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I. Introduction

HISTAMINE was first isolated in pharmacologically ac-

tive amounts from biological tissues approximately 60
years ago (Beavan, 1982). Since that time, research in-

terest in the receptors that mediate the pharmacological
actions of this biogenic amine has waxed and waned over

the decades, reaching a peak each time a new histamine

receptor is announced and then returning to a much
lower plateau level of activity. This general low level of

interest belies the fact that histamine receptors are prob-

ably better served with receptor-selective ligands than
many of their more popular small molecule and peptide

counterparts.

Three classes of histamine receptor have now been
identified, the latest of which (H3-receptor) was con-

firmed recently with the aid ofhighly H3-se!ective ligands

(Arrang et a!., 1987a; Hill, 1987a; Schwartz et a!., 1986a).
Recent advances in histamine receptor research have
included studies with radioactive probes for the individ-
ual receptor recognition sites and the elucidation of the

effect of histamine receptor stimulation on intracellular
signaling processes. The purpose of this article is to
review the distribution, properties, and functional char-
acterisitics of the three classes of histamine receptor and
to explore our current understanding of the receptor-

effector mechanisms underlying the principal pharma-
cological actions of this important, yet often underrated,
biogenic amine.

II. Physiological Role: From Autacoid to
Neurotransmitter

Histamine is closely associated with mast cells in
almost all tissues (Riley and West, 1966; Beavan, 1982)
and its long established role as a mediator of inflamma-

tion led to its general description as an autacoid or local
hormone. Much interest has concentrated on the large
list of pharmacological agents, in addition to immuno-
globulins, that can produce mast cell degranulation and

the biochemical events associated with histamine release
(Goth and Johnson, 1975; Beavan, 1981; Kaliner, 1979;
Beavan et a!., 1984a,b; Maeyama et a!., 1986). However,
not all tissue histamine is associated with mast cells,

and, depending upon species, histamine has been de-

tected in basophils (Graham et al., 1955), platelets (Goth,

1978; Saxena et a!., 1989), enterochromaffin-like cells

(Hakanson et a!., 1974; Soll et al., 1981), endothelial cells
(Karnushina et a!., 1980), and neurones (Schwartz et a!.,

1980a, 1986a). In addition, there is some evidence that
histamine synthesis can be induced, and histamine made

available in an unstored diffusable form, in tissues

undergoing rapid tissue growth or repair (Kah!son and
Rosengren, 1968, 1971; Lewis and Mangham, 1979; Bar-

tholeyns and Fozard, 1985). These additional sites of

histamine synthesis and storage suggest that there are
alternative physiological roles for histamine.

In the gastric mucosa, the advent, in 1972, of selective

antagonists of the H2-receptors responsible for the acid
secretory properties of histamine confirmed a physiolog-
ical role for this amine in the control of parietal cell

function (Black et a!., 1972; Code, 1982). It is still puz-
zling, however, that in some species histamine is present

in enterochromaffin-!ike cells (Hakanson et a!., 1974;
Soll et a!., 1981), whereas in others gastric histamine
appears to be stored exclusively in gastric mucosal mast
cells (sometimes known as histamocytes) (Code, 1982;

So!! et a!., 1979). Furthermore, the exact role that his-
tamine plays in the control of gastric acid secretion is

still open to question, and it remains to be established
whether histamine is the final common mediator of acid

secretion or whether H2-receptor stimulation amplifies
the direct effect of acetylcholine or gastrin on the parietal
cell (Black and Shankley, 1987).

Histamine is widely distributed within the mammalian

central nervous system (CNS)t (Adam and Hye, 1966;
Taylor and Snyder, 1971; Taylor et al., 1972; Lipinski et
a!., 1973), and there is strong evidence that this amine
may additionally have a role as a neurotransmitter or
neuromodulator (Prell and Green, 1986; Schwartz et a!.,

1986b). Histamine is present in both neurona! (Schwartz,
1977; Schwartz et a!., 1980a, 1986a) and nonneuronal
compartments (Edvinsson et a!., 1977; Grzanna and
Shultz, 1982; Hough et al., 1985) in mammalian brain,

and recent immunohistological studies have succeeded

in mapping the histaminergic pathways in rat (Watenabe

t Abbreviations: CNS, central nervous system; 5-HT, 5-hydroxy-

tryptamine; DTT, 1,4-dithiothreitol; GTP, guanosine 5’-triphosphate;

GMP, guanosine 5’ -monophosphate; AMP, adenosine 5’-monophos-

phate; mRNA, messenger ribonucleic acid; 1P3, inositol-1,4,5-trisphos-

phate; DG, diacyiglycerol.
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THREE CLASSES OF HISTAMINE RECEPTOR 47

et al., 1983; Watenabe et a!., 1984; Panula et a!., 1984;
Takeda et a!., 1984; Pollard et a!., 1985; Steinbush et a!.,

1986; Pollard and Schwartz, 1987; Inagaki et a!., 1988)
and guinea pig (Airaksinen and Panula, 1988) brain. The

arrangement of the histaminergic fibres resembles in
many ways that of the other two biogenic amines, nor-

adrenaline and 5-hydroxytryptamine (5-HT), in that the
histamine cells bodies are restricted to a discrete brain
region (i.e., the magnocellular nuclei in the posterior

hypothalamus) but send ascending projections to most

areas of the forebrain. In addition, there is evidence for
a descending histaminergic pathway to the spinal cord
(Inagaki et a!., 1988; Wah!estedt, et a!., 1985).

Preliminary reports have also indicated the presence
of histaminergic fibres in rabbit retina (Ando-Yamamoto

et a!., 1987), rat vas deferens (Campos, 1988), and guinea
pig stomach and colon (Hakanson et al., 1983). The exact
role that histamine plays within the CNS is largely

subject to speculation, but it has been implicated in the
control of arousal (Kalivas, 1982; Bristow and Bennett,

1988; Kiyono et al., 1985), cardiovascular homeostasis

(White, 1965; Brezenoff and Jenden, 1969; Sinha et al.,
1969; Finch and Hicks, 1976; Klein and Gertner, 1981),
temperature regulation (Shaw, 1971; Brezenoff and Lo-
max, 1970; Sweatman and Jell, 1977; Cox et a!., 1976;
Nowak et al., 1979; Pilc and Nowak, 1980), and neuroen-
docrine mechanisms (Weiner and Ganong, 1978; Prell
and Green, 1986; Donoso and Alvarez, 1984; Roberts and
Calcutt, 1983).

III. Histamine Receptor Classification and
Chemical Probes

Histamine receptors have been divided into three ma-
jor subtypes, H1, H2, and H3 on the basis of quantitative

in vitro studies in isolated peripheral tissues and brain

slice preparations. Histamine receptors were initially
subdivided by Ash and Schild in 1966 when they intro-
duced the term H1 receptor to describe the class of
histamine receptors that was sensitive to inhibition by

low concentrations of classical antihistamines (now syn-
onymous with H1-receptor antagonists) such as prometh-

azine and mepyramine. Prior to this, it was well estab-
lished that only certain of the responses to histamine
were sensitive to these agents.

Classic H1-receptor-mediated responses include con-
traction of many visceral smooth muscles including
guinea pig trachea, uterus, and the longitudinal smooth

muscle of the ileum (Dews and Graham, 1946; Arunlak-
shana and Schild, 1959; Ash and Schild, 1966; Chand
and Eyre, 1975). However, a number of responses to
histamine, most notably stimulation of acid secretion

from the gastric mucosa, the chronotropic response of
guinea pig right atrium, and the inhibition of electrically

evoked contractions of rat uterine horn, were resistant
to antagonists such as mepyramine (Ash and Schild,
1966; Black et a!., 1972). The receptor responsible for
these latter responses was eventually defined as the H2-

receptor by Sir James Black and his colleagues at Smith

Kline and French in 1972 when they succeeded in devel-

oping a selective antagonist of this response, namely,
burimamide (Black et al., 1972; Brimblecombe et a!.,
1975). The third histamine receptor (H3) was originally

postulated in 1983 to explain the atypical pharmacolog-

ical properties of the histamine autoreceptor responsible
for controlling the release of histamine from rat cerebral

cortical slices (Arrang et a!., 1983). The existence of this
new histamine receptor subtype, however, was not con-
firmed until these same authors reported the pharmaco-
logical properties of two potent and selective H3-ligands
in 1987 (Arrang et al., 1987a).

A. Chemical Probes

1. H1-receptor. A large number of compounds, with
very different structures, have been developed as com-

petitive antagonists of the histamine H1-receptor (Casy,

1977; Ganellin, 1982), although as pointed out by Black
et al. (1982) the competitive nature of many of these

compounds has been assumed rather than tested. The
principal selective antagonist for the H1-receptor is me-

pyramine because of its high affinity (KD = 0.8 nM) and

good receptor selectivity (Hill, 1987b). Schild analysis of

the nature of the antagonism of H1-receptors produced
by this H1-antagonist has confirmed its competitive na-
ture (Schild slope = 1.0) in both guinea pig ileum and
cerebellar brain slices (Donaldson and Hill, 1985; 1986c).

Many H1-antagonists, particularly promethazine and di-
phenhydramine, have marked muscarinic receptor antag-
onist (Burgen and Harbird, 1983) and membrane-stabi-

lising properties (Seeman and Weinstein, 1966). How-

ever, fortunately, mepyramine is very selective if used at
concentrations below 100 nM. Above this level, mepyra-
mine will nevertheless antagonise other responses, e.g.,
muscarinic receptors (>10 zM) (Reuse, 1948; Burgen and

Harbird, 1983), H2-receptors (>5 .tM) (Trendelenburg,
1960), monoamine reuptake (1 �tM) (Young et a!., 1988a),

and histamine-N-methy!transferase activity (>10 suM)

(Taylor, 1973). Triprolidine and ch!orpheniramine are
particularly useful chemical tools for the classification of
H1-receptors because they exist as geometric and optical
isomers, respectively. D(+)-Chlorpheniramine (S config-

uration) is approximately two orders of magnitude more
potent than L(-)-ch!orpheniramine as an H1-antagonist
in both guinea pig ileum and guinea pig cerebral cortical

slices (Hill and Young, 1981; Roth and Govier, 1958; Hi!!
et a!., 1981), thus confirming the stereoselective require-

ments for antagonist binding to the H1-receptor recog-

nition site. (+)- and (-)-4-methyldiphenhydramine also
differ by two orders of magnitude in their affinity for the

H1-receptor (Treherne and Young, 1988c). The geometric
isomer trans-triprolidine is three orders of magnitude
more potent than its cis-counterpart as an antagonist of
H1-receptor-mediated responses in guinea pig ileum and
is one of the most potent compounds available (KD = 0.1

nM) (Ison et a!., 1973). The tricyclic antidepressant
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TABLE 1

Antagonist potencies of histamine receptor antagonists5

48 HILL

doxepin has a similar high affinity for the H1-receptor

(KD 0.06 nM) (Figge et a!., 1979; Aceves et a!., 1985)

and has similarly proved to be a valuable chemical probe.

A common side effect of H1-antagonist administration
in vivo is sedation (Faingold, 1966) which appears to be

related to occupancy of cerebral H1-receptors (Quach et
a!., 1979; 1980a). Most H1-receptor antagonists readily

cross the blood-brain barrier, but a number have been

developed recently that penetrate poorly into the CNS
and appear devoid of central depressant effects. These

include terfenadine (Wiech and Martin, 1982; Rose et
a!., 1982), mequitazine (Quach et a!., 1979; Uzan and Le
Fur, 1979; Le Fur et a!., 1981), astemizole (Van Wauwe

et a!., 1981; Laduron et al., 1982; Niemegeers et a!., 1982),
and temelastine (Brown et al., 1986a). Teme!astine is
one of the most potent (KD = 0.3 nM) and competitive

of the non-brain-pentrating compounds, but the deter-

mination of the affinity of both astemizole (Laduron et

al., 1982) and terfenadine (Cheng and Woodward, 1982)

for the histamine H1-receptor is complicated by their
very slow dissociation from the H1-receptor in vitro.

Indeed, in vivo studies with astemizo!e have revealed

that H1-receptor occupancy is maintained for up to 6

days in guinea pig lung following oral administration of
astemizole (Laduron et a!., 1982). The nature of the

antagonism produced by astemizole and terfenadine is

unclear, but a covalent interaction with the H1-receptor
seems unlikely from a consideration of the chemical

structures of these two drugs (Laduron et a!., 1982; Carr

and Meyer, 1982).

A number of agents are available that bind cova!ently
to the H1-receptor. Phenoxybenzamine (Kenakin and

Cook, 1976, 1980b) and benzi!ylcho!ine mustard (Reas-

beck and Young, 1973) both cyclise and form aziridinium
ions in aqueous solutions at neutral pH and subsequently

bind irreversibly to the H1-receptor. Neither of these
compounds binds specifically to the H1-receptor (El-
Fakahany and Richelson, 1981; Reasbeck and Young,

1973), but they can provide important information con-

cerning agonist affinity and efficacy in well-characterised
H1-receptor systems (Donaldson and Hill, 1987). Several

photoaffinity probes have been developed that bind ir-

reversibly, following photo!ysis, to the histamine H1-

receptor. These include azide derivatives of both hista-

mine (O’Donnell et a!., 1981, Horstemeyer et a!., 1986)

and the 5-HT2-receptor antagonist, ketanserin (Wouters

et a!., 1985a,b; Schotte and Leysen, 1988). One of the

most potent and specific photoaffinity !igands, iodoazi-
dophenpyamine, is a derivative of mepyramine and has

a KD of 0.01 nM under equilibrium conditions (i.e., before

ultraviolet irradiation) (Ruat et a!., 1988).
Unlike the situation with antagonists, the H1-receptor

is poorly served by agonists that demonstrate selectivity

for this histamine receptor subtype. Both 2-methylhis-
tamine and 2-thiazolylethylamine show some, but not

marked, selectivity for the H1-receptor (table 2). 2-Pyri-

dylethylamine and betahistine are the other two agents

most commonly used as H1-agonists, but their relative
potencies for the H1- and H2-receptors differ by only a

factor of 3 or 4 (Hill, 1987b). A number of compounds
act as partial agonists on the H1-receptor, but this prop-

erty is strongly dependent upon the transducing effi-
ciency ofthe H1-receptor-mediated response under study,
e.g., low efficacy agonists such as 2-methy!histamine and

2-pyridylethylamine act as partial agonists on the his-

tamine-induced inosito! phosphate response in guinea
pig cerebral cortex (Donaldson and Hill, 1986b) but as
full agonists in guinea pig i!eum (Ganellin, 1982) where

the spare receptor reserve is relatively large (Reasbeck

and Young, 1973; Nickerson, 1956). SKF 71473 and
N,N,-diethyl-2-pyridylethylamine, however, do act as
partial agonists in this latter tissue producing maximal
responses of 58 and 23%, respectively, of that produced

by histamine (Donaldson and Hi!!, 1987; Durant et a!.,
1973; Kenakin and Cook, 1980a).

2. H2-receptor. The development of antagonists of the
histamine H2-receptor ranks as one of the classic exam-

ples of rational drug design and development. Burimam-

ide was the first compound to be described that had a
higher affinity for the histamine H2-receptor than the
H1-receptor (Black et a!., 1972; Ganel!in, 1978). However,
it has recently been shown to be two orders of magnitude
more potent as an antagonist of histamine H3-receptors
(Arrang et a!., 1983) than of H2-receptors and should,
perhaps, now be considered as a selective H3-receptor

antagonist. Other H2-receptor antagonists have, how-

ever, been developed from burimamide, including me-
tiamide (Ganel!in, 1978) and cimetidine (Brimblecombe

et a!., 1975), and these do not possess marked H3-receptor
affinity (table 1). Following the successful application of

cimetidine as a treatment of conditions involving exces-
sive secretion of gastric acid in man, a large number of
compounds have been developed as H2-receptor antago-
nists (Gane!lin, 1985). Ranitidine (Bradshaw et a!., 1979;

K0 (nM)
Antagonist

H, H2 H,

Mepyramine 0.8#{176} >3,000C

Cyclizine 50d >5801

(+)-Chlorpheniramine 0.4’ >58’

(-)-Chlorpheniramine 204’ >58’

Cimetidine 450,000” 800h 33�c

Ranitidine >100,000� 200� >1,200�

Tiotidine >30,000� 15” 17,000c

Burimamide 290,000’ 7,800’ 70’

Impromidine Agonist’ Agonist’ 65’

Thioperamide >100,000m >10,000��� 4.3”’

S Source of data: #{176}Hill and Young (1981), b Trendelenburg (1960),
C Arrang et al. (1985c), d Ganellin (1982), e Johnson et al. (1979b),

‘Arrang et al. (1983), ‘ Hill et al. (1981), h Brimblecombe et al (1975),

� Cavannagh et al. (1983), ‘ Donaldson et al. (1988b), k Yellin et a!.

(1979), ‘ Black et a!. (1972), m Arrang at a!. (1987a).

t Data from racemic mixture.

5,200k’

1,600e

1,200t
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S H1 and H2 data from Ganellin (1982); H3 data from Arrang et al.

(1983, 1987a, 1985c).

Daly and Price, 1983), famotidine (Takeda et a!., 1982;

Ganellin, 1985), nizatidine (Lin et a!., 1983), and roxa-

tidine (Sewing et a!., 1988; Dammann et a!., 1988) have

followed cimetidine into clinical practice, but the list of

compounds available as research tools is very much

longer (Ganellin, 1985). Tiotidine is one of the most
potent H2-receptor antagonists available with a KD value

of 15 nM (Yellin et a!., 1979; Cavanagh et a!., 1983;
Trzeciakowski and Levi, 1980) and negligible activity

against H1- and H3-receptors (table 1). Other H2-antag-

onists with KD values of approximately 10 nM include
famotidine (17 nM) (Ganellin, 1985; Takeda et a!., 1982),

lupitidine (16 nM) (Blakemore et a!., 1981), and mifen-

tidine (24 nM) (Donetti et a!., 1984), however, the use-

fulness of these agents as research tools is limited at

present because none of them have been evaluated

against the H3-receptor. Similarly, SKF 93319 may prove

to be a particularly useful compound, if it is shown to
have low potency against the H3-receptor, because it has

similar yet high affinity for both the H1- (KD = 21 nM)

and H2- (KD 32 nM) receptors (Blakemore et a!., 1983;
Harvey and Owen, 1984). A number of compounds have

been described, notably L-643,441 (Torchiana et a!.,

1983) and E1309 (Bottomley et al., 1985), that appear to

bind irreversibly to the H2-receptor, and the latter com-

pound has been used successfully to determine H2-ago-

nist affinities and efficacies in guinea pig right atrium

(Bottomley et a!., 1985).

The established potent H2-receptor antagonists gen-

erally have a poor ability to cross the blood-brain barrier,
and although this property is advantageous for selective

actions on peripheral tissues, such as the gastric mucosa,

it has limited their utility in the study of the functions

of histamine in the CNS. Recently, zolantidine has been

reported to be a potent selective brain- penetrating his-

tamine H2-receptor antagonist (KD = 25 nM) (Ca!cutt et

al., 1988). However, of all the receptor systems it has

been tested against the one notable, and perhaps most

important, exception is the H3-receptor. Further studies

are therefore needed before zolantidine can be effectively

used to investigate CNS behavioural effects of H2-recep-

tor stimulation.
4-Methylhistamine was the first agonist described that

discriminated between the H2- and H1-receptors (Ganel-
lin, 1982). 4-Methylhistamine shows selectivity for the
H2-receptor, having approximately 41% of the potency

of histamine as an H2-agonist in guinea pig right atrium
but only a relative potency (histamine = 100) of 0.2 on

the H1-receptor in guinea pig ileum (Gane!!in, 1982).
However, the discriminative properties of 4-methylhis-

tamine depend very much on the relative concentrations
and transducing efficiencies of the different histamine

receptors in a given tissue. For example, in guinea pig
i!eum, where both H1- and H2-receptor stimulation can

produce contractile activity, the actual concentrations of

4-methy!histamine required for activation of H2- and H1-

receptors differ by only a factor of 5 (Barker and Hough,

1983).

Both dimaprit (Parsons et a!., 1977) and impromidine
(Durant et a!., 1978) discriminate exceedingly we!! be-

tween H2- and H1-receptors. Impromidine is the only

analogue with a relative potency greater than histamine
itself (table 2), but in addition it possesses marked an-

tagonist potency at histamine H3-receptors (Arrang et

a!., 1983). In contrast, dimaprit is devoid of activity at

H3-receptors and is therefore the only compound avail-
able for selective stimulation of H2-receptors.

3. H3-receptors. As mentioned above the term H3-

receptor was originally coined to explain the atypical

pharmacological properties of the autoreceptor control-
ling histamine release in the CNS. Several existing H1-

and H2-agonists and antagonists were particularly potent

as inhibitors of this H3-receptor response including im-

promidine (KD 65 nM; H2-agonist), burimamide (KD =

70 nM; H2-antagonist), betahistine (KD = 6.9 �zM; H1-
antagonist), and SKF 91486 (KD = 88 nM; H2-antago-

nist). In the case of the two H2-receptor antagonists,
burimamide and SKF 91486, their affinities for the H3-
receptor were approximately two orders of magnitude
higher than their affinities for the H2-receptor (Arrang

et al., 1983; Arrang et a!., 1985a). The identity of this
novel H3-receptor has now been confirmed with the

development of a selective and competitive H3-antago-
nist, thioperamide, which is active in the nanomolar

range and which, unlike the above mentioned com-

pounds, can also cross the blood-brain barrier (Arrang et

a!., 1987a).
Na-Methylhistamine and Na-,Na-dimethy!histamine

are both potent H3-receptor agonists but show little

selectivity between the three classes of histamine recep-
tor (Arrang et a!., 1983; table 2). A notable feature of the

H3-receptor, however, is that it has stereochemica! re-
quirements for agonist binding which are different from

those of the other two histamine receptors. This was first
observed with the stereoisomers of Na-methy!-a-ch!o-
romethy!histamine and ce-Nct-dimethy!histamine which

showed a high degree of stereoselectivity for the H3-

receptor (but low agonist activity), whereas the com-

TABLE 2

Relative potencies of histamine receptor is5

Agonist H, H, H3

Histamine 100 100 100

Na-Methylhistamine 72 74 270

Na-,Na-Dimethylhistamine 44 51 170

2-Methylhistamine 16.5 4.4 <0.08

2-Thiazolylethylamine 26 2.2 <0.01

4-Methylhistamine 0.23 43 <0.008

Dimaprit <0.0001 71 <0.008

Impromidine <0.001 4810 Antagonist

R-(a)-Methylhistamine 0.5 1.0 1550

S-(a)-Methylhistamine 0.5 1.7 13
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50 HILL

pounds showed no stereoselectivity for the H1-receptor

and the reverse stereoselectivity on the H2-receptor (Ar-

rang et a!., 1985c). R-(a)-methylhistamine is the most

potent H3-agonist available, being at least one order of
magnitude more potent than histamine itself (table 2).
The S isomer, on the other hand, is two orders of mag-

nitude less potent than R-(ct)-methy!histamine as an H3-

agonist, but the two isomers show no stereoselectivity

and very low potency on the other two classes of hista-

mine receptor.

IV. Distribution, Properties, and Functional
Characteristics of Three Histamine Receptors

A. Histamine H1-Receptor

1. Receptor properties, distribution, and purification.

a. ANTAGONIST RADIOLIGANDS AND DISTRIBUTION OF

H1-RECEPTORS. The study of the distribution and bio-

chemical properties of the histamine H1-receptor have
been greatly aided by the development of radioactive
probes for the receptor recognition site. The first H1-
selective radioligand for the H1-receptor, [3H}mepyra-

mine, was introduced in 1977 (Hi!! et a!., 1977) and used
to label H1-receptors in the longitudinal smooth muscle

of guinea pig ileum. This tissue was selected for these
preliminary studies because it represented the tissue on
which most quantitative pharmacological studies of H1-

receptor antagonism had been performed. [3H]Mepyra-

mine binding in homogenates of the longitudinal smooth

muscle-myenteric plexus preparation was characterised

by a saturability of specific binding and the dissociation
constants determined for a wide range of H1-receptor
antagonists, including the stereoisomers of ch!orpheni-
ramine, agreed closely with those determined from stud-

ies of contractile activity (Hill and Young, 1981; Hill et
al., 1977). Following these initial reports, H1-receptor
binding sites have now been demonstrated using [3H]

mepyramine in a wide range of tissues including: mam-
malian brain (Hill et a!., 1978; Hi!! and Young, 1980;
Chang et a!., 1979b; Tran et a!., 1978; Kanba and Rich-
elson, 1984); retina (Arbones et a!., 1986; Sawai et a!.,
1988); airway (Carswel! and Nahorski, 1982; Casale et
al., 1985a; Driver and Mustafe, 1987), intestinal (Hill et
al., 1977; Hill and Young, 1981), genitourinary (Kondo

et a!., 1985; Mitsuhashi and Payan, 1988), and vascular
(Hide et a!., 1988; Chang et a!., 1979a) smooth muscle;
adrenal medulla (Chang et a!., 1979a), liver (Imoto et a!.,
1985); endothelia! cells (Hide et a!., 1988); astrocytoma

cells (Nakahata et a!., 1986); cerebral microvessels (Per-
outka et a!., 1980); and lymphocytes (Casale et al., 1985b;
Cameron et a!., 1986). It should be noted, however, that
in some tissues [3H]mepyramine additionally binds to
secondary non-H1-receptor sites (Hi!! and Young, 1980;
Hadfie!d et a!., 1983; Chang et a!., 1979b).

A number of chemically different antagonist radioli-

gands have been used as probes of the H1-receptor,
although many of them are limited in their utility to

particular tissues or species because of significant bind-

ing to secondary receptor sites, high nonspecific binding,

or Species difference in antagonist potencies (see below).
[3HjMianserin (Peroutka and Snyder, 1981) and E125I]7.

amino-8-iodoketanserin both have high affinity for 5-
HT2 receptors in addition to histamine H1-receptors;

consequently, their use as H1-ligands is effectively lim-

ited to those tissues (e.g., guinea pig cerebellum) that
have low levels of the non-H1-receptor site. [3H]Doxepin

has been used successfully in guinea pig, rat, and human

brain (Tran et al., 1981; Kanba and Richelson, 1984;

Taylor and Richelson, 1982), but in most cases the

binding to brain membranes is complicated by the pres-
ence of a substantial amount of a secondary binding

component. In addition, the high affinity of doxepin (KD

= 0.1 nM) can lead to problems of interpretation because

of a substantial depletion of the free concentration of

this antagonist under normal assay conditions (Taylor
and Richelson, 1980; Hill, 1987b).

[‘25I]Iodobo!pyramine is a high-affinity (KD = 0.15 nM)

and high-specific activity (2000 Ci/mmo!) radioligand
which has been developed from mepyramine and which

has particular utility as a probe for H1-receptors in

guinea pig brain (Korner et a!., 1986). Its slow dissocia-

tion rate at 25#{176}Chas enabled [‘25I]iodobolpyramine to be

used for detailed autoradiographic mapping of histamine

H1-receptors in the guinea pig CNS (Bouthenet et a!.,

1988). Unfortunately, it has not been possible to dem-

onstrate H1-receptor-specific binding of [1251]iodobolpyr-

amine in rat brain membranes or tissue sections (Korner

et al., 1986). The reason for this is unclear, but it may
be a consequence of high nonspecific binding and the

lower affinity of the ligand in rat brain (Korner et a!.,
1986). Autoradiographic analysis of H1-receptors in rat

brain has been possible, however, with [3H}mepyramine
(Palacios et a!., 1981a,b) which has a very slow dissocia-

tion rate from the H1-receptor when cooled to 4#{176}C(Wa!-
lace and Young, 1983). [3H]Mepyramine has also been

used in autoradiographic studies of primate spinal cord
(Ninkovic et a!., 1982), guinea pig cerebellum (Palacios

et a!., 1981a; Palacios et a!., 1979), and the cerebellum of
various mutant mouse strains (Rotter and Frostholm,

1986).
Two other H1-receptor ligands have been developed

recently which may prove very useful research tools. [1251]

lodoazidophenpyramine is a potent H1-antagonist de-

rived from mepyramine which upon ultraviolet irradia-

tion covalent!y binds to H1-receptor proteins (Ruat et
a!., 1988). At 25#{176}Cand in the dark [‘251]iodoazidophen-

pyramine binds selectively and competitively to the H1-

receptor in guinea pig cerebellar membranes with a
value of 0.01 nM, which makes it one of the most potent

H1-receptor antagonists available. [3H](+)-N-Methy!-4-

methyldiphenhydramine is a quarternary radioligand

that has potential for use in labeling H1-receptors in

intact cells (Treherne and Young, 1988c). It has a high
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affinity for the H1-receptor in guinea pig brain (KD =

0.88 nM) and a lower affinity for muscarinic receptors

(KD 90 nM), although in those tissues with a large

concentration of muscarinic receptors a selective mus-

carinic antagonist may have to be included in the incu-
bation medium (Treherne an Young, 1988c).

b. RECOGNITION SITE PROPERTIES AND PURIFICATION.

A notable feature of binding studies with radioactive H1-

receptor antagonists in mammalian brain membranes is

that there are striking species differences in the antago-

nist potencies and the regional distribution of H1-recep-

tor-binding sites (Hill, 1987b). For example, in guinea

pig brain the highest density of H1-receptors is found in

cerebellum (Hill et a!., 1978; Chang et al., 1979b),
whereas in many other species, including man, this re-

gion is characterised by a relatively low H1-receptor

density (Chang et al., 1979b; Hill and Young, 1980;

Taylor et a!., 1982; Bie!kiewicz and Cook, 1985; Kanba

and Riche!son, 1984).
The difference in binding potencies of a range of H1-

receptor antagonists for the H1-receptor in guinea pig
and rat brain is illustrated in table 3. The KD values

obtained in rat brain for some, but not all, antagonists

are quite different from those obtained in the guinea pig
from binding studies in brain homogenates (table 3),

functional studies in guinea pig brain slices (Hill et a!.,

1981; Daum et al., 1984; Donaldson and Hill, 1985; Hill,

1987b), or both binding and contractile studies in guinea

pig ileum (Hill and Young, 1981). In most respects,

however, the characterisitics of [3H]mepyramine binding

in rat brain are those expected of an H1-receptor, and

where they have been determined, the KD values for H1-

receptor antagonists determined from functional re-
sponses to H1-receptor stimulation in this tissue agree

reasonably well with the binding values (Brown et a!.,

1984; Claro et a!., 1986, 1987). Similar differences (com-

pared with guinea pig tissues) in H1-receptor antagonist

properties have been reported in other species including

man (Chang et a!., 1979b; Kanba and Richelson, 1984),

rabbit (Chang et a!., 1979b, Al-Gadi and Hill, 1985), and

monkey brain (Bielkowicz and Cook, 1985). These spe-

cies differences are not restricted to central tissues and

low-affinity binding constants for H1-receptor antago-

nists have been reported in rat liver (Imoto et a!., 1985),

porcine trachea (Driver and Mustafe, 1987), and rabbit
aorta (O’Neill and Patil, 1975; Fleisch et a!., 1974). In

the case of two smooth muscle cell lines (DDT1MF-2 and

BC3H1) the KD values for mepyramine are nearly two

orders of magnitude greater than those obtained in

guinea pig tissues (i.e., 276 and 219 nM) (table 3) (Mit-

suhashi and Payan, 1988a, 1989a), and yet functional

H1-receptor responses, sensitive to inhibition by H1-

antagonists of approximately 100 nM, can be clearly

demonstrated in these cell lines (Mitsuhashi and Payan,

1988a,b; Brown et a!., 1986b). The above observations,

taken together, suggest that there are differences in the

TABLE 3

Heterogeneity of antagonist binding to histamine Hi-receptors5

KD(nM)

Antagonist Guinea Rat DDT,-MF-2
pig brain and

brain BC3H1 cells

Mepyramine 0.8 9.1 276

Triprolidine 0.2 5.6 3800

(+)-Chlorpheniramine 0.8 9.1 1000; lOOt

(-)-Chlorpheniramine 200 500 10,000

Doxepin 0.1 0.1 900

Promethazine 1.4 1.8

Temelastine 0.9 32.5

(+)-N-Methyl-4-methyldiphenhydramine 0.9 7.0

Bolpyramine 1.2 5.4

Diphenhydramine 13 17 bOOt

5 Data from Hill and Young (1980), Aceves et a!. (1985), Brown et

a!. (1986a, b), Korner et al. (1986), Treherne and Young (1988c), Toll

and Snyder (1982), Chang et al. (1979), Mitsuhashi and Payan (b988a,

1989a).

t Data from inhibition of functional responses.

structural identity or membrane environment of H1-

receptors in different tissues and species (Hi!!, 1987b).

So!ubi!isation of the H1-receptor protein from both

guinea pig and rat brain membranes has been achieved

with digitonin (Gavish et a!., 1979; To!! and Snyder,

1982; Garbarg et a!., 1985; Treherne and Young, 1988a).

In these studies the species difference in H1-antagonist

properties between rat and guinea pig is retained in the
solubilised preparation, suggesting that there are real

differences in the receptor proteins rather than the mem-

brane environment of the receptors (Toll and Snyder,
1982). The molecular mass of the digitonin-solubilised

H1-receptor protein in guinea pig brain, determined from

sucrose-gradient centrifugation and gel filtration, was

430 kDa, but it is quite likely that digitonin molecules in

the complex represented about 240 kDa of this molecular

mass (Toll and Snyder, 1982). Radiation inactivation

target size analysis of the H1-receptor in bovine and

human cerebral cortex agrees with this estimate and puts

the molecular size of the H1-receptor protein at 160 kDa

(Kuno et a!., 1985). A similar estimate has been made by
target size analysis in rat liver (160 kDa), although in

guinea pig liver the value is notably lower (107 kDa)

(Wang et a!., 1986).
Studies with the irreversible photoaffinity label [1251]

idoazidophenpyramine using sodium dodecyl sulphate!

polyacrylamide gel electrophoresis analysis have pro-

vided the most convincing data concerning the molecular

size ofthe H1-receptor in guinea pig cerebra! cortex (Ruat

et a!., 1988). Under reducing conditions, this ligand spe-

cifica!!y labels two peptides with molecular masses of 47

to 49 and 55 to 59 kDa, the latter being generated by

hydrolysis of the former (Ruat et a!., 1988). However,

under nonreducing conditions (i.e., in the absence of 2-

mercaptoethanol), a higher molecular weight protein is

labeled with an apparent molecular mass of 350 to 400

kDa (Ruat et a!., 1988). It is, therefore, tempting to
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speculate that H1-receptor-binding site may be linked to

other protein subunits by one or more disulphide bonds

(see below). A comparison of the electrophoretic mobili-
ties of photoaffinity-labeled H1-receptors from several

guinea pig brain regions and rat, mouse, and pig brain
revealed only two specifically labeled bands with molec-

ular masses of 41 to 47 and 56 kDa, respectively (Ruat

and Schwartz, 1989). Thus, there is no obvious physico-
chemical difference in the H1-receptors to explain the

species-dependent heterogeneity of antagonist-binding

properties referred to above.

In BC3H1 cells, where the binding affinity of H1-

receptor antagonists varies with their morphological

state, [3H]mepyramine binding to H1-receptor-binding
proteins has been measured following their elution from

sodium dodecy! sulphate/polyacrylamide gels (Mitsu-
hashi and Payan, 1989a). Differentiated cells (which

show high-affinity H1-antagonist binding) exhibit a sin-
gle N-g!ycosylated H1-binding protein with a molecular

mass of 68 kDa. In contrast, in undifferentiated cells,
where the binding of antagonists has much lower affinity,

an additional binding protein which is not glycosylated

can be deduced with a molecular mass of 40 kDa (Mit-

suhashi and Payan, 1989a). These data suggest that
different states of receptor glycosylation may contribute

to the heterogeneity of H1-receptor-binding properties.

Interestingly, Garbarg et al. (1985) have shown that the
H1-receptor in guinea pig cerebellum is N-glycosylated.

The low-affinity H1-receptor in DDT1MF-2 cells,

which express a large number of H1-receptors (approxi-

mately iO� receptors/ce!!), has been solubilised and pu-

rifled to homogeneity by sequential gel filtration, chro-
matofocusing, and reversed phase high-pressure liquid

chromatography (Mitsuhashi and Payan, 1989b). The

calculated molecular weight of the purified protein is 38
to 40 kDa on sodium dodecyl sulphate polyacrylamide

gel e!ectrophoresis. This is smaller than the H1-receptor

protein detected in brain (Ruat et a!., 1988) but similar

to the nonglycosylated H1-receptor in BC3H1 cells (Mit-

suhashi and Payan, 1989a) which has a similar low

affinity (KD approximately 280 nM) for mepyramine to

that observed in DDT1MF-2 cells (Mitsuhashi and
Payan, 1988a, 1989b). The purified protein retains the

same H1-receptor profile as the intact cells and has a
calculated number of [3H]mepyramine-binding sites of

31 pmol/�tg protein, which suggests that one molecule of

mepyramine binds to one molecule of the purified 38 to

40 kDa protein (Mitsuhashi and Payan, 1989b).
The exact structure of the H1-receptor awaits the the

determination of the amino acid sequence of this purified
protein and the application of molecular biological tech-

niques, but one can predict that it will most likely resem-

ble that of other receptors coupled to intracellular mes-

senger production (e.g., the f.�-adrenoceptors and musca-
rinic receptors) and comprise seven transmembrane

loops (Dohlman et a!., 1987; Bonner et a!., 1987; Frielle

et al., 1988). In the case of the f32-receptor, the ligand-

binding site appears to be located within one of the

hydrophobic domains of the receptor protein (Strader et
a!., 1987; Dixon et a!., 1987). This raises the possibility

that the H1-antagonist-binding site is also within some
hydrophobic portion of the receptor. In this respect, it is

interesting that hydrophobic interactions may play a

significant role in the kinetics of binding of [3Hjmepyr-

amine to the H1-receptor in guinea pig brain (Treherne

et a!., 1988b). The rate constants for receptor association

and dissociation of [3H]mepyramine are notably temper-

ature dependent (Wallace and Young, 1983; Treherne

and Young, 1988b). For example, at 4#{176}Cthe dissociation

of [3H]mepyramine from H1-receptors is negligible dur-

ing a 120-mm period (Wallace and Young, 1983), whereas
at 37#{176}Cit is very fast (Treherne and Young, 1988b). A
similar apparent change in H1-antagonist kinetic prop-

erties has been observed in contractile studies in guinea

pig ileum (Cook et a!., 1985).

C. CHARACTERISTICS OF H1-AGONIST BINDING. A range
of H1-agonists has been shown to inhibit [3H]mepyra-

mine binding in membranes prepared from guinea pig

cerebral cortex (Daum et a!., 1982), guinea pig intestinal

smooth muscle (Hill and Young, 1981), and porcine

tracheal smooth muscle (Driver et a!., 1987). In general,

agonist binding is characterised by a relatively low affin-

ity. For example the binding affinity of histamine for the

H1-receptor in the longitudinal smooth muscle of guinea

pig ileum is 5.7 x i0� M’ (Donaldson and Hill, 1987),
which agrees we!! with the value of 1.8 x 10� M’ deter-

mined indirectly from contractile studies using an irre-

versible antagonist (Donaldson and Hill, 1987). The com-
position of the incubation medium can have a marked

effect on the binding properties of H1-agonists while

producing negligible effect on H1-antagonist binding

(Chang and Snyder, 1980). Sodium ions (100 mM) de-
crease the binding affinity of H1-agonists by one order

of magnitude, whereas the divalent cations, magnesium

and manganese (both at 1 mM), increase agonist affinity

(Chang and Snyder, 1980). An involvement of a guanine
nucleotide regulatory G protein in H1-receptor transduc-

tion processes is suggested by the ability of guanine
nucleotides to decrease the binding affinity of histamine

in guinea pig brain membranes, histiocytic lymphoma
cells and human astrocytoma cells (Chang and Snyder,

1980, Nakahata et a!., 1986; Driver et a!., 1989). In the

human astrocytoma cell line 1321N1, this effect of guan-

me nucleotides was accompanied by an increase in the

slope parameter (Hi!! slope), from a value less than unity
(indicative of a heterogeneity of binding) to a value not

significantly different from unity (i.e., indicative of sim-

ple mass action kinetics) (Nakahata et a!., 1986). This

was not prevented by pertussis toxin treatment, which

suggests that the G protein involved is not related to G1
(Nakahata et al., 1986).

An involvement of disu!phide bonds in H1-receptor
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structure and function has been alluded to earlier (see

above). The possibility that the H1-receptor-binding sub-

unit might be coupled to other protein components in
guinea pig brain (Ruat et a!., 1988) is supported by the

fact that the disulphide bond-reducing agent, 1,4-dithi-

othreitol (DTT), can modify agonist (but not antagonist)

binding and histamine-induced second-messenger for-

mation in both guinea pig cerebral cortex and cerebellum
(Donaldson and Hill, 1986a,b). In addition, DTT has

been shown to potentiate H1-receptor-mediated con-

tractile activity in both visceral (Donaldson and Hill,

1986d) and vascular smooth muscle (F!eisch et al., 1973,

1974; Carroll and Glover, 1977). These effects of DTT

on H1-agonist action are specific to the H1-receptor be-

cause a similar potentiation of agonist activity is not
observed with other smooth muscle spasmogens or agents
that increase second-messenger formation in guinea pig

brain (F!eisch et al., 1973; Donaldson and Hill, 198Gb;
Donaldson and Hill 1986d).

A detailed analysis of the effect of DTT on functional
responses in both smooth muscle and guinea pig brain

slices indicates that the potentiation is due to an increase
in both agonist affinity and agonist efficacy (Donaldson

and Hill, 1986b; Donaldson and Hill, 1987). The change
in H1-agonist affinity induced by DTT is also observed

in binding studies with [3H]mepyramine in both of these

tissues (Donaldson and Hill, 1986a; 1987; Carmen-

Krzan, 1984). It remains to be established, however,

whether the effects of DTT on agonist efficacy and

affinity are a consequence of common or different mech-

anisms. For example, one possibility is that DTT may

increase the coupling between the receptor and a G

protein, leading to an increase in both agonist affinity

and efficacy (Donaldson and Hill, 198Gb). The binding

data obtained in brain membranes would be consistent
with this hypothesis because the effect of DTT was

accompanied by a reduction in the Hill coefficient (Don-

aldson and Hill 1986a). Alternatively, the increase in

efficacy may be unrelated to the change in agonist affin-
ity and arise from an effect of DTT on a more distal, yet

still early (given the selectivity of action on H1-re-

sponses), stage of the stimulus-response process.

The thiol-alkylating agent, N-ethy!ma!eimide, has a

similar effect to DTT on [3H]mepyramine binding in

guinea pig brain membranes in that it reduces the IC50
values obtained for H1-agonists without altering the spe-

cific binding site capacity or equilibrium dissociation

constant of mepyramine (Yeramian et al., 1985). This

effect is accompanied by a decrease in the Hill coefficient,

indicating a heterogeneity of agonist binding. Two-site

analysis of H1-agonist binding in brain membranes sug-

gests that both N-ethy!ma!eimide and DTT stabilise a

proportion ofthe H1-binding sites in a high-affinity state

(Yeramian et a!., 1985; Donaldson and Hi!!, 1986a).

These data suggest that disu!phide-sulphydry! exchange
may be involved in the conformational changes induced

by H1-agonists such that either alkylation of sulphyryl

groups or reduction of disulphide bonds can stabilise

these sites in a reduced (high-affinity) state.
2. Interactions with membrane transduction processes.

a. INOSITOL PHOSPHOLIPID HYDROLYSIS. Stimulation of

a wide range of cell surface receptors leads to an increase
in the intracellular level of calcium ions. An early event

that has been reported to be associated with the activa-

tion of all ca!cium-mobi!ising receptors is the hydrolysis

of membrane inositol phospholipids (Michell, 1977; Ber-
ridge, 1984; Berridge and Irvine, 1984; Berridge, 1987;

Downes, 1986; Abdel-Latif, 1986). In most tissues, recep-

tor stimulation leads to the hydrolysis of phosphatidyli-

nosito!-4--5-bisphophate leading to the formation of mo-
sito!-1,4,5-trisphosphate (IP3) and 1,2-diacylglycero!
(DG) (Berridge, 1984; Berridge and Irvine, 1984; Ber-
ridge, 1987; Abdel-Latif, 1986). Inosito!-1,4,5-trispho-

phate, which is released into the cytoso!, has been shown

to mobi!ise calcium from intracellular stores (Berridge,

1987), whereas 1,2-diacyglycero!, which is retained

within the membrane environment, activates protein

kinase C (Nishizuka, 1984, 1986; Berridge, 1987). In

many tissues, formation of inosito!-1,3,4,5-tetrakisphos-

phate from inositol-1,4,5-trisphosphate occurs (Batty et
a!., 1985; Tennes et a!., 1987), and this molecule may

have a role in controlling calcium influx and refilling of

the intracellular stores (Irvine and Moore, 1986; Morris

et a!., 1987; Berridge, 1987; Berridge and Irvine, 1989).

i. Histamine-stimulated inositol phospholipid
hydrolysis. Initial indirect studies of histamine-stimu-

lated incorporation of [32P]P1 into membrane inosito!

phospholipids in rat brain (Friedel and Schanberg, 1975;

Subramanian et a!., 1980, 1981) and guinea pig ileum
(Jafferji and Michell, 1976a,b) indicated that histamine

could stimulate the breakdown of membrane inositol

phospholipids. This was later confirmed using the more

direct measure of [3H]inositol phosphate accumulation

in the presence of lithium ions, which inhibits inositol

monophosphatase, following prelabeling of tissues with
[3H]myoinosito! (Berridge et a!., 1982; Brown et a!., 1984;

Daum et a!., 1983, 1984).

In guinea pig brain slices, the regional distribution and

pharmacological characteristics of the inositol phosphate

response to histamine closely parallels that of the hista-

mine H1-receptor (Daum et a!., 1983, 1984; Donaldson
and Hill 1985, 198Gb). Thus, guinea pig cerebellum con-
tains the largest inositol phospholipid response to his-

tamine, and this is selectively inhibited by H1-receptor

antagonists with KD values similar to those determined

on other H1-receptor-mediated responses (Daum et a!.,

1984; Donaldson and Hi!!, 1985). Similar H1-receptor-

mediated responses have also been detected in rat cere-

bra! cortex (Brown et a!., 1984; Claro et al., 1986, 1987)

and mouse cerebral cortex (Kendall and Hill, 1988).
Studies in both guinea pig and mouse brain slices have

shown that histamine can stimulate the formation of
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inositol mono-, bis-, tris-, and tetrakisphosphates in lith-

ium-containing media (Donaldson and Hill, 1986c; Car-

swell et a!., 1985; Whitworth and Kendall, 1988). Under
these conditions, after 10-mm incubation most of the

inosito! trisphosphate fraction contains inositol-1,3,4-

trisphosphate which results from metabolism of the te-

trakisphosphate (Whitworth and Kendall, 1988). In the

absence of lithium, however, the increase in all four

inositol phosphates is reduced (Whitworth and Kendall,
1988). This contrasts with the data obtained following

muscarinic receptor stimulation in the same tissue where

the accumulation of inositol-1,3,4,5-tetrakisphosphate is
markedly larger in the absence of lithium (Whitworth

and Kendall, 1988). The simplest explanation of this is

that histamine H1- and muscarinic receptors may stim-
u!ate different pathways of inositol phospho!ipid metab-

o!ism. This contention is supported indirectly by the

observed differences between the inositol phospholipid
responses to these two receptor systems in their sensitiv-

ity to temperature (Carswell et a!., 1987), extrace!lular
calcium (Kendall and Nahorski, 1984; Carswel! et al.,
1985), and modulation by other receptor systems or

potassium depolarisation (Ho!lingsworth et a!., 1986; Hill

and Kendall, 1987; Kendall and Hi!!, 1988; Eva and

Costa, 1986).

Analysis of the concentration-response relations for

H1-receptor agonists in different regions of guinea pig

brain suggests that there may be a spare receptor reserve

in guinea pig cerebellum but not in cerebral cortex (Car-

swell and Young, 1986). Thus, although the EC50 value
for histamine-induced inosito! phospholipid hydrolysis
in guinea pig cerebellum is lower than the KD value
obtained from binding studies, the values in guinea pig

cerebra! cortex are similar (Carswell and Young, 1986).

A similar conclusion can be drawn from data obtained
with 2-methy!histamine, Na-Na-dimethy!histamine,

and 2-pyridylethylamine. In both brain regions these

compounds act as partial H1-agonists on inositol phos-

pho!ipid hydrolysis; however, in cerebellum the maxi-
mum response they elicit (with respect to histamine) is

very much larger (Carswell and Young, 1986; Donaldson

and Hill, 1986b). Evidence for a lack of a spare receptor
reseive in the H1-receptor-mediated inosito! phospho-

lipid response to histamine has also been obtained in rat

cerebral cortex (Claro et a!., 1986) and human astrocy-
toma cells (Nakahata et a!., 1986).

The interaction between histamine H1-receptor stim-

ulation and phospholipase C has been proposed to in-
volve a guanine nucleotide-binding protein (Donaldson

and Hill, 1986b; Taylor and Merritt, 1986; Litosch, 1989;

Berrie et a!., 1989). Direct evidence for this has been
recently provided by Claro et a!. (1989) who demon-

strated an H1-stimu!ation of inositol phospholipid hy-

drolysis in rat cerebra! cortical membranes. In this study,
histamine potentiated the response to guanosine 5’-tri-

phosphate (GTP)-(’y)-S in the presence of magnesium

adenosine 5 ‘ -triphosphate and low Ca2�, but the effect

was only observed when 1 mM deoxycho!ate was included

in the incubation medium. A similar, but much smaller,
histamine response has also been observed in membranes

from 1321N1 cells in the absence of deoxycholate (Orel-

lana et a!., 1987).

Histamine-stimulated inositol phospholipid hydrolysis
has been demonstrated in a number of peripheral tissues,

including canine and bovine trachea (Grandory et a!.,
1987; Hall and Hi!!, 1988; Ha!! et a!., 1989; Madison and

Brown, 1988), bovine adrenal chromaffin cells (Plevin

and Boarder, 1988; Noble et al., 1986), human umbilical

endothelial cells (Lo and Fan, 1987; Resink et a!., 1987;
Pollock et a!., 1988), guinea pig ileum (Donaldson and
Hi!!, 1985; Best et al., 1985; Mallows and Bolton, 1987;

Bie!kiewicz-Vollrath et a!., 1987), guinea pig bladder

(Iacavou et a!., 1988), and guinea pig aorta (Lonchampt
et a!., 1988). In most of these tissues, pharmacological
characterisations of the inosito! phospholipid response

to histamine is consistent with an H1-receptor-mediated
response. However, in the longitudinal smooth muscle-
myenteric plexus preparation of guinea pig ileum, the

situation is more complex (Donaldson and Hill, 1985,

1986c). Although data obtained with 2-pyridy!ethylam-
me in this tissue suggest that there is an H1-receptor-

mediated inosito! phosphate response, the H1-response

to histamine itself appears to be masked by a larger

mepyramine-insensitive component (Donaldson and

Hill, 1985, 1986c).

A similar observation has been made in neonatal rat

brain (Claro et a!., 1987). The exact mechanism under-
lying this non-H1-receptor effect is unclear, but it may

be secondary to neurotransmitter release (e.g., from the
myenteric plexus) produced by the indirect tyramine-!ike

action of histamine which has been observed at high

concentrations of agonist (Young et a!., 1988b). Consist-

ent with this hypothesis is the fact that the histamine-

induced inositol phosphate response in guinea pig ileum

is sensitive to inhibition by the tachykinin antagonist,

[D-Pro4,D-Trp7’9”#{176}] substance P-(4-11) (Baily et a!.,

1987).

An increasing number of studies have also been per-
formed in cultured cells, and histamine-H1-receptor-

stimulated inositol phospholipid hydrolysis has now been

demonstrated in human astrocytoma cells (Nakahata et
a!., 1986; Nakahata and Harden, 1987), rat brain primary
astrocytes (Pearce and Murphy, 1988; Arbones et a!.,

1988), rat cerebe!lar granule cells (Xu and Chuang, 1987;

Dillon-Carter and Chuang, 1989), NG1O8-15 cells

(Tohda and Namura, 1989), and N1E-115 cells (Oakes

et a!., 1988). In both NG1O8-15 and 1321N1 cells, the
H1-receptor-stimu!ated inositol phospholipid hydrolysis

has been shown to be insensitive to pertussis toxin

pretreatment (Tohda and Nomura, 1989; Nakahata et
a!., 1986).

ii. Histamine-induced calcium mobilisation. One
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of the physiological consequences of producing a raised

intracellular level of inosito!-1,4,5-trisphosphate is mob-

i!isation of intracellular calcium. Although only small
rises in the actual level of inosito!-1,4,5-trisphosphate

following H1-receptor stimulation have been demon-

strated in a number of tissues (Po!!ock et al., 1988;
Whitworth and Kendall, 1988; Bielkiewicz-Vo!lrath et

a!., 1987), the larger accumulations of the metabolites

inosito!-1,3,4-trisphosphate and inosito!-1,4-bisphos-

phate suggest that the flux through inositol-1,4,5-tris-

phosphate may be quite large. A release of calcium from
intracellular stores by histamine H1-receptor stimulation

has been demonstrated in endothelial cells (Pollock et

a!., 1988; Jacob et a!., 1988), airway smooth muscle

(Kotlikoff et al., 1987; Takuwa et a!., 1987), rat aorta
(Matsumoto et a!., 1986), BC3H1 cells (Brown et a!.,

1986b), and 1321N1 astrocytoma cells (McDonough et

a!., 1988), although in most cases there is also an appre-
ciable stimulation of transmembrane calcium influx. In

differentiated N1E-115 neuroblastoma cells, most of the

calcium signal appears to be secondary to an influx of

extrace!lu!ar calcium (Oakes et a!., 1988).
Measurement of the effects of H1-receptor stimulation

on intracellular calcium in single endothelia! cells has
revealed repetitive spiking calcium transients whose fre-

quency is dependent upon the concentration of histamine

(Jacob et a!., 1988). Oscillatory activation of calcium-
dependent potassium channels by H1-receptor stimula-

tion has also been noted in HeLa cells (Sauve et a!.,

1987). These studies have shown that this phenomenon

is due to release of intracellular calcium because single-

channel recordings were made in a patch electrode that

contained no histamine (ruling out a direct interaction
with the potassium channel) and could be initiated in

calcium-free media (Suave et al., 1987). The mechanism

underlying these oscillations in intracellular calcium

concentration remains to be established, but several pos-
sibilities have been put forward (Jacob et a!., 1988; Ber-

ridge and Irvine, 1989).
The mobi!isation of intracellular calcium by histamine

can be desensitised in homologous fashion (at the level
of the receptor) by prior H1-agonist exposure (Brown et

a!., 198Gb; Hishinuma and Uchida, 1988; Dillon-Carter
and Chuang, 1989; Mitsuhashi and Payan, 1988a) or by

prior exposure with an agonist of a receptor that mobi-
!ises calcium from the same intracellular pool (hetero!o-

gous desensitisation) (Hishinuma and Uchida, 1988;

McDonough et a!., 1988; Brown et a!., 198Gb). The mob-

ilisation of intracellular calcium by histamine in airway

smooth muscle can be prevented by phorbo! esters which

activate protein kinase C (Kotlikoff et al., 1987; Murray
et a!., 1989), and it has been suggested that protein kinase

C may produce desensitisation at the level of the hista-

mine H1-receptor (Mitsuhashi and Payan, 1988b).

iii. Modulation by other receptor systems. A no-

table feature of the inositol phosphate response to his-

tamine in brain slices is that it is very sensitive to

modulation by activation of receptors, which themselves

do not stimulate phosphoinositide hydrolysis (Hill and
Kendall, 1989; Linden and Delahunty, 1989). This was

first observed in guinea pig cerebra! cortex where aden-

osine receptor stimulation selectively augments the mo-

sito! phosphate response to histamine (Hollingsworth et

a!., 1986; Hill and Kendall, 1987). The pharmacological

classification of the adenosine receptor involved is un-
clear, but recent data suggest that it is not the A2-

receptor responsible for stimulating cyclic adenosine 5’-

monophosphate (AMP) accumulation in this tissue (Hi!!
and Kendall, 1987; Alexander et al., 1989).

In mouse cerebral cortex, human cerebral cortex, and

rat striatum, adenosine receptor agonists inhibit rather

than augment the inositol phospholipid hydrolysis e!ic-
ited by histamine (Kendall and Hi!!, 1988; Kendall and

Firth, 1989; Petcoff and Cooper, 1987). The inhibitory

response to adenosine in mouse cerebral cortex, where

the only detailed pharmacological analysis has been per-

formed, has a similar specificity for H1-induced inosito!
phospholipid hydrolysis and is pharmacologically indis-

tinguishable from the response in guinea pig cerebral

cortex (Hill and Kendall, 1987; Kendall and Hill, 1988;

Alexander et a!., 1989). Inhibition of histamine-induced

inositol phospholipid hydrolysis has also been demon-

strated in rat cerebral cortex following stimulation of ‘y-

aminobutyric acid receptors (Crawford and Young, 1988)

and in rat hippocampus by excitatory amino acids

(Baudry et a!., 1986). The excitatory amino acid N-
methylaspartic acid was able to additionally inhibit the

inosito! phosphate responses to carbachol and potassium

depolarisation (Baudry et al., 1986), whereas -‘y-amino-

butyric acid produced no effect on muscarinic receptor-

mediated responses (Crawford and Young, 1988). The

mechanism underlying these augmentation and inhibi-

tory effects remains to be established, but the possibili-
ties include (a) the presence of an inhibitory G protein

(Linden and Delahunty, 1989; Hi!! and Kendall, 1989)
coupled to phospholipase C, (b) a receptor-receptor in-

teraction analogous to the ‘y-aminobutyric acid-benzo-

diazepine relationship (Costa and Guidotti, 1979), and

(c) the intermediacy of another second messenger such

as cyclic AMP (Hill and Kendall, 1989) (fig. 1).

Cyclic AMP does not appear to be involved in the
modulatory effects of adenosine in the CNS (Alexander

et a!., 1989) but almost certainly accounts for the inhi-

bition of the H1-inositol phosphate response by �32-adre-

noceptor stimulation in bovine and canine trachea!

smooth muscle (Ha!! and Hi!!, 1988, Hall et a!., 1989;

Madison and Brown, 1988) (fig. 2). Thus, the histamine-

stimulated accumulation of inosito! phosphates can be

inhibited by a range of agents that increase cyclic AMP

levels in these tissues, including forskolin, vasoactive

intestinal po!ypeptide, and cyclic AMP phosphodiester-
ase inhibitors or mimic the action of cyclic AMP, e.g.,
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(a) Inhibition (mouse, human c. cortex)

Adenosine Histamine

-ye

Adenosine

1P3

(b) Augmentation (guinea-pig c. cortex)

Adenosine

A1

x?

?C

Histamine Adenosine

1P3

H1 A1

FIG. 1. Potential mechanisms contributing to (a) the inhibition or

(b) the augmentation of histamine-stimulated inositol phospholipid

hydrolysis in mouse, guinea pig, or human cerebral cortical slices. a,

Inhibition may be mediated via the generation of an inhibitory second

messenger (x) or by the action of an inhibitory adenosine receptor-

coupled G protein acting directly on phospholipase C. b, Augmentation

may be mediated via the generation of an intracellular second messen-

ger (x) or by a positive interaction between the two receptors concerned.

-ye, negative interaction site; +ve, positive interaction site.

I P3

-ye

HA NA

ATP

FIG. 2. Inhibition ofhistamine-stimulated inositol phospholipid hy-

drolysis by f3-adrenoceptor stimulation in bovine tracheal smooth mus-

cle. Abbreviations: PIP2, phosphatidylinositol-4,5-bisphosphate; Gp, G

protein coupled to phospholipase C; HA, histamine; NA, noradrenaline;

Gs, stimulatory G protein coupled to adenylate cyclase; C, enzyme

catalytic unit.

membrane-permeant analogues of cyclic AMP (Hall et

a!., 1989; Madison and Brown, 1988). However, in keep-
ing with the suggestion raised above that muscarinic

receptors may stimulate different pathways of inosito!
phospholipid metabolism, the inositol phosphate re-

sponse to carbachol was relatively resistant to the effects

of raised cyclic AMP levels in both bovine and canine

trachea! smooth muscle (Hall and Hill, 1989a; Madison
and Brown, 1988).

b. CONTROL OF ION CHANNELS. The effect of histamine

H1-receptor stimulation on the opening of plasma mem-

brane ion channels is an area in which little, and often

indirect, evidence is available. Most information has

come from studies of the calcium dependence of hista-

mine-induced contractile activity in various smooth mus-

cle preparations, particularly guinea pig intestinal

smooth muscle. Histamine can initiate smooth muscle

contraction by releasing calcium from intracellular stores

(see above) or by opening either receptor-operated or

voltage-operated calcium channels (Bo!ton, 1979).

In intestinal smooth muscle, histamine can activate

ion channels permeable to Nat, K�, and probably Ca2�

leading to depo!arisation, an increase in action potential

discharge, and smooth muscle contraction (Bolton et a!.,

1981; Bolton and Clark, 1981). It seems likely that the

depolarisation produced (approximately 35 mV; Bo!ton

et a!., 1981) is sufficient to open voltage-operated calcium

channels which are at least partly responsible for smooth

muscle contraction, because histamine-induced contrac-

tions can be inhibited by dihydropyridine antagonists

such as nifedipine and potentiated by Bay K 8644 (More!

et a!., 1987). Dihydropyridine-sensitive calcium channels

also appear to contribute to the histamine H1-receptor-

mediated contractile response of human airway smooth

muscle (Drazen et a!., 1983; Horio et a!., 1984; Raeburn

et a!., 1986; Black et al., 1986; Marthan et al., 1987). The

exact nature and mechanism underlying the histamine

H1-receptor-stimu!ated inward current remains to be

elucidated by patch-clamp analysis. However, studies of

the muscarinic receptor-stimulated inward current in

intestinal smooth muscle, which is very similar to the

H1-induced current (Bo!ton et a!., 1981), suggests that it

may be regulated by a calcium-dependent rather than G

protein-mediated mechanism (Lim and Bolton, 1988).

The raised intracellular calcium concentration in these

cells is accompanied by discharge of spontaneous out-

ward currents due to stimulation of calcium-activated
potassium channels (Bo!ton and Lim, 1989; Komori and

Bo!ton, 1989). An activation of calcium-dependent po-

tassium channels following H1-receptor stimulation has

recently been demonstrated in single-ce!! measurements

of differentiated N1E-115 neuroblastoma cells, where

raised intracellular calcium appears to arise predomi-

nent!y from calcium influx via receptor-operated chan-
nels (Oakes et a!., 1988), and HeLa cells, where calcium

is released predominantly from intracellular stores

(Sauve et a!., 1987).

A study of histamine-induced inward currents using
patch-clamp has been described in human endothelial

cells (Bregestovski et a!., 1988). In these cells the inward

current appears to involve activation of cationic channels

that require extrace!lular calcium and are activated by

raised intracellular levels of calcium. At the present time
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it seems likely that histamine may activate these chan-

nels by inducing a release of intracellular calcium sub-

sequent to a rise in inosito! trisphosphate levels (Resink

et a!., 1987: Pollock et a!., 1988), because bath-applied

histamine was able to evoke channel activity in cell-

attached patches without histamine in the pipette (Bre-

gestovski et a!., 1988).

In guinea pig left atria, histamine H1-receptor stimu-

lation causes a prolongation of action potential duration

and an increase in the force of contraction which is

composed of initial and late-developing components

(Amerinin et a!., 1982; Borchard and Hafner, 1986; Hat-

torn et a!., 1988a). The prolongation of action potential

duration appears to be produced by an H1-receptor-

mediated decrease in outward potassium currents (Hat-

torn et a!., 1988a). The second component ofthe positive

inotropic effect of H1-receptor stimulation is sensitive to

inhibition by dihydropyridine calcium channel antago-

nists and nickel, but Hattorri et a!. (1988a) proposed

that this may be secondary the inhibition of outward

potassium currents and prolongation of the action poten-

tial by H1-receptor stimulation. The initial component

of the positive inotropic response was insensitive to

calcium channel blockade and is almost certainly a con-

sequence of increased inositol phospho!ipid hydrolysis in

guinea pig left atria (Sakuma et a!., 1987, 1988) and

inositol- 1,4,5-trisphosphate-induced release of Ca2� from

cardiac sarcoplasmic reticulum (Nosek et a!., 1986).

C. MODULATION OF CYCLIC AMP ACCUMULATION.

i. Augmentation. Histamine is one of the most potent

stimulants of cyclic AMP accumulation in guinea pig

and rabbit brain slices (Daly, 1977; Hill et a!., 1981;

Daum et a!., 1982; Kakiuchi and Rall, 1968; Al-Gadi and
Hill, 1985, 1987). This elevation of cyclic AMP levels

produced by histamine appears to involve two separate

mechanisms. Histamine can stimulate adenylate cyclase

directly via H2-receptors (see below) or it can augment

the cyclic AMP responses to histamine H2-, vasoactive

intestinal po!ypeptide-, or adenosine A2-receptor stimu-

lation via an activation of histamine H1-receptors (Al-

Gadi and Hi!!, 1985, 1987; Pa!acios et a!., 1978a; Hill et

a!., 1981; Magistretti and Schorderet, 1985; Hol!ing-
sworth and Daly, 1985; Gannon and Hough, 1988; Gan-

non et a!., 1989; Garbarg and Schwartz, 1988; Hill and

Kendall, 1989; Hill, 1987b) (fig. 3).

The first evidence for an involvement of both H1- and

H2-receptors in the cyclic AMP response to histamine

was obtained in guinea pig hippocampal slices (Palacios

et a!., 1978a). Data obtained with selective H2-receptor

antagonists were consistent with competitive antagonism

of a single homogenous class of H2-receptors. Thus, all

H2-antagonists tested produced parallel displacements of

histamine dose-response curves (Pa!acios et al., 1978a).

However, when selective H1-receptor antagonists were

used a more complex picture emerged. In hippocampal

slices, the concentration-response curve for histamine

-�

AD HA time

FIG. 3. Mechanisms of augmentation of adenosine stimulated cyclic

AMP accumulation by histamine in guinea pig cerebral cortex. Acti-

vation of H,-receptors leads to the formation of 1P3 and DG from

phosphatidylinositol-4,5-bisphosphate (PIP2). 1P3 releases Ca2� from

intracellular stores which initiates the augmentation of cyclic AMP

synthesis, and DG appears to be responsible for the maintenance of

the augmentation response. The lower trace shows the calcium and

DG-dependent phases ofthe augmentation ofcyclic AMP accumulation

produced by histamine. Abbreviations: HA, histamine; AD, adenosine;

Gp, stimulatory G protein linked to PLC; PLC, phospholipase C; AC,

adenylate cyclase; Gs, stimulatory G protein linked to AC.

was modified in a complex manner such that responses

to high concentrations of histamine appeared to be in-

hibited in a competitive manner, whereas the response

to low concentrations of histamine were unaffected (Pa-

lacios et a!., 1978a). Similar data have also been obtained

in rabbit cerebral cortical slices (Al-Gadi and Hill, 1985).

The complex effect of H1-antagonists in these prepa-

rations, coupled with the apparent competitive nature of

the antagonism produced by H2-antagonists (Palacios et

a!., 1978a; Al-Gadi and Hill, 1985), indicates that the H1-

receptor-mediated response depends on the prior stimu-

lation of H2-receptors. Thus, H1-receptor stimulation is

not having a direct effect on adenylate cyc!ase activity

but is enhancing the effect of the H2-receptor stimulus.

Support for this hypothesis has been provided by the use

of H1- and H2-se!ective agonists (Palacios et a!., 1978a;

Al-Gadi and Hi!!, 1985; Hill, 1987b), and a mathematical

model describing this type of interaction has recently

been described (Gannon et a!., 1989).

A clearer picture of the augmentation of cyclic AMP
accumulation produced by H1-receptor stimulation has

emerged from studies using adenosine A2-receptor stim-

ulation as the direct stimulus of adenylate cyclase activ-
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ity in cerebra! cortical slices (Hill et a!., 1981; Daum et

a!., 1982; Donaldson et a!., 1988b; Shonk and Ra!!, 1987;

Hill and Kendall, 1989). In the presence of H2-receptor

antagonists (to remove any effect of histamine on H2-

receptors), it can be demonstrated that histamine H1-

receptor stimulation does not alter basal cyclic AMP

levels in the absence of exogenous and endogenous aden-

osine (Donaldson et a!., 1988b). However, in the presence
of adenosine, histamine produces a large augmentation

of cyclic AMP accumulation which can be mimicked by

a range of H1-agonists and competitively antagonised by
selective H1-antagonists (Daum et a!., 1982; Hi!! et a!.,

1981).

It appears that this response to H1-receptor stimu!a-
tion is associated with a rather small spare receptor
reserve because a number of H1-agonists (e.g., 2-meth-

ylhistamine, Na,Na-dimethyhistamine, and 2-pyridyle-

thy!amine), which are full agonists in peripheral tissues,
appear to act as partial agonists in this system (Daum et

a!., 1982). This postulate is supported by studies with
DTT which increases the maxima! cyclic AMP response
to these agonsts in guinea pig cerebral cortex (Donald-

son and Hill, :1986b) and has been shown to increase H1-

agonist efficacy in both central and peripheral tissues
(Donaldson and Hill, 1986b, 1987).

Similar, but smaller, indirect effects of H1-agonists on

cyclic AMP accumulation have been reported in disso-

ciated brain cells from adult guinea pigs (Kanba and

Richelson, 1983) and synaptoneurosomes isolated from
guinea pig cerebral cortex (Chasm et a!., 1974; Daly et
a!., 1980; McNeil et a!., 1980; Creveling et a!., 1980;

Gannon et a!., 1988, 1989).

Little is yet known of the intracellular mechanisms by
which H1-receptor stimulation can produce an augmen-

tation of cyclic AMP accumulation. It seems most likely

that another second messenger is involved because the

effect is lost in broken cell preparations (Hegstrand et
a!., 1976; Green et a!., 1977; Coupet and Szuchs-Meyers,

1981; Hough et a!., 1980; Gannon et a!., 1989). The

products of inosito! phospholipid hydrolysis, DG and

inositol phosphates, have been implicated in this re-

sponse via their actions on calcium mobilisation and

protein kinase C, respectively (Hol!ingsworth et a!., 1985;

Danoff and Young, 1987; Schwabe et a!., 1978; Garbarg
and Schwartz, 1988; Donaldson et a!., 1989).

Phorbol esters, which stimulate protein kinase C, have

been shown to augment the cyclic AMP response to 2-

chloroadenosine and H2-receptor stimulation in guinea

pig cerebral cortical synaptoneurosomes (Hol!ingsworth

et a!., 1985) and slices of guinea pig cerebral cortex

(Donaldson et al., 1989) and hippocampus (Garbarg and
Schwartz, 1988). A role for calcium in the augmentation

response has been proposed on the basis of experiments
in which extracellular calcium has been removed or che-
lated with [ethy!enebis(oxyethy!enenitri!o)]tetraacetic

acid prior to agonist administration (Schwabe et a!.,

1978; Al-Gadi and Hi!!, 1987; Garbarg and Schwartz,

1988). Removal of extracellular calcium 2 mm prior to

histamine addition markedly reduces (by approximately

70%) the augmentation response (Schwabe et a!., 1978;

Donaldson et a!., 1989), whereas chelation of extracellu-
lar calcium 20 mm prior to H1-agonist administration

abolishes the response in guinea pig cerebra! cortical

slices (Donaldson et a!., 1989). However, because intra-

cellular calcium levels are also depleted by these inter-
ventions (Donaldson et a!., 1989; Al-Gadi and Hi!!, 1987),

these experiments provide no information concerning

the source (extracellular versus intracellular) of calcium

ultilised during H1-receptor stimulation.

Studies with a variety of antagonists of both voltage-

dependent and voltage-independent calcium channels
indicate that only Ni2� (1 mM) can produce a significant

and selective attenuation of the H1-receptor-mediated

augmentation of cyclic AMP accumulation, although
60% of the H1-response remained in the presence of this

calcium channel antagonist (Donaldson et a!., 1989).
These data suggest that the major portion of the response
to H1-receptor stimulation is mediated via a mobi!isation

of intracellular calcium, presumably as a consequence of
inosito! phospholipid hydrolysis (Daum et a!., 1984; Don-

a!dson and Hi!!, 1985, 1986c) but also depends on influx

of extracellular calcium. This may be via voltage-inde-

pendent channels responsible for refilling intracellular

stores of calcium (cf. Hallam et a!., 1988a,b) or via

voltage-dependent T channels which are also inhibited

by Ni2� (Hofmann et a!., 1987).
When extracellular calcium is chelated with [ethylene-

bis(oxyethylenenitri!o)]tetraacetic acid once a steady

level of cyclic AMP has been achieved within cells after

histamine addition, a temporal difference in the calcium

sensitivity of the response to H1-receptor stimulation is

revealed. In marked contrast to the data obtained when

calcium is removed prior to histamine addition, the main-

tenance of the H1-induced augmentation of cyclic AMP
accumulation is unaffected by extracellular calcium re-

mova! (Donaldson et a!., 1989). This does not appear to

be due to a change at the level of the H1-receptor and

suggests that calcium is important for the initiation and

early stages of the augmentation response but is less

important for the maintenance of the response (Donald-

son et a!., 1989). The maintence of the response could,

therefore, be achieved by the activation of protein kinase

C via the production of DG (fig. 3). In this respect, it is

interesting that the response to phorbol esters is insen-

sitive to removal of extracellular calcium prior to phorbo!

administration (Donaldson et a!., 1989) and that phorbo!

esters can phosphorylate the catalytic unit of adenylate

cyclase purified from bovine brain (Yoshimasa et al.,

1987).

The indirect effect of histamine H1-receptor stimula-
tion on cyclic AMP accumulation could be mediated

either at the level of cyclic AMP synthesis or by inhibi-
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tion of phosphodiesterase activity. However, kinetic

analysis of the interaction between H1-receptors and

adenosine A2-receptors in slices of guinea pig cerebra!
cortex indicate that the activity of the phosphodiesterase

isoenzymes involved in metabolising the cyclic AMP
produced in response to histamine and adenosine ago-

nists (Donaldson et a!., 1988a; Stanley et a!., 1989) is not

inhibited by H1-receptor activation (Donaldson et a!.,

1988b). These data, therefore, suggest that histamine H1-
receptor stimulation is augmenting the synthesis rather

than inhibiting the metabolism of cyclic AMP. An aug-

mentation of cyclic AMP accumulation by H1-receptor

stimulation has also been noted in cultured cells from

bovine adrenal medulla (Boarder et a!., 1988).

ii. Inhibition. In the human astrocytoma cell line

1321N1 activation of H1-receptors produces an inhibition

rather than an augmentation of isoprenaline-induced

cyclic AMP accumulation (Nakahata et a!., 1986). A

similar effect is seen in these cells following muscarinic

receptor stimulation (Evans et a!., 1984; Hughes and
Harden, 1986). Measurement of the rate of fall of cyclic

AMP levels after removal of the /�-adrenoceptor stimulus
with propranolo! indicates that both histamine H1- and

muscarinic receptor agonists enhance phosphodiesterase

activity in these cells (Nakahata et a!., 1986; Masters et

a!., 1985). Neither receptor system appears to negatively

couple to adenylate cyc!ase and the decrease in cyclic

AMP accumulation is insensitive to pertussis toxin but

can be inhibited by the phosphodiesterase inhibitor 3-
isobutyl-1-methy!xanthine (Nakahata et a!., 1986; Mas-

ters et al., 1985; Evans et a!., 1984; Hughs and Harden,

1986). Both receptor systems, however, markedly in-

crease phosphoinositide hydrolysis and mobilisation of

intracellular calcium in 1321N1 cells (Nakahata et a!.,

1986; Nakahata and Harden, 1987; McDonough et a!.,
1988; Hep!er et a!., 1987). The presently available data

are consistent with the hypothesis that muscarinic and

histamine H1-receptors mobilise intracellular calcium in

these cells, leading to increased activity of the calcium-
calmodulin-activated isoform of phosphodiesterase

(Tanner et al., 1986).

d. CYCLIC GUANOSINE 5’-MONOPHOSPHATE (GMP) AC-

CUMULATION. H1-receptor stimulation is associated with

a rapid and marked increase in cyclic GMP accumulation
in the murine neuroblastoma clone N1E-115 which peaks
approximately 30 s after application of histamine and

then rapidly returns to basal levels (Richelson, 1978;
Taylor and Richelson, 1979; Fredrickson and Richelson,

1979). This response has an absolute dependence on

extracellular calcium (Richelson, 1985), but no changes

in intracellular calcium levels could be detected in pop-
u!ations of N1E-115 cells loaded with the bioluminescent

protein aequorin using the hyperpermeabilisation tech-
nique (Snider et a!., 1984). More recently, however, this

research group has been able to observe transient in-

creases in intracellular levels of calcium in response to

histamine (due to influx of calcium) in single cells mi-

croinjected with aequorin (Oakes et a!., 1988). A similar

finding has also been reported by Ohsako and Deguchi

(1984) using quin-2. H1-receptor stimulation is also fol-

lowed by a release of arachidonic acid in these cells,

which following metabolism via the lipoxygenase path-

way to a lipoxygenase product may also contribute to the

stimulation of cyclic GMP formation (Snider et a!.,

1984). Interestingly, lipoxygenase products have been

proposed to have a second-messenger function in Aplysia

sensory cells (Piomelli et a!., 1987).

Only limited information is available concerning the

effect of histamine on cyclic GMP accumulation in the

mammalian tissues. Histamine has been reported to raise

cyclic GMP levels in rabbit cerebral cortical slices (Lee

et a!., 1972), guinea pig brain slices (Daly, 1977), guinea

pig bronchial and trachea! smooth muscle (Duncan et

a!., 1980), and bovine trachealis (Katsuki and Murad,
1977), but full receptor characterisations of these re-

sponses have not been performed. An H1-receptor-me-

diated increase in cyclic GMP accumulation has, how-

ever, been demonstrated in blocks of bovine superior

cervical ganglion (Study and Greengard, 1978) and hu-

man umbilical artery (Clyman et a!., 1975, 1976). In both

cases, the H1-receptor-mediated increase in cyclic GMP

appeared to involve influx of extracellular calcium be-

cause it was mimicked by the calcium ionophore A23 187

and abolished by removal of extracellular calcium (Study

and Greengard, 1978; Clyman et a!., 1976).

3. Overview of major functional H1-receptor responses.

a. SMOOTH MUSCLE CONTRACTION. Contraction of intes-

tinal smooth muscle is one of the best characterised H1-

receptor responses (Arun!akshana and Schi!d, 1959; Ash

and Schild, 1966; Donaldson and Hill, 1986d, 1987;

Glover, 1979). In smooth muscle cells that freely generate

action potentials, e.g., intestinal smooth muscle, modu-

lation of action potential discharge is one of the most

important mechanisms of varying tension, because ac-

tion potentials are propagated in these cells and can

generate tension in cells remote from those in which they

originated (Bo!ton, 1979; Bolton et a!., 1981). Thus, at

low concentrations of histamine, H1 -receptor stimulation

leads to an increase in the frequency of action potential

discharge in longitudinal smooth muscle of guinea pig

i!eum (Bolton et a!., 1981) and taenia coli (Bulbring and

Burnstock, 1960). At higher concentrations an apprecia-

ble depolarisation occurs and action potential discharge

ceases (Bolton et a!., 1981). It seems likely that histamine

produces these effects by opening receptor-operated ion

channels, permeable to Na�, K�, and Ca2� ions, leading

to depolarisation and activation of voltage-dependent

Ca2� channels (Bolton et a!., 1981). Consistent with these

findings is the fact that the contractile response to H1-

receptor stimulation in intestinal smooth muscle is

largely sensitive to inhibition by dihydropyridine-based
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antagonists of voltage-dependent calcium channels (Mo-

re! et a!., 1987).

However, the tension developed by high concentra-

tions of histamine in intestinal smooth muscle is partly
resistant to nifedipine, indicating that a component of

the contractile response may be mediated by inositol-
1,4,5-trisphosphate-induced release of calcium from in-
tracellular stores (Morel et a!., 1987; Bolton and Lim,
1989). There is evidence that histamine can induce mo-

sito! phospho!ipid hydrolysis in this tissue (Donaldson

and Hill, 1985; Best et a!., 1985), but the situation is
complicated by the presence of an appreciable non-H1-

receptor component in the response to this agonist (Don-

aldson and Hi!!, 1985, 1986c). Nevertheless, an H1-recep-

tor-mediated production of inositol-1,4,5-trisphosphate
has been demonstrated in guinea pig ilea! smooth muscle

at very early times after agonist administration, which
could produce mobi!isation of intracellular calcium stores

(Bie!kiewicz-Vollrath et a!., 1987).

A clearer picture regarding the involvement of the

inosito! phospholipid second-messenger system has
evolved in nonexcitab!e smooth muscles such as bovine

and canine tracheal smooth muscle and vascular smooth

muscle, where the contractile responses to spasmogens

are less sensitive to removal of extracellular calcium
(Bruschi et a!., 1988; Black et al., 1986; Takuwa et a!.,

1987). In these tissues, H1-receptor-stimulation elicits a

marked transient increase in intracellular free Ca2� fol-

lowed by a very much lower, yet still raised, plateau level

over the next few minutes (Takuwa et a!., 1987; Kotlikoff

et a!., 1987; Matsumoto et a!., 1986; Panettieri et a!.,
1989). The secondary sustained phase of contraction

involves calcium influx through channels that are not

inhibited by dihydropyridine calcium antagonists (Ta-

kuwa et a!., 1987), whereas the initial calcium transient

is due to release of calcium from intracellular stores

(Takuwa et al., 1987; Kotlikoff et a!., 1987; Matsumoto

et a!., 1986).

As discussed above, histamine can elicit inositol phos-

pholipid hydrolysis in these tissues (Hall and Hill, 1988;
Madison and Brown, 1988; Lonchampt et a!., 1988; Van

Amsterdam et a!., 1989; Hal! and Chilvers, 1989) and a

recent report has demonstrated that histamine produces

a transient increase in the mass of inositol-1,4,5-tris-

phosphate in bovine tracheal smooth muscle (Chilvers et
a!., 1989) which precedes the transient calcium signal

(Takuwa et a!., 1987; Kotlikoff et a!., 1987). The discrep-

ancy between the short lifetime of the intracellular cal-
cium signal (in calcium-free media) and the sustained

contractile response to smooth muscle spasmogens mdi-

cates that other mechanisms are operating during the
maintenance of contraction. The most likely mediator of

this effect is the other product of inosito! phospholipid

hydrolysis DG. Thus, it has been proposed that, by

activating protein kinase C, diacy!glycerol is able to

contribute to the maintenance of tone by increasing the

sensitivity of the contractile proteins to calcium (Dale

and Obianime, 1985; Park and Rasmussen, 1985; Karaki,

1989).

Studies in cultured canine airway smooth muscle cells

have indicated that activation of protein kinase C by

diacylglycero! can attenuate the histamine-induced in-
crease in intracellular free Ca2� (Kotlikoff et a!., 1987).

This suggests that activation of protein kinase C not

only contributes to the maintenance of contraction but

also limits the duration of the calcium-dependent com-

ponent. Studies in membranes prepared from airway

smooth muscle cells indicate that protein kinase C acti-

vation inhibits the calcium response to histamine by

inhibiting the formation of inosito!-1,4,5-trisphosphate

(Murray et a!., 1989).

The inositol phosphate response to histamine is also
inhibited by smooth muscle relaxants which raise intra-

cellular levels of cyclic AMP (Hall and Hill, 1988; Hall

et a!., 1989; Madison and Brown, 1988). Preliminary

studies with fluoroa!uminates indicate that this effect is

mediated at the post-receptor level (Ha!! and Hi!!,
1989c). However, it is notable that the inosito! phosphate

response to muscarinic receptor stimulation in both ca-

nine and bovine tracheal smooth muscle cells appears
insensitive to cyclic AMP-elevating agents or membrane-

permeant analogues of cyclic AMP (Madison and Brown,

1988; Hal! and Hill, 1989a). Elevation of tissue cyclic

AMP content probably leads to tissue relaxation through

a range of different mechanisms including phosphoryla-

tion ofmyosin light-chain kinase (Silver and Stull, 1982),

membrane hyperpolarisation (Fujiwara et a!., 1988), ef-

fects upon Ca24-gated K� channels (Kume et a!., 1989),

and sequestration of intracellular calcium (Mueller and

Van Breeman, 1979). However, the fact that smooth

muscle relaxants inhibit the initial stimulus for smooth

muscle contraction elicited by both histamine and 5-HT

(Hall and Hill, 1989b) may explain why the contractile
responses to these spasmogens is more sensitive to in-

hibition by cyclic AMP-elevating agents than the re-

sponse to carbacho! (Torphy et a!., 1987).

In segments of guinea pig whole trachea, the cyclic

GMP phosphodiesterase inhibitor, MandB 22948, has
been shown to abolish the inositol-1,4,5-trisphosphate

response to histamine and carbacho! but not the con-

tractile responses to these two agents (Langlands et al.,

1989). No such inhibition of inosito! phospholipid hy-

drolysis by MandB 22948 has, however, been observed

in smooth muscle cells from bovine trachea! smooth

muscle (Hall et a!., 1989). The reason for the discrepancy

between contraction and inosito! phospholipid hydrolysis

in guinea pig trachea remains to be established, but it is
possibly a consequence of the heterogeneity of the tissue

preparation and different cellular location of the two
responses.

b. ENDOTHELIAL CELL FUNCTION. A striking feature

of the action of histamine H1-receptor stimulation on the
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cardiovascular system is its effect on the leakage of
plasma proteins from various vascular beds (Majno and

Pa!ade, 1961; Majno et a!., 1969; Grega, 1986; Svensjo
and Grega, 1986; Meyrick and Brigham, 1983; Killackey

et a!., 1986). This change in vascular permeability is
particularly striking in postcapillary venules and has
been attributed to endothelial cell contraction and the

formation of junctional gaps of up to 1 �sm diameter

between adjacent endothelia! cells (Grega, 1986; Meyrick

and Brigham, 1983; Heltianu et a!., 1982). Endothe!ial

cells possess the necessary contractile proteins, actin and

myosin, for such a mechanism (Becker and Nachman,

1973), and histamine H1-receptors have recently been

detected in endothelial cells using [3H]mepyramine
(Hide et a!., 1988).

The effect of histamine on endothelial cell contraction

has been elegantly demonstrated in confluent mono-

layers of microcarrier cultured human umbilical vein
endothelial cells in which histamine (EC50 = 30 �tM)

induces cell retraction and small openings between ad-

jacent cell junctions leading to staining of the underlying
microcarrier beads with Evans blue dye (Ki!lackey et a!.,

1986). Consistent with a role of excitation-contraction

coupling in these effects, complete reversal of the effect

of histamine (0.1 mM) on endothelial cell permeability

can be demonstrated within 0.5 h of removal of the

histamine H1-receptor stimulus (Killackey et a!., 1986).

A similar observation has been made in vivo, where the
vascular leakage of fluorescein-labeled dextran from

postcapi!!ary venules in the hamster cheek pouch in-

duced by locally applied histamine (10 tM) returns to

basal levels after 25 mm and can be demonstrated re-

peatedly at 30-mm intervals (Svensjo and Grega, 1986).

This dynamic profile is consistent with a pharmaco-

logical effect of histamine on the contractile state of the

endothelium, rather than pathological damage, and
raises the possibility of utilising drugs that produce re-

laxation of the endothelial contractile apparatus as an-

tipermeability drugs. There are several reports of drugs
reversing the extravasation of macromolecules in various

organs, and in endothelial cell monolayers in culture,
induced by histamine (Svensjo and Grega, 1986). /32-

adrenoceptor agonists (e.g., isoprenaline and terbuta-

line), prostag!andin E1, and the phosphodiesterase inhib-

itors 3-isobutyl-1-methylxanthine and theophy!!ine are
a!! effective antipermeability drugs (Killackey et a!.,

1986; Svensjo and Roemphe, 1985, Grega, 1986). These

agents are effective stimulants of cyclic AMP accumu-
lation in endothe!ial cells from various vascular beds

(Hopkins and Gorman, 1981; Karnushina et a!., 1983;

Leitman et a!., 1986) and this second mesenger may
mediate relaxation of endothelial cells by interfering with

the phosphorylation of myosin light-chain kinase. The

one exception may be 3-isobutyl-1-methy!xanthine
which appears to have effects on phospho!ipase C and

phospholipase that are independent of raised cyclic AMP

levels (Hong, 1983; Whorton et a!., 1985; Brotherton et

a!., 1982). Several glucocorticoids, including dexametha-

sone and methylpredniso!one, and arginine vasopressin

have also been tested in vivo and shown to prevent
histamine-induced increases in vascular permeability

(Svensjo and Grega, 1986). In the latter case, the use of
vasopressin analogues that produce little vasoconstric-

tion has suggested that the effect of these agents on

endothelial cell permeability may be independent of

changes in vessel diameter (Adamski et a!., 1985).

The role of the endothelial cell contractile machinery

and the cytoskeletal microfilament system in junction

gap formation is supported by indirect evidence that

demonstrates that endothelia! cells undergo shape

changes and increased plasma protein leakage following

stimulation with the calcium ionophore A23187

(Thomas, 1985). Furthermore, the effect of histamine on

vascular permeability can be prevented in calcium-free

medium and by cytochalasin B which interferes with

actin polymerisation (Northover, 1985; Lidde!l et a!.,

1981). More direct evidence for a role of intracellular

calcium has come from studies using fluorescent calcium-

sensitive dyes. Histamine has been shown to produce a

significant rise, via H1-receptor stimulation, in the intra-

cellular concentration of free Ca2� in cultured human

umbilical vein endothelia! cells from a resting level of 0.1

�tM to micromolar levels (Carter et a!., 1988; Rotrosen

and Gallin, 1986; Pollock et a!., 1988; Hamilton and

Sims, 1987). The response to histamine is characterised

by a transient peak due to the release of intracellular

calcium followed by a lower, but still elevated, steady

level of intracellular Ca2� which appears to be due to

calcium influx (Rotrosen and Ga!!in, 1986; Carter et a!.,
1988). The role of intracellular calcium in the initial

response was confirmed with the use of calcium-free

media and the calcium entry inhibitors, Ca2� and Mn2�

(Rotrosen and Ga!lin, 1986; Carter et al., 1988). It was

notable, however, that an influx of extracellu!ar calcium

and continued H1-receptor stimulation was required for
a sustained elevation of [Ca2�]1 (Rotrosen and Ga!!in,

1986; Carter et a!., 1988; Hallam et al., 1988a; 1989).

The best evidence for a role of extracellular calcium

has been provided by the studies of Hallam et a!. (1988a,

1989) who investigated biva!ent-cation influx into hu-

man enothelia! cells by following the ability of Mn2� to

enter cells and quench the fluorescence of the intrace!-

!u!ar dye Fura-2. These authors and others have shown

that histamine stimulates an influx of divalent cations

which is sensitive to inhibition by Ni2� but which is not

modified by organic Ca2� channel blockers, such as D600

and verapamil, the calcium activator Bay K 8644, or

depolarisation with high potassium concentrations (Ro-

trosen and Gallin, 1986; Hallam et a!., 1988a; Hallam

and Pearson, 1986). Interestingly, however, Hallam et a!.

(1989) showed that calcium influx and refilling of the

intracellular cacilum stores can occur in the absence of
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H1-receptor stimulation, i.e., following addition of the

H1-receptor antagonist mepyramine after prior discharge
of the intracellular calcium pool with histamine. This
suggests that there is a mechanism operating in these

cells that is sensitive to the state of the intracellular
store. This mechanism does not, however, appear to rely

on the intracellular calcium concentration because biv-

alent cation influx can take place after [Ca2�]1 has re-

turned to basal levels (Ha!!am et a!., 1988a). Patch-clamp
studies in human endothelia! cells have confirmed that

there are no voltage-activated ionic currents in these
cells but have revealed a calcium-dependent cationic

channel that is activated by histamine (Bregestovski et

a!., 1988). These inward currents require the presence of

external calcium and are activated by raised cytoplasmic
calcium concentrations; however, the ionic selectivity of
these channels has not been investigated, and it remains

to be established whether calcium can permeate these

channels (Bregestovski et a!., 1988).

Uncoupling of endothelial cells and the formation of

gap junctions between endothelia! cells is not the only
possible response to the raised levels of intracellular

calcium in endothelia! cells. Histamine H1-receptor stim-

ulation in these cells is also accompanied by synthesis of
prostacyc!in (Brotherton, 1986; McIntyre et a!., 1985;

Carter et a!., 1988; Resink et a!., 1987; Jaffe, 1987) and

platelet-activating factor (Mclntye et a!., 1985), release

of Von Wil!ebrand factor (Hamilton and Sim, 1987), and

the secretion of endothelium-derived relaxant factor (van

De Voorde and Leusen, 1983; Toda, 1984; Satoh and

Inui, 1984). This factor, which has recently been identi-
fled as nitric oxide (Palmer et a!., 1987; Vanhoutte, 1987),

is responsible for the relaxant effect of H1-receptor ago-

nists on precontracted arterial vessels (Van De Voorde

and Leusen, 1983; Furchgott et a!., 1984). In the case of
prostacyclin release, a clear relationship has been estab-
lished between mobilisation of intracellular calcium in-

duced by thrombin, adenosine 5’-triphosphate, and his-

tamine and the synthesis and release of this arachidonic
acid metabolite (Carter et a!., 1988; Hallam et a!., 1988c).

In general, the prostacyclin response is rather transient
in nature but can be prolonged to some extent by the

presence of extracellular calcium (Hallam et a!., 1988c).

In the case of the other endothelia! cell responses to
histamine that are much longer lasting, e.g., platelet-
activating factor, endothelium-derived relaxant factor,

uncoupling of endothelia! cell junctions, and Von Wille-

brand factor production, they almost certainly rely on
calcium influx to maintain a raised [Ca2�]1 for a sufficient
period (Hamilton and Sims, 1987; Mclntye et a!., 1985;

Singer and Peach, 1984; Northover, 1985; Liddell et a!.,
1981).

Rapid advances in technology have enabled the meas-

urement of calcium responses to histamine H1-receptor

stimulation in single fura-2-loaded endothelial cells (Ja-

cob et a!., 1988). These studies provided rather unex-

pected results in that they revealed a characteristic pat-

tern of repetitive spiking calcium transients at low con-
centrations of histamine (0.1 to 3 �zM) whose frequency

increased with raised levels of histamine (Jacob et a!.,

1988). At higher concentrations of histamine (10 to 100

�tM), an initial [Ca2�]1 spike was followed by a lower

plateau phase similar to that observed in populations of

endothelia! cells. In the absence of extrace!!u!ar calcium,

the spiking activity at low histamine concentrations pro-

gressively decayed (Jacob et a!., 1988). These data sug-

gest that the responses to low concentrations of hista-

mine in the concentration range 0.1 to 10 �sM, at which

significant effects on prostacyclin, platelet-activating

factor, and Von Willebrand factor release can be dem-
onstrated (Jacob et a!., 1988; Hamilton and Sim, 1987;

McIntyre et a!., 1985; Resink et a!., 1987), may be regu-
lated by the frequency ofthe oscillations in [Ca2�]1 rather
than the amplitude of the calcium transients. In contrast,

responses that require higher concentrations of hista-

mine and the concerted action of more than one endo-

the!ial cell (e.g., effects on permeability) may require
sustained elevation of [Ca2�]1 in neighbouring cells.

Histamine-stimulated hydrolysis of inositol phospho-

lipids, which provides the second messenger (IP3) re-
sponsible for mobilisation of intracellular calcium, has

been demonstrated in human umbilical vein endothelia!

cells and shown to be mediated via H1-receptors (Lo and

Fan, 1987; Resink et a!., 1987; Pol!ock et a!., 1988). High-
pressure liquid chromatography analysis of the inosito!

phosphate isomers produced confirmed that the calcium-

mobilising inosito! trisphosphate isomer (IP3) is pro-

duced in these cells following short stimulations of his-

tamine H1-receptors (Pol!ock et a!., 1988). However, it
remains to be established whether IP3 levels oscillate in

these cells or whether other explanations are required to

explain the oscillations in [Ca24]� (Jacob et a!., 1988;
Berridge and Irvine, 1989).

c. STIMULATION OF HORMONE RELEASE. Histamine

has been shown to affect the secretion of a number of

hormones from the posterior and anterior pituitory (see

Donoso and Alvarez, 1984; Roberts and Ca!cutt, 1983 for

reviews). However, only limited information is available

concerning the involvement of H1-receptors in these

responses, and this seems to be confined to a positive

influence of H1-receptor stimulation on the secretion of
vasopressin and corticotropin (Donoso and Alvarez,

1984; Roberts and Ca!cutt, 1983). The best evidence for

a role of histamine H1-receptors in hormone release has
come from studies of catecholamine release from the

adrenal medulla.

It has long been established that histamine H1-recep-

tors can elicit the release of catecholamines from adrenal

glands (Emmelin and Muren, 1949; Trendelenburg, 1954;

Staszewska-Barczak and Vane, 1965; Yoshizaki, 1973;

Robinson, 1982), and this has been recently confirmed

in primary cultures of adrenal chromaffin cells (Livett
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and Marley, 1986; Noble et a!., 1988). Histamine can

induce the release of both adrenaline and noradrena!ine

from cultured bovine adrenal chromaffin cells in a con-

centration- and calcium-dependent manner via an action
on H1-receptors (Livett and Marley, 1986). Calcium

channel antagonists markedly reduced this response to

histamine, but it was notable that a small residual cat-

echo!amine release could still be demonstrated under

these conditions (Noble et a!., 1988). This suggests that

release of intracellular calcium may also have a role in

this response, and the reports that H1-receptor stimula-

tion is associated with inositol phospho!ipid hydrolysis
in these cells (Noble et a!., 1986; Plevin and Border,

1988; Kley, 1988) is consistent with this hypothesis.

In addition to its effect on catecholamine secretion,

histamine is also a potent secretogogue for the opioid

peptides Leu- and Met-enkephalin in adrenal chromaffin

cells (Bommer et a!., 1987). This response is mediated

by histamine H1-receptors, is markedly reduced by inhib-

itors of voltage-dependent calcium channels, and is com-

p!ete!y attenuated by the nonspecific calcium channel

blocker Co2� (Bommer et a!., 1987). These data suggest

that the release of opiate pentapeptides is primarily

dependent upon the activation of calcium channels, a!-

though a minor role of IP3-induced release of intracel!u-

lar calcium cannot be excluded. After prolonged exposure

(approximately 48 h) to histamine, there is a profound

compensatory increase in cellular peptide content which

appears to be secondary to a four- to fivefold increase in

the messenger ribonucleic acid (mRNA) levels coding for

the proenkephalin A precursor (Bommer et a!., 1987;
Wan et a!., 1989; Kley et a!., 1987). Interestingly, ex-

pression of pheny!ethanolamine-N-methyltransferase

mRNA, which is colocalised with proenkephalin A

mRNA in adrenal chromaffin cells is not activated by

histamine (Wan et a!., 1989).

A feature of the effect of histamine on inositol phos-

pholipid hydrolysis in bovine adrenal chromaffin cells,

when compared to the action of other secretogogues, is

that it produces a different profile of inosito! phosphate

formation (Plevin and Border, 1988). Thus, although

histamine gives one of the largest overall accumulations

of total inosito! phosphates in these cells, it gives a

relatively small accumulation of the calcium-mobilising
inosito! trisphosphate (Plevin and Border, 1988). This

may lead to a greater relative production of DG and

activation of protein kinase C by stimulating hydrolysis

of phosphatidylinositol or phosphatidylinosito! mono-
phosphate than many of the other agents. A role for

protein kinase C in the regulation of proenkephalin A

mRNA expression has recently been suggested (K!ey,

1988). Protein kinase C activation may also have an

important role in the feedback control of histamine-
stimulated proenkephalin A mRNA expression because

its activation by phorbol esters can inhibit histamine-

induced inosito! phospholipid hydrolysis (K!ey, 1988).

d. EFFECT ON CARDIAC MUSCLE. It is well known that

histamine, which is a normal constituent of the mam-

malian heart, can produce an increase in the force of

cardiac contraction (Levi et a!., 1982; Wolff and Levi,

1986). In most species the positive inotropic effect of

histamine is mediated by H2-receptors and associated

with a stimulation of adenylate cyclase acitivity (Levi et

a!., 1975; Reinhardt et a!., 1976; Hattori et a!., 1983;

McNeil! and Verma, 1974; Johnson, 1982). However, in

guinea pig left atria (Reinhardt et a!., 1974; Steinberg

and Holland, 1975; Hattori et a!., 1983; Hattori et a!.,

1988a) and rabbit papillary muscle (Hattori et a!., 1988b),

histamine H1-receptor stimulation produces a positive

inotropic effect that is not associated with an increase

in cyclic AMP levels (Reinhardt et a!., 1977; Verma and

McNeil!, 1977).

The inotropic action of histamine in guinea pig left

atria is composed of two components and accompanied

by a prolongation of action potential duration (Amerinin

et a!., 1982; Borchard and Hafner, 1986; Hattorri et a!.,

1988a). The prolongation of action potential duration

has been ascribed to an inhibition of outward potassium

currents (Hattori et a!., 1988a). The second phase of the

inotropic response is inhibited by dihydropyridine cal-

cium channels and nickel (Hattori et a!., 1988a) but may

be a consequence of the extended duration of the action

potential rather than a direct enhancement of a slow

inward calcium current because histamine is unable to

restore contractile and electrophysio!ogica! responses in

guinea pig left atrium depolarised by high K� solutions

(Mantel!i et a!., 1982; Hattorri and Kanno, 1985).

The initial phase of the inotropic response appears to

be due to release of intracellular calcium because it is

insensitive to calcium channel antagonists but can be

inhibited by ryanodine (Hattori et a!., 1988a). Histamine

H1-receptor stimulation has been shown to stimulate

inosito! phospholipid hydrolysis in this tissue, and this

could provide the initial stimulus for calcium release

(Sakuma et a!., 1988; Hattori et a!., 1989). A rapid

production of inosito!-1,4,5-trisphosphate occurs with

15 5 in this tissue and then progressively increases during

the next 20 mm (Sakuma et a!., 1988). This is fast enough

to account for the initial phase of the inotropic response

to histamine, but evidence obtained with phorbo! esters

and nonspecific inhibitors of phospholipase C suggests

that other mechanisms may be operating (Hattori et a!.,

1989).

e. CEREBRAL GLYCOGENOLYSIS. Histamine exerts a

powerful stimulant effect on the breakdown of glycogen

in mammalian brain slices, suggesting that it may have

an important role in modulating carbohydrate metabo-

lism in cerebral tissues (Quach et a!., 1978, 1980b, 1981).

Noradrenaline, which also stimulates g!ycogenolysis in

mouse and chick cerebral cortex, stimulates cyclic AMP

formation via an action on /3-adrenoceptors, which, in

turn, leads to the conversion of phosphorylase b to phos-

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


64 HILL

phory!ase a and a breakdown of cerebral glycogen (Quach

et a!., 1978; Nahorski et a!., 1975). However, in the case
of histamine the glycogenolytic response is mediated
entirely by calcium-mobilising H1-receptors (Quach et
a!., 1980) Thus, the maximum glycogenolytic response to

histamine in mouse cerebral cortex can be markedly

reduced by lowering the calcium content of the media

(Quach et a!., 1980). This suggests that phosphorylase b
kinase may be activated in this tissue by calcium as well

as by cyclic AMP-protein kinase A activation. For ex-
ample, there is some evidence that phosphorylase b ki-

nase can be activated by calcium ions in both brain and
liver (Assimocopoulos-Jeannet et a!., 1977; Ozawa, 1973).

Studies with the phosphodiesterase inhibitor 3-isobu-

ty!-1-methy!xanthine indicate that the glycogenolytic re-
sponse to histamine can be significantly potentiated by
phosphodiesterase inhibition (Quach et a!., 1980). Fur-

thermore, dibutyryl cyclic AMP, but not dibutyryl cyclic

GMP, can promote g!ycogen hydrolysis in slices of mouse
cerebral cortex (Quach et al., 1978). These studies raise

the possibility that cyclic AMP may play a role in the
H1-receptor-mediated g!ycogeno!ytic response in mouse

cerebral cortex. It is known that H1-receptor stimulation
can augment the cyclic AMP responses to vasoactive
intestinal polypeptide and adenosine (Magistretti and

Schorderet, 1985; Alexander et a!., 1989), thus a syner-

gistic interaction betweea histamine and an endogenous
activator of adenylate cyclase (e.g., vasoactive intestinal

polypeptide) may contribute to a cyclic AMP-dependent

component of the g!ycogeno!ytic response to histamine.

B. Histamine H2-Receptor

1. Ligand-binding studies. The first radioligand devel-
oped as a probe for the H2-receptor was [3H]cimetidine

in 1978 (Burkard, 1978). Early studies in both guinea pig
cerebra! cortical membranes (Burkard, 1978; Rising et
al., 1980; Warrender et a!., 1983) and membranes from
various rat brain areas (Kandel et a!., 1980; Kendall et

al., 1980; Subramanian and Slotkin, 1981; Devoto et a!.,
1980; Smith et a!., 1980) demonstrated a high-affinity
saturable component of binding that could be displaced
by burimamide, metiamide, or cimetidine with dissocia-
tion constants that correlated we!! with those determined
from inhibition of a classic H2-receptor response such as

the chronotropic response of isolated guinea pig atria.
However, it is now clear that the binding site labeled by
[3Hjcimetidine represents some imidazole recognition
site other than the H2-receptor. Evidence against a se-
!ective labeling of H2-receptors with this radio!igand has

principally come from the neg!igab!e displacement of
[3Hjcimetidine binding (IC� values > 1 mM) produced

by the potent non-imidazole H2-antagonists, tiotidine
and ranitidine (Smith et a!., 1980; Warrender et a!.,

1983). Furthermore, a number of imidazo!es that do not
possess H2-receptor-binding activity produce a marked
and potent displacement of [3H]cimetidine binding from

guinea pig cerebra! cortex and gastric mucosa membranes

(Warrender et a!., 1983).

In rat and guinea pig brain membranes, Cu2�, Pd2�,

and Ag�� ions can markedly increase the specific binding

site capacity of [3Hjcimetidine and alter the inhibitor

potencies of various H2-receptor agonists and antago-

nists (Kendall et a!., 1980; Warrender et a!., 1983; Ozawa

et a!., 1985). It has been suggested that under these

experimental conditions, [3H]cimetidine may label a
biologically relevant H2-receptor recognition site (Ken-

da!! et a!., 1980). However, this site still remains insen-

sitive to non-imidazole compounds such as ranitidine

and tiotidine in the presence of Cu2� ions (Warrender et
a!., 1983). [3H]Ranitidine (Bristow et a!., 1981) and [3HJ

metiamide (Rosenfeld et a!., 1976) have similarly proved

unsuitable as H2-se!ective radioligands. Almost certainly,
all of these compounds suffer from their rather low

absolute binding affinities for the H2-receptor which are

in the 0.1 to 1.0 �zM range.

[3H]Tiotidine, which has a higher affinity than both

cimetidine and ranitidine for the H2-receptor, has suc-
cessfully labeled H2-receptors in a number of guinea pig

brain regions (Gajtkowski et a!., 1983; Norris et a!., 1984;
Smith et a!., 1986), although earlier studies in rat and

guinea pig hippocampus were not successful (Maayani et

a!., 1982). In guinea pig cerebral cortical membranes, the

saturable binding of [3Hjtiotidine can be displaced by a

wide range of H2-receptor antagonists of diverse chemical

structure with potencies that correlate well with their

ability to inhibit H2-receptor responses in guinea pig

atrium and gastric mucosa (Gajkowski et a!., 1983; Rising
and Norris, 1985).

Labeling of peripheral tissues, which are known to
possess functional histamine H2-receptors, has proved

difficult with [3H]tiotidine (Rising and Norris, 1985).
For example, little success in specifically labeling the H2-

receptor recognition site has been achieved in guinea pig

atria and gastric mucosa (Rising and Norris, 1985). The

only real success has been achieved in homogenates of

guinea pig lung parechymal tissue where H2-receptors

produce relaxation ofparenchyma! smooth muscle (Fore-
man et a!., 1985a,b). It was notable in this study that

high concentrations of H2-!igands displaced [3H]tiotidine

from nonspecific sites that comprise a high proportion

of the total binding of this radioligand (Foreman et a!.,

1985a). In kidney membranes, however, the displaceable
binding of [3H]tiotidine appears to be exclusively to such

non-H2 sites (Rising and Norris, 1985).

The problem of high nonspecific binding and difficu!-

ties in confidently defining the extent of nonspecific

binding in peripheral tissues is also shared by a derivative

of tiotidine, [3H]ICIA 5165 (Nielsen, 1986). However,

unlike the situation with [3H]tiotidine, labeling of H2-

receptors with this ligand has been achieved in homoge-

nates of guinea pig gastric mucosa (KD = 10 nM, BMAX =

15 fmo!/mg protein; Nielsen, 1986).
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Some studies have uti!ised [3H]histamine as a poten-
tia! probe for the H2-receptor (Kandel et a!., 1980; Pa-

!acios et a!., 1978b; Barbin et a!., 1980; Cybulsky et a!.,
1981; Wells et a!., 1985; Steinberg et a!., 1985a,b,c; Batzri

et a!., 1982a,b; Osband and McCaffrey, 1979). Early work
in homogenates of rat brain concluded that the high-

affinity binding of [3H]histamine (KD = 7 nM) was to

neither H1- or H2-recognition sites (Kande! et a!., 1980;

Barbin et a!., 1980). However, later, one of these groups

proposed that [3H]histamine may label a high-affinity

agonist state of the H2-receptor (Wells et a!., 1985; Stein-

berg et a!., 1985a,b,c). Thus, there is an excellent corre-
lation between the ability of a wide range of H2-antago-
nists to inhibit the specific binding of very low concen-

trations (nM) of [3H]histamine in rat brain homogenates

and their ability to inhibit the H2-mediated chronotropic
response of guinea pig right atria (Wells et a!., 1985;

Steinberg et al., 1985b). Agonists also inhibit [3H]hista-

mine binding in this tissue but do so in a characteristic
biphasic manner (Wells et a!., 1985; Steinberg et a!.,

1985c).

So!ubi!ization of [3H]histamine-binding sites in rat

cerebral cortex (Cybu!sky et a!., 1981) markedly changes

the binding characteristics of these sites (Wells et a!.,
1985). The correlation between H2-antagonist potency
and displacement of [3H]histamine is lost, whereas the

binding properties of H2-agonists revert to a simpler
situation, consistent with an interaction with a single

class of recognition sites (Wells et a!., 1985). The authors

propose that H2-agonists and antagonists may bind at
different sites within the membrane, or more likely

within the transmembrane loops of the receptor protein,

such that the inhibition of [3H]histamine binding by H2-
antagonists represents an allosteric effect which is un-

coupled following solubilisation with digitonin (Wells et

a!., 1985, Steinberg et a!., 1985b,c). At present, however,

this hypothesis is at variance with the reported compet-

itive nature of the inhibition of H2-receptor-stimu!ated

adeny!ate cyclase activity by H2-receptor antagonists in
mammalian brain membranes (Green et a!., 1977; Kanof

and Greengard, 1979a).

In guinea pig gastric mucosal cells [3H]histamine binds
with much lower affinity (approximately 10 .iM) than in

rat brain membranes (Batzri et a!., 1982a,b). The rank
order of potency of H2-agonists as displacers of [RH]

histamine is identical with that obtained for stimulation

of cyclic AMP accumulation (Batzri et a!., 1982a). How-

ever, although cimetidine, metiamide, ranitidine, and
tiotidine all displace [3H]histamine from gastric mucosal

cells, there were marked discrepancies in their KD values
obtained from inhibition of [3H]histamine binding and

H2-stimulated cyclic AMP formation (Batzri et a!.,

1982b). For example the KD for tiotidine for the cyclic
AMP response was 0.04 �tM, but the KD for the [3H]
histamine recognition site was only 5 �tM. Given that

these measurements were made in intact cells where any

allosteric interaction between antagonist- and agonist-

binding sites should still be functional, these data suggest

that [3H]histamine is not labeling the pharmacologically

relevant H2-recognition site.

It is clear from the above discussion that [3H]tiotidine

and [3H]ICIA 5165 are the only H2-radioligands available
that can be used with confidence in certain, but by no

means a!!, tissues. It therefore seems that an alternative

radioligand is still required to explore the distribution

and molecular characterisitics ofthe histamine H2-recep-

tor.

2. Interaction with effector systems. a. ADENYLATE CY-

CLASE. Histamine is a potent stimulant of cyclic AMP
in many cells (Johnson, 1982) and particularly those of

CNS origin (Daly, 1977). Pharmacological studies in

brain slices (Al-Gadi and Hi!!, 1985; Palacios et a!.,

1978a), gastric mucosal cells and glands (Batzri et a!.,

1982a,b; Chew et a!., 1980; Gespach et a!., 1982; So!! and

Wollin, 1979), dog fat cells (Grund et a!., 1975; Keller et

a!., 1981), cardiac myocytes (Warbanow and Wollenber-

ger, 1979), vascular smooth muscle (Reinhardt and Rit-

ter, 1979), basophi!s (Lichtenstein and Gillespie, 1975),

and neutrophils (Busse and Sosman, 1977) indicate that

H2-receptor stimulation is intimately involved in these

responses.

A direct stimulation of membrane adenylate cyclase

by H2-receptor activation was first demonstrated in bro-

ken cell preparations of guinea pig cardiac muscle (Klein

and Levey, 1971; Verma and McNeil!, 1974; Johnson and

Mizoguchi, 1977; Johnson et a!., 1979a,b; Kanof and

Greengard, 1979b; Johnson, 1982) and brain (Hegstrand

et a!., 1976; Kanof et a!., 1977; Kanof and Greengard,
1979a; Green and Maayani, 1977; Green et a!., 1977;

Olianas et a!., 1984). Guanine nuc!eotides are necessary

for histamine-induced activation of adenylate cyclase
activity in both of these tissues (Johnson et a!., 1979a;

Kanof et a!., 1977), consistent with the role of the GTP-
binding G5 subunit in the receptor transduction process

(Gilman, 1987). Interestingly, if the stable analogue

guanosine-5 ‘ -(/3,”y-imino)-triphosphate (GppNHp) is

used in place of GTP the EC50 values determined for H2-

agonists are decreased relative to those obtained in the
presence of GTP in guinea pig and human myocardium

(Johnson et a!., 1979a; Bristow et a!., 1982a). Further-
more, the agonist efficacy of many agonists that behave
as partial agonists in the presence of GTP, e.g., dimaprit
and impromidine, increases in the presence of GppNHp

(Johnson et a!., 1979a, Bristow et a!., 1982a). However,

the mechanism underlying these differences remains to

be established.
Histamine H2-receptor-stimu!ated adenylate cyclase

has also been demonstrated in homogenates from guinea

pig (Gajtkowski et a!., 1983; Tsai and Yellin, 1983), rabbit

(Sung et a!., 1973; Katsumata and Yagi, 1976), and

human (Simon and Kather, 1977) gastric mucosa, cere-

bra! microvessels (Karnushina et a!., 1980), and brain
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regions of a number of other species including the rat

(Hegstrand et al., 1976; Green et a!., 1977; Ozawa and
Segawa, 1988), rabbit (Hough and Green, 1981), and

monkey (Newton et al., 1982). In view of the current
problems with radioactive probes for this receptor, the

demonstration of an H2-receptor-mediated adeny!ate cy-
clase or cyclic AMP response is probably the best marker

available for mapping the distribution of H2-receptors in

different tissues.
A feature of the H2-receptor-stimu!ated adenylate cy-

c!ase activity in mammalian brain is its sensitivity to
inhibition by a range of psychotropic drugs (Hill, 1987b).

Thus a number of neuroleptics (Spiker et a!., 1976; Kanof

and Greengard, 1978), antidepressants (Green, 1983;
Kanof and Greengard, 1978; Green and Maayani, 1977),

and the hallucinogenic drug D-!ysergic acid diethylamide

(Green et a!., 1977) are potent inhibitors of the H2-!inked

cyclase in broken cell preparations from mammalian
brain. Many appear to act as competitive antagonists of

the H2-receptor in this system, although some of the

neuro!eptics, with the exception of chlorpromazine, in-
hibit cyclase activity in a noncompetitive fashion (Green,

1983). In guinea pig hippocampal brain slices and disso-

ciated brain cell preparations, however, studies of the
H2-receptor-mediated accumulation of cyclic AMP

showed that most of the neuroleptics and antidepressant

drugs were approximately two orders of magnitude

weaker as antagonists of the H2-response in intact ce!-

!ular systems (Tuong et a!., 1980; Kanba and Riche!son,

1983; Hi!!, 1987b). In contrast, the dissociation constants

determined for classic H2-receptor antagonists such as
cimetidine, ranitidine, metiamide, and tiotidine from
studies in intact and broken cell preparations were iden-

tical.
Anomalously high binding affinities for the H2-recep-

tor as determined from adeny!ate cyc!ase measurements

have also been reported for the H1-antagonists cyprohep-

tadine and promethazine (Green et a!., 1977; Kanof and

Greengard, 1979a) and the inhibitors of imidazo!e-N-

methy!transferase quinacrine, amodiaquine, and meto-

prine (Kanof and Greengard, 1979a). In the case of
promethazine, this high H2-antagonist potency is at var-

iance with its low potency on peripheral H2-receptors in

guinea pig atrium (Johnson, 1982; Verma and McNeil,

1977). However, in intact cell systems these compounds

are very weak H2-antagonists (Tuong et al., 1980; Kanba
and Richelson, 1983). The reason for the discrepancy in

the discriminatory properties of H2-receptors for non-

H2-ligands in homogenates and intact cellular systems is

unclear. The most likely explanation is that drugs such

as quinacrine and promethazine gain access to intrace!-
!ular components of the receptor-effector system, which

are not normally available to them in intact cell systems,

through which they can inhibit H2-receptor-stimulated

adeny!ate cyclase activity in a noncompetitive manner
(Hill, 1987b). Alternatively, the relatively high potency

of certain compounds in the adenylate cyclase assay may

reflect the fact that the H2-receptor may adopt a different
conformation in the presence of high concentrations of

adenosine 5’-triphosphate, � and GTP or GppNHp
required for measurment of cyclic AMP formation in

broken cell preparations (Tuong et a!., 1980; Kanba and

Richelson, 1983). In this respect it is interesting that the

efficacy of H2-agonists can be markedly increased in the
presence of GppNHp (Johnson et a!., 1979a, Bristow et

a!., 1982).
b. PHOSPHOLIPID METHYLATION. Many cellular mem-

branes contain enzymes, phosphatidy!ethanolamine-N-

methyltransferases, that synthesize phosphatidy!choline

by stepwise methy!ation of phosphatidylethanolamine

using S-adenosy!-L-methionine as the methyl donor

(Hirata et a!., 1978; Ozawa and Segawa, 1988). In eryth-
rocyte ghosts it has been shown that methylation of

phosphatidylethanolamine, which is distributed within

the lipid membrane facing the cytoplasm, begins on the
cytoplasmic side of the membrane, but after successive

methy!ations the final product, phosphatidylcho!ine, is
translocated to the outer surface of the membrane (Crews

et a!., 1980; Hirata and Axelrod, 1980). Hirata et a!.

(1979) proposed that this translocation of phospholipids

following N-methylation decreases the membrane mi-

croviscosity in the region of a cyclic AMP-stimulating
receptor and increases its coupling to adenylate cyclase.

In keeping with this hypothesis, recent work in rat brain

synaptosomes has demonstrated that histamine H2-re-

ceptor-stimulated adenylate cyclase activity is associated

with increases in phospholipid methylation (Ozawa et
a!., 1987; Ozawa and Segawa, 1988). Indeed, the demon-

stration of an adenylate cyclase response in rat brain
synaptosomes is dependent upon the presence of a

methyl donor, namely, 5-adenosyl-methionine, in the

incubation medium (Ozawa and Segawa, 1988). There is
a small delay of approximately 1 mm in adenylate cyclase

activation in this tissue which is consistent with the time

course of the H2-receptor-mediated N-methylation re-

action (Ozawa and Segawa, 1988). However, it should be
noted that 5-adenosyl-methionine is not a requirement

for the demonstration of H2-mediated adeny!ate cyc!ase
activity in all tissues, e.g., guinea pig brain (Hegstrand

et a!., 1976). At present the only other tissue in which
an H2-receptor-mediated stimulation of phospholipid

methylation by histamine has been demonstrated is rat

mast cells (Tolone et a!., 1982).

c. SECOND-MESSENGER-MEDIATED CONTROL OF ION

CHANNELS. The action of H2-receptor stimulation on ion

channels appears to be secondary to changes in the

intracellular levels of cyclic AMP. In guinea pig and

human ventricular muscle, H2-receptor stimulation pro-

duces a positive inotropic effect which is accompanied

by an increase in the height and the duration of the

plateau phase of the action potential (Eckel et a!., 1982;
Levi and Alloatti, 1988). It has been proposed that H2-
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receptor-mediated increases in intracellular cyclic AMP

levels lead to an increase in the slow inward Ca24 current

(‘Ca) as a result of cyclic AMP-dependent phosphoryla-
tion of calcium channels which increases the number of

channels that may open during depolarisation (Levi and
Alloatti, 1988; Reuter, 1983; Reuter et a!., 1986). Recent

data obtained from whole-cell patch-clamp studies have

confirmed that H2-receptor stimulation increases the

amplitude of ICa in guinea pig ventricular myocytes (Levi
and Alloatti, 1988; Hescheler et a!., 1987). Furthermore,
the intermediacy of cyclic AMP is strongly indicated by

the following findings: (a) the increased calcium current
was mimicked by intracellular perfusion with cyclic AMP

(Levi and Alloatti, 1988); (b) after the calcium current

was increased with micromolar cyclic AMP, saturating

concentrations of histamine were without effect (Levi
and A!loatti, 1988); (c) the effect of histamine on IC�� was

inhibited by intracellular perfusion with the cyclic AMP

antagonist ‘ ,5’ -monothionophosphate
(Hesche!er et a!., 1987); and (d) the effect of histamine
was mimicked by 8-(4-chlorphenylthio)-cyc!ic AMP

(Ecke! et a!., 1982) and depressed by the phosphodiester-

ase activator N-methylimidazo!e (Inui and Imamura,

1976).

In hippocampal pyramidal cells, H2-receptor stimu!a-

tion antagonises a calcium-mediated potassium conduct-

ance without affecting calcium currents (Haas and

Greene, 1986). This has the effect of augmenting the

neuronal excitation elicited by various excitatory stimuli

such as excitatory amino acids, intracellular current in-

jection, or synaptic stimulation (Haas, 1984; Haas and

Konnerth, 1983; Haas and Greene, 1986). This is because

bursts of spike activity in these cells are normally fol-

!owed by a long-lasting after-hyperpo!arisation (due to

activation of calcium-dependent potassium channels)
which tends to keep the cells away from their firing

threshold for several seconds (Haas, 1984; Haas and

Konnerth, 1983). Inhibition of these curents by H2-
receptor stimulation, therefore, leads to a profound po-

tentiation of excitatory signals. As with the effect on ‘Ca

in cardiac myocytes, the effect of H2-receptors on potas-

sium currents can be mimicked by intracellular applica-
tion of cyclic AMP or by bath application of 8-bromo-

cyclic AMP (Madison and Nicho!!, 1982; Haas, 1985).

Furthermore, the effect of histamine on population

spikes can be augmented and prolonged by phosphodi-

esterase inhibitors (Haas, 1985). It remains to be estab-
!ished, however, whether cyclic AMP inhibits these cal-

cium-dependent potassium currents directly via protein

phosphorylation of the potassium channels themselves

or whether the primary effect is a cyclic AMP-mediated
reduction in [Ca2�]1 in pyramidal cells.

d. H2-RECEPTOR-MEDIATED RELEASE OF INTRACELLU-

LAR CALCIUM. In isolated gastric mucosal parietal cells,

histamine-stimulated secretion of HC1 has been associ-

ated with increased intracellular levels of cyclic AMP

(So!! and Berg!indh, 1987) and is little altered by removal

ofextrace!lular Ca2� (Chew, 1985, 1986). However, recent

data indicate that H2-receptor stimulation is associated
with an increase in the intracellular free concentration

of calcium ions as measured by the calcium indicators
quin-2 and fura-2 (Chew, 1986; Chew and Brown, 1986;

Malinowska et a!., 1988). This effect of histamine is not

inhibited by removal of extracellular calcium or by the
calcium channel blocker nicardipine, suggesting that a

release of calcium from intracellular calcium stores is

involved (Chew, 1986; Chew and Brown, 1986). In con-

trast to the data obtained with both carbacho! and cho-

lecystokinin in these cells, the increased release of stored

calcium by H2-receptor stimulation is not associated with

inositol phospho!ipid hydrolysis. The H1-receptor is the

histamine receptor normally associated with inositol
phospholipid hydrolysis and calcium mobilisation (see

above); however, it is clear that the effect of histamine
in parieta! cells is mediated by H2-receptors because it

can be completely inhibited by 100 �tM cimetidine and

not altered by a rather heroic concentration (200 sM) of
the H1-antagonist tripelennamine (Chew, 1986; Negu-

lescu and Machen, 1988).

Studies in single parietal cells have confirmed that H2-

receptor stimulation can release calcium from intracel-

lular stores (Negu!escue and Machen, 1988). The in-

crease in [Ca24]1 in response to histamine is characterised

by an initial spike followed by a sustained plateau that

is dependent upon influx of extraceilular calcium (Ne-

gulescue and Machen, 1988). Histamine, unlike car-
bacho!, often caused two repeated increases in [Ca2�]1

which were less frequent in the absence of extracel!u!ar

calcium. Dibutyryl-cyclic AMP and 3-isobuty!- 1-meth-
y!xanthine did not trigger an increase in [Ca2�]1 by them-

selves but tended to produce a second increase in

[Ca2�]1 after prior stimulation by histamine (Negu!escue

and Machen, 1988). It should be noted, however, that

the adenylate cyclase activator forskolin did produce an
initial calcium transient in isolated rabbit gastric glands
(Chew, 1986). These data indicate that the initial H2-

receptor-induced release of intracellular calcium, which

comes from the same intracellular store on which car-

bachol acts via inositol-trisphosphate (Negulescu and

Machen, 1988), is through a different mechanism from

that used by most calcium-mobilising receptors. Further-
more, there is some tentative evidence to suggest that

this may not be secondary to raised intracellular cyclic

AMP levels (Negu!escu and Machan, 1988).

3. Major functional responses. a. GASTRIC ACID SECRE-

TION. The potent effect of H2-receptor stimulation on

gastric acid secretion in vivo and the inhibitory effects

of H2-receptor antagonists on pentagastrin-stimulated

acid secretion has indicated a physiological role for his-
tamine in the control of gastric acid secretion (Black et
a!., 1982; Black and Shankley, 1987; Soil and Berglindh,

1987). There is, however, considerable debate over the
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exact role that histamine plays in excitation-secretion

coupling in mammalian gastric mucosa (Black and

Shankley, 1987). Two hypotheses have been put forward

to explain the pivotal role of histamine H2-receptor stim-

ulation in the regulation of gastric acid secretion: (a) the

transmission hypothesis in which histamine acts as the
final common mediator of the actions of acetylcholine
and gastrin and (b) the permissive hypothesis in which

potentiating interactions occur among histamine, gas-
trin, and acetylcholine at the level of the parietal cell

itself (Black and Shankley, 1987; So!! and Berg!indh,
1987).

Evidence for the permissive hypothesis has largely

accrued from studies of receptor function in isolated

gastric glands or parieta! cells where secretory function
can be monitored indirectly by following oxygen con-

sumption or the accumulation of weak bases such as

aminopyrine (So!! and Berg!indh, 1987). Thus, in canine

parietal cells there is evidence of potentiating interac-

tions between H2-receptors and both muscarinic and
gastrin receptors from measurements of oxygen con-

sumption and aminopyrine accumulation (So!! and Ber-

glindh, 1987; So!!, 1978, 1982). Furthermore, measure-

ments of histamine release from mast cells within the

canine fundic mucosa have failed to show any enhance-
ment of histamine release by either cholinomimetics or

gastrin (So!! and Berg!indh, 1987).

However, studies of isolated cells in other species

indicate that there may be considerable species varia-
tions in the mechanisms underlying the control of acid

secretion. Thus, although there is evidence for positive
interactions between H2-receptor and muscarinic recep-

tor stimulation in rabbit gastric glands, it has been

difficult to show a similar interaction between histamine

and gastrin (Berglindh, 1977; Chew and Hersey, 1982).

Moreover, release of histamine from rabbit gastric glands

can be stimulated by both gastrin and acetylcho!ine
(Nylander et a!., 1985), indicating that the transmission

hypothesis may be involved in this species. Pharmaco-

logical studies in the mouse isolated stomach preparation
also support the latter hypothesis (Black and Shankley,
1987).

It is well established that H2-receptor stimulation ac-

tivates adeny!ate cyclase leading to an increase in the

intracellular levels of cyclic AMP (Batzri et a!., 1982a,b;

Chew et al., 1980; Gespach et a!., 1982; So!! and Wo!!in,
1979). In contrast, gastrin and acety!cho!ine have been

shown to elevate intracellular levels of calcium as a result

of both inosito! trisphosphate-induced release of calcium

from intracellular stores and calcium influx accross the
plasma membrane (Negu!escu and Machen, 1988; Chew

and Brown, 1986; Mua!!em and Sachs, 1984). These data
suggest that there are at least two parallel intracellular

pathways involved in the stimulation of acid secretion,
which can potentially interact at the level of the parietal

cell. For example, the potentiation observed between

histamine and acety!choline in canine parietal cells from

measurments of oxygen uptake and aminopyrine accu-

mulation (So!!, 1978, 1982) could be secondary to an

indirect effect of calcium on adenylate cyclase activity,
analogous to that seen with H1-receptor stimulation in

brain slices (Donaldson et a!., 1988b). However, at pres-
ent there is no evidence to suggest that there is a syner-

gistic interaction between the intracellular signals in

parieta! cells under conditions in which potentiation of

the secretory response occurs between histamine and
carbacho! (So!! and Berglindh, 1987). Indeed, the only
interaction seen in isolated rat gastric mucosa! cells is

an inhibitory action of cyclic AMP-elevating agents on

muscarinic receptor-mediated inosito! phospholipid hy-

drolysis (Puurunen et a!., 1987).
A striking feature of the effect of histamine H2-recep-

tor stimulation on intracellular second-messenger for-

mation in parieta! cells is that, in addition to raising

cyclic AMP levels, histamine also releases calcium from

intracellular stores (see above; Chew, 1986; Chew and
Brown, 1986; Negu!escu and Machen, 1988; Ma!inowska

et a!., 1988). The exact role that this calcium release
plays remains to be established, but it is notable that a

cyclic AMP-mediated accumulation of aminopyrine in

response to histamine is still demonstrable following

depletion of the intracellular calcium pool in cells buf-

fered intracellu!ar!y with the calcium chelators quin-2
and fura-2 (Malinowska et a!., 1988).

b. SMOOTH MUSCLE RELAXATION. H2-receptor stimu-
lation produces relaxation of smooth muscle in a number

of tissues including airway (Eyre and Chand, 1982; Fore-
man et a!., 1985b; Chand et a!., 1980; Vincenc et a!.,

1984) and vascular (Reinhardt and Ritter, 1979; Edvins-
son et a!., 1983; Gross et a!., 1981; Ottososon et a!., 1988,

1989) smooth muscle. It seems likely that this effect of

H2-receptor stimulation is associated with an increase in
the intracellular levels of cyclic AMP, but the data avail-

able concerning the effect of H2-receptor stimulation on
adeny!ate cyclase activity in smooth muscle cells are
rather limited (Reinhardt and Ritter, 1979; Karnushina

et a!., 1980).
C. EFFECT ON CARDIAC MUSCLE. Histamine is present

in high concentrations in cardiac tissues in most animal

species (Cabanie and Godfraind, 1988; Bristow et a!.,

1982b; Levi et a!., 1982). In guinea pig heart H2-receptors

mediate a positive chronotropic effect in right atria (Levi
et a!., 1982; Black et a!., 1972) and a positive inotropic

effect in ventricular muscle (Steinberg and Holland,

1975; Verma and McNeil!, 1977; Ecke! et a!., 1982; Hat-

tori and Kanno, 1985). Histamine is a potent stimulant
of adenylate cyclase activity in guinea pig and human
cardiac muscle (Johnson, 1982), and there is strong evi-

dence that the cardiac effects of H2-receptor stimulation
are, like f31-adrenoceptor responses, mediated via cyclic

AMP (Bristow et a!., 1982; Cabanie and Godfraind,

1988). Thus, it has been proposed that in ventricular
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muscle H2-receptor stimulation increases ‘Ca following

cyclic AMP-dependent phosphory!ation of voltage-sen-
sitive calcium channels (Levi and Alloatti, 1988). Con-

sistent with this hypothesis are the findings that H2-

receptor stimulation can restore Ca2�-dependent electri-
cal and mechanical responses in potassium-depo!arised

cardiac preparations (Inui and Imamura, 1976; Grist-
wood et a!., 1981; Hattori et a!., 1983; Hattori and Levi,
1984). Recent patch-clamp studies have confirmed that

H2-receptor stimulation increases the amplitude of ‘Ca in

single guinea pig ventricular myocytes (Levi and Alloatti,

1988; Hescheler et a!., 1987; see section B, 2, c above).

d. H2-RECEPTORS AND THE IMMUNE SYSTEM. Hista-

mine is well known as a mediator of immediate hyper-

sensitivity reactions, but recent work has suggested that

it may have an important role as a modulator of the

immune response (Plaut and Lichtenstein, 1982; Mel-

mon and Khan, 1987). Histamine can inhibit the chem-
otactic responsiveness of basophils (Lett-Brown and

Leonard, 1977) and release of histamine from basophils
and mast cells via an action on H2-receptors (Bourne et
a!., 1971; Lichtenstein and Gillespie, 1975; Ting et a!.,

1980; Plaut and Lichtenstein, 1982). However, much
recent interest has centered around the effect of H2-

receptor stimulation on various lymphocyte subsets

(Melmon and Khan, 1987).

Histamine, via an action on H2-receptors, can inhibit

a variety of lymphocyte functions, including the pro!if-

erative response to mitogens (Plaut and Lichenstein,

1982), antibody synthesis by antibody-secreting B cells

(Melmon et al., 1974), cell-mediated cytolysis (Schwartz

et a!., 1980b; Me!mon et a!., 1981), and production of

!ymphokines (Bourne et a!., 1976). Considerable work

has been done on the inhibitory effect of raised intrace!-

lular cyclic AMP on the immune system (Plaut and

Lichtenstein, 1982; Khan et a!., 1985), and it seems likely
that this second messenger is responsible for many of

the effects of H2-receptor stimulation.

Histamine has been shown to elevate cyclic AMP
levels in neutrophils (Gespach and Abita, 1982), baso-

phils (Lichtenstein and Gillespie, 1975), and subsets of

T lymphocytes (Khan et a!., 1985; Melmon and Khan,

1987). Large histamine H2-receptor-mediated stimu!a-

tions of cyclic AMP accumulation have been observed in
human suppressor T cells , whereas helper/inducer T

cells and cytotoxic T cells are much less responsive

(Khan et a!., 1985). However, after mitogenic stimulation

with either concanavalan A or phytohaemagg!utinin,

there is a dramatic rise in the cyclic AMP response to

H2-stimulation in helper/inducer T and cytotoxic T cells

but not in suppressor T cells (Khan et a!., 1985). The

increased responsiveness of both cytotoxic T and he!per/
inducer T cells can, however, be prevented by coincuba-

tion with suppressor T cells during mitogenic stimula-
tion. This modulation of receptor expression/function by

mitogens and supressor cells appears to be specific for

the H2-receptor because no change in responsiveness was

observed with isoprena!ine (Khan et a!., 1985; Melmon

and Khan, 1987).
Histamine (via H2-receptor stimulation) can induce

the suppressor capacity of suppressor T cells and these
cells can then inhibit mitogen-induced helper/inducer T
cell proliferation and B cell differentiation (Sansoni et
a!., 1985). These data suggest that histamine-inducible

suppressor cells may be important for normal immuno-
regulation and raises the possibility for the use of H2-
selective and lymphocyte-selective agonists as immuno-

suppressant agents.

An exciting advance in this area of research has been
provided by the development of lymphocyte-specific his-

tamine derivatives (Melmon and Khan, 1987; Khan et

a!., 1986). A number of histamine congeners have now

been produced (table 4) that contain spacer groups of
varying length between the histamine moiety and various
aromatic modifying groups (Melmon and Khan, 1987;

Khan et a!., 1986). A number of these compounds (table
4) are up to 40,000 times more potent than histamine on
the cyclic AMP response in lymphocytes but inactive on

the H2-receptor in guinea pig myocardium. The presently
available data suggest that the histamine receptor-me-

diating cyclic AMP accumulation in murine cloned cy-
tolytic T cells and natural suppressor cells resembles the

H2-receptor in that the responses to histamine and di-
maprit are competitively antagonised by cimetidine (K1
= 0.1 �zM) (Khan et a!., 1986). However, there were

marked differences in the antagonist potencies of cime-

tidine against the different histamine congener agonists,

although a!! responses were inhibited by 0.1 mM cimeti-

dine (Khan et a!., 1986). This observation, taken together
with the markedly different agonist profile in !ympho-

cytes and cardiac H2-receptors, raises the possibility that

the H2-receptor on lymphocytes may be different from

H2-receptors in other tissues.

C. Histamine H3-Receptor

1. Ligand-binding studies. Advantage has been taken

of the high affinity of R-(ct)-methy!histamine for the
histamine H3-receptor in mammalian brain in the devel-
opment of a radioactive probe for this receptor subtype.

Studies with [3H]R-(a)-methylhistamine have revealed
binding sites in rat cerebral cortex (30 fmol/mg protein)

with the general characteristics of histamine H3-recep-

tors (Arrang et a!., 1987a). The specific binding of [3H]

R-(a)-methy!histamine in rat cerebra! cortex is displace-

able by a range of H3-receptor ligands, although at pres-
ent the number of compounds tested is rather limited.

There is an excellent agreement between the dissociation
constant of the antagonist, thioperamide, determined in
studies of ligand-binding and H3-receptor function, but
the K values determined for agonists are generally 5 to
10 times lower than their corresponding EC50 values in
functional studies (Arrang et a!., 1987a). The reason for

this remains to be determined, but it is possible that the
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TABLE 4

Activity of histamine congeners on murine lymphocytes

CH2- CH, - NH - X

HNr1�’
S.,,

Relative potencies

Natural
suppressor

(H,)

Cytolytic

T cells
(H,)

Guinea pig

heart (H2)

(1) H (Histamine) 1.0 1.0 1.0

(2)

91a

CH - (CH,)4 - C -NH -(J.t--CF, 43,000 43,000 Inactive

(3)

C�4, 0
II

CH - (CH,)3 - C -NH -(j.�-- CH, 3,800 1,550 0.01

(4)

�H, 0
II

CH - (CH,)4 - C -NH-(j�- CH, 3.0 4.6 7.0

(5)

Cr, o
II

CH - (CH,)4 - C -NH - (CH,), -CH, Inactive Inactive 0.01

equilibrium binding of the 3H-agonist may be to some

high-affinity agonist-induced conformation of the H3-

receptor (Arrang et a!., 1987a). This problem will only
be resolved when radiolabeled antagonist probes for this

receptor are available.
Autoradiographic studies with [3HJR-(a)-methylhis-

tamine have demonstrated the presence of thioperamide-

displaceable binding in a number of rat brain regions,
particularly the cerebra! cortex, striatum, hippocampus,

olfactory nuclei, and bed nucleus of the stri terminalis,
which receive ascending histaminergic projections from

the magnocellular nuclei of the posterior hypothalamus

(Arrang et a!., 1987a). Dense labeling is also observed in

the premammilary area which contains the majority of
the histamine-containing cell bodies (Arrang et a!.,

1987a). Very low density (approximately 5 fmol/mg pro-

tein) labeling has been observed in guinea pig lung pa-

renchyma! membranes (Arrang et a!., 1987a), indicating

the presence of H3-receptors outside of the CNS (see

below).
2. Functional studies. a. INHIBITION OF HISTAMINE

RELEASE. The presence of H3-receptors on histamine

nerve terminals was first demonstrated by Arrang et a!.

(1983) using slices of rat cerebra! cortex loaded with [3H]

histidine (fig. 4). In these assays a nonsuperfused system
was used and the inhibitory action of H3-agonists inves-

tigated against potassium- or veratridine-induced [3H]
histamine release (Arrang et a!., 1983, 1985a,b, 1987a,

1988a,b; Hi!! and Straw, 1988). In this system, the max-
imum inhibitory effect (approximately 60% under opti-

ma! conditions) was progressively diminished as the
strength of the displacing stimulus or the extracellular

calcium concentration was increased (Arrang et a!.,

1985b). This suggests that H3-receptors may act to re-

strict the influx of calcium ions, which is essential for

histamine release (Arrang et a!., 1983, 1985b; Hi!! and

HISTAM1NERGIC PATHWAYS IN RAT CEREBRAL CORTEX

FIG. 4. Presynaptic histamine H3-receptors control histamine re-

lease from ascending histaminergic fibres in rat cerebral cortex. The

cell bodies are restricted to the tuberal magnocellular nucleus (TM),

caudal magnocellular nucleus (CM), and postmamillary caudal mag-

nocellular nucleus (PCM). Abbreviations: HD, histidine; HA, hista-

mine.

Straw, 1988), into the histamine-containing nerve ter-
minals. Furthermore, because there is a marked enhance-
ment of depolarisation-induced release of [3H]histamine
by H3-antagonists under these experimental conditions,
it is likely that the overall response is influenced by the
tonic action of endogenously released histamine (Arrang
et a!., 1983, 1985b, 1987a).

H3-receptor-mediated inhibition of histamine release
is not confined to rat cerebra! cortex, and similar re-
sponses have been observed in rat striatum, hippocam-

pus, and hypothalamus (Arrang et a!., 1985b) and in
human cerebra! cortex (Arrang et a!., 1988a). In this
latter tissue, both R-(a)-methy!histamine and thioper-
amide were used to define the H3-receptor with quanti-
tative!y similar results to those obtained in rat cerebral
cortex (Arrang et a!., 1988a).
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More recent studies have investigated the effect of H3-
receptor ligands on electrically stimulated [3H]histamine

release from superfused slices of rat cerebra! cortex (Van
der Werf et a!., 1987; Van der Werf and Timmerman,

1989). In this system [3Hjhistamine release varies with

both stimulus frequency and duration (Van der Werf et
a!., 1987). The effectiveness of H3-receptor stimulation

is also sensitive to the frequency of electrical stimulation.

Thus, in contrast to the nonperfused assay system, the

release of [3H]histamine can be completely prevented by

1 �zM histamine at frequencies up to 10 Hz. At higher

frequencies (20 to 30 Hz), however, the maximal inhibi-

tion of histamine release is markedly reduced, and the

EC50value is increased (Van der Werf et a!., 1987). This

latter result suggests that there may be a spare H3-
receptor reserve in this tissue (Van der V!iet et a!., 1988).

This conclusion is supported by studies with a partial

H3-agonist, VUF8621, in which only the maxima! re-
sponse, and not the EC50 value, varied with stimulus

frequency (Vliet et a!., 1988).
b. INHIBITION OF HISTAMINE SYNTHESIS. In addition

to increasing [3H]histamine release from rat cerebral

cortical slices, potassium depolarisation is associated
with an increased formation of [3H]histamine from [3H]

histidine via the action of the specific histamine-synthe-

sising enzyme L-histidine decarboxylase (Arrang et a!.,

1983; Hill and Straw, 1988). In a similar fashion to the

H3-receptor-mediated control of histamine release, the

histamine synthesis induced by depo!arising stimuli can

be attenuated by exogenously applied histamine (Arrang
et a!., 1987b). This effect can be mimicked by R-(a)-

methy!histamine and antagonised by burimamide, im-

promidine, and thioperamide, indicating the involvement

of H3-receptors (Arrang et a!., 1987a,b). It is notable that
the K values determined from inhibition of the H3-

receptor-induced inhibition of histamine synthesis con-

sistently differ by a factor of 4 to 8 from the values

similarly obtained from studies of histamine release (e.g.,

K, = 4 nM and 31 nM for thioperamide from studies of
release and synthesis, respectively). The reason for this

is unclear, but it may be due to methodological differ-

ences in the measurement of the two parameters.
The effect ofthe two H3-selective ligands, R-(a)-methy!-

histamine and thioperamide, on histamine synthesis and
metabolism has been investigated in vivo (Arrang et a!.,

1987a; Oishi et a!., 1989; Garbarg et a!., 1989). In rat
cerebral cortex, intravenous or oral administration of R-

(a)-methy!histamine (10 to 30 mg/kg) produced a
marked (up to 65%) inhibition of [3H]histamine synthe-

sis which could be reversed by intraperitonea! adminis-
tration of thioperamide (10 mg/kg) (Arrang et a!., 1987a;

Garbarg et a!., 1989). Interestingly, administration of

thioperamide alone produced a marked increase in his-

tamine synthesis indicative of the presence of a degree

of tonic inhibitory H3-receptor stimulation (Arrang et

a!., 1987a).

Effects of in vivo adminstration of both R-(a)-methyl-

histamine and thioperamide have also been observed in

peripheral tissues, notably rat lung, abdominal skin, and
spleen (Arrang et a!., 1987a). In the case of rat lung,

thioperamide significantly increased histamine synthe-

sis. This is perhaps suggestive of an endogenous regula-

tion by histamine. The cell types involved in these
peripheral tissues are not known but may include mast

cells or cells undergoing rapid tissue growth and regen-

eration (Hi!!, 1987b).

C. INHIBITION OF THE RELEASE OF OTHER NEURO-

TRANSMITTERS. Discrepancies in the distribution of [3H]

R-(ct)-methy!histamine-binding sites and the levels of

histidine decarboxylase suggest that H3-receptors may

not be confined to histamine-containing neurones in the
mammalian CNS (Arrang et a!., 1987a; Van der Werf

and Timmerman, 1989). Support for this contention has

been provided by Schlicker et a!. (1988) who produced
preliminary evidence that H3-receptor stimulation can

inhibit the electrically evoked release of [3H]5-HT from
rat cerebra! cortical slices. Thus, the inhibitory effect of

histamine (10 zM) on 5-HT release was antagonised by

32 �M burimamide and 1 �tM impromidine but not by 10
�M pheniramine or 3.2 �tM ranitidine (Schlicker et a!.,

1988). Recent studies have indicated that histamine re-

lease in mammalian brain can also be regulated by mus-

carinic (Gu!at-Marnay et a!., 1989a) and a2-adrenoceptor

stimulation (Hi!! and Straw, 1988; Gulat-Marnay et a!.,
1989b); thus, it is perhaps not surprising that H3-recep-

tors may regulate the release of other neurotransmitters.

More quantitative studies of the effect of H3-receptor

ligands on other neurotransmitter systems have been

obtained on peripheral tissues.

In guinea pig mesenteric artery, perivascular nerve
stimulation produces an excitatory junction potential in

vascular smooth muscle cells that can be inhibited by

histamine presynatical!y (Ishikawa and Sperelakis,

1987). This effect is mimicked by N-a-methy!histamine

and can be competitively antagonised by both impromi-

dine (K1 = 48 nM) and burimamide (K1 = 330 nM),

indicating that H3-receptors may produce vasodilatation

in this tissue by inhibiting the release of sympathetic

neurotransmitters (Ishikawa and Sperelakis, 1987). Re-

cent data also indicate that H3-receptors in guinea pig
ileum and trachea!is may regulate the activity of the

parasympathetic nervous system (Barnes and Ichinose,
1989; Ichinose et a!., 1989; Ichinose and Barnes, 1989;

Trzeciakowski, 1987; Tamura et a!., 1988).

In guinea pig ileum, transmura! stimulation of the
myenteric plexus elicits a cholinergically mediated con-

traction that can be inhibited presynaptically by hista-

mine and Na-methy!histamine in the presence of the

H1-receptor antagonist mepyramine (Trzeciakowski,

1987; Fjalland, 1979). Impromidine antagonises this in-

hibitory effect with a KB value (26 nM) very similar to

that observed in other H3-receptor systems (Trzecia-
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kowski, 1987). A similar observation has been made in

guinea pig trachea and human bronchi where H3-recep-
tors modulate cholinergic neurotransmission at postgan-

g!ionic vagal nerve endings (Ichinose et a!., 1989; Barnes
and Ichinose, 1989; Ichinose and Barnes, 1989). Electro-

physiological studies in guinea pig ileum indicate that
H3-receptors may also regulate neurotransmission at nic-

otinic synapses of parasympathetic ganglia in the myen-

teric plexus (Tamura et a!., 1988). There are also prelim-

mary indications that H3-receptors may be able to inhibit
the release of tachykinins from nonadrenergic noncho!-

inergic nerves in both of these tissues (Barnes and Ichi-
nose, 1989; Ambache et a!., 1973).

There is one report of a direct vasodilation of potas-
sium-contracted rabbit middle cerebra! artery produced
by R-(a)-methylhistamine (Ea-Kim and Oudart, 1988).

In this study the concentration-response curve was not
affected by mepyramine or cimetidine but was competi-

tive!y antagonised by 1 �tM impromidine (KB = approxi-

mately 59 nM, calculated from data of Ea-Kim and
Oudart, 1988). These data indicate that this is an H3-
receptor-mediated effect and provides the first indication

that these receptors may not be confined to presynaptic
nerve endings.

3. Interactions with effector systems. The mechanism

underlying the inhibitory effect of H3-receptor stimula-
tion on neurotransmitter release in central and periph-

era! tissues remains to be established. However, compar-

ison with other receptor systems, known to have a similar

effect on neurotransmitter release (e.g., adenosine A1-

receptor, opiate receptor, and a2-adrenoceptor), suggests
a number of possibilities for the effector systems linked
to the H3-receptor. The possibilities include inhibition
of adenylate cyclase activity, activation of potassium

channels, and inhibition of voltage-dependent calcium
channels (Fredholm and Dunwiddie, 1988; North, 1989).
Studies in slices of guinea pig hippocampus have shown

that the H3-agonist R-(a)-methylhistamine is not able to
inhibit dimaprit-induced cyclic AMP accumulation (Gar-
barg et a!., 1989), suggesting that H3-receptors are not
negatively linked to adenylate cyclase.

V. Other Histamine Receptors

A. A Role for HLstamine in Tissue Growth and Repair

Although most studies of the physiological role of

histamine have concentrated on the extracellular actions
of the endogenous amine released from histaminergic
nerve terminals or mast cells, there are indications that
histamine may have a role in tissue growth and repair
(Kahlson and Rosengren, 1971). The activity of the

enzyme, histidine decarboxy!ase, which catalyses the for-
mation of histamine from histidine, has been reported to
be high in a number of rapidly growing tissues including
rat foetal tissues, tissues involved in wound healing,

certain tumour cells, and skin under the influence of
tumour-producing phorbol esters (Ishikawa et a!., 1970;

Watanabe et a!., 1981; Bartholeyns and Bouclier, 1984;

Bartholeyns and Fozard, 1985). These observations led

Kah!son and Rosengren (1971) to propose that newly
synthesised (nascent) histamine could be involved in cell
proliferation, perhaps via an intracellular action. Sup-

port for this hypothesis has been provided by the obser-
vations that the highly specific and irreversible histidine

decarboxy!ase inhibitor, S-(a)-fluoromethylhistidine can

slow tumour growth (Bartholeyns and Fozard, 1985; Bar-

tholeyns and Bouclier, 1984).

Preliminary evidence supporting an intracellular sec-

ond-messenger role for histamine has been obtained from
measurements of platelet aggregation (Saxena et a!.,

1989). This study showed that the platelet aggregation

induced by phorbol-12-myristate-13-acetate or collagen

is accompanied by an elevation in intracellular levels of
histamine and that both responses can be inhibited by
S-(a)-fluoromethy!histidine. The inhibitory effect of the

histidine decarboxy!ase inhibitor could, however, be re-

versed by adding histamine to platelets permeabilised
with saponin (Saxena et a!. 1989). It was notable, how-
ever, that histamine on its own was not able to induce

aggregation in permeabilised platelets. Interestingly,

platelet aggregation induced by phorbo!-12-myristate-13-
acetate was also inhibited by N,N,diethyl-2-[4-(phenyl-

methy!)phenoxy]ethamine in a manner that could be
reversed (by approximately 40%) by histamine in per-

meabilised platelets (Saxena et a!., 1989).

N,N,Diethyl-2-[4-(pheny!methy!)phenoxy]ethamine

is a paradiphenylmethane derivative which like tamoxi-

fen binds with high affinity to the microsoma! antioes-
trogen-binding site in rat liver (Brandes and Hermonat,
1984). It is able to displace [3H]histamine from rat cer-

ebra! cortical membranes with a K of 4 �tM (Brandes et
a!., 1987). This is within the concentration range that

N,N,diethyl-2-[4-(pheny!methy!)phenoxy]ethamine can

inhibit growth of cultured MCF-7 human breast cancer
cells, an effect that can be reversed by L-histidine ad-

ministration (Brandes et a!., 1987). However, although

the evidence that N,N,diethyl-2-[4-(pheny!methyl)
phenoxy]ethamine (and tamoxifen at high doses) can

inhibit the actions of histamine at an intracellular recep-

tor site is still very circumstantial, the attraction of the
hypothesis should act as the stimulus for future research

on the role of histamine in tissue growth and repair.

B. Invertebrate Histamine Receptors

A considerable amount of evidence has accumulated
to suggest that histamine may function as a synaptic
neurotransmitter in invertebrate nervous systems, par-

ticularly in the case of the mo!lusc Aplysia (Weinreich et
a!., 1975; Weinreich, 1977; Gruo! and Weinreich, 1979)

and the insect photoreceptor (Hardie, 1987, 1988; Nas-
sael et a!., 1988). However, there are only one or two
reports in which attempts have been made to characterise
the pharmacological properties of the histamine recep-

tors mediating responses in these tissues.
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Two distinct hyperpo!arising responses have been ob-

served in response to histamine on the somal membranes

of various identified Aplysia neurones (Gruol and Wein-

reich, 1979). These are a fast biphasic response and a
slowly developing monophasic component which appear
to be mediated by conductance increases to chloride and

potassium ions, respectively (Gruol and Weinreich,

1979). Recent patch-clamp studies in identified neurons

of the abdominal ganglion of Aplysia suggest that the

histamine receptor coupled to potassium channels me-
diates its effect via a pertussis toxin-sensitive GTP-

binding protein (Sasaki and Sato, 1987).

Several histamine analogues, most notably 2-methyl-

histamine and 4-methy!histamine, were able to mimick
the effect of histamine on the slow potassium current

which could be selectively and competitively antagonised

by 10 �M cimetidine but not by other H2-antagonists

(Gruol and Weinreich, 1979). In contrast, neither 2-
methyl- or 4-methylhistamine elicited a fast chloride-

dependent response, and the response to histamine was

not blocked by any H1- or H2-receptor antagonists (Gruol
and Weinreich, 1979). The histamine-stimulated ch!o-

ride current was, however, inhibited by tubocurarine and

strychnine (Gruol and Weinreich, 1979). These data

indicated that two pharmacologically distinct histamine
receptors mediate responses to histamine in Aplysia,

which are very different from vertebrate histamine re-

ceptors.
In large monopolar cells, which are postsynaptic to

photoreceptors in the housefly Musca domestica, app!i-

cation of histamine produces a rapid, chloride-mediated,

hyperpolarisation (Hardie, 1987). The effect of iono-
phoresed histamine can be potently antagonised by hexa-

methonium, gallamine, and decamethonium and to a

lesser extent by several H2-antagonists (Hardie, 1988).

There is also circumstantial evidence that the hyperpo-
lansing response to histamine may also contain a potas-

sium current similar to that observed in Aplysia neurons

(Hardie, 1987). Thus, it is possible that the in vivo

pharmacological characterisation (Hardie, 1988) of the

response to histamine in large monopolar cells may be
complicated by the presence of these two components

and may actually resemble more closely that observed in

Aplysia (Gruol and Weinreich, 1979).
Patch-clamp analysis of the chloride current in

housefly large monopo!ar cells provides strong evidence

that the histamine receptor mediating this effect is a
ligand-gated chloride channel (Hardie, 1989). Thus, the
presently available evidence supports the existence of

two invertebrate histamine receptors, one of which is a

ligand-gated chloride channel (which can be antagonised
by strychnine, gallamine, and a number ofother nicotinic

ligands) and the other of which controls the opening of

a potassium channel via a pertussis toxin-sensitive G
protein (which can be competitively antagonised by ci-

metidine).

VI. Summary and Conclusions

It is clear from the preceding overview of histamine

receptor pharmacology that research into the pharma-
co!ogy of histamine receptors is at an exciting stage of
development. The rapid advance of molecular biology

should soon see the structural identification and cloning
of all three of the major vertebrate histamine receptors.

Further work will continue toward enhancing our under-

standing of the control by histamine of intracellular

signaling via H1-and H2-receptors, and the rapid explo-

sion of work on the H3-receptor should begin to unravel
the mechanisms underlying its actions, perhaps via ef-

fects on ionic channels. The potential role of histamine
as an intracellular second messenger raises exciting pos-
sibi!ities, as does the search for a histamine receptor

analogous to the ligand-gated ion channel in the inver-

tebrate nervous system.
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