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SUMMARY
On the basis of extensive radioligand data and more limited
functional data, three pharmacological subtypes of �2-adrenergic
receptors have been identified. More recently, three human
genes or cDNAs for a2-adrenergic receptors have been identified
by molecular cloning. The relationship, however, among the
pharmacologically defined subtypes and those identified by mo-
lecular cloning has not been clear. In order to resolve this issue,
we have compared the pharmacological characteristics of the
receptors identified by molecular cloning and expressed in COS-
7 cells with the characteristics of the pharmacologically defined

receptors in their respective prototypic tissue or cell line. The
affinities (K, values) of 1 2 subtype-selective a2-adrenergic antag-
onists were determined for the a2 receptor in the six prepara-
tions, by radioligand binding. Correlation analyses of the pI(1
values indicate that the a2A subtype, as defined in the HT29 cell
line, the a25 receptor of the neonatal rat lung, and the a2c

subtype, as defined in an opossum kidney cell line, correspond
to the cloned human a2-C1 0, a2-C2, and a2-C4 receptor sub-
types, respectively.

Three major types or classes of adrenergic receptors have

been identified, as a1 -adrenergic, a2-adrenergic, and �(-adrener-
gic (1). Each of these three major types can be divided into

three or more subtypes (1-4). Among the early indications of

a2-adrenergic receptor heterogeneity were radioligand binding

studies showing a 40-100-fold difference in the affinities of

drugs, such as prazosin and oxymetazoline, for the human

platelet a2-adrenergic receptor, compared with receptors from

neonatal rat lung (5) and rat brain (6). Additional studies

resulted in the identification of the a�-adrenergic receptors in

the human platelet and neonatal rat lung as being of the a2A

and a2H subtypes, respectively (7). Cell lines were identified

that contained only one of the a2-adrenergic receptor subtypes,

namely, the HT29 cell line for the a2A and the NG1O8 cell line

for the a2H (8). The validity of this definition, which was based

on radioligand binding studies, was supported by functional

studies demonstrating the attenuation of cAMP production in

these cell lines (9). In addition to these pharmacological differ-

ences, biochemical differences were also noted, with the obser-
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vation that, in contrast to the a2A receptor, the a2H receptor of

the neonatal rat lung (10) and the NG1O8 cell line (11) was not

glycosylated. The characteristics of the ct2-adrenergic receptor

in the OK cell line indicated a profile that was intermediate

between the a2A and a2B profiles (12). Because the character-

istics of this receptor appeared to be closer to those of the a2B

than the a2A receptor, it was tentatively classified as an a2H-

like receptor. Subsequent work, however, led to the conclusion

that this was yet a third subtype, which was called the a�-

adrenergic receptor (1, 13).

The gene coding for the ct2-adrenergic receptor of the human
platelet has been cloned, sequenced, and expressed (14). As

expected, the pharmacological characteristics of the expressed
receptor indicated that it was of the a2A subtype. Somatic cell

hybrid analysis revealed that this gene resided on human chro-

mosome 10 and was, therefore, designated a2-C10. Southern

blot analyses of human genomic DNA suggested the possible

existence of two additional ct2-adrenergic receptors, residing on
chromosomes 4 and 2 (14). Subsequently, these additional but

related genes were isolated. The expression of these genes

showed that they encoded distinct a2-adrenergic receptor sub-

types, which were designated cw2-C4 and a2-C2 (15-17). The

ABBREVIATIONS: OK, opossum kidney; RNG, rat nonglycosylated.
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TABLE 1

2 Bylund et al.

homologous gene/cDNA for the human ct2-C10 receptor has
been cloned in the pig (18) and in the rat (19, 20). Similarly,

the homologous rat genes/cDNA for the human a2-C2 (21) and

the a2-C4 (19, 22, 23) have also been cloned.
The relationship among the pharmacologically defined a2-

adrenergic receptor subtypes and those identified by molecular
cloning has not been firmly established, except for the identi-

fication ofa2-C10 as a2A. The lack ofa clear correlation between
the molecular and pharmacological classifications has led to
some confusion in the literature. For example, the human a2-

C4 and its rat homologues have been classified as a2B, a2(-, and
non-a2A, a2B, or -a2c receptors. Thus, the goal of the present
study was to compare the pharmacological characteristics (by
radioligand binding) of the pharmacologically defined a2-adre-
nergic receptor subtypes (as identified in the prototypic tissues
of the HT29 cell line, the neonatal rat lung, and the OK cell
line) with those of the a2-adrenergic receptor subtypes identi-
fled by molecular cloning and expressed in COS-7 cells.

Materials and Methods

Drugs and chemicals. [3H]Rauwolscine (76-85 Ci/mmol) was ob-

tamed from Du Pont NEN (Boston, MA) and stored at -20�. Yohim-
bine and chlorpromazine were obtained from Sigma (St. Louis, MO),
WB 4101 and spiroxatrine from Research Biochemicals Inc. (Wayland,

MA), and rauwolscine from Accurate Chemical (Westbury, NY). The

following drugs were kindly donated by the indicated companies: pra-
zosin, Pfizer Chemical Division (New York, NY); oxymetazoline,

Schering (Kenilworth, NJ); phentolamine, CIBA-Geigy (Summit, NJ);
raubasine and aukammigine, Pierre Fabre Labs (Castres, France);

ARC-239, Thomae GmbH (Biberach, West Germany); and BAM 1303,
Maruko (Nagoya, Japan). Yohimbine and prazosin were prepared as 1

mM stock solutions in ethanol and were then diluted with 5 mM HC1.
All other drugs were prepared and diluted in 5 mM HC1.

Radioligand binding assays. The preparation of membranes for

the radioligand binding assays, from HT29 human colonic adenocar-
cinoma cells, from lungs from 1-day old rats (Sprague Dawley, of either
sex), and from the OK cell line, was as previously described (8, 12).
The cloned human a2-C10-, a2-C2-, and cs2-C4-adrenergic receptor-

encoding cDNAs were subcloned into the mammalian expression vector

pBC12BI, as previously described (15, 16). These constructs were

transfected into COS-7 cells by the DEAE-dextran method (24). Mem-
branes from these cells were prepared and shipped frozen, on dry ice,

from Duke University to the University of Nebraska Medical Center.
Competition and saturation binding experiments were performed as

described previously (8, 12). For competition experiments, membrane
pellets were thawed and resuspended in 25 mM glycylglycine buffer,

pH 7.6. Ten microliters of unlabeled competing drug, 970 �sl of mem-

brane suspension, and 20 gtl of [3H]rauwolscine (at a concentration

near its Kd for that tissue) were added to duplicate tubes. After a 30-
mm incubation at 23’ , the suspension was filtered rapidly through GF/
B glass fiber filter strips (Whatman, Clifton, NJ), using a 48-sample
manifold (Brandel cell harvester; Biomedical Research and Develop-

ment, Gaithersburg, MD). Tubes and filters were washed twice with 50

mM Tris.HC1 (pH 8.0) at 4’, and radioactivity retained on the filters
was determined by liquid scintillation counting. Inhibition experi-
ments, routinely consisting of 1 1 concentrations of the unlabeled ligand,
were analyzed using nonlinear least-squares curve-fitting programs
(GraphPAD Software, San Diego, CA), to obtain ICw values. ICy, values
were converted to K, values (25) and are presented as geometric means.
Saturation experiments used six concentrations of [3Hjrauwolscine

(final concentration ranged from approximately 20 pM to 2.5 nM).
Nonspecific binding was determined using 100 MM (-)-norepinephrine.

Kd and Bma, values were calculated by nonlinear regression of the data
and are given as geometric and arithmetic means, respectively.

Results

As shown in Table 1, the density of cloned receptors ex-

pressed in COS-7 cells was significantly higher than the density

of receptors in the prototypic tissues. The protein concentration

in the assay tubes was adjusted so that approximately equiva-

lent amounts of receptor were used in the various assays.

The affinities of [3H]rauwolscine for the HT29 cell and COS-
ClO receptors were similar (0.4 nM). The affinity for the rat

lung and COS-C2 receptors were slightly lower (0.6 nM),

whereas the affinity of [‘H]rauwolscine for the OK cell and the

COS-C4 receptors was higher (0.2 nM; Table 1). The Kd values

for the three prototypic tissues were similar to those previously

reported (8, 13). The Kd values for [3H]rauwolscine in the COS-
ClO, COS-C4, and COS-C2 cells were 3-7-fold lower (higher
affinity) than previously reported, presumably due to the use

of glycylglycine buffer in the current studies, as opposed to Tris

magnesium buffer in the previous studies (15, 16).

In order to compare the pharmacological characteristics of

the human cloned receptors expressed in COS-7 cells with

those of the pharmacologically defined subtypes, K, values were

determined, by radioligand competition studies, for 12 a2-ad-

renergic antagonists that have been previously shown to have
selectivity for the various subtypes (Table 2). The K, for rau-

wolscine in inhibiting [‘H]rauwolscine binding was lowest

(highest affinity) in the OK cell and the COS-C4 membrane

preparations. For all six tissues, the K, values agreed well with

the Kd calculated from saturation analyses. BAM 1303 had
lower affinity for the rat lung and COS-C2 receptors than for

the other four preparations. ARC-239 had low affinity for the

HT29 cell and the COS-ClO membranes, whereas it had much
higher affinity for the other four preparations. Oxymetazoline

was the best single drug for differentiating the three subtypes.

It had highest affinity for the HT29 cell and COS-ClO, approx-

imately 10-20-fold lower affinity for the OK cell and COS-C4,

and another 10-20-fold lower affinity for the rat lung and COS-

C2 receptors.

The ratio of the K, values for two drugs is often a sensitive

indicator of pharmacological differences among receptor sub-

types. The K, ratio of prazosin to oxymetazoline has been

previously shown to differentiate the a2A and a2B subtypes. As

shown in Table 3, this ratio was 3000-5000-fold greater in the

HT29 and COS-ClO cells, compared with the rat lung and
COS-C2 cells. The K, ratio of oxymetazoline to spiroxatrine

was 6000-fold greater in the rat lung and COS-C2 cells, com-

pared with HT29 and COS-ClO cells. This ratio also differen-

tiated HT29 and COS-ClO cells from OK and COS-C4 cells

Parameters from membrane saturation binding experiments with
prototypic tissues and cloned receptors expressed in COS-7 cells
The affinity (K0) and receptor density (B�,) for [3H]rauwolscine binding are given
as means ± standard errors for n experiments.

Receptor K5 B n
preparahon

flM fmol/mg of protein

HT29 cell 0.46 ± 0.03 71 ± 5 3
COS-Clo 0.40 ± 0.02 3860 ± 290 9
Ratlung 0.58±0.04 76±12 4
COS-C2 0.71 ± 0.05 2190 ± 71O� 5
OKcell 0.18±0.02 66±7 5
COS-C4 0.15 ± 0.01 630 ± 180 6

a The high standard error results from several different preparations that had
various levels of receptor expression.
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Characteristics of a2-Adrenergic Receptor Subtypes 3

TABLE 2
Affinities of adrenergic antagonists for a2-adrenergic receptors from various sources
The affinity (K,) (mean ± standard error) and the pseudo-Hill coefficient (slope) are given for n determinations. In cases where only the K, value is given, the value is from
Blaxall et a!. (13).

HT29 cell COS-ClO Rat lung COS-C2 OK cell coB-cf
Antagonist

K, Slope n K, Slope n K, Slope n K, Slope n K, Slope n K, Slope n

nM nM nM nM nM nM

1 Rauwolscine 0.44 0.32 ± 0.02 1.07 5 0.45 0.37 ± 0.05 1.14 3 0.12 ± 0.03 0.99 3 0.13 ± 0.01 1.02 2
2 Yohimbine 0.65 0.50 ± 0.02 1 .38 4 1 .00 1 .18 ± 0.06 1 .00 3 0.19 0.30 ± 0.02 0.98 2
3 WB 4101 1 .27 ± 0.03 1 .23 2 0.91 ± 0.03 1 .01 3 7.89 ± 0.33 1 .00 2 4.34 ± 0.32 1 .00 3 0.75 ± 0.06 0.98 2 0.40 ± 0.04 1 .06 3
4BAM1303 1.34±0.08 1.03 5 0.39±0.03 1.16 8 6.94±0.36 1.04 4 5.28±0.66 1.10 5 0.38 0.39±0.05 0.91 2
5 Oxymetazoline 1 .45 ± 0.08 1 .00 2 3.3 ± 0.3 0.98 4 308 ± 49 0.70 2 754 ± 23 1 .06 4 31 31 ± 1 0.98 2

6 Phentolamine 4.22 ± 0.64 0.91 2 4.1 ± 0.3 1.07 3 5.2 ± 0.8 0.91 2 6.8 ± 0.9 0.97 3 29 ± 14 1.19 2 12.7 ± 0.6 1.00 3
7 Spiroxatrine 8.3 ± 1.6 0.94 2 5.5 ± 0.8 1.21 4 0.29 ± 0.02 1.08 2 0.19 ± 0.02 1.38 4 0.26 ± 0.02 1.10 2 0.13 ± 0.01 1.11 4
8Raubasine 8.9 6.4±0.3 1.10 2 31.2±5.3 0.95 2 14.5±0.4 0.91 3 1.71 ±0.2 1.01 3 5.0±0.7 1.16 3
9 Aukammigine 104 ± 10 1.14 2 71 ± 7 0.91 3 159 ± 19 0.93 2 116 ± 6 0.99 3 20 ± 5 1.07 2 28 ± 3 0.99 3

10 ARc-239 171 131 ± 16 0.98 4 1.60 2.67 ± 0.01 0.90 2 13 3.82 ± 0.45 0.75 2
11 chlorpromazine 253 ± 22 1.05 3 78 ± 10 1.08 4 25 ± 2 1.13 3 4.80 ± 0.94 1.09 4 238 ± 25 1.03 4 41 ± 7 1.02 4
12 Prazosin 316 302 ± 18 1.14 3 11.6 ± 0.5 1.01 3 30.6 ± 3.2 1.06 6 15 ± 83 10.7 ± 0.4 1.17 2

TABLE 3
Comparison of K, value ratios for a2-adrenergic receptor subtypes
Data are derived from Table 2.

Receptor prep-
araton

K, ratios

Prazosin/oxy- Oxymetazoline/ Chlorpromazine/ Chlorpromazine/
metazoline spiroxatrine BAM 1303 WB 4101

HT29 cell 218 0.18 188 200
COS-ClO 91 0.60 202 85
Ratlung 0.04 1060 3.53 3.11
COS-C2 0.04 4060 0.91 1.11
OKcell 0.48 119 627 319
COS-C4 0.35 237 107 103

moderately well (500-fold). The K, ratios of chlorpromazine to

BAM 1303 and chlorpromazine to WB 4101 were the best at

differentiating rat lung and COS-C2 cells from OK and COS-

C4 cells (100-200-fold).

In order to compare the affinities of these 12 drugs at the
various receptors in a more systematic manner, correlation

analyses were performed by plotting the negative logarithm of

the K, values (pK, values) of the various tissue preparations

against each other (Fig. 1). The correlation coefficients and

slopes of the correlation lines are given in Table 4. Table 4
includes the nine correlations represented in Fig. 1 plus an

additional six correlations. The correlations between HT29 cell

and COS-ClO, rat lung and COS-C2, and OK cell and COS-C4
receptors were all in the range of 0.95-0.98, indicating that the

12 drugs have very similar K, values in each pair of prepara-
tions. These results support the identification of the COS-ClO
as the a2A, the COS-C2 as the a2B, and the COS-C4 as the a2c

receptor.
All of the other correlations were much poorer. Rat lung and

HT29 cells had a very low correlation (r = 0.27), whereas the

correlations of OK cells with both HT29 cells and rat lung were

higher (r = 0.70). Similarly, COS-C2 correlated poorly with

COS-clo (r = 0.35), whereas COS-C4 correlated better with

both COS-ClO and COS-C2 (r = 0.7-0.8). The slopes of the

correlation lines for both HT29/COS-C10 and rat lung/COS-

C2 were close to unity (0.96 and 0.99, respectively), whereas
the slope for OK cells and COS-C4 was lower (0.85).

Discussion

The major conclusion of this study is that the cloned human
a2-adrenergic receptor subtypes designated as a2-C10, a2-C2,

and a2-C4 have pharmacological characteristics identical or

very similar to those of the pharmacologically defined a2A, a2B,

and a2#{231}receptor subtypes, respectively. This conclusion is

based on 12 adrenergic antagonists that have been shown

previously to be subtype selective.

The extent to which the pharmacological characteristics of

receptors are conserved among species is an important factor

in receptor classification and the definition of subtypes. The

correlation of the affinities of the rat lung receptor (a2B) with
those of the human COS-C2 receptor (a2H) gives a high corre-
lation coefficient (0.95), and the slope of the correlation line is

close to unity (0.99). The correlation of the affinities of the OK

cell receptor (a2(’) with those of the human COS-4 receptor

(a2(’) also gives a high correlation coefficient (0.95); however,

the slope of the correlation line (0.85) is significantly less than

unity. This suggests that it may be more likely that drugs will

be found that differentiate these two a2( receptors than the two

a2H receptors. Pharmacological differences among species horn-

ologues are not unexpected, because amino acid substitutions

may slightly alter the ligand binding site.

One might expect receptor subtypes that have very similar

amino acid sequences also to have very similar pharmacological

characteristics. The cloned rat homologue of the human a2-C2

is the a2-RNG receptor (21). When corresponding amino acid

residues of the deduced primary sequences are compared, these

two receptors have an 82% overall amino acid sequence iden-

tity. They have an even greater amino acid sequence identity,

of 98%, in the seven membrane-spanning domains, which are

the regions ofthe receptor protein thought to be most important

in determining the specificity of the ligand/receptor interac-

tion. Among adrenergic receptors, amino acid identities range

from 36 to 73%. Among members of the same subtype group

(a2-C10, a2-C2, and a2-C4) the transmembrane domain identity

is usually 70-80%, whereas among different subtype groups (ai

versus a2, a2 versus fi, etc.) the transmembrane domain identi-
ties are characteristically lower (30-40%). As expected from

the highly conserved primary sequences of human a2-C2 and

rat a2-RNG, the ligand-binding characteristics are nearly iden-
tical. Although these two receptors have not been directly

compared in the same ligand binding studies, they both have
pK, values for various antagonists that are highly correlated

with those determined for the rat neonatal lung a2H-adrenergic

receptor (0.95 and 0.97, respectively). Thus, on the basis of the
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Fig. 1. Correlation plots of pK, values for a2-adrenergic receptors from various sources. The drugs are numbered as in Table 2. --, Correlation line;
- - -, line of identity. Correlation coefficients and slopes are summarized in Table 3.

highly conserved primary structures and the nearly identical

ligand-binding characteristics, the human a2-C2 and the rat a2-

RNG are clearly species homologues.
An example of species homologues with very conserved pri-

mary sequences but demonstrated differences in ligand binding

can be found with the presumed rat homologue of the a2-C10
adrenergic receptor, which has been designated as RG2O (19).

RG2O has an 89% overall amino acid sequence identity, and a

98% amino acid sequence identity in the transmembrane do-

mains, to the human a2-C10 receptor. Therefore, based on the

highly conversed primary sequences, these two receptors are

structural species homologues. Although RG2O has a ligand-
binding profile similar to that of a2-C10, there are at least four

compounds that can discriminate the two receptors, rauwol-

scine, yohimbine, BAM 1303, and SKF 104078. This distinct

pharmacology has led to the classification of RG2O as a phar-
macological a2D receptor subtype (19, 26-28).

The affinities of the 12 selective drugs for the a2c receptor

(OK cell or COS-C4) correlate better with those for either the

a2A (HT29 cell or COS-ClO) or a25 (rat lung or COS-C2)

receptors than the affinities of the a2A and a2B receptors cor-

relate with each other. This could possibly be an artifact of the

drugs used, because many of these drugs were selected on the

basis of their selectivity for the a2A versus the a2H receptor. If
this were the case, then it should be possible, using a different

set of drugs, to find that the correlation between a2A and a2H is

better than that between a2A and � for example. Alternatively

it is possible that, once the nature of the binding site is known,
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Characteristics of a2-Adrenergic Receptor Subtypes 5

TABLE 4

Correlation of pK, values for pharmacologically defined subtypes
with those for cloned human subtypes of a2-adrenergic receptors
The correlation coefficient (r) and the slope of the correlation line are given.

HT29 cell Rat lung OK cell COS-ClO COS-C2 cOs-C4

HT29celI 0.248 0.718 0.968 0.23a 0.578

Rat lung 0.27b 0.768 0.378 0.998 0.82�
OKcell 0.70” 0.66” 0.728 0.588 0.858
COS-ClO 0.98” 0.33b 0.74k’ 0.338 0.648

COS-C2 0.24k’ 0.95�� 0.63b 0.35” 0.758

COS-C4 0.63b 0.81Y’ 0.95k’ 0.69” 0.78b
a Slope value.

a Correlation coefficient.

the a2H and a2c subtypes will turn out to have structurally more

similar binding sites, compared with the a2A.

The original identification of prazosin as a drug that differ-

entiates the a2A and a2B receptor subtypes (7) has led to the
concept of the a2H receptor being prazosin sensitive and the a2A

receptor being prazosin insensitive. Because the � receptor

also has a high affinity for prazosin, this has led some authors

to consider a2#{231}to be a2B or a2H-like. The inappropriateness of

using a single drug to define a receptor subtype is emphasized

by the results of this paper.
In conclusion, radioligand binding studies clearly assign each

of the cloned human a2-adrenergic receptors to a pharmacolog-

ically defined subtype present in various prototypic tissues or

cell lines. The availability of genes/cDNA encoding three dis-

tinct human a2-adrenergic receptors has led to a more extensive

characterization of these physiologically important mediators.
Now that there is a clear correlation between the molecular

and pharmacological classifications, there is hope that, as the
information gained from the study of these receptors in trans-

fected cell lines, nontransfected cell lines, and animal tissues

is combined, more selective and specific therapeutic agents may
be developed.
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