4 N. Kitajima et al. / Neuroscience Letters 406 (2006) 1-5

@ VS thoracic
A VOS thoracic

OVS cerwcal
[\ VOS cervical
pvo

O VS VOS cervical
@ VS VOS thoracic

Fig. 2. (a) Schematic coronal brain sections showing the location of AC nerve-
activated, second-order vestibular neurons. Sections through the superior (S),
lateral (L), descending (D), and medial (M) vestibular nuclei are arranged ros-
trocaudally (1-8). Neurons are represented by separate symbols according to the
axonal pathway and the most caudal level of effective stimulation. Circle, VS
neuron; triangle, VOS neuron; square, VO neuron. Open triangle and square,
vestibulospinal neurons that were activated antidromically only from the cer-
vical segments; closed symbols, vestibulospinal neurons that were activated
antidromically from the T1 segment and not from the L3 segment. Neurons that
could not be identified are not shown. (b) A schematic horizontal brain section
showing the location of AC nerve-activated, second-order vestibular neurons.
Open circles, vestibulospinal neurons that were activated antidromically only
from the cervical segments; closed symbols, vestibulospinal neurons that were
activated antidromically from the T1 segment but not from the L3 segment.

i-LVST, MVST, and ¢-LVST to antidromically activate vestibu-
lar neurons, we demonstrated that AC nerve-activated vestibu-
lospinal neurons send axons to the spinal cord through these
three descending tracts. The majority of them projected axons
to cervical segments, while the remaining neurons projected to
thoracic or lumbar levels. The majority of the neurons projected
through the MVST. i

The projection levels within the spinal cord and the main
descending pathway of vestibulospinal neurons characterized
in the present study are consistent with those reported in pre-
vious studies: neurons that send descending axons through the
MVST mainly project to the upper cervical segments [7,8,13].
The properties of the neurons we studied are also consistent
with those described in previous studies, where it was shown
that AC nerve stimulation evokes disynaptic PSPs in bilateral
neck extensor and flexor motoneurons via vestibulospinal neu-
rons. More specifically, neurons synaptically connected to the
i-extensor motoneurons project through the i-LVST, and neu-
rons synaptically connected to the c-extensor and bilateral flexor
motoneurons project through the MVST [2,14,15,20-22,25,26].
A small portion of MVST neurons and few i-LVST neurons
projected to the thoracic or lumbar segments. Since in previous
studies we found no definitive electrophysiological evidence of
synaptic potentials in forelimb motoneurons in the cat after stim-
ulating the AC nerve [20,21], projections from the AC nerve to
forelimb motoneurons might be weak.

The -present study clearly demonstrated that AC nerve-
activated vestibulospinal neurons send axons through the c-
LVST to the cervical spinal cord, but not to the thoracic or lumbar
levels. Most of these neurons were VOS neurons. The present
finding suggests that AC nerve-activated c-LVST neurons also
exert influence on the spinal neurons or neural circuits. Consid-
ering that all of these project to the upper cervical segments, and
that most of them are VOS neurons, possible targets of ¢-LVST
neurons may be the oculomotor and the c-neck motoneurons;
these may be closely related to the control of combined eye-
head movements [19]. In this regard, it has already been shown
that there exist AC nerve-activated VOS neurons that have axons
traversing the c-MVST and connecting to contralateral neck
motoneurons [19]. Functional differences between the ¢c-LVST
neurons and the c-MVST neurons need to be clarified in a
future study. On the other hand, HC nerve-activated vestibu-
lospinal neurons have been shown to lack a projection through
the c-LVST [16]. Whether posterior canal nerve-activated and
otolith-activated vestibulospinal neurons project axons through

the ¢-LVST also remains to be clarified.

Tendencies that the majority of vestibulospinal neurons
project axons to the cervical segments through the MVST
were also observed in HC nerve-activated [16] and SAC nerve-
activated [13] vestibulospinal neurons. An exception to this ten-
dency is the projection patterns of UT nerve-activated vestibu-
lospinal neurons [12]: the proportion of these neurons that
projects axons to the cervical segments through the MVST were
lower than in the AC nerve-, HC nerve-, and SAC nerve-activated
vestibulospinal neurons. In addition, while few AC nerve-, HC
nerve-, and SAC nerve-activated vestibulospinal neurons sent
axons to the lumbar cord, many more (more than twice as
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many) UT nerve-activated vestibulospinal neurons projected to
the lumbar segment, and all of these sent their axons through
the i-LVST. While UT nerve-activated véstibulospinal neurons
appear to contribute to the ‘control of muscles in the lower half
of the body, as well as to the control of neck muscles, AC
nerve-activated vestibulospinal neurons and HC nerve- and SAC
nerve-activated vestibulospinal neurons may primarily target the
neck muscles, and thus contribute to the vestibulocollic reflex.
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Abstract

Objectives: This study was aimed to experimentally investigate the effect of returned otoconia on the utricular using isolated utricles.
The effect of interposed otoconia in models of canalolithiasis and cupulolithiasis were also investigated using isolated posterior semicircular
canal (PSC).

Methods: Bullfrogs were used. The utricles (Experiment I) and PSC (Experiment IT) were removed in Ringer solution. Experiment I-a: The
otoconia were carefully removed from the utricular macula with gentle flush of Ringer solution. Before and after the otoconial removal,
sinusoidal rotatory stimulation (0.1 Hz, 135°) was given to record utricular compound action potentials (CAPs). Experiment I-b: (1)
TInstantaneous changes in the utricular potentials when the otoconial mass was positioned on the macula were recorded. (2) Utricular CAP
changes in response to sinusoidal rotation immediately and 10 min after the otoconial positioning were recorded. Experiment IT: PSC CAPs
due to sinusoidal rotatory stimulation in normal specimen, canalolithiasis and cupulolithiasis models were recorded.

Results: Experiment T-a: The utricular CAPs in response to sinusoidal rotation showed sinusoidal oscillation. However, this oscillation
disappeared after the otoconial removal. Experiment I-b: (1) The utricular potentials transiently increased for 3—4 s after positioning the
otoconial mass. (2) The utricular CAPs increased in seven specimens and decreased in four. Ten minutes after the CAPs were almost the same
as immediately after otoconial positioning. Experiment II: In cupulolithiasis model, the PSC CAPs decreased in all specimens.
Conclusions: The otoconia played an essential role as a transducer of acceleration to the utricular macula. Otoconia returned to the utricular
macula change utricular reactivity and hence are the possible cause of dizziness after physical therapy. PSC responses to sinusoidal rotation
were suppressed in cupulolithiasis model.

© 2005 Elsevier Treland Ltd. All rights reserved.

Keywords: BPPV; Frog utricle; Frog semicircular canal; Canalolithiasis; Cupulolithiasis

1. Introduction

Benign paroxysmal positional vertigo (BPPV) is a
common vertigo with favorable prognosis. It basically remits
spontaneously, but some cases are intractable and persist for
several years. Canalolithiasis [1] of the posterior semicircular
canal (PSC) is now considered to be a principal pathology.

A variety of physical therapy have been performed based
on the canalolithiasis theory. Nevertheless, mild vertigo or

* Corresponding author. Tel.: +81 3 3342 6111x5787;
fax: +81 3 3346 9275.
E-mail address: QUEQ7470@nifty.com (T. Tnagaki).

dizziness occasionally persists for several days after physical
therapy. It is suspected that the otoconia returned from
semicircular canal into the utricle are responsible for this
symptom. Caloric response and vestibulo-ocular reflex
(VOR) sometimes reduce in lateral semicircular canal type

-BPPV. Tt is suggested that the otoconia interposed within the

lateral semicircular canal are responsible for this phenomena.

In the present study, we prepared a model of BPPV using
an isolated utricle to investigate the effect of returned
otoconia on the utricular macula. We also prepared
models of canalolithiasis and cupulolithiasis using isolated
PSC to investigate the physiological effect of the interposed
otoconia in both models.

0385-8146/% — see front matter © 2005 Elsevier Ireland Lid. All rights reserved.

doi:10.1016/j.an}.2005.09.001
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2. Materials and methods

2.1. Experiment I: effect of returned otoconia on the
utricular potentials

Bullfrogs (Rana catesbeiana) weighing 110-220 g were
used. After deep anesthesia with ether they were decapi-
tated, following the ethical rules of the animal experiment in
Tokyo Medical University. Under a dissection microscope
the anterior and lateral semicircular canals and utricle were
removed together with the superior vestibular nerve in
Ringer solution according to the method of Suzuki et al. [2].
The anterior and lateral ampullary nerves were transected at
the site of insertion into the ampullae in order to eliminate
their influence on the utricle. The membrane around the
utricular macula was removed to allow direct vision of the
macula. The specimen was fixed with fine glass needles
3cm from the center of a glass dish filled with Ringer
solution. The ampullae were placed outward and the utricle
inward. The vertical line to the tangential line at the striola
center was toward the center of the dish. Care was taken to
ensure the utricular macula being in a horizontal plane
(Fig. 1).

The glass dish was magnetically fixed to the center of a
30 cm-diameter turn table. The turn table was sinusoidally
rotated by a computer-controlled motor. The rotation cycle

PB : power box rC

08 : oscilloscope I

PC : personal computer

turn table

was set 0.1 Hz, the rotation angle 135°, and the maximum
angular velocity 84° s™'. The superior vestivular nerve was
sucked into the glass suction electrode to record utricular
compound action potentials (CAPs).

2.1.1. Experiment I-a

First, role of the otoconia for effectively stimulating the
sensory epithelium was examined. The otoconia were
carefully removed from the utricular macula with gentle
flush of Ringer solution. Utricular CAPs in response to
sinusoidal rotatory stimulus were recorded before and after
the otoconial removal.

2.1.2. Experiment I-b

Changes in utricular potentials were examined before and
after positioning the otoconial mass on the macula. The
otoconia of the ipsilateral saccular macula were used for
positioning.

(1) Instantaneous changes in the utricular potentials
when the otoconial mass was positioned on the macula
were recorded without sinusoidal rotation (two speci-
mens).

(2) Changes in the utricular CAPs immediately and 10 min
after the otoconial mass positioning were recorded with
sinusoidal rotation (11 specimens).

Experiment [

anterior ampulla

lateral ampulla

g

>t macula

superior vestibular never

glass suction electrade
Experiment I1

crista

cupula

posterior ampully never

Fig. 1. Schema of experimental setting. A specimen set in a glass dish on a turn table (left). Details of preparation in Experiments I and IT are shown together

with photomicrographs (right). '
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2.2. Experiment II: effect of the otoconia on PSC CAPs
in canalolithiasis and cupulolithiasis models

After deep anesthesia with ether, the bull frogs were
decapitated. The PSC and the ampullary nerve were
removed according to the method of Suzuki et al. [3]. The
specimen was placed in a glass dish with the ampulla
toward the right side and the nerve toward the outside
(Fig. 1). The cupula top and the crista were on the line
toward the rotation center. The same sinusoidal rotation
was applied as in Experiment 1. The PSC ampullary nerve
was sucked into the glass suction electrode to record PSC
CAPs.

Eight canalolithiasis and eight cupulolithiasis models
were prepared according to the method of Suzuki et al. [4].

We first recorded the CAPs of normal specimens and then
recorded the CAPs after creating either the canalolithiasis
model or the cupulolithiasis model.

The utricular CAPs (Experiment T) or the PSC CAPs
(Experiment IT) were converted into spike density histo-
grams (Fig. 1). The differences between the maximum and
the minimum spike density in three consecutive recordings
were averaged and were designated as the response intensity
(Fig. 2).

3. Results
3.1. Experiment I-a

The utricular CAP in response to sinusoidal rotatory
stimulation showed sinusoidal oscillation. However, this
oscillation was no longer seen when the otoconia were
removed. The spontaneous discharges did not change

(Fig. 3).
3.2. Experiment I-b
(1) The utricular potentials transiently increased for 3—4 s

after positioning the otoconial mass. The maximum
spike count approximately doubled. A similar response

(x 10spikes/sec)

15
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10~ . ; 1 | — I
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0 22 24 26 28 30 32
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Fig. 2. Measurement of CAP response intensity. Differences between the
maximum and the minimum values were averaged and designated as
response intensity.
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Fig. 3. Effect of otoconial removal on the utricular CAP (Experiment I-a).
The histograms before the otoconial removal showed sinusoidal oscillation
associated with sinusoidal rotation (upper recording). The oscillation dis-
appeared after otoconial removal (lower recording).

was observed when the otoconia were repositioned 30 s
later (Fig. 4).

(2) The histograms of utricular CAP in’ response to
sinusoidal rotation showed sinusoidal oscillation of
0.2Hz, and the averaged difference between the
maximum and minimum (response intensity) before
positioning the otoconial mass was 114.2 spikes/s.
Immediately after the positioning the otoconial mass
the response intensity ranged from 98.4 spikes/s to
146.6 spikes/s. In seven specimens it increased, and in
four decreased. Ten minutes after the positioning it
ranged from 103.3 spikes/s to 141.7 spikes/s, and was
almost the same as immediately after the otoconial
positioning (Fig. 5). Changes in the response intensity
were expressed in percentage with the prepositioning
value as 100% (graph in Fig. 5).
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Fig. 4. Effect of otoconial positioning on the utricle without sinusoidal
rotation (Experiment I-b (1)). Utricular potentials transiently increased for
3-4 s immediately after the otoconial mass was positioned (arrow) on the
macula. The spike count approximately doubled. A similar response was
observed when the otoconial mass was repositioned about 30 s later (double
arrows).
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immediately after otoconial positioning
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Fig. 5. Effect of positioned otoconial mass on the utricle with sinusoidal rotation (Experiment I-b (2)). Immediately after otoconial positioning the CAPs
increased. It remained unchanged 10 min later. Changes in CAPs after the otoconial positioning are also graphically presented with the spike count before
positioning as 100%. They increased in seven specimens and decreased in four.

3.3. Experiment I1

The histograms of PSC CAPs in response to sinusoidal
rotation showed sinusoidal oscillation of 0.1 Hz. In the normal
specimen, the averaged response intensity was 245.9 spikes/s.
In three out of eight canalolithiasis models it ranged from
200 spikes/s to 316.7 spikes/s. However, in another five
specimens it markedly decreased. In four, the sinusoidal
oscillation disappeared, leaving only spontaneous discharges.

In the cupulolithiasis models the response intensity decreased -

in all specimens. Tn four specimens, the sinusoidal oscillation
disappeared, leaving only spontaneous discharges (Fig. 6).
Changes in the response intensity were expressed in
percentage with the normal value as 100% (graphs in Fig. 6).

-4. Discussion

Classical BPPV exhibits alternating rotatory nystagmus
upon change of head-position. The theory of posterior
canalolithiasis is widely accepted and head-positioning
maneuvers are effective for quick resolution of vertigo [5,6].
Moreover, Suzuki et al. reported otoconial movement within
the PSC and the CAP changes associated with otoconial
movement in canalolithiasis model [4].

In a clinical setting patients often experience temporary
vertigo or dizziness after physical therapy. Some patients
even fall. It is suspected that the returned otoconia from PSC

irritate the utricular macula. However, this effect had never
been investigated.

The kinocilium of the utricular macula is set into pores of
the otoconial membrane on which the otoconia are densely
distributed. In Experiment [-a, the CAPs in response to
sinusoidal rotation disappeared when the otoconia were
removed from the utricular macula. This suggests that the
otoconia play an essential role as a transducer of
acceleration. Suzuki et al. reported that the CAPs almost
completely disappeared when the cupula was removed, but
the CAPs resumed when it was replaced on the crista [3].
The otoconia has a physiological role analogous to the
cupula.

The increase in utricular potentials observed immediately
after positioning the otoconial mass in Experiment I-b (1) is
possibly due to a direct effect of the otoconia on the sensory
cells. This may well be a cause of the falls immediately after
physical therapy.

Both centrifugal and tangential accelerations act upon a
sinusoidal eccentric rotation. According to Koizuka [7] who
quantified centrifugal and tangential accelerations in
eccentric rotation, the centrifugal acceleration mainly acts
for lower frequencies and the tangential acceleration mainly
acts for higher frequencies over 0.64 Hz. The present
experiment utilizes a low frequency of 0.1 Hz which exerts
more centrifugal acceleration. Furthermore, in our experi-
ment the effect of the tangential acceleration toward each
direction of the sinusoid would be the same since this
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Fig. 6. Examples of CAP changes in canalolithiasis and cupulolithiasis models (Experiment IT). The histograms in response to sinusoidal rotation yielded
sinusoidal oscillation of 0.1 Hz. In three out of eight canalolithiasis models, the CAPs did not change or even increased. However, in another five specimens it
markedly decreased or even disappeared (left graph). In the cupulolithiasis model, the CAPs were always inhibited. In three out of eight specimens, the CAPs
were 60-70%, and in another five specimens the CAPs disappeared (right graph).

acceleration is along the main line of the striola. From these
reasons, the effect of the centrifugal acceleration would be
greater in the present experiment, thus resulting in the
sinusoidal discharge (CAP).

The utricular CAPs due to rotatory stimulus increased in
some specimens, but decreased in others after placing the
otoconial mass in Experiment I-b (2). In view of the results
of Experiment I-a, it was expected that the CAPs of all
specimens in Experiment T-b (2) would increase after
positioning the otoconial mass. Different CAP pattern is
possibly due to the morphological polarity of the macular
sensory cells. The sensory cells are divided with the striola
into two groups. Whether the CAPs in response to sinusoidal
rotation increase or decrease depends on the location of the
positioned otoconial mass and the direction which the
otoconial mass depresses the whole sensory cells, i.e.,
excitatory or inhibitory direction. Since the striola is located
laterally, there are more cells in the medial portion. When
the positioned otoconial mass depresses the kinocilia
laterally, the centrifugal acceleration induces more CAP
firing. Conversely, when the otoconial mass depresses them
medially, the acceleration induces less firing. In any event,
the CAPs change as a result of the otoconial positioning thus
contributing to the temporary dizziness after physical
therapy (Fig. 7). Shirane observed similar CAP changes
in the magnetically stimulated utricle [8].

There are also reports that the caloric response reduces in
BPPV patients [9,10]. While Sekine et al. [11] reported that
there is no difference in the posterior canal VOR between
normal and BPPV subjects. Our canalolithiasis model showed
various changes of posterior canal CAP. In five specimens the
CAP markedly decreased and even disappeared. The otoconia
possibly formed an embolus thus blocking the endolymphatic
flow. Possibility of otoconial debris forming an embolus was
reported as canalith jam by Epley [12]. However, in three
specimens of canalolithiasis models, the CAPs did not change
or even increased. In these cases, the otoconia possibly moved
with the endolymphatic flow, thus contributing to the increase
in CAP. It is also easy to assume that CAP will be affected by
the amount of otoconial mass within the canal. When the
otoconial mass is small, CAP change will be further smaller.
Sekine’s cases are possibly with smaller canalolithiasis. The
CAPs were inhibited in all specimens in cupulolithiasis
models. This suppression of the CAPs is possibly due to the
otoconial weight simply blocking the cupular displacement.
This finding supports the clinical results that caloric response
and VOR are more suppressed in cupulolithiasis than in
canalolithiasis BPPV [13].

Our experiments suggest that reduced vestibular response
does not necessary mean damage of the sensory cell
function, but rather means inhibition of the cupular
dynamics. This is supported by the clinical observation
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Fig. 7. Behavior of the positioned otoconial mass on the utricular macula. When the positioned otoconial mass depresses the cilia laterally, rotatory stimulus
yields more excitation (upper figure). When it depresses them medially, less excitation occurs (Tower figure).

that vertiginous spells rapidly resolve when an adequate
physical therapy is performed. The imbalance of cupular
mobility between normal and cupulolithiasis ears may be
another cause of dizziness in BPPV patients.

5. Conclusion

Isolated utricles were used to investigate the mechanism
of dizziness after physical therapy. Isolated PSC was used as
canalolithiasis and cupulolithiasis models to investigate the
mechanism of reduced VOR and caloric response.

The otoconia played an essential role as a transducer of
acceleration to the utricular macula. Otoconial mass returned
to the utricular macula appears to be the cause of dizziness
after physical therapy. PSC responses to sinusoidal rotation
were suppressed in cupulolithiasis model.
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Clinical Features of Benign Paroxysmal Positional
Vertigo of the Horizontal Canal

Yasuo Ogawa, Mamoru Suzuki, Akihide Ichimura,
Akira Hagiwara, Naoharu Kitajima, Taro Inagaki,
Kumiko Yukawa, Sigetaka Shimizu and Tsuyoshi Takenouchi

(Tokyo medical university)

It has been considered that both ageotropic and geotropic direction-changing nystagmus frequently
arise from central lesions, but lately, reports showing that direction-changing positional nystagmus is in-
duced by peripheral lesions have increased. This study was designed to investigate the clinical features
of horizontal canal variants of paroxysmal positional vertigo (HC-PPV). A retrospective study of 151 pa-
tients with HC-PPV was done. Patients complained of positional vertigo associated with direction-chang-
ing horizontal positional nystagmus, and either geotropic or ageotropic were examined. Horizontal nys-
tagmus was triggered in all patients when rolled to either side in a supine position. The patients were 44
men and 107 women ranging from 24 to 88 years old (average 58. 2 years old). The nystagmus was geo-
tropic in 75 and ageotropic in 76 patients. There were many cases without latency in ageotropic cases,
whereas there was latency in geotropic cases. As for the duration of the nystagmus, many ageotropic cas-
es lasted more than one minute, whereas in many geotropic cases, the duration of nystagmus was less
than one minute. Pure horizontal nystagmus was observed in most ageotropic cases, but in most geotropic
cases, horizontal nystagmus with a torsional component was observed. Autotherapy was given to both
geotropic and ageotropic cases. Geotropic cases tended to be cured in a short period compared with ageo-
tropic cases, but some cases needed a longer time to cure in both groups. The “barbecue rotation” ma-
neuver for treatment was performed in some cases. The effect of this maneuver was not so good as the
Eply maneuver for BPPV,

Key words : BPPV, lateral semicircular canal, horizontal semicircular canal, apogeotroic, geotropic
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Rapid-prototyped temporal bone and inner-ear models
replicated by adjusting computed tomography thresholds

M Suzuki, A HaGgiwara, Y Ocawa, H Ono*

Abstract
Purpose: This study aimed to investigate the validity of adjusting computed tomography thresholds in
order to replicate a temporal bone model suitable for dissection training and education.

Materials and methods: A simulated three-dimensional model of a human temporal bone was
prototyped using selective laser sintering. The powder layers were laser-fused, based on detailed
computed tomography data, and accumulated to create a three-dimensional structure. ‘The computed
tomography threshold value of the stapes was modified on standard triangular language file in order to
replicate the stapes. The intensity value was determined to select the fluid lumen of the inner ear and

Main Article

the bone surface, in order to replicate the inner ear.

Results: The model could be shaved, using surgical instruments, in the same manner as during real
surgery. The stapes could be reproduced, making this model even more realistic than a previous
version. The inner ear was recreated, along with the surrounding bony wall and the ossicles.

Conclusion: This model facilitates dissection training and easy understanding of the relation between the

labyrinth and the surrounding structures.

Key words: Temporal Bone; Inner Ear; Model; Simulation; Computed Tomography

Introduction

The anatomy of the temporal bone is extremely com-
plicated. Intensive training is required before the
surgeon can master tympanoplasty. We previously
created a three-dimensional (3D) model using a
selective laser sintering method and reported its val-
idity in surgical training and medical education. ~3 In
the previous model, however, the stapes could not be
reproduced because of its low radiopacity on com-
puted tomography (CT) scanning. In this study, we
attempted to replicate the stapes by enhancing its
CT intensity.

The inner-ear model was made by simply reversing
the CT value for bone replication.? This method
eliminates data on the bone structure, and hence
the model lacks the ossicles and the bony wall that
covers the inner ear. In this study, we attempted to
create both the inner ear and its surrounding bony
structure by selecting both fluid and bone surface
intensities.

Material and methods

The methods used to construct the temporal bone
model have been reported in detail previously.!
The derived 3D data were converted into the STL
(standard triangular language) file. In order to

:':cfreate the stapes, the CT intensity of the stapes was
‘enhanced by

changing the threshold value
(Figure 1). When the intensity value of the bone
part.was simply reversed, the inner-ear part, as well
as all the air space, was created.? In the present
study, the intensity value was adjusted so that both
the bony part and the air space were eliminated,
but the area with an intensity between that of bone
and the air, such as the fluid or the bone surface,
could be retained (Figure 2). The derived 3D data
were converted into a STL file system.

The powder material, polyamide nylon plus glass
beads, was laser sintered according to the STL
protocol. The created model was dissected using
conventional otosurgical instruments.

Results

The appearance of the replicated stapes is shown in
Figure 3. The posterior canal wall was removed. The
malleus, incus and posterior crus of the stapes could
be seen. Other structures, such as the mastoid air
cells, surgical dome, facial nerve, promontory, audi-
tory tube, round window niche, semicircular canal
and cochlea, were recreated as in the previous
model.! Figure 4 shows the replicated stapes seen
from the external canal side after removing other
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Fic. 1

Axial computed tomography showing the ossicles. The

malleus (M) and the incus (1) are radiopaque, but the stapes

(arrow) is far less so. The intensity value of the stapes

was enhanced along each slice. C = cochlea; IAC = internal
auditory canal

ossicles. The neighboring structures, such as the facial
nerve, pyramidal eminence and promontory, are
demonstrated. Another stapes model is shown in
Figure 5 after removing the posterior canal and
incus. In this case, the stapes head and two arches
can easily be identified.

The whole appearance of the inner-ear model,

replicated as per the previously published method, 2
is shown in Figure 6. In this model, the 1nner e_ari’

present model, the

inner earf; as

Fic. 2

Determination of the computed tomography value on STL

data. The most radiopaque bone area (black arrow) and the

air were eliminated. The intensity of the fluid and the bone

surface (white arrows) was selected. OS = ossicle; SC = semi-
circular canal

M SUZUKI, A HAGIWARA, Y OGAWA et al.

Fic. 3

Replicated model of right ear stapes. The posterior canal wall
is removed. The posterior crus and incudostapedial joint are
seen (arrow). M = malleus; I =incus; RW = round window
"~ niche; SD = surgical dome; arrow head = facial nerve

surrounding bony wall and the ossicles were
created, since, both the radiopaque bone area and
the luce t ace were eliminated (Figure 7). The
1., 'Wall promontory, window niches,
s stapes facial nerve, surgical dome,
pamc tegmen were reproduced. The
mcludmg semlclrcular canals, cochlea

(.The present model allows easier demon-
_t ation of the labyrinth’s anatomical relation to the

Fic. 4

Replicated stapes seen from the external canal. The super-

structure of the stapes is shown (arrow). FN = facial nerve;

PE = pyramidal eminence; P = promontory; RW = round
window niche
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Fic. 5

Replicated stapes of another case, right ear. The posterior

canal wall and the incus are removed. The crura and the

head of the stapes are seen (arrow). RW =round window
niche; FN = facial nerve

ossicles, surgical dome, promontory and window
niches.

Discussion

It is not easy to acquire the skills required to
perform tympanoplasty, because of the anatomical
complexity of the ear. In recent years, computerised
3D displays of the temporal bone and ‘virtual reality’
endoscopic images have been developed.*” In cases
with anatomical anomalies, safe surgery is extremely
difficult, even after scrutinising the CT. Navigational

FiG. 6

Inner-ear model replicated using the previous method. Note
the compact external canal (EC). No ossicles were created.
IC = internal auditory canal; ES = endolymphatic sac; FN =
facial netve; as = anterior semicircular canal: hs = horizontal
semicircular canal; ps = posterior semicircular canal

1027

(b)

Fic. 7

Inner-ear models replicated by the present method. (a) The
contour of the external canal is recreated. The malleus, incus
and round window niche (RW) can be seen through the
canal. (b) In another model, the anatomical relationship
between the semicircular canals and the incus, facial nerve
and surgical dome (arrow) can be easily seen. The lower half
of the external canal has been cut. IC = internal auditory
canal; ES = endolymphatic sac; FN = facial nerve; MH =
malleus head; [ =incus; as= anterior semicircular canal;
hs = horizontal semicircular canal; ps = posterior semicircular
canal; M = malleus

surgery and robotic surgery allow good orientation of
abnormal structures and ensure safety.®” However,
these interventions are costly and require much
space and equipment. Rapid prototyping is cost-
effective and allows replication of anatomical
details. In particular, the models created using
selective laser sintering allow easy dissection and
are particularly suited for pre-operative simulation.’

In the previous model, the stapes could not be
replicated because of its low density on STL data,
as shown in Figure 1, although the malleus and
incus could be reproduced. In this study, we
attempted to locally enhance the stapes’ radiopacity
by changing the threshold value on STL data. This
allowed replication of the stapes, including both
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crura and head. The anatomical location of the stapes
is extremely important, since it serves as a good land-
mark to locate other structures such as the horizontal
segment of the facial nerve and the round window
niche. The present model has more advantages as
an educational resource, compared with the past
model.

The inner-ear model serves as a good resource
when teaching 3D orientation within the inner ear.?
The structural features of the model, such as the
internal auditory meatus, facial nerve and endolym-
phatic sac, allow easy understanding of the inner
ear within its wider context. The model can be used
as an anatomical guide while dissecting the temporal
bone model. The present model is useful for teaching
the relationship between the inner ear and the sur-
rounding bone structure. There are clinically import-
ant landmarks around the labyrinth, such as the incus
short process, surgical dome, promontory and
window niches. The anatomical relations between
the labyrinth and these structure can readily be
demonstrated using this 3D model.

In the future, we will examine the extent to which
medical trainees can develop their anatomical knowl-
edge and surgical skills by using these models.
We will also study replication of an ossicular
anomaly, by adjusting the local threshold value of

M SUZUKI, A HAGIWARA, Y OGAWA et al.

deformed ossicles. Three-dimensional evaluation of
congenitally malformed ears will also give us new
insights into the developmental process of the ear.

Conclusion

Using the rapid-prototyping technique, the CT
threshold was modified in order to replicate the
stapes. The temporal bone model, with stapes
intact, has great advantages as an educational
resource. By adjusting the intensity value of the
CT, the bony labyrinth and the surrounding bone
structure could be recreated. The model contributes
to easy understanding of the relationship between
the labyrinth and the surrounding structures.
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Transient receptor potential channels in the inner ear: Presence of
transient receptor potential channel subfamily 1 and 4 in the guinea pig
inner ear
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Abstract :

Conclusion. The results of this study indicate that transient receptor potential subfamily 1 (TRPV1) may play a functional
role in sensory cell physiology and that TRPV4 may be important for fluid homeostasis in the inner ear. Objective. To
analyze the expression of TRPV1 and -4 in the normal guinea pig inner ear. Material and methods. Albino guinea pigs were
used. The location of TRPV1 and -4 in the inner ear, i.e. cochlea, vestibular end organs and endolymphatic sac, was
investigated by means of immunohistochemistry. Results. Immunohistochemistry revealed the presence of TRPVI in the
hair cells and supporting cells of the organ of Corti, in spiral ganglion cells, sensory cells of the vestibular end organs and
vestibular ganglion cells. TRPV4 was found in the hair cells and supporting cells of the organ of Corti, in marginal cells of
the stria vascularis, spiral ganglion cells, sensory cells, transitional cells, dark cells in the vestibular end organs, vestibular
ganglion cells and epithelial cells of the endolymphatic sac.

Keywords: Immunohistochemistry, inner ear, transient receptor potential channel subfamily 1 and 4

Introduction disease. The functions of the TRP channels of the
various subfamilies are only partly known but they
appear to support a variety of functions, ranging
from sensory transduction to secretion and prolif-
eration [1,2].

Recently, the TRPV subfamily has attracted
increasing attention because of the expanding role
that some members of this group appear to play in
both sensory and non-sensory transduction. In
mammals, vanilloid-sensitive neurons can be excited

The recent discovery of a new class of calcium-
permeable cationic channels, the transient receptor
potential (TRP) channel superfamily, has given
major insights into the molecular entities and
signaling mechanism controlling calcium influx into
a broad range of cells [1,2]. TRP channels are widely
expressed in both excitable and non-excitable cells of
vertebrates and invertebrates, where they appear to
act as primary pathways for regulated calcium entry.

The TRP family channels, of which >25 mem- by a variety of noxious agents, such as chemical,
bers have now been identified, have recently been mechanical or thermal stimuli, that transmit noci-
classified into 3 main groups, with a fourth group ceptive information from the periphery to the central
under consideration. The subfamilies are: TRPC, nervous system (CNS), producing a sensation of
the classical or conical-like TRP channels; TRPV, burning pain. These neurons, called nociceptors, are
the vanilloid receptor-like channels; TRPM, the characterized in part by their sensitivity to capsaicin,
melastatin-like channels; and TRPP, the two pro- the pungent ingredient in “hot” chilli peppers [3,4].
tein-like channels implicated in polycystic kidney Capsaicin exerts its effect on nociceptors by
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