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Galvanic Vestibular Stimulation: Cellular Substrates and
Response Patterns of Neurons in the Vestibulo-Ocular
Network
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Galvanic vestibular stimulation (GVS) uses modulated currents to evoke neuronal activity in vestibular endorgans in the absence of head
motion. GVS is typically used for a characterization of vestibular pathologies; for studies on the vestibular influence of gaze, posture, and
locomotion; and for deciphering the sensory–motor transformation underlying these behaviors. At variance with the widespread use of
this method, basic aspects such as the activated cellular substrate at the sensory periphery or the comparability to motion-induced
neuronal activity patterns are still disputed. Using semi-intact preparations of Xenopus laevis tadpoles, we determined the cellular
substrate and the spatiotemporal specificity of GVS-evoked responses and compared sinusoidal GVS-induced activity patterns with
motion-induced responses in all neuronal elements along the vestibulo-ocular pathway. As main result, we found that, despite the
pharmacological block of glutamatergic hair cell transmission by combined bath-application of NMDA (7-chloro-kynurenic acid) and
AMPA (CNQX) receptor blockers, GVS-induced afferent spike activity persisted. However, the amplitude modulation was reduced by
�30%, suggesting that both hair cells and vestibular afferent fibers are normally recruited by GVS. Systematic alterations of electrode
placement with respect to bilateral semicircular canal pairs or alterations of the bipolar stimulus phase timing yielded unique activity
patterns in extraocular motor nerves, compatible with a spatially and temporally specific activation of vestibulo-ocular reflexes in
distinct planes. Despite the different GVS electrode placement in semi-intact X. laevis preparations and humans and the more global
activation of vestibular endorgans by the latter approach, this method is suitable to imitate head/body motion in both circumstances.
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Introduction
Ever since LeRoy (1755) produced visual sensations by passing
current through the eye and Galvani (1791) used current to evoke

contractions of frog muscles, electrical stimulation has been used
in neuroscientific research to activate excitable cellular elements
(Thompson et al., 2014). After the descriptions of balance prob-
lems and equilibrium disturbances when passing current through
the human head (Purkinje, 1820) or applying currents to both
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Significance Statement

Galvanic vestibular stimulation is used frequently in clinical practice to test the functionality of the sense of balance. The outcome
of the test that relies on the activation of eye movements by electrical stimulation of vestibular organs in the inner ear helps to
dissociate vestibular impairments that cause vertigo and imbalance in patients. This study uses an amphibian model to investigate
at the cellular level the underlying mechanism on which this method depends. The outcome of this translational research unequiv-
ocally revealed the cellular substrate at the vestibular sensory periphery that is activated by electrical currents, as well as the
spatiotemporal specificity of the evoked eye movements, thus facilitating the interpretation of clinical test results.
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ears (Hitzig, 1871), galvanic vestibular stimulation (GVS) be-
came routine to stimulate vestibular sense organs (Bos and Jong-
kees, 1963; Curthoys, 2010). So far, GVS has been used to
investigate the role of vestibular signals in gaze, posture, and
locomotor control, as well as motion and spatial perception in
human subjects under pathophysiological conditions and in clin-
ical practice (Fitzpatrick and Day, 2004; Curthoys, 2010; St
George and Fitzpatrick, 2011; Hsu et al., 2012; Ferrè et al., 2013;
Grasso et al., 2013; Fitzpatrick and Watson, 2015). In addition,
GVS has assisted in deciphering cellular aspects of vestibular sig-
nal processing in various animal models (Goldberg, 2000).

Galvanic currents influence the discharge of otolith and semi-
circular canal nerve afferents (Goldberg et al., 1984; Schneider et
al., 2002; Fitzpatrick and Day, 2004; Kim and Curthoys, 2004;
Curthoys and Macdougall, 2012); however, different approaches
are used to achieve this goal. Stimulus electrodes in different
vertebrate species were either inserted unilaterally or bilaterally
into the perilymphatic space of the semicircular canals (Ezure et
al., 1983; Goldberg et al., 1984; Angelaki and Perachio, 1993),
placed in the middle ear cavity (Kim and Curthoys, 2004;
Shanidze et al., 2012; Kim, 2013a, 2013b), or noninvasively at-
tached to the neck for transmastoidal stimulation in human
subjects (Fitzpatrick and Day, 2004). The latter two methods
preserve inner ear function and thus permit experimental pertur-
bations of motion-induced responses (Shanidze et al., 2012). In-
dependent of the stimulus method, GVS at low intensity activates
irregular vestibular afferents, whereas higher stimulus intensities
also recruit regular afferents (Goldberg et al., 1984; Kim and
Curthoys, 2004; Kim et al., 2011). This stimulus-amplitude-
dependent activation allows determining various details of ves-
tibular signal processing, such as fiber-specific origins of
monosynaptic and disynaptic inputs to central vestibular neu-
rons (Highstein et al., 1987; Minor and Goldberg, 1991; Angelaki
and Perachio, 1993; Straka and Dieringer, 2000) or the organiza-
tion of vestibulo-motor and vestibulo-autonomous reflexes
(Courjon et al., 1987; Cohen et al., 2011; Shanidze et al., 2012;
Kim, 2013a).

However, despite an apparent consensus regarding induction
and specificity of GVS-induced responses (Wardman and Fitz-
patrick, 2002), no definitive experimental proof for the cellular
substrate that is activated by GVS is yet available. Although some
experimental studies assume a direct activation of vestibular af-
ferents by GVS (Goldberg et al., 1984), recent clinical evidence
indicates that GVS might also activate hair cells (Aw et al., 2013).
Unequivocal knowledge about the activated structure, however,
is necessary to differentiate between human patients suffering
from Ménière’s disease (Aw et al., 2013) or vestibular migraine
(Clarke, 2010; Curthoys, 2010). To resolve basic functional prin-
ciples of GVS, including activated substrates, studies on tractable
animal models are required that allow stimulation of individual
endorgans within intact inner ears, recordings from individual
vestibulo-ocular reflex (VOR) neuronal elements, as well as phar-
macological manipulations. Given the well described vestibulo-
ocular signal processing in amphibians (Straka and Dieringer,
2004) and the highly conserved morpho–physiological organiza-
tion of the VOR circuitry in vertebrates, including vestibular
nerve afferent and extraocular motor activity patterns (Straka et
al., 2014), Xenopus laevis tadpoles are an ideal model system with
which to decipher basic aspects of GVS.

Here, we used semi-intact tadpole preparations to compare
the induction and modulation of the activity in vestibular nerve
afferents, central vestibular neurons, and extraocular motoneu-
rons, as well as eye movements during head rotation and GVS.

Systematic manipulations of stimulus electrode position, stimu-
lus parameters, and pharmacological block of the glutamatergic
transmission were used to determine the spatiotemporal specific-
ity and morphological substrate of GVS-evoked responses. Pre-
liminary data were published in abstract form previously
(Kaufmann et al., 2013).

Materials and Methods
Animals. X. laevis tadpoles of either sex were obtained from the in-house
animal breeding facility at the Biocenter–Martinsried of the Ludwig-
Maximilians-University Munich. Tadpoles were kept in tanks filled with
17–18°C nonchlorinated water at a 12/12 light/dark cycle and were fed
daily with Spirulina bacteria. A total of 88 animals at developmental
stages 53–55 (Nieuwkoop and Faber, 1994) were used for this study.
Experiments were performed in vitro on isolated, semi-intact
preparations and comply with the National Institutes of Health publica-
tion entitled Principles of Animal Care No. 86-23 (revised 1985). Permis-
sion for these experiments was granted by the governmental institution
at the Regierung von Oberbayern/Government of Upper Bavaria
(55.2–1-54 –2532.3–59-12).

Isolated semi-intact in vitro preparations. For all experiments, tadpoles
were anesthetized in 0.05% 3-aminobenzoic acid ethyl ester (MS-222;
Pharmaq) in frog Ringer’s solution containing the following (in mM): 75
NaCl, 25 NaHCO3, 2 CaCl2, 2 KCl, 0.5 MgCl2, and 11 glucose, pH 7.4,
and decapitated at the level of spinal segments 5–10. The skin covering
the top of the head was removed, the soft skull tissue and rostral vertebrae
opened, and the forebrain disconnected. This surgical procedure ana-
tomically preserved all vestibular endorgans within the otic capsule on
both sides (Fig. 1 A, B), the CNS, the extraocular motor innervation, and
eye muscles and allowed prolonged in vitro experimentation (Ram-
lochansingh et al., 2014), including an in vivo-like activation of the VOR
during motion or electrical stimulation (Straka and Simmers, 2012).

Vestibular and extraocular motor nerve recordings. For recordings of
vestibular afferent activity, the VIII th nerve was transected at the en-
trance into the brainstem, leaving the peripheral portion along with the
ganglion of Scarpa and the sensory innervation of all vestibular endor-
gans in the otic capsule intact. The brain was removed to facilitate the
visibility and access to the cut surface of the peripheral portion of the
VIII th nerve for electrophysiological recordings. For recordings of extra-
ocular motor nerve activity, the skin surrounding the eye was removed
and the nerve branches innervating the lateral rectus (LR) or the superior
oblique (SO) eye muscles were disconnected from their target muscles.
Thereafter, preparations were rinsed in freshly oxygenated Ringer’s so-
lution (95% O2, 5% CO2; Carbogen) and mechanically secured to the
Sylgard-lined floor of the recording chamber (volume, 5 ml). During the
experiments, preparations were continuously superfused with oxygen-
ated Ringer’s solution at a rate of �2 ml/min. The temperature of the
bath solution was maintained at 17.0 � 0.2°C.

Extracellular multiunit spike discharge from the isolated extraocular
motor nerves (LR, SO; n � 44) or multiunit (n � 8) and single-unit
activity of vestibular nerve afferent fibers (n � 39) was recorded by
targeting glass suction electrodes with a micromanipulator to the cut end
of the extraocular motor nerves or the fasciculated cut end of the VIII th

nerve. Glass microelectrodes were made with a horizontal puller (P-87;
Sutter Instruments) and were individually adjusted at the tip to fit the
diameter of the respective target nerves. Vestibular and extraocular mo-
tor nerve activity was recorded (EXT 10 –2F; npi electronic), digitized at
10 –20 kHz (CED 1401, Cambridge Electronic Design) and stored on a
computer for offline analysis. For the analysis, responses obtained during
8 – 60 repetitions of sinusoidal turntable oscillations or sinusoidally
modulated current stimuli were averaged to obtain the mean response
over a single cycle. Data from particular sets of experiments were aver-
aged and presented as mean � SEM or SD.

Eye motion recordings. After isolation, preparations were mechanically
secured to the Sylgard floor of the recording chamber. Because of the
maintained neuronal innervation of the extraocular muscles, this semi-
intact preparation allowed the activation of eye movements by vestibular
stimulation (Straka and Simmers, 2012). As described previously (Ram-
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lochansingh et al., 2014), eye movements were recorded noninvasively
with a video camera (Grasshopper color, Point Gray Research) and a
zoom objective (Optem Zoom 70XL; Qioptiq Photonics) with an ade-
quate lens (M25 � 0.75 � 0.25). This system was mounted on top of the
experimental setup to visualize the motion of one eye from above during
natural or galvanic vestibular stimulation at a video capture frame rate of
30 Hz with the FlyCap2 software (version 2.3.2.14). Eye motion profiles
and parameters were extracted from the captured video sequences using
a custom video-processing algorithm written in Matlab (for details, see
Ramlochansingh et al., 2014). To calculate the motion of the eye, an
ellipse was drawn around the eyeball and the angle between the minor

axis of the ellipse and the longitudinal axis of the head was calculated in
each frame of a given video sequence (Beck et al., 2004). Based on the
frame rate (30 Hz), the change in eye position over time was computed.
The generation of peristimulus time histograms for a single cycle, ob-
tained from 8 – 60 sinusoidal stimulus oscillations was used to calculate
the eye motion gain (ratio eye/table motion).

Natural and galvanic vestibular stimulation. The recording chamber
with the semi-intact X. laevis preparations was mounted on a computer-
controlled, motorized two-axis turntable with the preparation centered
in the horizontal and vertical rotation axes to provide optimal activation
of semicircular canal organs (Lambert et al., 2008, 2013). Motion stimuli
consisted of sinusoidal rotations across frequencies that ranged from 0.1
to 5.0 Hz (peak velocities: �6 – 60°/s) in either the vertical (yaw) or
horizontal (roll) axis to stimulate the bilateral horizontal or the ipsilateral
posterior– contralateral anterior vertical semicircular canal pair prefer-
entially as major modulatory vestibular inputs to LR and SO motoneu-
rons, respectively. The limitation of motion stimulus frequencies to 5 Hz
maximally is mainly due to the relatively soft cartilage of the X. laevis skull
that prevents a firm fixation of the preparation to the recording chamber
as tightly as in mammalian species, in which the bony skull is usually
secured with a head holder to a stereotactic frame. In addition, the ab-
sence of considerable tissue above the neural targets, as well as the fluid
pressure on the electrode shank, induced by inertia-related liquid motion
at the Ringer’s surface, impaired in particular stable recordings of single
vestibular afferent fibers at higher rotation frequencies.

Sinusoidally modulated galvanic currents were applied by stimulus
electrodes that consisted of two Teflon-coated silver wires (diameter:
0.76 mm; AG 25-T; Science Products) placed on the outer surface of the
otic capsule (Fig. 1 A, B). The two stimulus electrodes were cut at the tip,
chlorinated to minimize polarization, and separately attached to a mi-
cromanipulator to enable precise positioning under visual guidance. The
placement of the electrodes for GVS of a particular semicircular canal was
facilitated by the clear visibility of all labyrinthine endorgans and sensory
structures inside the transparent cartilaginous otic capsule of the semi-
intact larval X. laevis preparation (Fig. 1 A, B). For most experiments,
electrodes were placed bilaterally in close proximity of the visible cupulae
of a specific coplanar semicircular canal pair (Fig. 1B–E). For the record-
ing of vestibular nerve afferents, electrodes were placed unilaterally with
one electrode close to either the horizontal or the anterior vertical semi-
circular canal cupula and the second electrode at a distance of �15 mm
from the first in the Ringer’s solution of the recording chamber. For most
of the experiments, sine waves for GVS were produced with a linear
stimulus isolator (WPI A395; World Precision Instruments), triggered by
the analog output from a waveform function generator (Digital VCG
Model 113; Wavetek) or by the analog output from an analog/digital
converter (CED 1401). For Ca 2�-imaging experiments, GVS sine waves
were produced by a stimulus generator with an integrated isolation unit
(STG 4004; Multichannel Systems). In most experiments, the galvanic
currents were applied to the two electrodes in phase opposition and
consisted of sinusoidally modulated currents at frequencies of 0.05-
10 Hz and amplitudes of �10 –350 �A. The applied sinusoidal current
generated an alteration of the cathode and anode between the two elec-
trodes, respectively (Fig. 1F ), and a local electric field that decreased in
magnitude with the distance from the electrode (Fig. 1G,H ). In some
experiments, the sinusoidally modulated currents, applied to a bilateral
semicircular canal pair, were in phase. In this case, the current was ap-
plied through two independently controlled sets of stimulus electrodes,
each with one electrode close to the semicircular canal cupula and the
second one at a distance of �15 mm from the first in the Ringer’s solu-
tion of the recording chamber.

Imaging of Ca2� transients in central vestibular neurons. Ca 2� tran-
sients were recorded in identified vestibulo-ocular neurons, retrogradely
labeled from the midbrain oculomotor nucleus with a calcium sensor
(Calcium Green-1 dextran, 3000 MW; Thermo Fisher Scientific). For
this purpose, tadpoles were anesthetized in 0.05% MS-222, transferred
into oxygenated, ice-cold Ringer’s solution, and decapitated. After open-
ing the skull on the ventral side and disconnecting the forebrain, the
Ringer’s solution was temporarily removed and crystals of Calcium
Green-1 dextran, melted to an injection needle, were inserted unilaterally
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Figure 1. Anatomical substrate, electrode positions for extraocular motor nerve recordings,
and application of galvanic vestibular current stimuli. A, B, Schematic of a semi-intact X. laevis
preparation highlighting the location of the otic capsules (A) and photomicrograph depicting
the arrangement of bilateral vestibular endorgans and the location of the semicircular canal
epithelia as marker for positioning the electrodes on the outer surface of the otic capsules for
bipolar electrical stimulation of the three (red, green, orange) coplanar semicircular canal pairs,
exemplarily shown in a stage 50 larva (B). C–E, Schematics illustrating the location of the
electrodes for LR and SO motor nerve recordings, along with the three basic positions of the
stimulus electrodes for activating plane-specific bilateral semicircular canal pairs. F–H, Sinusoi-
dally modulated currents with alternating phase relation of the anodal/cathodal (a,c) GVS cur-
rents (�100 �A) were applied through bilateral stimulus electrodes (F ); amplitude
distribution plot of the generated electric field evoked by GVS of the bilateral HCs (G) and the left
AC–right PC (H ) superimposed on bright-field images of the respective head region; relative
amplitude magnitudes are indicated by color code. Cup, Semicircular canal cupula; i,c, ipsilat-
eral, contralateral with respect to the recorded extraocular motor nerve; La, lagena; Sa, saccule;
Ut, utricle.
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into the oculomotor nucleus, identified by the
exit of the III rd cranial nerve as described pre-
viously (Straka et al., 2001). Thereafter, surplus
tracer was removed with excess Ringer’s
solution and preparations were incubated for
24 – 48 h at 14°C in oxygenated Ringer’s solu-
tion. Imaging of Ca 2� transients in these
vestibulo-ocular neurons during GVS of spe-
cific bilateral semicircular canal pairs was per-
formed by using a fixed-stage microscope
(Axio Examiner Z1; Carl Zeiss) equipped with
a 40� (1.0) water-immersion objective and
connected to a CCD camera (Axiocam HSM;
Carl Zeiss). The microscope and camera were
driven by a control unit and a signal distribu-
tion box (Examiner Control and SVB1; Carl
Zeiss). Timing of GVS-induced image acquisi-
tion at a rate of 10 –20 frames/s and data stor-
age of the latter were controlled with the
Axiovision software SE64 (Carl Zeiss). Fluores-
cence signal acquisition started 2–3 s before the
onset of the first GVS sine wave to determine
the background fluorescence level (F0). Images
were analyzed offline using the “intensity ver-
sus time” algorithm in the MBF-ImageJ Java
software package (http://rsb.info.nih.gov/ij/).
The background fluorescence was subtracted
and bleaching effects were corrected using a
linear regression algorithm written in IgorPro
(Wavemetrics). All data are presented as rela-
tive changes in fluorescence (dF/F ).

Pharmacology. Motion- or GVS-induced re-
sponses were completely blocked by bath ap-
plication of a mixture of 15 �M CNQX (Tocris
Bioscience) and 50 �M 7-chloro-kynurenic
acid (7-Cl-KYNA; Tocris Bioscience). The
two substances block AMPA- and NMDA-
receptor-mediated components of glutamatergic transmission, respec-
tively. A drug-related reduction of the responses in these isolated
preparations usually occurred after 3–5 min and reached steady state
after 15 min (Biesdorf et al., 2008). The reversible block of AMPA- and
NMDA-receptor-mediated components by combined application of
CNQX and 7-Cl-KYNA allowed evaluation of the neural substrate of
galvanic stimulation as well as the specificity of the stimulated structures.

Results
Experimental setting for galvanic vestibular stimulation
Oppositely oriented sinusoidally modulated currents were ap-
plied to two stimulus electrodes, placed at the outer surface of the
transparent otic capsule close to the cupulae of a bilateral copla-
nar semicircular canal pair, respectively (color-coded electrodes
in Fig. 1C–E). These sinusoidal currents caused reciprocal oscil-
lations of the anodal and cathodal current peaks at the electrode
tips close to the semicircular canal sensory epithelia (Fig. 1F). To
estimate the spatial extent of current spread during GVS, voltage
amplitudes evoked by GVS of �100 �A were systematically re-
corded with a glass microelectrode (tip diameter: �10 �m;
resistance: �1 ��) that was filled with 2 M sodium chloride.
Recordings were made along a grid of 8 � 6 mm (1 mm spacing)
that covered the spatial dimensions of the preparation (n � 5)
between the two stimulus electrodes (Fig. 1G,H). For evaluating
the spatial extent of voltage magnitude distributions, two elec-
trodes were placed close to the cupulae of either the bilateral
horizontal semicircular canals (HC, Fig. 1G) or the anterior (AC)
on the left and the posterior semicircular canal (PC) on the right
side (Fig. 1H). As indicated by the color-coded 2D voltage distri-
bution plot, the peak amplitude at the site of the stimulus elec-

trode dropped to �20% at a distance of �1 mm. Therefore, this
stimulation method causes only minimal current spread to sus-
ceptible structures other than the two targeted semicircular canal
cupulae. In particular, the relatively distant location of the utricle
(�1.5 mm), saccule (�2 mm), and lagena (�2 mm) with respect
to the closest semicircular canal stimulus electrode (Fig. 1B) min-
imizes an undesired electrical activation of otolith organs, sug-
gesting that evoked responses are largely semicircular canal
specific.

Motion- and GVS-induced eye movements
Horizontal sinusoidal rotation at a stimulus frequency of 0.5 Hz
(red dashed line in Fig. 2A) provoked oscillatory movements of
both eyes in isolated semi-intact in vitro preparations of X. laevis
tadpoles (n � 9). Video recordings revealed the timing and am-
plitude of the evoked eye movements (red trace in Fig. 2B) that
were oppositely oriented with respect to the rotation direction
(Fig. 2C). Responses were approximately in phase with table po-
sition (Tpos; gray trace in Fig. 2C) and thus phase-lagged with
respect to table velocity (Tvel; blue trace in Fig. 2C). Rotation-
evoked eye movements increased in amplitude with increasing
stimulus magnitudes (Fig. 2E) with a gain (ratio eye/table mo-
tion) of 0.28 � 0.02 at �30°/s peak velocity (0.5 Hz, �10° left–
right table excursion; n � 9). These responses were thus very
similar, both in gain and phase, to the VOR observed under in
vivo conditions for larval X. laevis at the same developmental
stage (Lambert et al., 2008; Straka and Simmers, 2012).

In the same preparations that had been subjected to rotational
stimulation (n � 9), eye movements were also elicited by sinu-
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soidal GVS of the bilateral HC cupulae at a stimulus frequency of
0.5 Hz [contralateral HC (HCc)/ipsilateral HC (HCi) in Fig.
2A)]. GVS triggered horizontal oscillatory movements of both
eyes with dynamic characteristics comparable to those observed
during head rotation (cf. green and red traces in Fig. 2B). More
specific, leftward movements of both eyes were generated during
depolarization of the right HC (HCc; bottom gray trace in Fig.
2B) and concurrent hyperpolarization of the left HC (stimulus
not plotted) and vice versa. This pattern complies with a recipro-
cal cathodal excitation and anodal inhibition of the two sensory
epithelia, respectively, thus imitating rightward–leftward head
oscillations. Temporal alignment of GVS-induced eye move-
ments (green trace in Fig. 2D) and rotation-induced responses
(red trace in Fig. 2C) indicated that the electrical stimulus re-
flected the velocity much more closely (blue arrowhead in Fig.
2C) than the position component of the turntable motion (gray
arrow in Fig. 2C). Therefore, with respect to evoked responses,
GVS essentially imitates the velocity component of a head
rotation.

With increasing head motion magnitude (Fig. 2E) as well as
current intensity (Fig. 2F), the amplitude of the evoked eye

movements increased steadily until even-
tually saturation occurred at higher
amplitudes. Direct comparison of
current- and motion-evoked eye move-
ments allowed calibrating GVS-induced
eye movements with respect to eye mo-
tion, thus offering the possibility to use
sinusoidal GVS to mimic a dynamically
defined angular VOR behavior in the ab-
sence of effective motion. According to
this calibration, imitation of a cyclic turn-
table rotation of, for example, �10° left–
right position excursion at 0.5 Hz (peak
velocity: �30°/s), required a GVS ampli-
tude of approximately �180 �A (black
dashed lines in Fig. 2G).

Motion-induced extraocular
motor discharge
To evaluate the general conditions for in-
ducing eye movements with sinusoidal
GVS, we first tested the impact of system-
atically altered motion stimulus parame-
ters on the spatiotemporal specificity of
extraocular motor activity. This evalua-
tion was facilitated by the greater sensitiv-
ity to changes in stimulus conditions
of extraocular motor spike discharge
compared with effective eye motion.
Therefore, the multiunit spike activity of
disconnected and isolated extraocular
motor nerves was recorded in semi-intact
in vitro preparations (Straka and Sim-
mers, 2012) during imposed head rota-
tion that activated particular semicircular
canal pairs (horizontal canals in Fig. 3A).
Accordingly, during horizontal sinusoidal
turntable rotation, the spontaneous mul-
tiunit discharge (33.8 � 7.4 spikes/s;
n � 10) of the LR nerve was cyclically
modulated (Fig. 3B,C).

With increasing peak velocities from
�6°/s to �60°/s at a stimulus frequency of 0.5 Hz (Fig. 3B), the
LR nerve peak discharge became larger, as indicated by the aver-
aged responses over a single motion cycle, respectively, and
reached up to �140 spikes/s (141.1 � 16.1 spikes/s; n � 10) at a
peak velocity of �60°/s (Fig. 3D,F). Whereas the spike rate in-
creased steadily with peak velocity (black symbols in Fig. 3F), the
corresponding phase lag of the responses of �10 –20° relative to
stimulus velocity was largely independent of stimulus magnitude
(red symbols in Fig. 3F). The overall change in LR nerve response
amplitude and phase relation with increasing stimulus amplitude
(Fig. 3F) is qualitatively very similar to that of rotation-induced
eye movements (Fig. 2E). However, a direct translation of the
presynaptic extraocular motor discharge into effective eye move-
ments suffers from several unknown parameters, such as the dy-
namics at the neuromuscular junction and the required buildup
and relaxation of muscle strength.

With increasing stimulus frequencies from 0.1 to 1 Hz at a
peak velocity of �30°/s (Fig. 3C), the peak firing rate of the mod-
ulated responses decreased after reaching a maximum at 0.2 Hz
(Fig. 3E,G). This decline (black symbols in Fig. 3G) was accom-
panied by a considerable change in the timing of the response
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Figure 3. Response parameters of motion-induced extraocular motor activity. A, Multiunit recordings of the LR nerve during
horizontal turntable rotation (red dashed arrow). B, C, LR nerve discharge during turntable rotation at a frequency of 0.5 Hz (B, top
traces) and three peak velocities (black, blue, red trace); and a peak velocity of �30°/s (C, top traces) and three stimulus frequen-
cies (black, blue, red trace). D, E, Averaged firing rate modulation (�SEM, shaded areas) over a single cycle (from 10 to 50 cycles,
respectively; n � 10) at 0.5 Hz and different peak velocities (color-coded traces in D) and at �30°/s and different stimulus
frequencies (color-coded traces in E); dashed lines in D and E indicate stimulus velocity. F, G, Dependency of response peak
amplitude (black symbols in F, G) and phase (red symbols in F, G) of rotation-evoked cyclic LR nerve responses (�SEM; n � 10)
with respect to stimulus peak velocity (F ) and frequency (G). Inset in G shows data obtained in a separate set of experiments (n �
7) in which the response dynamics at stimulus frequencies between 1 and 5 Hz were explored. Scale bar in C also applies to B.
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peak over the range of applied stimuli (red
symbols in Fig. 3G). In fact, responses
evoked at a stimulus frequency of 0.1 Hz
were phase advanced by �30° (31.5° �
4.3°; n � 10), whereas those evoked at 1
Hz were phase lagged by �50° (�49.8° �
6.6°; n � 17). In several preparations (n �
7), successful LR nerve recordings were
made during horizontal rotations at fre-
quencies from 1 to 5 Hz (inset in Fig. 3G).
With increasing stimulus frequencies 	1
Hz, the modulated peak firing rate de-
creased further to a peak firing rate of �20
spikes/s at 5 Hz (22.1 � 6.5 spikes/s; n �
7), whereas the corresponding phase
lagged stimulus velocity by �90° (�92.6°
� 2.6°; n � 7; inset in Fig. 3G). These
motion-induced extraocular motor re-
sponses and their respective dynamic
characteristics were used in the following
for a comparison with GVS-induced
responses.

GVS-induced extraocular motor
discharge: response dynamics
As a next step in evaluating the efficacy of
GVS, we determined the correlation be-
tween extraocular motor discharge and
stimulus current amplitude. Sinusoidal
GVS of the bilateral HCs (Fig. 4A, top
traces in B) caused a cyclic modulation of
the multiunit LR nerve discharge (n � 8)
that depended on the intensity of the ap-
plied current stimulus (color coded traces
in Fig. 4B). The spontaneous LR nerve dis-
charge of �35 spikes/s was already notice-
ably modulated at a minimal current of
�10 �A, as indicated by the averaged re-
sponses over a single cycle (black curve in
Fig. 4E). With larger current amplitudes,
the peak firing rate of the modulated
multiunit spike activity gradually in-
creased and reached �200 spikes/s at an
intensity of �100 �A (Fig. 4E). Even
larger current amplitudes of up to �300
�A, however, failed to further increase the
peak firing rate, causing instead a satura-
tion of the maximal discharge rate (green
symbols in Fig. 4G) that was accompanied
by a gradually increasing phase lead of the
peak response (Fig. 4E). Comparable to
the temporal characteristics of motion-
velocity-induced responses of LR mo-
toneurons (Fig. 3), the peak firing rate of the modulated LR nerve
response approximately coincided with the peak of the GVS half
cycle that simultaneously depolarized the HCc and hyperpolar-
ized the HCi (Fig. 4E).

To generalize the findings obtained for the horizontal angular
VOR, the evaluation of GVS-induced extraocular motor dis-
charge modulation was extended onto other combinations of
semicircular canals and extraocular motor nerves. Therefore, we
recorded multiunit spike activity of the SO motor nerve during
sinusoidal GVS of the ipsilateral posterior (PCi) and contralateral

anterior vertical semicircular canals (ACc; Fig. 4C). This latter
bilateral semicircular canal pair is spatially coaligned with the
pulling direction of the SO muscle and thus forms the major
modulatory drive for the respective extraocular motoneurons
(Branoner and Straka, 2015). Sinusoidally alternating GVS of the
PCi and ACc (red traces in Fig. 4D) provoked a cyclic modulation
(black trace in Fig. 4D) of the spontaneous multiunit SO nerve
activity (62.5 � 7.2 spikes/s; n � 8). The peak discharge of the
modulated responses coincided with the GVS half cycle, during
which the PCi was depolarized and the ACc was simultaneously
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Figure 4. Frequency and intensity dependence of GVS-induced multiple-unit discharge modulation in extraocular motor
nerves. A, C, Extracellular recordings of the left LR (A) and SO (C) nerves during GVS of the bilateral HC cupulae (green HCc and HCi)
and the left PC (PCi) and right AC (ACc) cupulae, respectively. B, Left LR nerve discharge during 1 Hz sinusoidal GVS of the bilateral
HC cupulae (traces in top row) at three current intensities (black, blue, green traces) with peak firing rates (instantaneous rate,
bottom plot) that increased with GVS amplitude. D, Left SO nerve discharge (black trace) and instantaneous firing rate (bottom
plot) during sinusoidal GVS of the left PC and right AC cupulae (traces in top row). E, F, Averaged LR (E, n � 8) and SO nerve
responses (F, n � 8) over a single GVS cycle at 1 Hz (from 16 cycles, �SEM, gray shaded areas) increased with stimulus amplitude
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�A) of the bilateral HCs at four different stimulus frequencies (color-coded traces; H ); averaged LR/SO nerve responses (from 16
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�100 �A (n � 8; I ) reveal amplitude (black symbols) and phase dependency (red symbols) of the responses on stimulus
frequency (J ). The stimulus in H indicates polarization of the HCc; numbers in H and I indicate frequency in Hz.
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hyperpolarized (Fig. 4F). A first modulation of the SO nerve
discharge usually occurred at a current of �30 �A, as indicated
by the averaged responses over a single cycle (blue curve in Fig.
4F). With larger current amplitudes, the average peak firing rate
of the modulated multiunit spike activity increased and saturated
at �220 spikes/s at current amplitudes above �200 �A (red sym-
bols in Fig. 4G). Although the overall dependency of GVS-
induced responses on current intensity was similar for the LR and
SO nerves, the modulation threshold and saturation of the peak
firing rates required larger currents for SO compared with LR
nerve responses (cf. green and red symbols in Fig. 4G). This dif-
ference is likely due to the topographic relation between electrode
tip and sensory epithelium that allows a closer placement of the
stimulus electrode to the HC than the PC or AC sensory epithelia.

The dynamics of GVS-induced extraocular motor responses
was characterized by modulating the LR and SO nerve activity
with sinusoidal currents over a frequency range of 0.05–10 Hz
(n � 12; Fig. 4H). At GVS frequencies up to �1 Hz, the peak
discharge of the modulated LR nerve responses remained rela-
tively synchronized (black and red traces in Fig. 4H) and coin-
cided with the GVS half cycle that depolarized the HCc (Fig. 4I).
Averaging both LR and SO nerve responses over a single cycle,
respectively, revealed that, at stimulus frequencies 	1 Hz, the
modulated discharge became more and more asynchronous, re-
sulting in a decrease of the peak firing rate of the modulated
extraocular motor discharge (green and blue traces/curves in Fig.
4H, I; black symbols in Fig. 4J). This decrease in peak firing rate
with increasing GVS frequency was accompanied by a concurrent
shift in the timing of the response peak (red symbols in Fig. 4J).
At stimulus frequencies up to 1 Hz, responses were phase ad-
vanced by 15–30°, whereas, at stimulus frequencies of 	1 Hz, LR
and SO response peaks became more and more phase lagged,
reaching �90° at a stimulus frequency of 10 Hz (Fig. 4I, red
symbols in J).

GVS-induced extraocular motor discharge
Independent control of bilateral push–pull inputs
The synaptic connectivity underlying the angular VOR includes
for each set of extraocular motoneurons a reciprocal crossed
excitatory and uncrossed inhibitory input from bilateral semicir-
cular canal pairs coaligned with the pulling direction of the re-
spective eye muscles (Graf and Simpson, 1981). Accordingly, the
extraocular motor response modulation during sinusoidal head
rotation consists of an alternating increase and decrease of the
spontaneous motoneuronal discharge (Straka and Dieringer,
2004). Therefore, we next attempted to influence the two com-
ponents of GVS-induced extraocular motor responses separately.
This was achieved by independently altering the position of the
two GVS electrodes (n � 6) that provoked the semicircular canal-
related excitatory and inhibitory responses, respectively (Fig.
5A). Maximal modulation of SO nerve responses evoked at a
stimulus intensity of �100 �A was obtained when the two GVS
electrodes were placed in close proximity (0 mm in Fig. 5A) to the
epithelia of the PCi and ACc, respectively (gray trace in Fig. 5B).
Retraction of the ACc electrode to a distance of 2 mm from the
epithelium while maintaining the second electrode close to the
PCi epithelium (Fig. 5A) caused a visible reduction of the inhib-
itory component (blue trace in Fig. 5B). In contrast, retraction of
the PCi electrode to a distance of 2 mm from the epithelium while
maintaining the second electrode close to the ACc epithelium
(Fig. 5A) caused an obvious decrease of the peak discharge that
reflects the excitatory VOR component (red trace in Fig. 5B). The
independent reciprocal diminishment of the two components

(red and blue asterisks in Fig. 5C) became particularly evident
when averaging the modulated responses over a single cycle (Fig.
5C). This independent reduction of excitatory and inhibitory
components, respectively, was gradual and correlated in magni-
tude with the distance between stimulus electrode and epithe-
lium (red and blue asterisks in Fig. 5D). At the most distant
position of the stimulus electrodes from the epithelium (2 mm),
the amplitudes of the two components, respectively, reached the
level of the spontaneous resting rate (gray bar in Fig. 5E). There-
fore, the systematic manipulation of the positions of the two GVS
electrodes allowed an independent control of excitatory and in-
hibitory extraocular motor responses from particular bilateral
semicircular canal pairs.

Spatial specificity of stimulation sites
As another primary purpose of the comparison between motion-
and GVS-evoked responses, we evaluated whether GVS through
carefully placed electrodes on bilateral coplanar semicircular
pairs evokes vestibulo-ocular responses with the same spatial
specificity as during a rotation along the same canal plane. Ac-
cordingly, stimulus electrodes were repositioned systematically
relative to the semicircular canal epithelia along the lateral aspect
of the otic capsule (n � 10; Fig. 5F,H). Placement of the two GVS
electrodes in close proximity of the bilateral HC (position 1 in
Fig. 5F; stimulus intensity: �50 �A) or PCi/ACc epithelia (posi-
tion 1 in Fig. 5H; stimulus intensity: �100 �A) provoked a max-
imal extraocular motor discharge modulation in the LR (trace 1
in Fig. 5G) and SO nerves, respectively, by the applied sinusoidal
current (red and green curves in Fig. 5I). Simultaneous symmet-
ric repositioning of the two HC electrodes caudally toward the PC
epithelia (bilateral positions 2 and 3 in Fig. 5F) caused a gradual
reduction of the LR nerve discharge modulation (traces 2 and 3 in
Fig. 5G; green curves in Fig. 5 J,K). A similar repositioning of the
bilateral PCi/ACc stimulation electrodes to the reciprocal stimu-
lus sites [i.e., ipsilateral AC (ACi)/PCc; bilateral positions 2 and 3
in Fig. 5H] caused a correspondingly diminished discharge mod-
ulation of the SO nerve activity (red curves in Fig. 5 J,K). This
stimulus-site-specific alteration of the discharge modulation of
the LR and SO nerves was further confirmed by simultaneous
recordings of the two nerves during GVS (0.5 Hz; �50 �A) of the
bilateral HC cupulae (n � 4; Fig. 5L). At variance with the clear
discharge modulation of the LR nerve (top trace in Fig. 5L), the
SO nerve discharge did not display any modulation (bottom trace
in Fig. 5L) up to a stimulus intensity of about �150 �A, corrob-
orating a semicircular canal-specific activation of extraocular
motor nerves at low to moderate stimulus intensities.

Central to the GVS-induced cyclic modulation of extraocular
motor discharge and the imitation of a sinusoidal head rotation is
the application of sine wave currents with oppositely oriented
polarities of the bilaterally positioned electrodes. This arrange-
ment causes activation on one side and disfacilitation of periph-
eral neuronal elements on the other side of, for example, the
bilateral HC that was comparable to the situation during hori-
zontal head rotations. This assumption was further tested by
comparing LR nerve responses that were evoked by GVS of the
bilateral HC (Fig. 5M,N) with either opposite phase (out of
phase; top trace in Fig. 5M) or with phase alignment (in phase;
bottom trace in Fig. 5M) of the sinusoidal current applied to the
two stimulus electrodes. At variance with the clear discharge
modulation during out-of-phase stimulation (black curve in Fig.
5N; n � 7), GVS with an in-phase relation of the cyclic currents
(cf. green stimulus traces in top and bottom plots of Fig. 5M) did
not provoke a modulation of the LR nerve activity (red curve in
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Fig. 5N; n � 7). This lack of modulation
is compatible with a concurrent activa-
tion of excitatory and inhibitory
vestibulo-ocular connections when the
semicircular canal sensory peripheries
on both sides are simultaneously
activated/disfacilitated.

The systematic reduction of cyclic LR
and SO nerve activity by altering the dis-
tances of the stimulus electrodes from the
respective sensory epithelia in a stepwise
manner indicates that the optimal semi-
circular canal position has a high speci-
ficity for the electrical activation of the
three-neuronal VOR with respect to a
particular spatial plane. Although the
stimulus-site-specific alterations are con-
sistent with the spatially limited extension
of the electric field for GVS (Fig. 1G,H),
this specificity also complies with the con-
served main VOR connections between
particular semicircular canals and sets of
extraocular motoneurons (Precht, 1978;
Straka and Dieringer, 2004).

GVS-induced modulation of Ca 2�

transients in central vestibular neurons
The pattern of GVS-induced neuronal ac-
tivity was studied by Ca 2� imaging of
identified vestibulo-ocular projection
neurons (green fibers and cell bodies in
Fig. 6A) labeled retrogradely with a Ca 2�

sensor (Calcium Green-1 dextran) from
the oculomotor nucleus. With respect to
the injection site, clusters of oculomotor-
nucleus-projecting VOR neurons were
consistently labeled ipsilateral in rhom-
bomeres (r) 2–3 and contralateral in r5-6
(white outlined areas in Fig. 6A), compat-
ible with earlier studies (Straka et al.,
2001, 2002a). The two populations coin-
cide with the known segmental positions
of VOR neurons that receive excitatory
vestibular afferent inputs from an ipsilat-
eral vertical semicircular canal (Straka et
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4

stimulus electrode positions (1–3, defined in F). I–K, Aver-
aged responses of the LR and SO nerves over a single GVS cycle
(from 16 cycles, �SEM, gray shaded areas; n � 10) evoked
with both electrodes close to the cupulae (HCc/HCi, PCi/ACc in
I) and after bilateral repositioning of the electrodes (J, K; color-
coded electrodes also in F, H). L, Simultaneous recordings of
the left LR (top trace) and SO (bottom trace) nerve during 0.5
Hz sinusoidal GVS (�50 �A) of the bilateral HC cupulae. M, N,
LR nerve discharge during sinusoidal GVS (0.5 Hz; �100 �A)
of the bilateral HC cupulae with sinusoids that polarized the
two stimulus electrodes either in phase opposition (out of
phase; top traces in M) or in phase alignment (in phase; bot-
tom traces in M); averaged extraocular motor responses (N,
n�7) over a single GVS cycle at 0.5 Hz (from 16 cycles,�SEM,
gray and light red shaded areas) with out-of-phase (black
curve) or in-phase (red curve) polarization. Scale bar in M ap-
plies also to L.
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al., 2002b) and commissural inhibitory inputs from the corre-
sponding contralateral coplanar semicircular canal (Holler and
Straka, 2001). Accordingly, we simultaneously stimulated the ip-
silateral AC and contralateral PC with sinusoidal GVS (Fig. 6B)
and recorded Ca 2� transients of identified VOR neurons in r2-3
that were backfilled with the Ca 2� sensor (green neurons in Fig.
6B). The majority of these neurons (12 of 16 neurons in five
preparations) exhibited fluorescence changes during GVS (Fig.
6C). At a stimulus frequency of 0.5 Hz, these Ca 2� responses
consisted of cyclic fluorescence oscillations (red arrowheads in
Fig. 6C), with the peaks being phase timed to the depolarization
of the ipsilateral AC. During the alternating hyperpolarization,
the fluorescence failed to reach the initial baseline, likely due to
the low dynamics of the Ca 2� sensor, thus causing each subse-

quent transient to start from a succes-
sively higher Ca 2� level (red dashed lines
in Fig. 6C).

To demonstrate that the observed GVS-
induced Ca 2�-responses were mediated
synaptically, rather than by direct electrical
activation of central vestibular neurons, we
pharmacologically blocked the glutamater-
gic transmission between vestibular nerve
afferents and second-order vestibular neu-
rons (Fig. 6C). Combined bath application
of the AMPA receptor blocker CNQX (15
�M) and NMDA blocker 7-Cl-KYNA (50
�M) reversibly abolished the stimulus-
evoked fluorescence modulation (red trace
in Fig. 6C), thus excluding a direct activa-
tion of central vestibular neurons by GVS.
Accordingly, Ca2� transients in VOR neu-
rons were provoked by vestibular nerve af-
ferent discharge after activation of cellular
elements in the semicircular canal epithe-
lium. However, this activation exhibited a
distinct specificity with respect to the polar-
ity of the galvanic stimulus. In fact, Ca2�

transients of imaged VOR neurons were
only activated by cathodal currents at the
electrode close to the ipsilateral AC cupula
(Fig. 6D). Accordingly, after inversion of the
stimulus polarity, the response onset was
shifted by a half cycle, coinciding again with
a depolarization of the ACi epithelium
(compare red and black traces in inset
of Fig. 6D).

The activation of VOR neurons
through bilateral GVS of the ACi/PCc was
further evaluated by systematically alter-
ing stimulus amplitude and frequency
(Fig. 6E,F). With increasing GVS magni-
tude (�25–200 �A), the amplitude of the
fluorescence peaks (Fig. 6E,G), as well as
the fluorescence level from which the
Ca 2� transients started during each suc-
cessive depolarizing half cycle, increased
gradually (see also red dashed lines in Fig.
6C). A similar augmentation of the fluo-
rescence level over the stimulus period
was observed with increasing frequencies
(0.2–2 Hz), whereas, at the same time, the
cyclic-phase-timed fluorescence peaks be-

came gradually smaller and less discernible (Fig. 6F,H). This
latter decline is again likely due to the slow decay time constant of
the evoked Ca 2�-responses that restricts a dissociation of indi-
vidual peaks with increasing GVS frequencies. Nonetheless, indi-
vidual Ca 2� oscillations were still distinguishable up to a
stimulus frequency of 2 Hz (Fig. 6H).

GVS-induced modulation of vestibular nerve
afferent discharge
GVS-induced extraocular motor activity or discharge of VOR
neurons depends on the activation of excitable cells in the vestib-
ular sensory epithelium. Because the membrane potential of both
hair cells and afferent fibers is sensitive to electrical currents, GVS
could either trigger action potentials in vestibular afferents di-
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rectly or indirectly through hair cell
depolarization and increased transmitter
release or recruit both cellular substrates.
To differentiate between these possibili-
ties, we recorded multiunit spike dis-
charge from the anterior branch of the
VIII th nerve and the spike activity of single
afferent nerve fibers during sinusoidal ro-
tation and GVS of the HC or AC sensory
epithelium (Fig. 7A). During sinusoidal
turntable rotation, the multiunit dis-
charge (dark red trace in Fig. 7B) and the
spike activity of individual afferents (HC
afferent fiber; light red trace in Fig. 7B)
became cyclically modulated with an in-
crease of the discharge during ipsiversive
motion. However, independent of the
number of recorded units, the peak firing
rate of the multiunit recording (n � 8)
increased gradually with peak velocity
over the used stimulus range (red shaded
area in Fig. 7D). This discharge profile was
confirmed by single-unit HC (n � 34) and
AC (n � 5) nerve afferent recordings;
however, as expected, single units had
peak firing rates that were lower than
those of the multiunit recordings [cf.
multiunit (M) and single-unit (S) record-
ings in left plot of Fig. 7C]. Nonetheless,
the increase in maximal firing rate with
peak stimulus velocity was very similar
between single-unit and multiunit re-
cordings (cf. red symbols with red shaded
area in Fig. 7D) and not significantly dif-
ferent from each other (Mann–Whitney
U test). The relatively wide range of rest-
ing rates between 0.1 and 14.1 spikes/s
(mean rate � SD: 5.10 � 4.95 spikes/s;
n � 39) and discharge regularity between
0.30 and 1.46 (mean CV� SD: 0.83 �
0.32; n � 39) of the recorded single units
suggest that a relatively broad population
of dynamically different vestibular nerve
afferent fibers has been included in the
analysis (Honrubia et al., 1989).

During GVS of the HC or AC cupula,
the afferent spike discharge (HC single-
unit: green traces; multiunit: blue traces in
Fig. 7B) was sinusoidally modulated with
a similar difference in peak firing rates between multiunit and
single-unit recordings (cf. M and S in right plot of Fig. 7C) as seen
for the corresponding responses during rotational stimuli (left
plot of Fig. 7C). With increasing GVS currents, the peak firing
rate increased for both multiunit recordings (blue traces in Fig.
7B) and single-unit recordings (green traces in Fig. 7B). In fact,
the maximal firing rate augmented similarly with current inten-
sity in both cases (cf. green symbols with green shaded area in Fig.
7E) and was not significantly different from each other (Mann–
Whitney U test). The relatively linear correlation between vestib-
ular afferent peak firing rate and stimulus intensity over a wide
range during rotation and GVS, respectively (Fig. 7D,E), allowed
calibrating the GVS current with respect to the motion stimulus
amplitude (red and black line in Fig. 7F). Using the peak dis-

charge of vestibular nerve afferents obtained from single-unit (S,
red line) and multiunit (M, black line) recordings during rotation
and GVS as common parameter, this comparison allowed trans-
lating peak head velocity into GVS current amplitude and vice
versa. Given the matching dependency of single-unit and multi-
unit discharge on stimulus intensities, respectively (Fig. 7D,E),
the calibration yielded similar results in both cases (red and black
lines in Fig. 7F). Accordingly, imitation of the discharge during a
sinusoidal rotation with a peak velocity of 30°/s requires a GVS
current of approximately �150 �A.

Whereas multiunit and single-unit recordings revealed simi-
lar afferent response dynamics, the multiunit recording from the
anterior branch of the VIII th nerve captured the activity of a
rather heterogeneous group of fibers that very likely also included
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utricular afferents along with HC and AC afferents. To obtain a
more homogeneous population of afferent fibers for further
analysis, we restricted our sampling to identified HC and AC
single units (n � 26). GVS of the HC or AC at different stimulus
frequencies (0.1–10 Hz) caused an afferent discharge modulation
(Fig. 7G) with a maximal peak discharge at a stimulus frequency
of �1–2 Hz (red symbols in Fig. 7H), which was similar to that of
multiunit recordings (blue area in Fig. 7H). This pattern is sim-
ilar to that of motion-induced responses in the same afferent
population with the exception of a further increase in sensitivity
above a motion frequency of 1 Hz (dark blue symbols in Fig. 7H)
and generally complies with the dynamics of mammalian afferent
fibers despite their separation into different subtypes (Kim et al.,
2011). The concurrent phase lead of GVS-induced responses with
respect to stimulus velocity in the range of 10 –20° at 0.1 Hz was
relatively constant over the tested range of stimulus frequencies
for both single-unit responses (red symbols in Fig. 7I) and
multiunit responses (blue area in Fig. 7I). This phase indepen-
dence was similar to the phase relation of the responses during
sinusoidal head motion (dark blue symbols in Fig. 7I), which,
however, in the current study could only be evaluated up to a
stimulus frequency of 4 Hz due to the impaired stability of the
afferent recordings at even higher stimulus frequencies. Unfortu-

nately, this prevented a direct comparison
of phase values of GVS- and motion-
induced responses at higher frequencies
as in mammals (Kim et al., 2011). In the
current study, the broad distribution of
amplitude modulation and phase values
over the range of used frequencies is likely
related to the relatively broad spectrum of
recorded single units, as indicated by the
range of resting rates and CVs (see above).

Cellular substrate for galvanic
stimulation of semicircular canals
To resolve the question of which cellular
substrate(s), hair cells and/or vestibular
nerve afferents are activated by GVS, we
recorded the galvanically induced dis-
charge modulation of HC and AC afferent
fibers (n � 13) during pharmacological
blockade of the synaptic transmission be-
tween hair cells and vestibular afferent fi-
bers (Fig. 8A,C). All recorded afferent
fibers were robustly modulated during ei-
ther horizontal rotation (HC afferents) or
rotation in the direction of the ipsilateral
AC (AC afferents), as well as during GVS
before drug application (magenta and
green traces in Fig. 8B). Combined bath
application of AMPA receptor (CNQX: 15
�M) and NMDA receptor (7-Cl-KYNA:
50 �M) antagonists completely blocked
the motion-induced discharge modula-
tion (magenta trace in Fig. 8D), confirm-
ing the suppression of the glutamatergic
transmission between hair cells and ves-
tibular nerve afferents (Fig. 8C). Similarly,
the discharge modulation induced by low
GVS intensities was blocked under this
condition (cf. green traces at a GVS of
�100 �A in Fig. 8B,D). However, the dis-

charge modulation evoked by higher GVS currents persisted
(green traces at a GVS of �150 and 300 �A in Fig. 8D), even
though peak firing rates were markedly reduced (Fig. 8E,F). The
failure to induce a discharge modulation by GVS at stimulus
intensities 
50 �A (Fig. 8F) in the presence of glutamatergic
antagonists suggests a preferential recruitment of hair cells at low
stimulus intensities, with only limited increase at higher currents
(dashed line in Fig. 8F). Therefore, the partial reduction of GVS-
induced vestibular afferent discharge modulation, when the hair
cell–afferent synaptic transmission was blocked (Fig. 8E,F), in-
dicates that, under control conditions, both hair cells and afferent
fibers are recruited by galvanic vestibular stimulation even
though a direct activation of vestibular afferents predominated at
higher stimulus intensities.

Discussion
Sinusoidal galvanic stimulation of semicircular canals provokes a
modulation of neuronal activity in all VOR elements. The GVS
site dependency of response magnitudes and matching spatio-
temporal profiles during GVS and rotation demonstrate that ap-
plied currents activate canal-specific circuits and imitate natural
head movements over a broad range of frequencies and ampli-
tudes. The partially reduced GVS-evoked vestibular afferent dis-
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charge following a block of the glutamatergic transmission
indicates that galvanic currents recruit both hair cells and vestib-
ular nerve afferent fibers.

Cellular substrate of GVS-evoked responses
Clinical interpretation of galvanically evoked responses in pa-
tients with inner ear pathologies depends on the knowledge of the
cellular substrate that is activated by GVS. Ever since the study by
Goldberg et al. (1984), the relatively unchallenged notion was
that GVS activates vestibular nerve afferents directly at the action
potential trigger site, bypassing hair cell synapses (see Fitzpatrick
and Day, 2004). Based on axon diameters, cathodal and anodal
galvanic currents predominantly recruit and silence irregular af-
ferent fibers, respectively, with a limited influence on regularly
firing afferents at higher stimulus intensities (Ezure et al., 1983;
Goldberg et al., 1984; Kim and Curthoys, 2004; Kim et al., 2011;
Shanidze et al., 2012). However, until now, no direct experimen-
tal demonstration was available showing that GVS-evoked re-
sponses in vestibulo-motor circuitries are activated without hair
cell contribution. Nonetheless, the view that vestibular afferents
are the exclusive origin of GVS-induced vestibular responses still
prevails. Recently, however, electrical induction of VORs in
gentamicin-treated human patients has challenged this assump-
tion (Aw et al., 2008). The impairment of evoked eye movements
in the latter study was interpreted as evidence that GVS-induced
responses depend, at least in part, on the electrical recruitment of
hair cells (Aw et al., 2008).

A significant hair cell contribution to GVS-induced afferent
discharge was in fact confirmed in the present study (Fig. 8). After
complete pharmacological blockade of the glutamatergic trans-
mission between hair cells and afferent fibers, GVS-induced re-
sponses persisted, although at reduced magnitudes (Fig. 8F). The
loss of part of the GVS-induced afferent activity suggests that a
direct activation of hair cells normally contributes to the dis-
charge modulation, a result that complies with the findings in
patients with gentamicin-induced vestibular deficits (Aw et al.,
2008). Whereas our approach benefited from spatially specific
locations of stimulation electrodes and preservation of intact in-
ner ears, an activation of both peripheral excitable elements in
other species or with other electrode placements is likely and
might finally reconcile previously opposing views on the cellular
substrate of GVS. This general extension of our finding is also
supported by very similar species-independent dynamics of
GVS-induced vestibular afferent responses (Ezure et al., 1983;
Kim et al., 2011) and by the overall evolutionary conservation of
the vertebrate inner ear (Goldberg, 2000; Fritzsch and Straka,
2014).

Spatial specificity of vestibular end-organ activation by GVS
Placement of GVS electrodes outside the intact otic capsule in
close proximity to the semicircular canal cupulae in the present
study was facilitated by the plain visibility of the inner ear in X.
laevis tadpoles (Straka and Simmers, 2012). This experimental
condition has the advantage of leaving endolymph motion-
driven cupula displacements unaffected. The locally restricted
electric field (Fig. 1G) and the stimulus site dependency of re-
sponses (Fig. 5C,D, I–K) indicate that single or pairs of bilateral
coplanar semicircular canals, and thus plane-specific vestibulo-
motor pathways, can be activated separately, compatible with the
effects of a multichannel vestibular prosthesis in monkeys (Dai et
al., 2013). This spatiotemporal specificity of GVS-evoked extra-
ocular motor responses was validated by our experiments indi-
cating that careful placement of the electrodes evokes responses

with the same spatial specificity as during a rotation along the
same canal plane. This also largely excludes concurrent electrical
activation of other semicircular canals or the more distant otolith
organs. Accordingly, stimulus electrode placement on a specific
semicircular canal in X. laevis is more precise compared with
most studies on mammalian species/humans in which electrodes
were inserted into the perilymphatic space of the inner ear (Ezure
et al., 1983; Kim et al., 2011; Shanidze et al., 2012), the middle ear
cavity (Kim and Curthoys, 2004; Kim, 2013a, 2013b), or onto the
skin (Fitzpatrick and Day, 2004) and activated all vestibular end
organs, as evidenced by, for example, current-evoked eye
(Schneider et al., 2002) or head (Kim, 2013a) movements.

Despite the different positions of the internally placed stimu-
lus electrodes, relatively similar current intensities (�100 �A)
were required to evoke responses in vestibular afferents (Kim and
Curthoys, 2004; Kim et al., 2011; this study) and central vestibu-
lar pathways or to effectively trigger VOR behavior (Shanidze et
al., 2012). Minor variations are likely related to size/resistance of
the stimulus electrodes and/or leak currents. These values, how-
ever, differ by �10-fold from those required for transmastoidal
stimulation in human subjects (Fitzpatrick and Day, 2004). Al-
though absolute values depend largely on the experimental ap-
proach, a comparison of motion- and GVS-induced responses
allowed calibrating the current stimulus (Fitzpatrick and Day,
2004). With regard to eye movements (Fig. 2) and vestibular
afferent discharge (Fig. 7) in X. laevis tadpoles, the respective
general patterns and dynamics of current- and motion-induced
responses match very well (Figs. 2G, 7F). Moreover, the corre-
sponding calibration of GVS-induced afferent discharge and eye
movements indicates that a representative sample of neurons was
recorded at each synaptic level of the VOR. Moreover, the simi-
larity of responses in this study compared with other studies
(Ezure et al., 1983) suggests that the interpretation of our results
can be extended onto other GVS models.

Dynamic properties of GVS-evoked responses
Most previous studies used current pulses to study GVS-induced
neuronal responses and vestibulo-motor behaviors or to perturb
activity patterns during motion stimulation (Shanidze et al.,
2012; Kim, 2013a, 2013b). In addition, current- and motion-
evoked responses were generally compared at one level of the
VOR circuitry (Kim and Curthoys, 2004; Kim et al., 2011). In
contrast, our approach, which probed each synaptic stage of the
VOR, allowed estimating the dynamic similarity of motion and
GVS-induced responses at multiple levels. This attempt revealed
that sinusoidal GVS corresponds more closely to the velocity than
the position component of head movements (Fig. 2C,D), with
similar phase relations between GVS- and motion-evoked re-
sponses in VOR neuronal elements over most of the tested
frequency range (�0.2-1 Hz). The tendency of more phase-
advanced GVS-, compared with motion-induced responses 	1
Hz in our study is likely due to a direct activation of vestibular
afferents, which bypasses canal fluid dynamics, cilial bundle de-
flection, and synaptic transmission between hair cells and affer-
ent fibers, a finding that is even more pronounced in the cat
(Ezure et al., 1983) and chinchilla (Kim et al., 2011), in which
higher stimulus frequencies were used. The further increasing
sensitivity of afferents for motion-evoked responses 	2 Hz at
variance with GVS-induced afferent discharge (Fig. 7H) is com-
patible with data from the chinchilla (Kim et al., 2011) and might
be related to an altered efficacy of GVS at higher frequencies.
Moreover, specific differences between GVS- and rotation-
evoked response dynamics in mammals and amphibians might
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be related to afferent fiber types, stimulus frequencies used,
and/or electrode placement. Because recruitment order and acti-
vation threshold of hair cells and afferent fibers differ between
electrical and motion stimulation, any comparison between
GVS- and motion-induced responses requires careful interpreta-
tion (Kim and Curthoys, 2004; Kim et al., 2011).

In contrast, differences in timing between GVS-induced ex-
traocular motor discharge and eye movements are similar to
those of respective motion-induced responses and are likely re-
lated to the additional synapse between motoneurons and muscle
fibers and the buildup of muscle strength. The available response
dynamics of various VOR neuronal elements in the same animal
model allows determining transfer functions that might be also
relevant for other species. Although GVS pulses are convenient to
determine response onsets (Goldberg et al., 1984), sinusoidally
oscillating stimuli appear to be more suitable for activating
irregular vestibular afferents given their particularly fast response
dynamics (Goldberg, 2000), which in part are due to voltage-
dependent K�-channels (Eatock and Songer, 2011).

The possibility of using GVS to imitate body motion will fa-
cilitate the conduction of fluorescence imaging experiments in
central nervous circuits that render natural vestibular stimula-
tion challenging. The possibility of differentiating GVS-induced
responses temporally during Ca 2� imaging up to 2 Hz (Fig. 6)
will facilitate studies that aim at understanding the organiza-
tion of frequency-tuned vestibular pathways for sensory–motor
transformation (Straka et al., 2005). Moreover, knowledge of the
activated cellular substrates allows a more faithful categorization
of vestibular disorders (Curthoys, 2010) or further improvement
of vestibular prostheses (Fridman and Della Santina, 2013). In
animals (Gong and Merfeld, 2000; Dai et al., 2011; Mitchell et al.,
2013) and human patients (Phillips et al., 2015), vestibular pros-
theses provide controlled inputs that trigger vestibular reflexes
(Dai et al., 2013; Lewis, 2015). Whereas prosthetic rate stimula-
tion activates ampullary nerve fibers directly, modulated DC cur-
rents might also recruit hair cells, if intact. However, more insight
into the mechanistic basis of GVS is required to understand the
differential activation of excitable elements within the vestibular
epithelia. Once this is resolved, GVS will considerably facilitate
the diagnosis and treatment of vestibular deficits and the under-
standing of basic aspects of sensory–motor transformations.
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