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in rats can be improved via PirB knockdown
in the retina
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Abstract

Background: In the central nervous system (CNS), three types of myelin-associated inhibitors (MAIs) exert major
inhibitory effects on nerve regeneration: Nogo-A, myelin-associated glycoprotein (MAG), and oligodendrocyte-myelin
glycoprotein (OMgp). MAls have two co-receptors, Nogo receptor (NgR) and paired immunoglobulin-like receptor

B (PirB). Existing studies confirm that inhibiting NgR only exerted a modest disinhibitory effect in CNS. However, the
inhibitory effects of PirB on nerve regeneration after binding to MAls are controversial too. We aimed to further inves-
tigate the effect of PirB knockdown on the neuroprotection and axonal regeneration of retinal ganglion cells (RGCs)
after optic nerve injury in rats.

Methods: The differential expression of PirB in the retina was observed via immunofluorescence and western blot-
ting after 1, 3, and 7 days of optic nerve injury (ONI). The retina was locally transfected with adeno-associated virus
(AAV) PirB shRNA, then, the distribution of virus in tissues and cells was observed 21 days after AAV transfection to
confirm the efficiency of PirB knockdown. Level of P-Stat3 and expressions of ciliary neurotrophic factor (CNTF) were
detected via western blotting. RGCs were directly labeled with cholera toxin subunit B (CTB). The new axons of the
optic nerve were specifically labeled with growth associated protein-43 (GAP43) via immunofluorescence. Flash visual
evoked potential (FVEP) was used to detect the P1 and N1 latency, as well as N1-P1, P1-N2 amplitude to confirm visual
function.

Results: PirB expression in the retina was significantly increased after ONI. PirB knockdown was successful and signifi-
cantly promoted P-Stat3 level and CNTF expression in the retina. PirB knockdown promoted the regeneration of optic
nerve axons and improved the visual function indexes such as N1-P1 and P1-N2 amplitude.

Conclusions: PirB is one of the key molecules that inhibit the regeneration of the optic nerve, and inhibition of PirB
has an excellent effect on promoting nerve regeneration, which allows the use of PirB as a target molecule to pro-
mote functional recovery after ONI.
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Background

The optic nerve (ON) is a special central nerve formed up
of the axons of the retinal ganglion cells (RGCs). Trauma,
glaucoma, hypoxia and other factors can cause optic
nerve injury (ONI) [1, 2]. The optic nerve is difficult to
regenerate after injury, accompanied by the death of large
numbers of RGCs in the retina that further causes visual
dysfunction and even blindness [3, 4].

There are many reasons why optic nerve regeneration
is difficult. In addition to the death of extensive num-
bers of RGCs after ONI, the lack of regeneration abil-
ity of RGCs, the inhibition effect of myelin-associated
inhibitors (MAIs) on axon regeneration in the microen-
vironment, and colloidal scars are known to be key fac-
tors affecting axon regeneration [5-7]. Many studies
have been carried out on the regeneration of an ON after
injury using in vivo and in vitro methods. It was found
that nerve growth factors [8], local resistance to glial
scar [9], peripheral nerve transplantation [10], and other
methods protect neurons or promote axon regeneration
to a certain extent when used alone or in combination.
However, it is still difficult to recover the full structural
integrity and function of the ON. Therefore, the inhibi-
tory effect of MAI on axonal regeneration has been the
primary focus.

In the central nervous system (CNS), there are three
MAIs, Nogo-A, myelin-associated glycoprotein (MAG),
and oligodendrocyte-myelin glycoprotein (OMgp), that
play an important role in inhibiting axonal regenera-
tion [11]. They possess two co-receptors, Nogo receptor
(NgR) and paired immunoglobulin-like receptor B (PirB)
[12, 13]. Atwal [13] found that NgR knockout alone could
not significantly reduce the inhibitory effect of Nogo-A
on the neurite growth of cerebellar granule neurons in
mice, while a single antagonist, PirB, could significantly
reduce this inhibition. Kim [14] also found that inhibition
of NgR did not cause a significant increase in CNS regen-
eration in NgR mutant mice. These suggest that NgR may
not play a leading role in the inhibition of MAI on nerve
regeneration.

PirB is derived from mice and has direct homology with
human leukocyte immunoglobulin-like receptors (LILR)
[15]. In the immune system, PirB is mainly expressed in
B cells, macrophages, mast cells, and dendritic cells, and
is a major histocompatibility complex class I (MHC I)
molecule receptor. After binding to MHC I molecules,
PirB led to the increased cytokine release by recruiting
the tyrosine-protein phosphatase of the Src oncogene
homologous domains 1 and 2 (SHP-1 and SHP-2) to the

intracellular immunoreceptor tyrosine-based inhibition
motif segment [16]. In the CNS, PirB is mainly expressed
in the axons and synapses of neurons in the cerebral cor-
tex, hippocampus, cerebellum, retina, and ON, which can
combine with MAI to play an important role in inhibit-
ing axon regeneration [17, 18]. In our previous study, we
found that inhibition of PirB in primary cultured retinal
Miiller cells significantly promotes the regeneration of
the co-cultured RGC axon [19]. However, it is unclear
whether this effect is equally valid in vivo.

In this study, we aimed to further investigate the effect
of PirB knockdown on the survival of retinal RGCs and
axon regeneration in an animal model of ONI.

Materials and methods

Materials

Animals

Adult female Sprague—Dawley (SD) rats weighing 180-
200 g were purchased from the Animal Center of Dap-
ing Hospital, Army Medical University, China. They were
housed under standard laboratory conditions including a
12 h/12 h light—dark cycle and rodent chow and water.

Reagents

Reagents used in this study include cholera toxin subu-
nit B (CTB) (Invitrogen, Poole, UK, Lot No: C34776),
Nogo-A (R&D, MN, USA, Lot No: PK12319031), and
Super ECL Plus (US Everbright®lnc., Suzhou, China, Cat
No: S6009). Adeno-associated viral vector (AAV) PirB
shRNA (with green fluorescent protein (GFP) tag) target
sequence was as follows: GGAGCCGAACTTTATTGT
CTCTATA (Hanbio Co. Ltd., Shanghai, China). The anti-
bodies used are listed in Table 1.

Methods

ONI model

Adult female SD rats were divided into three groups with
four rats in each group as follows: Blank group (without
treatment); sham group (sham operation); ONI group
(optic nerve clamp injury). The ON clamp injury was
established according to the previously reported method
by our group [18]. Briefly, the rats were anesthetized via
intraperitoneal injection of 2% pentobarbital sodium
(50 mg/kg), followed by a drop of 4% oxybuprocane
hydrochloride eye drop into the conjunctival sac for sur-
face anesthesia. A 5 mm horizontal incision was made
in the lateral canthus of the superior temporal quadrant
1.5 mm from the limbus of corneosclera. The subcutane-
ous tissue layers were separated bluntly, and the ON was
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Table 1 List of primary and secondary antibodies used for western blotting and immunohistochemistry (IHC)

Antibody Source Lot/Cat No. Dilution

Primary antibodies WB HC
Goat anti-PirB R&D, Minnesota, USA AF2754 1:1000 1:100
Rabbit anti-Vimentin Abcam, Cambridge, UK ab92547 1:500
Rabbit anti-Phospho Stat3 Y705 Abcam, Cambridge, UK ab76315 1:5000
Rabbit anti-Stat3 Abcam, Cambridge, UK Ab68153 1:2000
Rabbit anti-GFP Abcam, Cambridge, UK Ab290 1:200
Rabbit anti-GAP43 Cell Signaling, Boston, USA #8945 1:200
Rabbit anti-CNTF Abcam, Cambridge, UK ab175387 1:1000
Rabbit anti-beta Ill Tubulin Abcam, Cambridge, UK ab18207 1:500
Mouse anti-beta Il Tubulin Abcam, Cambridge, UK ab78078 1:500
Mouse anti-GAPDH Abcam, Cambridge, UK ab8245 1:5000

Secondary antibodies
HRP-labeled anti-mouse IgG Invitrogen, Poole, UK G-21040 1:10,000
HRP-labeled anti-rabbit IgG Invitrogen, Poole, UK 31,460 1:10,000
HRP-labeled anti-Donkey IgG R&D, Minnesota, USA HAF109 1:1000
Alexa488 anti-goat IgG Invitrogen, Poole, UK A32814 1:300
Alexa594 anti-rabbit IgG Invitrogen, Poole, UK A32740 1:300

fully exposed for 3—5 mm. At the 2 mm post bulbar, the
ON was clamped with a small artery clamp perpendicu-
lar to the longitudinal axis of the ON for 15 s, and the
clamping force was 112 G. Along with the clamp injury,
the pupil of the injured eye gradually expanded. After the
operation, the eyeball fascia was sutured layer by layer,
and an appropriate amount of chlortetracycline eye oint-
ment was applied to the conjunctival sac. At the same
time, the contralateral eye was operated on in the sham
operation control group, but the ON was not clamped.
The success of modeling was judged via intraoperative
pupil dilation, and the absence of postoperative hemor-
rhage, infection, cataract, and other complications.

Vitreous cavity injection [20]

Adult female SD rats were divided into four groups with
four rats in each group as follows: PBS group (negative
control); Nogo-A group (positive control); AAV shRNA
group (empty viral control); AAV PirB shRNA group.
AAV (1.0 x 10° pg /uL, viral final titer), CTB (1 pg/uL),
and Nogo-A (0.1 pg/pL) were prepared according to the
manufacturer’s instructions. After anesthesia, one drop
of 0.5% compound tropicamide eye drops was applied to
each eye, and the pupil was dilated for 20 min. Exactly
2 ul of PBS, Nogo-A, AAV shRNA, and AAV PirB were
collected using a microsyringe (Hamilton, Switzerland)
with a diameter of 0.33 pm, then applied into the vitre-
ous cavity from the superior temporal quadrant, 1.5 mm
away from the corneoscleral edge, and the needle tip was
toward the optic papilla to avoid puncturing the lens.
It was obvious from the dilated pupil that the needle

tip was located in the vitreous cavity and the drug was
slowly injected (injection time was more than 1 min).
After injection, the needle tip was left in the eye for about
20 s to adjust the volume of the eyeball. Then the nee-
dle was pulled out and the puncture port was immedi-
ately pressed with a cotton swab for about one minute to
prevent drug leakage. The injection method for CTB was
the same, but the injection time was two days before each
animal was killed.

Whole-mount retina preparation

According to the previously published method [21], rats
were anesthesized, 0.9% NaCl (4°C) was used to drain the
blood from the heart, then, 4% polyformaldehyde was
used to fix the tissue. The eyeball was quickly removed,
soaked in 4% polyformaldehyde, and fixed on ice for 2 h.
The eyeball was transferred to precooled PBS, and the
retina was carefully separated. Intact retinas were dis-
sected into four sections like a clover and then soaked in
methanol (4 °C) for 1 h. Samples were washed with PBS 3
times for 10 min, neutral gum seal was observed under a
laser confocal microscope (Leica, Weztlar, Germany). At
200 x magnification, the retina was examined for RGCs
at 2/6, 1/2, and 5/6 of the radial distance from the optic
papilla. RGC identification rate was calculated as follows:
The number of RGCs in the experimental group/ that of
RGCs in the control group. CTB-positive cells were iden-
tified as RGCs, which were counted in 12 regions (three
images per retinal quadrant) per retina, and the number
was averaged to estimate the overall RGC survival [22].
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Frozen sections and immunofluorescence

After anesthesia, the rats were killed via cervical dislo-
cation. The eyeball and ON were quickly removed and
embedded in Tissue-Tek OCT compound, and then
placed in the refrigerator at — 80 °C for 20 min. The tissue
was cut into 10 pm sections using frozen section machine
(Leica, Weztlar, Germany), fixed with 4% paraformalde-
hyde for 15 min, washed three times with PBS for 5 min,
blocked in 0.1% Triton x 100 and 10% goat serum for
30 min at room temperature (20-22 °C), and primary
antibodies were added before incubation at 4 °C over-
night. Samples were then washed with PBS 3 times for
5 min, secondary antibody was added and incubated in
the dark for 1 h at room temperature, followed by coun-
terstaining with 4/,6-diamidino-2-phenylindole (DAPI)
for 15 min. Axon growth was quantifified by counting
the number of GAP43-positive axons extending 200, 500,
1000 and 1500 pm from the crush site in three sections
per case (20 x magnification). Values were normalized
referencing the formula described formerly [23], > ay,
the total number of axons extending distance which was
then averaged over three sections per case; 7%, the area
of the cross-sectional width of a nerve; ¢, the thickness of
Sections (10 pum):

Z aq = nr? x [average axons/average nerve width]/¢

Flash visual evoked potential (FVEP)

To evaluate the function of the optic nerve, FVEP was
measured 28 days after ONI using the visual electrophys-
iology system (IRC Medical Equipment Factory, China).
[24, 25] After anesthesia, rats’ pupils were dilated with
0.5% compound tropicamide eye drops. The electrode at
the primary visual cortex was considered the active elec-
trode, the electrode at the frontal cortex was considered
the reference electrode, and the ground electrode was
inserted into the tail. While one eye was being tested, the
other was covered with a piece of opaque cloth. Three
stable waveforms were recorded for each animal. Test
parameters were as follows: the intensity of the optical
stimulator was 3.0 cd*S/m?% the background light inten-
sity was 30 cd*S/m? the pass frequency was 1-100 Hz,
the stimulation frequency was 2 Hz; each item was
superimposed 45 times. Detection index was as follows:
N1 and P1 latency, as well as N1-P1 amplitude (N1 bot-
tom to the peak of P1); P1-N2 amplitude (P1 peak to the
bottom of N2).

Western blotting
According to the previously described method [19],
equal amounts of protein (40 pg) were separated via 10%
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SDS-PAGE and transferred onto polyvinylidene fluo-
ride membranes. After blocking with 5% skimmed milk
for 2 h, primary antibodies were added for incubation
on a shaker at 4 °C overnight. Then, secondary antibod-
ies were added at room temperature for 1 h. Enhanced
chemiluminescence was used for development before
detection on an Omega Lum G gel imager (Aplegen,
Pleasanton, USA). Gray values were analyzed with the
Image J software (National I1stitute of Health, Bethesda,
Germany), and GAPDH or Stat3 were used as an internal
reference. The ratio of the gray value of the target strip to
that of the internal reference was calculated.

Statistical analysis

SPSS 19.0 (IBM, Armonk, USA) was used to analyze the
data, all results were expressed as the mean =+ standard
deviation. A two-sided Student’s t-test was used for two-
group comparisons, and multiple group comparisons
were performed using ANOVA followed by a post hoc
Student’s t-test in cases with homogeneity of variance
and normal distribution. For all other cases, a nonpara-
metric test was used, p <0.05 was considered statistically
significant.

Results
PirB expression increased in the retina after ON clamp
injury
The results of immunofluorescence showed that PirB
(green, 488) was mainly expressed in the ganglion cell
layer (GCL) of the retina in the blank group. It was
mainly expressed in the GCL-inner nuclear layer (INL)
in the sham group and showed the strongest fluorescence
in the GCL layer and only weak fluorescence in the inner
plexiform layer (IPL) and INL. After ONI, PirB expres-
sion in the retina of the ONI group was significantly
higher than that in the sham group on the 1st day; the
fluorescence signal was the strongest on the 7th day, and
a strong fluorescence signal could be observed from GCL
to outer nuclear layer (ONL), in which the fluorescence
in GCL layer was the strongest and that in outer plexi-
form layer (OPL) layer was the weakest (Fig. 1A).
Western blotting results of retinal tissue showed that
PirB expression in the ONI group 1, 3 and 7 days after
ONI (0.49+0.11, 0.384+0.08, 0.4340.06, respectively)
was higher than that in the blank (0.2+0.06) and sham
groups (0.25+0.04, 0.18 +0.04, 0.24 4-0.07, respectively),
and the difference were statistically significant, all p <0.05
(Fig. 1B).

PirB knockdown by AAV PirB shRNA in the retina

was successful

After 21 days of intravitreal injection of AAV shRNA
(empty virus control) or AAV PirB shRNA, large numbers
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Fig. 1 PirB expression in the retina after ONI. A PirB (green, 488) expression in the retina after ONI obtained via immunostaining. DAPI represents
nuclear staining (blue). ONI, optic nerve injury; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer;
ONL, outer nuclear layer; RPE, retinal pigment epithelial cell layer; scale bars: 250 um, n=4. B The target strip and bar charts showing PirB expression
in the retina tissue. GAPDH was used as an internal reference. The ratios of gray values of target proteins to those of respective internal references
are provided. The experiment was repeated three times (n =4). Data are presented as the mean = standard deviation. One-way ANOVA was
performed, and Student’s t-test was used for group-pair comparisons. *, p <0.05
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of cells scattered virus green fluorescent protein (GFP) in
the retina of the two groups were observed, which radi-
ated around the injection point (red *) and gradually
weakened in all directions. The positive fluorescence was
mainly present in the cytoplasm of the cells (Fig. 2A).

After 21 days of PBS or AAV PirB shRNA injection, the
GEFP signal of the virus was not detected in the retina of
the PBS group (negative control) (Fig. 2B). In the AAV
PirB shRNA group, GFP was expressed in RGCs, which
co-localized with B-tubulin (specific for RGC) (Fig. 2C).
GEFP was also expressed in Miiller cells in the same way
and co-localized with vimentin (specific for Miiller cells)
(Fig. 2D).

Western blotting results of the retina tissue after
21 days of PBS, Nogo-A (positive control), AAV shRNA,
or AAV PirB shRNA injection showed that PirB expres-
sion in the AAV PirB shRNA group (6.72+1.44) was
significantly lower than that in the PBS (100+16.65,
p=0.007), Nogo-A (253.48+25.93, p=0.001), and AAV
shRNA groups (115.13£10.07, p=0.009) (Fig. 2E). These
results indicated that AAV PirB shRNA significantly
knocked down PirB expression in the retina.

PirB knockdown promotes the level of P-Stat3

and expression of CNTF in the retina after ONI

Rats were treated as previously described in the methods
(Fig. 3A). Retinal tissues were extracted for western blot-
ting 21 (before ONI), 28 (7 days after ONI), 35 (14 days
after ONI), and 49 days (28 days after ONI) after intravit-
real injection.

Western blotting results showed that 21 days after
intravitreal injection, the level of P-Stat3 in Nogo-A
(159.63£25.39, p=0.001), AAV shRNA (135.024+29.22,
p=0.041), and AAV PirB shRNA (167.9+35.85,
p=0.001) groups was significantly higher than that in
the PBS group (1004 15.6). The expression of CNTF in
the AAV PirB shRNA group (143.71£19.86, p=0.035)
was significantly higher than that in the PBS group
(100421.57) (Fig. 3B, b).

Precisely 28 days after intravitreal injection (7 days
after ONI), level of P-Stat3 (130.764+9.95, P=0.047)
and expressions of CNTF (186.78 +14.37, p=0.001) in
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the AAV PirB shRNA+ ONI group were significantly
(p<0.05, p<0.01, respectively) higher than those in
the AAV shRNA + ONI group (100+8.58; 100 £16.51)
(Fig. 3C, ¢).

Exactly 35 days after intravitreal injection (14 days
after ONI), level of P-Stat3 (155.3+9.43, p=0.001)
and expressions of CNTF (203.96+19.57, P=0.001) in
the AAV PirB shRNA+ ONI group were significantly
(p<0.01) higher than those in the AAV shRNA + ONI
group (100+£ 13.3; 100+ 15.24) (Fig. 3D, d).

Moreover, 49 days after intravitreal injection (28 days
after ONI), level of P-Stat3 (138.22 + 15.37, p=0.048) and
expressions of CNTF (167.43+12.76, p=0.027) in the
AAV PirB shRNA + ONI group were significantly higher
than those in the AAV shRNA + ONI group (1004 14.13;
100+ 7.36) (Fig. 3E, e).

PirB knockdown has no significant protective effect on RGC
survival after ONI

Rats were treated as described in methods (Fig. 4A). The
retinas were removed on the 28th, 35th and 49th day
after injection. The images of 12 areas of each retinal
patch were acquired using a laser confocal microscope,
and the number of CTB-positive (red) RGCs in each
image was counted (Fig. 4B).

The results of RGC counts showed that on the 28th
day after injection (7 days after ONI), the cell counts in
Nogo-A (464.42+100.75, p=0.045), AAV shRNA + ONI
(219.93+£109.80, p=0.004), and AAV PirB shRNA 4+ ONI
(275.07£109.4, p=0.009) groups decreased signifi-
cantly compared with those in the PBS+sham group
(628.28 +150.31).

Precisely 35 days after injection (14 days after ONI).
The cell counts in Nogo-A (423.51+112.74, p=0.003),
AAV shRNA + ONI (250.55+75.86, p=0.001), and AAV
PirB shRNA+ONI (237.144+98.62, p=0.001) groups
decreased significantly (all p<0.01) compared those in
the PBS + sham group (702.78 +168.37).

Moreover, 49 days after injection (28 days after ONI).
The cell counts in Nogo-A (356.18+100.75, p=0.002),
AAV shRNA + ONI (77.93+39.64, p=0.001), and AAV

(See figure on next page.)

Student’s t-test was used for group-pair comparisons used. **, p<0.01

Fig. 2 The effect of PirB knockdown in the retina by AAV PirB shRNA. A GFP (green, 488) expression in the retina transfected with AAV PirB shRNA or
AAV shRNA for 21 days. red * represents the injection site, and the purple dotted line shows the area without the retinal tissue. Scale bars: 150 um.
B GFP staining in the PBS group. DAPI represents nuclear staining (blue fluorescence). Scale bar: 250 um. C GFP (green, 488) and 3-LU Tubulin (red,
594) fluorescent staining in the AAV PirB shRNA group. DAPI represents nuclear staining (blue). Scale bar: 250 um. Small white arrows in ¢ show

GFP and B-LU Tubulin co-localization. D GFP (green, 488) and Vimentin (red, 594) fluorescent staining in the AAV PirB shRNA group. DAPI represents
nuclear staining (blue). Scale bar: 250 um. Small white arrows in d show GFP and Vimentin co-localization. E Bar charts showing PirB expression in
the retina tissue. GAPDH was used as an internal reference. The ratios of gray values of target proteins to those of respective internal references are
provided. The experiment was repeated three times (n=4). Data represent the mean = standard deviation. One-way ANOVA was performed, and
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PirB shRNA+ONI (53.18+£23.43, p=0.001) groups
decreased significantly (all p<0.01) compared with those
in the PBS 4 sham group (652.22 £ 159.45).

There was no significant difference between the
cell counts of AAV shRNA+ONI and AAV PirB
shRNA 4+ ONI groups ( p>0.05), indicating that PirB
knockdown had no significant protective effect on RGC
survival (Fig. 4C, D).

PirB knockdown in the retina promotes axonal
regeneration after ONI

Rats were treated as previously described in methods
(Fig. 5A). Precisely 28, 35 and 49 days after injection,
the ONs were removed for frozen section preparation
and stained for growth-associated protein 43 (GAP43)
(red, 594). The results of immunofluorescence of the ON
showed that there was no obvious expression of GAP43
in the PBS+sham group (negative control); GAP43
expression in the Nogo-A group (positive control) was
scattered along the whole longitudinal section of the
ON; AAV shRNA +ONI and AAV PirB shRNA + ONI
groups expressed GAP43, and the fluorescence intensity
showed obvious two-stage differentiation at both ends of
the injury site. The fluorescence signal on the left (eyeball
end) of the injury site was strong and dense while that on
the right (optic chiasm end) was significantly weakened
and sparsely distributed. The farther the objective moved
from the injury site, the weaker the fluorescence intensity
became until it disappeared (Fig. 5B).

The number of regenerated nerve fibers (optic chiasm
end) 28 days after the injection of the adenovirus (7 days
after ONI) in the AAV PirB shRNA+ ONI group was
significantly (1920.86+221.37, p=0.001; 181.65+41.26,
p=0.000) higher than that in the AAV shRNA+ ONI
group with a length of 201-500 pum (699.88 - 147.32) and
501-1000 pm (0).

On the 35th day after adenovirus injection (14 days after
ONI), the number of regenerated nerve fibers (optic chi-
asm end) with a length of 0-200 um (6456.00 £ 1023.55,
p=0.001), 201-500 pum (5527.18+596.32, p=0.023),
501-1000 pm (3021.84+682.19, p=0.001), and 1001—
1500 pm (1079.56+290.12, p=0.000) in the AAV PirB
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shRNA + ONI group was significantly (p<0.05, p<0.01)
higher than those in the AAV shRNA+ONI group
(4368.17 1-868.31, 3756.44+614.59, 1062.35+318.44, O,
respectively).

On the 49th day after adenovirus injection (28 days
after ONI), the number of regenerated nerve fibers (optic
chiasm end) with a length of 0-200 pm (8971.42 +617.83,
p=0.001), 201-500 pm (7018.22+597.31, p=0.001),
501-1000 pm (5935.47 +618.57, p=0.001), and 1001-
1500 pm (2962.53+627.84, p=0.001) in the AAV PirB
shRNA 4+ONI group was significantly (all p<0.01)
higher than those in the AAV shRNA+ONI group
(5233.65+806.5, 4269.58+517.86, 2257.68+423.72,
625.75 +108.54, respectively) (Fig. 5C).

PirB knockdown in the retina improved the N1-P1

and P1-N2 amplitudes after ONI

Rats were treated as previously described in the meth-
ods (Fig. 6A). Visual function was examined via FVEP
49 days after intravitreal injection (28 days after ONI).
FVEP of Nogo-A, AAV shRNA-+ONI, and AAV
PirB shRNA +ONI groups was lower than that of the
PBS + sham group (Fig. 6B).

The N1 latency of Nogo-A (21.36+7.58, p=0.042),
AAV shRNA+ONI (19.43+6.7, p=0.037), and AAV
PirB shRNA+ONI (17.19+4.3, p=0.022) groups
was significantly (all p<0.05) shorter than that of the
PBS + sham group (27.36 £6.21) (Fig. 6C).

The P1 latency of AAV shRNA+ONI (33.87+6.81,
p=0.002) and AAV PirB shRNA+ONI (34.81+10.41,
p=0.001) groups was significantly (p <0.01) shorter than
that of the PBS 4 sham group (52.45+ 14.84) (Fig. 6C).

The N1-P1 amplitudes of Nogo-A (5.775+2.47,
p=0.002), AAV shRNA + ONI (3.825+1.38, p=0.001),
and AAV PirB shRNA+ONI (5.35+2.11, p=0.001)
groups were significantly (all p<0.01) lower than those
of the PBS + sham group (9.725 £ 2.43); the N1-P1 ampli-
tudes of AAV shRNA+ONI group were significantly
(p=0.047) lower than those of AAV PirB shRNA group
(Fig. 6C).

The P1-N2 amplitudes of Nogo-A (9.1 £3.21, p=0.002),
AAV shRNA+ONI (6.19+£2.98, p=0.001), and AAV

(See figure on next page.)

*p<0.05and **p<0.01

Fig. 3 Expressions of P-Stat3 and CNTF in the retina of each group. A Time course of the treatment for each group of animals. WB, western blotting;
ON, optical nerve. B P-Stat3 leve and CNTF expressions 21 days after intravitreal injection in four groups. C P-Stat3 level and CNTF expressions

28 days after intravitreal injection in AAV shRNA + ONI and AAV PirB shRNA 4 ONI groups, D P-Stat3 level and CNTF expressions 35 days after
intravitreal injection in AAV shRNA+ ONI and AAV PirB shRNA + ONI groups. E P-Stat3 level and CNTF expressions 49 days after intravitreal injection
in AAV shRNA 4 ONI and AAV PirB shRNA + ONI groups. GAPDH and Stat3 were used as internal references. Original blots are shown in ¢, d, and e.
The ratios of gray values of target proteins to those of respective internal references are provided. The experiment was repeated three times (n=4).
Data are presented as the mean = standard deviation. One-way ANOVA was performed, and Student’s t-test was used for group-pair comparisons.
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PirB shRNA + ONI (11.714+2.17, p=0.48) groups were
significantly (p<0.05 or p<0.01) lower than those of the
PBS + sham group (16.334 £+ 4.02); the P1-N2 amplitudes
of AAV shRNA + ONI group were significantly (» =0.039)
lower than those of AAV PirB shRNA group (Fig. 6C).

Discussion

Previously we found that PirB is expressed in GCL, INL,
and ONL of mouse retina in vivo, and in primary cul-
ture of RGCs and Miiller cells of newborn SD rat retina
in vitro [19]. In the present study, we found that PirB was
expressed in the retina of adult rats, mainly in the GCL
under normal conditions, and the expression of PirB
gradually extended from GCL to ONL with the extension
of injury time after ONI (Fig. 1A). The results showed
that the distribution of PirB expression in rat and mice
retinas was highly similar, and confirmed that PirB was
one of the pathological molecules, which might play an
important role in the pathogenesis of ONI.

We also wanted to reveal the pathological role of PirB
in the retina after ONI, as well as the effect of inhibiting
PirB expression on optic nerve repair and regeneration.
In this study, AAV PirB shRNA was injected into the
vitreous cavity for the successful localized PirB knock
down. It is easier to operate than directly inject AAV
into the ON or the tissue around the ON [20, 26], as sur-
gery allows direct manipulation of the RGC cell body
and maintains the PirB knockdown effect for a long time
without causing additional damage to the ON. In general,
the level of the corresponding receptor of this ligand will
decrease with the increase of the ligand level. Therefore,
Nogo-A was injected into the vitreous cavity as a positive
control group that reduced PirB expression. However,
we detected that the expression of PirB protein in the
retina was significantly increased after intravitreal injec-
tion of exogenous Nogo-A (Fig. 2E). We speculate that
there may be two likely reasons for this abnormal phe-
nomenon: (1). PirB is not the only receptor of Nogo-A,
such as NgR and S1P2R are also the receptors of Nogo-
A [27, 28]. Their binding capacity with Nogo-A may be
stronger than that of PirB, and competitively combining
with exogenous Nogo-A to reduce the consumption of
PirB. (2). The effect of exogenous Nogo-A and PirB may
not last until 21 days after intravitreal injection. Nogo-A
is one of the myelin-associated inhibitors, and it harm-
ful to the neurons and axons of the retina [19, 29]. It is
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possible that the intravitreal injection of Nogo-A causes
the activation of the internal signaling pathway in retinal
cells to promote the expression of PirB protein.

We found that there was no significant difference in
the RGC number between AAV PirB shRNA + ONI
and AAV shRNA + ONI groups 7, 14, and 28 days after
ONI (Fig. 4C, D). The number of new axons labeled
with GAP43 in the AAV PirB shRNA + ONI group was
more than that in the AAV shRNA + ONI group 7, 14
and 28 days after ONIL. This suggested that PirB knock-
down had no significant protective effect on the survival
of RGCs, but promoted the regeneration of ON axons. It
also suggested that the main pathological role of retinal
PirB after ONI was to inhibit the regeneration of RGCs
axons rather than promote the death of RGCs. It is worth
mentioning that we found that the number of new axons
at both ends of the ONI site had apparent two-stage dif-
ferentiation. This phenomenon has also been reported
in other studies, which indicates that there are one or
more factors at the site of ONI that hinder the regenera-
tion of nerve axons. This suggested that knock down PirB
expression while targeting interventions for these fac-
tors might play a more significant role in promoting the
regeneration of ON [13, 26].

The purpose of tissue remodeling is to achieve func-
tional recovery and reconstruction. Similarly, the pur-
pose of promoting RGC axon regeneration is also to
protect and restore visual function. Visual acuity, vis-
ual field, color vision, stereoacuity, and visual evoked
potential are important indicators of visual function’
[30-33] When the research objects are animals, it is dif-
ficult to cooperate the detection of vision, visual field,
color vision, and stereoacuity. Instead, the FVEP under
general anesthesia is one of the most advantageous vis-
ual function detection methods [34, 35]. People often
evaluate the visual function of animals by detecting
the latencies of N1 and P1 waves of FVEP, as well as
N1-P1 and P1-N2 amplitudes [36, 37]. Here, we found
that PirB knockdown did not significantly improve the
latencies of N1 and P1 waves in FVEP, but significantly
improved N1-P1 and P1-N2 amplitudes. Previous stud-
ies have found that latency of FVEP reflects the con-
duction of the ON, while amplitude of FVEP reflects
the functional state of the axon [38, 39]. Therefore, we
speculated that PirB knockdown might have a positive

(See figure on next page.)

Fig. 4 The number of CTB-positive labeled RGCs in the retina. A Time course of treatment for each group of animals. CTB, cholera toxin subunit B;
ON, optic nerve. B Schematic diagram of the detection areas used for laser confocal microscopy. The red solid circle represents the selected imaging
area, and the black solid circle represents the optic nipple. C Representative photomicrographs showing the CTB-positive RGCs (red, 594) in the
retina for each group. D Bar charts showing the RGC count in the retina for each group. ONI: optic nerve injury. Scale bar: 250 um, * compared with
the PBS+ sham group p *0.05, ** compared with the PBS + sham group p “0.01, n=4. ANOVA followed by a post hoc Student's t-test were used
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effect on axonal regeneration, but its effect on improv-
ing visual function was not ideal.

In our previous experiments, we explored the mecha-
nism of how PirB promotes axonal regeneration. The
results showed that PirB of Miiller cells promotes axonal
regeneration of co-cultured RGCs through JAK/Stat3
signaling pathway to regulate the expression of CNTF[19]
In the present study, we found that PirB knockdown pro-
moted the expression of P-Stat3 and CNTF in retina. In
other words, PirB knockdown had a significant effect
on the JAK/Stat3 pathway, promoting ON regeneration,
which was consistent with our previous results. These
results suggested that PirB might play an important role
in the regulation of the JAK/Stat3 pathway after ONL
However, there are several cell types in the retina and our
current research results do not clarify that axonal regen-
eration is achieved by PirB expressed in Miiller cells,
unless this deficiency can be overcome by achieving PirB
knockout in retinal Miiller cells, which will be our next
research direction.

Conclusions

In conclusion, the increase of retinal PirB expression after
nerve injury is one of the important factors for inhibiting
ON axon regeneration. Knockdown of retinal PirB signif-
icantly promotes ON axon regeneration, but its effect on
improving visual function is not ideal. Combined inter-
vention of PirB and other factors hindering ON regen-
eration may be better to promote ON regeneration and
functional repair. This finding is expected to provide an
experimental basis for PirB as a therapeutic target of pro-
moting ON regeneration.

Abbreviations

AAV: Adeno-associated virus; DAPI: 4’,6-Diamidino-2-phenylindole; CNTF:
Ciliary neurotrophic factor; CNS: Central nervous system; CTB: Cholera toxin
subunit B; FVEP: Flash visual evoked potential; GAP43: Growth associated
protein-43; MHC I: Major histocompatibility complex class I; MAG: Myelin-
associated glycoprotein; MAI: Myelin-associated inhibitor; NgR: Nogo receptor;
OMgp: Oligodendrocyte-myelin glycoprotein; ONI: Optic nerve injury; PirB:
Paired immunoglobulin-like receptor B; PBS: Phosphate buffered saline; RGC:
Retinal ganglion cells; SD: Sprague-Dawley.

Acknowledgements
None.

Authors’ contributions

Conceived and designed the experiments: YRD, ZYG. Performed the experi-
ments: YM, LJ, FW, CX. Analyzed the data: YM, ZH, HYM, CXF. Wrote the paper:
YM, LJ. All authors read and approved the final manuscript.

Funding

This work was supported by National Natural Science Foundation of China
(No. 81770931 and No. 81470630). Basic Research Project of Army Medical
University (2021-2018-058).

Page 14 of 15

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

All animal procedures were performed following the Association for Research
in Vision and Ophthalmology statement and approved by the Medical Ethics
Committee of Daping Hospital, Army Medical University (SCXK(PLA)20120011).

Consent for publication
All co-authors agreed to publish the final version of the present manuscript.

Competing interests

The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
conflict of interest.

Received: 24 May 2021 Accepted: 25 July 2021
Published online: 11 August 2021

References

1. Patterson SS, Mazzaferri MA, Bordt AS, Chang J, Neitz M, Neitz J. Another
Blue-ON ganglion cell in the primate retina. Curr Biol. 2020;30:1409-10.

2. Yu-Wai-Man P, Votruba M, Burté F, La Morgia C, Barboni P, Carelli V. A neu-
rodegenerative perspective on mitochondrial optic neuropathies. Acta
Neuropathol. 2016;132:789-806.

3. Quigley HA, Broman AT. The number of people with glaucoma world-
wide in 2010 and 2020. Br J Ophthalmol. 2006,90:253-4.

4. Lindborg JA, Tran NM, Chenette DM, Deluca K, Foli Y, Kannan R, et al.
Optic nerve regeneration screen identifies multiple genes restricting
adult neural repair. Cell Rep. 2021,34:108777.

5. Berry M, Ahmed Z, Lorber B, Douglas M, Logan A. Regeneration of axons
in the visual system. Restor Neurol Neurosci. 2008;26:147-74.

6. Tran NM, Shekhar K, Whitney IE, Jacobi A, Benhar |, Hong G, et al. Single-
cell profiles of retinal ganglion cells differing in resilience to injury reveal
neuroprotective genes. Neuron. 2019;104:1039-1055.e12.

7. GrandPre'T, Nakamura F, Vartanian T, Strittmatter SM. Identification of
the Nogo inhibitor of axon regeneration as a reticulon protein. Nature.
2000;403:439-44.

8. Smith PD, Sun F, Park KK, Cai B, Wang C, Kuwako K; et al. SOCS3 deletion
promotes optic nerve regeneration in vivo. Neuron. 2009;,64:617-23.

9. LiHJ,Sun ZL, PanYB, Sun YY, Xu MH, Feng DF. Inhibition of miRNA-21
promotes retinal ganglion cell survival and visual function by modulating
Muiller cell gliosis after optic nerve crush. Exp Cell Res. 2019;375:10-9.

10. Politis MJ, Spencer PS. Regeneration of rat optic axons into peripheral
nerve grafts. Exp Neurol. 1986;91:52-9.

11. Cafferty WB, Duffy P, Huebner E, Strittmatter SM. MAG and OMgp syner-
gize with Nogo-A to restrict axonal growth and neurological recovery
after spinal cord trauma. J Neurosci. 2010;30:6825-37.

12. Wong ST, Henley JR, Kanning KC, Huang KH, Bothwell M, Poo MM. A
p75NTR and Nogo receptor complex mediates repulsive signaling by
myelin-associated glycoprotein. Nat Neurosci. 2002;5:1302-8.

13. Atwal JK, Pinkstongosse J, Syken J, Stawicki Scott, Yan W, Carla S, Marc TL.
PirB is a functional receptor for myelin inhibitors of axonal regeneration.
Science. 2008;322:967-70.

14. Kim JE, Liu BP, Park JH, et al. Nogo-66 receptor prevents raphespinal and
rubrospinal axon regeneration and limits functional recovery from spinal
cord injury. Neuron. 2004;44:439-51.

15. Takai T. Paired immunoglobulin-like receptors and their MHC class |
recognition. Immunology. 2005;115:433-40.

16. Masuda A, Nakamura A, Maeda T, Sakamoto Y, Takai T. Cis binding
between inhibitory receptors and MHC class | can regulate mast cell
activation. J Exp Med. 2007;204:907-20.

17. Syken J, Grandpre T, Kanold PO, Shatz CJ. PirB restricts ocular-dominance
plasticity in visual cortex. Science. 2006;313:1795-800.



Yang et al. Cell Biosci

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2021) 11:158

Cai X, Yuan R, Hu Z, Chen C, Yu J, Zheng Z, Ye J. Expression of PirB protein
in intact and injured optic nerve and retina of mice. Neurochem Res.
2012;37:647-54.

Yuan RD, Yang M, Fan W, Lan J, Zhou YG. Paired immunoglobulin-like
receptor B inhibition in mller cells promotes neurite regeneration after
retinal ganglion cell injury in vitro. Neurosci Bull. 2020,36:972-84.

Zhang YL, Williams PR, Jacobi A, Wang C, Goel A, Hirano AA, et al. Elevat-
ing growth factor responsiveness and axon regeneration by modulating
presynaptic inputs. Neuron. 2019;103:39-51.e5.

Ai L-Q-Y, Zhu J-Y, Chen Xi, Li X, Luo L-L, Qiu-Mei Hu, et al. Endothelial
yes-associated protein 1 promotes astrocyte proliferation and maturation
via cytoplasmic leukemia inhibitory factor secretion in oxygen-induced
retinopathy. Invest Ophthalmol Vis Sci. 2020;61:1.

Liu WY, Li X, Chen X, Zhang JQ, Luo LL, Hu QM, et al. JIP1 Deficiency pro-
tects retinal ganglion cells from apoptosis in a rotenone-induced injury
model. Front Cell Dev Biol. 2019;7:225.

Leon S, YinY, Nguyen J, Irwin N, Benowitz LI. Lens injury stimulates axon
regeneration in the mature rat optic nerve. J Neurosci. 2000;20:4615-26.
Zhang JQ, LiuWY, Zhang X, Lin S, Yan J, Ye J. Sema3A inhibits

axonal regeneration of retinal ganglion cells via ROCK2. Brain Res.
2020;1727:146555.

Wang QC, Sheng W, Yi CJ, Lv H, Cheng B. Retrobulbarly injecting nerve
growth factor attenuates visual impairment in streptozotocin-induced
diabetes rats. Int Ophthalmol. 2020;40:3501-11.

Lim JH, Stafford BK, Nguyen PL, Lien BV, Wang C, Zukor K, et al. Neural
activity promotes long-distance, target-specific regeneration of adult
retinal axons. Nat Neurosci. 2016;19:1073-84.

Zagrebelsky M, Korte M. Maintaining stable memory engrams: new roles
for Nogo-A in the CNS. Neuroscience. 2014;283:17-25.

Gou Z, MiY, Jiang F, Deng B, Yang J, Gou X. PirB is a novel potential thera-
peutic target for enhancing axonal regeneration and synaptic plasticity
following CNS injury in mammals. J Drug Target. 2014,22:365-71.
Ahmed Z, Morgan-Warren PJ, Berry M, Scott RAH, Logan A. Effects of
siRNA-mediated knockdown of GSK3[3 on retinal ganglion cell survival
and neurite/axon growth. Cells. 2019;8:1-23.

Smedowski A, Akhtar S, Liu X, Pietrucha-Dutczak M, Podracka L, Toro-
painen E, et al. Electrical synapses interconnecting axons revealed in the

31

32.

33

34.

35.

36.

37.

38.

39.

Page 15 of 15

optic nerve head - a novel model of gap junctions’involvement in optic
nerve function. Acta Ophthalmol. 2019. https://doi.org/10.1111/aos.
14272.

Shakarchi AF, Mihailovic A, West SK, Friedman DS, Ramulu PY. Vision
parameters most important to functionality in glaucoma. Invest Ophthal-
mol Vis Sci. 2019,60:4556-63.

Zhang M, Ouyang W, Wang H, Meng X, Li S, Yin ZQ. Quantitative assess-
ment of visual pathway function in blind retinitis pigmentosa patients.
Clin Neurophysiol. 2021;132:392-403.

Szatko KP, Korympidou MM, Ran 'Y, Berens P, Dalkara D, Schubert T, et al.
Neural circuits in the mouse retina support color vision in the upper
visual field. Nat Commun. 2020;11:3481.

Tsai RK, Chang CH, Wang HZ. Neuroprotective effects of recombinant
human granulocyte colony-stimulating factor (G-CSF) in neurodegenera-
tion after optic nerve crush in rats. Exp Eye Res. 2008;87:242-50.

Chien JY, Sheu JH, Wen ZH, Tsai RK, Huang SP. Neuroprotective effect of
4- (Phenylsulfanyl) butan-2-one on optic nerve crush model in rats. Exp
Eye Res. 2016;143:148-57.

Huo Y, Yin XL, Ji SX, Zou H, Lang M, Zheng Z, et al. Inhibition of retinal
ganglion cell axonal outgrowth through the Amino-Nogo-A signaling
pathway. Neurochem Res. 2013;38:1365-74.

Le Nguyen Ngo MA, Wen YT, Ho YC, Kapupara K, Tsai RK. Therapeutic
effects of puerarin against anterior ischemic optic neuropathy through
antiapoptotic and anti-inflammatory actions. Invest Ophthalmol Vis Sci.
2019;60:3481-91.

Hamilton R, Bach M, Heinrich SP, Hoffmann MB, Odom JV, McCulloch DL,
et al. ISCEV extended protocol for VEP methods of estimation of visual
acuity. Doc Ophthalmol. 2021;142:17-24.

Robson AG, Nilsson J, Li S, Jalali S, Fulton AB, Tormene AP, et al. ISCEV
guide to visual electrodiagnostic procedures. Doc Ophthalmol.
2018;136:1-26.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1111/aos.14272
https://doi.org/10.1111/aos.14272

	Axon regeneration after optic nerve injury in rats can be improved via PirB knockdown in the retina
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Materials
	Animals
	Reagents

	Methods
	ONI model
	Vitreous cavity injection [20]
	Whole-mount retina preparation
	Frozen sections and immunofluorescence
	Flash visual evoked potential (FVEP)
	Western blotting
	Statistical analysis


	Results
	PirB expression increased in the retina after ON clamp injury
	PirB knockdown by AAV PirB shRNA in the retina was successful
	PirB knockdown promotes the level of P-Stat3 and expression of CNTF in the retina after ONI
	PirB knockdown has no significant protective effect on RGC survival after ONI
	PirB knockdown in the retina promotes axonal regeneration after ONI
	PirB knockdown in the retina improved the N1-P1 and P1-N2 amplitudes after ONI

	Discussion
	Conclusions
	Acknowledgements
	References




