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Abstract 

In vivo microdialysis was used to study the effects of serotonergic drugs on histamine release from the suprachiasmatic nuclei 
region of the anterior hypothalamus in anesthetized rats. Local perfusion with serotonin (5-hydroxytryptamine, 5-HT) increased 
histamine release significantly and dose dependently. Methysergide (10 mg/kg i.p.), a 5-HT2c/2 A receptor antagonist, given 30 
min before 5-HT perfusion, blocked the 5-HT-evoked histamine release. Methysergide (10 mg/kg i.p.), given alone, also 
suppressed basal histamine release by 33%. Dexfenfluramine (10/~M), a 5-HT releaser and uptake blocker, administered via the 
microdialysis probe, significantly enhanced hypothalamic histamine release. With the same dose of dexfenfluramine, 5-HT 
release increased 10-fold in the same brain area. These results show for the first time that endogenous 5-HT modulates 
histamine release in vivo and it has a tonic stimulatory effect on the histaminergic nerve terminals of the rat anterior 
hypothalamus. 
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I. Introduction 

Histamine acts as a neurot ransmit ter /modula tor  in 
the mammalian brain and has been implicated in many 
circadian functions, including food intake, s leep/wake 
cycle, body temperature and hormone secretion (for 
review, see Schwartz et al., 1991; Wada et al., 1991; 
Onodera  et al., 1994). In the rat brain, histaminergic 
cell bodies are located in the tuberomamillary nuclei of 
the posterior hypothalamus projecting fibers to almost 
all parts of the brain. 

In mammals, the suprachiasmatic nuclei play a key 
role in the generation and synchronization of circadian 
rhythms (Ralph et al., 1990). The suprachiasmatic nu- 
clei have a dense histaminergic innervation (Panula et 
al., 1989) and a high content of histamine (Browstein et 
al., 1974; Tuomisto et al., 1991). Histamine is consid- 
ered to be one of the neurotransmitters modulating the 
circadian rhythms (Tuomisto, 1991; Nowak, 1994). His- 

* Corresponding author. Department of Pharmacology and Toxi- 
cology, University of Kuopio, P.O. Box 1627, FIN-70211 Kuopio, 
Finland. Tel. 358-71-162422, fax 358-71-162424. 

0014-2999/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
SSDI 0014-2999(95)00397-5 

tamine had a modulatory impact on the spontaneous 
electrical activity of the suprachiasmatic nuclei neurons 
(Stehle, 1991). It also modulated the circadian phases 
of the spontaneous locomotor and drinking rhythms in 
rats and induced phase shifts, similar to those elicited 
by light, in suprachiasmatic nuclei neural activity (Itowi 
et al., 1990; Cote and Harrington, 1993). A major 
non-photic input to the suprachiasmatic nuclei is the 
serotonergic projection from the midbrain raphe nuclei 
(Moore et al., 1978). The function of this serotonergic 
input is poorly understood, but it is thought to partici- 
pate in the regulation of suprachiasmatic nuclei func- 
tions (Morin et al., 1990). Hypothalamic serotonin (5- 
hydroxytryptamine, 5-HT) has also been implicated in 
feeding and s leep/wake behavior (Leibowitz et al., 
1989; Imeri et al., 1994). A recent in vivo microdialysis 
study demonstrated that histamine release from the 
anterior hypothalamus exhibited a clear circadian 
rhythm in freely moving rats (Mochizuki et al., 1992). 
In addition, serotonergic transmission has been shown 
to have a circadian pattern with increased release 
during the dark period (Auerbach et al., 1989; Cagam- 
pang and Inouye, 1994). 
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The release and synthesis of histamine are regulated 
by H3-autoreceptors (Arrang et al., 1983; Prast et al., 
1994). In the rat hypothalamus, endogenous histamine 
release in vivo has been shown to be modulated also by 
a2-adrenergic , dopaminergic, cholinergic and gluta- 
matergic heteroreceptors, all thought to be located on 
the histaminergic nerve terminals (Philippu, 1992). In 
spite of the dense histaminergic and serotonergic in- 
nervation of the suprachiasmatic nuclei region, surpris- 
ingly little is known about the possible interactions 
between 5-HT and histamine in this, or in any other 
brain region. In the present study, in vivo microdialysis 
method was used to examine the possible effects of 
serotonergic drugs on histamine release from the 
suprachiasmatic nuclei region of the anterior hypo- 
thalamus in anesthetized rats. 

2. Materials and methods 

2.1. Brain microdialysis 

Male Wistar rats (300-400 g) were kept on a 12 h 
light-12 h dark cycle (lights on at 7 a.m.) for at least 1 
week before use in experiments. All experiments were 
performed between 9 a.m. and 4 p.m. Animals were 
anesthetized with chloral hydrate (400 mg/kg ip.), with 
supplementary doses administered as necessery to 
maintain anesthesia. The body temperature was moni- 
tored by a rectal thermometer and was maintained 
constant throughout the experiment with a heating 
lamp. A microdialysis probe (membrane length 2 mm, 
CMA/12, Carnegie, Sweden) was stereotaxically im- 
planted into the anterior hypothalamus, aimed at the 
suprachiasmatic nuclei. The coordinates were AP: 
-1.2, L: 0.4, V: 9.8 relative to bregma and skull 
surface, according to Paxinos and Watson (1986). The 
probe was perfused at a rate of 2 /~I /min (1.5/~l/min 
for 5-HT analysis) with artificial cerebrospinal fluid 
(aCSF), composed of 138 mM NaC1, 5 mM KC1, 1 mM 
MgC12, 1.1 mM CaCI 2, pH 7.4 adjusted with 5% CO 2- 
95% 0 2. In vitro recovery for histamine was 19 + 1% 
(mean + S.E.M., n = 10). The recovery for the probe 
was determined by perfusing standard solution of his- 
tamine (10-TM) in room temperature mimicking the 
conditions of in vivo experiments. Brain perfusate was 
collected every 30 min using a refrigerated fraction 
collector (CMA/170, Carnegie, Sweden). Basal sam- 
ples were collected for 90-120 min before drug treat- 
ment. 5-HT (10 or 100 ~M) or dexfenfluramine (10 
tzM) were infused via the microdialysis probe for 60 
min. Methysergide (10 mg/kg) or saline were injected 
i.p. 30 min before perfusion with 10 ~M 5-HT. At the 
end of each experiment, the brain was removed for 
histological verification of the probe location. 

2.2. Drugs 

Serotonin creatinin sulfate (Fluka Chemika, Switzer- 
land) and dexfenfluramine hydrochloride (kindly pro- 
vided by Les Laboratoires Servier, France) were dis- 
solved in distilled water and diluted in the aCSF just 
prior to infusion through the microdialysis probe. 
Methysergide (kindly provided by Sandoz) was dis- 
solved in 20 /~1 of DMSO and diluted in 0.9% NaCI 
prior to i.p. injection (1 ml/kg). All reagents used in 
chemical assays were of HPLC analytical grade. 

2.3. Histamine and 5-HT analysis 

For histamine analysis, perfusate was collected in 
microtubes containing 10 /zl of 20% perchloric acid. 
Samples were analyzed immediately by high pressure 
liquid chromatography (HPLC) using cation exchange 
column, postcolumn derivatization and fluorescent de- 
tection, as described by Yamatodani et al. (1985) with 
slight modifications (Yamatodani, 1991). The detection 
limit for histamine was approx. 10 fmol/injection. Un- 
der the conditions employed, the retention time for 
histamine was 4.8 min. 5-HT was detected in the 
histamine fluorometry with the retention time 10.1 min 
and it did not interfere with histamine analysis. 

5-HT, 5-hydroxyindole-3-acetic acid (5-HIAA) and 
homovanillic acid (HVA) were determined by HPLC 
with electrochemical detection. The perfusate was col- 
lected into microtubes containing 20/xl of the mobile 
phase. The mobile phase (0.1 M acetic acid, 0.1 M 
citric acid, 25 mg/ l  octyl sodium sulphate and 16% 
methanol) was delivered at a flow rate of 1.2 ml/min 
by LKB 2150 pump (Bromma, Sweden) onto an RP-18 
column (250 x 4.6 mm, 5 ~m, Ultrasphere, Beckman). 
Detection was carried out with a coulometric detector 
(ESA Coulochem, model 5100 A) with dual electrode 
analytical cell. The conditioning cell was set at +0.18 
V, electrode 1 at + 0.3 V for 5-HT and electrode 2 at 
+ 0.4 V for 5-HIAA and HVA. The detection limit for 
5-HT was approx. 5 fmol/injection. Dexfenfluramine 
did not interfere with histamine or 5-HT analysis. 

2.4. Statistics 

The data are expressed as percentages of the aver- 
aged basal release of two consecutive samples prior to 
drug treatment. The effects of the drugs were assessed 
by one way analysis of variance (ANOVA) followed by 
Dunnett's t-test. 

3. Results 

The mean basal release of histamine from the 
suprachiasmatic nuclei region of the anterior hypo- 
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Fig. 1. Local perfusion (60 min) with 5-HT (10 and 100 /~M) dose 
dependently enhances histamine release from the suprachiasmatic 
nuclei region of the rat hypothalamus. The results are expressed as 
percentages of the basal release (means + S.E.M., n = 6). * * P < 0.01 
and * P < 0.05 vs. pretreatment value. 

thalamus was 109 + 11 fmol /30  min (mean + S.E.M., 
12 rats). Following probe implantation, histamine re- 
lease in individual rats remained constant throughout 
the experiment. 

Local perfusion with 5-HT (10 or 100/zM) increased 
histamine release significantly up to 164 and 332%, 
respectively, of the basal release, reaching maximal 
output  60 min after beginning of drug perfusion (Fig. 
1). Methysergide (10 mg/kg ,  i.p.), given 30 min before 
perfusion with 10 /~M 5-HT, completely antagonized 
the 5-HT-evoked histamine release (Fig. 2). Methy- 
sergide (10 m g / k g  i.p.), given alone, significantly sup- 
pressed also basal histamine release by 33% 30 min 
after injection (Fig. 3). 
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Fig. 2. The  5-HT antagonist  methysergide (10 m g / k g  i.p.) reverses 
the 5-HT-elicited (10 /~M) histamine release from the suprachias- 
matic nuclei region of the  rat hypothalamus.  Injection was given 30 
min before the 5-1-1"1" perfusion (60 min), n = 4. 
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Fig. 3. Methysergide (10 m g / k g  i.p.) suppresses basal histamine 
release from the suprachiasmatic neuclei region of the rat hypothala- 
mus. The  results are expressed as percentages of basal release 
( m e a n s +  S.E.M., n = 7). * * P < 0.01 vs. pre t rea tment  value. 

Dexfenfluramine, a 5-HT releaser and uptake 
blocker, perfused via the probe at a concentration of 
10/zM, increased histamine release significantly up to 
163% (Fig. 4A). With the same dose of dexfenflu- 
ramine, 5-I-t"1" release increased up to 1088% in the 
same brain area (Fig. 4B). The basal extracellular 5-HT 
level in the suprachiasmatic nuclei region was 8.3 + 3 
fmol /30  min (mean + S.E.M., n = 5). 

4. Discussion 

The present study clearly demonstrated that en- 
dogenous 5-HT modulated histamine release and had a 
tonic stimulatory effect on histaminergic nerve termi- 
nals in the suprachiasmatic nuclei region of the rat 
anterior hypothalamus. Local perfusion with 5-HT 
evoked a significant and dose-dependent histamine re- 
lease. Methysergide, a 5-HT2c/2 A receptor antagonist, 
blocked the 5-HT-elicited effect and also suppressed 
basal histamine release. Moreover, dexfenfluramine, a 
5-HT releaser and uptake blocker, significantly en- 
hanced hypothalamic histamine output. 

In the present study, basal histamine levels in the 
anterior hypothalamus were similar to those reported 
by other  groups using anesthetized rats (Mochizuki et 
al., 1991; Okakura et al., 1992). Previous in vivo micro- 
dialysis studies have clearly demonstrated the neuronal 
origin of histamine release in the rat hypothalamus 
(Mochizuki et al., 1991; Itoh et al., 1991). In the rat 
brain, histamine exists also in the non-neuronal pool of 
mast cells. However, mast ceils are found almost exclu- 
sively within the thalamus and are virtually absent from 
the hypothalamus (Hough et al., 1984). 

In addition to autoreceptors, various heterorecep- 
tors appear to participate in the regulation of hypotha- 
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Fig. 4. Local perfusion (60 min) with dexfenfluramine (10 /zM) 
enhances histamine (A) release and serotonin (B) release from the 
suprachiasmatic nuclei region of the rat hypothalamus. The results 
are expressed as percentages of basal release (means + S.E.M., (A) 
n = 4, (B) n = 3). * * P < 0.01 and * P < 0.05 vs. pretreatment value. 

lamic histamine release in vivo. These include gluta- 
mate (Okakura et al., 1992), noradrenaline, dopamine 
and acetylcholine receptors (Prast et al., 1991,1993, 
1994). Furthermore,  experiments with slice prepara- 
tions revealed that opioid and galanin receptors regu- 
late histamine release as well (Gulat-Marney et al., 
1990; Arrang et al., 1991). 

In spite of the dense histaminergic and serotonergic 
projections to the hypothalamus, very little is known of 
the possible effects of 5-HT on histaminergic activity. 
Oishi et al. (1992) found that the selective 5-HTIA 
receptor agonist, 8-hydroxy-2-(di-n-propylamino)tetra- 
lin (8-OH-DPAT), inhibited histamine turnover in vari- 
ous brain regions. Agonists and antagonists for other 
5-HT receptor subtypes were also tested. The results of 
the above study suggested that histaminergic activity in 
the brain was regulated by 5-HT1A receptors. Systemic 
injection of 8-OH-DPAT was shown to rapidly de- 
crease hypothalamic basal 5-HT release by 50% 
(Auerbach et al., 1989). Also other in vivo microdialysis 

studies confirmed that systemically administered 5- 
HTIA receptor agonists reduced 5-HT release from the 
projection areas through autoreceptors located on the 
serotonergic cell bodies (Sharp et al., 1989, Adell et al., 
1993). The pronounced decrease in 5-HT release fol- 
lowing administration of 8-OH-DPAT could explain 
the inhibitory action of this agonist on histamine 
turnover in the brain. This would be in agreement with 
our results which for the first time directly demonstrate 
that endogenous 5-HT has a tonic stimulatory effect on 
histaminergic nerve terminals in the rat hypothalamus. 
In the study of Oishi et al. (1992) methysergide failed 
to reverse the inhibition of histamine turnover follow- 
ing treatment with the 5-HTIA receptor agonist. In 
contrast, we found a significant decrease in histamine 
release by 30 min after methysergide injection; this was 
followed by a slight suppression (10-15%) that lasted 
till the end of the experiment. The differences between 
the present work and that by Oishi et al. (1992) might 
be due to different methodology and time schedule 
after methysergide administration. 

The identity of the 5-HT receptor subtype mediating 
the histamine release remains to be clarified. Methy- 
sergide blocks both 5-HT2c and 5-HT2A receptors 
(formerly the 5-HTlc and 5-HT2, respectively) (Hoyer 
et al., 1994). In situ hybridization studies have revealed 
the presence of mRNA for 5-HT2c and 5-HT m recep- 
tors within the suprachiasmatic nuclei, whereas no 
detectable signal was found for the 5-HT1A and 5-HT2A 
receptors (Roca et al., 1993). Binding sites for 5-HTIA, 
5-HT m, 5-HT2c receptors and to a lesser extent for 
5-HT2A receptors have been localized in the mam- 
malian hypothalamus (Palacios et al., 1990). A novel 
5-HT receptor subtype, the 5-HT 7 receptor, was re- 
cently identified in the rat hypothalamus and it has 
been implicated in the regulation of mammalian circa- 
dian rhythms (Lovenberg et al., 1993). The 5-HT 7 re- 
ceptor has a relatively high affinity for both 5-HTIA 
receptor agonists a n d  5 - H T 2 c / 2  A receptor antagonists, 
including methysergide (Lovenberg et al., 1993). Vari- 
ous 5-HT receptor agonists and antagonists should be 
used to specifically reveal the 5-HT receptor subtype 
that acts as a heteroreceptor  modulating hypothalamic 
histamine release. 

In the present study, local perfusion with 5-HT 
caused a robust increase in hypothalamic histamine 
release. To test whether endogenously released 5-HT 
would have the same effect, we administered dexfen- 
fluramine locally to enhance 5-HT content in the 
synaptic cleft. Indeed, local perfusion with dexfenflu- 
ramine elevated 5-HT release by more than 10-fold, 
histamine release also increased significantly. Large 
increases in the hypothalamic extracellular 5-HT levels 
with locally administered dexfenfluramine have also 
been reported by other groups (Schwartz et al., 1989; 
Auerbach et al., 1989). The effect of dexfenfluramine 
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on histamine release, however, has not been reported 
before. 

Dexfenfluramine possesses an anorectic activity and 
it is assumed to cause hypophagia by enhancing the 
availability of hypothalamic 5-HT (Mennini et al., 1985). 
On the other hand, activation of hypothalamic his- 
taminergic neurons also suppressed food intake (Leck- 
lin and Tuomisto, 1990; Sakata et al., 1990) and regu- 
lated the circadian rhythm of feeding (Doi et al., 1994). 
It is therefore tempting to suggest that serotonergic 
modulation of histamine release may well participate 
in the anorectic effect of dexfenfluramine. According 
to our hypothesis, the increased levels of extracellular 
5-HT stimulate hypothalamic histamine release, thus 
potentiating the suppression of food intake. Whether 
the stimulatory effect of dexfenfluramine on histamine 
release is due to increased levels of 5-HT or direct 
stimulation of serotonergic heteroreceptors located on 
the histaminergic nerve terminals, remains to be evalu- 
ated. 

In conclusion, the results of the present study clearly 
demonstrate that endogenous 5-HT modulates his- 
tamine release in vivo in the rat anterior hypothalamus. 
Furthermore, our studies suggest that histamine may 
partly mediate the anorectic effect of dexfenfluramine. 
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