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Abstract

Background

Partial transection (PT) of the optic nerve is an established experimental model of second-
ary degeneration in the central nervous system. After a dorsal transection, retinal ganglion
cells (RGCs) with axons in ventral optic nerve are intact but vulnerable to secondary degen-
eration, whereas RGCs in dorsal retina with dorsal axons are affected by primary and sec-
ondary injuries. Using microarray, we quantified gene expression changes in dorsal and
ventral retina at 1 and 7 days post PT, to characterize pathogenic pathways linked to pri-
mary and secondary degeneration.

Results

In comparison to uninjured retina Cryba1, Cryba2 and Crygs, were significantly downregu-
lated in injured dorsal retina at days 1 and 7. While Ecel1, Timp1, M{2A and CD74, which
are associated with reducing excitotoxicity, oxidative stress and inflammation, were signifi-
cantly upregulated. Genes associated with oxygen binding pathways, immune responses,
cytokine receptor activity and apoptosis were enriched in dorsal retina at day 1 after PT.
Oxygen binding and apoptosis remained enriched at day 7, as were pathways involved in
extracellular matrix modification. Fewer changes were observed in ventral retina at day 1
after PT, most associated with the regulation of protein homodimerization activity. By day 7,
apoptosis, matrix organization and signal transduction pathways were enriched. Discrimi-
nant analysis was also performed for specific functional gene groups to compare expression
intensities at each time point. Altered expression of selected genes (ATF3, GFAP, Ecell,
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TIMP1, Tp53) and proteins (GFAP, ECEL1 and ATF3) were semi-quantitatively assessed
by qRT-PCR and immunohistochemistry respectively.

Conclusion

There was an acute and complex primary injury response in dorsal retina indicative of a
dynamic interaction between neuroprotective and neurodegenerative events; ventral retina
vulnerable to secondary degeneration showed a delayed injury response. Both primary and
secondary injury resulted in the upregulation of numerous genes linked to RGC death, but
differences in the nature of these changes strongly suggest that death occurred via different
molecular mechanisms.

Introduction

Traumatic injury to the central nervous system (CNS) is the direct damage of brain or spinal
cord tissue by a physical insult. Trauma also disrupts the physiological activity of homeostatic
systems and auto-regulation of blood flow to intact regions, and triggers diverse inflammatory
responses that together create a toxic environment conducive to delayed, secondary degenera-
tion of tissue not initially affected by the trauma. This secondary degeneration results in more
widespread pathology and even greater functional loss. Evidence suggests that secondary
degeneration is a common factor following trauma to the brain [1] and spinal cord [2], after
stroke [3], and in various neurodegenerative diseases including, for example, glaucoma [4].

An understanding of the degenerative sequelae in neurons and adjacent glia following an ini-
tial injury is enhanced by being able to distinguish between neural tissue containing directly
axotomized neurons and tissue containing intact, but subsequently vulnerable, neurons. Partial
transection (PT) of the dorsal aspect of the rat optic nerve (ON) in Piebald Viral Glaxo (PVG)
rats is now an established CNS model to simultaneously study a primary injury response and
secondary degeneration following trauma [5-8]. This is because retinal ganglion cell (RGC)
bodies located in ventral retina are not axotomized by the primary injury but are vulnerable to
secondary degeneration, while RGCs in dorsal retina are affected by both the primary and sec-
ondary injuries [9]. The model allows crucial topographic/spatial separation of primary versus
secondary degenerative events.

Secondary degeneration is characterized by electrolytic shifts and increases in extracellular
concentrations of glutamate and other excitatory amino acids, which reach cytotoxic concen-
trations as a result of cell lysis from mechanical injury and glial release [10-12]. Mitochondrial
dysfunction has also been implicated, associated with mitochondrial Ca** overloading and
increased reactive species [13-16]. This leads to the opening of mitochondrial transition pores,
loss of mitochondrial membrane potential, ATP depletion, cytochrome c release and increases
in oxidative stress, associated with further release of Ca>*, mitochondrial swelling and lipid
peroxidation [15, 17-19]. Secondary degeneration often culminates in cell death, predomi-
nantly via apoptotic and to some extent necrotic mechanisms [6, 9, 20, 21].

Biochemical changes following neurotrauma are increasingly well characterized, however
fewer studies have attempted a direct comparison of the genetic changes in CNS regions vul-
nerable to primary compared to secondary degeneration. One report using the optic nerve PT
model identified significant down-regulation of pro-survival genes Bcl-2 and Bcl-x-L and up-
regulation of pro-apoptotic genes Bax, Bad and inhibitor of apoptosis protein-1 (IAP-1)[22].
Secondary degeneration was characterized by a delay in the up-regulation of Bax and Bad [22].
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Growth arrest and DNA damage inducible protein 450 (GADD45a), cyclin-dependent kinase
2 (CDK?2) and etoposide-induced protein 2.4 homolog (ei24) activation in the retina were also
associated with both primary and secondary degeneration [23]. These results suggest potential
mechanistic similarities but temporal variations between the progression of primary and sec-
ondary neurodegenerative events.

Microarray based analysis of the transcriptomic changes in the retina following PT of the
ON can potentially provide important new and additional insights into the mechanisms and
pathways involved in primary and secondary degeneration in CNS tissues. The interpretation
of microarray data is complicated by several features. Firstly, the reliability of data depends on
using a sufficient number of animals to provide biological replicates. Secondly, the large body
of data generated requires appropriate normalization and multiple analysis methods to allow
the separation of biologically relevant from incidental changes. Additionally, in whole retina
expression studies, outcomes reflect contributions from many cell types including neurons,
glia and vasculature, not just RGCs. Nonetheless, such an analysis yields important informa-
tion about the overall tissue response to the experimental perturbation, which in many ways is
more relevant to the design of protective therapies. Here, we quantified changes in gene
expression of dorsal and ventral retina at 1 and 7 days post PT, to identify genetic changes
associated with primary and secondary injury. Many novel changes in gene expression were
seen, with a rapid injury response that was almost entirely confined to dorsal retina containing
neurons directly affected by the injury. Ventral retinal tissue containing RGCs affected by sec-
ondary degeneration showed a delayed response to injury. A direct comparison between dorsal
and ventral retina at days 1 and 7 post injury suggests that initially after injury, there are robust
gene expression differences, which was associated with proliferative functional pathways. As
the degenerative sequel progresses, gene expression profile remains different at day 7, however,
these genes are associated with fewer and different functional groups, strongly suggestive of
differential degenerative events in regions of retina vulnerable to primary versus secondary
injury.

Experimental procedures
Animals

PVG rats (160-190 g) were obtained from the Animal Resource Centre (Murdoch W.A.) and
housed in clear plastic cages with food and water ad libitum and subjected to a standard
12-hour light / dark cycle. All experimental procedures conformed to ‘Principles of Laboratory
Animal Care’ and were approved by the Animal Ethics Committee of The University of West-
ern Australia (approval number RA3/100/673). Animals were euthanized with Euthal (active
constituents Pentobarbitone Sodium 170 mg/ml, Phenytoin Sodium 25 mg/ml) at days 1 or 7
post-surgery; uninjured control animals were euthanized in the same way.

Partial transection of the optic nerve and retinal dissection

Unilateral PT of the ON was performed as previously described [5, 6, 9]. Briefly, PVG rats
were anaesthetized with ketamine (50 mg/kg)/ xylazine (10 mg/kg, Troy Laboratories, NSW,
Australia) administered intraperitoneally. An incision was made in the skin overlying the right
eye and access to orbit was made with blunt dissection. Lachrymal glands were deflected and
extra ocular muscle incised to access the nerve. A 200-um incision was made on the dorsum of
the optic nerve approximately 1 mm behind the optic nerve head using a diamond keratotomy
knife (Geuder, Germany). Post-operative analgesia was administered subcutaneously (2.8 mg/
kg carprofen, Norbrook Australia, Pty. Ltd., VIC, Australia) and animals recovered on a warm-
ing blanket. The contralateral ONs were not injured and were not used as controls due to

PLOS ONE | https://doi.org/10.1371/journal.pone.0192348 February 9, 2018 3/22


http://www.sciencedirect.com/science/article/pii/S0014488614001940#NEU2114
https://doi.org/10.1371/journal.pone.0192348

®'PLOS | one

Altered retinal gene expression associated with primary and secondary degeneration after optic nerve injury

Dorsal

Nasal Temporal

Ventral

Fig 1. Schematic diagram of dissection of retina for microarray studies. RGC somata whose axons are transected
after PT of the optic nerve are located in the dorsal, temporal and central areas (indicated in blue), leaving RGCs in
nasal and ventral retina initially intact but vulnerable to secondary degeneration[26]. The dashed line indicates where
dorsal and ventral retinal tissue were separated.

https://doi.org/10.1371/journal.pone.0192348.9001

demonstrated bilateral changes following unilateral ON injury [24, 25]. Uninjured, age-
matched animals were used as controls, as we have previously demonstrated no significant dif-
ferences between sham-operated and normal animals in relevant outcomes including RGC
numbers [26.]. The eyes were dissected (cornea and lens removed) and orientation was main-
tained using a dorsal incision and retinae cut into two halves (Fig 1), thereby separating pri-
marily dorsal retina containing RGCs affected by the primary injury from more ventral retinal
regions exclusively vulnerable to secondary degeneration [9]. Retinae from uninjured control
animals were similarly partitioned. The retinal halves were immersed in RNA later (Qiagen)
and stored at -80°C.

RNA extraction

Retinal halves from each animal were homogenized separately with a Kontes Pellet Pestle
mechanical homogenizer (2000-3000 RPM) until tissue lysates were finely dispersed. Tubes
and the homogenizer were rinsed with DEPC water or RNA zap (Dimethyl dicarbonate,
1:1000, Sigma-Aldrich) respectively prior to use, to inactivate RNase. RNA was extracted in
accordance with the RNeasy MINI extraction protocol (RNeasy Mini Kit, Qiagen). The quality
and quantity of total RNA was determined for each preparation (Bioanalyzer; Agilent). Typical
of retinal studies [27, 28] three biological replicates were used for each experimental group,
with 600 ng of total RNA from each retinal half analyzed.
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Microarray analysis and data analysis

The mRNA samples from normal and injured animals at days 1 and 7 were assessed using
Aftymetrix GeneChip Gene 2.0 ST Array. RNA labelling hybridization, staining, and scanning
were performed by The Ramaciotti Centre for Gene Function Analysis, (Sydney, Australia).
Experiment normalization and statistical analysis were performed using R (3.2.2 version). We
used the Robust Multichip Average (RMA) model for array background correction and quan-
tile normalisation (REF: PMID: 12538238; 12582260; 12925520). Probes were mapped to the
Rattus norvegicus genome (RGSC 5.0/rn5). Results from dorsal and ventral retinal samples at
day 1 and 7 post injury were compared to the results from dorsal and ventral retinal arrays
from normal uninjured animals, to allow the identification of primary and secondary degener-
ation regulated sequences. A direct comparison of gene expression changes was also made
between dorsal and ventral retina at 1 and 7 days after ON injury. Differentially regulated
genes were extracted using the R statistical package [29] with a cut-off for these sequences at a
p <0.05 and a minimum regulation > () log,0.5 Fold change (FC) ~ 1.4 (FC).

Enrichment analysis of differentially expressed genes

Gene set enrichment analysis (GSEA) of the differentially expressed genes was conducted
using Pathway Studio Mammal (Elsevier, Netherlands). GSEA was used to identify statistically
significant enrichment in genes of known functional groups and curated pathways, consider-
ing their expression intensity. Gene set categories were set to the following Gene Ontology
(GO) categories: ‘molecular_function’, ‘cellular_component’ ‘biological_process’ and ‘Pathway
studio ontology’. An enrichment p-value < 0.05 was applied in order to filter GSEA output.
Functional pathways were supported by data extracted from the literature using MedScan and
added in ResNet databases, which can be accessed through the Pathway studio interface.
Genes in the clusters associated with oxidative stress, immune response and apoptosis were
further analyzed using PANTHER Gene Ontology to identify sub clusters [30]. Discriminant
analysis was performed on the expression intensity of genes contained within each sub cluster to
compare the expression intensities across the different retinal tissues, to determine whether a set
of variables was effective in predicting category membership of a particular retinal tissue group.

Confirmatory RT_PCR

The same RNA used in the microarray analysis was reverse transcribed to cDNA (QuantiTect
kit) using 500 ng template RNA per reaction, for confirmatory PCR. RT-PCR reactions were
performed using 5 ul IQ PCR mix (BioRad, Australia) with 1ul of total template cDNA from
each sample, 1pl of each primer diluted to a 5 pM working solution (Table 1) and 1yl sterile

Table 1. Primers used for qRT-PCR array validation.

Gene Gene name Accession number Temp size (bp) Primer
Atf3 activating transcription factor 3 NM_012912 60°C 233 F: CCAGAACAAGCACCTTTGCC
R: CGGCATTCACACTCTCCAGT
Ecell Endothelin converting enzyme-like 1 NM_021776 60°C 134 F: TCTCGACATGCGTGAGATCG

GFAP glial fibrillary acidic protein

R: ACAACAGTCGGTTGAGGTCC

NM_017009 60°C 143 F: GAAATTGCTGGAGGGCGAAG
R: TCTCCACCGTCTTTACCACG

Timpl TIMP metallopeptidase inhibitor 1 NM_053819 60°C 140 F: CGCTAGAGCAGATACCACGA

Tp53 Tumor protein p53

https://doi.org/10.1371/journal.pone.0192348.t001

R: CCAGGTCCGAGTTGCAGAAA

NM_030989 60°C 217 F: CTGGACGACAGGCAGACTTT
R: GACAGGCACAAACACGAACC
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water to a final volume of 10ul. gJPCRs were performed with a RotorGene RG 6000 (Qiagen,
USA). Three reference or ‘housekeeper’ genes were tested; PPIA, HPRT1, TBP, and were
selected for all analyses after confirmation. For each gene tested, all experimental and control
retina were assessed in the same experiment, n = 3 were used and data pooled from two experi-
mental runs. The data were normalized to the geometric mean of the three housekeeper genes
and expressed as arbitrary units of expression.

Immunofluorescence and microscopy

Animals were sacrificed at days 1 and 7 post injury and perfused transcardially with saline fol-
lowed by 4% paraformaldehyde (ACROS ORGANICS MS); uninjured control animals were
processed similarly (N = 6 / group). The eyes were post-fixed in 4% paraformaldehyde over-
night, cryoprotected by immersion in 15% sucrose in PBS, before they were embedded in opti-
mal cutting temperature (OCT) compound (Sakura Finetek USA) and cryosectioned (20pum)
along the dorsal/ventral axis. If not processed immediately, the slides were stored at -80°C.
Retinal sections were air dried, rehydrated in PBS, and incubated overnight at 4°C in primary
antibodies diluted in PBS+ 0.2% Triton X100. Primary antibodies were rabbit ATF-3 (1:250
dilution; Santa Cruz Biotechnology); rabbit GFAP (1:500; Sigma); mouse B-III tubulin (1:500;
Covance), goat Ecell (1:500, R&D Systems) and goat Brn3A (1:500, Santa Cruz Biotechnol-
ogy). Antibody binding was visualized following 2-hour incubation with appropriate Alexa
Fluor 488, 555 and 647 secondary antibodies (1:400; Molecular Probes). Slides were washed in
PBS and cover-slipped using Fluoromount-G (Southern Biotechnology).

For semi-quantification of immunofluorescence intensity in retinal sections, the dorsal,
central and ventral areas were visualized and photographed using a Nikon Eclipse Ti inverted
microscope (Nikon Corporation, Japan) or confocal Nikon c2 mounted on an upright Ni-E
microscope, controlled by NIS elements 4.3 software at 20x magnification. A series of optical
images at 0.5um increments along the z-axis was acquired from the middle 6um of each 20um
section. Images collected on the Nikon Eclipse Ti inverted microscope were deconvoluted
using a custom-made Macro (design: Nathaniel Yates) using the AQI Deconvolution ND
function and batch processing feature in NIS Elements. All images for each outcome measure
were captured at constant exposures and in a single session. Image analysis was conducted on
Image J/Fiji analysis software, setting constant arbitrary threshold intensities for each image,
and semi-quantifying mean intensities and areas above the set threshold. Immunointensity
data were normalised to background within the same section to adjust for variations in section
thickness and staining application. Statistical analyses were performed using ANOVA followed
by Bonferroni multiple comparison post hoc tests, requiring a significance value of p < 0.05.

Results
Gene expression analysis of retinal tissue 1 and 7 days post PT injury

Whole genome microarray technology was used to profile gene expression changes in dorsal
and ventral retina following PT injury, relative to control retina. Microarray analysis identified
2220 genes that were differentially expressed (1.4 < FC < -1.4, p < 0.05) in the dorsal retina
directly affected by the primary injury at day 1, with a similar proportion of upregulated versus
downregulated genes. Expression of 238 genes was downregulated by 2-fold or more and 30 of
these genes were downregulated by 3-fold or more at day 1 (Table 2). Expression of 146 genes
increased more than 2-fold and 19 genes were upregulated by 3-fold or more at day 1 following
injury (Table 3). At day 7 following injury, the number of genes differentially expressed

(p £ 0.05) in dorsal retina increased to 2330 and of these, 968 genes were upregulated. The
expression of 17 genes was upregulated by 2-fold or more, of which 11 genes were upregulated
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Table 2. Downregulated genes in dorsal and ventral retina following a PT injury. Fold changes comparing injured retina to region matched normal controls.

Gene Symbol

Crybal
Cryba2
Crygs
Ndrg4
Slc6al3
Cxcr6
N5

Hbpl

Gif
Krtapl-3
Rhot1
Lipogenin
Mip
Fam134B
Ndufv4l1

GeneBank ID

NM_013056
NM_173140
NM_173140
NM_031967
NM_133623
NM_001102587
NM_022857
XM_347266
NM_017162
XM_001055744
NM_001107026
NM_145790
NM_001105719
NM_001034912
XM_001065938

Dorsal retina / FC Ventral retina/ FC Function
Injured/normal Injured/normal
Day 1 Day 7 Day 1 Day 7
-11.30 * -16.10* -3.80 Constituents of eye lens
-6.95 -10.85* -3.50 Constituents of eye lens
-5.05 -7.50 * -3.05 Constituents of eye lens
-3.20° -2.34" Positive regulation of ERK1 and ERK2 signaling pathway
-3.63 " Neurotransmitter activity (Sodium symporter)
-2.70* 1.6 Chemokine receptor
-2.70* -2.10" 1.90 DNA binding protein
-2.50* Transcriptional regulator
-2.40" -2.40" Binds vitamin B12
-2.40" Keratin associated protein
-2.00* 1.90* Mitochondrial outer membrane permeabilization
-2.00*
-2.80* Cellular water homeostasis
-2.20" 1.5 Long-term survival of nociceptive and autonomic ganglion neurons.
-2.20* Oxidation-reduction process

Expression of significantly downregulated genes by fold change > 2. Significance of p-value is indicated by *. Values that may not fall within those parameters are added

for the purpose of comparison. Identified and known genes included in the table.

https://doi.org/10.1371/journal.pone.0192348.t1002

by at least 3-fold, while the expression of 10 genes was downregulated by at least 2-fold, of
which 4 were downregulated by at least 3-fold.

Genes associated with secondary degenerative changes in ventral retina following PT injury
were analyzed in comparison to ventral retina of control animals. At day 1 following injury
413 genes were differentially expressed (1.4 < FC < -1.4, p < 0.05) in ventral retina. Expres-
sion of 24 genes was altered by at least a 2-fold change, of which only 3 have to date been char-
acterized. Each of these identified genes was downregulated (GFAP, LCN2 and TIMP1I). The
number of differentially expressed genes in ventral retina increased to 626 at day 7 after PT
injury. Expression of 58 genes was significantly upregulated by at least 2-fold; of these, only 2
genes are known being integral components of the membrane and play a role in mediating
chemokine receptor activity. Of the 30 genes that were downregulated by 2-fold or more, only
3 have been characterized and were: Tnfrsfl1b, a member of the tumor necrosis factor receptor
superfamily, Terc, telomerase RNA component, and Olr1460 (Table 2).

Spatial and temporal comparison of significantly regulated genes in PT and
control retina

The most significantly downregulated genes included members of the crystallin family.
Expression of Crybal was increasingly downregulated from -11 FC at day 1 to -16 FC by day 7
in dorsal retina. In ventral retina, Crybalexpression was significantly downregulated by -3 FC
at day 1, but was not differentially expressed compared to control at day 7. The spatial and
temporal expression changes of Cryba2 and Crygs followed the same pattern of expression as
Crybal, but to a lesser magnitude and did not reach significance. In contrast, expression of
NDRG4 was downregulated by -3 FC in dorsal retina at day 1 and by -2 fold by day 7; no simi-
lar expression changes were seen in ventral retina.
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Table 3. Upregulated genes in dorsal and ventral retina following a PT injury. Fold changes comparing injured retina to region matched normal controls.

Gene Symbol GeneBank ID Dorsal retina / FC Ventral retina/ FC Function
Injured/normal Injured/normal
Day 1 Day 7 Day 1 Day 7
Ecell NM_021776 16.20* 11.80 * 2.10 Proteolysis
Timp1 NM_053819 4.60 * 3.30 " -2.25* Metalloendopeptidase inhibitor activity
Mit2A NM_001137564 4.50 * 4.30* Cellular zinc ion homeostasis
CD74 NM_013069 410" 410" Activation of MAPK activity
Gfap NM_017009 4.00 * 3.45* -2.20* Response to wounding (glia)
S$100al1 NM_001004095 3.40* 2.40* Calcium ion binding
Gpnmb NM_133298 3.40* 2.80 * Cell adhesion
Tmem47 NM_001109317 330" 240" Cell-cell junction
Egrl NM_012551 3.30* 2.80* Negative regulation of transcription from RNA polymerase II promoter
Arhgdib NM_001009600 320" 2.50 " Rho GDP-dissociation inhibitor activity
H2afy2 NM_001135807 3.20 " 2.50 * Nucleosome assembly
Bgn NM_017087 3.10 " 2.40* Blood vessel remodelling
Tagln2 NM_001013127 3.00 " 2.70* 1.50* Tumor suppressor
Dhdh XM_003748855 2.90 * D-xylose catabolic process
Sprrla NM_021864 2.90 * 2.10* Peptide cross-linking
Atf3 NM_012912 2.90* 2.40* 1.50* Cell fate determination
Tmem108 XM_008757857 2.10* 2.20*
Rgr NM_001107299 2.30* 2.30" | Retinal G-protein coupled receptor

Expression of significantly upregulated genes by fold change > 2. Significance of p-value is indicated by *. Values that may not fall within those parameters are added for

the purpose of comparison. Identified and known genes included in the table.

https://doi.org/10.1371/journal.pone.0192348.t1003

Compared to respective dorsal or ventral control retina, prominent upregulation of several
genes (Table 3) was seen in dorsal but not ventral retina at days 1 and 7. The most upregulated
gene was endothelin converting enzyme-like 1 (Ecel1) with a greater than 16-fold increased
expression at day 1 in dorsal retina and an 11-fold increase at day 7. A 2-fold increase in
expression of Ecell was observed at day 7 in ventral retina, but this did not reach statistical sig-
nificance. Other neuroprotective genes that were significantly upregulated compared to con-
trols include metallopeptidase inhibitor 1 (TIMPI), metallothionein 2A (MT2A) and major
histocompatibility complex, class II invariant chain (CD74). In dorsal retina, the expression of
TIMPI and MT2A was reduced from a 4.6 and 4.5-fold upregulation at day 1 to 3.3 and
4.3-fold respectively at day 7, while the expression of CD74 did not change. In contrast, in ven-
tral retina TIMP1 was downregulated at day 1 by a 2.3 FC. The expression of glial fibrillary
acidic protein (GFAP) was also upregulated in dorsal retina with 4-fold increased expression at
day 1 lessening to a 3.5-fold increased expression at day 7. In ventral retina, differential expres-
sion of GEAP was seen only at day 1 with a 2.2 fold downregulation. Interestingly, expression
of retinal g-protein coupled receptor (RGR) and transmembrane protein 108 (TMEM108)
were significantly upregulated at day 7 in both dorsal and ventral retina.

Overall, gene expression data derived from dorsal versus ventral retina were for the most
part quantitatively and temporally different, which strongly suggests mechanistic differences
in primary and secondary degenerative events.

Gene set enrichment analysis

GSEA was performed on the list of genes with a cut-off of Log, FC > 0.5 (~FC > 1.4) and
p-value < 0.05. The analyses were conducted using Pathway studio Ontology and Gene
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Day1

Ontology (GO) and included the descriptors ‘biological processes’, ‘cellular components” and
‘molecular functions’.

Dorsal retina. The most regulated genetic biological process, based on the number of
genes differentially expressed (FC > 1.4 and p = 0.04) in dorsal retina exposed to the primary
injury, was the oxidative-reduction process with 90 genes differentially expressed at day 1 (Fig
2A). This was closely followed by apoptotic process enriched pathways with 83 differentially
expressed genes (p = 0.0001). Further analysis of the apoptosis pathways differentiated 8 sub-
clusters under the heading of cell death, including programmed cell death and positive regula-
tion of extrinsic and intrinsic apoptotic signalling pathways, regulation of mitochondrial
permeability and positive regulation of cytochrome c release. Negative regulation of cell prolif-
eration was also significantly enriched with 56 differentially expressed genes (p = 0.0008)
(Table A in S1 Text). The immune response also appears to play a large role early in the pri-
mary injury with 8 enriched sub-clusters, including activation of the innate and adaptive
immune systems as well as enrichment of genes associated with cytokine receptor activity
(70 genes present, p = 0.03) (Table A in S1 Text). Sixty-two differentially expressed genes were
enriched for ‘cell surface’, under the cellular component descriptor, and 57 genes clustered
under ‘cell adhesion’ (Table A in S1 Text).

By day 7 after PT, in dorsal retina the immune response appeared to play a less extensive
role with only 4 sub-clusters significantly enriched (Fig 2B, Table B in S1 Text). At this time-
point, in dorsal retina affected by the primary injury, the dominant change compared to

Day7

Functional group

Hit type Functional group Hit type

Dorsal

Ventral

™ oxidation-reduction process
W apoptotic process

¥ innate immune response

cell surface

M cell adhesion

M negative regulation of cell proliferation
blood coagulation
metabolic process
response to organic cycliccompound

immune response

biological_process W extracellular region cellular_component

biological_process ¥ response to drug biological_process

biological_process ®innate immune response biological_process

cellular_component HmiRNAs Pathway Studio Ontology

biological_process immune response biological_process

biological_process ® proteinaceous extracellular matrix cellular_component

biological_process extracellular matrix cellular_component

biological_process ¥intracellular membrane-bounded lle cellular_c

biological_process response to hypoxia biological_process

biological_process

extracellular matrix organization biological_process

Pathway Studio Ontology

D

EmiRNAs

= cytosol

¥ protein heterodimerization activity

biological_process .
gical_p! ™ transferase activity

6
biological_process . .
M signal transducer activity
G-protein coupled receptor
signaling pathway
10 W apoptotic process

extracellular matrix organization

M response to estrogen

molecular_function
biological_process
molecular_function
biological_process
biological_process

biological_process

Fig 2. GSEA analysis was performed on a list of significantly differentially expressed genes using a cut off > 1.4 fold change and p-value < 0.05. Pie charts show
numbers of genes from experimental data present in each functional category listed in the legend. The order of listing of functional groups is determined by the number
of genes present in each category. Hit obtained from Gene Ontology (GO) categories: ‘molecular_function’, ‘cellular_component’ ‘biological_process’ and ‘Pathway studio
ontology’ (A) Enriched functional groups in dorsal retina 1 day following PT injury compared to dorsal uninjured retina yielded significant differences in 88 functional
groups. The top 10 functional groups listed based on number of genes present in each functional group (B). Enriched functional groups between dorsal retina 7 days
following PT injury and dorsal uninjured retina yielded 67 significant functional groups. (C) Enriched functional groups in ventral retina 1 day following PT injury
compared to ventral uninjured retina: only 2 significant functional groups were enriched. (D) Enriched functional groups in ventral retina 7 days following PT injury
compared to ventral uninjured retina yielded 7 significant functional groups.

https://doi.org/10.1371/journal.pone.0192348.g002
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controls was associated with modifications of the extracellular region. There were 13 sub-clus-
ters of differentially expressed genes, which included genes related to structural constituents
and organization of extracellular matrix. Interestingly, glutathione synthesis and activation
was also enriched in dorsal retina at day 7, characterized by 9 genes enriched in the glutathione
derivative biosynthetic process and 19 genes enriched in glutathione metabolic and peroxidase
activity (Table B in S1 Text). Although only two clusters were associated with apoptotic cell
death in dorsal retina 7 days post PT, they included positive regulation of the intrinsic apopto-
tic signalling pathway (5 genes, p = 0.04) and positive regulation of the neuronal apoptotic pro-
cess (9 genes, p = 0.01). The structural breakdown of the cell was implicated, with enrichment
of genes associated with scavenger receptor activity (9 genes, p = 0.04) and protease binding
(12 genes, p = 0.01). We also observed 55 differentially genes that are associated with miRNAs
(micro-RNA) enriched in dorsal retina 7 days post PT.

Ventral retina. Secondary degeneration in tissue from ventral retina was characterized by
significant changes in two gene clusters at day 1, one with non-specific functional attributes
including cytoplasmic organelles (16 genes, p = 0.01) and the other associated with the forma-
tion of protein heterodimers (5 measured genes, p = 0.006, Fig 2C, Table C in S1 Text). By 7
days after PT, we found enrichment of genes associated with apoptotic processes (7 genes,

p = 0.04) with 4 genes common with dorsal retina, and the differential expression of
ADAMTSL4, BCL2L1 and BCL2L10 which appears to be unique to ventral retina at day 7 (data
not shown). Six gene clusters associated with extracellular matrix organization were enriched,
(Fig 2D, Table D in S1 Text, p = 0.01) with MMPI14, ADAMTSL4 and MMP19 unique to ven-
tral retina at day 7. Compared to comparable regions of control retina, gene clusters associated
with transferase activity, signal transducer activity and G-protein coupled receptor signalling
pathway were only enriched in ventral retina at day 7 PT, with 12, 12 and 10 differentially
expressed genes respectively. Ventral retina was also enriched with 17 genes that are associated
with miRNA 7 days post injury.

Dorsal versus ventral retinal comparisons in PT animals

Differential gene expression between dorsal and ventral retina identified over 800 significantly
differentially expressed genes (~FC >1.4, p < 0.05) at days1 and 7 after partial ON injury. In
injured animals, significantly upregulated genes in dorsal retina when compared to ventral ret-
ina included Ecell, GFAP, CD74, TIMP1, Sprr1A and MT2A (FC > 2.5, p < 0.05), genes that
were also upregulated in dorsal retina following injury when compared to normal dorsal retina
(Table 3). Ecell, GFAP, CD74 and MT2A remained significantly upregulated 7 days post injury,
on the other hand CD244, and TNFRSFI11B (FC > 2, p < 0.05) were differentially expressed
only at day 7 in dorsal retina when compared to ventral retina. Expression of members of the
crystallin family was not significantly different between dorsal and ventral retina following
injury at either time point.

GSEA was performed on the list of differentially expressed genes between dorsal and ventral
retina after ON injury with a cut-off of Log, FC > 0.5 (~FC > 1.4) and p < 0.05. Pathway Stu-
dio was used to perform the Gene ontology (GO) analysis with a focus on ‘biological process’.
A total of 35 biological processes were significantly enriched at day 1 after ON injury, several
of which were associated with the inflammatory response. The cytokine mediated signalling
pathway was the most significantly enriched biological process (p-value < 0.001, Fig 3). This
was followed by type I interferon signalling pathway (p < 0.01) which signals widely expressed
cytokines with antiviral and growth inhibitory modalities. Defence response and immune sys-
tem processes are also inflammation associated pathways which were significantly enriched 1
day after ON injury. Four significantly upregulated genes (FC > 2, p < 0.05) which include
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cytokine-mediated signaling pathway | CD74, MT2A, EGR1, IL17RB, IFITM3

type Il interferon signaling pathway | EGR1, IFITM3

defense response | CD74, IL17RB

cellular response to growth factor stimulus | EGR1, BMP4, PFN1

extracellular matrix organization | GFAP, TIMP1, LGALS3, BMP4, MFAP4, TTR, FMOD

cellular response to drug | MT2A, EGR1

signal transduction | CD74, S100A11, LITAF, DAPP1, RGR

DAY 1

platelet degranulation | TIMP1, PFN1

immune system process | CD74, LGALS3, LCN2, IFITM3, SERPING1

positive regulation of cell proliferation | TIMP1, LGALS3, ATF3, BMP4

response to hypoxia | SOD3, DIO3

negative regulation of cell proliferation | GPNMB, S100A11, BMP4, IFITM3

apoptotic process | LCN2, LITAF, TNFRSF12A, CHI3L1, HRK, CASP4

response to virus | LCN2, TLR3, RSAD2, PVR, IFl44, TPT1, HSPB1

DAY 7

cartilage development (Extracellular matrix) | TIMP1, GNAS, CHI3L1
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# of total genes

O -

Fig 3. GSEA of differentially expressed genes (FC > 1.4, p-value < 0.05) between dorsal and ventral retina, showing GO classified biological_functions at day 1
and day 7 after PT injury. All biological_function clusters are upregulated in dorsal retina when compared to ventral retina. Top 10 significant (p-value < 0.05)
biological_functions shown for day 1 with a list of contributing genes that are differentially expressed by fold change > 2, p-value < 0.05. Only 2 clusters were enriched
from differentially expressed genes between dorsal and ventral retina at day 7 after injury. The genes listed are differentially expressed by a FC > 1.5. The bar graph
depicts the total number of genes that contribute to each functional cluster.

https://doi.org/10.1371/journal.pone.0192348.9003

EGRI, TIMPI, IFITM3 and CD74, contributed to several biological processes. It is also impor-
tant to note that the expression profile of apoptosis associated genes was significantly different
between dorsal and ventral retina at day 1 after PT. Conversely at day 7 following injury, the
expression profile of differentially expressed genes between dorsal and ventral retina revealed
only two significantly enriched biological processes, generically described as response to a
virus and cartilage development, but comprising a set of genes that are also associated with the
extracellular matrix.

Discriminant analysis on functional groups

Functional groups associated with oxidative stress, immune response and apoptosis were fur-
ther subdivided using PANTHER Gene Ontology to identify sub clusters. Discriminant analy-
sis was performed on genes within each sub cluster to compare expression intensities across
the different retinal tissues to determine whether a set of variables was effective in predicting
category membership of a given retinal tissue. Categories were selected for further detailed
analysis based on marked changes in individual genes or clusters. Including oxidative stress,
which was enriched with 90 genes in dorsal retina at day 1 after PT, genes associated with
immune response were common in dorsal retina at day 1 and 7 post PT and genes associated
with apoptosis, which were common between dorsal and ventral retina following injury. Addi-
tionally our previous studies on changes in proteins in the optic nerve and retina after PT
injury also indicated the importance and relevance of oxidative stress, immune responses and
events associated with apoptosis in secondary degeneration [6, 16, 26].
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Oxidative stress. Discriminant analysis of oxidation-reduction process variables demon-
strated that following PT injury both dorsal and ventral retina were significantly different
from normal control retina at day 1 post injury. Interestingly in the injured retina at day 1 post
PT, there was no difference in the expression of oxidation-reduction process associated genes
between dorsal and ventral retina. While changes to the oxidation-reduction process remained
different at day 7 in dorsal retina following PT when compared to dorsal uninjured retina, ven-
tral retina was indistinguishable from ventral retina of normal control animals (p > 0.05.
Table 4A).

Immune response. Discriminant analysis of immune response variables demonstrated
that following PT injury both dorsal and ventral retina were significantly different from nor-
mal control retina at days 1 and 7 post injury (Table 4B). In addition, there were significant
differences between dorsal and ventral retina at days 1 and 7 after PT. The expression of genes
associated with the innate immune response in areas vulnerable to secondary degeneration
was significantly different from time matched dorsal retina. In contrast, changes in genes asso-
ciated with the adaptive immune response were not significantly different between dorsal and
ventral retina following PT at days 1 and 7. Thus, the recruited immune response appears to

Table 4. Discriminant analysis on biological clusters related to oxidation-reduction, immune response and apoptosis after partial optic nerve injury.

D1 D1 D7 D7 D7 PTD-D1 |D7PTV-D1 |D1PTV-D1 |D7PTV-D7
PTD-NormD |PTV-NormV |PTD-NormD |PTV-NormV |PTD PTV PTD PTD
A | Oxidative stress
Oxidation-reduction process > * > 0.99 o > 0.26 >
Glutathione metabolic process > * o * * 0.28 0.68 0.99
B | Immune response
Adaptive immune response o * o o o 0.09 0.51 0.82
Innate immune response * o o * 0.51 0.48 * o
Cytokine-mediated signalling * * o * 0.46 * o *
pathway
C | Apoptosis
Apoptosis o o o o ok ox o o
Extrinsic apoptotic pathway o ** o o o o o o
Intrinsic apoptotic pathway * o o * * * * *
Intrinsic-response to ER stress o * o * 0.2 0.94 * 0.87
Intrinsic-response to DNA > o o > * > > 0.91
damage
Regulation of mitochondrial * o o > 0.2 0.58 * 0.99
membrane permeability
positive regulation of release of 0.76 * > > o * > >
cytochrome ¢
Response to ischemia * o o o 0.58 0.36 0.17 0.84

Discriminant analysis performed on biological clusters related to oxidation-reduction, immune response and apoptosis after partial optic nerve injury. Table illustrating
the p-values of multiple comparisons of genes from dorsal and ventral retina from normal (norm) uninjured animals and at days 1 or 7 following PT injury associated
with A: oxidation reduction (65 genes) and glutathione metabolic process (6 genes). B: Innate immune response (70 genes): adaptive immune response (32 genes);
cytokine signalling pathway (30 genes). C) Apoptosis (81 genes): extrinsic apoptotic pathway (16 genes); intrinsic apoptotic pathway (18 genes); intrinsic apoptotic
signalling pathway in response to ER (6 genes); intrinsic apoptotic signalling in response to DNA damage (10 genes); regulation of mitochondrial membrane
permeability (7 genes); positive regulation of release of cytochrome c (6 genes); response to ischemia (5 genes). Comparisons were made between the dorsal and ventral
retinal tissue of normal uninjured animals (NormD) and (NormV) respectively, dorsal and ventral retina at day 1 following PT (D1PTD) and (D1PT V) respectively and
dorsal and ventral retina at day 7 following PT (D7PTD) and (D7PTV) respectively. P-values <0.001 are depicted by **, which P-values <0.05 are depicted by *. Non-

significant differences are in grey.

https://doi.org/10.1371/journal.pone.0192348.t1004
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be similar in retinal tissue affected by PT injury and tissue vulnerable to secondary degenera-
tion (Table 4B). We also analyzed immune response genes specifically associated with cyto-
kine-mediated signalling pathways and similarly identified that following PT injury, retinal
gene expression was significantly different from the expression of genes in injured retinal tis-
sue from uninjured animals (Table 4B).

The expression of apoptotic genes in dorsal and ventral retina. Sub clusters of the apo-
ptosis gene set were generated and the top biological processes subjected to discriminant anal-
ysis. We initially performed discriminant analysis on all the genes associated with apoptosis
and all possible pair wise comparisons were significantly different (p < 0.0001). Similarly,
extrinsic and intrinsic apoptotic pathways, which were enriched by 16 and 17 genes respec-
tively, were also significantly different between all groups (Table 4C). Genes in the intrinsic
apoptotic pathway were further categorized into response to endoplasmic reticulum (ER)
stress and response to DNA damage and these were enriched in 6 and 12 genes respectively.
Discriminant analysis on the group of genes associated with response to ER stress indicated a
significant difference between both dorsal and ventral retina in injured compared to respective
regions in normal animals (p < 0.0006). This difference was clear at day 1 following PT injury
(p < 0.0001) but not at day 7, although at this time expression remained different to control.
Similarly, genes associated with intrinsic apoptotic signalling mediated by response to DNA
damage were significantly different in dorsal and ventral retina following injury in comparison
to uninjured normal animals at days 1 and 7 post PT. It is important to note that after PT, dor-
sal retina was significantly different from ventral retina at day 1 but not at day 7.

Under the umbrella of genes associated with the apoptotic pathway, 7 genes are closely
associated with regulating mitochondrial permeability. Discriminant analysis indicated signifi-
cant differences in the expression of these genes between PT injured and normal uninjured
animals. Although a significant difference was observed between dorsal and ventral retina at
day 1 following ON injury, by day 7 dorsal and ventral retina expression values were not differ-
ent from each other (Table 4C).

Further analysis of genes within the apoptosis gene set revealed enrichment of 6 genes asso-
ciated with positive regulation of release of cytochrome ¢ from the mitochondrial membrane.
Discriminant analysis showed no significant difference between injured and uninjured dorsal
retina at day 1, and a significant difference at day 7. Interestingly we observed significant dif-
ferences between ventral retina of injured and uninjured animals at both days 1 and 7 follow-
ing injury (Table 4C). This suggests the release of cytochrome c from the mitochondria plays a
more relevant role in driving apoptosis in secondary degeneration than following the primary
injury. Finally, 5 differentially expressed genes associated with apoptosis were associated with
response to ischemia, but there was no significant difference between dorsal and ventral tissue
at either day 1 or 7 after PT.

Verification of microarray data. Once genes were annotated and clustered, 5 genes with
robust changes or genes related to apoptosis were chosen for array validation using qRT-PCR
(Fig 4). The genes assessed were Ecell, TIMP1, GFAP, ATF3 and Tp53. Three of the selected
genes, namely Ecell, TIMP1 and GFAP represented the robust gene changes as indicated in
the microarray analysis; TIMP1 and ATF3 were also identified in several gene groups in
GSEA, as was Tp53. Changes in genes after PT injury, assessed using qRT-PCR followed simi-
lar trends to the microarray data, however there were differences in net expression (Fig 4),
likely due to the different experimental method and sensitivities. Furthermore, normalization
protocols vary for each dataset. The array normalization protocol relies on mathematical algo-
rithms, while qRT-PCR was normalized to the geometric mean of three housekeeper genes.
Despite this, for the majority of genes studied using qRT-PCR, regulation was similar to the
microarray experiment, validating the latter. Exceptions were, for example, the expression
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Fig 4. Real-time quantitative PCR confirmation of microarray findings. RT-qPCR analysis of 5 genes that were shown by microarray analysis to be differentially
regulated following PT injury in dorsal and ventral retina at days 1 and 7. Data are expressed as mean+SEM expression of calculated concentration and normalised to 3
housekeeper genes. The same retinal RNA tissue was used as that for microarray analysis. (A) Endothelin converting enzyme-like 1 (Ecell). (B) Glial fibrillary acidic
protein (GFAP). (C) Tissue inhibitor of metalloproteinases 1 (Timp1). (D) Tumor protein 53 (Tp53). (E) Activating transcription factor 3 (ATF3). Statistical
significance is indicated by asterisks (* p-value < 0.05, ** p-value < 0.01, *** p-value <0.001, **** p-value <0.0001).

https://doi.org/10.1371/journal.pone.0192348.9004

levels of GFAP, which remained unchanged at 1 day 1 PT and was upregulated at day 7 PT in
ventral retina when analyzed by qRT-PCR, but was decreased and remained unchanged in the
array analysis respectively. The increase may have been detected using QRT-PCR due to the fil-
tration process in the pair-wise comparison; analysis of array data where comparison was con-
ducted on normalized raw expression intensity of GFAP gene revealed significant increase
when compared to uninjured normal retina (p < 0.001).

Comparison of protein immunoreactivity with microarray mRNA data. To assess the
extent to which observed gene expression changes were reflected in protein changes following
PT injury, we performed immunohistochemical analysis of Ecell, GFAP and ATF3 on dorsal,
central and ventral retinal sections of normal uninjured animals and at days 1 and 7 following
PT. The use of immunohistochemistry on cross sections of the retina maintains topographic
separation of tissue and identifies cell types including RGCs; semi-quantification was con-
ducted on the ganglion cell layer. We found instances of both complementary as well as non-
correlative changes. For example, Ecell immunoreactivity increased significantly in dorsal and
central retina at days 1 and 7 after PT injury (p < 0.05). In ventral retina, a significant
(p <0.01) increase in Ecell protein immunolabeling was observed only at day 7, which
matched a significant two-fold increase in mRNA levels of Ecell in ventral retina at day 7 fol-
lowing PT injury when assessed with PCR and when comparing normalised raw expression
data (Fig 5A). In dorsal retina at day 1 after PT, there was a significant (p < 0.01) increase in
GFAP immunoreactivity as well as an increase in GFAP gene expression; however, although
mRNA levels remained elevated compared to controls at day 7(QRT_PCR), GFAP protein
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Fig 5. Inmunoreactivity of Ecel 1 GFAP and ATF3 in retinal sections. (A) Endothelin converting enzyme-like 1 (Ecell), (B) Glial fibrillary acidic protein (GFAP) and
(C) Activating transcription factor-3 (ATF3); representative images shown for dorsal and ventral retina. Semi-quantification of immunointensity was performed on the
retinal ganglion cell layer (GCL) in dorsal, central and ventral retina on normal uninjured animals and the retina of animals at 1 and 7 days following PT. Error bars
show the standard error of the mean (SEM) for each experiment. Statistically analysis conducted on each region and significant differences between retinal tissue of
injured and uninjured ON are indicated by asterisks (* p-value < 0.05, ** p-value < 0.01, *** p-value <0.001). Scale bar = 10 pum.

https://doi.org/10.1371/journal.pone.0192348.9005

immunolabeling returned to essentially normal levels. GFAP immunoreactivity was not changed
in ventral retina at either time point after injury, although GFAP mRNA was significantly
decreased at day 1 in the array analysis. The level of ATF3 immunoreactivity reflects array mRNA
expression in dorsal retina after injury (Fig 5, Table 3). There was a significant increase in ATF3
protein immuno-intensity (p < 0.01) in dorsal retina at day 1 and 7 and in central retina at day 7
post injury (p < 0.05). Finally, ATF3 immunoreactivity was not different in ventral retina at days
1 and 7 after injury, despite significant increases in mRNA levels at day 1 (Table 3).

Discussion

This study documents the spatial and temporal profile of the retinal transcriptome after partial
transection (PT) injury to the adult rat optic nerve, a model for CNS injury. Such injuries

PLOS ONE | https://doi.org/10.1371/journal.pone.0192348 February 9, 2018 15/22


https://doi.org/10.1371/journal.pone.0192348.g005
https://doi.org/10.1371/journal.pone.0192348

@° PLOS | ONE

Altered retinal gene expression associated with primary and secondary degeneration after optic nerve injury

trigger a plethora of gene expression changes in the dorsal retina affected by the primary injury
that in many cases is different to the response in retinal tissue vulnerable to secondary degen-
eration. Although molecular changes following optic nerve transection or crush have been
described [20, 31-33], this is the first report to provide a comprehensive survey of the expres-
sion changes in retinal tissue associated with primary injury versus secondary degeneration,
and assessed at different times after the initial trauma. We show that events that lead to sec-
ondary degeneration are initially different to primary injury and result in the death of RGCs
by mechanisms that are distinct, presumably reflecting different degenerative processes. These
differences in molecular response to trauma are likely to account for the protracted period of
RGC death consistently seen after PT of the optic nerve [6, 9, 22, 26].

We performed RNA extraction from retinal tissue at days 1 and 7 following PT of the optic
nerve. An important aspect of the current study was the way retinal tissue was dissected out to
enable different regions of the retina to be analysed separately. Pieces of retinal tissue either
contained RGCs with axons directly transected after the primary PT injury, or contained
RGCs with initially intact axons but located in regions vulnerable to secondary degeneration
[7]. The advantage of using a microarray approach is that it does not require a priori assump-
tions about the genetic changes or molecular pathways involved. Further, microarray analysis
using whole retinal tissue makes no assumptions as to which cells contribute to the degenera-
tive events that follow ON injury, and the array characterizes the holistic genetic response to
injury. Analysis of changes in purified RGC populations would be informative, although physi-
cal isolation of these neurons might itself subtly alter gene expression in these already injured
neurons. Indeed, several studies indicate that the sequence of events leading to RGC death fol-
lowing ON injury may be strongly influenced by other cells residing in, or infiltrating, the ret-
ina [34, 35].

Here we describe the degenerative events of a heterogeneous cell population that is tissue
specific rather than cell-specific in response to PT injury. The distribution and density of dif-
ferent cell types in the retina is likely to change after injury between day 1 and 7 in dorsal
compared to ventral retina [9, 36]. Further, identified gene changes may reflect differential
activation of intrinsic and infiltrating inflammatory and immune cells within the retinal tissue.
Although a microarray analysis of mixed cellular population is undoubtedly ‘noisy’, it aids in
identifying the gene expression changes that occur because of the initial trauma and that con-
tribute to overall damage. In order to reduce the inherent noise associated with microarray
data, we employed stringent statistical analyses and confirmatory studies. Firstly, three biologi-
cal replicates were used, common in microarray studies [27, 28]. Secondly, differentially
expressed genes were rigorously selected based on statistical significance (p < 0.05) and appro-
priate fold change cut off. Finally, confirmatory RT-PCR studies were used to validate a
selected group of genes.

Similar to post-injury effects in other parts of the CNS [37], damage to the optic nerve
resulted in robust upregulation of Ecell (endothelin converting enzyme-like 1, also known as
damage induced neuronal endopeptidase DINE). Ecell is a neuron specific membrane bound
metalloprotease, which is thought to be activated by the interaction of ATF3, cJun and Stat3
via SP1, with the Ecell promotor present in damaged neurons [38]. Ecell enhances the expres-
sion and activity of antioxidant enzymes such as Cu/Zn-superoxide dismutase (SOD), Mn-
SOD, and glutathione peroxidase under conditions of oxidative stress in damaged neurons
[37]. Expression of Ecell is induced in response to spinal, optic, cortical and thalamic injuries,
and is restricted to damaged neurons rather than surrounding glial cells [37]. It is thought that
a chemical or mechanical injury to the axon precedes and may be required to induce Ecell
upregulation in the somata [37]. Here we report a substantial and rapid upregulation of Ecell
levels in dorsal retina containing RGCs with axons directly affected by the PT injury. However,
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initially we did not detect significant changes in the expression of Ecell gene and protein levels
in ventral retina, consistent with the fact that ventral axons remain initially intact after PT of
the optic nerve. While the array analysis did not show any changes in Ecell gene expression,
PCR and immunohistochemistry did demonstrate a significant increase in gene and protein
levels respectively. The early activation of ATF3 and previously reported upregulation of cJun
in ventral retina following PT injury [6], factors that precede Ecell activation [38], provide evi-
dence that Ecell is likely to be associated with secondary degeneration and potentially enhance
antioxidant activity of RGCs vulnerable to secondary degeneration.

The observed injury-response gene expression changes can essentially be separated into
those uniquely expressed in dorsal retina, and therefore regulated by the primary injury, and
those common to both dorsal and ventral retina, as well as a direct comparison between dorsal
and central retina at days 1 and 7 following ON injury. We did not observe any genes differen-
tially expressed only in ventral retina. In dorsal retina at day 1 and 7 following injury, the
expression of crystallin genes was significantly downregulated when compared to uninjured
neural tissue. There was a trend for crystallin family gene expression to be less downregulated
in ventral compared to dorsal retina after injury, this difference was not statistically significant.
Studies suggest crystallins, namely beta and gamma, play a role in regeneration following optic
nerve injury and are thought to be involved in cell protection by enhancing cellular resistance
to stress-induced apoptosis [39]. Following injury, several studies report dramatic upregula-
tion of some members of the crystallin family, including following ischemia-reperfusion injury
[40], light injury [41], mechanical injury [42]and optic nerve transection [32, 33]. Contrary to
these observations, retinal gene expression profiles demonstrated a downregulation in the
expression of crystallin members following optic nerve transection [43], in an animal model of
glaucoma [44], and following experimental elevation of intraocular pressure [31]. It has been
further demonstrated, through co-localization of crystallin expression and flurogold retro-
gradely labelled cells, that RGCs are the main cells expressing crystallins in the ganglion cell
layer [45]. We also found a significant and dramatic downregulation of Crybal at day 1, and
Cryba2, and Crygs at day 7 in dorsal retinal tissue. The downregulation cannot be simply
attributed to RGC death as our group and others demonstrate RGC loss begins at days 3-7 in
retinal tissue whose axons are transected [22, 26]. Therefore, we argue the injury signal
induced following PT injury may negatively regulate the expression of crystallin genes in the
retina, in both neural tissue affected directly by ON injury and proximate tissue vulnerable to
secondary degeneration, further reducing stress resistance capacity and facilitate degeneration.

One of the most enriched GSEA functional groups following PT injury was associated with
the oxidation-reduction process. This was perhaps not surprising, as increased reactive species,
anti-oxidant activity and oxidative damage in dorsal optic nerve is known to spread to areas of
the nerve vulnerable to secondary degeneration following PT [6, 16, 22]. An increase in
MnSOD immunoreactivity was also seen in central and ventral retina following PT injury
associated with RGCs [6, 26]. We demonstrate increased levels of oxidative stress in retinal tis-
sue impacted by the primary injury and early phases of secondary degeneration, suggesting
that the early propagation of injury signals spread locally from injured RGCs, as well as vulner-
able axons from the injury site. Interestingly, the lack of difference in expression profiles of
genes associated with oxidative stress in ventral retina at day 7 relative to normal tissue sug-
gests that tissue vulnerable to secondary degeneration remote from the injury may restore anti-
oxidant and homeostatic mechanisms, despite ongoing oxidative damage at the injury site [15,
46]. This is exemplified by changes in the glutathione anti-oxidant metabolic process, which is
different to uninjured tissue, in ventral retina vulnerable to secondary degeneration, at both
days 1 and 7 post injury.
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Interpreting the role of the immune response following CNS injury is complex, with the lit-
erature presenting a disparity between the inflammation that disrupts the maintenance of the
CNS on the one hand, versus the inflammation that under appropriate conditions facilitates
CNS repair. The inflammatory response is also suggested to play a critical role in the progres-
sion of secondary degeneration [4]. In this study, we provide evidence for significant changes
in the expression profiles of genes associated with the adaptive and innate immune response,
as well as cytokine mediated activity in primary and secondary degeneration. Regulation of
genes associated with the adaptive immune response seems to be temporally similar in primary
and secondary degeneration. Conversely, activation of the innate immune system is different
in dorsal compared to ventral retina, consistent with observed temporal differences in innate
inflammatory cell recruitment and infiltration to dorsal retina [6]

Different rates of RGC death in dorsal compared to ventral retina are a hallmark of primary
and secondary degeneration following PT injury [22, 26]. Our new data are consistent with
previous observations demonstrating significant RGC death in the dorsal retina as early as day
3 following PT, spreading to ventral retina by 3 weeks [22, 26]. Secondary RGC death follow-
ing PT injury is characterized by multiple mechanisms of death, with predominantly necrotic
morphologies as well as caspase-3 mediated apoptosis [26]. Elevated levels of pro-apoptotic
genes Bax and BAD, and downregulation of anti-apoptotic gene Bcl-2 in primary and second-
ary degeneration are also observed [22]. The present study supports these findings, with differ-
ential expression and enrichment of apoptosis associated genes in the mixed cellular
environment of retina as early as day 1 following PT in dorsal retina and delayed to day 7 in
ventral retina. Direct comparison between differentially expressed genes in dorsal and ventral
retina following ON injury lends further support for apoptosis associated genes being enriched
early after injury. Using GSEA and PANTHER we also demonstrate that retinal tissue in dorsal
and ventral regions is vulnerable to both intrinsic and extrinsic apoptotic mechanisms follow-
ing PT. However, it is important to note that gene sets associated with intrinsic and extrinsic
apoptotic pathways show significantly different expression patterns between dorsal and ventral
retina at days 1 and 7. Similarly, the gene expression pattern of apoptosis associated genes is
significantly different within dorsal and ventral retina across time. This not only suggests dif-
fering apoptosis mechanisms between primary and secondary degeneration, but also within
retinal regions across time, at least within the first week of injury, and before death of RGCs in
ventral retina reaches significant levels.

The expression profile of death-associated genes, including those relating to ER stress,
DNA damage and regulation of mitochondrial membrane permeability, were significantly dif-
ferent between injured and uninjured tissue, as well as between dorsal and ventral retina at day
1 post PT. Interestingly, we did not observe differences in the expression of death-associated
genes between dorsal and ventral retinal tissue at day 7 post injury, suggesting ventral retinal
tissue begins to behave transcriptionally, and potentially mechanistically, similar to dorsal ret-
ina. In particular, we observed a difference between the expression of genes that are associated
with positive release of cytochrome c in ventral retina following PT at day 1 compared to retina
of uninjured animals, suggesting that the cytochrome ¢ mediated apoptotic pathway is specifi-
cally associated with secondary degeneration. Conversely, response to ischemia appears to be a
global injury response independent of degenerative mechanism.

Understanding the propagating genetic changes and molecular pathways following axonal
lesion is key to the characterization of pharmacological intervention. Optic nerve injury neatly
represents in-vivo the events associated with neuronal apoptosis in the CNS and often the con-
clusions drawn from axotomized RGC apoptotic death can be generalised for neuronal death
following brain trauma [47]. In conclusion, the data confirm that a CNS tissue directly affected
by an injury experiences a more acute and pronounced injury response than tissue vulnerable
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to secondary degeneration. Nonetheless, in retina both primary and secondary injury resulted
in the upregulation of genes linked to cell death, but differences in the nature of these gene
changes suggest that death occurred via different mechanisms. Presumably the delayed
changes in regulatory genes associated with cell death in ventral retina accounted for the
delayed and slower degeneration of RGCs [99]. Further assessments at a later time point, con-
fined to the ganglion cell layer, would allow more direct comparison of RGC death associated
genes in primary and secondary degeneration. Taken together with previous findings, we dem-
onstrate, following CNS injury, responses to primary and secondary degenerative events are
genetically and mechanistically different, although in the retina at least, RGC viability is even-
tually compromised throughout. The complex molecular events that trigger secondary degen-
eration after CNS injury highlight the limited and narrowing time window for therapeutic
intervention.
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