
Increased understanding of upstream modulators 
of diabetic retinal damage is key to development of novel 
therapeutics. A new treatment should be able to reduce 
neuronal and vascular damage associated with diabetes. To 
more rapidly screen potential therapeutics, some researchers 
found that an ischemia/reperfusion (I/R) model recapitu-
lated some of the retinal damage commonly observed in the 
diabetic retina, but the I/R model took much less time [1,2]. 
We previously used this model to show that an eye drop of 
Compound 49b, a novel β-adrenergic receptor agonist, was 
protective against neuronal (2 days) and vascular (10 days) 
retina damage after exposure to I/R [3]. We found similar 
results using endothelial cell–specific knockout mice for 
exchange protein activated by cAMP 1 (Epac1) to show that 
Epac1 is protective against I/R [4].

In addition to Epac1, Compound 49b could signal 
through protein kinase A (PKA). Literature suggests that 
PKA and Epac1 pathways may become activated after stimu-
lation of the β-adrenergic receptor, leading to initiation of 
distinct signaling cascades [5]. Some studies have shown that 
PKA and Epac1 modulate microvascular endothelial actions 
differently [6], while others showed that PKA and Epac1 
work cooperatively to activate downstream pathways [7,8]. 
The role of PKA in I/R models is less clear. Additionally, it is 
not clear whether an eye drop of a PKA agonist is protective 

against retinal damage. As a β-adrenergic receptor agonist 
could signal through either Epac1 or PKA, these experiments 
were designed to investigate whether PKA could protect the 
retina against I/R damage through the use of an eye drop of 
forskolin, a PKA agonist.

METHODS

Mice: C57BL/6J mice (30 mice) were purchased from Jackson 
Laboratories (Bar Harbor, ME). The mice were split into two 
groups. One group received I/R only, and one group was 
treated with forskolin eye drops during I/R exposure and then 
daily for the remainder of the experimental time. Forskolin 
eye drops were given at 10 µM (about 5 µl to each eye) one 
time/day at the same time of the day about 10 a.m. Mouse 
samples were collected at 2 days for neuronal measurements 
and at 10 days post-I/R for vascular and protein assessments. 
All studies were approved by the Wayne State University 
IACUC protocol #20-07-2490. These studies adhere to the 
ARVO statement for Use of Animals in Research.

Ischemia/Reperfusion: Animals were anesthetized with an 
injection of ketamine and xylazine (60 mg/kg and 30mg/kg 
subcutaneous). After anesthesia, a 32-gauge needle attached 
to an infusion line of sterile saline was used to cannulate 
the anterior chamber of the eye. Hydrostatic pressure of 
80–90 mmHg (TonoPen, Medtronic, Jacksonville, FL) was 
maintained for 90 min to induce retinal ischemia, noted by 
blanching of the iris and loss of red reflex [3,9]. After 90 min, 
the needle was withdrawn, and intraocular pressure normal-
ized. The contralateral eye was used as an intra-animal 
control.
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Neuronal analyses: Two days after exposure to I/R, 5 mice 
in each group were euthanized (CO2 inhalation) to measure 
the neuronal thickness, as we have done previously [10]. Ten-
micrometer sections were taken from throughout the retina. 
Multiple sections from each animal were assessed for retinal 
thickness and cell numbers in the ganglion cell layer (GCL) 

[10,11]. The measurements were not performed in a blinded 
fashion.

Analyses of mice capillaries: Ten days after I/R exposure, 
10 mice in each group were euthanized (CO2 inhalation) to 
measure degenerate capillaries, as we have done previously 
[3,12]. The analyses were not conducted in a blinded manner.

Figure 1. Protein results for PKA 
and Epac1 after I/R and administra-
tion of forskolin eye drops. Western 
blot data from control, ischemia-
reperfusion (I/R), control+forskolin 
eye drops, and I/R+forskolin eye 
drops. A: Measurement of PKA. 
B: Epac1 levels. *p<0.05 versus 
control, #p<0.05 versus I/R. Data 
are mean ± standard error of the 
mean (SEM). n = 5.

Figure 2. Changes in neuronal measurements after I/R and administration of forskolin eye drops. A: Sections from control, ischemia/reperfu-
sion (I/R), control+forskolin eye drops, and I/R+forskolin eye drops were processed for measurement of cell numbers in the ganglion cell 
layer (B) and retinal thickness (C). Panel A shows representative images for each group. Scale bar: 50 μm. *p<0.05 versus control, #p<0.05 
versus I/R. Data are mean ± standard error of the mean (SEM). n = 8 sections/mouse from five mice.
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Western blotting: Retinal lysates were collected into lysis 
buffer with protease and phosphatase inhibitors. Equal 
amounts of protein were separated using precast Tris-Glycine 
gels (Invitrogen, Carlsbad, CA) and blotted onto nitrocellu-
lose membranes. After blocking in TBST (10 mM Tris-HCl 
buffer, pH 8.0, 150 mM NaCl, 0.1% Tween-20) and 5% (w/v) 
bovine serum albumin (BSA), membranes were treated with 
an Epac1, PKA, TNF-α, IL-1β (Abcam, Cambridge, MA), and 
β-actin (Santa Cruz Biotechnology, Santa Cruz, CA) primary 
antibodies followed by incubation with secondary antibodies 

tagged with horseradish peroxidase. Antigen-antibody 
complexes were visualized with an Azure C500 machine 
(Azure Biosystems, Dublin, CA) after application of a chemi-
luminescence reagent kit (Thermo Scientific, Pittsburgh, 
PA). Western blot band densities were measured using Image 
Studio Lite software (Li-Cor Biosciences, Lincoln, NE).

Statistical analysis: Statistics were calculated using Prism 
7.0 (GraphPad, San Diego, CA). A one-way ANOVA with 
Tukey’s post-hoc test was used for the data analyses. A p 
value of less than 0.05 was considered statistically significant.

Figure 3. Changes in vasculature after I/R and administration of forskolin eye drops. Retinal vascular flatmounts from control, ischemia/
reperfusion (I/R), control+forskolin eye drops, and I/R+forskolin eye drops were processed for counts of degenerate capillaries. Representa-
tive images are provided. Scale bar: 50 μm. *p<0.05 versus control, #p<0.05 versus I/R. Data are mean ± standard error of the mean (SEM). 
n = 4 regions/mouse of five mice.

Figure 4. TNF-α and IL-1β levels 
after administration of forskolin 
eye drops. Retinal lysates from 
control, I/R, control+forskolin 
eye drops, and I/R+forskolin eye 
drops were processed for western 
blotting. *p<0.05 versus control, 
#p<0.05 versus I/R. Data are mean 
± standard error of the mean (SEM). 
n = 5.
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RESULTS

Forskolin increased PKA protein levels, but not Epac1 
levels: Before we initiated the analyses of the neurons and 
the vasculature, we ensured that the dosage of choice (10 µM 
as eye drops) could increase PKA levels. Figure 1 shows that 
I/R reduced PKA (Figure 1A) and Epac1 levels. Forskolin 
eye drops increased the PKA levels (Figure 1A), but not the 
Epac1 levels (Figure 1B). These data confirm the specificity 
of forskolin for PKA versus Epac1.

Forskolin eye drops increased retinal thickness and cell 
numbers in the GCL after I/R: As forskolin increased PKA 
levels in the whole retina, we measured changes in neurons 
2 days after I/R. Figure 2 confirmed previous findings of 
reduced retinal thickness and cell numbers in the GCL after 
I/R. Forskolin had no effect on the control eyes but statisti-
cally significantly increased the retinal thickness (Figure 
2C) and cell numbers (Figure 2B) following exposure to I/R. 
These data suggest that forskolin eye drops can protect the 
retina against neuronal damage after retinal stressors.

Forskolin eye drops improved degenerate capillary numbers 
after I/R: Ten days following exposure to I/R, globes were 
removed for measurement of degenerate capillaries. Exposure 
to I/R statistically significantly increased formation of degen-
erate capillaries (Figure 3). Forskolin eye drops statistically 
significantly reduced the number of degenerate capillaries 
after exposure to I/R (Figure 3).

Forskolin reduced TNF-α and IL-1β levels after I/R in the 
retina: Because we previously reported that PKA has anti-
inflammatory properties [13], we also wanted to test this in 
the I/R model. Figure 4A,B show that I/R statistically signifi-
cantly increased IL-1β and TNF-α levels, which were statisti-
cally significantly reduced by forskolin eye drops, suggesting 
that the eye drops were effective in reducing inflammatory 
pathways.

DISCUSSION

We have previously reported that the β-adrenergic receptor 
agonist, Compound 49b, was able to protect the diabetic retina 
[11]. Because β-adrenergic receptor agonists could activate 
Epac1 or PKA, we investigated whether Epac1 knockout mice 
(endothelial cell specific) had more damage in the retina in 
response to I/R when compared to mice with intact Epac1 [4]. 
However, application of a drug agonist offers new avenues for 
therapeutic development versus genetic models.

To address this issue, we tested the ability of forskolin 
eye drops (PKA agonist) to reduce damage to the retina after 
exposure to I/R. Based on our previous experience with 
Compound 49b, we first tested whether 10 μM forskolin 

could increase retinal levels of PKA. We found that forskolin 
was specific for PKA, because forskolin increased PKA 
levels after I/R, while no changes in Epac1 were observed. 
We also evaluated changes in the neurons and vasculature 
after the administration of forskolin eye drops. We replicated 
previous findings showing that I/R reduced retinal thickness 
and decreased cell numbers in the GCL, while increasing 
formation of degenerate capillaries. When forskolin eye 
drops were used for 2 and 10 days, respectively, we found a 
statistically significant decrease in damage in the neurons and 
vasculature. To support these histological findings, we also 
measured protein levels of TNF-α and IL-1β, two inflam-
matory pathways we have shown to be increased in diabetic 
models using Compound 49b, the β-adrenergic receptor 
agonist, or in Epac1 knockout mice [11,14]. In this study, 
we showed that forskolin eye drops were able to reduce the 
levels of both inflammatory proteins in whole retinal lysates, 
suggesting that forskolin eye drops have anti-inflammatory 
actions.

These findings suggest that forskolin eye drops may offer 
a new therapeutic opportunity for reducing retinal damage 
after ischemia. Additional work on permeability, safety, 
corneal penetration, and cell-specific targeting studies are all 
required before this treatment can move forward for develop-
ment into a treatment modality. However, this study offers a 
good first step showing successful use of a PKA agonist for 
protection against a retinal stressor.
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