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Abstract

The effects of microinjection of histamine into the paraventricular nucleus (PVN) of the hypothalamus on yawning responses
were investigated in anesthetized, spontaneously breathing rats. Yawning responses were evaluated by monitoring the intercostal
electromyogram (EMGQG) as an index of inspiratory activity and digastric EMG as an indicator of mouth opening. We also
recorded the electrocorticogram (ECoG) to determine the arousal response during yawning. Autonomic function was evaluated
by measuring blood pressure and heart rate. Microinjection of histamine into the medial parvocellular subdivision (mp) of the
PVN elicited a yawning response, i.e. a single large inspiration with mouth opening, and an arousal shift in ECoG to lower voltage
and faster rhythms. Microinjection of HTMT dimaleate, an H1 receptor agonist, into the PVN also caused the yawning/arousal
response. Pretreatment with pyrilamine, an H1 receptor antagonist, inhibited the histamine induced yawning behavior. These data
demonstrate that a histamine receptive site for triggering yawning/arousal responses exists in the PVN, and suggest that these

responses are mediated by activation of HI receptor within the PVN. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

We have reported that a stereotyped yawning re-
sponse can be evoked by several chemical stimulations
of the paraventricular nucleus (PVN) in anesthetized,
spontancously breathing rats [16,28,29]. A typical
yawning response is induced by microinjection of L-glu-
tamate in the medial parvocellular subdivision (mp) of
the PVN [16], and is characterized by an initial depres-
sor response and an arousal shift in electrocorticogram
(ECoG) followed by a single large inspiration with
mouth opening. Our concept that the PVN is essential
for the occurrence of yawning is compatible with previ-
ous data of Argiolas and Melis [2,3,20] who demon-
strated that lesions of the PVN prevents yawning
induced by apomorphine and oxytocin in freely moving
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rats. On the other hand, two physiological roles of the
PVN concerning yawning have been newly suggested by
our recent findings. (1) An oxygen sensor may exist
within the PVN and yawning may be an arousal behav-
ior caused by higher brain ischemia, since microinjec-
tion of cyanide into the mp caused the stereotyped
yawning response [16]. (2) The PVN may play an
important role in triggering arousal mechanisms, since
microinjection of orexin-A, a neuropeptide involved in
sleep and arousal mechanisms, into the mp caused the
stereotyped yawning response [28].

Yawning is one typical symptom of motion sickness
[10,22]. The involvement of histamine in neural pro-
cesses of motion sickness is suggested by several pieces
of evidence [31,32]. In animal models of motion sick-
ness, the histamine level in the hypothalamus increases
after rotation [31]. Another piece of evidence comes
from Takeda et al.’s observation that administration of
a-fluoromethylhistidine, an inhibitor of histamine syn-
thesizing enzyme, suppresses the signal of motion sick-
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ness in rats [31]. It is also clinically well known that
antihistaminics are effective in preventing motion
sickness in humans. These data on motion sickness
led us to speculate that the yawning behavior might
also be affected by histaminergic neural transmission.

The neurons responsible for yawning are proved to
be the oxytocinergic parvocellular neurons in the
PVN projecting to the lower brain stem [28,29]. On
the other hand, oxytocinergic parvocellular neurons in
the PVN are reported to be activated by histamine
[17]. These two data together support our idea that
yawning might be affected by histamine.

The present study focused on the yawning response
induced by microinjection of histamine into the PVN.
Attempts were further made to identify whether the
H1 receptor in the PVN mediates this response.

2. Materials and methods

Experiments were performed on 14 male Wistar
rats weighing 300-450 g. The rats were anesthetized
with 50 mg/kg pentobarbital sodium intraperitoneally,
and additional doses were given as needed. All experi-
ments were approved by the Animal Experimentation
Ethics Committee of Toho University School of
Medicine. Every effort was made to minimize animal
suffering and the number of animals used. Surgical
procedures were essentially the same as described pre-
viously [16,28,29]. In brief, catheters were placed in
the femoral artery to monitor arterial blood pressure
(BP). Heart rate (HR) was measured from the BP
pulse with a tachometer (AT-601G, Nihon Kohden,
Japan). To monitor inspiratory activity, a pair of
twisted wire electrodes, insulated except for 1 mm at
the tips, were implanted into the lower intercostal
space, by way of a 23-gauge hypodermic needle; the
needle was then withdrawn, leaving the wires in the
intercostal muscle. Similarly, pairs of wire electrodes
were implanted in the digastric muscle to monitor
mouth opening activity. For ECoG recordings, holes
were drilled in the skull and two screw electrodes
were implanted. ECoG signals were amplified and
filtered (0.1-50.0 Hz bandpass). These polygraphic
signals were all stored in a DAT data recorder
(PC208Ax, Sony, Japan) for further analysis. Rectal
temperature was maintained at 37 °C with a heating
lamp.

The animal was fixed prone in a stereotaxic frame
and a parietal craniotomy was performed. For drug
microinjections into the PVN of the hypothalamus,
we constructed a four-barrel glass micropipette, which
was connected to a fine cannula. The free end of the
cannula was attached to a picopump (PV830 Pneu-
matic, WPI) for injections. The volumes injected were
monitored under a dissecting microscope and mea-

sured from the movement of the fluid meniscus. The
barrels were filled with either 0.1 M L-glutamate,
0.1-1 M histamine, 5-50 mM HTMT dimaleate
(Biomol Res Lab), 10 mM pyrilamine (Sigma), 0.1-1
M dimaprit 2HCI (Biomol Res Lab) or 5 mM rani-
tidine hydrochloride (Sigma). In all cases, the drug
doses reported are for the base. Drugs were freshly
dissolved in artificial cerebrospinal fluid (ACSF: 147
mM NaCl, 3 mM NaHCO,;, 3.5 mM KCI, 1.3 mM
CaCl,, 1. mM MgCl,, 0.5 mM NaH,PO, and 1.1
mM urea; pH 7.30-7.35), except for HTMT di-
maleate, which was dissolved in a drop of ethanol
and then diluted with ACSF. As a control for L-glu-
tamate, histamine, pyrilamine, dimaprit 2HCI and
ranitidine hydrochloride, the same amount of ACSF
was injected in responsive sites. As a control for
HTMT dimaleate, the same amount of ethanol in
ACSF was injected in responsive sites. The chemicals
were obtained from Wako, Japan.

The dura overlying the cortex was opened for ad-
vancement of the micropipette, which was inserted
into an area 0.2—0.3 mm lateral to the midline, 1.1-
2.4 mm posterior to the bregma and 5.8-7.2 mm
vertical from the parietal dura, according to the Paxi-
nos and Watson [26] atlas of the rat brain. We made
a systematic search for the sites from which yawning
responses were evoked by microinjection of L-gluta-
mate (10—-100 nl). After exploratory tracking with L-
glutamate, we identified sites where maximal yawning
responses were obtained. A small volume (10-100 nl)
of histamine, pyrilamine, HTMT dimaleate, dimaprit
2HCI or ranitidine hydrochloride solution was then
slowly injected into the same responsive site to deter-
mine whether a yawning response could be induced.
We examined the effects of various kinds of injection
in 5-11 sites (one site per rat). Response to each
injection was examined repeatedly, at least three times
in the same condition. On completion of the experi-
ment, successful stimulation sites were marked with
0.5 M acetate-pontamine for histological examination.
The rat was then deeply anesthetized with pentobarbi-
tal sodium (100 mg/kg) to remove the brain.

After the experiments, ECoG signals were displayed
on an oscilloscope together with an intercostal elec-
tromyogram (EMG). For power spectrum analysis the
ECoG signal was digitized at a sampling rate of 1024
Hz and subjected to fast Fourier transform. Analyses
were performed on data sampled during pre-injection
(control), early yawning and late yawning (recovery)
periods of each response. The early yawning period
corresponded to the response prior to the final yawn-
ing event (a single large inspiration). The late yawn-
ing (recovery) period was 5-125 s until ECoG
activity returned to pre-injection activity levels.
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3. Results

We made a systematic search for yawning-responsive
sites in and around the PVN by microinjection of
L-glutamate. Microinjection of L-glutamate in the mp of
the PVN elicited a stereotyped yawning response. We
confirmed that no other sites in and around the PVN
could elicit this stereotyped response. A typical example
of a stereotyped yawning response induced by L-gluta-
mate was essentially the same as in our previous study
[16,28,29]. Namely, the response was characterized by
an initial depressor response followed by a final yawn-
ing event (a single large inspiratory effort). Power spec-
tral analysis of ECoG waves revealed that the very slow
waves ( < 3 Hz) during the control period before chem-
ical stimulation, were replaced by lower voltage and
faster rhythms (4-8 Hz, data not shown).

We next examined the effect of microinjection of
histamine in the specific region with the stereotyped
yawning. Fig. 1 shows a typical example of the effect of
histamine injection into the site where the stereotyped
yawning response was elicited by L-glutamate injection.
Histamine injection (10 nmol) qualitatively caused simi-
lar sequential events of a stereotyped yawning response.
The initial response represented an increase in HR and
an arousal shift in the ECoG to lower voltage, as
precisely described in the next paragraph. EMG;,w
showed quite rhythmical activity. These early yawning
responses were followed by the development of a single
large inspiration. Compared with L-glutamate, a de-
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crease in respiratory rate was seen after the final yawn-
ing behavior. Regarding BP change, we noticed that a
pressor response which lasted for ~ 90 s appeared after
the yawning behavior.

Power spectral analysis of ECoG waves revealed that
an early change in ECoG occurred prior to a yawn, as
shown in Fig. 2. The high voltage and very slow waves
during the control period before chemical stimulation
(<3 Hz, Fig. 2, control), were replaced by faster
rhythms concurrent with the cardiovascular and
EMG;,, responses (4—5 Hz, Fig. 2, early). The compo-
nent of faster rhythms remained after the final yawning
behavior (Fig. 2, late, 1; late, 2), and returned gradually
to control levels (Fig. 2, late 3; late 4). We examined the
effects of histamine injection in eleven sites (one site per
rat) and found that histamine injection caused the
yawning/arousal response in all sites examined.

We further evaluated the effect of H1 receptor ago-
nist HTMT dimaleate injection in the specific regions
where the stereotyped yawning responses were elicited
by both L-glutamate and histamine injections, as shown
in a typical example in Fig. 3. HTMT dimaleate injec-
tion caused a single large inspiration with a shorter
delay of ~ 15 s. It was also noticed that the fall in BP
was weak or negligible. An arousal shift in the ECoG
to lower voltage and faster rhythms compared with the
control was observed after HTMT dimaleate injection
(~6 Hz, Fig. 4, early). The component of faster
rhythms remained after the final yawning behavior
(Fig. 4, late, 1; late, 2), and returned gradually to
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Fig. 1. Representative yawning responses evoked by microinjection of histamine (HA, 10 nmol) into the PVN. BP, blood pressure; HR, heart rate;
EMC,c, intercostal EMG; EMC;,, digastric EMG; ECoG, cortical electroencephalograph.
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Fig. 2. Typical changes in the cortical electroencephalograph recording during yawning induced by microinjection of histamine (10 nmol) into the
PVN. The very slow waves ( <3 Hz) during the control period before chemical stimulation, were replaced by faster rhythms (4—5 Hz, indicated

by arrows) after injection of histamine into the PVN.

control levels (Fig. 4, late, 3). Similar responses to
HTMT dimaleate injection were obtained from all
sites examined (five sites from five rats).

Afterthat, we examined the effect of HI receptor
antagonist pyrilamine on yawning/arousal responses
evoked by microinjection of histamine into the PVN.
Microinjection of pyrilamine into the PVN did not
induce either the yawning or the arousal response.
Furthermore, pretreatment with pyrilamine injected
into the PVN completely blocked the yawning/arousal
response induced by histamine.

As for H2 receptor agonist dimaprit 2HCI, an in-
crease in HR was prominent after injection into the
PVN, however, the yawning response was not repro-
ducibly induced compared with that by either his-
tamine or HI1 agonist. Similar responses to dimaprit
2HCI injection were obtained from all sites examined
(five sites from five rats). We also observed that pre-
treatment with H2 receptor antagonist ranitidine hy-
drochloride into the PVN did not block the
yawning/arousal response induced by histamine.

Light microscopic examination revealed that both

histamine and HTMT dimaleate responsive sites were
located in the medial part of the rostral PVN (Fig.
5). No responsive sites for the yawning/arousal re-
sponse were identified in the lateral part of the rostral
PVN, in the caudal PVN, or regions around the
PVN.

4. Discussion

We found that the stereotyped yawning response
was activated by local application of histamine into
the PVN, which indicates that the PVN is a region
receiving histaminergic inputs from the tuberomam-
millary nucleus (TM) of the posterior hypothalamus,
a region where histaminergic neurons are densely lo-
cated [7]. Our view that the PVN is a histamine sensi-
tive site is supported by three pieces of evidence.
Panula et al. demonstrated that histaminergic neurons
originating in the TM project to other brain areas
including the PVN [25]. Another piece of evidence
comes from an autoradiographic study showing the
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presence of histamine receptor in the PVN [24]. Finally,
Bealer and Abell [5] caused effective cardiovascular
responses by applying histamine through microdialysis
probes into the PVN.

Our data showing that histamine administered into the
PVN induced yawning, together with an arousal shift in
the ECoG, confirms the results of previous studies which
showed that histamine is an important neurotransmitter
in arousal regulation [7]. Experimental lesioning of the
posterior hypothalamus has been reported to induce a
state of somnolence in rats [21]. In addition, the decrease
in histamine content of the brain suppresses wakefulness
in rats [12]. Conversely, histaminergic drugs cause wake-
fulness in rats [13]. These arousal effects of histaminergic
systems are thought to be mediated by H1 receptors [19].
It is also clinically well known that antihistaminics
induce drowsiness. Moreover, particularly high levels of
histamine receptors are present in area involved in
arousal, i.e. the cerebral cortex, cholinergic cell groups
in the mesopontine tegmentum (MPT) and in the basal
forebrain, as well as the locus coeruleus (LC) [7,25].

We further indicate that not only histamine but also
PVN is involved in the arousal signaling pathway, since

microinjection of histamine into the PVN induced the
arousal shift in the ECoG together with the yawning
response. It should be emphasized that no other area in
or around the PVN elicited the arousal/yawning re-
sponse. These data may strengthen the hypothesis pro-
posed in our previous study, that the PVN is a site
involved in the arousal mechanism [28].

According to the arousal pathway referred to as
histaminergic transmission, several possible pathways
are nominated. Arousal may be due to histaminergic
neurons originating in the TM directly projecting to the
cerebral cortex [27]. On the other hand, it may be due
to histaminergic neurons projecting to the cholinergic
cell groups in the MPT [18] or in the basal forebrain
[8,15] as well as the LC [25]. Here we suggest another
signaling pathway of the arousal mechanism via the
PVN. Namely, histaminergic neurons from the TM may
directly activate parvocellular neurons in the PVN,
which in turn project to the basal forebrain or the LC
(Fig. 6).

We previously reported that the neurons responsible
for yawning might be the oxytocinergic parvocellular
neurons in the PVN projecting to the lower brain stem
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Fig. 3. Representative yawning responses evoked by microinjection of HTMT dimaleate (HTMT, 5 nmol) into the PVN. Abbreviations as in Fig.
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Fig. 4. Typical changes in the cortical electroencephalograph recording during yawning induced by microinjection of HTMT dimaleate (5 nmol)
into the PVN. The very slow waves ( <2 Hz) during the control period before chemical stimulation, were replaced by faster rhythms (4—-6 Hz,

indicated by arrows) after injection of HTMT dimaleate into the PVN.

[28,29]. Our suggestion was mainly based on the report
of Sawchenko and Swanson [30] who demonstrated
that oxytocinergic parvocellular neurons in the PVN
send descending axons to the lower brain stem which
region is involved in arousal, respiratory, cardiovascu-
lar, and other autonomic functions. According to this
notion, the present data can be explained by the possi-
bility that histamine activates the oxytocinergic parvo-
cellular neurons in the PVN projecting to the lower
brain stem. This possibility is strongly supported by the
data of Kjar et al. [17] who reported that c-fos expres-
sion in oxytocinergic parvocellular neurons within the
PVN is induced by central administration of histamine.
They further suggested that histamine might be indi-
rectly involved in the regulation of neurons in the lower
brain stem and the spinal cord via the PVN.
Although we suggest that the oxytocinergic parvocel-
lular neurons in the PVN are involved in yawning, we
can not exclude the possibility that the PVN may
contain more than one pathway mediating this re-

sponse. For instance, ACTH injected into the PVN and
surrounding periventricular region induces yawning
that is not prevented by oxytocin antagonist [1]. Corti-

Al PVN

T
<
=

—
=25,
“=00-»»

»
O~ »>
= 000 »
&

Bregma -1.40 mm Bregma -1.80 mm

Fig. 5. Schematic drawings of transverse sections of the PVN, show-
ing effective (O) or ineffective (A) injection sites where yawning /
arousal responses were obtained by histamine. OT, optic tract; 3V,
third ventricle.
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Fig. 6. Schematic representation of our model on yawning/arousal responses mediated through the PVN. Histamine neurons from the TM nucleus
may directly activate neurons in the PVN, which in turn project to the LC or the basal forebrain. Oxytocinergic neurons from the PVN project
to the lower brainstem, including the facial nucleus and respiratory related neurons which are implicated in the yawning response. OXT, oxytocin;
HA, histamine; NA, noradrenaline; Ach, acetylcholine; MPT, mesopontine tegmentum.

cotropin releasing factor (CRF) neurons within the
PVN could be responsible for the ACTH-induced
yawning, however, there is little evidence that CRF
neurons project to the lower brain stem which region is
involved in arousal, respiratory, cardiovascular, and
other autonomic functions regarded to yawning.

We indicate that histamine activates the H1 receptor
in the PVN, since the yawning response induced by
histamine was inhibited by pretreatment with pyril-
amine, an H1 receptor antagonist. Moreover, microin-
jection of HTMT dimaleate, an H1 receptor agonist,
into the PVN, evoked the yawning response. Similarly
to our data, Gower et al. [11] reported that H1 receptor
antagonist injected subcutaneously into conscious rats
inhibited the apomorphine-induced yawning response.
With regard to this view, an autoradiographic study
revealed the presence of HI receptor in the PVN [24].
The existence of H1 receptor in the PVN has also been
examined in functional studies. For example, Bealer
demonstrated that histamine evokes norepinephrine [6]
as well as oxytocin [4] release by activation of HI
receptors in the PVN. H1 receptors in the PVN are also
reported to be involved in histaminergic suppression of
food intake [23].

Although H1 receptor may be important in the mod-
ification of the yawning/arousal response [33], the role
of other types of histamine receptors cannot be fully

eliminated. In this connection, Ferrari and Baggio [9]
reported that H2 receptor antagonist dose-dependently
antagonized the yawning and penile erection induced
by apomorphine. In line with their data, yawning re-
sponse was sometimes induced by H2 receptor agonist
into the PVN in the present study. However, H2 recep-
tor agonist induced a yawning response with a much
longer onset latency compared with that of histamine
or H1 agonist. In addition, pretreatment with H2 recep-
tor antagonist did not block the yawning response
induced by histamine in our study. Further study is
required before the precise mechanism of histamine
actions on yawning/arousal responses can be identified.

We noticed that a pressor response appeared after
the yawning behavior induced by microinjection of
histamine into the PVN, which lasted over ~ 90 s. In
this connection, Bealer and Abell [5] demonstrated that
administration of histamine through microdialysis
probes in the PVN increased BP in conscious rats. It is
suggested that the PVN is a brain site where histamin-
ergic and noradrenergic systems interact to regulate BP,
and the pressor response evoked by histamine may be
due to adrenoreceptor stimulation of vasopressin re-
lease [5]. Although the increase in HR was prominent
after injection of H2 agonist into the PVN (data not
shown), we could not observe a clear increase in HR by
histamine injection into the PVN, which result differs
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from that in conscious animals [5]. The lack of
changes in HR by histamine in this study might be
attributed to the possibility of anesthetics used, since
anesthesia is well known to affect the cardiovascular
and autonomic responses [14].

Since yawning is one typical symptom of motion
sickness [10,22], a disorder which is modified by his-
taminergic transmission, the present results can be ex-
plained by the notion that yawning is triggered by
motion sickness which signaling pathway is mediated
by histaminergic neurons [31,32]. According to our
data showing that yawning was inhibited by HI re-
ceptor antagonist, together with previous data show-
ing that motion sickness 1is suppressed by HI1
antagonist [31], it is likely that histamine induces
yawning as well as motion sickness through HI1 re-
ceptor within the PVN.
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