
B 1995 Stockton Press All rights reserved 0007-1188/95 $12.00 M

Characteristics of the binding of [3H]-mepyramine to intact
human U373 MG astrocytoma cells: evidence for histamine-
induced Hl-receptor internalisation
'S. Hishinuma & 2J.M. Young

Department of Pharmacology, University of Cambridge, Tennis Court Road, Cambridge CB2 1QJ

1 The kinetics of the binding of 5 nM [3Hl-mepyramine to sites on intact human U373 MG
astrocytoma cells, sensitive to inhibition by 2 gM pirdonium, were temperature-dependent. At 370C the
half-time for association was 0.9 ±0.4 min and at 40C 19±3 min. Dissociation of bound [3H]-
mepyramine was fast at 370C, tO.5 1.5 +0.3 min, but at 60C dissociation initiated by dilution or addition
of unlabelled mepyramine was negligible over 120 min. The very slow dissociation at 60C made it
possible to reduce the level of pirdonium-insensitive binding from 56+ 5% to 39 ± 5% by washing the
cells in ice-cold medium before filtration.
2 The binding of [3H]-mepyramine sensitive to 2 FM temelastine, measured after 10 min equilibration at
370C, failed to saturate and was resolved into an hyperbola and an apparently linear component,
whereas the fit to the binding of [3HJ-mepyramine sensitive to 2 JM pirdonium was not significantly
improved over that to an hyperbola. The mean Kd for the binding of [3H]-mepyramine to the saturable
component, 2.5 ±0.4 nm, was in close agreement with the value of 3.5 nM for mepyramine derived from
inhibition of histamine H,-receptor-mediated inositol phosphate formation in U373 MG cells.
3 Curves for the inhibition of the binding of 5 nM [3H]-mepyramine to U373 MG cells by histamine
Hi-receptor antagonists were biphasic and were fitted to a two site-model. Affinities calculated from the
best-fit IC5o values for the high-affinity site correlated well with those expected for binding to H,-
receptors.
4 The percentages of the high-affinity site in curves of the inhibition of [3H]-mepyramine binding to
intact U373 MG cells by two tertiary amine antagonists, norpirdonium and 4-methyldiphenhydramine,
68 + 3 and 63±4%, were significantly greater than the percentages of the high-affinity site in the
inhibition curves of their quaternary derivatives, 50+ 1 and 45 ± 3%, respectively. Similarly, the
percentage of the high-affinity site for unlabelled mepyramine, 65 ± 7%, was greater than for the non-cell
penetrant Hi-antagonist temelastine, 42+ 5%.
5 Incubation of U373 MG cells with 100 gM histamine at 37°C, followed by washing twice in ice-cold
medium and then incubation with 1- 15 nM [3H]-mepyramine for 120 min at 4°C, resulted in a decrease
in the binding of [3H]-mepyramine sensitive to 2 gM pirdonium, compared to control cells not exposed to
histamine. The binding of [3H]-mepyramine in the absence of pirdonium was not altered by histamine
pretreatment, whereas the level of the pirdonium-insensitive binding was significantly increased, except
after 1 min exposure to histamine. The decreases in the pirdonium-sensitive binding after 5, 10 and
60 min incubation with 100 gM histamine were 41±6, 56±6 and 67±8%, respectively, but the decrease
after 1 min incubation with histamine, 16±8%, was not statistically significant.
6 The results are consistent with the binding of [3H]-mepyramine to intact U373 MG cells being to
both plasma membrane and intracellular histamine HI-receptors. The high-affinity binding sensitive to
the non-cell penetrant quaternary compounds and to temelastine is thus to plasma membrane H,-
receptors. On exposure to 100 gM histamine receptors are translocated to the intracellular pool, since the
change in the high-affinity binding of [3H]-mepyramine is primarily in the level of the pirdonium-
insensitive binding, rather than in the total binding.
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Introduction

Receptor internalisation is well established as a mechanism for man, 1946; Gosselin & Gosselin, 1973; Hishinuma & Uchida,
the regulation of agonist activity at G protein-coupled re- 1987; 1988; 1991; Horio et al., 1990a,b; Leurs et al., 1990;
ceptors, such as those for angiotensin II (see e.g. Hunyady et 1991), brain slices (Quach et al., 1981; Bristow et al., 1993) and
al., 1994), acetylcholine (Koenig & Edwardson, 1994, and re- cells in culture (Taylor & Richelson, 1979; Brown et al., 1986;
ferences therein) and noradrenaline (Leeb-Lunberg et al., 1987; Nakahata & Harden, 1987; Dillon-Carter & Chuang, 1989;
Hausdorff et al., 1990). However, although there have been Cowlen et al., 1990; Smit et al., 1992; Bristow & 7amani, 1993;
numerous studies of the mechanisms involved in the desensi- Dickenson & Hill, 1993; McCreath et al., 1994), a number of
tization of responses to histamine at Hi-receptors in intestinal which have provided evidence for changes at the level of the
smooth muscle (Barsoum & Gaddum, 1935; Cantoni & East- receptor (Brown et al., 1986; Nakahata & Harden, 1987;

Hishinuma & Uchida, 1988; Cowlen et al., 1990; Horio et al.,
1990b; Leurs et al., 1990; Dickenson & Hill, 1993), there is no
direct experimental evidence for histamine-induced H,-re-

'Permanent address: Department of Pharmacology, Meiji College of ceptor internalisation. The problems inherent in measuring
Pharmacy, Yato 1-22-1, Tanashi, Tokyo 188, Japan binding to intact cells with [3H]-mepyramine, a tertiary amine
2Author for correspondence. which will cross the cell membrane and bind to intracellular
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sites and become concentrated in compartments with a low
pH, have been noted some years ago (Maloteaux et al., 1983).
We have attempted to avoid these difficulties by synthesizing a
quaternary amine radioligand for the H1-receptor, [3H]-(+)-
N-methyl-4-methyldiphenhydramine ([3H]-QMDP), which
should bind only to sites on the plasma membrane (Treherne &
Young, 1988a). However, attempts to use [3H]-QMDP to label
HI-receptors on intact cells have so far been unsuccessful, and
we have therefore set out to develop a protocol with [3H]-
mepyramine which would exploit (a) the very slow dissociation
of [3H]-mepyramine from HI-receptors at temperatures below
100C (Wallace & Young, 1983; Treherne & Young, 1988b),
which should allow extensive washing of cells, and (b) the
availability of non-penetrant and penetrant HI-receptor an-
tagonists, which might be used to determine binding to plasma
membrane HI-receptors and plasma membrane+ intracellular -

receptors, respectively. We describe here a study of the char-
acteristics of the binding of [3H]-mepyramine to intact human
U373 MG astrocytoma cells, which possess histamine HI-re-
ceptors coupled to the activation of phosphoinositidase C
(Arias-Montafio et al., 1994), and the effect on [3H]-mepyr-
amine binding of pre-exposure of the cells to a high con-
centration of histamine.

Methods

Culture of U373 MG cells

Human U373 MG astrocytoma cells (National Culture Col-
lection, Porton Down) were grown to near confluence in
Dulbecco's modified Eagle medium/nutrient mixture F-12 (1:1
v/v; Gibco), containing 10% (v/v) bovine foetal calf serum and
2 mM glutamine (Gibco) and supplemented with penicillin
(100 u ml'-), streptomycin (0.1 mg ml'-) and amphotericin B
(250 ng ml-') (Flow laboratories), in flasks at 37'C in a C02-
incubator (5% C02). The culture medium was removed and
the cells washed once with approximately 10 ml phosphate
buffered saline (in mM: NaCl 137, KCl 2.7, Na2HPO4 8.1 and
KH2PO4 1.5), pH 7.5, containing 0.6 mM EDTA, before dis-
sociation with 10 ml trypsin/EDTA (500-750 BAEE units
ml-'/0.6 mM, Sigma). After centrifugation at 220 g for 5 min
the cells were resuspended in a N-(2-hydroxyethyl)piperazine-
NY-(2-ethanesulphonic acid) (HEPES)-buffered medium (in
mM: NaCl 120, KCl 5.4, MgCl2 1.6, CaCl2 1.8, D-glucose 11,
HEPES 25), adjusted to pH 7.4 with NaOH (final concentra-
tion of Na+ 132.6 mM) and kept at 37 °C for 30 min for
equilibration. Total cell protein was determined essentially as
described by Lowry et al. (1951).

Measurement of [3H]-mepyramine binding

Measurements of [3H]-mepyramine binding were made in the
HEPES-buffered medium, pH 7.4, containing 1-45 nM [3H]-
mepyramine and U373 MG cells (circa 3 x 10' cells, approxi-
mately 0.3 mg whole cell protein) in the presence or absence of
2 Mm temelastine or 2 MM pirdonium (final volume 1 ml). For
the determination of curves of the inhibition of the binding of
[3H]-mepyramine incubations contained approximately 5 nM
[3H]-mepyramine, inhibitor and cells. The actual concentration
of [3H]-mepyramine present was determined by counting an
aliquot of the [3H]-mepyramine/HEPES medium. In both sets
of experiments, incubation was for 10 min at 37°C and was
terminated by addition of 3 ml ice-cold buffer and cen-
trifugation at 220 g for 5 min. The cells were resuspended in
3 ml ice-cold buffer and the suspension filtered through
Whatman GF/B glass fibre filters (pre-soaked for at least 3 h in
0.3% polyethylenimine) using a 24-place cell harvester (Bran-
del, Gaithersburg, Md, U.S.A.). The filters were transferred to
scintillation vial inserts, 3 ml scintillator (Emulsifier Safe,
Packard) added and the vials allowed to stand for at least 2 h
before determination of tritium by scintillation counting. All
determinations were made in quadruplicate.

Measurements of the rate of association of 5 nM [3H]-me-
pyramine with cells in the presence or absence of 2 gM pir-
donium were made as above, except that incubation was from
1 to 30 min at 37°C or 5 to 120 min at 6°C. Dissociation rates
at 6°C were determined by equilibrating cells with 5 nM [3H]-
mepyramine for 10 min at 37°C, in the presence or absence of
2 AM pirdonium, and then either: (i), diluting 4 fold with ice-
cold HEPES medium and filtering after 1- 120 min at 6°C, or
(ii), as (i), but with the addition of 1 gM unlabelled mepyr-
amine (final concentration) and filtering after 5-120 min at
6°C or (iii), diluting 4 fold with ice-cold HEPES medium,
centrifugation at 220 g for 5 min, resuspension of the cells in
3 ml ice-cold medium and filtering after 5-120 min at 6°C.
For measurement of dissociation at 37°C, cells were equili-
brated with 5 nM [3H]-mepyramine for 10 min at 37°C in the
presence or absence of 2 gM pirdonium before addition of
1 gM unlabelled mepyramine (final concentration). After 5 s-
20 min, the mixture was diluted 4 fold with ice-cold HEPES
medium and centrifuged at 220 g for 5 min. The cells were
resuspended in 3 ml ice-cold medium and filtered as above.

Measurement of histamine-induced HI-receptor
internalisation

U373 MG cells (circa 7 x 106 cells ml-') were incubated with
100 gM histamine or with no addition (control) for 1 to 60 min
at 37°C and then diluted 4.75 fold with ice-cold HEPES
medium and centrifuged at 220 g for 5 min. The cells were
washed by twice resuspending in 20 ml ice-cold medium and
centrifuging at 220 g for 5 min, before being resuspended in
4.5 ml ice-cold medium. The protein content of each cell sus-
pension was determined at this stage. Aliquots (100 Ml) of
control and histamine-pretreated cells suspensions were then
incubated with 1- 15 nM [3H]-mepyramine in the presence or
absence of 2 gM pirdonium for 120 min at 4°C and bound
tritium determined as described above.

Inhibition of histamine-induced inositol phosphate
accumulation

Measurement and analysis of the inhibition of histamine-in-
duced [3H]-inositol monophosphate ([3H]-IP1) accumulation by
100 nM (±)-QMDP in U373 MG cells prelabelled with [3H]-
inositol was carried out as described previously (Arias-Mon-
taflo et al., 1994).

Analysis of data

Curves of the temelastine-sensitive binding of [3H]-mepyr-
amine versus the concentration of [3H]-mepyramine were fitted
to a hyperbola + a linear component using the Harwell Library
non-linear regression programme VBO1A. The actual equation
fitted was:

[3H]-mepyramine bound = BuiaxL/(L + Kd) + m.L
wherp L is the concentration of [3H]-mepyramine, m is the
slope of the linear component, and B.. and Kd are the para-
meters characterizing the hyperbolic component. Binding
curves defined by 2 gM pirdonium were fitted to an hyperbola
(m= 0 in the equation above). Each point was weighted ac-
cording to the reciprocal of the variance associated with it. In
the experiments in which internalisation of [3H]-mepyramine
binding sites was measured, the proportion of HI-receptors
internalised was calculated from the ratio of the best-fit values
of B.. for the pirdonium-sensitive binding of [3H]-mepyr-
amine to pretreated and control cells, after adjustment for the
relative amounts of cell protein present in the incubation with
[3H]-mepyramine.

Curves of the inhibition of the binding of [3H]-mepyramine
were fitted to a two-site (double-hyperbola) model:

% of uninhibited binding of [3H]-mepyramine =
100-N1.I/(I + ICm.1)-N2.I/(I + IC50.2)
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where I is the concentration of the inhibitor, N. and N2 are the
percentages of the high and low affinity sites, respectively, and
ICm.1 and IC50.2 are the concentrations of inhibitor producing
50% inhibition at sites 1 and 2, respectively. The data were
weighted and fitted as above. The dissociation constant of the
inhibitor for the high affinity site, K&, was calculated from the
relationship Ki= 1C50.j/([H-mepyramine]/4+ 1), where K_ >d
is the dissociation constant for [3H]-mepyramine. In the special
case of mepyramine versus [3H]-mepyramine this relationship
simplifies to Kd= IC50.I -3H-mepyramine], assuming that the
substitution of one atom of tritium for hydrogen makes no
measurable difference to Kd for mepyramine.

Data for association and dissociation of [3H]-mepyramine
were fitted assuming a reversible interaction with a single set
of binding sites. The equation fitted for association was
B=Boq(l-ek''), where B is the amount of 3H]-mepyramine
bound at time t, Boq the amount bound at equilibrium, and
kob. the observed association rate constant. For dissociation
the equation was B= B0.ek- , where Bo is the amount bound at
time zero and k is the dissociation rate constant from the H1-
receptor.

Statistical comparison of the goodness of fit to two models
(one-site versus two-site inhibition curves or an hyperbola
versus an hyperbola+ linear component for binding curves)
was made by testing the significance of the excess sum of
squares:

F = [(SS,-SS2)/dfl-dfj/(SSI/dfl)
where SS1 and SS2 are the residual sums of squares for the
simpler and more complex model, respectively, with df1 and df2
degrees of freedom.

In experiments on the effect of pre-exposure of cells to
histamine on the total and pirdonium-sensitive binding of [3H]-
mepyramine, in which experimental limitations made it im-
practical to obtain a sufficient number and spread of data
points to allow accurate statistical analysis of differences in the
position of curves via curve fitting with and without shared
parameters, a simpler statistical test was employed. The
probability that the amount of [3Hl-mepyramine bound at all
the 5 concentrations of [3Hl-mepyramine used in each experi-
ment is less (or more) after histamine pretreatment than in
control cells is 0.031. If only 4 of the 5 values are lower (or
greater), then the difference between the curves is not sig-
nificant (P>0.05).

Drugs

[Pyridinyl-5-3H]-mepyramine, 27 Ci mmol-1, was obtained
from Amersham International. N-(2-hydroxyethyl)piperazine-
N'-(2-ethanesulphonic acid) (HEPES) and histamine dihy-
drochloride were purchased from Sigma. Temelastine was a
gift from Smith, Kline & French Research Ltd, and 4-me-
thyldiphenhydramine, norpirdonium and pirdonium were
kindly provided by Prof. H. Timmerman, Department of
Pharmacochemistry, Free University of Amsterdam. (±)-N-
methyl-4-methyldiphenhydramine (±-QMDP) was synthe-
sized by Dr D.H. Marrian. The structures of the antagonists
used are given elsewhere (Gibson et al., 1994).

Results

Binding of [3H1-mepyramine to intact U373 MG cells

The rate of formation of the complex between 5 nM [3H]-me-
pyramine and a plasma membrane binding site on intact hu-
man U373 MG astrocytoma cells, as defined by the binding of
[3H]-mepyramine sensitive to 2 gM pirdonium, a quaternary
histamine Hl-receptor antagonist, was sensitive to the tem-
perature of the incubation. At 37°C the binding of 5 nM [H]-
mepyramine was rapid (Figure la), with a half-time of
0.9±0.4 min, as determined by fitting a single exponential to
the association data (3 determinations). However, at 4°C the
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Figure 1 Rate of association of [3H]-mepyramine with HI-receptors
on intact U373 MG cells at (a) 370C and (b) 40C. Measurements of
the association of the binding of [3H]-mepyramine to U373 MG cells
in the presence or absence of 2 um pirdonium were made as described
under Methods. The points represent the pirdonium-sensitive
binding±s.e.mean of 4.8nM (a) or 5.12nM (b) [3H]-mepyramine
from quadruplicate determinations within a single experiment, which
was repeated twice further at each temperature with similar results.
The curves drawn are the best-fit lines to a single exponential. (a)
37°C. Best fit values±estimated error: k.,, the observed on-rate
constant, 1.01+0.23min-, B,,, 250±8d.p.m.. (b) 40C. k.
0.046±0.006min-', Bma 168±8d.p.m.

pirdonium-sensitive binding of 5 nm [3H]-mepyramine only
approached a plateau level after 90-120 min (Figure Ib), with
a mean best-fit half-time of 19± 3 min (3).

The rate of dissociation of the pirdonium-sensitive binding
of [3H]-mepyramine from U373 MG cells was particularly
temperature-dependent, as we have reported previously for
binding to Hl-receptors in membrane preparations (Wallace &
Young, 1983; Treherne & Young, 1988b). At 37°C dissociation
induced by the addition 1 JSM unlabelled mepyramine was ra-
pid, with an estimated t1,2 of 1.5 ±0.3 min (weighted mean of
the best-fit values from 2 independent experiments, data not
shown). However, at 6°C there was negligible dissociation over
a period of 120 min after dilution of the incubation mixture at
37°C with a three fold excess of ice-cold medium (Figure 2a).
Addition of 1 gM mepyramine at the dilution stage failed to
increase the rate of dissociation (3 measurements, data not
shown). We have taken advantage of this very slow dissocia-
tion to reduce the level of pirdonium-insensitive binding of
[3H]-mepyramine to the cells (56±5%, 6 measurements) by
centrifuging the incubation mixture immediately after dilution
with ice-cold buffer and then resuspending the cells in 3 ml ice-
cold medium before filtration. There was no apparent change
in the amount of bound PH]-mepyramine when the period
between resuspension and filtration was varied between 0 and

2717



S. Hishinuma & J.M. Young HL-receptor intrnalisation in U373 MG cells

a
1600 r-

I

1200 1--F x § _

hu

I
0 30 60 90 120

Time after dilution (min)

E
cd

-0
C
0
.00

EC

E
0
0E

Ci,

800 H-

400 k

00

b
600r

0 10 20 30 40
[3H1-mepyramine (nM)

500 p

400 -

300 k

A 200 k

100k

0I
0 30 60 90 120
Time after resuspension (min)

L

0 10 20 30
[3H]-mepyramine (nM)

40

Fgue 2 Dissociation of bound [3H]-mepyramine from U373 MG
cells at 60C. (a) Cells labelled with 5 nm (3H]-mepyramine at 370C for
1Omin were diluted 4 fold with ice-cold HEPES buffer and
incubation continued at 60C for 0- 120min before filtration. (b)
Cells were labelled and diluted as in (a), but washed by centrifugation
and resuspension in ice-cold HEPES medium before filtration after
0-120min at 60C. The data in (a) and (b) are means+s.e.mean from
quadruplicate determinations within a single experiment, which was

repeated twice further for each protocol with similar results. Where
no error bars are shown the error was within the size of the symbol.
The lines have been drawn by inspection. (0) Binding in the absence
of pirdonium; (A) binding in the presence of 2tuM pirdonium; (0)
pirdonium-sensitive binding.

120 min (Figure 2b), but the mean level of pirdonium-in-
sensitive binding was reduced to 39+ 5% (3). This protocol
was used routinely in further experiments.

Measurements of the equilibrium binding of [3H]-mepyr-
amine to U373 cells after 10 min incubation at 370C were made
in the presence or absence of 2 uM pirdonium or 2 gM teme-
lastine. In experiments with temelastine, the inhibitor-sensitive
binding consistently failed to approach saturation, even at 40-
-50 nM [3H]-mepyramine and in each of 4 experiments the data
points were fitted significantly better by an hyperbola+ a linear
component (e.g. Figure 3b) (mean best-fit value of the slope of
the linear component 5.7 +0.5 x 109 d.p.m. M-1). The linear
component presumably represents the foot of a binding curve
or curves to lower affinity site(s) for [3Hl-mepyramine sensitive
to temelastine. There was some indication of the presence of a
linear component in one of three experiments using 2 Mm pir-
donium, but in no case was the fit to an hyperbola + a linear
component significantly better than that to an hyperbola
alone. The mean best-fit values of Kd for the hyperbolic com-
ponent from experiments using temelastine and for the fitted
hyperbola with pirdonium were similar, 1.9+0.3 nM (4) and
3.2±0.5 nM (3) and both were in good agreement with the
values of the Kd for mepyramine binding to the histamine H1-

Figure 3 Concentration-dependence of the binding of [3H]-mepyr-
amine to U373 MG cells. Incubations with [3H]-mepyramine in the
presence or absence of 2jum temelastine were for lOmin at 370C. (a)
Points are the means+s.e.mean of quadruplicate determinations
within a single experiment. Where no error bars are shown the error
was within the size of the symbol. The lines have been drawn by
inspection. (0) Binding in the absence of temelastine; (0) binding in
the presence of 2pgm temelastine. (b) Temelastine-sensitive binding.
The curve drawn is the best-fit line for an hyperbola+a linear
component (see Methods and text). Best-fit values±estimated errors:
Kd 1.6±0.4nM; B,.IO 0±1 fmolmg-1 cell protein, slope of the linear
component 4.6±1.2xIO10d.p.m.M-1. The whole experiment was
repeated on 3 further occasions.

receptor in U373 MG cells determined from inhibition of [3H]-

mepyramine binding to U373 MG cell membranes,
2.5±1.0 nM (Arias-Montafto et al., 1994) and from inhibition
of histamine-induced [3H]-inositol monophosphate accumula-
tion, 3.5± 0.3 nM (Arias-Montafio et al., 1994). The mean
maximum binding of [3H]-mepyramine to the saturable com-
ponent in intact cells, 14+ 3 and 11+ 1 fmol mg-' cell protein,
defined by pirdonium and temelastine, respectively, was com-
parable with the 86+19 fmol mg-' membrane protein mea-
sured for U373 MG cell membranes (Arias-Montan-o et al.,
1994).

Inhibition of the binding of ['H]-mepyramine to U373 MG
cells

The curve for the inhibition of the binding of 5 nM [3H]-me-
pyramine to U373 MG cells by unlabelled mepyramine was
biphasic (Figure 4), but the proportion of the high affinity site,
mean 65 ± 7% (3), was greater than that observed in inhibition
curves for temelastine, 42± 5% (3). This suggested that
whereas [3H]-mepyramine and unlabelled mepyamine can cross
the cell membrane and bind to receptors both on the plasma
membrane of the cells and on internal membranes, temelastine
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was not cell penetrant, consistent with its inability to cross the
blood-brain barrier (Calcutt et al., 1987), and was binding only
to H1-receptors on the plasma membrane. We have tested this
proposition by comparing the relative extents to which two
tertiary amines and their methylated, quaternary, derivatives
were able to inhibit the binding of [3H]-mepyramine to the
intact cells. Representative examples of inhibition curves for
norpirdonium and for the quaternary derivative, pirdonium
are shown in Figure 5. The points have been fitted to a double
hyperbola in each case, but the striking feature is that the
proportion of the high-affinity site is lower for the quaternary
compound. The inhibition curves for 4-methyldiphenhy-
dramine and its quaternary analogue, N-methyl-4-methyldi-
phenhydramine (QMDP) showed a similar difference. In every
experiment with inhibitors, with the sole exception of one ex-
periment with pirdonium, the fit of the inhibition curve to a
two-site model was significantly better than to a single site.

The proportions of the high affinity site in the inhibition
curves of the two pairs of tertiary/quaternary amines observed
in 3 experiments with each compound are set out in Table 1. A
fourth experiment with pirdonium, which had the lowest
proportion of the high-affinity component, 48 ± 2%, has been
omitted in order to maintain a balanced experimental design.
Analysis of the data by two-way analysis of variance showed
the difference between the two groups (tertiaries v. quatern-
aries) to be highly significant (F=41.73 with 1,9 degrees of
freedom; P <0.001), whereas there was no significant differ-
ence within groups (i.e. between norpirdonium and 4-methyl-
diphendhyramine or between pirdonium and QMDP)
(F = 3.36 with 1, 9 degrees of freedom). Inclusion of mepyr-
amine and temelastine in the statistical analysis (as cell pene-
trant and non-penetrant, respectively) led to the same
conclusion (between groups F= 37.83, 1, 14 d.f., P<0.001;
within groups F= 1.16, 2, 14 d.f., NS).

The dissociation constants of the inhibitors calculated from
the best-fit values of the IC~o for the high-affinity site from the
individual inhibition curves are set out in Table 2. The values
are similar to those determined from inhibition of histamine-
induced P3H]-IP1 formation in human HeLa cells (Arias-
Montaflo & Young, 1993) and from inhibition of the binding
of [3H]-QMDP to guinea-pig cerebellar membranes or inhibi-
tion of histamine-induced contraction of the longitudinal
muscle from guinea-pig small intestine (Treherne & Young,
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Figure 5 Inhibition by norpirdonium and pirdonium of the binding
of [3Hl-mepyramine to U373 MG cells. The points are the
means±approximate s.e.mean of quadruplicate determination from
independent experiments with each antagonist. Where no error bars
are shown the error was within the size of the symbol. The binding in
the absence of inhibitor was 301+7dxp.m. (12) in the experiment
with norpirdonium (4.8DM [3H]-mepyramine) and 365 ± 12 d.p.m. (11)
with pirdonium (4.7 nm (3H]-mepyramine). The curves drawn are the
best-fit lines to a two-site inhibition model (see Methods). Best-fit
values±estimated error: percentages of high- and low-affinity sites
for pirdonium 52+2 and 28±4%, respectively, apparent Kd values
7.7+2.8nM and 0.3±0.8mM: for norpirdonium the corresponding
values were 73±1 and 17±1% and 6.9+l.OnM and 6.4+1.9gM.
(0) Norpirdonium; (0) pirdonium.

Table 1 Percentage of the high affinity site from fitting
curves of inhibition of [3H]-mepyramine binding to intact
U373 MG cells to a two-site model

% of high-affinity site
Cell-penetrant compounds Non-penetrant compounds

Norpirdonium
73.4 65.1

68+3
A

4-3..A:*A-imethyiUlpflenhyIr
67.9 54.6

63+4
Mepyramine

57.8 59.9
65k7

-8 -6

log [Mepyraminel (M)

Figure 4 Inhibition of the binding of 4.5DM [3H]-mepyramine to
U373 MG cells by unlabelled mepyramine. The points are means

±approximate s.e.mean from quadruplicate determinations within a
single experiment. Where no error bars are shown the error was
within the size of the symbol. The binding in the absence of
unlabelled mepyramine was 449 ±11 d.p.m. (12). The curve drawn is
the best-fit line to a two-site inhibition model (see Methods). Best-fit
values±estimated error: percentages of the high- and low-affinity
sites 58 ±2 and 28 ±2%, respectively, apparent Kd values 7.9+ 1.4DM
and 1.9± 0.3pM.

64.8
Pirdonium

48.0 49.9
50 4: 1

amine QMDP
65.4 45.1 40.4

45k3
Temelastine

78.2 40.4 51.3
42 45

52.1

49.9

34.2

Values are the percentages of the high-affinity site from
fitting curves of inhibition of the binding of [3H]-mepyr-
amine (e.g. Figures 3 and 4) to a two-site model (see
Methods). The figures in bold type are the means ± s.e.mean
for each compound. The difference in the percentages of the
high-affinity component between presumed cell-penetrant
and non-penetrant compounds was highly significant
(P <0.001), whereas the difference within groups was non-
significant (P> 0.05, two-way analysis of variance). The
significance is the same whether mepyramine/temelastine are
included or not.

1988a). Measurements were also made of the inhibition of
histamine-induced [3H]-IP, formation in U373 MG cells by
100 nM QMDP, but in 2 of 4 experiments constraining the
concentration-response curves for histamine in the presence
and absence ofQMDP to have a common Hill coefficient and
maximum response, as required for a competitive antagonist,
significantly worsened the fit to the data. However, the esti-
mate of the Kd for QMDP from the combined data,
8.4+ 3.4 nM (4), was in very good agreement with the value
from inhibition of [3H]-mepyramine binding, 8.2±2.3 nM

...A-
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(Table 2). This is consistent with the high affinity component of
the binding of [3H]-mepyramine to U373 MG cells being to the
histamine HI-receptor.

Histamine-induced Hi-receptor internalisation

To investigate histamine-induced Hl-receptor internalisation,
U373 MG cells were exposed to 100 pM histamine for 1, 5, 10
or 60 min at 370C before dilution 4.75 fold with ice-cold
medium and washing by twice centrifuging and resuspending
in ice-cold HEPES medium. The cell suspension was then in-
cubated with 1-15 nm [3H]-mepyramine at 40C for 120 min in
the presence or absence of 2 tiM pirdonium and bound [3H]-
mepyramine determined as described above. The results of two
experiments in which cells were treated with 100 pM histamine
for 1 min or 10 min are shown in Figure 6. In neither experi-
ment was there any significant change in the total binding of
[3H]-mepyramine (i.e. in the absence of 2 pM pirdonium)
compared with control cells taken through the same proce-
dure, but with no added histamine. However, it is striking that
after 10 min pretreatment with histamine there has been a
significant increase in the level of pirdonium-insensitive bind-
ing of [3H]-mepyramine (Figure 6b). This pattern was observed
in all experiments with 5, 10 or 60 min histamine pretreatment.
In only 2 of the 9 experiments was there any significant de-
crease in the total binding of [3H]-mepyramine after exposure
to histamine, whereas the increase in the pirdonium-sensitive
binding was significant in all but 1 of the 9 experiments. This is
consistent with a movement of receptors from the plasma
membrane to an intracellular locus, where they are still ac-
cessible to [3H]-mepyramine, but not accessible to the qua-
ternary antagonist, pirdonium. However, 1 min pretreatment
of cells with 100 pM histamine did not lead to any significant
change in either total or pirdonium-sensitive binding of [3H]-
mepyramine in any of the 3 experiments (e.g. Figure 6a).

The limitation on the number of concentrations of [3H]-
mepyramine which could be employed in each of these ex-
periments made it impractical to obtain sufficient data points
to test whether the fit of the pirdonium-sensitive binding to an
hyperbola+ linear component was significantly better than to
an hyperbola alone. We have therefore obtained an unbiased
estimate of the change in the plasma membrane H1-receptor
binding by limiting the maximum concentration of MHI-me-
pyramine used to approximately 15 nM and then fitting an

Table 2 Dissociation constants for antagonists calculated
from inhibition of the binding of [3H]-mepyramine to the
high-affinity site in intact U373 MG cells

Inhibitor

Mepyramine
Temelastine
Norpirdonium
Pirdonium
4-Methyldiphenhydramine
QMDP

Kd (nM)
U373 MG HeLa Guinea-

cells cells* pigt

5.5 ±2.3
1.1 ±0.7
2.0±0.5
2.7±0.7
2.9±0.9
8.2±2.3

3.4 0.9
0.7 0.8
- 1.8
- 1.0
- 2.2

14.0 2.5

Kd values for intact U373 MG cells have been calculated
from the best-fit IC50 values for inhibition of the binding of
3.1-4.8 nm [3H]-mepyramine to the high-affinity site,
obtained from fitting a two-site model to the inhibition data
(see Methods). Values are the means ± s.e mean from 3
determinations.
*Determined from inhibition of histamine-induced [3H]-IPl
formation in human HeLa cells (taken from Arias-Montafto
& Young, 1993).
tDetermined from inhibition of the binding of [3H]-(+)_
QMDP to guinea-pig cerebellar membranes or (for norpir-
donium and pirdonium) from inhibition of histamine-
induced contraction of the longitudinal muscle from
guinea-pig small intestine (taken from Treherne & Young,
1988a).
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Figure 6 Effect of pretreatment with histamine on the pirdonium-
sensitive binding of [3Hl-mepyramine to U373 MG cells. Cells were
pretreated with 100yM histamine at 370C for (a) 1 min or (b) 10mI,
washed in ice-cold medium, and the binding of [3Hl-mepyramine
measured at 40C in the absence (0, 0) or presence (0, *) of 2JM
pirdonium as described under Methods. The data in each panel are
from a single experiment and are the mean±s.e.mean from
quadruplicate determinations. Where no error bars are shown the
error was within the size of the symbol. The lines have been drawn by
inspection. (0, 0) Control cells; (O. *) cells pretreated with 100.M
histamine.
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Figure 7 Histamine-induced HI-receptor internalisation. The change
in the number of plasma membrane receptors, expressed as a
percentage of the value in control cells, was calculated by fitting an
hyperbola to the pirdonium-sensitive binding obtained from experi-
ments such as those shown in Figure 6 (see text and Methods) and,
hence, obtaining an estimate of B... Each point is the weighted
mean±approximate s.e.mean of the percentages from 3 experiments.
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hyperbola to the pirdonium-sensitive binding in control and
histamine-pretreated cells. The best-fit values of B., were
corrected for any difference in the protein content of the final
suspensions of control and histamine-pretreated cells. The
mean change in plasma membrane Hi-receptor binding in
histamine-pretreated cells, expressed as a percentage of that in
control cells as a function of time (3 determinations at each
time), is shown in Figure 7. After exposure to 100 ,M hista-
mine for 1 min the degree of Hi-receptor internalisation is
small and statistically non-significant, but by 10 min the ago-
nist-induced movement into the intracellular compartment is
essentially complete.

Discussion

The potential difficulties in using cell-permeable radioligands
for the measurement of binding to cell surface receptors were
documented some years ago (Maloteaux et al., 1983) and in-
itially we set out to circumvent them by synthesizing a non-
penetrant radioligand for the histamine HI-receptor, Pfjl-
QMDP, a quaternary amine, (Treherne & Young, 1988a), in
analogy to the use of PH]-N-methylscopolamine (Galper et al.,
1982) and CGP-12177 (Hertel et al., 1983a) to label plasma
membrane muscarinic and f-adrenoceptors, respectively.
However, attempts to label HI-receptors on U373 MG astro-
cytoma cells with [H]-QMDP have to date been unsuccessful.
Large amounts of binding sensitive to mepyramine, doxepin
and temelastine can be detected, but the parameters char-
acterizing this binding bear no relationship to those expected
for binding to the HI-receptor (S.H. & J.M.Y., unpublished
observations). The lack of specificity of temelastine, which
appeared to have a low affinity for secondary sites labelled by
[3H]-QMDP in guinea-pig cerebellum (Treherne & Young,
1988a), is disappointing, but there are clearly also temelastine-
sensitive, non-HI-receptor binding sites for [3H]-mepyramine
on U373 MG cells (Figure 3b). The propensity of [3H]-me-
pyramine to bind to medium-affinity sites with no obvious
relationship to the HI-receptor has been apparent from early
studies on peripheral tissues (Chang et al., 1979; Hill & Young,
1981), and such sites are present, although not always re-
cognised as such, in the DDT1MF2 (Mitsuhashi & Payan,
1988), HeLa (Raymond et al., 1991; Arias-Montafio & Young,
1993) and P19 (Bloemers et al., 1993) cell lines. Rat liver
membranes are particularly rich in a high-affinity, non-HI-re-
ceptor binding site for [3H]-mepyramine (Leurs et al., 1989),
which appears to be a member of the cytochrome P450 family
(Liu et al., 1992). However, this site was not evident in brain
membranes (Liu et al., 1992) and the good correlation between
the dissociation constants of antagonists determined from in-
hibition of the high-affinity binding of [3H]-mepyramine to
U373 MG astrocytoma cells and from functional responses in
intact tissues (Table 2) argues strongly that the high-affinity
binding is to histamine Hi-receptors. The very good agreement
between the K& values for mepyramine determined from the
temelastine- and pirdonium-sensitive binding of [3H]-mepyr-
amine to the cells, 1.9 and 3.2 nm (overall mean Kd
2.5 ±0.4 nM), and from inhibition of histamine-stimulated in-
ositol phosphate formation in the same cells, 3.5 nM (Arias-
Montaflo et al., 1994), lends further support to this proposi-
tion, as does the good correlation between K4 values for
QMDP from inhibition of binding and response.

The relatively high proportion of the high-affinity site in
inhibition curves of mepyramine versus [3H]-mepyramine,
65 + 7%, makes it clear that binding to other intracellular sites
or accumulation in compartments of low pH is not a severe
problem in U373 MG cells. This has allowed the determination
of the proportion of receptors in the plasma membrane and,
from the difference of the proportion of high-affinity site be-
tween a permeant and a non-permeant inhibitor, in in-
tracellular locations. This is demonstrated most clearly, and
with high statistical significance, by the comparison between
the proportion of [3H]-mepyramine binding which could be

inhibited with high affinity by two tertiary amine inhibitors
and by their quaternary derivatives (Table 1). It also indicates
that temelastine is non-cell-penetrant, as might have been
predicted from its limited ability to enter the CNS (Calcutt et
al., 1987). This, in turn, suggests that the degree to which an
Hl-antagonist inhibits the binding of [3H]-mepyramine to in-
tact cells compared to standard permeant/impermeant com-
pounds, should, in principle, serve as a relatively simple in vitro
assay to determine the likelihood of the ability of the com-
pound to penetrate the CNS and hence produce sedative side-
effects in man.

The low level of HI-receptor binding of [3H]-mepyramine to
the washed U373 MG cells (see the number of d.p.m. on the
ordinates of Figures 1, 2b and 6) limits the accuracy with
which curves of inhibition of [3H]-mepyramine binding can be
determined, but there is no indication in the curves for the cell-
penetrant inhibitors that there is any difference in their affi-
nities for intracellular and plasma membrane HI-receptors. A
similar situation exists for the binding of most, but not all,
antagonists to the two populations of f-adrenoceptors in C6-
glioma cells (Hertel et al., 1984). The particular advantage of
the absence of any obvious change in affinity of [3H]-mepyr-
amine is that any movement of receptors between the plasma
membrane and intracellular sites would not be expected to
have any significant effect on the total binding of [3H]-me-
pyramine. This is indeed observed in the experiments designed
to measure histamine-induced HI-receptor internalisation, in
that after 5 min or more exposure to 100 AM histamine there is
no significant change in the total binding of [3H]-mepyramine,
but the proportion of the binding sensitive to the cell-im-
permeant inhibitor, pirdonium, is decreased. The lack of
change in the total binding argues strongly against the reduc-
tion in the pirdonium-sensitive component being due to the
persistence of histamine at its binding site and is exactly as
predicted if receptors on the plasma membrane have been
translocated into the cell. It also indicates that even after
60 min any net down-regulation of HI-receptors is at most
very limited. The time-course and extent of the histamine-in-
duced internalisation of the HI-receptors on U373 MG cells is
closely similar to those reported from studies on al-adreno-
ceptors (Leeb-Lunberg et al., 1987), fi-adrenoceptors (Hertel et
al., 1983a; Waldo et al., 1983) and muscarinic receptors
(Koenig & Edwardson, 1994, and references therein).

The effect of preincubation of intact tissues with histamine
on the subsequent binding of [3H]-mepyramine to membranes
prepared from the tissues had been measured in three previous
studies. In two of these, with longitudinal muscle strips from
guinea-pig jejunum (pre-exposed to 100 ,M histamine for
15 min; Leurs et al., 1991) and cross-chopped slices of guinea-
pig cerebral cortex (100 piM histamine for 30 min; Bristow et
al., 1993), no changes were detected in the Kd or Be,, of the
subsequent binding of [3H]-mepyramine (Leurs et al., 1991) or
in the parameters of curves of inhibition of [3H]-mepyramine
binding by mepyramine and histamine (Bristow et al., 1993). In
the third, with cross-chopped slices from mouse cerebral cortex
(50 uM histamine for 20 min; Quach et al., 1981), there was a
21% decrease in B.,m without any change in Kd. However, in
all of these studies the membranes were equilibrated with [3H]-
mepyramine for 20-35 min at 370C or 60 min at 30'C and it
seems very likely that under these conditions receptors which
had been internalised, but not degraded, would have largely
recycled to the plasma membrane. We have made a pre-
liminary attempt to measure the rate of recycling of HI-re-
ceptors back to the plasma membrane in U373 MG cells by
pretreating with histamine at 370C, washing at 40C and then
incubating at 370C for various periods of time before mea-
surement of [3H]-mepyramine binding at 40C. However, under
these conditions the binding in control cells decreased with
time during the second incubation at 370C, introducing some
uncertainty into the measurements of recovery. The indication
is that the rate of recovery is probably of the same order as
reported for muscariic receptors, i.e. recovery is complete by
30-60 min (Koenig & Edwardson, 1994).
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The evidence of the present study is that the characteristics
of histamine-induced internalisation of Hl-receptors are clo-
sely similar to those reported for other G protein-coupled re-
ceptors. It has been reported that receptor trafficking in murine
N1E-1 15 neuroblastoma cells is markedly reduced in cell sus-
pensions compared to adherent monolayers (Kanba et al.,
1990) and the same appears to hold for murine NG 108-115
neuroblastoma cells (Koenig & Edwardson, 1994). However,
this did not appear to be a problem in an earlier study with
dissociated NIE-115 cells (Cioffi & El-Fakahany, 1989), in
which the time-course of loss of [3HJ-N-methylscopolamine
binding to cell surface receptors was closely similar to that we
report here for internalisation of HI-receptors in U373 MG
cells. We have shown previously that histamine induces a
marked formation of inositol phosphates in dissociated U373
MG cells (Arias-Montafio et al., 1994) and we have observed
that the extent of the response, expressed as a percentage of the
basal response, was similar whether measured on dissociated
cells or on adherent monolayers (Arias-Montafio & J.M.Y.,
unpublished observations). We have also checked that cells
taken through the centrifugation and resuspension steps in the
protocol for the measurement of internalisation (see Methods)
still show histamine-induced V3H]-IP1 accumulation. However,
whether the dissociated cells behave in the same way in every
respect as a monolayer remains to be established. It is notable
that on the evidence of the relative extent of the inhibition of
[3H]-mepyramine binding by tertiary and quaternary amines,
circa 30% of HI-receptors in unstimulated U373 MG cells
appear to be intracellular, in contrast to the much smaller
percentage, circa 5-19% maximum, of f-adrenoceptor or
muscarinic receptors in an intracellular locus in unstimulated
monolayers of human 1321N1 astrocytoma (Waldo et al.,
1983; Harden et al., 1985) or murine C6-glioma (Hertel et al.,
1983b; 1984) cells or in cultured embryo chick heart cells
(Galper et al., 1982). Comparative measurements on U373
MG cell monolayers should indicate whether there is an
anomaly in the dissociated cells.

The main conclusion to be drawn from the results presented
here is that internalisation is a mechanism available for the
regulation of Hi-receptor function, at least in astrocytoma
cells. Whether it plays any significant role in the rapid de-
sensitization of responses to histamine remains to be estab-
lished. In the case of the f-adrenoceptor, arguments have been
made that the contribution of receptor sequestration to rapid
desensitization is small compared to uncoupling of receptor
and effector as a consequence of receptor phosphorylation via
protein kinase A or f-adrenoceptor kinase (Lohse et al., 1990;
Hausdorff et al., 1990). With receptors coupled to phosphoi-
nositidase C (PIC) there is the added complication of a change
in the Ca2+-dependence of 1,4,5-IP3 formation, which occurs
within 1 min of stimulation by carbachol of muscarinic re-
ceptors in SH-SY5Y neuroblastoma cells (Wojcikiewicz et al.,
1994), and which may indicate a change in the state of PIC.
The suggestion has been made for type-i angiotensin II (AI1)
receptors in bovine adrenal glomerulosa cells that there may be
a close connection between receptor internalisation and the
maintenance of the secondary, Ca2+-dependent phase of 1,4,5-
1P3 formation (Hunyady et al., 1991). However, there are
clearly differences between internalisation of Hl-receptors and
AII1 receptors, not least since the lack of significant change in
the total binding of PH]-mepyramine indicates that histamine,
unlike AII, is not carried into the cells with the HI-receptor.
Exactly what place internalisation has in the control of hista-
mine Hi-receptor function will require a much more detailed
investigation.
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Koujirou Memorial Foundation, Japan.

References

ARIAS-MONTARO, J.A., BERGER, V., & YOUNG, J.M. (1994).
Calcium-dependence of histamine- and carbachol-induced in-
ositol phosphate formation in human U373 MG astrocytoma
cells: comparison with HeLa cells and brain slices. Br. J.
Pharmacol., 111, 598-608.

ARIAS-MONTAfqO, J.A., & YOUNG, J.M. (1993). Characteristics of
histamine HI-receptors on HeLa cells. Eur. J. Pharmacol., 245,
291-295

BARSOUM, G.S. & GADDUM, J.H. (1935). The pharmacological
estimation of adenosine and histamine in blood. J. Physiol., 85,
1-14.

BLOEMERS, S.M., LEURS, R., SMIT, M.J., VERHEULE, S., TERTOO-
LEN, L.G.J., TIMMERMAN, H. & DE LAAT, S.W. (1993). Mouse
P19 embryonal carcinoma cells express functional histamine H1-
receptors. Biochem. Biophys. Res. Commun., 191, 118-125.

BRISTOW, D.R., BANFORD, P.C., BAJUSZ, I., VEDAT, A. & YOUNG,
J.M. (1993). Desensitization of histamine HI-receptor-mediated
inositol phosphate accumulation in guinea-pig cerebral cortical
slices. Br. J. Pharmacol., 110, 269-274.

BRISTOW, D.R. & ZAMANI, M.R. (1993). Desensitization of
histamine H1 receptor-mediated inositol phosphate production
in HeLa cells. Br. J. Pharmacol. 109, 353-359.

BROWN, R.D., PRENDIVILLE, P. & CAIN, C. (1986). ai-Adrenergic
and HI-histamine receptor control of intracellular Ca2+ in a
muscle cell line: the influence of prior agonist exposure on
receptor responsiveness. Mol. Pharmacol., 29, 531-539.

CALCUTT, C.R., GANELLIN, C.R., JACKSON, B., LEIGH, B.K.,
OWEN, D.A.A. & SMITH, I.R. (1987). Evidence for low brain
penetration by the histamine HI-receptor antagonist temelastine
(SK&F 93944). Eur. J. Pharmacol., 133, 65-74.

CANTONI, G.L. & EASTMAN, G. (1946). On the response of the
intestine to smooth muscle stimulants. J. Pharmacol. Exp. Ther.,
87, 392-399.

CHANG, R.S.L., TRAN, V.T. & SNYDER, S.H. (1979). Characteristics
of histamine Hl-receptors in peripheral tissues labelled with
[3H]mepyramine. J. Pharmacol. Exp. Ther., 209, 437-442.

CIOFFI, C.L. & EL-FAKAHANY, E.E. (1989). Differential sensitivity
of phosphoinositide and cyclic GMP responses to short-term
regulation by a muscarinic agonist in mouse neuroblastoma cells.
Biochem. Pharmacol., 38, 1827-1834.

COWLEN, M.S., BARNES, M.R. & TOEWS, M.L. (1990). Regulation of
histamine H1 receptor-mediated phosphoinositide hydrolysis by
histamine and phorbol esters in DDT1MF-2 cells. Eur. J.
Pharmacol., 188, 105-112.

DICKENSON, J.M. & HILL, S.J. (1993). Homologous and hetero-
logous desensitization of histamine H1- and ATP-receptors in the
smooth muscle cell line, DDTMF-2: the role ofprotein kinase C.
Br. J. Pharmacol., 110, 1149-1456.

DILLON-CARTER, 0. & CHUANG, D.-M. (1989). Homologous
desensitization of muscarinic cholinergic, histaminergic, adre-
nergic, and serotonergic receptors coupled to phospholipase C in
cerebellar granule cells. J. Neurochem., 52, 598 -603.

GALPER, J.B., DZIEKAN, L.C., O'HARA, D.S. & SMITH, T.W. (1982).
The biphasic response of muscarinic cholinergic receptors in
cultured heart cells to agonists: effects on receptor number and
affinity in intact cells and homogenates. J. Biol. Chem., 257,
10344-10356.

GIBSON, W.J., ROQUES, T.W. & YOUNG, J.M. (1994). Modulation of
antagonist binding to histamine Hi-receptors by sodium ions and
by 2-amino-2-hydroxymethyl-propan-1,3-diol HCL. Br. J.
Pharmacol., 111, 1262-1268.

GOSSELIN, R.E. & GOSSELIN, R.S. (1973). Tachyphylaxis of guinea-
pig ileum to histamine and furtrethonium. J. Pharmacol. Exp.
Ther., 184, 494- 505.



S. Hishinuma & J.M. Young HI-receptor Internalsalon In U373 MG cells 2723

HARDEN, T.K., PETCH, L.A., TRAYNELIS, S.F. & WALDO, G.L.
(1985). Agonist-induced alteration in the membrane form of
muscarinic cholinergic receptors. J. Biol. Chem., 260, 13060-
13066.

HAUSDORFF, W.P., CARON, M.G. & LEFKOWITZ, R. (1990). Turning
off the signal: desensitization of f-adrenergic function. FASEB
J., 4, 2881-2889.

HERTEL, C., MOLLER, P., PORTENIER, M. & STAEHELIN, M.
(1983a). Determination of the desensitization of f-adrenergic
receptors by [3H]CGP-12177. Biochem. J., 216, 669-674.

HERTEL, C., STAEHELIN, M. & PERKINS, J.P. (1983b). Evidence for
intravesicular fi-adrenergic receptors in membrane fractions from
desensitized cells: binding of the hydrophilic ligand CGP-12177
only in the presence of alamethicin. J. Cyclic Nucleotides
Phosphorylation Res., 9, 119-128.

HERTEL, C., AFFOLTER, H., PORTENIER, M. & STAEHELIN, M.
(1984). Desensitized beta-adrenoceptors of C6-glioma cells have
distinct binding properties. Naunyn-Schmied. Arch. Pharmacol.,
328, 51-55.

HILL, S.J. & YOUNG, J.M. (1981). Characterization of [3H]mepyr-
amine binding to the longitudinal muscle of guinea-pig small
intestine. Mol. Pharmacol., 19, 379-387.

HISHINUMA, S. & UCHIDA, M.K. (1987). Effects of local anaesthetics
on short-term desensitization of guinea-pig taenia caecum to
histamine. Br. J. Pharmacol., 92, 733-741.

HISHINUMA, S. & UCHIDA, M.K. (1988). Short-term desensitization
of guinea-pig taenia caecum induced by carbachol occurs at
intracellular Ca stores and that by histamine at HI-receptors. Br.
J. Pharmacol., 94, 882- 889.

HISHINUMA, S. & UCHIDA, M.K. (1991). Blockade by the local
anaesthetic, tetracaine, of desensitization of Ca-induced Ca
release after muscarinic stimulation in smooth muscle. Br. J.
Pharmacol., 103, 1393 - 1398.

HORIO, S., NAKAMURA, S. & ISHIDA, Y. (1990a). Alterations in
histamine receptors of guinea-pig ileal smooth muscle produced
during agonist-induced desensitization. Br. J. Pharmacol., 101,
587- 590.

HORIO, S., SHIMA, M., UEDA, H. & ISHIDA, Y. (1990b). Tempera-
ture-dependence of desensitization induced by acetylcholine and
histamine in guinea-pig ileal longitudinal muscle. Br. J.
Pharmacol., 100, 636-640.

HUNYADY, L., BAUKAL, A.J., BALLA, T. & CATT, K.J. (1994).
Independence of Type I angiotensin II receptor endocytosis from
G protein coupling and signal transduction. J. Biol. Chem., 269,
24798-24804.

HUNYADY, L., MERELLI, F., BAUKAL, A.J., BALLA, T. & CATT, K.J.
(1991). Agonist-induced endocytosis and signal generation in
adrenal glomerulosa cells. A potential mechanism for receptor-
operated calcium entry. J. Biol. Chem., 266, 2783-2788.

KANBA, S., KANBA, K.S., MCKINNEY, M., PFENNING, M., ABRA-
HAM, R., NOMURA, S., ENLOES, L., MACKEY, S. & RICHELSON,
E. (1990). Desensitization of muscarinic M1 receptors of murine
neuroblastoma cells (clone NlE-115) without receptor down-
regulation and protein kinase C activity. Biochem. Pharmacol.,
40, 1005-1014.

KOENIG, J.A. & EDWARDSON, J.M. (1994). Kinetic analysis of the
trafficking of muscarinic acetylcholine receptors between the
plasma membrane and intracellular compartments. J. Biol.
Chem., 269, 1-9.

LEEB-LUNBERG, L.M.F., COTECCHIA, S., DEBLASI, A., CARON,
M.G. & LEFKOWITZ, R. (1987). Regulation of adrenergic receptor
function by phosphorylation. I. Agonist-promoted desensitiza-
tion and phosphorylation of ar-adrenergic receptors coupled to
inositol phospholipid metabolism in DDT1 MF-2 smooth muscle
cells. J. Biol. Chem., 262, 3098-3105.

LEURS, R., BAST, A. & TIMMERMAN, H. (1989). High-affinity,
saturable [3H]-mepyramine binding sites on rat liver plasma
membrane do not represent histamine HI-receptors: a warning.
Biochem. Pharmacol., 38, 2175-2180.

LEURS, R., SMIT, M.J., BAST, A. &TIMMERMAN, H. (1990). Different
profiles of desensitization dynamics in guinea-pig jejunal long-
itudinal smooth muscle after stimulation with histamine and
methacholine. Br. J. Pharmacol., 101, 881-888.

LEURS, R., SMIT, M.J., BAST, A. & TIMMERMAN, H. (1991).
Homologous histamine H1 receptor desensitization results in
reduction in H1 receptor agonist efficacy. Eur. J. Pharmacol., 196,
319- 322.

LIU, Y.Q., HORIO, Y., MIZUGUCHI, H., FUJIMOTO, K., IMAMURA,
I., ABE, Y. & FUKUI, H. (1992). Re-examination of [3H]mepyr-
amine binding assay for histamine H1 receptor using quinine.
Biochem. Biophys. Res. Commun., 189, 378-384.

LOHSE, M.J., BENOVIC, J.L, CARON, M.G. & LEFKOWITZ, R.J.
(1990). Multiple pathways of rapid f2-adrenergic receptor
desensitization: delineation with specific inhibitors. J. Biol.
Chem., 265, 3202-3209.

LOWRY, O.H., ROSEBROUGH, N.J., FARR, A.L. & RANDALL, R.J.
(1951). Protein measurements with the Folin phenol reagent. J.
Biol. Chem., 193, 265-275.

MCCREATH, G., HALL, I.P. & HILL, S.J. (1994). Agonist-induced
desensitization of histamine H1 receptor-mediated inositol
phospholipid hydrolysis in human umbilical vein endothelial
cells. Br. J. Pharmacol., 113, 823-830.

MALOTEAUX, J.-M., GOSSUIN, A., WATERKEYN, C. & LADURON,
P.-M. (1983). Trapping of labelled ligands in intact cells: a pitfall
in binding studies. Biochem. Pharmacol., 32, 2543-2548.

MITSUHASHI, M. & PAYAN, D.G. (1988). Characterization of
functional H, receptors on a cultured smooth muscle cell line.
J. Cell. Physiol., 134, 367-375.

NAKAHATA, N. & HARDEN, T.K. (1987). Regulation of inositol
trisphosphate accumulation by muscarinic cholinergic and H1-
histamine receptors on human astrocytoma cells. Differential
induction of desensitization by agonists. Biochem. J., 241, 337-
344.

QUACH, T.T., DUCHEMIN, A.-M., ROSE, C. & SCHWARTZ, J.-C.
(1981). Specific desensitization of histamine H1-receptor-
mediated [3H]glycogen hydrolysis in brain slices. Mol.
Pharmacol., 20, 331-338.

RAYMOND, J.R., ALBERS, F.J., MIDDLETON, J.P., LEFKOWITZ, R.J.,
CARON, M.G., OBEID, L.M. & DENNIS, V.W. (1991). 5-HTIA and
histamine H1 receptors in HeLa cells stimulate phosphoinositide
hydrolysis and phosphate uptake via distinct G protein pools. J.
Biol. Chem., 266, 372-379.

SMIT, M.J., BLOEMERS, S.M., LEURS, R., TERTOOLEN, L.G.J., BAST,
A., DE LAAT, S.W. & TIMMERMAN, H. (1992). Short-term
desensitization of the histamine H1 receptor in human HeLa
cells: involvement of protein kinase C dependent and indepen-
dent pathways. Br. J. Pharmacol., 107, 448-455.

TAYLOR, J.E. & RICHELSON, E. (1979). Desensitization of histamine
H1 receptor-mediated cyclic GMP formation in mouse neuro-
blastoma cells. Mol. Pharmacol., 15, 462-471.

TREHERNE, J.M. & YOUNG, J.M. (1988a). [3H]-( + )-4-methyldiphen-
hydramine, a quaternary radioligand for the histamine H1-
receptor. Br. J. Pharmacol., 94, 797-810.

TREHERNE, J.M. & YOUNG, J.M. (1988b). Temperature-dependence
of the kinetics of the binding of [3H]-(+ )-N-methyl4.methyldi-
phenhydramine to the histamine H,-receptor: comparison with
the kinetics of [3H]-mepyramine. Br. J. Pharmacol., 94, 811 - 822.

WALDO, G.L., NORTHUP, J.K., PERKINS, J.P. & HARDEN, T.K.
(1983). Characterization of an altered membrane form of the f-
adrenergic receptor produced during agonist-induced
desensitization. J. Biol. Chem., 258, 13900-13908.

WALLACE, R.M. & YOUNG, J.M. (1983). Temperature dependence of
the binding of [3Hlmepyramine and related compounds to the
histamine HI-receptor. Mol. Pharmacol., 23, 60-66.

WOJCIKIEWICZ, R.J.H., TOBIN, A.B. & NAHORSKI, S.R. (1994).
Muscarinic receptor-mediated inositol 1,4,5-trisphosphate for-
mation in SH-SY5Y neuroblastoma cells is regulated acutely by
cytosolic Ca2+ and by rapid desensitization. J. Neurochem., 63,
177-185.

(Received June 8, 1995
Revised July 18, 1995

Accepted July 21, 1995)


