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SUMMARY

Based on biochemical and ligand binding studies in various
tissues and species, evidence for several a,-adrenergic receptor
subtypes has accumulated. The current az-adrenergic receptor
classification (aza, azs, azc) is based exclusively on pharmacolog-
ical criteria. The molecular cloning of three distinct genes for
human ar-adrenergic receptors has confirmed the existence of
multiple ax-adrenergic receptor subtypes. According to their
localization on different human chromosomes, the receptor
genes were termed a-C10, a2-C4, and a~C2. The relationship,
however, between the pharmacologically characterized a.-adre-
nergic receptors and the isolated genes has yet to be clarified.
Using Northemn blot hybridization, we analyzed the expression
of the three cloned a.-adrenergic receptor genes in 13 rat
tissues, as well as in cell lines previously described as model
systems for the pharmacologically defined a-adrenergic recep-
tor subtypes. The a>-C10 receptor corresponds to the aza sub-

type and is expressed in rat brainstem, cerebral cortex, hippo-
campus, pituitary gland, cerebellum, kidney, aorta, skeletal mus-
cle, spleen, and lung. Messenger RNA coding for the a.-C4
receptor was detected only in brain regions, not in peripheral
tissues, whereas the a,-C2 message was found only in liver and
kidney. Hybridization experiments with RNA derived from tissues
and cells from which the ical a-receptor classifica-
tion has been developed lead to the conclusion that the azs
subtype represents two distinct receptor molecules, the «>-C4
and a subtype previously undetected by classical ligand binding
approaches. Furthermore, our results suggest that the axc sub-
type characterized in opossum kidney cells is an interspecies
variation of a,-C4 rather than a separate subtype. Finally, the
cloned a,-C2 receptor was found to be “ae-like” and not covered
by the current pharmacological classification.

The ARs are members of a family of integral membrane
proteins mediating the actions of hormones and neurotrans-
mitters on target cells via guanine nucleotide-binding protein-
linked signal transduction pathways (1). The current classifi-
cation of AR subtypes is largely based on their pharmacological
properties. The molecular cloning of the genes or cDNAs of
several ARs confirmed, and even expanded, the previously
postulated receptor heterogeneity for the 8- (2-4), a;- (5, 6),
and a,-AR subtypes (7-10).

Based on ligand binding studies, three subtypes of a,-ARs
have been postulated by Bylund and co-workers. The human
(11) and the rat (12) brain were shown to contain two a,-AR
subtypes, which differ in their affinity for prazosin. The ag,
subtype has a low affinity for prazosin, is typically represented
by the platelet a,-AR, and is expressed in the human colonic
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adenocarcinoma cell line HT29 (12, 13). The a,p receptor has
a 30- to 40-fold higher affinity for prazosin and is expressed in
the neonatal rat lung and in the neuroblastoma X glioma hybrid
cell line NG 108-15 (13-15). Evidence for a third a,-AR subtype
(16), termed a,c (14), was revealed by pharmacological char-
acterization of a,-ARs in OK cells.

In addition to pharmacological evidence for three a,-ARA
subtypes, three different genes or cDNAs coding for a, receptors
have been cloned and localized to three different human chro-
mosomes. The first a;-AR gene to be cloned was the gene for
the human platelet a,-AR (7). According to its localization on
chromosome 10, the corresponding receptor was termed a,-C10.
Its pharmacological characterization clearly assigned it to the
aza subtype (7, 14). The second a,-AR gene, cloned from a
human kidney cDNA library, resides on chromosome 4 («,-C4).
Its pharmacological properties differ from those of a,-C10 (8).
To date it cannot be assigned unequivocally to one of the

ABBREVIATIONS: AR, adrenergic receptor; bp, base pairs; kb, 1000 base pairs; DMEM, Dulbecco’s modified Eagle’s medium; OK, opossum kidney

cell line; SSC, standard saline citrate; SDS, sodium dodecyl sulfate.
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pharmacologically defined subtypes, although it closely resem-
bles the a,s-AR. Utilizing the polymerase chain reaction we
have recently cloned, from human genomic DNA, the gene for
a third a;-AR that localizes to chromosome 2 (9). This novel
a3-AR (a,-C2) has a unique pharmacology and cannot be iden-
tified clearly as one of the present pharmacologically defined
az-AR subtypes. From a rat kidney cDNA library an a;-AR has
been cloned and assigned to the a,s subtype (10).

In order to investigate the relationship between the phar-
macologically defined a,-ARs and those isolated by molecular
cloning, we have used DNA probes for a,-C2, «,-C4, and a,-
C10 to map their mRNA distribution in various rat tissues and
cell lines that are known to express the three pharmacologically
defined a,-ARs.

Materials and Methods

Cell culture. HT29 human colonic adenocarcinoma cells were ob-
tained from the American Type Culture Collection. Monolayer cultures
were grown in high glucose (4.5 g/liter) DMEM (GIBCO) supplemented
with 5% (v/v) fetal bovine serum and 5% (v/v) newborn calf serum.
OK cells, a generous gift of J. Raymond (Department of Nephrology,
Duke University Medical Center, Durham, NC), were grown in high
glucose DMEM supplemented with 10% fetal calf serum. NG 108-15
neuroblastoma X glioma hybrid cells were obtained from K. Harden
(Department of Pharmacology, University of North Carolina, Chapel
Hill, NC). Cells were cultured as monolayers in DMEM supplemented
with 10% newborn calf serum, 0.1 mM hypoxanthine, 1.0 uM aminop-
terin, and 16 uM thymidine. All cells were grown at 37° in a humidified
atmosphere of 5% C0,/95% air.

Poly(A)* RNA preparation and Northern analysis. Total cellu-
lar RNA was isolated from fresh rat tissues (Sprague-Dawley of either
sex) and from freshly harvested cells by the guanidinium isothio-
cyanate/cesium chloride gradient method (17). Neonatal rat lungs were
excised from 1-day-old Sprague-Dawley rats. Poly(A)* RNA was se-
lected using two cycles of oligo(dT)-cellulose chromatography (18).
Following denaturation by glyoxylation, the RNA was fractionated by
electrophoresis on 1.2% agarose gels (19), transferred to Biotrans
membranes (ICN Biochemicals) by capillary blotting, and hybridized
(20, 21) with specific *?P-labeled probes. After hybridization, the filters
were washed successively in 2x SSC (1x SSC = 0.15 M NaCl, 0.015 M
sodium citrate, pH 7.0), 0.1% SDS, at room temperature, and 0.1X
SSC, 0.1% SDS, at 55°, and were exposed to Kodak X-OMAT AR film
at —70° with two intensifying screens. Sizes of mRNAs were estimated
by comparison with an RNA ladder (Bethesda Research Laboratories)
stained with methylene blue after blotting (22).

DNA probes. To obtain the a,-C10 probe, the 0.95-kb PstI fragment
derived from the coding block of the gene for the human platelet a,-
AR was subcloned (7). This fragment contains the coding sequence
corresponding to the putative first transmembrane domain through
most of the third intracellular loop. The a,-C4 probe consisted of the
EcoRI fragment containing the entire coding block of the human kidney
az-AR cDNA (8). A 900-bp polymerase chain reaction product amplified
from human genomic DNA and subcloned was used for the a;-C2 probe
(9). This subclone contains the coding sequence from the putative third
transmembrane domain’ through the carboxy end of the putative third
cytoplasmatic loop. After self-ligation of the isolated fragments, the
probes were labeled to a specific activity of 4 X 10° to 1 X 10° dpm/ug
of DNA by nick translation (23) with [«-**P]dCTP (DuPont-New
England Nuclear). For hybridizations, 2 X 10° dpm/ml were used.

Binding studies. Radioligand binding studies were performed with
[*H]yohimbine (DuPont-New England Nuclear), using phentolamine
(Ciba-Geigy) to determine nonspecific binding, as previously described
(8). Membranes were prepared as described (8). Protein concentrations
were determined by the method of Bradford (24).

Results

Poly(A)* RNA prepared from a series of rat tissues was
analyzed by Northern blotting and hybridization with DNA
probes specific for each of the three cloned human «,-AR
subtypes, a,-C2, a,-C4, and a,-C10 (Fig. 1). The 3.8-kb mRNA
of a,-C10, the equivalent of the a,, subtype (7), is most abun-
dant in brainstem, followed by cerebral cortex, hippocampus,
pituitary gland, cerebellum, kidney, aorta, skeletal muscle,
spleen, and lung (Fig. 1A). Weak hybridization to a band of 4.5
kb could be detected in RNA from heart and aorta. The identity
of this mRNA is presently unknown. The additional mRNA
species of 2.9 kb hybridizing with the a,-C10 probe in cerebral
cortex, cerebellum, brainstem, and hippocampus was shown to
result from cross-hybridization to the a,-C4 mRNA (Fig. 1B).
Although the a,-C4 ¢cDNA clone was isolated from a human
kidney cDNA library (8), the expression of this receptor subtype
in rat appears to be restricted to brain regions. Whereas high
levels of a,-C4 mRNA are present in cerebral cortex, cerebel-
lum, brainstem, and hippocampus, no hybridization could be
detected in rat kidney. The third probe used in our experiments
was a probe derived from the recently cloned a,-C2 receptor
(9). A 4.1-kb message encoding this subtype was found only in
two peripheral tissues, liver and kidney (Fig. 1C). The weak
bands of 3.8 and 2.9 kb seen in RNA from adult lung and the
brain regions are due to the previous hybridization of this
membrane with the «,-C10 probe, which could not be com-
pletely washed off.
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Fig. 1. Northem biot analysis of poly(A)* RNA prepared from rat tissues.
Ten micrograms of RNA were applied to each lane and electrophoresed,
bilotted, and hybridized as described in Materials and Methods. The final
washing conditions were 0.1x SSC, 0.1% SDS, at 55°. The respective
rat tissues are indicated above A. The sizes of the molecular weight
markers are indicated in kb. A~C, Hybridizations with the probes «-C10,
a2-C4, and a-C2, respectively.
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In order to compare the three cloned a,-AR subtypes with
the pharmacologically defined a;-AR subtypes, we also exam-
ined the expression of a,-ARs at the mRNA level in cell lines
and tissues that had been shown by binding studies to contain
a single a,-AR subtype. At least one model system has been
described for each of the pharmacological a,-AR subtypes, a;a,
azp, and ayc. The human colonic adenoma cell line HT29 has
been shown to express only the a,, receptor (12, 13). Neonatal
rat lung and the neuroblastoma X glioma cell line NG 108-15
have been described as model systems for the a,p subtype (13-
15). The a;-AR expressed in OK cells has a slightly different
pharmacology from that of the ayp subtype (16) and has been
termed a,c (14). Ligand binding experiments were performed
with [*H]yohimbine to confirm the expression of the three a;,-
ARs in these cell lines and tissue. In membrane preparations
from HT29, NG 108-15, and OK cells and neonatal rat lung,
B,... values for a;-AR binding were 260, 200, 410, and 370 fmol/
mg of protein, respectively.

Hybridization of poly(A)* RNA from HT29, NG 108-15, and
OK cells and from neonatal rat lung with probes from the three
cloned a.-ARs are shown in Fig. 2, A-C. Blots containing these
RNAs were also hybridized with an actin probe (Fig. 2D). The
a,-C10 probe detects a message of 3.8 kb in HT29 RNA and
cross-hybridizes weakly with a 3.3-kb mRNA in OK cells (Fig.
2A). The a,-C4 probe hybridizes with a 2.9-kb mRNA in NG
108-15 and with a 3.3-kb mRNA in OK cells (Fig. 2B). The
relatively low extent of hybridization of the a,-C4 probe to NG
108-15 RNA could result from expression of the corresponding
mouse gene in this hybridoma cell line and weaker cross-
hybridization of the probe with the mouse message, as com-
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Fig. 2. Northern blot analysis of poly(A)* RNA prepared from a tissue
and cell lines expressing only one az-AR subtype. Ten micrograms of
RNA were applied to each lane and electrophoresed, blotted, and hy-
bridized as described in Materials and Methods. The final washing
conditions were 0.1x SSC, 0.1% SDS, at 55°. The respective tissues
are indicated above A and B. The sizes of the molecular weight markers
are indicated in kb. A-D, Hybridizations with the probes a-C10, a-C4,
a-C2, and actin, respectively.
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pared with the rat homologue. In HT29 RNA, the a,-C4 probe
cross-hybridizes with the 3.8-kb message of a,-C10 and with a
1.4-kb mRNA of unknown identity (Fig. 2B), which also hy-
bridizes weakly with the «,-C2 probe (Fig. 2C). Besides this
cross-hybridization, the a,-C2 probe did not detect a message
in any of the four analyzed model systems for a,-AR subtypes
(Fig. 2C). Furthermore, none of the probes used in our experi-
ments recognized a specific mRNA in the neonatal rat lung
preparation. The quality of this RNA preparation was verified
by hybridization with the actin probe (Fig. 2D). In addition, a
hamster a,s probe strongly hybridized to a 2.4-kb mRNA
species in this tissue (data not shown).

Discussion

The results of this study clearly show that at least three
different a,-AR genes are expressed in the rat and these a,-AR
subtypes have a unique tissue distribution. The a,-C10 receptor
is expressed at high levels in various brain regions and at lower
levels in most of the peripheral tissues analyzed. The a,-C4
subtype was detected only in rat brain, whereas a,-C2-specific
mRNA was found only in rat liver and kidney.

It has been unclear how the cloned a,-AR subtypes corre-
spond to the pharmacologically defined a,-AR subtypes. The
pharmacological definition of the subtypes a;a, azs, and auc is
based on the differential potencies of the ligands prazosin,
yohimbine, oxymetazoline, ARC-239, and chlorpromazine. The
compound oxymetazoline is selective for the a,4 subtype (K; =
0.7-1.1 nM), which has a low affinity for prazosin (K; = 240-
340 nM) and a K; ratio of prazosin to yohimbine of 240-570
(11, 12, 16, 25). The ligands ARC-239 (K; = 1.6-1.7 nM) and
chlorpromazine (K; = 20 nM) are selective for the a,g subtype,
which in addition has a 30- to 40-fold higher affinity for
prazosin (K; = 3.7-5.4 nM) and a K; ratio of prazosin to
yohimbine of 5.4 (11, 12, 16, 25). The ayc subtype has a high
affinity for prazosin (K; = 7.6 nM) and a K; ratio of prazosin to
yohimbine of 40 (16).

Ligand binding experiments with COS-7 cells expressing the
a,-C10 receptor have shown a high affinity of this receptor for
oxymetazoline (K; = 11 nM), a low affinity for prazosin (K; =
1800 nM), and a K; ratio of prazosin to yohimbine of 1125 (8).
Based on these results, a,-C10 was assigned to the a,, subtype.
The hybridization of a message in RNA from the cell line
HT29, a model for the a,s receptor (12, 13), confirms these
results. From binding studies on a,-ARs in rat brain, the
cerebral cortex, hippocampus, and corpus striatum were found
to contain the a;, and a,p subtypes in roughly equal proportions
(12). The occurrence of an a,-C10 message in various regions
of the rat brain is consistent with these findings.

Expression of the «,-C4 receptor in COS-7 cells has revealed
pharmacological properties similar to those of the a,g subtype
(8, 9). Its affinity for prazosin is 40-fold higher (K; = 41 nM)
than that of a,-C10, whereas the affinity of a,-C4 for oxyme-
tazoline is lower by a factor of 6 (K; = 62 nM). However, the
ratio of the K; value for prazosin to that for yohimbine is 44
for a,-C4 and, thereby, more similar to that for the a,c subtype
than that for the a,p subtype. When viewed together with our
finding of an a,-C4 message in several regions of the rat brain,
these data suggest that a,-C4 is the equivalent of the ayp
subtype. Neonatal rat lung and the cell line NG 108-15 have
been described as model systems that contain a,-ARs exclu-
sively of the ayp subtype (13). In our experiments, the a,-C4
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probe detected a specific mRNA only in the NG 108-15 cells,
but not in RNA from neonatal rat lung. These results suggest
that, whereas the a;-ARs expressed in NG 108-15 and neonatal
rat lung have similar pharmacological properties, they may be
encoded by separate genes and, hence, be closely related a;-AR
subtypes. Additional biochemical data indicate that the ayp
subtypes of rat cerebral cortex and neonatal lung might be two
distinct receptors. In contrast to the a,-ARs in cerebral cortex
and human platelets, the a,-AR in neonatal rat lung has been
shown to lack N-glycosylation (26).

The a,-C4 probe also hybridized to a mRNA species in OK
cells, a model for the a,c subtype. However, the message size
in rat (2.9 kb) was different from that in opossum (3.3 kb).
This difference in message size may be due to the distant
evolutionary relationship between the two species. The differ-
ences between the pharmacological profile of the a,-AR in OK
cells and that of the a,-AR expressed in NG 108-15 cells are
slight. The affinity of the receptor in OK cells for yohimbine
(K4 = 0.23 nM) is closer to that of the a,s subtype (K, = 0.59
nM in HT29 cells) than to that of the receptor in NG 108-15
cells (K, = 2.2 nM) and its ratio of the K; value for prazosin to
that for yohimbine is intermediate between those of a;x and
azp receptors. On the other hand, the affinities of prazosin,
ARC-239, and oxymetazoline (K; = 7.6, 8.1, and 10 nM, respec-
tively) and the rank order of potencies of the antagonists,
yohimbine > prazosin = phentolamine > chlorpromazine =
corynanthine, are similar to those of the receptor expressed in
NG 108-15 cells. Therefore, the different pharmacological prop-
erties of the a;-AR in OK cells may represent a species variation
rather than a genuine third a;-AR subtype. We propose that
a3-C4 represents both the pharmacologically defined a,p sub-
type expressed in rat brain and the a,c subtype expressed in
OK cells.

Recently, the gene for a third human «,-AR has been cloned
[a2-C2 (9)]. Examination of its ligand-binding characteristics
after expression in COS-7 cells showed that a,-C2 is an a,-AR
with unique pharmacological properties, as compared with ;-
C4 and «,-C10. A relatively high affinity for prazosin (K; = 293
nM) and low affinity for oxymetazoline (K; = 1506 nM) suggest
that a,-C2 is an “ayp-like” receptor. However, in our experi-
ments the a,-C2 probe did not detect a specific mRNA in
regions of the rat brain, neonatal lung, NG 108-15 cells, or OK
cells. These data suggest that «,-C2 is not equivalent to the
pharmacologically defined a,g subtype and that this receptor is
not represented in the model systems that form the basis of
the current pharmacological a,-AR classification. This receptor
would, therefore, represent a third distinct a,-AR subtype.

None of the probes used in our experiments hybridized to
mRNA from neonatal rat lung. This suggests that the neonatal
lung receptor, although pharmacologically very similar to the
a,p subtype of rat brain and NG 108-15 cells, is encoded by a
gene distinct from a,-C4, which encodes the a,5-AR expressed
in rat brain.

Recently, the cloning of an a,-AR from a rat kidney cDNA
library has been described (10). Pharmacological studies after
expression of the cloned receptor in COS-1 cells have shown it
to be an a,s-AR. It has a high affinity for prazosin (K; = 27
nM), a relatively low affinity for oxymetazoline (K; = 613 nM),
and a K; ratio of prazosin to yohimbine of 5.2. The amino acid
sequence of this rat a,-AR is very similar to that of «,-C2 (84%
amino acid identity). This suggests that this cDNA is derived

from the rat homologue of the human a,-C2 gene. The reported
mRNA size of 4 kb in rat kidney is consistent with our data.
We cannot explain the fact that the rat cDNA probe hybridizes
with a specific mRNA in neonatal rat lung, whereas in our
hands the human probe does not detect a message in the same
tissue.

The compound SKF104078 has been found to discriminate
between pre- and postsynaptic a.-ARs (27). It has a low affinity
for the prejunctional site (K, = 3-30 uM) and a moderately
high affinity for the postjunctional site (K, = 70-150 nM). All
three cloned a;-AR subtypes have a moderately high affinity
for SKF104078 (K, = 33-105 nM). Although the differences in
affinities of a,-ARs located at the two sites could be due to
other factors, e.g., different receptor numbers, these data sug-
gest that none of the cloned receptors represents the presyn-
aptic a,-AR, if ptesynaptic a;-ARs do indeed represent distinct
entities. This suggests that there may be as many as five distinct
as-AR molecules. A brief report has appeared describing the
cloning of an additional human a,-AR (28). The information
available does not allow a comparison of this receptor with the
other a,-ARs cloned.

Our study highlights the fact that the tools of pharmacology
alone are not sufficient to describe receptor heterogeneity. Over
the past few years a number of new guanine nucleotide-binding
protein-coupled receptors have been cloned that were not pre-
dicted to exist by pharmacological definition. A definitive and
reliable classification of a,-ARs should be available when all of
the genes for this subclass of ARs have been cloned and their
expressed products characterized pharmacologically.

Acknowledgments

We are grateful to Grace Irons and Sabrina Exum for assistance with tissue
culture and Lee F. Allen for help with the binding experiments. We also thank
William C. Wetsel for providing the rat tissues and David B. Bylund for samples
of NG 108-15 and OK cells. We thank Susanna Cotecchia for helpful discussions.

References

1. O'Dowd, B. F., R. J. Lefkowitz, and M. G. Caron. Structure of the adrenergic
and related receptors. Annu. Rev. Neurosci. 12:67-83 (1989).

2. Dixon, R. A. F., B. K. Kobilka, D. J. Strader, J. L. Benovic, H. G. Dohlman,
T. Frielle, M. A. Bolanowski, C. D. Bennett, E. Rands, R. E. Diel, R. A.
Mumford, E. E. Slater, 1. S. Sigal, M. G. Caron, R. J. Lefkowitz, and C. D.
Strader. Cloning of the gene and cDNA for mammalian 8-adrenergic receptor
and homology with rhodopsin. Nature (Lond.) 321:75-79 (1986).

3. Frielle, T., S. Collins, K. W. Daniel, M. G. Caron, R. J. Lefkowitz, and B. K.
Kobilka. Cloning of the cDNA for the human 8,-adrenergic receptor. Proc.
Natl. Acad. Sci. USA 84:7920-7924 (1987).

4. Emorine, L. J., S. Marullo, M.-M. Brieno-Sutren, G. Patey, K. Tate, C.
Delavier-Klutchko, and A. D. Strosberg. Molecular characterization of the
human B;-adrenergic receptor. Science (Washington D.C.) 245:1118-1121
(1989).

5. Cotecchia, S., D. A. Schwinn, R. R. Randall, R. J. Lefkowitz, M. G. Caron,
and B. K. Kobilka. Molecular cloning and expression of the cDNA for the
hamster a,-adrenergic receptor. Proc. Natl. Acad. Sci. USA 85:7159-7163
(1988).

6. Schwinn, D. A., J. W. Lomasney, W. Lorenz, P. J. Szklut, R. T. Fremeau,
Jr., T. L. Yang-Feng, M. G. Caron, R. J. Lefkowitz, and S. Cotecchia.
Molecular cloning and expression of the cDNA for a novel a,-adrenergic
receptor subtype. J. Biol. Chem. 265:8183-8189 (1990).

7. Kobilka, B. K., H. Matsui, T. S. Kobilka, T. L. Yang-Feng, U. Francke, M.
G. Caron, R. J. Lefkowitz, and J. W. Regan. Cloning, sequencing, and
expression of the gene coding for the human platelet a,-adrenergic receptor.
Science (Washington D. C.) 238:650-656 (1987).

8. Regan,J. W, T. S. Kobilka, T. L. Yang-Feng, M. G. Caron, R. J. Lefkowitz,
and B. K. Kobilka. Cloning and expression of a human kidney cDNA for an
az-adrenergic receptor subtype. Proc. Natl. Acad. Sci. USA 85:6301-6305
(1988).

9. Lomasney, J. W., W. Lorenz, L. F. Allen, K. King, J. W. Regan, T. L. Yang-
Feng, M. G. Caron, and R. J. Lefkowitz. Expansion of the a,-adrenergic
receptor family: cloning and characterization of a human a,-adrenergic
receptor subtype, the gene for which is located on chromosome 2. Proc. Natl.
Acad. Sci. USA 87:5094-5098 (1990).

10. Zeng, D., J. K. Harrison, D. D. D’Angelo, C. M. Barber, A. L. Tucker, Z. Lu,

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet.’

11.

12.

13.

14.

15.

16.

17.

18.

19.

and K. R. Lynch. Molecular characterization of a rat a,s-adrenergic receptor.
Proc. Natl. Acad. Sci. USA 87:3102-3106 (1990).

Petrash, A. C., and D. B. Bylund. Alpha-2 adrenergic receptor subtypes
indicated by [*H]yohimbine binding in human brain. Life Sci: 88:2129-2137
(1986).

Bylund, D. B. Heterogeneity of alpha-2 adrenergic receptors. Pharmacol.
Biochem. Behav. 22:835-843 (1985).

Bylund, D. B., C. Ray-Prenger, and T. J. Murphy. Alpha-2A and alpha-2B
adrenergic receptor subtypes: antagonist binding in tissues and cell lines
containing only one subtype. J. Pharmacol. Exp. Ther. 245:600-607 (1988).
Bylund, D. B. Subtypes of as-adrenoceptors: pharmacological and molecular
biological evidence converge. Trends Pharmacol. Sci. 9:356-361 (1988).
Kahn, D. J., J. C. Mitrius, and D. C. U'Prichard. Alpha-2 adrenergic receptors
in neuroblastoma X glioma hybrid cells: characterization with agonist and
antagonist radioligands and relationships to adenylate cyclase. Mol Phar-
macol. 21:17-26 (1982).

Murphy, T. J., and D. B. Bylund. Characterization of alpha-2 adrenergic
receptors in the OK cell, an opossum kidney cell line. J. Pharmacol. Exp.
Ther. 244:571-578 (1988). .

Chirgwin, J. M., A. E. Przybyla, R. J. MacDonald, and W. J. Rutter. Isolation
of biologically active ribonucleic acid from sources enriched in ribonuclease.
Biochemistry 24:5294-5299 (1979). .

Aviv, H., and P. Leder. Purification of biologically active globin messenger
RNA by chromatography on oligo-thymidylic acid cellulose. Proc. Natl Acad.
Sci. USA 69:1408-1412 (1972).

McMaster, G. K., and G. C. Carmichael. Analysis of single- and double-
stranded nucleic acids on polyacrylamide and agarose gels by using glyoxal
and acridine orange. Proc. Natl. Acad. Sci. USA 74:4835-4838 (1977).

21.

24,

25.

. Maniatis, T., E. F. Fritsch, and J. Samb

arAR Expressionin RatTissues 603

. Thomas, P. S. Hybridization of denatured RNA and smal DNA fragments

transferred to nitrocellulose. Proc. Natl Acad. Sci. USA 77:5201-5205 (1980).
Wahl, G. M., M. Stern, and G. R. Stark. Efficient transfer of large DNA
fragments from agarose gels to diazobenzyloxymethyl-paper and rapid hy-
bridization by using dextran sulfate. Proc. Natl Acad. Sci. USA 76:3683-
3687 (1979).

v AAL lar Cl

ing. A Laboratory
Manual. Cold Spring Harbor Laboratory, Cold Spring Harbor, NY (1982).

. Rigby, P. W. J., M. Dieckmann, C. Rhodes, and P. Berg. Labeling deoxyri-

bonucleic acid to high specific activity in vitro by nick translation with DNA
polymerase 1. J. Mol Biol 113:237-251 (1977).

Bradford, M. M. 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 (1976).

Nahorski, S. R., D. B. Barnett, and Y.-D. Cheung. a-Adrenoceptor-effector
coupling: affinity states or heterogeneity of the as-adrenoceptor? Clin. Sci.
68:39S-42S (1985).

. Lanier, S. M., C. J. Homcy, C. Patenaude, and R. M. Graham. Identification

of Structurally distinct a,-adrenergic receptors. J. Biol. Chem. 263:14491-
14496 (1988).

. Hieble, J. P., A. C. Sulpizio, A. J. Nichols, R. M. DeMarinis, F. R. Pfeiffer,

P. G. Lavanchy, and R. R. Ruffolo. Pharmacological differentiation of pre-
and post-junctional alpha,-adreneceptors. J. Hypertens. 4:5189-S192 (1986).

. Weinchank, R. L., H. M. Lichtblau, and P. R. Hartig. Cloning of a new G-

protein-coupled receptor homologous to the alpha-2 adrenergic receptor. Soc.
Neurosci. Abstr. 15:73.3 (1989).

Send reprint requests to: Dr. R. J. Lefkowitz, Howard Hughes Medical
Institute, Duke University Medical Center, Department of Medicine, P. O. Box
3821, Durham, NC 27710.

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/



