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Abstract

Histamine H3 receptors (H3Rs) are presynaptic receptors that negatively regulate the release of histamine. The present study examined the
physiological role of H3Rs in drinking behavior. In water-replete rats, intracerebroventricular (i.c.v.) administration of R-α-methylhistamine
(RαMeHA), an H3R agonist, elicited drinking behavior. In contrast, i.c.v. administration of thioperamide, an H3R inverse agonist, significantly
attenuated the drinking behavior elicited by either overnight dehydration or i.c.v. administration of angiotensin-II (AT-II). Inhibition of histamine
release with α-fluoromethylhistidine, an inhibitor of histidine decarboxylase, did not elicit drinking behavior. Moreover, the inhibitory effects of
thioperamide on drinking behavior in water-depleted rats were not mimicked by i.c.v. administration of histamine. These results suggest that the
predominant effects of H3Rs on drinking behavior are not mediated by the modulation of histamine release. In H3R-deficient (H3RKO) mice,
drinking behavior induced by overnight dehydration or i.c.v. administration of AT-II was significantly impaired compared to wild type mice.
Collectively, these observations suggest that brain H3Rs play a pivotal role in drinking behavior in response to dehydration and AT-II, and these
effects may be largely independent of the modulation of histaminergic tone.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Regulation of volume and osmolality of body fluid is fun-
damental to survival in animals and is achieved by a precise
balance between intake and excretion of water and electrolytes.
Fluid intake is elicited in response to dehydration, eating and
hypovolmia, which involve multiple neuroendocrinal changes in
the brain and peripheral tissues. A number of neurotransmitters
and hormones such as angiotensin-II (AT-II), neuropeptide Yand
serotonin regulate fluid intake in the brain (Antunes-Rodrigues
et al., 2004). In addition to these substances, a range of evidence
has shown that histamine, a classical mediator of inflammation
and vasoconstriction, also contributes to fluid intake by periph-
eral and central actions (Gerald and Maickel, 1972; Leibowitz,
1973; Kraly et al., 1995a,b, 1996; Lecklin et al., 1999).
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A number of previous studies have suggested that H1 and H2
receptors regulate drinking behavior. Systemic administration of
histamine elicits drinking behavior, which are antagonized by H1
and H2 antagonist in rats (Goldstein and Halperin, 1977; Kraly,
1983). Since histamine is a hydrophobic substance, the targeted
regions are considered to be located in peripheral tissues. In
support of this, eating releases histamine from gastric mucosa
and H1 and H2 receptor antagonists inhibit drinking behavior
associated with eating in rats, indicating the role of histamine in
drinking behavior associated with eating (Kahlson et al., 1964;
Kraly and Specht, 1984). In addition, histamine also elicits
drinking behavior when administered in the brain (Leibowitz,
1973; Gerald and Maickel, 1972). Although the responsible
receptors for the dipsogenic effects of i.c.v. histamine are not
clear, H1 and H2 receptors in the brain participate in drinking
behavior in response to dehydration and angiotensin-II-induced
thirst (Magrani et al., 2004, 2005). Furthermore, evidence has
also suggested that H3 presynaptic autoreceptors contribute to
drinking behavior in the brain and peripheral tissues. I.c.v. H3
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Fig. 1. Effects of thioperamide on drinking behavior elicited by RαMeHA
(2.4 nmol, gray bars) inwater-replete rats. Veh represents rats that were treatedwith
vehicle alone. ⁎p<0.05 vs. vehicle control (0 nmol thioperamide). N=8–12.
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receptor agonist elicits drinking behavior and the administration
of H3 receptor antagonist inhibits drinking behavior induced by
peripheral administration of histamine or eating (Clapham and
Kilpatrick, 1993; Kraly et al., 1995a,b, 1996). However, few
studies have investigated the role of H3 receptors in the brain in
other physiological stimuli. The present study addressed the
involvement of H3 receptor in drinking behaviors induced by
dehydration and i.c.v. administration of angiotensin-II using rats
and H3 receptor-deficient mice.

2. Materials and methods

2.1. Animals

Male Sprague Dawley rats (Charles River, Japan) and H3RKO
mice were housed individually in plastic cages and were kept at
23±2 °C and 55±15% relative humidity under a light–dark cycle
from 7:00 to 19:00. Water and regular chow (CE-2, CLEA Japan
Inc.) were available ad libitum unless otherwise indicated.
H3RKO were generated and littermate mice backcrossed for
five generations to the C57BL/6J background were used for all
experiments (Takahashi et al., 2002). All experimental procedures
followed the National Institutes of Health Guide for Care and Use
of Laboratory Animals.

2.2. Surgical procedure

8–10-week-old rats (300–390 g) were anesthetized with 3.6%
ketamine and 0.5% xylasine. An 11 mm long guide cannula was
implanted in the third cerebroventricle. Stereotaxic coordinates
for the guide cannula were 2.2 mm posterior to the bregma to the
midline and 8.0 mm below the surface of the skull. 10–11-month-
old mice were anesthetized with 80 mg/kg pentobarbital and a
guide cannula was implanted into the lateral ventricle. Stereotaxic
coordinates were 0.4 mm posterior to the bregma, 0.8 mm lateral
to the midline and 2.0 mm from the surface of the skull. The guide
cannula was fixed to the skull by screws and dental cement. Ani-
mals were used for experiments after a 1-week recovery period.

2.3. Rat study

All experiments were conducted between 9:00 and 12:00. Rats
were denied access to drinking water before dark onset with ad
libitum access to food. On the next day, compounds or vehicle
(PBS) was injected in the third cerebroventricle and water was
supplied 10 min after the injection. When AT-II (9.6 pmol) was
used, it was simultaneously injected with other compounds. Food
was withdrawn 1 h before the injection in order to avoid drinking
associated with eating. Water consumed over a 30-min period was
measured byweighing thewater-containing bottles before and after
the experiment. Cannulated rats were repeatedly used for 2 months
after surgery, with at least 4-day washout period. Rats were
subjected to thioperamide, RαMeHA, histamine or angiotensin-II
during this period. Rats having received α-FMHwere not used for
further experiments since it irreversibly inhibits histidine decar-
boxylase. As far as we conducted water intake study (more than 20
times), the consumed water in response to dehydration varied from
10 ml to 20 ml even though animals of similar ages and body
weights are used. Animals were fully acclimatized to handling
stress and room temperature and humidity are strictly controlled,
excluding the possibility that these factors might lead to variable
water consumption among experiments. Although we are not able
to fully explain these variants, some other factors might have
influenced the amount of consumed water.

2.4. Mouse study

Mice (5–6 months old, Wt 31.1±0.6 g, H3RKO 38.8±0.7 g,
n=12 each) were dehydrated with ad libitum access to food
before dark onset and water was presented between 9:00 and
12:00. In another experiment, urine was collected usingmetabolic
cage.Micewere acclimatized to the cage for one week prior to the
experiment. Excreted urine volume was measured by weighing
and osmolality was measured using an osmometer (Advanced
Micro-Osmometer, Advanced Instruments, USA). Angiotensin-II
or vehicle was intracerebroventriculary administered in 11 Wt
mice and 10H3RKOmice andwater intakewasmeasured for 1 h.
After 1 week recovery, they were subjected to either vehicle or
angiotensin-II in crossover. Water intake was determined by av-
eraging values obtained in two sets of experiments.

2.5. Compounds

Histamine, thioperamide, R-α-methylhistamine (RαMA) and
α-fluoromethylhistidine (α-FMH) were purchased from Sigma
(Sigma-Aldrich, USA), Angiotensin-II (AT-II) from Peptide
Institute (Osaka, Japan) and losartan from Wako Pure Chemical
(Osaka, Japan).

2.6. Statistics

Unpaired Student's t-test or one-way ANOVA followed by
Bonferroni/Dunnett test was used to compare two or more than
two groups, respectively.

3. Results

I.c.v. administration of RαMeHA (2.4 nmol), an H3R agonist,
elicited robust drinking behavior in water-replete rats, as



Fig. 3. Effects of pretreatment with vehicle or α-FMH on the drinking behavior
elicited by RαMeHA in water-replete rats. Vehicle or α-FMH was administered
2 h before ICV injection of RαMeHA. ⁎, #p<0.05 vs. vehicle (0 nmol α-FMH)
and vehicle (90 nmol α-FMH), respectively. N=10–11.
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previously reported (Clapham and Kilpatrick, 1993). Most rats
started drinking within 10 min and finished at 20 min (Fig. 1).
Simultaneous administration of thioperamide, an H3R inverse
agonist, dose-dependently inhibited the drinking behavior in-
duced byRαMeHA (Fig. 1). No abnormal behavior was observed
after administration of thioperamide.

The effects of H3R ligands on drinking behavior were inves-
tigated in water-depleted rats. Either RαMeHA or thioperamide
was administered to rats that were dehydrated overnight and
subsequent drinking behavior was monitored. The results showed
that RαMeHA and thioperamide augmented and inhibited drink-
ing behavior, respectively, in a dose-dependent manner (Fig. 2A
and B). In overnight-fasted rats, thioperamide did not alter food
intake (Fig. 2C).

H3Rs are autoreceptors that provide a negative feedback loop
for histamine release and production. Pharmacologically, H3R
agonists and H3R inverse agonists decrease and increase hista-
Fig. 2. Effects of thioperamide (A) and RαMeHA (B) on drinking behavior in
water-depleted rats. (C)Effects of vehicle (white bars) and thioperamide (100 nmol,
gray bars) on food intake in fasted rats. ⁎p<0.05 vs. vehicle control. N=8–11.
mine release, respectively (Arrang et al., 1983). To address the
role of histaminergic tone in the control of drinking behavior, we
investigated the effects of α-fluoromethylhistidine (α-FMH) on
drinking behavior in rats. α-FMH irreversibly inhibits histidine
decarboxylase, the key enzyme for histamine synthesis, and
thereby decreases histamine release (Garbarg et al., 1980). In
water-replete rats, i.c.v. administration of α-FMH did not elicit,
but rather inhibited, drinking behavior for up to 2 h when com-
pared with vehicle (vehicle: 1.0±0.2 ml, α-FMH: 0.4±0.1 ml,
p<0.05). Subsequent administration of RαMeHA significantly
elicited drinking behavior in rats that were treated with α-FMH
(Fig. 3). The magnitude, however, was reduced when compared
with that in the rats that were treated with vehicle (Fig. 3).

We next addressed whether the inhibitory effects of thioper-
amide on drinking behavior in water-depleted rats was attribut-
able to the enhancement of histamine release. Histamine was
administered to the brains of dehydrated rats and subsequent
drinking behavior wasmonitored. The results showed that the rats
became slightly immobilized in response to histamine and the
drinking behavior tended to decrease for the first 30 min after
administration (Fig. 4A). However, the drinking behavior was
significantly augmented in the next 30 min (Fig. 4B). Overall, the
total water intake consumed in 1 h was not significantly altered by
histamine (vehicle: 15.9±1.3, 30 nmol; 16.3±1.1, 100 nmol;
15.9±1.7, 300 nmol; 14.8±1.9 ml).

It has been documented that AT-II plays a pivotal role in the
regulation of drinking behaviors (Antunes-Rodrigues et al.,
2004). I.c.v. administration of AT-II elicits robust drinking be-
havior preferentially via AT-1 receptors and antagonists for AT-1
receptors inhibit drinking behavior in water-depleted animals
(Hogarty et al., 1992; Beresford and Fitzsimons, 1992; Blair-West
et al., 1992; Weisinger et al., 1997). To address the relationship
between AT-II and H3Rs, we investigated the effects of thio-
peramide on drinking behavior elicited by ICVadministration of
AT-II. AT-II elicited dose-dependent drinking behavior at the
range of 0.5 to 15 pmol (data not shown) and 9.6 pmol gave
reproducible results. The results showed that thioperamide
partially inhibited drinking behavior in a dose-dependent manner,
while losartan, an AT-1 receptor antagonist, completely inhibited
drinking behavior (Fig. 5).



Fig. 6. Drinking behavior over 1 and 4 h after overnight dehydration or ICV
administration of AT-II (9.6 pmol) (A). Urine volume (B) and urine osmolality
(C) before and after overnight dehydration in Wt (gray bars) and H3RKO mice
(dark bars). p value was evaluated using unpaired (A, Wt vs. KO) and paired
Student's t-test (B, C, before vs. after). N=12.

Fig. 4. Effects of histamine on drinking behavior in water-depleted rats for
30 min (A) and from 30 to 60 min (B) after administration. ⁎p<0.05 vs. vehicle
control. n.s.: not significantly different. N=8–12.
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Finally, we investigated drinking behavior in H3RKO mice.
H3RKOmice consumed as much water asWt littermate mice in a
daily basis when they were freely allowed access to water (Wt:
4.4±0.2 ml, KO: 4.4±0.2 ml, p>0.05). Furthermore, H3RKO
mice showed similar urine volume and osmolality when com-
pared withWt mice when water was freely available (Fig. 6B and
C). In water-replete mice, i.c.v. administration of AT-II elicited
drinking behavior in both mouse genotypes, but the consumed
water was significantly smaller in H3RKO mice compared to Wt
mice (Fig. 6A, p<0.05 vs. Wt mice, unpaired Student's t-test).
Furthermore, H3RKO mice consumed less water in response to
overnight dehydration when compared with Wt mice (Fig. 6A).
The urinary volume comparably decreased and osmolality compa-
Fig. 5. Effects of thioperamide (gray bars) or losartan (6.5 nmol, white bar) on
drinking behavior elicited by AT-II (9.6 pmol) in water-replete rats. ⁎p<0.05 vs
vehicle control. n=9–10.
rably increased in response to dehydration in both mice (Fig. 6B
and C).

4. Discussion

The present study demonstrated that ICV administration of
thioperamide inhibited drinking behavior, while RαMeHA
augmented drinking behavior in water-depleted rats. Consistent
with this, genetic disruption of H3R in mice resulted in reduced
drinking behaviorwhen challenged to dehydration.Moreover, the
drinking behavior induced by AT-II was reduced by administra-
tion of thioperamide in rats or in H3RKO mice. These results
suggest the important role of H3Rs during dehydration in rodents
and the participation of H3Rs in angiotensinergic pathways.

Fluid intake is initiated by a number of hormonal and neuronal
stimuli associated with dehydration, hypotension and eating
behavior, which activate specific brain areas such as the organum
vasculosumof the lamina terminalis, median preoptic nucleus and
preoptic periventricular nucleus of the third ventricle (Antunes-
Rodrigues et al., 2004). Brain histaminergic neurons project



508 R. Yoshimoto et al. / Pharmacology, Biochemistry and Behavior 84 (2006) 504–510
throughout the brain including the above regions and central
administration of histamine elicits drinking behaviors (Gerald and
Maickel, 1972; Leibowitz, 1973).Moreover, several observations
have demonstrated the involvement of H1Rs and/or H2Rs in the
drinking behavior induced by dehydration, eating and systemic
administration of histamine (Kraly et al., 1995a,b, 1996; Eidi et
al., 2003; Magrani et al., 2004). H3Rs also contribute to drinking
behavior as evidenced in several reports and Kraly et al. have
extensively studied the role in drinking behavior induced by
systemic administration of histamine or high osmolality loading
(Clapham and Kilpatrick, 1993; Kraly et al., 1995a,b, 1996).
However, the role of H3Rs in drinking behavior in response to
other physiological stimuli is less understood.

In the present study, we confirmed previous studies showing
that ICV administration of RαMeHA-induced drinking behavior
in water-replete rats (Clapham and Kilpatrick, 1993; Kraly et al.,
1995a). This effect was completely inhibited by simultaneous
administration of thioperamide in a dose-dependent manner. It is
unlikely that thioperamide inhibited drinking behavior due to
other factors, such as aversive responses, as neither thioperamide
elicited abnormal behavioral change nor had any effect on food
intake in fasted rats. Furthermore, thioperamide inhibited drinking
behavior, while RαMeHA further augmented drinking behavior
in water-depleted rats. These results strongly indicate the
involvement of H3Rs in drinking behavior particularly in
response to dehydration. In support of this, immunohistological
analysis has shown that the number of c-fos positive cells in
histamine neurons increases after dehydration and turnover of
histamine neurons is elevated in response to dehydration (Kjaer
et al., 1995; Miklos and Kovacs, 2003). Therefore, the present
results together with previous studies suggest that histamine
neurons are activated in response to dehydration and subsequent
activation of H3Rs as well as H1Rs and H2Rsmight contribute to
initiation of drinking behavior.

It has been demonstrated that H3R agonists decreases
histamine release, while H3R inverse agonists increase histamine
release (Arrang et al., 1987, 1988). In terms of negative regulation
of H3Rs for histamine release, the dipsogenic effects obtained
with RαMeHA are paradoxical. Because blockade of postsynap-
tic H1Rs and/or H2Rs reduces drinking behavior, the stimulation
of presynaptic H3Rs by RαMeHAmight lead to the reduced tone
of postsynaptic H1Rs and/or H2Rs (Eidi et al., 2003; Magrani
et al., 2004, 2005). To address whether RαMeHA reduces the
histermingeric tone to elicit drinking behavior, we investigated
the effects of α-FMH, an irrevsesible inhibitor of histidine
decarboxylase, on drinking behavior (Garbarg et al., 1980).
Results showed that administration of α-FMH in water-replete
did not elicit but rather inhibited drinking behavior for up to 2 h,
suggesting that the inhibition of histamine release does not lead
to an initiation of drinking behavior. Furthermore, RαMeHA
was able to elicit drinking behavior in rats treated with α-FMH,
although the magnitude was less than that in rats treated with
vehicle (discussed below). A-FMH rapidly and irreversibly
inhibits histidine decarboxylase and almost completely depletes
neuronal histamine (Garbarg et al., 1980; Maeyama et al., 1982;
Soe-Jensen et al., 1993; Chen et al., 1999). Therefore, it might be
concluded that rats with depleted histamine remain responsive to
ICV administration of RαMeHA, further indicating that reduc-
tions in histamine release are not a prerequisite for initiation of
drinking behavior by RαMeHA.

In water-depleted rats, no significant inhibition of drinking
behavior was observed during the first 30 min after administra-
tion of histamine, indicating that histamine does not mimic the
regulatory action of thioperamide. Therefore, it could be
suggested that thioperamide inhibits drinking behavior inde-
pendently of facilitating histamine release. Although a slight but
not significant inhibition of drinking behavior was observed
with histamine in the first 30 min, we speculate that this was due
to slight immobilization in response to histamine, since (1)
histamine decreases locomotor activity shortly after injection,
(2) histamine elicits drinking behavior in water-replete rats,
which is not mimicked by thioperamide (data not shown), and
(3) 100 nmol of histamine is sufficient to release coriticosterone,
which is considered independent of behavioral abnormalities
(Bristow and Bennett, 1988; Chiavegatto et al., 1998; Lecklin et
al., 1988; Bugajski and Janusz, 1983; Tsujimoto et al., 1993).
Conversely, stimulatory effects were observed in the next 30min
when the behavioral changes were restored, thus supporting a
recent study showing that histamine elicits drinking behavior
even in water-depleted rats (Eidi et al., 2003). Although we
could not exclude the possibility that the stimulatory effects are
compensatory for the apparent inhibition during the first 30 min,
it might be concluded that histamine does not mimic the effect of
thioperamide. These results are in good agreement with the
results obtained with RaMeHA, further suggesting that the
modulation of drinking behavior by H3Rs is largely independent
of histamine release.

The amount of water consumed over 2 h was reduced by
treatment with α-FMH and the dipsogenic effects of RαMeHA
were reduced in the presence of α-FMH. A recent study has
shown that antagonists of H1Rs and H2Rs inhibit drinking
behavior in both water-depleted rats and water-replete rats
(Magrani et al., 2004). Thus, it is possible that the administration
of α-FMH reduced the activity of postsynaptic H1Rs and H2Rs,
leading to inhibition of spontaneous drinking behavior.
Accordingly, these results suggest that H3Rs are involved at
least two discrete pathways regulating drinking behavior;
activation of H3Rs augments drinking behavior independently
of histamine modulation and inhibits drinking behavior in a
histamine-dependent manner. H3Rs regulate the release of other
biogenic amine such as noradrenaline, dopamine and serotonin,
all of which have been implicated in the regulation of drinking
behavior (Antunes-Rodrigues et al., 2004; Brown et al., 2001).
Thus, it is possible that H3 ligands modulate drinking behavior
by regulating the release of such biogenic amines. However, we
cannot rule out the possibility that the reduced response to
RaMeHA in the presence of α-FMH might be caused by other
factors, because other evidence have suggested that inhibition of
histidine decarboxylase reduces behavioral responsiveness to
external stimuli (Onodera et al., 1992; Sakai et al., 1992;
Parmentier et al., 2002).

AT-II is one of the strongest and well-characterized neuropep-
tides that elicit drinking behavior in the brain and it has been
documented that the angiotensinergic pathway in the brain is
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activated in response to dehydration (Antunes-Rodrigues et al.,
2004). In the present study, thioperamide inhibited AT-II-induced
drinking behavior in water-replete rats, thus suggesting that H3Rs
are involved in the dipsogenic actions of AT-II. Although the
detailed expression patterns of H3Rs in the brain are unclear, slight
tomoderate expression of H3Rs has been observed in brain regions
such as the median preoptic nucleus and vascular organ of lamina
terminalis. These regions are involved in the dipsogenic actions of
AT-II and easily accessible to compoundswhen administered in the
ventricle, suggesting thatH3Rsmight regulate drinking behavior in
these regions (Antunes-Rodrigues et al., 2004; Pillot et al., 2002).
In addition, we observed that losartan (21 nmol) partially but
significantly inhibited RaMeHA (2.4 nmol)-induced drinking
behavior in rats, suggesting that histamine (H3) and angiotensin
might have reciprocal regulatory interaction in drinking behavior
(RαMeHA alone: 4.8±0.6 ml, RαMeHA+losartan: 2.4±0.5 ml,
p<0.05 Student's t-test, n=16–17). Moreover, a recent study
indicated the involvement of H1Rs and H2Rs in the dipsogenic
actions of AT-II (Magrani et al., 2005). These observations
indicate complex interactions between the angiotensinergic and
histaminergic pathways in drinking behavior.

The present study using H3RKO mice further confirmed
that H3Rs physiologically regulate drinking behavior in
response to dehydration. The drinking behavior in H3RKO
mice was comparable to Wt mice when they were allowed free
access to water but it was significantly impaired in response to
dehydration, suggesting a pivotal role for H3Rsin dehydrated
conditions. Dehydration elicits not only drinking behavior but
also urinary condensation and brain histamine has been
implicated in the regulation of arginine vasopressin, a potent
anti-diuretic hormone (Kjaer et al., 1994, 1995). To address
whether the impaired drinking behavior in H3RKO mice is
due to differences in systemic fluid balance or motivation for
thirst, urinary volume and osmolality after dehydration were
measured. The results showed that urinary volume and
osmolality were comparable in H3RKO and Wt mice. There-
fore, it is likely that the impaired drinking behavior in H3RKO
mice in response to dehydration was primarily due to the
impairment of brain signals to initiate and/or sustain drinking
behavior. This may involve the angiotensinergic pathway, as
the response to ICV administration of AT-II was reduced in
H3RKO mice, which is in good agreement with the
pharmacological studies in rats.

In summary, the present study demonstrated the novel regu-
lation of drinking behavior by H3Rs in response to dehydration
and AT-II. It is likely that the predominant effects involve H3Rs
independent of histamine modulation.

References

Antunes-Rodrigues J, de Castro M, Elias LL, Valenca MM, McCann SM.
Neuroendocrine control of body fluid metabolism. Physiol Rev 2004;84:
169–208.

Arrang JM, Garbarg M, Schwartz JC. Auto-inhibition of brain histamine release
mediated by a novel class (H3) of histamine receptor. Nature 1983;302:832–7.

Arrang JM, Garbarg M, Lancelot JC, Lecomte JM, Pollard H, Robba M, et al.
Highly potent and selective ligands for histamine H3-receptors. Nature
1987;327:117–23.
Arrang JM, Devaux B, Chodkiewicz JP, Schwartz JC. H3-receptors control
histamine release in human brain. J Neurochem 1988;51:105–8.

Beresford MJ, Fitzsimons JT. Intracerebroventricular angiotensin II-induced
thirst and sodium appetite in rat are blocked by the AT1 receptor antagonist,
Losartan (DuP 753), but not by the AT2 antagonist, CGP 42112B. Exp
Physiol 1992;77:761–4.

Blair-West JR, Denton DA, McKinley MJ, Weisinger RS. Thirst and brain
angiotensin in cattle. Am J Physiol 1992;262:R204–10.

Bristow LJ, Bennett GW. Biphasic effects of intra-accumbens histamine
administration on spontaneous motor activity in the rat; a role for central
histamine receptors. Br J Pharmacol 1988;95:1292–302.

Brown RE, Stevens DR, Haas HL. The physiology of brain histamine. Prog
Neurobiol 2001;63:637–72.

Bugajski J, Janusz Z. Central histaminergic stimulation of pituitary–adrenocor-
tical response in the rat. Life Sci 1983;l33:1179–89.

Chen Z, Sugimoto Y, Kamei C. Effects of intracerebroventricular injection of
alpha-fluoromethylhistidine on radial maze performance in rats. Pharmacol
Biochem Behav 1999;64:513–8.

Chiavegatto S, Nasello AG, Bernardi MM. Histamine and spontaneous motor
activity: biphasic changes, receptors involved and participation of the striatal
dopamine system. Life Sci 1998;62:1875–8.

Clapham J, Kilpatrick GJ. Histamine H3 receptor-mediated modulation of water
consumption in the rat. Eur J Pharmacol 1993;232:99–103.

Eidi M, Oryan S, Eidi A, Sepehrara L. Effect of morphine, naloxone and
histamine system on water intake in adult male rats. Eur J Pharmacol
2003;478:105–10.

Garbarg M, Barbin G, Rodergas E, Schwartz JC. Inhibition of histamine
synthesis in brain by alpha-fluoromethylhistidine, a new irreversible
inhibitor: in vitro and in vivo studies. J Neurochem 1980;35:1045–52.

Gerald MC, Maickel RP. Studies on the possible role of brain histamine in
behaviour. Br J Pharmacol 1972;44:462–71.

Goldstein DJ, Halperin JA. Mast cell histamine and cell dehydration thirst.
Nature 1977;267:250–2.

Hogarty DC, Speakman EA, Puig V, Phillips MI. The role of angiotensin, AT1
and AT2 receptors in the pressor, drinking and vasopressin responses to
central angiotensin. Brain Res 1992;586:289–94.

Kahlson G, Rosengren E, Svahnd D, Thunberg R. Mobilization and formation
of histamine in the gastric mucosa as related to acid secretion. J Physiol
1964;174:400–16.

Kjaer A, Knigge U, Rouleau A, Garbarg M, Warberg J. Dehydration-induced
release of vasopressin involves activation of hypothalamic histaminergic
neurons. Endocrinology 1994;135:675–81.

Kjaer A, Larsen PJ, Knigge U, Warberg J. Dehydration stimulates hypothalamic
gene expression of histamine synthesis enzyme: importance for neuroen-
docrine regulation of vasopressin and oxytocin secretion. Endocrinology
1995;136:2189–97.

Kraly FS. Histamine plays a part in induction of drinking by food intake. Nature
1983;302:65–6.

Kraly FS, Specht SM. Histamine plays a major role for drinking elicited by
spontaneous eating in rats. Physiol Behav 1984;33:611–4.

Kraly FS, Tribuzio RA, Keefe ME, Kim YM, Lowrance R. Endogenous
histamine contributes to drinking initiated without postprandial challenges to
fluid homeostasis in rats. Physiol Behav 1995a;58:1137–43.

Kraly FS, Tribuzio RA, Kim YM, Keefe ME, Finkell J. Histamine H3 receptors
contribute to drinking elicited by eating in rats. Physiol Behav 1995b;58:
1091–7.

Kraly FS, Keefe ME, Tribuzio RA, Kim YM, Finkell J, Braun CJ. H1, H2, and
H3 receptors contribute to drinking elicited by exogenous histamine and
eating in rats. Pharmacol Biochem Behav 1996;53:347–54.

Lecklin A, Etu-Seppala P, Stark H, Tuomisto L. Effects of intracerebroven-
tricularly infused histamine and selective H1, H2 and H3 agonists on food
and water intake and urine flow in Wistar rats. Brain Res 1988;793:
279–88.

Lecklin A, Eriksson L, Leppaluoto J, Tarhanen J, Tuomisto L. Metoprine-
induced thirst and diuresis in Wistar rats. Acta Physiol Scand 1999;165:
325–33.

Leibowitz SF. Histamine: a stimulatory effect on drinking behavior in the rat.
Brain Res 1973;63:440–4.



510 R. Yoshimoto et al. / Pharmacology, Biochemistry and Behavior 84 (2006) 504–510
Maeyama K, Watanabe T, Taguchi Y, Yamatodani A, Wada H. Effect of alpha-
fluoromethylhistidine, a suicide inhibitor of histidine decarboxylase, on
histamine levels in mouse tissues. Biochem Pharmacol 1982;31:2367–70.

Magrani J, de Castro e Silva, Varjao B, Duarte G, Ramos AC, Athanazio R, et al.
Histaminergic H1 and H2 receptors located within the ventromedial
hypothalamus regulate food and water intake in rats. Pharmacol Biochem
Behav 2004;79:189–98.

Magrani J, de Castro e Silva, Ramos AC, Athanazio R, Barbetta M, Fregoneze
JB. Central H1 and H2 receptor participation in the control of water and salt
intake in rats. Physiol Behav 2005;84:233–43.

Miklos IH, Kovacs KJ. Functional heterogeneity of the responses of histaminergic
neuron subpopulations to various stress challenges. Eur J Neurosci
2003;18:3069–79.

Onodera K, Yamatodani A, Watanabe T. Effects of alpha-fluoromethylhistidine
on locomotor activity, brain histamine and catecholamine contents in rats.
Methods Find Exp Clin Pharmacol 1992;14:97–105.

Parmentier R, Ohtsu H, Djebbara-Hannas Z, Valatx JL, Watanabe T, Lin JS, et al.
Anatomical, physiological, and pharmacological characteristics of histidine
decarboxylase knock-out mice: evidence for the role of brain histamine in
behavioral and sleep-wake control. J Neurosci 2002;22:7695–711.
Pillot C, Heron A, Cochois V, Tardivel-Lacombe J, Ligneau X, Schwartz JC,
et al. A detailed mapping of the histamine H(3) receptor and its gene
transcripts in rat brain. Neuroscience 2002;114:173–93.

Sakai N, Onodera K, Maeyama K, Yanai K, Watanabe T. Effects of (S )-alpha-
fluoromethylhistidine and metoprine on locomotor activity and brain
histamine content in mice. Life Sci 1992;51:397–405.

Soe-Jensen P, Knigge U, Garbarg M, Kjaer A, Rouleau A, Bach FW, et al.
Responses of anterior pituitary hormones and hypothalamic histamine to
blockade of histamine synthesis and to selective activation or inactivation of
presynaptic histamine H3 receptors in stressed rats. Neuroendocrinology
1993;57:532–40.

Takahashi K, Suwa H, Ishikawa T, Kotani H. Targeted disruption of H3
receptors results in changes in brain histamine tone leading to an obese
phenotype. J Clin Invest 2002;110:1791–9.

Tsujimoto S, Okumura Y, Kamei C, Tasaka K. Effects of intracerebroventricular
injection of histamine and related compounds on corticosterone release in
rats. Br J Pharmacol 1993;109:807–13.

Weisinger RS, Blair-West JR, Denton DA, Tarjan E. Role of brain angiotensin II
in thirst and sodium appetite of sheep. Am J Physiol 1997;273:R187–96.


	Impaired drinking response in histamine H3 receptor knockout mice following dehydration or angi.....
	Introduction
	Materials and methods
	Animals
	Surgical procedure
	Rat study
	Mouse study
	Compounds
	Statistics

	Results
	Discussion
	References


