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FIG. 1. Time curve of NHNP-NBE inhibition of IHYP specific binding in cat cardiac membranes

Cat heart membranes (150 zg/assay) were incubated i) with IHYP (55 pM) in the presence and absence of 10

�tM propranolol to determine 100% specific binding; ii) or with NHNP-NBE; (1 �LM top curve; 10 fIM middle

curve; and 100 fLM bottom curve) for the times indicated in the figure. Subsequent to NHNP-NBE incubation,

membranes were centrifuged at 48,000 X g for 20 mm, resuspended in assay buffer and IHYP specific binding

assessed. Error bars represent standard deviations for two experiments performed in triplicate.

C
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C

FIG. 2. Log dose response curves for NHNP-NBE

inhibition of IHYP specific binding in cat heart mem-

branes

Membranes (150 pg/assay) were incubated with

NHNP-NBE at the indicated concentrations for 10

mm (filled circles) and 60 mm (unfilled circles); fol-

lowed by centrifugation at 48,000 x g. Membranes

were resuspended in assay buffer and assayed for

IHYP specific binding (with and without l-propran-

ohol) using 65 �M IHYP (10 mm) and 58 �M IHYP (60

mm) curves. Each point represents the mean of six

determinations (two experiments performed in tripli-

cate). Error bars represent the standard deviations.

pation by an adrenergic ligand should “pro-
tect” the receptor from NHNP-NBE inac-
tivation.

In isometrically contracting cat papillary
muscles incubation of the muscles with 10

tLM l-isoproterenol prior to and during the
exposure to 10 �LM NHNP-NBE resulted in
receptor protection from the effects of
NHNP-NBE. The ED50 of l-isoproterenol
on the muscles remained 10 n� both before

and after NHNP-NBE treatment. The ex-

posure of muscles to 10 �tM NHNP-NBE in
the absence of isoproterenol produced a
rightward shift in the log dose response
curve to isoproterenol. The isoproterenol

ED50 was shifted from a control value of 10
n� to 500 nM after a 10 mm exposure to
NHNP-NBE. IHYP binding in membranes
isolated from intact heart muscle treated
with 10 �LM NHNP-NBE for 10 mm showed
a loss of 71% of IHYP specific binding;
muscles treated with 10 JLM NHNP-NBE in
the presence of 10 �LM l-isoproterenol

showed a loss of only 11% IHYP specific
binding. When similar experiments were
performed on isolated cat heart membrane
fl-receptors using l-propranolol as the pro-

tection agent, propranolol (10 �LM) was able
to protect 67% of the fl-receptors from ir-
reversible inactivation by NHNP-NBE

(100 LM). These data, which are summa-

rized in Table 2, suggest that NHNP-NBE
interacts covalently with a residue in or

extremely close to the adrenergic ligand
binding site, and that prior occupation of
the receptor can prevent covalent modifi-
cation of the receptor by NHNP-NBE.

Irreversible fl-receptor inactivation in

intact cardiac muscle. Due to the nature of
the cardiac inotropic responses to isopro-
terenol subsequent to NHNP-NBE treat-
ment (see below), it became important to

demonstrate a dose-related receptor occu-
pation by NHNP-NBE in cardiac muscle.
Intact cat cardiac muscle was treated with

increasing concentrations of NHNP-NBE
from 0.1 j�M to 100 �LM, for 10 mm. The heart
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TABLE 2

P rotection from NHNP -NBE induced fl-receptor inactivation by prio r recepto r occupat ion with adrenergic

ligands

Preparation Protective agent Assay Con-
trol

+

NHNP-
NBE

NHNP-

NBE
after pro-

tection
agent

/3-re-
ceptor
protec-

tion

1) Contracting papil- 10 ILM 1-isoproterenoh Inotropic re- 10 nM 500 nM 10 nM

(%)

100

lary muscles” against 10 ILM NHNP- sponse

NBE ED�,’s

2) Cat cardiac muscl? 10 )IM 1-isoproterenol IHYP binding

against 10 �LM NHNP-

NBE

2.5” 0.73” 2.2” 89

3) Cat heart mem- 10 �M 1-propranolol against IHYP binding 11.9” 0’ 8.0’ 67

branes’ 100 �tM NHNP-NBE

#{176}Three isometrically contracting papillary muscles that had a control dose-response relationship ascertained

to isoproterenol were treated for 10 mm with 10 �tM isoproterenol prior to the addition of 10 �tM NHNP-NBE to

the muscle bath solution containing isoproterenol. Subsequent to a 10 mm incubation the muscle baths were

washed six times, and a second isoproterenol dose response relationship obtained upon muscle stabilization (30

mm). The ED�, remained 10/tM before and after the NHNP-NBE treatment.

Experiments were performed with cardiac cell membranes isolated and IHYP binding assessed as described

in Figure 3. 10 �tM NHNP-NBE produced a 71% reduction in IHYP specific binding in nonprotected cardiac

muscle.

“Experiments were performed as outlined in Table 1 assessing the degree of recovery of IHYP specific

binding with membranes treated with propranolol alone, NHNP-NBE subsequent to and in the continued

presence of 10 /LM propranolol and NHNP-NBE alone.

“fmol/assay.

fmol/mg protein.

muscle was then extensively washed, ho-
mogenized, and a membrane fraction iso-
lated. The concentration of remaining un-

occupied fl-receptors was determined by
IHYP binding. As illustrated in Figure 3,
NHNP-NBE produced a dose-dependent
inactivation of fl-receptors in the intact
muscle. This receptor inactivation occurred
despite extensive washing, muscle homog-
enization, and membrane isolation proce-
dures. The inset of Figure 3 illustrates the
dose-dependent inhibition of IHYP specific

binding by NHNP-NBE.
NHNP-NBE effects on isoproterenol-in-

duced cardiac positive inotropic responses.
NHNP-NBE dramatically affects the con-
centrations at which l-isoproterenol pro-
duces positive inotropic responses in iso-
lated cat papillary muscles. As illustrated

in Figure 4, increasing the concentration of

NHNP-NBE from 0.1 ILM to 100 �tM pro-
duced a progressive rightward shift in the
log dose response curve to l-isoproterenol.
However, importantly, there was no reduc-
tion in the maximum inotropic response to

isoproterenol with any of the concentra-

tions of NHNP-NBE (Fig. 4). An example
of the actual polygraph tracings is pre-

sented in Figure 5. Unlike propranolol,
which produces a nonspecific inhibition of

muscle contraction at concentrations above

1 �tM, NHNP-NBE displayed little or no
effects on control contractile tension at con-
centrations up to 100 �LM. At 100 j�M NHNP-

NBE has no effect on paired electrical stim-
ulation, force-frequency responses, or

length-tension relationships. The inotropic
response to 10 mM Ca2� is identical prior
and subsequent to NHNP-NBE, with a
maximum inotropic response achieved in
each case. There was some evidence for
partial agonist activity of NHNP-NBE: Ad-
dition of 1 �M to 100 ILM NHNP-NBE to the

muscle bath produced slight (-10%) tran-
sient increase in the force and velocity of
muscle contraction (not shown).

Cardiac fl-receptor occupation by

NHNP-NBE vs. inotropic responses to iso-
proterenol. The percentages of cardiac fl-

adrenergic receptors irreversibly macti-
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FIG. 4. Log dose response curves for isoproterenol

producing positive inotropic responses in cat papil-

lary muscles in the presence of increasing concentra-

tions of NHNP-NBE

Cat papillary muscles (METHODS) were treated with

0.1 gIM NHNP-NBE (A); 1.0�zM (D); 10/tM (0) and 100

/IM NHNP-NBE (U) for 10 min followed by 5 bath

changes with fresh pre-warmed Krebs over a period of

30 min. l-isoproterenol dose response curves were per-

formed over the ranges indicated in the figure. The

control isoproterenol dose response curve is depicted

by (S). Each set of experiments was performed se-

quentially on single papillary muscles. The peak

(100%) response was the same for each dose response

curve. Data points represent the mean of at least three

experiments.
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control 10’ i0-� �Q8 io’

NHNP-NBE Concentration (Molar)

FIG. 3. IHYP binding to cat heart membranes prepared from cat heart muscle treated u’ith various

concentrations of NHNP-NBE

Freshly dissected cat cardiac muscle (2 g wet weight) minced into I mm diameter sections was incubated for

10 mm at 30#{176}with NHNP-NBE at the indicated concentrations subsequent to a 15 mm equilibration in Krebs

solution at 30#{176}.Muscle fragments were washed four times with Krebs solution, then homogenized in 10 ml of 5

mM HEPES, 5 mM MgSO4 at high speed for 2 mm in a motor driven Teflon pestle homogenizer. Homogenates

were then subjected to centrifugation at 800 X g for 10 mm. The supernatant was then centrifuged at 48,000 x

g for 20 mm at 0#{176}.The pellet was resuspended in assay buffer and assayed for IHYP specific binding. The figure

denotes IHYP binding in the absence (unfilled circles) and presence (filled circles) of 10 /LM 1-propranolol. The

error bars denote standard deviations for six determinations from two experiments performed in triplicate. The

inset shows the IHYP specific binding with increasing concentrations of NHNP-NBE.

vated by various concentrations of NHNP-
NBE are compared in Table 3 to the shift

produced in the ED50 for isoproterenol-in-
duced positive inotropic responses. The

control ED50 for isoproterenol was 9.8 ± 2.3
nr�i (n = 7). With 0.1 �tM, 1 �LM, 10 jzM, and
100 jzM NHNP-NBE, the ED50s for isopro-

terenol were 20 ni�i, 70 nM, 500 n�, and 5623
n�i. However, with each concentration of

-tO -9 -8 -7 -6 5 4 NHNP-NBE, the same maximum contrac-
Log Dose (M) tile response to isoproterenol was obtained.

NHNP-NBE effects on isoproterenol-in-
duced increases in cyclic AMP concentra-

tion. Cyclic AMP formation is a docu-

mented response to fl-receptor stimulation
in most tissues including heart (12). Pre-
vious studies from this laboratory have
demonstrated that cyclic AMP does not

appear to be involved in the propagation of

cardiac inotropic responses to catechol-
amines (4-6), although it was proposed (4)

that cyclic AMP could play a role in re-
sponse initiation. With the above findings
of maximal inotropic responses with less
than 10% of the fl-receptors accessible, it
was of some interest to assess the cyclic
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Isoproterenol Dose Response 8/ws. after 130,rsM NHNP-NBE

FIG. 5. Sample polygraph tracing for isoproterenol dose response relationships before and after NHNP-

NBE treatment

Upper tracings illustrate the changes in force and df/dt in response to the indicated concentrations of I-

isoproterenol. The lower set of tracings are an example of the isoproterenol dose response relationship 8 hr

subsequent to a 10 mm exposure to 13 �M NHNP-NBE demonstrating the persistence of the NHNP-NBE

effect. The tracings are read from right to left.

TABLE 3

“Represents the final concentration of NHNP-

NBE in cat papillary muscle baths for a 10 mm incu-

bation.

“Calculated from IHYP binding data.

‘Determined from the midpoint of log dose re-

sponse curves performed over 6 orders of magnitude

of isoproterenol concentration.
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Control Isoproterenol Dose Response

df,df

Force

I mm

t t t t t t

Force

/3-receptor occupation by NHNP-NBE vs. cardiac

inotropic responses to isoproterenol

NHNP- % total Inotropic re- % con-
NBE con- /3-re- sponse ED� i-iso- trol

centration” ceptors proterenol maxi-
occu- mum
pied” re-

sponse
achieved

(ELM) (nM)’

Control 0 9.8 ± 2.3 (n = 7) 100

0.1 0 22 100

1.0 43 70 100

10 69 500 100

100 90 5623 100

nucleotide response under these same con-
ditions. Control cyclic AMP concentrations
were 3.42 ± 0.14, range (3.04-4.2) n = 8

pmol/mg protein. Isoproterenol increased

the cardiac muscle concentration of cyclic

AMP in a dose-related manner (Fig. 6). The
ED50 for isoproterenol-induced changes in
cyclic AMP concentration was 15 n�i. With

a concentration of 10 �LM isoproterenol mus-
cle cyclic AMP concentrations rose to 9.64

± 0.77 pmol/mg protein; range (6.3-15), n
= 10, a value significantly different from

control p s 0.001 (two-tailed Student’s t-
test). NHNP-NBE (100 �tM), in addition to

effecting fl-receptor binding and cardiac in-
otropic responses, dramatically affects the
concentration at which isoproterenol pro-
duces cyclic AMP responses (Fig. 6). Iso-
proterenol (10 ,.LM) increased cyclic AMP
concentrations to 8.94 ± 0.90 pmol/mg pro-
tein, range (5.2-16), n = 12, a value signifi-
cantly different from control (p � 0.001)
(two-tailed Student’s t-test); but not from
the cyclic AMP concentration obtained
with isoproterenol (10 �M) in the absence
of irreversible fl-receptor blocker (p � 0.5).

NHNP-NBE shifted the ED50 for the iso-
proterenol-induced cyclic AMP response to
600 tIM (Fig. 6).

In addition to the effect on the isoproter-
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FIG. 7. The effect of irreversible /3-receptor block-

ade on the time course of increased cardiac muscle

cyclic AMP concentrations in response to isoproter-

enol

Isometrically contracting cat papillary muscles

were treated with 10 �LM isoproterenol for the times

indicated and assayed for cyclic AMP as described in

Figure 6. The unfilled circles denote the control cAMP

time course to isoproterenol. The filled circles denote

the cAMP time course to isoproterenol subsequent to

NHNP-NBE (100 �LM) treatment, as described in Fig-

ure 6. Each point represents the mean ± SEM of at

least three determinations.
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proterenol and isolated VA2 membranes to
measure fl-receptor concentrations with
IHYP, the degree of the cyclic AMP re-

sponse and fl-receptor inhibition with var-
ious concentrations of NHNP-NBE were
determined (Table 4). Control cyclic AMP
concentrations in VA2 cells were 24 ± 9
pmol/mg protein (n = 8). As with the car-
diac contraction, NHNP-NBE appeared to
have some partial agonist activity. At
NHNP-NBE concentrations of 0.1 tIM, 1

9 � ; � � tIM, 10 tIM, and 100 tIM, cyclic AMP concen-
-log dose trations were 88 ± 20, 58 ± 21, 51 ± 12, and

FIG. 6. Log-dose response for 1-isoproterenol in- 71 ± 16 pmol/mg respectively (n = 8) for
duced cyclic AMP concentration increases in the each concentration values significantly dif-
presence and absence of an irreversible /3-receptor ferent from the nontreated control ( p <

blocker
0.001 Student’s t-test). In the absence of

Isometrically contracting cat papillary muscles NHNP-NBE, l-isoproterenol (10 tIM) in-
were treated with the indicated concentrations of I-
isoproterenol for 180 sec prior to freeze clamping. The creased cyclic AMP concentrations to 1210
unfilled circles denote the control dose-response rela- ± 53 pmol/mg. As can be seen in Figure 8,
tionship. The filled circles denote the isoproterenol NHNP�NBE progressively reduced the iso-
dose response relationship subsequent to muscle treat- proterenol response in a dose-related man-
ment with NHNP-NBE (100 ILM) for 10 mm, followed ner. At a concentration of 100 tIM NHNP-
by four bath changes with fresh Krebs solution and NBE, the cyclic AMP concentration in re-
muscle reequiibration. Frozen papillary muscles were sponse to isoproterenol was 90 ± 23 pmol/
rapidly homogenized in 500 �l of 6% trichloroacetic mg, a value not significantly different from
acid (TCA) at 00. The homogenates were centrifuged its control of 71 ± 16 pmol/mg. Higher
for 5 mm in a microfuge (12,000 x g). The supernatant

concentrations of isoproterenol did not in-
was extracted three times with H20 saturated ether;

concentrated to dryness with a stream of nitrogen; crease the maximum cyclic AMP response
redissolved in acetate buffer pH 4.0 and assayed for in the absence or presence of NHNP-NBE.
cyclic AMP using a radioimmunoassay. Protein was

determined on the TCA pellets as described (METH-

ODS). Each point represents the mean ± S.E.M. of at

least three determinations.

enol dose response, NHNP-NBE also af-

fected the time course of the cyclic AMP
response (Fig. 7). In the absence of NHNP-
NBE the isoproterenol-induced increase in
cyclic AMP was half maximal in 8 sec (or
a rate of 36.2 pmol cyclic AMP/mm/mg
muscle protein (Fig. 7). Following a 10 mm
treatment of papillary muscles with
NHNP-NBE (100 tIM), the rate of cyclic
AMP formation was reduced to 4.6 pmoles
cyclic AMP/mm/mg muscle protein (Fig.
7).

fl-receptor occupation by NHNP-NBE

vs. cyclic AMP responses to isoproterenol

in cultured cells. VA2 cells provide a simple
well-characterized system with regard to
IHYP binding (8) and cyclic AMP produc-
tion (13). Using intact VA2 cells to measure
cyclic AMP formation in response to iso-



TABLE 4

Inhibition of isoproterenol-induced VA2 cell cyclic

AMP formation and IHYP binding by NHNP-NBE

NHNP-
NBE con-
centration

Intact cell cyclic
AMP response

Cyclic Inhibi-
AMP” tion of

cyclic
AMP

produc-
tion

Inhibition of
[‘25I]IHYP spe-

cific binding

[12�I]

IHYP
spe-
cific

bind-
ing’

0

E

0

E

a.

4

NHNP-NBE Concentration (Molar)
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(1’.M) (pmoi/mg
protein)

(%) (fmoi/
mgpro-

tein)

Control” 1210 ± 53 0 5.4

0.1 609±50 57 1.67

1.0 452±70 68 1.15

10 115± 12 95 0.94

100 90±23 99 0

“Control represents responses in the absence of

NHNP-NBE.

“Cellular cyclic AMP production in response to 10

�M /-isoproterenol for 10 mmn at 37#{176}(see Fig. 6 and

text for details). n = 8 determinations for each point.

Determined in isolated VA2 membranes using

IHYP as described in Fig. 8 and text.

DISCUSSION

NHNP-NBE was found to be an irre-
versible inhibitor of the fi-adrenergic recep-
tors in intact cat cardiac muscle and cul-
tured human cells, as well as in the isolated

membrane preparations. These data con-
firm and extend the report of Atlas et al.

on the irreversible binding of NHNP-NBE
to the fl-receptor of turkey erythrocytes (7).

The availability of a covalent fl-receptor
antagonist make a number of experiments
concerning fl-adrenergic receptor coupling
to cellular events feasible. By irreversible
inhibition of existing fi-adrenergic receptors
in VA2 cells, the synthesis and plasma mem-
brane incorporation rate of new fl-receptor
molecules has been determined (14).2 In the
present study NHNP-NBE was utilized to
irreversibly “inactivate” various percent-
ages of fi-adrenergic receptors to study the
stoichiometry of coupling between fl-recep-
tors, cardiac contractility, and cyclic AMP
production. In cardiac muscle, NHNP-
NBE in increasing concentrations, irrevers-
ibly occupied an increasing percentage of

fi-adrenergic receptors, such that at a con-
centration of 100 tIM NHNP-NBE, greater
than 90% of the heart receptors were irre-

versibly inactivated (Table 3, Figure 3).

The increasing occupation of fl-receptors
by NHNP-NBE produced a progressive
rightward shift in the dose response curve

of the heart muscle to l-isoproterenol (Figs.
4, 5, and Table 3). However, the maximum

% /3-re- positive inotropic response to isoproterenol
ceptors was not reduced with any of the concentra-

pied by tions of NHNP-NBE (Figs. 4, 5 and Table
NHNP 3). These results indicate that isoproterenol

can produce full (100%) inotropic responses
with less than 10% of the total fi-adrenergic

receptors in an accessible form. Under
0 these same conditions the cardiac muscle

69 cyclic AMP response to isoproterenol was
79 also undiminished, suggesting that the car-
83 diac fl-receptors can couple extremely effi-

100 ciently to adenylate cyclase.

Previous data from this laboratory have

demonstrated the ability of cardiac muscle
to propagate an inotropic response

FIG. 8. The inhibition of isoproterenol induced

cyclic AMP formation in cultured cells by increasing

concentrations of NHNP-NBE

VA2 cells grown to confluency on 60 mm culture

dishes were assayed for cyclic AMP in trichloroacetic

acid (TCA) extracts, subsequent to treatment with 10

/LM i-isoproterenol for 10 mm (upper curve). Cells

were preincubated for 10 mm with the indicated con-

centrations of NHNP-NBE followed by three washes

with phosphate-buffered saline. The cells were then

subjected to isoproterenol for 10 mm or no treatment,

followed by TCA extraction. Cyclic AMP was deter-

mined by radioimmunoassay (11). Error bars represent

standard errors from two experiments performed in

quadruplicate. The lower curve represents “basal” lev-

els of cyclic AMP (0 concentration) and cyclic AMP

produced in response to NHNP-NBE. The inset illus-

trates the percent inhibition of the isoproterenol-in-

duced cyclic AMP production by NHNP-NBE (#{149})
and of IHYP specific binding to VA2 membranes (0).
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throughout the muscle from a discrete site
of catecholamine application to the muscle

(4-6). This propagation suggests a high de-
gree of coupling between cardiac cells, and
that the maximal activation of a limited
number of cells by isoproterenol can induce
a spread or propagation of the inotropic

response throughout the muscle (4-6). The
measurement ofcyclic AMP concentrations

in cardiac muscle treated with immobilized

catecholamines indicated that cyclic AMP
may not be involved in the cell-to-cell prop-
agation of the inotropic response (4-6).
However, based upon cyclic AMP re-
sponses in cultured heart cells, it was pro-

posed (4) that cyclic AMP could be in-
volved in the response initiation. The data
I have presented here suggest that only a

small percentage (<10%) of the fl-receptors
in cardiac cells are required (in the presence
of saturating concentrations of isoprotere-
nol) to produce maximal cyclic AMP and
inotropic responses. These data are consist-
ent with a role for cyclic AMP in inotropic

response initiation under these conditions,
although as shown in Figure 7, the rate of
activation of adenylate cyclase under recep-
tor limiting conditions is substantially
slower than control conditions. It is not
presently known to what extent propagated

responses occur with 90% of the fl-receptors
inactivated by NHNP-NBE. Activation of

the propagation response may require the
majority of receptors on only a few cells or

less receptors on a majority of cells (6, 15).

Experiments with glass bead and polymeric
immobilized catecholamines under various

degrees of NHNP-NBE inhibition may re-
solve this issue.

In contrast to the data obtained on car-
diac contraction and concentrations of fl-

adrenergic receptors required for full mus-
cle and cyclic AMP stimulation, the exper-
iments on cyclic AMP formation in cultured
cells (Fig. 8, Table 4) suggest a direct stoi-
chiometnc coupling between fl-receptors
and cyclic AMP production. The inhibition
of IHYP binding to VA2 membranes by
NHNP-NBE paralleled the inhibition of
cyclic AMP formation by saturating con-

centrations of isoproterenol (Fig. 8).

This apparent stoichiometry found in

cultured VA2 cells and S49 cells (16) be-
tween fl-receptor number and cyclic AMP

production argues against a single fl-recep-
tor simultaneously activating multiple units
of adenylate cyclase. In a recent study it
was suggested that NHNP-NBE affects the
time course of adenylate cyclase activation
by fi agonists but that the same maximal
enzyme activity was eventually obtained
when guanylyl imidodiphosphate was in-
cluded in the reaction mixture to irrevers-

ibly activate adenylate cyclase once stimu-
lated by the fl-receptor (17). The NHNP-
NBE induced reduction in fl-receptor bind-

ing produced a proportional decrease in the
rate of enzyme activation (17). Tolkovsky
and Levitski concluded from these and

other data that collisions between fl-recep-
tors and adenylate cyclase resulted in en-
zyme activation (17). The VA2 cell experi-

ments in this present report are consistent
with a collision coupling mechanism for
adenylate cyclase activation, however the

apparent stoichiometry between fl-receptor
number and cyclic AMP production argues
that the half-life of the activated enzyme is
no greater than the half-life of the agonist-
receptor-catalytic unit interaction. There-
fore a single receptor could not activate

multiple catalytic units. The cardiac model
also argues in agreement with Tolkovsky
and Levitski (17) that single fl-receptors

cannot simultaneously activate multiple
units of adenylate cyclase, but that with

time single receptors can activate multiple

units of the enzyme (Fig. 7). The difference
between the VA2 cell system and the car-
diac muscle system, which allows for “spare
receptors” to be expressed, may reside in

the mode of coupling of fl-receptors to ade-
nylate cyclase and/or in the half-life of the

receptor activated catalytic unit of adenyl-
ate cyclase. In contrast to the VA2 system,
the half-life of the cardiac cyclase may be
prolonged upon receptor dissociation,
therefore permitting the receptor to acti-
vate more than one catalytic unit.
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SUMMARY

LEVIN, R. M. AND A. J. WEIN. Distribution and function of adrenergic receptors in
the urinary bladder of the rabbit. Mol. Pharmacol. 16: 441-448 (1979).

Studies of the response of isolated rabbit urinary bladder strips to adrenergic agents
indicate the presence of both alpha and beta-adrenergic receptors in bladder smooth
muscle. Using [3H]dihydroergocryptine and [3Hjdihydroalprenolol, we characterized the

alpha and beta-adrenergic receptors in the base and body of the rabbit urinary bladder.
The density of alpha receptors (in femtomoles per milligram of protein) was significantly
greater in the bladder base (78 ± 10) than in the body (18 ± 4), whereas the density of
beta receptors was significantly more concentrated in the body (96 ± 10) than in the base
(42 ± 6). This uneven receptor distribution correlated well with the physiological response

of isolated bladder strips to various adrenergic agonists. Methoxamine (an alpha agonist)
stimulated contractility to a significantly greater degree in the musculature of the bladder
base than in that of the body. Isoproterenol (a beta agonist) more effectively relaxed the
bladder body than the bladder base. Epinephrine (alpha and beta agonist) produced a

dose-dependent relaxation in the bladder body, whereas the bladder base responded to
the same concentrations with a dose-dependent increase in contractility. We conclude
from these studies that the greater response of bladder base to alpha-adrenergic agonists

and of bladder body to beta-adrenergic agonists results from the predominance of alpha
receptors in the bladder base and of beta receptors in the bladder body.

INTRODUCTION

The role of the sympathetic nervous sys-
tem in regulating bladder function is not
completely understood. It is currently be-
lieved that the bladder contains both alpha
and beta adrenergic receptors that function

to increase the storage capacity of the blad-

der and improve continence (1, 2). Indirect
support for this theory comes from physi-
ological studies on the mechanical response
of smooth muscle strips isolated from un-
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nary bladder (of several species) to adre-
nergic agents (1-9). These studies indicate
that strips isolated from bladder body re-
spond to beta-adrenergic stimulation (re-
laxation) to a greater degree than strips
isolated from bladder base, whereas strips
from bladder base respond better to alpha
agonists (contraction). Thus, adrenergic

stimulation may be expected to relax the
bladder body (beta effect) and contract the
bladder base (alpha effect), both of which
would facilitate urinary storage.

In order to study the adrenergic inner-
vation of the urinary bladder directly, we
adapted both alpha and beta receptor bind-
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ing assays, using [1H]DHE and [:IHIDHAI
with rabbit urinary bladder. We then com-

pared the adrenergic receptor distribution
with the pharmacological response of iso-
lated bladder strips to the adrenergic ago-

nists methoxamine, isoproterenol, and epi-
nephrine. The evidence presented in these
studies provides direct support for the prop-
osition that adrenergic stimulation may im-

prove urine storage via the relaxation of the
bladder dome and contraction of the blad-
der base.

MATERIALS AND METHODS

Binding assays. The urinary bladders of
18 adult male white New Zealand rabbits
were removed under light sodium pento-

barbital anesthesia. After rapidly removing

the serosa and mucosal layers, the tissues
were used either immediately or frozen and

stored under liquid nitrogen.
Tissue preparation. Tissue samples were

rapidly weighed and homogenized in ice-
cold buffer (50-100 mg/ml) using a Brink-
man Polytron homogenizer. For the alpha
adrenergic assay, the buffer was 50 mM

Tris, pH 7.5, containing 10 mr�i MgCl2; for
the beta adrenergic assay, the buffer was 50
mM Tris, pH 8.0, containing 3 mM MgCl2.

The homogenate was passed through a
double layer of gauze and used immediately
for the receptor binding assay.

Beta-adrenergic receptor assay (6). 100

tI1 of homogenate was incubated in the pres-
ence and absence of 10 tIM propranolol and

concentrations of [3H]DHA varying be-
tween 0.2 and 90 ni�i in a total volume of
140 tI1 for 10 mm at 37#{176}.The reaction was
stopped by the addition of 4 ml ice-cold
buffer and rapidly filtered through a What-
man GFC glass fiber filter. The filter was
washed with three 5 ml portions of ice-cold

buffer. The filters were then placed in a
scintillation vial with 5 ml of scintillation
fluid and the radioactivity determined by

liquid scintillation spectrometry.
Alpha-adrenergic receptor assay (7).

One hundred microliters of homogenate
were incubated in the presence and absence
of 10 tIM phentolamine and concentrations
of ‘H-DHE varying between 0.2 and 90 n�i

The abbreviations used are: [�HJDHE, [“Hidihy-

droergocryptine; [H]DHA, [‘H]dihydroalprenolol.

in a total volume of 140 tI1 for 15 mm at 27#{176}.
The reaction was stopped with the addition
of 4 ml ice-cold buffer and rapidly filtered

through a Whatman GFC glass fiber filter.
The filter was washed with 3-10 ml portions
of ice-cold buffer. The filters were placed in

scintillation vials with 5 ml scintillation
fluid and the radioactivity determined.

Calculations. Specific binding of [3H]-

DHA or [3H]DHE was calculated by sub-
tracting the binding in the presence of
either propranolol or phentolamine (non-
specific binding) from the total binding.
The specific binding ranged between 35-
55% of the total counts bound per mem-
brane.

The specific binding was determined at

each of six concentrations of [3H]DHA and
[3H]DHE ranging between 0.2 n� and 90

n�. The dissociation constant (Kd) and the
number of binding sites (N) was determined
by Scatchard analysis (8) of the specific
binding.

Protein concentrations were determined
by the method of Lowry et al. (9).

Materials. [3H]DHA (48.6 Ci/mMol) and
[3H]DHE (38.8 Ci/mMol) were obtained
from New England Nuclear. Other reagents
were obtained from general commercial
sources.

Muscle Bath Studies. Urinary bladders
of 18 adult, white, male New Zealand rab-
bits were removed under light sodium pen-

tobarbital anesthesia. The bladders were
dissected free of fat and serosa and sepa-
rated between base and body at the level of
the ureters. Longitudinal strips (1 cm x 0.5
cm) of bladder base and body were
mounted in a 30 ml glass chamber contain-

ing Tyrodes solution (125 nmi NaCl; 2.7 mM

KC1; 0.4 mi�’i NaHPO4; 1.8 nmi CaCl2; 0.9
mM MgCl2, 23.8 mz�i NaHCO:3 and 0.2%
glucose) equilibrated with a gas mixture of
95% 02, 5% CO2 and maintained at 37#{176}.
Contractility was monitored using a Grass
force displacement transducer connected to
a 4 channel Beckman recorder.

After equilibrating for approximately 1
hour, a tension of 1 g was placed on each
strip. Pharmacological agents were dis-
solved in deionized water and added in 50

tI1 aliquots. Dose response curves were per-
formed by the sequential addition of drug



ADRENERGIC RECEPTORS AND URINARY BLADDER FUNCTION 443

(in a cumulative manner) at 5 mm intervals.
Drug concentrations presented are the total
concentrations in the bath. A minimum of

six concentrations of drug were used for
each curve. Between curves, the tissues
were washed four times with 30 ml fresh

oxygenated buffer (at 37#{176})and allowed to

recover for 30 mm.

RESULTS

Preliminary studies on the effect of pen-

tobarbital anesthesia on both receptor
characteristics and response of isolated
bladders to adrenergic agonists (in rats)
showed that there were no differences be-
tween tissues isolated from rats anesthe-

tized with pentobarbital or rats sacrificed

by decapitation.

Binding studies. The specific binding of

both [3H]DHE and [3H]DHA to homoge-
nates of bladder were found to be saturable,
of high affinity, and had characteristics con-
sistent with their identification as specific

alpha and beta adrenergic receptors (6, 7).
These characteristics include stereospeci-
ficity, linearity with increasing protein con-
centration, and rate of equilibration studies.

Figure 1 shows representative examples
of the specific binding of both [3H]DHE

and [3HJDHA to homogenates of bladder

base and body. Figure 2 presents the Scat-
chard analysis derived from the curves pre-
sented in Figure 1. Comparison of the bind-
ing characteristics of bladder base and
dome demonstrate that a significantly
greater number2 of alpha receptors, [:;H1
DHE binding sites, are present in bladder
base (78 ± 10 fmoles/mg protein)3 than are
present in bladder body (18 ± 4 fmoles/mg
protein.3 The number of beta receptors,
[3H]DHA binding sites, is significantly
greater4 in bladder body (96 ± 10 fmoles/

mg protein)3 than in bladder base (42 ± 6
fmoles/mg protein).3

There was no difference in the dissocia-
tion constants (K(j) for either [3H]DHE
binding or [3H]DHA binding between blad-

der base and body. For [3H]DHE the K�,

was approximately 7 nM for both tissues;
<0.001, Student’s t-test (unpaired).

Mean ± standard error of 8 preparations.

<0.01, Student’s t-test (unpaired).

for [5H]DHA, the K�, was approximately 5

nM for both tissues.
Homogenates were used in these studies

in order to determine the total number of
receptor sites present in the tissue. Subcel-
lular distribution studies on the specific

binding of [3H]DHE and [:3HIDHA to par-
ticulate preparations of rabbit bladder (Ta-
ble 1) demonstrated that although the spe-

cific binding to the 10,000 x g and 100,000
x g fractions was greater than to homoge-

nates when calculated per milligram pro-
tein, binding to these fractions combined
represented only 40% of the total binding

present in the homogenates. Recovery of
binding sites in these particulate prepara-
tions was 88% for [3HJDHA sites and 70%
for [:SHIDHE sites.

Effect ofmethoxamine on the rabbit un-

nary bladder. Figure 3 shows the response
of isolated strips of bladder body and base
to the alpha-agonist methoxamine. Al-
though the response of the bladder strips to
pharmacological agents is presented as

of maximum response” for comparative
purposes, the magnitude of the response in
mg tension is given in the figure legends.
The maximum response (increase in ten-
sion) of strips isolated from bladder base

was approximately threefold higher than
the response of strips of bladder body. In

addition, the EDr,o for methoxamine was
significantly lower for the bladder base than

for the bladder body. In similar experi-

ments, epinephnine in the presence of 50

tIM propranolol also stimulated contraction
in the bladder base to a much greater de-

gree (4-fold) than in the bladder body (data
not shown).

The ability of methoxamine to displace
[5H]DHE from alpha receptors isolated
from the bladder dome and base is pre-
sented in Table 2. As can be seen, the IC�)
for methoxamine was the same for both
tissues.

In order to determine if this difference in

response observed between bladder base
and body to alpha-adrenergic agonists was

due to the inability of the musculature of
the bladder body to contract more force-
fully, strips of base and body were exposed
to maximally effective concentrations of be-
thanechol (a powerful cholinergic stimulant
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Ftc. 1. Specific binding of[3HJDHE and [5H/DHA to rabbit urinary bladder

Binding experiments were performed as detailed in METHODS. The total binding was determined in the

absence of phentalamine for [�H]DHE binding, propranolol for [H]DHA binding, nonspecific binding was

determined in the presence of 10 /IM inhibitor, and specific binding was determined by subtracting nonspecific

binding from total binding. Each value represents the mean of four replicates: vertical brackets indicate the

standard error.

of bladder contraction). Whereas 1.5 mM

methoxamine produced a 560 mg increase
in tension of the bladder body, 1.5 mM

bethanechol produced a 5600 mg increase
in tension of the bladder body. Thus, be-

thanechol produced a 10-fold greater stim-

ulation of bladder body contraction than
did methoxamine.

Effect of isoproterenol on the contractil-
ity of rabbit urinary bladder. Figure 4
shows the response of isolated bladder
strips to isoproterenol. In contrast to the

effect of methoxamine, strips isolated from
bladder body responded to a significantly
greater degree (decrease in tension) to iso-
proterenol than strips isolated from bladder
base. The ED�0 for isoproterenol was ap-
proximately the same for both tissues.

Effect of epinephnine on the contractility
of rabbit urinary bladder. Figure 5 shows

the effect of epinephrine on the contractil-
ity of strips isolated from bladder base and
body. No adrenergic inhibitors were used in
these experiments.

As can be seen, epinephrine produced a

dose-dependent incrt� ase in contractility

(alpha effect) in the i”ladder base while
causing a dose-dependent inhibition of con-
tractility (beta effect) in th bladder body.

One should note that since no inhibitors
were used and the bladder base and body

contain both alpha and beta receptors, the
response observed in the presence of epi-
nephnne would reflect the summation of
the total receptors stimulated in the tissue.
Our results indicating that both alpha and
beta receptors respond to epinephrine over

the same concentration range (ED50 was
approximately 4 tIM for alpha stimulation,
1 tIM for beta stimulation) are consistent
with our radioligand displacement studies,
which show that epinephnine is more effec-

tive at displacing [3H]DHA from beta re-
ceptors than [3H]DHE from alpha recep-
tors (Table 2).

DISCUSSION

Postganglionic stimulation of the sym-

pathetic fibers innervating the urinary
bladder can produce either a contractile




