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Abstract In mature mammals, optic nerve injury results in
apoptosis of retinal ganglion cells. The literature confirms
that lens injury enhances retinal ganglion cells survival, but
the mechanism is not very clear. Using silver staining
method and computer image analysis techniques, the effect
of o-crystallin, a major component of the lens in the
survival of retinal ganglion cell axons, was investigated in
vivo after intravitreal injections. The results showed that
enhanced survival of axotomized axons was observed
beyond the crush site after a single intravitreal administra-
tion of «-crystallin at the time of axotomy. Axonal density
of the retinal ganglion cell was significantly greater than in
the untreated controls until 2 weeks after injection. This
effect declined by 4 weeks after injection but survival of
axons remained greater than controls. These findings
indicate that o-crystallin plays a key role in protecting
axons after optic nerve injury.
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Introduction

Axonal injury in the central nervous system of adult
mammals often results in neuronal death. In the optic
nerve, as in other central nervous system pathways, injured
axons have shown a transient local sprouting reaction but
no long-range growth (Hadani et al. 1984; Schwartz et al.
1985). In rats, about 90% of the retinal ganglion cells were
lost within 2 weeks of optic nerve transection near the
eyeball (Mey and Thanos 1993; Berkelaar et al. 1994).
Neurons were presumed to die because they were deprived
of the trophic support normally provided by the distant
targets and the non-neuronal cells surrounding their axons.
However, both cell death and regenerative failure could be
altered by manipulation of extracellular conditions. Intra-
vitreal injections of brain-derived neurotrophic factor
(BDNF), neurotrophin (NT)-4/5, ciliary neurotrophic factor
(CNTF), glial-derived neurotrophic factor (GDNF), and
other polypeptide growth factors have enhanced transient
retinal ganglion cell survival after nerve injury (Carmignoto
et al. 1989; Mey and Thanos 1993; Cohen et al. 1994;
Mansour-Robaey et al. 1994; Rabacchi et al. 1994; Sawai
et al. 1996; Ge et al. 1998; Cui and Harvey 2000).
Several lines of evidence have suggested that a small
puncture wound to the lens enhances retinal ganglion cell
survival and enables these cells to regenerate their axons
into the normally inhibitory environment of the optic nerve
(Fischer et al. 2000, 2001; Heiduschka et al. 2005). Retinal
ganglion cell axons may form growth cones at the site of
injury in the optic nerve and terminate within the
retinoreceptive layers of the superior colliculus 5 weeks
after lesion (Fischer et al. 2001). Combining nerve injury
with lens puncture has led to an eightfold increase in retinal
ganglion cell survival and a 100-fold increase in the
number of axons regenerating beyond the crush site (Leon
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Figure 1 Optic nerve axons in normal. Arrow points to axon. Bar=
20 um

et al. 2000). For the first time, these findings suggested that
lentogenic stimulation of retinal ganglion cells was suffi-
cient to induce regrowth of axons that could override
inhibitors at the site of injury, grow through the white
matter of the optic nerve, pass through the optic chiasm,
and make synaptic connections within the brain. Various
mechanisms associated with this enhancement have been
proposed, including macrophage recruitment, activated
retinal astrocytes cells, and stimulatory factors from the
lens epithelial cells (Yin et al. 2003; Stupp et al. 2005; Liu
et al. 2006; Wong et al. 2006; Yin et al. 2006). In vitro, co-
culture of retinal ganglion cells from intact mice with
macrophage-rich lesioned lenses led to increased axon
lengths compared with co-culture with macrophage-free
intact lenses, suggesting that lens-derived neurotrophic factor
after interaction with macrophages may be helpful in the
regeneration of optic nerve axons (Lorber et al. 2005).
However, the role of specific lens components in optic nerve
survival and/or regeneration has yet to be elucidated.
-Crystallin belongs to the family of small heat shock
proteins (SHSPs), including Hsp25 and Hsp27 (Derham and
Harding 1999), which comprise of as much as 40% of the
cytoplasmic proteins in lens cells of the eye and are thought
to play an essential role in maintaining its transparency.

Figure 2 Optic nerve axons
after crush injury. Bar=20 pum.
a Two millimeters distal to the
site 1 week after injury, with
single injection of crystallin. b.
Two millimeters distal to the site
1 week after injury in crystallin-
untreated eyes

Many studies on «-crystallins deal with their abundant
expression and role in the lens and multiple tissues of the
body (Srinivasan et al. 1992). The two forms of «-
crystallin, A and B, share an amino acid sequence
homology of about 57% and have been found in heteroge-
neous aggregates of the two proteins (Horwitz 1992).
Retinal pigment epithelium cells over-expressing o-crystal-
lin have shown resistance to apoptosis, suggesting that
«-crystallin might play a beneficial role in preventing
stress-induced cell death (Alge et al. 2002). «-Crystallin
has also been found to have antiapoptotic activity and is a
potent negative regulator in several inflammatory pathways
for both the immune system and central nervous system
(Masilamoni et al. 2006). In vivo «-crystallin expression
has been protected against cell death during mitosis in the
lens epithelium (Bai et al. 2004; Andley 2007). These
results suggest that o-crystallin might provide crucial
physiological protection in tissues (Kamradt et al. 2001).

In this work, we studied the effects of early intravitreal
administration of «-crystallin on the survival of retinal
ganglion cell axons in adult rats.

Materials and Methods
Surgical Procedures

All surgical procedures, including intraocular injections,
were performed in the Long—Evans rats (250-270 g) under
general anesthesia (10% chloral hydrate; 40 mg per g of
body weight, i.p.), with the approval of the animal ethical
committee of the Southwest Hospital, Chongqing, China.
All animals had bilateral intraorbital optic nerve crush. A
1-cm incision was made in the conjunctiva at the temporal
side of each eye. The optic nerve was exposed under an
operating microscope, and its dura was opened longitudi-
nally. Using blood vessel forceps, the optic nerve was
crushed 2 mm behind the nerve head for 5 s, avoiding
injury to the ophthalmic artery. Nerve injury was verified
by the appearance of a clearing at the crush site, and the
vascular integrity of the retina was verified by funduscopic
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examination. «-Crystallin (10 g/I; 2 ul) was injected into
vitreous space by posterior approach in the right eyes,
which served as the experimental eyes, taking care not to
damage the lens. The same volume of saline was injected in
left eyes, which also had optic nerve crushes and served as
control. Topical anti-inflammatory eyedrops were adminis-
trated for 3 days after operation. Another group of normal
animals without nerve crushes was also maintained. Food
and water were provided ad libitum postoperatively.

The rats were perfused through the heart with cold saline
plus heparin followed by 4% paraformaldehyde at 1, 2, and
4 weeks after optic nerve crush injury. Both the right and
left optic nerve segments up to the optic chiasm were
dissected free and embedded with wax.

Silver Staining

Serial cross-sections (5-pum thick) of the optic nerve were
cut. Sections were collected at the crush injury site at 0.5, 2,
5 mm distal to the site. Silver staining was performed and
sections were examined under a light microscope.

Computer Image Analysis

All morphometric parameters were counted by light
microscopy using image analyzing computer program
MetaMorph Imaging System version 3.5 (MDS Inc.,
Ontario, Canada). The cross-sectional profile of each optic
nerve under a magnification of x200 and 15 random fields
under a x100 oil-immersion objective in each sample were
photographed with SPOT cooled color digital camera
(Diagnostic Instruments Inc., Michigan, USA) and a
microscope Zeiss Axiophot 2 (Carl Zeiss, Inc., Germany).

The number of the optic nerve axons was counted in the
photographs taken, and the density (expressed as number/pum?)
was calculated.

Statistical Analysis

Quantitative data were analyzed using paired ¢ tests
between the experimental and control groups. Data were
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Figure 3 Axonal density after 1 week of optic nerve crush injury.
**P<0.01 at0.5 and 2 mm versus control; P>0.05 at 5 mm versus control
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Figure 4 Axonal density after 2 weeks of optic nerve crush injury.
*P<0.05 at 0.5 mm versus control; **P<0.01 at 2 and 5 mm versus
control

presented as mean + standard deviation. P values<0.05
were considered significant.

Results

A total of 21 histological samples (three in normal group,
nine in experiment group, and nine in control group) and
315 fields of the optic nerve were selected for morphomet-
ric analysis. The appearance of axons was depicted in
Figs. 1 and 2a,b before and after crushing, and in the
normal. In the normal optic nerves, there were 0.100214+
0.0148 axons per um? (mean + SD).

The crush injury of the optic nerve caused marked
decreases in the numbers of axon in the control eyes at
1 week after injury. The axonal density was 0.060468+
0.0062 per pum? (60.3% of the normal) in the left control
eyes, compared with the right experimental eyes that had
0.073332+0.0039 per um? (73.2% of the normal) at
0.5 mm distal to the injury site. At 2 mm distal to the site,
the axonal number was 0.067742+0.0053 per um? (67.6%
of the normal) in the left control compared with 0.084054+
0.0053 per um? (83.9% of the normal) in the right
experimental eyes. At 5 mm distal to the injury site, axonal
density in the left control eyes was 0.084544+0.0071 per
um? (84.4% of the normal) versus 0.091681+0.0052 per
um? (91.5% of the normal) in the right experimental eyes.
It was evident that degeneration was more apparent near the
site of the lesion.
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Figure 5 Axonal density after 4 weeks of optic nerve crush injury.
**P<(0.01 at 0.5 and 2 mm versus control; P>0.05 at 5 mm versus
control
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Two weeks after optic nerve injury, more axons were lost
in both eyes. In the left control eyes, axonal number at
0.5 mm distal to the injury site was 0.012355+0.0024 per
um? (12.3% of the normal). After injections of «-crystallin,
axonal density was 0.016045+0.0023 per um* (16.0% of
the normal) in the right experimental eyes. At 2 mm distal
to the site, axonal density was 0.011282+0.0025 per pm?
(11.3% of the normal) in the left control eye compared with
the right experimental eye of 0.020708+0.0043 per pm?
(20.7% of the normal). At 5 mm distal to the injury site,
axonal density was 0.017218+0.0035 per pum?® (17.2% of
the normal) in the left control versus 0.028186+0.0055 per
um? (28.1% of the normal) in right eyes.

By 4 weeks after optic nerve injury, the numbers of
axons decreased for all groups, but the values for the «-
crystallin-treated right eyes remained significantly greater
than the left control. At 0.5 mm distal to the injury site,
axonal density declined to 12.7% of the normal (0.012684+
0.0020 per um?) in right eyes compared with 6.37% of the
normal in left eyes (0.006385+0.0012 per um?). At 2 mm
distal to the site, the number of axons fell to 11.9% of the
normal (0.011928+0.0024 per um?) for x-crystallin-treated
group and to 6.12% of the normal (0.006129+0.0015 per
um?) for the control. At 5 mm distal to the injury site,
axonal density in the left eyes was 0.005786+0.0032 per
um? (5.77% of the normal) versus 0.008443+0.0017 per
um?® (8.42% of the normal) in right eyes. The data are
summarized in Figs. 3, 4, and 5.

Discussion

In mature mammals, retinal ganglion cells are unable to
regrow injured axons and soon undergo apoptotic death.
However, as shown in this study, the greater survival of
axotomized axons observed after intravitreal administration
of o-crystallin was consistent with the hypothesis that
molecules derived from the lens (e.g., o-crystallin) are an
important survival factor for these neurons (Lorber et al.
2005). In this case, o-crystallin assisted the survival of
nearly 40% more of the axotomized axons 1 week after
crush injury. This study, on the other hand, did not assess
the possibility of collateral sprouting in the optic nerve.
o-Crystallin is a member of the mammalian sHsp
superfamily that function as cytoprotective molecular
chaperones, preventing stress-induced aggregation of dena-
turing proteins, as well as keeping aggregation-prone
proteins in reservoirs of non-native refoldable intermediates
by holding proteins within large, soluble, multimeric
structures (Ghosh et al. 2005, 2006; Parcellier et al. 2005;
Ohto-Fujita et al. 2007). In the human body, o-crystallin
was expressed at much lower levels in other body tissues
than in the lens (Bhat et al. 1991; Srinivasan et al. 1992). -

Crystallin shares a close homology with another sHsp
termed Hsp27; both of these proteins were activated in
response to stress such as radiation, heat shock, hyper- or
hypo-oxidation (Mehlen et al. 1996; Andley et al. 1998;
Regini et al. 2004). Moreover, both proteins have been
shown to have antiapoptotic functions by interfering with
the activity of various apoptotic proteins (Clark and
Muchowski 2000; Parcellier et al. 2005; Sun and MacRae
2005). It has also been found that the absence of «-
crystallin increased cell death during the mitotic phase (Xi
et al. 2003). Recent studies have addressed the link between
crystallin expression and progression of retinal diseases.
The level of oB-crystallin in rdl mouse retina increased
significantly at 15 days postnatal, which correlated with the
stage of maximal rod degeneration in this model (Jones
et al. 1998; Cavusoglu et al. 2003). Furthermore, an
increase of «B-crystallin was also found in various retinal
degenerations that varied according to the severity, type,
and onset of the degeneration (Organisciak et al. 2006).
Oxidative stress could cause alterations in crystallin content
as had been observed in the brains afflicted with
Alzheimer’s disease (Rogalla et al. 1999; Stege et al. 1999).

Until now, the importance of o-crystallin in optic nerve
injury and regeneration has been vaguely attributed only to
its antiapoptotic functions. In this study, we have shown
that injections of o-crystallin helped to maintain the
survival of retinal ganglion cell axons. These findings
could indicate that conditions created by administration of
a-~crystallin or by release of this protein within the eye itself
might be instrumental for preventing the loss of significant
numbers of injured retinal ganglion cell axons. Further-
more, our data show that the effect of x-crystallin declined
by 4 weeks after optic nerve injury. It could be that more
axons might continue to survive with multiple applications
of o-crystallin. Further study is needed to determine safe
methods for sustained intraocular delivery of «-crystallin
and other critical molecules, and to develop an understand-
ing of the conditions that prevent disintegration of retinal
ganglion cell axons after injury.
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