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Calcium-dependence of histamine- and carbachol-induced

inositol phosphate formation in human U373 MG astrocytoma

cells: comparison with HeLa cells and brain slices
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1 Histamine (1 mM) induced an accumulation of inositol monophosphate ([*H}-IP)) in the U373 MG
human astrocytoma cell line which increased with time in the presence of 30 mM Li*. After a 30 min
incubation period with 1 mM histamine [PH]-IP, was the major product detected (84 * 1% of total
[PH]-IP,) and was present at a level 11 (% 1) fold of basal accumulation.

2 Concentration-response curves for histamine-induced [*HJ-IP; accumulation in U373 MG cells (ECs,
5.4+ 0.5 um) were shifted to the right in a parallel fashion by mepyramine (slope of a Schild plot
0.99 * 0.08), yielding a K, for mepyramine of 3.5 + 0.3 nM, consistent with the involvement of histamine
H,-receptors.

3 The temelastine-sensitive binding of [*H]-mepyramine to a membrane fraction from U373 MG cells
was hyperbolic and had a mean K; of 2.5+* 1.0 nM. The maximum amount of temelastine-sensitive
binding was 86 £ 19 pmol g~! membrane protein.

4 Carbachol also induced [*HJ}-IP, accumulation in U373 MG cells, 2.8 (£ 0.1) fold of basal with 1 mM
carbachol, with an ECs, of 48 * 8 uM. Pirenzepine shifted carbachol concentration-response curves to
the right (slope of Schild plot 0.89  0.07) giving a K, for pirenzepine of 0.10 £ 0.01 uM, suggesting that
phosphoinositide hydrolysis in U373 MG cells is mediated by the Mj-, rather than the M;-, muscarinic
receptor subtype.

5 [PH}-IP, accumulation induced by both 1 mM histamine and by 1 mM carbachol increased when the
Ca’* concentration of the medium was increased from ‘zero’ (no added Ca?*) to 0.3 mM. Histamine-
stimulated [PH]-IP, accumulation was further increased, although not so markedly, as the Ca?* was
raised to 4 mM. The same pattern was apparent with histamine-induced accumulations of [*HJ-IP, and
[HJ-IPs. In contrast, [*H]-IP, accumulation in response to carbachol increased between 0.3 and 1.3 mM,
but thereafter remained unchanged (HJ-IP,) or declined ([*HJ-IP, and [*HJ-IP,).

6 In HeLa cells, [°H]-IP, accumulations induced by 1 mM histamine and 1 mM carbachol showed the
same pattern of Ca’* dependence and were independent of extracellular Ca?* above 0.3 mM (histamine)
or 1.3 mM (carbachol). The response to carbachol appeared to be mediated by an M;-muscarinic
receptor (apparent Ky for pirenzepine 0.09 uM).

7 In cross-chopped slices of guinea-pig cerebral cortex and guinea-pig cerebellum, [*H]-IP, accumula-
tion induced by 1 mM histamine in the presence of 10 mM Li* increased as the extracellular Ca?* was
increased from 0.3 to 2.5 mM, but a further increase to 4 mM had no further effect. In contrast the
response to histamine in rat cerebral cortex increased markedly between 1.3 and 4 mMm Ca?*. Accumula-
tions of [*H}-IP, induced by carbachol in guinea-pig or rat cerebral cortical slices were not increased as
extracellular Ca?* was raised from 0.3 to 4 mM.

8 Nimodipine (100 nM) and w-conotoxin (3 uM) had no significant effect on histamine-induced [*H}-IP,
accumulation in rat cerebral cortical slices or in U373 MG cells.

9 We conclude that histamine-induced [*H}-IP, accumulation in U373 MG cells does appear to have a
component dependent on the extracellular Ca?* concentration. The degree of Ca?*-dependence ap-
proaches that observed in guinea-pig cerebral cortex but is much less than in rat cerebral cortex.
Whether U373 MG cells will be of use as a model system for the apparent Ca’*-entry component
observed in guinea-pig or rat brain slices remains to be established.

Keywords: Histamine H,-receptors; muscarinic M;-receptors; calcium; inositol phosphates; U373 MG astrocytoma cells; HeLa
cells; guinea-pig-brain; rat cerebral cortex
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There is now a body of evidence that histamine H,-receptors
in brain are associated with the ‘arousal’ response to his-
tamine (Schwartz et al, 1991), but the locus and cellular
mechanisms involved remain uncertain. The primary cellular
response to H;-receptor activation appears to be G protein-
mediated activation of phosphoinositidase C (PIC) (Hill,
1990) and in guinea-pig brain there is a good correlation
between H,-receptor density in different regions and hista-
mine-stimulated inositol phosphate ([*HJ-IP) formation (Daum

! Author for correspondence.

et al., 1983). However, there are indications that there may
be an additional pathway of phosphoinositide hydrolysis in
brain. The most direct evidence is that in mouse and rat
cerebral cortical slices, histamine-stimulated [*H}-IP accumu-
lation is almost linearly dependent on the Ca?* content of
the medium in the millimolar concentration range (Alexander
et al., 1990a), strongly suggesting the involvement of a Ca?*
entry step and Ca?* activation of one or more PIC isoen-
zymes (Eberhard & Holz, 1988; Baird & Nahorski, 1990).
Noradrenaline appears to be the only other monoamine to
show this degree of Ca’*-dependence of phosphoinositide
breakdown in brain slices (Knepper & Rutledge, 1987; Alex-
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ander et al., 1990a) and in this case there is evidence for
distinct a,-adrenoceptor subtypes coupling with PIC and
Ca’* entry (Summers & McMartin, 1993), although the sub-
types involved in [*HJ-IP formation in rat cerebral cortex
remain uncertain (Michel et al., 1990; Minneman & Atkinson,
1991). In contrast, carbachol-stimulated [*H]-IP accumulation
in mouse and rat cerebral cortex is essentially independent of
extracellular Ca?* above 0.3 mM (Alexander et al., 1990a).

Histamine-activated Ca* channels or non-selective cation
channels are well established in peripheral tissues such as
intestinal smooth muscle cells (Komori et al., 1992), endo-
thelial cells (Yamamoto e? al., 1992) and adrenal medullary
chromaffin cells (Goh & Kurosawa, 1991), and in the guinea-
pig smooth muscle cells there is evidence that the non-selec-
tive cation channel is activated via a pertussis toxin-sensitive
G protein (Komori et al., 1992). However, there is no direct
evidence for the presence of such channels in brain. A
detailed investigation of the pathways of histamine-induced
phosphoinositide metabolism in brain is hampered by the
inherent complexity of brain slices and in particular by the
presence of multiple cell types. There is thus a need for a
simple model system. Ideally, two model systems are re-
quired: one which has only the direct H,-receptor/G protein
activation of PIC and a second with as large a contribution
as possible from the presumed Ca’* entry component. We
have presented preliminary evidence that the human HeLa
cell line may be a suitable model for the direct pathway
(Arias-Montaiio & Young, 1992), but finding a cell line of
central origin as a model for the Ca?*-dependent pathway
has proved to be difficult. We describe here the characteriza-
tion of histamine- and carbachol-induced inositol phosphate
formation in human U373 MG astrocytoma cells and a
comparison of the patterns of Ca’*-dependence with those
observed in HeLa cells and brain slices. To test for possible
species differences in the latter we have compared the Ca’*-
dependence of histamine-induced [*HJ-IP, accumulation in
slices from rat and guinea-pig cerebral cortex. In addition,
since in rat cerebral cortex there is indirect evidence that
H,-receptors coupled to phosphoinositide hydrolysis are loca-
ted, at least in part, on glial cells (Arbonés et al., 1988), we
have also made a comparison with guinea-pig cerebellum,
where H;-receptors are apparently predominantly neuronal
(Palacios et al., 1981).

Methods

Accumulation of [*H ]-inositol phosphates in U373 MG
cells

U373 MG cells (National Culture Collection, Porton Down)
were grown to near confluence in Dulbecco’s modified Eagle
medium (DMEM)/nutrient mixture F-12 (1:1 v/v; Gibco),
containing 10% (v/v) bovine foetal calf serum and 2 mMm
glutamine (Gibco) and supplemented with penicillin (50 u
ml~') and streptomycin (50 mg ml~!) (Flow Laboratories), in
flasks at 37°C in a CO,-incubator (5% CO,). The culture
medium was removed and the cells washed in approximately
14 ml inositol-free DMEM before addition of inositol-free
DMEM containing 10% dialysed calf serum, 10 uM myo-
inositol and 2.5uCimil~! [*H]-inositol (0.16 uM). The cells
were then incubated for 24 h. The [*H]-inositol-labelled cells
were washed once with approximately 15ml phosphate
buffered saline (PBS) (in mM: NaCl137, KCl2.7,
Na,HPO, 8.1 and KH,PO, 1.5) containing 0.6 mM EDTA
before dissociation with 10ml trypsin/EDTA (500-750
BAEE units ml~'/0.6 mM, Sigma). After centrifugation at
220 g for 5 min the cells were resuspended in Krebs-Henseleit
medium (in mMm: NaCll1l16, KCl4.7, MgSO,1.2,
KH,PO, 1.2, NaHCO, 25, CaCl, 2.5 and D-glucose 11). Cells
(50 pul, approximately 8 x 10° cells) were added to 190 pl
Krebs-Henseleit solution containing LiCl (final concentration
30 mM), gassed with O,:CO, (95:5%), v/v, and incubated for

15min at 37°C, before addition of 10 ul histamine or car-
bachol (final concentration 0.1-1000 pM). After each addi-
tion the tubes were gassed with O,:CO, (95:5%, v/v) and the
incubation continued at 37°C in a shaking water bath,
usually for 30 min. Mepyramine or pirenzepine, where pres-
ent, was added 15 min before the agonist. Incubations were
terminated by addition of 250 ul of an ice-cold solution of
10% perchloric acid, containing 1 mM ethylenediaminetetra-
acetic acid (EDTA) and 1 mg ml~! phytic acid, and allowed
to stand on ice for 15 min. Inositol phosphates were extrac-
ted by the trioctylamine-freon method (Sharpes & McCarl,
1982; Downes et al., 1986). Trioctylamine/1,1,2-trichloro-
trifluoroethane (1:1, v/v) (0.4 ml) was added to the sample,
the solution mixed thoroughly and then centrifuged at 950 g
for 5min to separate the phases. A sample (0.38 ml) of the
upper phase was transferred to an insert vial, 4 ml 50 mM
2-amino-2-hydroxymethyl-propan-1,3-diol ~ (Tris)  buffer,
pH 7.5, added and the mixture applied to an AG 1-X8
(formate form, 100-200 mesh; Biorad) anion-exchange col-
umn.

[*H}-inositol and [*H]-glycerophosphoinositol were eluted
with 10 ml water and 10 ml 60 mM ammonium formate/5 mM
sodium tetraborate, respectively, and [’H]-inositol monophos-
phates (*H]-IP,) then eluted with 10 ml 200 mM ammonium
formate/100 mM formic acid. Higher phosphates were eluted
by sequential addition of 10 ml 400 mM ammonium formate/
100 mM formic acid (for [*H]-inositol bisphosphates, [*H]-IP,)
and 10 ml 800 mM ammonium formate/100 mM formic acid
(for [PH}-inositol trisphosphates, [*H]-IP;). This procedure
does not separate individual mono-, bis-, and trisphosphate
isomers. Thus the trisphosphate fraction will contain both
1,4,5- and 1,3,4-IP;. Quicksafe A (10 ml, Zinnser) was added
to each fraction and tritium determined by liquid scintillation
counting. Within an experiment 3-4 replicate determinations
were made of each incubation condition.

Accumulation of [*H ]-inositol phosphates in HeLa cells

HeLa cells (S3 clone) were grown to near confluence in
DMEM (Gibco), containing 5% (v/v) bovine foetal calf
serum and 5% (v/v) bovine neonate calf serum (Gibco) and
supplemented with penicillin (50 uml~!) and streptomycin
(50 mg ml~Y), in flasks at 37°C in a CO,-incubator (5% CO,).
The culture medium was removed and the cells washed in
approximately 14 ml inositol-free DMEM before addition of
inositol-free DMEM containing 10% dialysed calf serum,
10 uM myo-inositol and 2.5 uCi ml~' [PH]-inositol (0.16 uMm).
Labelling of the cells, incubation with histamine and car-
bachol and extraction of [*H]-inositol phosphates was carried
out as described above. Antagonists were added 15 min
before histamine or carbachol.

Accumulation of [*H ]-inositol phosphates in brain slices

Cross-chopped slices (350 x 350 um, Mcllwain tissue chop-
per) of guinea-pig (Dunkin-Hartley strain, males, 350—500 g;
Tucks, Battlebridge, Essex) cerebellum and cerebral cortex
and rat (Wistar strain, males, 200—350 g; Tucks, Battle-
bridge, Essex) cerebral cortex were washed three times and
then incubated at 37°C for 60 min in Krebs-Henseleit med-
ium with three further changes of medium. The medium was
bubbled throughout with O,/CO, (95:5, v/v). The slices were
washed once more and then transferred to a flat-bottom vial
(Hughes & Hughes, scintillation vial insert) and allowed to
settle under gravity. Portions of the slices (30 ul) were added
to 210 ul Krebs-Henseleit medium, containing 0.33 pM myo-
[2-*H]-inositol (1 pCi per incubation) and 10 mM LiCl, in
insert vials. The mixture was incubated for 30 min in a
shaking water bath before addition of 10 pl histamine or
carbachol solution and further incubation for 60 min. Incu-
bations were terminated and [*HJ-inositol phosphates deter-
mined as described under U373 MG cells above.
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Ca**-dependence of [’H ]-inositol phosphate
accumulation

In experiments on the Ca’*-dependence of histamine- or
carbachol-induced [*H]-inositol phosphate accumulation, brain
slices were preincubated in normal Krebs-Henseleit and then
labelled with [*H]-inositol and exposed to agonist in medium
containing the concentration of Ca?* under test. U373 MG
and HeLa cells were labelled with [*H}-inositol and dis-
sociated following the standard protocol (see above). The
dissociated cells were washed twice in Krebs-Henseleit solu-
tion from which Ca?* had been omitted and then equi-
librated for 15min in Krebs-Henseleit solution containing
the Ca?* concentration under test. Further incubation with
or without 1 mM histamine or 1 mM carbachol was for
30 min. For ‘0 Ca?*’, Ca’* was omitted from the medium.

Measurement of [*H ]-mepyramine binding to U373 MG
cell membranes

U373 MG cells were lysed in 50 mM Na-K phosphate buffer
(37.8 mM Na,HPO,, 12.2 mM KH,PO,), pH 7.5, and centri-
fuged at circa 15,000 g for 10 min. The pellet was resus-
pended in buffer and recentrifuged at circa 15,000 g for
10 min. The final pellet was resuspended in buffer and stored
at — 20°C. When required, pellets were thawed and homo-
genized in a teflon-glass homogenizer with a motor-driven
pestle (300 r.p.m., 10 up and down strokes) and resuspended
in buffer. Protein was measured essentially as described by
Lowry et al. (1951).

Incubations in 50 mM Na-K phosphate buffer, pH 7.5,
contained [*H}-mepyramine (0.3-20 nM) and U373 MG cell
membrane homogenate (0.19-0.23 mg protein) in a final
volume of 1.0 ml (3—4 replicates at each concentration). A
parallel set of incubations contained in addition 1 uM teme-

lastine to define non-H,-receptor binding. Incubation was for
60 min at 30°C and was terminated by filtration through
Whatman GF/B glass fibre paper, pre-soaked in 0.3% (w/v)
polyethylenimine for 3-5h, using a Brandel (Gaithersburg,
Md, U.S.A)) cell harvester. The filters were washed with
ice-cold buffer and then transferred to scintillation insert vials
and 4.0 ml Emulsifier-Safe scintillator (Packard) added. The
vials were allowed to stand at room temperature for at least
2 h before counting.

Analysis of data

Concentration-response data for agonist-induced [*H]-IP,
accumulation (after subtraction of basal accumulation) were
fitted to a Hill equation (logistic equation) using the Harwell
Library non-linear regression programme VBO1A. The actual
equation fitted was:

PHJ-IP, accumulated = Respp,,.C*/(C* + ECs")

where C is the agonist concentration, ECs, is the concentra-
tion giving the half-maximal response, n is the Hill coefficient
and Resp,,, is the maximum response. Each point was
weighted according to the reciprocal of the variance assoc-
iated with it. Curves of the temelastine-sensitive binding of
[PH]-mepyramine versus the concentration of [’H]-mepyra-
mine were analysed similarly to obtain best-fit values of the
Hill coefficient. Since the Hill coefficient was not significantly
different from unity in any of the three experiments, the data
were fitted to a hyperbola (n=1 in the equation above) to
obtain the ECsy (= Ky) and By,,.

Statistical comparison of parameters characterizing two
concentration-response curves was made by fitting the curves
simultaneously (using the NAG library routine E0O4FDF) and
assessing the increase in the residual sum of squares when
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Figure 1 Sensitivity of basal and histamine-induced [*H}-IP,, [*H]-IP, and [*H]}-IP; accumulation to Li*. U373 MG cells were
incubated with the test concentration of Li* for 15 min before incubation for 30 min in the presence or absence (basal) of 1 nM
histamine. Values are the weighted means  s.e.mean from three experiments. To allow for variation in the absolute magnitude of
the response between experiments, accumulations in the presence of 30 mM Li* were set at 100%. Where no error bars are shown
the error was within the size of the symbol. Mean basal accumulations (O) in the presence of 30 mM Li* were: [PHJ-IP, (a)
1,305 £ 16 d.p.m., [*H]-IP, (b) 880+ 9 d.p.m., and [PH}-IP, (c) 320 % 13 d.p.m. Corresponding accumulations induced by 1 mm
histamine (basal accumulation subtracted) (@) were: H]-IP, (d) 18,642 131 d.p.m., [*H]-IP, (e) 3,353 £ 89 d.p.m., and [*H}-IP,

(f) 938 + 20 d.p.m.
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parameters were constrained to be the same for both curves,
by calculating the F-statistic (Rodbard, 1974):

F ={(SS,~58,)/(df;~df)}/(SS,/df))

where SS, is the sum of squares when a parameter is shared
(df, degrees of freedom) and SS, the sum of squares when all
parameters are allowed to float freely for each curve (df)
degrees of freedom).

The dissociation constants for mepyramine and pirenzepine
in U373 MG cells were determined from shifts of the
concentration-response curve for histamine- or carbachol-
induced [*H)-IP, accumulation using the relationship: log
(concentration-ratio — 1) = log([A]) - log(K,), where the con-
centration-ratio is the ratio of the ECsy values in the presence
and absence of antagonist, [A] is the concentration of the
antagonist and K, its dissociation constant. Unbiased esti-
mates of the concentration-ratio were obtained from best-fit
ECs, values by fitting simultaneously (using the E04FDF
routine as above) curves in the presence and absence of a
single concentration of mepyramine or pirenzepine, measured
in the same experiment, with the Hill slope and the maximum
response constrained to be the same for both curves. This
obviates difficulties with shifted curves where the maximum
response is poorly defined. Where individual curves could be
fitted satisfactorily without constraints, constraining Hill
coefficients and maximum responses did not significantly
worsen the fit.

Multiple comparisons of values at different times or under
different incubation conditions within a single experiment
were made using the Student-Newman-Keuls multiple range
test.

Drugs

Myo-[2-*H}-inositol, 20-24 Ci mmol~!, was obtained from
New England Nuclear and [pyridinyl-5-*H}-mepyramine,
21 Ci mmol~!, from Amersham International. Adenosine,
carbachol (carbamylcholine chloride), histamine dihydroch-
loride, mepyramine maleate, N-methylatropine bromide,
phytic acid, pirenzepine hydrochloride, prazosin hydroch-
loride and w-conotoxin GVIA were purchased from Sigma;
1,1,2-trichlorotrifluoroethane (freon) and tri-n-octylamine
from Aldrich. Temelastine was kindly provided by Smith,
Kline & French Research Ltd and nimodipine by Dr K.
Byron, University of Cambridge.

Results

Lithium-sensitivity of histamine-induced [°H ]-IP,
accumulation in U373 MG cells

Basal accumulation of [*H]-IP, in U373 MG cells, measured
45 min after addition of Li*, increased as the concentration
of Li* present was increased from 0 to 45 mM (Figure 1la).
The accumulations of [*H}-IP, and [*H}-IP; were much less
affected (Figure 1b,c). However, accumulations of all three
fractions induced by incubation with 1 mM histamine for
30 min were much more sensitive to Li* than the correspond-
ing basal accumulations. Histamine-induced accumulation of
[*H}-IP, appeared to reach a plateau level at approximately
20 mM Li* (Figure 1d), whereas the accumulation of [*H]-IP;
increased throughout the range 0 to 45mM Li* (Figure If)
and that of [*H]-IP, only appeared to have reached a max-
imum level at 45mM Li* (Figure le). Since [*H}-IP, is pres-
ent in the greatest amounts (see below), all subsequent
incubations were carried out with 30 mM Li* present.

Characterization of histamine-induced [°H ]-IP,
accumulation in U373 MG cells

In the presence of 1 mM histamine and 30 mM Li* the
accumulation of [PHJ-IP, increased with time over the period

studied (Figure 2a), whereas the accumulations of [*HJ-IP,
and [PH}-IP; initially increased rapidly, but had reached a
maximum by 10 and 5 min, respectively (Figure 2b and 2c).
Basal levels of [*H)-IP,, but not [PH)-IP, and [*H}-IP,, in-
creased slightly, but significantly, over the 60 min. In all
subsequent experiments the period of incubation with his-
tamine was 30 min. Under these conditions [PH]-IP, accounts
for 84 + 1% of total [*H)-IP, + ['H)-IP, + [*H}-IP; (nine de-
terminations). The mean accumulation of [H]-IP, in the
presence of 1 mM histamine was 11 (£ 1) fold of basal
accumulation (n=31). There was no indication of any
change in the extent of the response to histamine with pas-
sage number (up to 40). The ECs for histamine-induced
accumulation was 5.4+ 0.5uM (best-fit value to the com-
bined data from 15 determinations; best-fit value of the Hill
coefficient 0.89 * 0.06).
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Figure 2 Time course of [*H}-IP, accumulation in the presence and
absence of 1 mM histamine. Incubation with 1 mM histamine was for
30 min. Values are the means £ s.e.mean from triplicate determina-
tions from a single experiment. Where no error bars are shown the
error was within the size of the symbol. The whole experiment was
repeated three times with similar results. (a) *HJ-IP,, (b) PHJ-IP,, (c)
[PH)-IP;. (O) No addition (basal); (@) + 1 mM histamine.
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Concentration-response curves for histamine-induced [°H}-
IP, accumulation were displaced to the right in a parallel
fashion by increasing concentrations of mepyramine (Figure
3a). A Schild plot of the data from 11 experiments with
10-100 nM mepyramine was linear with a slope of 0.99
0.08 (Figure 3b). Log K, derived from this plot was 8.46 *
0.03 (K4 3.5% 0.3 nM, approximate s.e.mean).

[>H ]-mepyramine binding to U373 MG cell membranes

The binding of [*H)-mepyramine insensitive to inhibition by
1 uM temelastine (non-H;-receptor binding) increased linearly
with the. concentration of [*’H]-mepyramine between 0.4 and
20 nM. The non-specific binding accounted for 30-45% of
the total binding at 2 nM and 70—77% of the total binding at
20 nM [*H]-mepyramine (three experiments). The Hill coeffic-
ients of the curves of the temelastine-sensitive binding of
[’H]-mepyramine did not differ significantly from unity. The
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Figure 3 Inhibition of histamine-induced [*H]-IP, accumulation by
mepyramine. (a) Values are the weighted means * s.e.mean from the
combined data from 11 curves for histamine, two curves with 3 nm
mepyramine and three curves with 10 and 100 nM mepyramine. To
allow for variations in the absolute magnitude of the accumulation
of [*H}-IP, between experiments, the data have been normalised by
setting the response in the presence of 100 uM histamine to 100%.
Where no error bars are shown the error was within the size of the
symbol. The lines drawn are the best-fit curves with maximum values
and Hill coefficients constrained to a common value (see Methods).
(O) Histamine alone; (@) + 10 nM mepyramine; (O) + 30 nM mepy-
ramine; (M) + 100 nM mepyramine. (b) Schild plot of the data for
mepyramine. Each point is an unbiased estimate of the concentra-
tion-ratio obtained from the ratio of the ECy, values obtained by
fitting simultaneously concentration-response curves for histamine
and histamine + 10, 30, 60 or 100 nM mepyramine measured in the
same experiment, with the Hill coefficient and the maximum response
constrained to be the same for both curves (see Methods). For clarity
the error bars (estimated error) have been omitted. The line drawn
was calculated by linear regression analysis. Best-fit values: slope
0.99 + 0.08, intercept (log affinity constant) 8.46 * 0.03.

maximum H,-receptor binding was 78 £ 12, 122t 5 and
59 * 4 pmol g~! protein in the three experiments, with corres-
ponding ECs, (K;,) values of 2.1 £ 0.5, 4.3 £0.5 and 1.0 £ 0.2
nM, respectively (mean 2.5 1.0 nM). The error on the mean
K, is appreciable, but the value is in reasonable accord with
the value of 3.5 % 0.3 nM obtained from inhibition of hista-
mine-induced [H]-IP, accumulation.

Characteristics of carbachol-induced [*H ]-IP,
accumulation in U373 MG cells

Carbachol also stimulated [*H]-IP, accumulation in U373
MG cells, with a time-course similar to that observed for
histamine, although the extent of the accumulation was less,
2.8 (£0.1) fold of basal in the presence of 1 mM carbachol
(n=17). [PH}-IP, was again much the major labelled product
under these conditions (88 1% of total [*HJ-IP, + [*H]-
IP, + [PH}-IP;, seven determinations).
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Figure 4 Inhibition of carbachol-induced [*H}-IP, accumulation by
pirenzepine. (a) Values are the weighted means * s.e.mean from the
combined data from 10 curves for carbachol, three curves with
100 nM and 3 uM pirenzepine and two curves with 1 uM pirenzepine.
To allow for variations in the absolute magnitude of the accumula-
tion of [*H}-IP, between experiments, the data have been normalised
by setting the response in the presence of 1 mM carbachol to 100%.
Where no error bars are shown the error was within the size of the
symbol. The lines drawn are the best-fit curves with maximum values
and Hill coefficients constrained to a common value (see Methods).
(O) Carbachol alone; (@) + 100 nM pirenzepine; (00) + 1 uM piren-
zepine; (M) + 3 uM pirenzepine. (b) Schild plot of the data for
pirenzepine. Each point is an unbiased estimate of the concentration-
ratio obtained from the ratio of the ECy, values obtained by fitting
simultaneously concentration-response curves for carbachol and car-
bachol + 100 nM, 500 nM, 1 puM and 3 pM pirenzepine measured in
the same experiment, with the Hill coefficient and the maximum
response constrained to be the same for both curves (see Methods).
The error bars have been omitted for clarity. The line drawn was
calculated by linear regression analysis. Best-fit value of the slope
0.89 £ 0.07.
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Concentration-response curves for carbachol-induced [H]-
IP, accumulation, ECs, 48 £ 8 uM and Hill coefficient of
0.85% 0.07 (best-fit values * approximate s.e. to the com-
bined data from 12 determinations), were displaced to the
right by pirenzepine (Figure 4a). A Schild plot of the data
(Figure 4b) had a slope, 0.89 £0.07, not significantly
different from unity. Constraining the slope to be unity
yielded a log Ky of 7.0 £ 0.01 (K; 1.01 £0.04 X 10~" M, ap-
proximate s.e.), a value in the range expected for binding to
the M;-muscarinic receptor subtype (Hulme et al., 1990).

Ca**-dependence of histamine- and carbachol-induced
[’H]-IP, accumulation in U373 MG cells

[*H}-1P,, [*H]-IP, and [*H]}-IP; accumulations in the presence
of 1 mM histamine increased markedly as the Ca’* concen-
tration in the medium was increased from nominally zero (no
added Ca’*) to 0.3 mM, followed by less pronounced, but
statistically significant (P <<0.05, Student-Newman-Keuls
multiple range test), increases as extracellular Ca>* was in-
creased to 1.3 mM and from 1.3 to 4.0 mM (Figure 5). The
pattern of the Ca?*-dependence was similar for all three
fractions. There was a small, statistically significant, increase
in basal PHJ-IP, and [PHJ-IP, accumulation between no
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Figure 5 Ca’*-dependence of histamine-induced [*H]-IP, accumula-
tion. Values are the weighted means % s.e.mean from 3 experiments.
To allow for differences in the absolute magnitude of the accumula-
tion between experiments, values have been expressed as a percent-
age of basal acccumulation of each isomer in the presence of 2.5 mm
Ca*. (a) [*H)-IP; (b) [*H}-IPy; (c) [*H]}-IP; (mean basal accumula-
tions at 2.5 mm Ca®* 1187 £ 11, 4651 9 and 260 £ 9 d.p.m., respec-
tively). Where no error bar is shown the error was within the size of
the symbol. (O) No addition (basal); (@) + 1 mM histamine.

added Ca’* and 0.3 mM Ca?*, but a further increase in the
concentration of Ca?* in the medium had no added effect
(Figure 5). The relative amount of [*HJ-IP, induced by 1 mm
histamine, expressed as a percentage of [*H]-IP, + [*H]-IP,
+ [*H}-IP; accumulated, did not differ significantly at 2.5 mm
Ca’*, 841+ 1% (9), and 4.0 mM Ca?*, 85+ 1% (4).

Carbachol-induced accumulation of [*H)-IP,, [’HJ-IP, and
PH)-IP; also increased between ‘zero’ and 0.3mMm Ca?*
(Figure 6). There was an additional increase in [*H]-IP, and
[*H)-IP, accumulation as the Ca?* was increased to 1.3 mM,
but further increase to 4 mM had no significant effect on the
amount of [PHJ-IP, and caused a decrease in [*H]-IP,. Am-
ounts of [*H)-IP; accumulated were very small (Figure 6c),
but there was no indication of the stimulatory effect of
increasing the extracellular Ca?* from 0.3 to 4 mM seen with
the response to histamine (Figure 5).

Ca**—dependence of histamine- and carbachol-induced
[PH]-IP, accumulation in HeLa cells

Histamine (1 mM) induced an accumulation of [PHJ-IP, 8.03
(£ 0.08) fold (17) of basal level in the HeLa S3 clone. This is
approximately 4 fold greater than the magnitude of the
response to histamine in the unspecified clone used in our
earlier study with HeLa cells (Bristow et al., 1991). In
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Figure 6 Ca’*-dependence of carbachol-induced [*H}-IP, accumula-
tion. Values are the weighted means * s.e.mean from 4 experiments.
To allow for differences in the absolute magnitude of the accumula-
tion between experiments, values have been expressed as a percen-
tage of basal acccumulation of each isomer in the presence of 2.5 mm
Ca?*. (a) [*H)-IP,; (b) [*H}-IP,; (c) [*H]-IP; (mean basal accumula-
tions at 2.5mm Ca?* 808 7, 3571 5 and 264 £ 5d.p.m., respec-
tively). Where no error bar is shown the error was within the size of
the symbol. (O) No addition (basal); (@) + 1 mM carbachol.
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occasional experiments the response to 1 mM histamine was
as much as 14-20 fold of basal, without there being any
appreciable change in the basal accumulation. In one experi-
ment in which the response to 1 mM histamine was 19 fold of
basal, the concentration-response curve to histamine (ECs,
11.3 % 1.1 uM, Hill coefficient 0.93 £ 0.04) appeared to be
shifted somewhat to higher concentrations compared with
curves in cells showing the normal, approximately 8 fold,
stimulation (ECs, 3.9 £ 0.7 uM, Hill coefficient 0.68 £ 0.08;
best-fit values to the combined data from a total of 18
experiments). The properties of the histamine response in the
S3 clone, where tested, appeared to be the same as in the
unspecified clone used earlier and in particular showed the
same lower sensitivity of [*HJ-IP, accumulation to Li* (Bris-
tow et al., 1991) than in brain slices or U373 MG cells. The
proportion of [*H)-IP, as a percentage of [*HJ-IP, + [*H]-
IP, + [PH}-IP; after a 30 min incubation with 1 mM histamine
in the presence of 30 mM Li* was 92+ 1% (16).

Carbachol also stimulated [*H]-IP, accumulation in the S3
clone and the extent of the stimulation, 3.9 (£ 0.1) fold of
basal (6), was again greater than in the unspecified clone used
earlier, 1.8 (X 0.1) fold of basal (10). The concentration-
response curve for carbachol-induced [*H]-IP, formation
(ECso 21 £ 4 pM, Hill coefficient 1.22 + 0.31; best-fit values to
the combined data from a total of 11 experiments) was
shifted to the right by 100 nM and 1 uM pirenzepine, but in
this series of experiments the fit to the combined data was
significantly worsened when the Hill coefficient and the maxi-
mum attainable response were constrained to be the same in
the presence and absence of pirenzepine (see Analysis of data
under Methods). However, the apparent K; values derived
for pirenzepine, 1.0 X 10~ M and 0.84 £ 107 M, indicate the
probable presence of the Mj-muscarinic receptor subtype
(Hulme ez al., 1990).

The pattern of Ca’*-dependence of [*H}-IP, accumulation
induced by 1 mM histamine in HeLa cells was closely similar
to that for the response to 1 mM carbachol (Figure 7). After
the initial increase between ‘zero’ and 0.3 mM Ca’* the re-
sponse to histamine was not significantly altered as the Ca?*
in the medium was increased to 4.0 mM. The response to
carbachol did increase significantly between 0.3 and 1.3 mM
Ca?*, but there was no further increase at higher Ca?*
concentrations. Basal [PHJ-IP, accumulation also increased
between 0 (nominal) and 0.3 mM Ca’*, but remained un-
changed thereafter (Figure 7). The same pattern of Ca*-de-
pendence of basal and histamine-stimulated [*H]-IP, accum-
ulation as in the S3 clone was observed in 4 experiments with
the clone of HeLa cells showing the lower stimulation with
histamine (data not shown).

Ca**-dependence of [*H]-IP, accumulation in rat and
guinea-pig brain slices

Basal accumulation of [*H}-IP, in rat and guinea-pig cerebral
cortical slices and in guinea-pig cerebellar slices was not
significantly altered, except at 4.0 mM Ca’* in rat cerebral
cortex, when slices were labelled with [*H}-inositol and incu-
bated in Krebs-Henseleit solutions with no added Ca?* or
with Ca?* concentrations from 0.3 to 4.0 mM (Figure 8a). In
contrast, [’H}-IP, accumulation induced by 1 mM histamine
in rat cerebral cortical slices increased markedly with the
Ca?* concentration, in agreement with the previously
reported Ca’*-dependence of histamine-induced [*H]-IP
accumulation in mouse cerebral cortex (Alexander et al.,
1990a,b). Amounts of [°’H]-IP, and [PH}-IP; were much less
than those of [PHJ-IP,, but the pattern of Ca?*-dependence
was essentially the same as that for [H]-IP, (data not
shown).

Histamine-induced [*H]-IP; accumulation in guinea-pig cere-
bellar slices, a tissue relatively rich in H,-receptors (Hill ez al.,
1978), was also Ca’*-dependent, but the pattern of the Ca?*-
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Figure 7 Ca’*-dependence of histamine- and carbachol-induced
[*H)-IP, accumulation in HeLa cells (S3 clone). Cells were labelled
with [HJ-inositol and dissociated following the standard protocol
(see Methods). The dissociated cells were equilibrated for 15 min and
incubated with or without 1 mM histamine (a) or 1 mM carbachol (b)
for 30 min in Krebs-Henseleit solution containing the Ca?* concen-
tration under test. For ‘0 Ca?*’, Ca?* was omitted from the medium.
Points are the combined values from 4 experiments with histamine
and three experiments with carbachol and are expressed as a percent-
age of the 30 min basal value in 2.5mM Ca?* (3276 £49 and
2339 £ 75d.p.m. in the two sets of experiments, respectively) to
allow for differences in the absolute magnitude of the response
between experiments. (O) Basal; (@) 1 mM histamine (a) or 1 mM
carbachol (b).

dependence differed from that in rat cerebral cortex, in that
there was a marked increase in the response between no
added Ca?* and 0.3mM Ca’*, followed by a less steep
increase to 2.5mM Ca?* (Figure 8c). There was no further
increase between 2.5 and 4.0 mM. The pattern of histamine-
induced [*HJ-IP, accumulation was similar, whereas amounts
of [*HJ-IP; appeared to decrease between 2.5 and 4.0 mM
(data not shown). The Ca’*-dependence of the histamine
response in guinea-pig cerebral cortical slices was inter-
mediate between that of rat cerebral cortex and that of
guinea-pig cerebellum (Figure 8b).

The Ca’*-dependence of carbachol-induced [*HJ-IP, ac-
cumulation was similar in rat cerebral cortex and in guinea-
pig cerebral cortex and in both tissues differed from that for
histamine (Figure 8d,e). The pattern observed, an initial in-
crease between 0 (nominal) and 0.3 mM Ca?* but no further
increase (up to 4.0 mM Ca?*), is similar to that reported for
carbachol-induced [*HJ-IP accumulation in mouse cerebral
cortex (Alexander et al., 1990a). The Ca?*-dependence of
carbachol-induced [’PH]-IP, and [°’H)-IP; accumulation in rat
cerebral cortex was similar to that for [*H}-IP,, except that
1.3 mM Ca’* was required to obtain the maximum amount
of [*HJ-IP;.
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Figure 8 Ca’*-dependence of histamine- and carbachol-induced [PH}-IP, accumulation in rat and guinea-pig brain slices; (a)
histamine, (b) carbachol. Slices were preincubated in normal Krebs-Henseleit and then labelled with [*H]-inositol and incubated
with or without (basal) agonist in Krebs-Henseleit solution containing the Ca?* concentration indicated. Incubations with 1 mm
histamine or 1 mM carbachol were for 60 min. Points are weighted means = approximate s.e.mean from 3 or 4 independent
determinations and are expressed as a percentage of the 30 min basal value with 2.5 mM Ca?* to allow for differences in the
absolute magnitude of the responses between experiments. Mean basal accumulation in 2.5 mM Ca?* were 1583 % 12 (37) in rat
cerebral cortex, 926 £ 7 (11) in guinea-pig cerebral cortex and 3479 + 71 (8) in guinea-pig cerebellum. (O) Basal; (@) 1 mm

histamine (a) or 1 mM carbachol (b).

Effect of nimodipine and w-conotoxin on
histamine-induced [*H ]-IP, accumulation

Blockade of L-type Ca’* channels with 100 nM nimodipine
did not inhibit PH}-IP, accumulation induced by 1 mM his-
tamine in the presence of 2.5 mM Ca?* in rat cerebral cortical
slices (104 £ 9% of the response in the absence of antagonist,
n=3) or in U373 MG cells (102 2%, n=4), the two
preparations showing a calcium-dependence of the histamine
response. Nimodipine was similarly ineffective against his-
tamine in slices of guinea-pig cerebral cortex and cerebellum
(94 £ 4% and 98 * 6% of control, respectively; n = 3). Blo-
ckade of N-type Ca’* channels by w-conotoxin (0.1-3 uM)
also failed to have any significant effect on [*PH]-IP, accum-
ulation induced by 1 mM histamine in rat cerebral cortical
slices (103 £ 8% of control with 3 uM w-conotoxin, n = 3) or
in U373 MG cells (104 £ 2%, n=4).

The lack of effect of blockade of N-type Ca>* channels
suggests that the Ca’*-dependence of the response to his-
tamine in rat cerebral cortical slices is not likely to be due to
H,-receptor-mediated release of a secondary stimulator of
phosphoinositidase C. Acetylcholine and noradrenaline are
apparently not involved, since N-methylatropine (1 pM) and
prazosin (1 pM) had no significant effect on [PH}-IP, accumu-
lation induced by 1 mM histamine in the slices (105* 7%
and 96 * 5%, respectively, of the response to histamine
alone, n = 3).

Discussion

The relatively large magnitude of histamine H,-receptor-in-
duced phosphoinositide hydrolysis in U373 MG human as-

trocytoma cells, 11 fold of basal levels, compared with the
response to histamine in most other cell types makes them
attractive as a model system on which to study H,-receptor
function. However, how good a model the U373 MG cells
are of the apparent Ca?*-dependent component of the re-
sponse to histamine apparent in slices of mouse and rat
cerebral cortex (Alexander et al., 1990a) is less clear. One
particular problem in making a judgement is that in most
brain regions there is little indication which cell type or types
are responding to histamine. In the molecular layer of gui-
nea-pig cerebellum autoradiographic studies of the effect of
kainic acid lesions on the binding of [*H}-mepyramine suggest
that H,-receptors have a neuronal location, presumably on
the dendrites of Purkinje cells (Palacios et al., 1981). A
neuronal location of some H,-receptors is also indicated by
the observation of histamine-induced [*'H}-IP accumulation in
primary cultures of striatal neurones, although the magnitude
of the response was modest (Weiss et al., 1988). However,
neither kainic acid nor lesioning of the medial forebrain
bundle in rats caused any persistent decrease in the binding
of [*H]-mepyramine to hippocampal membranes and the con-
clusion was drawn that the majority of hippocampal H,-
receptors were on glial cells (Chang et al., 1980). Cerebral
microvessels also possess histamine H,-receptors (Peroutka et
al., 1980), but it has been estimated that they account for less
than 1% of total cerebral H,-receptors (Culvenor & Jarrott,
1981).

More direct evidence for a glial cell location is provided by
the presence of histamine H,-receptors on primary cultures of
astrocytes from neonate rat brain, as evidenced both by
[*H}-mepyramine binding (Inagaki et al., 1989) and by his-
tamine-stimulated [PH]-IP accumulation (Arbonés et al.,
1988). More specifically, Wada and his collaborators have
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demonstrated that phosphoinositide hydrolysis in response to
histamine is localized to type-2 astrocytes (Kondou e¢ al.,
1991) and that Ca®* signals induced by H,-receptor activa-
tion can first be detected on the process of these cells
(Inagaki et al., 1991). Functionally, astrocytes are a major
site of glycogen storage in the CNS (Murphy & Pearce, 1987)
and H,-receptor-mediated stimulation of glycogenolysis has
been demonstrated in primary cultures of astrocytes (Ar-
bonés et al., 1990). It therefore seems probable that the
glycogen breakdown induced by H,-receptor activation in
slices of mouse cerebral cortex (Quach et al., 1980) reflects
the presence of functional H;-receptors on astrocytes in
cerebral cortex in vivo. A strong argument can thus be made
for astrocyte-derived cell lines as model systems for the study
of H,-receptor mechanisms in mammalian CNS.
Functional responses to H,-receptor activation have been
reported in the 1321N1 and UC11 MG human astrocytoma
cell lines (Nakahata et al., 1986; Medrano et al., 1992;
Lucherini & Gruenstein, 1992) and Johnson & Johnson
(1992) noted, without presenting any experimental detail,
that histamine-induced formation of [’HJ-IP, could be detec-
ted in UC11 MG cells, but that it was less than that in U373
MG cells. The data presented in the present study provide
evidence that histamine does induce a large accumulation of
[PHJ-IP, in U373 MG cells and that the effect is mediated by
an H,-receptor. Moreover, there is a clear dependence of the
magnitude of the response to histamine on the extracellular
Ca’* concentration, even after the initial step to 0.3 mM
Ca?* (Figure 5). The marked inhibition of histamine-induced
[*H]-IP formation if Ca?* is omitted from the medium is well
established, both in brain slices (Kendall & Nahorski, 1984)
and in primary cultures of astrocytes (Arbonés et al., 1988)
and is not confined to the H,-receptor, as is evident with the
response to carbachol in brain slices (Alexander et al., 1990a;
Figure 8d), HeLa cells (Figure 7) and U373 MG cells (Figure
6). However, it is the marked effect of increasing the Ca?*
concentration in the millimolar range which is the striking
feature of the response to histamine in rat cerebral cortex
(Figure 8d) and the same characteristic is shown, although to
a lesser degree, by the U373 MG cells (Figure 5). The
possibility that the effect of Ca?* reflects an action on his-
tamine binding to the H,-receptor, rather than some aspect
of the mechanism of phosphoinositide hydrolysis, is made
unlikely by comparison with the Ca**-dependence of [*H}-IP,
formation induced by histamine in HeLa cells (Figure 7).
Histamine-stimulated phosphoinositide hydrolysis in HeLa
cells is well characterised (Tilly et al., 1990b; Bristow et al.,
1991) and we have provided evidence that the binding pro-
perties of the H,-receptor mediating the response are similar
to those of H,-receptors in mammalian brain (Arias-Mon-
tafio & Young, 1993a). The dependence of phosphoinositi-
dase Z (PIC) on low levels of intracellular Ca?* has also been
demonstrated in these cells (Tilly ez al., 1990a). However, it
has been suggested that in non-excitable cells, such as epi-
thelia, Ca’* entry mechanisms may be confined to that as-
sociated with the refilling of 1,4,5-IP;-sensitive intracellular
stores (Putney, 1990). The lack in HeLa cells, a line derived
from human uterine cervical epithelium, of any effect on
histamine-induced [H]-IP, formation of increasing the extra-
cellular Ca’?* above 0.3 mM would be consistent with this
proposition. It also suggests that HeLa cells may be valuable
as a model system on which to study H,-receptor/G protein
activation of PIC without the complication of an additional
component in the mechanism dependent on extracellular
Ca?*. The presence of a response to carbachol in HeLa cells
gives the added advantage of a second receptor system
coupled to PIC, which can in principle be used as a control
for H,-receptor-specific effects of agents or treatments. It is
probable that the muscarinic receptor mediating the response
to carbachol is of the M;-subtype, as in U373 MG cells, but
the lack of strict parallelism in the concentration-response
curves in the presence and absence of pirenzepine indicates
the need for a more detailed study. In U373 MG cells the

evidence from the K, for pirenzepine for the involvement of
M;-muscarinic receptors in carbachol-stimulated [*HJ-IP, ac-
cumulation is given some indirect support by the report of
M;-receptor mediation of [PH]-IP, formation in 132IN hu-
man astrocytoma cells (Kunysz et al., 1989). In rat cerebral
cortex the response to muscarinic agonists appears to be
mediated predominantly by M,-receptors (Forray & El-Fak-
ahany, 1990).

The pattern of the Ca’*-dependence of carbachol stimu-
lated [PH]-IP, accumulation is similar in HeLa cells, U373
MG cells, and guinea-pig and rat brain slices. This is not the
case with histamine-induced [*H}-IP, accumulation. Not only
does the pattern differ between U373 MG and HeLa cells,
there is also a clear species difference between rat and guinea-
pig cerebral cortex, which is also evident in the data of
Alexander er al. (1990b) over a more limited range of Ca?*
concentrations. The difference between guinea-pig cerebral
cortex and cerebellum lies largely in the magnitude of the
initial increase between no added Ca’* and 0.3 mM Ca?*,
which could reflect the difference in H,-receptor density
between the two tissues (Hill e al.,, 1978). Whether any of
the difference in the pattern between rat cerebral cortex
(Figure 8a), in which there is indirect evidence for location of
at least some H,-receptors on astrocytes (Arbonés et al.,
1990), and guinea-pig cerebellum (Figure 8c), where the
receptors may be neuronal (Palacios et al., 1981), reflects a
differing cellular locus is unknown. However, it is clear that
not all brain tissues show the same very marked dependence
on extracellular Ca?* as mouse and rat cerebral cortex and
the Ca?*-dependence observed in the U373 MG cells is much
closer to that in the guinea-pig tissues. There is as yet no
indication whether this is also the pattern in human cerebral
cortex, a tissue in which histamine is known to stimulate
phosphoinositide hydrolysis (Kendall & Firth, 1990) and it
would be unwise to make predictions on the basis of the
response in a transformed cell line.

The difference between histamine and carbachol in the
pattern of Ca’*-dependence of [*H]J-IP, accumulation in
U373 MG cells is lessened by the increase in the response to
carbachol between 0.3 and 1.3 mM Ca?* (Figure 6a). How-
ever, the difference is clearer in the comparisons of the
Ca’*-dependence of [*H}-IP, and [’H}-IP; formation (Figure
5b,c; Figure 6b,c), although the amount of material in the
trisphosphate fraction in the presence of carbachol is small.
The modest decline in the [*HJ-IP, response to carbachol
between 1.3 and 4 mM Ca?* in U373 MG cells could con-
ceivably reflect the reported inhibition of the response to
carbachol by Ca?* (Baird et al., 1989), although this effect is
not otherwise apparent in our measurements.

A better understanding of the significance of the modest
Ca’*-dependence of the histamine-response in U373 MG
cells will become clearer when selective blockade of the Ca?*-
dependent component in brain tissue becomes possible. Nei-
ther L-type nor N-type Ca?* channels appear to be involved
and the use of divalent cations such as Ni** as non-selective
blockers of Ca’* entry is complicated by a possible addi-
tional action at the level of the H,-receptor, evident in the
inhibition by Cd**, Zn**, Ni** and Co®** of [’H]-mepyramine
binding to guinea-pig cerebellar membranes (Treherne et al.,
1991). The secondary action of Ni?* on histamine-induced
[PH}-IP, formation, without affecting the response to car-
bachol, has been demonstrated directly in HeLa cells, illus-
trating their utility as a model system (Arias-Montafio &
Young, 1993b). The availability of a selective blocker for the
presumed Ca’*-entry component in brain slices would pro-
vide a much simpler and more satisfactory assay than the
measurement of Ca’*-dependence for screening cell lines as
possible model systems. It would also enable an approach to
be made to the central question of the functional significance
of the Ca’*-dependent component at the normal Ca’* con-
centration, circa 1.3 mM, of the cerebrospinal fluid.

We are grateful to the Wellcome Trust for financial support and to
Martin Bootman for kindly providing the S3 HeLa cell clone.
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