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Expression of transient receptor potential channel vanilloid (TRPV) 1-4,
melastin (TRPM) 5 and 8, and ankyrin (TRPA1) in the normal and
methimazole-treated mouse olfactory epithelium
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MATTI ANNIKO? & KATSUHIRO HIRAKAWA!
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Abstract

Conclusion: It is suggested that TRPVI, 2, 3, and 4, TRPMS5 and 8, and TRPA1 may play several roles in the olfactory
epithelium (OE), contributing to olfactory chemosensation, olfactory adaptation, olfactory-trigeminal interaction, and OE
fluid homeostasis. In patients with olfactory disturbance, TRPV1 and TRPMS8 may be closely related to a high rate of
recognition of curry and menthol odors, while TRPV2 may also play a crucial role in the regeneration of olfactory receptor
neurons. Objective: Expression of TRPV1-4, TRPMS5 and 8, and TRPAI in the normal and methimazole-treated mouse OE
was analyzed. Methods: The localization of TRPV1-4, TRPMS5 and 8, and TRPALI in the OE of normal and methimazole-
treated CBA/] mice was investigated by immunohistochemistry. Results: Normal OE showed a positive immunofluorescent
reaction to TRPV1-4, TRPMS5 and 8, and TRPAI. In lamina propria, the nerve fibers displayed TRPV 1, 2, and 3,
TRPMS8 and TRPAL. In the pathological condition, the expression of TRPV3, TRPV4, TRPMS5, and TRPA1 was markedly
reduced and took a long time to recover. In contrast, expression of TRPMS8 was scarcely affected, even in the pathological

condition, while TRPV1 and TRPV2 showed early recovery following methimazole treatment.

Keywords: Immunohistochemistry, olfactory chemosensation, olfactory disturbance

Introduction

The TRP (transient receptor potential) ion channel
family comprises 28 channels, divided into 6 sub-
groups according to their structure and activation
characteristics. TRP subfamilies include canonical
(TRPC, seven channels), melastatin (TRPM, eight),
ankyrin (TRPA, one), vanilloid (TRPV, six), poly-
cystin (TRPP, three), and mucolipin (TRPML, three
channels). TRP channels play a crucial role in
the responses to all major classes of external stimuli,
including light, sound, chemicals, temperature, and
touch. TRP channels also imbue individual cells with
the ability to sense changes in the local environment,
such as alterations in osmolality [1].

Thermosensing can be considered the most ele-
mentary of all senses, as it is absolutely crucial for our
survival. A prompt reaction to contact with harmfully
cold or hot objects is vital to prevent acute, potentially
fatal, injury. Moreover, to maintain the core body
temperature of around 37°C, heat production and
heat loss must be maintained equal in steady state.
This requires the permanent monitoring and integra-
tion of thermal information from the skin (via periph-
eral thermoreceptors) and deep body structures (via
central thermoreceptors), and the ensuing initiation
of reflexes that promote heat production or heat loss.

Recent studies have provided the first molecular
insight into the mechanisms underlying the exquisite
thermo- and chemosensitivity of these channels.
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Moreover, accumulating evidence implicates TRP
channels in the development of the central nervous
system. A superfamily subset of TRPs, dubbed
thermo-TRPs, are highly sensitive to temperature,
and several of them serve essentially as molecular
thermometers in different cell populations of the
peripheral sensory system [2].

In the olfactory epithelium (OE), expression of
several TRP channels has been reported. Recent
investigations revealed the expression of TRPVs
and a possible functional role in the OE [3,4],
TRPV1-4 variably with a diffuse pattern in lamina
propria, and in the respiratory epithelium, especially
so in glandular cells of lamina propria. These findings
suggested that TRPVs may play a variety of roles in
the OE, contributing to olfactory adaptation, olfac-
tory—trigeminal interactions in nasal chemoreception,
and OE homeostasis; they may also be involved in
olfactory transduction as well as olfactory dysfunction
secondary to sinonasal inflammation disease [3].
However, the detailed distribution of TRPVs in the
OE and the expression of other TRP channels in the
OE, especially in pathological conditions, is still not
known.

In this investigation we identified TRPV1-4 as well
as TRPM5 and 8 and also TRPA1 in the OE in
both normal and methimazole-treated mice. As these
TRP channels are regarded as thermo-TRPs, it has
recently been shown that temperature can influence
olfaction [5].

Material and methods

We used 15 healthy, normal, 8-week-old CBA/] mice
with body weights in the range 20-25 g. They were
housed in a light-controlled room with a 12 h light/
dark cycle and were allowed access to food and
water ad libitum. Care and use of the animals was
approved by the Animal Experimentation Commit-
tee, Hiroshima University School of Medicine (permit
no. A08-88) and was in accordance with the Guide to
Animal Experimentation, Hiroshima University and
the guidelines of the Committee on Research Facil-
ities for Laboratory Animal Science, Hiroshima
University School of Medicine.

For the methimazole-treated study, 12 animals
were injected intraperitoneally (i.p.) with 300 mg/
kg methimazole dissolved in 2 ml of 0.01 M
phosphate-buffered saline (PBS) containing 20%
dimethyl sulfoxide (DMSO). These animals were
used for the immunohistochemical study 1 day,
7 days, 4 weeks, and 3 months after the injection.
The normal and methimazole-treated animals were
deeply anesthetized with pentobarbital and fixed by

cardiac perfusion with 4% paraformaldehyde in 0.1 M
phosphate buffer solution, pH 7.4. Nasal tissue,
including the OE, was excised and immersed in the
same fixative for a further 1 h. It was decalcified with
0.1 M buffered Na-EDTA for 14 days. The speci-
mens were cryoprotected in cold 20% sucrose in PBS,
frozen in OCT mounting medium (Sakura Finetech-
nical Co. Ltd, Tokyo, Japan). Coronal sections were
serially cut on a cryostat at 4 um, and mounted on
glass slides. After pretreatment with blocking serum,
the specimens were incubated with a rabbit polyclonal
antibody to TRPV1 (Transgenic Inc., Kumamoto,
Japan) (diluted 0.1 pg/ml), rabbit polyclonal antibody
to TRPV2 (abcam, Tokyo, Japan) (diluted 1:1000),
goat polyclonal antibody to TRPV3 (Santa Cruz
Biotechnology Inc, CA, USA) (diluted 1:50), a rabbit
polyclonal antibody to TRPV4 (Alomone Labs Ltd,
Jerusalem, Israel) (diluted 1:200), a goat polyclonal
antibody to TRPM5 (Santa Cruz Biotechnology)
(diluted 1:200), a rabbit polyclonal antibody to
TRPMS8 (Osenses Ltd) (diluted 1:300), or with a
rabbit polyclonal antibody to TRPA1 (Transgenic)
(diluted 1:200) in 0.3% Triton X-100-containing
PBS at 4°C for 48 h. The specimens were then washed
in PBS and incubated for 1 h with Alexa Fluor
488 goat anti-rabbit or donkey anti-goat secondary
antibodies (1:500) (Molecular Probes, Eugene, OR,
USA). The sections were washed and coverslipped
with DakoCytomatia Fluorescent Mounting Medium
(DakoCytomatia, CA, USA). The specimens were
viewed in a Nikon fluorescence microscope (Eclipse
E600) equipped with an appropriate filter set. Fluo-
rescence analog images were obtained via an intensi-
fied digital color charge-coupled device camera
(C4742-95; Hamamatsu Photonics) and stored as
digital images using IP Lab Spectrum software (ver-
sion 3.0; Signal Analytics Corp.). Appropriate con-
trols with omission of the primary antibodies, or with
specific blocking peptides of the primary antibodies,
were included in the immunohistochemical protocol.

Measurement of fluorescence intensiry

For the statistical analysis, we measured the fluores-
cence intensity in the olfactory receptor neurons
(ORNSs). ORNs were randomly selected from each
specimen, and their fluorescence intensity was deter-
mined. The value of 10 cells was averaged for each
specimen. The grand mean was obtained by averaging
the means of six to eight specimens for normal and
methimazole-treated animals. A standard error was
calculated from the means for individual specimens.
These data were analyzed by a two-way analysis of
variance (ANOVA).
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Changes in expression of TRPs in methimazole-treated
mouse OF

One day after treatment with methimazole, a thin,
disorganized neuroepithelium was observed through-
out the olfactory region. ORNSs had almost completely
disappeared, remaining only in a few basal cells.
One week later, OE showed signs of recovery but
was still thin and disorganized. One month after the
treatment, OE had become thicker and had regained
its normal appearance and thickness after 3 months.

In general, the immunoreactivity of ORNs to
TRPV1 was markedly weaker 7 days after the methi-
mazole treatment, although a few cells were immu-
nofluorescent. The immunofluorescence of some
ORNs had recovered after 1 month and showed
complete recovery after 3 months. In the lamina
propria, the nerve fibers were noticeably less immu-
nofluorescent after 1 and 7 days and 1 month
and showed normal fluorescence after 3 months.
The immunoreactivity to TRPV2 was weaker in
most ORNSs, although a few cells showed intense
fluorescence 7 days after the treatment. After
1 month, some cells were intensely fluorescent, while
others still showed weaker fluorescence. After
3 months, the immunofluorescence of ORNs had
returned to normal levels of intensity. In the lamina
propria, the nerve fibers were markedly less immu-
nofluorescent after 1 and 7 days and 1 month, but
had regained normally strong fluorescence after
3 months. The immunoreactivity of ORNs to
both TRPV3 and TRPV4 was weaker 7 days and
1 month after treatment, but after 3 months had
returned to normal. The immunoreactivity of
ORNs to TRPAl was weaker after 7 days and
1 month, but had returned to normal after 3 months.
The immunoreactivity of ORNs to TRPM5 was
weaker after 7 days and 1 month but there was no
fluorescence in the olfactory cilia, whereas after
3 months, fluorescence was normal in ORNs and
intense in the olfactory cilia. The immunoreactivity
to TRPMS8 was slightly weaker, but still strong after 7
days and 1 month, and had recovered after 3 months
(Figure 2).

Fluorescence intensity (normal mice)

TRPV1. Immunoreactivity in normal ORNs was
62 + 2.0 (mean + SD), decreasing significantly
(» < 0.01) to 30 + 10.6 after 7 days of treatment,
had almost recovered (56 + 14.0) after 1 month, and
was normal again (68 + 8.6) after 3 months. The
difference in fluorescence intensity between 7 days
and 1 month after treatment was significant (p < 0.01).

TRPV2. Immunoreactivity in normal ORNs was
80 = 25.9, decreasing significantly (» < 0.01) to
31 + 10.2 after 7 days, was 48 + 15.1 after 1 month
(p < 0.01), and had recovered to 83 £ 17.2 after
3 months. The difference in intensity between
7 days and 1 month after weatment was significant
(p < 0.05).

TRPV3. Immunoreactivity in normal ORNs was
79 + 20.1, had decreased significantly (p < 0.01) after
7 days, to 51 + 4.3 after 1 month (p < 0.01), and had
recovered to 87 + 14.8 after 3 months.

TRPV4. Immunoreactivity in normal ORNs at
79 + 24.5 had decreased significantly 7 days later
(p < 0.01) and to 43 + 9.7 after 7 days (p < 0.01)
and was 40 + 9.5 after 1 month (p < 0.01), but had
recovered to 76 + 21.3 after 3 months.

TRPAI. Immunoreactivity in normal ORNs was
59 + 12.6, had decreased significantly (p < 0.01) to
29 = 7.7 after 7 days, was 26 = 8.2 (p < 0.01) after
1 month, and had recovered to 55 + 13.7 after
3 months.

TRPMS. Immunoreactivity in normal ORNs at
66 + 24.5 had decreased significantly (» < 0.01) to
26 + 7.3 after 7 days and 27 + 6.1 after 1 month. It had
recovered to 55 + 15.5 after 3 months.

TRPMS8. Immunoreactivity in normal ORNs at
141 + 33.2 was significantly weaker (p < 0.01) at
115 + 31.8 after 7 days and 117 £ 40.6 after 1 month
(p < 0.1) but had normalized to 138 + 30.1 after
3 months (Figure 3).

Discussion

There is accumulating evidence that TRP channels
are involved in thermosensation, mechanosensation,
smell, and taste. From bacteria to man, food detection
and acquisition are fundamental to survival. All
the senses are required to make decisions about
ingestion, and TRP channels, abundantly present in
the nerve endings of the mouth, tongue, and nose,
play an important role in chemical sensing [1,2]. In
the OE, TRPCI1 and 6, TRPM3, 4, 5, 6, and 7,
TRPV2 and 6, and TRPA1 have been shown to be
expressed by RT-PCR [4]. Expression of TRPV1, 2,
3, and 4, and TRPM5 has also been demonstrated by
immunohistochemistry [3,6].
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Figure 2. At 1 day after methimazole treatment (1d), there is a thin and disorganized neuroepithelium in the whole olfactory epithelium (OE;
O). ORNs have almost completely disappeared. At 7 days later, OE shows signs of recovery but is still thin and disorganized (7d). At 1 month
after treatment (1m), the OE is thicker, and after 3 months (3m) has regained its normal appearance and thickness. In general, the
immunoreactivity of ORNSs to TRPV1 is markedly reduced 7 days after methimazole treatment. A few cells show immunofluorescence (arrow).
Immunofluorescence of ORNs has almost recovered (arrow) after 1 month and shows complete recovery after 3 months (TRPV1).
Immunoreactivity of ORNs to TRPV2 is reduced in most ORNs, while a few cells show marked fluorescence (arrow) 7 days after the
treatment. After 1 month, some cells show intense fluorescence (arrow), while others still show weaker fluorescence (TRPV2). Immuno-
reactivity of ORNs to TRPV3, TRPV4, and TRPAL is reduced 7 days and 1 month after treatment. Immunoreactivity to TRPM5 is reduced
after 7 days and 1 month. There is no fluorescence in olfactory cilia (arrow), while after 3 months, ORNs show normal fluorescence and there is
intense staining in the olfactory cilia (arrow) (TRPMS5). The immunoreactivity to TRPMS is slightly weaker, but still strong after 7 days and

1 month, recovering to normal after 3 months (TRPMS).

The present study revealed immunoreactivity by
TRPV1, 2, 3, and 4, TRPM5 and 8, and TRPA1
in murine OE, which confirms those previous inves-
tigations [3,4,6]. As regards the functional role of
TRPVs, it has been suggested that TRPV1 may be

involved in regulating cyclic nucleotide-gated chan-
nels and in short-term adaptation of the olfactory
system [3]. Our finding of the presence of TRPV1
and TRPV?2 in the ORNSs, as well as in nerve fibers in
the lamina propria, suggests that these TRP channels
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Figure 3. The fluorescence intensity to TRPV1 decreases significantly after 7 days but has normalized after 3 months. There is a significant
difference in fluorescence intensity between 7 days and 1 month after. The intensity decreases significantly after 7 days and 1 month, with a
significant difference between these two time points. The fluorescence intensities to TRPA1, TRPM5, TRPV3, and TRPV4 are significantly
reduced after 1 month and 3 months, but have normalized after 3 months. The fluorescence intensity to TRPMS is weaker but not significant

after 7 days and 1 month. **p < 0.01, *p < 0.05.

play a vital part in chemosensation by OE. Further-
more, TRPV1 is known to be expressed in the
nasal trigeminal neurons and showed sensitivity to
capsaicin [7]. Taken together, all these findings indi-
cate that TRPV1 and TRPV2 play an important role
in the peripheral and central olfactory/trigeminal
interaction in nasal chemoreception. TRPV3 may
underlie the mechanism of enhanced oral and nasal
sensitization to successive exposures to certain odors,
flavors, and irritants [8]. Consequently, it has been
suggested that TRPV3 acts as a chemoesthetic recep-
tor and is also involved in allergic rhinitis caused by
repeated exposures to certain odors. TRPV4 is acti-
vated by heat and extracellular hypotonicity.
Hypotonicity-induced activation of TRPV4 requires
its interaction with the water channel aquaporin
(AQP) 5 [9]. It has been reported that the response
of the frog’s olfactory system to water is elicited by
reduced osmotic pressure [10]. In addition, an exten-
sive network of AQP, including AQP5 expression, is
present in the OE [11]. These findings indicate that
TRPV4 is directly involved in fluid homeostasis in
the OE.

TRPAL is the only TRPA protein present in humans
and other mammals. TRPALI is activated chemically by
the psychoactive component in marijuana, by environ-
mental irritants, and by pungent compounds. These
include ingredients present in wasabi, horseradish,

and mustard oils (isothiocyanates); garlic (allicin);
cinnamon oil (cinnamaldehyde); marijuana (tetrahy-
drocannabinol); and tear gas (acrolein). TRPA1 can
also be activated by stimulating the PL.C pathway with
bradykinin and the subsequently produced metabolites
DAG and PUFAs [1,9].

It has not been conclusively established whether
TRPALI is a thermally or a mechanically gated chan-
nel. When exogenously expressed in cultured cells,
TRPALI has been reported to be a channel activated by
injurious cold (< 17°C), although such activation in
both cultured cells and TRPAIl-deficient mice is
controversial. TRPA1 channels in mouse and zebra
fish have been suggested to be mechanically gated
channels, and the multiple ankyrin repeats of TRPA1
may constitute a gating spring capable of transducing
mechanical force and thereby facilitating channel
opening. However, analyses of TRPAI-deficient
mice have refuted this possibility [1,9].

The present investigation has demonstrated that
immunoreactivity to TRPA1l occurred in the
ORNSs, while the nerve fibers in the lamina propria
showed weak immunoreactivity. TRPA1 is reportedly
present in neurons of dorsal root ganglia (DRG)
and trigeminal ganglia (TG) [1,9]. TRPA1 immuno-
reactivity was found in unmyelinated nerve fibers in
the urothelium, in the suburothelial space, and in
the muscle layer, as well as around blood vessels
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throughout the bladder [12]. All TRPA1 immunore-
active nerve fibers also expressed TRPV1 immunore-
activity and vice versa. TRPA1 was also detected in
urothelial cells at both the transcriptional and the
protein level. The presence of TRPAl on C-fiber
bladder afferents and in urothelial cells, and the finding
that intravesical TRPA1 activators initiate detrusor
hyperactivity, together indicate that TRPA1 partici-
pates in sensory transduction in this organ [12]. Our
present findings mean that TRPA1 is also involved in
chemosensation at the ORN level.

TRPM4 and TRPM5 are unusual in the TRP
subfamily in that they are voltage-modulated, Ca®*-
activated, monovalent cation selective channels. The
monovalent selectivity, which sets these channels
apart from other TRP channels, is warranted by a
short acidic sequence of six amino acids in its pore
loop. TRPM5 is also temperature-sensitive, being
activated by heat in the range of 15-35°C. It is thus
another example of a TRP channel that integrates
thermal input with other modes of activation [1,9].
TRPMS5 protein has been demonstrated in intestine,
liver, lung, and taste bud cells [1,9]. Recently,
TRPM5 was shown to be enriched in taste receptor
cells, where it is essential for the perception of sweet,
bitter, and umami taste compounds. Two indepen-
dently generated TRPM5 knockout mouse models
display diminished sweet, bitter, and umami percep-
tion. Interestingly, the sensitivity of TRPMS5 to
temperature was suggested to be the molecular mech-
anism underlying the psychophysical phenomenon of
‘thermal taste’, i.e. enhanced sweetness perception
with increasing temperature. TRPMS5 is highly abun-
dant in rodent chemosensory organs including OE
and the vomeronasal organ (VNO), as well as in a
subset of solitary cells distributed throughout the
epithelia of the respiratory system and the gastroin-
testinal tract [13]. In the main OE, TRPMS5 was
detected in solitary epithelial cells. Occasionally,
like typical ciliated olfactory cells, TRPM5-expressing
cells have elongated cell bodies that reach both the
lumen and the basal membrane. Furthermore,
TRPM5 was detected in sensory epithelia of
the VNO [13], in the apical part of the cell, and in
the present study, also in the ORNSs, especially on the
apical surface. These data suggest that TRPM5 might
play an as yet unappreciated physiological role in
olfaction of odorants and pheromones.

TRPMS is a thermally regulated channel activated
by moderately cool temperatures (<23-28°C) and by
agents that evoke a sensation of coolness, such as
menthol, eucalyptol, and icilin. Activation by cold and
menthol can be separated, as several mutations that
have a profound effect on activation by menthol have
only a minimal effect on activation by coolness. This

shows that the domains involved in activation by
menthol and thermal input are distinct. In further
support of this conclusion, modulation of TRPMS8
activity by pH has differential effects on activation by
icilin and cold, versus menthol. The mechanisms for
thermal activation of TRPV1 and TRPMS8 by hot and
cool temperatures, respectively, appear to be similar.
These channels are voltage dependent, and their
respective activation temperatures as well as ligands
lead to shifts in their voltage thresholds toward more
physiological membrane potentials [1,9]. TRPMS8
protein has been demonstrated in DRG, TG, pros-
tate, and liver [1,9]. The present study showed that
TRPMS8 was expressed mainly in the ORNs. These
findings strongly indicate that TRPMS is an essential
factor in chemosensation in the OE and is probably
related to the direct temperature reaction of the
olfactory system to cool temperatures.

It has been demonstrated that at intermediate odor-
ant concentrations, heat invariably causes a reduction
in olfactory sensitivity, as they would be expected to
compensate for the increase in volatiles in the air. Cold
has the opposite effect [5]. These findings may indicate
the existence of thermosensitive channels in the OE.
Numerous mammalian TRP channels (thermo-
TRPs), activated by temperature changes, account
for a large proportion of the temperature range to
which mammals respond. TRPV1 and TRPV2 are
sensors for uncomfortably warm (>43°C) and very
hot (>52°C) temperatures, respectively, whereas
TRPV3 (>30-39°C) and TRPV4 (25-34°C) contrib-
ute to the perception of moderate temperatures.
TRPMS8 appears to function at cool temperatures,
and TRPAI may be a cold sensor [1]. Thermo-
TRPs are present in neurons, such as those in the
DRG or TG, which are known to function in thermo-
sensation. Sensory neurons derived from TRPM8-null
mice lack detectable levels of TRPM8 mRNA and
protein and their number responding to cold (18°C)
and menthol (100 M) is greatly reduced [14]. These
thermo-TRPs (TRPV1-4, TRPMS8, and TRPAI)
were all found in OE. The basis for previous and
present findings is that these TRPs may function as
thermosensitive calcium channels in the OE.

Several in vivo experimental models have been
established for inducing mass degeneration of the
ORNs. These include olfactory bulbectomy, olfactory
nerve transection, topical application of chemicals
such as zinc sulfate, Triton X-100, and methyl bro-
mide into the nasal cavity, and systemic injection of
nasotoxic drugs such as 3-methylindole, dichlobenil,
and methimazole. The mode of cell death in the
ORNs differs among these experimental models.
Olfactory bulbectomy and olfactory nerve transection,
which resemble olfactory dysfunction caused by head
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injuries, have been found to induce massive apoptosis
in the mature ORN population. In contrast, when
applied to ORNs most chemicals that potentially
resemble toxic environmental stimuli have been
reported to cause necrosis. Regarding methimazole-
induced cell death, chiefly in the mature ORNs, the
affected cells were TUNEL-positive and showed a
nuclear staining pattern, which strongly suggests that
such cell death in ORNSs is predominantly due to
apoptosis [15].

The present study revealed that the fluorescence
intensity of TRPs of murine ORNs was weakened
by methimazole treatment. These effects were sus-
tained until 3 months after the treatment, indicating
that the recovery of TRP expression takes a long time,
which might explain the clinical condition that recovery
of the sense of smell, lost due to head injury, is also a
lengthy procedure. The other interesting results were
that expression of TRPM8 was not reduced following
methimazole treatment. Moreover, expression of
TRPV1 and TRPV2 recovered earlier. In the clinical
situation of patients with olfactory disturbance, men-
thol and curry odors are frequently identified, but
Japanese orange, wood, and condensed milk odors,
seldom, since menthol odorants stimulate not only the
olfactory nervous system but also the trigeminal nerve
system [13]. As has been noted, TRPMS is a thermally
regulated channel activated by moderately cool tem-
peratures (<23-28°C) and by compounds that evoke a
sensation of coolness, such as menthol, eucalyptol, and
icilin. TRPV1 is activated by capsaicin and resinifer-
atoxin, heat, H*, and encocannabinoid [1,9]. Expres-
sion of both TRPV1 and TRPMS8 was demonstrated in
the TG [13]. It is plausible that menthol and/or curry
odors stimulate the trigeminal nerve system, although
the present study found unreduced expression of
TRPMS or early recovery of TRPV1 in the ORNs.
These findings may indicate another possibility — that
unchanged or early recovery of TRPV1 and TRPMS8 in
the ORNs is closely related to the fact that patients with
olfactory disturbance display a high rate of recognition
of menthol and curry odors. The early recovery of
TRPV2 is another interesting finding. It has been
suggested that TRPV2 is important in the regeneration
of ORNs by stimulating nerve growth factors [17].
The early recovery of TRPV2 expression observed in
our study seems to support this hypothesis.

In conclusion, our study has identified TRPV1, 2,
3, and 4, TRPM5 and 8, and TRPAI1 in the mouse
OE, where their presence seems to play a vital role,
contributing to olfactory chemosensation, olfactory
adaptation, olfactory/trigeminal interaction, and OE
fluid homeostasis. In the pathological condition,
the expression of TRPV3, TRPV4, TRPMS5, and
TRPA1 was markedly reduced and recovery took a

long time. In contrast, expression of TRPMS8 was only
minimally affected even in the pathological condition,
while TRPV1 and TRPV2 showed early recovery after
methimazole treatment.
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Changes in slow phase eye velocity and time constant of positional
nystagmus at transform from cupulolithiasis to canalolithiasis
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Abstract

Changes in slow phase eye velocity (SPEV) and time constant (TC) of benign paroxysmal positional nystagmus in
horizontal canal type were examined at transitional period from cupulolithiasis (apogeotropic nystagmus) into canalolithiasis
(geotropic nystagmus) in two patients. SPEV and TC of positional nystagmus were tri-dimensionally analyzed. The first
patient showed an apogeotropic nystagmus. Head rotation to the left in supine position induced a right-beating nystagmus
with an initial SPEV of 15.3"/s and a TC of 133 s. The nystagmus then gradually declined with a TC of 31.3 s after reaching
a maximum SPEV of 28.8°/s. After the nystagmus disappeared, he showed a geotropic nystagmus. The second patient
showed a left-beating nystagmus with an initial SPEV of 2.5°/s and a TC of 141 s when his head was rotated to the right in
supine position. The nystagmus then gradually declined with a TC of 8.05 s after reaching a maximum SPEV of 16.7°/s.
After the nystagmus disappeared, he showed a geotropic nystagmus. The present findings suggested that in both patients, at
the period of an increase of SPEV of the positional nystagmus with the shortening of its TC, cupulolithiasis transformed into
canalolithiasis.

Keywords: benign paroxysmal positional vertigo, apogeotropic nystagmus, geotropic mystagmus, rotation vectors, three-
dimensional eye positions

examined at transitional period from cupulolithiasis
to canalolithiasis in HSCC.

Introduction

Cupulolithiasis [1] in the horizontal semicircular
canal (HSCC) has been shown to cause an apogeo-
tropic positional nystagmus [2], while canalolithiasis
in the HSCC causes a geotropic positional nystag-
mus [3] in patients with the HSCC type of benign

Case reports

Case 1

paroxysmal positional vertigo (H-BPPV) [2,4].
Transition from a geotropic positional nystagmus
to an apogeotropic positional nystagmus in the same
patients with H-BPPV has been reported [5],
suggesting the transformation from canalolithiasis
into cupulolithiasis in HSCC. In the present study,
we report two cases with transition from an apogeo-
tropic positional nystagmus to a geotropic positional
nystagmus. After analyzing their positional nystag-
mus in three dimensions, changes in slow phase eye
velocity (SPEV) and time constant (TC) were

On May 18, 2001, an 80-year-old man visited our
hospital complaining of a 2-day history of positional
vertigo when turning over in bed. Based on his
positional nystagmus, he was given the diagnosis of
H-BPPV. His positional vertigo gradually disap-
peared without any canalith repositioning maneuver
and on June 12, no positional nystagmus was
noticed. He had no canal paresis in the caloric test,
with no other neurological signs. Past medical
history was notable for sudden sensorineural hearing
loss of the left ear in 1948.
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Case 2

On February 27, 2006, a 46-year-old man visited
our hospital with a complaint of positional vertigo
from the same day when turning over in bed. He had
been admitted to our hospital to undergo che-
motherapy for his lung cancer, and based on his
positional nystagmus, was given the diagnosis of H-
BPPV. His positional vertigo gradually disappeared
without any canalith repositioning maneuver. On
April 14, he showed no positional nystagmus. He
had no canal paresis in the caloric test and no
hearing loss, with no other neurological signs.

Methods

Positional nystagmus of the left eye was recorded on
videotape with an infrared CCD camera (RealEyes,
Micromedical Technologies). In this paper, the tri-
dimensional eye movements were described by rota-
tion vectors, which represent the three-dimensional

eye positions by a single rotation. The rotation vector
was given by the axis of rotation, and its length was
proportional to the size of the rotation [6]. An eye
position can be reached by rotating the eye from a
reference position on a single axis. This eye position
was represented by a vector along a single axis of
which length was proportional to the angle of the
rotation. The reference position was defined to be
that assumed by the eye when the subject was
looking straight ahead with the head kept upright,
while straight ahead was defined as looking at a
target which was located horizontally in front of the
eye [6]. The analysis method of the eye rotation
vectors and the accuracy of this method have already
been described elsewhere [7,8]. We converted these
videotape images into 30 Hz digital ones (640*480
dot) (PCV-R63K, SONY), from which we recon-
structed the space coordinates of the center of the
pupil and an iris freckle. These coordinates (X, Y,
and Z) were defined so that the X-axis was parallel to
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Figure 1. Eye position in Z component of positional nystagmus in patient 1. Inserted figures show his head position and his left HSCC with
otocanial debris (@). The direction of the arrow near the eye of the inserted head figures shows the direction of his positional nystagmus,
The direction of the arrow in the inserted HSCC figures shows the direction of deflection of the cupula.
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Figure 2. SPEV in X, Y, and Z components of positional nystagmus in patient 1 after his head was rotated to the right in supine position
(Right 1 in Figure 1) (A), to the left (Left 1 in Fig. 1) (B), to the right again (Right 2 in Fig. 1) (C), and to the left again (Left 2 in Figure 1)
(D). The SPEV and TC in Z component of positional nystagmus changed at the open triangle (V). The details of inserted figures are

explained in the legend for Figure 1.

the naso-occipital axis (positive forward), Y-axis
parallel to the inter-aural axis (positive left), and
Z-axis normal to the XY plane (positive upwards).
X, Y, and Z components mainly reflect the roll,
pitch, and yaw components, respectively. The rota-
tion vector r describing a rotation of 6 about the axis
n is given by the formula r =tan(0/2) x n, where n is
a unit vector of which direction represents that of the
axis. Because Euler angle is familiar, we used this
parameter given as 2 xtan ' (magnitude of rotation
vector) to represent the eye position as axis-angle
representations [9]. The rotation vector of the eye
position was r, and using the following formula, ® =
2 x (dr/dt+r x dr/dt)/(1 +1?), we calculated the eye
velocity ® around X-, Y-, and Z-axes [6]. We
extracted the slow phase data from nystagmic eye
movement data by using the method [10-12].

Table. Maximum SPEV and TC of patients 1 and 2.

Patient 1 Patient 2
Before the  After the Before the  After the
period period period period

Parameter shown by V shown by V shown byV shown by V

Maximum 15.3%/s 28.8°/s 2.5%s 16.7°/s
SPEV
TC 133 s 313 s 141s 8.05 s

Results
Case 1

Patient 1 showed a positional nystagmus mainly
consisting of Z component, as shown in Figure 1.
He showed a persistent left-beating nystagmus in the
first supine position (Supine 1 in Figure 1), and
when his head was firstly rotated to the right in
supine position, he still showed a persistent left-
beating nystagmus (Right 1 in Figure 1). After his
head was returned to the straight-forward position in
the second supine position, the left-beating nystag-
mus persisted (Supine 2 in Figure 1). The first
rotation of the head to the left in supine position
then induced a right-beating nystagmus, indicating
apogeotropic positional nystagmus (Left 1 in Figure
1). After the right-beating nystagmus gradually
disappeared, he showed a right-beating nystagmus
in the third supine position (Supine 3 in Figure 1).
Thereafter, patient 1 showed geotropic positional
nystagmus as follows. When the head was rotated to
the right again in supine, he showed a transient right-
beating nystagmus (Right 2 in Figure 1). Subse-
quently, the second head rotation to the left in
supine position induced a transient left-beating
nystagmus (Left 2 in Figure 1). Finally, returning
the head to the straight-forward in the fifth supine
position triggered a right-beating nystagmus (Supine
5 in Figure 1).
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Figure 3. The rotation vectors of SPEV of the left-beating positional nystamus (Right 1 in Figure 1) (A) and those of the right-beating
positional nystagmus (Left 1 in Figure 1) (B) in patient 1. Dotted line, the averaged rotation axis of SPEV; Ra, axis perpendicular to the
plane of the right anterior semicircular canal; Rh, axis perpendicular to the plane of the right HSCC; Rp, axis perpendicular to the plane of
the right posterior semicircular canal; La, axis perpendicular to the plane of the left anterior semicircular canal; Lh, axis perpendicular to the
plane of the left HSCC; Lp, axis perpendicular to the plane of the left posterior semicircular canal [13].

SPEV of positional nystagmus in patient 1 is shown
in Figure 2. In Figure 2A, the first rotation of
the head to the right in supine position (Right 1 in
Figure 1) induced a left-beating positional nystagmus
mainly consisting of Z component that lasted for
more than 60s. In Figure 2B, when the head was
conversely rotated to the left in supine position (Left
1 in Figure 1), a right-beating nystagmus at first
lasted for 20 s with an initial SPEV of 15.3°/s and a
TC of 133 s in Z component (Table). Then, SPEV in
Z component suddenly increased at the period
indicated by an open triangle symbol and gradually
declined with a TC of 31.3s after reaching
a maximum SPEV of 28.8°/s (Figure 2B, Table).
Using the least squares method, changes in Z
component with time (t) were approximated by the
formula: 15.3exp(—(t—203)/133) for an initial
20s period, and was approximated by 28.8exp
(—(t —220)/31.3) thereafter (gray line in Figure 2B).

In Figure 2C, when the head was rotated to the
right again in supine position (Right 2 in Figure 1),
SPEV in Z component of the right-beating nystag-
mus gradually declined. The second rotation of the
head to the left in supine (Left 2 in Figure 1) also
induced a gradual decline of SPEV in Z component
of the left-beating nystagmus (Figure 2D).

The SPEV rotation vectors of positional nystag-
mus in Figure 2A and B are plotted on XY, XZ, and
YZ planes in Figure 3. It was demonstrated that: (i)
the axis of the persistent left-beating positional
nystagmus in Figure 2A was perpendicular to the
plane of the left HSCC (LLh) [13] in Figure 3A, and
(ii) that the axis of the right-beating positional
nystagmus in Figure 2B was perpendicular to the
plane of the right HSCC (Rh) [13] in Figure 3B and
its direction remained unchanged despite changes in
SPEV and TC at the period indicated by an open
triangle symbol in Figure 2B.
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Figure 4. Eye position in Z component of positional nystagmus in
patient 2. Inserted figures show his head position and his right
HSCC with otocanial debris (@). The direction of the arrow near
the eye of the inserted head figures shows the direction of his
positional nystagmus. The direction of the arrow in the inserted
HSCC figures shows the direction of deflection of the cupula.

Case 2

Patient 2 showed a positional nystagmus mainly
consisting of Z component as shown in Figure 4.
He showed a right-beating persistent nystagmus
in the first supine position (Supine 1 in Figure 4).
The first rotation of the head to the right in supine
induced a persistent left-beating nystagmus for the
initial 15 s that then gradually declined (Right 1 in
Figure 4). Thereafter, patient 2 showed geotropic
positional nystagmus as follows. When his head was
firstly rotated to the left in supine position, he
showed a transient left-beating nystagmus (Left 1
in Figure 4). When the head was rotated to the right
again in supine position, he showed a transient right-
beating nystagmus (Right 2 in Figure 4). When the
head was returned to the straight-forward position in
the second supine position, he showed a transient
left-beating nystagmus (Supine 2 in Figure 4).
SPEV of positional nystagmus in patient 2 is
shown in Figure 5. As shown in Figure 5A, the first
rotation of the head to the right in supine (Right 1 in
Figure 4) induced a left-beating nystagmus at first
that lasted for a 15 s period with an initial SPEV of

2.5°/s and a TC of 141 s in Z component (Table).
SPEV in Z component then suddenly increased at
the period indicated by an open triangle symbol
and gradually declined with a TC of 8.05s after
reaching a maximum SPEV of 16.7°s (Figure 5A,
Table). Using the least squares method, changes
in Z component against time (t) were approximated
by the formula: —2.50exp(—(t—74.6)/141) for
the initial 15s period and was approximated by
—16.7exp( —(t —88.3)/8.05) thereafter (gray line in
Figure 5A).

In Figure 5B, when the head was firstly rotated to
the left in supine position (Left 1 in Figure 4), SPEV
in Z component of the left-beating nystagmus
gradually declined. In Figure 5C, when his head
was rotated to the right again in supine (Right 2 in
Figure 4), SPEV in Z component of the right-
beating nystagmus also gradually declined.

Discussion

Patient 1 initially showed a persistent left-beating
nystagmus in the right head-turning position and a
right-beating nystagmus in the left head-turning
position in supine (Figures 1 and 2A, and 2B).
Based on his characteristic apogeotropic positional
nystagmus, patient 1 was given the diagnosis of H-
BPPYV, suggesting the presence of cupulolithiasis in
his HSCC. Although it is still controversial to
determine the affected ear in patients with cupulo-
lithiasis-induced apogeotropic positional nystagmus,
our observation is in line with that of Bisdorff and
Debatisse, who reported that the direction of nys-
tagmus in supine position points to the affected ear
in patients with cupulolithiasis [14]. Accordingly, we
assumed that the HSCC of the left ear was affected
by cupulolithiasis in patient 1.

The positional nystagmus in patient 1 then
changed to a transient geotropic positional nystag-
mus (Figures 1 and 2C, and 2D), suggesting the
presence of canalolithiasis in his HSCC. Therefore,
it is suggested that in patient 1, cupulolithiasis
transformed into canalolithiasis in the HSCC of
the left ear.

It has been reported that the TC of apogeotropic
positional nystagmus was longer compared with
geotropic positional nystagmus in patients with
H-BPPV [5,15,16]. Therefore, it is suggested
that the TC of positional nystagmus induced by
cupulolithiasis is prolonged, in comparison with
that induced by canalolithiasis [17]. On the con-
trary, based on mathematical models, it was re-
ported that SPEV of positional nystagmus induced
by canalolithiasis is larger than that induced by
cupulolithiasis [18,19]. In patient 1, SPEV of right-
beating positional nystagmus suddenly increased
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Figure 5. SPEV in X, Y, and Z components of positional nystagmus in patient 2 after his head was rotated to the right in supine position
(Right 1 in Figure 4) (A), to the left (Left 1 in Figure 4) (B), and to the right again (Right 2 in Figure 4) (C). The SPEV and T'C in the Z
component of positional nystagmus changed at the open triangle (V). The details of inserted figures are explained in the legend for Figure 4.

with the shortening of its TC by 20 s after the head
was rotated to the left in supine position (Figure
2B, Table). Moreover, during changes in SPEV
and TC, the axis of right-beating positional nys-
tagmus remained perpendicular to the plane of the
right HSCC (Figure 3B). Thereafter, he showed a
transient geotropic positional nystagmus (Figure 2C
and 2D). Therefore, the increase of SPEV of
positional nystagmus with the shortening of its
TC at transient period from an apogeotropic
positional nystagmus into a geotropic positional
nystagmus supports the hypothesis that the otoco-
nial debris attached to the cupula that was deviated
in the ampulofugal direction was released as free-
floating debris in the left HSCC at this period. In
the left head-turning position where the affected
HSCC of the left ear is placed undermost, otoconia
hanging inferiorly from the cupula may naturally
fall through the canal in the ampulofugal direction
by the gravity. Accordingly, the ampulofugal deflec-
tion of the cupula induced by both cupulolithiasis
and canalolithiasis in the left HSCC may keep the
axis of the right-beating positional nystagmus in the
left head-turning position, which is perpendicular

to the plane of the right HSCC during changes in
SPEV and TC.

Fetter et al. showed that cold caloric stimulation
of one ear induced nystagmus beating to the other
ear, of which the axis is perpendicular to the plane
of the HSCC of the other ear [20]. This is why in
the transient period from cupulolithiasis into
canalolithiasis in patient 1, the ampulofugal deflec-
tion of the cupula of the left HSCC produced by
both cupulolithiasis and canalolithiasis remained to
induce right-beating nystagmus, of which the axis is
perpendicular to the plane of the right HSCC.

Based on the persistent right-beating nystagmus in
supine position and the initial left-beating nystagmus
in the head-right turning position (Figure 4), patient
2 was given the diagnosis of H-BPPV due to
cupulolithiasis in the HSCC of the right ear [14],
although positional nystagmus was not recorded in
the left head-turning position in the patient. After his
head was rotated to the right, SPEV of a right-
beating positional nystagmus suddenly increased
with the shortening of its TC (Figure 5A, Table),
followed by the appearance of a transient geotropic
positional nystagmus (Figure 5B, C). Therefore, it is
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suggested that cupulolithiasis transformed into ca-
nalolithiasis by releasing otoconial debris from the
cupula in the right HSCC in patient 2.

In the present study, we report changes in the
SPEV and TC of positional nystagmus at the
transitional period from cupulolithiasis into canalo-
lithiasis in two patients with H-BPPV. Although our
hypothesis is based on a limited number of subjects,
an increase of SPEV of positional nystagmus with the
shortening of its TC might be a clinical indicator of
transition from an apogeotropic positional nystag-
mus into a geotropic one in patients with H-BPPV.
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Effects of hypergravity on histamine H1 receptor mRNA expression in
hypothalamus and brainstem of rats: implications for development of
motion sickness

GO SATO!, ATSUHIKO UNO?, ARATA HORII®’, HAYATO UMEHARA?, YOSHIAKI
KITAMURA!, KAZUNORI SEKINE!, KOICHI TAMURA!, HIROYUKI FUKUI? &
NORIAKI TAKEDA!

' Department of Orolaryngology, 2Department of Molecular Pharmacology, Institute of Health Biosciences, University of
Tokushima Graduate School, Tokushima and > Department of Otolaryngology, Osaka University School of Medicine, Osaka,

Fapan

Abstract

Conclusion: The study findings suggest that histamine was released from the axon terminals in the hypothalamus and
brainstem and the released histamine activated post-synaptic H1 receptors there, resulting in the development of motion
sickness. Objectives: We first examined which subtype of post-synaptic histaminergic receptor was responsible for the
development of motion sickness. We then examined whether H1 receptors were up-regulated in various areas of the rat brain
after 2 G hypergravity load, because the stimulation of H1 receptor was reported to up-regulate the level of H1 receptor
protein expression through augmentation of H1 receptor mRNA expression. Materials and methods: For this purpose, we
used an animal model of motion sickness, using pica (eating non-nutritive substances such as kaolin), as a behavioral index
in rats. Results: After 2 G hypergravity load, rats ate a significant amount of kaolin, indicating that they suffered from motion
sickness. The hypergravity-induced kaolin intake was suppressed by mepyramine, but not by terfinadine or zolantizine. This
finding indicates that cerebral post-synaptic H1 but not H2 or peripheral H1 receptors play an important role in the
development of motion sickness. The expression of H1 receptor mRNA was up-regulated in the hypothalamus and
brainstem, but not in the cerebral cortex after 2 G hypergravity load in rats.

Keywords: Motion sickness, histamine, H1 receptor, kaolin, mepyramine, terfenadine, zolantidine, hypothalamus, brainstem

Introduction vomiting. In the previous study, we showed that
motion-induced pica is an index of motion sickness
in rats [5].

A 2 G hypergravity load induced kaolin intake in
rats, indicating that they suffered from motion
sickness [6]. The hypergravity and caloric vestibular
stimulation increased the release of histamine from
the rat hypothalamus, suggesting that the activation
of histaminergic neuron system in the hypothalamus

" ) . through the vestibulo-histaminergic interaction plays
of motion sickness, we developed an animal model of an important role in the development of motion

motion Slf:kness in rats [4]. 'R'ats cannot vomit, but sickness [6,7]. In the present study, to investigate
pica, the intake of non-nutritive substances such as the post-synaptic events after the vestibulo-

kaolin (hydrated aluminum silicate), is an illness histaminergic interaction, we first used the animal
response behavior of rats, which is analogous to model and examined which subtype of post-synaptic

Humans without vestibular function never suffer
from motion sickness, indicating that the vestibular
system 1is essential for the development of motion
sickness [1]. H1 blockers are clinically effective in
preventing motion sickness [2,3], indicating that the
histaminergic neuron system is important in the
development of motion sickness. To investigate the
vestibulo-histaminergic interaction in the processes
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histaminergic receptor was responsible for the devel-
opment of motion sickness. The effects of pretreat-
ment by mepyramine, an Hl-blocker, by
terfenadine, an H1-blocker that does not cross the
blood-brain barrier (BBB) or by zolantidine, a BBB-
penetrating H2-blocker, on hypergravity-induced
pica were examined in rats.

Recently it was reported that the stimulation of
H1 receptor up-regulates the level of H1 receptor
protein expression through augmentation of H1
receptor mRNA expression in Hel.a cells and rat
nasal mucosa [8,9]. These findings led to the idea
that the expression of HI1 receptor mRNA is
increased by 2 G hypergravity load in the brain
area to which the histaminergic activation is trans-
mitted in the processes of motion sickness. So, we
then examined whether H1 receptors were up-
regulated in various areas of the rat brain after 2 G
hypergravity load.

Materials and methods

Animals, kaolin preparation, and hypergravity
stimulation

All animal experiments were approved by the Animal
Care Committee of the University of Tokushima
School of Medicine. Male Wistar strain rats weigh-
ing 250 g were used. They were kept in individual
standard home cages (35 x25 x45 cm) with free
access to food, water, and kaolin in a room with a 12
h light/12 h dark cycle (light from 8:30 to 20:30).
Their sensitivity to motion sickness was assessed
before the experiment and only susceptible animals
were used. Accordingly the animals that con-
sumed < 1.0 g of kaolin after a 2 h load of hyper-
gravity were excluded from the study, because this
experiment was designed to assess the effect of anti-
motion sickness drugs.

Pharmaceutical grade kaolin (hydrated aluminum
silicate, Ishizu Pharmaceutical Co., Japan) was
mixed with 1% arabic gum (Ishizu Pharmaceutical
Co.) in distilled water to form a thick paste, which
was extruded through a syringe onto wire mesh trays
and partially dried at room temperature. This
mixture was then introduced into a column of the
same shape as that for food, and again dried
completely at room temperature. The kaolin, pro-
vided in containers, was placed in the cage. The
kaolin container was removed, weighed to the
nearest 0.1 g, refilled, and replaced at 18:00 each
day. Spilt kaolin was collected, dried, and weighed to
obtain the correct values for kaolin consumption.

Hypergravity was produced by an animal centri-
fuge device [6]. The swing arm on which the animal
cage was suspended was mounted 50 cm from the

axis of a turntable driven by a servo-controlled
torque motor. The turntable was rotated at a
constant rate, loading the animal in the centrifuge
cage with the vector sum of the gravity linear
acceleration and a rotation centrifugal linear accel-
eration vectors. An angular velocity of 336°/s (56
rpm) achieved a resultant linear acceleration of 2 G
acting on the animal along its back to abdomen axis.

Effects of histamine receptor blockers on hypergravity-
nduced kaolin intake

Kaolin was placed in the cage for 3 days before the
hypergravity load was applied to allow the animals to
become adapted to its presence. Following this
adaptation period, animals were exposed to 2 G
hypergravity for 2 h on the next day. Seven days after
the first hypergravity load, animals were divided into
four groups according to the administered drugs:
saline group (Sal, n =6), mepyramine group (Mep,
n=0), terfenadine group (Ter, » =5), and zolanti-
dine group (Zol, n =8). Mepyramine (Sigma Che-
mical Co., Japan) and zolantidine (Nakarai tesuku
Co., Japan) were dissolved in saline, while terfena-
dine (Nakaraitesuku Co., Japan) was dissolved in
saline containing 0.05% carboxymethylcellulose. All
of the drugs were administered intraperitoneally at a
dose of 10 mg/kg. The dose of 10 mg/kg was decided
on the basis of our previous study where diphenhy-
dramine, another H1-blocker, suppressed rotation-
induced kaolin intake dose-dependently at an opti-
mal dose of 10 mg/kg. Control animals were injected
with the same volume of saline. Each drug or saline
was administered 30 min before the second hyper-
gravity load. Kaolin consumption on day 4 indicated
the amount of kaolin consumed during 24 h after the
first hypergravity load, whereas that on day 11
indicated the kaolin consumption during 24 h after
the second load. Ratio of kaolin intake on day 11 and
day 4 (day 11/day 4) was calculated and used as an
index of the drug effect.

Effects of hypergravity on HI recepror mRNA expression

Animals were exposed to 2 G hypergravity for 0, 2,
4, 6, or 12 h. Control animals were in the animal
cage placed beside the centrifuge device for the same
period but were not exposed to hypergravity. Each
group was made up of six animals and a total of 60
animals were used.

Dissection of tissues and isolation of total RNA

Just after exposure to the hypergravity load, animals
were sacrificed under an overdose anesthesia with
pentobarbital. The hypothalamus, brainstem, and
cerebral cortex were carefully dissected with a sharp
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blade under microscopic guidance. The hypothala-
mus was dissected by cutting the brain at the level of
optic chiasm and mammillary nucleus. From this
block, only the ventral part of the thalamus was
removed while the dorsal part was used as a cerebral
cortex specimen after removal of the hippocampus
and more ventral parts. The brainstem was dissected
from the level of abducens nucleus to the solitary
tract nucleus. Changes in HIR mRNA expression in
the hypothalamus were investigated at the five time
points (0, 2, 4, 6, and 12 h), whereas changes in the
brainstem and the cerebral cortex were measured
only after 4 h load of hypergravity.

Samples were frozen in RNAlater (Takara Bio-
chemicals, Tokyo, Japan) and stored in a tube at —
80°C until assayed. Total RNA was isolated using
TRIzol reagent (Invitrogen Corp., Carlsbad, CA,
USA) in accordance with the manufacturer’s in-
structions. Samples were then homogenized using a
Polytron (Model PT-K; Kinematica AG, Littaw/
Luzern, Switzerland) in 10 volumes of ice-cold
TRIzol reagent until completely homogenized before
the homogenates were mixed with chloroform and
centrifuged at 15 000 rev/min for 15 min at 4°C.
The aqueous phase containing RNA was transferred
to a new tube and the RNA was precipitated by
addition of isopropanol. Samples were incubated at
room temperature for 5 min and centrifuged at 15
000 rev/min for 15 min at 4°C. The RNA pellet was
washed with 70% ice-cold ethanol, air-dried, and
then dissolved in 20 pl of diethlyrocarbonate-treated
water. The purity and yield of total RNA were
determined spectrophotometrically at 260 and 280
nm, The ratio of absorption (260:280 nm) of all
preparations was 1.8-2.0.

Real-time quantitative reverse transcription polymerase
chain reaction

RNA samples were reverse-transcribed to cDNA in
a 47 pl reaction volume in the presence of first-
strand buffer (375 mM KCIl, 250 mM Tris-HCI,
pH 8.3, at room temperature), 15 mM MgCl,, 0.8
mM concentrations of each deoxyribonucleoside
triphosphate (ANTP), 40 uM oligo (dT) primers,
0.004 units of RNase inhibitor, and 8 units of the
reverse transcriptase. Samples were incubated at
37°C for 60 min before adding 2.35 pl of 2 N
NaOH and then incubating again at 65 °C for 30
min. Subsequently, 14.3 pl of 1 M Tris-HCI, pH
8.0, were added and the samples were then heated
at 95°C for 10 min and chilled to 4°C for 5 min.
TagMan primers and probe were designed using
the Primer Express primer design software (Perkin
Elmer Applied Biosystems, Foster City, CA, USA).
The sequences of primers were as follows: sense
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primer, 5-TAT GTG TCC GGG CTG CAC T-3';
antisense primer, 5-CGC CAT GAT AAA ACC
ACC CAA CTG-3". The sequence of the probe
was as follows: FAM-CCG AGA GCG GAA GGC
AGC CA-TAMRA. To account for differences in
starting material, rodent glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) primers and probe
reagents from Applied Biosystems were used as
recommended by the manufacturer. The transcripts
were utilized for a 40 cycle, three-step polymerase
chain reaction (PCR) using the GeneAmp5700
Sequence Detection System (Perkin Elmer Applied
Biosystems) in 20 mM Tris, pH 8.4, 50 mM KCl,
3 mM MgCl,, 200 uM dNTPs, 900 nM concen-
trations of each primer, and 0.25 units of platinum
Taq. Amplicon size and reaction specificity were
confirmed using agarose gel electrophoresis. The
identity of the PCR products was verified by
sequencing using a DNA thermocycler (4200L-1;
Alolka, Tokyo, Japan).

The number of target copies in each sample was
interpolated from its detection threshold (Ct) value
using a purified PCR product standard curve in-
cluded on each plate. Each PCR run included the
four points of the standard curve (threefold serially
diluted cDNA), a no-template control, the calibrator
cDNA, and the unknown cDNAs. The measure-
ments were calibrated using the calibrator included
on each PCR plate. For the quantification of gene
expression, we used GAPDH RNAs as the endo-
genous control. To determine whether the amplifi-
cation products came exclusively from the RNA, a
reverse transcriptase (RT)-negative reaction was run
in which the enzyme was replaced by RNase-free
water for each sample.

HI1R mRNA in the hypothalamus was expressed
as a percentage of that of the 0 h load. HIR mRNA
in the brainstem and the cerebral cortex were
evaluated after only 4 h load of hypergravity and
expressed as a percentage of that of control animals
that were in the animal cage placed beside the
centrifuge device.

Effects of labyrinthectomy on hypergravity-induced H1
receptor mRNA expression

Under general anesthesia induced by sodium pento-
barbital (50 mg/kg, i.p.), labyrinthectomy was per-
formed in rats using an operating microscope. The
tympanic membrane, malleus, and incus were re-
moved by the retroauricular approach. The stapes
crusa were fractured and then the stapes footplate
was removed to open the oval window. A small
opening was established by drilling the bony hor-
izontal semicircular canal. After aspiration of labyr-
inth fluid from the oval window, the membranous
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