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Abstract Diabetic retinopathy (DR), a common complication
of diabetes, remains a major cause of blindness among popu-
lation. Considerable amounts of evidences suggest the in-
volvement of inflammatory process in this pathology. In-
creased levels of proinflammatory cytokines, including
interleukin-1β (IL-1β), were found in the vitreous of diabetic

patients and in the retina of diabetic rats. However, in this
context, no attention has been given to the other main IL-1
family members: IL-1α, two transmembrane receptors IL-1RI
and IL-1RII and the natural antagonist receptor IL-1Ra. De-
spite that they actively participate in the IL-1-mediated in-
flammation process, their implication in DR has not been de-
scribed. Thus, we investigated by Western blot and confocal
laser scanning microscopy analysis the effect of hyperglyce-
mia on expression of IL-1 family members in retinal layers,
using an in vivo model of type 1 diabetes. It was induced in
adult rats by intraperitoneal injection of streptozotocin (STZ).
Exposure to hyperglycemia induces a significant increase in
the protein expression of IL-1β, IL-1RI, IL-RII and IL-1Ra
but not of IL-1α. Moreover, high glucose alters their distribu-
tion pattern in the rat’s retinal layers. Among these latter, the
most compromised are the photoreceptor, the inner plexiform
and ganglion cell layers. These findings support previous data
demonstrating the involvement of inflammation in DR and
suggest new pharmacological approaches for the treatment
of this pathology.

Keywords Interleukin-1α . Interleukin-1β . IL-1 type I
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Diabetic retinopathy

Introduction

Diabetic retinopathy (DR) is a major cause of visual impair-
ment and acquired blindness among patients with type 1 and
type 2 diabetes (Saydah et al. 2004; Hoerger et al. 2008). It has
mainly been considered as a microvascular disease, caused by
a range of hyperglycemia-linked pathways (Safi et al. 2014)
and characterized by basement membrane thickening of
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retinal vessels, loss of pericytes and endothelial cells, blood–
retinal barrier (BRB) breakdown (Cunha-Vaz 2004; Scuderi
et al. 2013). However, some evidences suggest that neurode-
generative processes may occur before of any detectable mi-
crovascular alterations in the retina. Indeed, all retinal cell
types are susceptible to hyperglycemia-induced biochemical
alterations that lead to oxidative stress, apoptosis and inflam-
mation (Lieth et al. 2000; Giunta et al. 2012). Inflammation
has been recognized as a trigger element in the early and late
stages of DR (Kern 2007; Feenstra et al. 2013). In fact, vari-
eties of physiological and molecular abnormalities, consistent
with inflammation, have been found in the retinas or vitreous
humor of diabetic animals and patients. These include
macroglial and microglial activation, leukostasis, increased
vascular permeability, vasoactive peptides (Chakrabarti et al.
2000; Rungger-Brandle et al. 2000; Krady et al. 2005) and
increased levels of inflammatory cytokines, such as
interleukin-1beta (IL-1β) and tumor necrosis factor-α
(TNF-α) (Abu el Asrar et al. 1992; Yuuki et al. 2001;
Demircan et al. 2006; Bucolo et al. 2012). Interesting reports
regarding a correlation between dysfunctional IL-1β signaling
with the incidence of many pathologies, including DR (Carmo
et al. 2000; Kowluru and Odenbach 2004; Krady et al. 2005),
have led us to focus our attention to the other members of this
family, to investigate their involvement during early phase of
diabetes.

The IL-1’s family members include various ligands with
agonist activity. Among these, the most studied are IL-1α and
IL-1β, both pro-inflammatory cytokines, and the endogenous
receptor antagonist IL-1Ra (Arend et al. 2008). All IL-1’s
ligands are produced as pro-peptides, while IL-1β requires
proteolytic cleavage for its activity; IL-1α possesses a limited
activity prior to processing (Kim et al. 2013). The IL-1Ra is
released by the cell, as an active molecule of 25 kDa without a
requirement for processing. Once released and cleaved, IL-1
ligands elicit a multitude of effects on target cells, binding to
two different types of transmembrane receptors: IL-1R type I
and IL-1R type II (Sims and Dower 1994; Rothwell and
Luheshi 2000). IL-1RII is a decoy receptor, which lacks the
cytoplasmatic domain and cannot signal but binds to IL-1RI
by limiting the biological availability of this latter. IL-1Ra
competes either with IL-1α or β to bind IL-1 type I receptor
thus inhibiting any signal transduction (Irikura et al. 2002).
Although IL-1β has already been described in the literature as
a mediator in DR, so far there are no data about the involve-
ment of other IL-1’s family members in the early stages of
retinal damage induced by hyperglycemia (Carmo et al.
2000; Kowluru and Odenbach 2004; Krady et al. 2005).

In the present paper, to characterize the involvement of
these cytokines in early phases of hyperglycemia, it has been
analyzed the expression of IL-1α, IL-1β, IL-1Ra and relative
receptors in an in vivo model of DR, induced in rats following
intraperitoneal injection of streptozotocin (STZ).

Our findings suggest that these cytokines play distinct roles
in the context of retinal damage during DR. Although system-
ic glycemic control remains the most effective approach to
control retinal degeneration, the better characterization of IL-
1’s signaling system in DR might provide new insight for the
development of a more targeted therapeutic approach.

Materials and Methods

Rats

Male Sprague–Dawley rats, 3 months old, weighing approx-
imately 200 g each, obtained fromCharles River (Calco, Italy)
were used for the present study. All the animals were treated
according to the Association for Research in Vision and Oph-
thalmology (ARVO) Statement for the Use of Animals in
Ophthalmic and Vision Research. The animals were fed with
standard laboratory chow and were allowed free access to
water in an air-conditioned room with a 12 h light/12 h dark
cycle. Final group sizes for all measurements were n=6–9.

Induction of Diabetes

Diabetes was induced with a single intraperitoneal injection of
STZ (Sigma-Aldrich, St. Louis, MO, USA) as previously de-
scribed (Bucolo et al. 2012). Briefly, after 12 h of fasting, a
group of animals received a single injection of STZ (60 mg/kg
body weight) in 10 mM sodium citrate buffer, pH 4.5 (1 mL/
kg dose volume). Nondiabetic animals were fasted and re-
ceived citrate buffer alone. Twenty four hours post STZ injec-
tion, blood glucose levels were measured and rats showing
blood glucose levels greater than 250 mg/dL were considered
as diabetic (Sedaghat et al. 2011) and selected for the study.
We monitored throughout the study the diabetic state by eval-
uating glycemia daily using a blood glucose meter (Accu-
CheckActive; Roche Diagnostic, Milan, Italy) and by the
weight loss. All experiments were performed 3 weeks after
the induction of diabetes. For subsequent experiments, rats
were killed with a lethal intraperitoneal (i.p.) dose of sodium
pentobarbital. Retinas were immediately removed and ho-
mogenized in ice cold buffer for Western blot analysis, and
others were fixed in 4 % paraformaldehyde for histological
and immunohistochemical analysis.

Measurement of Blood–Retinal Barrier Breakdown

In a separate set of animals, the BRB breakdown was mea-
sured using Evans blue dye (Sigma-Aldrich, St. Louis, MO)
3 weeks post STZ injection as previously reported (Bucolo
et al. 2009). Rats were killed, and the retinas were carefully
dissected and thoroughly dried in a concentration/drying sys-
tem (SpeedVac; Thermo Fisher Scientific, Milan, Italy). The
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dry weight was used to normalize the quantitation of Evans
blue leakage. Evans blue was extracted from each retina and
the samples used for spectrophotometric measurements. The
background-subtracted absorbance was determined by mea-
suring each sample at 620 nm (the maximum absorbance for
Evans blue in formamide) and 740 nm (the minimum absor-
bance). The concentration of dye in the extracts was calculated
from a standard curve of Evans blue in formamide. BRB
breakdown was calculated using the following equation, with
results being expressed inμL plasma×g retina dry weight−1×h−1.

Evansblue μgð Þ=Retinadryweight gð Þ
Timeaveraged Evansblueconcentration μg=plasmaμl=circulation hð Þð

We expressed results as percentage of control.

Western Blot Analysis

Western blot analysis was performed to determine the relative
levels of the interleukin-1 family ligands and receptors using
specific antibodies. Analysis was performed as previously de-
scribed by D’Amico et al. (2013). Briefly, proteins were ex-
tracted with buffer containing 20 mM Tris (pH 7.4), 2 mM
EDTA, 0.5 mM EGTA, 50 mM mercaptoethanol, 0.32 mM
sucrose and a protease inhibitor cocktail (Roche Diagnostics)
using a Teflon-glass homogenizer and then sonicated twice for
20 s using an ultrasonic probe, followed by centrifugation at
10,000g for 10 min at 4 °C. The Quant-iT Protein Assay Kit
(Invitrogen) determined protein concentrations. Sample pro-
teins (30 μg) were diluted in 2× Laemmli buffer (Invitrogen,
Carlsbad, CA, USA), heated at 70 °C for 10 min and then
separated on a Biorad Criterion XT 4–15 % Bis-tris gel
(Bio-Rad) by electrophoresis and then transferred to a nitro-
cellulose membrane (Bio-Rad). Blots were blocked using the
Odyssey Blocking Buffer (LI-COR Biosciences) and probed
with appropriate antibodies: rabbit anti-β-tubulin (sc-9104,
Santa Cruz Biotechnology; 1:500), rabbit anti-IL-1α (sc-
7929, Santa Cruz Biotechnology; 1:200); goat anti-IL-1β
(sc-1250, Santa Cruz Biotechnology; 1:200), rabbit anti-IL-
1RI (sc-688, Santa Cruz Biotechnology; 1:200), rabbit anti-
IL-1RII (sc-292522, Santa Cruz Biotechnology; 1:200) and
mouse anti-IL-Ra (sc-376094, Santa Cruz Biotechnology;
1:200). The secondary antibody goat anti-rabbit IRDye
800CW (#926-32211; LI-COR Biosciences), donkey anti-
goat IRDye 800CW (#926-32214 LI-COR) and goat anti-
mouse IRDye 680CW (#926-68020D; LI-COR Biosciences)
were used at 1:20,000.

Blots were scanned using an Odyssey Infrared Imaging
System (Odyssey). Densitometric analysis of Western blot
signals was performed at nonsaturating exposures and ana-
lyzed using the ImageJ software (NIH, Bethesda, MD; avail-
able at http://rsb.info.nih.gov/ij/index.html).

Immunolocalization

Eyes were enucleated and fixed overnight with 4 % parafor-
maldehyde in 0.1M sodium phosphate (pH 7.6). Analysis was
performed as previously described by (Giunta et al. 2012).
Before immunofluorescence staining, paraffin-embedded ret-
ina sections (14 μm)mounted on glass slides were dewaxed in
xylene and rehydrated through graded alcohols. Sections were
put into Rodent Decloaker 1X retrieval solution (RD913,
Biocare Medical) in a slide container and then incubated with
the anti IL-1β, IL-1α, IL-1R type I and II, IL-1Ra primary
antibodies. To establish signal specificity, in a preliminary
experiment, each antibody was preincubated with an excess
of antigen (blocking peptide). No signal was revealed in sec-
tions incubated with neutralized antibody. This confirmed that
signal detected by each antibody was not an artifact (data not
shown). Tissue sections were then incubated with Alexa Fluor
488 goat anti-rabbit and Alexa Fluor 488 donkey anti-goat
secondary antibodies, respectively for 1.5 h at room tempera-
ture and shielded from light. Diamidino-2-phenylindole
(DAPI) was used to stain nuclei (#940110 Vector
Laboratories).

Images of the central retina were taken with a confocal laser
scanning microscope (CLSM) (Zeiss LSM700 with a×20,
×40, and×63 objectives), as previously described (D’Amico
et al. 2013) and analyzed using the ZEN 2011 software. Ex-
periments were repeated at least three times to confirm results.

Statistical Analysis

Statistical analyses were performed using specific software
GraphPad Prism 5. Paired t tests were used to determine
whether differences were significant. The level of significance
for all statistical tests was p≤0.05.

Results

Changes in the Body Weight and Blood Glucose Levels
After 3 weeks of STZ Administration

Table 1 shows the effects of STZ treatment on body weight
and nonfasting blood glucose levels in rats after 3 weeks.
Body weight and glycemia of rats before treatments were
approximately 200 g and 100 mg/dL respectively. The statis-
tical analysis revealed a significant decrease in body weight
3 weeks after STZ injection (p<0.01 vs. nondiabetic control
group). Three weeks after onset of diabetes, blood glucose
values in diabetic rats were significantly (p<0.01) higher than
corresponding values in nondiabetic rats (391±35 and 98±
18 mg/dL respectively).
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Blood–Retinal Barrier Breakdown

Increased BRB permeability is an early event in rats with
hyperglycemia. Evans blue permeability was measured
3 weeks after STZ diabetes induction. Figure 1 shows that
Evans blue leakage from retinas of diabetic rats was twofold
higher than that from nondiabetic rats (p<0.01).

Effects of STZ-Induced Diabetes on IL-1 Family Member
Protein Expression

Western blot analysis showed significantly higher expression
of IL-1 receptor type I and IL-1β diabetic rat retinas compared
to nondiabetic (***p<0.001). Hyperglycemia resulted also in
a small but significant induction of the IL-1 receptor type II
and of the receptor antagonist IL-Ra (respectively *p<0.05
and **p<0.01 vs. retina from nondiabetic rats), but no effect
had on the expression level of IL-1α (Fig. 2a, b). Results were
quantified and are the mean ± SEM, percent of control (n=6
animals; *p<0.05, **p<0.01 and ***p<0.001 compared with
control, Student’s t test).

Regional Distribution of IL-1 Family Members

The distribution of the IL-1α, IL-1β, IL-1Ra, IL-1RI and IL-
1RII was detected, using specific antibodies, in the retina of
rats after 3 weeks of STZ injection.

The IL-1α is widely distributed in the retina (Fig. 3). IL-1α
immunoreactivity was mostly found in the photoreceptor layer
(layer 1), inner nuclear layer (layer 4), inner plexiform layer
(layer 5) and ganglion cell layer (layer 6), but differences are
not appreciable between groups, nondiabetic and diabetic ret-
ina (Fig. 3a, b). In a more detail, in the case of the photore-
ceptor layer, IL-1α is located in the more peripheral part of the
outer cone/rod segments. Moreover, in the case of the inner
nuclear layer, the fluorescent signals were also observed in-
side the nuclei of the some cells (Fig. 3c, d).

The IL-1β expression and the distribution in retinal layers
are different in the nondiabetic respect to the diabetic retina
(Fig. 4). In the nondiabetic retina, IL-1β is prevalently located
in the photoreceptor layer (layer 1) and in a lesser extent in the
inner plexiform and in the ganglion cell layers (layers 5 and 6,
respectively). In the diabetic retina, the fluorescent signals for
IL-1β increased in all layers except in the outer nuclear layer
(Fig. 4a, e). The hybridization signals observed in the photo-
receptor layer (layer 1) are present in both inner and outer
segments of the cone/rods, and the location seems to be along
the cytoplasmic membrane (see Fig. 4b, f).

IL-1Ra was observed only in the photoreceptor (layer 1)
and in the outer plexiform (layer 5) layers, but an increased
expression was detected in diabetic retina with respect to the
nondiabetic one (Fig. 5a, e). In a more detail, in the plexiform
layer (layer 5), we observed IL-1Ra immunoreactivity in the
proximal area of the outer nuclear layer (see Fig. 5g).

A different expression pattern is evident for the IL-1RI
(Fig. 6a, b) and IL-1RII (Fig. 6c, d) in nondiabetic retina.
IL-1RI labeling (Fig. 6a) is distributed in all retinal layers,
being almost absent in the outer segment of the photoreceptor
layer (layer 1). Instead, IL-1RII is particularly evident in the
entire photoreceptor layer (layer 1), in the ganglion cell layer
(layer 6) and in the region of the plexiform layer (layer 5) close
to the inner nuclear layer (layer 4). The hyperglycemic condi-
tion induced by STZ determines an overall expression of both
IL-1RI and IL-1RII in all the retina layers (Fig. 6b, d), with a
larger amount of the former with respect to the second (see
also Fig. 2a). In the case of IL-1RI, the increase is very evident
in the outer nuclear layer (layer 2) on the contrary to that
observed for IL-1RII whose increment in the outer nuclear
layer (layer 2) is lesser massive than IL-1RI (Fig. 6b, d).

Discussion

Hyperglycemia is recognized as the main cause for neural and
vascular inflammation in DR. During this condition, the ex-
cessive oxidative stress and the reduction of neutralizing
mechanisms lead to activation of some proinflammatory cy-
tokines, such as interleukin-1β (IL-1β). Indeed, previous pa-
pers have already described its involvement in ocular diseases
including DR (Demircan et al. 2006; Brucklacher et al. 2008;

Table 1 Body weight and blood glucose levels of rats three weeks after
onset of diabetes

Groups Body weight (g) Nonfasting blood glucose (mg/dl)

Control 270±27 98±18

Diabetic 205±20* 391±35*

Data are expressed as mean ± SD

Control (non-diabetic) group represents normal rats injected with the
vehicle used to dissolve STZ. Diabetes was induced by 60 mg/kg injec-
tion of STZ

*p<0.01 vs. control

Fig. 1 BRB breakdown. The Evans blue leakage increases twofold in
diabetic rats compared to nondiabetic (*p<0.01), 3 weeks after STZ
hyperglycemia induction
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Tang and Kern 2011). IL-1β has been described as a mediator
of retinal damage in early phase of diabetes; however in this
context, no attention has been given to the other members of

IL-1’s family, whom all together participate and modulate
inflammatory response (Carmo et al. 2000; Kowluru and
Odenbach 2004; Krady et al. 2005).

Fig. 2 Hyperglycemia increases the proinflammatory IL-1 signaling, in
rat retina. Rats were injected with STZ (60 mg/kg, i.p.), and levels of
interleukin-1 alpha (IL-1α), interleukin-1beta (IL-1β), interleukin-1 re-
ceptor antagonist (IL-1Ra), interleukin receptor type I (IL1-RI) and type
II (IL1-RII) were determined byWestern blot analysis. Levels of total IL-

1α, IL-1β, IL-1Ra, IL1-RI and IL1-RII were determined to control (β-
tubulin) for loading differences. a RepresentativeWestern blot images for
each protein are shown. b Results were quantified and are the mean ±
SEM, percent of control (n=6 animals; *p<0.05, **p<0.01 and
***p<0.001 compared with control, Student’s t test)

Fig. 3 Distribution of IL-1α in
the normal and diabetic rat retina.
Representative images showing
distribution of IL-1α in retinal
layers of control (a), diabetic rats
(b). Retinal distribution of IL-1α
was detected using a rabbit anti-
IL-1α primary antibody revealed
with Alexa Fluor 488 goat anti-
rabbit (green fluorescence). Cell
nuclei were stained with DAPI
(blue fluorescence). Images
shown are representative results
taken from different fields from
randomly selected slides and
scanned by CLSM. Retinal layers
are indicated, on the left part of
the figure, as follows: L1,
photoreceptors outer and inner
segment; L2, outer nuclear layer;
L3, outer plexiform layer; L4,
inner nuclear layer; L5, inner
plexiform layer; L6, ganglion cell
layer. c, d Cells from the inner
nuclear layer (diabetic retina)
where fluorescence signals are
visible in some nuclei.
Orthogonal vision of cells from
the same layer is shown in d.
Scale bars: 10 μm
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In the present study, we focused our attention on some of
these members. Results showed that hyperglycemia interferes
with their expression. In particular, diabetic retinas showed a
significant increase in the levels of IL-1β and IL-1RI (p<0.001)
and in lesser extent of IL-Ra and IL-1RII (p<0.01 and p<0.05
respectively) compared to nondiabetic ones (Fig. 1). These data
suggest that the inflammatory process is mainly mediated by
IL-1β, through interaction with its receptor IL-1RI. This cyto-
kine, once released, triggers other inflammatory mediators and
leads to tissutal damage (Rothwell and Luheshi 2000). More-
over, it is able to induce own synthesis via autocrine/paracrine
autostimulation by generating an amplification of inflammatory
process (Toda et al. 2002). This evidence is further supported
by retinal upregulation of IL-1RI during diabetes, which is es-
sential transduction element of IL-1β.

In our study, IL-1α levels were unchanged in retina of
diabetic as compared to control. This data is consistent with
other evidences demonstrating that the retinal inflammation is

mediated in lesser extent by this cytokine as compared to IL-
1β (Rider et al. 2013). IL-1α seems to have mainly a role in
inflammatory events involving cell necrosis. It is present in
cells as a precursor, and during the tissue damage, it is released
in the microenvironment by triggering the inflammatory re-
sponse against the dead cells. Therefore, this cytokine is ex-
clusively released from necrotizing cells; instead in cells dying
through apoptotic process, IL-1α is retained in the nucleus
tightly linked to chromatin (Luheshi et al. 2009; Cohen et al.
2010; Lamacchia et al. 2013). This binding reduces mobility
of IL-1α, which is not released from dying cells, and attenu-
ates inflammation caused by cells expressing IL-1α (Luheshi
et al. 2009; Cohen et al. 2010). According to this evidence, in
our previous paper, we demonstrated that in the early phases
of hyperglycemia, there is retinal neurodegeneration due to
change in survival signaling pathways and overexpression of
activated caspase 3 and p53, both genes involved in apoptotic
cell death (Giunta et al. 2012; Scuderi et al. 2014).

Fig. 4 Distribution of IL-1β in
the normal and diabetic rat retina.
Representative images showing
distribution of IL-1β in the retinal
layers of control rats (a, b, c, d)
and diabetic rats (e, f, g, h). IL-1β
was detected using a rabbit anti-
IL-1β primary antibody revealed
with Alexa Fluor 488 mouse anti-
goat (green fluorescence). Cell
nuclei were stained with DAPI
(blue fluorescence). Images
shown are representative results
taken from different fields from
randomly selected slides and
scanned by CLSM. Retinal layers
are indicated, on the left of the
figure, as follows: L1,
photoreceptors outer and inner
segment; L2, outer nuclear layer;
L3, outer plexiform layer; L4,
inner nuclear layer; L5, inner
plexiform layer; L6, ganglion cell
layer. b, c, d show the enlarged
sectors indicated in a. f, g, h show
the enlarged sectors indicated in e.
Scale bars: 10 μm
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Here, we also observed that to contrast the inflammatory
process mediated by IL-1β in the diabetic retina, other mech-
anisms were involved. Indeed, during hyperglycemia, we de-
tected a significant increase in the expression levels of IL-1
antagonist, IL-1Ra and IL-1RII. Since its discovery, IL-1Ra
was considered the major natural inhibitor and an important
in vivo regulator of IL-1 action (Garlanda et al. 2013). Fur-
thermore, it protects retinal endothelial cells against the de-
generation induced by nitric oxidative stress or glucose
(Kowluru and Odenbach 2004). However, our results sug-
gested that its levels are not sufficient to counteract the over-
whelming effects of IL-1β. The concomitant overexpression
of the receptor IL-1RII, even if it limits the IL-1RI biological
action, fails to counter the devastating effects induced by IL-
1β. These evidences are confirmed by immunofluorescent
analysis.

This study provides also a detailed analysis, not described
until now, about the distribution of above-mentioned IL-1 family
members in the diabetic retina. All receptors examined (IL-1RI
and IL-1RII) are present in the retina and show partially over-
lapping distribution between retinal layers. IL-1RI is almost ab-
sent in the outer segment of the photoreceptor layer where in-
stead IL-1RII is particularly abundant. IL-1α is widely distrib-
uted in the retina, especially in the photoreceptor layer, inner
nuclear layer, inner plexiform layer and ganglion cell layer,
while IL-1β is prevalently located in the photoreceptor layer
and in a lesser extent in the inner plexiform and in the ganglion
cell layers. Hyperglycemia affects the regional distribution of
these inflammatory elements. Indeed, in the diabetic retina, IL-
1RI become detectable in the outer nuclear layer, and concom-
itantly, an increased expression of IL-1β in the same retinal layer
has been observed. This highlights the hyperactivation of an

Fig. 5 Distribution of IL-1Ra in
the normal and diabetic rat retina.
Representative images showing
distribution of IL-Ra in the retinal
layers of control rats (a, b, c, d)
and diabetic rats (e, f, g, h). IL-Ra
was detected using a rabbit anti-
IL-1β primary antibody revealed
with Alexa Fluor 488 mouse anti-
goat (green fluorescence). Cell
nuclei were stained with DAPI
(blue fluorescence). Images
shown are representative results
taken from different fields from
randomly selected slides and
scanned by CLSM. Retinal layers
are indicated, on the left of the
figure, as follows: L1,
photoreceptors outer and inner
segment; L2, outer nuclear layer;
L3, outer plexiform layer; L4,
inner nuclear layer; L5, inner
plexiform layer; L6, ganglion cell
layer. b, c, d show the enlarged
sectors indicated in a. f, g, h show
the enlarged sectors indicated in e.
Scale bars: 10 μm

J Mol Neurosci (2015) 56:431–439 437



important inflammatory pathway, in an anatomical region strict-
ly connected with the BRB which is seriously compromised
during DR. As previously described, we found also thinning
of diabetic retina, especially in the ganglion cell layer, as com-
pared to control (Fig. 3). This has been previously described in
animal models of DR and clinically showing attenuation of
some layers, i.e., ganglion cell layer, inner and outer nuclear
layer, resulting from the inflammatory cascade (Martin et al.
2004; Cabrera DeBuc and Somfai 2010).

In a recent paper, it has been demonstrated the main role
performed by Müller cells in inflammatory process in response
to hyperglycemia. These cells are spanning the entire retinal
thickness and are glial cells. They become activated in response
to some pathological changes and produce various cytokines,
such as IL-6 and IL-8, following exposure to different stimuli.
Particularly, it has been observed that during hyperglycemic
insult, IL-1β induces IL-6 production in these cells through
the activation of P38 MAPK/NF-κB signaling pathway (Liu

et al. 2015). This effect could likely be mediated by the interac-
tion between this cytokine and its IL-1RI receptor expressed in
Müller cells. In support of this hypothesis, we have observed, in
diabetic rat’s retina, the increase IL-1RI immunoreactivity in the
layers spanned byMüller cells, i.e., external granular layer, outer
plexiform layer and inner granular layer. However, this hypoth-
esis needs to be further validated by using specific cell markers.

Our study was limited to the analysis of some cytokines;
however, it will be necessary to deepen this work by analyzing
other molecules involved in inflammatory process during DR.
However, the evidences reported here suggest a new therapeu-
tic approach to protect the retina from diabetic degeneration.

Conclusions

To date, the maintenance of normal blood glucose levels repre-
sents the most effective approach to the prevention of DR.

Fig. 6 Distribution of IL-1RI and
IL-1RII in the normal and diabetic
rat retina. Representative images
showing the distribution of IL-
1RI (a, b) and IL-1RII (c, d), in
the retinal layers of control rats
(a, c) and diabetic rats (b, d) after
3 weeks of hyperglycemia.
Retinal distribution of IL-1RI and
IL-1RII was detected using a
rabbit anti-IL-1RI and anti-IL-
1RII primary antibody revealed
with Alexa Fluor 488 goat anti-
rabbit (green fluorescence). Cell
nuclei were stained with DAPI
(blue fluorescence). Images
shown are representative results
taken from different fields from
randomly selected slides and
scanned by CLSM. Retinal layers
are indicated, on the left of the
figure, as follows: L1,
photoreceptors outer and inner
segment; L2, outer nuclear layer;
L3, outer plexiform layer; L4,
inner nuclear layer; L5, inner
plexiform layer; L6, ganglion cell
layer. Scale bars: 10 μm
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However, the depth characterization of the apoptotic and in-
flammatory pathway involved in this degenerative process
could lead to the development of effective and targeted therapy.
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