after ONC,
P > 0.9999. For the NC, V1 region ipsilateral to the ONC
eye versus V1 region contralateral to the ONC eye, P
= 0.8769; 3 days after ONC, P > 0.9999; 1 week after
ONC, P = 0.9500; 2 weeks after ONC, P > 0.9999; and 4
weeks after ONC, P > 0.9999. We estimated the staining
area of activated microglia by CDG68 staining using fluo-
rescence THC. As shown in Figure 7, F(1, 40) = 0.5442,
P = 0.4650, no significant difference was observed in
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compared with the NC group (z = 5 animals per groups).

the CDG68 staining area between different groups in the
V1 region ipsilateral to the ONC eye versus V1 region
contralateral to the ONC eye, with the following Bonfer-
roni’s multiple comparisons: For the V1 region ipsilat-
eral to the ONC eye, NC versus 3 days after ONC,
P = 0.5676; NC versus 1 week after ONC, P > 0.9999;
NC versus 2 weeks after ONC, P = 0.9963; and NC versus
4 weeks after ONC, P = 0.3449. For the V1 region contralat-
eral to the ONC eye, NC versus 3 days after ONC, P > 0.9999;
NC versus 1 week after ONC, P = 0.9896; NC versus 2 weeks
after ONC, P = 0.8186; and NC versus 4 weeks after ONC,
P = 0.7888. In addition, there was no significant difference
between the contralateral and ipsilateral V1 regions in the
CDO08 staining area, with the following Bonferroni’s multiple
comparisons: For the V1 region ipsilateral to the ONC eye
versus V1 region contralateral to the ONC eye, all P > 0.9999,
except at 4 weeks after ONC, when P = 0.2190. These results
suggest that there were reactive astrocytes in the V1 region
contralateral to the ONC eye at 2 weeks and 4 weeks after
ONC.

Decreased TrkB and Alterations in Major TrkB
Trafficking Proteins in the V1 Region
Contralateral to the ONC Eye

We estimated the change in TrkB and the related major
TrkB trafficking proteins in the endocytic pathway. As shown
in Figure 8A, TrkB expression was significantly decreased
in the V1 region contralateral to the ONC eye 4 weeks
after ONC compared to that in the NC group (P = 0.0106)
with a total downtrend, F(4, 10) = 3.921, P = 0.0363.
The expression of major proteins in the endocytic pathway
(Rab5, Rab7, and Rabl1) was also detected. As shown in
Figures 8C-8E, the expression of Rab5 did not change signifi-
cantly (P = 0.9738) among the different groups. The expres-
sion of Rab7 was significantly elevated, F(4, 10) = 4.678,
P = 0.0218, with the following Bonferroni’'s multi-
ple comparisons: NC group versus 3 days after ONC,
P = 0.0326; NC versus 1 week after ONC, P = 0.0311;
NC versus 2 weeks after ONC, P = 0.0334; and NC versus
4 weeks after ONC, P = 0.0164. In addition, the expression
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Ficure 7. CDOG8 staining at the bilateral V1 region after unilateral ONC. (A) CDG68 expression in the NC and groups representing 3 days
after ONC, 1 week after ONC, 2 weeks after ONC, and 4 weeks after ONC at the bilateral V1 region as shown by frozen section IHC. Scale
bar: 50 pm. (B) CDG68 staining area and densitometric analysis of IHC. Summary data are presented as mean £+ SEM. ‘P < 0.05, P < 0.001,

P < 0.0001 compared with the NC group (7 = 5 animals per groups).

of Rabll was significantly decreased, F(4, 10) = 9.694,
P = 0.0018, with the following Bonferroni’s multiple
comparisons: NC versus 1 week after ONC, P = 0.0338;
NC versus 2 weeks after ONC, P = 0.0031; and NC versus
4 weeks after ONC, P = 0.0027. The elevated Rab7 and
decreased Rabll suggested enhancement of ubiquitinated
TrkB targeted to lysosomes; therefore, Ndfip1, a protein that
mediates the ubiquitination of TrkB, was assessed (Fig. 8B).
The expression levels of Ndfipl were significantly elevated
in the 4 weeks after ONC group compared to the NC group
(P =0.0329) with a total uptrend, F(4, 10) = 3.21, P= 0.0613.
Moreover, the co-IP of Rab11 with TrkB was analyzed using
both control antibodies and antibodies to TrkB in the NC
group and 4 weeks after ONC. As shown in Figure 8F, the
interaction of Rab11 and TrkB in the NC group was greater
than that in the 4 weeks after ONC group. These results
suggest that TrkB was decreased and the related major TrkB
trafficking proteins were also correspondingly changed in
the V1 region contralateral to the ONC eye after ONC.

Enhanced Autophagy in the V1 Region
Contralateral to the ONC Eye

To determine whether autophagy increased, transmission
electron microscopy and western blotting were used to
examine the samples from the V1 region contralateral to
the ONC eye of different groups (NC, 3 days after ONC,
1 week after ONC, 2 weeks after ONC, and 4 weeks after
ONCO). As shown in Figure 9A, the neurons and organelles
appeared normal in the NC group; however, mitochon-
dria displayed swelling and cristae disruption at 1 week,
2 weeks, and 4 weeks after ONC. Quantitative analysis
of the changes in the neurons showed that the number
of secondary lysosomes, initial autophagic compartments,
and late autophagic compartments changed after ONC,
F(2, 134) = 40.26, P < 0.001. The secondary lysosomes
appeared more frequently in the post-ONC group and
were significantly increased in the 4 weeks post-ONC
group compared to those in the NC group (P = 0.00006).
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(n = 5 animals per groups).

Moreover, the initial autophagic compartments were
increased at 3 days after ONC but did not signif-
icantly change at 1 week, 2 weeks, or 4 weeks
in the after-ONC groups (P = 09783, P = 0.9788,
P = 09788, and P = 0.7977, respectively). The late
autophagic compartments increased significantly at
1 week after ONC (P = 0.0198) but total LC3 were
significantly decreased at 4 weeks after ONC compared to
the NC group (P = 0.0084) (Figs. 9B, 9D) with a turnover
trend, F(4, 10) = 5.693, P = 0.0118. In addition, the levels

s

P < 0.0001 compared with the NC group

of Beclinl were markedly increased at 4 weeks after ONC
compared to the NC group, F(4, 10) = 13.1, P = 0.0005,
Bonferroni’s multiple comparisons P = 0.0004 (Figs. 9B, 9C).
Our results suggest that autophagy was enhanced in the V1
region contralateral to the ONC eye.

DiscussioN

To the best of our knowledge, this is the first study
to demonstrate that long-term vision impairments in
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Summary data are presented as mean & SEM. ‘P < 0.05, “P < 0.001, "

adulthood due to unilateral ONC decrease the dendritic
spines in the V1 region contralateral to the ONC eye.
The basis of synaptic plasticity is the formation and elim-
ination of dendritic spines.’? Dendritic spines are varia-
tional, exhibiting a transient or persistent lifetime from
minutes to years in vivo.’” Prior studies provided a range of
evidence supporting the conclusion that monocular depri-
vation can induce impairments in dendritic spines in the
V1 region of developing animals; however, following binoc-
ular recovery in MD juveniles, the size of spines can be
recover.’ Even the reversal of long-term MD by dark expo-
sure and reverse deprivation in adulthood can recover the
size and number of spines.®3 Moreover, studies of in
vivo experience-dependent plasticity have revealed that the
dendritic spines of layer 2/3 neurons are plastic during crit-
ical periods in rodents, but the dendritic spines of layer
5 are relatively stable in adult rodents3*% On the
other hand, spine density and intrinsic spine dynam-
ics were found to be significantly higher in layer
2/3 neurons than in layer 5 neurons in both developing and
developed mice.! These findings indicate that ONC animals
may be a better model to observe the alteration of dendritic
spines in layer 2/3 in adulthood when studying optic nerve

"P < 0.0001, compared with the NC group (7 = 5 animals per groups).

injury diseases. However, only a few studies have analyzed
the alterations of dendritic spines in layer 2/3 in the adult
mouse V1 region after ONC.

Having established ONC animals, we used TPM to study
the long-term changes in dendritic spines in the V1 region
before and after ONC in living adult animals. Similar to
MD, ONC induced two separate modifications, including
a rapid response and a delayed response. To exclude the
rapid response of ONC and simulate optic neuropathy, we
observed changes in the spines at 1, 2, 3, and 4 weeks
after ONC. This results strongly indicate that dendritic spines
were reduced in layer 2/3 of the V1 region contralateral
to the ONC eye after ONC. This result is in agreement
with a previous study in mice that used MD at postnatal
days 9 and 10, and the dendritic spines in layer 2/3 were
estimated by Dil labeling for approximately 30 days.#> More-
over, the results in Figures 2 and 4 suggest that the dendritic
spines might be affected by ONC later than the RNFL. Only
SD-OCT can show obvious changes in the RNFL.

Additionally, our results demonstrated that reactive astro-
cyte (GFAP) staining increased in the V1 region contralateral
to the ONC eye. It is notable that not all astrocytes express
GFAP in the healthy CNS, but during reactive astrogliosis
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and glial scar formation of neurodegeneration diseases, most
astrocytes express GFAP.*> There are at least two types of
reactive astrocytes. Al reactive astrocytes are more common
in ischemic CNS diseases; they contribute to the death
of oligodendrocytes and neurons and eliminate dendritic
spines, induced by the activated microglia.!” A2 reactive
astrocytes release many neurotrophic factors and regulate
brain homeostasis.* Moreover, astrocytes make contacts
with neurons, which uptake and recycle pro-BDNF after
being triggered by stimuli to affect BDNF/TrkB signaling.?!
Previous studies support our results that unilateral ONC can
result in injury to the V1 region contralateral to the ONC
eye as in other neurodegenerative diseases. Based on this
evidence, the increased GFAP staining indicates that the
astrocytes may be reactive, affecting BDNF/TrkB signaling
and having an impact on dendritic spines.

CNPase, as a structural protein primarily expressed in the
myelinating glia, is a specific maker of oligodendrocytes.
Oligodendrocytes themselves express growth inhibitors,
such as oligodendrocyte-myelin glycoprotein, which has
been proven to regulate structural and functional neuronal
plasticity both in vitro and in vivo.'*% The reason why
CNPase remained unchanged in the V1 region may be
related to fact that the injury in the ONC model is mechanical
and far away from lesions.

Microglia, the resident immune cells of the brain,
showed increased phagocytic activity and migration abil-
ity in response to injury; they are thought to be able to
modify synaptic connections and synaptic dendritic spines.i
Ninety-four percent of microglial process touch synap-
tic elements, and the interaction between microglia and
neurons has been found to be correlated with both increased
growth and elimination of dendritic spines when animals
were exposed to visual stimuli.i’ Hence, we used CDG6S
staining to reveal activated microglia in the V1 region after
ONC. The results of our study are in agreement with some
previous studies using the MD model.*’-%’ The reason why
ONC did not activate microglia might be due to the absence
of apoptotic neuronal cell death. Another study found that
when apoptosis was genetically prevented, microglial acti-
vation, in terms of protein expression and proinflammatory
cytokine/chemokine production, disappeared.>® In addi-
tion, our findings from NeuN staining also supported this
hypothesis.

BDNEF/TrkB signaling plays a critical role in the visual
pathway. Anterograde BDNF transportation from retina can
promote the survival of postsynaptic neurons in the lateral
geniculate nucleus (LGN) in developing animals,>! but deple-
tion of retinal BDNF in developed animals seems to have no
effect on the survival of neurons in the LGN.>> However,
intravitreous injection of BDNF prevents the death of LGN
neurons after direct trauma in the visual cortex of adult
rodents.>® Ablation of BDNF in the neural lineage also causes
an increase in autophagy and a decrease in the number
of spines®®; therefore, it is a matter of some controversy
as to whether anterograde BDNF from retina affects the
visual cortex directly in developed animals. In developed
rodents, ONC induces transient changes in TrkB expres-
sion not only in retina but also in superior colliculus. It
has been reported that TrkB increased at 6 hours after ONC
and decreased at 3 days after ONC.>* Also, TrkB is reduced
in the visual cortex of dark-reared animals compared with
light-reared animals.>® Hence, both depletion of anterograde
BDNF from the retina and loss of visual input from the ONC
eyes might attribute to the decreased TrkB in our results.
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It has been found that BDNF/TrkB signaling requires retro-
grade axonal transport through endosomes and autophago-
somes to promote the formation of spines and to
counteract neurodegeneration such as Alzheimer’s disease
and Huntington’s disease.’*">® In brains of Alzheimer’s
disease patients, the expression of the TrkB protein and gene
is reduced with decreased spines density,”®*®° whereas the
expression levels of rab5 and rab7 gene are upregulated.®®
Enhanced autophagy in the early stage of Alzheimer’s
disease can lead to the accumulation of autophagosomes,
resulting in damage to neuronal nutrients and organelle
circulation, in addition to causing neuronal degenera-
tion.®! In cells and animal models of Huntington’s disease,
Rabl11 fails to recycle endosomes to the plasma membrane,
resulting in reduced cysteine uptake, deficient glutathione
synthesis, and repaired synaptic function.®? Thus, changes
in endocytic and autophagic flux may explain the decreased
TrkB after ONC in our results (Figs. 8, 9).

CONCLUSIONS

This study demonstrated that dendritic spines were reduced
in the V1 region contralateral to the ONC eye, which
might relate to the reactive astrocytes, decreased TrkB, and
changes in endosomes and autophagosomes. Further studies
are needed to investigate the specific mechanisms underly-
ing the impairment of dendritic spines after ONC.
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