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PURPOSE. To determine whether systemic application of pro-
pranolol, a nonselective �-adrenergic receptor antagonist, with
an osmotic pump will decrease the b-wave amplitude of the
electroretinogram (ERG) and increase insulin-like growth fac-
tor (IGF)-1 receptor signaling.

METHODS. Young rats at 8 weeks of age were treated with
saline, phentolamine, a nonselective �-adrenergic receptor an-
tagonist, or propranolol, a nonselective �-adrenergic receptor
antagonist, delivered by osmotic pumps for 21 days. On the
21st day, all rats underwent electroretinographic analyses fol-
lowed by collection of the retinas for protein assessment using
Western blot analysis for IGF binding protein 3 (IGFBP3), IGF-1
receptor (IGF-1R), Akt, extracellular signal-related kinases 1
and 2 (ERK1/2), and vascular endothelial cell growth factor
(VEGF).

RESULTS. Data indicate that 21 days of propranolol significantly
decreased the b-wave amplitude of the ERG. The decrease in
the b-wave amplitude occurred concurrently with a decrease
in IGFBP3 levels and an increase in tyrosine phosphorylation of
IGF-1 receptor on 1135/1136. This phosphorylation of IGF-1
receptor led to increased phosphorylation of Akt and ERK1/2.
VEGF protein levels were also increased.

CONCLUSIONS. Overall, �-adrenergic receptor antagonism pro-
duced a dysfunctional ERG, which occurred with an increase
in IGF-1R phosphorylation and activation of VEGF. Systemic
application of �-adrenergic receptor antagonists may have det-
rimental effects on the retina. (Invest Ophthalmol Vis Sci.
2010;51:2730–2735) DOI:10.1167/iovs.09-4779

As the overall age of the population increases, so does the
need for a better understanding of the aging process in

each tissue. We have previously reported that aging is associ-
ated with loss of dopamine �-hydroxylase levels in the retina.1

Recently, we have shown that increasing age in rats also pro-
duced increased tyrosine phosphorylation of insulin-like
growth factor-1 receptor (IGF-1R), a dysfunctional electroreti-
nogram (ERG), and increased apoptosis in retinal lysates.2 Both

IGF-1R and vascular endothelial cell growth factor (VEGF) are
increased in the aging rat retina, suggesting that normal aging
may promote the vascular growth of normally quiescent tis-
sue.3 Occurring concurrently with the increase in VEGF and
IGF-1R is an increase in �-1-adrenergic receptor levels, likely
because of denervation sensitivity in response to reduced nor-
epinephrine.1 It is unclear whether the changes in IGF-1R and
VEGF are related to this loss of norepinephrine in aging.

The role of IGF-1R in the retina is still unclear. IGF-1 recep-
tor (IGF-1R) mutations allow for increased life spans in multi-
ple organisms,4,5 which may occur because these animals are
resistant to cancer.6,7 IGF-1R may promote cancer and other
age-related diseases through its ability to activate both the
mitogen activated kinase pathway and the phosphatidylinosi-
tol-3-kinase cascade.8,9 In the retina, IGF-1R signaling has been
shown to be involved with neovascularization in retinopathy of
prematurity,10 diabetic retinopathy,11,12 normal develop-
ment,13 and normal aging.2 However, the regulation of IGF-1R
in the retina is unknown.

Insulin-like growth factor binding proteins (IGFBPs) regu-
late circulating IGF-I bioavailability. All IGFBPs function at
some level to regulate the delivery of IGF molecules to local
tissues,14 with the predominating IGFBP species determined
by cell type and local conditions. Both IGFBP-3 and IGFBP-5
bind the extracellular matrix,14 which provides a physiological
“sink” in which to store these IGFBPs. The extracellular matrix
is disrupted in normal aging15,16; hence, protein levels of
IGFBP-3 and IGFBP-5 may be decreased because of abnormal
extracellular matrix. Work in RPE samples of elderly humans
has shown that aging can regulate the expression of IGFBP-2 in
vitro.17 In other work, all six of the IGFBPs have been localized
in the RPE in culture.18 Retinal Müller cells in culture express
IGFBP-2, -3, -4, and -6.19 IGFBP-3 is expressed on the surface
and in the cytoplasm of human retinal endothelial cells.20 We
have previously shown that both retinal Müller cells and endo-
thelial cells have �-adrenergic receptors and, therefore, may
regulate IGFBP levels in the retina.21–23

In addition to the IGFBPs, limited work has demonstrated
that �-adrenergic receptors may regulate IGF-1 levels and sig-
naling. Evidence from �-2-adrenergic receptor knockout mice
demonstrated that loss of �-2-adrenergic receptors in astro-
cytes increases IGF1R gene expression.24 Whether these find-
ings can be extended to the retina is not known because most
work on IGF-1R signaling has investigated the ability of IGF-1R
to regulate �-adrenergic receptor signaling.25

Our goal was to determine whether �-adrenergic receptors
can regulate IGF-1R levels in the rat retina. Given that aging is
associated with a loss of norepinephrine, we hypothesized that
the blockade of �-adrenergic receptors in young rats will in-
duce changes in the retina similar to those noted in aging,
specifically increased IGF-1R signaling. To test our hypothesis,
we placed osmotic pumps containing saline, phentolamine
(nonselective �-adrenergic receptor antagonist), or proprano-
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lol (nonselective �-adrenergic receptor antagonist) into
8-week-old rats for 21 days of systemic delivery of the drug.
The doses and time course for treatment were based on pre-
vious work with this technique, which demonstrated that
propranolol at 1 mg/d for 21 days could elicit histologic
changes in the rat retina and choroid.26 We evaluated IGF-1R
signaling and electroretinographic findings of rats in each treat-
ment group to measure whether the blockade of adrenergic
receptor signaling in youth could produce changes similar to
those that occur during normal aging of the retina.

METHODS

Animal Preparation

Studies were conducted on 15 adult male Sprague-Dawley rats (Charles
River Laboratories, Wilmington, MA) aged 60 days and weighing 180 to
200 g. Rats were anesthetized by intraperitoneal injection of a mixture
of ketamine hydrochloride (27.5 mg/kg; Sano Winthrop, New York,
NY) and xylazine hydrochloride (Rompun, 2.5 mg/kg; Miles, Shawnee
Mission, KS). Osmotic mini-pumps (Alzet, model no. 2ML4; Alza Cor-
poration, Palo Alto, CA) were implanted subcutaneously in a dorsal
interscapular configuration. These pumps deliver solution at a rate of
2.5 �L/h and provide constant infusion for at least 28 days. Pumps
were loaded with saline vehicle alone (n � 5) or saline containing the
�-adrenoceptor antagonist phentolamine (Sigma, St. Louis, MO; n � 5)
or the �-adrenoceptor antagonist propranolol (Sigma, St. Louis, MO;
n � 5). Both drugs were delivered at dosages of 1 mg/d. Table 1
provides the systolic and diastolic blood pressures at kill. Blood pres-
sure was measured under anesthesia using a tail cuff (Kent Scientific,
Torrington, CT). Although systolic blood pressure was not significantly
reduced, this was likely because of the short duration of the treatment
and the low doses used. We have previously shown that these drugs
administered at these doses are effective for maintaining adrenoceptor
blockade.26–28 At 21 days after pump implantation, rats were killed,
and their eyes were removed for analyses. All animal procedures
adhered to the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research and were approved by the Institutional Animal
Care and Use Committee of the University of Tennessee Health Science
Center and conformed to National Institutes of Health guidelines.

Electroretinogram Analyses

Electroretinographic analyses were performed before kill to evaluate
functional changes in vision after �-adrenergic receptor or �-adrener-
gic receptor inhibition. For the electroretinographic analyses, rats
were dark adapted overnight. The following morning, rats were anes-
thetized with intraperitoneal injection of a ketamine (0.6 mL/kg) and
xylazine (0.375 mL/kg) cocktail. The pupil of each eye was fully dilated
using a 1% tropicamide solution (Alcon, Fort Worth, TX). To protect
the eye and assist in maintaining a good electrical connection, 1 drop
of methylcellulose solution was added to each eye (Celluvisc; Allergan,
Irvine, CA). Body temperature was maintained at 37°C with a water-
based heating pad. Electroretinographic responses were recorded from
both eyes simultaneously using platinum wire corneal electrodes, a
forehead reference electrode, and a ground electrode in the tail.

Electroretinographic stimuli were delivered through the Diagnosys
LLC (Lowell, MA) system. All animals were killed after the electroreti-
nographic recording sessions.

Electroretinographic responses were recorded in response to brief
(4 ms) white LED and then from the xenon arc lamp delivered at
2.1-second intervals for dim stimuli and 35-second frames for brighter
stimuli. The range of stimulus intensities extended from �4.0 to 3.0 log
(cd � s/m2) for analysis of the b-wave amplitudes. Electroretinographic
waveforms were recorded with bandwidths of 0.3 to 500 Hz and were
sampled at 2 kHz by a digital acquisition system (Diagnosys). Data were
analyzed (Espion System; Diagnosys). Plots of intensity-response func-
tions for the b-waves were fit to a hyperbolic (Naka-Rushton) function
of the form R(I)/Rmax � Ik/Ik � Kn, where R is the response amplitude
at flash intensity I, Rmax is the asymptotic amplitude of the b-wave (in
microvolts), K is the intensity at which b-wave amplitude is half its
asymptotic value (in cd � s/m2), and n determines the slope of the
function at I � K.

For assessment of oscillatory potential, stimuli were administered at
3 log (cd � s/m2). Data analysis for the oscillatory potentials was
analyzed using the Fast Fourier Transform Algorithm for a time-based
signal (MatLab software; The MathWorks, Natick, MA) with a digital
band-pass filter set for 60 to 300 Hz. Peak wavelets of the four wavelets
were measured from trough to peak.29,30

Protein Measurements
Western blot analyses for IGF-1R and its downstream signaling inter-
mediaries were performed on retinal lysates, as previously published.31

Primary antibodies used were phosphorylated IGF-1R (Tyr 1135/1136,
1:500; Cell Signaling Technologies, Beverly, MA), total IGF-1R (1:500;
Cell Signaling Technologies), total Akt (1:500; Cell Signaling Technol-
ogies), phosphorylated Akt (Ser473, 1:500; Cell Signaling Technolo-
gies), phosphorylated ERK1/2 (1:500; Cell Signaling Technologies),
total ERK1/2 (1:500; Cell Signaling Technologies), VEGF (1:250; Milli-
pore, Billerica, MA), and IGFBP3 (1:500; Millipore). For analyses of the
data, mean densitometry values were obtained using commercial soft-
ware (Kodak 5.0; Eastman Kodak, Carestream Health, Woodbridge,
CT) and presented in arbitrary units (AU). For phosphorylated pro-
teins, the ratio of phosphorylated protein was compared to levels of
total protein as an assessment of protein activity. Total levels of each
protein are presented as blots and as their phosphorylated form, as
appropriate.

Statistical Analysis
Statistical analysis was conducted with Kruskal-Wallis nonparametric
analysis and then by a Mann-Whitney U test to compare treatments
against those with saline using statistical analysis software (Prism;
GraphPad, San Diego, CA). P � 0.05 was taken as statistically signifi-
cant.

RESULTS

Treatment with Propranolol for 21 Days
Significantly Reduced b-Wave Amplitudes

Eight-week-old rats were treated with saline, phentolamine, or
propranolol for 21 days using osmotic pumps for systemic
delivery. At the end of the 21 days, electroretinographic anal-
yses were performed. Systemic delivery of propranolol to a
young rat produced a significant loss in b-wave amplitude (Fig.
1). The b-wave amplitude of the propranolol-treated rat was
similar to that noted in a 32-month-old rat with no treatment.2

Propranolol Treatment Significantly Decreases
Levels of IGFBP3 in the Rat Retina, Producing
Increased Tyrosine Phosphorylation
of the IGF-1R

Occurring concurrently with the decreased b-wave amplitude,
a significant decrease in IGFBP3 was noted in the retina of

TABLE 1. Treatment Groups and Blood Pressure at 21 Days
of Treatment

Treatment Group n
Systolic
(mmHg)

Diastolic
(mmHg)

Saline 5 125 � 11.55 99.40 � 14.72
Propranolol 4 119 � 18.27 83.75 � 9.71
Phentolamine 5 121 � 13.08 76.00 � 9.14*

Data represent mean � SD.
* P � 0.05 versus saline.
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propranolol-treated rats (Fig. 2, top). IGFBPs regulate the bio-
availability of IGF-1 to bind its receptor, IGF-1R. Increased
expression of IGF-1R has been associated with ocular disease.
As expected, the decrease in IGFBP3 was associated with a
significant increase in IGF-1R tyrosine phosphorylation in the
propranolol-treated rat retina compared with saline treatment
(Fig. 2, bottom). Phentolamine-treatment also increased IGF-1R
phosphorylation levels when compared with saline. No signif-
icant changes in total IGF-1R protein levels were noted be-
tween the treatment groups (data not shown).

Akt Activation Increased in the Retinas of
Propranolol-Treated Rats

IGF-1R phosphorylation often produces an increase in serine
phosphorylation of Akt (Ser473).32 As occurs in other tissues,
we found that Akt phosphorylation was significantly increased
in the retinas of propranolol-treated rats (Fig. 3). The stimulus
of increased phosphorylation of IGF-1R in phentolamine-
treated rats was not transduced to Akt in this model.

ERK1/2 Phosphorylation Is Increased in the
Retinas of Propranolol- and Phentolamine-
Treated Rats

In addition to Akt, IGF-1R is reported to increase tyrosine
phosphorylation of ERK1/2, a key member of the mitogen-
activated protein kinase pathway. We did find that both pro-
pranolol and phentolamine treatment of rats led to a significant
increase in ERK1/2 phosphorylation in the retina (Fig. 4).

Propranolol Treatment Increases VEGF Protein
Levels in the Retina

A key protein that can be activated by IGF-1R signaling, Akt,
and ERK1/2 phosphorylation is VEGF. Increased VEGF levels
are associated with retinal neovascularization and macular
edema.33–35 We found that systemic administration of propran-
olol for 21 days significantly increased VEGF protein levels (Fig.
5; P � 0.05 vs. saline). In addition to the ability of ERK1/2 to

activate VEGF, increased VEGF has also been reported to in-
crease ERK1/2 phosphorylation.36

DISCUSSION

Aging of the eye is often associated with age-related macular
degeneration. Although this disease can result in debilitating
blindness, increasing our understanding of the normal aging
process of the eye may aid in treatment development. The
newest form of treatment for age-related macular degeneration
is based on the knowledge that retinal neovascularization oc-
curs because of the activation of VEGF, and blockade of VEGF
can prevent this blood vessel growth from the choroid into the
macula of the retina.37,38 Although these treatments can slow
neovascularization, optimal conditions would prevent the ac-
tivation of VEGF. One factor that can increase VEGF levels is
activation of the IGF-1R signaling cascade.10,39 Therefore, the
goal of this study was to determine whether adrenergic recep-
tors regulate IGF-1R signaling to reduce VEGF levels.

IGF-1R signaling is regulated by the bioavailability of IGF-1
in the tissue of interest, which is controlled by the expression
of IGFBPs. The IGFBPs are a family of six secreted proteins and
a related protein (IGFBP-rP1).40 IGFBP gene expression, syn-
thesis, and posttranslational modifications are regulated by
IGF-1R signaling in some cells.41 IGFBP-3 and -5 are the major
IGFBPs that regulate circulating IGF-1 levels, but all IGFBPs
function at some level to regulate the delivery of IGF-1 mole-
cules to local tissues.14 In our data, we found that IGFBP3
levels were significantly decreased in propranolol-treated rats,
which occurred concurrently with a significant increase in
IGF-1R phosphorylation. Our data agree with those of other
studies showing that IGF-1 and IGFBPs are expressed in ret-
inal cells and tissues in both physiological and pathologic
states.2,10,11

The regulation of IGFBP expression and IGF-1R signaling by
�-adrenergic receptors has not been investigated in ocular
tissues. Previous work42 has shown that isoproterenol, a non-
selective �-adrenergic receptor agonist, can increase IGF-1R

FIGURE 1. Top: electroretinographic
recordings from a rat treated with sa-
line (left), propranolol (middle), and
phentolamine (right) for 21 days. Bot-
tom: line graph of the mean of five
animals from each treatment group for
21 days. Error bars represent mean �
SD for the b-wave amplitude of each
treatment group at the 21-day point.
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activity in cardiac myocytes.42 Using IGF-1 receptor–deficient
mice, Lembo et al.43 found that cross-talk between �-adrener-
gic receptors and IGF-1R signaling regulates ventricular con-
tractility.43 Others44 have shown that the regulation of IGF-1
by �-adrenergic receptors may occur through the modulation
of IGFBPs. Work using �2-adrenergic receptor knockout mice
has shown that loss of �2-adrenergic receptors increased as-
trocyte proliferation through the activation of IGF-1R.24 Our
data are in contrast to those reported in cardiac tissue, but they
match well the data from astrocytes. Because the retina is
derived from central nervous system tissue, it is likely that
astrocytes and retinal neurons will have similar features. The
differences in �-adrenergic receptor regulation of IGF-1R are
likely related to the tissue-specific levels of IGFBPs in the heart
versus the retina and brain. We have previously shown that

retinal Müller cells have �-adrenergic receptors21; hence, it is
possible that �-adrenergic receptors may regulate IGF-1R in
these cells. In this manner, activation or inhibition of �-adren-
ergic receptors can control cell proliferation versus apoptosis
through tissue-specific levels of IGFBPs.

Once IGF-1R is activated, it will promote the phosphoryla-
tion of phosphatidylinositol-3-kinase and the activation of Akt,
a known antiapoptotic factor. IGF-1R can also activate ERK1/
2.32 We found that �-adrenergic receptor antagonism activated
IGF-1R signaling in the retina, leading to the phosphorylation
of Akt and ERK1/2. Others45 have reported that Akt and
ERK1/2 can work cooperatively to activate VEGF. In retinal
neovascularization, IGF-1 has been shown to activate VEGF.46

FIGURE 2. Top: representative blot and bar graph of IGFBP3 protein
levels in the retina of saline-, propranolol-, and phentolamine-treated
rats at 21 days of treatment. *P � 0.05 versus saline (n � 4). Bottom:
representative blots and bar graph of the ratio of phosphorylated
IGF-1R to total IGF-1R on tyrosine 1135/1136 in the retinas of saline-,
propranolol-, and phentolamine-treated rats after 21 days of treatment.
*P � 0.05 versus saline (n � 4).

FIGURE 3. Representative blot and bar graph of phosphorylated Akt
(Ser473) to total Akt in the retinas of treated rats. *P � 0.05 versus
saline (n � 4).

FIGURE 4. Blots and bar graph of phosphorylated ERK1/2 to total
ERK1/2 in the retinas of saline-, propranolol-, and phentolamine-
treated rats. ERK1/2 was increased after both �-adrenergic receptor
and �-adrenergic receptor blockade. *P � 0.05 versus saline (n � 4).
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Although the mechanisms for this have only more recently
become clear, it is likely that IGF-1R signaling promotes VEGF
activation through both Akt and ERK1/2 phosphorylation.

Work on �-adrenergic receptor agents in the retina has
previously focused on the antiglaucoma aspects because many
antiglaucoma agents are �-adrenergic receptor antagonists.
One of the mechanisms of action for betaxolol, one of the most
potent �-adrenergic receptor antagonists for glaucoma, is its
ability to alter calcium levels.47,48 In a recent review, Os-
borne49 reported that the beneficial effects of �-adrenergic
receptor blockers in glaucoma therapy do not appear to in-
volve their actions on �-adrenergic receptors. These findings
suggest that the role of �-adrenergic receptor antagonists as
neuroprotective drugs for glaucoma therapy may be related to
non–�-adrenergic receptor actions of these agents. In diabetic
retinopathy, two studies have shown that �-adrenergic recep-
tor antagonists do not reduce diabetic retinopathy, in spite of
reduced systemic blood pressure.50,51 Therefore, previous
work on �-adrenergic receptor antagonists in the retina sug-
gests that they do not prevent diabetic retinopathy in rodents.
They likely prevent glaucoma damage through the regulation
of calcium or sodium channel responses.49,51 Nonetheless, the
downstream effects of �-adrenergic receptor blockade medi-
ated by receptor signaling in the retina are unknown. No work
has previously shown the role of �-adrenergic receptor antag-
onists in the regulation of IGF-1R in the retina. We find that
blockade of �-adrenergic receptor signaling in the normal ret-
ina is detrimental, as evidenced by the reduced b-wave ampli-
tude of the ERG. This agrees with previous work in our labo-
ratory that has shown positive effects on the retina after
application of �-adrenergic receptor agonists in reducing in-
flammatory marker levels.21,22,52

The key finding of this study is that �-adrenergic receptors
can regulate IGFBP3 levels to control the phosphorylation of
IGF-1R and downstream signaling. These occur concurrently
with a significant loss of b-wave amplitude of the ERG, sug-
gesting a loss of retinal electrical activity. The increase in
IGF-1R leads to the increased activity of Akt and ERK1/2.
Ultimately, VEGF is activated, which can promote neovascular-
ization. In this manner, systemic administration of a �-adren-
ergic receptor antagonist may have detrimental effects on the
retina through increased IGF-1R signaling.
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