Am J Neurodegener Dis 2012;1(2):168-179
www.AJND.us /ISSN:2165-591X/AJND1207002

Original Article
Spatial regulation of interleukin-6 signaling in response to
neurodegenerative stressors in the retina

Stephanie M Sims?, Lauren Holmgren, Heather M Cathcart!, Rebecca M Sappingtoni-2

1Department of Ophthalmology and Visual Sciences, 2Department of Pharmacology, Vanderbilt University School of
Medicine, Nashville, TN, USA.

Received July 13, 2012; accepted July 31, 2012; Epub August 1, 2012; published August 15, 2012

Abstract: Neuroinflammation, defined as the induction of immune-related processes within the central nervous sys-
tem, is recognized as a component of many neurodegenerative disorders, including glaucomatous degeneration of
retinal ganglion cells (RGCs). Previous work in vitro identified IL-6 as a potential neuroprotective factor for RGCs, par-
ticularly those challenged by glaucoma-related stressors. Here we examined the temporal and spatial characteristics
of IL-6 signaling in response to two stressors related to RGC neurodegeneration: age and elevated intraocular pres-
sure (IOP). Using ELISA, immunoblotting, immunolabeling and quantitative microscopy, we measured and compared
whole retina and RGC-related expression of IL-6 and IL-6Ra in normal retina (young C57), retina susceptible to glau-
comatous neurodegeneration (young DBA/2), aging retina (aged C57) and aging retina challenged by elevated 10P
(aged DBA/2). We found that: 1) neurodegenerative stressors induce alterations in whole retina expression of IL-6
and IL-6Ra, 2) these whole retina changes do not reflect the immediate milieu of RGCs, where IL-6 and IL-6Ra ex-
pression is spatially variable and 3) the extent and magnitude of this spatial variability is stressor-dependent. Our
data provide the first evidence that neurodegenerative stressors produce microenvironments of IL-6 signaling in ret-

ina and that the nature and magnitude of spatial regulation is dependent on the identity of the stressor.
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Introduction

Neuroinflammation, defined as the induction of
immune-related processes within the central
nervous system (CNS), is associated with a vari-
ety of cellular events, including reactivity of glial
cells (gliosis), infiltration of peripheral immune
cells and production of inflammatory cytokines.
These events are recognized as a component of
many neurodegenerative disorders and are
thought to be contributors to age-related decline
in neuronal function and survival [1-7]. In retina,
neuroinflammation is associated with variety of
retinal neurodegenerations, including glauco-
matous degeneration of retinal ganglion cells
(RGCs).[4,8-16]. Although expression of neuro-
inflammatory cytokines generally exacerbates
retinal neurodegeneration [4,17-22], the inflam-
matory cytokine interleukin-6 (IL-6) has
emerged as a potential neuroprotective factor
for retinal ganglion cells (RGCs) in vitro and is
expressed constitutively in the retina [23-25]. IL-
6 is a pleiotropic cytokine, which shares a com-

mon signal transduction component (gp130),
with other IL-6 family member ligands [26-28].
Specific IL-6 signaling involves interaction of
gpl130 with membrane-bound IL-6 receptor al-
pha (IL-6Ra). The IL-6Ra-gp130 receptor com-
plex forms the complete interleukin-6 receptor,
which results in downstream transcriptional
regulation of pro- and anti-apoptotic factors [27-
29]. Despite evidence that retinal expression of
IL-6 is sensitive to a variety of neurodegenera-
tive stressors, little is known about the specific
nature of these changes or corresponding
changes in its receptor.

Here we examined the spatial and temporal
characteristics of retinal IL-6 signaling in re-
sponse to two neurodegenerative stressors as-
sociated with RGC degeneration - age and ele-
vated intraocular pressure (IOP). We measured
and compared whole retina and RGC-related
expression of IL-6 and IL-6Ra in normal retina
(young C57), retina susceptible to glaucoma-
tous neurodegeneration (young DBA/2), aging
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retina (aged C57) and aging retina challenged
by elevated I0P (aged DBA/2). In DBA/2 mice,
elevated IOP is naturally induced by the pres-
ence of mutations in two genes: gpnmb and
tyrpl [30, 31]. These mutations induce age-
related iris atrophy and dispersion of iris pig-
ment that leads to an obstruction of aqueous
outflow canals and subsequent elevation in IOP
[32]. This elevation in I0P leads to the degen-
eration of RGCs and their axons in the optic
nerve, like that observed in the human condi-
tion of glaucomatous optic neuropathy [11, 33,
34]. Although significant pathology is typically
not noted in DBA/2 retina until later in the life
span, young DBA/2 mice still possess the geno-
type that leads to IOP elevation and RGC degen-
eration. As such, young DBA/2 mice are in a
state of genetic susceptibility to retinal neurode-
generation. Our studies revealed that: 1) neu-
rodegenerative stressors induce alterations in
whole retina expression of IL-6 and IL-6Ra, 2)
these whole retina changes do not reflect the
immediate milieu of RGCs, where IL-6 and IL-
6Ra expression is spatially variable and 3) the
extent and magnitude of this spatial variability
is stressor-dependent. Together, these data
suggest that IL-6 signaling is: 1) spatially regu-
lated in retina and 2) likely to occur in the con-
text of microenvironments, where the magni-
tude and therefore, impact of IL-6 signaling dif-
fers between populations of RGCs within the
same retina.

Materials and methods
Animals and tissue preparation

The experimental procedures described were
approved by the Vanderbilt University Medical
Center Institutional Animal Care and Use Com-
mittee. For whole retina protein analysis (ELISA
and immunoblotting), retina from young (3
month, n=13) and aged (8 month, n=10) DBA/2
mice were compared to age-matched C57BL/6
(C57, Charles River Laboratories, Wilmington,
MA, n=18). The average IOP for DBA/2 mice
was 14mmHg +/- 0.84mmHg and 20mmHg +/-
1.55mmHg for three and eight month aged
mice, respectively. For immunohistochemical
studies, young (2-3 month, n=9) and aged (10-
12 month, n=12) DBA/2 mice were compared
to age-matched C57BL/6 mice (Charles River
Laboratories, n=7). The average IOP for DBA/2
mice was 13mmHg +/- 1.34mmHg and
23mmHg +/- 5.24mmHg for young and aged
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mice, respectively. IOP was monitored monthly
in DBA/2 mice using a tonometer (Tono-Pen;
Reichert, Depew, NY) before mice were sacri-
ficed [9, 33, 35].

Enzyme linked immunosorbent assay (ELISA)

Total protein was isolated from freshly dissected
retina of three and eight month aged C57BL/6
and DBA/2 mice by homogenization using ultra-
sonication (1 retina/50uL) in a solution contain-
ing 50 mM Tris HCL, pH 7.2 (Cellgro by Medi-
atech, Manassas, VA), 150mM NaCl (Cellgro),
1% NP-40, 0.25% sodium deoxycholate (Sigma-
Aldrich), 100um PMSF (Sigma-Aldrich), 0.1%
SDS (Promega, Madison, WI) and protease/
phosphatase inhibitor cocktail (Roche,
Branchburg, NJ). Cellular debris was pelted by
centrifugation at 14,000 rpm for 30 minutes at
4°C. Protein concentration was determined
from the supernatant using a BCA assay
(Thermo Fisher Scientific, Waltham, MA). We
used an ELISA kit (Quantikine mouse IL-6; R&D
Systems; Minneapolis, MN) to measure the con-
centration of IL-6 in total protein lysate from
each retina. The ELISA was conducted accord-
ing to manufacturer’'s recommendations. The
concentration of IL-6 in each sample was inter-
polated by a comparison of the optical densities
in the sample wells to those of the IL-6 standard
curve (0-500pg/ml of IL-6). The minimum de-
tectable level of mouse IL-6 was 1.3-1.8 pg/ml.
IL-6 protein concentrations were normalized to
ug of total protein.

Immunoblotting

Immunoblotting against IL-6Ra was performed
in freshly dissected retina of three and eight
month aged C57BL/6 and DBA/2 mice, as pre-
viously described [36]. Briefly, single retinas
were homogenized in 50mM Tris, pH 6.8, 2%
SDS, 10% glycerol, 100mM DTT, 2mM EDTA,
50mM NaF, 0.2mM Na3V04, 0.25mM PMSEF,
and protease inhibitor cocktail (Roche). Protein
concentration was determined from the super-
natant using a BCA assay (Thermo Fisher Scien-
tific). Samples (60-80ug of protein) were pre-
pared in denaturing buffer containing: 1200mM
Tris-HCI, pH 6.8, 4% SDS, 20% glycerol, 0.2%
bromophenol blue, and 200mM dithiothreitol
and separated by SDS-PAGE in 4-20% gradient
Tris-glycine pre-cast gel (Bio-Rad) and trans-
ferred to a PVDF membrane (Millipore; Temec-
ula, CA). The membrane was incubated for one
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hour in blocking solution containing: 5% pow-
dered milk and 0.05% Tween-20, pH 7.6. This
was followed by an overnight incubation at 4°C
in anti-mouse IL-6R/CD126 (2ug/ml; catalog
number MAB18301; R and D Systems) and/or
anti-B-actin (3ug/ml; catalog number AM4302;
Ambion). Following washes in a solution of phos-
phate-buffered saline (PBS; Fisher Scientific;
Fairlawn, NJ) with 0.05% Tween-20, mem-
branes were incubated for 1 hour in blocking
solution containing goat anti-rat 1gG (400ng/ml;
Molecular Probes) or goat anti-mouse IgG
(400ng/ml; Molecular Probes) conjugated to
Alexa Fluor 680. Following washes in PBS +
Tween-20, immunoreactive bands were de-
tected by an Odyssey infrared imaging system
(Li-Cor, Lincoln, NE).

Whole mount retina immunohistochemistry

Immunohistochemistry in whole mount retina
was performed as previously described [9, 36].
Briefly, retina were cryoprotected in a graded
sucrose series (10-30%) and then freeze-
thawed on dry ice to enhance penetration of the
primary antibody. Following washing in PBS,
autofluorescence was quenched by placing the
retinas in a 0.1% sodium borohydride (Fisher)
solution for 30 minutes at room temperature.
Subsequently, retinas were rinsed with PBS and
incubated in a blocking solution of 5% normal
horse serum (NHS; Sigma-Aldrich; St. Louis, MO)
and 0.1% Triton X-100 (Fisher) in PBS overnight
at 4°C. Following the blocking step, retinas
were transferred into a primary antibody solu-
tion with 3% NHS and 0.1% Triton X-100 in PBS
for 4 days at 4°C. After rinsing in PBS, the reti-
nas were incubated overnight at room tempera-
ture with a secondary antibody solution contain-
ing 1% NHS and 0.1% Triton X-100. Retinas
were rinsed, mounted on glass slides with
Fluoromount-G (Fisher) and cover-slipped. The
antibodies used for whole mount retina immu-
nolabeling were rabbit anti-IL-6 1gG (188ug/ml;
catalog number ab6672, Abcam; Cambridge,
MA), rabbit anti-IL-6Ra 1gG (4ug/ml; catalog
number sc-660; Santa Cruz; Santa Cruz, CA),
mouse anti-SMI-31 (1:1000; catalog number
SMI-31R; Covance; Princeton, NJ) goat anti-Iba-
1 (1.25ug/ml; catalog number ab5076; Abcam)
and mouse anti-GFAP (1:500; catalog number
MAB360 Millipore)and were visualized using
donkey anti-rabbit Alexa 555 or Alexa 488
(10pg/ml; Invitrogen; Eugene, OR), donkey anti-
goat Alexa 488 (10ug/ml; Invitrogen) or donkey
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anti-mouse Dylight 649 (7.5ug/ml; Jacksonim-
muno Research; West Grove, PA).

Fluorescence microscopy

Whole mount retina imaging was performed
through the Vanderbilt University Medical Cen-
ter Cell Imaging Shared Resource Core. Staining
was imaged on an upright confocal microscope
(LSM510 META; Carl Zeiss Inc., Thornwood, NY)
or an inverted confocal microscope (Olympus FV
-1000; Center Valley, PA) equipped with laser
scanning fluorescence (blue/green, green/red,
red/far-red). Three dimensional z-series images
of the retina were acquired using a digital cam-
era and image analysis software (LSM5; Zeiss
or FV-10 ASW; Olympus). For each retina, 10
pseudorandom images through the ganglion cell
and nerve fiber layers were obtained between
mid-periphery and mid-central regions at 63x
magnification.

Quantification of digital microscopy

For each of the 10 pseudorandom retinal im-
ages , the ganglion cell- and nerve fiber- layers
were collapsed into two dimensional images.
We used these images to examine IL-6 and IL-
6Ra intensity. All measurements were per-
formed using imaging analysis (Image Pro Plus
5.1; Media Cybernetics, Inc; Bethesda, MD). IL-6
and IL-6Ra intensity was calculated as the
mean pixel intensity across each image. As
such, one value for IL-6 or IL-6Ra intensity was
obtained from each of 10 micrographs per ret-
ina. IL-6 and IL-6Ra intensity data are pre-
sented in arbitrary units of intensity.

Statistical analysis

All statistical tests were performed with Sig-
maPlot (Systat Software Inc., San Jose, CA). For
ELISA and immunoblotting data, mean IL-6 con-
centrations (pg/ml/ug of total protein) and IL-
6Ra/actin ratios were compared among groups
using one-way analysis of variance and pair-
wise multiple comparisons were made between
groups using the Holm-Sidak method. For analy-
sis of whole mount expression data, we com-
pared labeling intensity among groups using
Kruskal-Wallace one-way analysis of variance
followed by post hoc pair-wise comparisons be-
tween groups using Dunn’s Method. Error bars
represent + SD of the mean. For all analyses, p
< 0.05 was considered statistically significant.
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Results

Aging and neurodegenerative stressors impact
IL-6 signaling in whole retina

To assess global changes in IL-6 signaling, we
quantified IL-6 and IL-6Ra expression in protein
lysates from whole retina of DBA/2 and C57
mice, as a function of age. IL-6 levels were the
highest in aged C57 mice (0.198pg/ml/ug).
This concentration of IL-6 was 1.5 fold higher
than in young C57 mice (P=0.007) and 60%
higher than DBA/2 mice of the same age (p <
0.001; Figure 1A). Although there was a trend
towards decreasing IL-6 in aged DBA/2 mice
compared to young DBA/2 mice, this trend did
not reach statistical significance (p = 0.15; Fig-
ure 1A). These data suggest that expression of
IL-6 in whole retina increases with normal aging
in C57 mice and with a state of susceptibility to
neurodegeneration (young DBA/2). However, an
age-related increase in IL-6 expression was not
observed in DBA/2 mice, suggesting that devel-
opment of elevated IOP may alter temporal
trends in retinal IL-6 expression.

In contrast to IL-6, IL-6Ra levels were highest in
young DBA/2 mice (0.0087pg/ml/ug protein)
and lowest in young C57 mice (0.0018pg/ml/ug
protein; Figure 1B). This almost 5-fold difference
in IL-6Ra expression level was statistically sig-
nificant (p < 0.05; Figure 1B). Similarly, IL-6Ra
expression in aged DBA/2 mice was almost 4-
fold higher than that of young C57 mice (p <
0.05; Figure 1B). Interestingly, IL-6Ra expres-
sion did not differ in aged C57 and aged DBA/2
mice, compared to their younger counterparts (p
> 0.05; Figure 1B). For IL-6Ra, there was no
evidence of an age-related change in expression
for either C57 or DBA/2 mice, suggesting that
normal aging and the development of a neu-
rodegenerative stressor do not significantly alter
IL-6Rx expression levels in whole retina. How-
ever, DBA/2 mice in both age groups exhibited
higher IL-6Ra expression, suggesting that both
the presence of and susceptibility to develop-
ment of elevated IOP coincides with elevated
expression of IL-6Ra.

RGCs are a target of IL-6 signaling in response
to IOP and aging stressors

Although our whole retina analysis suggests that
both IL-6 and IL-6Ra expression may be altered
by the predisposition to and the presence of IOP
-induced neurodegeneration, this analysis does
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Figure 1. Age- and I0P-related stressors differentially
impact IL-6 and IL-6Ra expression in whole retina.
Graphical representation of IL-6 (A) and IL-6Rx (B)
protein concentration in whole retina lysates from
young C57, aged C57, young DBA/2 and aged
DBA/2 mice. Asterisks denote p < 0.05. A. IL-6 con-
centration, as measured by ELISA, is depicted as pg/
ml/ug of total protein. IL-6 expression in aged C57
mice is 1.5-fold greater than young C57 mice and
60% greater than age-matched DBA/2 mice. IL-6
expression does not increase with age in DBA/2
mice, but rather, trends toward decreasing expres-
sion (p = 0.15). B. IL-6Ra expression, as measured
by immunoblotting is depicted as the ratio of IL-6Rx
to actin. IL-6Rax expression was ~5-fold and ~4-fold
greater in young DBA/2 retina and aged DBA/2 ret-
ina respectively, than in young C57. No significant
changes in IL-6Ra expression were noted with aging
in either C57 or DBA/2 mice or between aged C57
and DBA/2 retina.

not provide information about the relevance of
these changes to glaucomatous neurodegen-
eration. Since cytokines tend to act locally
within a relatively small spatial area and RGCs
are the specific targets of I0P-induced neurode-
generation, we examined localization of IL-6 and
IL-6Ra in the ganglion cell and nerve fiber layers
of DBA/2 retina. Confocal microscopy confirmed
that IL-6 is present in the extracellular space

Am J Neurodegener Dis 2012;1(2):168-179
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Figure 2. IL-6 localizes primarily to the extracellular space surrounding RGCs, while IL-6Ra localizes primarily to RGCs
and retinal vasculature. Confocal micrographs of the ganglion cell and nerve fiber layers of aged DBA/2 retina depict-
ing cell type-specific expression of IL-6 and IL-6Ra. Scale is consistent. A. Immunolabeling of IL-6 (left panel; red)
reveals primary localization of IL-6 to the extracellular space surrounding RGC soma in the ganglion cell layer
(arrowheads). Co-immunolabeling (right panel) of IL-6 (red) with antibodies against the microglia marker lba-1 (green)
and the astrocyte marker GFAP (blue) reveal co-localization of IL-6 and Iba-1 in microglia as well as an association
between IL-6 and GFAP+ astrocytes. B. Immunolabeling of IL-6Ra (red; left panel) reveals localization to RGC soma
(arrowheads) and vasculature (arrows). Co-immunolabeling (right panel) of IL-6R« (red) with the microglia marker Iba-
1 (green) and the RGC marker SMI-31 (blue) reveals co-localization of IL-6Ra with SMI-31 (arrowheads), confirming

expression of IL-6Ra by RGCs.

surrounding RGC axons in the nerve fiber layer
and RGC soma in the ganglion cell layer of aged
DBA/2 mice (Figure 2A). Co-immunolabeling
with the microglia marker Iba-1 and the astro-
cyte marker GFAP revealed intracellular localiza-
tion of IL-6 in Iba-1+ microglia and an associa-
tion of extracellular IL-6 with GFAP+ astrocytes
(Figure 2A). In contrast, IL-6Ra is primarily asso-
ciated with both RGC soma and axons, as deter-
mined by co-localization of IL-6Ra signal with
the RGC marker SMI-31 (Figure 2B). IL-6Ra also
localizes to vasculature in the nerve fiber layer,
as determined by morphology (Figure 2B). This
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data confirms previous observations in vitro
that IL-6 is likely produced by microglia and that
RGCs are a target of IL-6 signaling in glaucoma-
tous neurodegeneration [8, 9, 24].

Stressor-dependent changes in IL-6 signaling
directly relevant to RGCs differs substantially
from that in whole retina

To quantify layer-specific changes in IL-6 and IL-
6Ra expression, we performed a spatial analy-
sis by measuring total intensity of IL-6 and IL-
6Ra immunolabel in the ganglion cell and nerve

Am J Neurodegener Dis 2012;1(2):168-179
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Figure 3. Age and elevated IOP differentially modu-
late layer-specific expression of both IL-6 and IL-6Ra.
Graphical representation of mean intensity of IL-6 (A)
and IL-6Ra (B) labeling in the ganglion cell and nerve
fiber layers of age-matched, young and aged C57 and
DBA/2 mice. Asterisks denote statistical significance
of p £ 0.05. A. Young C57 retina exhibited 24-30%
more IL-6 labeling than all other conditions, including
aged C57 retina. There is no significant difference in
the intensity of IL-6 labeling between aged C57,
young DBA/2 or aged DBA/2 retina. B. IL-6Rx label-
ing intensity was highest in young C57 retina and
lowest in aged DBA/2 retina, with aged DBA/2 retina
exhibiting as much as 48% less label than all other
conditions. Although there is no significant difference
between young and aged C57 retina, aged DBA/2
retina exhibits 28% less IL-6Ra labeling than young
DBA/2 retina.

fiber layers of 10 pseudorandom, confocal mi-
crographs per retina. Quantification of mean IL-
6 labeling within the ganglion cell and nerve
fiber layers revealed that young C57 mice ex-
hibit the highest mean intensity, which was 26%
greater than aged C57 (p < 0.05), 24% greater
than aged DBA/2 and 30% greater than age-
matched DBA/2 (P < 0.05; Figure 3A). There
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was no significant difference in IL-6 intensity
between aged C57, aged DBA/2 and young
DBA/2 retinas. These data suggest that the col-
lective expression of IL-6 in the ganglion cell
and nerve fiber layers of the retina diminishes
with aging in both the presence (aged DBA/2) or
absence (aged C57) of a neurodegenerative
stressor, as well as, in retina from young mice
predisposed to the development of neurodegen-
erative stressor (young DBA/2).

Similar to IL-6, IL-6Ra expression was greatest
in the ganglion cell and nerve fiber layers of C57
mice. However, this expression did not differ
significantly with age (p > 0.05; Figure 3B). IL-
6Ra expression in young DBA/2 retina was 29%
and 14% less than young and aged C57 retina,
respectively (p < 0.05). Aged DBA/2 mice exhib-
ited the lowest IL-6Ra expression, which was
48% less than young C57, 38% less than aged
C57 and 28% less than young DBA/2 (p > 0.05;
Figure 3B). These data suggest that while aging
alone does not significantly impact IL-6Ra ex-
pression by RGCs, the combination of aging and
elevated IOP serves to reduce this expression.
Interestingly, young DBA/2 mice also exhibited
reduced IL-6Ra expression by RGCs, suggesting
that the capacity for IL-6 signaling is reduced in
RGCs prior to presentation of the IOP stressor
and onset of neurodegeneration.

IL-6 signaling is spatially regulated into discreet
microenvironments that vary by stressor

Our layer-specific analysis of IL-6 and IL-6Rx
expression provided an assessment of IL-6 sig-
naling that was more relevant to RGCs than the
whole retina analysis. However, we noted that
despite the restriction of our analysis to the gan-
glion cell and nerve fiber layers, significant vari-
ability from the mean remained. Examination of
IL-6 and IL-6Ra staining patterns across the
entire ganglion cell and nerve fiber layers of the
retina revealed a mosaic pattern of labeling
intensities within each individual retina. This
mosaic pattern consisted of areas of high inten-
sity labeling intermixed with areas of lower in-
tensity labeling. Qualitatively, IL-6 labeling was
most consistent in young C57 retina (Figure 4A)
with spatial variability noted in aged C57 (Figure
4B), young DBA/2 (Figure 4C) and aged DBA/2
retina (Figure 4D). Similarly, IL-6R« labeling was
also most consistent in young C57 retina (Figure
5A), while aged C57 (Figure 5B), young DBA/2
(Figure 5C) and aged DBA/2 retina (Figure 5D)
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all exhibited significant spatial variability.

To more specifically assess trends in spatial
variation of IL-6 and IL-6Ra labeling, we per-
formed histogram and variation analysis of la-
beling intensities from the individual micro-
graphs used for mean analysis (Figure 6) and

compared the histogram functions between
C57 and DBA/2 mice in both age groups. Histo-
gram analysis revealed that IL-6 labeling was
fairly consistent in both young C57 and young
DBA/2 retina (Figure 6A). However, the histo-
gram function for young C57 retina was shifted
to the right reflecting the overall higher intensity

of IL-6 labeling in these retina (180-210 inten-
sity units). For young DBA/2 retina, the histo-
gram function was slightly broader and concen-
trated in more moderate intensities (110-160
intensity units). Similarly, the histogram function
for aged DBA/2 retina was also heavily concen-
trated in the moderate range exhibited by young
DBA/2 retina (110-160 intensity units). How-
ever, these retina also exhibited a few instances
of low intensity (90-100 intensity units) and high
intensity (170-200 intensity units) labeling lead-
ing to a broader overall distribution (Figure 6A).
The broadest histogram function was observed
in aged C57 retina, where labeling intensities
ranged from 60-250 intensity units (Figure 6A).
Interestingly, the distribution across these inten-
sities was rather even without the obvious
spikes noted in all other groups (Figure GA).
Mathematical assessment of variation in IL-6
intensities revealed that the coefficient of vari-
ability was least in young C57 (0.078) and
young DBA/2 retina (0.097). The variability in
aged DBA/2 retina (0.186) was approximately 2
-fold higher than that of both young C57 and
young DBA/2 retina. The greatest variability was
noted in aged C57 retina, which exhibited a co-
efficient of variability of 0.448. This degree of
variability was almost 2-fold greater than that of
age-matched DBA/2 retina and more than 5-
fold higher than that of young C57 and young
DBA/2 retina. This data confirms our qualitative
and histogram analysis of spatial variability in IL
-6 expression illustrating the smallest degree of
variability in young C57 and DBA/2 retina and
greatest in aged C57 retina with aged DBA/2
mice falling into a more moderate range.

Figure 4. IL-6 in the ganglion cell and nerve fiber layers of the retina exhibits a distinct mosaic pattern of localization,
particularly with age. A-D. Representative confocal micrographs of IL-6 immunolabeling in the ganglion cell and nerve
fiber layers of whole-mount retina from young C57 (A), aged C57 (B), young DBA/2 (C) and aged DBA/2 (D) mice.
Confocal micrographs are a single projection of micrographs stacked in the z-plane to encompass the entirety of the
ganglion cell and nerve fiber layers. IL-6 immunostaining presents in a mosaic pattern of varying labeling intensities
across the retina. The left and right panels are representative micrographs of the degree of labeling variation noted
within a single retina, where the left panel demonstrates the lowest labeling intensity and the right panel demon-
strates the highest labeling intensity for each retina. Qualitative comparisons of the left and right panels within each
experimental group reveal that IL-6 labeling is most consistent in young C57 retina (A) and most variable in aged C57
retina (B), with young (C) and aged (D) DBA/2 retina exhibiting moderate levels of spatial variability. Scale is consis-
tent for A-D.
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Similar to IL-6, the histogram function for IL-6Rx
was tightest in young C57 retina and skewed to
the right (225-262 intensity units), reflecting
higher expression levels of IL-6Ra with little spa-
tial variability (Figure 6B). In contrast, the histo-
gram functions for aged C57, young DBA/2 and

aged DBA/2 retina were widespread, indicating
significant spatial variability for each of these
conditions (Figure 6B). Of these histogram func-
tions, aged C57 and aged DBA/2 retina exhib-
ited the most even distribution of IL-6Ra label-
ing intensities, with a slight shift to the left for

aged DBA/2 retina (85-225 versus 85-255 in-
tensity units) reflecting the overall lower level of
IL-6Ra expression in these mice (Figure 6B).
Interestingly, young DBA/2 retina exhibited a
more bimodal distribution with a majority of
fields concentrated in either low intensity (85-
125 intensity units) or high intensity regions
(237-262; Figure 6B). The coefficients of vari-
ability for young DBA/2 (0.395), aged C57
(0.277) and aged DBA/2 mice (0.303) were
between 5.6-fold and 8-fold greater than young
C57 retina (0.049), with young DBA/2 mice ex-
hibiting the greatest extent of variability. This
confirmed both our qualitative and histogram
data, which suggested that spatial variation in IL
-6Ra expression was least in young C57 retina
and greatest in young DBA/2 retina with aged
C57 and aged DBA/2 mice falling into more
moderate ranges.

Together, these data support the observation
that IL-6 and IL-6Ra expression can vary across
discreet spatial areas, not only within individual
retinas, but also within restricted regions prone
to age-related neurodegeneration. That retinas
from young C57 mice exhibit less of these spa-
tial variations than DBA/2 retina and their aged
C57 counterparts, suggests that the develop-
ment of discreet, spatial variations in IL-6 sig-
naling are relevant to both aging- and degenera-
tion-related pathobiology.

Discussion
Neuroinflammation is recognized as a compo-

nent of many neurodegenerative disorders, in-
cluding glaucomatous neurodegeneration of

Aged DBA/2

Figure 5. IL-6Ra in the ganglion cell and nerve fiber layers of the retina exhibits a distinct mosaic pattern of localiza-
tion, particularly with neurodegenerative stressors. A-D. Representative confocal micrographs of IL-6Ra immunolabel-
ing in the ganglion cell and nerve fiber layers of whole mount retina from young C57 (A), aged C57 (B), young DBA/2
(C) and aged DBA/2 (D) mice. Confocal micrographs are a single projection of micrographs stacked in the z-plane to
encompass the entirety of the ganglion cell and nerve fiber layers. IL-6Ra immunostaining presents in a mosaic pat-
tern of varying labeling intensities across the retina. The left and right panels are representative micrographs of the
degree of labeling variations noted within a single retina, where the left panel demonstrates the lowest labeling inten-
sity and the right panel demonstrates the highest labeling intensity for each retina. Qualitative comparisons of the left
and right panels within each experimental group reveal that IL-6Rx labeling is most consistent in young C57 retina (A)
and significantly variable in aged C57 (B), young DBA/2 retina (C) and aged DBA/2 (D) retina. Scale is consistent for A
-D.
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Figure 6. Spatial variability is a significant character-
istic of IL-6 signaling that is dependent upon both age
and neurodegenerative stressors. Histogram analy-
ses of spatial variability in IL-6 (A) and IL-6Ra (B)
labeling within the ganglion cell and nerve fiber layers
of young and aged C57 and DBA/2 retina. Histo-
grams are presented as the number of confocal mi-
croscope fields as a function of IL-6 (A) or IL-6R« (B)
labeling intensity. Dotted lines denote the mean in-
tensity for each group. A. As indicated by the breadth
of intensities represented in each experimental
group, spatial variability is greatest in aged C57 ret-
ina and least in young C57 retina. These two groups
also represent the lowest and highest extremes in
labeling intensities. Young and aged DBA/2 retina
both exhibit greater spread of the histogram function
than young C57 retina, but less than aged C57 ret-
ina, indicating a moderate level of spatial variability
for both of these experimental groups. B. Young C57
retina exhibits the smallest spread of the histogram,
which is concentrated to the right, indicating higher
labeling intensities. Aged C57, young DBA/2 and
aged DBA/2 retina all exhibit broad histogram func-
tions, but with varying characteristics. While aged
C57 retina exhibits a rather uniform range in the inci-
dence of labeling intensities, histogram functions are
shifted to the left in aged DBA/2 retina and are more
bimodal in young DBA/2 retina with regard to IL-6Rx
intensity.
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RGCs [2-5,8-16]. Previous work in vitro identi-
fied IL-6 as a potential neuroprotective factor
for RGCs [23-25]. Here we examined IL-6 signal-
ing in response to two neurodegenerative
stressors associated with RGC degeneration:
aging and elevated IOP [11, 34]. For our stud-
ies, we examined the temporal and spatial char-
acteristics of IL-6 signaling in normal retina
(young C57), retina susceptible to neurodegen-
eration (young DBA/2), aging retina (aged C57)
and aging retina challenged by an IOP stressor
(aged DBA/2). By comparing expression and
localization patterns of IL-6 and IL-6Rx, we iden-
tified characteristics of IL-6 signaling unique to
each of these conditions.

For constitutive IL-6 signaling in young C57 ret-
ina, we noted consistent levels of IL-6 and IL-
6Ra expression in whole retina and layer-
specific analyses (Figures 1 and 3). Although
there was some variability in the spatial localiza-
tion of both IL-6 and IL-6R« in young C57, this
level of variability was far less than that ob-
served in retina challenged by neurodegenera-
tive stressors (Figures 4-6). Overall, these data
suggest that constitutive IL-6 signaling occurs in
the retina and that its functions are relevant to
the entire population of RGCs.

Genetic susceptibility to retinal neurodegenera-
tion (young DBA/2) resulted in a pattern of IL-6
signaling distinctive from constitutive IL-6 sig-
naling in age-matched C57 retina. Whole retina
analysis revealed decreased IL-6 expression in
young DBA/2 mice that was accompanied by
increased IL-6Ra expression (Figure 1). This
data suggests that despite lower levels of IL-6
expression, young DBA/2 retina actually exhibits
a greater sensitivity to IL-6 signaling than age-
matched C57 retina. Interestingly, layer-specific
analysis revealed that, compared to young C57
retina, both IL-6 and IL-6Ra expression de-
creased in the immediate milieu of RGCs in
young DBA/2 retina (Figure 3). This suggests
that RGCs do not account for elevations in IL-
6Ra expression noted in our whole retina analy-
sis and that IL-6 signaling in RGCs is actually
reduced in young DBA/2 retina (Figure 1). In
terms of localization patterns, spatial variability
in IL-6 expression was low and very similar to
that of young C57 mice (Figures 4 and 6). In
contrast, spatial variations in IL-6Ra expression
were significant with the range of expression
levels exceeding the other groups by 2-fold or
more (Figures 5 and 6). This suggests that ge-
netic susceptibility to retinal neurodegeneration
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is sufficient to induce spatial regulation of IL-6
signaling. Interestingly, this spatial regulation
occurs not through the spatial availability of IL-
6, but more so, by expression of its receptor on
the target cell. Whether alterations in the extent
and regulation of IL-6 signaling results from I0P-
related mutations or from other aspects of the
strain genome, is difficult to ascertain. In either
case, their existence opens the possibility that
neuroinflammatory processes, like IL-6 signal-
ing, may be indicators of future pathology that
could serve to “prime” the system for neurode-
generation. This notion has been proposed by
others elsewhere in the CNS [1, 7, 37-40].

Aging stressors alone, as evaluated in C57 ret-
ina, also resulted in a pattern of IL-6 signaling
distinctive from constitutive IL-6 signaling in
young retina. In aged C57 retina compared to
young C57 retina, whole retina expression of IL-
6 increased, while IL-6Ra expression remained
unaltered (Figure 1). This suggests that while
global levels of IL-6 are elevated in aging retina,
the capacity of the retina to respond to IL-6 sig-
naling remains unchanged. Contrary to whole
retina analysis, layer-specific analysis revealed
that IL-6 expression near RGCs actually de-
creased with age in C57 mice. This suggests
that RGCs are not the primary targets of whole
retina elevations in IL-6 expression (Figure 3).
However, in agreement with our whole retina
analysis, layer-specific expression of IL-6Ra re-
mained unaltered with age, indicating that re-
ceptivity of RGCs to IL-6 remains unaltered
(Figure 3). Aging stressors in C57 retina also
induced significant spatial variability in the lo-
calization of IL-6 and IL-6Ra within the ganglion
cell and nerve fiber layers. Interestingly, normal
aging actually induced the greatest variability in
IL-6 expression compared to all other conditions
(Figures 4 and 6). This level of high variability in
IL-6 expression was coincident with a more
moderate level of variability in IL-6Ra expres-
sion (62% < IL-6 variability). These data suggest
that: 1) stressors associated with normal aging
result in spatial regulation of IL-6 signaling and
2) this spatial regulation is attributable more to
the expression pattern of the IL-6 ligand than to
expression of the receptor by the target cells.

The combination of aging and IOP stressors in
aged DBA/2 retina induced changes in IL-6 sig-
naling that shared characteristics with both nor-
mal aging (aged C57) and a state of susceptibil-
ity to neurodegeneration (young DBA/2). In aged
DBA/2 retina, both the global and layer-specific

177

expression of IL-6 was reduced to levels compa-
rable to both aged C57 and young DBA/2 retina
(Figures 1 and 3). Similar to young DBA/2 ret-
ina, global IL-6Ra levels were elevated, but layer
-specific IL-6Ra levels were reduced. This sug-
gests that both the presence of and a predispo-
sition to a neurodegenerative stressor de-
creases the capacity of RGCs specifically to re-
spond to IL-6 signaling (Figures 1 and 3). Inter-
estingly, IL-6Ra levels in the immediate milieu
of RGCs were lowest in aged DBA/2 retina com-
pared to all other conditions, suggesting that
responsiveness to IL-6 is directly related to the
magnitude of the stressor. Like aged C57 and
young DBA/2 retina, aged DBA/2 retina also
exhibited spatial variability in the localization
patterns of IL-6 and IL-6Ra. Compared to other
conditions, aged DBA/2 retina exhibited moder-
ate levels of variability in spatial patterns of IL-6
and IL-6Ra expression. However, the extent of
variability was 62% greater in IL-6Ra expression
than in IL-6 expression, a disparity almost iden-
tical to the reverse relationship noted in aged
C57 retina. This suggests that the presence of a
neurodegenerative stressor shifts the mecha-
nisms that govern spatial regulation of IL-6 sig-
naling from ligand-based in normal aging to re-
ceptor-based. It is particularly interesting that
spatial regulation of IL-6 signaling also appears
to be receptor-based in the young DBA/2, which
is predisposed to, but not actively experiencing,
the IOP stressor.

One caveat to our study lies in the targets of IL-
6 signaling in the ganglion cell and nerve fiber
layers of the retina. In these layers, IL-6Ra local-
ized to RGC soma and axons and also to vascu-
lature (Figure 2). While expression of IL-6Ra
was not restricted to RGCs, expression by blood
vessels in the nerve fiber layer represented only
a small fraction of total IL-6Ra expression in the
ganglion cell and nerve fiber layers. Although
this does not indicate that IL-6 signaling in
blood vessels is inconsequential to the pathobi-
ology of aging and neurodegeneration, it is likely
that the changes in IL-6 signaling noted within
these layers predominantly reflects IL-6 signal-
ing that targets RGCs. However, it may be advis-
able to assess vasculature-associated IL-6 sig-
naling with a more targeted experimental ap-
proach at a later date.

Overall, these data provide the first evidence
that: 1) neurodegenerative stressors produce
microenvironments of IL-6 signaling in retina
and 2) the nature of this spatial regulation is
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dependent on the identity of the stressor. That
retina from young C57 mice exhibited less of
these spatial variations than DBA/2 retina and
their aged C57 counterparts, suggests that the
development of these IL-6 microenvironments is
a key feature of IL-6 signaling induced by neu-
rodegenerative stressors. The observation of
spatial variability in retinal neurodegeneration is
not without precedent, particularly in glaucoma,
where deficits in RGC axon transport, accumula-
tion of phosphorylated neurofilament and actual
loss of RGCs occurs in a sectorial fashion [35,
41-45]. However, it is important to note that the
microenvironments of IL-6 signaling described
here are more discreet than those observed in
RGC survival/function, suggesting that a more
refined mechanism underlies this spatial regula-
tion. It is likely that the need for spatial regula-
tion stems from the pleiotropic nature of IL-6
and most other inflammatory cytokines, where
tight regulation of their availability is required to
target specific cells and control a multitude of
downstream effects. However, it is unclear how
the location and nature of these microenviron-
ments is determined, as a variety of anatomical,
biophysical and biochemical factors could medi-
ate their formation. Furthermore, it is unclear
whether formation of these microenvironments
constitutes hyper-regulation or dysregulation of
IL-6 signaling.
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