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1 Choroidal blood vessels, located between the sclera and retina, constitute the principle source of
blood ¯ow to ocular structures. The choroid is innervated by vasoconstrictor sympathetic and
vasodilator parasympathetic nerves.

2 We have shown previously that sympathetic denervation for 6 weeks leads to signi®cant increases
in choroidal thickness, percentage of choroid occupied by vascular lumina, and numbers of
choroidal venules, large arterioles and outer retinal capillaries. Sympathetic dea�erentation produces
similar increases, indicating that loss of sympathetic nerve activity is responsible for increased
vascularity after sympathectomy. Thus, sympathetic neurotransmission normally may be important
in suppressing vascular proliferation in the adult rodent eye.

3 The aim of the present study was to determine whether sympathetic nerves act by way of
adrenergic receptors to maintain normal choroidal vascular integrity.

4 The a-adrenoceptor antagonist, phentolamine (1 mg kg71 day71), the b-receptor antagonist,
propranolol (1 mg kg71 day71), or saline vehicle was infused for 3 weeks using subcutaneously
implanted osmotic minipumps.

5 In phentolamine treated rats, no signi®cant changes were noted relative to saline infused
controls. However, propranolol treatment resulted in increases in choroidal thickness, vascular
luminal area, and numbers of large choroidal venules and both small and large arterioles,
approximating the remodelling seen after chronic sympathectomy.

6 We conclude that sympathetic nerves play a role in maintaining normal choroidal vascular
architecture through actions mediated primarily by b-adrenoceptors.
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Introduction

Choroid blood vessels of the eye provide 80 ± 95% of the
blood to ocular structures, including the retina and ciliary
processes (Bill, 1984). Choroidal vessels are innervated by
sympathetic and parasympathetic nerves. Parasympathetic

innervation of the choroid derives from the ipsilateral
pterygopalatine ganglion (Ruskell, 1970). Parasympathetic
nerve stimulation produces nitric oxide-mediated vasodila-

tion, which appears to be selective for vessels in the anterior
choroid (Steinle et al., 2000). Sympathetic nerves from the
superior cervical ganglion project to the choroid and, when

stimulated, elicit marked vasoconstriction throughout the
choroid (Koss & Gherezghiher, 1993; Steinle et al., 2000).
Therefore, autonomic nerves exert short-term regulatory

e�ects on choroidal blood ¯ow by way of changes in vascular
smooth muscle tone.
Sympathetic nerves are also critical for maintaining the

structural integrity of the choroidal vasculature in the adult

rat. We have found previously that, 6 weeks following
superior cervical ganglionectomy, choroidal thickness and

vascularity are signi®cantly increased, together with increases
in numbers of venules and larger arterioles, and that this is
further associated with a 4.5-fold increase in blood ¯ow.
Numbers of outer retinal capillaries were also increased

(Steinle et al., 2002). These changes appear to be due to the
absence of sympathetic nerve activity rather than the
structural loss of sympathetic nerves, since similar changes

in vascular architecture occurred after surgical removal of the
preganglionic input to the superior cervical ganglion (Steinle
et al., 2002). Therefore, sympathetic innervation plays an

important role in regulating ocular vascular architecture, and
this appears to be mediated by some aspect of sympathetic
neurotransmission.

Sympathetic neurotransmission exerts its predominant
e�ects via the a and b classes of adrenergic receptors, which
comprise ®ve major subtypes (a-1 and a-2, and b-1, b-2 and
b-3) (Hieble et al., 1995). In the present study, we examined

whether ocular sympathetic nerves may in¯uence choroidal
vascular architecture by acting on either the a or b class of
adrenergic receptor by chronically administering an a or b
antagonist and using morphometric analysis to determine
whether vascular remodelling similar to that seen after ocular
sympathetic denervation occurred.
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Methods

Experimental preparations

Studies were conducted on 14 adult Sprague ±Dawley rats
(Harlan, Indianapolis, IN, U.S.A.) aged 60 days and
weighing 180 ± 200 g. Rats were anesthetized by intraperito-

neal injection of a mixture of ketamine hydrochloride
(27.5 mg kg71, Sano® Winthrop, New York, NY, U.S.A.),
xylazine hydrochloride (2.5 mg kg71, Rompun, Miles, Shaw-

nee Mission, KS, U.S.A.), and atropine sulphate
(0.24 mg kg71, Vedco, St. Joseph, MO, U.S.A.). Osmotic
mini-pumps (Alzet, Model Number 2ML4, Alza Corpora-

tion, Palo Alto, CA, U.S.A.) were implanted subcutaneously
in a dorsal interscapular con®guration. These pumps deliver
solution at a rate of 2.5 ml h71 and provide constant infusion

for at least 28 days. Pumps were loaded with saline vehicle
alone (n=5) or saline containing the a-adrenoceptor
antagonist phentolamine (Sigma, St. Louis, MO, U.S.A.;
n=5) or the b-adrenoceptor antagonist propranolol (Sigma,

St. Louis, MO, U.S.A.; n=4). Both drugs were delivered at
dosages of 1 mg day71, which previous studies have shown to
be e�ective for maintaining adrenoceptor blockade (Green-

berg & Wilborn, 1982; Holmang et al., 1995; Sironi et al.,
2000).
Twenty-one days after pump implantation, rats were

anesthetized with urethane (1.5 g kg71). To con®rm the
e�cacy of the adrenoceptor blockade regimens, rats from
each group were assessed using trans-scleral laser Doppler

¯owmetry to record blood ¯ow changes from anterior
choroidal vessels by methods identical to those described
previously (Steinle et al., 2000). The reduction in blood ¯ow
in response to topical administration of 1% norepinephrine

was abolished in phentolamine-treated rats, and the increase
in ¯ow elicited by 1% isoproterenol was reduced by
approximately 90%, thus con®rming the e�cacy of the

antagonist regimens. All surgical procedures and subsequent
experimental manipulations were approved by the Institu-
tional Animal Care and Use Committee of the University of

Kansas Medical Center.
Rats were perfused transcardially with Millonig's bu�er

containing 1% sodium nitrate, followed by Karnovsky's
®xative (1% paraformaldehyde, 1.5% glutaraldehyde, 0.54%

dextrose in Millonig's bu�er, pH 7.3). Following ®xation, the
anterior portions of both eyes were removed by excising the
cornea to the level of the scleral junction and discarded.

Posterior portions were further ®xed by immersion in fresh
Karnovsky's ®xative for 4 h at 48C. After 4 h, each eye was
dissected into four wedge-shaped pieces, with the narrow tip

originating at the insertion of the optic nerve. Tissue pieces
were then rinsed twice in bu�er, post-®xed for 1 h in 1%
bu�ered osmium tetroxide, dehydrated and embedded into

¯at molds.

Morphometric analysis of choroidal vasculature

Choroidal vascular features were measured in tissue sections
oriented transversely relative to the antero-posterior axis of
the eye. Plastic sections from both right and left eyes were cut

at 1 mm thickness, stained with toluidine blue and viewed
with a light microscope, and images were acquired with a
digital camera.

Choroidal thickness was de®ned as the distance from the
retinal pigmented epithelium to the outermost extent of the
choroidal blood vessels, which was generally delimited by

several layers of ®broblasts; for each of the four blocks from
both right and left eyes, three measurements were obtained
equidistant along the section, and all measurements for both
eyes of a given rat were averaged.

To determine the percentage of choroidal area occupied by
vascular lumina, a 4125 mm2 stereology grid with line
intersects at 5 mm intervals was superimposed randomly over

an image. Grid intersects overlying blood vessel lumina were
counted and divided by total intersections overlying the
choroid in 12 sections each from the right and left eyes. To

evaluate the number of blood vessels within a given region of
choroid or retina, all vessels located within a full-thickness
linear segment of choroid or retina corresponding to 400 mm
in length were counted. Minimal luminal diameters of all
vessels were measured, and vessels were categorized based on
their structure (Tomanek et al., 1986; Cimini & Weiss, 1988;
Steinle et al., 2002). Vessels with ¯attened smooth muscle

layers and lumen diameters between 10 mm and 100 mm were
categorized as venules. These were further subdivided as
small venules, with diameters of 10 ± 14.9 mm, and large

venules with diameters 15 mm or greater. Vessels with
thickened smooth muscle layers and lumen diameters between
10 and 100 mm were categorized as arterioles. Small arterioles

had diameters of 10 ± 19.9 mm, while large arterioles had
diameters greater than 20 mm. Vessels consisting of an
endothelial cell without smooth muscle enclosure and with

diameters of 5 ± 10 mm were categorized as capillaries.
Data were compared by one-way ANOVA or t-test, with

post hoc analysis by Student ±Newman ±Keuls test. A
probability of 50.05 was taken to indicate statistically

signi®cant di�erences.

Results

The choroid is comprised of blood vessels surrounded by

®broblasts, nerves, and extracellular matrix (Figure 1). In rats
receiving saline infusion, the choroidal thickness was
25+2 mm, with a vascular luminal area of 24+1% (Table
1). The choroid consisted of venules with mean diameters of

13.5+0.9 mm, and arterioles with diameters of 13.7+1.9 mm.
The majority of capillaries were found along Bruch's
membrane, adjacent to the retinal pigmented epithelium.

After phentolamine infusion, choroidal thickness and
vascular luminal areas were similar to those of saline controls
(Table 1). Phentolamine did not a�ect numbers of small or

large choroidal venules (Figure 2) or small or large arterioles
(Figure 3) per unit length of choroid. There were no
di�erences in mean diameters of venules (13.9+0.9 mm) or

arterioles (16.7+1.5 mm) as compared to saline infused rats.
Retinal capillary numbers were not altered by phentolamine
treatment (Figure 4).
Propranolol infusion increased choroidal thickness by 48%

relative to saline treated animals (P=0.003, Table 1) and
vascular luminal area was increased by 67% (P=0.002, Table
1). Propranolol treatment also increased numbers of large

choroidal venules (P=0.001 vs saline; Figures 1 and 2), small
arterioles (P=0.015 vs saline), and large arterioles (P=0.019
vs saline infusion, Figures 1 and 3). Mean diameters of

British Journal of Pharmacology vol 136 (5)

b-adrenoceptors mediate choroidal vascular remodellingJ.J. Steinle P.G. Smith 731



venules (14.4+1.0 mm) and arterioles (16.5+1.7 mm) were

not di�erent from those of saline infused controls. Choroidal
and retinal capillaries were not changed by propranolol
treatment (Figure 4).

Discussion

Ocular vascular architecture after a-adrenergic receptor
blockade

a-adrenergic receptors are distributed widely on vascular
smooth muscle cells (Ping & Faber, 1993). a-adrenoceptor
activation can elicit smooth muscle cell contraction (Doch-
erty, 1998), and can in¯uence other aspects of cellular
dynamics such as mitogenic state (Hu et al., 1999). Therefore,

diminished a-adrenoceptor input to vascular smooth muscle
of the choroid could provide a potential mechanism for the
changes in vascular architecture following sympathetic

denervation. In addition, a-adrenoceptor-mediated vascular
smooth muscle contraction also regulates total peripheral
resistance, and therefore arterial blood pressure (Docherty,

1998). Indeed, infusion of the a-receptor antagonist prazosin
reduces blood pressure by approximately 40 mmHg in rats
(Ziada et al., 1989), leading to increased cardiac output and
organ blood ¯ow. This is accompanied by increased shear

stress, which is believed to elicit vascular remodelling under
some conditions (Ichioka et al., 1998; Dawson & Hudlicka,
1989; Ziada et al., 1989). In the present experiments,

however, chronic phentolamine infusion did not produce
signi®cant changes in choroidal vasculature. This suggests
that neither diminished activation of a adrenoceptor-

mediated mitogenic e�ects on vascular cells nor changes in
shear stress resulting from increased organ blood ¯ow are
likely to explain the increased choroidal vascularity after

sympathectomy. Thus we consider that decreased a adreno-
ceptor activation is unlikely to be a primary mechanism
through which vascular remodelling occurs after sympathect-
omy.

b adrenoceptor blockade elicits changes in choroidal
vascularity similar to those of sympathectomy

Unlike a-adrenoceptor blockade, long-term propranolol
administration produced changes in choroidal vasculature

that closely resembled those seen following sympathectomy.
Choroidal thickness and percentage vascular area were
signi®cantly increased, as were numbers of large venules
and both small and large arterioles. In contrast to chronic

sympathectomy, however, there was no signi®cant increase in
numbers of retinal capillaries. Whether this is due to
di�erences in lengths of treatment regimens (6 weeks for

sympathectomy vs 3 weeks of adrenoceptor blockade) or to
e�ects elicited by sympathetic denervation that occur
independent of the b receptor is unclear. Nonetheless, the

present ®ndings suggest that the bulk of the choroidal
vascular remodelling after sympathetic denervation can be
emulated by rendering b adrenoceptors inactive.

Choroidal vascular remodelling after b-adrenoceptor
blockade is not likely to be due to non-speci®c e�ects of
propranolol on vascular resistance and shear stress. In
normotensive rats, propranolol produces only small e�ects

on blood pressure, which remain in the normal range (Owens,
1987). Similarly, using laser Doppler ¯owmetry to measure
blood ¯ow in the posterior choroid and vortex veins, we were

unable to detect any apparent change after acute intravenous
administration of propranolol (Steinle & Smith, unpub-
lished). Moreover, since the increased blood ¯ow and shear

Figure 1 Photomicrographs through sections of the choroid
(A,C,E) or retina (B,D,F) from eyes of adult rats infused for 3
weeks with saline (A,B), phentolamine (C,D), or propranolol (E,F).
One mm epoxy sections were stained with Toluidine blue. Calibration
bar=50 mm.

Table 1 Thickness and percentage of vascular luminal area
obtained from rats infused for 3 weeks with saline vehicle,
phentolamine or propranolol

Saline Phentolamine Propanolol

Thickness (mm) 25+2 30+8 37+2*
Vascular area (%) 24+1 29+4 40+2*

Mean+s.e.mean for 4 ± 5 rats in each group. *P50.05 vs
saline-infused controls.

Figure 2 Numbers of small and large venules in a 1 mm segment of
choroid from saline (saline), phentolamine (phentolamine) and
propanolol (propanolol) treated rats. Small venules in the 10 mm
grouping have diameters between 10 ± 14.9, and larger venules in the
15 mm group have diameters of 15 mm or greater. Data are expressed
as the mean+s.e.mean for 4 ± 5 rats in each group. *P50.01 vs saline
infused rats.
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stress that would have occurred during chronic a adreno-
ceptor antagonist infusion in the present study failed to elicit

vascular remodelling, it seems unlikely that vascular remodel-
ling following chronic propranolol infusion could have
occurred secondary to changes in choroidal blood ¯ow.

It seems more plausible that propranolol may be mediating
changes in choroidal vascularity by way of a local mechanism
that involves b adrenoceptors located in the eye and perhaps

directly on the choroidal blood vessels. b adrenoceptors are
known to play a role determining intraocular pressure, and
administration of b blocking agents to patients with

glaucoma can produce clinically signi®cant reductions in
intra-ocular pressure, possibly through reduced aqueous

humor formation (Lesar, 1987). Similarly, sympathetic
denervation can decrease intra-ocular pressure in experi-
mental animals (Schmid et al., 1999). However, while

intraocular pressure is likely to have been reduced in both
our sympathectomized and propranolol-treated rats, it is
unclear whether or why this would lead to altered choroidal
vascularity.

Alternatively, b adrenoceptor blockade could produce
choroidal vascular remodelling through actions directly on
choroidal blood vessels. While the distribution of b
adrenoceptors within the choroidal blood vessels has not
been described, it is known that these receptors are present
on both smooth muscle cells (Bevan, 1983) and endothelial

cells (Wang et al., 2000). b adrenergic receptors have been
shown to modulate several angiogenic factors, although
studies to date have only documented a role in increasing

their release (Wen et al., 1996; Fredriksson et al., 2000; Jin et
al., 2000). It is possible, however, that b adrenoceptors may
also exert inhibitory e�ects on the release of other angiogenic
factors, and that this action could predominate in the

choroid. Alternatively, b adrenoceptors may regulate angio-
static factor production from choroidal endothelial or
smooth muscle cells, whose tonic release is necessary in

order to maintain normal choroidal vascular architecture.
The ®nding that long-term b adrenoceptor blockade leads

to increased choroidal vascularity is interesting in light of the

common use of this class of drugs. b blockers frequently are
used for the treatment of open-angle glaucoma (Lee, 1988),
although the e�ects of topical applications of these agents on

ocular vascularity have not to our knowledge been
investigated. On the other hand, many patients receive b
adrenoceptor blockers as a component of antihypertensive
therapeutic regimens. It is interesting, therefore, that an

association appears to exist between anti-hypertenisve
medication and increased neovascularization in patients with
age-related macular degeneration (Hyman et al., 2000).

Clearly, additional investigations are warranted to determine
if long-term b adrenoceptor antagonist administration may
in¯uence ocular vascularity in humans.

In summary, the increase in ocular choroidal vascularity
seen following chronic sympathetic denervation is replicated
in part by sustained b adrenoceptor blockade. This suggests
that the mechanism leading to increased ocular vascularity

involves the diminished b adrenoceptor activation that occurs
following sympathetic denervation. It therefore appears that
sympathetic nerves play an important role in preventing

abnormal vascular remodelling in the adult rodent eye by
tonic activation of b adrenoceptors.

This work was supported by NIH grant 33025 with core support
from HD02825. The authors would like to thank Taline
Manougian for her assistance with tissue sectioning.
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