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Abstract

Purpose of this study was to investigate firstly specific proteomic changes within the retina
in the course of an animal glaucoma model and to identify secondly new approaches for
neuroprotective, therapeutic options in glaucoma by addressing those specific changes.
Intraocular pressure was elevated through cauterization of episcleral veins in adult Sprague
Dawley rats. Molecular and morphological changes were surveyed using mass spectrome-
try, optical coherence tomography as well as immunohistochemical cross section- and flat
mount stainings. By quantifying more than 1500 retinal proteins, it was found that the HspB5
protein and numerous beta-crystallins showed a uniform and unique shifting expression pat-
tern as a result of different periods of elevated IOP exposure. Crystallins showed a signifi-
cant downregulation (p<0.05) after 3 weeks of elevated IOP and an upregulation after 7
weeks. Counteracting those typical changes, an intravitreal injection of B-crystallin B2 at the
time of IOP elevation was found to reduce retinal ganglion cell loss (p<0.05), decrease of
the retinal nerve fiber layer (p<0.05) and impairment of the optic nerve. Ultimately, proteomic
data revealed that 3-crystallin B2 might influence calcium-depended cell signaling pathways
with severe effect on apoptosis and gene regulation. In this context especially annexin A5,
calcium-transporting ATPase 1 and various histone proteins seem to play a major role.

Introduction

Glaucoma is the major cause of blindness worldwide [1], characterized by progressive retinal
ganglion cell (RGC) loss leading to irreversible visual field defects. Elevated intraocular pres-
sure (IOP) is a major risk factor of glaucoma and lowering of IOP remains the mainstay of
glaucoma treatment. However, RGC loss might proceed despite successful IOP reductions [2,
3]. Thus the underlying mechanisms of RGC loss remain obscure [4]. Elevated IOP leads to
various molecular changes within the retina and optic nerve head, potentially initiating a sec-
ondary self-propagating process of RGC degeneration [5-23].
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Besides the better understanding of the disease, there is a high need for neuroprotective
drugs, which support the conventional medical treatment by influencing the consistency of the
neuronal network, particularly the RGCs [24]. One interesting group of molecules in this con-
text are the crystallins.

Glaucomatous cell death is commonly associated with inflammatory and metabolic pro-
cesses. The protein family of crystallins comprise of three major subgroups: alpha, beta and
gamma crystallins. Those proteins went within a relatively short period of time from being
considered lens-specific proteins to be recognized as retinal proteins as well, in particular in
the retinal ganglion cells [25, 26]. Heat shock proteins (HSP) are a group of inducible proteins,
regulated for example upon central nerve system injury. Particular regulations of HSPs and
small heat shock proteins (HspB) have already been observed in context with several neurode-
generative diseases [27, 28]. Besides this, increased antibody levels against different kinds of
HSPs in aqueous humor of human glaucoma patients could be verified in a multivariate exper-
imental approach [29]. Especially several experimental studies indicated a neuroprotective
potential of B-crystallin B2 when it comes to neuronal impairment in vivo and in vitro [30-32].
Concerning the crystallin function, a conclusive mode of action could not be revealed yet [26,
33, 34]. Thus, crystallins might function as critical modulators in the course of glaucoma and
might be integral to glaucomatous neurodegeneration.

The purpose of this study was the identification of retinal proteins specifically altered in the
course of glaucoma in an experimental animal model and the review of these alterations
regarding their neuroprotective/neurotoxic influence. As it will be shown, intervention in the
typical crystallin protein expression pattern leads to distinct neuroprotective effects with
respect to RGC survival in the represented glaucoma animal model.

Material and methods
Ethical statement and animals

All experiments were conducted in accordance with the Association of Research in Vision and
Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research. The
committee for animal research specifically approved this study (Landesuntersuchungsamt
Rheinland-Pfalz), permission-no: 14-1-085). Animals were housed in standard accommoda-
tions provided by the translational animal research center (TARC) of the Johannes Gutenberg
University of Mainz with food and water provided ad libitum and a 12-h day-night cycle. Sur-
gical procedures were performed exclusively on the left eye of 250-270 g weighing Sprague
Dawley rats under general anesthesia using 0.05 mL medetomidine hydrochloride (Dorbene
vet., Pfizer), administered intramuscularly. Additionally, animals were treated topically with
oxybuprocain eyedrops (Novesine, OmniVision), before surgery. Further, all water tanks of
treated animals were blended with four drops of 500 mg/mL novaminsulfon (Novalgin, Ratio-
pharm) postoperatively for a period of two days to ensure analgesia. The animals’ health and
behavior were monitored postoperatively directly after awaking, the next day and subsequently
on a weekly base from laboratory employees with respect to condition of the eyes, quality of
defecation, fur, claws and oral cavity. Also animals were checked by skilled stockman in the
animal facility on daily base, according to the Protection of Animals Act. Follow-up investiga-
tions on animals lasted up to nine weeks after cauterization. In total, 23 animals were included
in this study, divided into four experimental groups.

Induction of elevated IOP and IOP measurement

IOP was elevated through thermic cauterization of three episcleral veins as shown by Shareef
et al. [16]. These veins are responsible for the venous outflow and travel close to the sclera
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from the limbus backwards and anastomose at the equator of the eye. Exposure of the sclera
was performed by careful incision of the conjunctiva. Episcleral veins usually form five major
trunks almost equidistant around the circumference of the globe. By cauterization of three
trunks, venous outflow can be reduced up to 50%, leading to a distinct increase of IOP after
two to three weeks [13]. Special care was taken not to damage any surrounding scleral tissue
during the surgery. IOP measurements were taken before surgery as baseline values and
weekly after cauterization between 9.00 a.m. and 12.00 p.m. with a TonoLab (iCare). Animals
were measured awake without general anesthesia. Ten TonoLab readings were taken directly
from the display of the instrument for each eye measurement, recorded, and averaged. The
IOP appeared increased two weeks after cauterization and remained elevated for the entire
length of the study. Animals, which showed no IOP elevation or a return of the IOP to normal
levels, were excluded from the study. None of the animals showed an enlarged globe or oede-
matous cornea or signs of retinal ischemia.

Intravitreal injection of recombinant 3-crystallin B2

B-crystallin B2 was injected intravitreally into the left eye (OS) eyes 3 weeks after cauterization,
with beginning of IOP elevation. The protein was expressed heterologous in e.coli and purified
with a HPLC system. Per animal, a single injection of 10 pg B-crystallin B2 in a volume of 3 pL
at nasal orientation was conducted. The dose of the B-crystallin B2 injection was chosen
according to the work of Bohm et al. [30]. Care was taken not to injure the lens.

Quantification of retinal ganglion cells

3 and 7 weeks after elevation of IOP, animals were sacrificed under CO, atmosphere, retinas
were isolated, flatmounted and immunohistochemistry on retinal flatmounts performed.
Briefly, the tissue was fixed in 4% formaldehyde (Carl Roth) at 4°C for 30 minutes and stored
overnight in 30% sucrose-solution in PBS, pH 7.4 at 4°C. Then the specimens were transferred
in N-methyl-butane (Merck Millipore), which was cooled down in liquid nitrogen, as a final
fixation and stored at -80°C until the immunohistochemical processing. The primary anti-
BRN3A antibody (Santa Cruz Biotechnology) was diluted in 10% fetal calf serum and incu-
bated overnight at 4° C. After washing in PBS (2 times, 10 min each) and blocking with 0.5%
Triton-X (Sigma Aldrich) containing PBS, the incubation of the secondary antibody occurred
in for 2 hours at 4°C. Per quarter of explanted retinal tissue, 15 images were taken using a 20x
magnification and visualized with a fluorescence microscope (Axiophot Carl Zeiss). RGC
quantification was performed automatically with an ImageJ macro (National Institutes of
Health, Bethesda, MD) and reviewed manually. For quantifying the RGCs each quarter was
oriented to the site of the optic nerve head to ensure that for each individual retina the same
number of peripheral and central orientated pictures was taken. The number of RGCs per
square millimeter was determined and averaged for each piece of retinal tissue and further
averaged per experimental group.

Optical coherence tomography (OCT) scanning

The retinal nerve fiber layer thickness (RNFLT) was surveyed by an SD-OCT scan using a Spec-
tralis OCT (Heidelberg Engineering). Several adjustments had to be enabled in order to use this
device for measurements with rodents. The corneal radius was fixed to 7.7 mm, focus and refer-
ence arm were adjusted individually for each animal, but were fixed for the particular animal in
follow-up OCT investigations. Scans were recorded using the circular scan option with the
optic nerve head as the center and 100 frames per scan. Scans were taken before cauterization
and after 3 and 7 weeks of elevated IOP, respectively. Furthermore, OCT investigations were
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used to observe potential changes in the retinal tissue like ischemia or retinal detachment. Nev-
ertheless, nothing of the kind could be seen.

Optic nerve axon damage and density

After passing of the animals the parts of the optic nerve with a distance of 5 mm to the optic
chiasma belonging to the cauterized eye and the contralateral eye were fixed in 3% glutaralde-
hyde (Merck) in 0.1 M sodium cacodylate buffer (Serva). Thereafter the samples were embed-
ded in epoxy-resin and semi-thin transverse sections of the optic nerves were cut at 0.65 pm
with a glass knife, using an ultramicrotome (Leica). For staining of the optic nerve parapheny-
lenediamine (Merck) was used. From each optic nerve, up to 6 slices were laid off on an object
slide. From the most preserved slice, 20 images were taken using a 100x magnification. All
images were ranked after their level of axonal impairment based on the model of Kuehn et al.
[35].

Proteomic analysis

For proteomic analysis, retinal tissue from the rodents was explanted and dissociated using liq-
uid nitrogen and a mortar. Samples from different eyes and animals were collected and treated
separately with lysis buffer containing 0.5% n-Dodecyl f-D-maltoside (Sigma Aldrich). Fur-
thermore, the tissue was processed with an ultrasonic bath and ultrasonic wand for efficient
cell breakdown. After multiple centrifugation steps, protein concentration was determined by
BCA Pierce Protein Assay kit (Thermo Fisher Scientific). To separate the proteins and facilitate
a downstream MS analysis, 80 pug of protein lysate per individual retina sample was added to
one gel lane of a NuPage Novex 12% Bis-Tris Protein Gel (Invitrogen) and SDS-PAGE was
performed accordingly. Every gel lane was cut into 17 pieces, destained and digested with
sequencing grade modified trypsin (Promega) over night. C-18 ZipTips (Merck Millipore)
were used to clean the samples and separate the peptides from salts and other byproducts.
Clean samples were stored at -80°C until the mass spectrometric analysis.

Protein quantification

Peptides from the trypsin in-gel digestion were analyzed with a capillary LC-ESI-MS system
consisting of a C-18 precolumn and a C-18 analytical column to ensure a high resolution dur-
ing MS measurement. As solvent delivery system a Rheos Allegro HPLC Pump was used with
a 50 minute linear gradient system containing water, acetonitrile, methanol and formic acid.
Mass spectra were obtained using a LTQ OrbitrapXL (Thermo Scientific). The full-scan mass
spectra (m/z 300-2000) were acquired with a resolution of 30.000. Subsequently, mass spectra
were utilized in terms of protein identification and quantification using Maxquant (Max-
Planck-Gesellschaft). Fixed protein modifications were set to oxidation and acetylation. The
match tolerance in mass precision for MS/ MS was adjusted to 20 ppm and 0.5 Da. The false
discovery rate for proteins and peptides were set at 0.01, the minimum peptide length was 6
amino acids. Only unique peptide sequences were used for the quantification process. Protein
fold-changes were calculated through dividing averaged LFQ intensities from one experimen-
tal group by averaged LFQ intensities of the control group and plotted with a logarithmic
scale. In this procedure the contralateral eyes within the same experimental group served as a
control in order to calculate the deviation. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE [36] partner repository with
the dataset identifier PXD005258.
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Table 1. Experimental design of the study. The whole study comprised of 23 Sprague Dawley animals, matched in age and weight. All rodents got a ther-
mic cauterization in order to elevate their IOP on the left eye. For each animal the right eye served as a contralateral control.

Exp. Group Animal number
Time point 1 8
Time point 2 7
B-crystallin B2 1 4
B-crystallin B2 2 4

https://doi.org/10.1371/journal.pone.0175451.t001

IOP elevation (OS) Crystallin injection Sacrificed after stated week of elevated IOP
- 3
+ - 7
+ 7
+ 3

Immunohistochemical staining of B-crystallin B2 in retinal cross-sections

Explanted retinal tissue was fixed in 4% formaldehyde for 30 minutes and embedded in paraf-
fin using a standard alcohol / xylene dilution series. The paraffin block was sectioned at 10 um
intervals with a microtome (Leica Reichert Jung). Per individual retina, 10 cross-sections were
manufactured and placed on standard object slides. For the staining process itself, the paraffin
was removed by storing the object slides at 60°C over night, followed by 10-minute incubation
in xylene and an ethanol dilution series (100%, 96% and 70%, each 3 minutes). To ensure the
accessibility of the targets, all slides were treated with target retrieval solution (DAKO) for 50
minutes at 70°C. After 1 hour of blocking, the anti- B-crystallin B2 antibody (Santa Cruz Bio-
technology) was incubated overnight at 4°C and visualized with a donkey anti-goat TRITC
antibody (Thermo Fisher Scientific) through incubation for 2 hours at room temperature. The
stained tissue was covered up with DAPI containing mouting medium (Vectashield). In order
to compare the intensities, all cross-sections were recorded with the same microscope (Axio-
phot Carl Zeiss) and identical exposure times (1 second, 50% reinforcement).

Experimental design

The whole study comprised of 23 Sprague Dawley animals, matched in age and weight. All
rodents got a thermic cauterization in order to elevate their IOP on the left eye. For each ani-
mal the right eye served as a contralateral control. The animals were further divided into four
experimental groups to monitor the effect of elevated IOP in different time states and the effect
of an intravitreal injection of B-crystallin B2 on morphological and molecular levels (Table 1).

Statistics and graphical display

All graphs and statistical measurements were designed and calculated with GraphPad Prism v.
6. All experimental data was checked for Gaussian distribution. If Gaussian distribution was
given, the statistical significance was calculated with a grouped parametric t-test. If no Gauss-
ian distribution was existent, statistical significance was tested using the non-parametric
Mann-Whitney U test. In both cases a p-value of less than 0.05 was considered as statistically
significant. All indications given on n for the respective figures represent the number of ani-
mals used for the specific dataset.

Results
Effect of elevated intraocular pressure on retinal morphology

Thermic cauterization of three episcleral veins induced a significant increase of the IOP in the
animals’ eyes (combined 17.40+0.78 mmHg) for the whole period of follow-up compared to
baseline levels (10.15+0.13 mmHg) and contralateral fellow eyes (11.25+0.24 mmHg) (Fig 1).

Elevation of IOP resulted in a continuous progressive RGC loss, decrease in retinal nerve
fiber layer thickness as well as an impairment of the optic nerve over the course of time.
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Fig 1. IOP monitoring after episcleral vein cauterization. |IOP comparison from eyes treated by thermic cauterization in four different experimental
groups (cf. individual n in Table 1) and their combined contralateral controls (n = 23). IOP elevation can be observed in about 3 weeks after surgery and
resulted in an average increase up to 17.40+0.78 mmHg, while the contralateral eye remains at baseline level (p<0.0001, parametric t-test, +£SEM).

https://doi.org/10.1371/journal.pone.0175451.g001

Quantification of RGCs through staining of Brn3a™ cells was chosen to pass on a staining
with FluoroGold (FG), which would have required another invasive intervention for the
animals. Furthermore, it was shown that Brn3a staining leads to similar results compared to
FG staining in the retina [37]. In retinal tissue exposed to elevated IOP, the RGC number
was 8% lower after three weeks (1295+148.7 RGC/mm?) and 21% lower after 7 weeks (1108
+43.6 RGC/mm?, p<0.05) of IOP elevation, compared to the combined contralateral con-
trol (1396472 RGC/mm?) (Fig 2A). The thickness of the retinal nerve fiber layer decreased
in a similar level compared to the RGC loss. After three weeks of IOP elevation a decrease of
7%3,37% could be observed, after seven weeks the decline was 20+3,03% (p<0.01) (Fig 2B).
In cross sections of the optic nerve a progressive degradation of single axons could be seen.
Optic nerves of contralateral eyes, showed almost exclusively healthy axons and partly
minor damages, while the axonal impairment was distinctly higher with increasing length
of IOP exposure (Fig 2C).

Proteomic changes in the course of IOP elevation

The mass-spectrometric profiling revealed regulatory changes in the expression of crystallin
proteins. Interestingly, all o- and B-crystallin proteins were found to be down-regulated after
three weeks of elevated IOP and up-regulated after seven weeks of IOP elevation (Fig 3).

Hereof, B-crystallin B2 was down-regulated with a fold-change of 0.19 (p<0.05, log, = -2.4)
at the early timepoint 1 and up-regulated with a fold-change of 1.8 (log, = 0.85) at the later
timepoint 2. The mass-spectrometric results for B-crystallin B2 could further be validated with
immunohistochemical staining against B-crystallin B2 in retinal cross-sections. The staining
showed the clear increase of B-crystallin B2 in the retinal tissues, which were exposed to 7
weeks of elevated IOP, compared to the 3 weeks’ group. Furthermore, staining of the retinal
tissue, which was exposed to elevated IOP for only 3 weeks, but received an intravitreal injec-
tion of B-crystallin B2, showed considerable indication of cellular uptake of the injected B-crys-
tallin B2, especially within the RGC layer (Fig 4).

PLOS ONE | https://doi.org/10.1371/journal.pone.0175451  April 6, 2017 6/15


https://doi.org/10.1371/journal.pone.0175451.g001
https://doi.org/10.1371/journal.pone.0175451

o ®
@ : PLOS | ONE B-crystallin B2 improves ganglion cell survival in vivo

A Control 3 weeks IOP 7 weeks IOP

2000+ *
__ 15004 g
NE @
]
c 93%
£ 41000- < °
Q £
& z
500+ =
['4
0- o
HE Combined control HH 3 weeks elevated IOP Il Combined control M 3 weeks elevated IOP
B 7 weeks elevated IOP Bl 7 weeks elevated IOP
100+
C 2 5 - Grade 3
= == Grade 2
£ - == Grade 1
S mm Grade 0
o 501
2
@
c
2
)2
o
0~
Grade 0 Grade 1 Grade 2 Grade 3
Healthy Axon Initial minor Proceedingaxonal Large-area entire &
damage degradation axonal loss =~

Fig 2. Effect of elevated intraocular pressure on retinal morphology. Brn3A immunohistological staining showed a decrease of RGC
due to elevated IOP (A). Compared to the combined control retina (n = 10), which was not exposed to elevated IOP, the 3 weeks (n =5) and
7 weeks elevated IOP group (n = 5) show a RGC loss of 8% respectively 21% (*p<0.05, parametric t-test, +SEM). The RNFLT was
measured with a 12° diameter circular B-scan, decrease of RNFLT (B) was comparable to RGC loss (*p<0.05, **p<0.01, parametric t-test,
+SEM, n = 5). Grading of the optic nerve (C1) allowed a rough classification of IOP exposed cross-sections. Evaluation of the data showed
clear impairment of the optic nerve with progressional period of elevated IOP (n=7) (C2).

https://doi.org/10.1371/journal.pone.0175451.g002

On the contrary, y-crystallin B and y-crystallin C did not follow this expression pattern and
showed a slight up-regulation at the first time point and increasing up-regulation at time point
2 (Fig 3).

Besides the protein family of crystallins, the majority of all identified retinal proteins
showed no noticeable regulation. Exemplary, proteins like Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH), 14-3-3 proteins or Tubulin beta-4B can be stated in this context. Glial
fibrillary acidic protein (GFAP), however, was found strongly increased in the eyes exposed to
elevated IOP, which is certainly induced through the glial response in the course of IOP eleva-
tion [38]. An increase of GFAP in a similar study was already shown by Rogers et al., which
can be regarded as a further validation of the here presented MS data [39].

Effect of B-crystallin B2 injection prior to IOP elevation

Injection of B-crystallin B2 prior to IOP elevation resulted in considerably increased survival
of RGCs. Compared to the seven weeks IOP group, crystallin injected eyes denote 12% (1271
+40.8 RGC/mm?) less loss of RGCs (Fig 5A), 11+4.5% less decrease in retinal nerve fiber layer
thickness (Fig 5B) and considerable healthier axons in optic nerve cross sections (Fig 5C).
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Molecular changes due to crystallin injection

Quantified and normalized LFQ intensities of crystallin injected eyes and the seven weeks ele-
vated IOP group, indicate clear evidence for molecular alterations in cellular calcium signaling.
Somatic cytochrome C (FC = 0.38, log, = -1.37) and annexin A5 (FC = 0.053, log, = -4.23)
were found explicitly down-regulated. Plasma membrane calcium-transporting ATPase 1 was
found up-regulated (FC = 1.5, log, = 0.58) as well as histone H1 (FC = 5.1, log, = 2.35), histone
H3 (FC = 3.6, log, = 1.85) and histone H2A.Z (FC = 2.6, log, = 1.38) (Fig 6).

Discussion

In the present study several findings could be achieved. First of all, elevated IOP due to thermic
cauterization could mimic the effect of glaucomatous course of disease, which could be shown

3 weeks elevated IOP 3 weeks elevated IOP + 7 weeks elevated IOP
Crystallin injection

1 L]

TRITC+
DAPI

Fig 4. B-crystallin B2 staining in retinal cross-sections. IHC staining could validate the results from mass-spectrometric featured
proteomics analyses. After 3 weeks of IOP elevation, almost no -crystallin B2 could be detected in the retina cross section (n = 3), while a
strong increase of protein level could be verified after 7 weeks of elevated IOP (n = 3). Injection of B-crystallin B2 seems to change the protein
level in retinal cells after 3 weeks of IOP elevation considerably due to cellular uptake of the crystallin, predominantly by the RGC layer (n = 4).

https://doi.org/10.1371/journal.pone.0175451.g004
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Fig 5. Morphological effect of B-crystallin B2 injection prior to IOP elevation. Injection of B-crystallin B2 results in a 12% higher RGC
survival rate (n = 4), in case of IOP elevation, compared to the 7 weeks IOP group (n=7) (A, *p<0.05, parametric t-test, +SEM). Similar
results could be observed for the decrease of the RNFLT, which was found to be 11% lower (n = 4) than in the IOP group, respectivelly
(n=5) (B, *p<0.05, parametric t-test, +SEM). Neuroprotective effects could also be analyzed in the optic nerve, where cross-sections of
crystallin injected animals (n = 4) showed similar results with respect to the untreated control group (n = 10) (C).

https://doi.org/10.1371/journal.pone.0175451.9005

Foldchange (log2)

mainly through apoptosis events in the retinal ganglion cell layer, and confirmed by retinal
nerve fiber layer and optic nerve investigations. In addition, dynamic relations of quantitative
proteomic expression pattern could be analyzed, revealing distinct shifting of o.- and B-crystal-
lins as a reaction of varying progression with respect to the disease state. Lastly, inversion of
the B-crystallin B2 condition within the retina at early disease state effectuated clear neuropro-
tective effects, which resulted in a reduction of neuronal impairment in the course of elevation
of intraocular pressure. The data suggest that crystallin proteins might feature as key molecules
when it comes to glaucoma, with potential in diagnostics as well as in medical treatment.
Crystallins comprising of alpha, beta and gamma crystallins have gone within a relatively
short period of time from being considered lens-specific proteins to being recognized as well
as neuronal and RGC proteins [25, 26]. Specific regulations of HSP’s and HspB’s have been
observed in context with several neurodegenerative diseases [27, 28]. According to this, crys-
tallins have been seen to be temporarily differently expressed besides the brain as well within
the rat retina after various forms of injury [34, 40], indicating their involvement in injury and
postinjury repair. Several studies could already show that higher levels of HspB5 seem to be
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Fig 6. Alterations of protein expression by f-crystallin B2 injection. Crystallin injected animals show proteomic changes
in specific calcium signaling key proteins as well as gene regulation proteins (+SEM, n = 4). Fold-changes are plotted using a
logarithmic scale with a basis of 2.

https://doi.org/10.1371/journal.pone.0175451.g006
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connected to a variety of neurodegenerative disorders like Alzheimer’s disease and Parkinson’s
disease [41, 42]. Especially several experimental studies indicated a neuroprotective potential
of B-crystallin B2 when it comes to neuronal impairment [30-32].

In context with regulation of crystallins, several findings were recently reported on mRNA
and protein levels in both hereditary and experimental models of glaucoma [34, 43, 44] and
HspB5 expression was found to be stimulated in glaucomatous optic nerves of primates [45].

In our study, dynamic relations of quantitative proteomic expression pattern revealed dis-
tinct shifting of o.- and B-crystallins as a reaction of varying progression with respect to the dis-
ease state, showing a unique expression characteristic. While all o- and p-crystallins were
found down-regulated after three weeks of IOP elevation, a distinct up-regulation after seven
weeks of elevated IOP could be seen. Comparable findings at mRNA level could be already
shown by Piri et al. [34]. Interestingly, crystallin expression pattern shifts due to the duration
of elevated IOP, showing down-regulation of crystallins at mRNA levels 2 weeks and up-regu-
lation to control levels 5 weeks after IOP elevation. y-crystallin B and y-crystallin C, however,
didn’t show this opposite trend, but progressive rise of the relative expression state with con-
tinuous IOP elevation. It is suggested that crystallin transcription might be stimulated
throughout the RGC degeneration in response to increased levels of IOP or as a response to
the IOP elevation independently from the RGC degeneration [34].

While the intense down-regulation of the crystallin protein family remains poorly under-
stood and is most likely connected to sudden increase of intraocular pressure, we propse that
the up-regulation is a delayed cellular protection mechanism. The injection of B-crystallin B2
seems to confirm this prediction. In our study injection of B-crystallin B2 had a clear neuro-
protective effect on RGCs. Protein application with starting of IOP rise reverses the condition
of B-crystallin B2 on the molecular level, resulting in tremendous neuroprotective effects for
RGCs.

According to these findings, several lines of evidence indicate that application of B-crystal-
lins to injured retinal tissue transforms RGCs into a robust regenerative state, enabling them
to regrow axons at higher growth rates [46, 47]. Addition of purified crystallin isoforms
enhances axonal growth in animal models in vitro [26] and in vivo [25], thereby possibly
involving either inflammatory events and macrophage activation or non-inflammatory effects
by mediating through ciliary-neurotrophic factor (CNTF) [25]. Moreover, it has been seen
that B-crystallin B2 (crybb2) and B-crystallin B3 (crybb3) expression is upregulated and
released into the medium by regenerating retinal tissue in vitro. Crystallin expression in filopo-
dial processes of RGCs and their axons leads to the suggestion that crystallins may play a cru-
cial role in axogenesis and growth cone formation [26].

As members of the small heat shock protein family, HspB proteins possess of chaperone-
like capabilities and incremental expression as a reaction to stress could be observed in differ-
ent cells and tissues [48, 49]. These findings indicate that crystallins themselves belong directly
to the cellular defense mechanism. With respect to function and mode of action of o.-crystal-
lins promising insights could be gained in recent years [49-52], but for B-crystallins not many
interaction partners are known so far.

The mechanism by which B-crystallin B2 exerts its neuroprotective function remains
obscure, but a connection to a chaperone function might be possible. Certainly, other groups
claim that it might act via CNTF [25]. By comparing mass-spectrometric LFQ intensities from
crystallin injected eyes to IOP treated animals, we found clear evidence for shifts in calcium
dependent signaling, like annexin A5 and calcium-transporting ATPase 1. Annexin A5, which
was found down-regulated with a fold-change of 0.053 in crystallin animals, is not only a
marker for apoptosis [53], but is cross-linked to the respective cellular calcium level. Annexin
A5 is connected to cytochrome C via the mitogen-activated protein kinase 1 [54]. Cytochrome
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Fig 7. Molecular interaction network by Ingenuity Pathway Analysis. Down-regulation in green, up-regulation
marked in red. A = Activation, LO = Localization, E = Expression, PD = Protein/DNA interaction, L = molecular
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C, which is released from mitochondria, depending on the calcium level, is known as a direct
driver for apoptosis by activating caspase 9 [55]. Down-regulation of somatic cytochrome C
through crystallin injection might be a reason for the lower RGC apoptosis rate (Fig 7).

Furthermore, we found an up-regulation of three histone proteins (histone H1, H3 and
H2A.Z), located in the nucleus. The transcription factor myc proto-oncogene might be stimu-
lated by annexin A5 and seems to be directly connected to the expression of the histone pro-
teins. Histone molecules form nucleosomes with the DNA and are therefore directly involved
in DNA repair, gene expression- and regulation.

It remains uncertain which upstream molecules are directly activated by crystallin proteins
and which retinal cells are mainly involved in the regulation of their protective features,
although our study could show that B-crystallin B2 seems to be predominantly uptaken by the
RGCs. However, the here presented downstream reactions illustrate a novel mode of action,
which could underlie the promising effects of B-crystallins.

Due to the relatively small size and stability of crystallin proteins, one could also speculate
that crystallin molecules are involved in secretion and processes of cellular re-uptake. There
are different studies, which could proof secretion of crystallins into the aqueous- and vitreous
humor as well as cellular secretion events with respect to exosomes vesicle transportation [56,
57].

Concluding, we found a typical pattern of retinal crystallin expression during the course of
the disease on proteomic levels in an experimental animal glaucoma model serving as key mol-
ecules and potentially specific biomarkers. Besides this we found neuroprotective function of
B-crystallin B2 in reversing the time depending natural course of the disease. We were able to
confirm the neuroprotective character of B-crystallin B2 and revealed some calcium depended
proteins, which might be responsible for increased RGC survival. Furthermore, we suggest the
protein family of crystallins in general to play a major role in relation of glaucoma, which was
indicated by the distinct response in crystallin expression levels due to IOP elevation. Never-
theless, continuing more in-depth investigations will be necessary to confirm these results and
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to explore the potential role of B-crystallin B2 in terms of neuronal regeneration. Especially the
identification of direct interaction partners of B-crystallin B2 represents a key role in this
context.

Author Contributions
Conceptualization: VP FA.

Formal analysis: VP FA.

Funding acquisition: VP NP FHG.
Investigation: FA JT AL SF.
Methodology: VP ST FA HDvP.
Project administration: VP.
Resources: FHG ST HDvP NP.
Software: FA SF.

Supervision: VP.

Validation: FA JT AL.
Visualization: FA JT.

Writing - original draft: VP FA ST JT NP.
Writing - review & editing: VP FA.

References

1.  Quigley HA. Number of people with glaucoma worldwide. The British journal of ophthalmology. 1996;
80(5):389-93. PubMed Central PMCID: PMC505485. PMID: 8695555

2. Kass MA, Heuer DK, Higginbotham EJ, Johnson CA, Keltner JL, Miller JP, et al. The Ocular Hyperten-
sion Treatment Study: a randomized trial determines that topical ocular hypotensive medication delays
or prevents the onset of primary open-angle glaucoma. Archives of ophthalmology. 2002; 120(6):701—
18; discussion 829-30. PMID: 12049574

3. McMonnies CW. Intraocular pressure spikes in keratectasia, axial myopia, and glaucoma. Optometry
and vision science: official publication of the American Academy of Optometry. 2008; 85(10):1018-26.

4. Osborne NN, Wood JP, Chidlow G, Bae JH, Melena J, Nash MS. Ganglion cell death in glaucoma: what
do we really know? The British journal of ophthalmology. 1999; 83(8):980-6. PubMed Central PMCID:
PMC1723166. PMID: 10413706

5. Libby RT, Anderson MG, Pang IH, Robinson ZH, Savinova OV, Cosma IM, et al. Inherited glaucoma in
DBA/2J mice: pertinent disease features for studying the neurodegeneration. Visual neuroscience.
2005; 22(5):637—-48. https://doi.org/10.1017/S0952523805225130 PMID: 16332275

6. Schwartz M, Yoles E. Self-destructive and self-protective processes in the damaged optic nerve: impli-
cations for glaucoma. Investigative ophthalmology & visual science. 2000; 41(2):349-51.

7. Dreyer EB, Zurakowski D, Schumer RA, Podos SM, Lipton SA. Elevated glutamate levels in the vitreous
body of humans and monkeys with glaucoma. Archives of ophthalmology. 1996; 114(3):299-305.
PMID: 8600890

8. Quigley HA, McKinnon SJ, Zack DJ, Pease ME, Kerrigan-Baumrind LA, Kerrigan DF, et al. Retrograde
axonal transport of BDNF in retinal ganglion cells is blocked by acute IOP elevation in rats. Investigative
ophthalmology & visual science. 2000; 41(11):3460-6.

9. CaprioliJ, Kitano S, Morgan JE. Hyperthermia and hypoxia increase tolerance of retinal ganglion cells
to anoxia and excitotoxicity. Investigative ophthalmology & visual science. 1996; 37(12):2376-81.

10. Hitchings RA. Therapeutic rationale for normal-tension glaucoma. Current opinion in ophthalmology.
1995; 6(2):67—70. PMID: 10150860

PLOS ONE | https://doi.org/10.1371/journal.pone.0175451  April 6, 2017 12/15


http://www.ncbi.nlm.nih.gov/pubmed/8695555
http://www.ncbi.nlm.nih.gov/pubmed/12049574
http://www.ncbi.nlm.nih.gov/pubmed/10413706
https://doi.org/10.1017/S0952523805225130
http://www.ncbi.nlm.nih.gov/pubmed/16332275
http://www.ncbi.nlm.nih.gov/pubmed/8600890
http://www.ncbi.nlm.nih.gov/pubmed/10150860
https://doi.org/10.1371/journal.pone.0175451

@° PLOS | ONE

B-crystallin B2 improves ganglion cell survival in vivo

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.
24,

25.

26.

27.

28.

29.

30.

31.

Flammer J, Haefliger 10, Orgul S, Resink T. Vascular dysregulation: a principal risk factor for glaucoma-
tous damage? Journal of glaucoma. 1999; 8(3):212—9. PMID: 10376264

Tomita G. The optic nerve head in normal-tension glaucoma. Current opinion in ophthalmology. 2000;
11(2):116-20. PMID: 10848217

Garcia-Valenzuela E, Shareef S, Walsh J, Sharma SC. Programmed cell death of retinal ganglion cells
during experimental glaucoma. Experimental eye research. 1995; 61(1):33—44. PMID: 7556468

Quigley HA, Nickells RW, Kerrigan LA, Pease ME, Thibault DJ, Zack DJ. Retinal ganglion cell death in
experimental glaucoma and after axotomy occurs by apoptosis. Investigative ophthalmology & visual
science. 1995; 36(5):774-86.

Kerrigan LA, Zack DJ, Quigley HA, Smith SD, Pease ME. TUNEL-positive ganglion cells in human pri-
mary open-angle glaucoma. Archives of ophthalmology. 1997; 115(8):1031-5. PMID: 9258226

Shareef SR, Garcia-Valenzuela E, Salierno A, Walsh J, Sharma SC. Chronic ocular hypertension fol-
lowing episcleral venous occlusion in rats. Experimental eye research. 1995; 61(3):379-82. PMID:
7556500

Ueda J, Sawaguchi S, Hanyu T, Yaoeda K, Fukuchi T, Abe H, et al. Experimental glaucoma model in
the rat induced by laser trabecular photocoagulation after an intracameral injection of India ink. Japa-
nese journal of ophthalmology. 1998; 42(5):337—44. PMID: 9822959

Mittag TW, Danias J, Pohorenec G, Yuan HM, Burakgazi E, Chalmers-Redman R, et al. Retinal dam-
age after 3 to 4 months of elevated intraocular pressure in a rat glaucoma model. Investigative ophthal-
mology & visual science. 2000; 41(11):3451-9.

Naskar R, Wissing M, Thanos S. Detection of early neuron degeneration and accompanying microglial
responses in the retina of a rat model of glaucoma. Investigative ophthalmology & visual science. 2002;
43(9):2962-8.

John SW, Smith RS, Savinova OV, Hawes NL, Chang B, Turnbull D, et al. Essential iris atrophy, pig-
ment dispersion, and glaucoma in DBA/2J mice. Investigative ophthalmology & visual science. 1998; 39
(6):951-62.

Chang B, Smith RS, Hawes NL, Anderson MG, Zabaleta A, Savinova O, et al. Interacting loci cause
severe iris atrophy and glaucoma in DBA/2J mice. Nature genetics. 1999; 21(4):405-9. https://doi.org/
10.1038/7741 PMID: 10192392

Thanos S, Naskar R. Correlation between retinal ganglion cell death and chronically developing inher-
ited glaucoma in a new rat mutant. Experimental eye research. 2004; 79(1):119-29. https://doi.org/10.
1016/j.exer.2004.02.005 PMID: 15183107

Heywood R. Glaucoma in the rat. The British veterinary journal. 1975; 131(2):213-21. PMID: 1137806

Ghaffariyeh A, Honarpisheh N, Heidari MH, Puyan S, Abasov F. Brain-derived neurotrophic factor as a
biomarker in primary open-angle glaucoma. Optometry and vision science: official publication of the
American Academy of Optometry. 2011; 88(1):80-5.

Fischer D, Hauk TG, Muller A, Thanos S. Crystallins of the beta/gamma-superfamily mimic the effects
of lens injury and promote axon regeneration. Molecular and cellular neurosciences. 2008; 37(3):471—
9. https://doi.org/10.1016/j.mcn.2007.11.002 PMID: 18178099

Liedtke T, Schwamborn JC, Schroer U, Thanos S. Elongation of axons during regeneration involves ret-
inal crystallin beta b2 (crybb2). Molecular & cellular proteomics: MCP. 2007; 6(5):895-907.

Head MW, Corbin E, Goldman JE. Overexpression and abnormal modification of the stress proteins
alpha B-crystallin and HSP27 in Alexander disease. The American journal of pathology. 1993; 143
(6):1743-53. PubMed Central PMCID: PMC1887278. PMID: 8256860

Renkawek K, de Jong WW, Merck KB, Frenken CW, van Workum FP, Bosman GJ. alpha B-crystallin is
present in reactive glia in Creutzfeldt-Jakob disease. Acta neuropathologica. 1992; 83(3):324—7. PMID:
1373027

Joachim SC, Bruns K, Lackner KJ, Pfeiffer N, Grus FH. Antibodies to alpha B-crystallin, vimentin, and
heat shock protein 70 in aqueous humor of patients with normal tension glaucoma and IgG antibody pat-
terns against retinal antigen in aqueous humor. Current eye research. 2007; 32(6):501-9. https://doi.
org/10.1080/02713680701375183 PMID: 17612966

Bohm MR, Prokosch V, Bruckner M, Pfrommer S, Melkonyan H, Thanos S. betaB2-Crystallin Promotes
Axonal Regeneration in the Injured Optic Nerve in Adult Rats. Cell transplantation. 2015; 24(9):1829—
44. https://doi.org/10.3727/096368914X684583 PMID: 25299378

Bohm MR, Melkonyan H, Oellers P, Thanos S. Effects of crystallin-beta-b2 on stressed RPE in vitro
and in vivo. Graefe’s archive for clinical and experimental ophthalmology = Albrecht von Graefes Archiv
fur klinische und experimentelle Ophthalmologie. 2013; 251(1):63-79.

PLOS ONE | https://doi.org/10.1371/journal.pone.0175451  April 6, 2017 13/15


http://www.ncbi.nlm.nih.gov/pubmed/10376264
http://www.ncbi.nlm.nih.gov/pubmed/10848217
http://www.ncbi.nlm.nih.gov/pubmed/7556468
http://www.ncbi.nlm.nih.gov/pubmed/9258226
http://www.ncbi.nlm.nih.gov/pubmed/7556500
http://www.ncbi.nlm.nih.gov/pubmed/9822959
https://doi.org/10.1038/7741
https://doi.org/10.1038/7741
http://www.ncbi.nlm.nih.gov/pubmed/10192392
https://doi.org/10.1016/j.exer.2004.02.005
https://doi.org/10.1016/j.exer.2004.02.005
http://www.ncbi.nlm.nih.gov/pubmed/15183107
http://www.ncbi.nlm.nih.gov/pubmed/1137806
https://doi.org/10.1016/j.mcn.2007.11.002
http://www.ncbi.nlm.nih.gov/pubmed/18178099
http://www.ncbi.nlm.nih.gov/pubmed/8256860
http://www.ncbi.nlm.nih.gov/pubmed/1373027
https://doi.org/10.1080/02713680701375183
https://doi.org/10.1080/02713680701375183
http://www.ncbi.nlm.nih.gov/pubmed/17612966
https://doi.org/10.3727/096368914X684583
http://www.ncbi.nlm.nih.gov/pubmed/25299378
https://doi.org/10.1371/journal.pone.0175451

@° PLOS | ONE

B-crystallin B2 improves ganglion cell survival in vivo

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

Bohm MR, Pfrommer S, Chiwitt C, Bruckner M, Melkonyan H, Thanos S. Crystallin-beta-b2-overexpres-
sing NPCs support the survival of injured retinal ganglion cells and photoreceptors in rats. Investigative
ophthalmology & visual science. 2012; 53(13):8265—79.

Jha P, Banda H, Tytarenko R, Bora PS, Bora NS. Complement mediated apoptosis leads to the loss of
retinal ganglion cells in animal model of glaucoma. Molecular immunology. 2011; 48(15-16):2151-8.
PubMed Central PMCID: PMC3653641. https://doi.org/10.1016/j.molimm.2011.07.012 PMID:
21821293

Piri N, Song M, Kwong JM, Caprioli J. Modulation of alpha and beta crystallin expression in rat retinas
with ocular hypertension-induced ganglion cell degeneration. Brain research. 2007; 1141:1-9. https://
doi.org/10.1016/j.brainres.2006.11.095 PMID: 17316577

Kuehn MH, Kim CY, Ostojic J, Bellin M, Alward WL, Stone EM, et al. Retinal synthesis and deposition of
complement components induced by ocular hypertension. Experimental eye research. 2006; 83
(3):620-8. https://doi.org/10.1016/j.exer.2006.03.002 PMID: 16677633

Vizcaino JA, Csordas A, del-Toro N, Dianes JA, Griss J, Lavidas |, et al. 2016 update of the PRIDE
database and its related tools. Nucleic acids research. 2016; 44(D1):D447-56. PubMed Central
PMCID: PMC4702828. https://doi.org/10.1093/nar/gkv1145 PMID: 26527722

Nadal-Nicolas FM, Jimenez-Lopez M, Sobrado-Calvo P, Nieto-Lopez L, Canovas-Martinez I, Salinas-
Navarro M, et al. Brn3a as a marker of retinal ganglion cells: qualitative and quantitative time course
studies in naive and optic nerve-injured retinas. Investigative ophthalmology & visual science. 2009; 50
(8):3860-8.

Johnson EC, Morrison JC. Friend or foe? Resolving the impact of glial responses in glaucoma. Journal
of glaucoma. 2009; 18(5):341-53. PubMed Central PMCID: PMC2697444. https://doi.org/10.1097/IJG.
0b013e31818c6ef6 PMID: 19525723

Rogers RS, Dharsee M, Ackloo S, Sivak JM, Flanagan JG. Proteomics analyses of human optic nerve
head astrocytes following biomechanical strain. Molecular & cellular proteomics: MCP. 2012; 11(2):
M111 012302. PubMed Central PMCID: PMC3277762.

Vazquez-Chona F, Song BK, Geisert EE Jr. Temporal changes in gene expression after injury in the rat
retina. Investigative ophthalmology & visual science. 2004; 45(8):2737-46. PubMed Central PMCID:
PMC2821791.

Renkawek K, Voorter CE, Bosman GJ, van Workum FP, de Jong WW. Expression of alpha B-crystallin
in Alzheimer’s disease. Acta neuropathologica. 1994; 87(2):155-60. PMID: 8171966

Renkawek K, Stege GJ, Bosman GJ. Dementia, gliosis and expression of the small heat shock proteins
hsp27 and alpha B-crystallin in Parkinson’s disease. Neuroreport. 1999; 10(11):2273-6. PMID:
10439447

Naskar R, Thanos S. Retinal gene profiling in a hereditary rodent model of elevated intraocular pres-
sure. Molecular vision. 2006; 12:1199-210. PMID: 17102796

Schallenberg M, Prokosch V, Thanos S. Regulation of retinal proteome by topical antiglaucomatous
eye drops in an inherited glaucoma rat model. PloS one. 2012; 7(7):e33593. PubMed Central PMCID:
PMC3390333. https://doi.org/10.1371/journal.pone.0033593 PMID: 22792152

Furuyoshi N, Furuyoshi M, May CA, Hayreh SS, AIm A, Lutjen-Drecoll E. Vascular and glial changes in
the retrolaminar optic nerve in glaucomatous monkey eyes. Ophthalmologica Journal international
d’ophtalmologie International journal of ophthalmology Zeitschrift fur Augenheilkunde. 2000; 214(1):24—
32. https://doi.org/27470 PMID: 10657742

Fischer D, Heiduschka P, Thanos S. Lens-injury-stimulated axonal regeneration throughout the optic
pathway of adult rats. Experimental neurology. 2001; 172(2):257-72. https://doi.org/10.1006/exnr.
2001.7822 PMID: 11716551

Fischer D, Petkova V, Thanos S, Benowitz LI. Switching mature retinal ganglion cells to a robust growth
state in vivo: gene expression and synergy with RhoA inactivation. The Journal of neuroscience: the offi-
cial journal of the Society for Neuroscience. 2004; 24(40):8726—40.

Piri N, Kwong JM, Caprioli J. Crystallins in retinal ganglion cell survival and regeneration. Molecular neu-
robiology. 2013; 48(3):819-28. PubMed Central PMCID: PMC3796151. https://doi.org/10.1007/
512035-013-8470-2 PMID: 23709342

Piri N, Kwong JM, Gu L, Caprioli J. Heat shock proteins in the retina: Focus on HSP70 and alpha crystal-
lins in ganglion cell survival. Progress in retinal and eye research. 2016; 52:22—-46. PubMed Central
PMCID: PMC4842330. https://doi.org/10.1016/j.preteyeres.2016.03.001 PMID: 27017896

Alge CS, Priglinger SG, Neubauer AS, Kampik A, Zillig M, Bloemendal H, et al. Retinal pigment epithe-
lium is protected against apoptosis by alphaB-crystallin. Investigative ophthalmology & visual science.
2002; 43(11):3575-82.

PLOS ONE | https://doi.org/10.1371/journal.pone.0175451  April 6, 2017 14/15


https://doi.org/10.1016/j.molimm.2011.07.012
http://www.ncbi.nlm.nih.gov/pubmed/21821293
https://doi.org/10.1016/j.brainres.2006.11.095
https://doi.org/10.1016/j.brainres.2006.11.095
http://www.ncbi.nlm.nih.gov/pubmed/17316577
https://doi.org/10.1016/j.exer.2006.03.002
http://www.ncbi.nlm.nih.gov/pubmed/16677633
https://doi.org/10.1093/nar/gkv1145
http://www.ncbi.nlm.nih.gov/pubmed/26527722
https://doi.org/10.1097/IJG.0b013e31818c6ef6
https://doi.org/10.1097/IJG.0b013e31818c6ef6
http://www.ncbi.nlm.nih.gov/pubmed/19525723
http://www.ncbi.nlm.nih.gov/pubmed/8171966
http://www.ncbi.nlm.nih.gov/pubmed/10439447
http://www.ncbi.nlm.nih.gov/pubmed/17102796
https://doi.org/10.1371/journal.pone.0033593
http://www.ncbi.nlm.nih.gov/pubmed/22792152
https://doi.org/27470
http://www.ncbi.nlm.nih.gov/pubmed/10657742
https://doi.org/10.1006/exnr.2001.7822
https://doi.org/10.1006/exnr.2001.7822
http://www.ncbi.nlm.nih.gov/pubmed/11716551
https://doi.org/10.1007/s12035-013-8470-2
https://doi.org/10.1007/s12035-013-8470-2
http://www.ncbi.nlm.nih.gov/pubmed/23709342
https://doi.org/10.1016/j.preteyeres.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/27017896
https://doi.org/10.1371/journal.pone.0175451

@° PLOS | ONE

B-crystallin B2 improves ganglion cell survival in vivo

51.

52.

53.

54.

55.

56.

57.

Liu JP, Schlosser R, Ma WY, Dong Z, Feng H, Liu L, et al. Human alphaA- and alphaB-crystallins pre-
vent UVA-induced apoptosis through regulation of PKCalpha, RAF/MEK/ERK and AKT signaling path-
ways. Experimental eye research. 2004; 79(3):393—4083. https://doi.org/10.1016/j.exer.2004.06.015
PMID: 15336502

Kamradt MC, Chen F, Cryns VL. The small heat shock protein alpha B-crystallin negatively regulates
cytochrome c- and caspase-8-dependent activation of caspase-3 by inhibiting its autoproteolytic matu-
ration. The Journal of biological chemistry. 2001; 276(19):16059-63. https://doi.org/10.1074/jbc.
C100107200 PMID: 11274139

Jung KH, Lee JH, Park JW, Paik JY, Quach CH, Lee EJ, et al. Annexin V imaging detects diabetes-
accelerated apoptosis and monitors the efficacy of benfotiamine treatment in ischemic limbs of mice.
Molecularimaging. 2014; 13:1-7.

Konishi Y, Sato H, Tanaka T. Anisomycin superinduces annexin V mRNA expression through the
ERK1/2 but not the p38 MAP kinase pathway. Biochemical and biophysical research communications.
2004; 313(4):977-83. PMID: 14706638

Circu ML, Aw TY. Reactive oxygen species, cellular redox systems, and apoptosis. Free radical biology
& medicine. 2010; 48(6):749—62. PubMed Central PMCID: PMC2823977.

Watanabe H, Shearer TR. Lens crystallins in aqueous and vitreous humor in selenite overdose cataract.
Current eye research. 1989; 8(5):479-86. PMID: 2736953

Sreekumar PG, Kannan R, Kitamura M, Spee C, Barron E, Ryan SJ, et al. alphaB crystallin is apically
secreted within exosomes by polarized human retinal pigment epithelium and provides neuroprotection
to adjacent cells. PloS one. 2010; 5(10):e12578. PubMed Central PMCID: PMC2951891. https://doi.
org/10.1371/journal.pone.0012578 PMID: 20949024

PLOS ONE | https://doi.org/10.1371/journal.pone.0175451  April 6, 2017 15/15


https://doi.org/10.1016/j.exer.2004.06.015
http://www.ncbi.nlm.nih.gov/pubmed/15336502
https://doi.org/10.1074/jbc.C100107200
https://doi.org/10.1074/jbc.C100107200
http://www.ncbi.nlm.nih.gov/pubmed/11274139
http://www.ncbi.nlm.nih.gov/pubmed/14706638
http://www.ncbi.nlm.nih.gov/pubmed/2736953
https://doi.org/10.1371/journal.pone.0012578
https://doi.org/10.1371/journal.pone.0012578
http://www.ncbi.nlm.nih.gov/pubmed/20949024
https://doi.org/10.1371/journal.pone.0175451

