
Distribution of alpha-1 adrenoceptor subtypes in RNA and protein
in rabbit eyes

1Fumiko Suzuki, 1Takanobu Taniguchi, 2Seigo Nakamura, 2Yoshio Akagi, 3Chikara Kubota,
3Makoto Satoh & *,1Ikunobu Muramatsu

1Department of Pharmacology, School of Medicine, Fukui Medical University, Matsuoka, Fukui 910-1193 Japan; 2Department
of Ophthalmology, School of Medicine, Fukui Medical University, Matsuoka, Fukui 910-1193 Japan and 3Department of
Anatomy, School of Medicine, Fukui Medical University, Matsuoka, Fukui 910-1193 Japan

1 We investigated subtypes of alpha-1 adrenoceptor (AR) in rabbit ocular tissues using reverse
transcription-polymerase chain reaction (RT ±PCR), in situ hybridization (ISH) and binding studies.

2 Competitive RT ±PCR assays speci®c for the subtypes of alpha-1 AR revealed that the mRNA
expression of alpha-1a AR was dominant, and that of each alpha-1b and alpha-1d was less than
10% and 0.5% of total alpha-1 ARs mRNA, respectively, in the iris, ciliary body, choroid and
retina.

3 In alpha-1a AR splice isoform-speci®c RT±PCR assays, we found a distinct proportion of each
isoform mRNA in the iris, ciliary body and choroid.

4 The results of the ISH assays for alpha-1a AR subtype showed that hybridization signals were
clearly observed in the iris dilator muscle and in the epithelium of the ciliary processes.

5 In binding studies, alpha-1A AR was a dominant subtype in the iris, choroid and retina in
contrast to the ciliary body that had more alpha-1B than alpha-1A AR subtype at protein level.
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Introduction

Alpha-1 ARs constitute a heterogeneous family of receptors
and play critical roles in the regulation of the sympathetic

system. Molecular cloning techniques revealed the existence
of three alpha-1 AR subtypes (alpha-1a, alpha-1b and alpha-
1d AR) in many species (Cotecchia et al., 1988; Schwinn et

al., 1990; Lomansney et al., 1991; Perez et al., 1991) and
pharmacological studies suggested that these recombinant
subtypes correspond to native alpha-1A, alpha-1B, and
alpha-1D AR subtypes, respectively (Bylund et al., 1994;

Hieble et al., 1995). Furthermore, splice isoforms of the
alpha-1a AR subtype were found in humans; alpha-1a
HSA.1-, 2-, 3- and 4-AR (Hirasawa et al., 1995; Chang et

al., 1998) and in rabbits; alpha-1a OCU.1-, 2- and 3-AR
(Suzuki et al., 2000).
Alpha-1 ARs play important functions in the eyes. The

contraction of the iris dilator muscle in rabbit eyes is
mediated by alpha-1 ARs (Konno & Takayanagi, 1986;
Nakamura et al., 1999). In vivo studies have revealed that

alpha-1 ARs are involved in the regulation of intraocular
pressure (IOP) in rabbits and monkeys (Kiuchi et al., 1992;
Nishimura et al., 1993; Wang et al., 1997; Zhan et al., 1998;
Okada & Gregory, 2001). Moreover, alpha-1 ARs have been

found to regulate cellular functions in cultured endothelial
cells from various ocular regions in several species (Walk-

enbach et al., 1992; Moroi-Fetters et al., 1995; Ryan et al.,
1998). However, which subtype(s) of alpha-1 AR is involved

in the ocular functions remains to be clari®ed.
The purpose of this study was to identify and characterize

alpha-1 AR subtypes in rabbit ocular tissues by RT±PCR,

ISH and binding studies.

Methods

Animals

Tissues were obtained from adult male albino rabbits that
weighed 2 ± 2.5 kg. Rabbits were anaesthetized with intrave-
nous sodium pentobarbital (50 mg kg71) and sacri®ced. The

eyes were enucleated promptly and dissected under a surgical
microscope to isolate the iris, ciliary body, choroid and
retina and then frozen immediately on dried-ice or liquid

nitrogen and stored at 7808C until used for the following
experiment.

Competitive RT ±PCR assays

To evaluate mRNA levels of each alpha-1 AR subtype or
those of alpha-1a AR splice isoforms in rabbit ocular

tissues, we performed competitive RT ±PCR assays as
previously described (Piao et al., 2000; Suzuki et al.,
2000). Brie¯y, the total RNA from each tissue was co-
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transcribed and co-ampli®ed with a competing RNA in
RT±PCR assays. Figure 1 showed the schematic structures
of each competing DNA.

We ®rst constructed two kinds of control RNA that
should be reverse transcribed and ampli®ed with a pair of
subtype- or isoform-speci®c primers as a competitive
internal standard (Figure 1). The total RNA (500 ng)

was extracted from each rabbit ocular tissue according to
the procedure of Chomczynski & Sacchi (1987), premixed
with the competitor RNA and reverse transcribed with

moloney murine leukaemia virus reverse transcriptase
(GIBCO BRL) with random hexamer (dN6) at 378C for
1 h. The resulting cDNA was ampli®ed with a subtype- or

isoform-speci®c pair of primers by PWO DNA polymerase
(Boehringer Mannheim). For each experiment, negative
controls were ampli®ed, in which all of the components

except reverse transcriptase were included. PCR products
were electrophoresed in 3.5% polyacrylamide gel that was
stained with ethidium bromide. The intensity of bands was
quantitated with the ATTO Densitograph System and the

ratios of competing products to target products were
plotted against the amount of the competing template that
was added to each sample on a logarithmic scale. Then

the amount of target mRNA in each tissue was calculated
by interpolation of the resultant linear regression to the
equivalent point, where the ratio of the competitor and

native product was 1.

Synthesis of cRNA Probes and in situ hybridization

A speci®c probe of rabbit alpha-1a AR which could detect all

alpha-1a AR isoforms was designed for ISH (shown in
Figure 1B), and the homology of the probe to both alpha-1b
and alpha-1d AR was about 55%. The cDNA fragment was
PCR ampli®ed with a pair of primers; 5'-AGT GTT TTG

GCT CGG ATA CCT AAA-3' and 5'-GGC TGT AGT
GCA GGC TGA TT-3', and was subcloned into pBluescript
II SK(+) vector in both directions. Antisense and sense

cRNA probes were transcribed with T7 RNA polymerase
(GIBCO BRL) in the presence of [35S]-UTP (Daiichi kagaku).
Slides-mounted tissue sections (15 mm) were ®xed in 4.6%

formaldehyde in 0.1 M phosphate bu�er (pH 7.2) for 20 min,
soaked in 1% of triethanolamine for 10 min and treated in
chloroform. Then they were hybridized at 558C for 16 h with

hybridization bu�er (50% formamide, 20 mM Tris-HCl
(pH 8.0), 10 mM phosphate bu�er, 300 mM NaCl, 5 mM

EDTA, 16Denhardt's solution, 0.2 mg ml71 salmon sperm
DNA, 10% dextran sulphate, 0.2% N-lauroylsarcosine

sodium salt) containing each probe (56106 c.p.m.). After
that, they were washed to remove the non-speci®c signals
with a high stringency wash bu�er (50% formamide, 26SSC,

10% b-mercaptoethanol) for 30 min at 658C, treated with
RNase solution (RNaseA 0.2 mg ml71 in 10 mM Tris-HCl
pH 7.4, 1 mM EDTA, 0.5 M NaCl bu�er) for 30 min at 378C
and washed again. The slides were dipped in photographic

Figure 1 Schematic structure of the competitor for alpha-1 ARs (A) and for alpha-1a AR splice isoforms (B). The arrows indicate
the primer's position and direction. The closed inverse triangles indicate alternative splice sites in alpha-1a AR and the ISH probe is
indicated by a hatched box (B).
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emulsion (50% in water, Eastman Kodak), exposed for 3
weeks at 48C, and then developed in Kodak D19. All sections
were examined under light- or dark-®eld illumination with a

microscope.

Membrane preparation and binding experiment

For the binding experiment, each isolated ocular tissue was
homogenized in 20 vol. (10 vol. only for the retina) of ice-
cold homogenization bu�er (mM: 50 Tris-HCl, 100 NaCl, 2

EDTA, pH 7.4) with a Polytron homogenizer (setting 8,
15 s63) and centrifuged at 30006g for 15 min. The
supernatant was ®ltered through four layers of surgical gauze

and centrifuged at 80,0006g for 30 min at 48C. The resulting
pellet was suspended in ice-cold assay bu�er (mM: 50 Tris-
HCl, 2 EDTA, pH 7.4) and was immediately used for binding

experiments.
In saturation binding experiments, the membranes were

incubated with various concentrations of [3H]-prazosin
(100 pM± 2 nM) or [3H]-KMD (500 pM± 1 nM). Nonspeci®c

binding was de®ned as binding in the presence of a masking
ligand (10mM phentolamine for [3H]-prazosin and 3 mM
prazosin for [3H]-KMD). In competition binding experi-

ments, the membranes were incubated with about 500 pM
[3H]-prazosin and unlabelled drugs (KMD-3213 or
BMY7378). All assays were performed in duplicate and

incubated for 45 min at 308C with an incubation volume of
1 ml. Reactions were terminated by rapid ®ltration through
Whatman GF/C ®lters presoaked in 0.3% polyethylenimine.

The ®lters were then washed three times with 4 ml of ice-
cold wash bu�er (50 mM Tris-HCl, pH 7.4) and dried. The
®lter-bound radioactivity was determined by liquid scintilla-
tion counting. Binding a�nities of [3H]-prazosin and

unlabelled drugs were expressed as a negative logarithm of
the equilibrium dissociation constant (pKD and pKi,
respectively). Protein determination was assayed according

to the method of Bradford (1976) with bovine serum
albumin as standard.

Data analysis

Analysis of radioligand binding data was performed with a
curve-®tting program of GraphPAD PRISM (San Diego,

CA, U.S.A.). Competition binding data were ®rst ®tted to a
one- and then a two-site model, and the two-site model was
accepted only if it resulted in a signi®cant improvement of

the ®t as judged by an F-test with a P50.05. The pKi values
were calculated using the equation of Cheng & Pruso�
(1973). Statistical di�erence in the Bmax values was analysed

using a one-factor ANOVA, and was decided signi®cant with
a P50.01.

Materials

The drugs used and their sources were following: (7)-1-(3-
hydroxypropyl)-5-((2R)-2-{[2-(2,2,2-tri¯uoroethyl)oxy]pheny-

l}oxy)ethyl]amino}propyl)-2,3-dihydro-1H-indole-7-carboxa-
mide (KMD-3213) from Kissei Pharmaceutical Co. Ltd.
(Matsumoto, Japan); BMY7378 from research Biochemicals

Inc. (Natick, U.S.A.); prazosin hydrochloride and phentola-
mine hydrochloride from Sigma (St. Louis, U.S.A.); [3H]-
prazosin (80 Ci mmol71) from NEN (Boston, U.S.A.); [3H]-

KMD-3213 (49 Ci mmol71) from Amersham (England) as a
custom synthesis.

Results

Competitive RT ±PCR assays

We ®rst performed the subtype-speci®c competitive RT ±
PCR assays. Figure 2 illustrates the result of representative

experiments using total RNA from rabbit iris and shows that
alpha-1a AR was dominant and alpha-1d AR was very
minor. The results of four regions (iris, ciliary body, choroid

and retina) are summarized in Table 1, showing the main
alpha-1 AR in the rabbit eye was the alpha-1a subtype at the
mRNA level.

Next, we focused on the splice isoforms of the alpha-1a
subtype in three regions (iris, ciliary body and choroid). The
retina was not examined because of the low mRNA level of
alpha-1 ARs. Figure 3 shows the experimental result in the

rabbit iris, and the summarized results (Table 2) show distinct
proportions of each alpha-1a isoform in three regions.

In situ hybridization

Since alpha-1a AR mRNA was dominant in RT±PCR

assays, its tissue localization was examined by ISH methods.
As shown in Figure 4, discernible hybridization signals for
alpha-1a AR were observed in the iris dilator muscle (Figure

4A) and in the epithelium of the ciliary processes (Figure 4B)
and moderate signals were observed in the choroid and retina
(Figure 4C). There was a good correlation between the
intensity of the hybridization signals and the results obtained

in subtype-speci®c RT±PCR assays.

Binding study

We ®rst performed saturation experiments with two ligands:
[3H]-prazosin (subtype non-selective drug for alpha-1 ARs)

and [3H]-KMD (selective drug for alpha-1A subtype). The
receptor densities (fmol mg71 protein) estimated with both
ligands were very similar in the iris, choroid or retina;
however, the Bmax value for [3H]-KMD in the ciliary body

was 38% of that for [3H]-prazosin (Figure 5).
In the displacement experiments, [3H]-prazosin binding

sites were identi®ed by BMY7378 (a selective drug for the

alpha-1D AR subtype) and KMD-3213. BMY7378 inhibited
[3H]-prazosin binding monophasically with low a�nities in
the four regions of the rabbit eye (Figure 6 and Table 3).

KMD-3213 also inhibited monophasically the binding, but
the a�nity was high in the iris, choroid and retina. In
contrast, KMD-3213 showed a biphasic inhibition curve in

the ciliary body, suggesting the presence of two distinct
a�nity sites. KMD-3213 has been used to separate alpha-1A
from alpha-1B and alpha-1D subtypes with its high speci®city
to the alpha-1A subtype (Shibata et al., 1995; Murata et al.,

1999). Taking these ®ndings together with the saturation
results, the pKi values for KMD-3213 suggested that alpha-
1A AR was a dominant subtype in the iris, choroid and

retina; however, the ciliary body contained more alpha-1B
(60 * 70% of total alpha-1 ARs) than the alpha-1A subtype
at the protein level (Figure 5 and Table 3).
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Discussion

The ®ndings of the current study clearly showed that alpha-1
ARs are widely expressed in rabbit eyes. The main subtype of

alpha-1 ARs detected in this tissue appeared to be alpha-1A
AR, which was con®rmed at both mRNA and protein levels
in the iris, choroid and retina. In addition, each alpha-1a
isoform shows a distinct proportion at the mRNA level in the

iris, ciliary body and choroid. Considering the possibility of
their di�erent functional pro®les (Suzuki et al., 2000), it
suggests that the di�erent expression levels may re¯ect the

distinct physiological signi®cance of each alpha-1a AR
isoform in the eye. On the other hand, in the ciliary body,
alpha-1B AR was the dominant subtype at the protein level

despite the negligible mRNA level of alpha-1b compared with

alpha-1a AR. It was previously reported that alpha-1 AR
mRNA levels are not necessarily correlated to the protein
levels in several tissues (Piao et al., 2000; Michelotti et al.,

2000).
Alpha-1 ARs play a role in the regulation of pupil

diameter by contracting the iris dilator muscle. In addition
to the predominant amount of the alpha-1A subtype in the

whole iris tissue at the protein level, an intense ISH signal for
alpha-1a mRNA was observed at the dilator muscle. These
observations suggest that alpha-1 AR involved in mydriasis is

the alpha-1A subtype. Nakamura et al. (1999) demonstrated
that alpha-1A AR was a major subtype in the rabbit iris by
binding and RT±PCR studies, but that the contractions of

Figure 2 Subtype-speci®c competitive RT±PCR analysis of alpha-1 ARs mRNA. A representative result of the rabbit iris is
shown. (A) Gel electrophoresis of RT±PCR products. Lanes 1 ± 7 show the RT±PCR products of each alpha-1 AR subtype from
500 ng of the iris total RNA in the presence of 1, 3, 10, 30, 100, 300 and 1,000 pg of the competitor RNA. The sizes of the resulting
PCR products (competitor/target) were 490/442, 604/549 and 270/210 bp for alpha-1a, alpha-1b and alpha-1d AR subtypes,
respectively. (B) An estimation of the mRNA levels of each alpha-1 AR subtype in rabbit iris. The ordinate represents the ratio of
the intensity of PCR products (competitor/target) and the abscissa represents the concentration of the competitor RNA in the
reaction. Equivalent point where the ratio equals 1 means the same amount of each alpha-1 AR subtype mRNA as that of the
added competitor.
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Figure 3 Isoform-speci®c competitiveRT±PCRanalysis of alpha-1aARsplice isoformmRNA.Arepresentative result of the rabbit iris
is shown. (A)Gel electrophoresis ofRT±PCRproducts. Lanes 1 ± 4 show theRT±PCRproducts from500 ng of the iris total RNA in the
presence of 3, 10, 30, and 100 pg of competitor RNA. The sizes of the resulting PCR products (competitor/target) were 676/604, 722/798
and701/750 bp foralpha-1aOCU.1-, 2- and3-AR, respectively. (B)Anestimationof themRNAlevels of eachalpha-1aARsplice isoform.

Table 2 Relative mRNA levels of each alpha-1a AR splice
isoform in rabbit eye tissues

Iris Ciliary body Choroid

alpha-1a OCU.1-AR 44.4 55.2 36.1
alpha-1a OCU.2-AR 13.7 17.2 50.1
alpha-1a OCU.3-AR 41.9 27.7 13.8

The mRNA levels of alpha-1a AR splice isoforms in rabbit
eye tissues were examined with isoform-speci®c competitive
RT±PCR assays as shown in Figure 3. Vlaues represent a
percentage of each isoform of total alpha-1a AR subtype
shown by the mean of two independant experiments.

Table 1 Relative mRNA levels of each alpha-1 AR subtype
in rabbit eye tissues

Iris Ciliary body Choroid Retina

alpha-1a AR 99.1 99.2 98.6 92.6
alpha-1b AR 0.9 0.7 1.4 7.1
alpha-1d AR 0.0 0.1 0.0 0.3

The mRNA levels of alpha-1 AR subtypes in rabbit eye
tissues were exaimined with subtype-speci®c competitive
RT±PCR assays as shown in Figure 2. Values represent a
percentage of each subtype of total alpha-1 ARs shown by
mean of 2 ± 3 independant experiments. The mRNA content
of each alpha-1 AR subtype (competitor equivalent pg/
500 ng total RNA) was as follows: 593, 5.2 and 0.1 in iris;
461, 3.2 and 0.3 in ciliary body; 283, 4.1 and 0.0 in choroid
and 55, 4.2 and 0.2 in retina for alpha-1a, alpha-1b and alpha-
1d AR, respectively. It was shown that the alpha-1a AR was a
major subtype in rabbit eye tissues at the mRNA level.
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the iris dilator muscle were mediated via the alpha-1 AR

subtype which had low a�nity for prazosin (putative alpha-
1L AR subtype). Ishikawa et al. (1996) also reported that

alpha-1 ARs in the iris dilator muscle of humans, and albino
and pigmented rabbits showed low sensitivity to prazosin in
contractile studies. In vivo, a topical application of bunazosin,

a quinazoline analogue of prazosin, was relatively ine�ective
for pupillary size compared with the e�ect of decreasing IOP
in rabbits (Nishimura et al., 1993). These lines of evidence

suggest the presence of putative alpha-1L AR as a
functioning alpha-1 AR in the iris dilator muscle (Flavahan
& Vanhoutte, 1986; Muramatsu et al., 1990). However, the

corresponding gene of alpha-1L AR has not been identi®ed.
Recently, Daniels et al. (1999) proposed that recombinant
alpha-1a AR exhibits a functional pro®le as alpha-1L AR.
According to this theory, native alpha-1A AR in the rabbit

iris exhibits two di�erent characters; the binding pro®les as
alpha-1A AR and the functional pro®les as alpha-1L AR.
However, the mechanisms describing how a single receptor

shows two di�erent pro®les are not clari®ed.
Alpha-1 ARs are also involved in aqueous humor

dynamics. Topical application of speci®c agonists for alpha-

1 ARs increases IOP, and that of speci®c antagonists for the
receptors suppresses this phenomenon or decreases IOP in
rabbits and monkeys (Kiuchi et al., 1992; Nishimura et al.,
1993; Wang et al., 1997; Zhan et al., 1998; Okada & Gregory,

2001). IOP is regulated by two mechanisms; aqueous humor
production and out¯ow. Krupin et al. (1980) demonstrated
that prazosin lowered IOP in the rabbit eye by decreasing the

rate of aqueous humor production. Ryan et al. (1998)

A B C

Figure 4 Alpha-1a AR mRNA distribution in rabbit eye tissues by ISH. High-magni®cation dark®eld with both antisense (ii) and
sense (iii) probes and corresponding hematoxylin and eosin (HE) stained images (i) of a rabbit iris (A), ciliary process (B), and
choroid and retina (C). Closed arrowheads indicate iris dilator muscle (A), epithelium of ciliary process (B) and choroid (C), and an
open arrowhead indicates the retina (C). The sclera was removed (C). Scale bars; 0.1 mm (A and C) and 0.05 mm (B).

*

Figure 5 Receptor densities (Bmax) of alpha-1 ARs in rabbit eye
tissues determined by the saturation experiments using both [3H]-
prazosin and [3H]-KMD as a radioligand. The black columns
represent the results of [3H]-prazosin binding (total alpha-1 AR
densities) and the open columns represent that of [3H]-KMD binding
(alpha-1a AR densities). The Bmax values are shown as mean-
s+s.e.mean of 3 ± 4 independent experiments and an asterisk
indicates a signi®cant di�erence (P50.01) between the receptor
density of [3H]-prazosin binding and [3H]-KMD binding.
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Table 3 Characteristics of binding experiments to rabbit eye tissues

Iris Ciliary body Choroid Retina

Radioligand pKD

[3H]-prazosin 9.61+0.03 9.50+0.13 9.28+0.05 9.34+0.07
[3H]-KMD 9.95+0.36 9.78+0.03 9.87+0.12 9.81+0.16

Antagonist pKi

KMD-3213 10.06+0.04 10.25+0.17(32%)
7.16+0.25

10.28+0.06 10.28+0.10

BMY7378 6.70+0.07 6.51+0.24 6.61+0.10 6.95+0.13

pKD and pKi values were estimated from the results of the saturation and the displacement experiments. In the two-site models, the
percentage of a high a�nity site is shown in parenthesis. Values are shown as means+s.e.mean of 3 ± 4 experiments with di�erent
membrane preparations.
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Figure 6 Displacement experiments of [3H]-prazosin binding by KMD-3213 (closed circle) and BMY7378 (open circle) in rabbit
eye tissues. The graphs show the results of a rabbit iris (A), ciliary body (B), choroid (C) and retina (D), respectively. Competition
curve of KMD-3213 in the rabbit ciliary body was signi®cantly ®tted to the two-site model, and the other curves were ®tted to the
one-site model. Values are shown as means+s.e.mean of 3 ± 4 independent experiments.
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suggested that potassium channels coupled to alpha-1 ARs
might modulate ¯uid secretion by the ciliary epithelium. In
addition, Zhan et al. (1998) showed that bunazosin lowered

IOP with increased out¯ow.
The current study clearly showed the ISH signal for alpha-

1a mRNA in the epithelium of the ciliary processes,
supporting the previous functional evidence. Collectively, it

is likely that IOP regulation mediated via alpha-1A AR is
caused by changing the rate of aqueous humor production
and out¯ow. However, since cases have been reported that

intra- and extrajunctional alpha-1 AR subtypes are hetero-
genous in some tissues (Hill et al., 1993; Honner & Docherty,
1999; Yang & Chiba, 2001), the physiological signi®cance of

minor expressed alpha-1 ARs may not be ignored.

In conclusion, the ®ndings of the present study demon-
strated that alpha-1A AR is a dominant subtype in rabbit
iris, choroid and retina; however, alpha-1B AR function can

not be neglected in the ciliary body. Moreover, alpha-1A AR
selective drug may have a therapeutic potential in the eye.

GenBank accession numbers are as follows: U81982 for a1a-
OCU.1-AR, AF157505 for a1a-OCU.2-AR and AF157506 for a1a-
OCU.3-AR, respectively.

The authors thank Ms R. Takauji for valuable advise on ISH
assays, and Ms N. Aoki for her excellent secretarial assistance.

References

BRADFORD, M.M. (1976). A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem., 72, 248 ± 254.

BYLUND, D.B., EIKENBUR, D.C., HIEBLE, J.P., LANGER, S.Z.,

LEFKOWITZ, R.J., MINNEMAN, K.P., MOLINOF, P.B., RUFFOLO,

R.R. & TRENDELENBURG, U.G. (1994). International union of
pharmacology nomenclature of adrenoceptors. Pharmacol. Rev.,
46, 121 ± 136.

CHANG, D.J., CHANG, T.K., YAMANISHI, S.S., SALAZAR, F.H.R.,

KOSAKA, A.H., KHARE, R., BHAKTA, S., JASPER, J.R., SHIEH,

ING-SHIN., LESNICK, J.D., FORD, A.P.D.W., DANIELS, D.V.,

EGLE, R.M., CLARKE, D.E., BACH, C. & CHAN, H.W. (1998).
Molecular cloning, genomic characterization and expression of
novel human alpha-1a adrenoceptor isoforms. FEBS Lett., 422,
279 ± 283.

CHENG, Y. & PRUSOFF, W.H. (1973). Relationship between the
inhibition constant (Ki) and the concentration of inhibitor which
causes 50 percent inhibition (I50) of an enzymatic reaction.
Biochem. Pharmacol., 22, 3099 ± 3108.

CHOMCZYNSKI, P. & SACCHI, N. (1987). Single-step method of
RNA isolation by acid guanidinium thiocyanate-phenol-chloro-
form extraction. Anal. Biochem., 162, 156 ± 159.

COTECCHIA, S., SCHWINN, D.A., RANDALL, R.R., LEFKOWITZ,

R.J., CARON, M.G. & KOBILKA, B.K. (1988). Molecular cloning
and expression of cDNA for the hamster alpha-1 adrenergic
receptor. Proc. Natl. Acad. Sci. U.S.A., 85, 7159 ± 7163.

DANIELS, D.V., GEVER, J.R., JASPER, J.R., KAVA, M.S., LESNICK,

J.D., MELOY, T.D., STEPAN, G., WILLIAMS, T.J., CLARKE, D.E.,

CHANG, D.J. & FORD, A.P.D.W. (1999). Human cloned alpha-1A
adrenoceptor isoforms display alpha-1L adrenoceptor pharma-
cology in functional studies. Eur. J. Pharmacol., 370, 337 ± 343.

FLAVAHAN, N.A. & VANHOUTTE, P.M. (1986). Alpha-adrenoceptor
classi®cation in vascular smooth muscle. Trends Pharmacol. Sci.,
7, 347 ± 349.

FORD, P.D.W.A., DANIELS, V.D., CHANG, D.J., GEVERG, J.R.,

JASPER, J.R., LENSNICK, J.D. & CLARKE, D.E. (1997). Pharma-
cological pleitropism of the human recombinant alpha-1A
adrenoceptor: implications for alpha-1 adrenoceptor classi®ca-
tion. Br. J. Pharmacol., 121, 1127 ± 1135.

HIEBLE, J.P., BYLUND, D.B., CLARKE, D.E., EIKENBURG, D.C.,

LANGER, S.Z., LEFKOWITZ, R.J., MINNEMAN, K.P. & RUFFOLO,

R.J. (1995). International union of pharmacology. X. Recom-
mendation for nomenclature of alpha-1 adrenoceptors: con-
sensus update. Pharmacol. Rev., 47, 267 ± 270.

HILL, C.E., KLEMM, M., EDWARDS, F.R. & HIRST, G.D.S. (1993).
Sympathetic transmission to the dilator muscle of the rat iris. J.
Auton. Nerv. Syst., 45, 107 ± 123.

HIRASAWA, A., HORIE, K., TANAKA, T., TAKAGAKI, K., MURAI,

M., YANO, J. & TSUJIMOTO, G. (1995). Cloning, functional
expression and tissue distribution of human cDNA for the alpha-
1c adrenergic receptor. Biochem. Biophys. Res. Commum., 195,
902 ± 909.

HOLCK, C.M., JONES, C.H.M. & HAEUSLER, G. (1983). Di�erential
interactions of clonidine and methoxamine with postsynaptic
alpha-adrenoceptors of rabbit main pulmonary artery. J.
Cardiovasc. Pharmacol., 5, 240 ± 248.

HONNER, V. &DOCHERTY, J.R. (1999). Investigation of the subtypes
of alpha-1 adrenoceptor mediating contractions of rat vas
deferens. Br. J. Pharmacol., 128, 1323 ± 1331.

ISHIKAWA, H., MILLER, D.D. & PATIL, P.N. (1996). Comparison of
post-junctional alpha-adrenoceptors in iris dilator muscle of
humans, and albino and pigmented rabbits. Naunyn-Schmiede-
berg's Arch Pharmacol., 354, 765 ± 772.

KIUCHI, Y., YOSHITOMI, T. & GREGORY, D.S. (1992). Do alpha
adrenergic receptors participate in control of the circadian
rhythm of IOP. Invest. Opthalmol. Vis. Sci., 33, 3186 ± 3194.

KONNO, F. & TAKAYANAGI, I. (1986). Characterization of
postsynaptic alpha-1 adrenoceptors in the rabbit iris dilator
smooth muscle. Naunyn-Schmiedeberg's Arch. Pharmacol., 333,
271 ± 276.

KRUPIN, T., FEITL, M. & BECKER, B. (1980). E�ect of prazosin on
aqueous humor dynamics in rabbits. Arch. Ophthalmol., 98,
1639 ± 1642.

LOMANSNEY, J.W., COTTECHIA, S., LORENZ, W., LEUNG, W.-Y.,

SCHWINN, D.A., YANG-FENG, T.L., BROWNSTEIN, M., LEFKO-

WITZ, R.J. & CARON, M.G. (1991). Molecular cloning and
expression of cDNA for the alpha-1a adrenergic receptor. J.
Biol. Chem., 266, 6365 ± 6369.

MICHELOTTI, G.A., PRICE, D.T. & SCHWINN, D.A. (2000). Alpha-1
adrenergic receptor regulation: basic science and clinical
implications. Pharmacol. & Therapeutics, 88, 281 ± 306.

MURAMATSU, I., OHMURA, T., KIGOSHI, S., HASHIMITO, S. &

OSHITA, M. (1990). Pharmacological subclassi®cation of alpha-1
adrenoceptors in vascular smooth muscle. Br. J. Pharmacol., 99,
197 ± 201.

MURATA, S., TANIGUCHI, T. & MURAMATSU, I. (1999). Pharma-
cological analysis of the novel, selective alpha-1 adrenoceptor
antagonist, KMD-3213, and its suitability as a tritiated
radioligand. Br. J. Pharmacol., 127, 19 ± 26.

MOROI-FETTERS, S.E., EARLEY, O., HIRAKATA, A., CARON, M.G. &

JAFFE, G.J. (1995). Binding, coupling, and mRNA subtype
heterogeneity of alpha-1 adrenergic receptors in cultured human
RPE. Exp. Eye Research, 60, 527 ± 532.

NAKAMURA, S., TANIGUCHI, T., SUZUKI, F., AKAGI, Y. &

MURAMATSU, I. (1999). Evaluation of alpha-1 adrenoceptors
in the rabbit iris: pharmacological characterization and expres-
sion of mRNA. Br. J. Pharmacol., 127, 1367 ± 1374.

NISHIMURA, K., KUWAYAMA, Y., MATSUGI, T., SUN, N. &

SHIRASAWA, E. (1993). Selective suppression by Bunazosin of
alpha-adrenergic agonist evoked elevation of intracellular
pressure in sympathectomized rabbit eyes. Invest. Ophthalomol.
Vis. Sci., 34, 1761 ± 1766.

British Journal of Pharmacology vol 135 (3)

Alpha-1 adrenoceptors in rabbit eyesF. Suzuki et al 607



OKADA, K. & GREGORY, D.S. (2001). Hydroxyamphetamine
increase intraocular pressure in rabbits. Arch. Opthalmol., 119,
235 ± 239.

PEREZ, D.M., PIASK, M.T. & GRAHAM, R.M. (1991). Solution-phase
library screening for the identi®cation of rare clones: Isolation of
an alpha-1D adrenergic receptor cDNA. Mol. Pharmacol., 40,
876 ± 883.

PIAO, H., TANIGUCHI, T., NAKAMURA, S., ZHU, J., SUZUKI, F.,

MIKAMI, D. & MURAMATSU, I. (2000). Cloning of rabbit alpha-
1b adrenoceptor and pharmacological comparison of alpha-1a,
alpha-1b and alpha-1d adrenoceptors in rabbit. Eur. J.
Pharmacol., 396, 9 ± 17.

RYAN, J.S., TAO, Q.-P. & KELLY, M.E.M. (1998). Adrenergic
regulation of calcium-activated potassium current in cultured
rabbit pigmented ciliary epithelial cells. J. Physiol., 511, 145 ±
157.

SCHWINN, D.A., LOMANSNEY, J.W., LORENZ, W., SZKLT, P.J.,

FREMEAU, R.T., YANG-FENG, T.L., CARON, M.G., LEFKOWITZ,

R.J. & COTECCHIA, S. (1990). Molecular cloning and expression
of the cDNA for a novel alpha-1 adrenergic receptor subtype. J.
Biol. Chem., 265, 8183 ± 8189.

SHIBATA, K., FOGLAR, R., HORIE, K., OBIKA, K., SAKAMOTO, K.,

OGAWA, S. & TSUJIMOTO, G. (1995). KMD-3213, a novel,
potent, alpha-1a adrenoceptor-selective antagonist: Character-
ization using recombinant human alpha-1 adrenoceptors and
native tissues. Mol. Pharmacol., 48, 250 ± 258.

SUZUKI, F., TANIGUCHI, T., TAKAUJI, R., MURATA, S. & MUR-

AMATSU, I. (2000). Splice isoforms of alpha-1a adrenoceptor in
rabbit. Br. J. Pharmacol., 129, 1569 ± 1576.

WALKENBACH, R.J., YE, G.S., REINACH, P.S. & BONEY, F. (1992).
Alpha 1-adrenoceptors in the corneal endothelium. Exp. Eye
Res., 55, 443 ± 450.

WANG, R.F., LEE, P.Y., MITTAG, T.W., PODOS, S.M. & SERLE, J.B.

(1997). E�ect of 5-methylurapidil, an alpha-1a adrenergic
antagonist and 5-hydroxytryptamine 1a agonist, on aqueous
humor dynamics in monkeys and rabbits. Curr. Eye Res., 16,
769 ± 775.

YANG, X.-P. & CHIBA, S. (2001). Existence of di�erent alpha-1
adrenoceptor subtypes in junctional and extrajunctional neuro-
vascular regions in canine splenic arteries. Br. J. Pharmacol., 132,
1852 ± 1858.

ZHAN, G.-L., TORIS, C.B., CAMRAS, C.B., WANG, Y.-L. & YABLONS-

KI, M.E. (1998). Bunazosin reduced intraocular pressure in
rabbits by increasing uveoscleral out¯ow. J. Ocular Pharmacol.,
14, 217 ± 228.

(Received August 13, 2001
Revised November 7, 2001

Accepted November 13, 2001)

British Journal of Pharmacology vol 135 (3)

Alpha-1 adrenoceptors in rabbit eyesF. Suzuki et al608


	fig_xref1
	fig_xref2
	tab_xref1
	tab_xref2
	fig_xref3
	fig_xref4
	fig_xref5
	tab_xref3
	fig_xref6
	bib_xrefR1
	bib_xrefR2
	bib_xrefR3
	bib_xrefR4
	bib_xrefR5
	bib_xrefR6
	bib_xrefR7
	bib_xrefR8
	bib_xrefR9
	bib_xrefR10
	bib_xrefR11
	bib_xrefR12
	bib_xrefR13
	bib_xrefR14
	bib_xrefR15
	bib_xrefR16
	bib_xrefR17
	bib_xrefR18
	bib_xrefR19
	bib_xrefR20
	bib_xrefR21
	bib_xrefR22
	bib_xrefR23
	bib_xrefR24
	bib_xrefR25
	bib_xref
	bib_xrefR26
	bib_xrefR27
	bib_xrefR28
	bib_xrefR29
	bib_xrefR30
	bib_xrefR31
	bib_xrefR32
	bib_xrefR33
	bib_xrefR34
	bib_xrefR35
	bib_xrefR36

