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Abstract

Ž .We quantified and compared the rates at which chloroethylclonidine CEC inactivated cloned rat a -, a -, and a -adrenoceptors.1A 1B 1D

Membranes from cells transfected with one of the three cloned a -adrenoceptors were incubated for various intervals with 100 mM1
w3 xchloroethylclonidine at 108C, 258C or 378C. The fraction of receptors alkylated by chloroethylclonidine was determined by H prazosin

binding. Chloroethylclonidine fully inactivated each a -adrenoceptor subtype via a first order reaction. Alkylation by chloroethylcloni-1
Ž y3 y1 Ž .dine was markedly slower for the a -adrenoceptor vs. the other two subtypes rate constants in 10 min at 108C: 0.99"0.01 a ,1A 1A

Ž . Ž ..7.26"0.15 a , and 7.01"0.12 a . Despite differences in rate, activation energies for alkylation were similar among subtypes,1B 1D

suggesting a similar binding sites for chloroethylclonidine. Computer simulations of kinetic data in mixed receptor populations and
experiments with membranes from rat brain showed that nonlinear curve fitting could distinguish relative proportions of a -adrenocep-1A

tor vs. the other two subtypes. We conclude that measurement of the rate of alkylation by chloroethylclonidine, rather than the total
amount of alkylation, is most useful in distinguishing the relative proportion of a -adrenoceptor in tissues. q 1998 Elsevier Science1A

B.V.
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1. Introduction

a -Adrenoceptors mediate the actions of the neurotrans-1

mitter norepinephrine in most tissues innervated by the
sympathetic nervous system and within the central nervous

Žsystem. Three distinct a -adrenoceptor subtypes a ,1 1A
.a and a have been identified through pharmacologi-1B 1D

Žcal Morrow and Creese, 1986; Johnson and Minneman,
.1987; Han et al., 1987; Minneman et al., 1988 and

Žmolecular cloning experiments Cotecchia et al., 1988;
Schwinn et al., 1990; Lomasney et al., 1991; Perez et al.,

.1991 . Each of these receptors have been shown to have a
Ždiscrete pattern of distribution among body tissues Minne-

man et al., 1988; Cotecchia et al., 1988; Schwinn et al.,
1990; Lomasney et al., 1991; Price et al., 1994; Scofield et

.al., 1995 . Although the specific functions of each of the
subtypes are largely unknown, emerging evidence suggests
that the a -adrenoceptor subtypes also discretely act in the1

Žmediation of sympathetic responses in tissues Bylund et

) Corresponding author. Tel.: q1-402-280-4092; fax: q1-402-280-
2142.

.al., 1994; Hieble et al., 1995; Graham et al., 1996 . The
identification of which functions are mediated by each
subtype has relied on the use of selective competitive
antagonists and alkylating agents such as chloroethylcloni-

Ž . Ždine and SZL-49 prazobind Piascik et al., 1989, 1991;
.Michel et al., 1993; Perez et al., 1991, 1994 .

At the time of the original subclassification of the
a -adrenoceptor subtypes, short incubations with1

chloroethylclonidine was found to rapidly alkylate some,
Žbut not all a -adrenoceptors reviewed in Minneman,1

. Ž1988 . These ‘chloroethylclonidine-insensitive’ a -1A
. Žadrenoceptors and ‘chloroethylclonidine-sensitive’ a -1B
.adrenoceptors populations were found to correspond to

the previously discovered heterogeneity of a -adrenocep-1
Žtors observed for affinity to antagonists such as 2- 2,6-Di-

.methoxyphenoxyethyl aminomethyl-1,4-benzodioxane also
Ž .known as WB 4101 Morrow and Creese, 1986 . Starting

Žfrom this time chloroethylclonidine alkylation usually sin-
.gle concentrations for short incubation periods was used

in many studies in various species to classify the subtype
of a -adrenoceptor that mediated a particular function in1

vivo or in vitro.
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The use of chloroethylclonidine was extended to charac-
terize cloned a -adrenoceptor subtypes of various species.1

These experiments produced results that confused previ-
ously established ideas of chloroethylclonidine specificity.
For example, the bovine a -adrenoceptor was found to be1A

sensitive to chloroethylclonidine, leading in part to its
Žoriginal classification as the a -adrenoceptor Schwinn et1C

. Ž .al., 1990 . When the human Hirasawa et al., 1993 and rat
Ž .Laz et al., 1994; Perez et al., 1994 a -adrenoceptor1A

subtypes were cloned, they were found to be much less
sensitive to chloroethylclonidine than reported for the
bovine a -adrenoceptor. The third cloned a -adrenocep-1A 1

tor subtype, the a , was found to be sensitive to1D

chloroethylclonidine but with a more complex pattern of
inactivation. In these experiments, chloroethylclonidine
completely inactivated a -adrenoceptors but could not1B

Žinactivate all of the a -adrenoceptors Lomasney et al.,1D
.1991; Perez et al., 1991, 1994 . This led to the designation

of the a -adrenoceptor as ‘partially’ sensitive to1D
Žchloroethylclonidine Perez et al., 1991, 1994; Bylund et

.al., 1994 . This evidence suggested to us that some unique
aspect of a -adrenoceptor structure may produce partial1D

chloroethylclonidine sensitivity. One could hypothesize that
the a -adrenoceptor is expressed in multiple conforma-1D

tions, consisting of chloroethylclonidine-sensitive and
chloroethylclonidine-insensitive populations. Alternatively,
it could be hypothesized that chloroethylclonidine alky-
lates the a -adrenoceptor with complex kinetics.1D

Thus, the current state of knowledge with respect to
chloroethylclonidine alkylation is that the a -adrenocep-1A

tor is ‘insensitive’ to chloroethylclonidine, the a -adren-1B

oceptor is ‘sensitive’ and the a -adrenoceptor is ‘par-1D

tially sensitive.’ It is surprising to note that despite the
reliance of many investigators on the use of chloroethyl-
clonidine to classify a -adrenoceptors, a detailed investiga-1

tion of the kinetics of chloroethylclonidine alkylation has
never been published. Therefore it is possible that previous
observations of differences among receptor subtypes in
chloroethylclonidine sensitivity after fixed incubation times
reflect only differences in the rates of inactivation of the
receptors by chloroethylclonidine. In the present study we
hypothesized that all a -adrenoceptor subtypes are sensi-1

tive to alkylation by chloroethylclonidine, but at different
rates. To test this hypothesis we measured for the first time
the kinetics of alkylation by chloroethylclonidine in each
cloned rat a -adrenoceptor subtype.1

2. Materials and methods

2.1. Materials

QIAGEN plasmid kits were purchased from QIAGEN
Ž .Chatsworth, CA . Chloroethylclonidine HCl and phento-

Ž .lamine mesylate were purchased from RBI Natick, MA .
Ž .EDTA was purchased from Sigma St. Louis, MO . Tris

hydroxymethyl aminomethane hydrochloride and Tris hy-
droxymethyl aminomethane were purchased from Fisher

Ž .Scientific Fair Lawn, NJ . DEAE-dextran was purchased
Ž . w3 xfrom Pharmacia Biotech Piscataway, NJ . H prazosin

Ž .was purchased from DuPont NEN Boston, MA . Dul-
becco’s modified Eagle’s media, antibiotic–antimycotic,
trypsin EDTA, geneticin and fetal bovine serum were

Žpurchased from Gibco BRL Lifetechnologies Grand Is-
.land, NY .

2.2. cDNA plasmid purification

ŽCloned rat a -adrenoceptor cDNA kindly provided1A
.by Dr. Dianne Perez was subcloned into the modified

eukaryotic expression plasmid pMT2X. Cloned rat a -1B
Žadrenoceptor cDNA kindly provided by Dr. Robert

.Lefkowitz was subcloned into the plasmid pcDV1R. The
plasmids from the gene fusion constructs were harvested
and purified from transfected Escherichia coli using the
QIAGEN mega plasmid purification protocol. Briefly,
transfected E. coli were incubated and multiplied overnight
in Luria–Bertani medium with 50 mgrml ampicillin at
378C in a humidified incubator under an atmosphere con-
taining 5% CO . The transfected E. coli cells were pel-2

leted by centrifugation at 6000=g for 15 min at 48C,
resuspended and lysed. The lysed E. coli solution was
centrifuged at 20 000=g for 30 min at 48C, the super-
natant removed and applied to a QIAGEN-tip 2500 col-
umn. The cDNA plasmids were eluted from the column
and were precipitated by addition of isopropanol with
immediate centrifugation at 15 000=g for 30 min at 48C.
The pellet was washed briefly in 70% ethanol and re-
centrifuged. After air drying for 5 min, the cDNA plasmid
pellet was redissolved in 100–200 ml of 10 mM Tris
buffer containing 100 mM NaCl, pHs7.5. The yield of
cDNA plasmid was determined by measuring the DNA
concentration in a Beckman DU 650 UV spectrophotom-

Ž .eter Beckman Instruments, Fullerton, CA followed by
analysis on an 4% agarose gel. The cDNA concentration of
a - and a -adrenoceptor cDNA plasmid solutions were1B 1A

2.567 and 1.178 mgrml, respectively. The cDNA plasmid
solution was stored at y708C until use.

2.3. Cell transfection and cell culture

ŽCOS-1 cells American Type Culture Collection,
.Rockville, MD were transiently transfected with 100 mg

cDNA plasmids per 150 mm2 culture dish, containing
either pMT2X

a or pcDV1R a by the DEAE-dextran1A 1B
Ž .method Cullen, 1987 . Cells were harvested 48–72 h after

Ž .transfection. Human embryonic kidney HEK 293 cells
stably transfected with rat a -adrenoceptor were kindly1D

provided by Dr. Kenneth Minneman and Dr. Timothy
Esbenshade. The cloned rat a -adrenoceptor cDNA had1D

been subcloned into the Epstein–Barr virus-based expres-
Žsion vector pREP9 and transfected into 293 cells Minne-
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.man et al., 1994 . Geneticin-resistant cells were selected
and propagated in culture media containing 50 mgrml
Geneticin. All the cells were maintained in Dulbecco’s

Ž .modified Eagle’s media DMEM with 10% fetal bovine
serum, 100 unitsrml of penicillin and 100 mgrml of
streptomycin, at 378C in a humidified incubator under an
atmosphere containing 5% CO . Media were changed2

every other day. Confluent cells were removed from cul-
ture flasks by washing twice with ice-cold phosphate-

Ž .buffered saline PBS solution and twice scraping the cells
from each flask. The flasks were washed with PBS solu-
tion and all the cells were pooled. The intact cells were
pelleted by centrifugation at 1500=g for 10 min at 48C.
The cells were resuspended and lysed in 50 mM Tris

Ž .buffer containing 2 mM EDTA pHs7.4 , and homoge-
Žnized with a Polytron homogenizer Brinkmann Instru-

.ments, Westbury, NY .

2.4. Tissue isolation

Ž .Male Sprague–Dawley rats Sasco, Omaha, NE weigh-
ing 250 to 300 g were anesthetized with sodium pento-

Ž .barbital 50 mgrkg i.p. and decapitated. Whole brains
were rapidly removed and dissected in ice-cold 50 mM

Ž .Tris buffer containing 2 mM EDTA pHs7.4 . The tissue
was immediately homogenized with a Polytron homoge-
nizer in 10 ml ice-cold 50 mM Tris buffer.

2.5. Cell membrane preparation

The homogenates from either transfected cells or rat
brain were centrifuged at 1260=g for 5 min at 48C and
the pellet was discarded. The crude cell membranes were
isolated by centrifugation of the supernatant fraction at
50 000=g for 30 min at 48C. The final membrane pellets
were stored at y708C and were used within one week.
Protein concentrations were measured by the method of

Ž .Lowry et al. 1951 with bovine serum albumin as the
standard.

2.6. Radioligand saturation binding assays

The densities of each expressed a -adrenoceptor sub-1

type and the rat brain were determined using saturation
w3 x Žbinding assays with H prazosin 0.02–2.0 nM, 79.8

.Cirmmol . The non-specific binding was determined in
the presence of 100 mM phentolamine. Membrane pellets
were resuspended in 50 mM Tris buffer containing 2 mM

Ž .EDTA pHs7.4 . The final incubation volume was 1 ml
and each incubation was allowed to proceed to equilibrium
at 378C in duplicate for 30 min. Following equilibration,

Ž .ice-cold 50 mM Tris buffer 2 mM EDTA, pHs7.4 was
added and membranes were filtered onto S&S a32 glass

Ž .fiber filters Schleicher and Schuell, Keene, NH in a
ŽBrandel MB-48R cell harvester Brandel, Gaithersburg,

.MD . Filters were washed four times with 5 ml ice-cold
Tris buffer, and bound radioactivity on the filters was
determined by a Beckman LS 5000 TD liquid scintillation

Ž .counter Beckman Instruments, Fullerton, CA . Binding
data were analyzed by the iterative curve-fitting program

Ž .LIGAND Munson and Rodbard, 1980 .

2.7. Kinetic studies

The time course of alkylation of each expressed a -1

adrenoceptor subtype by chloroethylclonidine was mea-
sured at three different temperatures, 108C, 258C and 378C.
Aliquots of cell membranes expressing a single a -adren-1

oceptor subtype were thus incubated with 100 mM
chloroethylclonidine for a series of time intervals, 0 to 8 h
Ž . Ž . Ž .108C , 0 to 120 min 258C and 0 to 60 min 378C . In
additional studies, aliquots of cell membranes from rat
brain were incubated with 100 mM chloroethylclonidine at
108C for a series of time intervals from 0 to 7 h. Each
aliquot of cell membranes contained approximately 360 to
400 fmol of one of the three a -adrenoceptor subtypes,1

and was incubated in a final volume of 200 ml 50 mM Tris
Ž .buffer containing 2 mM EDTA pHs7.4 . The reactions

were stopped by rapid dilution with 1.4 ml ice cold 50 mM
Ž .Tris buffer containing 2 mM EDTA pHs7.4 , followed

by rapid centrifugation at 86 000=g for 5 min at 48C. The
pellets were resuspended and this washing step was re-
peated twice. The fraction of receptors remaining in the
non-alkylated state at each time point was determined by

w3 xmeasuring specific H prazosin binding using a single
Ž .concentration 0.6 nM of the radioligand. Nonspecific

binding was determined with 100 mM phentolamine. Incu-
bations were performed in a volume of 1 ml at 378C in
duplicate for 30 min. Incubations were terminated and
radioactivity was quantified as described above in radioli-
gand saturation binding assays. To account for possible
receptor degradation during the course of incubation, a
time control group was included in each experiment in
which membranes containing each a -adrenoceptor sub-1

type were incubated for the maximal incubation time
without chloroethylclonidine. At each temperature, the
fraction of receptors of each subtype remaining in these
control groups at the maximum incubation time was greater
than 90% vs. pre-incubation values.

2.8. Data analysis

The fraction of receptors of each subtype remaining was
plotted as a function of chloroethylclonidine treatment
time and the experimental data were analyzed with the

Žcurve fitting program MicroMath Scientist MicroMath
.Scientific Software, Salt Lake City, UT . Inactivation of

a -adrenoceptor subtypes by alkylating agents would be1

predicted to follow the following equation, assuming a -1

adrenoceptors have n independent binding sites for that
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Žalkylating agent Adamson, 1979; Banker and Rhodes,
.1979 :

NsSN ) eyk n) t
n0

where N is the number of adrenoceptor sites of type n atn0
Ž .time ts0 before alkylating agent treatment ; N is the

a -adrenoceptor number remaining at alkylating agent1

treatment time t; k is the rate constant for alkylation ofn

site n. Rate constants for alkylation of each subtype at
each temperature were calculated from the fitted data.

The calculated rate constants for each subtype at each
temperature were used to calculate the activation energies
for chloroethylclonidine alkylation. The mathematical rela-
tionship between reaction temperature and rate constant

Žcan be described by the Arrhenius equation Adamson,
.1979; Banker and Rhodes, 1979 :

ksA) eyE a r RT

where: A is a constant of integration; E is activationa

energy of the binding site for alkylation; R is the universal
gas constant; k is the rate constant for alkylation at
temperature T in Kelvin. Thus the rate constants for
chloroethylclonidine alkylation were plotted vs. tempera-

y1 Ž .ture and the activation energy E of each subtype wasa

determined from linear regression analysis of the data.
All the results are presented as mean"standard error of

Ž .the mean S.E.M. from at least four individual experi-
ments performed in duplicated. Data were analyzed by

Ž .one-way analysis of variance ANOVA followed by the
ŽStudent–Newman–Keuls test, using InStat GraphPAD

. ŽSoftware, San Diego, CA or SigmaPlot Jandel, San
.Rafael, CA . Means were considered as significantly dif-

ferent if P-0.05.

3. Results

3.1. Saturation studies

The K values of prazosin at expressed rat a -, a -d 1A 1B

and a -adrenoceptors were similar, 0.40"0.11, 0.21"1D

0.05 and 0.33"0.07 nM, respectively. The B valuesmax

for expressed a -, a - and a -adrenoceptors were1A 1B 1D

2.4"0.5, 2.6"0.7 and 0.5"0.1 pmolrmg protein, re-
spectively. Since the B values for a - and a -adren-max 1A 1B

oceptors were much higher than those of the a -adrenoc-1D

eptor, a - and a -adrenoceptor protein densities were1A 1B

adjusted to approximate those of the a -adrenoceptor in1D

subsequent kinetic experiments. This was done by mixing
Ž .with sonication cell membranes from COS-1 cells trans-
fected with a - or a -adrenoceptors with non-trans-1A 1B

fected COS-1 cell membranes to yield a final density of
0.5"0.1 pmolrmg protein for all subtypes. This proce-

w3 xdure had no effect on the affinity of H prazosin for the
a - or a -adrenoceptors. The final protein concentration1A 1B

was about 0.8"0.2 mgrml.

Fig. 1. Alkylation of a -adrenoceptor subtypes by 100 mM chloroethyl-1

clonidine at 378C. Cell membranes were incubated with chloroethylcloni-
Ž .dine at time intervals from 0 to 60 min ns6 . After each incubation

time, the fraction of receptors remaining was determined by measuring
w3 x Ž .specific H prazosin binding. Rate constants slopes among the three

a -adrenoceptor subtypes were significantly different from each other by1

one-way ANOVA, P -0.05.

3.2. Kinetic studies

Each of the a -adrenoceptor subtypes were irreversibly1

inactivated by 100 mM chloroethylclonidine. a - and1B

a -adrenoceptors were most susceptible to chloroethyl-1D

clonidine alkylation, but a -adrenoceptors were also1A

alkylated by chloroethylclonidine, albeit at a markedly
slower rate. Figs. 1–3 demonstrate the alkylation of the
three a -adrenoceptor subtypes with 100 mM chloroethyl-1

Fig. 2. Alkylation of a -adrenoceptor subtypes by 100 mM chloroethyl-1

clonidine at 258C. Cell membranes were incubated with chloroethylcloni-
Ž .dine at time intervals from 0 to 120 min ns6 . After each incubation

time, the fraction of receptors remaining was determined by measuring
w3 x Ž .specific H prazosin binding. Rate constants slopes among the three

a -adrenoceptor subtypes were significantly different from each other by1

one-way ANOVA, P -0.05.
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Fig. 3. Alkylation of a -adrenoceptor subtypes by 100 mM chloroethyl-1

clonidine at 108C. Cell membranes were incubated with chloroethylcloni-
Ž .dine at 108C at time intervals from 0 to 8 h ns4 . After each incubation

time, the fraction of receptors remaining was determined by measuring
w3 x Ž .specific H prazosin binding. The rate constant slope for a -adrenoc-1A

eptor was significantly different from rate constants of a -adrenoceptors1B

and a -adrenoceptors by one-way ANOVA, P -0.05. Rate constants1D

of a - and a -adrenoceptors were not significantly different from each1D 1B

other by one-way ANOVA, P )0.05.

clonidine at 378C, 258C and 108C. The log-linear nature of
the data indicated a first order reaction and the rate con-

Ž y3 y1.stants for alkylation of each subtype in 10 min at
each temperature were determined by linear regression
analysis. Rate constants k and reaction half times t1r2
Ž .min for each receptor subtype are shown in Table 1. The
rate constants for chloroethylclonidine alkylation of each

Ž .subtype were plotted as a function of temperature Fig. 4
and the activation energy E of each subtype was deter-a

Ž .mined by linear regression analysis Table 1 . The calcu-
lated activation energies for alkylation by chloroethylcloni-
dine of each of the three rat a -adrenoceptors were not1

significantly different.

3.3. Computer simulations

In tissues with mixed populations of a -adrenoceptors,1

the amount of alkylation of a -adrenoceptors by1

Fig. 4. Rate constants for chloroethylclonidine alkylation of the three
a -adrenoceptor subtypes as a function of incubation temperature. The1

Ž .slope indicates the activation energy E of each a -adrenoceptor sub-a 1
Ž .types see Table 1 . The slopes were not significantly different among the

three subtypes by one-way ANOVA, P )0.05.

chloroethylclonidine within a short time interval has been
often used to determine the fraction of a -adrenoceptors1A

in tissues. Since our data showed that this method may be
inaccurate, we sought to determine whether measurement
of the rate of alkylation by chloroethylclonidine, combined
with nonlinear curve fitting, could be useful in distinguish-
ing the relative amounts of a -adrenoceptors vs. a -1A 1B

and a -adrenoceptors. Our previous results showed that1D

chloroethylclonidine could not be used to distinguish a -1B

from a -adrenoceptors because the k values for alkyla-1D
Ž .tion are similar Table 1 . Fig. 5 is a simulation of data in

Ž .which chloroethylclonidine 100 mM at 108C is used to
inactivate a combination of a -adrenoceptors which con-1

tain 50% a - and 50% a -adrenoceptors. To perform1A 1B

this simulation, we used the equation derived from the
nonlinear regression analysis of our data from alkylation of
cloned rat a -adrenoceptors:1

YsN ) eyK Ža 1A .) X q 1yN ) eyK Ža 1B .) XŽ .Ža 1A .0 Ža 1A .0

Ž y3where K s0.99"0.01, K s7.26"0.15 10Ža 1A. Ža 1B.

Table 1
Ž y3 y1. Ž .Rate constants k in 10 min and half time t min for alkylation of cloned a -AR subtypes by 100 mM chloroethylclonidine in transfected cell1r2 1

Ž y1 . amembranes and activation energy E in kJ Ø mol calculated for each receptor subtypea

Ž . Ž . Ž .108C ns4 258C ns6 378C ns6

k t k t k t E1r2 1r2 1r2 a

c c c c c ca 0.99"0.01 700.15"7.00 6.63"0.16 105.02"2.46 43.46"0.37 15.93"0.13 100.57"5.261A
b b b,c b,c b,c b,ca 7.26"0.15 95.47"1.93 50.17"0.52 13.81"0.14 205.61"5.39 3.37"0.09 90.18"0.011B
b b b b b ba 7.01"0.12 98.88"1.66 36.98"0.44 18.73"0.22 182.02"2.87 3.81"0.06 87.05"3.911D

a Ž .Data are expressed as mean"S.E.M. of the number n of experiments shown, each performed in duplicate. Data were analyzed by one-way ANOVA
followed by the Student–Newman–Keul test. The difference was considered as significant if P-0.05.
bP-0.05 for comparisons with a -AR.1A
cP-0.05 for comparisons with a -AR.1D
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Fig. 5. Computer simulation of a combination of 50% a -adrenoceptors1A

and 50% a -adrenoceptors inactivated with 100 mM chloroethylcloni-1B

dine at 108C. The upper curve is the computer predicted curve in which a
combination of 50% a -adrenoceptors and 50% a -adrenoceptors is1A 1B

inactivated over time with 100 mM chloroethylclonidine at 108C. The
Ž .curves of the two component subtypes a - and a -adrenoceptors1A 1B

inactivated with 100 mM chloroethylclonidine each individually at 108C
Žcan be extracted and are shown as the lower two curves see text for

.details .

y1 .min , X is the chloroethylclonidine treatment time, Y is
the percentage of receptors remaining at time X and
N is the percentage of a -adrenoceptor in the mix-Ža 1A.0 1A

ture before chloroethylclonidine treatment. The result is a
curvilinear plot from which the K values and relative
percentages of each component can be extracted by nonlin-

Ž .ear curve fitting MicroMath Scientist . The curves of the
Ž .two component subtypes a - and a -adrenoceptors1A 1B

inactivated with 100 mM chloroethylclonidine can be ex-
tracted and are shown as the lower two curves, using the
equation Ys50) eyK ) X, where K value is either 0.99 or

Ž y3 y1.7.26 10 min . Fig. 6 is a computer simulation of

Fig. 6. Computer simulation of chloroethylclonidine alkylation of differ-
ent proportions of a -adrenoceptor and a -adrenoceptor inactivated1A 1B

with 100 mM chloroethylclonidine at 108C. Curves are plotted as the
mean"S.E.M. for each composition. Each curve is marked as the
proportion of a -adrenoceptor.1A

Fig. 7. Alkylation of a -adrenoceptor subtypes in rat brain by 100 mM1

chloroethylclonidine at 108C. Cell membranes from rat brain were incu-
bated with chloroethylclonidine at 108C at time intervals from 0 to 7 h
Ž .ns4 . After each incubation time, the fraction of receptors remaining

w3 xwas determined by measuring specific H prazosin binding. The upper
curve shows the alkylation of a -adrenoceptor subtypes in rat brain1

overtime by chloroethylclonidine. Data were analyzed by nonlinear re-
gression and the curves for inactivation of the two component groups
Ž .a -adrenoceptor, and a - and a -adrenoceptors were extracted and1A 1B 1D

are shown as the lower two curves.

different proportions of a -adrenoceptor and a -adren-1A 1B

oceptor inactivated with 100 mM chloroethylclonidine at
108C. This method was also applied to the combination of

Ž .a -adrenoceptor and a -adrenoceptor not shown . Be-1A 1D

cause the rate of alkylation for a -adrenoceptor and1B

a -adrenoceptor was not different at 108C, the curves in1D

Figs. 5 and 6 are similar to a simulation with a -adrenoc-1A
Žeptor and a -adrenoceptor, or a -adrenoceptor and any1D 1A

.combination of a - and a -adrenoceptor .1B 1D

3.4. RelatiÕe a -adrenoceptor density in rat brain1 A

The methods used in the above simulations were tested
in rat brain. Fig. 7 demonstrates the alkylation of a -1

adrenoceptors in rat brain with 100 mM chloroethylcloni-
dine at 108C. The data were analyzed by nonlinear regres-
sion and indicated a second order reaction as predicted.
The results are consistent with our data for cloned a -1

adrenoceptors in that there are two groups of a -adrenoc-1
Žeptors in rat brain a -adrenoceptors, and a - and a -1A 1B 1D

.adrenoceptors . The proportion of a -adrenoceptors in rat1A

brain is estimated from these data to be 67.5"4.7%.

4. Discussion

In the present study, we measured the rate of alkylation
of a -adrenoceptor subtypes of a single species in an1

attempt to clarify some of the conflicting data and ideas
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about the action of chloroethylclonidine. These studies
produced three major findings: First, we found that the
cloned rat a -adrenoceptor is sensitive to chloroethyl-1A

clonidine, but at a markedly slower rate than the other two
subtypes. The activation energy for alkylation of the a -1A

adrenoceptor is similar to that of the other two subtypes.
Second, we found that the rat a -adrenoceptor is fully1D

susceptible to alkylation by chloroethylclonidine, at a rate
that is similar to that of the a -adrenoceptor. Third, we1B

found that the relative density of a -adrenoceptor in a1A

mixed population of a -adrenoceptor subtypes can be1

calculated by nonlinear curve fitting of the data obtained
from a kinetic analysis of chloroethylclonidine inactivation

w3 xof H prazosin binding sites. This method was tested and
found to be useful in tissue by using cell membranes from
rat brain.

Our findings challenge several notions regarding a -1

adrenoceptor subtypes. As stated above, many investiga-
tions have used chloroethylclonidine to attempt to distin-
guish among a -adrenoceptor populations or responses.1

Our data suggest that this may not be possible when using
a single chloroethylclonidine concentration and incubation
Ž .or infusion time, since all three subtypes are sensitive to
chloroethylclonidine and the rates of alkylation in the
a -adrenoceptor and a -adrenoceptor are nearly identi-1B 1D

Žcal. Reports Lomasney et al., 1991; Perez et al., 1991,
.1994 that the a -adrenoceptor is only partially sensitive1D

to chloroethylclonidine are also challenged by our work.
Ž .Perez et al. 1991, 1994 found that following chloroethyl-

clonidine treatment, the cloned rat a -adrenoceptor ap-1D

peared less sensitive to chloroethylclonidine than the a -1B

adrenoceptor and that at least 25% of the a -adrenocep-1D
Žtor binding sites remained as measured by the antagonist

w Ž w125 x . x2- b- 4-hydroxy-3- I iodophenyl ethylaminomethyl te-
w125 x .tralone also known as I HEAT , regardless of incuba-

tion time. Based on these reports, we expected to find that
chloroethylclonidine inactivates the a -adrenoceptor at a1D

rate slower than the a -adrenoceptor; we also expected a1B

biphasic pattern of inactivation of the a -adrenoceptor1D

subtype by chloroethylclonidine. However, in our experi-
ments, we found that chloroethylclonidine rapidly and
completely inactivated the a -adrenoceptor subtype in a1D

first-order reaction in a manner similar to that seen for the
a -adrenoceptor. Thus we found no evidence for a -1B 1D

adrenoceptor heterogeneity or unusual kinetics of inactiva-
tion by chloroethylclonidine. We can not currently explain
the discrepancy between our data and those of other
investigators. It is possible that experimental differences
Ž w3 x w125 x .e.g., H prazosin vs. I HEAT , may have played a
role in our different observations. However, in studies with

Ž .chloroethylclonidine, Han et al. 1994 and Esbenshade et
Ž .al. 1995 found that similar concentration of chloroethyl-

Ž .clonidine 100 mM produced similar amount of inhibition
of the a - and a -adrenoceptor subtypes of different1B 1D

species, supporting our observation that this reaction pro-
ceeds at identical rate for both subtypes.

Many investigators have reported that rat a -adrenoc-1A

eptors are ‘insensitive’ to chloroethylclonidine. These re-
ports led us to speculate that the resistance to alkylation
could be the result of a structural difference among the
a -adrenoceptor subtypes, most likely due to a difference1

in the amino acid sequence of the receptors. However, our
experiments revealed that the a -adrenoceptor is com-1A

pletely alkylated by chloroethylclonidine, albeit at a
markedly slower rate than a - or a -adrenoceptors. To1B 1D

determine whether differences in chloroethylclonidine
alkylation rates were due to actions at different binding
sites, we calculated the activation energies for alkylation of
each receptor using the Arrhenius equation, which de-
scribes the mathematical relationship between reaction
temperatures and rate constants. The calculated activation
energies for alkylation by chloroethylclonidine of the three
rat a -adrenoceptors were not significantly different, im-1

plying that the three subtypes may have similar or identical
Žbinding sites for chloroethylclonidine Adamson, 1979;

.Banker and Rhodes, 1979 . Another explanation for differ-
ences in chloroethylclonidine sensitivity was recently ad-

Ž .vanced by Hirasawa et al. 1997 , who found that the
a -adrenoceptor has a greater intracellular distribution vs.1A

a -adrenoceptors expressed in COS cells. These authors1B

suggest that differences in cellular distribution of a -1

adrenoceptors results in the reduced sensitivity of the
a -adrenoceptor to chloroethylclonidine. However, in our1A

experiments, which used isolated plasma membranes rather
than whole cells, we observed a slower alkylation rate of
a -adrenoceptors vs. the other subtypes. This suggests1A

that inherent differences in the alkylation rate of the
a -adrenoceptor exist irrespective of cellular a -adrenoc-1A 1

eptor distribution.
One of the difficulties in using chloroethylclonidine to

measure relative a -adrenoceptor densities is that any1

treatment protocol will result in a fraction of a -adrenoc-1A

eptor inactivation prior to complete inactivation of the
a - and a -adrenoceptor subtypes. However, during the1B 1D

course of our studies we recognized that the relative
density of a -adrenoceptors vs. the other two subtypes1A

could be determined from a mixed population in kinetic
experiments similar to those used in our protocols. This
can be accomplished because the difference in the rates of
inactivation between the a -adrenoceptor and the other1A

two subtypes are sufficiently different to resolve multiple
sites through non-linear curve fitting analysis of the kinetic
data. Further, the analysis is uncomplicated since
chloroethylclonidine alkylates each of the subtypes at a
single site by a first-order reaction. If we consider the
receptor subtypes in two groups, the a -adrenoceptors1A
Ž . Žslowly alkylated , and a -adrenoceptors rapidly alky-1BrD

.lated , we can determine the proportion of a -adrenocep-1A

tors in a mixed population by using a single kinetic assay
Ž .Figs. 5 and 6 . In our simulations, we changed the consti-
tution of a -adrenoceptor subtypes to different proportions1

and determined the utility of the model and its sensitivity.
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To test the utility of this method, cell membranes from
rat brain were incubated with 100 mM chloroethylcloni-
dine at 108C for different periods of time. Rat brain is a
tissue that reportedly contains all three a -adrenoceptor1

Ž .subtypes Price et al., 1994; Scofield et al., 1995 . The
data indicated a second order reaction with 67% of the
total a -adrenoceptors of the a subtype. This result is1 1A

Žconsistent with a previous report in the same tissue John-
. Ž y3son and Minneman, 1987 . The rate constants in 10

y1 . Ž .min for the a -adrenoceptor 1.93 " 0.24 and1A
Ž .a ra -adrenoceptor 20.61"3.72 calculated by non-1B 1D

linear regression in rat brain at 108C are somewhat differ-
Žent to those calculated in transfected COS-1 cells KŽa 1A.

.s0.99"0.01, K s7.26"0.15 . The reason forŽa 1Bra 1D.
the small differences in the calculated rate constants be-
tween the transfected cells and rat brain is unknown, but
the relative differences among the subtypes were preserved
in the native tissue. This result confirms that this method is
useful in accurately resolving the proportion of a -adren-1A

oceptor in a mixed population of a -adrenoceptor sub-1

types. We have also recently employed this method to help
Žcharacterize a cloned mouse a -adrenoceptor subtype Xiao1

.et al., 1998 . In these studies, chloroethylclonidine fully
alkylated the cloned mouse a -adrenoceptor at a rate that1A

was similar to that seen for the rat a -adrenoceptor1A

subtype, confirming its identity as a mouse a -adrenocep-1A

tor.
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