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FIG. 2. Scatchard analysis of[3HJDHE and [3H]DHA binding to rabbit urinary bladder

The Scatchard plots of the specific binding presented in Figure 1 are shown. B = moles of

[5HIDHA (or 5H-DHE) bound per mg protein; F = concentration of free ligand; K,, = the dissociation constant;

N = the maximum number of specific binding sites.

TABLE I

Subcellular distribution of[3HJDHE and [3H/DHA

binding in rabbit bladder

Each homogenate was centrifuged successively at

900 x g for 10 mm, 10,500 x g for 20 mm, and 100,000

x g for 60 mm. Each particulate fraction was washed

by resuspending in cold buffer and recentrifuging. The

resulting washed particulate fractions were resus-

pended in buffer.

Binding assays were performed as described in

METHODS at 20 nM [5H]DHE or 20 nM [‘H]DHA in

quadruplicate. The values ± standard error are the

averages of four separate preparations.

Fraction Specific binding

[‘HlI)HE % of [‘H]DHA
bound total bound
(base) (body)

of
total

(fmole/mg (fmole/mg
protein) protein)

Homogenate 63 ± 7 100 89 ± 10 100

900xg 65±8 35 190±30 47

10,500 x g 237 ± 30 18 335 ± 50 20

100,000xg 142±14 17 290±50 21

response (alpha adrenergic effect), relaxa-
tion (beta adrenergic effect), or a biphasic
response, depending on the species and
techniques utilized (1, 3, 10). Physiological

studies on the response of isolated bladder
strips to adrenergic agents have been used
to identify the presence of both alpha and

beta adrenergic receptors in the bladder
and indicate that both qualitative and

quantitative differences may exist in adre-
nergic innervation of bladder base and blad-

der body (1, 4-6).
In order to study the adrenergic inner-

vation directly, we have utilized receptor
binding assays to characterize both alpha
and beta receptors in the bladder body and
base of rabbits, and compared receptor

characteristics to the physiological re-
sponse of isolated bladder strips to a variety
of adrenergic agents.

A comparison of the adrenergic receptor

density between bladder base and body
demonstrates that beta adrenergic recep-

tors are concentrated in bladder body
whereas alpha receptors are concentrated

in bladder base. The density of beta recep-
tors in the bladder body is over five times

that of alpha receptors in bladder body,
whereas the density of alpha receptors in
the bladder base is less than twice that of
beta receptors in the bladder base. There
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FIG. 3. Effect of methoxamine on the rabbit urinary bladder

The response of strips isolated from bladder base and body to methoxamine was determined as described in

METHODS. The data are presented as the “% of the maximum response.” 100% is equal to the maximum increase

in tension of the bladder base (1600 ± 300 mg increase over basal tension). The response of the bladder dome

is calculated relative to the maximal response of the base. Each value represents the mean of 6 separate

preparations; vertical brackets indicate the standard error.

TABLE 2

Displacement of[3HJDHE and [3HJDHA from bladder base and body by epinephrine and methoxamine

The specific binding of [1H]DHE (30 nM) and [1H]DHA (30 nM) was determined in the presence and absence

of seven concentrations of either epinephrine or methoxamine. The concentration required to inhibit the specific

binding of the radioligand by 50% (IC��) was determined by graphical analysis. Each value is the mean ± the

standard error of 3-6 determinations.

Agent IC� -�_________

H-DHA H-DHE

Base Body Base Body

0.8 ± 0.2 1.6 ± 0.4 2.0 ± 0.5

Ftc. 4. Effects of isoproterenol on rabbit urinary bladder

The response of strips isolated from bladder base and body to isoproterenol was determined as described in

METHoDS. The data are presented as � of maximum response.” 100� would equal the reduction of basal tension

(1000 mg) to zero. Each value represents the mean of six separate preparations; vertical brackets indicate the

standard error.
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were no differences in the dissociation con-

stants of adrenergic receptors isolated from
bladder base and those isolated from blad-

der body.
The regional distribution of alpha and

beta adrenergic receptors correlates well
with our in vitro studies on the response of
isolated bladder strips to adrenergic agents.
Methoxamine (and epinephrine in the pres-
ence of propranolol) stimulated contraction
to a significantly greater degree in the blad-
der base than in the bladder body. Al-

though there was a significant difference in
the ED50 of bladder base and dome for
methoxamine stimulation (similar to that

demonstrated by Downie et al. [4]), this
does not necessarily indicate a difference in
the affinity of the alpha receptors for the
agonist.

Because of the marked lower alpha re-

ceptor density in the bladder body as com-
pared with the bladder base, alpha adre-
nergic stimulation of the bladder body may
require that a significantly greater propor-
tion of receptors be occupied in order to
overcome the passive elastic properties of
the smooth muscle and produce an observ-

able contraction. This would be reflected as

an increase in the ED50 even though the

affinity of the alpha receptors for methox-
amine would be the same for the bladder
body and base. Conversely, because of the
relatively high alpha adrenergic density of
the bladder base, maximal contractile re-
sponse of the base may require proportion-
ally less receptor-occupation than required
for maximal contraction of the body. Be-
cause of the problems inherent in trying to
determine receptor-ligand interaction indi-

rectly via the measurement of contractile
response, our demonstration that the affin-
ity of alpha receptors isolated from the
base and body for [3H]DHE is equal, and
that methoxamine and epinephrine are
equally effective at displacing [‘H]DHE
from alpha receptor preparations of the
base and body, indicates that there is no

qualitative difference in alpha receptors iso-
lated from these two regions.

Isoproterenol was more effective in re-

ducing the tension of bladder body than of
musculature of bladder base. This result
correlates with the predominance of beta

receptors in the bladder body.
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Epinephrine in the absence of inhibitors

produced a dose-dependent increase in ten-
sion in the bladder base whereas over the

same concentration range epinephrine pro-
duced a dose-dependent decrease in tension

in bladder body. This response to epineph-
rine is similar to that reported by Salimi et

al. (5), and would be expected from our
findings that alpha receptors predominate
in the bladder base and beta receptors pre-
dominate in bladder body.

We realize that the magnitude of the

contractile response to autonomic agents is
not solely a function of the density of re-
ceptors and that several physical factors
can influence this response. In this regard,
we were careful that the size of the strips

from bladder base and body were equal and
that they were hung in the same direction.

The following conclusions can be drawn
from these studies: 1) The bladder base
contains a predominance of alpha receptors
whereas there is a predominance of beta

receptors in the bladder body. 2) Alpha and

beta receptors isolated from bladder body
have characteristics identical with those
isolated from bladder base. 3) The physio-
logical response of bladder strips isolated
from bladder base and body to specific ad-

renergic agonists is consistent with adre-
nergic receptor distribution.

In general, these studies support the the-

ory that sympathetic stimulation of the uri-
nary bladder may improve urine storage by
simultaneous relaxation of the bladder

body and contraction of the bladder base.
In man, there is circumstantial evidence

that the sympathetic nervous system is in-
volved in a similar way in urine storage.

This evidence includes the following: 1)
functional bladder outlet obstruction at the

level of the bladder neck and proximal ure-
thra has been successfully treated with al-
pha adrenergic blockade (11, 12) and 2)
selected cases of detnusor hyperreactivity,

enuresis, and stress urinary incontinence
have been treated successfully with agents

that stimulate the adrenergic receptors of
the bladder and proximal urethra (13, 14).
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SUMMARY

WIMALASENA, JAYANTHA AND WESLEY D. WICKs. Coordinate protein kinase acti-
vation and specific enzyme induction by cyclic nucleotide derivatives in intact
cultured hepatoma cells. Mol. Pharmacol. 16: 449-461 (1979).

A variety of cyclic nucleotide derivatives were tested for their ability to activate cAMP-

dependent protein kinase (ATP:protein phosphotransferase, EC 2.7.1.37) and to induce
tyrosine aminotransferase (L-tyrosine: 2-oxoglutarate aminotransferase, EC 2.6. 1 .5) in
intact Reuber H35 rat hepatoma cells. The ratio of protein kinase activity toward a mixed
histone preparation ± cAMP in 10,000 x g supernatant fractions of H35 cells incubated
with or without a number of different cyclic nucleotide derivatives was used as an index
of the degree of protein kinase activation in the intact cells. Basal ratios of 0.3-0.4 were

observed but the actual ratio of cAMP-dependent protein kinase in untreated cells was
estimated to be 0.10-0.15, based on the use of the skeletal muscle inhibitor and the slight
stimulatory effect of dilution. The increase in the protein kinase activity ratio generated
by each cyclic nucleotide derivative preceded that in aminotransferase activity, a pattern

to be expected if a cause-effect relationship exists. The dose-response relationships for a
variety of these derivatives revealed a highly significant correlation between kinase

activation and enzyme induction. Furthermore, the effects of cAMP itself and two
derivatives on both processes were converted from weak to strong by addition of a

phosphodiesterase inhibitor. One of the cyclic nucleotide derivatives tested, 8-paracblo-
rophenylthio cAMP, exhibited dramatically higher potency (ED50 for kinase activation
and enzyme induction 2-3 tIM) than N,02’-dibutyryl cAMP (ED50 100 tIM). Sephadex

G-100 chromatography of protein kinase activity was used to confirm the results of the
ratio method. The results demonstrate that enzyme induction is tightly coupled to protein
kinase activation and is consistent with the possibility that these two processes are
causally related.

INTRODUCTION

The concept that protein phosphoryla-

tion mediates the effects of cyclic AMP

This work was supported by Grants AM 16753 and

CA 15687 from the National Institutes of Health and

BC-256 from the American Cancer Society. A portion

of this work was presented at the III International

Conference on cyclic nucleotides, New Orleans, July

17-22, 1977.

‘Present address: Reproductive Research Branch,
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(cAMP)2 on glycogen metabolism and li-
polysis is strongly supported by the results

of recent research (1). These metabolic ef-
fects are caused by rapid activation or in-

2 The abbreviations used are: cAMP, cyclic AMP;

MIX, 1-methyl, 3-isobutylxanthine; TAT, tyrosine

aminotransferase; PK, protein kinase: 6-HScRMP, 6-

thiopurine cyclic 3’:5’-monophosphate; Bt2cAMP, N’,

02’-dibutyryl cyclic AMP; 8-pC1C6H4ScAMP, 8-par-

achlorophenylthio cyclic AMP; 8-H2NcAMP, 8-amino

cyclic AMP; TES, N-tris(hydroxymethyl 2-amino-

ethanesulfonic acid; DTT, dithiothreitol; TCA, tn-

chloroacetic acid.

0026-895X/79/050449-13$02.00/0
Copyright D 1979 by Academic Press, Inc.
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activation of the appropriate enzymes re-
sulting from phosphorylation catalyzed by
a cAMP-dependent protein kinase (1). In
contrast, the role of phosphorylation cata-

lyzed by protein kinase in mediating the
effects of cAMP on more complex meta-
bolic processes, which may involve selective
changes in macromolecular synthesis, is
much less well understood. Strong sugges-
tive evidence for a central role of protein
phosphorylation in mediating the cytocidal
action of cAMP on murine lymphosarcoma
cells has been provided. Variant cells that

exhibit phenotypic resistance to the lethal

effects ofcAMP (as the dibutyryl derivative
[Bt2cAMP]) together with structural alter-
ations in cAMP-dependent protein kinase
have been isolated (2-4). In addition to
resistance to the cytotoxic effects of cAMP,
the elevation of phosphodiesterase activity
is not as great in these cells. A 2 to 4-fold

elevation in the activity of this enzyme is
seen in wild-type cells and has all of the
hallmarks of an induction3 phenomenon,

although this has not been rigorously estab-
lished (2, 3).

Elevation of TAT activity by cAMP de-
rivatives in rat liver and cultured hepatoma
cells has been established as an induction
process requiring protein synthesis (5, 6).

The activity of this enzyme is elevated 2 to
5-fold by the administration of various
cAMP derivatives and is the result of a
selective increase in the rate of synthesis of
the enzyme with no apparent change in its
rate of degradation (5, 6). All of the cAMP
derivatives that have been found to induce
TAT in hepatoma cells are capable of ac-

tivating rat liver protein kinase in vitro (6),
and preliminary studies of endogenous H,

histone phosphorylation in vivo have sug-
gested that protein kinase activation could
be responsible for induction of tyrosine
aminotransferase (7). The present report
describes more extensive studies using the
procedure developed by Soderling and col-
leagues (8), which has been successfully
used by a variety of investigators for anal-
ysis of the state of protein kinase activation
in intact cells. We have established condi-

Induction is defined here as an increase in the rate

of synthesis of a specific protein without regard to the

mechanism(s) involved.

tions whereby this assay can be validly

applied to cultured hepatoma cells. Our
results are consistent with the possibility
that protein kinase does mediate the effects
of cAMP on TAT synthesis.

MATERIALS AND METHODS

Dibutyryl cAMP was obtained from
Boehringer-Mannheim Co. All the other

cAMP derivatives were kindly provided by
Drs. R. K. Robbins, L. N. Simon, M. Stout,
J. Miller and R. Meyer of ICN Nucleic Acid

Research Institute, Irvine, California, or
were synthesized in our laboratory accord-

ing to published procedures (9). All other

biochemicals were from Sigma Chemical
Company except MIX, which was pur-

chased from Aldrich Co. [3H]cAMP (40 Ci!
mmole) and [32P], were purchased from
New England Nuclear Corporation. Tissue
culture components were obtained from
Grand Island Biological Co. or Microbiolog-
ical Associates.

Cell culture. A clone (KRC-7) of the Reu-
ber H35 hepatoma cell line (H4-EII-C3)
was used for all of these studies. The details
of propagation and handling of these cells
have been described extensively (10, 11). In
some cases cells were placed in serum-free

medium overnight prior to treatment. No
detectable difference in the results obtained
was observed when serum was present in
the medium (5% calf + 5% fetal calf) and
when it was not.

Protein kinase assay. y-[32P]ATP was

prepared by a modification of the method
of Glynn and Chappell (12). The assay of
protein kinase activity is adapted from that
described by Langan (13). The optimal con-
ditions for assay of cAMP-dependent phos-

phorylation of type hA histone (Sigma),
which is a mixture of all five histones, in-

cluded the following components in a reac-
tion volume of 250�i: 5 nmt TES buffer, pH

6.5; 0.1 mM DTT; 200 �g histone; 8 nmi
MgCl2; 0.4 ip��i -y..[:32p]ATp (��106 cpm) ± 2

tIM cAMP. The reaction was initiated by
addition of cell extract and incubation was
continued for 4 mm at 37#{176}.Trichloroacetic

acid was added to a final concentration of
25% and, after 15-30 mm at 0-4#{176},the pre-
cipitated histones were collected by filtra-

tion using Milhipore filters (HAWP 0.45 �4.
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Each filter was washed three times with
12-15 ml 25% TCA rinses of the assay tubes
and then counted in 0.4% Omnifluor scm-

tillant.
Endogenous phosphorylation varied be-

tween 10-20% of total incorporation in the
presence of exogenous histone and has been
corrected for. Little or no stimulation of
endogenous phosphorylation by cAMP was
observed. If cell extract is omitted or TCA

added first, the amount of ‘2P retained was

less than 5% of that observed with the
complete system. Results are expressed as
nmoles of 32P incorporated per hr, or as the

ratio of activity -cAMP/+cAMP (8).
Tyrosine aminotransferase assay. The

activity of this enzyme was assayed by the
base-catalyzed oxidative decarboxylation of
the initial product p-hydroxyphenylpyru-
vate to p-hydroxybenzaldehyde as de-
scribed elsewhere (5, 6). The units of activ-
ity are expressed as �g of product formed

per mg protein in a 10 mm assay at 37#{176}.
Preparation of homogenates. After ex-

posure of cells to various additions, the

medium was aspirated and the attached
cells washed once with phosphate-buffered
saline, scraped and collected by centrifu-

gation. Cells from each 100 mm plastic cul-
ture dish (Lux) were suspended in 10 mM
Tris-Cl buffer, pH 7.6, 0.5 mr��i DTT and
homogenized by hand with 10-12 strokes in
a glass-glass homogenizer. A variety of
other methods were tested (sonication,

freeze-thawing, nonionic detergents etc.),
but all produced variable activation of pro-
tein kmase and were discarded. Inclusion of

physiological concentrations of KC1 was
also avoided because they also led to vari-
able activation and total kinase activity was
inhibited, although nonspecific trapping of
the kinase in the particulate fraction was

suppressed (see RESULTS).

After centrifugation at 10,000 x g for 10
mm at 0-4#{176},the supernatant fraction was
decanted and used as the source of protein
kinase. Tyrosine aminotransferase activity
was assayed using cells from companion
dishes lysed with Non-idet P-40 in 1 ml 0.15

M KC1-1 mM EDTA, pH 7.4 (5, 6). These
two procedures provide optimal conditions
for the assay of both enzymes and preser-
vation of the state of protein kinase acti-

vation in vivo. Variations in the activity of

either enzyme from dish to dish in any
experiment averaged less than 10%.

Protein content was determined by the
Lowry method (14). Protein kinase inhibi-

tor was prepared according to the method
of Gilman (15). Sephadex G-100 chroma-
tography was performed as described by

Corbin et al. (16).
[3H]cAMP binding was performed using

a modification of the procedure described
by Kumon et al. (17). The assay was carried
out for 10 mm at room temperature in a

final volume of 210 tI1#{149}The reaction mixture
contained 72.5 mi�i NaOAc pH 4.5, 18 m�i

Mg(OAc)2, 1 fliM MIX and 300 ni�i [:1H1
cAMP. After incubation 5 ml of ice cold 10
mM tris buffer pH containing 40 mM
Mg(OAc)2 was added. The solution was fil-
tered through Millipore HAWP 0.45 tI fil-
ters and washed with one 15 ml rinse of the
assay tubes. The filters were counted in a
methyl cellosolve-based scintillation cock-
tail with a counting efficiency of 25%. Spe-

cific binding was defined as the difference
between IH bound to the filter from dupli-

cate samples incubated ± 10 tIM unlabeled
cAMP.

RESULTS

Validation of the use of the activity ratio

method. The protein kinase activity ratio
in untreated H35 cells has been found rou-
tinely to be between 0.3 and 0.4, a range
similar to or slightly higher than that re-
ported for liver by other groups (17-21).
However, H35 cells contain very little
cAMP (50-100 fmoles/mg protein 10-20

nM) (11), much less than is found in rat
liver (19, 22). There are at least two factors

that contribute to the apparently discrep-
ant kinase ratio. First, about half of the
basal protein kinase activity (i.e., -cAMP)
is not inhibited by addition of an excess of
partially purified protein kinase inhibitor
(Fig. 1), suggesting that about 50% of the
observed basal activity (toward type IIA
histone) is not due to the cAMP-dependent
kinase. Second, the large (60-100 fold) di-
lution involved in cell disruption leads to a
small increase in the basal activity ratio.
Taking these two factors into account, the
apparent basal ratio of 0.3-0.4 can be esti-
mated to be an actual ratio of about 0.10-
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A 10,000 x g supernatant fraction was prepared

using untreated H35 cells as described in MATERIALS

AND METHODS. Protein kinase activity was measured

in the presence and absence of the skeletal muscle

inhibitor of protein kinase, as prepared by the method

of Gilman (15). Each point is the mean of three sepa-

rate observations, with a variation of less than l0� for

each value from the mean. Protein kinase activity is

given as nmoles/hr with a total of 28 �g of supernatant

protein per assay tube.

0.20 for the cAMP-dependent protein ki-
nase in the intact cell. These estimations
have been borne out by the results of Seph-
adex G- 100 chromatography, as will be de-
tailed below. It seems likely that the very

low cAMP concentrations in H35 cells ac-
count for the fact that these estimated ra-
tios are lower than those obtained by other
workers using liver cells or liver-related cul-
tured cells (17-21). This conclusion is sup-
ported by the fact that the kinase is not
activated by a moderate elevation of cAMP
content (see below). In preliminary experi-
ments H35 cell protein kinase activity

eluted from DEAE cellulose in a single peak
at 0.2 M NaCl, which is consistent with a
type II enzyme.

A variety of additional control experi-
ments were performed to optimize the con-
ditions under which accurate preservation

of protein kinase activity changes produced
by treatment of cells with the various
cAMP derivatives could be achieved during
preparation of cells for enzymatic analysis.

These are all standard procedures that
must be followed in order to validate the

use of the ratio method, as discussed by
others in detail (8, 19). Consequently most
of the data will not be shown but are avail-
able (23). The activity ratios from un-
treated or Bt2cAMP-treated (and therefore
activated) cells are stable for at least 40

mm in extracts kept at 0#{176}(by which time
all assays are completed). The addition of
MIX, a phosphodiesterase inhibitor, to the

homogenizing medium at 0#{176}or to the assay
itself had no effect on either basal or acti-

vated ratios. Addition of charcoal to the

homogenizing medium also did not alter
basal or stimulated activity ratios. When

cAMP (5 mM) was added to cells immedi-
ately before harvest and lysis, no activation
of protein kinase was detectable, ruling out
carryover of extracellular cyclic nucleotide
as a problem. Finally, mixing experiments
with extracts from control or treated cells
yielded expected intermediate kinase ra-

tios.

Activation ofprotein kinase in H35 cells

by cAMP derivatives. Since H35 cells do
not respond to hormones that elevate intra-
cellular cAMP and thereby induce tyrosine
aminotransferase in rat liver (5, 24), the

effects of a series of cAMP derivatives
known to induce the aminotransferase were
tested in this system for their ability to
activate protein kinase in intact cells. In
some cases changes in in vitro {:3H]cAMP
binding capacity were also monitored in the
same extracts (17). Binding was measured
under conditions where it was saturated

with respect to cAMP and was proportional
both with respect to time and protein con-
centrations, but exchange of bound cyclic
nucleotide with [1H]cAMP was minimal.

Three different cAMP derivatives
(Bt2cAMP, N6benzylcAMP, 8-pC1C6H4-
ScAMP) added to intact H35 cells all pro-
duced large increases in the protein kinase
activity ratio and caused a substantial re-

duction in the amount of [‘H]cAMP bound
in vitro (data not shown). These results are
consistent with the conclusion that the

cAMP-dependent protein kinase was in fact
activated by exposure of intact H35 cells to
these cAMP derivatives.

In vivo activation of protein kinase was




