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Abstract: Kinins are vasoactive peptides and mediators of inflammation, which signal through two
G protein-coupled receptors, B1 and B2 receptors (B1R, B2R). Recent pre-clinical findings suggest a
primary role for B1R in a rat model of wet age-related macular degeneration (AMD). The aim of the
present study was to investigate whether kinin receptors are differentially expressed in human wet and
dry AMD retinae. The cellular distribution of B1R and B2R was examined by immunofluorescence and
in situ hybridization in post-mortem human AMD retinae. The association of B1R with inflammatory
proteins (inducible nitric oxide synthase (iNOS) and vascular endothelial growth factor A (VEGFA)),
fibrosis markers and glial cells was also studied. While B2R mRNA and protein expression was
not affected by AMD, a significant increase of B1R mRNA and immunoreactivity was measured in
wet AMD retinae when compared to control and dry AMD retinae. B1R was expressed by Müller
cells, astrocytes, microglia and endothelial/vascular smooth muscle cells, and colocalized with iNOS
and fibrosis markers, but not with VEGFA. In conclusion, the induction and upregulation of the
pro-inflammatory and pro-fibrotic kinin B1R in human wet AMD retinae support previous pre-clinical
studies and provide a clinical proof-of-concept that B1R represents an attractive therapeutic target
worth exploring in this retinal disease.

Keywords: age-related macular degeneration; bradykinin type 1 receptor; fibrosis; gliosis; iNOS;
kallikrein-kinin system; microglia; vascular endothelial growth factor (VEGF); retina

1. Introduction

Age-related macular degeneration (AMD) features neurodegeneration of the retina, principally
the macula, leading to a loss of central vision. The global prevalence of AMD increases dramatically
with aging, and it is estimated to affect 192 million people over the world in 2020 [1]. In its early
stage, AMD is asymptomatic, although lipid deposits known as drusen accumulate in the subretinal
space. These deposits consequently affect the retina, leading to a thinning in the photoreceptor layer [2]
and a loss of sensitivity, especially in the macula. AMD can progress with time evolving into two
distinct late stages: geographic atrophy also known as ‘dry AMD’ and neovascular or ‘wet AMD’ [3].
Both forms are linked to inflammation and dysregulated innate immunity [4]. Although the reasons
behind the progression of AMD into the late stage remain elusive, many mechanisms seem to take part
in the progression, notably the complement’s activation, oxidative stress, inflammation, blood flow
dysregulation and altered retinal neuroprotection [5].

Dry AMD is typified by a geographic atrophy consisting of a thickening in Bruch’s membrane
(BrM) in the macula, and accumulation of microglia in the subretinal space, as well as accumulation of
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macrophages, a degeneration of the retinal pigment epithelium (RPE) and overlying photoreceptors
(PR), accompanied by choroidal blood vessels constriction [6,7]. The wet form of AMD is characterized
by the ingrowth of new and immature vessels, which invade the outer retina from the underlying
choroid through a defect in Bruch’s membrane. This choroidal neovascularization (CNV) creates
the obstruction of light paths and possible retinal detachment leading to impaired vision. In both
forms, the locus of the primary insult remains elusive [6,8]. A number of studies debate whether
the dry form (90% of AMD) can evolve into the wet form, or whether they represent two different
pathologies [9]. Current clinical trials are designed to answer this question, in order to find adequate
therapeutic treatments for these retinal diseases [10]. The common treatment of wet AMD targets the
overexpressed vascular endothelial growth factor A (VEGFA), implicated in CNV formation, by means
of the intravitreal injection of anti-VEGF antibodies [6,11–14]. There is no specific treatment for dry
AMD, except for dietary and supplementary vitamins and antioxidants, which have not been proven
efficient [5,10].

Recent studies support a role for the kallikrein-kinin system (KKS) in retinal damage, notably in
diabetic retinopathy and CNV in animals and humans [15–19]. A Phase 1B clinical trial was recently
conducted targeting plasma kallikrein, the enzyme involved in the biosynthesis of kinins, to treat diabetic
macular edema. In this study, intravitreal injection of KVD001 (plasma kallikrein inhibitor) ameliorated
visual acuity without causing any retinal thickening or exacerbating the pathology [20]. Collectively,
these pre- and clinical findings support a key role for the KKS in retinal disorders. The vascular
biology and pathology of the KKS, including inflammation and fibrosis, operate through bradykinin
B1 and B2 receptors (B1R and B2R) [21–24]. The constitutive B2R plays an essential role in vascular
homeostasis [24], but also in tumor-induced angiogenesis and pathological neovascularization [25,26].
B2R blockade reduced retinal neovascularization and inhibited the expression of proangiogenic and
pro-inflammatory cytokines in oxygen-induced retinopathy [25]. These mechanisms could be linked
to VEGF cascade, since B2R transactivates VEGF type 2 receptor (VEGFR2) (KDR/Flk-1), resulting in
further vasodilatation, microvascular permeability and angiogenesis [27]. Most of the detrimental
effects of the KKS are associated to the inducible B1R [24]. B1R shows deleterious effects in the
early and late stage of type 1 diabetic retinopathy via the inducible nitric oxide synthase (iNOS)
pathway [15,17,18], and in laser-induced CNV via pro-inflammatory cytokines, microglia invasion
and astrogliosis [16]. Importantly, B1R antagonism and anti-VEGF therapy decreased the size of
CNV, retinal inflammation and vascular hyperpermeability through distinct and complementary
mechanisms [16].

Based on recent and compelling pre-clinical findings suggesting a primary role for kinin B1R in
CNV, the aim of this study was to address the hypothesis that inflammatory events associated to kinin
B1R also occur in human AMD retina. Post-mortem human dry and wet AMD retinae were used to
study the differential expression and cellular distribution of kinin B1R and B2R by immunofluorescence
and in situ hybridization. Furthermore, B1R was studied in association with inflammatory proteins
(iNOS and VEGFA), fibrosis markers, reactive microglia and gliosis. Hence, a better understanding of
the cellular inflammatory mechanisms underlying both forms of AMD should be useful in the search
for new therapies.

2. Results

2.1. B1R, B2R and VEGFA RNA Expression

To assess the implication of the inducible B1R and constitutive B2R and VEGFA, we first looked
at the mRNA expression of these receptors and proteins in control and AMD retinae by Multiplex
RNAscope (Figure 1). Interestingly, clusters of B1R mRNA were observed in the ganglion cell layer
(GCL), inner nuclear layer (INL) and outer nuclear layer (ONL) of dry and wet AMD (Figure 1F,J), but
not in the control retina (Figure 1B). B1R mRNA expression in wet AMD (Figure 1J) was significantly
different (GCL and INL) from the control retina (Figure 1B,M), but not from the dry form (Figure 1F,M).
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B1R mRNA expression was significantly higher only in GCL in the dry form, in comparison to the
control retina (Figure 1M). B2R mRNA expression was quite low and not significantly different between
the two forms of AMD (Figure 1G,K,N) or in comparison with the control retina (Figure 1C,N), yet
most of the microvessel walls highly expressed B2R mRNA (not quantified). VEGFA mRNA expression
was striking in each retina, especially in the GCL and INL. Surprisingly, compared to the control retina
(Figure 1D,O), VEGFA mRNA expression in the INL was significantly lower in the wet AMD retinae,
but it was similar in the other layers (Figure 1L,O). The reason for this low mRNA expression in the
wet AMD (INL) has not been investigated; one hypothesis that can be made is that this change is
caused by a medication taken by these patients. For example, it was reported that statins, used in
most elderly patients, decrease VEGF expression by reducing the oxidative stress in RPE culture [28].
Unfortunately, the use of medication was not reported in the medical history of the donors used in this
study, although we can confirm that they did not receive any anti-VEGF therapy. Some unidentified
structures expressed the three markers, but it was not clear whether this was degenerating retinal
ganglion cells or lipofuscin deposits.

2.2. B1R Immunoreactivity and Cellular Distribution

B1R immunoreactivity was scarcely detectable in control retinae (Figure 2, left panel). In the dry
AMD, the level of B1R staining in all layers (GCL, inner plexiform layer (IPL), INL, outer plexiform layer
(OPL), ONL) tended to increase compared to control, but this did not achieve statistical significance
(Figure 2A, middle panel, and Figure 2B). In contrast, B1R staining was significantly stronger in GCL,
IPL, INL and ONL of the wet AMD retinae, when compared to the control counterparts (Figure 2A,
right panel, and Figure 2B). B1R staining was also intense in the photoreceptor layer of the wet AMD
retinae, however, this layer was often damaged and the high level of autofluorescence in the external
segments of PR prevented accurate quantification.

Further investigation was performed to determine the cell-type expression of B1R
immunoreactivity, particularly on retinal vessels. B1R staining was absent in control blood vessels, but
it was intense in the AMD retinae, especially in the wet form, where B1R was expressed in smooth
muscle and endothelial cells (Figure 3). Moreover, B1R immunoreactivity was found in the RPE of
the dry and more intensively of the wet AMD retinae, but was absent in the RPE of control retinae
(Figure 3). Due to the fragility of the pathological RPE layer, RPE was not present in all sections. Thus,
B1R observation in RPE was limited to two patients in the wet form, three in the dry AMD and four in
the controls.

2.3. Macroglia Immunoreactivity

We next evaluated the reactivity of the retinal macroglia in the two forms of AMD, and their
expression of B1R. Macroglia, i.e., astrocytes and Müller cells, as a population of retinal cells, become
activated in the presence of cellular stress and in aging to protect the retina and overexpress the glial
fibrillary acidic protein (GFAP) [29,30]. However, a chronic activation of these cells accelerates the
evolution of the pathology, opens the blood-retinal barrier, which facilitates the infiltration of toxic
compounds and participates to neovascularization [29]. Thus, the immunoreactivity of macroglia cells
was observed using the GFAP marker (Figure 4).
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Figure 1. B1 and B2 receptors (B1R, B2R) and vascular endothelial growth factor A (VEGFA) mRNA 
expression in human retinae (A–L). Microphotographs showing the mRNA labeling for B1R (green; 
B,F,J), B2R (red; C,G,K) and VEGFA (purple; D,H,L) in the control (CTL), dry age-related macular 

Figure 1. B1 and B2 receptors (B1R, B2R) and vascular endothelial growth factor A (VEGFA)
mRNA expression in human retinae (A–L). Microphotographs showing the mRNA labeling for
B1R (green; B,F,J), B2R (red; C,G,K) and VEGFA (purple; D,H,L) in the control (CTL), dry
age-related macular degeneration (AMD) and wet AMD retinae. Sections are counterstained for
4′,6-diamidino-2-phenylindole (DAPI; blue; A,E,I), which labels cell nuclei. Note that B1R was partially
colocalized with B2R in wet AMD in the outer nuclear layer (ONL), and B2R was also partially
colocalized with VEGFA in the ONL, however, there was rare colocalization between B1R and VEGFA.
Images were obtained at 40×. Scale bar: 20 µm. (M–O) Quantification of the mRNA (mean fluorescence
intensity/cell) of B1R, B2R and VEGFA in the different layers of the retina. Data are mean ± SEM of
values obtained from five retinae per group and four zones per retina. * p < 0.05 AMD compared with
control. CTL: control (O), Dry: dry AMD (�), Wet: wet AMD (4), GCL: ganglion cell layer, IPL: inner
plexiform layer, INL: inner nuclear layer, OPL: outer plexiform layer, ONL: outer nuclear layer.
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Figure 2. B1R immunoreactivity in human retinae. (A) Microphotographs show B1R in five human 
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Figure 2. B1R immunoreactivity in human retinae. (A) Microphotographs show B1R in five human
control (left panel), five dry (middle panel) and five wet (right panel) AMD retinae. B1R (green) was
not detected in control retina, and mostly expressed in the GCL of the dry AMD retinae (arrows).
In the wet AMD, B1R was highly detected in most retinal layers. Sections are all counterstained
for 4′,6-diamidino-2-phenylindole (DAPI; blue), which labels cell nuclei. Images were obtained at
40×. Scale bar: 20 µm. (B) Semi-quantification of B1R fluorescence intensity on all the surface area
of each retinal layer from five dry AMD, five wet AMD and five controls showing a significant
increase (** p < 0.005) of B1R labeling intensity in the wet AMD, compared to the control retina. Data
represent mean intensity ± SEM after subtraction of the background intensity. CTL: control (O),
Dry: dry AMD (�), Wet: wet AMD (4), GCL: ganglion cell layer, IPL: inner plexiform layer, INL: inner
nuclear layer, OPL: outer plexiform layer, ONL: outer nuclear layer.
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Figure 3. Microphotographs of immunolocalization of B1R in smooth muscle and endothelial cells
of blood vessels (arrows) and in the retinal pigment epithelium (RPE) (arrows) of human AMD
retina, compared to the control (CTL). Sections are counterstained for 4′,6-diamidino-2-phenylindole
(DAPI; blue), which labels cell nuclei. Images were obtained at 60×. Scale bar: 40 µm. BrM: Bruch’s
membrane, GCL: ganglion cell layer, ONL: outer nuclear layer, PR: photoreceptor layer, RPE: retinal
pigment epithelium.
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of wet AMD retinae in comparison with the control. Data represent mean intensity ± SEM after 
subtraction of the background intensity. CTL: control (O), Dry: dry AMD (□), Wet: wet AMD (△), 
GCL: ganglion cell layer, IPL: inner plexiform layer, INL: inner nuclear layer, OPL: outer plexiform 
layer, ONL: outer nuclear layer. 
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(Figure 4G). 
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One of the hallmarks of retinal degeneration is microglia activation [31]. Hence, we assessed 
microglia cell expression, using ionized calcium binding adaptor molecule 1 (Iba1) marker (Figure 
5). Iba1 expression was restricted to the inner retina (GCL and INL) in the control and dry AMD 
retinae. In control retina, microglia has small soma with thin ramifications, whereas in AMD retinae 
microglia activation was observed, and it was indicated by two phenotypes: hypertrophic somas 
and retraction of ramifications, and an amoeboid shape indicating a fully activated microglia [4]. The 
amoeboid shape was highly present in the wet AMD, especially in the outer layers, RPE and ONL 
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amoeboid shape was noticed in the wet AMD retinae, but not in the dry AMD (Figure 5O). Double 

Figure 4. B1R colocalization with the glial fibrillary acidic protein (GFAP) macroglia marker in human
retinae. (A–I) Microphotographs showing GFAP immunoreactivity and its co-expression with the B1R.
GFAP immunoreactivity (purple) is co-expressed with B1R only in the wet AMD (G). Sections are
all counterstained for 4′,6-diamidino-2-phenylindole (DAPI; blue), which labels cell nuclei (A,D,G).
Images were obtained at 40×. Scale bar: 20 µm. (J) Semi-quantification of GFAP fluorescent projections
on all the surface area of each retinal layer from five dry AMD, five wet AMD and five controls (CTL).
GFAP was significantly increased (** p < 0.005) in all the layers, except GCL, of wet AMD retinae in
comparison with the control. Data represent mean intensity ± SEM after subtraction of the background
intensity. CTL: control (O), Dry: dry AMD (�), Wet: wet AMD (4), GCL: ganglion cell layer, IPL: inner
plexiform layer, INL: inner nuclear layer, OPL: outer plexiform layer, ONL: outer nuclear layer.

In immunofluorescence staining retinal sections, a slight but not significant increase of GFAP
expression was observed in the dry AMD (Figure 4F,J), when compared to the control (Figure 4C,J).
However, in the wet AMD retinae, an intense reactivity of GFAP was observed (Figure 4I,J). The GFAP
immunoreactivity was significantly increased in the IPL, INL, OPL and ONL. Interestingly, a partial
colocalization of B1R with GFAP was observed in the wet AMD mostly in the outer retina (Figure 4G).

2.4. Microglia Immunoreactivity

One of the hallmarks of retinal degeneration is microglia activation [31]. Hence, we assessed
microglia cell expression, using ionized calcium binding adaptor molecule 1 (Iba1) marker (Figure 5).
Iba1 expression was restricted to the inner retina (GCL and INL) in the control and dry AMD retinae.
In control retina, microglia has small soma with thin ramifications, whereas in AMD retinae microglia
activation was observed, and it was indicated by two phenotypes: hypertrophic somas and retraction
of ramifications, and an amoeboid shape indicating a fully activated microglia [4]. The amoeboid
shape was highly present in the wet AMD, especially in the outer layers, RPE and ONL (Figure 5I,L,N).
Moreover, microglia cell proliferation (number of microglia/100 µm2) of the amoeboid shape was
noticed in the wet AMD retinae, but not in the dry AMD (Figure 5O). Double immunostaining of Iba1
and B1R showed a colocalization of these two proteins only in the wet AMD retinae (Figure 5G,J).
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2.5. iNOS Immunoreactivity 
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stress and by which B1R mediates inflammation in diabetic retinopathy [17]. The levels of iNOS in 
the dry AMD retinae (Figure 6F) were similar to the levels of the control retinae (Figure 6C) in all 

Figure 5. B1R colocalization with microglia in human retinae. (A–L) Microphotographs showing
ionized calcium-binding adapter molecule 1 (Iba1) immunoreactivity and co-expression with B1R.
Iba1 (purple) was markedly increased in all the layers of wet AMD retinae (arrows in I and L), when
compared to the control (C) and dry AMD (F) retinae. In both forms of AMD, microglia activation was
observed (arrow in F, I and L), indicated by hypertrophic somatic areas and highly activated microglia.
Iba1 double immunostaining with B1R shows a co-expression of these two proteins all over the wet
AMD retinae only (G and J). Sections are all counterstained for 4′,6-diamidino-2-phenylindole (DAPI;
blue), which labels cell nuclei (A,D,G,J). (M) ramified and amoeboid shape microglia. (N) Infiltrating
microglia in the RPE layer. Images are: A–L; 40× (20 µm), M; 60× (10 µm) N; 20× (40 µm). (O) Counting
of ramified and amoeboid microglia in the retina. Data represent mean intensity± SEM after subtraction
of the background intensity. ** p < 0.005 wet AMD compared with the control (CTL). BrM: Bruch’s
membrane, GCL: ganglion cell layer, IPL: inner plexiform layer, INL: inner nuclear layer, OPL: outer
plexiform layer, ONL: outer nuclear layer, RPE: retinal pigment epithelium.

2.5. iNOS Immunoreactivity

We then assessed the expression of iNOS, an enzyme contributing to increase the oxidative stress
and by which B1R mediates inflammation in diabetic retinopathy [17]. The levels of iNOS in the
dry AMD retinae (Figure 6F) were similar to the levels of the control retinae (Figure 6C) in all retinal
layers (Figure 6J). In contrast, iNOS expression was significantly increased in all layers of the wet
AMD retinae in comparison with the dry AMD and control retinae (Figure 6I,J). Moreover, the double
labeling of B1R and iNOS showed a colocalization of these two proteins in all layers of the wet AMD
retinae (Figure 6G), but not in the control (Figure 6A) or dry AMD retinae (Figure 6D).
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dry AMD (Figure 7G,H) retinae showed any specific staining to evidence fibrosis formation. 
However, an increase of immunoreactivity of α-SMA and collagen 1α was seen in the wet AMD 
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Figure 6. B1R colocalization with inducible nitric oxide synthase (iNOS) in human retinae.
(A–I) Microphotographs showing iNOS immunoreactivity and its co-expression with the B1R. iNOS
immunoreactivity (red) was slightly detectable in the dry AMD (F) and the control retinae (C), but
highly expressed in all layers of the wet AMD retinae (arrows in I). A colocalization of iNOS with B1R
was observed in all layers of the wet AMD (G), but not in the dry AMD (D) or control (A) retinae.
Sections are all counterstained for 4′,6-diamidino-2-phenylindole (DAPI; blue), which labels cell nuclei
(A,D,G). Images were obtained at 40×. Scale bar: 20 µm. (J) Semi-quantification of iNOS fluorescence
intensity on all the surface area of each retina from five dry AMD, five wet AMD and five controls. Data
represent mean intensity ± SEM after subtraction of the background intensity. * p < 0.05, ** p < 0.005
wet AMD compared with the control (CTL), # p < 0.005 dry AMD compared with the wet AMD. CTL:
control (O), Dry: dry AMD (�), Wet: wet AMD (4), GCL: ganglion cell layer, IPL: inner plexiform layer,
INL: inner nuclear layer, OPL: outer plexiform layer, ONL: outer nuclear layer.

2.6. Fibrosis Formation

Since fibrotic lesions was shown in neovascular AMD [32], and fibrosis was associated with an
upregulation of B1R [33], we evaluated the occurrence of fibrosis in both forms of AMD using the
expression of α-SMA and collagen 1α as markers [34,35]. Neither the control (Figure 7C,D) nor the dry
AMD (Figure 7G,H) retinae showed any specific staining to evidence fibrosis formation. However, an
increase of immunoreactivity of α-SMA and collagen 1α was seen in the wet AMD retinae, particularly
in the outer layers (Figure 7K,L). More interestingly, a colocalization of collagen 1α and α-SMA with
B1R was observed in all the outer layers (OPL and ONL) of the wet AMD (Figure 7I), but not in the dry
AMD (Figure 7E) or control (Figure 7A) retinae.
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2.6. B2R Immunoreactivity 

Since B2R genomic expression was unchanged in the AMD retinae (Figure 1), we checked 
whether this can be translated at protein level in AMD retinae. Immunofluorescence staining failed 
to show any significant changes in the expression of B2R in the dry and wet AMD in comparison 
with the control retinae (Figure 8A,B). No further investigation was made to identify the cell-type 
bearing the B2R in human retinae. 

Figure 7. B1R colocalization with fibrosis markers in human retinae. (A–L) Microphotographs showing
collagen 1α (yellow) and α-SMA (red) immunoreactivity and their co-expression with the B1R (green)
in human retinae. Collagen 1α and α-SMA immunoreactivity was slightly detectable in the dry AMD
((G) and (H)) and control retinae ((C) and (D)), but strongly increased in the wet AMD retinae (arrows
in (K) and (L)). A colocalization of collagen 1α and α-SMA with B1R was observed in the outer layers
of the wet AMD (I) but not in the dry AMD (E) or control (A) retinae. Sections are all counterstained
for 4′,6-diamidino-2-phenylindole (DAPI; blue), which labels cell nuclei (A,E,I). Images were obtained
at 40×. Scale bar: 20 µm. GCL: ganglion cell layer, IPL: inner plexiform layer, INL: inner nuclear layer,
OPL: outer plexiform layer, ONL: outer nuclear layer.

2.7. B2R Immunoreactivity

Since B2R genomic expression was unchanged in the AMD retinae (Figure 1), we checked whether
this can be translated at protein level in AMD retinae. Immunofluorescence staining failed to show any
significant changes in the expression of B2R in the dry and wet AMD in comparison with the control
retinae (Figure 8A,B). No further investigation was made to identify the cell-type bearing the B2R in
human retinae.
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Figure 8. B2R immunoreactivity in human retinae. (A) Microphotographs of immunolocalization
of B2R in the human control (CTL), dry and wet AMD retinae. All three groups express the
same protein levels of B2R, particularly in the GCL and ONL. Sections are counterstained for
4′,6-diamidino-2-phenylindole (DAPI; blue), which labels cell nuclei. Images were obtained at
40×. Scale bar: 20 µm. (B) Semi-quantification of B2R fluorescence intensity on all the surface area of
each retina from five dry AMD, five wet AMD and five control retinae. Data represent mean intensity
± SEM after subtraction of the background intensity. CTL: control (O), Dry: dry AMD (�), Wet: wet
AMD (4), GCL: ganglion cell layer, IPL: inner plexiform layer, INL: inner nuclear layer, OPL: outer
plexiform layer, ONL: outer nuclear layer.

3. Discussion

The present study provides the first demonstration that B1R is highly expressed in human wet
AMD retina, but weakly in the dry form. In the wet AMD retinae, B1R was particularly densely
expressed in blood vessels and RPE, which suggests an implication of the inducible B1R in the alteration
of blood-retinal barrier and the outer retinal-barrier in AMD. Moreover, B1R was colocalized with iNOS,
microglia and macroglia markers, as well as with fibrosis markers throughout the wet AMD retina,
supporting a role for B1R in the inflammatory process in AMD. This is in keeping with our team’s
earlier data showing that B1R is overexpressed in laser-induced CNV in rodents, where B1R blockade
had beneficial effects on both inflammation and neovascularization [16]. Hence, these findings support
an implication of the B1R in wet AMD, while its involvement in the dry form remains uncertain on the
basis of its weak immunocytochemical expression. One potential important outcome arising from this
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research is the possibility to treat wet AMD with an antagonist of B1R to reduce inflammation and
fibrosis. In contrast, B2R expression was not altered in the dry and wet AMD retinae, highlighting a
differential expression of both kinin receptors in AMD.

3.1. B1R in Human Wet AMD

An upregulation of B1R expression in a rat model of CNV was recently reported [16]. Moreover,
several studies suggested a major implication of the B1R in retinal pathologies, by increasing
the inflammatory response, vascular permeability and leukostasis [15,17,18]. Here, we show an
upregulation of B1R in all layers of AMD retinae, with a more prominent expression in the wet form.
Interestingly, our histopathologic study shows an expression of B1R on the endothelial cells of the
retinal blood vessels of wet AMD retinae. This is in agreement with our previous study, showing
B1R expression on retinal endothelial cells in rat CNV [16]. Endothelial cell dysfunction is a major
contributor to the opening of the blood-retinal barrier in retina including diabetic retinopathy and
AMD [29]. The presence of B1R on endothelial cells of the human AMD retina may contribute to
endothelial dysfunction and blood-retinal barrier alteration. B1R expression was also expressed on
vascular smooth muscle cells in the wet AMD retinae. With few exceptions, B1R activation constricts
veins and dilates arteries through endothelium/NO pathway [36,37]. B1R arterial/arteriolar-induced
dilation associated with post-capillary constriction would lead to increased capillary hydrostatic
pressure and subsequent plasma protein extravasation and oedema. This is supported by several
studies showing a major contribution of B1R in enhanced retinal vascular permeability, which was
reversed by B1R blockade [16–18,38]. While B1R can also affect the retinal blood flow, it is still
uncertain whether B1R can contribute to retinal ischemia through a prolonged stimulatory action on
vascular smooth muscle cells. Retinal ischemia is a major contributor of neovascularization through
VEGFA activation [29]. B1R is implicated in retinal neovascularization in laser-induced CNV through a
mechanism independent of the VEGFA/VEGFR2 axis, and B1R antagonism reduced CNV [16]. This is
reminiscent of the neovascularization induced by the B1R agonist (Lys-des-Arg9-BK), which was
sensitive to B1R antagonism in the rabbit cornea [39]. Collectively, these data suggest an implication of
B1R in neovascularization.

Interestingly, B1R was highly expressed in the outer blood-retinal barrier and RPE of the wet
AMD retinae. The RPE layer separates the retina from the choroid, providing a protection against
outer insults. Hence, an alteration of this layer exposes the retina to the choroidal circulation and to
an infiltration of pro-inflammatory immunomodulators. Choroidal neovascularization in patients
with AMD induces the loss of the outer blood-retinal barrier by down-expression of specific genes like
RLBP1, RPE65 and VEGFA [40]. Despite the important role of the choroid and Bruch’s membrane in
the development of AMD pathology, the RPE is considered as a fulcrum of AMD pathogenesis [9].
Indeed, RPE dysfunction precedes the end stages of the wet and dry AMD [8]. Therefore, the high
expression of B1R in the RPE of human AMD retinae points towards an implication of this receptor
in the alterations caused to the RPE layer. Indeed, inflammation and oxidative stress are the main
participants in the alteration of RPE in AMD. Targeting one of these two events can slow down and
even prevent RPE degeneration [8,41]. It is worth noting that B1R was expressed in the RPE and
perpetuated inflammation and oxidative stress in diabetic retinae [15,17,18]. Hence, the presence of
B1R in the RPE may contribute to RPE degeneration through the inflammation and oxidative stress in
human AMD.

3.2. Glia Cells in AMD

The mammalian glia includes macroglia (astrocytes, Müller cells) and microglia. Glial cells are
dynamic keepers of the tissue and become activated following an insult to the retina [4,6]. In the
present study, an increase in GFAP immunoreactivity, considered a hallmark of macro-gliosis [42],
was observed in all layers of the wet AMD retinae and mainly in the GCL of the dry AMD retinae,
indicating an increase in astrocyte reactivity. Müller cells have similar roles as astrocytes, and they
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span across the retina [43]. Although activated macroglia provides retinal neuroprotection, their
chronic activation is harmful for the retina [44]. Chronic gliosis increases vascular permeability and
neovascularization in retina, thus exacerbating the disease progression [29]. Moreover, our study
shows a co-expression of GFAP with the B1R in human AMD retinae. This is in line with our previous
results in a pre-clinical model of AMD [16]. Furthermore, B1R was shown to be expressed on brain
astroglia in mice models of encephalomyelitis and Alzheimer’s disease [45,46], and blocking B1R had
beneficial effects on the pathology of Alzheimer’s [46]. Inhibition of B1R also protects from brain injury
by reducing astroglia activation in mice [47]. Hence, our observation about the colocalization of B1R
with GFAP suggests an implication of B1R in chronic gliosis in human AMD.

Macroglia interact with microglia in health and retinal disease [48], and regulate its activation and
phagocytic function [49]. Microglia are resident macrophages, playing an essential role in protecting
retina against noxious insults. With aging, microglia display increased signs of gliosis indicated by
a retraction of ramifications and soma hypertrophy, and the amoeboid phenotype prevails when
microglia are highly activated [4]. Our study shows a more prominent expression of Iba1, a microglia
marker, in the wet than in the dry AMD. However, in both forms, activated microglia (amoeboid) were
more expressed than the quiescent microglia (ramified). A high expression of amoeboid microglia was
observed in the outer retina of the wet AMD, especially between the RPE and Bruch’s membrane. These
observations suggest an infiltration of microglia that occurs in the wet AMD. In contrast, activated
microglia in the outer retina of the dry AMD was less observed. This is consistent with the less
impressive role of microglia in the dry AMD [6] and their harmful role in the wet form, contributing
to the progression of the pathology and the degeneration of photoreceptors [4]. Moreover, our
immunofluorescence staining showed a co-expression of B1R with the amoeboid, but not with the
ramified microglia all over the wet AMD retinae, particularly in the outer layers of the wet AMD (ONL
and RPE). This is reminiscent of the colocalization of B1R with Iba1 in our rat model of laser-induced
CNV [16]. These observations suggest an implication of B1R in microglia activation. Moreover, the high
B1R co-expression with microglia in the outer retina points to its implication in microglia infiltration in
AMD. Indeed, in cultured microglia, the B1R, but not the B2R, agonist induced microglia migration,
motility and chemotaxis, and this response was blocked by B1R antagonists [50].

3.3. Oxidative Stress in AMD

Several studies highlighted the contribution of oxidative stress in AMD progression, where
plasmatic and retinal levels of oxidative stress markers were found increased in patients with
AMD [51–53]. Moreover, recent studies showed that increased oxidative stress in RPE cells alters
not only coding genes, but also non-coding genes related to biochemical pathways associated with
all major fields of cellular metabolism [54–56]. Here, we show an upregulation of iNOS expression
in the human wet AMD, but not in the dry form. Moreover, iNOS was co-expressed with the B1R
in the wet AMD retinae. This is in line with previous observation showing that B1R increases
oxidative stress and activates iNOS in diabetic retinopathy [17], and blocking B1R inhibited iNOS
upregulation and oxidative stress [18]. B1R through iNOS and NADPH oxidase activation leads to
peroxynitrite formation, a highly cytotoxic molecule that causes DNA damage, lipid peroxidation,
proteins nitration, inflammation and major damage to vessels [57]. In conformity with this, changes of
blood flow parameters related to vessels damage in human glaucoma were attributed to peroxynitrite
formation [58]. One of the current strategies to treat AMD is to target oxidative stress. Hence, a
major clinical trial (Age-Related Eye Disease Study (AREDS)) showed that dietary and supplementary
anti-oxidants intake (vitamin C, vitamin E, beta-carotene and zinc) decreased the risk of advanced
AMD and its associated vision loss [59].

3.4. Fibrosis in AMD

Despite improving visual acuity, unsuccessful treatments with anti-VEGF in AMD have often been
attributed to the formation of subretinal fibrosis [60]. The progression of photoreceptor destruction was
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found to be proportional to the diameter and thickness of the subretinal fibrosis [61]. Indeed, subretinal
fibrosis can lead to degeneration of RPE, photoreceptors and choroidal vessels [60]. Interestingly, our
histopathologic studies have shown an intense immunoreactivity of fibrosis markers (collagen 1α and
α-SMA) in the wet AMD, but not in the dry form, co-localized with the B1R. Several studies showed a
contribution of B1R in fibrosis formation. For instance, in diabetic cardiomyopathy, B1R mediated
inflammation and fibrosis [22]. In human embryonic lung fibroblasts, B1R activation induced collagen
I synthesis and fibrogenesis [62]. B1R blockade reversed inflammation and the expression of fibrosis
markers (collagen and α-SMA) in renal fibrosis [23,33]. Here, we show a colocalization of B1R with
the fibrosis markers (collagen 1α and α-SMA), suggesting a possible implication of B1R in fibrosis
formation in human wet AMD.

3.5. B1R and B2R in Neovascularization

B2R plays a key role in physiological and less commonly in pathological neovascularization [24].
Indeed, B2R blockade in laser-induced CNV in mice decreased VEGF expression [63]. B2R partakes
in tumor angiogenesis [26] and in pathological neovascularization in oxygen-induced retinopathy,
where B2R blockade reduced retinal neovascularization and the expression of proangiogenic and
pro-inflammatory cytokines [25]. However, our immunofluorescence and mRNA assay did not show
any changes in B2R expression in the wet and dry AMD retina. Thus, the role of B2R in AMD remains
doubtful, particularly in absence of changes in RNA and protein expression.

The role of B1R in angiogenesis was first reported in 1993 [64]. In a model of limb ischemia, B1R
was shown to promote neovascularization [65], and this response was reduced in B1R knocked-out
mice [66]. In this study, we found a weak induction and expression of B1R in the dry AMD, in
comparison with the prominent upregulation of B1R in the wet form, suggesting a possible role of B1R
in the neovascularization events of wet AMD. This hypothesis is supported by the pre-clinical finding
showing that B1R blockade reversed the inflammatory response and the CNV size in rat retina [16]. In
the latter study, B1R was found to partake to the inflammatory process in CNV independently of the
VEGFA pathway [16].

4. Materials and Methods

4.1. Subjects

Post-mortem human eyes were obtained from the Human Eye Biobank for Research at St. Michael’s
Hospital, Toronto, Canada. The retina donation and the protocols were conformed to the 2013 Helsinski
declaration and the ethical standards of the Ethical Committee of Health Research, Université de
Montréal (17-142-CERES) and St. Michael’s Hospital Research Ethics Board. Donors signed a consent
donation form when they were alive, or the assent of a parent was obtained after death. Eyes from five
patients with dry AMD (83 ± 4 years), five patients with wet AMD (92 ± 4 years) and five controls
(71 ± 5 years) were studied (Table 1). Subjects were excluded if post-mortem time-to-fixation was
greater than 24 h, and subject information reports indicated that none of the patients received any
anti-VEGF treatment for AMD.
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Table 1. Characteristics of retinae donors.

Control Dry AMD Wet AMD

Patients Age Sex Age Sex Age Sex

1 72 F 88 M 92 M
2 59 F 95 F 102 M
3 73 M 83 F 90 M
4 86 M 77 F 98 F
5 65 M 70 M 76 M

Mean ± SEM 71 ± 5 83 ± 4 92 ± 4

F: Female, M: Male.

4.2. Immunofluorescence

B1R, B2R, iNOS, fibrosis markers (α-smooth muscle actin (α-SMA) and collagen1 α) and glial
cells markers (glial fibrillary acidic protein (GFAP) for macroglia and ionized calcium-binding adapter
molecule 1 (Iba1) for microglia) were detected by immunohistochemistry on paraffin embedded retinae,
as described previously [17]. Sections obtained from the Eye Biobank were deparaffinized prior to the
immunofluorescence procedure. Glass slides were first incubated in sodium citrate buffer at 95 ◦C for
35 min. Sections were then left to cool down for 20 min at room temperature (RT), then washed three
times (3 × 5 min) with 0.1 M PBS buffer (pH 7.4) and incubated for 1 h at RT in blocking buffer (PBS
containing 10% donkey serum or goat serum and 0.25% triton X-100). Sections were left incubated
overnight at RT, with the blocking buffer containing primary antibodies (Table 2).

Table 2. List of primary antibodies.

Antigen Antibody Concentration and Source

B1R Rabbit polyclonal, 1:100, Biotechnology Research Institute, Montreal, QC, Canada [67]
B2R Rabbit polyclonal, 1:50, ABR-012, Alomone labs, Jerusalem, Israel

iNOS Mouse monoclonal, 1:200, MAB9502, R&D systems, Oakville, ON, Canada
Iba1 Mouse monoclonal, 1:200, MABN92, EMD Millipore, Oakville, ON, Canada

GFAP Chicken polyclonal, 1:1000, AB4674, Abcam, Cambridge, MA, USA
Collagen 1α Goat polyclonal, 1:50, AF6220, R&D systems, Oakville, ON, Canada

α-SMA Mouse monoclonal, 1:50, M0851, Dako, Burlington, ON, Canada

The following day, slides were washed 3 × 5 min in PBS 0.1M and then incubated for 2 h at RT
with secondary antibodies: Alexa Fluor 555 goat anti-rabbit (1:200, A21428), Alexa Fluor 488 goat
anti-rabbit (1:200, A21206), Alexa Fluor 555 donkey anti-mouse (1:200, A31570), Alexa Fluor 488 donkey
anti-mouse (1:200, A21202), Alexa Fluor 546 donkey anti-goat (1:200, A11056), Alexa Fluor 555 goat
anti-chicken (1:200, A21437), Alexa Fluor 633 donkey anti-goat (1:200, A21082), all purchased from Life
Technologies, Burlington, ON, Canada. To eliminate the autofluorescence caused by tissue components
and by the accumulation of lipofuscin [68], an autofluorescence eliminator reagent (2160, Sigma Aldrich,
Oakville, ON, Canada) was used. The slides were then washed and mounted using a homemade
glycerol solution. Images were obtained with a confocal microscope Zeiss-LSM800 equipped with
an argon laser (Carl Zeiss, Jena, Germany) and transferred to a computer and analyzed using NIH
ImageJ 1.36b Software (NIH, Bethesda, MD, USA). Images were obtained at 40× and 60× objectives.
Semi-quantification of immunofluorescence staining intensity was made on five randomly selected
surface areas of each retina from five dry AMD, five wet AMD and five controls. Background intensity
(gray intensity) was subtracted from each individual value.

4.3. In Situ Hybridization: RNA Scope Assay

To visualize and quantify the genomic expression of B1R, B2R and VEGFA, RNA scope fluorescent
multiplex reagent kit (Advanced Cell Diagnostics (ACD), Newark, IL, USA) was used, following the
manufacturer recommendations. First, tissue sections were deparaffinized with xylene (2 × 5 min) and
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alcohol 100% (2 × 5 min). To permeabilize cells and unmask target RNA, sections were pre-treated
with H2O2 for 10 min at RT, washed with distilled water for 2 min, and incubated for 25 min at 95 ◦C
in target retrieval 1× solution (Cat no. 322335). Slides were then washed for 15 s with distilled water,
prior to a wash for 3 min with 100% alcohol. Sections were left to dry out for 5 min at RT. To break
the nuclear membrane, sections were treated with a protease III solution (Cat no. 322337) at 40 ◦C
for 30 min and then washed twice for 5 min each with distilled water. To target RNA molecules,
sections were hybridized with a mix of three probes (Hs-BDKRB1, Hs-BDKRB2-C2, Hs-VEGFA-C3 for
B1R, B2R and VEGFA, respectively). Three amplifiers for each probe (respectively AMP1, AMP2 and
AMP3) were added consecutively, and incubated each time at 40 ◦C for 30 min. Sections were washed
using wash-buffer and the signals were developed with horseradish peroxidase HRP-C signal Opal
specific for each probe (Opal 520 for B1R detection, Opal 570 for VEGFA detection and Opal 690 for
B2R detection) and incubated at 40 ◦C for 15 min, followed by another incubation at 40 ◦C for 30 min.
The reactions were stopped by incubating a section with HRP blocker at 40 ◦C for 15 min. Sections
were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) and mounted using a homemade
glycerol solution. Images were obtained with a confocal microscope Zeiss-LSM800 equipped with an
argon laser (Carl Zeiss, Jena, Germany) and transferred to a computer and analyzed using NIH ImageJ
1.36b Software (NIH, Bethesda, MD, USA). Images were obtained at 40× objective. The quantification
of fluorescence staining intensity was made using ACD guidelines. Briefly, five microphotographs
(160 µm2 of dimensions) were randomly taken for each retina from five dry AMD, five wet AMD and
five controls. Each fluorophore channel was analyzed separately, using each nuclear layer as a region
of interest. At least twenty dots were selected in each region, the area of the integrated intensity of each
dot was then measured. The average intensity per single dot was then calculated using the following
formula: (average of integrated intensity of selected dots − average background intensity × average
area of selected dots)/number of selected dots). The total dot intensity in the region of interest was then
calculated using the following formula ((total intensity of region of interest − Average background
intensity × total area)/average intensity per single dot). The average of intensity per cell was then
counted by dividing total immunofluorescence intensity in the chosen region of interest by the total
number of cells in the same region.

4.4. Statistical Analysis of Data

Results are expressed as the mean ± SEM, and n represents the number of patients. Statistical
analysis of data was performed using PrismTM version 5.0 (GraphPad Software Inc., La Jolla, CA,
USA). Kruskal-Wallis, followed by a Dunn post hoc test, was used for comparison between the control,
dry AMD and wet AMD. The results were considered significant at p < 0.05.

5. Conclusions

The use of post-mortem human retinae in this study provided an opportunity to expand our
knowledge of wet and dry AMD pathology. A summary of the key findings is provided in Table 3.
The limitations of this study include variation between subject ages, and the lack of a detailed AMD
and medical history on each donor eye. However, none of those patients have received any treatment
for AMD, and our results confirmed an intense immunoreactivity for B1R in all the wet AMD retinae,
in comparison with a weak expression in the dry AMD retinae and nearly no expression in the control
retinae. Importantly, B1R was co-expressed with several inflammatory/fibrosis markers and, notably,
glial cells in the wet form only. Thus, it was obvious that inflammatory events are exacerbated in the
wet form compared to the dry form, especially with regard to B1R expression, reactive gliosis and
microglia activation and infiltration. While more studies are needed to determine the precise role of
B1R in AMD, the induction and upregulation of this pro-inflammatory and pro-fibrotic receptor in
human AMD retina support previous pre-clinical studies, and provide a clinical proof-of-concept that
B1R represents an attractive therapeutic target worth exploring in AMD.
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Table 3. Summary of the differences in protein expression between the control, dry and wet AMD retinae.

Markers Control Dry AMD Wet AMD

B1R +/− + +++
GFAP + ++ +++
Iba1 + (ramified) ++ (Amoeboid> ramified) +++ (Amoeboid > ramified)

iNOS − +/− +++
Fibrosis − − +++

B2R + + +

+/−; slight or absence, +; low, ++ medium, +++ high immunoreactivity.

Author Contributions: Conceptualized the study, analyzed the data and interpreted the results, R.O., E.V., R.C.;
Conducted experiments, R.O.; Technical assistance with the RNAscope, S.B.; Writing original draft and the figures,
R.O.; Editing the manuscript, R.O., E.V., R.C.; Supervision, E.V., R.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Canadian Institutes of Health Research (MOP-125962) and the FRQS
Vision Health Research Network in partnership with the Antoine-Turmel Foundation to E.V. and R.C. R.O.
received PhD Studentship Awards from the Graduate Program of Physiology, and the Faculty of Graduate Studies,
Université de Montréal.

Acknowledgments: The authors greatly appreciate the assistance of Jacques Sénécal for the quantification,
Micheline Gloin for the figures artwork, and thank the Department of Pharmacology and Physiology, Université
de Montréal for giving us access to the confocal microscope Zeiss-LSM800. Macular degeneration illustration
(graphical abstract), iStock ID:963177108.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Wong, W.L.; Su, X.; Li, X.; Cheung, C.M.; Klein, R.; Cheng, C.Y.; Wong, T.Y. Global prevalence of age-related
macular degeneration and disease burden projection for 2020 and 2040: A systematic review and meta-analysis.
Lancet Glob. Health 2014, 2, e106–e116. [CrossRef]

2. Schuman, S.G.; Koreishi, A.F.; Farsiu, S.; Jung, S.H.; Izatt, J.A.; Toth, C.A. Photoreceptor layer thinning
over drusen in eyes with age-related macular degeneration imaged in vivo with spectral-domain optical
coherence tomography. Ophthalmology 2009, 116, 488–496.e2. [CrossRef] [PubMed]

3. Lambert, N.G.; ElShelmani, H.; Singh, M.K.; Mansergh, F.C.; Wride, M.A.; Padilla, M.; Keegan, D.; Hogg, R.E.;
Ambati, B.K. Risk factors and biomarkers of age-related macular degeneration. Prog. Retin. Eye Res. 2016, 54,
64–102. [CrossRef] [PubMed]

4. Rashid, K.; Akhtar-Schaefer, I.; Langmann, T. Microglia in Retinal Degeneration. Front. Immunol. 2019, 10,
1975. [CrossRef] [PubMed]

5. Holz, F.G.; Strauss, E.C.; Schmitz-Valckenberg, S.; Van Lookeren Campagne, M. Geographic atrophy: Clinical
features and potential therapeutic approaches. Ophthalmology 2014, 121, 1079–1091. [CrossRef]

6. Ambati, J.; Atkinson, J.P.; Gelfand, B.D. Immunology of age-related macular degeneration. Nat. Rev. Immunol.
2013, 13, 438–451. [CrossRef] [PubMed]

7. Penfold, P.L.; Madigan, M.C.; Gillies, M.C.; Provis, J.M. Immunological and aetiological aspects of macular
degeneration. Prog. Retin. Eye Res. 2001, 20, 385–414. [CrossRef]

8. Ambati, J.; Ambati, B.K.; Yoo, S.H.; Ianchulev, S.; Adamis, A.P. Age-related macular degeneration: Etiology,
pathogenesis, and therapeutic strategies. Surv. Ophthalmol. 2003, 48, 257–293. [CrossRef]

9. Ambati, J.; Fowler, B.J. Mechanisms of age-related macular degeneration. Neuron 2012, 75, 26–39. [CrossRef]
[PubMed]

10. Nebbioso, M.; Lambiase, A.; Cerini, A.; Limoli, P.G.; La Cava, M.; Greco, A. Therapeutic Approaches with
Intravitreal Injections in Geographic Atrophy Secondary to Age-Related Macular Degeneration: Current
Drugs and Potential Molecules. Int. J. Mol. Sci. 2019, 20, 1693. [CrossRef]

11. Yang, S.; Zhao, J.; Sun, X. Resistance to anti-VEGF therapy in neovascular age-related macular degeneration:
A comprehensive review. Drug Des. Dev. Ther. 2016, 10, 1857–1867. [CrossRef]

http://dx.doi.org/10.1016/S2214-109X(13)70145-1
http://dx.doi.org/10.1016/j.ophtha.2008.10.006
http://www.ncbi.nlm.nih.gov/pubmed/19167082
http://dx.doi.org/10.1016/j.preteyeres.2016.04.003
http://www.ncbi.nlm.nih.gov/pubmed/27156982
http://dx.doi.org/10.3389/fimmu.2019.01975
http://www.ncbi.nlm.nih.gov/pubmed/31481963
http://dx.doi.org/10.1016/j.ophtha.2013.11.023
http://dx.doi.org/10.1038/nri3459
http://www.ncbi.nlm.nih.gov/pubmed/23702979
http://dx.doi.org/10.1016/S1350-9462(00)00025-2
http://dx.doi.org/10.1016/S0039-6257(03)00030-4
http://dx.doi.org/10.1016/j.neuron.2012.06.018
http://www.ncbi.nlm.nih.gov/pubmed/22794258
http://dx.doi.org/10.3390/ijms20071693
http://dx.doi.org/10.2147/DDDT.S97653


Pharmaceuticals 2020, 13, 130 18 of 20

12. Aiello, L.P.; Avery, R.L.; Arrigg, P.G.; Keyt, B.A.; Jampel, H.D.; Shah, S.T.; Pasquale, L.R.; Thieme, H.;
Iwamoto, M.A.; Park, J.E.; et al. Vascular endothelial growth factor in ocular fluid of patients with diabetic
retinopathy and other retinal disorders. N. Engl. J. Med. 1994, 331, 1480–1487. [CrossRef] [PubMed]

13. Frank, R.N.; Amin, R.H.; Eliott, D.; Puklin, J.E.; Abrams, G.W. Basic fibroblast growth factor and vascular
endothelial growth factor are present in epiretinal and choroidal neovascular membranes. Am. J. Ophthalmol.
1996, 122, 393–403. [CrossRef]

14. Grossniklaus, H.E.; Ling, J.X.; Wallace, T.M.; Dithmar, S.; Lawson, D.H.; Cohen, C.; Elner, V.M.; Elner, S.G.;
Sternberg, P., Jr. Macrophage and retinal pigment epithelium expression of angiogenic cytokines in choroidal
neovascularization. Mol. Vis. 2002, 8, 119–126. [PubMed]

15. Hachana, S.; Bhat, M.; Senecal, J.; Huppe-Gourgues, F.; Couture, R.; Vaucher, E. Expression, distribution and
function of kinin B1 receptor in the rat diabetic retina. Br. J. Pharmacol. 2018, 175, 968–983. [CrossRef]

16. Hachana, S.; Fontaine, O.; Sapieha, P.; Lesk, M.; Couture, R.; Vaucher, E. The Effects of Anti-VEGF and
Kinin B1 Receptor Blockade on Retinal Inflammation in Laser-Induced Choroidal Neovascularization. Br. J.
Pharmacol. 2020. [CrossRef]

17. Othman, R.; Vaucher, E.; Couture, R. Bradykinin Type 1 Receptor—Inducible Nitric Oxide Synthase: A New
Axis Implicated in Diabetic Retinopathy. Front. Pharmacol. 2019, 10, 300. [CrossRef]

18. Pouliot, M.; Talbot, S.; Senecal, J.; Dotigny, F.; Vaucher, E.; Couture, R. Ocular application of the kinin B1
receptor antagonist LF22-0542 inhibits retinal inflammation and oxidative stress in streptozotocin-diabetic
rats. PLoS ONE 2012, 7, e33864. [CrossRef]

19. Bhat, M.; Pouliot, M.; Couture, R.; Vaucher, E. The kallikrein-kinin system in diabetic retinopathy. Prog. Drug
Res. 2014, 69, 111–143.

20. Sun, J.K.; Maturi, R.K.; Boyer, D.S.; Wells, J.A.; Gonzalez, V.H.; Tansley, R.; Hernandez, H.; Maetzel, A.;
Feener, E.P.; Aiello, L.P. One-Time Intravitreal Injection of KVD001, a Plasma Kallikrein Inhibitor, in Patients
with Central-Involved Diabetic Macular Edema and Reduced Vision: An Open-Label Phase 1B Study.
Ophthalmol. Retin. 2019, 3, 1107–1109. [CrossRef]

21. Marceau, F.; Regoli, D. Bradykinin receptor ligands: Therapeutic perspectives. Nat. Rev. Drug Discov. 2004,
3, 845–852. [CrossRef]

22. Westermann, D.; Walther, T.; Savvatis, K.; Escher, F.; Sobirey, M.; Riad, A.; Bader, M.; Schultheiss, H.P.;
Tschope, C. Gene deletion of the kinin receptor B1 attenuates cardiac inflammation and fibrosis during the
development of experimental diabetic cardiomyopathy. Diabetes 2009, 58, 1373–1381. [CrossRef] [PubMed]

23. Klein, J.; Gonzalez, J.; Duchene, J.; Esposito, L.; Pradere, J.P.; Neau, E.; Delage, C.; Calise, D.; Ahluwalia, A.;
Carayon, P.; et al. Delayed blockade of the kinin B1 receptor reduces renal inflammation and fibrosis in
obstructive nephropathy. FASEB J. 2009, 23, 134–142. [CrossRef] [PubMed]

24. Couture, R.; Blaes, N.; Girolami, J.P. Kinin receptors in vascular biology and pathology. Curr. Vasc. Pharmacol.
2014, 12, 223–248. [CrossRef]

25. Terzuoli, E.; Morbidelli, L.; Nannelli, G.; Giachetti, A.; Donnini, S.; Ziche, M. Involvement of Bradykinin B2
Receptor in Pathological Vascularization in Oxygen-Induced Retinopathy in Mice and Rabbit Cornea. Int. J.
Mol. Sci. 2018, 19, 330. [CrossRef] [PubMed]

26. Ikeda, Y.; Hayashi, I.; Kamoshita, E.; Yamazaki, A.; Endo, H.; Ishihara, K.; Yamashina, S.; Tsutsumi, Y.;
Matsubara, H.; Majima, M. Host stromal bradykinin B2 receptor signaling facilitates tumor-associated
angiogenesis and tumor growth. Cancer Res. 2004, 64, 5178–5185. [CrossRef]

27. Thuringer, D.; Maulon, L.; Frelin, C. Rapid transactivation of the vascular endothelial growth factor receptor
KDR/Flk-1 by the bradykinin B2 receptor contributes to endothelial nitric-oxide synthase activation in cardiac
capillary endothelial cells. J. Biol. Chem. 2002, 277, 2028–2032. [CrossRef]

28. Tsujinaka, H.; Itaya-Hironaka, A.; Yamauchi, A.; Sakuramoto-Tsuchida, S.; Shobatake, R.; Makino, M.;
Masuda, N.; Hirai, H.; Takasawa, S.; Ogata, N. Statins decrease vascular epithelial growth factor expression
via down-regulation of receptor for advanced glycation end-products. Heliyon 2017, 3, e00401. [CrossRef]

29. Penn, J.S.; Madan, A.; Caldwell, R.B.; Bartoli, M.; Caldwell, R.W.; Hartnett, M.E. Vascular endothelial growth
factor in eye disease. Prog. Retin. Eye Res. 2008, 27, 331–371. [CrossRef]

30. Schiff, L.; Hadker, N.; Weiser, S.; Rausch, C. A literature review of the feasibility of glial fibrillary acidic
protein as a biomarker for stroke and traumatic brain injury. Mol. Diagn. Ther. 2012, 16, 79–92. [CrossRef]

31. Langmann, T. Microglia activation in retinal degeneration. J. Leukoc. Biol. 2007, 81, 1345–1351. [CrossRef]

http://dx.doi.org/10.1056/NEJM199412013312203
http://www.ncbi.nlm.nih.gov/pubmed/7526212
http://dx.doi.org/10.1016/S0002-9394(14)72066-5
http://www.ncbi.nlm.nih.gov/pubmed/11979237
http://dx.doi.org/10.1111/bph.14138
http://dx.doi.org/10.1111/bph.14962
http://dx.doi.org/10.3389/fphar.2019.00300
http://dx.doi.org/10.1371/journal.pone.0033864
http://dx.doi.org/10.1016/j.oret.2019.07.006
http://dx.doi.org/10.1038/nrd1522
http://dx.doi.org/10.2337/db08-0329
http://www.ncbi.nlm.nih.gov/pubmed/19276445
http://dx.doi.org/10.1096/fj.08-115600
http://www.ncbi.nlm.nih.gov/pubmed/18809736
http://dx.doi.org/10.2174/1570161112666140226121627
http://dx.doi.org/10.3390/ijms19020330
http://www.ncbi.nlm.nih.gov/pubmed/29360776
http://dx.doi.org/10.1158/0008-5472.CAN-03-3589
http://dx.doi.org/10.1074/jbc.M109493200
http://dx.doi.org/10.1016/j.heliyon.2017.e00401
http://dx.doi.org/10.1016/j.preteyeres.2008.05.001
http://dx.doi.org/10.1007/BF03256432
http://dx.doi.org/10.1189/jlb.0207114


Pharmaceuticals 2020, 13, 130 19 of 20

32. Souied, E.H.; Addou-Regnard, M.; Ohayon, A.; Semoun, O.; Querques, G.; Blanco-Garavito, R.; Bunod, R.;
Jung, C.; Sikorav, A.; Miere, A. Spectral Domain Optical Coherence Tomography Analysis Of Fibrotic Lesions
In Neovascular Age-Related Macular Degeneration. Am. J. Ophthalmol. 2020. [CrossRef] [PubMed]

33. Huart, A.; Klein, J.; Gonzalez, J.; Buffin-Meyer, B.; Neau, E.; Delage, C.; Calise, D.; Ribes, D.; Schanstra, J.P.;
Bascands, J.L. Kinin B1 receptor antagonism is equally efficient as angiotensin receptor 1 antagonism in
reducing renal fibrosis in experimental obstructive nephropathy, but is not additive. Front. Pharmacol. 2015,
6, 8. [CrossRef] [PubMed]

34. Das, A.; Puklin, J.E.; Frank, R.N.; Zhang, N.L. Ultrastructural immunocytochemistry of subretinal neovascular
membranes in age-related macular degeneration. Ophthalmology 1992, 99, 1368–1376. [CrossRef]

35. Lopez, P.F.; Sippy, B.D.; Lambert, H.M.; Thach, A.B.; Hinton, D.R. Transdifferentiated retinal pigment
epithelial cells are immunoreactive for vascular endothelial growth factor in surgically excised age-related
macular degeneration-related choroidal neovascular membranes. Investig. Ophthalmol. Vis. Sci. 1996, 37,
855–868.

36. McLean, P.G.; Perretti, M.; Ahluwalia, A. Kinin B(1) receptors and the cardiovascular system: Regulation of
expression and function. Cardiovasc. Res. 2000, 48, 194–210. [CrossRef]

37. Abdouh, M.; Khanjari, A.; Abdelazziz, N.; Ongali, B.; Couture, R.; Hassessian, H.M. Early upregulation of
kinin B1 receptors in retinal microvessels of the streptozotocin-diabetic rat. Br. J. Pharmacol. 2003, 140, 33–40.
[CrossRef]

38. Hachana, S.; Pouliot, M.; Couture, R.; Vaucher, E. Diabetes-induced inflammation and vascular alterations in
the Goto-Kakizaki rat retina. Curr. Eye Res. 2020. [CrossRef]

39. Parenti, A.; Morbidelli, L.; Ledda, F.; Granger, H.J.; Ziche, M. The bradykinin/B1 receptor promotes
angiogenesis by up-regulation of endogenous FGF-2 in endothelium via the nitric oxide synthase pathway.
FASEB J. 2001, 15, 1487–1489. [CrossRef]

40. Ohlmann, A.; Scholz, M.; Koch, M.; Tamm, E.R. Epithelial-mesenchymal transition of the retinal pigment
epithelium causes choriocapillaris atrophy. Histochem. Cell Biol. 2016, 146, 769–780. [CrossRef]

41. Datta, S.; Cano, M.; Ebrahimi, K.; Wang, L.; Handa, J.T. The impact of oxidative stress and inflammation on
RPE degeneration in non-neovascular AMD. Prog. Retin. Eye Res. 2017, 60, 201–218. [CrossRef] [PubMed]

42. Anderson, A.A.; Ushakov, D.S.; Ferenczi, M.A.; Mori, R.; Martin, P.; Saffell, J.L. Morphoregulation by
acetylcholinesterase in fibroblasts and astrocytes. J. Cell. Physiol. 2008, 215, 82–100. [CrossRef] [PubMed]

43. Reichenbach, A.; Bringmann, A. New functions of Muller cells. Glia 2013, 61, 651–678. [CrossRef]
44. Coorey, N.J.; Shen, W.; Chung, S.H.; Zhu, L.; Gillies, M.C. The role of glia in retinal vascular disease. Clin.

Exp. Optom. 2012, 95, 266–281. [CrossRef] [PubMed]
45. Dutra, R.C.; Bento, A.F.; Leite, D.F.; Manjavachi, M.N.; Marcon, R.; Bicca, M.A.; Pesquero, J.B.; Calixto, J.B.

The role of kinin B1 and B2 receptors in the persistent pain induced by experimental autoimmune
encephalomyelitis (EAE) in mice: Evidence for the involvement of astrocytes. Neurobiol. Dis. 2013,
54, 82–93. [CrossRef]

46. Lacoste, B.; Tong, X.K.; Lahjouji, K.; Couture, R.; Hamel, E. Cognitive and cerebrovascular improvements
following kinin B1 receptor blockade in Alzheimer’s disease mice. J. Neuroinflamm. 2013, 10, 57. [CrossRef]
[PubMed]

47. Albert-Weissenberger, C.; Stetter, C.; Meuth, S.G.; Gobel, K.; Bader, M.; Siren, A.L.; Kleinschnitz, C. Blocking
of bradykinin receptor B1 protects from focal closed head injury in mice by reducing axonal damage and
astroglia activation. J. Cereb. Blood Flow Metab. 2012, 32, 1747–1756. [CrossRef]

48. Wang, M.; Wong, W.T. Microglia-Muller cell interactions in the retina. Adv. Exp. Med. Biol. 2014, 801, 333–338.
[CrossRef]

49. Karlstetter, M.; Nothdurfter, C.; Aslanidis, A.; Moeller, K.; Horn, F.; Scholz, R.; Neumann, H.; Weber, B.H.;
Rupprecht, R.; Langmann, T. Translocator protein (18 kDa) (TSPO) is expressed in reactive retinal microglia
and modulates microglial inflammation and phagocytosis. J. Neuroinflamm. 2014, 11, 3. [CrossRef]

50. Ifuku, M.; Farber, K.; Okuno, Y.; Yamakawa, Y.; Miyamoto, T.; Nolte, C.; Merrino, V.F.; Kita, S.; Iwamoto, T.;
Komuro, I.; et al. Bradykinin-induced microglial migration mediated by B1-bradykinin receptors depends
on Ca2+ influx via reverse-mode activity of the Na+/Ca2+ exchanger. J. Neurosci. 2007, 27, 13065–13073.
[CrossRef]

51. Golestaneh, N.; Chu, Y.; Xiao, Y.Y.; Stoleru, G.L.; Theos, A.C. Dysfunctional autophagy in RPE, a contributing
factor in age-related macular degeneration. Cell Death Dis. 2017, 8, e2537. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ajo.2020.02.016
http://www.ncbi.nlm.nih.gov/pubmed/32112774
http://dx.doi.org/10.3389/fphar.2015.00008
http://www.ncbi.nlm.nih.gov/pubmed/25698969
http://dx.doi.org/10.1016/S0161-6420(92)31792-0
http://dx.doi.org/10.1016/S0008-6363(00)00184-X
http://dx.doi.org/10.1038/sj.bjp.0705210
http://dx.doi.org/10.1080/02713683.2020.1712730
http://dx.doi.org/10.1096/fj.00-0503fje
http://dx.doi.org/10.1007/s00418-016-1461-4
http://dx.doi.org/10.1016/j.preteyeres.2017.03.002
http://www.ncbi.nlm.nih.gov/pubmed/28336424
http://dx.doi.org/10.1002/jcp.21288
http://www.ncbi.nlm.nih.gov/pubmed/17948252
http://dx.doi.org/10.1002/glia.22477
http://dx.doi.org/10.1111/j.1444-0938.2012.00741.x
http://www.ncbi.nlm.nih.gov/pubmed/22519424
http://dx.doi.org/10.1016/j.nbd.2013.02.007
http://dx.doi.org/10.1186/1742-2094-10-57
http://www.ncbi.nlm.nih.gov/pubmed/23642031
http://dx.doi.org/10.1038/jcbfm.2012.62
http://dx.doi.org/10.1007/978-1-4614-3209-8_42
http://dx.doi.org/10.1186/1742-2094-11-3
http://dx.doi.org/10.1523/JNEUROSCI.3467-07.2007
http://dx.doi.org/10.1038/cddis.2016.453
http://www.ncbi.nlm.nih.gov/pubmed/28055007


Pharmaceuticals 2020, 13, 130 20 of 20

52. Terluk, M.R.; Kapphahn, R.J.; Soukup, L.M.; Gong, H.; Gallardo, C.; Montezuma, S.R.; Ferrington, D.A.
Investigating mitochondria as a target for treating age-related macular degeneration. J. Neurosci. 2015, 35,
7304–7311. [CrossRef]

53. Totan, Y.; Yagci, R.; Bardak, Y.; Ozyurt, H.; Kendir, F.; Yilmaz, G.; Sahin, S.; Sahin Tig, U. Oxidative
macromolecular damage in age-related macular degeneration. Curr. Eye Res. 2009, 34, 1089–1093. [CrossRef]

54. Donato, L.; Bramanti, P.; Scimone, C.; Rinaldi, C.; Giorgianni, F.; Beranova-Giorgianni, S.; Koirala, D.;
D’Angelo, R.; Sidoti, A. miRNAexpression profile of retinal pigment epithelial cells under oxidative stress
conditions. FEBS Open Bio 2018, 8, 219–233. [CrossRef]

55. Donato, L.; D’Angelo, R.; Alibrandi, S.; Rinaldi, C.; Sidoti, A.; Scimone, C. Effects of A2E-Induced Oxidative
Stress on Retinal Epithelial Cells: New Insights on Differential Gene Response and Retinal Dystrophies.
Antioxidants 2020, 9, 307. [CrossRef] [PubMed]

56. Donato, L.; Scimone, C.; Alibrandi, S.; Rinaldi, C.; Sidoti, A.; D’Angelo, R. Transcriptome Analyses of
lncRNAs in A2E-Stressed Retinal Epithelial Cells Unveil Advanced Links between Metabolic Impairments
Related to Oxidative Stress and Retinitis Pigmentosa. Antioxidants 2020, 9, 318. [CrossRef] [PubMed]

57. Johansen, J.S.; Harris, A.K.; Rychly, D.J.; Ergul, A. Oxidative stress and the use of antioxidants in diabetes:
Linking basic science to clinical practice. Cardiovasc. Diabetol. 2005, 4, 5. [CrossRef] [PubMed]

58. Feilchenfeld, Z.; Yucel, Y.H.; Gupta, N. Oxidative injury to blood vessels and glia of the pre-laminar optic
nerve head in human glaucoma. Exp. Eye Res. 2008, 87, 409–414. [CrossRef]

59. Tisdale, A.K.; Agron, E.; Sunshine, S.B.; Clemons, T.E.; Ferris, F.L., 3rd; Chew, E.Y.; Age-Related Eye Disease
Study Research Group. Association of Dietary and Supplementary Calcium Intake With Age-Related Macular
Degeneration: Age-Related Eye Disease Study Report 39. JAMA Ophthalmol. 2019, 137, 543–550. [CrossRef]

60. Ishikawa, K.; Kannan, R.; Hinton, D.R. Molecular mechanisms of subretinal fibrosis in age-related macular
degeneration. Exp. Eye Res. 2016, 142, 19–25. [CrossRef]

61. Green, W.R.; Enger, C. Age-related macular degeneration histopathologic studies. The 1992 Lorenz E.
Zimmerman Lecture. Ophthalmology 1993, 100, 1519–1535. [CrossRef]

62. McAllister, B.S.; Leeb-Lundberg, F.; Olson, M.S. Bradykinin inhibition of EGF- and PDGF-induced DNA
synthesis in human fibroblasts. Am. J. Physiol. 1993, 265, C477–C484. [CrossRef] [PubMed]

63. Nagai, N.; Oike, Y.; Izumi-Nagai, K.; Koto, T.; Satofuka, S.; Shinoda, H.; Noda, K.; Ozawa, Y.; Inoue, M.;
Tsubota, K.; et al. Suppression of choroidal neovascularization by inhibiting angiotensin-converting enzyme:
Minimal role of bradykinin. Investig. Ophthalmol. Vis. Sci. 2007, 48, 2321–2326. [CrossRef] [PubMed]

64. Hu, D.E.; Fan, T.P. [Leu8]des-Arg9-bradykinin inhibits the angiogenic effect of bradykinin and interleukin-1
in rats. Br. J. Pharmacol. 1993, 109, 14–17. [CrossRef] [PubMed]

65. Smith, R.S., Jr.; Gao, L.; Chao, L.; Chao, J. Tissue kallikrein and kinin infusion promotes neovascularization in
limb ischemia. Biol. Chem. 2008, 389, 725–730. [CrossRef]

66. Emanueli, C.; Bonaria Salis, M.; Stacca, T.; Pintus, G.; Kirchmair, R.; Isner, J.M.; Pinna, A.; Gaspa, L.; Regoli, D.;
Cayla, C.; et al. Targeting kinin B(1) receptor for therapeutic neovascularization. Circulation 2002, 105,
360–366. [CrossRef]

67. Talbot, S.; Lin, J.C.; Lahjouji, K.; Roy, J.P.; Senecal, J.; Morin, A.; Couture, R. Cigarette smoke-induced kinin
B1 receptor promotes NADPH oxidase activity in cultured human alveolar epithelial cells. Peptides 2011, 32,
1447–1456. [CrossRef]

68. Moreno-Garcia, A.; Kun, A.; Calero, O.; Medina, M.; Calero, M. An Overview of the Role of Lipofuscin in
Age-Related Neurodegeneration. Front. Neurosci. 2018, 12, 464. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1523/JNEUROSCI.0190-15.2015
http://dx.doi.org/10.3109/02713680903353772
http://dx.doi.org/10.1002/2211-5463.12360
http://dx.doi.org/10.3390/antiox9040307
http://www.ncbi.nlm.nih.gov/pubmed/32290199
http://dx.doi.org/10.3390/antiox9040318
http://www.ncbi.nlm.nih.gov/pubmed/32326576
http://dx.doi.org/10.1186/1475-2840-4-5
http://www.ncbi.nlm.nih.gov/pubmed/15862133
http://dx.doi.org/10.1016/j.exer.2008.07.011
http://dx.doi.org/10.1001/jamaophthalmol.2019.0292
http://dx.doi.org/10.1016/j.exer.2015.03.009
http://dx.doi.org/10.1016/S0161-6420(93)31466-1
http://dx.doi.org/10.1152/ajpcell.1993.265.2.C477
http://www.ncbi.nlm.nih.gov/pubmed/8396328
http://dx.doi.org/10.1167/iovs.06-1296
http://www.ncbi.nlm.nih.gov/pubmed/17460297
http://dx.doi.org/10.1111/j.1476-5381.1993.tb13525.x
http://www.ncbi.nlm.nih.gov/pubmed/7684297
http://dx.doi.org/10.1515/BC.2008.084
http://dx.doi.org/10.1161/hc0302.102142
http://dx.doi.org/10.1016/j.peptides.2011.05.005
http://dx.doi.org/10.3389/fnins.2018.00464
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	B1R, B2R and VEGFA RNA Expression 
	B1R Immunoreactivity and Cellular Distribution 
	Macroglia Immunoreactivity 
	Microglia Immunoreactivity 
	iNOS Immunoreactivity 
	Fibrosis Formation 
	B2R Immunoreactivity 

	Discussion 
	B1R in Human Wet AMD 
	Glia Cells in AMD 
	Oxidative Stress in AMD 
	Fibrosis in AMD 
	B1R and B2R in Neovascularization 

	Materials and Methods 
	Subjects 
	Immunofluorescence 
	In Situ Hybridization: RNA Scope Assay 
	Statistical Analysis of Data 

	Conclusions 
	References

