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PURPOSE. The role of b–adrenergic receptor (AR) signaling in neovascular ocular diseases has
recently emerged. We have previously reported that intraperitoneal propranolol inhibits
choroidal neovascularization (CNV) in vivo and b2-AR blockade reduces vascular endothelial
growth factor (VEGF) expression in mouse retinal pigment epithelium and choroidal
endothelial cells in culture. Here we tested the hypothesis that the b2-AR regulates CNV
through modulation of VEGF and inflammatory cytokine expression.

METHODS. Mice were subjected to laser burns, inducing CNV, and were treated with an
intravitreal b2-AR antagonist. After 3 and 5 days, total eye interleukin-6 (IL-6) and VEGF
protein levels were measured, respectively. After 14 days, CNV was measured on choroidal–
scleral flatmounts. The effects of b-AR signaling on VEGF and IL-6 expression were
investigated in various mouse retinal and human RPE cells by using specific b-AR agonists and
antagonists.

RESULTS. b2–Adrenergic receptor signaling increased Vegf mRNA expression by approximately
3- to 4-fold in mouse retinal microglia and pericytes in culture. b2–Adrenergic receptor
signaling upregulated IL-6 mRNA expression between 10- and 60-fold in mouse retinal
microglia, pericytes, RPE, and choroidal endothelial cells in culture. Intravitreal injection of
b2-AR antagonist ICI 118,551 reduced CNV by 35% and decreased IL-6 protein levels by
approximately 50%. In primary human RPE cells, b2-AR activation also stimulated VEGF and
IL-6 mRNA expression by 2- and 10-fold, respectively.

CONCLUSIONS. Anti-VEGF therapy for CNV is highly effective; however, some patients are
resistant to therapy while others undergo repeated, frequent treatments. b2–Adrenergic
receptor signaling is a potential therapeutic target because of its angiogenic and inflammatory
properties.
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Exudative age-related macular degeneration (AMD) and
diabetic retinopathy are leading causes of severe visual

disability. Inhibition of vascular endothelial growth factor
(VEGF) is the mainstay of treatment for both neovascular
AMD1,2 and diabetic macular edema (DME).3,4 Despite these
significant advances, several challenges remain in the treatment
of both exudative AMD and DME. First, many patients require
frequent and repeated intravitreal injections. Second, anti-VEGF
treatment is possibly associated with systemic thromboembolic
events5,6 and local adverse events including RPE tears7 and
endophthalmitis.8 Third, some patients demonstrate resistance
or tachyphylaxis toward anti-VEGF medications. Lastly, a small
minority of patients do not respond to anti-VEGF therapy alone.
These limitations have sparked investigations into new
therapeutics targets and new modalities for inhibition of
neovascularization.

Propranolol, a nonspecific b–adrenergic receptor (b-AR)
antagonist, has become the gold standard for treatment of
severe hemangioma of infancy.9 Tumor regressive properties
from propranolol treatment stem from its ability to inhibit
VEGF expression.10 Additionally, b2-AR signaling stimulates
angiogenesis in chronic ischemia11 and propranolol inhibits
endothelial tubulogenesis.12 These findings have resulted in

research into the utility of b-AR antagonism in retinal
neovascular diseases. In the oxygen-induced ischemic retinop-
athy (OIR) mouse, both propranolol treatment and specific b2-
AR blockade cause reduced retinal neovascularization and
VEGF expression.13,14 In retrospective clinical investigations, b-
blocker treatment is correlated with reduced numbers of anti-
VEGF injections in exudative AMD15 and fewer laser proce-
dures in diabetic retinopathy.16 Recently, in patients with
persistent retinal fluid despite maximal anti-VEGF therapy for
exudative AMD, topical timolol-dorzolamide treatment in
addition to anti-VEGF therapy improved retinal fluid.17 These
studies led us to investigate the role of b-blockers in a laser-
induced CNV model. In our prior study,18 we have found that
intraperitoneal propranolol treatment reduces CNV area by
50%, and specific b2-AR blockade decreases VEGF expression
in mouse choroidal endothelial and RPE cells in culture.

In the current follow-up study, we sought to determine if
specific intravitreal b2-AR blockade inhibits CNV in mice. We
next investigated the role of b-blocker treatment in the
expression of VEGF and inflammatory cytokines in mouse
retinal microglia, retinal pericytes, and choroidal endothelial
and RPE cells in culture. And finally, we extended these results
to human fetal RPE cells in culture.
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MATERIALS AND METHODS

Reagents

Norepinephrine (NE) and propranolol were purchased from
Sigma-Aldrich Corp. (St. Louis, MO, USA). Specific b-AR agonists
and antagonists were purchased from Tocris (R&D Systems,
Minneapolis, MN, USA). Table 1 summarizes the catalog
numbers, concentrations, and vehicles used for each com-
pound. The inhibition and activation constant concentrations
(K) are also provided. The used concentrations in this study
were chosen to maximize specific inhibition of each receptor.

Animals

All research using mouse models of CNV was carried out in
accordance with the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in Ophthalmic
and Vision Research and was approved by the Institutional
Animal Use and Care Committee of the University of Wisconsin
School of Medicine and Public Health. Wild-type 6-week-old
female C57BL/6j mice were housed on a 12-hour light–dark
cycle and provided with food and water ad libitum. Laser-
induced CNV experiments were performed as previously
described.19 Briefly, 15 female mice were anesthetized and
treated with three focal laser burns in each eye (30 retinas
treated per group, 90 total burns per group). ICI 118,551 was
dissolved in saline and delivered once approximately 30 minutes
after laser treatment via intravitreal injection of 2 lL (mouse
vitreous is 10 lL) for a final dose of 0.03 lg per eye. Each mouse
was treated in both eyes with either vehicle saline or ICI
118,551 dissolved in saline. This was done so that systemic
absorption of drug would not confound the results if each eye
was treated differently. After 14 days, mice were killed and CNV
was measured on choroidal–scleral flatmounts (29 control, 27
treated, 4 were excluded owing to intravitreal injection
complications) by using intercellular adhesion molecule-2
(ICAM-2; BD BioSciences, San Jose, CA, USA) immunofluores-
cence staining. Images were analyzed with ImageJ software
(http://imagej.nih.gov/ij/; provided in the public domain by the
National Institutes of Health, Bethesda, MD, USA). Each eye was
treated as an individual experimental unit because of the
variance associated with intravitreal injection.

Isolation and Culture of Choroidal and Retinal
Endothelial Cells, Pericytes, Astrocytes, and RPE
Cells

Choroidal endothelial,18 RPE cells,18 retinal endothelial cells,20

retinal astrocytes,21 and pericytes22 were isolated and cultured
as previously described by us. All experiments were performed
on cells between passage 5 and passage 15. All cells were
maintained at 338C with 5% CO2. All cells except for retinal
pericytes were cultured on 1% gelatin-coated 60-mm dishes.
Cells were not allowed to grow beyond 20 passages. Before

experiments, cells were serum starved overnight in serum-free
medium. Serum-free medium was identical to growth medium
described previously except it lacked 10% FBS.

Isolation and Culture of Human Fetal RPE Cells

Human fetal eyes were obtained from University of Washington
Birth Defects Laboratory. Human fetal RPE cells were isolated
as previously described.23 Human fetal RPE cells were cultured
by DMG’s laboratory in 70% Dulbecco’s modified Eagle’s
medium containing 4.5 g/L D-glucose (catalog No. 11965;
Invitrogen, Carlsbad, CA, USA), 30% F12 nutrient mixture
containing L-glutamine (catalog No. 11765; Invitrogen), 1%
antibiotic–antimycotic solution (catalog No. 14240; Invitro-
gen), and B27 (50X solution, catalog No. 17504; Invitrogen).
Human fetal RPE cells were at passage 2 to 3. Cells were
transferred to NS’s laboratory where they were cultured at
378C with 5% CO2. Cells were not serum starved overnight, as
they are cultured without serum. Human fetal RPE cells were
treated with b-adrenergic agonists for 2 hours. RNA was
extracted by using the Trizol RNeasy Plus Mini Kit (Qiagen,
Valenica, CA, USA). Synthesis of cDNA and quantitative PCR
was performed identically as for various mouse cells (see Table
2 for primers).

Messenger RNA Analysis

For mRNA analysis, cells were preincubated with b-AR
antagonists for 30 minutes before incubation with b-AR
agonists for 2 hours in 24-well plates. Cells were then washed
with 1X phosphate-buffered saline (PBS; Sigma), lysed in RLT
plus (a guanidine-rich buffer; Qiagen), and frozen at �208C.

TABLE 1. Reagents Used in Cell Culture Experiments

Target Drug Vehicle Dose K b1, nM K b2, nM K b3, nM Source Catalog No.

Nonselective agonist Norepinephrine HCl 10 lM Sigma A7257

Nonselective antagonist Propranolol Water 1 lM Sigma P0884

b1-AR antagonist CGP 20712 Water 1 lM 0.7 1000x 1000x Tocris 1024

b2-AR antagonist ICI 118,551 Water 100 nM 120 1.2 257 Tocris 0812

b3-AR antagonist SR 59230A Water 100 nM 408 648 40 Tocris 1511

b1-AR agonist Xamoterol Water 100 nM 6310 25 631 Tocris 0950

b2-AR agonist Formoterol Water 100 nM 7.6 2630 2630 Tocris 1448

b3-AR agonist BRL 37344 Water 1 lM 1750 1120 287 Tocris 0948

FIGURE 1. b2–Adrenergic receptor blockade attenuates CNV forma-
tion in mice. Mice were given a single intravitreal injection of saline
(veh) or b2-AR antagonist (ICI-118,551, 0.03 lg per eye) on the same
day as laser treatment. Choroidal neovascularization area was measured
by ICAM-2 staining after 14 days (N ¼ 27–29, **P < 0.01).
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Messenger RNA was extracted by using RNeasy Plus Mini Kit
(Qiagen). The cDNA was synthesized by using Sprint RT
Complete-Double PrePrimed (Clontech, Mountain View, CA,
USA). Cytokine mRNAs were measured by quantitative PCR
(Eppendorf, Hauppauge, NY, USA) and normalized to the
housekeeping gene RpL13A by generating a DCt value. Primer
sequences can be found in the following references or Table
2.18,24 Fold values were generated by normalizing to the
vehicle control. Vehicle control samples were used to assay for
baseline levels of b-AR.

Enzyme-Linked Immunosorbent Assay

Laser-induced CNV experiments were performed as described
above. Four female mice per group were killed and eyes were

harvested at days 3 or 5 post laser treatments. Eyes were
combined from each animal to maximize protein yield. Whole
eye tissue was homogenized and solubilized in ice-cold PBS
buffer containing protease inhibitor (catalog No.
11836153001; Roche Biochemicals, Mannheim, Germany).
The collected samples at day 3 post laser treatment were
assayed for IL-6 protein by using mouse IL-6 ELISA kit (R&D
Systems). Samples from day 5 post laser treatment were used
for VEGF measurements with the mouse VEGF ELISA kit (R&D
Systems).

Statistical Analysis

For CNV, gene expression comparisons between cell lines, and
ELISA, Student’s unpaired t-test was performed. For cell

FIGURE 2. Norepinephrine increases VEGF expression in retinal microglia and pericytes. (A) Mouse retinal microglial cells, pericytes, astrocytes
(RASTs), and endothelial cells (RECs) were incubated with vehicle (veh) or 10 lM NE for 2 hours. Vascular endothelial growth factor expression was
measured by quantitative PCR (N ¼ 4–7, *P < 0.05, **P < 0.01). (B–D) b1–Adrenergic receptor, b2-AR, and b3-AR expression in vehicle-treated
retinal microglia, pericytes, RASTs, and RECs (N ¼ 4–7, *P < 0.05).

TABLE 2. Quantitative PCR Primers

Species Primer Forward Reverse

Mouse IFN-c CATCTTGGCTTTGCAGCTCTT ACTGTGCCGTGGCAGTAACA
Mouse RANTES GCCCACGTCAAGGAGTATTTCT CAAACACGACTGCAAGATTGGA
Mouse MIP-1b CAGCACCAATGGGCTCTGA GCCGGGAGGTGTAAGAGAAAC
Mouse IL-6 CAACCACGGCCTTCCCTACT TTGGGAGTGGTATCCTCTGTGA
Mouse IL-8 AAGAGCTACGATGTCTGTGTATTC GGGACTGCTATCACTTCCTTTC
Mouse MMP-2 CCGGCCACATCTGGCGTCTG ACGGGGTCCCACGTCCCAAT
Mouse MMP-9 CGGCACGCCTTGGTGTAGCA AGGCAGAGTAGGAGCGGCCC
Human RpL13A TCTGGACCGTCTCAAGGTGTTTGA TTCTTGTAGGCTTCAGACGCACGA
Human VEGF TTTCTGCTGTCTTGGGTGCATTGG ACCACTTCGTGATGATTCTGCCCT
Human IL-6 AAAGAGGCACTGGCAGAAA CAGGCAAGTCTCCTCATTGAA
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culture, each biological N was generated by an experiment on

a unique passage day. Thus, Student’s paired t-test (two-tailed)

was performed to compare two groups. For multiple compar-

isons, repeated-measures ANOVA was performed and posttests

were done by using Bonferroni’s correction for multiple

comparisons.

RESULTS

We have previously reported that daily intraperitoneal pro-

pranolol treatment reduces CNV area in the laser-induced

mouse model.18 Using mouse RPE and choroidal endothelial

cells (ChECs), we then demonstrated that both propranolol
and specific b2-AR antagonism inhibit NE-induced VEGF
expression in these cells.18 Our first aim of this study was to
extend these results in vivo, showing that b2-blockade can
inhibit CNV. For this study, we used a single intravitreal
injection of the specific b2-AR antagonist ICI-118,551 at a dose
of 0.03 lg per eye. This dose was chosen because we have
previously demonstrated that a single intravitreal dose of
propranolol at 0.3 lg per eye (0.03 mg/mL) could inhibit CNV
in mice and is nontoxic in rabbits.25 In an initial pilot study, we
performed a dose-escalation series by using 0.003 lg, 0.03 lg,
and 0.3 lg ICI-118,551 per eye (not shown). We found that
0.03 lg per eye inhibited CNV formation. We then repeated

FIGURE 3. b2–Adrenergic receptor signaling upregulates VEGF expression in retinal microglia and pericytes. (A–B) Mouse retinal microglia and
pericytes were preincubated with 1 lM propranolol for 30 minutes followed by incubation with vehicle (veh) or 10 lM NE for 2 hours (N¼ 4–5, *P
< 0.05, ***P < 0.001 versus vehicle, #P < 0.05, ###P < 0.001 versus NE and vehicle). (C–D) Mouse retinal microglia and pericytes were
preincubated with 1 lM b1 or 100 nM b2 and b3 antagonists for 30 minutes before 2-hour incubation with vehicle or 10 lM NE (N¼4–5, *P < 0.05,
***P < 0.001 versus vehicle, #P < 0.05, ###P < 0.001 versus NE). (E–F) Microglia and pericytes were incubated with 100 nM b1 and b2 or 1 lM b3
agonists for 2 hours (N ¼ 4–5, *P < 0.05, ***P < 0.001 compared to vehicle).

b2-Adrenergic Receptor and Exudative AMD IOVS j January 2017 j Vol. 58 j No. 1 j 302



this study and found that 0.03 lg ICI-118,551 inhibited CNV
formation by 35% (Fig. 1).

Retinal endothelial cells,26 pericytes,27 microglia,28 Müller
cells,29 and astrocytes29 are all sources of VEGF expression. In
diabetic retinopathy, pericyte loss is the hallmark of early
disease,30 Müller cells are key pathologic sources of VEGF
expression,31 and microglia are important in the pathologic
progression of diabetic eye disease.32,33 Therefore, we
investigated the role of b-AR stimulation and VEGF expression
in mouse retinal endothelial cells (RECs), retinal pericytes,
retinal microglia, and retinal astrocytes (RASTs). The RASTs
used in this study have characteristics of both astrocytes and
Müller cells.21 We found that NE increased Vegf mRNA
expression by 4.5- and 3.0-fold in retinal microglia and
pericytes, respectively (Fig. 2A). Alternatively, NE had no
effect on Vegf mRNA expression in RECs and RASTs (Fig. 2A).
All four types of mouse retinal cells expressed all three b-AR
types (Figs. 2B–D).

To determine which b-AR drives Vegf expression in retinal
microglia and pericytes, we pretreated retinal microglia and
pericytes with propranolol before NE stimulation. Propranolol
completely blocked NE-stimulated Vegf expression in both cell
types (Figs. 3A, 3B). Next, retinal microglia and pericytes were
pretreated with specific b-AR antagonists before NE adminis-
tration. The b1-AR antagonist had no effect on NE-driven Vegf

expression (Figs. 3C, 3D). Alternatively, the b2- and b3-AR
blockers reduced Vegf expression, compared to NE, although

more completely in the presence of the b2-AR antagonist (Figs.
3C, 3D). To confirm this result, retinal microglia and pericytes
were incubated with b-AR–specific agonists. Only the b2-AR
agonist significantly increased Vegf expression, compared to
vehicle, while the b3-AR agonist demonstrated only a trend in
both cell types (Figs. 3E, 3F). In summary, the b2-AR
predominantly regulated Vegf expression in retinal microglia
and pericytes, with modest effects from the b3-AR.

Since the laser-induced CNV model is a highly inflammatory
process, we investigated the cytokine profile in retinal
microglial cells incubated with NE. We found that after 2
hours of NE treatment, only Interleukin-6 (Il-6) mRNA was
increased by 7-fold in microglial cells (Fig. 4A). To determine
the b-AR responsible for NE-driven Il-6 expression, we
pretreated retinal microglial cells with propranolol before NE
stimulation. Propranolol significantly decreased NE-driven Il-6

expression (Fig. 4B). Next, we pretreated retinal microglial
cells with b-AR–specific antagonists. The b2-AR blocker
significantly reduced NE-stimulated Il-6 expression (Fig. 4C).

In cancer and endothelial cells, b-AR activation increases
VEGF and IL-6 expression.34–36 Therefore, we hypothesized
that the b2-AR also regulates IL-6 expression in ChECs, RPE
cells, and pericytes. We tested this hypothesis by repeating the
above experiments with propranolol, specific b-AR antago-
nists, and specific b-AR agonists. In the presence of propran-
olol, NE-stimulated Il-6 expression was completely blocked in
ChECs, RPE cells, and pericytes (Figs. 5A, 5D, 5G). After

FIGURE 4. b2–Adrenergic receptor activation stimulates IL-6 expression. (A) Mouse retinal microglia were incubated with vehicle or 10 lM NE for 2
hours and cytokine expression was measured by quantitative real time PCR (qPCR) (N¼3–4, **P < 0.01). Interferon-c (IFN-c); tumor necrosis factor-
a (TNF-a); interleukin-1b (IL-1b); IL-6; monocyte chemoattractant protein 1 (MCP-1); macrophage inflammatory protein-1b (MIP-1b); RANTES;
matrix metalloproteinase 2 (MMP-2); interleukin-8 (IL-8); matrix metalloproteinase 9 (MMP-9). (B–C) Microglia were preincubated with b-AR
antagonists as described in Figures 3C and 3D (N¼ 4, **P <0.01 compared to vehicle, #P < 0.05, ##P < 0.01 versus NE).
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pretreatment with specific b-AR blockers, only the b2-AR
antagonist significantly decreased Il-6 expression, compared to
NE treatment, in ChECs, RPE cells, and pericytes (Figs. 5B, 5E,
5H). And finally, only the b2-AR agonist significantly increased
Il-6 expression in ChECs, RPE cells, and pericytes (Figs. 5C, 5F,
5I). In retinal pericytes, a trend toward b3-AR–dependent Il-6

expression was observed (Figs. 5H, 5I). In summary, b2-AR
activation predominantly drove VEGF and IL-6 expression in
ChECs, RPE cells, pericytes, and microglial cells.

To confirm these findings in vivo, we repeated the laser-
induced CNV experiments in mice, comparing saline vehicle to
intravitreal b2-AR antagonist ICI-118,551 at 0.03 lg per eye as
described in Figure 1. We harvested eyes for total protein to
measure IL-6 protein levels after 3 days and VEGF expression

after 5 days. We chose these time points from previously
published results in the laser-induced CNV model, demonstrat-
ing these time points are the maximum levels of IL-637 and
VEGF expression,38 respectively. We found that VEGF protein
was unchanged (Fig. 6A), while IL-6 expression was reduced
by 38% (Fig. 6B).

As previously discussed, retrospective15,16 and prospec-
tive17 clinical trials have demonstrated the efficacy for b-
blocker therapy in neovascular AMD and DME. To support
these findings in vitro, we tested if b-AR agonists could increase
VEGF and IL-6 expression in primary human fetal RPE cells. We
found that both NE and specific b2-AR agonism increased
VEGF mRNA expression 2-fold (Fig. 7A). Similarly, NE and b2-
AR activation elevated IL-6 expression 10-fold and 9-fold,

FIGURE 5. b2-Adrenergic receptor signaling activates IL-6 expression in ChECs, RPE cells, and retinal pericytes. (A, D, G) Choroidal endothelial
cells, RPE cells, and retinal pericytes were preincubated with propranolol identically to Figures 3A and 3B (N¼4–5). (B, E, H) Choroidal endothelial
cells, RPE cells, and retinal pericytes were preincubated with b-AR antagonists identically to Figures 3C and 3D (N ¼ 4–6). (C, F, I) Choroidal
endothelial cells, RPE cells, and retinal pericytes were incubated with b-AR agonists identically to Figures 3E and 3F (N¼3–4). For all experiments *P
< 0.05, **P < 0.01, ***P < 0.001 compared to vehicle, #P < 0.05, ##P < 0.01, ###P < 0.001 compared to NE.
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respectively (Fig. 7B). These results confirmed our in vivo and
in vitro mouse findings, and support previous clinical reports.

DISCUSSION

We previously have demonstrated that intraperitoneal pro-
pranolol treatment reduces CNV area in the laser-induced
mouse model.18 We hypothesized that this effect was due to
b2-AR antagonism, from our findings that b2-blockade decreas-
es VEGF expression in ChECs and RPE cells in culture.18 In this
report, we tested this hypothesis and found that b2-AR
antagonism reduces CNV area and IL-6 protein expression in
the laser-induced mouse model. Furthermore, we found that
the b2-AR stimulates VEGF and IL-6 expression in mouse
ChECs, retinal microglial cells, retinal pericytes, and RPE cells
in culture. And finally, we extended these results to humans,
showing that b2-AR agonism increases VEGF and IL-6
expression in human fetal RPE cells. These results support
prior retrospective and prospective studies in neovascular
AMD15,17 and diabetic retinopathy,16 and provide mechanistic
insight into these clinical reports.

Our findings are in agreement with a number of studies that
have investigated the role of b-blockade in the OIR mice.

Propranolol treatment in OIR mice reduces VEGF expression
and pathologic retinal neovascularization.13,39 In follow-up
studies, specific b2-AR inhibition similarly has decreased VEGF
expression and neovascularization.14 Lastly, genetic deletion of
the b1- and b2-AR mitigates retinal neovascularization in OIR
mice.40 These studies demonstrate that b2-AR antagonism
reduces neovascular retinal disease by both pharmacologic and
genetic methods, supporting our results.

In retinal microglial cells and pericytes, we found that the
b3-AR had an intermediate effect on VEGF and IL-6 expression.
The b3-AR has previously been shown to affect VEGF
expression and retinal neovascularization. In cultured retinal
and choroidal endothelial cells, b3-AR agonism stimulates
migration and proliferation.41,42 In cultured retinal explants,
hypoxia increases b3-AR expression, and b3-AR signaling
regulates VEGF expression.43 In wild-type and b1/b2-AR
knockout OIR mice, b3-AR agonism increases VEGF expression
and pathologic retinal neovascularization.40 These results
suggest an additional role for the b3-AR in VEGF expression
and neovascular retinal disease, in agreement with our results.

Despite the above findings, there are additional studies that
disagree with our results. In a replicative study by a different
group, propranolol has no effect on VEGF expression or retinal
neovascularization in OIR mice.44 Other studies suggest
protective roles for b-AR signaling in the retina. Genetic
deletion of the b1-AR results in acellular capillaries and
pericyte ghosts,45 hallmarks of early nonproliferative diabetic
retinopathy. Similarly, b2-AR knockout mice demonstrate
reduced inner retinal thickness, increased inner retinal cell
apoptosis, and reduced electroretinogram amplitudes.46 It is of
note in this study that b2-AR knockout mice on a mixed B6/129
background were compared to wild-type B6 mice. Additionally,
treatment with a combined b1- and b2-AR agonist in b2-AR
knockout mice on a mixed background increases retinal
thickness and restores electroretinogram changes.47 And
finally, treatment with the same b1/b2-AR agonist in diabetic
rats reduces acellular capillaries and pericyte ghosts, increases
retinal thickness, and normalizes the electroretinogram.48 The
major difference between these studies and our results are the
mixed background mouse strains and the chronic nature of the
treatments. Comparison between mixed B6/129 mice and B6
mice could certainly introduce strain-dependent effects, which
are independent of the b2-AR. Additionally, chronic loss of b-
AR signaling through genetic deletion or long-term b-AR
agonism via pharmacologic treatment is a different experimen-
tal system from acute b-AR blockade through a single
intravitreal injection.

FIGURE 6. b2–Adrenergic receptor inhibition suppresses IL-6 protein
expression in laser-induced CNV. Mice were given a single intravitreal
injection of saline (veh) or b2-AR antagonist (ICI-118,551, 0.03 lg per
eye) on the same day as laser treatment. Total eye lysates were
prepared, and eyes were combined for each mouse. (A) Vascular
endothelial growth factor expression was measured by ELISA on day 5
(N¼3–4, P > 0.05). (B) Interleukin-6 protein expression was measured
by ELISA on day 3 (N ¼ 3, ***P < 0.001).

FIGURE 7. b2–Adrenergic receptor activation upregulates VEGF and IL-6 expression in human fetal RPE cells. Human fetal RPE cells were incubated
with vehicle, 10 lM NE, 100 nM b1 agonist, 100 nM b2 agonist, or 1 lM b3 agonist for 2 hours. Vascular endothelial growth factor (A) and IL-6 (B)
mRNA expression were measured by qPCR (N¼ 4–5, *P < 0.05, **P < 0.01).
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We found that intravitreal b2-AR antagonism did not reduce
VEGF protein levels in the laser-induced CNV mouse. This
study was likely limited by the use of total eye protein rather
than retina or choroidal protein only. Additionally, all of our in
vitro effect sizes were much larger for IL-6 than VEGF,
consistent with this finding. Propranolol and b2-AR antagonism
have been previously shown to reduce VEGF protein levels in
the OIR mouse.13,14 Studies using either retina and choroidal
protein only or with immunohistochemical methods to identify
the in vivo cell types responsible will be subject of future
studies in our laboratory.

The laser-induced CNV mouse model is a highly inflamma-
tory model. We therefore investigated many cytokines and
their regulation by b-AR signaling in microglia cells. We found
that only IL-6 mRNA expression was significantly upregulated
by NE treatment. Furthermore, b2-AR signaling regulated IL-6
mRNA expression in mouse retinal pericytes, RPE, and ChECs.
These results were confirmed in the laser-induced CNV model
in vivo and in human fetal RPE cells in vitro. The relevance of
our findings is supported by multiple previous studies in
humans and mice. In patients with exudative AMD, aqueous
humor IL-6 levels correlate with CNV size49 and macular
thickness.50 In patients with diabetes, aqueous IL-6 levels are
higher in patients with diabetic retinopathy, DME, and
proliferative disease.51,52 In the laser-induced CNV model, IL-
6 inhibition reduces CNV size and VEGF expression.37

Additionally, these data agree with prior studies in macro-
phage,53 cancer,34,35 and endothelial cells.36 Many patients
with neovascular AMD are resistant to anti-VEGF therapy. The
pleiotropic effect of b2-AR blockade to inhibit both VEGF and
IL-6 expression may explain why topical dorzolamide-timolol is
effective in patients with persistent macular edema secondary
to neovascular AMD.17 Additionally, b2-AR blockade may be
highly advantageous in inflammatory CNV formation in
diseases such as punctate inner choroidopathy and multifocal
choroiditis with panueveitis.

We were surprised to find that b2-AR signaling influences
VEGF and IL-6 expression in retinal pericytes, RPE cells,
ChECs, and retinal microglial cells. All of these cell types have
been previously identified as important sources of VEGF in
CNV or DME.27,28,54 Interestingly, this effect was not ubiqui-
tous with no b-AR regulation of VEGF in RECs and RASTs.
Future studies will investigate if this result is confirmed in vivo
and the mechanistic differences between these cell types.

This study had several limitations and considerations before
clinical translation. First, the laser-induced CNV model is a
highly inflammatory model that simulates diseases such as
ocular histoplasmosis, punctate inner choroidopathy, multifo-
cal choroiditis with panuveitis, or postchoroidal rupture CNV
more than it models neovascular AMD. However, these other
types of CNV remain clinically relevant. Second, primary
mouse retinal cell lines lose typical characteristics with
passaging. However, our results were replicated in primary
human fetal RPE cells (passage 2-3), demonstrating that
passage-related effects are unlikely. Third, a single intravitreal
injection of a small molecule inhibitor such as ICI 118,551 has
pharmacokinetic limitations, which are completely unknown
and need further investigation. Therefore, the ideal drug
delivery technique would be a sustained release implant to
reduce systemic effects while delivering sustained local
therapy.

In summary, b2-AR antagonism reduced CNV area and
decreased expression of VEGF and IL-6 in retinal pericytes, RPE
cells, and ChECs. Furthermore, b2-AR agonism stimulated
VEGF and IL-6 expression in human RPE cells. These studies
suggest that b2-blockade could be a future antiangiogenic and
anti-inflammatory therapy for CNV and potentially for retinal
neovascularization as well.
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16. Auyanet I, Rodŕıguez LJ, Esparza N, et al. Does carvedilol
minimize the requirements for laser photocoagulation in
diabetic retinopathy? [in Spanish]. Nefrologia. 2010;30:473–
474.

17. Sridhar J, Hsu J, Shahlaee A, et al. Topical dorzolamide-timolol
with intravitreous anti–vascular endothelial growth factor for
neovascular age-related macular degeneration. JAMA Oph-

thalmol. 2016;134:437.

18. Lavine JA, Sang Y, Wang S, Ip MS, Sheibani N. Attenuation of
choroidal neovascularization by b(2)-adrenoreceptor antago-
nism. JAMA Ophthalmol. 2013;131:376–382.

19. Wang S, Sorenson CM, Sheibani N. Lack of thrombospondin 1
and exacerbation of choroidal neovascularization. Arch

Ophthalmol. 2012;130:615–620.

20. Su X, Sorenson CM, Sheibani N. Isolation and characterization
of murine retinal endothelial cells. Mol Vis. 2003;9:171–178.

21. Scheef E, Wang S, Sorenson CM, Sheibani N. Isolation and
characterization of murine retinal astrocytes. Mol Vis. 2005;
11:613–624.

22. Scheef EA, Sorenson CM, Sheibani N. Attenuation of
proliferation and migration of retinal pericytes in the absence
of thrombospondin-1. Am J Physiol Cell Physiol. 2009;296:
C724–C734.

23. Gamm DM, Melvan JN, Shearer RL, et al. A novel serum-free
method for culturing human prenatal retinal pigment
epithelial cells. Invest Ophthalmol Vis Sci. 2008;49:788–799.

24. Shin ES, Huang Q, Gurel Z, Sorenson CM, Sheibani N. High
glucose alters retinal astrocytes phenotype through increased
production of inflammatory cytokines and oxidative stress.
PLoS One. 2014;9:e103148.

25. Nourinia R, RezaeiKanavi M, Kaharkaboudi A, et al. Ocular
safety of intravitreal propranolol and its efficacy in attenua-
tion of choroidal neovascularization. Invest Ophthalmol Vis

Sci. 2015;56:8228–8235.

26. Aiello LP, Northrup JM, Keyt BA, Takagi H, Iwamoto MA.
Hypoxic regulation of vascular endothelial growth factor in
retinal cells. Arch Ophthalmol. 1995;113:1538–1544.

27. Darland DC, Massingham LJ, Smith SR, Piek E, Saint-Geniez M,
D’Amore PA. Pericyte production of cell-associated VEGF is
differentiation-dependent and is associated with endothelial
survival. Dev Biol. 2003;264:275–288.

28. Grossniklaus HE, Ling JX, Wallace TM, et al. Macrophage and
retinal pigment epithelium expression of angiogenic cyto-
kines in choroidal neovascularization. Mol Vis. 2002;8:119–
126.

29. Saint-Geniez M, Maharaj ASR, Walshe TE, et al. Endogenous
VEGF is required for visual function: evidence for a survival
role on Müller cells and photoreceptors. PLoS One. 2008;3:
e3554.

30. Hammes H-P, Feng Y, Pfister F, Brownlee M. Diabetic
retinopathy: targeting vasoregression. Diabetes. 2011;60:9–
16.

31. Wang J, XU X, Elliott MH, Zhu M, Le YZ. Müller cell-derived
VEGF is essential for diabetes-induced retinal inflammation
and vascular leakage. Diabetes. 2010;59:2297–2305.

32. Ibrahim AS, El-Shishtawy MM, Peña A, Liou GI. Genistein
attenuates retinal inflammation associated with diabetes by
targeting of microglial activation. Mol Vis. 2010;16:2033–
2042.

33. Ibrahim AS, El-Remessy AB, Matragoon S, et al. Retinal
microglial activation and inflammation induced by Amadori-
glycated albumin in a rat model of diabetes. Diabetes. 2011;
60:1122–1133.

34. Madden KS, Szpunar MJ, Brown EB. b-Adrenergic receptors
(b-AR) regulate VEGF and IL-6 production by divergent

pathways in high b-AR-expressing breast cancer cell lines.
Breast Cancer Res Treat. 2011;30:747–758.

35. Yang EV, Kim S-J, Donovan EL, et al. Norepinephrine
upregulates VEGF, IL-8, and IL-6 expression in human
melanoma tumor cell lines: implications for stress-related
enhancement of tumor progression. Brain Behav Immun.
2009;23:267–275.

36. Stohl LL, Zang JB, Ding W, Manni M, Zhou XK, Granstein RD.
Norepinephrine and adenosine-5 0-triphosphate synergize in
inducing IL-6 production by human dermal microvascular
endothelial cells. Cytokine. 2013;64:605–612.

37. Izumi-Nagai K, Nagai N, Ozawa Y, et al. Interleukin-6 receptor-
mediated activation of signal transducer and activator of
transcription-3 (STAT3) promotes choroidal neovasculariza-
tion. Am J Pathol. 2007;170:2149–2158.

38. Bora PS, Sohn J-H, Cruz JMC, et al. Role of complement and
complement membrane attack complex in laser-induced
choroidal neovascularization. J Immunol. 2005;174:491–
497.

39. Monte MD, Casini G, la Marca G, Isacchi B, Filippi L, Bagnoli P.
Eye drop propranolol administration promotes the recovery
of oxygen-induced retinopathy in mice. Exp Eye Res. 2013;
111:27–35.

40. Dal Monte M, Cammalleri M, Mattei E, Filippi L, Bagnoli P.
Protective effects of b1/2 adrenergic receptor deletion in a
model of oxygen-induced retinopathy. Invest Ophthalmol Vis

Sci. 2014;56:59–73.

41. Steinle JJ, Zamora D, Rosenbaum J, Granger H. beta3-
Adrenergic receptors mediate choroidal endothelial cell
invasion, proliferation, and cell elongation. Exp Eye Res.
2005;80:83–91.

42. Steinle JJ. beta3-Adrenergic receptors regulate retinal endo-
thelial cell migration and proliferation. J Biol Chem. 2003;
278:20681–20686.

43. Dal Monte M, Filippi L, Bagnoli P. Beta3-adrenergic receptors
modulate vascular endothelial growth factor release in
response to hypoxia through the nitric oxide pathway in
mouse retinal explants. Naunyn Schmied Arch Pharmacol.
2013;386:269–278.

44. Chen J, Joyal J-S, Hatton CJ, et al. Propranolol inhibition of b-
adrenergic receptor does not suppress pathologic neovascu-
larization in oxygen-induced retinopathy. Invest Ophthalmol

Vis Sci. 2012;53:2968–2977.

45. Panjala SR, Jiang Y, Kern TS, Thomas SA, Steinle JJ. Increased
tumor necrosis factor-a, cleaved caspase 3 levels and insulin
receptor substrate-1 phosphorylation in the b1-adrenergic
receptor knockout mouse. Mol Vis. 2011;17:1822–1828.

46. Jiang Y, Zhang Q, Liu L, Tang J, Kern TS, Steinle JJ. b2-
Adrenergic receptor knockout mice exhibit a diabetic
retinopathy phenotype. PLoS One. 2013;8:e70555.

47. Jiang Y, Zhang Q, Ye E-A, Steinle JJ. b1-adrenergic receptor
stimulation by agonist Compound 49b restores insulin
receptor signal transduction in vivo. Mol Vis. 2014;20:872–
880.

48. Zhang Q, Guy K, Pagadala J, et al. Compound 49b prevents
diabetes-induced apoptosis through increased IGFBP-3 levels.
Invest Ophthalmol Vis Sci. 2012;53:3004.

49. Roh MI, Kim HS, Song JH, Lim JB, Koh HJ, Kwon OW.
Concentration of cytokines in the aqueous humor of patients
with naive, recurrent and regressed CNV associated with
AMD after bevacizumab treatment. Retina. 2009;29:523–
529.

50. Miao H, Tao Y, Li X-X. Inflammatory cytokines in aqueous
humor of patients with choroidal neovascularization. Mol Vis.
2012;18:574–580.

51. Yoshimura T, Sonoda K-H, Sugahara M, et al. Comprehensive
analysis of inflammatory immune mediators in vitreoretinal
diseases. PLoS One. 2009;4:e8158.

b2-Adrenergic Receptor and Exudative AMD IOVS j January 2017 j Vol. 58 j No. 1 j 307



52. Cheung CMG, Vania M, Ang M, Chee SP, Li J. Comparison of
aqueous humor cytokine and chemokine levels in diabetic
patients with and without retinopathy. Mol Vis. 2012;18:830–
837.

53. Tan KS, Nackley AG, Satterfield K, Maixner W, Diatchenko L,
Flood PM. b2 adrenergic receptor activation stimulates pro-
inflammatory cytokine production in macrophages via PKA-

and NF-jB-independent mechanisms. Cell Signal. 2007;19:

251–260.

54. Bhutto IA, McLeod DS, Hasegawa T, et al. Pigment epithelium-

derived factor (PEDF) and vascular endothelial growth factor

(VEGF) in aged human choroid and eyes with age-related

macular degeneration. Exp Eye Res. 2006;82:99–110.

b2-Adrenergic Receptor and Exudative AMD IOVS j January 2017 j Vol. 58 j No. 1 j 308


	t01
	f01
	f02
	t02
	f03
	f04
	f05
	f06
	f07
	b01
	b02
	b03
	b04
	b05
	b06
	b07
	b08
	b09
	b10
	b11
	b12
	b13
	b14
	b15
	b16
	b17
	b18
	b19
	b20
	b21
	b22
	b23
	b24
	b25
	b26
	b27
	b28
	b29
	b30
	b31
	b32
	b33
	b34
	b35
	b36
	b37
	b38
	b39
	b40
	b41
	b42
	b43
	b44
	b45
	b46
	b47
	b48
	b49
	b50
	b51
	b52
	b53
	b54

