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Electrophysiological Properties of Rat Vestibular Labyrinth

and Their Effect on Parameters of Transmitted Voltage Pulses
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We propose a new approach to optimization of electrical stimulation of the vestibular nerve
and improving the transfer function of vestibular implant. A mathematical model of the ves-
tibular organ is developed based on its anatomy, the model premises, 3D-analysis of MRI
and CT images, and mathematical description of physical processes underlying propagation
of alternating electric current across the tissues of vestibular labyrinth. This approach was
tested in vitro on the rat vestibular apparatus and had been examined anatomically prior to
the development of its mathematical model and equivalent electrical circuit. The experimental
and theoretical values of changes of the gain—phase characteristics of vestibular tissues in
relation to location of the reference electrode obtained in this study can be used to optimize
the electrical stimulation of vestibular nerve.

Key Words: vestibular implant; in vitro vestibular apparatus, anatomic structure; math-

ematical model; stimulating voltage pulses

The physical processes underlying the passage of an
electric current across the tissues of vestibular laby-
rinth are vigorously studied in many labs [9,11]. These
studies are needed to improve the parameters of ves-
tibular implant (VI) for the patients with bilateral ves-
tibular hypofunction [7,12]. The transfer function of
VI depends on the placement configuration of elec-
trodes in tissues the vestibular organ, which strongly
affects the gain—phase characteristics of the pathway
for electric current employed to stimulate the afferent
nerve and seriously limits broad-scale use of mod-
ern VI [10]. Special attention should be focused on
position of the reference electrode used as a common
lead when measuring the gain—phase characteristics of
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vestibular tissues, which affects the nerve-stimulating
electric current, so the correct selection of this position
can optimize the parameters of VI electrical pulses [10].

In view of strict ethic regulations of the experi-
ments with patients, on the one hand, and different
properties of cadaveric and vital tissues, on the other
hand, the use of laboratory mammal animals seems
to be an effective approach to optimization of elec-
trical stimulation of vestibular nerve, because anat-
omy and physiology of their vestibular apparatuses
are similar to those in humans. The pivotal feature
in this approach is the development of an in vitro
electrophysiological model of vestibular organ with
precisely positioned stimulating, recording, and refer-
ence electrodes, on the one hand, and elaboration of a
mathematical model with equivalent electrical circuit
based on 3D visualization of high-resolution MRI
and CT images, on the other hand, which together
can yield reliable gain—phase characteristic of the
vestibular tissues needed to describe transformation
of stimulating electric pulses from generator to the
nerve [1,4,6].
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This work was designed to study the anatomical
structure and electrophysiological properties of rat
vestibular organ to develop its mathematical model
describing propagation of alternating electric current
across the vestibular labyrinth to the vestibular nerve.

MATERIALS AND METHODS

Experiments were carried out on outbred male Wi-
star rats weighing 300-350 g (»=10) obtained from
Breeding Department of the Tomsk National Research
Medical Center. The animals had no visible signs of
neuropathology or physical defects. The rats were
maintained under standard vivarium conditions with
water and food ad libitum. All procedures were car-
ried out in strict adherence to European Convention
for the Protection of Vertebrate Animals used for Ex-
perimental and Other Scientific Purposes (Strasbourg,
1986) and in compliance to the principles of Good
Laboratory Practice.

To examine the anatomical structure of vestibular
organ, the rats were decapitated under ether narcosis,
soft tissues of the periotic region were removed, and
the skull was trepanized. The bones of the tympanic
cavity and periotic capsule were extracted with pre-
served native structure of the vestibulocochlear nerve
emerging from this capsule via the internal auditory
foramen. CT images of vestibular organ were obtained
in a 3D X-ray micro-CT system (Bruker microCT Sky-
scan 1172) with maximum resolution of 4.26 p.

In addition, 3D reconstruction of labyrinth ge-
ometry was performed on the basis of MR-images
of rats made in magnetic field of 11.7 T with resolu-
tion up to 30 u (T2 mode) available in open access
resource “Neuroimaging Informatics Tools and Re-
sources Clearinghouse” (NITRC, https://www.nitrc.
org). CT scanning and MRI reconstruction of the tem-
poral bone resulted in a high-resolution visualization
of 3D structure of the vestibular labyrinth with its
location relatively to the reference anatomical coordi-
nates. These data made it possible to exactly localize
the puncture sites in temporal bone and precisely insert
the electrodes.

During electrophysiological experiments, the
specimens moistened with physiological saline were
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fixed in a Petri dish placed under an MBS-10 stereo-
scope (Lytkarino Optical Glass Plant). The electrodes
were inserted into the tissues of bulla tympanica and
periotic capsule under visual control with the help of
a micromanipulator (Laboratory Instruments Research
and Development Establishment, Pushchino, Moscow
Region, Russia). The stimulating electrode was in-
serted into the posterior semicircular canal of the ves-
tibular organ and the recording electrode was attached
to the nerve stump. The reference (common) electrode
was placed in the tissues surrounding the bulla tym-
panica in the external and internal portions of acoustic
meatus. The sinusoidal voltage pulses were delivered
to the stimulating electrode from an SFG-2110 Func-
tion Generator (Good Will Instruments). Both stimu-
lating voltage waveform and the transmitted voltage
signal at the vestibular nerve were recorded with dual
channel ASK-2034 oscilloscope (Aktakom). The con-
stant electrical resistance of perilymph was measured
with an 8845A Digit Precision Multimeter (Fluke) via
the electrodes mounted in labyrinthine vestibule and
in the cavity of posterior semicircular canal.

To simulate transmission of alternating electric
current across the vestibular organ tissues, we devel-
oped a mathematical model with equivalent electric
circuit of these tissues.

The data were analyzed statistically using R (Foun-
dation of Statistical Computing) software. Normalcy
of distribution was established with Shapiro—Wilk
test. The results are summarized as m+SD.

RESULTS

A series of high-resolution CT images was obtained
to examine anatomy and topography of rat vestibular
labyrinth. The images allowed evaluation of the pre-
cise geometrical parameters of the osseous labyrinth of
the rat vestibular apparatus (Table 1) and its location
in the extracted osseous specimens (Fig. 1).

The resulting geometrical data made it possible to
calculate the optimal perforation point for insertion of
the stimulating electrode, which excluded lesion to the
membranous labyrinth fraught with perilymph and en-
dolymph mixing. The constructed anatomic 3D model
of the inner ear was employed to determine the elec-

TABLE 1. Basic Sizes of Rat Vestibular Apparatus Elements Determined from High-Resolution CT Images (mm, m+SE)

Vestibule diameter
Semicircular canals Length Midline diameter
in the broadest portion in the narrowest portion
Anterior 4.,42+0.91 0.176+0.022 1.507+0.051 0.923+0.047
Posterior 4.29+0.22 0.186+0.022
Lateral 4.49+0.13 0.183+0.031
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trode layout relatively to the major anatomic structures
at this ear portion. Thus, the stimulating electrode was
inserted into the lumen of posterior semicircular canal
and the recording electrode was placed on the vestibu-
locochlear nerve.

Then, we developed a mathematical model based
on a premise that the biological tissues are electri-
cally conducting media characterized with electrical
impedance Z=R+iX. Its active component R describes
mostly the electrical resistance of conducting internal
electrolytic media. The reactive component X=1/wC is
determined by capacity of the stimulated tissue mostly
reflecting the capacity of cell membranes [5,8]. The
developed mathematical model of vestibular organ is
based on its anatomic structure featuring the following
elements: /) the liquid medium with ionic conducti-
vity and a certain specific resistance, 2) non-cellular
structures characterized by specific resistance; and
3) cellular tissues described by membrane capacity
and specific resistance of the intracellular liquid.

This model describes propagation of electric cur-
rent across the vestibular labyrinth with due account
for its anatomic structure, chemical composition of the
biological fluids and tissues, and VI electrical para-
meters (Fig. 2) [2]. In the developed model, the elec-
tric current supplied through electrode implanted into
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Fig. 1. CT image (a, b) and 3D reconstruction (c) of rat peri-
otic capsule. a, b) Reconstruction with plane cross-section
at the level of lateral semicircular canal: canal diameter (a)
and main dimensions (b): vestibular diameters and diameter
and curvature sizes of the lateral canal (in mm). ¢) 3D vi-
sualization of the posterior semicircular canal; locations of
stimulating (3) and reference (2) electrodes (location of the
recoding electrode is not shown).

the perilymph space can spread in diverse directions
across the tissues of vestibular labyrinth.

Actually, the electric current can propagate
through the perilymph, which is a well-conducted
electrolyte due to pronounced concentrations of or-
ganic and inorganic ions. In addition, the electrical
signal can propagate decrementally across the laby-
rinthine membrane formed by epithelial and mesen-
chymal cells, travel further through endolymph to the
ampullary cupula, cross it over, and finally excite the
nerve terminals through the apical portion of neuro-
epithelium. Thus, the electrical impulse passing across
bulla tympanica and periotic capsule will be loaded
with electrical impedance, so its amplitude and phase
will be transformed at the vestibular nerve input.

The character of these changes can be analyzed by
employing the equivalent electrical models [3]. Here,
the equivalent circuit is based on the rat vestibular
apparatus geometry (Fig. 2). In this five-element Max-
well model, the electrical voltage pulse (I) generated
at VI output and transmitted to stimulating electrode
(1) travels to the recording electrode (2) across the tis-
sues of vestibular labyrinth modelled with capacitors
(C) and resistors (R). The gain—phase parameters of
equivalent circuit were determined at the output (2)
loaded with R, resistance of 15 kQ. All resistors and
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Fig. 2. Equivalent electrical scheme of vestibular labyrinth. R7:
perilymph active resistance; R, load resistance. (C1, R2) and
(C2, R3) are electrical parameters of the medium for the first
and second variant of electrical current flow across the vestibular
labyrinth tissues.
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Fig. 3. Voltage oscillograms recorded from stimulating (U1) and
recording (U2) electrodes at 500 Hz with reference electrode posi-
tion (7) in acoustic meatus.

capacitors in the equivalent circuit were determined
with due account for literature data (Table 2) and the
results of anatomical reconstruction of the rat vestibu-
lar apparatus (Table 1, Fig. 1).

The electrophysiological measurements of the
gain—phase characteristic of isolated vestibular prepa-
ration were carried out with the amplitude of stimulat-
ing waveform Ul=1 V at frequency of 0.4-1.0 kHz.
The reference electrode was positioned (/) in acoustic
meatus of temporal bone near the oval window, (2) on
the external surface of the temporal bone near acoustic
meatus, and (3) on a segment of the temporal muscle.

The synchronous voltage signals in stimulating
(U1) and recording (U2) electrodes were recorded in
an oscilloscope (Fig. 3). The oscillograms showed the
decrease of the amplitude of the output signal (U2/
U1»0.35) and the time lag t=A¢/(27v)=0.2 usec, where
Ao is the phase shift and v is frequency of the signals.
Virtually, the phase shift A¢ did not depend on the
frequency within the specified frequency band. Both
voltage attenuation and the phase shift were deter-
mined in relation to position of the reference electrode
(Table 3).
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The calculation of the phase shift in the equivalent

mathematical model (Fig. 2) used the formula:

2 2
A :_[F(l Ao?)-Bo(1-Do )]’ 2]
BFo-(1-A®*)(1-Dw?)

where the constants 4, B, D, and F were determined
according to [2] with due account for vestibular laby-
rinth geometry and electrical parameters of vestibular
apparatus (Tables 1, 2). In examined frequency range
of 0.4-1.0 kHz, the time lag in the equivalent elec-
trical circuit was 0.09+0.06 psec, which agrees with
experimental data.

Thus, this study developed an in vitro electro-
physiological model of electrical signal propaga-
tion through the tissues of vestibular apparatus and
its equivalent mathematical representation based on
CT and MRI anatomical data, which described the
electrical impedance properties of the vestibular tis-
sues. Both models yielded the measured and calcu-
lated gain—phase parameters of the electric current
pathway from stimulating electrode to the vestibular
nerve. They demonstrated the important role of refer-
ence electrode position in the vestibular apparatus.
The developed electrophysiological and mathematical
models can be used to optimize the transfer function
of vestibular implants.

This work was supported by the Russian Science
Foundation (grant No. 17-15-01249).

TABLE 2. Electrical Parameters of Tissues of the Vestibular
Apparatus

Parameter Value

Specific conductance endolymph 1.97 S/m
perilymph 1.65 S/m

Electrical capacity of the hair cell
membrane 30 pF
Electrical capacity of the membrane of
cells forming the membranous labyrinth 23.8 pF
Electrical capacity of the membrane
of the basal neuroepithelial cells 24.9 pF

TABLE 3. Gain—Phase Characteristic of Isolated Vestibular
Preparation (m+SE)

Recorded
signal/ Acoustic Temporal Temporal
Reference meatus bone muscle
electrode (position 1) | (position 2) | (position 3)
position
Amplitude, V 0.15%+0.02 0.07+0.02 0.08+0.02
Phase shift,
usec 0.20+0.05 0.10+0.05 0.10+£0.05
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