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Abstract

CC chemokine ligand 2 (CCL2) recruits macrophages to reduce inflammatory responses. Decay-
accelerating factor (DAF) is a membrane regulator of the classical and alternative pathways of
complement activation. In view of the link between complement genes and retinal diseases, we
evaluated the retinal phenotype of C57BL/6J mice and mice lacking Cc/2and/or Daf1 at 12
months of age, using scanning laser ophthalmoscopic imaging, electroretinography (ERG),
histology, immunohistochemistry, and terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) analysis. In comparison to C57BL/6J mice, mutant mice had an increased
number of autofluorescent foci, with the greatest number in the Cc/2”/~/ Daf1!~ retina. ERG
amplitudes in Cc/2”~IDaf1™=, CclZ”!~ and Daf1'~ mice were reduced, with the greatest
reduction in Cc/2~1Daf1~"~ mice. TUNEL-positive cells were not seen in C57BL/6J retina, but
were prevalent in the outer and inner nuclear layers of Cc/2”/~Daf1/~ mice and were present at
reduced density in Cc/Z”/~ or Daf1™/~ mice. Cell loss was most pronounced in the outer and inner
nuclear layers of Cc/2""/Daf1~ mice. The levels of the endoplasmic reticulum chaperone
GPR78 and transcription factor ATF4 were significantly increased in the Cc/2”/~/ Daf1™'~ retina. In
comparison to the C57BL/6J retina, the phosphorylation of NF-xB p65, p38, ERK and JNK was
significantly upregulated while SIRT1 was significantly downregulated in the Cc/2~/Daf1~
retina. Our results suggest that loss of Cc/2and DafI causes retinal neuronal death and
degeneration which is related to increased endoplasmic reticulum stress, oxidative stress and
inflammation.
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1. Introduction

Monocytes, macrophages and microglia (MMM) play important roles in the retina by
clearing cellular debris. During inflammation, CC chemokine ligand 2 (CCL2) is
upregulated (Deshmane et al., 2009), stimulating the migration and infiltration of MMM
cells along a chemical gradient to sites of retinal injury (Rollins, 1997; Lu et al., 1998;
Deshmane et al., 2009). Deletion of CCL2 disturbs the migration of MMM and dendritic
cells, which in turn results in an inefficient disposal of cellular debris and an intensified
inflammatory response. Several groups have examined the retina of aged mice lacking Cc/2
or its receptor (CC chemokine receptor type 2). While some reported that these mice exhibit
signs of retinal and RPE degeneration (Ambati et al., 2003; Chen et al., 2011), others
observed only increased subretinal MMM cells but no retinal degeneration in the knockout
animals (Luhmann et al., 2009, 2013).

The identification of risk alleles for age-related macular degeneration in the complement
system highlights the importance of normal complement activity for maintenance of the
outer retina (Fritsche et al., 2013). One of the most potent alleles is complement factor H,
which acts to regulate complement activity (Shaw et al., 2012). Decay accelerating factor
(DAF) also plays a central role in regulating activity of the classical, alternative and lectin
complement pathways (Medof et al., 1984; Sun et al., 1999). DAF regulates the complement
cascade on the cell surface through interactions with C4b in the classical and lectin
complement pathways, and with C3b in the alternative complement pathway (Medof et al.,
1984). In addition, DAF dissociates C3 convertase molecules into constituent subunits to
protect self-cells from complement-mediated injury (Ito et al., 1989). In the classic and
lectin pathways, DAF cleaves C3 convertase by disassociating C2a from C4b. In the
alternative pathway, DAF deactivates C3 convertase in the following steps. The proteolytic
component of the C3 convertase (C3bBb), Bb, is first removed, after which C3b is split to
C3f and then to iC3b, which is further cleaved to C3c and C3dg, and finally to C3d. In
addition, the association of DAF with C4b or C3b inhibits their ability to convert factor C2
or B to active C2a or Bb, respectively, thus restricting the generation of C4b2a or C3bBb,
and thus formation of the membrane attack complex (MAC). DAF also inhibits the
formation of the highly proinflammatory anaphylatoxins C3a and C5a. Therefore, the
absence of DAF is anticipated to result in increased complement activation, increased MAC
formation, and consequent membrane disruption. In the present study, we examined the
outer retina in single and double mutants for Cc/2 (Lu et al., 1998) and/or DafZ (Lin et al.,
2001, 2002). We report that single mutants develop a mild degenerative phenotype, based on
multiple measures of outer retinal function and structure. In comparison, our data document
that mice lacking both Cc/2and Daf1 develop a much more severe phenotype, indicating a
destructive synergism between these gene deletion models. In addition, Cc/2~/Daf1~
mice have increased endoplasmic reticulum (ER) stress compared to C57BL/6J mice.
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2. Materials and methods

2.1. Animals

2.2. Fundus

All animal procedures were approved by the Institutional Animal Care and Use Committee
of Cleveland Clinic and were conducted in accordance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research. Cc/27/~ (JAX #004434) mice and
C57BL/6J (JAX #000664) mice were purchased from the Jackson Laboratory (Bar Harbor,
Maine). DafZ~/~ mice (Lin et al., 2001) were backcrossed with C57BL/6J mice for more
than 12 generations. Cc/2”/~/ Daf1™'~ mice were generated by crossbreeding Cc/Z/~ mice
and Daf1™~ mice. In view of the recent report that the Crb2"% allele is present in many
mouse strains (Mehalow et al., 2003), we verified that this allele was not present in the mice
studied here. This analysis and genotyping for the Cc/2and DafZ knockout alleles were
accomplished by PCR, using published protocols (Rovin et al., 1999; Lin et al., 2001,
Mehalow et al., 2003).

imaging

Ocular imaging was performed in anesthetized mice using a scanning laser ophthalmoscope
(Model HRAZ2, Heidelberg Engineering, Carlsbad, CA). A manual z-axis focus adjustment
permitted collection of retinal images from the RPE-photoreceptor interface using infrared-
darkfield (SLO-IRDF) and autofluorescence (SLO-AF) imaging modes which employ
illumination/excitation wavelengths of 820 and 488 nm, respectively. Online algorithms
within the HRA2 system software enabled automatic real-time tracking (ART) and mean
averaging of sequentially collected images to further enhance signal-to-noise ratio (SNR),
especially when using AF-SLO mode. A sequence of 25 individual image frames was
averaged using the HRA2 ART feature to improve SNR of the AF-SLO images. Image J was
used to manually count the total number of autofluorescent foci (AFF) observed in each
SLO-AF image to obtain a mean number for each eye.

2.3. Electroretinography

After overnight dark adaptation, mice were anesthetized with a mixture of ketamine (80
mg/kg) and xylazine (16 mg/kg) diluted in saline. The pupils were dilated with eye drops
(1% mydriacyl, 1% cyclopentolate HCI, 2.5% phenylephrine HCI) and the corneal surface
was anesthetized with 0.5% proparacaine HCI eye drops. Mice were placed on a
temperature-regulated heating pad during the ERG recording session. ERGs were recorded
from the corneal surface with a series of stimulus intensities. ERGs were recorded using a
stainless steel electrode that made contact with the center of corneal surface through a thin
layer of 0.7% methylcellulose. Needle electrodes were subcutaneously inserted into the
cheek and the tail as reference and ground leads, respectively. Stimuli ranged from —3.6 to
2.1 log cd s/m? and were presented in increasing order. The ERG responses were digitized at
2000 Hz, differentially amplified (0.3-1500 Hz), averaged and stored using a UTAS-E3000
Electrophysiology System (LKC Technologies, Gaithersburg, MD, USA). A notch filter at
60 Hz was used during dark-adapted ERG recordings. The amplitude of the a-wave was
measured at 8 ms after flash stimulation from the pre-stimulus baseline; the b-wave
amplitude was measured from baseline or from the a-wave trough.
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2.4. Histological analysis

After sacrifice, eyes were enucleated and immediately fixed with 4% paraformaldehyde in
phosphate buffered saline (PBS) for 30 min. The cornea and lens were then dissected and the
eyes were fixed for an additional 4 h in 4% paraformaldehyde in PBS, and then processed
through a graded series of sucrose in PBS solutions: 10% for 1 h, 20% for 1 h, and 30%
overnight. The eyes were embedded in Optimal Cutting Temperature (OCT) compound
(Sukura Finetek, Torrance, CA), frozen on dry ice, and stored at —80 °C. Frozen sections (5
um) were cut sagittally, passing through the optic nerve head, and stained with hematoxylin
and eosin. Photographs were taken on either side of the optic nerve head using an Olympus
BX 60 microscope (20x), and the thicknesses of the outer nuclear layer (ONL) and inner
nuclear layer (INL) were measured at 200 um from the edge of the optic disc using ImageJ
1.48v software (National Institutes of Health, MD) by an examiner who was blinded to
genotype. For each mouse, values indicate the average of three consecutive sections.

2.5. Detection of apoptotic cells by terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL)

Apoptosis was examined using the /n Situ Cell Death Detection Kit, TMR red (Roche
Applied Science, Indianapolis, IN). 10 um retinal sections were prepared as described above
in Section 2.4, and were then incubated with freshly prepared 0.1% Triton X-100/ 0.1%
sodium citrate permeabilization solution for 2 min on ice. After rinsing with PBS 3 times,
the sections were incubated with the TUNEL reaction mixture for 60 min at 37 °C in the
dark and then rinsed with PBS 3 times. Sections were mounted with VECTA-SHIELD
Mounting Medium with DAPI (Burlingame, CA), sealed with HistoSeal Laboratory Sealant
(BioWorld, Dublin, OH) and visualized with the fluorescence microscope. For each section,
the number of TUNEL-positive cells within the INL and the ONL was counted within a 20x
field (426 um in length) located on either side of the optic nerve. The values from separate
sections obtained within a given eye were averaged to derive a single value for that eye.

2.6. Immunohistochemistry

Immunofluorescence staining was used to examine expression of the following proteins:
glucose-regulated protein 78 (GRP78), activating transcription factor 4 (ATF4), mitogen-
activated protein kinase (MAPK) p-p38, p-ERK, p-JNK, p-NF—xB p65 and SIRT1. The
retina sections were prepared by the same procedure mentioned in 2.4. Sections were cut
with thickness of 10 um on a cryostat and incubated in PBS containing 5% normal goat
serum, 1% BSA and 0.5% Triton X-100 for 1 h to block non-specific binding, followed by
incubation with primary antibodies (anti-GRP78 BiP antibody, 1:400, ab21685 Abcam,
Cambridge, MA; anti-ATF4, 1:120, SC-200 Santa Cruz Biotechnology, Dallas, TX; anti-
phospho-ERK, ab76165, anti-phospho-JNK, ab124956, anti-phospho-p38 MAPK, 1:500,
ab4822 Abcam, Cambridge, MA,; anti-phospho-p65 NF-xB, 1:150, ab86299, Abcam,
Cambridge, MA; anti-SIRT1, 1:50 ab12193, Abcam, Cambridge, MA) overnight at 4 °C.
After three washes with PBS, the sections were incubated with goat anti-rabbit IgG H&L
Alexa Fluo® 555 (1:600, ab150086, Abcam, Cambridge, MA) 2 h at room temperature.
After washing with PBS, sections were mounted with VECTASHIELD mounting medium
with DAPI and examined under a fluorescent microscope Olympus BX53.
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2.7. Statistical analysis

For the analysis of ERG data, repeated measures ANOVA was used. The power analysis was
conducted by the F-test of one-way ANOVA, where we considered numbers as outcome and
groups as the factor. For the analysis of SLO images, one-way ANOVA with Tukey’s
multiple comparisons test. All other comparisons between C57BL/6J and mutant data were
made using two-tailed, unpaired Student’s t-tests. For all statistical comparisons, p < 0.05
was considered significant.

For the analysis of histological data, TUNEL data and SLO data, one-way ANOVA was used
to compare the difference between the four groups.

3. Results

3.1. SLO fundus image

SLO-IRDF imaging at 820 nm of the retinas showed no appreciable morphologic differences
among C57BL/6J, CclZ”!~IDaf1™!=, CclZ”!=, and DafI™/~ mice (Fig. 1A top panels). SLO-
AF imaging at 488 nm, however, revealed an increased humber of AFF in all three mutant
strains compared to C57BL/6J (Fig. 1A, bottom panels). The SLO-AF AFF count was
significantly higher in Cc/2”~/Daf1™'~ (Fig. 1B, all p< 0.05).

3.2. Electroretinography

We used dark-adapted ERGs to compare outer retinal function of C57BL/6J and mutant
mice at 12 months of age. Fig. 2A presents representative responses obtained from each
genotype. In each mutant strain, the ERGs had a normal waveform but were of reduced
amplitude. Fig. 2B presents luminance-response functions for the major ERG components.
In comparison to C57BL/6J mice, ERGs were smaller in mutant mice. The reduction of the
ERG a-wave amplitude was significant in Cc/Z”/~ (p=0.041) and Cc/2/~I Daf1™!~ mice (p=
0.004), but not in Dafz~'~ mice (p = 0.058). While the a-wave reduction was more
pronounced in Cc/27'~/Daf1™'~ than in the single mutants, this difference was not significant
(p=0.305 for Cclz~IDaf1'~ vs. Cclz”!'~; p=0.129 for Ccl2”!~I Daf1™~ vs. Daf1™"). The
amplitude reduction of the b-wave was significant in Cc/2”~ (p= 0.025) and Ccl2~/
Daf17!= (p=0.001) mice, but not in DafZ~/~ mice (p = 0.067). Comparisons between the
mutant strains were not significant (all p> 0.05). These results indicate that outer retinal
function is reduced in mice lacking CCL2 and that the magnitude of this reduction is
enhanced when mice also lack DAF, while the absence of DAF alone has less of an impact.

3.3. Histological analysis

Fig. 3A presents representative sections of C57BL/6J, CclZ”!~/ Daf1™!=, Cclz™!=, and
Daf1™'~ mice. The thickness of the ONL and INL were significantly reduced in Cc/2”/~/
Daf17'~ mice as compared to C57BL/6J or the single mutants. In comparison, the retinas of
CclZ”!~ and DafI™'~ mice had more modest changes. Fig. 3B summarizes measures of ONL
and INL thickness. The ONL and INL were significantly thinner in the retina of Cc/2”/~/
Daf17'~ mice as compared to the other three genotypes (all p< 0.01). None of the other
comparisons of ONL or INL thickness were significantly different between C57BL/6J and
single mutant animals (all p> 0.05).
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3.4. Detection ofapoptotic cells by TUNEL

Cellular apoptosis was tested by TUNEL analysis. Fig. 4A shows representative images of
TUNEL staining in C57BL/6J, CclZ!~IDaf1™=, CclZ!~ and Daf1~!~ retinas. In comparison
to C57BL/6J, the number of TUNEL positive cells was increased in Cc/2”~ and Daf1~
retinas, in both the ONL and INL. The greatest numbers of TUNEL-positive cells were seen,
however, in Ccl2”/~/ Daf17!~ retinas, with a similar distribution between the ONL and INL.
Fig. 4B summarizes the TUNEL results. The number of TUNEL-positive cells was
significantly higher in both the ONL and the INL of Cc/2”~/ Daf1~!~ retinas as compared to
the other three groups (all p< 0.01). The pairwise comparisons between the other groups
were not significant (all p> 0.05). The magnitude of the increase of TUNEL positive cells
corresponds to the extent to which the thickness of the ONL and INL were decreased (Fig.
4B), indicating that the absence of CCL2 and/or DAF leads to cell death through an
apoptotic pathway.

3.5. Increased expression of GRP78 and ATF4 in the retinas of Ccl2~/-/Daf1™~ mice

In view of recent evidence that increased ER stress results in apoptosis contributing to
photoreceptor degeneration in other mouse models (Zhang et al., 2014), we examined the
levels of the ER stress markers GRP78 and ATF4 using immunostaining. For these studies,
we focused on the Cc/Z”/~/ Daf1™'~ retina which shows a more severe phenotype of retinal
degeneration than the single knockouts (Figs. 1-4). Our results show that the expression of
GRP78, a major ERchaperone that facilitates protein folding, was increased in the INL and
GCL as well as in the photoreceptor inner segment (1S) of the Cc/2~/ DafI™'~ retina,
compared to the C57BL/ 6J retina. In C57BL/6J retinas, we observed weak staining for
ATF4, a main transcription factor involved in the ER stress response (also known as the
unfolded protein response, UPR) in the INL and GCL. In comparison, strong ATF4
immunoreactivity was observed in Cc/27/=/ DafI™'~ retinas, with the strongest signals seen in
the nuclei of cells in the INL and GCL (Fig. 5).

3.6. Upregulation of phosphor-ERK, phosphor-JNK, phosphor-p38 MAPK and phosphor-
p65 and downregulation ofSIRT1 in the retina of Ccl2~/-/Daf1™~ mice

MAPKSs are a group of threonine/serine-specific protein kinases that are used widely in
regulating gene expression, apoptosis and cell survival (Pearson et al., 2001). There are three
well-defined subgroups of MAPKS: the extracellular signal regulated kinases (ERKS), the c-
Jun N-terminal kinases (JNKSs), and the p38 MAPKSs. They are activated by phosphorylation
events secondary to a variety of different stresses and inflammatory cytokines (Rouse et al.,
1994; Zarubin and Han, 2005; Coulthard et al., 2009; Wagner and Nebreda, 2009). Sustained
MAPK activation can cause excessive generation of MAPK-regulated genes, uncontrolled
proliferation and cell death (Mansouri et al., 2003). We examined the distribution of
phosphorylated ERK (p-ERK),JNK (p-JNK) and p38 (p-p38) in C57BL/6J and Ccl2/
Daf17!~ retinas (Fig. 6). In comparison to C57BI/6J, the levels of p-ERK were elevated in
the IS and GCL layers (Fig. 6, upper row), of p-JNK were elevated intheOPL(Fig. 6, middle
row), and of p-p38 were elevated in the INL, GCL and in the retinal pigment epithelium
(Fig. 6, lower row).
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NF-xB (Nuclear Factor-KappaB) is a heterodimeric protein consisted of NF-KappaB1 (p50),
NF-KappaB2 (p52), and members of the Rel family of transcription factors: RelA (p65),
RelB, and c-Rel (Rel) (Hayden and Ghosh, 2004). In non-stressed cells, NF-xB resides in
the cytosol bound to its inhibitor (IxB), and Rel expression is low, while elevated expression
of Rel/NF-xB is observed in ER stress (Hung et al., 2004) and oxidative stress (Li and
Karin, 1999). Our data shows that the levels of the activated form of p65 (p-p65) were
elevated in the INL and GCL of the Cc/2”~/ Daf1™'~ retina compared to C57BL/6J mice

(Fig. 7).

SIRT1 (Sirtuin Type 1) is a member of the mammalian sirtuin family that generates enzyme
activity in a NAD*-dependent way to deacetylate histones and prolong cell survival
(Rahman and Islam, 2011). Numerous protein targets can be deacetylated by SIRT1, thereby
regulating multiple cellular pathways related to stress responses, apoptosis, inflammation
and metabolism (Ozawa et al., 2010). For example, SIRT1 can downregulate the gene
expression of NF-xB and the cellular apoptosis gene Bax (Zheng et al., 2012) respectively.
SIRT1 also deacetylates the DNA repair factor Ku70, which acts to separate the proapoptotic
factor Bax from mitochondria, thereby protecting the cell from apoptosis (Cohen et al.,
2004). Our data shows that SIRT1 is localized to the IS of the C57BL/6J retina and that
SIRT1 levels are reduced in Cc/Z/~/Daf1™"~ mice (Fig. 7). Determining how this reduction
in SIRT1 contributes to the retinal degenerative process will require further study, but may
relate to its role in inhibition of ER stress (Ghosh et al., 2011; Lee et al., 2014; Melhem et
al., 2015) and its demonstrated protective role when upregulated on retinal neurons (Mimura
etal., 2013).

4. Discussion

In the present study, we examined the outer retina of mice lacking the complement regulator
DAF and/or the chemokine ligand CCL2. We focused on 1 year old mice, to allow even slow
age-related changes to become apparent. We report that mice lacking only CCL2 or DAF
have a modest phenotype, comprised of elevated autofluorescence and reduced ERG
amplitude. While the phenotype is mild, these results support a role for CCL2 and DAF in
maintenance of the outer retina. A more striking phenotype was observed in mice lacking
both CCL2 and DAF. All of the abnormalities observed in single mutants were accentuated
in the double mutant retina, indicating that the defects associated with CCL2 or DAF
synergize when both are absent.

Mice lacking only CCL2 had modest retinal changes. We did not see a significant reduction
in the thickness of the ONL or INL nor an increase in the total number of apoptotic cells.
Overall, our data is consistent with the results of Luhmann et al. (2009) who observed that
the Cc/2'~ retina remained generally normal up to 25 months of age, with the exception of
an increased accumulation of macrophages in the subretinal space that were apparent as
AFFs. As suggested in that study (Luhmann et al., 2009), the mild retinal phenotype of
Ccl2”!~ mice may reflect the ability of another che-moattractant, such as chemokine (C-X-C
motif) ligand 2 (CXCL2) (Raoul et al., 2010), to replace some of the normal functions of
CCL2. There are several possible explanations for the different reports regarding the impact
of Cc/2deletion on the mouse retina (Ambati et al., 2003; Luhmann et al., 2009, 2013; Chen
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etal., 2011). It is important to bear in mind that most of the studies, including the present
one, report that the Cc/2/~ retinal phenotype is relatively mild. Perhaps the simplest
explanation, therefore, is that the experimental techniques used by these different
laboratories may have different sensitivity to detect an abnormal phenotype. Alternatively, it
is possible that the phenotype is influenced by the background strain against which the
mutant allele was expressed.

Mice only lacking DAF also had a limited retinal phenotype. Although DafZ~/~ mice have
marked changes in multiple systems following challenge with various factors (Fang et al.,
2007; Toomey et al., 2010), when we examined 1-year old DafI~'~ retinas, we did not see
significant changes in the retinas of DafZ~/~ mice. These results indicate that the role of
DAF in regulating MAC activity may be partially achieved by another complement
regulator, such as membrane cofactor protein (CD46) (Davies et al., 1994; Ebrahimi et al.,
2014) or MAC-inhibitory protein (CD59), or may not be critical when mice are reared in an
environment where everything they consume and contact has been sterilized. In future
studies, it would be interesting to see if the DafZ'~ retina has an abnormal response to an
extrinsic or intrinsic challenge.

Of all the mouse stains examined here, Cc/2/~/ Daf1~/~ mice displayed the greatest retinal
changes. These include significant reductions in ERG amplitude reflecting loss of cells in
the ONL due to increased rates of apoptosis. Apoptosis was not limited to the ONL, as a
high level of TUNEL positive cells was also seen in the INL of Cc/2”/~/ Daf1™/~ mice.
CclZ”"=1Daf1"~ mice also displayed higher numbers of AFFs in the subretinal space,
significant upregulation of phosphorylation of p38, ERK, JNK and p65, significant increase
of the expression of GRP78 and ATF4 with more intensive staining in the INL and GCL,
suggesting an elevated ER stress in the mutant retina. These changes are consistent with the
wide distribution of DAF in the retina, from the OPL to the GCL (Williams et al., 2013), and
suggests that the phenotype associated with DAF deficiency is exacerbated when combined
with CCL2 deficiency, which may increase the activity of complement pathways, and, in
turn, elevate ER stress (Kunchithapautham et al., 2014; Cybulsky et al., 2002). In support of
this scenario, other laboratories have shown that ER stress contributes to RPE and retinal
cell degeneration in animal models of age-related macular degeneration (Libby and Gould,
2010; Salminen et al., 2010; Zhang et al., 2014) or photoreceptor degeneration caused by
genetic (i.e., rhodopsin mutations including S334ter, RCS, P23H-3, and hT17M) or
environmental (i.e., intensive light exposure) factors (Lin et al., 2007; Gorbatyuk and
Gorbatyuk, 2013; Kroeger et al., 2012; Kunte et al., 2012; Shinde et al., 2012). As reviewed
previously, ER stress activates signaling pathways of the UPR to regulate cellular activity
and cell fate in stress conditions (Jing et al., 2012; Zhang et al., 2014, 2015). While
physiological or mild ER stress can be overcome by the UPR, an adaptive mechanism to
reduce ER stress, pathological (persistent and intensive) ER stress will activate the apoptotic
process leading to cell death and degeneration. In addition, chronic ER stress has been
shown to promote inflammatory response, at least in part, through activation of JNK and
NF-xB (Zheng et al., 2012). Indeed, we observed that increased apoptosis was accompanied
byJNK and NF-xB activation in the INLand ONLof Cc/2/~/ Daf1!~ retinas. Taken together,
these results suggest an important role of ER stress in the ONL and INL apoptosis noted in
Ccl2"I Daf1™!~ mice.
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The upregulation of p-p38, p-ERK, p-JNK in Cc/2”~/DafI™!~ mice also indicates a
widespread activation of cell defense pathways (Zarubin and Han, 2005), related to oxidative
stress (Gaitanaki et al., 2003) or inflammation (Kaminska, 2005). ER stress and oxidative
stress can interact with each other (Malhotra and Kaufman, 2007). In addition, ER stress can
also activate MAPK pathways, in which MAPKSs mediate the cytotoxicity induced by the ER
stress (Darling and Cook, 2014). MAPK activation is required to induce autophagy after ER
stress (Kim et al., 2010), and MAPKSs interact with SIRT1 in response to cellular stress
(Zhao et al., 2012; Becatti et al., 2014). Low levels of SIRT1 can increase the activity of NF-
kB pathway (Salminen et al., 2013). Moreover, SIRT1 plays an antioxidant role through the
FOXO family, by increasing the ability of FOXO3 to induce cell cycle arrest and increasing
resistance to oxidative stress while inhibiting the ability of FOXO3 acetylation or
phosphorylation to induce cell death (Brunet et al., 2004). Furthermore, SIRT1 regulates
DNA stability and promotes cell survival through Ku70, a nonhomologous end-joining DNA
repair protein and p53-dependent apoptosis (Cheng et al., 2003). SIRT1 also inhibits
apoptosis by deacetylating Ku70 and reducing the disruption of Ku70-Bax interaction,
allowing Bax to move away from mitochondria (Cohen et al., 2004). It will be important to
determine which of these roles might connect the decreased levels of SIRT1 with the
increased apoptosis noted in Cc/2~/Daf1™'~ retinas.

In summary, CCL2 or DAF1 single deletion does not cause marked retinal degeneration, due
perhaps to compensation by other protective mechanisms. However, loss of CCL2 and DAF1
results in a significant phenotype with increased ER stress and oxidative stress, activation of
apoptosis signaling pathways (Tabas and Ron, 2011; Szegezdi et al., 2006; Kannan and Jain,
2000) and cell death. This model may be useful for the evaluation of treatments designed to
slow retinal cell death by reduction of cellular stress.
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Fig. 1.

SLO imaging of mouse models studied. (A) Representative SLO images obtained from
C57BL/6J, Cclz”!=1Daf1™=, Cclz”!=, or Daf1™~ mice. Top panels show no appreciable
morphologic differences across genotypes for SLO-IRDF imaging at 820 nm. Bottom panels
use SLO-AF imaging at 488 nm, which shows the (AFF) in mutant strains compared to
C57BL/6J. A single AFF is indicated with an arrow in each SLO-AF488 nm image. (B)
Numbers of SLO-AF AFF. Bars indicate the mean + SE for 5-8 mice per genotype. The
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number of SLO-AF AFF is significantly higher in Cc/2”/~/Daf1™'~ in comparison to all
genotypes (all p< 0.05); the other comparisons are not significant.
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Electroretinography. (A) Representative waveforms obtained to strobe flash stimuli
presented to the dark-adapted eyes of 12 month old mice. Stimulus strength is indicated to
the right of each row of waveforms. (B) Luminance-response functions for a- and b-wave
amplitude. Data points indicate the mean + SE for 7-12 mice.
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Fig. 3.
Retinal histology. (A) Representative hematoxylin-eosin stained images (20x) of retinal

cross sections taken next to the optic nerve head. The scale bar indicates 60 um. (B) Average
thickness of the ONL and the INL. Bars indicate the mean + SE for three mice per genotype.
*

p<0.01.
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Fig. 4.

TSNEL analysis. (A) Representative images of retinal sections taken next to the optic nerve
head for each genotype. The arrows indicate some of the TUNEL-positive cells which are
seen in the ONL and the INL of mutant but not C57BL/6J mice. The scale bar indicates 50
pum. (B) Average number of TUNEL-positive cells counted in the ONL (left) and INL (right)
of C57BL/6J, Ccl2”~I Daf1™=, CclZ™!=, or Daf1™'~ mice. The greatest number was noted in
CclZ=| Daf1™!~ retinas. Bars indicate the mean + SE for three mice of each genotype. *p <
0.01.
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Fig. 5.
Immunohistochemical analysis of ER stress marker distribution in C57BL/6J and Cc/2/~/

Daf17/~ mice. Staining for GPR78 and ATF4 is significantly increased in the Cc/2/~/
Daf1™'~ retina. The scale bar indicates 50 um. Images are representative of 3 mice per
genotype.

Exp Eye Res. Author manuscript; available in PMC 2017 July 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuetal.

IS
ONL

INL
GCL

Page 20

CS57BL/6J Ccl27"/Daf1"

Fig. 6.
Immunohistochemical analysis of p-ERK, p-JNK and p-p38 distribution in C57BL/6J and

Cclz=1Daf1™!~ retina. Staining for p-ERK, p-JNK and p-p38 is significantly increased in
the Ccl2”~/ DafI™'~ retina. The scale bar indicates 50 pm. Images are representative of 3
mice per genotype.
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Fig. 7.
Immunohistochemical analysis of p-p65 and SIRT1 distribution in C57BL/6J and Cc/Z™/~/

Daf17!~ retina. The scale bar indicates 50 pm. Images are representative of 3 mice per
genotype.
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