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BACKGROUND AND PURPOSE
The α1-adrenoceptor family plays a critical role in regulating ocular perfusion by mediating responses to catecholamines. The
purpose of the present study was to determine the contribution of individual α1-adrenoceptor subtypes to adrenergic
vasoconstriction of retinal arterioles using gene-targeted mice deficient in one of the three adrenoceptor subtypes (α1A-AR−/−,
α1B-AR−/− and α1D-AR−/− respectively).

EXPERIMENTAL APPROACH
Using real-time PCR, mRNA expression for individual α1-adrenoceptor subtypes was determined in murine retinal arterioles. To
assess the functional relevance of the three α1-adrenoceptor subtypes for mediating vascular responses, retinal vascular
preparations from wild-type mice and mice deficient in individual α1-adrenoceptor subtypes were studied in vitro using video
microscopy.

KEY RESULTS
Retinal arterioles expressed mRNA for all three α1-adrenoceptor subtypes. In functional studies, arterioles from wild-type mice
with intact endothelium responded only negligibly to the α1-adrenoceptor agonist phenylephrine. In endothelium-damaged
arterioles from wild-type mice, phenylephrine evoked concentration-dependent constriction that was attenuated by the
α1-adrenoceptor blocker prazosin. Strikingly, phenylephrine only minimally constricted endothelium-damaged retinal arterioles
from α1B-AR−/− mice, whereas arterioles from α1A-AR−/− and α1D-AR−/− mice constricted similarly to arterioles from wild-type
mice. Constriction to U46619 was similar in endothelium-damaged retinal arterioles from all four mouse genotypes.

CONCLUSIONS AND IMPLICATIONS
The present study is the first to demonstrate that α1-adrenoceptor-mediated vasoconstriction in murine retinal arterioles is
buffered by the endothelium. When the endothelium is damaged, a vasoconstricting role of the α1B-adrenoceptor subtype is
unveiled. Hence, the α1B-adrenoceptor may represent a target to selectively modulate retinal blood flow in ocular diseases
associated with endothelial dysfunction.

Abbreviations
α1A-AR−/− mouse, α1A-adrenoceptor knockout mouse; α1B-AR−/− mouse, α1B-adrenoceptor knockout mouse; α1D-AR−/−

mouse, α1D-adrenoceptor knockout mouse; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate;
U46619, 9,11-dideoxy-9α,11α-methanoepoxy PGF2α
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Introduction

Haemodynamic perturbations in the retina and optic nerve
head are considered to play a critical role in the pathogenesis
of various ocular diseases, including glaucoma (Grieshaber
and Flammer, 2005; Toda and Nakanishi-Toda, 2007) and
diabetic retinopathy (Schmetterer and Wolzt, 1999). Hence,
signalling pathways involved in the regulation of retinal vas-
cular tone and blood flow appear to be promising therapeutic
targets. The discovery of adrenoceptors by Ahlquist (Ahlquist,
1948) more than six decades ago has uncovered the adrener-
gic pathway as one of the central regulators of organ perfusion
that mediates its effects through adrenoceptors located on
blood vessels. As transmembrane proteins belonging to the
superfamily of GPCRs (see Alexander et al., 2013), adrenocep-
tors convey responses to the endogenous catecholamines,
adrenaline and noradrenaline (Piascik and Perez, 2001).
Among adrenoceptors, the α1-adrenoceptor family is critically
involved in the regulation of vascular tone and blood flow by
mediating the vasoconstrictive effect of catecholamines. This
functional role of α1-adrenoceptors was also demonstrated in
ocular blood vessels, including retinal arterioles, from differ-
ent species (Ferrari-Dileo et al., 1990; Ichikawa et al., 2004;
Gericke et al., 2011a; Mori et al., 2011). Pharmacological
studies and molecular cloning methods have identified three
structurally distinct α1-adrenoceptor subtypes designated as
α1A, α1B and α1D (Hieble et al., 1995). The expression pattern of
individual α1-adrenoceptor subtypes and their involvement in
mediating vascular responses to catecholamines differ consid-
erably between individual vascular beds, and, in some vessels,
endothelial α1-adrenoceptors may at least partly counteract
those on vascular smooth muscle (Guimaraes and Moura,
2001). Hence, the three α1-adrenoceptor subtypes may con-
stitute effective therapeutic targets, allowing a selective modu-
lation of perfusion in various organs, including the eye.

Although the functional roles of individual α1-
adrenoceptor subtypes are already well-established in several
tissues and vascular beds, there is still a paucity of knowledge
regarding the ocular vasculature. Thus, the major goal of the
present study was to identify the α1-adrenoceptor subtypes
mediating vascular responses in retinal arterioles. In view of
increasing doubts about the specificity of commercially avail-
able antibodies against murine α1-adrenoceptor subtypes
(Jensen et al., 2009b; Pradidarcheep et al., 2009), we refrained
from localizing the receptor proteins in retinal arterioles by
immunohistochemistry. Instead, we used real-time PCR to
quantify mRNA expression levels of all three α1-adrenoceptor
subtypes in isolated retinal arterioles. Since highly selective
agonists and antagonists are not available for all α1-
adrenoceptor subtypes (Zhong and Minneman, 1999; Chen
and Minneman, 2005), we employed gene-targeted mice defi-
cient in one of the three subtypes (α1A-AR−/−, α1B-AR−/− and
α1D-AR−/−, respectively) to determine the involvement of indi-
vidual receptor subtypes in retinal vasoconstriction.

Methods

Animals
All experimental procedures involving animals are reported
in accordance with the Animal Research: Reporting of In Vivo

Experiments (ARRIVE) guidelines for reporting experiments
involving animals (Kilkenny et al., 2010; McGrath et al.,
2010). The animal trials were approved by the Animal Care
Committee of Rhineland-Palatinate, Germany, and animal
care was in accordance with institutional guidelines. Every
effort was made to minimize animal suffering and to reduce
the number of animals used.

The generation of α1A-AR−/−, α1B-AR−/− and α1D-AR−/− mice
has been described previously (Cavalli et al., 1997; Rokosh
and Simpson, 2002; Tanoue et al., 2002). Each genotype has
been backcrossed with C57BL/6Slc mice for more than eight
generations and maintained on a C57BL/6Slc background.
Male mice deficient in one of the three α1-adrenoceptor sub-
types at the age of 2–5 months and age-matched wild-type
controls of the C57BL/6Slc background were used for the
experiments. The genotype of each mouse was determined
by PCR of DNA isolated from tail biopsies. Mice were
housed under standardized conditions (light/dark cycle
12 h, temperature 22 ± 2°C, humidity 55 ± 10%) and had
free access to standard mouse chow and tap water.

Real-time PCR analysis
Expression of individual α1-adrenoceptor genes was deter-
mined in isolated retinal arterioles with intact endothelium
from wild-type mice (C57BL/6Slc) using real-time PCR. The
method of murine retinal arteriole isolation has been
described in detail previously (Gericke et al., 2011b). Briefly,
after mice had been killed by CO2 inhalation, a midline
abdominal and thoracic incision was made. Then, the infe-
rior vena cava was cut, and the left cardiac ventricle was
cannulated with a needle that was connected to a silicon
tube, and perfused with 10 mL of PBS (Invitrogen,
Karlsruhe, Germany) followed by an injection of iron
oxide suspension (1% in 20 mL of PBS) to visualize retinal
arterioles. After this procedure, the eyes were immediately
enucleated and placed in ice-cold PBS. Subsequently, the
retina was removed from the eye under a dissecting micro-
scope and retinal arterioles were isolated with fine-point
tweezers, transferred into a 1.5 mL tube, and immediately
snap frozen. To increase RNA yield, arterioles from seven
mice were pooled. Next, vessels were homogenized in lysis
buffer (Buffer RLT, QIAGEN, Hilden, Germany) using a
homogenizing device (FastPrep; MP Biomedicals, Illkirch,
France). After homogenization, total RNA was extracted
with the RNeasy Kit (QIAGEN) according to the manufac-
turer’s protocol.

After isolation, mRNA was reverse transcribed with
M-MLV reverse transcriptase and random hexamers
(Promega, Mannheim, Germany). Quantitative PCR analysis
was performed with the ViiA™ 7 system (Applied Biosystems,
Darmstadt, Germany). SYBR green was used for the
fluorescent detection of DNA generated during the PCR. The
PCR was performed in a total volume of 10 µL and 2× SYBR
Green master mix (QIAGEN); 2 µL cDNA corresponding to
13 ng RNA was used as template. Published sequences
for mouse α1A-adrenoceptor (NM_013461), α1B-adrenoceptor
(NM_007416) and α1D-adrenoceptor (NM_013460) were used
to design primers for PCR amplification. Primer sequences
were α1A-adrenoceptor sense 5′-GCG GTG GAC GTC TTA TGC
T-3′ and antisense 5′-TCA CAC CAA TGT ATC GGT CGA-3′;
α1B-AR sense 5′-CCT GGT CAT GTA CTG CCG A-3′ and anti-
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sense 5′-GAC TCC CGC CTC CAG ATT C-3′; α1D-AR sense
5′-AGT TGG TGA CCG TCT GCA AGT-3′ and antisense
5′-CGC TGT GGT GGG AAC CGG CAG-3′; ß-actin sense
5′-CAC CCG CGA GCA CAG CTT CTT T-3′ and antisense
5′-AAT ACA GCC CGG GGA GCA TC-3′. Standard negative
controls were used for the PCR. A control lacking reverse
transcriptase was used to check for DNA contamination of
the isolated RNA. We also employed a reverse transcription
control without RNA to check for contamination of the
chemicals used. In both controls, no PCR product was
detected, indicating that genomic DNA was absent and the
purity of the chemicals high. For positive control, we used
RNA isolated from mouse brain. The expression levels of
individual α1-adrenoceptor subtype mRNA were normalized
to ß-actin using the ΔCt method. Parallelism of standard
curves was confirmed.

Measurement of vascular reactivity in
retinal arterioles
The method used to measure vascular responses in the
murine retina has been described in detail previously (Gericke
et al., 2011b). Briefly, after mice had been killed by CO2 inha-
lation, the eyes were immediately removed together with the
retrobulbar tissue and placed in ice-cold Krebs buffer with the
following ionic composition (in mM): 118.3 NaCl, 4.7 KCl,
2.5 CaCl2, 1.2 MgSO4, 1.2 KH2PO4, 25 NaHCO3 and 11
glucose. Next, the retrobulbar tissue was removed under a
dissecting microscope, and the ophthalmic artery and their
orbital branches were ligated. To exclude potential influences
of the ophthalmic artery on retinal responses the retrobulbar
blood vessels were deactivated by immersing the intact eye
globe for 10 s into 70% ethanol followed by an intensive
wash in cold Krebs buffer. Subsequently, the globe was
opened, and the cornea, sclera, uvea and lens were removed.
Next, the preparation was placed into an organ chamber
filled with cold Krebs buffer, and the ophthalmic artery was
cannulated with a glass micropipette and secured with 10–0
nylon monofilament suture.

For experiments requiring a damaged endothelium,
retinal arterioles were perfused via the micropipette with
Krebs buffer containing 1.0% 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS; Sigma-
Aldrich Chemie GmbH, Steinheim, Germany) for one
minute. Following this procedure, the retina was transferred
into another organ chamber filled with fresh cold Krebs
buffer, the ophthalmic artery was recannulated and retinal
arterioles were perfused with Krebs buffer for about 2 min. For
experiments requiring an intact endothelium, retinal arteri-
oles were perfused via the micropipette with Krebs buffer
(vehicle) for 3 min before the experiment.

Subsequently, the ophthalmic artery was secured with
10–0 nylon monofilament suture to the micropipette and the
retina was placed onto a transparent plastic platform, spread
out, and fixed to the bottom with a stainless steel ring.
Retinal vessels were pressurized via the micropipette located
in the ophthalmic artery using a reservoir filled with Krebs
solution to a level corresponding to 50 mmHg and imaged
under brightfield conditions with a video camera mounted
on an upright microscope. The magnification resulted from a
100× water immersion objective lens (LUMPlanFL, 1.0 NA,
Olympus Deutschland GmbH, Hamburg, Germany) and a
2.5× projection on a 0.5′ chip digital camera (TKC1381, JVC
Deutschland GmbH, Friedberg, Germany). The spatial reso-
lution of the system was 11 pixel µm−1. Video sequences were
captured to a personal computer for analysis of luminal arte-
riole diameter changes (Figure 1).

The organ chamber was continuously perfused with oxy-
genated and carbonated Krebs buffer at 37°C and pH 7.4.
For experiments, we used retinal arterioles of the first and
second order depending on which vessel section allowed
best focusing of the image. When comparing responses of
endothelium-damaged first and second order arterioles to the
α1-adrenoceptor agonist phenylephrine in wild-type mice, we
did not find any significant differences (data not shown).

Vessels were allowed to equilibrate for 30 min before
study. Vascular diameter was stable for at least 10 min at the
start of drug application. Drugs were applied cumulatively to

Figure 1
Mouse first-order retinal arteriole with damaged endothelium before (A) and after application of the non-subtype-selective α1-adrenoceptor
agonist phenylephrine (B). Red blood cells are visible in the arteriolar lumen.
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the circulating bath solution. All reported concentrations are
final molar concentrations in the organ chamber bath. After
testing endothelial viability or obtaining a concentration-
response curve, the respective drug was washed out by per-
fusing the organ chamber with fresh Krebs buffer for 10 min.

Protocols
In order to assess endothelial function, responses of retinal
arterioles to the endothelium-dependent vasodilator acetyl-
choline (10−5 M, Sigma-Aldrich) were tested in arterioles
that had been preconstricted with the thromboxane mime-
tic 9,11-dideoxy-9α,11α-methanoepoxy PGF2α (U46619,
Cayman Chemical, Ann Arbor, MI, USA) to 30–70% of the
initial luminal diameter. U46619 was continuously circulat-
ing in the bath solution during these experiments. In a
previous study, we already demonstrated that acetylcholine-
induced vasodilatation of murine retinal arterioles was
reversed to constriction when the endothelium had been
removed by CHAPS (Gericke et al., 2011b). Several findings
suggest that the vasoconstrictive effect of cholinergic agents
is mediated by muscarinic receptors localized on vascular
smooth muscle cells or pericytes and is masked by pro-
nounced cholinergic vasodilatation mediated by muscarinic
receptors on endothelial cells (Hoste and Andries, 1991; Wu
et al., 2003).

Subsequently, concentration–response curves of retinal
arterioles from wild-type mice with intact endothelium were
obtained for phenylephrine (10−6–10−3 M), a non-subtype-
selective α1-adrenoceptor agonist and for the thromboxane
mimetic U46619 (10−9–10−6 M). Analogous experiments
were conducted in retinal arterioles from wild-type mice
with damaged endothelium. After obtaining concentration–
response curves in retinal arterioles with damaged
endothelium, the same arterioles were incubated with the
competitive α1-adrenoceptor antagonist prazosin (10−5 M,
Sigma Aldrich) to exclude the possibility of α1-adrenoceptor-
independent vasoconstrictive effects to phenylephrine,
especially at high drug concentrations. To examine the con-
tribution of individual α1-adrenoceptor subtypes to adrener-
gic vasoconstriction, we compared concentration–response
curves with phenylephrine and U46619 obtained in
endothelium-damaged retinal arterioles from α1A-AR−/−, α1B-
AR−/− and α1D-AR−/−, and wild-type mice.

Acetylcholine, phenylephrine, prazosin and CHAPS were
dissolved and diluted in Krebs buffer. Stock solutions of
U46619 were prepared in DMSO, and subsequent dilutions
were made in Krebs buffer. After addition to the circulating
bath solution, the highest DMSO concentration was 0.003%
at 10−6 M of U46619. No changes of retinal arteriole diameter
were detected at this DMSO concentration in pilot experi-
ments. The drug and molecular target nomenclature used in
this study conforms to BJP’s Concise Guide to Pharmacology
(Alexander et al., 2013).

Statistical analysis
Data are presented as mean ± SEM, and n represents the
number of mice per group. Vasoconstriction responses to
phenylephrine and U46619 are presented as % change in
luminal arteriole diameter from resting diameter, whereas
responses to acetylcholine are presented as % change in

luminal diameter from the preconstricted diameter. Statistical
significance among concentration–responses was calculated
using the Brunner test for non-parametric analysis of longi-
tudinal data. For single-concentration experiments, the
Kruskal–Wallis one-way ANOVA, followed by the Dunn’s
multiple comparison test, was used. Luminal retinal arteriole
diameter was compared between the four mouse genotypes
using one-way ANOVA. The level of significance α was set at
0.05. Multiple comparisons were tested at a Bonferroni-
adjusted α level.

Results

α1-Adrenoceptor mRNA expression in
retinal arterioles
Using real-time PCR, we recently demonstrated that
murine ophthalmic arteries expressed mRNA for all three
α1-adrenoceptor subtypes at similar levels (Gericke et al.,
2011a). In the present study, we conducted analogous studies
in isolated retinal arterioles with intact endothelium pooled
from seven wild-type mice of the same genetic background
as those used in the previous study. Similar to ophthalmic
arteries, retinal arterioles expressed mRNA for all three
α1-adrenoceptor subtypes at similar levels (Figure 2).

Responses of retinal arterioles
In endothelium-intact retinal arterioles from wild-type
mice (n = 8), the α1-adrenoceptor agonist phenylephrine
evoked only negligible vasoconstriction with maximal
reduction in luminal diameter of 4 ± 2% at 10−3 M (Figure 3A).
In contrast, retinal arterioles with damaged endothelium

Figure 2
Relative mRNA expression of individual α1-adrenoceptor (α1-AR) sub-
types (α1A, α1B and α1D) normalized to β-actin transcripts in retinal
arterioles with intact endothelium pooled from seven different wild-
type mice. The values are averages of triplicate measurements and
expressed as mean ± SEM. mRNA of all three α1-adrenoceptor sub-
types was found to be expressed at a similar level.
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(n = 6) concentration-dependently constricted in response
to phenylephrine (# P < 0.001 intact vs. damaged endothe-
lium), and these responses were markedly attenuated by
prazosin (10−5 M), a competitive non-subtype-selective
α1-adrenoceptor antagonist (44 ± 4% vs. 16 ± 5% at 10−3 M; n
= 6 per concentration; #P < 0.001 before vs. after incubation
with prazosin; Figure 3A).

The non-adrenergic vasoconstrictor U46619 evoked
concentration-dependent constriction in endothelium-intact
retinal arterioles (n = 8), with maximal reduction in luminal
diameter of 65 ± 3% at 10−6 M (Figure 3B). In arterioles
with damaged endothelium (n = 6), responses to U46619
were enhanced, especially at submaximal concentrations.
Maximal reduction in luminal diameter to U46619 was 75 ±
4% at 10−6 M (*P < 0.05 intact vs. damaged endothelium;
Fig. 3B).

To identify the α1-adrenoceptor subtypes mediating adr-
energic vasoconstriction in retinal arterioles with damaged
endothelium, we conducted functional studies in wild-type
(n = 8), α1A-AR−/−(n = 8), α1B-AR−/− (n = 8) and α1D-AR−/− (n = 9)
mice. Baseline luminal arteriole diameters after 30 min of
equilibration at 37°C and pH 7.4 were 23 ± 3 µm, 25 ± 2 µm,
19 ± 2 µm, and 18 ± 2 µm in wild-type, α1A-AR−/−, α1B-AR−/−,
and α1D-AR−/− mice, respectively, and did not differ between
individual mouse genotypes (one-way ANOVA). In each
group, the vessels measured were predominantly first order
arterioles (6–7 per group).

Endothelial damage was confirmed by testing responses
of retinal arterioles preconstricted with U46619 to acetylcho-
line, which acts as a vasodilator when the endothelium is
intact and as a vasoconstrictor when the endothelium is
damaged. After endothelial damage, acetylcholine (10−5 M)
induced similar diameter reduction in retinal arterioles from
all four mouse genotypes that was 22 ± 4%, 25 ± 4%, 21 ± 6%,

and 22 ± 4% in wild-type, α1A-AR−/−, α1B-AR−/−, and α1D-AR−/−

mice, respectively (Figure 4), indicating that the degree of
endothelial damage was similar in all groups.

Figure 3
Adrenergic and non-adrenergic responses of retinal arterioles with intact (E+) and damaged (E−) endothelium. Values are expressed as mean ±
SEM. (A) The non-subtype-selective α1-adrenoceptor agonist phenylephrine only evoked negligible vasoconstriction in retinal arterioles from
wild-type (WT) mice with intact endothelium (n = 8), whereas retinal arterioles with damaged endothelium (n = 6) exhibited pronounced
vasoconstriction (#P < 0.001 intact vs. damaged endothelium), which was markedly attenuated after incubation with the α1-adrenoceptor
antagonist prazosin (10−5 M, n = 6). #P < 0.001 before versus after incubation with prazosin. (B) In contrast, the non-adrenergic vasoconstrictor
U46619 induced a marked concentration-dependent diameter reduction in retinal arterioles from WT mice with intact endothelium (n = 8), which
was even enhanced after endothelial damage (n = 6). *P < 0.05 E+ vs. E−.

Figure 4
Responses of murine retinal arterioles to acetylcholine (10−5 M).
Values are expressed as mean ± SEM (n = 8–9 per group). Arterioles
with damaged endothelium (E−) constricted similarly in wild-type
(WT), α1A-AR−/−, α1B-AR−/− and α1D-AR−/− mice, suggesting that the
extent of endothelial damage did not differ between the four mouse
genotypes. To demonstrate the pronounced changes that occurred
in acetylcholine-induced vascular reactivity after endothelial damage,
we also show responses of retinal arterioles from wild-type mice with
intact endothelium (E+).
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Phenylephrine induced similar concentration-dependent
vasoconstriction of retinal arterioles from wild-type, α1A-AR−/−,
and α1D-AR−/− mice. Maximal reduction in luminal diameter
was 49 ± 4%, 47 ± 4%, and 41 ± 7% at 10−3 M in wild-type,
α1A-AR−/−, and α1D-AR−/− mice respectively. However, in α1B-
AR−/− mice, phenylephrine only produced a blunted constric-
tive effect of 13 ± 5% at 10−3 M that differed significantly from
responses in wild-type, α1A-AR−/− and α1D-AR−/− mice (#P <
0.001 α1B-AR−/− vs. all other genotypes; Figure 5A). In contrast,
retinal arterioles from all four mouse genotypes displayed
concentration-dependent vasoconstriction responses to the
non-adrenergic vasoconstrictor U46619 that did not differ
significantly between individual groups. Maximal reduction
in luminal diameter was 76 ± 3%, 76 ± 3%, 78 ± 5%, and 80
± 3% at 10−6 M in wild-type, α1A-AR−/−, α1B-AR−/−, and α1D-AR−/−

mice respectively (Figure 5B).

Discussion

Previous studies reported that α1-adrenoceptors mediate
vasoconstriction in retinal arterioles of various species
(Ferrari-Dileo et al., 1990; Ichikawa et al., 2004; Mori et al.,
2011). The present study is the first to demonstrate that
α1-adrenoceptor-mediated vasoconstriction in murine retinal
arterioles with damaged endothelium is predominantly
mediated by the α1B subtype. This finding is particularly strik-
ing, because the α1B-adrenoceptor was shown to contribute
only minimally to adrenergic vasoconstriction in other vas-
cular beds tested so far.

Our results, however, suggest that the α1-adrenoceptor-
mediated constrictive effect on murine retinal arterioles is
largely masked by endothelial mechanisms and becomes rel-
evant only when the endothelium is damaged. Indeed, it is
well documented that vascular responses to adrenergic
stimuli are modulated by the endothelium and are altered

under endothelial impairment (Furchgott, 1984; Miller and
Vanhoutte, 1989). For example, removal of the endothelial
cell layer markedly enhanced the maximum contractile effect
of α1-adrenoceptor agonists in rat aorta (Carrier and White,
1985) and mesenteric arteries (White and Carrier, 1986).
Interestingly, it has been shown that α1-adrenoceptor stimu-
lation causes only slight constriction of normal human coro-
nary arteries, but markedly constricts coronary arteries with
disrupted endothelium (Vita et al., 1992; Baumgart et al.,
1999). A potentiation of α1-adrenoceptor-mediated vasocon-
striction was also observed in coronary arteries of anaesthe-
tized dogs after pharmacological blockade of endothelium-
dependent relaxation (Jones et al., 1993). Endothelium-
dependent attenuation of retinal α1-adrenoceptor-mediated
vasoconstriction under physiological conditions appears
plausible, as it would confer an advantage by protecting the
retina against inappropriate reductions in blood flow during
exercise, haemorrhage or stress. Endothelial compensation of
α1-adrenoceptor-mediated vasoconstriction is attributed to
relaxing factors such as nitric oxide released by endothelial
cells (Schmetterer and Polak, 2001). Apart from a basal secre-
tion of endothelium-dependent vasodilators, nitric oxide
release in response to increased sheer stress during vascular
constriction is considered a possible endothelial mecha-
nism counteracting vasoconstriction (Martin et al., 1986;
Tesfamariam and Cohen, 1988; Jones et al., 1993; Sun et al.,
2001). Moreover, some studies suggest that activation of
α1-adrenoceptors located on endothelium also promotes
endothelial release of nitric oxide and hence functionally
antagonizes adrenergic vasoconstriction mediated by α1-
adrenoceptors on vascular smooth muscle cells (Kaneko and
Sunano, 1993; Tuttle and Falcone, 2001). In the present
study, responses to the non-adrenergic vasoconstrictor
U46619 were also increased after endothelial damage. Hence,
apparently even in the absence of an α1-adrenoceptor agonist
the endothelium releases factors attenuating vasoconstric-

Figure 5
Adrenergic and non-adrenergic responses of retinal arterioles with damaged endothelium (E−). Values are expressed as mean ± SEM (n = 8–9 per
substance, concentration and genotype). (A) Retinal arterioles from wild-type, α1A-AR−/− and α1D-AR−/− mice concentration-dependently constricted
to the non-subtype-selective α1-adrenoceptor agonist phenylephrine. In contrast, phenylephrine evoked only minor vasoconstriction responses in
retinal arterioles from α1B-AR−/− mice. #P < 0.001 α1B-AR−/− versus all other genotypes. (B) In contrast, vascular responses to the non-adrenergic
vasoconstrictor U46619 were not affected by deletion of the α1A-, α1B- or α1D-adrenoceptor gene.
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tion. This may be due to either a tonic release of such factors
and/or a release specifically induced by the α1-adrenoceptor
agonist and U46619 respectively. Of note, the effect of
endothelium removal was greater for phenylephrine than for
U46619.

Because in retinal arterioles from α1B-AR−/− mice,
phenylpherine-induced vasoconstriction was attenuated to a
similar extent as by prazosin in arterioles from wild-type
mice, this response is obviously mediated mainly by the
α1B-adrenoceptor. The finding that α1-adrenoceptor-mediated
vasoconstriction in murine retinal arterioles is predomi-
nantly mediated by the α1B subtype is particularly surprising,
because in the murine ophthalmic artery, which is directly
afferent to the retinal vasculature, the α1A subtype mediates
constrictive responses to α1-adrenoceptor stimuli when
assessed under similar experimental conditions (Gericke
et al., 2011a). Thus, our results demonstrate that smooth
muscle cells of the retrobulbar (α1A-adrenoceptor) and the
retinal (α1B-adrenoceptor) vasculature are under functional
control of different α1-adrenoceptor subtypes. It has previ-
ously been reported that distribution of individual
α1-adrenoceptor subtypes and their contribution to adrener-
gic vasoconstriction may vary considerably between various
circulatory beds, between different-sized vessels of a given
vascular bed and between different species (Rudner et al.,
1999; Guimaraes and Moura, 2001; Piascik and Perez, 2001;
Docherty, 2010). However, this has not been described for
ocular blood vessels so far. Former pharmacological studies
making use of subtype-selective ligands and functional
studies in gene-targeted mice lacking one or more
α1-adrenoceptor subtype have revealed that the α1A-
adrenoceptor subtype is substantially involved in adrenergic
vasoconstriction of rat and mouse small mesenteric and
caudal arteries (Chen et al., 1996; Daly et al., 2002;
Hedemann et al., 2004; Hosoda et al., 2005; Marti et al., 2005;
Martinez-Salas et al., 2007). In contrast, the α1D-adrenoceptor
subtype was found to play a major role in α1-adrenoceptor-
mediated constriction of large vessels, such as aorta, iliac and
carotid arteries, but was also suggested to mediate vasocon-
striction in some blood vessels, for example coronary and
femoral small arteries (Chalothorn et al., 2003; Marti et al.,
2005; Zacharia et al., 2005; Methven et al., 2009). These find-
ings suggest a major role of α1A- and α1D-adrenoceptors in
vasoconstriction and are in line with in vivo studies demon-
strating that resting blood pressure is reduced in both α1A-
AR−/− and α1D-AR−/− mice, respectively (Rokosh and Simpson,
2002; Tanoue et al., 2002). In contrast, resting blood pressure
was reported to be similar in α1B-AR−/− mice and respective
wild-type mice, although blood pressure responses to phe-
nylephrine and to noradrenaline were reduced in mice defi-
cient in the α1B-adrenoceptor gene (Cavalli et al., 1997). These
findings indicate that the α1B-adrenoceptor plays only a
limited role for the maintenance of basal blood pressure, but
may be involved in modulating blood pressure changes. In
support of this concept, several in vitro studies using subtype-
selective antagonists and mice lacking the α1B-adrenoceptor
subtype revealed only a minor but significant contribution of
the α1B-adrenoceptor to α1-adrenoceptor-mediated vasocon-
striction in mouse aorta, carotid, mesenteric and caudal arter-
ies (Cavalli et al., 1997; Daly et al., 2002; Hosoda et al., 2005).
Our finding that α1-adrenoceptor-mediated constriction of

the murine ophthalmic artery and murine retinal arterioles is
mediated by different α1-adrenoceptor subtypes could be
regarded as further evidence that the relevance of individual
α1-adrenoceptor subtypes for adrenergic vasoconstriction
varies considerably depending on which vascular bed is
examined. Regulation of retinal circulation was shown to
feature some peculiarities that may be due to anatomical,
physiological and embryological similarities they share with
cerebral vessels (Wong et al., 2001). In contrast to most other
blood vessels, the retinal vasculature lacks autonomic inner-
vation (Delaey and Van De Voorde, 2000). Therefore, retinal
blood flow regulation might rather be controlled by autacoids
released by endothelial cells and retinal tissues as well as
humoral factors, such as circulating hormones, including
adrenaline (Delaey and Van De Voorde, 2000). Furthermore,
to a certain extent, retinal arterioles shield retinal circulation
from fluctuations in systemic blood pressure via myogenic
autoregulation (Delaey and Van De Voorde, 2000). In this
regard, the revealed difference in α1-adrenoceptor-mediated
adrenergic vasoconstriction between the murine ophthalmic
artery and retinal arterioles may be considered as another
peculiarity in the regulation of the retinal circulation.

Our functional findings are in seeming contrast to those
of Mori et al., who recently suggested that noradrenaline
contracts retinal arterioles with intact endothelium in rats
and that this reaction is mediated by α1A- and α1D-
adrenoceptors (Mori et al., 2011). Apart from species differ-
ences, methodological aspects may account for these
differences. The present study was performed in vitro in
retinal explants, whereas in the study of Mori et al. experi-
ments on vascular function were conducted in vivo in anaes-
thetized animals. Under these conditions, the reactivity of
retinal vessels may be influenced by multiple factors, includ-
ing the choice of anaesthetics, duration of anaesthesia, sys-
temic blood pressure, intraocular pressure and the reactivity
of retrobulbar vessels. For example, an observed vasocon-
striction of retinal arterioles after systemic in vivo application
of an adrenoceptor agonist that simultaneously induces an
increase in systemic blood pressure does not necessarily
reflect a constrictive effect of the agonist mediated by retinal
vascular receptors. The vasoconstriction may also result from
myogenic autoregulation of retinal arterioles in response to
an increase of systemic blood pressure (Ferrari-Dileo et al.,
1990). Likewise, an observed reduction in constriction of
retinal arterioles to adrenoceptor agonists after systemic in
vivo application of an α1-adrenoceptor subtype-specific
antagonist is not necessarily attributable to the selective
blockade of the respective α1-adrenoceptor subtype in the
retinal vasculature. If the respective antagonist simultane-
ously attenuates the increase in systemic blood pressure in
response to adrenoceptor agonists, the reduced responsive-
ness of retinal arterioles may just as well reflect the effect of
myogenic autoregulation to the reduced systemic blood
pressure response.

Although we found mRNA of all three α1-adrenoceptor
subtypes to be expressed at similar levels in murine retinal
arterioles, α1-adrenoceptor-mediated vasoconstriction was
predominantly mediated by the α1B-adrenoceptor. Several
previous studies on mRNA and protein expression reported
that the mRNA expression levels of individual α1-
adrenoceptor subtypes were in fairly good agreement with
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their protein levels or their contribution to adrenergic vaso-
constrictor responses (Rudner et al., 1999; Hosoda et al.,
2005; Marti et al., 2005; Jensen et al., 2009a). Other studies,
including our own in murine ophthalmic arteries (Gericke
et al., 2011a), however, demonstrated that the presence of
mRNA or even protein of a particular α1-adrenoceptor
subtype does not necessarily indicate the participation of
that receptor subtype in vasoconstriction (Piascik et al., 1995;
Yang et al., 1997; 1998; Hrometz et al., 1999). The results of
the present study represent another example of discrepancy
between mRNA expression and the particular functional role
of α1-adrenoceptor subtypes. However, although our data
indicate that the α1A- and α1D-adrenoceptors do not signifi-
cantly contribute to α1-adrenoceptor-mediated vasoconstric-
ton in murine retinal arterioles despite respective mRNA
expression, we cannot exclude the possibility that both
receptor subtypes are involved in the regulation of other
physiological or pathophysiological processes of the retinal
vasculature.

Conclusions

Our study provides evidence that adrenergic vasoconstriction
in murine retinal arterioles becomes relevant under condi-
tions of endothelial damage and is mediated by the α1B-
adrenoceptor subtype. From a clinical point of view, selective
antagonists for this receptor subtype may constitute a thera-
peutically useful approach to improve retinal perfusion, with
minor side effects in pathologies associated with impaired
endothelial function, such as diabetic retinopathy, arterial
occlusive disease or glaucoma (Cipolla et al., 1996; Nakazawa
et al., 2007; Toda and Nakanishi-Toda, 2007; Resch et al.,
2009).
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