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Abstract
Background: Glaucoma is characterized by the progressive dysfunction and loss of retinal ganglion cells. Recent
work in animal models suggests that a critical neuroinflammatory event damages retinal ganglion cell axons in the
optic nerve head during ocular hypertensive injury. We previously demonstrated that monocyte-like cells enter the
optic nerve head in an ocular hypertensive mouse model of glaucoma (DBA/2 J), but their roles, if any, in mediating
axon damage remain unclear.
Methods: To understand the function of these infiltrating monocyte-like cells, we used RNA-sequencing to profile
their transcriptomes. Based on their pro-inflammatory molecular signatures, we hypothesized and confirmed that
monocyte-platelet interactions occur in glaucomatous tissue. Furthermore, to test monocyte function we used two
approaches to inhibit their entry into the optic nerve head: (1) treatment with DS-SILY, a peptidoglycan that acts as
a barrier to platelet adhesion to the vessel wall and to monocytes, and (2) genetic targeting of Itgam (CD11b, an
immune cell receptor that enables immune cell extravasation).
Results: Monocyte specific RNA-sequencing identified novel neuroinflammatory pathways early in glaucoma
pathogenesis. Targeting these processes pharmacologically (DS-SILY) or genetically (Itgam / CD11b knockout)
reduced monocyte entry and provided neuroprotection in DBA/2 J eyes.
Conclusions: These data demonstrate a key role of monocyte-like cell extravasation in glaucoma and demonstrate
that modulating neuroinflammatory processes can significantly lessen optic nerve injury.
Keywords: Glaucoma, Retinal ganglion cell, Optic nerve, Monocyte, Vascular leakage, Extravasation, Platelet,
Neuroinflammation, RNA-sequencing

Background
Glaucoma is the leading cause of irreversible blindness, affecting ~ 70 million people worldwide [1, 2]. It
is a complex, multifactorial disease characterized by
the progressive dysfunction and loss of retinal ganglion cells (RGCs). Age, genetics, and intraocular
pressure (IOP) are all major risk factors.
Neuroinflammation may be a critical, and treatable,
pathogenic event in glaucoma [3]. Although a number
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of studies have examined neuroinflammatory pathways
in animal models of glaucoma, the molecular
identities of the cell types involved and how these
cells initiate damage need further elucidation. Recent
work has demonstrated expansion of CD163+ macrophage populations in the optic nerves of human
glaucoma patients [4], however the role of infiltrating
immune cells in glaucoma pathogenesis is unknown.
Interestingly, targeting neuroinflammatory pathways in
multiple models of glaucoma has been protective [3,
5–14]. As glaucoma shares many neurodegenerative /
neuroinflammatory events with other common neurodegenerations [15, 16] understanding the molecular
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identities and roles of these damaging cells is of paramount importance in developing novel therapeutic
strategies for diseases in which neuroinflammation
may play a key role.
Accumulating data suggest that key molecular
events driving RGC degeneration following a chronic
increase in IOP happen within the optic nerve head
(ONH) where RGC axons exit the eye [3, 5, 17–19].
At this location the axons are clustered into bundles
and remain unmyelinated. In the mouse, the blood
supply of the unmyelinated ONH is in direct contact
with neurons and forms a neuro-glial-vascular complex of pericytes, vascular endothelial cells, astrocytes,
and retinal ganglion cell axons [8, 20]. The ONH
contains a rich neuro-vascular network, and thus may
be particularly sensitive to neuroinflammatory insults.
The DBA/2 J mouse develops glaucoma with the
hallmark features of an inherited, chronic human
glaucoma [21, 22]. In our colony, elevated IOP
develops from 6 months of age onwards and IOP has
increased in the majority of eyes by 9 months of age.
Axon degeneration in the optic nerve is present by
10.5 months of age, while the majority of eyes have
severe glaucomatous neurodegeneration by 12 months
of age. During this glaucomatous disease progression,
a specific class of monocyte-like cells exits the vasculature and enters the ONH (CD45hi/CD11b+/CD11c+)
[18]. To date one of the most protective strategies in
DBA/2 J glaucoma is a radiation therapy [23]. In this
strategy, a sub-lethal dose of γ-radiation or a local
(eye-only) dose of X-ray radiation at 2–3 months of
age profoundly protects RGCs (~ 96% of eyes have no
glaucoma at 12 months of age) [18]. Most notably,
this radiation therapy prevents the infiltration of the
monocyte-like cell population. Therefore, strategies to
prevent monocyte infiltration into the ONH are
expected to have therapeutic value. However, previous
studies have not adequately tested the role of cellular
infiltration, whether these monocyte-like cells are
responsible for damage or are simply bystanders
remains to be elucidated.
Using microarray analysis of whole ONHs in DBA/
2 J mice following radiation therapy we identified
Glycam1 as a candidate molecule to mediate protection [18]. Supporting this, genetic knockout of
Glycam1 on a DBA/2 J background increased glaucoma susceptibility (i.e. increased the risk that an eye
would develop severe glaucoma) following radiation
therapy [24]. Although genetic ablation of Glycam1
restored entry of monocyte-like cells into the ONH,
glaucoma susceptibility was more modestly affected
[24]. The reasons for this require further evaluation
and may reflect the complex, context dependent
regulation of both cellular recruitment and cellular
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phenotypes following entry into the ONH. This highlights the importance of understanding the roles and
molecular identity of these monocytes in glaucoma.
Here, we use RNA-sequencing to characterize ONH
monocyte-like cell populations and identify novel
inflammatory pathways in early glaucoma following
periods of elevated IOP. We identify key pathways
pertaining to monocyte-like entry including PDGF
signalling and monocyte-platelet binding. We then
show that preventing monocyte-like cell extravasation
using the peptidoglycan DS-SILY provides a period of
optic nerve protection during glaucoma pathogenesis
in DBA/2 J mice. Following these experiments, we
genetically ablate Itgam (CD11b, an important cell
adhesion molecule in extravasation and a platelet-fibrinogen receptor). This prevents monocyte-like cell
entry and limits glaucoma pathogenesis, thus identifying CD11b as a key neuroinflammatory molecule.
Taken together, our data support a model whereby
monocyte-like cell entry is pathogenically important
in DBA/2 J glaucoma. These data suggest that therapeutic strategies that target these cells will have
therapeutic value in glaucoma and possibly an array
of other neuroinflammatory conditions.

Materials and methods
Mouse strain, breeding and husbandry

Mice were housed and fed in a 14 h light / 10 h dark
cycle with food and water available ad libitum [9]. All
breeding and experimental procedures were undertaken in accordance with the Association for Research
for Vision and Ophthalmology Statement for the Use
of Animals in Ophthalmic and Research. The Institutional Biosafety Committee (IBC) and the Animal
Care and Use Committee (ACUC) at The Jackson
Laboratory approved this study. C57BL/6 J (B6), DBA/
2 J (D2) and D2-Gpnmb+ strains were utilized and
have been described in detail elsewhere [25]. In DBA/
2 J mice, mutations in two genes (GpnmbR150X and
Tyrp1b) drive an iris disease with features of human
iris atrophy and pigment dispersion syndrome [22,
25–29]. In this disease, pigment disperses from the
iris and induces damage in the drainage structures of
the eye. This inhibits aqueous humour outflow and
leads to an increase in IOP. We used D2-Gpnmb+
mice as a control, a non-glaucomatous substrain of
DBA/2 J that does not develop elevated IOP [22].
D2.129S4(B6)-Itgamtm1Myd/Sj mice (D2.Itgam−/−; JR#
31084) were generated by backcrossing B6.129S4-Itgamtm1Myd/J mice (JR# 003991), heterozygous for the
Itgamtm1Myd allele, to DBA/2 J a minimum of ten
times (>N10) before intercrossing to generate mice
homozygous for the Itgamtm1Myd allele (>N10F1). The
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presence of the allele was confirmed by standard PCR
genotyping.
γ-Radiation therapy

A sub-lethal dose of γ-radiation (7.5Gy) was administered using a 137Cesium source in a single dose at
10–12 weeks of age. Mice were placed on a rotating
platform to ensure uniform administration of the
treatment. Mice were monitored follow radiation
treatment. In our colony this level of treatment does
not result in any adverse conditions and mice do not
require bone marrow reconstitution [18].
Clinical examination

D2 mice develop elevated intraocular pressure and
glaucoma subsequent to an iris disease. In all D2
glaucoma experiments, the progression of the iris
disease and intraocular pressure in mutant or drugtreated mice were compared to control D2 mice using
previously described methods [30]. In each experiment, iris disease and intraocular pressure were
assessed in 40 eyes per genotype or treatment. Iris
disease was assessed at two-month intervals starting
at 6 months of age until experiment completion.
Intraocular pressure was measured at 45-day intervals
beginning at 8.5–9 months of age until experiment
completion.
DS-SILY and LPS administration

D2 or B6 mice were injected with 1–100 μM DS-SILY
or DS-SILYBIOTIN [31, 32] in sterile saline once every
7–21 days by intravenous, intraperitoneal, or subcutaneous routes with or without ~ 1 μg/g[body weight]
LPS in sterile saline intraperitoneally (LPS O111:B4,
Sigma). Initial route and dose testing experiments
were performed in 10 week old mice. For glaucoma
neurodegeneration experiments mice were injected
intravenously once every 21 days from 6 to 7 to 10.5
or 12 months of age with 25 μM DS-SILYBIOTIN in
sterile saline.
FAC sorting

FAC sorting was performed as previously described
with some adjustments [33]. Prior to cell collection,
all surfaces and volumes were cleaned with 70%
ethanol and RNaseZap (ThermoFisher Scientific) solution followed by dH20. Mice were euthanized by
cervical dislocation, eyes enucleated and placed immediately into ice-cold HBSS. Single ONHs were
dissected from the eyes in HBSS on ice and placed
directly into 100 μl of a custom HBSS (Gibco),
dispase (5 U/ml) (Stemcell Technologies), DNase I
(2000 U/ml) (Worthington Biochemical) and SUPERase
(1 U/μl) (ThermoFisher Scientific) solution. Samples were
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incubated for 20 mins at 37 °C and shaken at 350
RPM in an Eppendorf Thermomixer R followed by
gentle trituration using a 200 μl pipette. For PBMC
samples whole blood was collect into EDTA saline via
cheek bleed in live mice just prior to euthanizing for
ONH collection. Blood samples were centrifuged,
EDTA saline removed, and then replaced with ACK
buffer on ice for 5 min. Following this, blood samples
were centrifuged, ACK buffer was removed, and the
following protocol was followed for both ONH and
PBMC samples. There is a caveat as we are forced to
assess PBMCs from a different tissue as there is no
corresponding control for monocyte-like cells in the
glaucomatous ONH (i.e. there are no ONH monocytes in genetic or treated controls, Additional file 1:
Figure S1). Samples were blocked in 2% BSA, SUPERase
(1 U/μl) in HBSS, and stained with antibodies secondary
conjugated antibodies against CD11b, CD11c, CD34,
CD45.2, GFAP, as well as DAPI. This cocktail allowed
other retina cell types to be accurately removed during
FACS. FACS was performed on a FACSAria (BD Biosciences) and CD45.2hi/CD11b+/CD11c+ (and negative for
all other markers) monocyte-like cells were sorted into
100 μl buffer RLT + 1% β-ME, vortexed and frozen at − 80
°C until further processing.
RNA-sequencing and analysis

Monocytes from single optic nerve heads or from
peripheral blood (restrained cheek bleed) were FAC
sorted into 100 μl buffer RLT + 1% βME and frozen at
− 80 °C until further processing. Samples were
defrosted on ice and homogenized by syringe in RLT
Buffer (total volume 300 μl). Total RNA was isolated
using RNeasy micro kits as according to manufacturer’s protocols (Qiagen) including the optional
DNase treatment step, and quality was assessed using
an Agilent 2100 Bioanalyzer. The concentration was
determined using a Ribogreen Assay from Invitrogen.
Amplified dscDNA libraries were created using a
Nugen Ovation RNA-seq System V2 and a primer titration was performed to remove primer dimers from
the sample to allow sample inputs as low as 50 pg
RNA. The SPIA dscDNA was sheared to 300 bp in
length using a Diogenode Disruptor. Quality control
was performed using an Agilent 2100 Bioanalyzer and
a DNA 1000 chip assay. Library size produced was
analysed using qPCR using the Library Quantitation
kit/Illumina GA /ABI Prism (Kapa Biosystems). Libraries were barcoded, pooled, and sequenced 6 samples per lane on a HiSeq 2000 sequencer (Illumina)
giving a depth of 30–35 million reads per sample.
Following RNA-sequencing samples were subjected
to quality control analysis by a custom quality control
python script. Reads with 70% of their bases having a
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base quality score ≥ 30 were retained for further analysis. Read alignment was performed using TopHat v
2.0.7 [34] and expression estimation was performed
using HTSeq [35] with supplied annotations and
default parameters against the DBA/2 J mouse genome (build-mm10). Bamtools v 1.0.2 [36] were used
to calculate the mapping statistics. Differential gene
expression analysis between groups was performed using
edgeR v 3.10.5 [37] following, batch correction using
RUVSeq, the removal of outlier samples and lowly
expressed genes by removing genes with less than five
reads in more than two samples. Normalization was
performed using the trimmed mean of M values
(TMM). Unsupervised HC was performed in R (1-cor,
Spearman’s rho). Following preliminary analysis, 1
sample was removed as an outlier. Adjustment for
multiple testing was performed using false discovery
rate (FDR). Genes were considered to be significantly
differentially expression at a false discovery rate (FDR; q)
of q < 0.05. Pathway analysis was performed in R, IPA
(Ingenuity Pathway Analysis, Qiagen), and using publically
available tools (see Results).

Axon labelling with PPD and grading of glaucomatous
damage

The processing of optic nerves and staining with
paraphenylenediamine (PPD) was as published [38].
PPD stains the myelin sheath of all axons but darkly
stains the axoplasm of only damaged axons. It is well
established to provide a very sensitive measure of
optic nerve damage. Briefly, intracranial portions of
optic nerves were fixed in 4% PFA at RT for 48 h,
processed and embedded in plastic. A segment of
optic nerve from within a region up to 1 mm from
the posterior surface of the sclera was sectioned
(1 μm thick sections) and stained with PPD. Typically
30–50 sections are taken from each nerve. Multiple
sections of each nerve were considered when determining damage level. Optic nerves were analyzed and
determined to have one of 3 damage levels:
(1) No or early damage (NOE) – less than 5% axons
damaged and no gliosis. This level of damage is
seen in age and sex matched non-glaucomatous
mice and is not due to glaucoma. Although none
of these eyes exhibit glaucomatous nerve damage,
this damage level is called no or early glaucoma
as some of these eyes have early molecular
changes that precede neurodegeneration. These
molecular changes can be detected by gene
expression studies [9]. Eyes with these early
molecular changes but no degeneration are
considered to have early glaucoma when
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discussing metabolic, mitochondrial and gene
expression changes in this paper.
(2) Moderate damage (MOD) – average of 30% axon
loss and early gliosis,
(3) Severe (SEV) – > 50% axonal loss and damage with
prominent gliosis.
Irrespective of treatment group, eyes with any
degree of optic nerve severity have been demonstrated
to have similar distributions of axon and soma loss.
Importantly, eyes with NOE graded optic nerves are
indistinguishable from controls (D2-Gpnmb+) in terms
of axon and soma numbers [5, 33]. The only exception is when somal and axonal degeneration pathways
are uncoupled in mice with mutations that prevent
somal but not axonal degeneration (in these cases
mice with SEV graded optic nerves have not lost their
retinal ganglion cell somas) [39]. Throughout this
manuscript to clarify that there is no axon/soma disease uncoupling we perform retinal ganglion cell
soma counts on retinas with corresponding NOE and
SEV graded optic nerves.
Flow cytometry

Mice were euthanized by cervical dislocation, eyes
enucleated, and placed immediately into ice-cold
HBSS. Optic nerve heads were dissected from eyes in
HBSS on ice and placed directly into a dispase and
DNase solution. Samples were incubated for 30 mins
at 37 °C and shaken at 350 RPM. Following this samples were blocked in 2% BSA in HBSS and stained
with antibodies against CD11b (PE or PE-Cy7),
CD11c (FITC, PE, or APC), CD45.2 (AF647 or BV),
and/or CD41 (FITC). Samples were stained with PI
for 5 mins before being run on the flow cytometer.
Four-colour flow cytometry was performed on a
FACSCaliber (BD Bioscience) or imaging cytometry
on an Amnis ImageStream X. Samples were run to
completion. Cell populations were analysed using
FloJo.
Immunofluorescent staining of retinal whole mounts and
sections

Mice were euthanized by cervical dislocation, their
eyes enucleated and placed in 4% PFA ON. Retinas
were dissected and flatmounted onto slides, permeabilized with 0.1% Triton-X for 15 mins, blocked with
2% BSA in PBS and stained ON at RT in primary
antibody (1:500 anti-RBMPS; Novus Biologicals,
NB100–105). After primary antibody incubation, retinas were washed 5 times in PBS, stained for 4 h at
RT with secondary antibody (AF594 or AF488). Slides
were then washed a further 5 times with PBS, stained
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with DAPI for 15 mins, mounted with fluoromount, coverslipped and sealed with nail-polish. For retinal sections,
eyes were cryoprotected in 30% sucrose ON, frozen in
OCT and cryosectioned at 18 μm. Slides were warmed to
room temperature and the procedure above was followed.
For immunofluorescence against platelets, pre-conjugated
antibodies (as in Flow Cytometry) were used. Retinas were
imaged on a Zeiss Axio Observer for low resolution
counts. Retinal sections were imaged on a Leica SP5 for
higher resolution images.
Nissl staining of frozen retinal sections

Mice were euthanized by cervical dislocation, their eyes
enucleated and placed in 4% PFA ON. Following this
eyes were cryoprotected in 30% sucrose, frozen in OCT
and cryosectioned at 18 μm. Slides were warmed to
room temperature, placed in 1:1 alchol:chloroform ON,
and rehydrated through serial alcohol gradient. Slides
were washed once in distilled water and stained for 15
mins in 0.1% cresyl violet in distilled water before being
differentiated in 95% alcohol, dehydrated in 100% alcohol and cleared in xylene. Slides were left to dry at RT,
mounted with fluoromount, coverslipped and sealed
with nail-polish. Sections were imaged using a Nikon
Eclipse E200.
Assessment of vascular permeability

To assess retinal vascular permeability mice were
restrained and intravenously tail vein injected with
0.02% Hoechst 33342 in sterile saline. Fifteen
minutes after injection, mice were euthanized by cervical dislocation and eyes enucleated and placed in
4% PFA for 2 h. Retinas were subsequently dissected,
flatmounted onto slides and imaged as above. Eight
representative images per retina were taken, and the
number of Hoechst+ nuclei in the ganglion cell layer
(excluding vascular endothelial cells) were counted.
Statistical analysis

The sample size (number of eyes, n) is shown in each
figure legend. Graphing and statistical analysis was
performed in R. Student’s t test was used for pairwise
analysis in quantitative plots and error bars refer to
standard error of the mean unless otherwise stated.
For nerve grade comparisons Fisher’s exact test was
used. * = P < 0.05, ** = P < 0.01, *** = P < 0.001.

Results
Monocyte specific RNA-sequencing identifies novel
neuroinflammatory pathways early in glaucoma
pathogenesis

To characterize monocyte-like cells in the ONH following periods of elevated IOP, we first analysed
ONHs from DBA/2 J (D2) mice by flow cytometry. In
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our colony, iris disease occurs at ~ 6 months of age
with elevated IOP having been present in the majority
of eyes by 9 months of age. At this 9 months of age
time point there are already transcriptomic changes
to RGCs, but without any overt histological disease
phenotype [33]. Consistent with our previous study
[18], we first demonstrate that CD45hi/CD11b+/
CD11c+ monocytes are present in the ONHs of 9
month old D2 mice. These cells were not present in
ONHs of control mice (D2-Gpnmb+; a substrain of
D2 mice that do not develop elevated IOP) or
radiation-treated D2 mice that are protected from
glaucoma [18, 23] (Additional file 1: Figure S1).
Although IOP is elevated at this time point, there is
no detectable damage to the optic nerve. Together,
this suggests that CD45hi/CD11b+/CD11c+ monocytelike cells are part of a very early disease process.
To elucidate the mechanisms of monocyte entry
and to determine the molecular changes that occur in
these cells early in disease, we performed RNA-sequencing on the RNA from CD45hi/CD11b+/CD11c+
monocytes from the ONH and from peripheral blood
of pre-neurodegenerative 9 months of age D2 mice
(Additional file 2: Figure S2). We use peripheral
blood monocytes (PBMCs; with the same marker profile of CD45hi/CD11b+/CD11c+) as a control as there
is no monocyte entry in control D2-Gpnmb+ or
young D2 eyes. The corresponding optic nerves of all
analysed eyes were confirmed to have had no detectable glaucomatous changes (by analysing optic nerve
cross sections, data not shown). A total of 26 samples
across all groups were successfully amplified and
sequenced.
We have previously used hierarchical clustering
(HC) to define molecularly distinct groups within
microarray gene expression studies from whole retina
and whole ONH, or following RNA-sequencing of
RGC RNA [9, 33, 40]. Thus, we reasoned that HC
would allow us to define molecularly distinct groups
of ONH monocyte samples. Our criteria for HC
groups were that all controls clustered together and
that the maximum number of samples was represented. Using this strategy, HC allowed clustering of
samples into 3 distinct clusters in which all peripheral
blood monocyte samples clustered into one group
while the ONH monocyte samples clustered into an
additional 2 groups (ONH Monocytes Group 1 and 2)
(Fig. 1a-e). Pairwise comparisons were made between
each group.
ONH Monocytes Group 1 vs. peripheral blood
monocytes had the largest number of differentially
expressed (DE) genes (n = 1677 genes) and shared the
majority of DE genes present in ONH Monocytes
Group 2 vs. peripheral blood monocytes (62% of
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(See figure on previous page.)
Fig. 1 RNA-sequencing of monocytes in glaucoma. a Heatmap correlations of all samples (Spearman’s rho, blue = high correlation, red = lowest
correlation). Dendrogram is shown in grey at top and left of heatmap. The cut-off to generate clusters on the dendrogram is shown as
the horizontal dashed line labelled “cut”. Cutting strategy was defined as all control (peripheral blood monocytes; PBMC) samples falling
into one group with the maximum number of total samples retained. b Venn diagram showing number of DE genes (FDR, q < 0.05) between ONH
Monocytes Group 1 vs. PBMCs and ONH Monocytes Group 2 vs. PBMCs (red and blue), and shared DE genes between groups (purple). c Histogram of
DE genes by fold change between ONH Monocytes Group 1 vs. PBMCs. d Heatmap showing all DE genes (x) by sample (y). Red = highly expressed,
blue = lowly expressed. e Scatter plot showing all genes (dots, not DE = grey, DE and enriched in PBMCs = blue, DE and enriched in ONH Monocytes
Group 1 = red). Top 20 DE genes are named

genes) (Fig. 1b, Additional file 3: Figure S3). In addition
to a greater number of DE genes, samples in the Group 1
cluster appeared to have a more inflammatory phenotype
as determined by a higher expression of Itgax [CD11c]
and lower expression of Cx3cr1 [41] (Additional file 4:
Figure S4). Subsequent pathway analysis identified highly
enriched inflammatory pathways in ONH monocytes
including B cell and T cell signalling, chemokine and
cytokine signalling pathways, cell adhesion, thrombin, and
PDGF signalling pathways (Additional file 5: Table S1,
Additional file 6: Figure S5).
Alternative splicing analysis identifies additional
neuroinflammatory pathways in early glaucoma
pathogenesis

Alternative splicing increases transcriptomic complexity by producing multiple mRNA isoforms from single
genes. To assess RNA alternative splicing in our
monocyte populations we utilized MATS (Multivariate
Analysis of Transcript Splicing [42]) to analyse reads
from ONH and peripheral monocytes in our groupings as above. We found that there were a large number of potential splicing variants in monocyte genes,
and this was more enriched in Group 1 vs. PBMCs
than Group 2 vs. PMBCs. MATS allowed the discovery of 5 different splice isoforms; alternate 3′ SS
(splice site; A3SS), alternate 5′ SS (A5SS), retained
introns (RI), skipped exons (SE), and mutually exclusive exons (MXE). Of these, SEs and MXEs were the
most abundant in our data sets accounting for ~ 90%
of differentially expressed splicing events in Group 1
and ~ 75% events in Group 2 (Fig. 2a-d). Further
KEGG pathway analysis showed a number of DE genes
associated with RNA splicing in the Group 1 vs. PBMCs
dataset (GO TERM: RNA Splicing) (Fig. 2e). Pathway
analysis of differentially spliced transcripts from
Group 1 showed enriched pathways related to eIF2
and mTOR signalling (both implicated in glaucoma
pathogenesis [33]), as well as eIF4 signalling (implicated in multiple sclerosis [43, 44]), and leukocyte
extravasation signalling (Additional file 7: Table S2).
eIF2 signalling is particularly interesting as; (1) eIF2 signalling regulates proinflammatory cytokine expression
[45], (2) phosphorylation of eIF2α promotes translation of

ATF4 mRNA which regulates genes important for
resistance to oxidative stress and glutathione synthesis
[46, 47]. Cytokine expression and oxidative stress
have been demonstrated in glaucoma [33, 48], and (3)
eIF2 signalling was the most enriched pathway in D2
RGCs compared with no glaucoma controls in our
previous study [33]. This points to an interesting
nexus of neuroinflammation, oxidative stress, and
cytokine
expression
during
early
glaucoma
pathogenesis.
We next used IGV (Integrative Genomics Viewer
[49, 50]) to examine the individual genes affected by
alternative splicing as certain transcript isoforms are
associated with a pro-inflammatory response in
immune cells [51]. Many genes that confer a pro-inflammatory status in immune cells were alternatively
spliced in our datasets (Additional file 8: Table S3).
One such example is PTPRC (CD45, Ptprc in mouse),
a well-studied example of alternative splicing in human pro-inflammatory immune cells [51]. PTPRC /
CD45 is a transmembrane protein tyrosine phosphatase that is critical for activation of homeostatic T cells
[52]. Exons 4, 5, and 6 of PTPRC are variable cassette
exons that are alternatively spliced to create five
mRNA products. In activated T cells, the predominant
isoform exhibits skipping of all three cassette exons
[51, 52]. Interestingly, we observed skipping of Ptprc
exons 4, 5, and 6 in Group 1 monocytes compared
with PBMCs (Fig. 2f ). Changes in the expression of
Ptprc isoforms between Group 1 monocytes and
PBMCs suggests a shift in transcript splicing patterns
indicative of a pro-inflammatory cell output. This
provides further evidence that cells enter the ONH
from the periphery and become damaging, and may
be an initiating factor in axon damage in the ONH
during early glaucoma pathogenesis.
RNA-sequencing implicates a role for monocyte-platelet
binding in glaucoma

Due to the large number of DE genes between ONH
Monocytes Group 1 and peripheral blood monocytes,
we sought further definition of differentially expressed
gene set regulation by generating gene modules. We
assessed changes that were driving differential gene
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(See figure on previous page.)
Fig. 2 RNA alternate splicing in ONH monocytes. RNA alternative splicing analysis was performed using MATS [42]. a and b Pie diagrams showing
number of differentially expressed splicing events (FDR < 0.05) between ONH Monocytes Group 1 (a) and ONH Monocytes Group 2 (b) vs. PBMCs.
Events were classed as either A3SS (alternate 3’ SS), A5SS (alternate 5’ SS), RI (retained introns), SE (skipped exons), or MXE (mutually exclusive exons). c
Total number of DE splicing events / total number of mapped splicing events. d Percentage of DE splicing events. e Scatter plot for all genes under
the GO Term: RNA splicing (GO:0006395) in ONH Monocytes Group 1 vs. PBMCs. Grey = not DE, red = DE (FDR < 0.05). DE genes at FDR < 0.01 with a
log2 CPM > 5 are named. f Transcriptome plot (IGV) showing alternative splicing (skipping of exons 4, 5, and 6) of Ptprc (CD45). Black = PBMC
representative samples, red = ONH monocyte representative samples

expression by generating modules of only differentially expressed genes from ONH Monocytes Group 1
vs. peripheral blood monocytes by 1-cor clustering
(Spearman’s rho). This clustering strategy allowed the
generation of 5 modules with at least 200 genes to enable
pathway analysis (Modules 1–5). Initial IPA pathway analysis of gene sets from each module discovered a unique
set of pathways in each module, with metabolic dysfunction and pro-inflammatory conditions being an overall
theme. Module 1 was characterized by metabolic pathways especially mitochondrial dysfunction and mTOR signalling, both implicated in glaucoma [33, 53–55], Module
2 by inflammatory pathways (IL10, IL6, PI3K in macrophages), Module 3 by RNA/DNA events related to both
splicing and repair, Module 4 by metabolic pathways
(glycogen, cholesterol, mitochondrial dysfunction), and
Module 5 by repair pathways (ATM signalling) and platelet aggregation (thrombin signalling) (Additional file 9:
Figure S6, Additional file 10: Table S4).
The genes and pathways implicated in Module 5 are
particularly interesting as it gave further clues to the
identity of these monocyte-like cells. Thrombin (thrombin signalling –log P = 2.1) is a potent chemotactic pathway for macrophages [56, 57] and is mitogenic for
astrocytes [58, 59]. Microglial activation and glial proliferation are implicated in glaucoma [8, 9, 60–62].
Thrombin signalling promotes clotting by converting
fibrinogen to fibrin, by triggering the release of platelet
activators, and triggering morphological changes to
platelets [63, 64]. In addition, thrombin can directly act
on the vascular endothelium promoting vasodilation and
increased permeability [65, 66].
Further pathway analysis using PANTHER classification analysis (protein analysis through evolutionary relationships [67]) identified PDGF signalling as one of the
top enriched pathways. Our modular analysis further
implicated the role of PDGF signalling in ONH monocytes and PDGF signalling was in the top 2 enriched
pathways in 3/5 of our modules (Additional file 11:
Table S5). PDGF can lead to MAPK and PI3K activation,
platelet activation, lymphocyte motility, in addition to
being a potent chemoattractant [68–70]. Although
PDGF receptors are not expressed on peripheral blood
monocytes, PDGFRβ is induced upon differentiation into
macrophages [70]. This lends further evidence for

monocyte-like cells entering the ONH and differentiating into potentially damaging macrophage/microgliallike cells in DBA/2 J glaucoma.
In addition to the role of platelets in endothelial repair,
a wealth of evidence demonstrates that platelet binding
to monocytes facilitates monocyte entry into tissue by
forming monocyte-platelet aggregates that enhance
monocyte recruitment to sites of damage [71–74]. In
addition, platelets can transfer proteins and RNAs into
monocytes affecting their function [75, 76]. Given this
evidence we hypothesized that platelet binding to
monocytes might play a role in monocyte entry following
periods of elevated IOP. To visualize monocyte-like cells
and assess platelet binding, we utilized imaging cytometry
and immunofluorescence. ONH monocyte samples were
stained with an antibody against CD41 (a platelet marker
[77]), demonstrating that a large majority (> 90%) of the
CD45hi/CD11b+/CD11c+ infiltrating monocyte-like cells
in the ONH were platelet-bound (i.e. CD41+) (Fig. 3a-c).
Immunofluorescence staining on tissues sections
through the ONH of D2 and D2-Gpnmb+ control
tissue further demonstrated monocyte-platelet aggregates (Additional file 12: Figure S7).
DS-SILY administration prevents monocyte-like cell entry
and provides an extended period of neuroprotection in
glaucoma

DS-SILY is an engineered peptidoglycan that binds type
I collagen. DS-SILY efficiently reduces immune cell and
platelet binding by binding to the same targets on endothelial cell surfaces [31, 32]. To evaluate the use of
DS-SILY in reducing monocyte-like cell entry into the
optic nerve head we tested the effects of DS-SILY
administration on CD45hi/CD11b+/CD11c+ infiltrating
monocyte-like cells following LPS administration.
Administration of 1 μg/g[body weight] LPS to 10 weeks
old C57BL/6 J (B6) mice was sufficient to drive the entry
of CD45hi/CD11b+/CD11c+ infiltrating monocyte-like
cells into the ONH over a 21-day period at a similar
number (100–300 cells) to that which occurs in D2 glaucoma [18] (Fig. 4a and b) (without causing optic nerve
degeneration as assessed by PPD staining, data not
shown.). This LPS insult was also able to drive CD45hi/
CD11b+/CD11c+ infiltrating monocyte-like cell entry
into young, pre-disease D2 eyes (Fig. 4c).
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Fig. 3 The majority of monocytes entering ONH tissue during glaucomatous progression are platelet bound. We have previously demonstrated
that monocytes entering the ONH tissue during glaucoma are CD45hi/CD11b+/CD11c+ (Additional file 1: Figure S1 and [9]). RNA-sequencing
analysis of ONH monocytes implicates platelets early in glaucoma pathogenesis. To determine if monocyte-platelet aggregates were present in
the ONH in glaucoma flow cytometry was performed. a and b Antibodies against CD41 (a platelet marker) demonstrated that the majority (> 90%)
of CD45hi/CD11b+/CD11c+ ONH monocytes were also platelet bound (n = 18 ONHs) compared to < 2% of PBMCs (n = 10 peripheral blood samples). c
When visualized using imaging flow cytometry there were evident platelets bound to monocytes in the ONH (green, c) (n = 4 ONHs). Examples of
monocyte-platelet aggregates and platelet negative monocytes are shown. BV = brilliant violet (blue/violet), FITC = fluorescein isothiocyanate
(green), PE = phycoerythrin (yellow/orange), APC = allophycocyanin (red)

To test if monocyte-like cell entry into the ONH is
required for glaucomatous disease progression, we
treated mice with the peptidoglycan DS-SILY [31, 32].
This peptidoglycan is well established to inhibit monocyte and platelet binding to collagen at sites of damaged
endothelium and can thus lessen vessel wall-platelet and
monocyte-platelet interactions, and decrease platelet
activation [31, 78]. We used our inducible LPS model of
optic nerve inflammation to optimize the route of delivery and dose of DS-SILY using young B6 or D2 mice.
Intravenous administration of 25 μM DS-SILY was found
to have the most potent anti-inflammatory effect based
on inhibition of monocyte entry into the ONH. This effect was potent and long lasting, lasting > 21 days after
initial DS-SILY administration (Fig. 4a-c). Using a
biotinylated form of DS-SILY (DS-SILYBIOTIN [32]) we
confirmed that DS-SILY enters ocular tissues rapidly and
was bound to vascular endothelium of the retina, ONH,
and choroid (Additional file 13: Figure S8).
To test the long-term effects of DS-SILY treatment,
D2 mice were intravenously administered 25 μM DSSILY in sterile saline (or a saline-only control) once
every 21 days from 7 months of age. Tissues were
collected at 10.5 and 12 months of age which are key
glaucoma time points in this model in our colony, and
ONHs were processed for flow cytometry. The number of
CD45hi/CD11b+/CD11c+ infiltrating monocyte-like cells
was determined in DS-SILY and saline-only control eyes
by flow cytometry demonstrating that DS-SILY could
potently inhibit monocyte-like cell entry into D2 ONHs
(Fig. 4d-f).
Finally, we aimed to determine if inhibition of monocytelike cell extravasation by DS-SILY administration would be
protective against glaucomatous neurodegeneration. Using
a sensitive stain for damaged/degenerating axons (PPD) we
found that DS-SILY treated optic nerves were robustly
protected from damage at 10.5 months of age but this
protection was no longer evident at 12 months. Thus,
DS-SILY significantly delayed the onset of glaucomatous
neurodegeneration.
Our group and others have previously demonstrated
that following genetic or pharmacological manipulation
of RGCs, axon and soma degeneration can become
uncoupled after injury, e.g. soma but not axon survival

in Bax KO mice [39], and axon but not soma survival in
WldS rats [79]. To confirm that DS-SILY treatment did
not uncouple axon and soma survival, we analysed the
soma in mice with no (NOE) or severe axon disease
(SEV). As assessed by RBPMS staining, DS-SILY treated
eyes with no optic nerve damage (NOE) also had no
RGC soma loss while eyes with severe optic nerves had
severe loss of soma demonstrating no uncoupling of
axon and soma disease following DS-SILY administration
(Fig. 5a-c). Importantly, DS-SILY administration did not
alter iris disease and ocular hypertension, thus its effects
were neuroprotective (Additional file 14: Figure S9). Together, these data suggest that infiltrating monocyte-like
cells promote degeneration in DBA/2 J glaucoma. They
suggest that platelets promote glaucoma pathogenesis,
but further experiments are required to precisely define
the role of platelets in this model.
Elevated IOP induces retinal vasculature permeability

Vascular leakage in the optic disk and retina has been
shown to be a component of some human glaucomas,
and this may contribute to a neuroinflammatory cascade
[80–82]. Given that DS-SILY targets the endothelium
and prevents increases in vasculature permeability in
other model systems, we explored whether vasculature
permeability changes occur in D2 mice and whether
DS-SILY’s actions may, in part, be due to its protective
effects on the endothelium.
The ONH is supplied by backwards capillaries emanating from the choroid, directly beneath the retinal
pigment epithelium, RPE, and surrounding the ONH
[83]. These vessels are highly fenestrated and thus ‘leaky’
[84–86], and may confound any experiments assessing
vascular leakage in the ONH. In contrast to the ONH,
the neural retina is protected from the central blood
supply by the blood-retinal barrier (BRB) that closely
resembles the blood brain barrier, containing tight junctions that limit the passage of micro- and macro- molecules. The BRB consists of two barrier sites: the RPE
(the outer barrier) and the retinal capillary endothelial
cells (the inner barrier) [83]. We have previously demonstrated that monocytes infiltrate into the retina as well
as the ONH during D2 glaucoma [18]. Therefore, as the
vasculature of the choroid is inherently leaky, we
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Fig. 4 DS-SILY prevents monocyte entry to the ONH. a, b and c 1 μg/g [body weight] LPS delivered by intraperitoneal injection is sufficient to drive
monocyte entry into the ONH of young, non-diseased B6 mice after 21 days (a, red bars). To prevent monocyte entry into the ONH DS-SILY was
administered by three different routes; DS-SILY was protective when administered by an intravenous route, (a, purple bars) in a dose dependent
manner (b). Although administration by IP had similar potency to IV, its effects were less long-lasting, lasting; IV lasted > 21 days; IP only 3–5 days
(not shown) (n = 4 for all route testing conditions, n > 6 for all concentration testing conditions). DS-SILY administered at 1 μM was used as a sham
control (blue bars in a, b and c). c Further testing in young D2 mice determined that DS-SILY was most potent at 25 μM (n = 11 LPS only; 9 DS-SILY
only; 23 DS-SILY 10 μM; 8 DS-SILY 25 μM). d Subsequently 25 μM DS-SILY was administered every 21 days via intravenous injection to the tail vein of
D2 mice starting at 6–7 mo of age. Mice administered DS-SILY and saline sham controls were harvested at 10.5 mo and ONHs assessed for monocyte
entry by flow cytometry. DS-SILY robustly protected from CD45hi/CD11b+/CD11c+ monocyte entry (n = 24 saline; 23 DS-SILY). e A subset of monocytes
that still entered in DS-SILY treated ONHs were still platelet positive (n = 2 pools of 4 ONHs each). f Example flow plots are shown for (d).
CD11b+/CD45+ = myeloid-derived cells (i.e. microglia and monocytes in the ONH), CD11b+/CD45hi = all monocytes, CD11b+/CD45hi/
CD11c+ = infiltrating monocyte-like cells, CD11b+/CD45hi/CD11c+/CD41+ = infiltrating monocyte-like cells that are platelet bound
(i.e. monocyte-platelet aggregates)

assessed the retinal vasculature for changes in permeability (i.e. assessing the inner BRB). Utilizing D2,
D2-Gpnmb+, and radiation-treated D2 mice we used the
DNA binding dye Hoechst 33342 (small molecular
weight of 453 g/mol) as an indicator of vascular
permeability. We chose a small molecular weight dye to
assess vascular permeability versus gross vascular
leakage [86]. We discovered that retinas of D2 mice at
9 months of age (but not D2-Gpnmb+) are permeable
to intravenously injected Hoechst (Additional file 16:
Figure S10). Radiation therapy did not prevent endothelial permeability to Hoechst suggesting that the protection mediated by radiation therapy is downstream to, or
independent of, vascular permeability. Further work
and tool development outside of the scope of this study
are required to fully assess vasculature permeability in
the ONH during glaucomatous insults.
Vascular leakage was present in the retinas of 9 month
old D2 mice (prior to RGC loss), but not age-matched
D2-Gpnmb+ mice, suggesting that vascular permeability
may be driven by changes in IOP and possibly by
monocyte-platelet aggregates. Although platelets are
conventionally known to promote vascular integrity,
they are capable of inducing and maintaining permeability [87, 88]. Vascular permeability in inflamed joints is
abrogated when platelets are absent [89]. Thus, we
assessed the effects of DS-SILY on retinal vascular permeability in D2 glaucoma. D2 mice were administered
DS-SILY (as above) from 7 months of age and were
intravenously injected Hoechst at 9 months of age. Analysis of DS-SILY administered retinas showed no leakage,
similar to D2-Gpnmb+ controls, demonstrating that
DS-SILY was able to potently inhibit the development of
IOP-induced retinal vascular permeability (Fig. 5d).
Itgam (CD11b) mediates monocyte-like cell entry and
optic nerve damage in glaucoma

We next sought to understand the upstream molecules that may affect monocyte identity and activity.
Enrichment analysis of DE gene Modules 1–5 using

DiRE (distant regulatory elements of co-regulated
genes [90]) allowed further insight into upstream
effectors/transcription factors (Additional file 15:
Table S6). Of primary interest, Module 2 favoured
monocyte development and differentiation (e.g. Gata3,
Vdr). The activated vitamin D receptor (VDR) is a
master regulator for monocytic differentiation, inducing differentiation of monocytes into resident macrophage populations [91, 92]. Vitamin D3 has been
shown to increase cell surface expression of Itgam
(integrin subunit alpha m or CD11b), the α subunit
of CR3 (complement receptor 3) [92, 93]. We have
previously reported important roles for the complement pathways in glaucoma [5–7, 9, 94] and the genetic subunits of CR3 (Itgam and Itgb2) are both
highly expressed in our infiltrating monocytes, represented in the top 1.5% of expressed genes.
Itgam encodes a cell adhesion molecule that is
central in monocyte entry into tissues including adhesion of monocytes to fibrinogen and to platelets [95–
98]. In addition, CD11b is upregulated on human
monocytes following platelet adhesion [74]. Given
these data, including the fact that Itgam is one of the
highest expressed genes in our monocyte populations, Itgam is an excellent candidate to modulate
IOP-induced monocyte entry. To test the role of
Itgam, we generated D2 mice carrying a null allele
of Itgam (D2.Itgam−/−). D2.Itgam−/− mice had no detectable levels of CD11b protein, and had iris disease
that was indistinguishable from wild-type controls
and ocular hypertension that was indistinguishable
from wild-type controls at 8 and 10 months of age
but tended to persist longer (P < 0.01 at 12 months
of age) (Additional file 17: Figure S11).
We next assessed monocyte numbers in the optic
nerve head by flow cytometry in D2.Itgam−/− and wildtype control mice. CD11b was not used for gating in this
analysis, as D2.Itgam−/− mice had no detectable levels of
CD11b. Thus, CD45hi cell numbers were regarded as
representative of monocytes for this experiment.
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Fig. 5 DS-SILY protects from D2 glaucoma at 10.5 mo of age. 25 μM DS-SILY was administered every 21 days via intravenous injection to the tail
vein of D2 mice starting at 6–7 mo of age. Mice administered DS-SILY and saline sham controls were harvested at 10.5 and 12 mo and optic
nerves and retinas were assessed for glaucomatous neurodegeneration. a DS-SILY administration significantly protected D2 eyes from glaucoma
at 10.5 mo as assessed by optic nerve assessment (green = NOE; no detectable glaucoma but called no or early glaucoma as some eyes have
early gene expression changes, yellow = MOD; moderate glaucoma, red = SEV; severe glaucoma). b Agreeing with this, RGC numbers were preserved
in protected eyes with no detectable glaucoma (blue bars = saline sham, purple bars = DS-SILY). Eyes with severe glaucoma had also lost their RGCs
indicating that DS-SILY treatment did not uncouple somal and axonal degeneration (SEV bars)). c Examples of no glaucoma and severe glaucoma
retinas as assessed by RBPMS staining (an RGC marker; left; n = 5 for each condition), Nissl staining (center; n = 5 for each condition), and optic nerve
cross sections assessed by PPD staining (right; n = 55 saline 10.5 mo; 64 saline 12 mo; 80 DS-SILY 10.5 mo; 66 DS-SILY 12 mo). Top row shows examples
of severe retinas from representative eyes with severe optic nerve damage (SEV) as assessed by PPD staining of the optic nerve, bottom row shows
examples of retinas with no neurodegeneration in the optic nerve (NOE graded nerves). d DS-SILY administration potently prevents vascular leakage in
the retina at 9–9.5 mo (n = 18). Vascular leakage was assessed by an intravenous injection of the nuclear label Hoechst (green). Retinas were flat-mounted
and Hoechst positive ganglion cell layer nuclei (excluding vascular endothelial cell nuclei) were counted across the retina from 8 representative regions in
each eye. The bright region (*) over the optic nerve head in the right hand panel is due to labelling of cells in a residual tuft of hyaloid vasculature over
the ONH (as often occurs in mice) and does not indicate increased leakage in the optic nerve. Scale bar = 100 μm. The numbers above D2-Gpnmb+ and
DS-SILY 25 μM represent the data points

D2.Itgam−/− had significantly diminished numbers of all
myeloid derived cells in the ONH (i.e. CD45+ and
CD45hi cells, Fig. 6a-b), supporting a diminished number
of CD45hi/CD11c+ cells in the ONH. Very few CD45hi/
CD11c+ cells were observed in the ONH of D2.Itgam−/−
mice (0.5% of viable cells, Fig. 6a), but this did not reach
statistical significance (P = 0.06). Collectively, these data
suggest that CD11b is an important mediator of
monocyte-like cell entry in D2 glaucoma.
Genetic ablation of Itgam robustly prevented
monocyte-like cell entry, and so we next assessed optic
nerves and retinas for glaucomatous neurodegeneration.
D2-Itgam−/− eyes had a greatly decreased frequency of
monocyte infiltration (Fig. 6a) that corresponded with a
significantly decreased risk of developing severe glaucoma (Fig. 7a-c). This protection against glaucoma was
significant out to later disease time points (12
months) as assessed by PPD staining of the optic
nerve. Axonal and somal disease process were not
uncoupled by genetic removal of Itgam, which
protected both RGC soma and axons (Fig. 7b-c). Collectively, these data suggest that monocyte-like cell
entry is a key mediator of optic nerve degeneration in
DBA/2 J glaucoma.

Discussion
Our group and others have identified the ONH as a critical site of insult and damage early in glaucoma [4, 19,
99–105]. The ONH contains a network of glial cells that
support RGC axons and a neurovascular network acting
as a blood-retinal barrier. DBA/2 J glaucoma appears to be
(at least partially) a neuroinflammatory disease with damage coordinated through dysfunctional RGCs, reactive
glial cells, and the infiltration of monocyte-like immune
cells from the blood [3, 18, 24, 94]. Recent work has demonstrated that CD163+ macrophage numbers increase in
the ONH of human patients with both mild and severe
glaucomatous optic neuropathy, and thus, immune-cell

infiltration or expansion may be an important part of at
least some human glaucomas [4]. However, the roles and
molecular profiles of infiltrating monocyte-like cells are
not adequately demonstrated by previous publications,
and thus are the major focus of the current study.
We first confirmed monocyte-like cell extravasation
by cell labelling using CFDA within the spleen (with
labelled cells homing to the ONH) and by flow
cytometry for cells with high expression of CD45
(CD45hi) in the ONH [18]. CD45 is a well-established
marker for circulating cells derived from bone
marrow, with infiltrating monocytes being CD45hi and
resident microglia being CD45lo [106, 107]. We found
that monocyte numbers are increased in the ONH in
ocular hypertensive DBA/2 J mice compared to
normotensive D2-Gpnmb+ mice (Additional file 1:
Figure S1) [5, 18]. Although it is possible that Gpnmb
genotype modulates immune cell entry, these data
suggest ocular hypertension causes neuroinflammation
in the ONH in DBA/2 J mice. An increase in neuroinflammatory molecules in the ONH is seen in many
animal models of induced ocular hypertension.
However, the effect of ocular hypertension on monocyte entry, in DBA/2 J mice and in other glaucoma
models, has yet to be fully determined. Infiltrating
monocyte-like cells are predicted to produce damaging molecules that drive neurodegeneration in
DBA/2 J glaucoma, including endothelin 2 and complement component C1. Altering endothelin 2 or
complement C1 is protective in this model supporting
a role for these monocyte-like cells in this disease [6,
7, 9]. In fact, adding endothelin 2 to radiation treated
DBA/2 J mice (mice that are typically protected from
glaucoma) induces glaucoma-like neurodegeneration
[7, 9, 18].
In the current datasets, optic nerve head monocytelike cells highly express various complement genes
(including C1qa, C1qb, C1qc, C3, and C3ar1), and
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Fig. 6 Genetic ablation of CD11b (Itgam) decreases monocyte number in the ONH. To determine whether genetic ablation of Itgam affects monocyte
entry into the ONH during glaucoma, D2.Itgam−/− mice and genetic controls were harvested at 10.5 mo and ONHs assessed for monocytes by flow
cytometry. a CD45+ and CD45hi cell number in the ONH was significantly decreased in Itgam−/− mice (a, left). Homozygous knockout mice lack CD11b
and so the gating strategy compared to % viable cells. The relative proportions of CD45hi and CD45hi/CD11c+ types of myeloid derived cells were not
changed (a, right) (n = 12 (D2.Itgam+/+), 10 (D2.Itgam−/−)). b Example flow plots and gating strategy

complement activation is implicated in human glaucoma
[108–110]. Inhibiting C1 either through genetic ablation
(C1qa) or pharmacologically (C1 esterase inhibitor) prevents
RGC dendritic and synaptic changes during glaucoma in
both DBA/2 J mice and a rat bead model of ocular hypertension [6, 9]. This highlights the importance of these factors as

a more general response to periods of elevated IOP rather than a DBA/2 J specific process [110]. Our group
have also previously demonstrated that complement
component C3 is protective while C5 is damaging in
the DBA/2 J model [5, 94]. More work is required to
elucidate the full role of complement pathway
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Fig. 7 Genetic ablation of CD11b (Itgam) protects from glaucoma to aged time points. a D2.Itgam−/− mice are significantly protected from glaucoma
as determined by optic nerve assessment (green = NOE; no detectable glaucoma but called no or early glaucoma as some of these eyes have early
gene expression changes, yellow = MOD; moderate glaucoma, red = SEV; severe glaucoma). b Agreeing with this, RGC numbers were preserved in eyes
with no detectable glaucoma. Eyes with severe glaucoma had also lost their RGCs indicating that loss of CD11b did not uncouple somal and axonal
degeneration. c Example optic nerves and retinas. Left shows examples of severe retinas from eyes with severe optic nerve damage (SEV) as assessed
by PPD staining of the optic nerve, right shows examples of retinas with no neurodegeneration in the optic nerve (NOE graded nerves). (Soma counts,
n = 6 for each condition; optic nerve analysis as assessed by PPD staining (right) n = 32 D2.Itgam+/+ 10.5 mo; 45 D2.Itgam+/+ 12 mo; 45 D2.Itgam−/−
10.5 mo; 45 D2.Itgam−/− 12 mo)

molecules in specific cell types during glaucoma and
the current data open an avenue for functionally exploring additional key molecules such as C3ar1.

To further assess the role of infiltrating monocyte-like
cells in DBA/2 J glaucoma, and as platelet interaction
signatures were detected by our gene expression studies,
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we decided on a strategy using DS-SILY. DS-SILY is
composed of dermatan sulfate, the polysaccharide chain
from decorin, with covalently attached collagen binding
peptides derived from the non-integrin platelet receptor
for type I collagen [78, 111, 112]. Due to the absence of
the core protein sequence and structure of decorin,
DS-SILY does not mimic other functions of decorin,
such as TGF-β1 regulation [113] and thus DS-SILY’s
neuroprotective effects are unlikely to be due to effects
directly on RGCs or astrocytes. DS-SILY has been shown
to inhibit platelet and immune cell binding to collagen
in damaged vascular endothelium in a pig model of
angioplasty and in human vascular smooth muscle cells
[31, 32, 78, 114]. Importantly, we show that DS-SILY
prevented the accumulation of CD45hi/CD11b+/CD11c+
monocyte-like cells in the ONH and retina of DBA/2 J
mice and is neuroprotective.
In the DS-SILY experiment, the, saline treated sham
controls appear to have a lower incidence of severe optic
nerve degeneration than is typical for DBA/2 J mice at
the 12 month time point. It is known that the distribution of glaucoma incidence and severity varies over time
and between colonies of DBA/2 J mice, as is true for a
variety of other complex diseases. The reason for this is
not well understood and likely involves uncontrollable
environmental differences that vary over time. For this
reason, it is important to limit comparisons between
groups that were bred, aged, and analysed at the same
time as each other, i.e. within an experiment. Importantly,
there was no significant difference between the 12 month
control nerves in the D2.Itgam and DS-SILY experiments
(Fisher’s exact test, P = 0.15).
DS-SILY administration also potently inhibited retinal
vascular permeability in DBA/2 J mice as assessed by
Hoechst dye leakage in the retina. Vascular dysfunction
and leakage from the endothelium are associated with
ocular hypertension and have both been recorded in
human glaucoma [80–82]. Although further experiments
are required to fully understand how DS-SILY protects
from glaucoma, these studies implicate endothelial
dysfunction in the entry of CD45hi/CD11b+/CD11c+
monocyte-like cells during glaucoma pathogenesis.
Given that neuroinflammation and CD45hi/CD11b+/
CD11c+ monocyte–like cells are being implicated in
other diseases, our data suggest that DS-SILY could offer
protection in other neuroinflammatory conditions.
Itgam is one of the most highly expressed genes in the
monocyte-like cells that enter the optic nerve during
DBA/2 J glaucoma. Itgam encodes CD11b, a key molecule for extravasation and that binds to fibrinogen [95].
Removing CD11b would be predicted to limit monocyte
entry and immune cell binding. Supporting a damaging
role for monocyte-like cells in DBA/2 J glaucoma, we
show that genetic ablation of Itgam decreased their entry
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and prevented optic nerve degeneration through to late
time points. However, monocyte-like cells are not the
only cells that express CD11b in the ONH. DBA/2 J
ONHs and retinas also contain reactive / activated
microglia (CD45lo/CD11b+ cells) [3, 7–9, 61]. It is possible, that as an alternative mechanism to preventing
monocyte entry, removing CD11b limits the damaging
actions of microglia. This offers a future avenue of
research using specific cre-lines to explore the actions of
CD11b in a cell-type specific setting. Nevertheless,
pharmacological strategies to inhibit CD11b (for example antibody therapies or local gene therapy) would
make for potentially exciting human therapeutic strategies in neuroinflammatory disease. CD11b is not the
only integrin expressed by infiltrating monocyte-like
cells, and it is not surprising that removal of CD11b
alone did not fully prevent the glaucoma. Future experiments could investigate inhibition of both CD11b and
CD11c (Itgam-Itgax double knockout) to further target
the infiltrating monocyte-like cells in DBA/2 J glaucoma
and provide further detail about the role of the
monocyte-like cells.
With increasing age and exposure to elevated IOP,
both D2.Itgam−/− mice and DS-SILY-treated mice
developed severe forms of glaucoma and it is not surprising that these individual treatments were less
effective than radiation therapy [23]. It may be that radiation therapy protects via additional mechanisms to
monocyte entry alone. In the DS-SILY experiments, the
dose was optimized based on an acute inflammatory
event and thus may also need to be further calibrated in
a chronic inflammatory setting. In addition, retinal
ganglion cell soma counts for these experiments were
based on RBPMS staining, and it is possible that RBPMS
down-regulation may have disguised some additional
protective effect. Nevertheless, DS-SILY treatment
robustly prevented optic nerve degeneration at early
disease time points. It is unlikely that a sole factor (e.g.
monocyte inhibition) will be sufficient for complete
neuroprotection in glaucoma. We have previously
demonstrated that stopping RGC specific neurodegenerative events is robustly protective even when the neuroinflammatory insult continues (e.g. WldS [40], Nmnat1
gene therapy [33]). Thus, there are likely RGC specific
insults and RGC intrinsic events that continue to occur
despite monocyte depletion in DS-SILY treated mice and
D2.Itgam−/− mice. Further neuroprotective strategies
could include treatments that target both intrinsic and
extrinsic factors to RGC survival. It is likely that immunomodulation will need to be used in combination
with other neuroprotective strategies for optimal
therapeutic effect.
Studies in various neurodegenerative diseases, particularly Alzheimer’s disease, suggest that myeloid cells are
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playing an important role in disease onset and / or progression [115–117]. One study, using single cell profiling,
suggests CD11b+/CD11c+ myeloid cells may be critical for
transition from a homeostatic to disease-promoting state
[116]. Since we show that similar cells are present in
DBA/2 J glaucoma, further studies to understand the
transcriptional / activation states of CD11b+/CD11c+
monocyte-like cells in glaucoma are warranted. Although
it is not yet clear if modulating myeloid cell activation or
depleting / blocking entry of these cells is the most appropriate strategy for neuroprotection in glaucoma such studies may lead to important new therapeutics. Further work
testing and confirming myeloid cell activity in additional
models of glaucoma is needed.

Conclusions
Considering these findings, IOP-induced neuroinflammation and entry of damaging monocyte-platelet
aggregates into the ONH appear to be important contributors to early glaucomatous damage. Targeting
monocyte infiltration, platelet aggregation and activation, and / or vascular dysfunction may offer novel
therapeutic interventions in glaucoma and other neuroinflammatory conditions.
Additional files
Additional file 1: Figure S1. CD45hi/CD11b+/CD11c+ monocyte-like
cells infiltrate early in D2 glaucoma. At ~ 9 mo the majority of D2
eyes in our colony have experienced periods of high IOP. We have
previously demonstrated that at this 9 mo time point there are early
metabolic and transcriptomic differences in retinal ganglion cells that
occurs prior to detectable axon degeneration [33]. Analysing ONH
from D2 mice at this time point confirms that monocytes (CD45+/
CD11b+/CD11c+) enter the ONH tissue during this early period of
metabolic decline. These cells do not increase in either genetic control D2-Gpnmb+ or irradiated treat D2 ONHs (mice that are protected
from neurodegeneration but still have a normal D2 front-of-the-eye
disease [18]) suggesting that these infiltrating cells initiate a damaging cascade during glaucoma progression. n = 25 (D2-Gpnmb+),
45 (D2), 25 (irradiated D2). (TIFF 1162 kb)
Additional file 2: Figure S2. FAC sorting of CD45hi/CD11b+/CD11c+
monocyte-like cells that enter the ONH. For FAC sorting of monocyte populations ONH samples were stained with an antibody cocktail (see Materials and
methods) to eliminate other cell types. Forwards and sidewards scattering
identify relevant events (A and B) that are gated to identify live cells (C and
D). Monocytes were identified as gated CD45hi/CD11b/CD11c + (and CD34−/
GFAP−) events (E-I). Monocytes were distinguished from resident microglia by
CD45 (monocytes being CD45hi and microglia being CD45lo [107], F and G).
Despite the low cell input (< 100 cells per sample, see Additional file 1:
Figure S1), high quality, non-degraded, non-contaminated mRNA was successfully collected (J). (TIF 4183 kb)
Additional file 3: Figure S3. Enriched genes in monocyte populations.
Highest enriched genes for ONH Monocytes Group 1 (left) and PBMCs (right)
are shown. Red = highest expression, blue = lowest expression. Analysis was
performed using Gene Set Enrichment Analysis (GSEA) [118]. (TIFF 10715 kb)
Additional file 4: Figure S4. Inflammatory monocyte markers at mRNA
level. Common mouse monocyte markers at an mRNA level in ONH
Monocytes vs. PBMCs by fold change from control (A) and by normalized
CPM (counts per million) (B). DE genes (FDR < 0.05) are shown in red. (Itgam
encodes CD11b, Itgax encodes CD11c, Ptprc encodes CD45). (TIFF 3547 kb)
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Additional file 5: Table S1. Pathway analysis of DE genes in ONH monocytes.
(CSV 6 kb)
Additional file 6: Figure S5. KEGG analysis of enriched gene sets in
ONH Monocytes Group 1. Scatter plots of genes by fold change from
PBMCs (y) and CPM (x). (A) Genes enriched in KEGG: mmu04662, B cell
receptor signalling, (B) KEGG: mmu04660, T cell receptor signalling, and
(C) KEGG: mmu04514, cell adhesion molecules. Grey = not DE, red = DE
(FDR < 0.05). DE genes at FDR < 0.01 with a log2 CPM > 5 are named.
(TIFF 6547 kb)
Additional file 7: Table S2. Pathway analysis of differentially spliced
transcripts (MATS analysis of ONH Monocytes Group 1 vs. PBMCs). (CSV 6 kb)
Additional file 8: Table S3. Alternately expressed transcripts (MATS
analysis of ONH Monocytes Group 1 vs. PBMCs). (CSV 14 kb)
Additional file 9: Figure S6. Modular analysis of DE genes. Modules 1–5
were generated by hierarchical clustering (Spearman’s) based on DE genes
(FDR < 0.05) between ONH Monocytes Group 1 vs. PBMCs. Each module is
color-coded and the number of genes in the module is shown. Individual
modules then underwent further analysis (see Results). (TIF 10259 kb)
Additional file 10: Table S4. Pathway analysis of DE gene Modules 1-5
(ONH Monocytes Group 1 vs. PBMCs). (CSV 7 kb)
Additional file 11: Table S5. KEGG pathway and PANTHER classification
analysis of DE gene Modules 1-5 (ONH Monocytes Group 1 vs. PBMCs).
(CSV 3 kb)
Additional file 12: Figure S7. Monocytes entering the ONH during
glaucoma are platelet bound. ONHs assessed by flow cytometry
demonstrate that the majority of monocytes entering the ONH
during glaucoma pathogenesis are platelet bound (Fig. 3). To further
confirm that monocyte-platelet aggregates were present in the ONH
in glaucoma, immunofluorescence using antibodies against CD41
(a platelet marker, green) and CD11b (a monocyte maker, red) was
performed in longitudinal sections of D2 and D2-Gpnmb+ ONH tissue
(n = 4 / group, see upper right panel for ONH location for all upper
and middle panels). The majority of monocytes that enter the ONH during
glaucoma in D2 eyes are platelet-bound. APC = allophycocyanin (red), FITC =
fluorescein isothiocyanate (green). Scale bar = 100 μm. (TIF 9562 kb)
Additional file 13: Figure S8. DS-SILY binds to collagen in the retina,
ONH, and surrounding vasculature. Eyes from mice that had been
administered DS-SILYBIOTIN were assessed by immunofluorescence. DSSILYBIOTIN clearly makes it to the eye and binds to inner retina
vasculature (GCL, IPL), optic nerve head vasculature, and the collagen
of rod outer segments (red). No fluorescence is seen in control retina
and ONH (B) (n = 5 for both conditions). GCL (ganglion cell layer), IPL
(inner plexiform layer), INL (inner nuclear layer), OPL (outer plexiform
layer), ONL (outer nuclear layer). (TIFF 3770 kb)
Additional file 14: Figure S9. Mice administered DS-SILY have IOP
elevating anterior segment disease similar to saline sham controls. IOP
profiles (A) and clinical presentation of iris disease (B) (n > 40 all
conditions). IOP is not significantly different between cohorts within the
same age-group. Iris disease (iris pigment dispersion resulting in
asynchronous ocular hypertension) progressed at a similar rate and
reached a severe state in all groups within the same time-frame. For
boxplots, the upper and lower hinges represent the upper and lower
quartiles. The centerline of each diamond (red) represents the mean, and
the upper and lower diamond points represent 95% confidence intervals
of the mean. (TIFF 7256 kb)
Additional file 15: Table S6. Enrichment analysis of DE gene Modules
1–5 using DiRE. (CSV 4 kb)
Additional file 16: Figure S10. Vascular leakage occurs early in D2
glaucoma. To explore retinal vascular damage and leakage in
glaucoma, mice (9–9.5 mo of age) were intravenously injected with
the DNA binding dye Hoechst. Retinas were then flat-mounted and
Hoechst+ nuclei (excluding vascular endothelial cell nuclei identified
by their more elliptical shape) were counted from 8 representative
images of the retina. In control D2.Gpnmb+ mice Hoechst was bound
only to cells within the vasculature (green, i.e. no leakage into
surrounding retina). However, by 9 mo of age leakage was evident in
the retinas of D2 mice (as demonstrated by nuclear labelling of all
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cells surrounding the retinal vasculature). Vascular leakage was
evident in retinas from irradiated D2 mice that are protected from
monocyte entry and glaucomatous neurodegeneration suggesting
that monocyte entry in glaucoma (at least in part) must be driven
by an active inflammatory process. (n = 30 D2-Gpnmb+; 18 D2; 20
irradiated D2). Scale bar = 100 μm. The number (0.0004) above
D2-Gpnmb+ represents the data point. (TIF 4988 kb)
Additional file 17: Figure S11. D2.Itgam−/− mice have IOP elevating
anterior segment disease similar to wild-type controls. IOP profiles (A)
and clinical presentation of iris disease (B) (n > 40 all conditions). IOP is
not significantly different between cohorts within the same age-group at
8 and 10 months of age, but D2.Itgam−/− eyes were more resistant to the
IOP decline that usually occurs around 12 months of age (P < 0.01). Iris
disease (iris pigment dispersion resulting in asynchronous ocular
hypertension) progressed at a similar rate and reached a severe state in
all groups within the same time-frame. For boxplots, the upper and lower
hinges represent the upper and lower quartiles. The centerline of each
diamond (red) represents the mean, and the upper and lower diamond
points represent 95% confidence intervals of the mean. (TIFF 5109 kb)

Page 20 of 23

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.
Author details
1
The Jackson Laboratory, Bar Harbor, ME, USA. 2Department of Clinical
Neuroscience, Section of Ophthalmology and Vision, St. Erik Eye Hospital,
Karolinska Institutet, Stockholm, Sweden. 3Department of Materials Science
and Engineering, University of Delaware, Newark, DE, USA. 4Department of
Biomedical Engineering, University of California, Davis, CA, USA. 5Graduate
Program in Genetics, Sackler School of Graduate Biomedical Sciences, Tufts
University, Boston, MA, USA. 6Department of Ophthalmology, Tufts University
of Medicine, Boston, MA, USA. 7The Howard Hughes Medical Institute, Bar
Harbor, ME, USA.
Received: 11 July 2018 Accepted: 5 December 2018

Abbreviations
ACK: Ammonium-chloride-potassium buffer; BRB: Blood-retinal barrier;
DE: Differentially expressed; EDTA: Ethylenediaminetetraacetic acid;
FACS: Fluorescence-activated cell sorting; FDR: False discovery rate;
HBSS: Hanks’ balanced salt solution; HC: Hierarchical clustering;
IOP: Intraocular pressure; LPS: Lipopolysaccharide; MOD: Moderate; NOE: No
or early; OCT: Optimal cutting temperature; ON: Overnight; ONH: Optic nerve
head; PBMC: Peripheral blood monocyte; PBS: Phosphate buffered saline;
PPD: Paraphenylenediamide; RGC: Retinal ganglion cell; SEV: Severe;
TMM: Trimmed mean of M values
Acknowledgements
The Authors would like to thank Electron Microscopy, Flow Cytometry,
Histology, and Gene Expression Services at The Jackson Laboratory, Rick
Libby for careful reading of the manuscript and discussion, Mimi de Vries for
assistance with organizing and mouse colonies, Brynn Cardozo and Trip
Freeburg for colony maintenance, Jocelyn Thomas for blood collections,
Philipp Tauber for assistance with immunofluorescence, and Amy Bell for
intraocular pressure measurements.
Funding
EY011721 (SWMJ), EY021525 (GRH). Pete Williams is supported by the
Karolinska Institutet in the form of a Board of Research Faculty Funded
Career Position. Simon John is an Investigator of HHMI.
Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.
Authors’ contributions
PAW designed and conducted experiments, analysed data, wrote the
manuscript; CEB performed experiments and analysed data; KK designed and
conducted experiments, analysed data; NEF performed experiments and
analysed data; NGT performed experiments, analysed data, and wrote the
manuscript; JMH designed experiments, wrote the manuscript; RAS
performed experiments, provided reagents; GLS performed experiments; AP
designed experiments, provided reagents, and wrote the manuscript; GRH
designed experiments, wrote the manuscript; SWMJ oversaw the project,
designed experiments, wrote the manuscript. All authors read and approved
the final manuscript.
Ethics approval
All breeding and experimental procedures were undertaken in accordance
with the Association for Research for Vision and Ophthalmology Statement
for the Use of Animals in Ophthalmic and Research. The Institutional Biosafety
Committee (IBC) and the Animal Care and Use Committee (ACUC) at
The Jackson Laboratory approved this study.
Consent for publication
N/A.

References
1. Quigley HA, Broman AT. The number of people with glaucoma worldwide
in 2010 and 2020. Br J Ophthalmol. 2006;90:262–7.
2. Tham YC, Li X, Wong TY, Quigley HA, Aung T, Cheng CY. Global prevalence
of glaucoma and projections of glaucoma burden through 2040: a
systematic review and meta-analysis. Ophthalmology. 2014;121:2081–90.
3. Williams PA, Marsh-Armstrong N, Howell GR, Participants LIIoAaGN.
Neuroinflammation in glaucoma: a new opportunity. Exp Eye Res. 2017;
157:20–7.
4. Margeta MA, Lad EM, Proia AD. CD163+ macrophages infiltrate axon
bundles of postmortem optic nerves with glaucoma. Graefes Arch Clin Exp
Ophthalmol. 2018;256(12):2449–56.
5. Harder JM, Braine CE, Williams PA, Zhu X, MacNicoll KH, Sousa GL,
Buchanan RA, Smith RS, Libby RT, Howell GR, John SWM. Early immune
responses are independent of RGC dysfunction in glaucoma with
complement component C3 being protective. Proc Natl Acad Sci U S
A. 2017;114(19):E3839–48.
6. Williams PA, Tribble JR, Pepper KW, Cross SD, Morgan BP, Morgan JE, John
SW, Howell GR. Inhibition of the classical pathway of the complement
cascade prevents early dendritic and synaptic degeneration in glaucoma.
Mol Neurodegener. 2016;11:26.
7. Howell GR, MacNicoll KH, Braine CE, Soto I, Macalinao DG, Sousa GL,
John SW. Combinatorial targeting of early pathways profoundly inhibits
neurodegeneration in a mouse model of glaucoma. Neurobiol Dis.
2014;71:44–52.
8. Soto I, Howell GR. The complex role of neuroinflammation in glaucoma.
Cold Spring Harb Perspect Med. 2014;4(8). https://doi.org/10.1101/
cshperspect.a017269.
9. Howell GR, Macalinao DG, Sousa GL, Walden M, Soto I, Kneeland SC, Barbay JM,
King BL, Marchant JK, Hibbs M, et al. Molecular clustering identifies complement
and endothelin induction as early events in a mouse model of glaucoma.
J Clin Invest. 2011;121:1429–44.
10. Cueva Vargas JL, Osswald IK, Unsain N, Aurousseau MR, Barker PA, Bowie D,
Di Polo A. Soluble tumor necrosis factor alpha promotes retinal ganglion
cell death in Glaucoma via calcium-permeable AMPA receptor activation.
J Neurosci. 2015;35:12088–102.
11. Mac Nair CE, Fernandes KA, Schlamp CL, Libby RT, Nickells RW. Tumor
necrosis factor alpha has an early protective effect on retinal ganglion cells
after optic nerve crush. J Neuroinflammation. 2014;11:194.
12. Tezel G. Immune regulation toward immunomodulation for
neuroprotection in glaucoma. Curr Opin Pharmacol. 2013;13:23–31.
13. Bosco A, Inman DM, Steele MR, Wu G, Soto I, Marsh-Armstrong N, Hubbard
WC, Calkins DJ, Horner PJ, Vetter ML. Reduced retina microglial activation
and improved optic nerve integrity with minocycline treatment in the DBA/
2J mouse model of glaucoma. Invest Ophthalmol Vis Sci. 2008;49:1437–46.
14. Bosco A, Crish SD, Steele MR, Romero CO, Inman DM, Horner PJ, Calkins DJ,
Vetter ML. Early reduction of microglia activation by irradiation in a model
of chronic glaucoma. PLoS One. 2012;7. United States:e43602.

Williams et al. Molecular Neurodegeneration

(2019) 14:6

15. Lin YC, Koleske AJ. Mechanisms of synapse and dendrite maintenance and
their disruption in psychiatric and neurodegenerative disorders. Annu Rev
Neurosci. 2010;33:349–78.
16. Javaid FZ, Brenton J, Guo L, Cordeiro MF. Visual and ocular manifestations
of Alzheimer’s disease and their use as biomarkers for diagnosis and
progression. Front Neurol. 2016;7:55.
17. Schneider M, Fuchshofer R. The role of astrocytes in optic nerve head
fibrosis in glaucoma. Exp Eye Res. 2015;142:49–55. https://doi.org/10.1016/j.
exer.2015.08.0014.
18. Howell GR, Soto I, Zhu X, Ryan M, Macalinao DG, Sousa GL, Caddle LB,
MacNicoll KH, Barbay JM, Porciatti V, et al. Radiation treatment inhibits
monocyte entry into the optic nerve head and prevents neuronal damage
in a mouse model of glaucoma. J Clin Invest. 2012;122:1246–61.
19. Howell GR, Libby RT, Jakobs TC, Smith RS, Phalan FC, Barter JW, Barbay JM,
Marchant JK, Mahesh N, Porciatti V, et al. Axons of retinal ganglion cells are insulted
in the optic nerve early in DBA/2J glaucoma. J Cell Biol. 2007;179:1523–37.
20. Albrecht May C. Comparative anatomy of the optic nerve head and inner
retina in non-primate animal models used for glaucoma research. Open
Ophthalmol J. 2008;2:94–101.
21. Nickells RW, Howell GR, Soto I, John SW. Under pressure: cellular and
molecular responses during glaucoma, a common neurodegeneration with
axonopathy. Annu Rev Neurosci. 2012;35:153–79.
22. Libby RT, Anderson MG, Pang IH, Robinson ZH, Savinova OV, Cosma IM,
Snow A, Wilson LA, Smith RS, Clark AF, John SW. Inherited glaucoma in
DBA/2J mice: pertinent disease features for studying the
neurodegeneration. Vis Neurosci. 2005;22:637–48.
23. Anderson MG, Libby RT, Gould DB, Smith RS, John SWM. High-dose
radiation with bone marrow transfer prevents neurodegeneration in an
inherited glaucoma. Proc Natl Acad Sci U S A. 2005;102:4566–71.
24. Williams PA, Braine CE, Foxworth NE, Cochran KE, John SWM. GlyCAM1
negatively regulates monocyte entry into the optic nerve head and
contributes to radiation-based protection in glaucoma. J Neuroinflammation.
2017;14:93.
25. Anderson MG, Smith RS, Hawes NL, Zabaleta A, Chang B, Wiggs JL, John
SWM. Mutations in genes encoding melanosomal proteins cause
pigmentary glaucoma in DBA/2J mice. Nat Genet. 2002;30:81–5.
26. Fernandes KA, Harder JM, Williams PA, Rausch RL, Kiernan AE, Nair KS,
Anderson MG, John SWM, Howell GR, Libby RT. Using genetic mouse
models to gain insight into glaucoma: past results and future possibilities.
Exp Eye Res. 2015;141:42–56.
27. Anderson MG, Libby RT, Mao M, Cosma IM, Wilson LA, Smith RS, John SWM.
Genetic context determines susceptibility to intraocular pressure elevation
in a mouse pigmentary glaucoma. BMC Biol. 2006;4:20.
28. Anderson MG, Nair KS, Amonoo LA, Mehalow A, Trantow CM, Masli S, John
SW. GpnmbR150X allele must be present in bone marrow derived cells to
mediate DBA/2J glaucoma. BMC Genet. 2008;9:30.
29. Howell GR, Libby RT, Marchant JK, Wilson LA, Cosma IM, Smith RS, Anderson
MG, John SW. Absence of glaucoma in DBA/2J mice homozygous for wildtype versions of Gpnmb and Tyrp1. BMC Genet. 2007;8. England:45.
30. John SW, Smith RS, Savinova OV, Hawes NL, Chang B, Turnbull D, Davisson
M, Roderick TH, Heckenlively JR. Essential iris atrophy, pigment dispersion,
and glaucoma in DBA/2J mice. Invest Ophthalmol Vis Sci. 1998;39:951–62.
31. Scott RA, Paderi JE, Sturek M, Panitch A. Decorin mimic inhibits vascular
smooth muscle proliferation and migration. PLoS One. 2013;8:e82456.
32. Scott RA, Panitch A. Decorin mimic regulates platelet-derived growth factor
and interferon-γ stimulation of vascular smooth muscle cells.
Biomacromolecules. 2014;15:2090–103.
33. Williams PA, Harder JM, Foxworth NE, Cochran KE, Philip VM, Porciatti V,
Smithies O, John SW. Vitamin B3 modulates mitochondrial vulnerability and
prevents glaucoma in aged mice. Science. 2017;355:756–60.
34. Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL. TopHat2:
accurate alignment of transcriptomes in the presence of insertions,
deletions and gene fusions. Genome Biol. 2013;14:R36.
35. Anders S, Pyl PT, Huber W. HTSeq--a Python framework to work with highthroughput sequencing data. Bioinformatics. 2015;31:166–9.
36. Barnett DW, Garrison EK, Quinlan AR, Strömberg MP, Marth GT. BamTools: a C++ API
and toolkit for analyzing and managing BAM files. Bioinformatics. 2011;27:1691–2.
37. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data.
Bioinformatics. 2010;26:139–40.

Page 21 of 23

38. Smith R, John S, Nishina P, Sundberg J. Systematic evaluation of the mouse
eye. Anatomy, pathology and biomethods. Boca Raton: CRC Press; 2002.
39. Libby RT, Li Y, Savinova OV, Barter J, Smith RS, Nickells RW, John SW.
Susceptibility to neurodegeneration in a glaucoma is modified by Bax gene
dosage. PLoS Genet. 2005;1:17–26.
40. Williams P, Harder J, Foxworth N, Cardozo B, Cochran K, John S.
Nicotinamide and WLDS act together to prevent neurodegeneration in
glaucoma. Front Neurosci. 2017;11:232.
41. Shi C, Pamer EG. Monocyte recruitment during infection and inflammation.
Nat Rev Immunol. 2011;11:762–74.
42. Shen S, Park JW, Huang J, Dittmar KA, Lu ZX, Zhou Q, Carstens RP,
Xing Y. MATS: a Bayesian framework for flexible detection of differential
alternative splicing from RNA-Seq data. Nucleic Acids Res. 2012;40:e61.
43. Bustamante MF, Nurtdinov RN, Río J, Montalban X, Comabella M. Baseline
gene expression signatures in monocytes from multiple sclerosis patients
treated with interferon-beta. PLoS One. 2013;8:e60994.
44. Perl A. mTOR activation is a biomarker and a central pathway to
autoimmune disorders, cancer, obesity, and aging. Ann N Y Acad Sci.
2015;1346:33–44.
45. Shrestha N, Bahnan W, Wiley DJ, Barber G, Fields KA, Schesser K. Eukaryotic
initiation factor 2 (eIF2) signaling regulates proinflammatory cytokine
expression and bacterial invasion. J Biol Chem. 2012;287:28738–44.
46. Rouschop KM, Dubois LJ, Keulers TG, van den Beucken T, Lambin P, Bussink J,
van der Kogel AJ, Koritzinsky M, Wouters BG. PERK/eIF2α signaling protects
therapy resistant hypoxic cells through induction of glutathione synthesis and
protection against ROS. Proc Natl Acad Sci U S A. 2013;110:4622–7.
47. Harding HP, Zhang Y, Zeng H, Novoa I, Lu PD, Calfon M, Sadri N, Yun C,
Popko B, Paules R, et al. An integrated stress response regulates amino acid
metabolism and resistance to oxidative stress. Mol Cell. 2003;11:619–33.
48. Moreno MC, Campanelli J, Sande P, Sánez DA, Keller Sarmiento MI,
Rosenstein RE. Retinal oxidative stress induced by high intraocular pressure.
Free Radic Biol Med. 2004;37:803–12.
49. Robinson JT, Thorvaldsdóttir H, Winckler W, Guttman M, Lander ES, Getz G,
Mesirov JP. Integrative genomics viewer. Nat Biotechnol. 2011;29:24–6.
50. Thorvaldsdóttir H, Robinson JT, Mesirov JP. Integrative genomics viewer
(IGV): high-performance genomics data visualization and exploration.
Brief Bioinform. 2013;14:178–92.
51. Lynch KW. Consequences of regulated pre-mRNA splicing in the immune
system. Nat Rev Immunol. 2004;4:931–40.
52. Trowbridge IS, Thomas ML. CD45: an emerging role as a protein tyrosine
phosphatase required for lymphocyte activation and development.
Annu Rev Immunol. 1994;12:85–116.
53. Chrysostomou V, Rezania F, Trounce IA, Crowston JG. Oxidative stress and
mitochondrial dysfunction in glaucoma. Curr Opin Pharmacol. 2013;13:12–5.
54. Inman DM, Harun-Or-Rashid M. Metabolic vulnerability in the
neurodegenerative disease Glaucoma. Front Neurosci. 2017;11:146.
55. Williams PA, Harder JM, John SWM. Glaucoma as a metabolic optic
neuropathy: making the case for nicotinamide treatment in Glaucoma.
J Glaucoma. 2017;26(12):1161–8.
56. Szaba FM, Smiley ST. Roles for thrombin and fibrin(ogen) in cytokine/chemokine
production and macrophage adhesion in vivo. Blood. 2002;99:1053–9.
57. Bar-Shavit R, Kahn A, Wilner GD, Fenton JW. Monocyte chemotaxis: stimulation
by specific exosite region in thrombin. Science. 1983;220:728–31.
58. Perraud F, Besnard F, Sensenbrenner M, Labourdette G. Thrombin is a
potent mitogen for rat astroblasts but not for oligodendroblasts and
neuroblasts in primary culture. Int J Dev Neurosci. 1987;5:181–8.
59. Bhat NR, Zhang P, Hogan EL. Thrombin activates mitogen-activated protein
kinase in primary astrocyte cultures. J Cell Physiol. 1995;165:417–24.
60. de Gracia P, Gallego BI, Rojas B, Ramírez AI, de Hoz R, Salazar JJ, Triviño A,
Ramírez JM. Automatic counting of microglial cells in healthy and
glaucomatous mouse retinas. PLoS One. 2015;10:e0143278.
61. Bosco A, Steele MR, Vetter ML. Early microglia activation in a mouse model
of chronic glaucoma. J Comp Neurol. 2011;519:599–620.
62. Chong RS, Martin KR. Glial cell interactions and glaucoma. Curr Opin
Ophthalmol. 2015;26:73–7.
63. Estevez B, Du X. New concepts and mechanisms of platelet activation
signaling. Physiology (Bethesda). 2017;32:162–77.
64. Semple JW, Italiano JE, Freedman J. Platelets and the immune continuum.
Nat Rev Immunol. 2011;11:264–74.
65. Sukriti S, Tauseef M, Yazbeck P, Mehta D. Mechanisms regulating endothelial
permeability. Pulm Circ. 2014;4:535–51.

Williams et al. Molecular Neurodegeneration

(2019) 14:6

66. Rabiet MJ, Plantier JL, Rival Y, Genoux Y, Lampugnani MG, Dejana E. Thrombininduced increase in endothelial permeability is associated with changes in cellto-cell junction organization. Arterioscler Thromb Vasc Biol. 1996;16:488–96.
67. Thomas PD, Campbell MJ, Kejariwal A, Mi H, Karlak B, Daverman R, Diemer K,
Muruganujan A, Narechania A. PANTHER: a library of protein families and
subfamilies indexed by function. Genome Res. 2003;13:2129–41.
68. Wu E, Palmer N, Tian Z, Moseman AP, Galdzicki M, Wang X, Berger B, Zhang
H, Kohane IS. Comprehensive dissection of PDGF-PDGFR signaling pathways
in PDGFR genetically defined cells. PLoS One. 2008;3:e3794.
69. Andrae J, Gallini R, Betsholtz C. Role of platelet-derived growth factors in
physiology and medicine. Genes Dev. 2008;22:1276–312.
70. Demoulin JB, Montano-Almendras CP. Platelet-derived growth factors and their
receptors in normal and malignant hematopoiesis. Am J Blood Res. 2012;2:44–56.
71. Passacquale G, Vamadevan P, Pereira L, Hamid C, Corrigall V, Ferro A.
Monocyte-platelet interaction induces a pro-inflammatory phenotype in
circulating monocytes. PLoS One. 2011;6:e25595.
72. Lam FW, Vijayan KV, Rumbaut RE. Platelets and their interactions with other
immune cells. Compr Physiol. 2015;5:1265–80.
73. Yun SH, Sim EH, Goh RY, Park JI, Han JY. Platelet activation: the mechanisms
and potential biomarkers. Biomed Res Int. 2016;2016:9060143.
74. da Costa Martins PA, van Gils JM, Mol A, Hordijk PL, Zwaginga JJ.
Platelet binding to monocytes increases the adhesive properties of
monocytes by up-regulating the expression and functionality of beta1
and beta2 integrins. J Leukoc Biol. 2006;79:499–507.
75. Risitano A, Beaulieu LM, Vitseva O, Freedman JE. Platelets and platelet-like
particles mediate intercellular RNA transfer. Blood. 2012;119:6288–95.
76. Schrottmaier WC, Kral JB, Badrnya S, Assinger A. Aspirin and P2Y12 inhibitors
in platelet-mediated activation of neutrophils and monocytes. Thromb
Haemost. 2015;114:478–89.
77. van Velzen JF, Laros-van Gorkom BA, Pop GA, van Heerde WL. Multicolor
flow cytometry for evaluation of platelet surface antigens and activation
markers. Thromb Res. 2012;130:92–8.
78. Paderi JE, Stuart K, Sturek M, Park K, Panitch A. The inhibition of platelet
adhesion and activation on collagen during balloon angioplasty by
collagen-binding peptidoglycans. Biomaterials. 2011;32:2516–23.
79. Beirowski B, Babetto E, Coleman MP, Martin KR. The WldS gene delays
axonal but not somatic degeneration in a rat glaucoma model.
Eur J Neurosci. 2008;28:1166–79.
80. Arend O, Remky A, Plange N, Kaup M, Schwartz B. Fluorescein leakage of
the optic disc in glaucomatous optic neuropathy. Graefes Arch Clin Exp
Ophthalmol. 2005;243:659–64.
81. Plange N, Kaup M, Doehmen B, Remky A, Arend KO. Fluorescein leakage of
the optic disc: time course in primary open-angle glaucoma. Ophthalmic
Physiol Opt. 2010;30:315–20.
82. Plange N, Bienert M, Remky A, Arend KO. Optic disc fluorescein leakage and
intraocular pressure in primary open-angle glaucoma. Curr Eye Res. 2012;37:
508–12.
83. Cunha-Vaz J. The blood-ocular barriers. Surv Ophthalmol. 1979;23:279–96.
84. Törnquist P, Alm A, Bill A. Permeability of ocular vessels and transport across
the blood-retinal-barrier. Eye (Lond). 1990;4(Pt 2):303–9.
85. Lightman SL, Palestine AG, Rapoport SI, Rechthand E. Quantitative
assessment of the permeability of the rat blood-retinal barrier to small
water-soluble non-electrolytes. J Physiol. 1987;389:483–90.
86. Pitkänen L, Ranta VP, Moilanen H, Urtti A. Permeability of retinal pigment
epithelium: effects of permeant molecular weight and lipophilicity. Invest
Ophthalmol Vis Sci. 2005;46:641–6.
87. Nachman RL, Weksler B, Ferris B. Increased vascular permeability produced
by human platelet granule cationic extract. J Clin Invest. 1970;49:274–81.
88. Gros A, Ollivier V, Ho-Tin-Noé B. Platelets in inflammation: regulation of
leukocyte activities and vascular repair. Front Immunol. 2014;5:678.
89. Cloutier N, Paré A, Farndale RW, Schumacher HR, Nigrovic PA, Lacroix S,
Boilard E. Platelets can enhance vascular permeability. Blood. 2012;120:1334–43.
90. Gotea V, Ovcharenko I. DiRE: identifying distant regulatory elements of
co-expressed genes. Nucleic Acids Res. 2008;36:W133–9.
91. Studzinski GP, Garay E, Patel R, Zhang J, Wang X. Vitamin D receptor signaling
of monocytic differentiation in human leukemia cells: role of MAPK pathways
in transcription factor activation. Curr Top Med Chem. 2006;6:1267–71.
92. Hmama Z, Nandan D, Sly L, Knutson KL, Herrera-Velit P, Reiner NE.
1alpha,25-dihydroxyvitamin D(3)-induced myeloid cell differentiation is
regulated by a vitamin D receptor-phosphatidylinositol 3-kinase signaling
complex. J Exp Med. 1999;190:1583–94.

Page 22 of 23

93. Marchwicka A, Corcoran A, Berkowska K, Marcinkowska E. Restored
expression of vitamin D receptor and sensitivity to 1,25-dihydroxyvitamin
D3 in response to disrupted fusion FOP2-FGFR1 gene in acute myeloid
leukemia cells. Cell Biosci. 2016;6:7.
94. Howell GR, Soto I, Ryan M, Graham LC, Smith RS, John SW. Deficiency of
complement component 5 ameliorates glaucoma in DBA/2J mice. J
Neuroinflammation. 2013;10:76.
95. Wright SD, Weitz JI, Huang AJ, Levin SM, Silverstein SC, Loike JD. Complement
receptor type three (CD11b/CD18) of human polymorphonuclear leukocytes
recognizes fibrinogen. Proc Natl Acad Sci U S A. 1988;85:7734–8.
96. Loike JD, Silverstein R, Wright SD, Weitz JI, Huang AJ, Silverstein SC. The role of
protected extracellular compartments in interactions between leukocytes, and
platelets, and fibrin/fibrinogen matrices. Ann N Y Acad Sci. 1992;667:163–72.
97. Ryu JK, Davalos D, Akassoglou K. Fibrinogen signal transduction in the
nervous system. J Thromb Haemost. 2009;7(Suppl 1):151–4.
98. Ugarova TP, Yakubenko VP. Recognition of fibrinogen by leukocyte integrins.
Ann N Y Acad Sci. 2001;936:368–85.
99. Nguyen JV, Soto I, Kim KY, Bushong EA, Oglesby E, Valiente-Soriano FJ, Yang
Z, Davis CH, Bedont JL, Son JL, et al. Myelination transition zone astrocytes
are constitutively phagocytic and have synuclein dependent reactivity in
glaucoma. Proc Natl Acad Sci U S A. 2011;108:1176–81.
100. Soto I, Oglesby E, Buckingham BP, Son JL, Roberson ED, Steele MR, Inman DM,
Vetter ML, Horner PJ, Marsh-Armstrong N. Retinal ganglion cells downregulate
gene expression and lose their axons within the optic nerve head in a mouse
glaucoma model. J Neurosci. 2008;28. United States:548–61.
101. Johnson EC, Jia L, Cepurna WO, Doser TA, Morrison JC. Global changes in optic
nerve head gene expression after exposure to elevated intraocular pressure in
a rat glaucoma model. Invest Ophthalmol Vis Sci. 2007;48:3161–77.
102. Prasanna G, Krishnamoorthy R, Clark AF, Wordinger RJ, Yorio T. Human optic
nerve head astrocytes as a target for endothelin-1. Invest Ophthalmol Vis
Sci. 2002;43:2704–13.
103. Yuan L, Neufeld AH. Activated microglia in the human glaucomatous optic
nerve head. J Neurosci Res. 2001;64:523–32.
104. Pena JD, Varela HJ, Ricard CS, Hernandez MR. Enhanced tenascin expression
associated with reactive astrocytes in human optic nerve heads with primary
open angle glaucoma. Exp Eye Res. 1999;68:29–40.
105. Quigley HA, Addicks EM. Chronic experimental glaucoma in primates. II. Effect
of extended intraocular pressure elevation on optic nerve head and axonal
transport. Invest Ophthalmol Vis Sci. 1980;19:137–52.
106. Jeong HK, Ji KM, Kim J, Jou I, Joe EH. Repair of astrocytes, blood vessels, and myelin
in the injured brain: possible roles of blood monocytes. Mol Brain. 2013;6:28.
107. Jeong HK, Ji K, Min K, Joe EH. Brain inflammation and microglia: facts and
misconceptions. Exp Neurobiol. 2013;22:59–67.
108. Tezel G, Yang X, Luo C, Kain AD, Powell DW, Kuehn MH, Kaplan HJ.
Oxidative stress and the regulation of complement activation in human
glaucoma. Invest Ophthalmol Vis Sci. 2010;51:5071–82.
109. Kuehn MH, Kim CY, Ostojic J, Bellin M, Alward WL, Stone EM, Sakaguchi DS,
Grozdanic SD, Kwon YH. Retinal synthesis and deposition of complement
components induced by ocular hypertension. Exp Eye Res. 2006;83:620–8.
110. Stasi K, Nagel D, Yang X, Wang RF, Ren L, Podos SM, Mittag T, Danias J.
Complement component 1Q (C1Q) upregulation in retina of murine, primate,
and human glaucomatous eyes. Invest Ophthalmol Vis Sci. 2006;47:1024–9.
111. Paderi JE, Panitch A. Design of a synthetic collagen-binding peptidoglycan that
modulates collagen fibrillogenesis. Biomacromolecules. 2008;9:2562–6.
112. Chiang TM, Rinaldy A, Kang AH. Cloning, characterization, and
functional studies of a nonintegrin platelet receptor for type I collagen.
J Clin Invest. 1997;100:514–21.
113. Stuart K, Paderi J, Snyder PW, Freeman L, Panitch A. Collagen-binding
peptidoglycans inhibit MMP mediated collagen degradation and reduce dermal
scarring. PLoS One. 2011;6:e22139.
114. Scott RA, Panitch A. Macromolecular approaches to prevent thrombosis and
intimal hyperplasia following percutaneous coronary intervention.
Biomacromolecules. 2014;15:2825–32.
115. Holtman IR, Raj DD, Miller JA, Schaafsma W, Yin Z, Brouwer N, Wes PD,
Möller T, Orre M, Kamphuis W, et al. Induction of a common microglia
gene expression signature by aging and neurodegenerative conditions:
a co-expression meta-analysis. Acta Neuropathol Commun. 2015;3:31.
116. Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-Szternfeld R,
Ulland TK, David E, Baruch K, Lara-Astaiso D, Toth B, et al. A unique
microglia type associated with restricting development of alzheimer’s
disease. Cell. 2017;169:1276–1290.e1217.

Williams et al. Molecular Neurodegeneration

(2019) 14:6

117. Ulrich JD, Ulland TK, Mahan TE, Nyström S, Nilsson KP, Song WM, Zhou Y,
Reinartz M, Choi S, Jiang H, et al. ApoE facilitates the microglial response to
amyloid plaque pathology. J Exp Med. 2018;215(4):1047–58.
118. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette
MA, Paulovich A, Pomeroy SL, Golub TR, Lander ES, Mesirov JP. Gene
set enrichment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci U S A. 2005;102:
15545–50.

Page 23 of 23

