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Characterization of histamine H3 receptors regulating
acetylcholine release in rat entorhinal cortex

'J.M. Arrang, G. Drutel & J.-C. Schwartz

Unite de Neurobiologie et Pharmacologie (U. 109) de l'INSERM, Centre Paul Broca, 2ter rue d'Alesia, 75014 Paris, France

1 The pharmacological properties and location of H3 receptors modulating acetylcholine release have
been investigated in non-superfused slices and synaptosomes of rat entorhinal cortex preloaded with
[3H]-choline.
2 (R)o-methylhistamine, an H3-receptor agonist, potently inhibited the-K+-evoked tritium release from
slices, an effect antagonized by thioperamide, an H3-receptor antagonist, with nanomolar potency.

3 The K+-evoked tritium release from synaptosomes remained unaltered in the presence of the potent
and selective H3-receptor agonists, imetit and (R)cx-methylhistamine, suggesting that H3 receptors
modulating acetylcholine release are not presynaptically located on cholinergic nerve terminals.
4 Phenylbutanoylhistamine and phenylpropylhistamine, two H3-receptor antagonists of moderate
potency, failed to antagonize the inhibitory effects of (R)c-methylhistamine observed in slices. Unex-
pectedly, both compounds when used alone, inhibited tritium release from slices and synaptosomes with
micromolar potency and to the same extent (by approximately 50% when added at a final concentration
of 200 pM). This inhibitory effect did not involve Hi, H2 or H3 receptors and was not mediated by an

unknown histamine receptor site, since histamine used at a high concentration neither reproduced nor

antagonized the effect of phenylbutanoylhistamine. It remained unaltered in the presence of scopolamine
and was neither mimicked nor antagonized by vasoactive intestinal peptide, previously shown to be
colocalized with acetylcholine in some neurones.

5 It is concluded that acetylcholine release in rat entorhinal cortex is modulated by H3 receptors
presumably not located on cholinergic axon terminals. It remains to be established whether these H3
receptors belong to a receptor subtype different from those previously described since the potency of
phenylbutanoylhistamine and phenylpropylhistamine as H3-receptor antagonists was probably greatly
underestimated by additional properties of both drugs.
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Introduction Methods

The histamine H3 receptor was initially detected as an
autoreceptor modulating histamine synthesis and release in
the brain (Arrang et al., 1983; 1985; 1987a,b). However,
autoradiography of H3 receptors in rat and monkey brain
together with lesion experiments (Martinez Mir et al., 1990;
Cumming et al., 1991; Pollard et al., 1993) indicate that the
majority of central H3 receptors are not autoreceptors. In
agreement with this view, functional studies performed in
brain have indicated the occurrence of presynaptic inhibitory
H3 receptors on axon terminals not only of histaminergic but
also noradrenergic (Schlicker et al., 1989), 5-hydroxy-
tryptaminergic (Fink et al., 1990), dopaminergic (Schlicker et
al., 1993) and peptidergic neurones (Matsubara et al., 1992).
Also, it has been recently demonstrated that activation of H3
receptors inhibits the release of tritium, presumably [3H]-
acetylcholine, from slices of rat entorhinal cortex preloaded
with [3H]-choline (Clapham & Kilpatrick, 1992) and the
pharmacological profile of this response led the authors to
postulate the existence of H3-receptor subtypes. The existence
of multiple H3-receptor subtypes was also suggested based
upon the comparison of functional and radioligand binding
studies (Arrang et al., 1990; West et al., 1990a,b; Hey et al.,
1992; Schlicker et al., 1992).
We have used non-superfused slices and synaptosomes of

entorhinal cortex to reinvestigate this possibility as well as to
assess the presynaptic localization of H3 receptors on
acetylcholine-releasing terminals themselves.

' Author for correspondence.

Release from slices

Slices (0.3 mm thick) from the entorhinal cortex of male
Wistar rats (180-200 g, Iffa Credo, France) were prepared
with a McIlwain tissue chopper and suspended in modified
Krebs-Ringer bicarbonate medium (mM): NaCl 120, KCI 0.8,
CaCl2 1.3, MgSO4 1.2, KH2PO4 1.2, NaHCO3 27.5 and
glucose 10, pH 7.4 gassed wtih 02/CO2 (95:5). The slices were
preincubated for 45 min at 37°C in the presence of 0.1 LM
[3H]-choline for [3H]-acetylcholine synthesis. The slices were
then washed with fresh Krebs solution (4 x 20 ml) in order to
remove excess radioactivity, and transferred to a small basket
(Arrang et al., 1983). The basket was subsequently immersed
six times (for 10 min periods each) in fresh Krebs solution.
After the last washing period, 250yl aliquots of the slice
suspension (1-3 mg of protein) were distributed into tubes,
preincubated in each experiment for 5 min in the presence of
various drugs tested as histamine agonists or antagonists and
subsequently incubated for 2 min with 2, 20 or 30 mM K+
(final concentration). Incubations were stopped by short cen-
trifugation. The pellets were homogenized in 500 lI 0.01 M
HCI and radioactivity present in tissue and medium was
measured by liquid scintillation spectrometry.

Releasefrom synaptosomes

A crude synaptosomal fraction was prepared after homo-
genization of the entorhinal cortex in 0.32 M sucrose at 4°C
according to the method of Whittaker (1966). Synaptosomes
were suspended in Krebs solution and incubated for 45 min
with [3H]-choline as described above for slices. After six
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extensive washings by successive centrifugations and suspen-
sions in fresh medium (2 mM K+), synaptosomes (0.3-1 mg
of protein) were distributed into tubes, incubated in each
experiment for 5 min in the presence, when required, of the
various drugs tested as agonists or antagonists and subse-
quently incubated for 2 min with 2, 10 or 20 mM K+ (final
concentration). Incubations were ended and radioactivity
determined as for slice experiments. Protein contents were
determined according to the method of Lowry et al. (1951)
with bovine serum albumin used as the standard.

Analysis of data

Radioactivity (in d.p.m.) was estimated by liquid scintillation
spectrometry at 45% counting efficiency.

Values for tritium release elicited by tissue (slices or synap-
tosomes) depolarization with high K+ solutions were cal-
culated in each experiment as the difference between mean
tritium levels in high K+ and 2 mM K+ media of the same
experiment, respectively, and are given as percentages of the
total tritium present in tissue plus medium.
For determination of the means and standard errors of

EC50 and IC50 values, the total curves were analysed with an
iterative computer least-squares method derived from Parker
& Waud (1971) (except Figure 3). The apparent dissociation
constant (Ki value) of thioperamide was calculated from its
IC50 value, assuming a competitive antagonism and neglecting
the possible effect of endogenous histamine, according to the
equation of Cheng & Prusoff (1973): Ki= IC50/(I + S/EC50),
where S represents the concentration of (R)m-methylhistamine
(1 ;sM) and EC50 the concentration of (R)a-methylhistamine
eliciting a half-maximal inhibitory effect on K+-evoked
release of tritium.

Statistical evaluation of the results was by Student's t test.
Any significant difference obtained for tritium release was
determined from pairs of values (representing the mean ±
s.e.mean) obtained from experiments carried out in parallel
and calculated as percentages before or after subtraction of
the mean basal efflux and was checked by statistical analysis
(t test) of the same parameters expressed in d.p.m. mg'
protein of tritium measured in the media.

Chemicals and drugs

[3H]-choline chloride (75 Ci mmol ') was purchased from the
Radiochemical Centre (Amersham, UK). Drugs and their
sources were as follows: mepyramine hydrochloride (Specia,
Paris, France), ranitidine hydrochloride (Glaxo, Greenford,
UK), burimamide and impromidine trihydrochloride (Smith
Kline Beecham, London, UK), (R)a-methylhistamine dihyd-
rogenmaleate and thioperamide (Bioprojet, Paris, France),
histamine dihydrochloride, oxotremorine sesquifumarate and
scopolamine dihydrochloride (Sigma, St Louis, MO, U.S.A.),
vasoactive intestinal polypeptide (VIP) (porcine) and thyro-
tropin releasing hormone (TRH) (Bachem, Bubendorf,
Switzerland). Imetit dihydrobromide was synthesized by Prof.
C.R. Ganellin (University College London, England) and
phenylbutanoylhistamine and -phenylpropylhistamine were
synthesized by Prof. W. Schunack (Free University, Berlin,
Germany).

Results

Release from slices

The spontaneous efflux of tritium from slices of rat ento-
rhinal cortex into the medium in the presence of 2 mM K+,
1 JAM mepyramine and 10 JAM ranitidine represented 2031 +
338 d.p.m. mg-' protein, i.e. 8.8 ± 0.5% of the total (tissue
plus medium) tritium, .per 2 min. In the presence of 20mM
K+, 1 JAM mepyramine and 1O JM ranitidine, the release of
tritium in the medium represented 14.0 ± 0.7% of the total

per 2 min, giving an evoked release of 5.2 ± 0.4% (n = 16
separate experiments) over spontaneous efflux. The K+-
induced release was inhibited by (R)o-methylhistamine in a
concentration-dependent and saturable manner (Figure 1).
The maximal inhibition of release was 39 ± 4% and the EC54
was 25 ± 10 nM. As previously reported (Clapham & Kilpat-
rick, 1992), in the absence of mepyramine and ranitidine, the
EC50 was increased by about one order of magnitude with a
similar maximal inhibition (not shown). Therefore, all the
experiments with slices were carried out in the presence of
1 JAM mepyramine and 10 JM ranitidine. In the presence of
30 mM K+, 1 JLM mepyramine and 10 JAM ranitidine, the
release of tritium over spontaneous efflux represented
7.6 ± 0.4% of the total (n = 3 experiments) and was not
significantly inhibited (by 12 ± 2%) in the presence of 2 jAM
(R)a-methylhistamine.
Thioperamide at increasing concentrations progressively

antagonized the inhibitory effect of (R)ox-methylhistamine
with an ICm value of 0.9 ± 0.6 laM (Figure 2), leading to a
mean apparent Ki value of 22± 15 nM. Thioperamide, in
high concentrations (10-100 JAM), tended to enhance by
about 20% the K+-evoked release of tritium over the non-
inhibited level (100%, Figure 2). Phenylbutanoylhistamine
(200 laM) failed to antagonize the inhibitory effect of
(R)o-methylhistamine but, when added alone in the presence
of 20 mM K+, 1 JAM mepyramine and 10 ,UM ranitidine,
significantly inhibited the K+-evoked release of tritium by
44% (Table 1).

Release from synaptosomes

The basal tritium efflux from synaptosomes into the medium,
evaluated in the presence of 2mM K+ represented 6290+
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Figure 1 Effect of (R)a-methylhistamine ((R)a-MeHist) on K+-
evoked tritium release from slices of rat entorhinal cortex. Slices
were allowed to synthesize [3H]-acetylcholine during a 45 min prein-
cubation in the presence of [3H]-choline. After several washing steps,
slices were distributed into tubes, incubated for 5 min in the presence
of mepyramine (1 gM) and ranitidine (10 9M) with or without (R)x-
MeHist, and subsequently incubated for 2 min in the presence of 2
or 20 mM K+ (final concentration). The basal tritium efflux (2 mM
K+) represented 9.0 ± 0.5% of total tritium per 2 min and was not
significantly modified in the presence of (R)a-MeHist. The release of
tritium induced by 20 mm K+ was calculated in each experiment as

the difference between mean tritium levels in 20 and 2 mM K+
media, respectively, and represented, in the absence of (R)M-MeHist,
3.5 ± 0.4% of the total (tissue plus medium) tritium. Results are
expressed as percentages of this value. Each point represents the
results from three separate experiments with 3-4 determinations.
*P<0.05 as compared with 20mM K+ in the absence of (R)x-
MeHist.
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Figure 2 Effect of thioperamide on the inhibition by (R)z-
methylhistamine ((R)a-MeHist) of the K+-evoked tritium release
from slices of rat entorhinal cortex. The spontaneous efflux of
tritium (2mM K+) represented 9.5 ± 0.5% of total per 2 min, and
tritium release induced by 20 mM K+ over spontaneous efflux (ex-
pressed as a percentage of total (tissue plus medium) tritium)
represented 5.8 ± 0.6%. Results are expressed as a percentage of this
value. Thioperamide in increasing concentrations was added, in the
presence of 1 tiM mepyramine and 10 IM ranitidine, to (R)m-MeHist
in a fixed concentration (I gM) which, alone, inhibited the K+-
evoked tritium release from slices by 37%. Each point represents the
results from three separate experiments with 4 determinations.
*P< 0.05 as compared with 1 FlM (R)a-MeHist alone.

Table 1 Influence of (R)c-methylhistamine and phenyl-
butanoylhistamine on K+-induced tritium release from slices
and synaptosomes of rat entorhinal cortex

% tritium release
Slices Synaptosomes

Control

(R)a-methylhistamine (2 jsM)

Phenylbutanoylhistamine (200 gM)

5.8 ± 0.6 5.4 ± 0.3

3.7 ± 0.6*
(-36%)
3.2 ± 0.5*
(-44%)

5.0 ± 0.4
(-7%)

3.1 ± 0.3**
(-43%)-

J

Slices and synaptosomes were depolarized for 2 min in the
presence of 1 lM mepyramine, 10 M ranitidine and either
20 mm K+ (slices) or 10 mM K+ (synaptosomes) (final
concentration), respectively. Values represent the K+-
induced tritium release over spontaneous efflux, i.e. the
difference between mean tritium levels in 20 mm K+ (slices)
or 10 mM K+ (synaptosomes) and 2 mM K+ media,
respectively, expressed as a percentage of total (tissue plus
medium) tritium. The spontaneous efflux (2 mM K+)
represented 9.1 ± 0.3% (slices) and 13.8 ± 0.2% (synap-
tosomes) of total tritium, per 2 min. Values in parentheses
indicate percentage changes as compared with 10 mM K+ or

20 mM K+ alone (controls). Values are the mean ± s.e.mean

of 3-9 determinations in two separate experiments.
*P<0.05; **P<0.01 as compared with respective controls.

448 d.p.m. mg-' protein, i.e. 13.0 ± 0.8% of the total tritium
(present in tissue plus medium), per 2 min. The release
elicited by 10 mM K+ over basal efflux corresponded to
5.0 ± 0.3% of the total (n = 11 experiments) (Table 1 and
Figure 3) and was not significantly modified in the presence
of 1 IAM imetit, 2 giM (R)a-methylhistamine, 100 gLM histamine
or 2 iM thioperamide tested in the absence (Figure 3) or

presence (Table 1 and data not shown) of 1 j4M mepyramine
and 1OiLM ranitidine. It was significantly (P<0.05) reduced
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Figure 3 Modulation by various imidazole derivatives of tritium
release from synaptosomes of rat entorhinal cortex depolarized with
10 mM K+: (0) histamine; (M) phenylbutanoylhistamine; (0)
phenylpropylhistamine; (M) imetit; (A) (R)amethylhistamine; (A)
thioperamide. The spontaneous efflux of tritium (2 mm K+)
represented 10.0 ± 0.8% of total tritium per 2 min. In the absence of
added agents, the release of tritium induced over basal efflux by
incubation for 2 min with 10 mm K+ represented 4.4 ± 0.6% of the
total. Results are expressed as percentages of this value. Each point
represents mean results from two separate experiments with quad-
ruplicate determinations. Similar results were obtained in the
presence of 1 pM mepyramine and 1I0 jM ranitidine. *P<0.05 as
compared with 1OmM K+ alone.

by 32 ± 6% (n = 3 experiments) in the presence of 200 gM
oxotremorine and was inhibited in a concentration-dependent
manner by phenylbutanoylhistamine and phenylpropylhis-
tamine (Figure 3). The inhibition by 46 ± 4% (n = 7
experiments) observed in the presence of 200 tLM phenyl-
butanoylhistamine was not significantly diminished in the
presence of 1 mM histamine, 1 ,LM mepyramine, 10 ILM
ranitidine, 200 fLM burimamide, 60 jsM impromidine, 2 jsM
thioperamide or 1 ytM scopolamine (not shown). It was
neither mimicked nor antagonized in the presence of 0.1 gM
VIP or TRH (not shown). The inhibitory effect of 200 IsM
phenylbutanoylhistamine was less marked (-19+ 1%, n = 3
experiments), although still significant (P< 0.05), in the
presence of 20mM K+. Although of limited magnitude, a
reproducible and significant (P <0.01) decrease (by 11 ± 1%)
of the basal tritium efflux was observed after a 2 min incuba-
tion of synaptosomes with 200 f4M phenylbutanoylhistamine
or phenylpropylhistamine in 2 mM K+ (n = 5 experiments).

Discussion

It was recently reported that histamine H3 receptors
modulate the release of [3H]-acetylcholine from superfused
slices of entorhinal cortex (Clapham & Kilpatrick, 1992). The
present data, obtained in a non-superfused slice system
(Arrang et al., 1983), confirm this observation. The tritium
release from depolarized slices, previously shown to consist
mainly of [3H]-acetylcholine (Barnes et al., 1989), was
potently inhibited by (R)x-methylhistamine, a selective
H3-receptor agonist (Figure 1). The response to (R)o-
methylhistamine was inhibited by the selective H3-receptor
antagonist thioperamide (Figure 2), with a mean apparent Ki
value (22 ± 15 nM) not significantly different from its Ki
values at H3 receptors modulating [3H]-histamine release
from brain slices (Ki = 5.6 ± 1.0 nM, Arrang et al., 1987a) or
synaptosomes (Ki= 5.6 ± 1.4 nM, Garbarg et al., 1992). In
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contrast, its potency was increased approximately 10 fold in
the presence of the HI- and H2-receptor antagonists,
mepyramine (1I M) and ranitidine (1O gM). Although both
drugs did not significantly affect the K+-evoked release,
Clapham & Kilpatrick (1992) postulated from this result that
HI and H2 receptor stimulation might enhance acetylcholine
release. Such a stimulation might also occur in vivo since it
was recently shown by microdialysis that endogenous his-
tamine stimulates endogenous acetylcholine release in rat
hippocampus, mainly via interaction with H2 receptors
(Mochizuki et al., 1994). It has also been suggested that
stimulation of H2 receptors releases endogenous
noradrenaline in rat hypothalamus (Blandina et al., 1989)
and endogenous enkephalin in mouse striatum (Garbarg et
al., 1991).

In synaptosomes of entorhinal cortex, however, tritium
release remained unaltered in the presence of two H3-receptor
agonists (Table 1 and Figure 3). Previous studies performed
on the regulation of histamine release by presynaptic H3-
autoreceptors (Arrang et al., 1985) or galanin receptors
(Arrang et al., 1991) and using very similar experimental
conditions have shown that the maximal inhibitory effect
observed in synaptosomes was smaller than in slices. How-
ever, although it cannot be entirely ruled out, the existence of
a small modulation in synaptosomes seems to be unlikely
since it was not observed in conditions (10 mM K+) pre-
viously shown to increase markedly the maximal inhibitory
effect of galanin on histamine release in rat hypothalamus
and hippocampus (Arrang et al., 1991). Moreover, the
expected modulation by oxotremorine of tritium release from
synaptosomes preloaded with [3H]-choline (Raiteri et al.,
1984; Marchi & Raiteri, 1985) was found in the same
experiments (not shown). Therefore, these data with synap-
tosomes strongly suggest that H3 receptors modulating
acetylcholine release in slices are not, for the most part,
presynaptically located on cholinergic nerve terminals, but
are found either on non-cholinergic nerve endings impinging
on the former, or postsynaptically on intrinsic perikarya. The
postsynaptic location of these H3 receptors may account, at
least partially, for the decrease in the number of H3 receptors
observed in cerebral cortex and striatum after local infusion
of neurotoxins (Cumming et al., 1991; Pollard et al., 1993).
Moreover, a physiological function of these receptors in the
control of acetylcholine release is suggested by the participa-
tion of H3 receptors in the endogenous modulation of acetyl-
choline release as shown by the facilitatory effect of
thioperamide observed both in vitro (Figure 2, Clapham &
Kilpatrick, 1992) and in vivo (Mochizuki et al., 1994). How-
ever, the weak and relatively short-lasting effects of H3
ligands observed in vivo on acetylcholine release as measured
by microdialysis (Mochizuki et al., 1994) suggest that this
tonic modulation of acetylcholine release is probably minor,
when compared to the modulation of histamine release
(Arrang et al., 1987a).

In contrast to thioperamide, phenylbutanoylhistamine, an

H3-receptor antagonist with moderate potency (Lipp et al.,
1988; 1992; Stark et al., 1990; 1994) failed to antagonize the
inhibitory effect of (R)x-methylhistamine on acetylcholine
release from slices of rat entorhinal cortex (Clapham & Kil-
patrick, 1992). In addition phenylbutanoylhistamine failed to
antagonize the (R)a-methylhistamine-induced inhibition of
non-adrenergic non-cholinergic contractions of the guinea-pig
ileum (Taylor & Kilpatrick, 1992) and it was suggested
from these data that this compound might discriminate
several H3-receptor subtypes. In order to reinvestigate this
hypothesis, we further analysed the effects of phenylbutanoyl-
histamine as well as its amine derivative, phenylpropylhis-
tamine, a compound with a ten times lower affinity at H3
receptors (Lipp et al., 1988; 1992; Stark et al., 1990; 1994).
Surprisingly, phenylbutanoylhistamine, when added alone,
inhibited acetylcholine release from slices (Table 1) and both
compounds inhibited, with a similar potency and to the same
extent (by about 50% when added at a final concentration of
200 SM), acetylcholine release from synaptosomes (Figure 3).
Although the inhibitory effect of both drugs was concen-
tration-dependent, no plateau was reached and the ECm
values and maximal effect (which was probably higher than
that observed in the presence of 200 tM of both drugs) could
not be determined (Figure 3). However, their potency could
be roughly evaluated to be in the micromolar range. This
effect was not mediated by H3 receptors, being neither
mimicked by (R)a-methylhistamine or imetit in synap-
tosomes, nor blocked by three H3-receptor antagonists added
at a high concentration. It did not involve HI or H2 receptors
since it was not reversed by mepyramine or ranitidine. The
involvement of a histamine receptor site, different from the
known HI, H2 or H3 receptors, was also ruled out since no
inhibition was observed in synaptosomes in the presence of
100 gM histamine and no antagonism of the effect of phenyl-
butanoylhistamine was found in the presence of 1 mM his-
tamine. The inhibitory effect was not mediated by muscarinic
autoreceptors, being unchanged in the presence of a high
concentration of scopolamine and receptors for VIP, a pep-
tide colocalized with acetylcholine in one type of cholinergic
innervation in the cortex (Eckenstein & Baughman, 1984) are
probably not involved. Even whether both drugs act via
interaction with receptors or via another mechanism is
unclear. The small modulation of the basal tritium efflux
from synaptosomes observed in their presence might suggest
an unspecific mechanism. However, the partially depolarized
state of synaptosomes incubated in the presence of 2 mM K+
has been previously suggested to account for a receptor-
mediated modulation observed under basal conditions
(Arrang et al., 1987b). Hence the mechanisms responsible for
the inhibition by phenylbutanoylhistamine and phenylpropyl-
histamine remain to be identified. Whatever the mechanism,
these properties of both drugs probably lead to a large
underestimation of their moderate H3-antagonist potency and
do not allow any conclusion to be drawn as to the possible
existence of H3-receptor subtypes.

References

ARRANG, J.M., GARBARG, M., LANCELOT, J.C., LECOMTE, J.M.,
POLLARD, H., ROBBA, M., SCHUNACK, W. & SCHWARTZ, J.-C.
(1987a). Highly potent and selective ligands for histamine H3-
receptors. Nature, 327, 117-123.

ARRANG, J.M., GARBARG, M. & SCHWARTZ, J.-C. (1983). Autoin-
hibition of brain histamine release mediated by a novel class (H3)
of histamine receptor. Nature, 302, 832-837.

ARRANG, J.M., GARBARG, M. & SCHWARTZ, J.-C. (1985). Auto-
regulation of histamine release in brain by presynaptic H3-
receptors. Neuroscience, 15, 553-562.

ARRANG, J.M., GARBARG, M. & SCHWARTZ, J.-C. (1987b). Auto-
hibition of histamine synthesis mediated by presynaptic H3-
receptors. Neuroscience, 23, 149-157.

ARRANG, J.M., GULAT-MARNAY, C., DEFONTAINE, N. & SCH-
WARTZ, J.-C. (1991). Regulation of histamine release in rat
hypothalamus and hippocampus by presynaptic galanin recep-
tors. Peptides, 12, 1113-1117.

ARRANG, J.M., ROY, J., MORGAT, J.-L., SCHUNACK, W. &
SCHWARTZ, J.-C. (1990). Histamine H3 receptor binding sites in
rat brain membranes: modulations by guanine nucleotides and
divalent cations. Eur. J. Pharmacol., 188, 219-227.

BARNES, J.M., BARNES, N.M., COSTALL, B., HOROVITZ, Z.P. &
NAYLOR, R.J. (1989). Angiotensin II inhibits the release of
[3H]acetylcholine from rat entorhinal cortex in vitro. Brain Res.,
491, 136-143.



1522 J.M. Arrang et al Histamine H3 receptors and acetykholine release

BLANDINA, P., KNOTr, P.J., LEUNG, L.K.H. & GREEN, J.P. (1989).
Stimulation of histamine H2 receptor in rat hypothalamus
releases endogenous norepinephrine. J. Pharmacol. Exp. Ther.,
249, 44-51.

CHENG, Y.C. & PRUSOFF, W.H. (1973). Relationship between the
inhibition constant (Ki) and the concentration of inhibitor which
causes 50 per cent inhibition (Im) of an enzymatic reaction.
Biochem. Pharmacol., 22, 3099-3108.

CLAPHAM, J. & KILPATRICK, G.J. (1992). Histamine H3 receptors
modulate the release of [3H]acetylcholine from slices of rat ento-
rhinal cortex: evidence for the possible existence of H3 receptor
subtypes. Br. J. Pharmacol., 107, 919-923.

CUMMING, P., SHAW, C. & VINCENT, S.R. (1991). High affinity
histamine binding site is the H3 receptor: characterization and
autoradiographic localization in rat brain. Synapse, 8, 144-151.

ECKENSTEIN, F. & BAUGHMAN, R.W. (1984). Two types of choliner-
gic innervation in cortex, one co-localized with vasoactive intes-
tinal polypeptide. Nature, 309, 153-155.

FINK, K., SCHLICKER, E., NEISE, A. & GOTHERT, M. (1990).
Involvement of presynaptic H3 receptors in the inhibitory effect
of histamine on serotonin release in the rat brain cortex. Naunyn
Schmied. Arch. Pharmacol., 342, 513-519.

GARBARG, M., ARRANG, J.M., LLORENS-CORTES, C., POLLARD, H.,
ROULEAU, A., SCHWARTZ, J.-C., DAM TRUNG TUONG, M.,
LIPP, R., STARK, H., SCHUNACK, W. & LECOMTE, J.M. (1991).
Autoreceptors and heteroreceptors evidenced by histamine H3
receptor ligands. In Presynaptic Receptors and Neuronal Trans-
porters, Vol. 82. Advances in the Biosciences, ed. Langer, S.Z.,
Galzin, A.M. & Costentin, J., pp. 67-70. Oxford, UK: Per-
gamon.

GARBARG, M., ARRANG, J.M., ROULEAU, A., LIGNEAU, X., DAM
TRUNG TUONG, M., SCHWARTZ, J.-C. & GANELLIN, C.R. (1992).
Imetit, (S-[2-(4-imidazolyl)ethyl]isothiourea), a highly specific and
potent histamine H3-receptor agonist. J. Pharmacol. Exp. Ther.,
263, 304-310.

HEY, J.A., DEL PRADO, M., EGAN, R.W., KREUTNER, W. & CHAP-
MAN, R.W. (1992). Inhibition of sympathetic hypertensive res-
ponses in the guinea pig by prejunctional histamine H3-receptors.
Br. J. Pharmacol., 107, 347-351.

LIPP, R., SCHUNACK, W., ARRANG, J.M., GARBARG, M. &
SCHWARTZ, J.-C. (1988). Synthesis and H3-antagonistic activity
of M-substituted histamine derivatives. In Xth International Sym-
posium on Medicinal Chemistry, Budapest, Hungary, 15-19
August, 1988, Abstract p. 119.

LIPP, R., STARK, H. & SCHUNACK, W. (1992). Pharmacochemistry of
H3 receptors. In The Histamine Receptor, ed. Schwartz, J.-C. &
Haas, H.L. pp. 57-71. New York: Wiley Liss.

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.

MARCHI, M. & RAITERI, M. (1985). On the presence in the cerebral
cortex of muscarinic receptor subtypes which differ in neuronal
localization, function and pharmacological properties. J. Phar-
macol. Exp. Ther., 235, 230-233.

MARTINEZ-MIR, M.I., POLLARD, H., MOREAU, J., ARRANG, J.M.,
RUAT, M., TRAIFFORT, E., SCHWARTZ, J.-C. & PALACIOS, J.M.
(1990). Three histamine receptors (H,, H2 and H3) visualized in
the brain of human and non human primates. Brain Res., 526,
322-327.

MATSUBARA, T., MOSKOWITZ, M.A. & HUANG, Z. (1992). UK-
14,304, R-(-)-a-methylhistamine and SMS 201-995 block plasma
protein leakage within dura mater by prejunctional mechanisms.
Eur. J. Pharmacol., 224, 145-150.

MOCHIZUKI, T., OKAKURA-MOCHIZUKI, K., HORII, A., YAMA-
MOTO, Y. & YAMATODANI, A. (1994). Histaminergic modulation
of hippocampal acetylcholine release in vivo. J. Neurochem., 62,
2275-2282.

PARKER, R.B. & WAUD, D.R. (1971). Pharmacological estimation of
drug-receptor dissociation constants, statistical evaluation. I.
Agonists. J. Pharmacol. Exp. Ther., 117, 1-12.

POLLARD, H., MOREAU, J., ARRANG, J.M. & SCHWARTZ, J.-C.
(1993). A detailed autoradiographic mapping of histamine H3
receptors in rat brain areas. Neuroscience, 52, 169-189.

RAITERI, M., LEARDI, R. & MARCHI, M. (1984). Heterogeneity of
presynaptic muscarinic receptors regulating neurotransmitter
release in the rat brain. J. Pharmacol. Exp. Ther., 228, 209-214.

SCHLICKER, E., BEHLING, A., LOMMEN, G. & GOTHERT, M. (1992).
Histamine H3A receptor-mediated inhibition of noradrenaline
release in the mouse brain cortex. Naunyn Schmied. Arch. Pha-
macol., 345, 489-493.

SCHLICKER, E., FINK, K., DETZNER, M. & GOTHERT, M. (1993).
Histamine inhibits dopamine release in the mouse striatum via
presynaptic H3 receptors. J. Neural Transm., 93, 1-10.

SCHLICKER, E., FINK, K., HINTERTHANER, M. & GCOTHERT, M.
(1989). Inhibition of noradrenaline release in the rat brain cortex
via presynaptic H3 receptors. Naunyn. Schmied. Arch. Pharmacol.,
340, 633-638.

STARK, H., LIPP, R., ARRANG, J.M., GARBARG, M., SCHWARTZ,
J.-C. & SCHUNACK, W. (1995). Acylated and alkylated histamine
derivatives as new histamine H3-receptor antagonists. Eur. J.
Med. Chem., (in press).

STARK, H., LIPP, R., SCHUNACK, W., ARRANG, J.M., DEFONTAINE,
N. & SCHWARTZ, J.-C. (1990). Structural variations outgoing
from N-acylated histamine derivatives and their influence on
H3-antagonistic activity. In New Perspectives in Histamine
Research. Noordwijkerhout, The Netherlands, 6-8 July 1990,
Abstract PA39.

TAYLOR, S.J. & KILPATRICK, G.J. (1992). Characterization of his-
tamine H3 receptors controlling non-adrenergic non-cholinergic
contractions of the guinea-pig isolated ileum. Br. J. Pharmacol.,
105, 667-674.

WEST, R.E., ZWEIG, A., GRANZOW, R.T., SIEGEL, M.I. & EGAN, R.W.
(1990a). Biexponential kinetics of (R)-a-VH]methylhistamine
binding to the rat brain H3 histamine receptor. J. Neurochem., 55,
1612-1616.

WEST, R.E., ZWEIG, A., SHIH, N.-Y., SIEGEL, M.I., EGAN, R.W. &
CLARK, M.A. (1990b). Idenfication of two H3-histamine receptor
subtypes. Mol. Pharmacol., 38, 610-613.

WHITTAKER, V.P. (1966). Some properties of synaptic membranes
isolated from the central nervous system. Ann. N.Y. Acad. Sci.,
144, 982-998.

(Received July 25, 1994
Revised December 1, 1994

Accepted December 5, 1994)


