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Abstract

Loss of peripheral vestibular function provokes severe impairments of gaze and posture stabilization in humans and animals.
However, relatively little is known about the extent of the instantaneous deficits. This is mostly due to the fact that in humans
a spontaneous loss often goes unnoticed initially and targeted lesions in animals are performed under deep anesthesia, which
prevents immediate evaluation of behavioral deficits. Here, we use isolated preparations of Xenopus laevis tadpoles with
functionally intact vestibulo-ocular (VOR) and optokinetic reflexes (OKR) to evaluate the acute consequences of unilat-
eral VIIIth nerve sections. Such in vitro preparations allow lesions to be performed in the absence of anesthetics with the
advantage to instantly evaluate behavioral deficits. Eye movements, evoked by horizontal sinusoidal head/table rotation in
darkness and in light, became reduced by 30% immediately after the lesion and were diminished by 50% at 1.5 h postlesion.
In contrast, the sinusoidal horizontal OKR, evoked by large-field visual scene motion, remained unaltered instantaneously
but was reduced by more than 50% from 1.5 h postlesion onwards. The further impairment of the VOR beyond the instanta-
neous effect, along with the delayed decrease of OKR performance, suggests that the immediate impact of the sensory loss
is superseded by secondary consequences. These potentially involve homeostatic neuronal plasticity among shared VOR-
OKR neuronal elements that are triggered by the ongoing asymmetric activity. Provided that this assumption is correct, a
rehabilitative reduction of the vestibular asymmetry might restrict the extent of the secondary detrimental effect evoked by
the principal peripheral impairment.

Keywords Vestibulo-ocular reflex - Semicircular canal - Extraocular motoneurons - Eye movements - Unilateral
labyrinthectomy - Homeostatic plasticity - Optokinetic reflex

Introduction

Unilateral loss of peripheral vestibular function causes
severe and incapacitating symptoms [1]. These emerging
deficits derive from either an impairment of inner ear struc-
tures or are commonly observed following damage to the
statoacoustic (VIIIth) nerve. Well characterized impairments
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of this nerve, such as neuritis, schwannoma, or surgical
transection each provide some degree of peripheral vestibu-
lar loss that is usually accompanied by vertigo, dizziness,
oscillopsia, and various cognitive deficits in orientation and
navigation [2]. Furthermore, pathological motor reactions
such as a nystagmus or postural asymmetries also occur fol-
lowing VIIIth nerve disfunction [2—7]. Human patients with
impaired vestibular function presenting to a clinician, how-
ever, have usually suffered from such symptoms for many
days prior to clinical assessment, with the more immediate
and most severe impairments having often vanished. In addi-
tion, the presented symptoms are often superimposed with
and influenced by, alterations that derive from vestibular
compensation, a plasticity process thought to ameliorate
lesion-induced deficits [1], which often encumbers diag-
nostic effectiveness.

Experimental reproduction of vestibular deficits in animal
models also suffer from a general lack of detailed knowledge
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on the magnitude, variety, and progression of acute symp-
toms that appear instantaneously after an induced loss of
peripheral vestibular function. This is mostly due to the fact
that any peripheral vestibular lesion has to be performed in
deeply anesthetized and analgesically treated animals that
require a post-surgical recovery period until the behavioral
impairments can be faithfully evaluated. During this period,
the activity of the nervous system is considerably attenuated
and thus unable to appropriately express immediate func-
tional deficits [8]. Compared to typical patients with a ves-
tibular syndrome that are seen by a clinician days and weeks
after the incident, a planned tumor surgery of the VIIIth
nerve [9] or a comparable experimental manipulation, e.g. in
rabbits [10] or mice [11] are currently the closest conditions
that allow an evaluation of the acute stage after a vestibular
lesion. Nonetheless, all these studies suffer from the una-
voidable temporal lag between the surgical lesion and the
fully awake state of an animal, which is required to estimate
the full spectrum of immediate behavioral consequences.

The difficulties of evaluating acute motor impairments
after a unilateral peripheral vestibular nerve lesion can be
circumvented, however, by employing the amphibian Xen-
opus laevis as a model system. In particular, an isolated
in vitro whole-head preparation of Xenopus laevis tadpoles
with intact sensory organs (eyes, inner ears) and motor effec-
tor organs (eye muscles) to execute visuo-vestibular motion-
evoked eye movements allow an in vivo-like approach and
manipulations under in vitro conditions [12]. Specifically,
the isolated nature of the in vitro preparation allows a rapid
surgical transection of the VIIIth nerve under visual guid-
ance in the absence of anesthesia, providing the necessary
condition to characterize and quantify the instantaneous
behavioral consequences of a unilateral vestibular loss. To
evaluate the impact of a VIIIth nerve transection, the current
study directly assessed the behavioral output from ocular
motor centers, where both vestibular and visual information
converges. Accordingly, spontaneous eye position changes
as well as vestibulo-ocular reflex (VOR) and visual image
motion-evoked optokinetic reflex (OKR) performance dur-
ing separate or combined horizontal visuo-vestibular motion
stimulation [13, 14] were assessed.

In this study, static and motion-evoked eye movements
were recorded with an infrared video camera prior to and
immediately after a unilateral transection of the VIIIth
nerve. The gain and phase magnitudes of evoked eye move-
ments at four time points, over a period of up to 5 h postle-
sion, were analyzed to estimate the acute consequences of
the lesion and to evaluate the plasticity of the ocular motor
behavior.

Material and methods
Animals and experimental preparation

Xenopus laevis tadpoles of either sex (n=7) at develop-
mental stages 53-55 [15] were obtained from the in-house
animal breeding facility at the Biocenter-Martinsried of the
Ludwig-Maximilians-University Munich. Tadpoles were
maintained in tanks with non-chlorinated water (17—-18 °C)
at a 12/12 light/dark cycle. Experiments were performed
in vitro on semi-intact preparations and comply with the
"Principles of animal care", publication No. 86-23, revised
1985 of the National Institute of Health. Permission for
these experiments was granted by the Regierung von Ober-
bayern (ROB-55.2-2532.Vet_03-17-24).

Tadpoles were anesthetized in 0.05% 3-aminobenzoic
acid ethyl ester methanesulfonate at room temperature
(MS-222; Pharmaq Ltd. UK) for 3 min, transferred to ice-
cold frog Ringer solution (75 mM NaCl, 25 mM NaHCO;,
2 mM CaCl,, 2 mM KCI, 0.1 mM MgCl,, and 11 mM
glucose, pH 7.4), decapitated at the level of the upper spi-
nal cord (Fig. 1a) and pinned to a Sylgard base with the
ventral side up to remove the lower jaw and viscera under
visual control. The skin was removed from the remaining
tail and all spinal nerves were severed to prevent swim-
related contractions of the most anterior axial muscles.
The cartilaginous skull was opened from dorsal and the
forebrain was removed. The hindbrain entrances of both
VIIIth nerves were exposed by removal of connective tis-
sue above and around the brain, as well as by removal of
the choroid plexus overlaying the fourth ventricle. How-
ever, the remaining central nervous system, visual, and
vestibular sensory periphery with afferent connections,
and extraocular motor nerves were functionally preserved.
This allowed the recording of eye movements during appli-
cation of visual and vestibular motion stimuli. Following,
the preparations were allowed to recover for~2 hat 17 °C
before commencing with the recording session [16]. Dur-
ing a recording session, preparations were mechanically
secured in the center of a Sylgard-lined chamber and con-
tinuously superfused with oxygenated (Carbogen: 95%
0,, 5% CO,) Ringer solution at a constant temperature of
17.5+0.5 °C.

Because of the maintained neuronal innervation of
the extraocular muscles, the isolated preparation allowed
the activation of eye movements by vestibular and vis-
ual motion stimulation. Natural activation of the ves-
tibular endorgans was performed with a six degrees of
freedom motion stimulator (PI H-840, Physik Instru-
mente, Karlsruhe, Germany). Vestibular motion stimuli
consisted of sinusoidal horizontal rotations at 0.5 Hz
and positional excursion of + 10° that generated a peak
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Fig. 1 Experimental paradigm for evaluating acute consequences of
a unilateral VIIIth nerve section on eye movements. a Isolated head
preparation of a stage 55 Xenopus laevis tadpole with functional eyes,
eye muscles, inner ears and neuronal circuits for ocular motor behav-
ior; the inset on the right illustrates afferent innervation patterns of
vestibular endorgans after tracer placement (Tetramethylrhodamine)
into the vestibular nuclei. b Schematic of the vestibular hair cell—
hindbrain vestibular nucleus (VN) connection depicting the VIIIth
nerve, ganglion of Scarpa (G) and site of the postganglionic nerve
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velocity of +31.4°/s. Visual pattern motion was provided
in an open-loop virtual reality setting formed by an open
cylindrical screen, encompassing 275° with a diameter of
8 cm and a height of 5 cm. Three digital light process-
ing (DLP) video projectors (Aiptek V60), installed in 90°
angles to each other were affixed to the table surround-
ing the screen and projected a visual pattern at a refresh
rate of 60 Hz onto the screen [14]. The pattern consisted
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section (lesion). c—e Schematics illustrating the three experimental
paradigms used to evaluate the impact of the unilateral lesion: vesti-
bulo-ocular reflex in darkness (VOR in darkness; c), in light (VOR in
light; d) and optokinetic reflex (OKR; e). f Flow chart illustrating the
temporal sequence of prelesional control recordings, nerve transec-
tion, and postlesional recordings of visuo-vestibular motion-evoked
eye movements. AC, PC, HC anterior, posterior vertical, horizontal
semicircular canal, HB hindbrain, Lag lagena, OC otic capsule, Sac
saccule, Ut utricle. Scale bars in a are 2 mm and 50 um, respectively

of equally spaced, vertical, black and white stripes with
a spatial size of 16°/16°. The pattern motion consisted
of horizontal sinusoidal oscillations at 0.2 Hz and posi-
tional excursions of + 10° (£ 12.6°/s peak velocity). For all
experiments, the Sylgard-lined recording chamber with the
affixed preparation was placed in the center of the cylindri-
cal screen that co-aligned with the vertical rotation axis of
the motion stimulator. Visual and vestibular motion stimuli
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were applied either separately or in combination to evoke a
VOR in darkness, VOR in light (in the presence of world-
stationary vertical black and white stripes) or an OKR
(Fig. 1c—e). The temporal sequence of prelesional control
recordings, nerve transection, and postlesional recordings
of visuo-vestibular motion-evoked eye movements is illus-
trated in the flow chart of Fig. 1f.

Eye movements were recorded non-invasively with an
infrared video camera (Grasshopper mono, Point Grey
Research Inc., Canada) and a zoom objective (Optem Zoom
70XL, Qioptiq Photonics GmbH & Co. KG, Germany) with
an adequate lens (M25x0.75+0.25) as previously described
[16]. This system was mounted on top of the experimental
setup to visualize the motion of both eyes from above during
visual and vestibular motion stimulation at a video capture
frame rate of 30 Hz with FlyCap2 software (v2.3.2.14.).
Eye motion profiles and parameters were extracted from the
captured video sequences using a custom video-processing
algorithm written in C++ (for details see [17]). To calcu-
late the motion of the eyes, an ellipse was drawn around
each eyeball and the angle between the major axis of the
ellipse and the longitudinal axis of the head was calculated
in each frame of a given video sequence. Based on the frame
rate (30 Hz), the change in eye position over time was then
computed.

Unilateral surgical transection of the Vllith nerve

The plain visibility of the central nervous system (CNS) and
cranial nerve roots facilitated a targeted transection of the
right VIIIth nerve by cutting the nerve between its entrance
into the hindbrain and the inner wall of the otic capsule
with a microscissor under direct visual control. All proce-
dures were completed under a binocular microscope, which
allowed precise and complete transection of the entire nerve
bundle with a single cut. Great care was taken to not dam-
age the hindbrain, the otic capsule or other cranial nerves
traversing ventrally in proximity to the VIIIth nerve. Based
on the site of the transection, between the medial wall of the
otic capsule (Fig. 1b) and the entry into the hindbrain, the
lesion was postganglionic and accordingly disconnected the
ganglion of Scarpa from the brain [18].

Data analysis

Eye and stimulus positions were recorded in Spike2 (Cam-
bridge Electronic Design, UK) for off-line analysis. For all
subsequent analysis, eye and stimulus position data was re-
sampled to 100 Hz using linear interpolation, and eye posi-
tion traces were smoothed with a 0.05 s time constant with
built-in Spike2 functions. Eye positions over a single head/
table or visual image motion cycle were obtained from the
recorded data using a custom Spike?2 script for single-cycle

extraction and consolidated with a custom script written in
Python 3. Average responses were calculated from 20-30
cycles. Respective magnitudes were computed from peak-to-
peak amplitudes of “successful” VOR cycles (see “Results™).
The phase relation of motion-induced eye movements with
respect to the table position was obtained by comparing the
timing of the average response peak with the timing of the
maximal stimulus position or visual motion pattern deflec-
tion. To assess if the motion of both eyes was conjugated,
bilateral eye positions were exported from Spike2 and plot-
ted against each other. While exporting, a lower sampling
rate of 10 Hz was used to avoid oversaturation of the plots. If
data points did not have a corresponding value at each sam-
pling interval, the nearest temporal point was used instead.
To assess static eye position, average resting eye positions
over 10 s were extracted from Spike2 prior to starting the
first recording session in darkness. The data were further
processed and analyzed statistically using Prism (GraphPad
Software, Inc, USA). Responses were normalized and aver-
aged (£ SD; standard deviation) for comparison. Statisti-
cal differences were calculated with the Friedman test and
Dunn’s multiple comparisons test (non-parametric, paired
data; Prism, GraphPad Software, Inc, USA). Statistical
analysis with the Friedman test will be reported only in the
text while Dunn’s test will be reported also in the figures
and/or legends.

Dextran amine dye tracings

Fluorescent visualization of the VIIIth nerve was used to
provide a pre-experimental visual reference of the distal
entrance site of the nerve, ganglion cell bodies, and periph-
eral neurites within the otic capsule for subsequent experi-
mental procedures requiring transection of unlabeled nerves.
Tetramethylrhodamine (543 nm; 3000 MW; Invitrogen,
D3308) crystals were dissolved until a viscous solution was
produced. Pins affixed to glass micropipettes were placed in
this viscous tracer solution, coated with a high concentration
of tracer and inserted unilaterally into the vestibular nuclei
of the hindbrain in an in vitro preparation. Tracer spread to
neighboring structures was carefully avoided. The prepara-
tion was then transferred into 200 ml freshly-oxygenated
Ringer solution and incubated at 17 °C for 24 h (n=1).
Thereafter, the preparation was fixed in 4% paraformalde-
hyde (PFA) for 24 h and cleared using the uDISCO method
[19]. In brief, the preparation was serially incubated in 30,
50, 70, 80, 90 and 96 vol% tert-butanol (2 h each; Sigma,
360538), and then cleared in a mixture of benzyl alcohol
(Sigma, 24122-M), benzyl benzoate (Sigma, W213802)
and diphenyl ether (Alpha Aesar, A15791) corresponding
to BABB-D15 according to Pan et al. [19]. Subsequently,
the tissue was mounted and coverslipped in BABB-D15
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using a custom metal spacer before imaging on an Olympus
Fluoview confocal microscope (FV 10-ASW 2.1 software).

Results

The acute effects of unilateral vestibular nerve sections on
static eye position and visuo-vestibular motion-induced eye
movements were evaluated immediately and up to 5 h postle-
sion. The analysis of ocular motor performance in prele-
sional conditions for each experimental animal allowed reli-
able quantification of the behavioral impairment prior to and
over the first few hours after the unilateral loss of periph-
eral vestibular function. Prelesional performance was first
assessed to determine the range of unmanipulated responses
and was subsequently followed by identical assessment after
the VIIIth nerve lesion.

Prelesional eye position and motion dynamics
during visuo-vestibular stimulation

Resting eye position and stimulus-evoked eye movements

The eyes of Xenopus laevis tadpoles at mid-larval stages
have a lateral position with a slightly nasal orientation of
5-10° relative to the longitudinal head/body axis (Figs. la,
2a) with an ocular motor range of ~20°, estimated by sys-
tematic analysis of the OKR performance [14]. In darkness,
in the absence of visuo-vestibular motion stimulation, the
position of both eyes remained relatively stable except for
very small (~1°), horizontal oscillations (Fig. 2b) despite
variability in absolute resting position between animals
(Fig. 2c; black). The variability of the resting eye position
between preparations likely derives from the combinato-
rial influence of potentially inconsistent horizontal place-
ments of the latter within the recording chamber, variations
in the electronic detection of the oval-shaped eyes by the
tracking software and development-related differences of
the eye position between animals at stage 53-55. Despite
this variability, a consistent and most notable aspect was
the absence of scanning saccadic eye movements, with the
exception of infrequent locomotion-related fast horizontal
eye deflections [20]. During prelesional control conditions,
horizontal sinusoidal rotation in darkness (0.5 Hz; +31.4°/s
peak velocity; n=6) evoked movements of both eyes that
were directed in phase-opposition to the stimulus, indica-
tive of a functional angular VOR (black traces in Fig. 2d).
Eye movements during most cycles of the motion stimulus
had waveforms and dynamics that matched well with the
expectations of a “successful” VOR in Xenopus tadpoles
(Fig. 2d,g) [13]. Other cyclic response types, although fewer,
appeared to be “unsuccessful” attempts, as characterized
mostly by negligible responses, “fast phases” of variable
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kinetics and magnitudes [14] or were designated as “other”
because of uncertain classification that did not allow reliable
assignment to a particular category (Fig. 2g; Supplementary
Fig. 2a). The common denominator of the latter class was an
eye motion peak velocity that exceeded, in part considerably,
stimulus peak velocity and thus did not meet the criteria of a
VOR slow phase, which by definition can maximally adopt
stimulus motion magnitudes [21].

A principally analogous pattern with similar dynamics
of eye movements was evoked during horizontal sinusoidal
motion stimulation in the presence of a black and white ver-
tically striped, world-stationary visual pattern (VOR in light;
black traces in Fig. 2e). The majority of eye movements
were again designated as “successful” VOR, with responses
that were generally more robust than the VOR in darkness
(Figs. 2g, 3d). Likely due to the concurrent effect of the
world-stationary visual pattern, “unsuccessful” attempts
to stabilize gaze were almost completely absent (Supple-
mentary Fig. 2b). In contrast, eye movements classified as
“fast-phases” or “other” were found in similar proportions
as during application of a sinusoidal motion stimulus in
darkness. This indicates that vestibular motion stimulation
evokes a qualitatively similar VOR in larval Xenopus under
both illumination conditions, although, eye movements pro-
duced in the presence of a world-stationary black and white
striped pattern were more robust. This enhanced robustness
most likely derived from the synergistic performance of ves-
tibular and optokinetic reflexes during turntable motion and
concurrent relative motion of the visual pattern. To isolate
the contribution of visual motion-induced eye movements
during activation of the VOR in light, the OKR was sepa-
rately elicited by visual pattern motion in the absence of
turntable rotation. Horizontal sinusoidal motion of black and
white vertical stripes (0.2 Hz; + 12.6°/s peak velocity; n=6)
evoked oscillatory movements of both eyes that aimed at
following the stimulus (Fig. 2f), in correspondence with the
spatio-temporal dynamics of a functional OKR in Xenopus
tadpoles (see [13]). The responses were robust with no reset-
ting “fast phases”. As described for the resting eye position
in darkness (Fig. 2b), the eyes also remained relatively sta-
tionary in light, except for small irregular horizontal oscil-
lations with magnitudes of ~1° (not shown).

Eye motion performance

All three different visuo-vestibular motion stimulus para-
digms evoked horizontal movements of both eyes that were
directionally coordinated (Fig. 2d—f). The extent of coor-
dinated conjugation for the left and right eye was quantita-
tively evaluated by calculating the bilateral response coordi-
nation from 27-30 cycles of the VOR (in darkness), omitting
twitch-like eye movements. Plotting eye position magni-
tudes of the left eye (x-axis) versus the right eye (y-axis)
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confirmed that the positions of the two eyes during motion
stimulation were strongly correlated with each other (VOR
in darkness: 1=1.015; ¥*=0.8567; n=6), yielding a slope
close to 1 (Fig. 2h, left panel). This close correspondence
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indicated a strict conjugation of both eyes during stimulus-
triggered motion, despite the lack of a fovea in these animals
and the rather lateral position of the eyes. After averaging
across multiple cycles (Fig. 3c—e), gain values re stimulus
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«Fig.2 Spontaneous and visuo-vestibular motion-evoked eye move-
ments. a, b Infrared images (a) and static eye position of the left (LE)
and right (RE) eye (b) before (upper image in a, black trace in b) and
immediately after (0 h) transection of the right VIIIth nerve (lower
image in a; magenta trace in b); dashed white lines in a indicate the
major axis of the oval-shaped eyes, used to measure eye position and
evoked motion. ¢ Dot and whisker plot of the absolute eye position
relative to the longitudinal body axis (left) and following subtrac-
tion of the prelesional eye position (right) in controls, immediately
(0 h, magenta) and 1.5 h after transection of the right VIIIth nerve
(cyan) in darkness. d-f Examples of movements of the left and right
eye during four consecutive cycles of horizontal sinusoidal rotation
of the head/table (0.5 Hz;+31.4°/s) in darkness (VOR in darkness;
d), in light (VOR in light; e), and of horizontal sinusoidal motion
(0.2 Hz; +12.6°/s) of a vertical black and white striped pattern (OKR;
f) before (black traces) and immediately after (O h) transection of
the right VIIIth nerve (magenta traces); dashed sinusoids represent
stimulus position profiles (S,,); arrowheads indicate eye movements
evoked by head/table motion towards the intact (single arrowhead)
and ipsilesional (two arrowheads) side; dotted orange line in d indi-
cates the gradual shift in eye position towards the ipsilesional side
with each rotation cycle. g Qualitative categorization of eye move-
ments evoked by vestibular motion stimulation labeled as “success-
ful”, “unsuccessful”, “fast phases” and “other”; dashed sinusoids rep-
resent the stimulus position (+10°) profiles of the head/table motion
cycle at 0.5 Hz. h Conjugation correlation plots of the position of
the left and right eye during horizontal sinusoidal head/table rotation
(VOR in darkness) before (black) and 1.5 h (cyan) after transection
of the right VIIIth nerve; note that the position of both eyes is closely
correlated indicating strict conjugation during the horizontal angular
VOR before and after the lesion

were calculated for “successful” VOR and OKR responses,
respectively (Fig. 3f~h). Under control conditions, i.e., prior
to the unilateral section of the VIIIth nerve, this analysis
yielded a gain value (eye motion/stimulus motion) for the
VOR in darkness of 0.29+0.1, for the VOR in light of
0.32+0.08 and for the OKR during sinusoidal motion stimu-
lation of 0.14 +0.04 (all values are mean + SD; n=©6, respec-
tively). Peak responses re stimulus position had phase leads
of — 54° (— 54.3°+12.34°) and — 29° (— 29.4° + 18.2°) for
the VOR in darkness and in light, respectively. For the OKR,
the peak response was nearly phase-aligned with stimulus
position (13.4°+10.1°; values are mean +SD; n =6, respec-
tively). These values complied with those reported earlier
for Xenopus tadpoles at this developmental stage [13, 14].

Postlesional effects following unilateral transection
of the VIlith nerve

Transection of the Vllith nerve

The plain visibility of the hindbrain and cranial nerve roots
allowed a rapid, targeted transection of the right VIIIth
nerve by a single cut with a microscissor between the nerve
entrance and Scarpa’s ganglion (Fig. 1b). This controlled
surgical intervention ensured that no other cranial nerve
traversing in close vicinity such as the abducens nerve was
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unintentionally harmed. Since the transections were made
in vitro in the absence of neuronal activity-suppressing anes-
thetic agents, the consequences on eye position and evoked
eye motion could be evaluated immediately after the lesion.

Impact on resting eye position

The impact of the unilateral peripheral vestibular impair-
ment on resting eye position in darkness was evaluated
immediately (0 h) and 1.5 h after the nerve section. Most
notably, a spontaneous nystagmus, as present for instance in
mammalian species [11, 22] including human patients [1],
was not observed in any preparation. Instead, both eyes con-
tinued to remain relatively stable except for horizontal oscil-
lations with similarly small magnitudes as those observed
in controls (compare magenta and black traces in Fig. 2b).
Even though the prelesional resting position was variable
across animals (black in Fig. 2c), the average resting posi-
tion of both eyes tended to shift towards the ipsilesional
side immediately after the lesion (lower image in Fig. 2a at
Oh; magenta in Fig. 2c). This more eccentric position was
maintained at similar values at 1.5 h postlesion in 4 out of
6 animals (cyan in Fig. 2¢). The postlesional alteration of
individual resting eye position at the first two tested time
points is more clearly illustrated in Fig. 2c, right plot, fol-
lowing subtraction of the individual control resting posi-
tion, respectively. This average tentative shift in eye position
across preparations complies with the induced asymmetry in
bilateral vestibular afferent resting discharge rates following
the nerve section, known to consequently cause a sustained,
ipsilesionally directed excitatory drive of extraocular moto-
neurons [23].

Impact on VOR performance

VOR responses were elicited by sinusoidal head motion
in darkness and in light as under control conditions.
Responses were found again to be heterogenous (magenta
traces in Fig. 2d,e; Supplementary Fig. 2a, b) across
stimulus cycles and repetitions but in general contin-
ued to adhere to the four categories established for the
control condition (see Fig. 2g). Immediately after the
VIIIth nerve section, “successful” VOR responses dur-
ing sinusoidal motion in darkness decreased in occurrence
(magenta in Fig. 3a) but significantly more so after 1.5 h
(cyan in Fig. 3a; p=0.1416 Friedman test; control versus
0 h p=0.5637; control versus 1.5 h p=0.0433 Dunn’s
multiple comparisons test). In contrast, the number of
“successful” VOR responses during sinusoidal motion
in light remained largely unchanged compared to con-
trol responses (magenta and cyan in Fig. 3b; p=0.7402
Friedman test; control versus O h p>0.9999; control ver-
sus 1.5 h p=0.3865 Dunn’s multiple comparisons test),
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«Fig.3 Immediate effects of a unilateral VIIIth nerve section on eye
movement dynamics. a, b Relative proportion of “successful” VOR
responses before (black), immediately (0 h, magenta) and 1.5 h
postlesion (cyan) during sinusoidal rotation in darkness (a) and in
light (b). c—e Averages of “successful” VOR responses in dark-
ness (c), in light (d) and OKR responses (e) over a single sinusoidal
stimulus motion cycle; averages are the mean of the responses from
all preparations (n=6), respectively; dashed sinusoids represent the
stimulus position profile (S,); arrowheads indicate eye movements
evoked by head/table motion towards the intact (single arrowhead)
and ipsilesional (two arrowheads) side, respectively. f-h Response
gains (eye motion / stimulus motion) before, at 0 h and 1.5 h after
the lesion for the VOR in darkness (f), in light (g) and the OKR (h).
i—j Representative example traces of sinusoidal VOR eye movements
over the first half cycle during head/table motion in darkness (i) and
in light (j) directed towards the intact (left) and ipsilesional side
(right) before (black traces) and immediately after the VIIIth nerve
section (0 h, magenta traces); thin and thick lines represent individual
and average responses, respectively. *p<0.05; **p<0.01; Dunn’s
multiple comparisons test with respect to control values

suggesting that the additional presence of a world-sta-
tionary black and white striped visual pattern that acti-
vates concurrent visuo-motor responses during vestibular
motion stimulation in light might offset the unilateral lack
of head rotational sensory signals.

In a complementary manner, the category of “unsuc-
cessful” VOR response attempts, which was rather low in
occurrence during prelesional control conditions, increased
following VIIIth nerve transection (Supplementary Fig. 2a,
b). While this was particularly pronounced for the VOR in
darkness (p =0.0009 Friedman test), the occurrence of this
category was not significantly increased for VOR in light
(p=0.4244 Friedman test). This is likely due to the fact that
this category is virtually absent in all preparations under
prelesional control conditions (Supplementary Fig. 2b) and
only mildly increased in reciprocal correspondence to the
tendency of reduced “successful” VOR response attempts
after the lesion.

At variance with the complementary postlesional altera-
tions of the “successful” and “unsuccessful” VOR response
categories, the average occurrence of “fast phases” and
“other” was largely unaffected by the VIIIth nerve section
during both table motion in darkness and in light (Supple-
mentary Fig. 2a,b; Friedman test in darkness p=0.6922 and
in light p=0.2537 for “fast phases”; p=0.8781 in darkness
and p=0.4247 in light for “other”). The lack of an increase
in the number of fast phases during motion stimulation also
complies with the absence of a VIIIth nerve lesion-induced
nystagmus during static head position both in light and in
darkness (see above). The unchanged frequency of occur-
rence of eye movements during motion stimulation desig-
nated as “other” before and after the nerve section (Sup-
plementary Fig. 2a,b) suggests that this category of jerky
ocular motor behavior is independent of vestibular signals
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and potentially driven by spontaneous episodes of activity
in brainstem or spinal locomotor circuits [20].

Impact on VOR response gain and phase

An VIIIth nerve section appeared to cause the evoked cyclic
eye movements during sinusoidal rotation in darkness to
decrease in magnitude (magenta traces in Fig. 2d) imme-
diately after the unilateral loss of vestibular signals (0 h).
The reduced responses of the VOR, although rather variable
between preparations, yielded an average gain of 0.20+0.10
(mean+SD; n=06) as indicated by the mean responses over a
single motion cycle (Fig. 3c, ). The bidirectional eye motion
components of the VOR during horizontal sinusoidal motion
stimulation, however, were differentially affected. Instead
of symmetric responses in both head motion directions
(Fig. 2d black traces), eye movements evoked by rotation
towards the side of the lesion became considerably slower
and smaller in magnitude (magenta traces; two arrowheads
in Fig. 2d). In contrast, eye movements evoked by rotation
towards the intact side appeared to be unchanged compared
to controls in terms of dynamics and amplitude (magenta
traces; arrowhead in Fig. 2d). This asymmetric performance
caused the position of both eyes to gradually but constantly
shift with each successive motion cycle towards the side
of lesion (orange dotted line, connecting peak responses in
Fig. 2d). The directionally different dynamics of eye move-
ment components during repetitive motion cycles was con-
firmed by evaluating the responses during the first half cycle
in either direction starting from the resting table position
(Fig. 31, j). A typical example of directionally different eye
movements immediately after the lesion (0 h) is illustrated
in Fig. 3i, j. Peak-to-peak amplitudes and velocities of the
eye movements in response to ipsilesionally directed head/
table motion in darkness (Fig. 3i) dropped immediately after
the nerve section (Fig. 3i, right) to rather negligible values,
while eye movements evoked by head/table motion towards
the intact (contralesional) side remained unaltered or even
increased slightly in amplitude and dynamics compared to
those recorded in controls (Fig. 3i, left).

Despite concurrent visuo-vestibular stimulation during
the VOR in light, i.e. in the presence of a world-stationary
vertical striped pattern, a considerable reduction of the
response amplitude was observed, with a drop in gain from
0.32 +£0.08 (mean +SD; n=6) in controls to a value of
0.22+0.10 (mean + SD; n=6; Figs. 2e, 3d, g) immediately
after the VIIIth nerve section (0 h). Even though vestibular-
evoked eye movements in light appeared to be less asym-
metric than in darkness, the reduction in response amplitude
was similar for the VOR in darkness and in light. Thus, con-
currently evoked visuo-motor responses during the VOR in
light were unable to attenuate a full gain reduction immedi-
ately after the VIIIth nerve section; however, visual motion
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signals appeared to have allowed to at least partially offset
the impaired eye motion dynamics during rotation in the
ipsilesional direction. Nonetheless, eye movements evoked
by head/table motion towards the ipsi- and contralesional
(intact) side in light were as asymmetric in amplitude and
dynamics (Fig. 3j) as those evoked during rotation in dark-
ness (compare with left and right in Fig. 3i).

During the postlesional period, the VOR in darkness and
in light continued to deteriorate further after the instantane-
ous recordings following the nerve section (0 h) to reach
even lower values at 1.5 h postlesion. The gain of both VOR
in darkness and in light dropped to 0.14+0.10 (mean + SD;
n=6; Fig. 3f, g), respectively. This further impairment
derived largely from the eye motion component that was
elicited during the stimulus half-cycle directed towards the
ipsilesional side and was independent if a world-stationary
visual pattern was present or not (compare plots in Fig. 3c,
d). Most noticeably, however, the eye motion component
during rotation towards the intact side also became consid-
erably smaller at 1.5 h postlesion (cyan traces in Fig. 3c, d),
suggesting a secondary effect as the origin for this severe
impairment of the VOR gain. Despite the overall gain
impairment, the response phase re stimulus position after
the lesion remained largely unaltered at both time points for
the VOR in darkness. In contrast, the smaller phase leads
re stimulus position for the VOR in light after the transec-
tion of the VIII'" nerve remained and likely derived from
a reweighted contribution of visual response components
during rotation towards the ipsilesional side that were gener-
ally more in phase with the optokinetic stimulus (compare
Fig. 3d, e; magenta and cyan traces). In addition, despite
the loss of unilateral vestibular signals, the movements of
both eyes were still highly conjugated (right plot in Fig. 2h;
1=1.019; #=0.8419; linear regression; n=06), lending sup-
port to the decisive role of abducens internuclear neurons as
substrate for this ocular motor behavior [19].

Impact on OKR performance

Immediately after the section of the VIIIth nerve (0 h),
horizontal sinusoidal rotation of a black and white vertical
striped visual pattern provoked typical phase-coupled oscil-
latory eye movements with similar dynamics, bilateral sym-
metry, phase relation and amplitude as those recorded before
the lesion. This is illustrated by the eye movements over
four cycles (Fig. 2f) as well as by the averaged responses
over a single motion cycle (Fig. 3e). Statistical comparison
confirmed the impression that the response gains imme-
diately after the lesion (0 h) remained unaltered or even
increased, although only slightly with respect to control
values, to a mean gain of 0.14 +0.03 with a phase lag re
stimulus of ~ 11° (10.6° +13.3°; mean + SD; n=6; Fig. 3h).
In contrast and most surprisingly, the OKR gain severely

deteriorated at 1.5 h postlesion to a magnitude of 0.07 +0.04
(mean + SD; n=6; Fig. 3h; Supplementary Fig. 2e), cor-
responding to a loss of 50% of the initial prelesional value.
The severe reduction of the OKR gain at 1.5 h postlesion
was unsuspected and comparable in magnitude to the overall
gain reduction of the VOR in darkness and in light at the
same postlesional time point. The delayed reduction in the
amplitude of visuo-motor responses that were not immedi-
ately impaired by the unilateral lesion of the VIIIth nerve,
but rather occurred only at a time point 1.5 h past the initial
lesion, further corroborates the likely presence of extended
secondary lesion-related effects. Plastic alterations in central
areas which are potentially concerned with shared VOR-
OKR circuit components, such as extraocular motoneurons
or cerebellar elements, could be the loci of such a secondary
effect.

Amelioration or maintenance of Vllith nerve
lesion-induced deficits

Given the striking decrease in response performance 1.5 h
postlesion, and to better evaluate the temporal progression
of the ocular motor deficits, the performance of visuo-
vestibular reflexes was further characterized at 3 and 4.5 h
postlesion. These time points are often still inaccessible for
a systematic evaluation of the VOR and OKR because of the
slowly fading anesthesia and/or the presence of a roaring
nystagmus in many animal species. At both time points (3
and 4.5 h postlesion) the number of “successful” attempts
of the VOR in light and in darkness remained considerably
lower than in controls (Supplementary Fig. 2a, b; Friedman
test p=0.2942 VOR in darkness, p=0.6492 VOR in light),
despite a slight, yet non-significant augmentation of “suc-
cessful” episodes of the VOR in darkness at 4.5 h postlesion.
In a complementary fashion, “unsuccessful” cycles of both
visuo-vestibulo-motor responses after the VIIIth nerve sec-
tion remained at an elevated frequency compared to controls
(Supplementary Fig. 2a, b; Friedman test p=0.0009 VOR
in darkness, p =0.4244 VOR in light), while the number of
“fast phases” or eye movements designated “other” remained
unaltered at all time points before and after the lesion (Sup-
plementary Fig. 2a, b; Friedman test in darkness p =0.6922
and in light p=0.2537 for “fast phases”’; p=0.8781 in dark-
ness and p =0.4247 in light for “other”). This suggests again
that the latter two categories of ocular motor behaviors are
independent of vestibular activity.

In a corresponding manner, the respective gains of the
VOR in darkness and in light as well as the OKR continued
to remain severely depressed at 3 and 4.5 h postlesion (Sup-
plementary Fig. 2c—e; Friedman test p =0.0054 for VOR in
darkness, p=0.0041 for VOR in light; p=0.0138 for OKR)
with a tendency for a slight, yet non-significant ameliora-
tion at the latter time point. The phase of the responses
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remained largely unaltered (not shown) with the exception
of those responses that included a visuo-motor compo-
nent, that by definition was more in phase with stimulus
position as already indicated by the control responses of
the OKR (see above). The apparent slight amelioration of
visuo-vestibular eye movements beginning at 4.5 h postle-
sion, however, resulted from a differential recovery of the
ocular motor components during head/table motion in ipsi-
and contralesional direction as indicated by the averages
over a single motion cycle (see color-coded traces in Sup-
plementary Fig. 1p-r). Accordingly, eye movements evoked
by head/table motion towards the intact side, both in light
and in darkness generated amplitudes and dynamics at 4.5 h
postlesion that approached, though slowly, again those of
prelesional controls (Supplementary Fig. 1p, q). In contrast,
eye movements evoked by head/table rotation towards the
ipsilesional side in light and in darkness continued to remain
absent or had only very small amplitudes with very low
dynamics (Supplementary Fig. 1p, q). These residual eye
movements likely derived from a disfacilitation of the ves-
tibular activity on the intact side during a head/table motion
towards the ipsilesional side. The general amelioration after
4.5 h postlesion for vestibulo- and visuo-motor responses
suggests that the improvement of eye motion magnitudes at
this time point results from a gradually reestablished effi-
cacy of cellular and circuit elements of the shared visuo-
vestibulo-motor pathway.

Discussion

Unilateral transection of the VIIIth nerve immediately pro-
voked a severe impairment of the VOR in darkness with a
smaller effect in light, which further deteriorated 1.5 h later
to remain more or less unchanged for the next 3 h. In con-
trast, the OKR remained functionally intact and unaltered
immediately after the vestibular loss (0 h) but experienced
a considerable reduction starting at 1.5 h postlesion. The
time course and occurrence of detrimental events at later
time points suggest that the immediate impact by the loss of
vestibular sensory signals is followed by secondary neuronal
consequences involving shared VOR-OKR cellular and/or
circuit components.

Targeted transection of the Vllith nerve
and immediate impact on static eye position

The advantage of employing isolated head preparations of
Xenopus tadpoles is the possibility to transect the VIIIth
nerve under direct visual control, which thus ensures that
other cranial nerves, the brainstem, or cerebellar struc-
tures remain entirely unaffected. Furthermore, bleeding
or undesired tissue damage is completely avoided as it is
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potentially observed during comparable surgical interven-
tions when performing a postganglionic neurectomy e.g. in
mice [11]. Following control recordings, the section of the
VIIIth nerve was complete and the preparation ready again
for postlesional eye motion recordings within a few minutes,
outcompeting other experimental models in terms of acute
recordings. Moreover, the absence of any anesthetics during
the surgical process in the isolated, yet functional, prepara-
tion circumvented all critical issues associated with anes-
thesia in an intact animal [11]. Most importantly, however,
the employment of such an isolated preparation allowed an
immediate evaluation of the impact of the unilateral ves-
tibular loss on the behavioral consequences once the VIIIth
nerve has been sectioned. This is not possible in any in vivo
experiment to our knowledge, given the necessity to use
anesthetics for the surgery and the difficulty to determine a
clear time point when the effects of the anesthesia on neu-
ronal activity have completely faded.

Immediately after the VIIIth nerve section in the current
experiments, on average both eyes shift their resting position
towards the side of the lesion, consistent with the imbalance
in resting activity between the bilateral vestibular nuclei and
the consequently asymmetric activation of extraocular moto-
neuronal pools [24, 25]. The lack of an acute spontaneous
nystagmus after the unilateral vestibular lesion (see Fig. 2b)
is likely an amphibian-specific particularity, related to the
rather low resting activity in vestibular circuits in these ani-
mals [13, 26] and the corresponding small asymmetry of
bilateral vestibular resting rates. The relatively variable shift
in resting eye position between different preparations might
be related to the specific magnitude of the bilateral vestibu-
lar firing rate asymmetry after the lesion and/or reflect a
dependency of the postlesional shift on the prelesional eye
position as suggested from the data plotted in Fig. 2c. In
correspondence, the presence of a spontaneous nystagmus in
mammalian species [27-29] is likely related to larger bilat-
eral vestibular firing rate asymmetries after a unilateral loss
due to generally higher vestibular discharge rates in these
animals.

Acute impact of Vllith nerve transection
on visuo-vestibular motion-evoked eye movements

Immediately after the VIIIth nerve section (0 h), the gain of
the horizontal angular VOR in darkness decreased by ~30%
(Fig. 31, g). This instantaneous deterioration directly derives
from the disconnection of the respective semicircular canal
signals on the ipsilesional side, which as expected, sub-
stantially contribute to the excitatory drive for extraocular
motoneurons. A gain reduction of the VOR in light is also
noticeable even though vestibular and visual motion signals
are concurrently activated during horizonal head rotation in
the presence of a world-stationary vertical black and white
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striped pattern. This suggests that simultaneously activated
visuo-motor reflexes are unable to acutely substitute the uni-
laterally disconnected vestibular signals. This also complies
with the finding that the gain of the OKR remained largely
unaltered immediately after the VIIIth nerve section (0 h;
Figs. 2f, 3h). Following the initial reduction of VOR ampli-
tudes, response gains showed no recovery but instead dete-
riorated further over the first few hours after the nerve sec-
tion to remain low, in compliance with the many reports
indicating severely impaired eye movements for many days
after the lesion [11, 22, 25, 28].

Unexpectedly, however, the performance of the OKR at
1.5 h postlesion was also severely impaired (Fig. 3e, h) with
a gain reduction by ~50% comparable to the impairment of
the VOR at this time point. This delayed deterioration of
the OKR is surprising because the underlying short-latency
direct pathway, known to mediate this reflex in amphibians
[30], was per se not affected by the vestibular lesion. The
severe reduction in OKR performance along with the equally
drastic impairment of the VOR at 1.5 h postlesion could,
however, result from an initiation of a secondary effect by
the ongoing bilateral asymmetric neuronal activity in vestib-
ulo-motor circuits. The resulting persistence of higher firing
rates in vestibular circuits on the intact side after the lesion,
reinforced by commissural inhibitory connections [31],
may have induced a homeostatic plasticity [32] that caused
areduction of the respective synaptic gains within the shared
OKR-VOR circuit elements. Such an adaptive process has,
in fact, been described for extraocular motor discharge of
Xenopus tadpoles after continuous (>20 min) excessive
sinusoidal vestibular motion stimulation [33]. This plasticity
depended on an intact cerebellum and caused an attenuation
of the extraocular motor output. Because cerebellar circuits
integrate vestibular inputs and residual retinal image slip
signals to adequately adjust eye motion magnitudes [34], the
vestibular imbalance after a unilateral VIIIth nerve lesion
might have also prompted the circuitry to down-regulate the
gains of the ocular motor output during both OKR and VOR.

While homeostatic plasticity processes are known to
occur during long-term recalibration of vestibular deficits
[25, 35], such plasticity processes could also be triggered
during the initial phase after a unilateral vestibular lesion.
This assumption allows the generation of testable hypothe-
ses, which probe the possibility that the impairment of vesti-
bulo-motor reflexes is a combinatorial effect of the unilateral
loss of vestibular signals followed by an attenuation of cen-
tral vestibulo-motor signal processing as part of an adaptive
plasticity response, prior to and even unrelated to the process
of “vestibular compensation”. Comparison of the outcome
of studies when the animals remain in darkness between
the recordings (current study), or in light with a station-
ary striped pattern providing a continuous visual reference
allows testing the hypothesis that the delayed deterioration

of visuo-motor reflexes is a result of an ongoing homeo-
static plasticity after a VIIIth nerve section. Moreover, gaze
stabilization by visuo-vestibular sensory signals is supple-
mented in most vertebrates by neck/body/limb propriocep-
tive signals [34] and even supplanted by spinal locomotor
efference copies in amphibians [20]. While it is known that
the contribution of such signals to gaze stabilization collec-
tively increases at the extended, chronic, time period after
a VIIIth nerve lesion [36], it would be highly interesting to
test the efficacy of the respective ocular motor responses
immediately after the lesion. Accordingly, recordings of eye
movements during fictive locomotion in Xenopus tadpoles
[20] before and after transection of the VIIIth nerve would
reveal if the respective ocular motor performance is also
subjected to a delayed gain diminishment as shown for the
OKR. Alternatively, locomotor efference copy-evoked eye
movements might remain unaltered after the lesion, poten-
tially because of the direct pathway connections between
the spinal central pattern generator and extraocular moto-
neurons, which bypass central vestibular nuclei and the cer-
ebellum [20].

Clinical implications

The current findings in Xenopus tadpoles specifically high-
light the fact that the spectrum of observed symptoms after a
unilateral peripheral vestibular lesion [28, 29, 37] might not
exclusively reflect the bilateral imbalance in resting activ-
ity of the vestibular circuitry. Rather, the observed static
and dynamic syndromes, also present in human patients,
could be a combinatorial effect that results from the sudden
unilateral loss of peripheral vestibular bulk discharge and
a secondary consequence that causes an extreme form of
housekeeping-related plasticity reactions, which normally
aim at consolidating the synaptic gain at a preset value [32].
Such a process would assist the initial step of restituting
the excessive activity. The asymmetric activity is integrated
and interpreted as a single ongoing motion percept. As a
resultant consequence, the synaptic efficacy along shared
visuo-vestibulo-motor pathways is reduced and eye move-
ment magnitudes are attenuated, despite being behaviorally
inappropriate. Even though this hypothesis derived from
results in amphibians without a roaring nystagmus after the
VIIIth nerve lesion, it is likely that a comparable neuronal
plasticity is also induced in mammals, including humans. In
fact, the generally higher vestibular resting activity in mam-
malian species [34] provokes an even larger bilateral asym-
metry after a unilateral loss of peripheral sensory inputs.
Such a pathophysiological condition is interpreted as con-
stant rotation towards the intact side, hence the nystagmus
in mammals, which as a consequence should also trigger a
diminishment of the gain because of the continuous exces-
sive motion signaling in the vestibular system (see [33]).
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Unilateral VIIIth nerve section in mammals thus creates
an even larger necessity to diminish the excessive activity
by a homeostatic mechanism. Therefore, differences in the
immediate consequences of a VIIIth nerve lesion between
amphibians and mammals should be quantitative rather
than qualitative. Provided that this assumption is correct,
an immediate reduction of the initial asymmetric vestibu-
lar activity after a planned surgery in humans through, for
example, hyperpolarizing galvanic vestibular stimulation of
the intact side [38] or by directionally appropriate constant
velocity visual motion stimulation might be beneficial for
a faster recovery from the static deficits after a peripheral
vestibular lesion. Visual image motion, and in particular
in the framework of the OKR, play, in fact, an important
role for gaze stabilization and motion perception given the
integration with vestibular signals under normal conditions,
and even more so under pathophysiological conditions (e.g.
[39]). After the acute phase of a unilateral vestibular loss,
visual motion has been employed in rehabilitation treatments
of vestibular patients [39, 40], and such motion signals are
likely also part of a general sensory substitution strategy,
potentially leading to a long-term increase in the contribu-
tion and magnitude of the OKR to image stabilization [4,
5,71

Acknowledgements The authors thank Felix Schneider and Dr. Tobias
Kohl for their help with the scripts for eye motion analysis. The authors
acknowledge financial support from the German Science Foundation
(CRC 870; STR 478/3-1; RTG 2175) and the German Federal Ministry
of Education and Research under the Grant code 01 EO 0901.

Funding Open Access funding provided by Projekt DEAL.

Compliance with ethical standards

Conflicts of interest The authors declare no competing financial in-
terests.

Ethical standards Experiments complied with the publication No.
86-23, revised 1985 of the National Institute of Health. Approval for
these experiments was granted by the liable governmental institution
of Upper Bavaria (ROB-55.2-2532.Vet_03-17-24).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer

References

1. Strupp M, Brandt T (2013) Peripheral vestibular disorders. Curr
Opin Neurol 26:81-89

2. Brandt T, Strupp M, Dieterich M (2014) Five keys for diagnosing
most vertigo, dizziness, and balance syndromes: an expert opin-
ion. J Neurol 261:229-231

3. Curthoys IS (1988) Neuronal activity in the ipsilateral medial
vestibular nucleus of the guinea pig following unilateral laby-
rinthectomy. Brain Res 444:308-319

4. Smith PF, Curthoys IS (1989) Mechanisms of recovery following
unilateral labyrinthectomy: a review. Brain Res Rev 14:155-180

5. Curthoys IS, Halmagyi GM (1995) Vestibular compensation: A
review of the oculomotor, neural, and clinical consequences of
unilateral vestibular loss. J Vestib Res 5:67-107

6. Dieterich M, Brandt T (2015) The bilateral central vestibular sys-
tem: its pathways, functions, and disorders. Ann N Y Acad Sci
1343:10-26

7. Lambert FM, Straka H (2012) The frog vestibular system as a
model for lesion-induced plasticity: basic neural principles and
implications for posture control. Front Neurol 3:42

8. Fabregas N, Bruder N (2007) Recovery and neurological evalu-
ation. Best Pract Res Clin Anaesthesiol 21:431-447

9. Schubert MC, Mantokoudis G, Xie L, Agrawal Y (2014) Acute
VOR gain differences for outward vs. inward head impulses. J
Vestib Res 24:397-402

10. Park BR, Suh JS, Kim MS, Jeong JY, Chun SW, Lee JH (1995)
Effect of sensory deprivation or electrical stimulation on acute
vestibular symptoms following unilateral labyrinthectomy in
rabbit. Acta Otolaryngol Suppl 519:162-167

11. Simon F, Pericat D, Djian C, Fricker D, Denoyelle F, Beraneck
M (2020) Surgical techniques and functional evaluation for ves-
tibular lesions in the mouse: unilateral labyrinthectomy (UL)
and unilateral vestibular neurectomy (UVN). J Neurol. https://
doi.org/10.1007/s00415-020-09960-8

12. Straka H, Simmers J (2012) Xenopus laevis: an ideal experi-
mental model for studying the developmental dynamics of neu-
ral assembly and sensory motor computations. Dev Neurobiol
72:649-663

13. Gensberger KD, Kaufmann AK, Dietrich H, Branoner F, Banchi
R, Chagnaud BP, Straka H (2016) Galvanic vestibular stimula-
tion: cellular substrates and response patterns of neurons in the
vestibulo-ocular network. J Neurosci 36:9097-9110

14. Gravot CM, Knorr AG, Glasauer S, Straka H (2017) It’s not
all black and white: Visual scene parameters influence optoki-
netic reflex performance in Xenopus laevis tadpoles. J Exp Biol
220:4213-4224

15. Nieuwkoop PD, Faber J (1994) Normal Table of Xenopus laevis
(Daudin): A Systematical and Chronological Survey of the Devel-
opment from the Fertilized Egg Till the End of Metamorphosis.
Garland Pub, New York

16. Ramlochansingh C, Branoner F, Chagnaud BP, Straka H (2014)
Tricaine methanesulfonate (MS-222) as an effective anesthetic
agent for blocking sensory-motor responses in Xenopus laevis
tadpoles. PLoS ONE 9:¢101606

17. Knorr AG, Gravot CM, Gordy C, Glasauer S, Straka H (2018)
I spy with my little eye: a simple behavioral assay to test color
sensitivity on digital displays. Biol Open 7:bi0035725

18. Kunkel A, Dieringer N (1994) Morphological and electrophysi-
ological consequences of unilateral pre- versus postganglionic
vestibular lesions in the frog. ] Comp Physiol A 174:621-632

19. Pan C, Cai R, Quacquarelli FP, Ghasemigharagoz A, Lourbo-
poulos A, Matryba P, Plesnila N, Dichgans M, Hellal F, Ertiirk A
(2016) Shrinkage-mediated imaging of entire organs and organ-
isms using uDISCO. Nat Methods 13:859-867


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00415-020-09960-8
https://doi.org/10.1007/s00415-020-09960-8

Journal of Neurology (2020) 267 (Suppl 1):562-S75

S75

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Lambert FM, Combes D, Simmers J, Straka H (2012) Gaze sta-
bilization by efference copy signaling without sensory feedback
during vertebrate locomotion. Curr Biol 22:1649-1658

Straka H, Dieringer N (2004) Basic organization principles of the
VOR: lessons from frogs. Prog Neurobiol 73:259-309

Dieringer N (1995) “Vestibular compensation’: Neuronal plasticity
and its relation to functional recovery after labyrinthine lesions in
frogs and other vertebrates. Progr Neurobiol 46:97—-129
Lambert FM, Malinvaud D, Gratacap M, Straka H, Vidal PP
(2013) Restricted neural plasticity in vestibulo-spinal pathways
after unilateral labyrinthectomy as the origin for scoliotic defor-
mations. J Neurosci 33:6845-6856

Straka H, Vibert N, Vidal PP, Moore LE, Dutia MB (2005) Intrin-
sic properties of vertebrate vestibular neurons: function, develop-
ment and plasticity. Prog Neurobiol 76:349-392

Beraneck M, Idoux E (2012) Reconsidering the role of neuronal
intrinsic properties and neuromodulation in vestibular homeosta-
sis. Front Neur 3:25. https://doi.org/10.3389/fneur.2012.00025
Blanks RHI, Precht W (1976) Functional characterization of pri-
mary vestibular afferents in the frog. Exp Brain Res 25:369-390
Strupp M, Arbusow V (2001) Acute vestibulopathy. Curr Opin
Neurol 14:11-20

Dutia MB (2010) Mechanisms of vestibular compensation: recent
advances. Curr Opin Otolaryngol Head Neck Surg 18:420-424
Fetter M (2016) Acute unilateral loss of vestibular function.
Handb Clin Neurol 137:219-229

Cochran SL, Dieringer N, Precht W (1984) Basic optokinetic-
ocular reflex pathways in the frog. J Neurosci 4:43-57

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Malinvaud D, Vassias I, Reichenberger I, Rossert C, Straka H
(2010) Functional organization of vestibular commissural con-
nections in frog. J Neurosci 30:3310-3325

Turrigiano G (2012) Homeostatic synaptic plasticity: local and
global mechanisms for stabilizing neuronal function. Cold Spring
Harb Perspect Biol 4:a005736

Dietrich H, Straka H (2016) Prolonged vestibular stimulation
induces homeostatic plasticity of the vestibulo-ocular reflex in
larval Xenopus laevis. Eur J Neurosci 44:1787-1796

Cullen KE (2016) Physiology of central pathways. Handb Clin
Neurol 137:17-40

Beraneck M, Hachemaoui M, Idoux E, Ris L, Uno A, Godaux
E, Vidal PP, Moore LE, Vibert N (2003) Long-term plasticity
of ipsilesional medial vestibular nucleus neurons after unilateral
labyrinthectomy. J Neurophysiol 90:184-203

Sadeghi SG, Minor LB, Cullen KE (2010) Neural correlates of
motor learning in the vestibulo-ocular reflex: dynamic regulation
of multimodal integration in the macaque vestibular system. J
Neurosci 30:10158-10168

Strupp M, Magnusson M (2015) Acute unilateral vestibulopathy.
Neurol Clin 33:669-685

Dlugaiczyk J, Gensberger KD, Straka H (2019) Galvanic ves-
tibular stimulation: from basic concepts to clinical applications. J
Neurophysiol 121:2237-2255

Bronstein AM (2016) Multisensory integration in balance control.
Handb Clin Neurol 137:57-66

Bronstein AM (2004) Vision and vertigo: some visual aspects of
vestibular disorders. J Neurol 251:381-387

@ Springer


https://doi.org/10.3389/fneur.2012.00025

	Acute consequences of a unilateral VIIIth nerve transection on vestibulo-ocular and optokinetic reflexes in Xenopus laevis tadpoles
	Abstract
	Introduction
	Material and methods
	Animals and experimental preparation
	Unilateral surgical transection of the VIIIth nerve
	Data analysis
	Dextran amine dye tracings

	Results
	Prelesional eye position and motion dynamics during visuo-vestibular stimulation
	Resting eye position and stimulus-evoked eye movements
	Eye motion performance

	Postlesional effects following unilateral transection of the VIIIth nerve
	Transection of the VIIIth nerve
	Impact on resting eye position
	Impact on VOR performance
	Impact on VOR response gain and phase
	Impact on OKR performance

	Amelioration or maintenance of VIIIth nerve lesion-induced deficits

	Discussion
	Targeted transection of the VIIIth nerve and immediate impact on static eye position
	Acute impact of VIIIth nerve transection on visuo-vestibular motion-evoked eye movements
	Clinical implications

	Acknowledgements 
	References




