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1 The human recombinant o;,-adrenoceptor (AR) has been stably expressed in Chinese hamster
ovary cells. Four stable clones, aH4, aHS5, aH6 and aH7, expressing 30, 370, 940 and 2900 fmol AR
mg~ ' protein, respectively, have been employed to characterize this AR subtype using radioligand
binding and microphysiometry to measure extracellular acidification rates.

2 Noradrenaline (NA) gave concentration-dependent responses in microphysiometry with
increasing extracellular acidification rates. The potency of NA increased as the receptor density
increased; pECs, values of NA for the clones aH4, aH5, aH6 and aH7 were 6.9, 7.5, 7.8 and 8.1,
respectively. This increase of potency according to receptor density indicates the presence of spare
receptor for NA. Methoxamine, phenylephrine, oxymetazoline and clonidine also gave concentra-
tion-dependent responses with various intrinsic activities.

3 Antagonists shifted concentration-response curves for NA rightward in a concentration-
dependent manner. Schild analysis revealed that the affinity profile of this AR subtype to
antagonists in the clone aH7 had a typical pattern for the «,,-AR; high affinity for prazosin and WB
4101, and low affinity for BMY7378 (pA,=9.5, 9.8 and 7.3, respectively). This profile is similar in
the case of the clone aH4. These affinities were in good agreement with those obtained in binding
experiments.

4 These results have demonstrated that (1) classical receptor theory can be applied in
microphysiometry, and (2) microphysiometry is a useful tool to investigate the pharmacological

characterization of o;,-AR.
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Introduction

The microphysiometer is a semiconductor-based system which
can detect small changes of pH in extracellular fluid accurately
(McConnell et al., 1992; Owicki et al., 1990). The extracellular
acidification rate (EAR) reflects both the metabolic state of
cells through excretion of acidic metabolites such as lactic acid
and carbon dioxide and the homeostasis of intracellular pH
through the regulation of proton transport across the
cytoplasmic membrane (McConnell et al., 1992). Since energy
metabolism and pH homeostasis are involved in functional
cellular responses triggered by receptor activation, this novel
technique provides a new potential method to investigate the
functional consequence of activation of varieties of receptors.
One of the major advantages of this system is a real-time
monitoring of the response of living cells which can be either a
primary cell culture from tissues (Ong et al., 1996; Raley et al.,
1992; Trafton et al., 1996) or cloned cell lines which express a
pure target receptor by molecular biological manipulation. The
usefulness of this system has been already reported for several
receptors including the f-adrenoceptor (AR) (Owicki et al.,
1990), however the study of o;-AR in this system has not been
reported.

In this report, we have attempted to apply microphysio-
metry to pharmacological investigation of «;-AR and have
employed the human «;,-AR as an example. We also have
aimed to investigate the functional pharmacological character-
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istics of the o;,-AR in which the affinities for some antagonists
are now controversial (Ford ez al., 1997). We have shown here
that microphysiometry is a useful system to investigate the
pharmacological characterization of «;,-AR and that the
human o,,-AR shows a typical profile of affinities for
antagonists as an o;5-AR, which is defined to have high
affinity to prazosin (Flavahan & Vanhoutte, 1986; Muramatsu
et al., 1990), in this system.

Methods

Cloning of the human o,,-AR gene

The human o,,-AR ¢cDNA was isolated from a lambda library
of human prostate cDNAs (Clontech, lambda gt11) by plaque
hybridization using a Ncol fragment of the bovine «;,-AR
cDNA (Schwinn et al., 1990) as a probe. An approximately
1500 bp cDNA insert which included the whole coding region
of the human o,,-AR was constructed in an expression vector,
pCR3 (Invitrogen).

Cell culture and transfection

Chinese hamster ovary (CHO) cells (dhfr~) were grown in
alpha Minimum Essential Medium supplemented with 10%
foetal bovine serum. The transfection was done using
Lipofectamine (Gibco BRL) and the transfected cells were
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selected and maintained in media containing 500 pug ml™"
G418. Clonal cell lines were obtained by screening of well-
isolated G418-resistant colonies for [*H]-prazosin binding.

Radioligand binding assays

The harvested cells were suspended in ice-cold assay buffer
(Tris-HC1 50 mMm, EDTA 1 mM, pH 7.4), sonicated and
centrifuged at 3000 x g for 10 min. The supernatant was then
centrifuged at 80,000 x g for 30 min, and resulting pellet was
resuspended in assay buffer and used for binding experi-
ments.

Cell membranes (5—500 pug protein) were incubated in 1 ml
volume with various concentrations of [*H]-prazosin for
45 min at 30°C. In competition binding experiments,
membranes were incubated with 200 pm [*H]-prazosin and
unlabelled drugs for 45 min at 30°C. Nonspecific binding was
defined as binding in the presence of 10 mM WB 4101.
Reactions were terminated by rapid filtration onto Whatman
GF/C filters presoaked in 0.3% polyethyleneimine for 15 min.
The filters were then washed four times with 4 ml of ice-cold
50 mM Tris-HCI (pH 7.4) and dried. The filter-bound radio-
activity was determined by liquid scintillation counting.
Experiments were conducted in duplicate (n=3-4). Binding
affinities of drugs were expressed as negative logarithm of the
equilibrium dissociation constant (pK;). Protein concentrations
were quantified by the method of Bradford using bovine serum
albumin as a standard (Bradford, 1976).

Measurement of extracellular acidification rates (EARs)

Cells were seeded into the microphysiometer cups at 200,000
cells per cup, 18—24 h prior to the experiment. On the day of
the experiment, a spacer and capsule insert were placed into
each cup and the assembled cups were loaded into the
microphysiometer chambers in which temperature was kept
at 37°C. Low buffering bicarbonate-free RPMI 1640 medium
was used as running media in the microphysiometer
(Molecular Devices Corp.). Figure 1A shows the raw data of
microphysiometer recording which reflect extracellular pH;
when pump is perfusing the medium in the chamber the pH
remains constant and while the pump is off the pH decreases
according to the acid excretion from the cells in the chamber.
The EARs were measured in each 90 s pump cycle; flow on at
100 gl min~' for 60 s, flow off for 30 s and the rates were
recorded between 68 s and 88 s in the 90 s cycle, where pH
reduction (measured as A in microvolts) is almost linear
(Figure 1A). Since the basal EAR was reduced markedly in the
first few hours (representative trace shown in Figure 1B), we
started experiments after the reduction was within 10% in the
preceding 21 min. An agonist was added at 21 min intervals
for three pump cycles to get responses. Ten uM NA was first
added to get a standard response to normalize those for
agonists. In antagonist studies, responses to NA were recorded
first without antagonist, then the cells were perfused with the
media containing antagonists 21 min prior to and throughout
the second concentration-response to NA.

ECs5, values were calculated, using the curve-fitting program
GraphPad PRISM. Concentration-ratio (CR) was calculated
by dividing the ECs, value in the presence of antagonist by the
ECs, value obtained prior to antagonist administration in the
same cup. In control cells (no antagonist throughout
recordings), concentration responses always showed almost
unity between the first and the second recordings (data not
shown). Schild plots were constructed by plotting the log [CR-
1] against the log [antagonist], and pA, values were determined
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Figure 1 Measurement of EAR in microphysiometry. This is a
representative result of experiments in which the clone aH7 was
stimulated with NA. (A) Raw data in microphysiometry were shown.
An open box indicates the phase of pump on and a closed box
indicates the phase of measuring EAR as described under Methods.
Cells were stimulated with 10 um NA as indicated. (B) Cells were
stimulated with increasing doses of NA (0.3 nm to 10 uM) and EARs
were monitored as described under Methods. Arrows indicate the
addition of NA. (C) Concentration-response curves were compared
between the highest recording of three stimulation cycles (I point)
and the sum of all recordings in the three cycles (3 points).

from the intercept (Arunlakshana & Schild, 1959). Data were
represented as mean +s.e.mean.

Materials

The following drugs were used: prazosin HCL, (—)-noradrena-
line HCl (NA), methoxamine HCI, phenylephrine HCI and
oxymetazoline HCI were from Sigma (St. Louis, U.S.A.), WB
4101 (2-(2,6-dimethoxyphenoxyethyl)aminomethyl-1,4-benzo-
dioxane HCI), 5-methyl urapidil and BMY 7378 (8-[2-[4-
(2 -methoxyphenyl)-1-piperazinyl]ethyl]-8-azaspiro[4,5]decane-
7,9-dione 2HCIl) were from Research Biochemicals Inc.
(Natick, U.S.A.), RS 17053 (N-[2-(2-cyclopropylmethoxyphe-
noxy)ethyl]-5-chloro-o,  a-dimethyl-1H-indole-3-ethanamine
HCI) was from Kissei Pharmaceutical Co. Ltd. (Matsumoto,
Japan), tamsulosin HCl (YM 617) was from Yamanouchi
Pharmaceutical Co. Ltd. (Tsukuba, Japan), clonidine HCI was
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from Boehringer Ingelheim Japan (Kawanishi, Japan), [*H]-
prazosin (77.2 Ci mmol ") was from NEN (Boston, U.S.A.).

Results

The binding affinities (pK;) of chemicals tested in the clones
aH4 and aH7 are summarized in Tables 1 and 2. These data
are in good agreement with those reported previously (Graham
et al., 1996; Suzuki et al., 1997) as a typical profile of the
human o;,-AR.

We selected four clones (aH4, aHS, aH6 and aH7) which
stably expressed the human o,,-AR at various densities (30 +38,
370470, 940440 and 29004570 fmol AR mg~' protein,
respectively) with similar affinity for NA (pK;=5.8+0.1,
5.6+0.1, 5.6+0.1 and 5.8+0.1, respectively) for microphy-
siometry. In all four clones, basal EARs for the density 200,000
cells per cup were between 40 and 80 uV.s~!, and the basal and
NA-stimulated EARs were proportional to the cell density
from 30,000 to 1,000,000 cells per cup (data not shown).

Representative responses to NA in the clone aH7 are shown
in Figure 1. Since the peak response was always within three
cycles of stimulation of any agonist tested in all four clones
(data not shown), we employed three cycles for the recording.
Because either the highest recording or sum of the all
recordings during the three cycles gave similar concentration-
response curves as shown in Figure 1C, we used the highest one
for the construction of concentration-response curves here-
after. NA caused concentration-dependent increases of EAR
in all four clones. Maximum increases of EARs were
0.39+0.02, 0.714+0.07, 0.75+0.04 and 0.65+0.02 fold over
the baselines for the clones aH4, aH5, aH6 and aH?7,
respectively. As shown in Figure 2, the potency of NA to
elicit EAR responses in these clones increased as the receptor
density increased; pECs, values were 6.9+0.1, 7.5+0.2,
7.8+0.1 and 8.1+0.1, and Hill slopes were 1.2+0.2,
0.84+0.3, 1.44+0.4 and 0.8+0.1 in aH4, aH5, aH6 and aH7,
respectively (Table 1). Although the slopes did not significantly
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Figure 2 Concentration responses
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and receptor density. The

increases of EARs were plotted against log [NA] as a ratio of EARs
before and after stimulation (A), or as a percentage of the increase of
EAR at 10 um NA (B). Four clones (aH4, aHS, aH6 and aH7) were
analysed based on 3—4 independent experiments as described under
Methods.

Table 1 Affinity estimates from radioligand binding experiments and potency estimates from microphysiometry analyses in the clones

aH4 and aH7
PK; PECs (Hill Sl()p@)
aH4 aH7 aH4 aH7
NA 5.840.1 5.840.1 6.9+0.1 (1.2+0.2) 8.1+0.1 (0.84+0.1)
Methoxamine 5.040.0 5.140.0 6.1+0.1 (1.1+0.2) 7.0+0.1 (0.740.1%)
Phenylphrine 5.2+40.1 5.440.1 6.64+0.1 (0.9+0.1) 7.2+0.1 (0.7+£0.1%)
Oxymetazoline 8.0+0.1 8.2+0.1 8.2+0.1 (1.2+0.2) 9.2+0.1 (1.0£0.2)
Clonidine 6.4+0.1 6.6+0.0 6.74+0.2 (1.1+0.5) 7.6+0.1 (1.1£0.2)

An asterisk indicates a significant deviation from unity. Data were represented as mean +s.e.mean 3—5 independent experiments.

Table 2 Affinity estimates from radioligand binding experiments and from microphysiometry analyses in the clones aH4 aH7

PK;
aH4 aH7
Prazosin 9.5+0.1 9.8+0.0
WB 4101 9.7+0.1 9.940.0
RS 17053 8.540.1 9.440.1
5-methyl urapidil 8.8+0.1 9.1+0.0
YM617 10.54+0.1 10.84+0.0
BMY 7378 not done 7.0+0.0

pA> (Schild slope)

aH4

9.440.1 (0.8+0.1)

9.440.2 (0.7+0.1)

8.84+0.1 (1.04+0.1)

9.14+0.1 (0.8+0.1)

9.940.1 (1.2+0.2)
not done

Data were represented as mean+s.e.mean from 3-5 independent experiments.

aH7

9.5+0.1 (0.840.1)
9.840.1 (0.940.1)
8.840.1 (1.240.2)
8.740.1 (0.840.1)
10.140.1 (1.140.2)
7.340.1 (0.940.1)
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deviate from unity in computing, some of the response curves
in the clones appear to be biphasic, especially in the clone aH7.
Since this kind of skewed response of the clone aH7 was also
seen in the responses to other agonists as described below, and
since this was not observed in the clone aH4 which expressed
less AR, comparable to natural tissues, we speculated that one
of the reasons for the apparently biphasic response is
overexpression of AR. This point is further discussed in
Discussion section.

Using the clones aH4 and aH7, we tested four agonists,
methoxamine, phenylephrine, oxymetazoline and clonidine,
in microphysiometry. As shown in Figure 3, all four agonists
evoked concentration-dependent increase in EARs. Max-
imum increases of EARs as percentages of those at 10 um
NA stimulation in the clone aH4 and aH7, respectively,
were 10945 and 954+2% for methoxamine, 1054+3 and
100+3% for phenylephrine, 88+4 and 81+3% for
oxymetazoline, and 63+5 and 64+2% for clonidine. The
latter two drugs showed significantly lower intrinsic activity
than the former two which had similar intrinsic activity to
NA. This suggests that the latter two are partial agonists. In
the case of the clone aH7, Hill slopes were significantly
lower than unity for methoxamine and phenylephrine
(Figure 3 and Table 1).

The affinity and potency of these agonists against the clones
aH4 and aH7 are shown in the Table 1. Comparing these
potency values of the human o,;,-AR with the affinity obtained
in binding experiments, there were also spare receptors for
these agonists. Interestingly, however, the amount of spare
receptor varied among these drugs. The response/occupancy
relationship of the agonists tested was depicted in Figure 4. In
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the case of NA, the clone aH4 which expressed the least
amount of AR still showed significant spare receptor, in
contrast the clone aH4 had little spare receptor for oxymetazo-
line.

The effect of AR antagonists on EAR response to NA
was analysed. The mean data of the results is shown in
Figure 5, in which prazosin shifted concentration-response
curves for NA in the clone aH7 rightward in a
concentration-dependent manner. Schild analysis revealed
that the slope was close to unity for all antagonists tested
(Table 2). These affinities for the antagonists were similar in
the clones and were in good accordance with those obtained
in binding experiments (Table 2). In the clone aH7, the
concentration-response curve to NA also exhibited appar-
ently biphasic pattern in the presence of prazosin (Figure
SA), although computer analysis did not always reveal a
significant deviation from unity.

Discussion

Classically, the functional study of o;-ARs has been carried out
measuring contractions of smooth muscle strips in a Magnus
chamber. Although it has been an established methodology,
many factors affect the outcome; removal of drugs by uptake
or degradation (Burt er al., 1995) and secondary reactions
derived from cells other than smooth muscle cells (Furchgott &
Zawadzki, 1980) may be able to influence the results. One of
the major drawbacks is the difficulty to get a sample that
expresses a pure target subtype of ARs; sometimes distinct
receptors which can be activated by the same agonist coexist,
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Figure 3 Concentration responses of «;,-AR to methoxamine (A), phenylephrine (B), oxymetazoline (C), and clonidine (D) in
microphysiometry. Two clones (aH4 and aH7) were analysed based on 3—5 independent experiments. The responses were shown as

a percentage of the increase of EAR at 10 um NA in each clone.
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Figure 4 Relationship between receptor occupancy and response in: NA (A) methoxamine (B), phenylephrine (C), oxymetazoline
(D), and clonidine (E) stimulation. Receptor occupancy for the agonists was calculated from K; values obtained in binding
experiments and the response at the corresponding agonist concentration was estimated from the concentration-response curves. The

maximum response was taken as 100% in each clone.

leading to a complexity in the analysis (Muramatsu et al., 1998;
Van-der-Graaf et al., 1996).

Recently, o;-AR functions have been evaluated in clonal cell
lines which express a certain type of «;-ARs by molecular
biological manipulations, measuring second-messengers such
as inositol trisphosphate (IP;) and/or Ca?>" (Minneman et al.,
1994; Theroux, et al., 1996). However, one receptor does not
always couple to only one second messenger system but often
relays signals through more than two systems (Kenakin, 1996)
among which affinity to some chemical may be different. In
microphysiometry the response is evaluated as the change of
the cellular ability to acidify the microenvironment. Thus, the
response detected in this system is not dependent on a single
signalling pathway but is the integrated response as the cellular
function. In addition, the response can be measured in the
same sample repeatedly, giving more reliable data.

On the other hand, microphysiometry has limitations, too.
For example, reductions of basal EAR are marked in the
beginning of perfusion (Figure 1B) and it takes a long time to

get stable basal EARs, sometimes more than 4 h while the
responsiveness of the cells are lost in the chamber because the
environment is relatively unsuitable for the cells. The
accumulation of agonist or antagonist in the chamber is also
a possible limitation. One of the biggest limitations is a time
course in EAR recording. The raw data are in fact a real time
recording as shown in Figure 1A, but the recording of EAR is
not. We tried to investigate detailed time course of EAR
responses in the preliminary experiments. However, poor
reproducibility and high variability hampered the analysis. We
employed a protocol which has three cycle recordings every
1.5 min in this study but we think this needs further
investigation in the future.

Intracellular pH is strictly controlled in a narrow range
and various molecules are known to be involved in this
regulation, including sodium/proton exchanger, proton
channels and pumps (McConnell et al., 1992). Although it
is not clear how and by what intracellular pH is regulated in
the CHO clones used in this study, it is known that sodium/
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Figure 5 Schild regression analysis for prazosin in the clone aH7.
The results of prazosin antagonism of NA-stimulated EAR increase
(A) was shown based on three independent experiments. CRs were
obtained and the Schild plot was constructed (B) as described under
Methods.

proton exchanger, which exists in CHO cells (Rotin &
Grinstein, 1989), participates in proton excretion following
o-AR stimulation via Ca®>* recruitment and/or protein
kinase C activation (Orlowski & Grinstein, 1997; Waka-
bayashi et al., 1997). This antiporter constitute a family with
several isoforms which have different kinetic property in the
modulation of their function (Orlowski & Grinstein, 1997
Wakabayashi et al., 1997). This versatility of sodium/proton
exchanger family may cause complex response in micro-
physiometry. As seen in Figures 2, 3 and 5A, the response
curves sometimes show biphasic pattern. One possible
explanation is that an engineered cell system may affect
cellular responses, such as promiscuous coupling of the
receptor to intracellular signalling systems (Horie et al.,
1995) and/or constitutive activation of the receptor
(MacEwan et al.,, 1995) especially when the receptor is
overexpressed. Actually, apparently biphasic response is the
more obvious, when the clones express the larger amount of
AR (Figures 2, 3 and 5A). Thus, promiscuous coupling to
multiple pathways of proton excretion may lead to complex
response in microphysiometer. Another possible explanation
of this apparently biphasic response is a mechanism of pH
homeostasis of the cell which may counteract receptor
activation, suppressing net proton excretion to affect the

total cellular response in microphysiometer particularly at
high receptor density and/or agonist concentration. Keeping
these points in mind, further evaluation should be done for
microphysiometry.

In this study, we compared the apparent affinity of several
agonists to o;,-AR clonally expressed in CHO cells with varying
receptor density. Although the binding affinity did not change
significantly, the potency of NA increased as the receptor
density increased, revealing that there is increased receptor
reserve with increasing AR density (Figures 2, 3 and 4 and
Figure 1). The agonists were able to be classified into full and
partial agonists based on the maximum response; methoxamine
and phenylephrine showed comparable maximum responses
with NA but oxymetazoline and clonidine exhibited lower
intrinsic activity than NA (Figure 3). These characteristics are
basically similar to those reported previously (Graham ez al.,
1996; Minneman et al., 1994). However, in our observation
relative E,.x of partial agonists did not change as their potency
values increased. This is contrary to what would be expected
that increase in the maximum response seen with a partial
agonist relative to that with a full agonist should occur prior to
a leftward shift in the concentration-response curve as receptor
density increases. The reason is not clear, however, Perez et al.
(1996) reported similar operational peculiarity of imidazoline
agonist. It is possible that the imidazoline agonists display
slower kinetics than the phenethylamines and that apparent
low intrinsic activity merely reflects inadequate time for
equilibration and expression of efficacy. Another explanation
may be kinetic proofreading which hypothesizes multiple steps
for receptor to complete to emit major signals to induce full
cellular response (McKeithan, 1995). In this model, partial
agonists that have higher dissociation rate can hardly form the
final conformation of receptor to generate signal. These need
further investigation in future.

We also analysed the inhibitory behaviour of several
antagonists, showing the rightward shift of the concentra-
tion-response curve to NA which was analysed in Schild plot
(Figure 5 and Table 2). The affinities of antagonists to the
human «,,-AR showed a good agreement with those obtained
in binding experiments. However, it has been recently reported
that some antagonists, including prazosin, WB 4101, RS 17053
and S-methyl urapidil, exhibit ten times lower affinities in IP;
formation than in binding experiments to the human o«;,-AR
(Ford et al., 1997), proposing that in functional experiments
the o1,-AR displays the pharmacological profile as the o;; -AR,
which is defined to have low affinity to prazosin (Flavahan &
Vanhoutte, 1986; Muramatsu et al., 1990). This discrepancy
may arise from the differences between assay systems used or
derive from the distinct signalling in increasing EAR. Further
investigation is required to clarify these points and to establish
the identity of o -AR.

In conclusion, microphysiometry reveals a concentration-
dependent increase of EAR in CHO cells which stably express
the human «;,-AR and the EAR can be assessed by classical
pharmacological analyses. Microphysiometry is a useful tool
to investigate the pharmacology of o;-AR and the human o,,-
AR shows a high affinity to prazosin comparable with that
obtained in binding experiments, showing a typical profile as
og-AR.
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of Japan and by Grant-in-Aid for Scientific Research (09273105,
09470023 and 10670135) from the Ministry of Education, Science,
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