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a b s t r a c t

The cloning of the histamine H3 receptor (H3R) cDNA in 1999 by Lovenberg et al. [10] allowed

detailed studies of its molecular aspects and indicated that the H3R can activate several

signal transduction pathways including Gi/o-dependent inhibition of adenylyl cyclase,

activation of phospholipase A2, Akt and the mitogen activated kinase as well as the

inhibition of the Na+/H+ exchanger and inhibition of K+-induced Ca2+ mobilization. More-

over, cloning of the H3R has led to the discovery several H3R isoforms generated through

alternative splicing of the H3R mRNA.

The H3R has gained the interest of many pharmaceutical companies as a potential drug

target for the treatment of various important disorders like obesity, myocardial ischemia,

migraine, inflammatory diseases and several CNS disorders like Alzheimer’s disease,

attention-deficit hyperactivity disorder and schizophrenia.

In this paper, we review various molecular aspects of the hH3R including its signal

transduction, dimerization and the occurrence of different H3R isoforms.
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1. Introduction

In the historical context of histamine’s pharmacology our

current knowledge on the third histamine receptor has been

gathered in a very short period of time. After the discovery of

histamine’s biological actions in 1910 [1], the first two

histamine receptors were proposed in 1966 [2] and 1972 [3],

based on classical pharmacological rules of drug selectivity.

Using a similar strategy it was ultimately the French research

group at INSERM, led by Jean-Michel Arrang and Jean-Charles

Schwartz [4], which described in 1983 for the first time an

additional histamine receptor, mediating a negative feedback

on the release of histamine from rat brain slices.

With the rapid expansion in the knowledge on the

molecular aspects of the histamine H3 receptor (H3R) following
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cloning of the receptor cDNA, it has been recognized as a

promising G-protein coupled receptor (GPCR) target in the CNS

for the treatment of a variety of diseases, e.g. obesity and

cognitive disorders (for detailed reviews see [5–9]). Moreover,

at present we are overwhelmed with a large increase in our

knowledge on the molecular aspects of H3R. Especially in the

last decade important new data have been generated,

following the seminal paper of the Johnson & Johnson team

lead by Tim Lovenberg on the cloning of the human H3R (hH3R)

[10]. Despite the fact that both the histamine H1 and H2

receptor cDNA’s sequences were known since the early

nineties [11,12] and substantial efforts of various laboratories

to clone the H3R cDNA on the basis of homology with the other

two histamine receptors, it lasted until 1999 to elucidate the

molecular architecture of the hH3R [10]. Following a large scale
iberach, Germany.
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Fig. 1 – A schematic representation of the H3R-mediated

signal transduction. The H3R has been shown to modulate

several signal transduction pathways including the

inhibition adenylyl cyclase (AC), mitogen-activated

protein kinase (MAPK), activation of phospholipase A2

(PLA2), intracellular calcium mobilization, activation of the

Akt/GSK-3b axis and inhibition of the Na+/H+ exchanger.
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effort to clone CNS-expressed (orphan) GPCRs, Lovenberg et al.

[10] identified and subsequently ‘deorphanised’ the hH3R. The

isolated hH3R cDNA encoded a 445 amino acid protein with all

the hallmarks of the family A, rhodopsin-like GPCR [13], and

finally confirmed initial suggestions of the GPCR nature of the

H3R based on H3R agonist-induced [35S]GTPgS binding [14,15],

GTP- and PTX-sensitivity of H3R radioligand binding and/or

responses [14,16,17].

With the identification of the hH3R cDNA, histamine

receptor research was boosted a great deal and enormous

progress has been made in the field ever since. The new

information resulted in the identification of a novel histamine

receptor, H4 [18], and also evoked strong interest of many

pharmaceutical companies to develop H4R selective ligands

[6,8]. Whereas the H3R has been considered by many

companies as an interesting target even before 1999, the lack

of molecular information and thus the availability of recom-

binant systems, made most companies hesitant to start drug

discovery programs. A recent review by Hancock [19] on the

large drug discovery efforts by Abbott Laboratories, nicely

illustrates how the lack of the hH3R as a screening tool resulted

in an initial setback in Abbott’s H3R program. Nevertheless,

their early entry in the H3R field ensured Abbott a strong

position in the present H3R field [8,19]. With the present

availability of the H3R cDNA many major pharmaceutical

companies have joined the search for selective and potent H3R

antagonists [8]. The development of H3R ligands has recently

been elaborately documented in various reviews [5,8,19–21].

The cloning of the H3R cDNA has also led to a detailed

delineation of several molecular aspects of H3R pharmacology.

With the identification of the chromosomal localization and

the elucidation of the genomic H3R sequence, it became clear

that the H3R gene contains various introns and, thus,

alternative splicing might result in various H3R isoforms.

Indeed, soon after the cloning of the hH3R cDNA, at least 20

human [22–28] and several rodent [29,30] isoforms have been

identified. In this review we present an overview of the H3R

isoforms and their known signal transduction pathways for a

better understanding of the mechanism of action of H3R

antagonists as potential therapeutics (Fig. 1).
2. Genomic organization of the H3R

The hH3R gene is located on chromosome 20 at location

20q13.33 (HRH3 GeneID: 11255) and the coding region has been

suggested to consist of either three exons and two introns

(GenBank accession number AL078633) [31], or four exons and

three introns [22]. Alternatively, the most 30 intron has been

proposed to be a pseudo-intron as it is retained in the

hH3R(445) isoform, but deleted in the hH3R(413) isoform [23]. In

the coding region for the hH3R(445) exon 1 codes for

transmembrane domain (TM) 1 and half of TM2, exon 2 codes

for half of TM2 and TM3 and exon 3 encodes the remaining TM

domains (Fig. 2). The complete coding sequence spans almost

4 kbp (nt 15421–19670). As reviewed extensively elsewhere

[6,32,33], soon after the cloning of the hH3R gene, the highly

conserved H3R genes were cloned by sequence homology from

various other species, including rats [29,30,34,35] guinea-pigs

[36,37], mice [38], and monkeys [39].
3. Identification of H3R isoforms

To date at least 20 isoforms of the hH3R are known and in

addition several H3R isoforms have been identified in rat,

guinea-pig and mouse as well [22–24,28–31,37,40,41]. So far no

isoforms were found for the monkey H3R [39]. The complete

spectrum of H3R isoforms might be highly species-specific,

complicating the evaluation of the various isoforms in relation

to the effectiveness of H3R ligands in vivo.

For the hH3R, alternative splicing occurs in four different

regions. In three of these regions; 7–42, 85–98 and 197–417

(following the amino acid numbering of the hH3R(445) isoform),

this leads to a deletion of various amino acids. In the fourth

region, alternative splicing generates isoforms that have eight

additional amino acids at the C-terminus, consequently adding

the amino acids KMKKKTCL to the hH3R protein. The third

region (197–417), contains several donor and acceptors sites

making it a highly diverse region. Currently, nothing is known

about the regulation of the splicing of the H3R mRNA. Since

alternative splicing can occur simultaneously in the different

indicated regions a largevariety of different H3R isoforms can be

generated (Table 1 and Figs. 3 and 4).

Alternative splicing in the first region deletes a part of the

N-terminal tail and a part of TM1, whereas splicing in the

second region deletes a part of the TM2. Alternative splicing in

the third region between 226 and 353 generates hH3R isoforms

with a variation in the length of the third intracellular loop.

Splicing in the third region, starting at amino acid 197 or

ending at amino acid 417, leads to deletion of TM5 or TM6/7,

respectively.

Following the cloning of the hH3R(445) by Lovenberg et al.

[10], Cogé et al. described the discovery of five additional

isoforms with splicing in regions the between 85–98 or



Fig. 2 – Genomic organization of the hH3R. (A) Schematic representation of the human chromosome 20 and the location of

the hH3R gene in the q13.33 region. (B) Schematic representation of the hH3R gene and its exons (dark blue) and introns

(white boxes). (C) Schematic representation of the H3R mRNA showing the untranslated region (in yellow), the coding

regions (orange) and the transmembrane domains (green).
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197–353 (hH3R(431), hH3R(415), hH3R(365), hH3R(329) and

hH3R(326) [22]). In addition to confirming the hH3R(365)

isoform, Wellendorph et al. described the cloning of four

additional isoforms (hH3R(373), hH3R(309), hH3R(301) and

hH3R(200) [24]). The hH3R(373) is derived from the same splice

event as the hH3R(365), but with eight additional amino acids

at the C-terminus. The alternative splicing event leading to

the addition of eight amino acids was also found to occur for

the hH3R(445), leading to the hH3R(453) isoform [28]. The

hH3R(301) and the hH3R(309) are generated by splicing

between amino acids 274 and 417, with or without the eight

additional amino acids at the C-terminus. The hH3R(200) is

created by a frame shift leading to a novel stop codon.

Furthermore, Tradivel-Lacombe et al. described alternative

splicing event to occur between 274 and 305 leading to the
Table 1 – Overview of human H3R isoforms

The H3R isoforms are denoted by their number of amino acids. Indicated

H3R isoforms were shown to have radioligand binding (B), to be func

determined (ND). Adapted from [6].
hH3R(413) isoform. Besides the scientific literature, informa-

tion about H3R isoforms can also found in the patent

literature. Patent WO/2003/042359 by Merck claims twelve

isoforms, including all isoforms previously published by Cogé

et al. [22] and six isoforms that were not known before

(hH3R(409), hH3R(395), hH3R(379), hH3R(329b), hH3R(293),

hH3R(290) [27]). All these isoforms are formed after deletion

of amino acids 7–42 and five of them are derived through a

combination of already known splice events in the 197–353

region. Patents by SmithKline Beecham describe splicing

events leading to the hH3R(365) in combination with amino

acid deletion the 85–98 or 393–417 region [25,26]. Besides the

already known isoforms, one can envision that by combina-

tion of the known splice sites more possibilities for hH3R

isoforms exist.
are the regions of alternative splicing and the location in the protein.

tional (F), or non-functional (NF). For most isoforms neither was



Fig. 3 – Schematic representation of the hH3R protein showing the transmembrane domains (yellow) and the corresponding

alternative splicing events, the numbering shows the number of deleted amino acids.
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4. H3R Signal transduction

4.1. Inhibition of adenylyl cyclase

Early experiments studying the receptor function employing

pertussis toxin (PTX) using various assay systems, such as

AtT-20 cells endogenously expressing the H3R [17], the guinea

pig atria [42] and modulation of the H3R induced [35S]-GTPgS

binding in rat brain [43], suggested that the H3R might be Gai/o-

coupled [14]. Expression of the cloned H3R cDNA in SK-N-MC

cells confirmed the linkage of the hH3R to Gai/o-proteins by

showing its ability to inhibit the forskolin induced cAMP

formation in a PTX sensitive manner (Fig. 1) [44]. Subse-

quently, the hH3R was shown to couple negatively to adenylyl

cyclase in variety of heterologously transfected cell lines

[22,44–47] and in rat striatal slices [48]. Inhibition of adenylyl

cyclase by the H3R causes a decrease in intracellular cAMP and

a subsequent reduction of protein kinase A (PKA) activity. PKA

participates in a variety of signaling pathways leading to a

range of biological responses including gene expression,

synaptic plasticity, and behavior [49]. Some controversy exists

on the role of cAMP in the modulation of neurotransmitter

release by the presynaptic H3R. H3R-mediated inhibition of

cholinergic neurotransmission in the guinea pig ileum and the

release of norepinephrine from mouse cortex was shown to be

independent of adenylyl cyclase [50–52]. However, more

recent studies have shown that the H3R modulates synthesis

of histamine [47,53,54], as well as the exocytosis of norepi-

nephrine both in cardiac synaptosomes, and in a transfected

cell line [55] depends on the H3R-mediated inhibition of cAMP

levels.

Like many other GPCRs [56,57], the H3R can be sponta-

neously active in the absence of histamine [44,45]. This

constitutive activity was demonstrated by the activation of

the adenylyl cyclase pathway in CHO cells, in which

enhanced receptor expression of either the rat H3R(445) or

H3R(413) was associated with an increase in the constitutive

inhibition of adenylyl cyclase. Many classical H3R antagonists

(e.g. thioperamide, clobenpropit, ciproxyfan) were shown to

reverse this constitutive inhibition of adenylyl cyclase in

stably transfected CHO [45], SK-N-MC [44] and HEK293 [35]

cells and, thus, are in fact H3R inverse agonists. Besides

agonists and inverse agonists, also neutral H3R antagonists

for the adenylyl cyclase pathway have been found. N-

isopropylimpentamine and a propylene analogue of imme-

pip, VUF5681, did not affect constitutive signaling, but these
neutral H3R antagonists competitively blocked the effect of

H3R agonists and H3R inverse agonists [44,58]. Recently

VUF5681 was used in vivo and was shown to block the effects

of H3R inverse agonist thioperamide on PKA-mediated

synthesis of histamine in rat brain cortex, whereas it did

not modulate histamine synthesis, which would be indicative

for a H3R agonist [53].

4.2. Activation of phospholipase A2

Also the H3R-mediated activation of phospholipase A2 (PLA2),

leading to the release of arachidonic acid depends on the

activation of Gai/o-proteins (Fig. 1). The release of arachidonic

acid has been suggested to be important in the H3R-mediated

relaxation of the guinea pig epithelium [59]. PLA2 activity is

under the control of the high constitutive activity of the H3R

[45]. In CHO cells with moderate H3R expression, proxyfan was

shown to be a neutral H3R antagonist in the [3H]arachidonic

acid release assay, but in CHO cells with high H3R expression it

displayed partial inverse agonism at the H3R [45]. In contrast,

proxyfan displayed partial H3R agonism in a MAPK, [35S]GTPgS

and cAMP assays [60] and was therefore identified as a protean

H3R agonist, a ligand that depending on the system para-

meters, not on the receptor, displays distinct functional

efficacy [61]. In general, activation of PLA2 not only leads to

the release of arachidonic acid, but also to the release of

docosahexaenoic acid and lysophospholipids. Besides having

intrinsic physiological effects, these metabolites are also

substrates for the synthesis of more potent lipid mediators

such as platelet activating factor, eicosanoids, and 4-hydro-

xynonenal. The latter is the most cytotoxic metabolite, is

associated with the apoptotic type of neural cell death and

markedly increased in neurological diseases like ischemia,

Alzheimer’s disease and Parkinson’s disease [62].

4.3. Modulation of the MAPK pathway

Besides H3R-mediated signaling through Gai/o-proteins (Fig. 1),

Gbg-subunits are known to activate specific signal transduc-

tion pathways such as the MAPK pathway [63,64]. MAPKs are

known to have pronounced effects on cellular growth,

differentiation and survival as well as to be important in

neuronal plasticity and memory processes [65,66]. Activation

of the rat H3R was shown to lead to phosphorylation of MAPK

in COS-7 cells heterologously expressing the rat H3R. However,

the level of phosphorylation varies for the different isoforms



Fig. 4 – Alignment of the currently know hH3R isoforms. The overlapping regions are in blue, partly overlapping regions

yellow and the transmembrane domains are shaded black.
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[29]. In contrast to the cAMP response, the H3R was shown to

exhibit little constitutive activation of the MAPK pathway [60].

Whether this MAPK phosphorylation is solely due to Gbg-

subunits, crosstalk with growth factor receptors or the use of

scaffolds like b-arrestin [67], remains to be elucidated.

Alternatively, a neuron-specific cascade from cAMP/PKA to

MAPK comprising the critical events of hippocampus-based

long-term plasticity has been described [68], but this pathway

has yet not been studied in relation to the H3R.

4.4. Activation of the Akt/GSK-3b axis

Also Akt/GSK-3b kinases have been shown to be activated by

the H3R in a neuroblastoma cell line, primary cultures of

cortical neurons and in striatal slices of Spraque–Dawley rats

(Fig. 1) [69]. Like in the previously described pathways, the H3R

constitutively activates the Akt/GSK-3b axis, which can be

reversed by the H3R inverse agonist thioperamide. The H3R-

mediated activation Akt/GSK-3b was shown to be indepen-

dent of Src/EGF receptor transactivation and MAP kinase

activation, but similar to other GPCRs [70] to occur through

phospho-inositol-3-kinase (PI3K) activation via the Gbg-sub-

units of Gai/o proteins. In the CNS, the Akt/GSK-3b axis plays a

prominent role in brain function and has been implicated in

neuronal migration, protection against neuronal apoptosis

[71] and is believed to be altered in Alzheimer’s disease,

neurological disorders [72,73] and schizophrenia [74]. Because

the high expression level of the H3R is restricted to specific

areas of the brain during development [75], one could

speculate that the activation of Akt might be relevant for a

H3R-mediated neuronal migration during development of the

CNS exerting its effect through the Akt/GSK-3b pathway, or

the MAPK kinase pathway as described above. It has been

reported before that simultaneous MAPK and Akt activation

are required for cortical neuron migration [76]. There is also

evidence that the H3R plays a neuroprotective role in the CNS

[77]. Moreover, H3R mRNA is upregulated in certain brain areas

after induction of ischemia [78] and kainic acid-induced

seizures [79]. Upregulation of the H3R and the subsequent

constitutive signaling to the Akt/GSK-3b pathway could be the

mechanism by which the H3R exerts its endogenous neuro-

protective role.

4.5. Modulation of intracellular Ca2+

In human neuroblastoma SH-SY5Y cells it was shown that H3R

activation reduced the K+-induced intracellular calcium

mobilization (Fig. 1). This signal transduction mechanism

was subsequently linked to inhibitory effect of the H3R on the

norepinephrine exocytosis in these cells as well as in cardiac

synaptosomes [80]. In latter studies this effect on K+-induced

calcium mobilization was linked to the H3R-mediated inhibi-

tion of PKA activity, leading to a decreased Ca2+ influx through

voltage-operated Ca2+ channels [55]. No effects on the

intracellular Ca2+ levels were observed upon administration

of H3R agonists before the K+-induced calcium release. In

contrast, in SK-N-MC cells the heterologous expression of the

hH3R results in a rapid, but transient Gi/o-protein dependent

calcium mobilization from intracellular stores upon the

administration of H3R agonists [69]. This observation is
analogous to the reported signalling of the related Gi/o-coupled

H4 receptor, which mobilizes calcium in mast cells and

eosinophils [81,82]. Further research is needed to study the

detailed molecular pathway of the H3R-mediated calcium

mobilization in SK-N-MC cells and determine if similar

findings are evident in other cell types that endogenously

express H3Rs.

4.6. Inhibition of Na+/H+ exchanger activity

The Na+H+ exchanger (NHE) is essential for the restoration of

intracellular physiological pH by the removal of one intracel-

lular H+ for one extracellular Na+ and thereby preventing

acidification during ischemia [83]. The consequential increase

of interneuronal Na+ forces the reversal of the Na+- and Cl�-

dependent norepinephrine transporter and leads to an

increase in carrier-mediated norepinephrine release. Activa-

tion of the H3R was shown to diminish neuronal NHE activity

(Fig. 1) and this pathway was proposed as the mechanism by

which the H3R inhibits the excessive release of norepinephrine

during protracted myocardial ischemia [84]. For that reason

H3R agonists were proposed to have therapeutic potential for

myocardial ischemia, the negative modulation on norepi-

nephrine release might prevent arrhythmias and sudden

cardiac death [85].

Not much is known about the mechanism by which the

H3R inhibits NHE activity. In general, GPCRs are known to

activate NHE through kinases like MAPK [86]. However, little

is know about the signaling mechanisms of GPCRs that

attenuate NHE activity [87], although a direct interaction of

Gai/o-proteins has been suggested to be involved in the

inhibition of NHE [88,89].
5. Expression of the H3R isoforms

The initial cloning of the hH3R gene demonstrated that the full

length receptor is a hH3R(445) amino acid G-protein coupled

receptor that is found almost exclusively in the brain [10].

Whether the so far described isoforms indeed play an

important role will depend on their expression levels and

potential differential expression. Cogé et al. [22] showed by

Northern blots analysis a high signal for the hH3R(445) in

thalamus, caudate nucleus, putamen and cerebellum, a lower

signal in the amygdala and a faint signal for the substantia

nigra, hippocampus and cerebral cortex. No signal was

observed in the corpus callosum, spinal cord or in peripheral

tissue. Further analysis of hH3R isoforms was done by RT-PCR,

for the hH3R(445) the results was comparable to the Northern

blot analysis. The hH3R(415) and the hH3R(365) showed high

level expression in the thalamus, caudate nucleus and

cerebellum, whereas hH3R(329) and hH3R(326) were highly

expressed in the amygdala, substantia nigra, cerebral cortex

and hypothalamus [22]. As described by Wellendorph et al. [24]

the hH3R(373/365) isoforms are expressed at a higher level

than the hH3R(445) isoform in the stomach and the hypotha-

lamus using a RT-PCR approach [24]. The differential expres-

sion in the hypothalamus is not consistent with the findings

by Cogé et al. [22]. Clearly more work needs to be done in

this area.
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6. Pharmacological characteristics of H3R
isoforms

Pharmacological characterization of different hH3R isoforms

have been described in two publications (Table 1). Of the six

isoforms cloned by Cogé et al. [22], three isoforms (hH3R(445),

hH3R(431), hH3R(365)) were expressed in CHO cells and

pharmacologically characterized, with a focus on the

hH3R(445) and hH3R(365). The hH3R(431), which lacks 14

amino acids at the C-terminal end of TM2, showed no

[125I]Iodoproxyfan radioligand binding. Whereas this deletion

does not affect the key-residues in ligand binding for

imidazole containing ligands (D114 in TM3 and E206 in TM5

[46]), it eliminates the structurally important proline residue

characteristic for amine receptors [90,91]. The 14 amino acid

deletion is thereby expected to alter the structural organiza-

tion and likely affects the [125I]Iodoproxyfan binding. A similar

pharmacology was observed for the hH3R(445) and hH3R(365)

in radioligand binding studies. However, H3R agonists did not

generate a functional response on the hH3R(365) in cAMP and

Ca2+ assays, nor in a [35S]GTPgS binding assay. In contrast to

the findings by Cogé et al., Wellendorph et al. [24] have shown

that the hH3R(365) isoform was functional in a R-SATTM

reporter assay and displayed higher potency for typical H3R

agonists. Higher agonist potencies have also been observed for

the rat H3R isoforms, with similar deletions in the third

intracellular loop 3 [29]. The truncated isoforms hH3R(301)

(lacking TM6 and 7) and hH3R(200) (lacking TM5–7) failed to

show a biological response, or Na-[methyl-3H]-histamine

radioligand binding, not surprising as these isoform lack

many residues important for GPCR structure and function [92].

However these isoforms can play a role in H3R signaling as was

recently published for the non-functional rat H3R isoforms

lacking TM7, that were shown to act as dominant negatives on

the expression of the functional rat H3R isoforms [93]. The

hH3R(373) isoform, which corresponds to hH3R(365) with eight

additional amino acids at the C-terminus, behaves as the

hH3R(365) in the R-SATTM reporter assay, suggesting that 8

extra amino acids do not dramatically alter the pharmacology

of the isoforms. The hH3R(409), hH3R(395), hH3R(379),

hH3R(329b), hH3R(293) and hH3R(290) isoforms lack 36 amino

acids at the N-terminus, including a N-glycosylation site.

Glycosylation at GPCRs have been found to be important in the

stabilization dimers [94] and for correct trafficking to the

membrane [95–97], however at this moment is it not known if

these 36 amino acids affect hH3R trafficking or its pharmacol-

ogy.
7. Dimerization of H3Rs

The concept of GPCR dimerization is now well documented in

literature (for detailed reviews see [98]), and such direct

protein–protein interactions between different GPCRs are

suggested to allow a whole vista of possibilities for subtle

changes in the pharmacology of these GPCRs from their

monomeric, homo-dimeric or -oligomeric entities, which were

previously attributed to the existence of additional receptor

subtypes. In view of the recent discovery of H3R isoforms,

which are often co-expressed, the occurrence of H3R isoform
dimerization might add another level of complexity to the H3R

pharmacology.

The first evidence for H3R isoform dimerization comes from

the use of an antibody directed against the rat H3CR isoform (48

amino acid deletion in I3) using both native as well as

heterologously expressed rat H3Rs [99]. Subsequent time-

resolved Fluorescent Resonance Energy Transfer (tr-FRET)

experiments using heterologously expressed epitope tagged

rat H3ARs have shown the presence of oligomeric rat H3ARs at

the cell surface [93]. As many of the functional H3R isoforms

differ in the length of their third intracellular loop, one could

envision that this might influence the capabilities of the

isoforms to form domain-swap H3R (homo- or hetero-) dimers.

In addition, sequences within the third intracellular loop may

serve a scaffolding function. The potential protein-protein

interaction involving various functional H3R isoforms remains

unclear.

In addition to the functional H3R isoforms, several

(presumed) non-functional H3R isoforms have been detected.

These non-functional isoforms consist either of a truncated

receptor comprising only the proximal part of a full-length

isoform, the amino terminal domain until the second

transmembrane domain, or of a C-terminal truncated isoform

that in comparison to a full length isoform lacks transmem-

brane 7 and have been named 6TM-H3R isoforms [93]. For

these truncated isoforms neither the binding of known H3R

radioligands nor any functional responses have been

observed. The roles of these non-functional H3R isoforms

are poorly understood. Intriguingly, mRNAs coding for the

truncated and assumed non-functional rat H3R isoforms are

expressed in the brain to a similar extent as the functional rat

H3R isoforms [30,93], suggesting that these truncated proteins

may have yet unidentified functions. Recently, we reported on

the identification of three rat 6TM-H3R isoforms which are

capable to specifically negatively influence the cell surface

expression of the full length functional H3R isoforms, and that

mRNA expression of these 6TM-H3R isoforms are modulated

upon treatment with the convulsant pentylenetetrazole.

These observations corroborate the potential functional

importance of the otherwise non-functional truncated H3R

isoforms [93]. The 6TM-H3R isoforms appear to affect the cell

surface expression of the functional isoforms through reten-

tion of these functional isoforms within the cell. Retention

occurs most likely within the endoplasmatic reticulum,

probably through the formation of heterodimeric H3Rs

consisting of a mixture of functional and non-functional

isoforms that lack domains that are required for appropriate

interactions with accessory proteins that mediate the cell-

surface targeting of the receptor complex. In evidence for this,

the 6TM-rH3R isoforms lack a F(X)6LL motif that is reported to

be important for interaction with a specific ER-membrane-

associated protein that regulates transport of GPCRs [100], and

possess an RXR ER retention signal instead [93].
8. Concluding remarks

The cloning of the hH3R has led to the discovery of several

signal transduction pathways that are modulated by the hH3R.

Some of these signaling pathways can be linked to relevant
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pathophysiologies. The hH3R-mediated inhibition of the NHE

leads to a subsequent lowering in the exocytosis of norepi-

nephrine and thereby providing an explanation for the

protective role of hH3R agonists during myocardial ischemia.

The cloning of the receptor gene resulted in the elucidation of

the genomic organization of the hH3R and the discovery of

many hH3R isoforms. To date there is limited knowledge on

the regulation of the expression of the H3R isoforms or

regulation of the alternative splicing of H3R mRNA. The

pharmacology and signal transduction of these isoforms is

also still largely unknown and needs further investigation.

Moreover, G-protein independent signaling of the H3R, e.g. by

G-protein coupled receptor kinases or b-arrestin, has not been

studied and might provide additional insight in molecular

aspects of the H3R isoforms. Surprisingly, even non-signaling

isoforms have been shown to have a physiological role by

influencing the expression of several functional H3R isoforms.

Moreover, little is known about the hH3R in relation the homo/

heterodimerization and the existence of the hH3R isoforms.

GPCRs are shown to form non-covalent dimers through

hydrophobic interactions between helices or coiled-coil

structures; deletion of certain sequences in the hH3R protein

is likely to have an effect on the formation of dimers. In view of

the suggested H3R heterogeneity in both functional and

radioligand binding studies, the occurrence of H3R isoforms

and (potential) dimerization might provide some of the

molecular explanations.

However, how intricate the molecular details of the hH3R

mighthavebecome, therecentprogresstoclinicalphasestudies

shows the therapeutic potential of hH3R inverse agonists and

substantiates that the H3R is a promising drug target.
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[22] Cogé F, Guenin SP, Audinot V, Renouard-Try A, Beauverger
P, Macia C, et al. Genomic organization and
characterization of splice variants of the human
histamine H3 receptor. Biochem J 2001;355:279–88.

[23] Tardivel-Lacombe J, Morisset S, Gbahou F, Schwartz JC,
Arrang JM. Chromosomal mapping and organization of
the human histamine H3 receptor gene. Neuroreport
2001;12:321–4.

[24] Wellendorph P, Goodman MW, Burstein ES, Nash NR,
Brann MR, Weiner DM. Molecular cloning and
pharmacology of functionally distinct isoforms of the
human histamine H(3) receptor. Neuropharmacology
2002;42:929–40.

[25] Tsui P. Human histamine H3 gene variant-2. WO/2001/
068703, 2001.

[26] Tsui P. Human histamine H3 gene variant-3. WO/2001/
068816, 2001.

[27] Gallagher M, Yates SL. Histamine H3 receptor
polynucleotides. WO/2003/042359, 2003.

[28] Nakamura T, Itadani H, Hidaka Y, Ohta M, Tanaka K.
Molecular cloning and characterization of a new human
histamine receptor, HH4R. Biochem Biophys Res Commun
2000;279:615–20.



b i o c h e m i c a l p h a r m a c o l o g y 7 3 ( 2 0 0 7 ) 1 1 9 5 – 1 2 0 4 1203
[29] Drutel G, Peitsaro N, Karlstedt K, Wieland K, Smit MJ,
Timmerman H, et al. Identification of rat H3 receptor
isoforms with different brain expression and signaling
properties. Mol Pharmacol 2001;59:1–8.

[30] Morisset S, Sasse A, Gbahou F, Heron A, Ligneau X,
Tardivel-Lacombe J, et al. The rat H3 receptor: gene
organization and multiple isoforms. Biochem Biophys Res
Commun 2001;280:75–80.

[31] Wiedemann P, Bonisch H, Oerters F, Bruss M. Structure of
the human histamine H3 receptor gene (HRH3) and
identification of naturally occurring variations. J Neural
Transm 2002;109:443–53.

[32] Bakker RA. Histamine H3-receptor isoforms. Inflamm Res
2004;53:509–16.

[33] Hancock AA, Esbenshade TA, Krueger KM, Yao BB. Genetic
and pharmacological aspects of histamine H3 receptor
heterogeneity. Life Sci 2003;73:3043–72.

[34] Lovenberg TW, Pyati J, Chang H, Wilson SJ, Erlander MG.
Cloning of rat histamine H(3) receptor reveals distinct
species pharmacological profiles. J Pharmacol Exp Therap
2000;293:771–8.

[35] Wulff BS, Hastrup S, Rimvall K. Characteristics of
recombinantly expressed rat and human histamine H3

receptors. Eur J Pharmacol 2002;453:33–41.
[36] Cassar S. Cloning of the guinea pig H3 receptor.

Neuroreport 2000;11:L3–4.
[37] Tardivel-Lacombe J, Rouleau A, Heron A, Morisset S, Pillot

C, Cochois V, et al. Cloning and cerebral expression of the
guinea pig histamine H3 receptor: evidence for two
isoforms. Neuroreport 2000;11:755–9.

[38] Chen J, Liu C, Lovenberg TW. Molecular and
pharmacological characterization of the mouse histamine
H3 receptor. Eur J Pharmacol 2003;467:57–65.

[39] Yao BB, Sharma R, Cassar S, Esbenshade TA, Hancock AA.
Cloning and pharmacological characterization of the
monkey histamine H3 receptor. Eur J Pharmacol
2003;482:49–60.

[40] Ding W, Zou H, Dai J, Duan Z. Combining restriction
digestion and touchdown PCR permits detection of trace
isoforms of histamine H3 receptor. BioTechniques
2005;39:841–5.

[41] Rouleau A, Heron A, Cochois V, Pillot C, Schwartz JC,
Arrang JM. Cloning and expression of the mouse
histamine H3 receptor: evidence for multiple isoforms. J
Neurochem 2004;90:1331–8.

[42] Endou M, Poli E, Levi R. Histamine H3-receptor signaling in
the heart: possible involvement of Gi/Go proteins and
N-type Ca++ channels. J Pharmacol Exp Therap 1994;269:
221–9.

[43] Clark EA, Hill SJ. Differential effect of sodium ions and
guanine nucleotides on the binding of thioperamide and
clobenpropit to histamine H3-receptors in rat cerebral
cortical membranes. Br J Pharmacol 1995;114:357–62.

[44] Wieland K, Bongers G, Yamamoto Y, Hashimoto T,
Yamatodani A, Menge WM, et al. Constitutive activity of
histamine h(3) receptors stably expressed in SK-N-MC
cells: display of agonism and inverse agonism by H(3)
antagonists. J Pharmacol Exp Therap 2001;299:908–14.

[45] Morisset S, Rouleau A, Ligneau X, Gbahou F, Tardivel-
Lacombe J, Stark H, et al. High constitutive activity of
native H3 receptors regulates histamine neurons in brain.
Nature 2000;408:860–4.

[46] Uveges AJ, Kowal D, Zhang Y, Spangler TB, Dunlop J,
Semus S, et al. The role of transmembrane helix 5 in
agonist binding to the human H3 receptor. J Pharmacol Exp
Therap 2002;301:451–8.

[47] Gomez-Ramirez J, Ortiz J, Blanco I. Presynaptic H3

autoreceptors modulate histamine synthesis through
cAMP pathway. Mol Pharmacol 2002;61:239–45.
[48] Sanchez-Lemus E, Arias-Montano JA. Histamine H3

receptor activation inhibits dopamine D1 receptor-induced
cAMP accumulation in rat striatal slices. Neurosci Lett
2004;364:179–84.

[49] Brandon EP, Idzerda RL, McKnight GS. PKA isoforms,
neural pathways, and behaviour: making the connection.
Curr Opin Neurobiol 1997;7:397–403.

[50] Lee JJ, Parsons ME. Signaling mechanisms coupled to
presynaptic A(1)- and H(3)-receptors in the inhibition of
cholinergic contractile responses of the guinea pig ileum. J
Pharmacol Exp Therap 2000;295:607–13.

[51] Poli E, Pozzoli C, Coruzzi G, Bertaccini G. Histamine H3-
receptor-induced inhibition of duodenal cholinergic
transmission is independent of intracellular cyclic AMP
and GMP. Gen Pharmacol 1993;24:1273–8.

[52] Schlicker E, Kathmann M, Detzner M, Exner HJ, Gothert M.
H3 receptor-mediated inhibition of noradrenaline release:
an investigation into the involvement of Ca2+ and K+ ions,
G protein and adenylate cyclase. Naunyn-Schmiedeberg’s
Arch Pharmacol 1994;350:34–41.

[53] Moreno-Delgado D, Torrent A, Gomez-Ramirez J, de Esch I,
Blanco I, Ortiz J. Constitutive activity of H(3) autoreceptors
modulates histamine synthesis in rat brain through the
cAMP/PKA pathway. Neuropharmacology 2006.

[54] Torrent A, Moreno-Delgado D, Gomez-Ramirez J,
Rodriguez-Agudo D, Rodriguez-Caso C, Sanchez-Jimenez
F, et al. H3 autoreceptors modulate histamine synthesis
through calcium/calmodulin- and cAMP-dependent
protein kinase pathways. Mol Pharmacol 2005;67:195–203.

[55] Seyedi N, Mackins CJ, Machida T, Reid AC, Silver RB, Levi R.
Histamine H3-receptor-induced attenuation of
norepinephrine exocytosis: a decreased protein kinase a
activity mediates a reduction in intracellular calcium. J
Pharmacol Exp Therap 2005;312:272–80.

[56] Bond RA, Ijzerman AP. Recent developments in
constitutive receptor activity and inverse agonism, and
their potential for GPCR drug discovery. Trends Pharmacol
Sci 2006;27:92–6.

[57] Costa T, Cotecchia S. Historical review: Negative efficacy
and the constitutive activity of G-protein-coupled
receptors. Trends Pharmacol Sci 2005;26:618–24.

[58] Kitbunnadaj R, Zuiderveld OP, De Esch IJ, Vollinga RC,
Bakker R, Lutz M, et al. Synthesis and structure-activity
relationships of conformationally constrained histamine
H(3) receptor agonists. J Med Chem 2003;46:5445–57.

[59] Burgaud JL, Oudart N. Bronchodilatation of guinea-pig
perfused bronchioles induced by the H3-receptor for
histamine: role of epithelium. Br J Pharmacol
1993;109:960–6.

[60] Gbahou F, Rouleau A, Morisset S, Parmentier R, Crochet S,
Lin JS, et al. Protean agonism at histamine H3 receptors
in vitro and in vivo. Proc Natl Acad Sci USA
2003;100:11086–91.

[61] Kenakin T. Pharmacological proteus? Trends Pharmacol
Sci 1995;16:256–8.

[62] Farooqui AA, Horrocks LA. Phospholipase A2-generated
lipid mediators in the brain: the good, the bad, and the
ugly. Neuroscientist 2006;12:245–60.

[63] Gutkind JS. Regulation of mitogen-activated protein
kinase signaling networks by G protein-coupled receptors.
Sci STKE 2000;2000:RE1.

[64] Luttrell DK, Luttrell LM. Signaling in time and space: G
protein-coupled receptors and mitogen-activated protein
kinases. Assay Drug Dev Technol 2003;1:327–38.

[65] Thiels E, Klann E. Extracellular signal-regulated kinase,
synaptic plasticity, and memory. Rev Neurosci
2001;12:327–45.

[66] Thomas GM, Huganir RL. MAPK cascade signalling and
synaptic plasticity. Nat Rev Neurosci 2004;5:173–83.



b i o c h e m i c a l p h a r m a c o l o g y 7 3 ( 2 0 0 7 ) 1 1 9 5 – 1 2 0 41204
[67] Lefkowitz RJ, Shenoy SK. Transduction of receptor signals
by beta-arrestins. Science 2005;308:512–7.

[68] Waltereit R, Weller M. Signaling from cAMP/PKA to MAPK
and synaptic plasticity. Mol Neurobiol 2003;27:99–106.

[69] Bongers G, Sallmen T, Passani M, Mariottini C, Wendelin
D, Lozada A, et al. New signaling pathways for the
histamine H3 receptor. In: Proceedings of the
XXXVth Annual Meeting of European Histamine Research
Society, 2006.

[70] Murga C, Laguinge L, Wetzker R, Cuadrado A, Gutkind JS.
Activation of Akt/protein kinase B by G protein-coupled
receptors. A role for alpha and beta gamma subunits of
heterotrimeric G proteins acting through
phosphatidylinositol-3-OH kinasegamma. J Biol Chem
1998;273:19080–5.

[71] Brazil DP, Yang ZZ, Hemmings BA. Advances in protein
kinase B signalling: AKTion on multiple fronts. Trends
Biochem Sci 2004;29:233–42.

[72] Rickle A, Bogdanovic N, Volkman I, Winblad B, Ravid R,
Cowburn RF. Akt activity in Alzheimer’s disease and other
neurodegenerative disorders. Neuroreport 2004;15:955–9.

[73] Li X, Bijur GN, Jope RS. Glycogen synthase kinase-3beta,
mood stabilizers, and neuroprotection. Bipolar Disord
2002;4:137–44.

[74] Emamian ES, Hall D, Birnbaum MJ, Karayiorgou M, Gogos
JA. Convergent evidence for impaired AKT1-GSK3beta
signaling in schizophrenia. Nat Genet 2004;36:131–7.

[75] Karlstedt K, Ahman MJ, Anichtchik OV, Soinila S, Panula P.
Expression of the H3 receptor in the developing CNS and
brown fat suggests novel roles for histamine. Mol Cell
Neurosci 2003;24:614–22.

[76] Segarra J, Balenci L, Drenth T, Maina F, Lamballe F.
Combined signaling through ERK, PI3K/AKT, and RAC1/
p38 is required for met-triggered cortical neuron
migration. J Biol Chem 2006;281:4771–8.

[77] Adachi N, Oishi R, Itano Y, Yamada T, Hirakawa M, Saeki
K. Aggravation of ischemic neuronal damage in the rat
hippocampus by impairment of histaminergic
neurotransmission. Brain Res 1993;602:165–8.

[78] Lozada A, Munyao N, Sallmen T, Lintunen M, Leurs R,
Lindsberg PJ, et al. Postischemic regulation of central
histamine receptors. Neuroscience 2005;136:371–9.

[79] Lintunen M, Sallmen T, Karlstedt K, Panula P. Transient
changes in the limbic histaminergic system after
systemic kainic acid-induced seizures. Neurobiol Dis
2005;20:155–69.

[80] Silver RB, Poonwasi KS, Seyedi N, Wilson SJ, Lovenberg
TW, Levi R. Decreased intracellular calcium mediates the
histamine H3-receptor-induced attenuation of
norepinephrine exocytosis from cardiac sympathetic
nerve endings. Proc Natl Acad Sci USA 2002;99:501–6.

[81] Hofstra CL, Desai PJ, Thurmond RL, Fung-Leung WP.
Histamine H4 receptor mediates chemotaxis and calcium
mobilization of mast cells. J Pharmacol Exp Therap
2003;305:1212–21.

[82] Raible DG, Lenahan T, Fayvilevich Y, Kosinski R, Schulman
ES. Pharmacologic characterization of a novel histamine
receptor on human eosinophils. Am J Respir Crit Care Med
1994;149:1506–11.

[83] Karmazyn M. The role of the myocardial sodium-
hydrogen exchanger in mediating ischemic and
reperfusion injury. From amiloride to cariporide. Ann NY
Acad Sci 1999;874:326–34.

[84] Silver RB, Mackins CJ, Smith NC, Koritchneva IL, Lefkowitz
K, Lovenberg TW, et al. Coupling of histamine H3 receptors
to neuronal Na+/H+ exchange: a novel protective
mechanism in myocardial ischemia. Proc Natl Acad Sci
USA 2001;98:2855–9.

[85] Levi R, Smith NC. Histamine H(3)-receptors: a new frontier
in myocardial ischemia. J Pharmacol Exp Therap
2000;292:825–30.

[86] Wang H, Silva NL, Lucchesi PA, Haworth R, Wang K,
Michalak M, et al. Phosphorylation and regulation of the
Na+/H+ exchanger through mitogen-activated protein
kinase. Biochemistry 1997;36:9151–8.

[87] Avkiran M, Haworth RS. Regulatory effects of G protein-
coupled receptors on cardiac sarcolemmal Na+/H+
exchanger activity: signalling and significance. Cardiovasc
Res 2003;57:942–52.

[88] Siffert W, Jakobs KH, Akkerman JW. Sodium fluoride
prevents receptor- and protein kinase C-mediated
activation of the human platelet Na+/H+ exchanger
without inhibiting its basic pHi-regulating activity. J Biol
Chem 1990;265:15441–8.

[89] van Willigen G, Nieuwland R, Nurnberg B, Gorter G,
Akkerman JW. Negative regulation of the platelet Na+/H+
exchanger by trimeric G-proteins. Eur J Biochem/FEBS
2000;267:7102–8.

[90] Ballesteros JA, Shi L, Javitch JA. Structural mimicry in G
protein-coupled receptors: implications of the high-
resolution structure of rhodopsin for structure-function
analysis of rhodopsin-like receptors. Mol Pharmacol
2001;60:1–19.

[91] Visiers I, Ballesteros JA, Weinstein H. Three-dimensional
representations of G protein-coupled receptor structures
and mechanisms. Methods Enzymol 2002;343:329–71.

[92] Kristiansen K. Molecular mechanisms of ligand binding,
signaling, and regulation within the superfamily of G-
protein-coupled receptors: molecular modeling and
mutagenesis approaches to receptor structure and
function. Pharmacol Therap 2004;103:21–80.

[93] Bakker RA, Lozada AF, van Marle A, Shenton FC, Drutel G,
Karlstedt K, et al. Discovery of naturally occurring splice
variants of the rat histamine H3 receptor that act as
dominant-negative isoforms. Mol Pharmacol
2006;69:1194–206.

[94] Michineau S, Alhenc-Gelas F, Rajerison RM. Human
bradykinin B2 receptor sialylation and N-glycosylation
participate with disulfide bonding in surface receptor
dimerization. Biochemistry 2006;45:2699–707.

[95] Lanctot PM, Leclerc PC, Clement M, Auger-Messier M,
Escher E, Leduc R, et al. Importance of N-glycosylation
positioning for cell-surface expression, targeting, affinity
and quality control of the human AT1 receptor. Biochem J
2005;390:367–76.

[96] Rands E, Candelore MR, Cheung AH, Hill WS, Strader CD,
Dixon RA. Mutational analysis of beta-adrenergic receptor
glycosylation. J Biol Chem 1990;265:10759–64.

[97] Servant G, Dudley DT, Escher E, Guillemette G. Analysis of
the role of N-glycosylation in cell-surface expression
and binding properties of angiotensin II type-2 receptor of
rat pheochromocytoma cells. Biochem J 1996;313(Pt 1):
297–304.

[98] Pfleger KD, Eidne KA. Monitoring the formation of
dynamic G-protein-coupled receptor-protein complexes in
living cells. Biochem J 2005;385:625–37.

[99] Shenton FC, Hann V, Chazot PL. Evidence for native and
cloned H3 histamine receptor higher oligomers. Inflamm
Res 2005;54(Suppl 1):S48–9.

[100] Bermak JC, Li M, Bullock C, Zhou QY. Regulation of transport
of the dopamine D1 receptor by a new membrane-
associated ER protein. Nat Cell Biol 2001;3:492–8.


	Molecular aspects of the histamine H3 receptor
	Introduction
	Genomic organization of the H3R
	Identification of H3R isoforms
	H3R Signal transduction
	Inhibition of adenylyl cyclase
	Activation of phospholipase A2
	Modulation of the MAPK pathway
	Activation of the Akt/GSK-3&beta; axis
	Modulation of intracellular Ca2+
	Inhibition of Na+/H+ exchanger activity

	Expression of the H3R isoforms
	Pharmacological characteristics of H3R isoforms
	Dimerization of H3Rs
	Concluding remarks
	References


