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SUMMARY
Activation of a1-adrenergic receptors in BC3H-1 muscle cells has
been shown previously to mobilize intracellular Ca2�, which can
be monitored as enhanced 45Ca2� unidirectional efflux. We report
here that histamine also stimulates 45Ca2� efflux in these cells
(K� = 5.50 �M, flH 0.94 ± 0.04), reflecting mobilization of
intracellular Ca2� from a source similar to that accessed by a1-

adrenergic receptor activation. In addition, histamine stimulates
substantial transmembrane 45Ca2� influx into BC3H-1 cells. The
actions of histamine are inhibited by the H1-selective antagonist,
diphenhydramine (lC� = 1 .01 NM), but are unaffected by the H2-
selective antagonist, cimetidine (1 nM-i 0 �LM) indicating that
histamine regulates cellular Ca2� via a functional Hi receptor.
The presence of independent receptor types which mobilize Ca2�
originating from common intracellular stores has been
exploited in order to evaluate the determinants of receptor
responsiveness following prior agonist exposure. After exposure
with 45Ca2� to achieve radioisotopic equilibrium, 30 mm incuba-
tion with increasing concentrations of norepinephnne reduces to
similar extents (30-40%) the unidirectional 45Ca2� efflux re-

sponses to subsequent challenges by maximally effective con-
centrations of norepinephrine or histamine. The decrement in
response following norepinephrine exposure appears to reflect
an altered disposition of agonist-sensitive intracellular Ca2�,
whereas the concentration dependence for a1-adrenergic recep-
tor activation remains unchanged. Prior exposure of cells to
increasing concentrations of histamine also reduces the efflux
response to norepinephnne challenge (�-30% decrease),
whereas the response to subsequent histamine challenge is
specifically and completely abolished. The loss of histamine
responsiveness is accompanied by a marked shift in the concen-
tration dependence for histamine receptor activation toward
higher histamine concentrations. These results indicate that sub-
stantial ai-receptor responsiveness is maintained following ago-
nist exposure and that the observed reduction in response
occurs distally to the receptor itself at some point common to
ai- and Hi -receptor-effector coupling. By contrast, the Hi -his-
tamine receptor exhibits refractoriness, indicative of agonist-
induced receptor desensitization.

The contractile state of vascular smooth muscle depends
critically upon the concentration of free intracellular Ca2� (1).

Receptor-mediated responses which regulate vascular contrac-

tion frequently intersect at the level of intracellular Ca2� avail-

ability to the contractile apparatus. The contractile state in

vascular tissue thus represents an interplay among multiple
drugs or hormones whose receptors couple to common intra-
cellular responses.

An additional important consideration may be that cellular
responsiveness to receptor activation depends on the past his-
tory of exposure to agonist. Thus, prior agonist exposure could
result in desensitization at the level of the receptor itself, as

has been observed for the nicotinic acetylcholine receptor (2,

3) and the /3-adrenergic receptors (4, 5). Alternatively, agonist
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exposure could alter the disposition of intracellular Ca2�, re-
ducing functional response by acting distally to the receptor at

the endpoint of intracellular Ca2’� availability. This question is
of particular interest in the interaction of the neurotransmitter,

norepinephrine, with postsynaptic a,-adrenergic receptors,
which exert tonic control of vascular resistance.

The BC3H-1 cell line has been used previously as a model

for study of the relationship between a,-adrenergic receptor
activation and the mobilization of intracellular Ca2� (6-8). The

cells are genetically identical and grow in monolayer, enabling

uniform exposure of the receptor population to agonists. The

BC3H-1 cell line thus offers an attractive system in which to
examine the influence of prior agonist exposure upon receptor

responsiveness. We report here the characterization of func-

tional H 1 -histaminergic receptors in these cells which access

an intracellular Ca2� store similar to that mobilized upon a1-

receptor activation. In addition, activation of Hi-receptors

ABBREVIATiONS: PB, physiological buffer; HEPES, 4-(2-hydroxyethyl)-1 -piperazineethanesulfonic acid; EGTA, [ethylene-bis-(oxyethylenenitrile)]

tetraacetic acid.
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promotes transmembrane Ca2� entry into the cell. The presence

of independent receptor types sharing a common intracellular

Ca2’� store has been utilized to investigate the basis of agonist-
induced alterations in a1- and Hi-receptor responsiveness. A
preliminary report of this work has appeared previously (9).

Experimental Procedures

Materials. Histamine. 2HC1, 1-norepinephrine . d-bitartrate, 1-phen-

ylephrine . HC1, diphenhydamine . HC1, cimetidine, superoxide dismu-
tase, catalase, and LaCl3 . 7H20 were purchased from Sigma Chemical

Co. �Ca2� was purchased from Amersham. Cell culture media and fetal
bovine serum were obtained from Gibco (Grand Island, NY). All other

chemicals were reagent grade.

Cell culture. Propagation of the BC3H-1 cell line expressing a1-

and 132-adrenergic receptors and growth of experimental cultures was

performed as described in our previous study (6).

Measurement of undirectional 45Ca2� fluxes. Procedures for
equilibrating BC3H-1 cultures with tracer 45Ca2� and measurement of

agonist-stimulated �Ca2� efflux were described previously (6-8). In

order to obtain more precise measurements of agonist-stimulated �Ca2�

efflux from slowly exchanging intracellular compartments, cultures
loaded overnight with �Ca2�-supplemented growth medium were sub-

jected to an initial 10-mm incubation in PB (composition in mM: NaC1,

140; KC1, 5.4; CaCI2, 1.8; MgC12, 1.6; D-glucose, 5.5; HEPES, 25, pH

7.4) to remove rapidly exchanging cellular 45Ca2� (8). Agonist-stimu-

lated efflux was then initiated by replacing the PB with a fresh 2-ml
aliquot of PB containing specified ligand concentrations, and efflux
was allowed to proceed for indicated time intervals at 37’.

Measurements of cellular 45Ca2� content at radioisotopic equilibrium
were also performed by a slight modification of our previous method

(6). Cultures were equilibrated overnight as usual with 1.0 ml of growth
medium containing tracer 45Ca2� buffered by NaHCO3-C02 exchange

in a controlled atmosphere incubator (88% humidified air/12% CO2 at

37’). Cultures were then transferred to a 37’ water bath under room

atmosphere and briefly washed with 1.0 ml of fresh �Ca2�-growth
medium buffered with 25 mM HEPES; assays were then initiated by

applying a fresh 1.0-ml aliquot of �Ca2�-supplementad and HEPES-
buffered growth medium containing specified agonist concentrations
for indicated time intervals. Assays were terminated by rapidly washing

cultures with four 3-ml aliquots of Mg�-free PB containing 5 mM

LaC13, and 45Ca2� content in the monolayers was expressed relative to

unstimulated control cultures (6). This procedure offers the advantage

of maintaining uniform �Ca2� specific radioactivity in all �Ca2�-sup-
plemented growth and assay media, while preserving the composition
and pH of the extracellular milieu during radioisotopic equilibrium

procedures.

In experiments measuring unidirectional �Ca2� efflux following in-

tervals of agonist exposure, BC3H-1 cultures were incubated for 30

mm at 37’ with specified agonist concentrations at radiosiotopic equi-

librium as just described. Unidirectional efflux responses were meas-

ured by rapidly washing the culture with three 3-ml aliquots of PB and
immediately applying a 2-ml aliquot of PB containing the specified

agonist concentration for a 3-mm efflux interval.

All assays were terminated by rapidly washing cultures with four 3-
ml aliquots of Mg�-free PB containing 5 mM LaCl3 (6). Data were

calculated and analyzed as described in previous studies (6, 7).

Unidirectional 45Ca2� influx was measured by modification of a

previous procedure (6). Cultures were rinsed free of growth medium

with PB and equilibrated with a further 1-ml aliquot of PB for 10 mm

on a 37’ bath. Influx of �Ca2� was initiated by applying an additional
1-ml aliquot of PB containing �Ca2� (10 �.tCi/ml) and indicated agonist

concentrations to the culture dish with gentle swirling to ensure com-

plete mixing. Following specified time intervals, �Ca2� uptake was

terminated in the usual manner. Uptake data were corrected for rapid
and agonist-independent �Ca2� influx measured over an initial 30-sec
interval. This 45Ca2� uptake component accounted for -25% of ex-

changeable cellular �Ca2�. The corrected data were calculated as an

exponential approach to radioisotopic equilibrium (6), where the equi-
librium uptake value was also corrected for nonspecific �Ca2� uptake.

Concentrated drug stock solutions were freshly prepared in

10_2_10_3 N HC1. Catecholamine oxidation in physiological buffers and
growth media was prevented by addition of catalase and superoxide

dismutase, each at 10 zg/ml, to all solutions (10). Assay solutions

containing histamine were made by dilution from the acidic stock

solution immediately before use in order to minimize decomposition.

Experimental determinations were routinely performed on duplicate
or triplicate sister BC3H-1 cultures. The data shown represent mean

values ± standard error compiled from replicate experiments. The

number of replicate experiments, n, appears in parentheses accom-
panying each figure legend. Kinetic parameters of unidirectional �Ca2�

fluxes were estimated by fitting time course data to multiexponential
processes as described previously (6).

Results

Kinetics of agonist-elicited unidirectional 45Ca2� ef-
flux. Application of i0� M histamine to BC3H-1 cultures

equilibrated with tracer 45Ca2� substantially elevates unidirec-

tional 45Ca2� efflux, as shown in Fig. 1. Approximately 75% of
the cellular 45Ca2� is available for exchange over a 30-mm

histamine exposure interval relative to 30% of this Ca2� corn-

partment in the absence of agonist. Previous studies of BC3H-

1 cells have shown that activation of a1-adrenergic receptors
by the agonist, phenylephrine, elevates unidirectional 45Ca2�

efflux (6). This observation is confirmed for the physiological

agonist, norepinephrine, also shown in Fig. 1. Comparison of

the responses to maximally effective concentrations of the two

agonists reveals that histamine-elicited 45Ca2� efflux is compa-

rable both in initial rate and overall extent with the response

to a1-receptor activation. Moreover, when the two agonists are
added in concert, no further augmentation of 45Ca2� efflux is
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Fig. 1. Kinetics of unidirectional �Ca2� efflux elicited by histamine and
norepinephnne. BC3H-1 cell cultures were equilibrated overnight with
�Ca2�-supplemented growth medium. Rapidly exchangeable �Ca2� was
removed during a 10-mm incubation with PB without added �Ca2�, and
agonist-stimulated effiux was monitored over indicated times thereafter
(see Experimental Procedures). Data are normalized to cellular �Ca2�
content in controls which received only the initial 10-mm incubation in
PB (n = 3). #{149},unstimulated efflux into PB containing no further additions;
., histamine, 100 tiM; A, norepinephnne, 6 �M; #{149},combined addition of
histamine plus norepinephnne.
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TABLE 1

Kinetic parameters for agonist-elicited unidirectional �Ca2� efflux in BC3H-1 cells
Estimated kinetic parameters (±SD) were derived from data in designated figures as described under Experimental Procedures.

Figure Ligand
�On� efflux

Al k, (min�’) A2 k2 (mirr1)

1 None - 0.99 ± 0.02 10.1 ± 1.6 x i0�
1 Norepinephnne, 6 MM 0.67 ± 0.05 0.94 ± 0.15 0.33 ± 0.04 36.9 ± 9.6 x i0�
1 Histamine, 100 �LM 0.59 ± 0.03 1.10 ± 0.12 0.41 ± 0.02 14.0 ± 3.0 x i0�
1 Norepinephnne, 6 �M

+ histamine, 1 00 �M

0.69 ± 0.05 0.80 ± 0.12 0.31 ± 0.04 28.4 ± 9.3 x i0�

a data were fit t0 monophasic exponential kinetics.

observed relative to that seen with norepinephrine alone. Ki-

netic parameters derived from these data are collected in Table

1.
Concentration dependence of histamine-elicited 45Ca2�

unidirectional efflux. The concentration dependence of ago-

nist-elicited 45Ca2� unidirectional efflux has been quantitated
from responses over an initial 3-mm interval as shown in Fig.
2 (7). The data shown here were normalized relative to a

maximally effective concentration of phenylephrine (iO �tM),

again indicating that histamine-elicited responses are compa-
rable to those observed upon a1-receptor activation. Analysis

ofthese data according to the empirical Hill equation (7) reveals
K5�� = 5.50 ± 0.05 �tM and flH 0.94 ± 0.04. The 45Ca2� efflux
data shown in Figs. i and 2 were obtained following an initial

10-mm incubation in PB in order to remove rapidiy exchanging

cellular 45Ca2� and thus to examine selectively the actions of

histamine on the major fraction of slowly exchanging cellular
Ca2�. It is noteworthy that a similar concentration dependence

for hiitamine-elicited 45Ca2� efflux and a similar fraction of
histamine-sensitive cellular 45Ca2� relative to norepinephrine-

sensitive cellular 45Ca2� were observed whether or not rapidly

exchanging 45Ca2� had been previously removed (data not

shown).

Inhibition of histamine-elicited responses by hista-
mine receptor subtype-selective antagonists. Histamine

receptors have been categorized as Hi- or H2-subtypes (1 i, 12).

[HISTAMINE], M

Fig. 2. Concentration dependence of the initial rate of histamine-stimu-
lated 45Ca2� efflux. BC3H-1 cultures were equilibrated with 45Ca2� and
rapidly exchangeable isotope was removed as described in Fig. 1.
Agonist-elicited unidirectional 45Ca2� efflux was measured in the presence
of the specified histamine concentrations over a 3-mm interval. Effiux
rate constants (k0) were corrected for basal efflux (k) and normalized
relative to effiux (kr’) stimulated by a maximally effective concentration

of the a-adrenergic agonist phenylephnne (1 0 ��M) assayed in sister
cultures (n = 4).
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Fig. 3. Inhibition of histamine-stimulated unidirectional 45Ca2� efflux by
Hi versus H2 receptor-selective antagonists. BC3H-i cultures were
equilibrated with �Ca2� and rapidly exchangeable �Ca2� was removed
during a 10-mm incubation in PB containing the specified antagonist
concentrations. Inhibition of the initial rate of �Ca2� efflux elicited by 18
�tM histamine in the presence of the specified antagonist concentrations
was measured over a 3-mm interval and data were calculated as de-
scribed in Experimental Procedures. Data for diphenhydramine (#{149})rep-
resent mean ± SE from three experiments. Data for cimetidine (A)
represent mean values compiled from two experiments.

Hi-receptors couple to elevations of intracellular Ca2’� as a
proximal functional response, whereas H2-receptors are linked

to the adenylate cyclase system (13). It.was therefore of interest

to characterize the histamine receptor subtype subserving the

45Ca2� efflux response using subtype-selective antagonists. As

shown in Fig. 3, the Hi-receptor-selective antagonist diphen-

hydramine effectively antagonized 45Ca2� unidirectional efflux

elicited by histamine (18 �tM). Analysis of these data assuming

reversible competitive inhibition (14) results in an IC50 = 1.01
± 0.10 jzM (flH 0.83 ± 0.11), in good agreement with values

observed for diphenhydramine inhibition of histamine re-

sponses in other systems (15). In contrast, the H2-receptor-

selective antagonist, cimetidine, had no effect on histamine-

stimulated 45Ca2� efflux over the concentration range tested (1
nM-iO �zM). In additional control experiments, the 45Ca2� efflux

elicited by histamine was not affected by the a1-adrenergic

antagonist prazosin at a concentration (5.75 nM) which com-

pletely abolished the actions of norepinephrine. Conversely,

diphenhydramine (iO �tM) effectively inhibited histamine-stim-

ulated 45Ca2� efflux but had no effect on norepinephrine-stim-

ulated 45Ca2� efflux (data not shown). These data clearly mdi-

cate that histamine-stimulated Ca2� efflux in BC3H-1 cells is

mediated by a functional Hi-histamine receptor.
Activation of unidirectional 45Ca2� influx by hista-

mine. Activation of a1-adrenergic receptors on BC3H-i cells
by the agonist phenylephrine mobilizes intracellular Ca2�, lead-

ing to elevated unidirectional 45Ca2 efflux with a smaller

increase in transmembrane 45Ca2� permeability (6). It was

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 5, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


TIME (mm)

I?2

a

z

I-

LiJ

C

� 50

534 Brown et a!.

Fig. 4. Kinetics of concentration-dependent agonist-
stimulated unidirectional 45Ca2� influx. BC3H-i cul-
tures were washed free of growth medium and
equilibrated for i 0 mm in PB in a 37#{176}bath. Unidirec-
tional �Ca2� influx was measured over the indicated
time intervals in PB containing specified agonist
concentrations, and data were analyzed as an ex-
ponential approach to radioisotopic equilibrium, as
described in Experimental Procedures. #{149},unstimu-
lated �Ca2� influx; A, i �tM histamine; �, 1 0 �M

histamine; #{149},100 �M histamine; 0, 6 �M norepi-
nephrine. Data for histamine represent mean ± SE
from seven experiments. Data for norepinephrine
represent mean ± SE from four experiments.

therefore of interest to examine the influence of Hi-histamine
receptor activation on 45Ca2� influx. Data were corrected for

the rapid initial phase of 45Ca2� uptake in order to quantitate
more accurately the kinetics of agonist-stimulated 45Ca24 influx

(see Experimental Procedures for details). This initial phase
accounts for -25% of exchangeable 45Ca2� uptake, occurs in-

dependently of agonist stimulation, and presumably reflects

45Ca2� adsorption to superficial sites in the monolayer. Figure
4 shows that concentrations of histamine which promote 45Ca2�

efflux also substantially enhance 45Ca2� entry into BC3H-1

cells. Increasing concentrations of histamine enhance the mi-
tial rate of 45Ca2� influx as well as the fraction of cellular 45Ca2’
uptake which occurs at the elevated rate. In a control experi-

ment, histamine-stimulated 45Ca2� influx was inhibited by the
Hi-antagonist diphenhydramine but not by the H2-antagonist

cimetidine (data not shown). For comparison, Fig. 4 also shows

the 45Ca2� influx response to a maximally effective norepineph-

rine concentration (6 tiM). Although the a-agonist increases

the initial rate of 45Ca2� influx in a manner similar to that of

histamine, the overall extent of agonist-stimulated influx ap-

pears less with norepinephrine than with histamine. These data

measure 45Ca2� influx as an exponential approach to radioiso-

topic equilibrium and thus the actual rate constants for influx
may be affected by alterations in the sizes of agonist-sensitive

compartments resulting from receptor activation.

a1-Adrenergic and Hi-histamine receptor regulation
of cellular 45Ca2�’ content at 45Ca2�’ radioisotopic equilib-
rium. The predominance ofunidirectional 45Ca2� efflux relative

to influx which is stimulated by a1-adrenergic receptors leads

to a net decline in cellular Ca2’� content (6). This decline results

as sequestered intracellular Ca2� mobilized by a-agonists be-

comes available for extrusion by plasma membrane Ca2� trans-

port systems with minimal compensating Ca2� influx. In the
case of Hi-histamine receptor activation, agonist stimulation

of unidirectional 45Ca24 efflux is accompanied by substantially

enhanced unidirectional 45Ca2� influx (Figs. 1 and 4). These
results could arise either from a bidirectional increase in trans-

membrane Ca24 permeability stimulated by histamine receptor

activation or, alternatively, from increased Ca2� entry in com-

bination with mobilization and extrusion of sequestered intra-

cellular Ca2�. In order to distinguish between these possibilities,

we have compared the effects of maximal concentrations of

histamine or norepinephrine upon cellular Ca2� content meas-

ured using 45Ca2� radioisotopic equilibrium techniques. Inde-

pendent measurements of cellular Ca2� content using atomic

absorption spectroscopy have previously verified that the ra-

dioisotopic equilibrium method faithfully measures alterations
in total cellular Ca2� (6). When BC3H-i cultures are exposed

to norepinephrine (6 �zM) at radioisotopic equilibrium, cellular

45Ca2� declines by -.-30% relative to unstimulated controls and
is maintained at this level up to 30 mm in the continued

presence of agonist (Fig. 5A). Similar results were obtained
previously using the agonist phenylephrine (6). Activation of
Hi-histamine receptors by iOO jzM histamine produces a rapid

TIME (mm)

Fig. 5. The influence of a1-adrenergic and Hi -histamine receptor activa-
tion on cellular 45Ca2� content measured at radioisotopic equilibrium.
BC3H-i cultures equilibrated overnight with �Ca2�-supplemented
growth medium in a controlled atmosphere incubator were transferred
into fresh solutions of �Ca2�-supplemented growth medium and incu-
bated under room atmosphere at 37#{176}for an initial i 0-mm interval. This
solution was then replaced by fresh medium containing 45Ca2� at the
identical specific radioactivity plus indicated concentrations of agonist.
Cellular 45Ca2� content was measured following the indicated time inter-
vals and data were normalized relative to cultures which received only
the initial 10-mm incubation interval (n = 5). #{149},no agonist additions; #{149},
norepinephrine, 6 �zM (A); A, histamine, i 00 �M (B).
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but transient decline in cellular 45Ca2� content relative to

unstimulated controls which subsequently returns to basal val-

ues despite the continued presence of agonist (Fig. 5B). These

data indicate that Hi-receptors mediate both mobilization of
sequestered intracellular Ca2� and Ca2’ entry into the cell. If

the enhanced unidirectional 45Ca2� fluxes activated by hista-

mine had resulted exclusively from enhanced transmembrane

permeability, then one would expect a net increase in cellular

Ca2 content, reflecting Ca2� movement down its inwardly

directed concentration gradient. Thus, activation of both Hi-
histamine receptors and a1-adrenergic receptors on BC3H-i

cells mobilizes Ca2� from common intracellular stores. Activa-

tion of Hi receptors elicits an appreciable additional compo-
nent of Ca2� influx, so that cellular Ca2� content declines
transiently and then recovers during the continued presence of

histamine.

The influence of prior agonist exposure upon receptor
response. Having identified functional Hi-histamine recep-

tors that mobilize intracellular Ca2� from a source similar to

that accessed by a1-receptor activation, we turned to examine

the determinants of agonist-induced alterations in cellular re-
sponsiveness. Results are shown in Fig. 6. BC3H-i cultures

were incubated for 30 mm at 45Ca2� radioisotopic equilibrium
with specified concentrations of norepinephrine, resulting in a

concentration-dependent depletion of cellular 45Ca2� content
(Fig. 6A) as expected from the data in Fig. 5A. Following this

w
z
4

Li

C
0

Fig. 6. The influence of prior agonist exposure on the disposition of
cellular �Ca2� and receptor functional responsivenes. Sets of cultures
equilibrated overnight with 45Ca2�-supplemented growth medium were
incubated for 30 mm with specified agonist concentrations at 45Ca2�
radioisotopic equilibrium, using the transfer protocol described under
Experimental Procedures. Following this 30-mm interval, cultures were
analyzed in triplicate for cellular 45Ca2� content (#{149},A, C) or for �Ca2�
unidirectional efflux responses (B, D) in PB containing maximally effective
concentrations of either norepinephrine (6 � ) or histamine (i 00 �M,

A). Unidirectional 45Ca2� efflux was measured by washing away the
conditioning solution with three 3-mI aliquots of PB, allowing efflux to
proceed for 3 mm into a 2-mI aliquot of PB containing the specified
agonist concentration, and terminating the reaction by washing the
culture with four 3-mI aliquots of PB containing LaCl3. Cellular �Ca2�
content was measured by terminating the conditioning interval with four
3-mI aliquots of PB containing LaCI3 without intervening efflux. Efflux
data (k.) were corrected for basal efflux (k) and normalized to maximum
response values (kr) obtained in sets of control cultures which received
no added agonist during the 30-mm incubation at isotopic equilibrium (n
= 6).

conditioning interval, cultures were challenged with maximally

effective concentrations of either norepinephrine or histamine

and unidirectional 45Ca2� efflux responses were measured over

an initial 3-mm interval (Fig. 6B). Data were normalized rela-

tive to responses obtained from control cultures which received

no agonist exposure during the conditioning interval. As shown

in Fig. 6B, prior norepinephrine exposure reduces the response

to subsequent challenge by either histamine or norepinephrine

to similar extents (�-70% of naive controls). This result suggests

that the observed decrement in response occurs distally to the

a1-receptor at some point common to both a1-adrenergic and

Hi-histamine receptor coupling to intracellular Ca2� mobiliza-

tion. The complementary experiment was performed by meas-

uring cellular responses following exposure to histamine. As

shown in Fig. 6C, 30 mm incubation of cultures with indicated

histamine concentrations at 45Ca2� radioisotopic equilibrium

does not alter cellular 45Ca2� content relative to unstimulated

controls. This result is consistent with the data in Fig. 5B

which show the decline in cell Ca2� content elicited by hista-
mine is transient and recovers to basal levels during this time

interval. When cultures previously conditioned with histamine
are challenged by maximal concentrations of either norepi-

nephrine or histamine in unidirectional 45Ca2� efflux measure-

ments (Fig. 6D), responses to norepinephrine are again reduced

to -70% of control, complementary to the results observed

following norepinephrine conditioning. Strikingly, prior expo-
sure to specified histamine concentrations progressively and

completely abolishes the 45Ca2’ efflux response to a subsequent

histamine challenge. This result suggests that histamine expo-

sure selectively converts the Hi-histamine receptor to a refrac-

tory or densensitized state.

The influence of prior agonist exposure upon the con-
centration dependence of agonist-elicited 45Ca2� efflux.
In order to characterize further the influence of agonist expo-

sure upon receptor responsiveness, we examined the concentra-

tion dependence for receptor activation of 45Ca2� efflux follow-

ing 30 mm conditioning with specified agonist concentrations

at 45Ca2� radioisotopic equilibrium. Estimates of efflux values

(ke) obtained following exposure to a given conditioning agonist

concentration were corrected for the unstimulated efflux (k�#{176})

measured following that same conditioning agonist concentra-

tion. Results are presented in Fig. 7. In the case of norepineph-

rine exposure (Fig. 7A), the decrement in a1-adrenergic receptor

response observed previously (Fig. 6B) results principally from

a decrease in the maximum obtainable response without a

substantial alteration in the concentration dependence for nor-

epinephrine activation of 45Ca2� efflux. Consideration of the

primary data from which Fig. 7A was calculated reveals a

further aspect of the influence of norepinephrine upon cellular

45Ca2� mobility, as shown in Fig. 7B. That is, conditioning cells

with norepinephrine elevates unstimulated 45Ca24 efflux in
addition to decreasing the maximal agonist-stimulated re-

sponse. By contrast, incubation of cultures with fixed concen-

trations of histamine results in a progressive increase in the

concentrations of histamine subsequently required to activate

45Ca2� efflux (Fig. 7C). We also note that prior exposure to
histamine has no effect on subsequent measurements of un-

stimulated 45Ca2� efflux. Thus, the loss in histamine receptor

responsiveness induced by exposure to histamine reflects a

decrease in the apparent affinity of the receptor for agonist.

Kinetics of 45Ca2� efflux following agonist exposure.
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Fig. 7. The influence of prior agonist exposure upon the concentration dependence for agonist-elicited unidirectional �Ca2� efflux. Sets of BC3H-i
cultures were incubated for 30 mm at 45Ca2� radioisotopic equilibrium with fixed agonist concentrations. Following this conditioning interval, the
solution was rapidly washed off and replaced with a fresh solution of PB containing specified agonist concentrations. Unidirectional �Ca2� efflux
was measured over a 3-mm interval and calculated relative to cellular �Ca2� content measured following conditioning in the presence of the specified
agonist concentration as described in Fig. 6. A. Prior exposure to norepinephrine (n = 4): #{149},no agonist preexposure; A, norepinephrine, 0.18 z�;

., 0.60 z�; #{149},6.0 MM. Experimentally determined efflux rate constants (ke) were corrected for unstimulated efflux (k) determined at the
corresponding norepinephnne conditioning concentration. B. Prior exposure to norepinephrine. Agonist-stimulated efflux rate constants (k.) obtained
in A following conditioning with no added agonist (#{149})or 6 �M norepinephnne (#{149})are presented without correction for unstimulated efflux. C. Prior
exposure to histamine (n = 3). #{149},no agonist preexposure; A, histamine, i jzM; �, 10 z�i; #{149},iOO �tM. In this experiment unstimulated efflux rate
constants obtained following exposure to agonist were not significantly different from those obtained in the absence of agonist preexposure.
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Since the data shown in Fig. 7B indicated that cellular Ca2�

mobility was altered following agonist exposure, it was of in-

terest to examine in greater detail the initial kinetics of 45Ca2�

efflux following 30 mm agonist conditioning at radioisotopic

equilibrium. Data were normalized to cellular 45Ca2� content

following the appropriate exposure condition in order to deter-

mine accurately relative rates of �Ca2� efflux. As shown in Fig.

8A, unstimulated 45Ca2� efflux following removal of the condi-

tioning norepinephrine solution remained elevated over an

initial segment of approximately i mm before returning to

values seen in controls which had received no agonist condi-

tioning. It should be noted that this result was obtained despite

the presence of the antagonist phentolamine (iO �M) in all

wash and assay solutions used to replace the conditioning

norepinephrine solution. We assume that under these condi-

tions receptor occupation by agonist should be rapidly termi-

nated although the possibility of continuing receptor stimula-

tion by slowly dissociating agonist cannot be excluded. Fig. 8A

also shows that the efflux response elicited by a maximally

effective norepinephrine concentration following norepineph-

rine exposure remains essentially intact relative to naive con-

trols.

The complementary set of experiments was performed using

histamine as shown in Fig. 8B. Consistent with previous results,

unstimulated 45Ca2� efflux following histamine exposure was

identical to unstimulated 45Ca2� efflux from control cultures.

Furthermore, cultures previously conditioned with a saturating

histamine concentration (iOO �M) at radioisotopic equilibrium

and subsequently challenged with histamine showed 45Ca2�

efflux kinetics identical to that of unstimulated cultures. The

efflux response to histamine challenge in cultures which re-

ceived no prior agonist is shown for comparison and emphasizes

the refractoriness of the histamine response following hista-

mine exposure.

Discussion

Hi-histamine receptor control of cellular Ca2F. Recep-
tors which mediate vascular smooth muscle contraction may

either utilize activator Ca2� present within sequestered intra-

cellular stores or enhance Ca2� entry across the plasma mem-

brane (1). We have monitored 45Ca2� radioisotopic tracer move-

ments in order to characterize mechanisms of Hi-histamine

receptor control of intracellular Ca2� in BC3H-i cells. Over its
effective concentration range, histamine promotes both unidi-
rectional 45Ca2� efflux and influx. The receptor has been iden-

tified as the Hi-subtype, as has been the case for histamine

receptors in proximal relationship to cellular Ca2� regulation
(i3). The histamine-stimulated unidirectional 45Ca2 efflux re-

sponse has been quantitated, and the agonist concentration

dependence correlates well with that observed previously for
histamine-induced contraction in vascular smooth muscle (iG,

17), vas deferens (i8), and airway smooth muscle (i9). The
transmembrane Ca2� movements elicited by histamine result
in an initial transient decrease in cellular Ca2� content followed

by a subsequent recovery to basal values. These data indicate

that histamine receptor activation elevates cytoplasmic Ca2�

concentration both by mobilizing sequestered intracellular Ca2�

and by increasing transmembrane Ca2� permeability. This be-
havior stands in contrast to previous observations of regulation

of cellular Ca2� by a1-adrenergic receptors or nicotinic acetyl-

choline receptors on sister clones ofBC3H-i cells. The nicotinic

receptor represents the prototypical receptor-operated channel
where agonist activation leads to a bidirectional increase in

transmembrane permeability to small cations (20). Activation
of nicotinic acetylcholine receptors in BC3H-i cells increases

unidirectional 45Ca2� influx more than iQO-fold, whereas uni-

directional 45Ca2� efflux is elevated less than 2-fold (6). En-
hancing transmembrane Ca2� permeability in the presence of

the large, inwardly directed Ca2� concentration gradient leads

to an immediate and sustained increase in cellular 45Ca2� con-
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Fig. 8. Kinetics of unidirectional 45Ca2� efflux following agonist exposure at 45Ca2� radioisotopic equilibrium. BC3H-i cultures were incubated with
specified agonist concentrations for 30 mm at �Ca2� radioisotopic equilibrium. Following this interval the conditioning solution was rapidly washed
away and replaced with PB containing specified agonist or antagonist concentrations for indicated times. When unidirectional efflux was measured
in the presence of antagonists, these ligands were also included in the buffer used to wash out the conditioning solution. Data were calculated
relative to cellular �Ca2� content measured following the conditioning interval in the presence of the specified agonist (n = 3). The conditions for
each kinetic course are described as agonist addition during radiolsotopic equilibrium -* agonist addition during unidirectional efflux.” A. Adrenergic
responsiveness following norepinephrine exposure. #{149},no agonist addition during �Ca2� radioisotopic equilibrium -. no agonist addition during
unidirectional efflux (unstimulated control); U, no added agonist -s norepinephrine (6 MM); 0, norepinephrine (6 �M) -. norepinephnne (6 SM); 0,
norepinephrine (6 �M) -� phentolamine (1 0 SM). In these experiments, exposure to 6 MM norepinephrine for 30 mm at radioisotopic equilibrium
decreased cell 45Ca2� content to 81 ± 3% of control values. B. Histamine responsivenes following histamine exposure. #{149},no agonist addition -� no
agonist addition (same data as in A); #{149},no agonist addition -+ histamine (1 00 SM); 0, histamine (100 �M) -+ histamine (100 SM); 0, histamine (iOO
�M) -s diphenhydramine (1 0 �LM). Exposure to histamine during the 30-mm conditioning interval did not significantly alter cellular �Ca2� content
relative to unstimulated controls.

tent at radioisotopic equilibrium. Activation of a1-adrenergic

receptors produces Ca2� movements consistent with the pre-

dominant response of intracellular Ca2� mobilization. That is,

unidirectional 45Ca2� efflux is selectively enhanced with smaller
effects on unidirectional influx. A net 30-40% decline in cellular

Ca2� content results as sequestered intracellular Ca2� is mobi-
lized and made accessible to transmembrane extrusion. By

contrast, the Hi-receptor identified in these cells appears to
possess a complex linkage capable of eliciting substantial mo-
bilization of intracellular Ca24� as well as transmembrane Ca2’

entry.
In addition, we note that activation of both Hi- and a1-

receptors mobilizes intracellular Ca2� from a similar source.

This conclusion is supported by data in Fig. i, which show that

maximally effective concentrations of histamine or norepineph-

rine, either alone or in concert, elicit comparable 45Ca2� efflux
responses. The kinetics and relative extents of these efflux

responses are maintained in Ca2�-free PB, further arguing that

the two receptors access similar fractions of intracellular Ca2’.
These data are summarized in Table 2.

The influence of prior agonist exposure upon receptor

responses. The presence of two independent receptor types
which mobilize Ca2� from common intracellular stores has been

utilized by conditioning cells with specified agonist concentra-

tions and then monitoring unidirectional 45Ca2� efflux as a
measure of Ca2’� mobilization in response to a subsequent

challenge by either the homologous or heterologous agonist.

This paradigm allows delineation of the relative contributions

of altered intracellular Ca2� disposition versus receptor refrac-

toriness to the decreased cellular responses which are observed

following prolonged agonist exposure. A similar strategy was
employed to examine refractoriness of the response of adenylate

cyclase to catecholamines versus prostaglandins (2i). Contin-

ued activation by the a-adrenergic agonist in our system results

in a parallel decrement in response to subsequent challenges

by either histamine or norepinephrine (Fig. 6B). The reduction
in a1-adrenergic response following norepinephrine condition-

ing results primarily from a decrease in the maximum obtain-

able response without alteration in the concentration depend-

ence for agonist activation (Fig. 7A). Thus, the a1-adrenergic

receptor maintains its ability to mobilize intracellular Ca2�

substantially intact, and the reductions observed in functional

response should occur at some point common to both a,- and

Hi-receptor-effector coupling. Specifically, the predominant

effect of sustained a1-receptor activation observed in these

studies is an alteration in the disposition of cellular Ca2� toward

a new steady state. Total cellular stores of agonist-sensitive
Ca2�, although reduced (Figs. 5A and 6A), remain sufficient to

fuel appreciable unidirectional 45Ca2� efflux responses (Figs.

GB, 7A, and 8A). At the same time, incubation with a-agonist

elicits a sustained increase in the availability of cellular Ca2�

stores to transmembrane efflux which is evident even after the

agonist is removed (Figs. 7B and 8A). These results present an

apparent paradox: in the presence of agonist the cell remains
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TABLE 2

Kinetic parameters for unidirectional �Ca2� efflux in normal and Ca2�-free physiological bufter
Estimated kinetic parameters (±SD) were calculated as described under Experimental Procedures.

�e�I
Ugand Al k1 (rran’) A2 k2 (nIn�)

mu

i .8 None 0.97 ± 0.02 i i .2 ± i .4 x i 0�
1 .8 Norepinephrine, 6 �M 0.74 ± 0.08 0.67 ± 0.i 5 0.26 ± 0.07 i 1 .0 ± 1 .4 x 1 0�
i.8 Histamine, iOO zM 0.63 ± 0.06 0.66 ± 0.14 0.38 ± 0.05 12.3 ± 7.6 x i0�
��0b None - - 0.97 ± 0.02 8.8 ± i .3 x 10�
�0b Norepinephrine, 6 ,�M 0.58 ± 0.02 1.05 ± 0.08 0.42 ± 0.02 18.6 ± 2.3 x iO�

-0k’ Histamine, iOO �zM 0.55 ± 0.02 i.2i ± 0.14 0.45 ± 0.02 iO.4 ± 2.5 x iO�
a data were fit to monophasic exponential kinetics.
a Cultures equilibrated with �Ca2� were subjected to an initial i 0-mm preincubation with PB in the usual manner to remove rapidly exchanging �Ca2�. Extracellular

Ca2� was removed by rapidly washing the cultures with three 3-mi aliquots of Ca2F.free PB containing 5 m� EGTA, and a 2-mI aliquot of Ca2�-free PB containing
specified ligands was applied for the same effiux time intervals employed in Fig. 1 . Assays were terminated as usual.

continuously able to mobilize intracellular Ca2�, yet sensitive

intracellular Ca2’� stores remain largely intact. Although infer-

ential in nature, these data strongly suggest that cellular Ca24

movements between mobile and sequestered intracellular corn-

partments are related in a dynamic and reversible cycle. This

concept has been elegantly reviewed by Rasmussen and Barrett
(22). In theory, agonist-sensitive intracellular Ca2� stores could

be replenished by compensating Ca2� influx across the plasma

membrane or by continued recycling of Ca2� between cytoplasm
and agonist-sensitive intracellular stores. Fig. 4 shows that a-

adrenergic stimulation does in fact increase transmembrane

Ca2� entry, whereas measurements of free intracellular Ca2� in

BC3H-i monolayers provide evidence for cycling of Ca2� by
intracellular organelles (23).

Recent data from hepatocytes (24) and BC3H-i cells (25)

suggest that the a1-receptor may exhibit multiple states of

affinity for agonist which can be discriminated at reduced

temperature or in the presence of guanine nucleotides. Our

findings indicate that, if such interconversion occurs under

physiological conditions in BC3H-i cells, the transition be-

tween states must be rapid relative to the 3-mm duration of
the 45Ca24 efflux measurement. Furthermore, the equilibrium

distribution of receptor states achieved following 30 mm ex-

posure to agonist should retain a substantial proportion of

responsive receptor molecules relative to naive controls. In

additional experiments, a1-agonist affinity has been measured

by competition with initial rates of [3H]prazosin binding to

intact cells over a 20-sec interval at 37#{176}. Prior exposure of the

receptor to agonist results in a small (�3-fold) decrease in

apparent agonist affinity compared to cultures simultaneously

exposed to agonist plus [3H}prazosin, further arguing against

the presence of substantial agonist-induced alterations in a1-

adrenergic receptor state.’ Moreover, the relatively brief periods
of agonist exposure employed in the present study do not result

in significant a1 -receptor down-regulation.2
Prior histamine exposure results in decreased response upon

challenge by norepinephrine (Fig. GD), in parallel with the
diminished response elicited by histamine following norepi-

nephrine conditioning (Fig. 6B). This reduction in response to

a heterologous agonist following histamine exposure occurs

despite the apparent recovery of total cellular Ca2� content
(Fig. 6C) and unstimulated efflux rate constants (Fig. 8B) to

I R. D. Brown, unpublished data.
2 R. J. Hughes, personal communication.

resting values, suggesting that the disposition of agonist-sen-

sitive intracellular Ca2� has been altered or that additional

coupling steps have been perturbed. Conversely, the selective

and differential inhibition of Hi-receptor response observed

following exposure to histamine appears to represent an ex-

ample of agonist-induced receptor desensitization. Condition-
ing cultures with histamine decreases the apparent affinity

with which a subsequent histamine challenge activates 45Ca2�
efflux (Fig. 7C). The altered histamine concentration depend-

ence could result from temporary inactivation of an initial
receptor reserve, leading to a reduction in apparent agonist

potency. Examples of tachyphylaxis upon prolonged or repeti-

tive application of histamine have been noted previously in

intact smooth muscle preparations (i6), and the BC3H-i sys-

tem offers the opportunity to study further the molecular basis

of this phenomenon.

The results from the BC3H-i system may be compared with

recent data from aortic smooth muscle. Lurie et ci. (26) found

that 7 hr exposure of intact aortic rings to either norepinephrine

or histamine resulted in homologous desensitization of the

contractile response for each agonist. No alteration was ob-

served in the number of a1-receptors detected in membrane

homogenates prepared from the tissue. Agonist-induced desen-

sitization was reflected by decreased agonist potency in eliciting

contractions, similar to the results we have obtained with
histamine. Additional measurements of a,-receptor-stimulated

phosphatidylinositol synthesis following 7 hr norepinephrine

exposure revealed decreased responsiveness consistent with the

45Ca2� efflux data in our study. That is, the maximum response
obtained decreased -�-30% without alteration in the concentra-
tion dependence for norepinephrine activation. These varia-

tions in a1-receptor response following agonist exposure may

relate to nonequivalent coupling mechanisms between receptor

occupancy and component cellular responses, to differences in

the cell of origin, or to the differentiated phenotypes of these

divergent experimental systems.

The 45Ca2 flux experiments presented here provide only an
indirect reflection of the dynamics of intracellular Ca2�. Direct

measurements of intracellular free Ca2� using Ca2�-sensitive

fluorescent chelators can distinguish whether alterations in

Ca2 efflux following agonist conditioning truly reflect cyto-

plasmic Ca2� availability or whether the activity of the plasma

membrane Ca2� transport system is perturbed under these

circumstances. Examination of the relationship between Ca2�

mobilization and phosphoinositide hydrolysis poses an addi-
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tional goal. Heterogeneities between different receptor types in
the relative susceptibilities of these two responses to agonist-

induced desensitization could shed further insight into their

mechanistic relationships.

In sum, these studies contrast the means by which a,-adre-

nergic and Hi-histamine receptors regulate intracellular Ca2�

in BC3H-i cells. The phasic response to histamine appears to

reflect agonist-induced desensitization at the level ofthe recep-

tor itself, whereas the a,-receptor remains functionally coupled

to intracellular Ca2� during prolonged agonist stimulation. On-
going receptor activation alters the disposition of intracellular
Ca2� by modulating the dynamic cycling of Ca2� among multiple
transport and storage systems. The sustained responsiveness

of the a1-receptor in this simplified cell culture system may

reflect the physiological function of the receptor in steady state

maintenance of vascular tone by the sympathetic nervous sys-

tern.
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