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Summary 

Vestibulo-ocular reflexes (VOR) provide an essential contribution to gaze stabilization in 

vertebrates that is required to maintain visual acuity during movements of the head or body. 

Eye movements that counteract head motion in the horizontal plane are mediated by a pair of 

antagonistic horizontal eye muscles that cause an adduction (medial rectus muscle) or 

abduction (lateral rectus muscle) of each eye. Each muscle is controlled by a separate set of 

extraocular motoneurons located in the oculomotor and abducens nucleus respectively. 

Abducens motoneurons receive bilateral vestibular signals about ongoing head motion and 

integrate them into temporally precise motor commands. The major part of this thesis aimed 

at investigating the mechanistic basis of this neuronal integration by deciphering the morpho-

physiological and pharmacological properties of abducens motoneurons. Experiments were 

performed in semi-intact preparations of Xenopus laevis tadpoles that allowed in vitro studies 

of the fully intact vestibulo-ocular reflex network from the vestibular endorgans to the 

oculomotor plant. A morphological approach revealed that abducens motoneurons display a 

variety of somal sizes and shapes, likely related to the observed continuum of recruitment 

thresholds and resting firing rates. Investigation of the discharge during sinusoidal head 

rotation suggested that abducens motoneurons subdivide into at least two functional 

subgroups with respect to generated motor commands during sinusoidal head rotation: one 

group responds with changing discharge peak amplitude and phase to different frequencies of 

head rotation, whereas a second group only responds to differences in stimulus velocity, 

insensitive to changes in the frequency of head motion. This physiological segregation into 

two motoneuronal subgroups also correlates with differences in the excitatory 

neurotransmitter profile: inputs to group I motoneurons are mediated by a relatively higher 

NMDA than AMPA receptor contribution, whereas in group II motoneurons, the opposite 

relation was observed. Inhibitory vestibular inputs to all abducens motoneurons were found 

to be glycinergic in nature and supplemented by a tonic GABAergic inhibition of extra-

vestibular origin. A computational approach suggested that group II motoneurons are 

relatively more important for the generation of compensatory eye movements than group I 

motoneurons. The second part of this thesis revealed that homeostatic plasticity shapes the 

output of the VOR in the absence of visual feedback. Prolonged sinusoidal head rotation 

induces an attenuation or facilitation of VOR responses depending on the magnitude of the 

motion stimulus. This type of plasticity is plane-specific, reversible and critically depends on 

the integrity of the vestibulo-cerebellar side-loop. Given the evolutionarily conserved 

organization of the VOR, this thesis thus contributes to the general understanding of how 

gaze stabilizing eye movements in vertebrates are controlled at the motoneuronal level. 
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Introduction 

I Why animals move their eyes – principles of gaze stabilization 

I.1 Acquisition of visual information requires a stable visual environment 

Around half a billion years ago, vertebrates started colonizing the planet (Shu et al., 1999). In 

an environment full of competitors, through evolution numerous strategies emerged that 

improved the species’ individual chances of survival. Critical to this was the development of 

sensory systems, out of which the visual system again played a crucial role. The ability to 

“see” soon became an important aspect for life, whether being a predator searching for food 

or prey that needs to escape, fight or hide. Furthermore, the evolution of a large spectrum of 

eye movement dynamics not only allowed animals to scan the surroundings (saccades) or, for 

example, follow moving objects (smooth pursuit; in foveate mammals) while resting in a 

fixed position, but also to counteract any changes in head position that otherwise would have 

caused a shift of the visual scene during the large spectrum of passive or self-generated 

movements of the head and body (see Land, 1999).  

First of all, keeping a stable, focused image on the retina is especially important considering 

the fact that visual processing is relatively slow compared to other sensory organs. Perception 

of an image requires it to be still for around 300 ms (for review see Land, 1999) – without 

gaze-stabilizing mechanisms, the visual world would continuously be blurred during head 

motion. Thus, scanning of the environment, even if it might appear smooth, actually 

comprises a sequence of fast, small movements (saccades) where the eyes “jump” from one 

stable image to another. Secondly, even though gaze stabilization appears to be mainly 

important for foveate animals, also species with less accurate vision require counteracting eye 

movements, in particular to distinguish self-motion from movements within the environment 

and thus discriminate between inanimate objects and other animals (Walls, 1962). In order to 

distinguish whether objects move in space or remain stationary, the animal’s eyes must be 

stable relative to that object. For example, if we actively follow a person running from left to 

right with our eyes, we can tell that the runner is moving although he stays at a similar 

position on our retina, since our brain knows that our eyes are moving at the same time. 

However, if our eyes were passively moved during head displacements, the resulting 

movement of the visual environment would be misinterpreted as objects moving around us 

even though they are stable, and such delusion is prevented by gaze-stabilizing reflexes. 

Thirdly, a stable gaze enables some animals to retrieve appropriate information about optic 

flow speed during translational self-motion such as flying, in order to determine whether 

objects are near (faster visual flow) or distant (slow visual flow) (see Land, 1999).  
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All of these advantages have promoted the evolution of image stabilizing mechanisms not 

only in vertebrates but also for instance in arthropods such as crustaceans (rock crabs, Paul et 

al., 1990) and insects. Although e.g. blowflies cannot move their eyes, they move their head 

relative to the neck to stabilize the eyes against body movements (Land, 1973). On the other 

hand, such a “head stabilization mechanism” is also found in vertebrates: for example, most 

birds, although they can move their eyes, mainly use head movements to counteract image 

slip during body motion in space (e.g. Pratt, 1982). It can thus be concluded that, even though 

the general strategies and underlying neurobiological mechanisms for gaze stabilizing eye 

movements may differ widely among species, their importance persists throughout the long 

history of evolution. 

Generally in vertebrates, an essential part of gaze stabilization is mediated by the 

evolutionarily well conserved vestibulo-ocular reflex (VOR) that transforms vestibular 

signals during head motion into extraocular motor commands for counteractive eye 

movements (see below). However, depending on the species, the VOR alone would be 

insufficient to achieve the accuracy of image stabilization required e.g. by foveate animals 

over the entire range of naturally experienced head motion frequencies (see e.g. Walls, 1962); 

hence other inputs, such as from the visual system, are necessary to fine-tune compensatory 

eye movements. Concerning visuo-ocular motor transformations, a substantial component is 

mediated by the optokinetic reflex (OKR) that enables tracking of a large-field moving visual 

scene and thus acts as an online feed-back control of the VOR output (Batini et al., 1979; 

Cochran et al., 1984; see Ito, 1982; Barnes, 1993). OKR performance becomes especially 

apparent in the absence of vestibular and/or proprioceptive stimuli. Imagine for example a 

person looking out of the window in a train moving at a slow, constant speed, such that no 

acceleration activates the vestibular system. Stable images are produced by the OKR when 

the eyes follow the moving environment for a while, jump back (resetting fast phase) when 

the most eccentric eye position is reached, and then continue following the scene.  

On the other hand, gaze stabilization is assisted by proprioceptive feedback, activating the 

cervico-ocular reflex, which collects information about head position from the neck 

musculature to produce compensatory eye movements. In many species, such as humans, this 

reflex plays a minor role, but gains importance in replacing the VOR in patients with 

vestibular deficits (Bronstein and Hood, 1986; Kelders et al., 2003; Sadeghi et al., 2011; 

Yakushin et al., 2011). Furthermore, it appears likely that at least some vertebrates are 

capable of anticipating image slip caused by their own active body and head movements 

during walking, running, swimming or flying (Chagnaud et al., 2012). During many of these 

locomotor strategies, central pattern generators (CPG) in the spinal cord generate motor 

commands for the necessary rhythmic trunk muscle contractions (for review, e.g. see Marder 

and Bucher, 2001; Hultborn and Nielsen, 2007). In fact, the spinal CPG in Xenopus laevis 
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sends an efference copy of its motor commands to central VOR brain regions to supplement 

or even replace vestibular sensory inputs with the expected head movement signal during the 

upcoming locomotion (Combes et al., 2008; Lambert et al., 2012; von Uckermann et al., 

2013). In a complementary fashion, the discharge of one class of neurons in the vestibular 

nuclei (“vestibular-only neurons”) in primates is actively suppressed during active head 

motion by an efference copy of the voluntary motor command (see e.g. Cullen et al., 2011). 

In conclusion, various mechanisms that are adapted to the species’ individual requirements 

act in concert to mediate gaze stabilization in vertebrates. During my thesis, I focused on the 

vestibulo-ocular reflex, using Xenopus laevis tadpoles as a model organism that shall now be 

described in more detail. 

 

I.2 Gaze stabilization in Xenopus laevis: an ideal model organism 

In choosing an appropriate model organism for a certain field of study, various aspects from 

the ease of maintenance and accessibility of the species to their applicability for the specific 

area of investigation must be considered. For example, model systems for clinical research 

are mainly chosen according to their similarity with humans, whereas the understanding of 

fundamental biological mechanisms that persist across evolution is so far often facilitated by 

studies in animals that have less complex neural circuitries and additionally allow employing 

a variety of experimental techniques. Next to “classical” model organisms like mice, 

zebrafish, Drosophila and monkeys, amphibian species such as the African clawed frog 

(Xenopus laevis) have so far played a minor role in basic neurobiological research. However, 

in many aspects frogs were proven to be highly advantageous (see Straka and Simmers, 2012; 

Straka et al., 2016). First of all, keeping these animals is relatively simple, and growth occurs 

rapidly such that after hatching tadpoles usually take no longer than 3 months to reach 

metamorphosis. Developmental stages, that consider e.g. the size and shape of fore- and 

hindlimbs and other morphologically characteristic features, are well described and allow the 

classification of larval maturation independent of individual growth rates and body 

dimensions (example pictures of developmental stages are depicted in figure 1A, modified 

from “The normal table of Xenopus laevis”, Nieuwkoop and Faber, 1994). This in turn 

facilitates studies investigating the formation of neural circuitries in a developmental and 

behavioral context, such as the remodeling of locomotor networks during metamorphosis 

where animals rapidly change from undulatory swimming to limb-kick propulsion (Combes 

et al., 2004). In addition, trans- or implantation studies of certain organs such as the eyes 

(Blackiston and Levin, 2013) or ears (Elliott and Fritzsch, 2010; Elliott et al., 2015a,b) 

significantly contributed to the understanding of how neuronal connections are established 

during critical periods of development. With respect to gaze stabilization, investigating the 
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normal development of visual (for review, see Udin, 2007) and vestibular circuitries 

(Lambert et al., 2008; Branoner and Straka, 2015) in Xenopus made significant contributions 

to understanding functional principles of the directly involved sensory systems. Furthermore, 

the recently sequenced full genome of Xenopus tropicalis (Hellsten et al., 2010) now enables 

the potential use of genetic tools in these animals. 

 

 

 

Figure 1: Xenopus laevis as a model organism. A, Drawings depicting different stages during the development 

of Xenopus laevis; note the development of fore- and hindlimbs in growing larvae (left side) and loss of the tail 

and tentacles during metamorphic climax (right). Scale bars apply to all drawings on the respective side. 

Modified from Niewkoop and Faber, 1994. Permission granted by Garland Pub. B-D, Overview of methods 

applied to semi-intact in vitro preparations of larval Xenopus (B), eye muscles with innervating nerve branches 

(C) and vestibular endorgans (D). B and C were modified from Dietrich and Straka, 2016; D was adapted from 

Gensberger et al., 2016. AC/HC/PC, anterior/horizontal/ posterior semicircular canals; La, lagena; Sa, saccule; 

Ut, utricle. 
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Another tremendous advantage of using Xenopus as a model organism is the ability to 

employ amphibian semi-intact in vitro preparations (Luksch et al., 1996; Straka and Simmers, 

2012) that have long been used in neurobiological research ever since the isolated frog whole 

brain was described by Hackett (1972). Xenopus tadpole preparations (Fig. 1B) allow 

retaining fully functional networks within and outside the central nervous system, such as all 

components required for gaze stabilizing reflexes. For example the entire circuitry of the 

vestibulo-ocular reflex, including vestibular endorgans (Fig. 1D) and the oculomotor plant 

(Fig. 1C), remain intact which allows a “natural” activation of the VOR with motion stimuli 

and the recording of functional eye movements as a direct behavioral readout. Hence, an in 

vivo like investigation of the VOR can be achieved while at the same time being able to use 

in vitro anatomical, electrophysiological and imaging techniques as well as pharmacological 

and surgical manipulations (Fig. 1B-D). Furthermore, these preparations survive for several 

days in oxygenated Ringer’s solution (Straka and Dieringer, 1993), thus allowing prolonged 

experimentation required e.g. for over-night retrograde labeling of neurons for anatomical 

tracing or subsequent Ca
2+

 -imaging studies.  

During my thesis, I aimed to isolate extraocular motor commands as readout of the VOR and 

exclude interferences by the optokinetic reflex and spinal efference copy. Taking advantage 

of the Xenopus in vitro preparation, this was achieved by dissecting both optic nerves as well 

as the rostral spinal cord (lower red dashed line in Fig. 1B). Predominantly, Xenopus tadpoles 

at developmental stage 54 were used for experimentation, since their semicircular canals have 

reached a size where angular accelerations are already detectable and VOR responses are 

robust (Lambert et al., 2008). 

 

I.3 Mechanisms underlying the vestibulo-ocular reflex (VOR) 

The vestibulo-ocular reflex in vertebrates has its origin early in evolution, and its principle 

mechanism – simple as it is – has not changed ever since (Straka et al., 2014). As the name 

suggests, the “vestibulo”-“ocular” reflex relays inputs from the vestibular to the oculomotor 

system, and in its simplest form, this transfer is almost direct. The basic VOR network 

consists of a three-neuronal reflex arc (first described by Lorente de Nó, 1933) that transmits 

information about angular or linear head movements from the different vestibular endorgans 

via afferents of the VIIIth cranial nerve to central vestibular neurons in the brainstem that in 

turn directly project to extraocular motoneurons. The beauty of this reflex lies in this 

simplicity: the very few processing stages allow an extremely fast transformation of sensory- 

into motor commands and thus the generation of temporally precise eye movements that 

counteract head motion of up to at least 25 Hz on-line and almost instantly (Huterer and 

Cullen, 2001). In primates, for example, the onset of the VOR response has a latency of only 
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5-6 ms (Huterer and Cullen, 2001). The VOR contains both linear and angular components 

that are mediated by functionally different vestibular endorgans. The networks underlying 

these individual components shall be considered below. 

 

I.3.a The angular VOR (aVOR) 

Angular accelerations generated by rotational movements of the head are sensed by the three 

semicircular canals in each inner ear that are filled with a fluid – the so called endolymph – 

that is maximally forced in one or the other direction when the head turns in the orientation of 

the respective canal. This fluid motion then forces cilia of the hair cells, located in the canal 

cupulae, in one or the other direction, causing excitation or inhibition of the hair cell 

respectively, that in turn induces an increase or decrease in the firing rate of the postsynaptic 

afferent fiber (see below; Guth et al., 1998).  

Spatial specificity of the angular VOR is facilitated by the approximate geometric alignment 

of the six extraocular muscles with the orientation and activation planes of the six 

semicircular canals (Fig. 2A), that allows a direct transformation of vestibular signals into 

extraocular motor commands both in frontal- and lateral-eyed species (Simpson and Graf, 

1981). Probably most intuitive is the relation between the horizontal canals and lateral and 

medial rectus eye muscles that move the eye in the horizontal plane. Connections between 

these approximately aligned systems are called principal connections, whereas supplemental 

information is retrieved from additional, “auxiliary” connections that bring together 

vestibular signals from other semicircular canals and combine the different three-dimensional 

activation vectors for a final, precise motor output (for review, see Straka and Dieringer, 

2004). These connections thus compensate for the remaining portion of species-dependent 

eye muscle – semicircular canal misalignments (Simpson and Graf, 1981; Pantle and 

Dieringer, 1998; Cox and Jeffery, 2008). Angular head movements are detected by hair cells 

of the semicircular canals that pass the information on to second order vestibular neurons 

(2°VN) in the brainstem via vestibular afferents of the VIIIth cranial nerve. Vestibular  

 

___________________________________________________________________________ 

Figure 2: Principles of the angular VOR. A, Schematic showing the alignment of the pulling directions of 

extraocular muscles with the orientation of the semicircular canals. Modified with courtesy from Dr. Francisco 

Branoner, 2016. B,C, Schematics of the semi-intact larval Xenopus preparation depicting the pathways 

underlying the horizontal aVOR (B) and the optimal orientation on the turntable for activation of the vertical 

aVOR innervating the left superior oblique eye muscle (C). D, Multiple-unit abducens nerve recording of the 

modulated aVOR activity during sinusoidal head rotation. E,F, Schematics depicting neuronal circuitries of the 

horizontal (E) and vertical (F) aVOR. 1/2°VN, first/second order vestibular neurons; AC/HC/PC, anterior/ 

horizontal/posterior semicircular canals; int, abducens internuclear neurons; IR, inferior rectus; LR, lateral 

rectus; MN, motoneurons MR, medial rectus; SO, superior oblique.  
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neurons then project to the three cranial motor nuclei – oculomotor (III), trochlear (IV) and 

abducens (VI) – that innervate the extraocular musculature.  

Via principal connections of the horizontal aVOR, abducens motoneurons receive excitatory 

inputs from contralateral 2°VNs that in turn are contacted by vestibular afferents from the 

contralateral horizontal canal (red in Fig. 2B,E) (Baker et al., 1969). Hence, maximal 
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excitation results from a head movement in the direction that maximally activates the 

contralateral horizontal canal (on-direction of the movement). In addition, inhibitory  

connections from the ipsilateral vestibular nucleus reach abducens motoneurons that are 

weakest during this contraversive motion (gray in Fig. 2B,E) and maximally activated during 

head motion in the opposite direction (Baker et al., 1969). Furthermore, in order to 

synchronize the motion of both eyes, abducens internuclear neurons receive similar vestibular 

inputs and relay them to medial rectus innervating motoneurons of the contralateral 

oculomotor nucleus (green in Fig. 2B,E) (Baker and Highstein, 1975; Highstein and Baker, 

1978). Hence, whenever the head rotates e.g. clockwise, both eyes jointly move counter-

clockwise to counteract motion-induced image slip (Fig. 2B). During vertical head rotation, 

for example, principal aVOR connections supplying the superior oblique muscle can be 

investigated. This muscle receives innervation from trochlear (IV) motoneurons that are 

maximally activated during rotation in the plane of the ipsilateral posterior (PC) and 

contralateral anterior (AC) vertical semicircular canals, approximately when the animal 

is rotated vertically at a 45° horizontal position angle (Fig. 2C). Maximal contraction of the 

ipsilateral superior oblique and contralateral inferior rectus muscles occurs during head 

motion that optimally activates the ipsilateral PC and inactivates the contralateral AC via 

midline-crossing projections (Fig. 2F; Graf et al., 1997).  

In general, when the head remains stable, extraocular motoneurons display a resting rate – 

probably due to the resting discharge of vestibular afferents (e.g. Blanks and Precht, 1976) 

that is relayed via 2°VNs – for the tonic activation of muscle fibers that stabilizes the eye in 

its resting position. During sinusoidal head rotation the resting discharge of motoneurons is 

cyclically modulated depending on the direction of the head motion (Fig. 2D). 

 

I.3.b The linear VOR (lVOR) 

Unlike angular head acceleration which is sensed by the semicircular canals, linear 

accelerations, comprising translational movements or head position within the gravitational 

field, are detected by the otolith organs of the inner ear in all vertebrates. In most species, hair 

cell sensory epithelia of these organs are covered by a gelatinous matrix coated with small 

calcium carbonate crystals, called otoconia (“ear stones”), that give the gelatinous layer a 

mass to be moved by linear acceleration. Hair cell cilia embedded in this layer are deflected 

by the resulting shearing motion, and due to their arrangement in 360°, the direction-specific 

degree of activation or inhibition of each hair cell afferent firing rate allows the precise 

calculation (vector summation) of the direction of translational motion or, in the vertical 

plane, position of the head relative to gravity. Compared to the semicircular canals, these 

organs are more heterogeneous with respect to function and occurrence within vertebrate 
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species. Common to all mammals are two otolith organs: the utricle, detecting horizontal 

linear motion, and the saccule that senses vertical acceleration and head position changes 

relative to gravity. In non-mammalian species, such as frogs, the utricle also perceives 

horizontal linear acceleration (Rohregger and Dieringer, 2002), and utricular afferents often 

converge on the level of 2°VNs with inputs from the horizontal semicircular canals (Straka et 

al., 2002). However, the saccule in these animals is considered to predominantly act as an 

auditory organ and substrate vibration sensor (Lewis et al., 1982). All non-mammalian 

species and also some mammals (monotremes) thus possess a third organ – the lagena – that 

mainly functions as a vestibular organ (see Khorevin, 2008) and detects vertical linear 

movements (e.g. in frogs: Caston et al., 1977), converging with posterior and anterior vertical 

canal inputs on the level of 2°VNs (Straka et al., 2002). In conclusion, not the saccule, but 

lagena and utricle in non-mammalian species sense vertical and horizontal linear motion 

respectively (e.g. in frogs: Straka et al., 2002).  

With respect to gaze stabilization, the lVOR in frogs mainly comprises utriculo-ocular 

pathways (Hess and Precht, 1984), mediating compensatory eye movements during 

horizontal linear motion, whereas purely vertical linear acceleration causes negligible 

responses in extraocular motoneurons of all – horizontal, vertical and oblique – eye 

movement planes (Rohregger and Dieringer, 2002). Furthermore, compared to the 

continuously conjugate eye motion that counteracts horizontal angular acceleration, 

horizontal lVOR responses can be more diverse, depending on the direction of linear 

acceleration. In fact, left- and rightward linear head motion elicits counteracting conjugate 

right- and leftward eye movements, whereas forward-/backward motion causes con- and 

divergence of the eyes respectively, to account for the changes in object distance when the 

head moves towards or away from a visual target (see Straka and Dieringer, 2004). 

 

II Different cellular subtypes shape responses at all stages of the VOR 

circuitry 

During natural behavior, the VOR must cover a large spectrum of widely differing head 

motion dynamics. Since rapid, high frequency head turns must be equally well counteracted 

as slow, low frequency displacements, the underlying neural and/or network integrations 

must display an equally large dynamic range. Indeed, a variety of neuronal subtypes with 

different intrinsic and synaptic properties is present at each level of the VOR circuitry, 

ranging from hair cells in the sensory periphery to muscle fibers of the extraocular motor 

plant (see below). In turn, to facilitate network computations, one can imagine that cells of a 

particular subtype (e.g. afferent fibers) relay information to cells with similar characteristics 
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at the next processing stage (2°VNs), creating parallel, “frequency-tuned” channels for the 

sensory-motor transformation, each with different dynamic properties (see Straka et al., 

2009). Differential rabies-virus retrograde labeling (Ugolini, 2010) of pathways terminating 

in different sectors of extraocular muscles revealed such separate processing streams in 

primates. In fact, distal lateral rectus muscle injections labeling “slow” muscle fibers, stain 

“slow” abducens motoneurons that are located in different parts of the nucleus and receive 

inputs from different presynaptic regions compared to “fast” motoneurons that are labeled by 

central muscle injections in the monkey (Ugolini et al., 2006). Although separate pathways 

were only confirmed between 2°VNs and muscle fibers, it appears likely that the parallel 

channels extend throughout the entire VOR circuitry. Although convergence of inputs 

originating from spatially related otolith and semicircular canal endorgans (see above) or, to a 

smaller extent, from more than one semicircular canal (Beraneck et al., 2007) were 

demonstrated at the level of the vestibular nucleus, distinct dynamic properties of 2°VNs 

probably remain independent from their input origin(s) (Beraneck et al., 2007).  

To date, numerous studies identified different cellular subtypes of vestibular hair cells, 

afferent fibers, 2°VNs, extraocular motoneurons and muscle fibers. In the following chapters 

I will give a brief overview of hitherto characterized subtypes at all levels of the VOR 

network to provide a framework that will facilitate the discussion of present findings with 

respect to the parallel channel hypothesis. 

 

II.1 Sensory Periphery: Hair cells and afferents 

All vestibular endorgans use mechanoreceptive hair cells to detect head motion. On top of 

these cells is a bundle of cilia, named stereocilia, that is forced in one or the other direction 

by endolymph or otolith motion in the semicircular canals and otolith organs respectively 

(see Guth et al., 1998). These stereocilia contain mechanically gated ion channels that open 

or close depending on the direction of motion. When the head is in a resting position (white 

in Fig. 3A), a small fraction of these non-specific cation channels are open, continuously 

depolarizing the membrane such that a certain amount of excitatory neurotransmitter 

(glutamate) is tonically released from the hair cell synapse (see Guth et al., 1998). This 

generates the individual resting rate of vestibular afferent fibers that, depending on the 

species, can range from less than 1 Hz in amphibians (Gensberger et al., 2015) to around 100 

Hz in primates (see Goldberg, 2000). It should be noted that afferent fibers deprived of their 

synaptic inputs do not fire spontaneously (see Eatock and Songer, 2011). Hair bundle 

bending towards the longest cilium (kinocilium) and the concurrent shearing forces pull 

further ion channels open which in turn allows more positive ions to flow into the hair cell, 

causing a depolarization of its membrane (receptor potential, red in Fig. 3A), an increase in 
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neurotransmitter release and thus increased firing rate of vestibular afferent fibers (Fig. 3A). 

Notably, this ion channel opening is gradual, and the resulting magnitude of depolarization 

encodes the angle of deflection in a nonlinear manner (see e.g. Guth et al., 1998). On the 

other hand, movement in the direction away from the kinocilium causes channels to close and 

the hair cell membrane to hyperpolarize (gray in Fig. 3A) which decreases neurotransmitter 

release and afferent discharge (Fig. 3A).  

With respect to their morphology, different subtypes of vestibular hair cells have been 

demonstrated in all vertebrates. In amniotes, two types of hair cells are classically described 

that differ mostly with respect to their afferent synaptic endings: type I hair cells are bottle-

shaped and comprise a large, calyx-like synapse whereas type II hair cells are rather 

cylindrically shaped with bouton-like afferent terminations (Fig. 3B, from Chen and Eatock, 

2000; see Guth et al., 1998). In chinchillas, calyx afferents contact only 1 – 3 type I hair cells 

in the center of the sensory epithelium, whereas bouton afferents terminate on 15 – 100 type 

II hair cells in the peripheral zones (Fernández et al., 1988). However, most vestibular 

afferents display a mixture of type I and II terminations (Fig. 3B; Fernández et al., 1988). 

Anamniotes (fish and amphibians) in general possess only type II hair cells (see e.g. 

Goldberg and Brichta, 1998) although also in these species, a large spectrum of receptor and 

afferent morphologies can be found: in frogs, for example, three hair cell body shapes were 

described – club-, cigar-, and pear-shaped (Fig. 3C; Guth et al., 1994) – as well as a large 

variety of otolith organ cilial bundle types (types “a” – “f”) (Fig. 3D; Lewis and Li, 1975). 

Furthermore, also in frogs, claw-like synapses, reminiscent of the type I calyx shape, were 

observed (Honrubia et al., 1989). In general, a large spectrum of afferent diameters was 

demonstrated both in anamniotes (frogs: Honrubia et al., 1989; toadfish: Boyle et al., 1991) 

and amniotes (squirrel monkeys: Goldberg, 2000) and in all cases larger afferents terminated 

predominantly in the central region, smaller in the peripheral regions of the vestibular sensory 

epithelia.  

It is widely accepted that afferent diameters correlate with discharge regularity and sensitivity 

to motion stimuli such that thicker axons have higher conduction velocities, lower thresholds 

to electrical (galvanic) stimulation and are more irregular and sensitive compared to thin, 

regular afferent fibers (Goldberg and Fernández, 1977; Honrubia et al., 1989; see also 

Goldberg, 2000; Eatock and Songer, 2011). Furthermore, irregular fibers in mammals in 

general represent the afferent population that mostly innervates type I hair cells in the central 

zone of semicircular canal sensory epithelia and displays phasic, rapidly adapting responses 

to vestibular stimulation. Regularly firing afferents in turn predominantly receive peripheral 

type II hair cell input and respond with slowly adapting, tonic and low-gain responses during 

head motion (see Goldberg, 2000; Eatock and Songer, 2011), although, a substantial fraction 
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Figure 3: Vestibular hair cells and afferent fibers. A, Schematic depicting polarization changes of vestibular 

hair cells and corresponding changes in afferent firing rates upon bending of the hair cell cilia. B, Drawing 

showing the different synaptic terminations on type I and II hair cells. From Chen and Eatock, 2000 (permission 

not required). C, Three types of hair cell morphologies in the frog. From Guth et al., 1994, with permission from 

ELSEVIER. D, Schematics and pictures depicting differences in kinocilium length and shape in an otolith organ 

of the frog. From Lewis and Li, 1975, with permission from ELSEVIER. E, Immunohistochemical staining of 

GABAergic hair cells in the central zone in toadfish. From Holstein et al., 2004b, with permission from PNAS. 

F, Effects of blocking KLV channels on regularity (right) and phasic-tonic discharge characteristics (left) of 

mammalian vestibular afferent fibers. From Kalluri et al., 2010 (permission not required). 
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of afferents innervates both type I and II hair cells (Fernández et al., 1988). A wide ranging 

continuum of afferent discharge regularities (coefficient of variation; CV) was demonstrated 

in several amniote and anamniote vertebrate species, e.g. toadfish (Boyle and Highstein, 

1990), frogs (Honrubia et al., 1989) and chinchillas (Kim et al., 2011), assuming that this 

represents a general principle of information processing in the vertebrate vestibular afferent 

system. In fact, experimental and theoretical approaches suggest that these differences in 

regularity might reflect different coding strategies of regular (spike time code) vs irregular 

(rate code) fibers (Sadeghi et al., 2007). However, it is not commonly assumed that 

differences in discharge regularity are the direct cause of other response characteristics of 

afferent fibers (see Highstein et al., 2005). 

As briefly mentioned in context with discharge regularity, afferent fibers also distinguish into 

different subtypes with respect to other response characteristics such as gain and timing. In 

toadfish, Boyle and Highstein (1990) described a continuum between low-gain velocity- and 

high-gain acceleration sensitive afferent fibers. These differences cannot be explained by 

varying hair cell responses alone: although different morphologies (see above) and membrane 

properties of hair cells and cilia contribute to differences in sensitivity and gain (Baird and 

Lewis, 1986; Baird, 1992; Peterson et al., 1996; see Straka and Dieringer, 2004; Eatock and 

Songer, 2011), with respect to response timing, their receptor potentials rather faithfully 

follow the dynamics of the vestibular stimulation (Highstein et al., 1996). This suggests that – 

at least in some cases – a major integration of hair cell responses has to occur at the hair cell-

afferent synapse or within the afferent fibers themselves. Evidence for synaptic integration 

mechanisms arises from studies demonstrating GABA co-release from a specific subset of 

otherwise glutamatergic hair cells (toadfish: Holstein et al., 2004a; chicken: Usami et al., 

1989) that is believed to shunt afferent responses via GABAB receptors and thus create a 

phase advance of the response that is more aligned with the acceleration component of the 

head movement (Holstein et al., 2004b). This fits well with the fact that GABAergic hair cells 

are found predominantly in central regions of the sensory epithelia where larger, irregular 

acceleration-sensitive afferent fibers (and, in mammals, type I hair cell terminations) are 

located (Fig. 3E, from Holstein et al., 2004b). Moreover, the intrinsic properties of afferent 

fibers play a major role in determining their respective response characteristics. For example, 

low-voltage activated K
+
 (KLV) channels create phasic response patterns to current steps of 

irregular vestibular afferent fibers that become more regular and tonically active during 

current steps in the presence of the particular K
+ 

channel blockers (Fig. 3F, from Kalluri et 

al., 2010). 

In conclusion, various anatomical, pharmacological and physiological studies have revealed 

different subtypes of vestibular hair cells and afferent fibers that act in concert to encode 

different dynamic aspects of head movements. Although a certain level of convergence 
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between thick and thin afferent fibers on 2°VNs has been suggested (Straka and Dieringer, 

2000), it appears plausible that – at least in part – parallel channels of irregular and phasic vs 

regular and tonic afferents exist between the sensory periphery and 2°VNs (Straka et al., 

2004; see Straka et al., 2009). This is supported by anatomical studies that demonstrate at 

least partial segregation of regular and irregular fiber terminations within the vestibular nuclei 

(Sato and Sasaki, 1993). 

 

II.2 Vestibular nuclei 

Vestibular afferents terminate with both electrical and chemical synapses on neurons of the 

ipsilateral vestibular nuclei as the first stage of signal processing of the vestibulo-ocular 

reflex (Fig. 4A). Electrical coupling via gap junctions (purple in Fig. 4A) occurs 

predominantly between thick afferents and 2°VNs with large somal diameters, as shown both 

anatomically and physiologically in several species such as frogs, toadfish, chicken and most 

mammals (for review, see Straka and Dieringer, 2004). On the other hand, chemical 

transmission (red in Fig. 4A) is mainly glutamatergic (Cochran et al., 1987). In frogs and rats, 

all vestibular afferents are immunopositive for glutamate; however, a subgroup of 10 – 20% 

of afferents in addition is stained for glycine (Reichenberger and Dieringer, 1994). This 

subpopulation comprises larger afferent cell bodies and thicker axons (see Straka and 

Dieringer, 2004), consistent with results from glutamate and glycine uptake experiments in 

frogs (Straka et al., 1996a). As a cotransmitter, glycine is believed to mainly regulate 

glutamate responses as a co-agonist of NMDA receptors, in accordance with a study in frogs 

suggesting that NMDA receptors predominantly mediate inputs originating from thick 

vestibular afferents that also possess glycine (Straka et al., 1996a,b; see Straka and Dieringer, 

2004). In addition to the monosynaptic afferent input, excitatory and inhibitory (GABA- and 

glycinergic) side loops were demonstrated in frogs that potentially serve as a feed-forward 

regulator of 2°VN responses (Fig. 4A; Straka and Dieringer, 1996; 2000). Furthermore, 

vestibular neurons receive inputs from the visual and proprioceptive systems (Fig. 4A; see 

Straka et al., 2005), which allows them to combine different sensory modalities for a precise 

calculation of head position or motion in space. 

Although a continuum of different vestibular neurons is often suggested (e.g. in chicken, du 

Lac and Lisberger, 1995), generally two main types of 2°VNs can be distinguished in all 

vertebrates examined so far (for review, see Straka et al., 2005). In mammals, typically type 

A and B neurons are described in vitro with respect to action potential shape and discharge 

properties during current injection (Serafin et al., 1991, Johnston et al., 1994). Spikes of type 

A 2°VNs are broad with a monophasic afterhyperpolarization whereas action potentials of  
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Figure 4: Characteristics of second order vestibular neurons (2°VNs). A, Schematic depicting the 

convergence of vestibular, visual and proprioceptive information in the vestibular nucleus. B, Action potential 

shapes (left) and firing behavior during current step injection (right) of phasic (above) and tonic (below) frog 

2°VNs respectively. From Straka et al., 2004 (permission not required). C, Action potential shapes (left) and 

firing behavior (middle) with the respective discharge frequency (right) during current step injection of 

mammalian (guinea pig) type A (above) and type B (below) 2°VNs. From Straka et al., 2005, with permission 

from ELSEVIER. D, Dependency of phasic characteristics of rat 2°VNs on low-voltage activated K
+
 channels, 

blocked in the presence of 4-Aminopyridine (4-AP). From Iwasaki et al., 2008 (permission not required). E, 

Immunohistochemical staining confirming the presence of a type of low-voltage activated K
+
 channels (Kv1.1 

channels) (right) on vestibular neurons in chicken; microtubule-associated protein 2 (MAP2) counterstain was 

used as a neuronal marker (left). From Shao et al., 2009, with permission from IOS press.  
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type B neurons are thinner and display biphasic afterhyperpolarizations (arrows in left plots 

of Fig. 4C). Moreover, type A neurons display a more regular resting rate than type B and 

resemble tonic, non-adaptive discharge patterns during current injections, whereas type B 

neurons fire more rapidly at the beginning of depolarizing steps in a phasic-tonic manner 

(Serafin et al., 1991; see Straka et al., 2005; middle and right plots in Fig. 4C). In most 

species investigated to date, type B 2°VNs are more prevalent than type A neurons, similar to 

the large population of phasic compared to tonic 2°VNs in frogs (see Straka et al., 2005). One 

can argue that type A and B neurons in mammals more or less resemble tonic and phasic 

2°VNs in amphibians (Fig. 4B, from Straka et al., 2004) both with respect to action potential 

shape and responses to current injections, however, purely phasic cells like those observed in 

frogs appear to be unique for anamniotes, where they predominantly mediate high frequency 

vestibular inputs (Beraneck et al., 2007). 

Several distinct membrane ion channel compositions – most importantly K
+
 and Ca

2+ 

channels – contribute to the physiological characteristics of different subtypes of 2°VNs (see 

Straka et al., 2005). Crucial in this context are low-voltage activated K
+ 

channels (KLV), such 

as Kv1.1 channels, that, similarly as described above for vestibular afferent fibers, play a 

crucial rule in generating phasic responses in 2°VNs in rats (Johnston et al., 1994, Iwasaki et 

al., 2008) and frogs (Beraneck et al., 2007). In both species, pharmacological blockade of 

these K
+
 channels with 4-Aminopyridine (4-AP) causes phasic neurons to become more tonic 

(Fig. 4D (rats); Johnston et al., 1994; Beraneck et al., 2007; Iwasaki et al., 2008), confirming 

their large impact on the dynamics of 2°VNs. Furthermore, a link to morphology was 

demonstrated in frogs, where phasic neurons that are immunopositive for KLV channels 

(Beraneck et al., 2007) also display larger cell diameters and correspondingly lower input 

resistances (Straka et al., 2004; Beraneck et al., 2007; see discussion), similarly to vestibular 

afferent fibers (see above). The importance of Kv1.1 channels in vestibular neurons has been 

demonstrated electrophysiologically and pharmacologically in several other vertebrate 

species (see Straka et al., 2005), and was confirmed immunocytochemically in e.g. chicken 

(Fig. 4E, Shao et al., 2009), suggesting a common functional relevance of these channels 

throughout vertebrates. Another striking difference related to pharmacological properties was 

described by Takazawa et al. (2004) who investigated the neurotransmitter profile of the two 

subtypes of vestibular neurons in rats: type A 2°VNs are mainly GABAergic, whereas type B 

neurons can be either glutamatergic or GABAergic.  

In conclusion, distinct subtypes with respect to morphological, electrophysiological and 

pharmacological features can also be observed in 2°VNs that serve as the first central 

processing stage of the VOR circuitry. Due to a certain level of afferent fiber convergence (in 

cats: Zakir et al., 2000; in frogs: Straka et al., 2002; in primates: Dickman and Angelaki, 

2002; in pigeons: McArthur et al., 2011) and, for example, convergence with commissural (in 



Introduction 19 

 

 

frogs: Malinvaud et al., 2010) or cerebellar inputs (in frogs: Magherini et al., 1975), 

information can be integrated at the level of the vestibular nucleus. The final output of 2°VNs 

is then distributed to various brain regions (see Straka et al., 2005) such as the contralateral 

vestibular nuclei (commissural connections, Malinvaud et al., 2010), cerebellum (see chapter 

on VOR plasticity below), hippocampus and thalamus (spatial cognition and orientation), the 

spinal cord (vestibulospinal reflexes, posture control) and extraocular motoneurons as a final 

stage of VOR processing. 

 

II.3 Extraocular motoneurons and muscle fibers 

Compared to vestibular hair cells, afferents and 2°VNs, fewer studies have so far investigated 

the different physiological subtypes of extraocular motoneurons with respect to VOR 

processing. Experiments on these motoneurons are facilitated with respect to spatial 

specificity by the fact that three separate cranial motor nuclei innervate the extraocular 

musculature (see above): abducens (N.VI, innervating the lateral rectus), trochlear (N.IV, 

innervating the superior oblique) and oculomotor (N.III, innervating the medial, superior, 

inferior recti and inferior oblique). Notably, although similar functional properties of all 

extraocular motoneurons are likely, findings related to a single nucleus might not be 

sufficient for generalization. 

To date, numerous studies have investigated the morphology of extraocular motoneurons in 

several vertebrate species. A continuum of somal sizes exists in e.g. the abducens nucleus of 

fish (Sterling, 1977), frogs (Dieringer and Precht, 1986) and cats (Grantyn et al., 1977), the 

trochlear nucleus of turtles (Jones and Ariel, 2008), and all extraocular motor nuclei in 

monkeys (Büttner-Ennever et al., 2001), assuming this to be a general principle of 

morphological organization of extraocular motoneurons across vertebrate species. Cell size 

seems to play a functional role both with respect to the inverse relation between cell diameter 

and input resistance (see discussion) as well as in determining the type of targeted muscle 

fibers. In frogs, Dieringer and Precht (1986) demonstrated a bimodal distribution of abducens 

nerve fiber diameters: one peak of smaller axons around 3 µm, and a second larger 

population of axons with diameters around 8 µm. This in turn appears to correlate with 

findings in monkeys, where a dual pathway of extraocular muscle innervation has been 

suggested (Büttner-Ennever et al., 2001; Büttner-Ennever and Horn, 2002a,b; Ugolini et al., 

2006): Small motoneurons with thin axons project to slow, tonic, non-twitch, multiply-

innervated muscle fibers (MIF), whereas larger motoneurons with thicker axons innervate 

fast, twitch, singly-innervated fibers (SIF) that are spatially restricted to the central region of 

extraocular muscles. Furthermore, smaller motoneurons innervating MIFs are localized in the 

periphery of the respective motor nucleus unlike larger, SIF innervating motoneurons that are 



20 Introduction 

 

spread out through the entire center of extraocular motor nuclei (Büttner-Ennever et al., 2001; 

see Büttner-Ennever and Horn, 2002a,b). Slow, MIF and fast, SIF innervating motoneurons 

also differ in several immunohistochemical properties such as the presence of perineuronal 

nets that is restricted to the population of SIF motoneurons (Eberhorn et al., 2005). In 

addition, slow and fast abducens motoneurons can be distinguished according to differences 

in premotor innervation. In monkeys, the two subtypes at least partially receive inputs from 

functionally distinct brain regions respectively (Ugolini et al., 2006). 

In general, vertebrate extraocular muscles are somewhat compartmentalized and in most 

species consist of an inner global layer with larger SIF muscle fibers, surrounded by an outer 

orbital layer comprising smaller diameter MIF fibers (Stirn Kranjc et al., 2009; see Büttner-

Ennever, 2007). As their names suggest, multiply innervated fibers receive motor commands 

via numerous “en-grappe” (grape-like) clusters of synapses. They display slower contraction 

times than SIFs and can retain the contractile force for long periods of time (see Büttner-

Ennever, 2007). On the other hand, singly innervated fibers undergo “all-or-nothing” twitch 

responses upon innervation via a central “en-plaque” endplate. This suggests a task sharing of 

MIFs for gaze holding and eye stabilization and SIFs for fast VOR-driven eye movements or 

saccades respectively (Büttner-Ennever and Horn, 2002a). 

As observed for 2°VNs (see above), two classes of extraocular motoneurons can be 

distinguished according to their action potential shapes and discharge during current 

injection. In rat oculomotor (Nieto-Gonzalez et al., 2007) and abducens (Russier et al., 2003) 

motoneurons, spikes display mono- and biphasic afterhyperpolarizations, similar to those 

observed in mammalian type A and type B 2°VNs. Mono- and biphasic action potentials 

were also demonstrated in other species such as in turtle trochlear motoneurons (Jones and 

Ariel, 2008). Furthermore, in rats, the two spike shapes coincide with tonic and phasic-tonic 

characteristics respectively (Nieto-Gonzalez et al., 2007), again similar to what was shown 

for 2°VNs, and tonic and phasic abducens motoneurons can be observed in goldfish (Gestrin 

and Sterling, 1977). 

Extracellular nerve recordings in frogs (Dieringer and Precht, 1986) demonstrated three types 

of abducens motoneuronal responses to natural optokinetic stimulation that differ in their 

relative spike amplitudes: the first subtype with largest spikes encodes eye velocity; another 

with smallest spikes mediates eye position signals, and the third subtype displays responses in 

between the two extremes. Although this is a first indication for the function and potential 

task-sharing of different motoneuronal subtypes, a complete picture combining 

morphological, physiological and pharmacological properties of extraocular motoneurons 

with their implications for VOR processing still remains to be drawn.  
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II.4 Neurotransmitter systems of the basic VOR network 

The differential use of excitatory and inhibitory neurotransmitters at different stages of the 

VOR as well as the distribution and expression levels of corresponding receptors on 

postsynaptic membranes play an important role in shaping distinct neuronal responses. For 

example, differences in receptor kinetics can substantially influence the timing of chemical 

signal transmission. Also, in many cases the co-release of more than one transmitter and/or 

neuromodulator enables fine-tuning of the postsynaptic potentials. It therefore appears likely 

that distinct neuronal subtypes also differ in their neurotransmitter profiles at all stages of 

vestibulo-ocular processing.  

In general, excitatory neurotransmission within the VOR is mediated by glutamate and the 

associated AMPA/kainate and NMDA receptors (see Straka and Dieringer, 2004). A first 

indication for different functions of these two receptors was given by a study in cats, where 

AMPA- and NMDA antagonists were systemically applied and VOR responses tested 

thereafter, suggesting that NMDA receptors predominantly mediate responses to low 

frequency head motion (0.1 – 1 Hz) whereas higher frequencies (2 – 8 Hz) mainly require 

excitation through AMPA receptors (Priesol et al., 2000).  

Looking at the hair cell – afferent synapse, glutamate is present in (Panzanelli et al., 1994) 

and released from vestibular hair cells in frogs (Annoni et al., 1984; Zucca et al., 1992), 

axolotls (Soto and Vega, 1988) and turtles (Cochran and Correia, 1995). In the axolotl, Soto 

et al. (1994) demonstrated that glycine-modulated NMDA receptors play a major role in the 

hair cell-afferent transmission of long-lasting stimulation of the vestibular system, whereas 

non-NMDA receptors are suggested to play a major role in the initial, fast onset of afferent 

responses. Furthermore, Holstein et al. (2004a,b) showed that a specific subset of toadfish 

hair cells use GABA in addition to glutamate to shunt afferent responses via GABAB 

receptors, thus creating a phase advance of the response. GABA was also 

immunohistochemically demonstrated in vestibular endorgans of chicken (Usami et al., 

1989). 

Between vestibular afferents and 2°VNs, glutamatergic transmission again occurs via both 

AMPA and NMDA receptors. Vestibular afferents can be either purely glutamatergic or co-

release glycine, presumably for a modulation of NMDA receptor mediated currents (see 

Straka et al., 2009). In addition, NMDA receptors are believed to play a major role in the 

transmission of larger diameter afferent fiber inputs. Furthermore, feed-forward excitatory or 

inhibitory side-loops via vestibular interneurons shape 2°VN responses to afferent inputs 

(Fig. 4A). In frogs, feed-forward inhibition can be both GABA- and glycinergic (Biesdorf et 

al., 2008), supported by immunohistochemical data, showing both GABA- and glycine-

positive neurons in the vestibular nuclei (Reichenberger et al., 1997). 
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Glutamatergic excitatory inputs between 2°VNs and extraocular motoneurons so far have 

been poorly investigated. Both AMPA (Straka and Dieringer, 1993) as well as NMDA 

receptors (Durand, 1987; 1991; 1993) have been demonstrated on abducens motoneurons; 

however, a potentially differential impact of the two on vestibulo-ocular processing remains 

largely unknown. Inhibitory vestibular inputs onto extraocular motoneurons, such as from the 

ipsilateral vestibular nuclei onto abducens motoneurons (see above), are believed to be 

mainly GABAergic in the case of trochlear (IV) and oculomotor (III) motoneurons (Wentzel 

et al., 1996; Spencer et al., 1989; Spencer and Baker, 1992), and exclusively glycinergic in 

abducens (VI) motoneurons as shown in cats (Spencer et al., 1989) and frogs (Straka and 

Dieringer, 1993). However, in addition to glycine, also a sparse GABA labeling was 

observed within the abducens nucleus (Spencer et al., 1989), and GABAergic terminals 

(Lahjouji et al., 1995) as well as GABAA receptors (Lorenzo et al., 2007) were demonstrated 

on the somata of abducens motoneurons in rats.  

 

III Plasticity 

III.1 The VOR is plastic 

III.1.a Demands for motor system plasticity 

The development and fine-tuning of motor commands underlying the huge variety of 

different vertebrate motor skills – from “simple” locomotion to highly complex processes 

such as playing a musical instrument – is mediated by circuitries that display a high degree of 

neuronal and/or network plasticity throughout life; even though with increasing age, motor 

learning generally becomes slower (King et al., 2013; VOR plasticity: Gutierrez-Castellanos 

et al., 2013). As in any other motor system, the output of the vestibulo-ocular reflex is also 

far from static (see Broussard and Kassardjian, 2004). Since the basic VOR circuitry consists 

of an open-loop network, feedback about a potentially remaining image slip is required (see 

Miles and Lisberger, 1981). Only the visual system can provide information about whether 

head motion-compensating eye movements have appropriate magnitude and timing, and thus 

shape the sensory-motor transformation whenever necessary (see Boyden et al., 2004). This 

becomes essential during growth and development of animals – to adapt to changes in size of 

extraocular muscle fibers or inner ear organs and increased number of neurons or synapses – 

as well as during aging (see Boyden et al., 2004; Eatock and Songer, 2011). In addition, 

plasticity mechanisms are – at least in part – capable of restoring VOR functioning after 

vestibular injuries. For example, unilateral vestibular loss results in numerous processes 

referred to as “vestibular compensation” that re-balance the asymmetric activity of the ipsi- 

and contralateral vestibular nuclei (see Dieringer, 1995; Straka et al., 2005; Cullen et al., 
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2009; Dutia, 2010). In part, this is mediated by saccadic and/or sensory substitution with 

neck-proprioceptive or optokinetic inputs, which becomes especially important in the 

compensation of bilateral vestibular loss, such as after hair-cell damaging pharmacological 

treatment (e.g. with gentamicin antibiotics) (see Dieringer, 1995; Eatock and Songer, 2011). 

These inputs, however, are too slow to compensate for deficits during high-frequency head 

movements (Angelaki et al., 1996; see Eatock and Songer, 2011).  

Besides lesion experiments, visuo-vestibular mismatch paradigms are classically used to 

elicit and investigate the performance of VOR adaptation in the laboratory. Within a stable 

visual environment, the ideal VOR has a gain of 1.0, meaning that eye movements have the 

same magnitude as the head motion but in the exactly opposite direction. However, in order 

to maintain an unblurred visual scene during artificial motion of the visual environment 

together with the head, an attenuation of the VOR output would be required, ideally down to 

a gain of zero, such that no eye movements occur during head motion for an unblurred visual 

scene (lower part of Fig. 5A, from Hirano and Kawaguchi, 2014). On the other hand, motion 

of the visual environment in the opposite direction of the head requires a facilitation of the 

VOR gain (upper part of Fig. 5A). Extreme alterations in gain and phase such as complete 

phase reversal (e.g. Gutierrez-Castellanos et al., 2013) can be achieved during different 

mismatch paradigms; and even the direction of the VOR can be altered e.g. by concurrent 

vertical visual and horizontal vestibular stimulation (Harrison et al., 1986; Schultheis and 

Robinson, 1981; Wei and Angelaki, 2001; Hübner et al., 2014).  

 

III.1.b Mechanisms underlying VOR plasticity 

Numerous studies have investigated the mechanisms underlying VOR adaptation, and to date 

came to the conclusion that multiple sites and mechanisms of plasticity act in concert to 

mediate VOR motor learning (see Boyden et al., 2004; Kassardjian et al., 2005; Medina, 

2011). Generally for motor learning processes – including VOR adaptation – the cerebellum 

plays a major role (see Broussard and Kassardjian, 2004), however, additional feed-back and 

feed-forward loops such as via the vestibular efferent system have been argued to assist the 

flexibility of VOR processing (see Goldberg, 2000; Eatock and Songer, 2011; Chagnaud et 

al., 2015; Hübner et al., 2015). The plasticity mechanisms considered most relevant shall now 

be described in more detail. 

 

Plasticity via the cerebellar side loop 

Already Marr (1969) and Albus (1971) presented their “theories of the cerebellar cortex” and 

“cerebellar function”, and introduced the notion that a major part of VOR plasticity occurs 
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via the cerebellar side-loop (Fig. 5B). Purkinje cells of the vestibulo-cerebellum (cerebellar 

flocculus) receive vestibular inputs via granule cell parallel fibers from 2°VNs and vestibular 

afferent fibers, as well as information from the optokinetic system via climbing fibers from 

the inferior olive (see Boyden et al., 2004). After integration of the two sensory inputs, an 

inhibitory, GABA-ergic feedback projection to the vestibular nucleus terminates on a subset 

of 2°VNs – the floccular target neurons – to regulate VOR responses (Babalian and Vidal, 

2000; Shin et al., 2012; see Boyden et al., 2004). The Marr-Albus model suggests that 

 

 

Figure 5: Plasticity of the VOR.  

A, Schematics depicting plastic alterations 

of the VOR gain after visuo-vestibular 

mismatch training. From Hirano and 

Kawaguchi, 2014 (no permission required). 

B, Schematic showing the horizontal 

aVOR network including the inhibitory 

feedback via the cerebellar side loop. C, 

Illustration of the homeostatic plasticity of 

cortical network firing rates in response to 

lowered or raised overall activity. From 

Turrigiano, 2012, with permission from 

Cold Spring Harbor Laboratory Press. 

1/2°VN, first/second order vestibular 

neurons; GC, granule cells; HC, horizontal 

semicircular canal; int, abducens inter-

nuclear neurons; IO, inferior olive LR, 

lateral rectus; MN, motoneurons  
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bidirectional VOR plasticity exclusively occurs via long-term strengthening or weakening of 

the synapse between parallel fibers and Purkinje cells that is guided by the concurrent 

climbing fiber input whenever abnormal image slip is detected during VOR responses (see 

Boyden et al., 2004). Evidence for this notion arises from vestibulo-cerebellar lesions and 

pharmacological blockade of Purkinje cells that cause the adapted VOR gain and phase to 

immediately return to pre-learning values in goldfish (Michnovicz and Bennett, 1987) and 

cats (Kassardjian et al., 2005; Broussard et al., 2011). Furthermore, electrical climbing fiber 

stimulation depresses Purkinje cell responses to parallel fiber inputs in rabbits (Ito et al., 

1982) and the Purkinje cell output displays appropriate changes in phase and gain during 

visuo-vestibular mismatch training to mediate VOR adaptation in primates (Watanabe, 1984; 

1985). Despite these findings, an alternative model has been proposed by Miles and Lisberger 

(1981), suggesting that Purkinje cells do not represent the main site of plasticity but rather 

send instructive signals for plastic changes to an extra-cerebellar downstream target site, such 

as the vestibular nucleus (reviewed in Boyden et al., 2004). More recent studies however 

propose that the two models are not mutually exclusive (see Medina, 2011) and that multiple 

sites and mechanisms of plasticity act together during motor learning of the VOR (Boyden et 

al., 2004; Hirata and Highstein, 2001; 2002; Kassardjian et al., 2005; Gao et al., 2012; 

Clopath et al., 2014). In any case, the presence of an intact cerebellar side loop appears to be 

the prerequisite for motor learning, since ablation or temporal inactivation of the cerebellum 

prevents VOR plasticity in goldfish (Michnovicz and Bennett, 1987; Pastor et al., 1994), cats 

(Schultheis and Robinson, 1981; Luebke and Robinson, 1994; Kassardjian et al., 2005) and 

primates (Zee et al., 1981; Lisberger et al., 1984; Rambold et al., 2002). 

Apart from the integration of visual information, the cerebellar side loop also mediates VOR 

gain attenuation that occurs during prolonged low-frequency head rotation in the absence of 

visual feedback (habituation). This phenomenom was demonstrated in goldfish (Dow and 

Anastasio, 1998; 1999), mice (Gutierrez-Castellanos et al., 2013), monkeys (Jäger and Henn, 

1981) and humans (Clément et al., 2008), such as in sailors that can habituate to low-

frequency motion on sea with gradually disappearing symptoms of sea-sickness (Schmäl, 

2013). Furthermore, it was shown in cats that habituation is a direction-specific rather than 

global mechanism of the VOR network (Clément et al., 1981). 

The cerebellum was also shown to contribute to the integration of active head movements 

during which compensatory eye movements or postural reflexes might be undesirable (see 

Cullen and Roy, 2004). Whereas vestibular afferents respond in the same fashion during 

passive and active head motion, specific subclasses of neurons in the cerebellum and/or 

vestibular nuclei react differently during both conditions in mice (Medrea and Cullen, 2013) 

and monkeys (Roy and Cullen, 1998; see Cullen and Roy, 2004; Cullen et al., 2011). 
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Plasticity at extra-cerebellar sites 

Whereas the cerebellum appears to be essential for VOR plasticity during visuo-vestibular 

mismatch conditions, vestibular compensation following unilateral loss of the labyrinthine 

endorgans only partially requires cerebellar integrity (see Cullen et al., 2009; Dutia et al., 

2010). For example, genetically modified mice with cerebellar deficits show similar time 

courses of vestibular compensation as the wild-type within the first week after unilateral 

labyrinthectomy, however long-term restoration is impaired (Beraneck et al., 2008). This 

suggests that the acute phase of compensation, which levels out the profound asymmetry in 

resting discharge between the two vestibular nuclei after unilateral ablation of afferent inputs 

(see Straka et al., 2005), is mediated by modifications within extracerebellar circuits, whereas 

the cerebellum is required for further improvement of the VOR in the longer term (Beraneck 

et al., 2008). Extra-cerebellar plasticity mechanisms (see Dutia, 2010) include bilateral 

changes in intrinsic properties and excitability of 2°VNs (Cameron and Dutia, 1997; 

Beraneck et al., 2003; 2004), a modified sensitivity to commissural inputs (Farrow and 

Broussard, 2003; Bergquist et al., 2008; Lim et al., 2010), reorganization of the vestibular 

pathway connectivity (Goto et al., 2002; Rohregger and Dieringer, 2003), and even 

neurogenesis in the vestibular nucleui of the ipsilesional side (Tighilet et al., 2007; Dutheil et 

al., 2009). In addition, vestibular compensation appears to be influenced by neuromodulatory 

mechanisms such as through steroid hormones or the histaminergic system (see Beraneck and 

Idoux, 2012), compatible with the finding that the time course of plasticity appears to be 

influenced by stress, anxiety and arousal (see Dutia, 2010; Beraneck and Idoux, 2012). 

 

III.2 Homeostatic plasticity 

Correct functioning of the central nervous system critically depends on the stability of neural 

networks that is challenged throughout life by imbalances of circuit activity whenever the 

number or strength of synapses changes during development or learning (see Turrigiano, 

2012). “Homeostasis” (“staying the same through change”) not only refers to the 

maintenance of parameters like body temperature or glucose levels but is also used to 

describe the plasticity that stabilizes neuronal network activity (see Turrigiano, 2012). To 

maintain stability around a certain “set point” of activity, neurons must sense any deviation 

from this point and regulate excitability on a cellular or network level such that the activity 

returns to the set point (Fig. 5C; see Turrigiano, 2012). This can be achieved by synaptic 

scaling that for example can alter the expression of NMDA or AMPA receptors on the 

postsynaptic membrane (Turrigiano et al., 1998; Watt et al., 2000; see Watt and Desai, 2010) 

or glutamate transporter expression at the presynaptic site (De Gois et al., 2005). Several 
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molecular mechanisms, usually including calcium concentration-dependent pathways (Ibata 

et al., 2008; Goold and Nicoll, 2010; see Turrigiano, 2012) underlie synaptic scaling. 

Homeostatic plasticity has been demonstrated in various regions of the central and peripheral 

nervous system. For example, at the neuromuscular junction, the efficiency of motoneuronal 

inputs adapts according to changes in muscle fiber size during growth, which ensures the 

appropriate level of depolarization to bring fibers above threshold for an all-or-none 

contraction (Davis and Goodmann, 1998; Paradis et al., 2001; see Davis and Bezprozvanni, 

2001; Turrigiano and Nelson, 2004; Turrigiano, 2012). Homeostatic mechanisms in central 

neurons however are more complex: Up to thousands of synaptic inputs must be integrated 

and although short-term fluctuations in activity are essential for information transfer and 

learning, long-term net changes are undesirable (Turrigiano and Nelson, 2004). Hence, it has 

been demonstrated that e.g. cortical and hippocampal neurons display a high ability to 

compensate for long-term deviations from the activity set point (Turrigiano et al., 1998; 

Burrone et al., 2002; see Turrigiano and Nelson, 2004; Turrigiano, 2012). Furthermore, in the 

spinal cord, homeostatic plasticity ensures the presence of spontaneous activity required for 

axonal pathfinding and circuit formation during development (Hanson and Landmesser 2004; 

Gonzalez-Islas and Wenner 2006). Recently, homeostatic control has also been demonstrated 

in the brainstem in hypoglossal motoneurons in mice (Tadros et al., 2014). Due to its 

functional relevance, it appears likely that homeostatic plasticity represents a general strategy 

present in numerous brain regions (see Watt and Desai, 2010), including the vestibular 

system (Menzies et al., 2010). 

 

IV Aim of this thesis 

Even though the vestibulo-ocular reflex is comprised of only very few processing stages, the 

understanding of several details of the underlying cellular and network computations is still 

lacking. Cell-to-cell projection patterns at all stages of the VOR circuitry were extensively 

studied using anatomical tracing techniques; however, connections across more than one 

synapse have only started to be investigated with rabies virus tracing in primates (e.g. Ugolini 

et al., 2006). Parallel, frequency-tuned channels were suggested according to the different 

cellular subtypes that are present at various stages of VOR processing with similar properties 

(see Straka et al., 2009) and to date, numerous studies have investigated these subtypes at the 

level of vestibular hair cells, afferent fibers, 2°VNs and muscle fibers. However, until now 

few data exist about functionally distinct groups of extraocular motoneurons. A major part of 

my thesis therefore deals with the classification of abducens motoneurons with respect to 

their morphology, pharmacology and response profile in the context of a fully functional 

vestibulo-ocular network in semi-intact larval Xenopus laevis preparations.  
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“Natural” stimulation of the vestibular endorgans using sinusoidal head rotation allowed 

investigating the potential frequency- and velocity-sensitivities, activation thresholds and 

phase precisions of individual motor units recorded extracellularly from the abducens nerve. 

On the other hand, the functional relevance of these individual physiological properties for 

VOR related eye motion was studied using a computational approach: optimal combinations 

of motor commands generated by the different motoneuronal subtypes were determined for 

the simulation of eye movements. Calcium imaging of retrogradely labeled motoneurons with 

simultaneous abducens nerve recordings revealed a potential link between cell morphology, 

location and response properties during electrical stimulation of the vestibular endorgans. 

With respect to pharmacology, the differential roles of AMPA/kainate and NMDA receptors 

as well as the functionality of GABA- and glycinergic inputs onto abducens motoneurons 

were extensively studied in this PhD thesis. To date, the two glutamate receptors systems 

have only been investigated in isolated brains (e.g. Straka et al., 1993; Durand, 1991), lacking 

the context of an in vivo-like activation of the vestibular endorgans. Glycine has been 

suggested to mediate inhibitory inputs from the ipsilateral vestibular nucleus (Spencer et al., 

1989; Straka et al., 1993); however, the role of GABA receptors on abducens motoneurons 

(Spencer et al., 1989; Lahjouji et al., 1995; Lorenzo et al., 2007) is yet unclear. Selective 

application of the respective receptor antagonists via focal injection into the abducens nucleus 

within an otherwise intact VOR circuitry in Xenopus laevis helped to resolve these questions 

and uncover the functional properties underlying this last stage of sensory-motor 

transformation within the VOR circuitry. In combination, the different aspects of 

classification of neuronal subtypes achieved during this thesis will potentially be integrated 

into the so far existing framework of parallel channels in order to further advance the 

discussion about the theory of VOR processing in frequency-tuned channels. 

Another major part of this thesis deals with the plasticity of vestibulo-ocular processing. So 

far, adaptive mechanisms of the VOR network were mainly studied using visuo-vestibular 

mismatch paradigms or vestibular lesions (see Boyden et al., 2004; Dutia, 2010). Although 

several studies have demonstrated habituation effects during prolonged low-frequency 

vestibular stimulation in the dark (e.g. Jäger and Henn, 1981), thorough analysis of a 

potential regulation of the VOR gain in the absence of visual inputs is still missing. In larval 

Xenopus laevis, a stimulus amplitude-dependent homeostatic plasticity was observed upon 

sustained sinusoidal head rotation in the dark, i.e. after dissection of the bilateral optic nerves. 

Taking advantage of the semi-intact in vitro preparation, a potential role of the cerebellar side 

loop was investigated using lesion experiments. The present findings will contribute to the 

understanding of the broad spectrum of plastic mechanisms within the VOR circuitry that act 

in concert for the fine-tuning of the underlying sensory-motor transformations. 
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Abstract 41 

Vestibulo-ocular reflexes (VOR) are the dominating contributors to gaze stabilization in all 42 

vertebrates. During horizontal head movements, abducens motoneurons form the final element of 43 

the reflex arc that integrates visuo-vestibular inputs into temporally precise motor commands for the 44 

lateral rectus eye muscle. The large dynamic spectrum from slow, tonic to fast, twitch-like 45 

contractions of different extraocular muscle fiber types necessitates an innervation by a similar 46 

range of task-specific motoneuronal subgroups. Here, we studied a possible differentiation of 47 

abducens motoneurons into subtypes by evaluating their morphology, discharge properties and 48 

synaptic pharmacology in semi-intact in vitro preparations of larval Xenopus laevis. Extracellular 49 

nerve recordings during sinusoidal head motion revealed a continuum of resting rates and activation 50 

thresholds during vestibular stimulation. Differences in the sensitivity to changing stimulus 51 

frequencies and velocities allowed subdividing abducens motoneurons into two subgroups, one 52 

encoding the frequency and velocity of head motion (group I), and the other precisely encoding 53 

angular velocity independent of stimulus frequency (group II). Computational modeling indicated 54 

that group II motoneurons are the major contributor to actual eye movements over the tested 55 

stimulus range. The segregation into two functional subgroups coincided with a differential 56 

activation of glutamate receptor subtypes, each with relevance for the phase of motion-induced 57 

responses. Furthermore, glycine mediated inhibitory inputs during the horizontal VOR while 58 

GABA transmitted a tonic non-vestibular inhibition. These findings support the presence of 59 

physiologically and pharmacologically distinct functional subgroups of extraocular motoneurons 60 

that act in concert to mediate the large dynamic range of extraocular motor commands during gaze-61 

stabilization. 62 

 63 

 64 

 65 

 66 
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Significance statement 67 

 Outward-directed gaze stabilizing eye movements are commanded by abducens 68 

motoneurons that combine different sensory inputs including signals from the vestibular system 69 

(vestibulo-ocular reflex) about ongoing head movements. Using an amphibian model, this study 70 

investigates whether different types of abducens motoneurons exist that become active during 71 

different types of eye movements. The outcome of this study demonstrates the presence of specific 72 

motoneuronal populations with pharmacological profiles that match their response dynamics. The 73 

evolutionary conservation of the vestibulo-ocular circuitry makes it likely that a similar 74 

motoneuronal organization is also implemented in other vertebrates. Accordingly, the physiological 75 

and pharmacological understanding of specific motoneuronal contributions to eye movements might 76 

help designing drug therapies for human eye movement dysfunctions such as abducens nerve palsy.  77 

 78 

 79 

Introduction 80 

Accurate perception of the visual environment in all vertebrates requires permanently active 81 

gaze-stabilization that counteracts retinal image displacements during passive and self-motion. 82 

These image-stabilizing eye movements derive from the spatio-temporally precise transformation of 83 

visuo-vestibular sensory signals into extraocular motor commands. The large bandwidth of natural 84 

motion-related sensory signals likely precludes a signaling pathway composed of dynamically 85 

uniform neurons but rather suggests that the underlying sensory-motor transformation occurs in 86 

separate, parallel signaling channels with different temporal characteristics (see Straka and 87 

Dieringer, 2004; Straka et al., 2009). The necessity of such an organization is particularly obvious 88 

for the vestibulo-ocular reflex (VOR) pathway, given the wide dynamic range of this system for 89 

motion encoding. While both, vestibular nerve afferents (Jamali et al., 2013; see Goldberg, 2000) 90 

and central vestibular neurons (see Straka et al., 2005) subdivide into distinct cellular subtypes, a 91 

similarly clear differentiation of extraocular motoneurons into functional phenotypes has so far not 92 
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been demonstrated. Except for few studies emphasizing potential differences in motoneuronal 93 

response patterns during head motion (Dieringer and Precht, 1986; Evinger and Baker, 1991; Davis-94 

López de Carrizosa et al., 2011), distinct subgroups with respect to intrinsic membrane properties 95 

were so far only described for rat oculomotor motoneurons (Nieto-Gonzalez et al., 2007). 96 

Nonetheless, vertebrate extraocular motor nuclei appear to form morpho-physiologically 97 

heterogeneous populations of neurons with different recruitment thresholds and time constants that 98 

match the large behavioral spectrum of eye movements (Sterling, 1977; Delgado-Garcia et al., 99 

1986; Pastor et al., 1991; Pastor and Gonzales-Forero, 2003; Carrascal et al., 2009; Davis-López de 100 

Carrizosa et al., 2011). 101 

Heterogeneity is also observed at the extraocular motor periphery where tonic, multiply and 102 

twitch-like, singly innervated eye muscle fibers can be distinguished (Büttner-Ennever et al., 2001; 103 

Eberhorn et al., 2005, 2006). Assuming different contraction dynamics of the respective fiber types, 104 

this structural differentiation is excellently suited to meet the general necessity for eye muscles to 105 

cover different motion dynamics such as during saccades, smooth pursuit, gaze holding or slow 106 

phase optokinetic responses (Horn and Leigh, 2011). This differential neuromuscular innervation of 107 

two separate muscle fiber types suggests a bipartite organization of extraocular motoneurons 108 

(Büttner-Ennever et al., 2001; Ugolini et al., 2006). Moreover, to generate dynamically appropriate 109 

extraocular motor commands for different eye motion tasks, extraocular motoneurons require 110 

functionally adequate synaptic inputs (Dean, 1997). In fact, different types of extraocular 111 

motoneurons receive synaptic inputs from spatially segregated ocular motor control regions with 112 

complementary functions such as gaze-stabilization or voluntary movement control during saccades 113 

or smooth pursuit (Ugolini et al., 2006).  114 

 115 

Here, we provide direct evidence that extraocular motoneurons indeed form subgroups that 116 

mediate signals with distinct dynamics. During sinusoidal motion stimulation, abducens nerve 117 

recordings in semi-intact preparations of Xenopus laevis tadpoles revealed two groups of 118 
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extraocular motor units that either modulated exclusively with head motion velocity or with both, 119 

velocity and frequency components of the head movement. Differential pharmacological blockade 120 

of excitatory and inhibitory transmission demonstrated a differential impact of specific 121 

neurotransmitter systems and/or receptor subtypes for shaping the motor output of the two 122 

motoneuronal subgroups. Computational modeling that linked motor unit discharge with actual eye 123 

motion dynamics outlined potential contributions of the different neuronal subtypes to VOR 124 

performance. Preliminary data were previously published in abstract form (Dietrich et al., 2014). 125 

 126 

 127 

Materials and Methods 128 

Animals and experimental preparation 129 

Xenopus laevis tadpoles of either sex (n = 105) at developmental stages 53-54 (Nieuwkoop and 130 

Faber, 1994) were obtained from the in house animal breeding facility at the Biocenter-Martinsried 131 

(Ludwig-Maximilians-University Munich). Tadpoles were maintained in tanks with non-chlorinated 132 

water (17-18°C) at a 12/12 light/dark cycle and were fed daily with Spirulina bacteria. 133 

Electrophysiological and pharmacological experiments were performed in vitro on isolated, semi-134 

intact preparations and comply with the "Principles of animal care", publication No. 86-23, revised 135 

1985 of the National Institute of Health. Permission for these experiments was granted by the 136 

respective governmental institution at the Regierung von Oberbayern (55.2-1-54-2532.3-59-12). 137 

For all experiments, tadpoles were anesthetized in 0.05% MS-222 (Pharmaq Ltd. UK) in ice-138 

cold frog Ringer´s solution (75 mM NaCl, 25 mM NaHCO3, 2 mM CaCl2, 2 mM KCl, 0.5 mM 139 

MgCl2, and 11 mM glucose, pH 7.4) and decapitated at the level of the upper spinal cord. As 140 

previously described (Gensberger et al., 2016), the skin above the brain was removed, the 141 

cartilaginous skull opened from dorsal, the forebrain and spinal cord disconnected and both optic 142 

nerves transected. The remaining central nervous system and vestibular sensory periphery as well as 143 

all afferent connections and extraocular motoneuronal projections were functionally preserved in 144 
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this preparation. This allowed a natural activation of the horizontal vestibulo-ocular reflex (VOR) 145 

with sinusoidal vertical-axis rotations on a two-axis turntable under controlled in vitro conditions 146 

(Dietrich and Straka, 2016). Extraocular motor units were recorded from the abducens nerve after 147 

isolation of the lateral rectus (LR) nerve branch close to the target muscle. For pharmacological 148 

experiments, the trochlear nerve was isolated from the superior oblique (SO) target muscle and used 149 

for control recordings. For fluorescent tracer application, nerve branches were similarly prepared 150 

and cleaned from surrounding tissue. For all experiments, the preparations were placed in a 151 

Sylgard-lined recording chamber that was continuously perfused with oxygenated Ringer´s solution 152 

at a constant temperature of 16.8 ± 0.1°C. 153 

Electrophysiology and pharmacology  154 

The recording chamber with the preparation affixed to the Sylgard floor was mounted in the 155 

center of the rotation axes of a two-axis computer-controlled motorized turntable (ACT-1002, 156 

Acutronic USA Inc., Switzerland) as described earlier (Lambert et al., 2008). Spontaneous and 157 

stimulus-evoked spike discharge of the abducens and trochlear nerves were recorded (EXT 10-2F; 158 

npi electronics; Tamm, Germany) with individually adjusted glass suction electrodes, digitized at 20 159 

kHz (CED 1401, Cambridge Electronic Design) and stored on computer for offline analysis. Glass 160 

microelectrodes for extracellular recordings were produced with a horizontal puller (P-87 161 

Brown/Flaming) and the tips were individually broken to fit the respective nerve diameter. Motion 162 

stimuli for natural activation of the horizontal semicircular canals consisted of sinusoidal rotations 163 

of the turntable around the vertical axis at frequencies of 0.1 - 1 Hz and peak velocity amplitudes of 164 

± 6°/s - 60°/s for modulating the spike activity of motoneuronal axons in the abducens nerve. 165 

Control recordings of the trochlear nerve were performed during horizontal-axis roll motion 166 

stimulation at a horizontal position of 45° (for details see Branoner and Straka, 2015; Dietrich and 167 

Straka, 2016). 168 

The contribution of different excitatory and inhibitory neurotransmitter systems and receptor 169 

subtypes to the transmission of vestibular inputs onto abducens motoneurons was studied using 170 
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focal injections of specific antagonists directly into the abducens nucleus through beveled glass 171 

microelectrodes. The abducens nucleus was localized using external landmarks such as the entrance 172 

of the VIII
th

 and XI
th

 cranial nerves into the hindbrain and the plainly visible midline along the IV
th

 173 

ventricle. Injection electrodes were inserted into the hindbrain and positioned in the center of the 174 

abducens nucleus with a micromanipulator. After pressure injection (0.5 bar; 50 ms) of a volume of 175 

20 - 50 nl containing a particular transmitter receptor antagonist, the electrode was slowly retracted 176 

from the brainstem to avoid further leakage. To exclude indirect effects of the injected blockers due 177 

to potential spread into the neighboring ipsilateral vestibular nuclei and interference with vestibular 178 

signal processing, control recordings of the ipsilateral trochlear nerve were made in parallel to those 179 

of the abducens nerve. However, no change in vestibular-evoked trochlear motor activity was 180 

encountered after a focal pressure injection of antagonists into the abducens nucleus, indicating that 181 

the applied drugs remained strictly confined to the abducens nucleus. 182 

Vestibular-evoked glutamatergic excitation of abducens motoneurons was blocked by focal 183 

bolus injections of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor 184 

antagonist 2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX 185 

disodium salt; 10 µM; Tocris Bioscience, United Kingdom) and by the N-methyl-D-aspartate 186 

(NMDA) receptor antagonist D-(-)-2-Amino-5-phosphonopentanoic acid (D-AP5; 500 µM; Tocris 187 

Bioscience) into the abducens nucleus. Focal abducens injections of the glycine receptor antagonist 188 

strychnine  189 

(10 µM; Tocris Bioscience) and of the GABAA receptor blocker gabazine (10 µM; Tocris 190 

Bioscience) were made to test potential contributions of these inhibitory transmitters to the 191 

vestibular-induced modulation of abducens motoneuronal activity. All antagonists were dissolved in 192 

frog Ringer´s solution. 193 

Data analysis 194 

Peri-stimulus time histograms (PSTHs) illustrating the average motoneuronal firing patterns 195 

over a single cycle of sinusoidal head rotation were obtained from raw data using Spike2 scripts that 196 
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allowed analyzing the recorded multi- or single-unit spike discharge (Dietrich and Straka, 2016). 197 

For all stimulus parameters (frequencies, amplitudes), average responses were calculated from at 198 

least 10 single cycles. The PSTHs were further processed and analyzed statistically using Microcal 199 

Origin 6.0G and MathWorks MATLAB
®

 software. PSTHs were normalized and averaged (± SEM; 200 

standard error of the mean) for comparison within and between different experiments. The 201 

discharge regularity of individual units that were active at rest was quantified using the coefficient 202 

of variation 2 (CV2) as described previously (Holt et al., 1996). Spike sorting according to shape 203 

and amplitude was performed using Principal Component Analysis included in the Spike2 software.  204 

Anatomy 205 

The location of the principal abducens (VI) nucleus was determined by retrograde labeling of 206 

the motoneurons from the LR target muscle in the periphery. The abducens nerve was dissected as 207 

for the electrophysiological experiments (see above), placed on a thin piece of parafilm and covered 208 

with a small amount of biocytin. After ~10 minutes the preparation was excessively rinsed and kept 209 

in freshly oxygenated frog Ringer´s solution overnight at 12°C as described previously (Straka et 210 

al., 2001). Subsequently the brain was dissected free and fixed in 4% paraformaldehyde in 0.1 M 211 

phosphate buffer, pH 7.4, for 4 hours at 4°C. To visualize the motoneurons, a standard protocol for 212 

processing whole-mount preparations with streptavidin-Alexa 488 was applied before mounting the 213 

preparation in Vectashield® mounting medium. The hindbrain region containing retrogradely 214 

labeled abducens motoneurons was reconstructed from stacks of ~100 - 150 consecutive optical 215 

sections after scanning on a Leica SP5-2 confocal microscope at 0.5 - 1 µm z-axis intervals. Z-axis 216 

projections and image processing as well as quantification of neuronal numbers and measurement 217 

of somal cross-sectional areas were carried out using the Fiji software package 218 

(http://fiji.sc/wiki/index.php/Fiji). In order to map the position of retrogradely labeled motoneurons 219 

onto the rhombomeric scaffold, preparations were scanned with an illumination wavelength of 633 220 

nm, visualizing the segmental arrangement of midline-crossing axonal pathways (Chagnaud et al., 221 

2015; Hänzi et al., 2015), thereby outlining the rostro-caudal arrangement of the rhombomeres (r).  222 
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Eye movement recordings 223 

 Eye movements during sinusoidal head rotations were recorded non-invasively from above 224 

with a video camera (Grasshopper color, Point Grey Research Inc, Canada) and a zoom objective 225 

(Optem Zoom 70XL, Qioptiq Photonics GmbH & Co KG, Germany) with an adequate lens (M25 x 226 

0.75 + 0.25). Eye motion was captured at a frame rate of 50 Hz with the respective software 227 

(FlyCap2) and analyzed offline using a custom video-processing algorithm written in Matlab to 228 

compute eye position over time (for details see Ramlochansingh et al., 2014). From the raw eye 229 

position data, slow drift was removed by high-pass filtering (Gaussian filter, 0.01 Hz). Outliers 230 

caused e.g. by resetting fast phases were discarded. The resulting eye position trace was then 231 

averaged over all stimulus cycles. The averaged eye position traces over a single cycle were fitted 232 

with a sine wave of the same frequency as the stimulus in order to determine gain and phase of the 233 

eye movement. The extracted averaged eye position traces were then used for the computational 234 

model. 235 

Computational model 236 

The purpose of constructing a model was to evaluate the respective contributions of 237 

dynamically different types of abducens motoneurons to tadpole eye movements. To simulate eye 238 

movements from measured action potential sequences, the spikes of each neuron, stored as binary 239 

values, were first processed by a dual low-pass filter (time constants 20 ms and 40 ms) representing 240 

the activation function of the muscle fibers. The resulting muscle activity was then processed with a 241 

simplified model of the oculomotor plant (single time constant, 330 ms, measured in Xenopus 242 

tadpole eye muscles, Schuller and Straka, unpublished results). The activity of contralateral 243 

motoneurons was simulated by assuming a discharge with the same spike train as measured in 244 

ipsilateral motoneurons, however, phase-shifted by half a cycle such that ipsi- and contralateral 245 

neurons act in a push-pull fashion with oppositely oriented directional tuning. To yield an eye 246 

movement, weighted signals, generated by both ipsi- and contralateral motoneurons, were 247 

summated. The synaptic weights of the motoneurons were determined by a least-squares fit to the 248 
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averaged measured eye movement traces using the Matlab function “lsqnonneg”, which solves non-249 

negative least-squares constraints problems to account for the fact that synaptic weights at the 250 

neuro-muscular junction can only be positive. To avoid a bias towards low-frequency eye 251 

movements due to longer cycle durations, traces were resampled to contain 1000 values for one 252 

stimulus cycle before fitting. Data for four eye movement frequencies (0.1, 0.2, 0.5 and 1 Hz) of 253 

each animal were fitted simultaneously to determine the weights of the best fitting set of neurons for 254 

that particular animal. In order to compare between motoneuronal subtypes, the explained variance 255 

was calculated for fits of individual subgroups. 256 

 257 

 258 

Results 259 

Anatomical organization of abducens motoneurons 260 

Application of biocytin to the lateral rectus (LR) branch of the abducens nerve in stage 53-54 261 

Xenopus tadpoles retrogradely labeled on average ~40 motoneurons (41.2 ± 6.6, n = 7) within a 262 

single hindbrain nucleus (Fig. 1A1-3). The location of the cell bodies close to the midline in 263 

rhombomere (r) 5 (Fig. 1A1 and inset) complies with the known mono-segmental origin of principal 264 

abducens motoneurons in other anuran species (Straka et al., 1998, 2006). Axons of all LR 265 

innervating abducens motoneurons joined into a ventrally projecting tract, exited the brainstem 266 

close to the midline as VI
th

 cranial nerve, coursed rostrally along the pial surface of the brainstem 267 

(n.VI in Fig. 1A2) and left the cranium laterally along with the V
th

 and VII
th

 cranial nerves. Somata 268 

of these principal abducens motoneurons (Fig. 1A3) were generally round or oval-shaped with cross-269 

sectional areas that varied considerably within a range of 32 – 204 µm² (n = 275) at the plane of 270 

their largest perimeter (Fig. 1B1,2). The cell size distribution of motoneurons appeared to form a 271 

continuum, however the majority of somata had cross-sectional areas in the range of 50 - 100 µm², 272 

even though few very large neurons were regularly encountered (Fig. 1B1). In order to potentially 273 
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distinguish distinct motoneuronal subtypes with respect to cell shape, the circularity of the somata 274 

(4π*area/perimeter²) was determined (Fig. 1B2). Based on this calculation, most principal abducens 275 

motoneurons had round cell bodies (circularity close to 1), however, with a continuous transition 276 

towards few motoneurons with oval-shaped somata (Fig. 1B2). While motoneurons with round 277 

somata predominated at midline positions, motoneurons at increasingly more lateral positions 278 

within the nucleus tended to be more oval-shaped (Fig. 1C1). In contrast, no difference in cell shape 279 

with respect to the rostro-caudal position was observed (Fig. 1C2).  280 

Spontaneous and motion-evoked discharge profiles of abducens motoneurons 281 

The discharge patterns of abducens motoneurons at rest and during imposed head motion in 282 

semi-intact preparations of Xenopus tadpoles were studied by recording the axonal spike activity of 283 

the abducens nerve after disconnection from its LR target muscle (Fig. 2A1,2,B). In most recordings, 284 

the multi-unit discharge of the LR nerve (black trace in Fig. 2C) could be dissociated into the spike 285 

activity of individual, single-units by spike shape discrimination (red and blue traces in Fig. 2C) 286 

using principal component analysis (Fig. 2D,E; see also Dietrich and Straka, 2016). The 287 

functionally preserved inner ear endorgans in these preparations allowed characterizing discharge 288 

dynamics of individual abducens motoneurons at rest and during imposed head rotation (Fig. 3A1,2). 289 

All isolated motor units (n = 46) had a resting activity below ~10 spikes/s (Fig. 3B), including a 290 

group of cells (n = 13) with spikes of particularly large amplitude in multi-unit recordings (compare 291 

blue and red arrowheads in Fig. 3A2) that were silent at rest (dark green bar in inset of Fig. 3B) and 292 

became discernible only during motion stimulation. At variance with this latter group, 293 

spontaneously firing units (n = 33) usually had spikes of smaller amplitude with a highly variable 294 

resting firing rate that extended over two decades within this group (~0.1-10 spikes/s; Fig. 3B). The 295 

discharge regularity of these neurons covered a correspondingly large range as indicated by the 296 

coefficient of variation (CV2; Fig. 3C1,2). For motor units with resting rates between 1-10 spikes/s, 297 

the average interspike interval (ISI) was linearly correlated with the CV2 (r
2
 = 0.345; Fig. 3C2). 298 

During horizontal sinusoidal rotation, the vast majority of abducens motoneurons became 299 
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cyclically active, in phase with the velocity of contraversive head movements (right traces in Fig. 300 

3A1,2). In order to facilitate a classification of responses, the discharge rates of different units were 301 

normalized, respectively, before population averages were calculated. While the firing rate 302 

modulation during sinusoidal motion generally increased in depth with stimulus velocity, the 303 

threshold for this modulation varied considerably between different motoneurons (Fig. 3D1,2). In 304 

fact, motor units that were silent (‘s’) at rest had relatively high velocity thresholds (33.6 ± 4.2°/s; n 305 

= 13; inset in Fig. 3E, Fig. 3D2), whereas spontaneously active motor units (‘sa’) exhibited a cyclic 306 

discharge modulation (Fig. 3D1) above a significantly (p < 0.001; Mann-Whitney U test) lower 307 

peak velocity of the sinusoidal stimulus (3.0 ± 1.03°/s; n = 33; inset in Fig. 3E). Moreover, a more 308 

or less continuous range of discharge modulation depths at ±30°/s stimulus peak velocity was 309 

observed in different motoneurons that linearly correlated with the rate of the resting discharge of 310 

the respective motoneurons (Fig. 3E, r² = 0.121), suggesting a continuum of motoneurons with 311 

respect to resting rate, discharge regularity and sensitivity to motion stimuli.  312 

Apart from the generally similar VOR response pattern, shared by the majority of motor units, 313 

amplitude and phase analyses of sufficiently long periods of response recordings during horizontal 314 

sinusoidal head motion (n = 24), allowed a more detailed characterization and classification of 315 

abducens motoneuronal response properties. Independent of the distinguishing traits (see below), all 316 

tested motoneurons with a spontaneous resting rate (n = 14) exhibited peak firing rates that 317 

increased steadily with increasing stimulus magnitude up to ~25 spikes/s and saturated above a peak 318 

velocity of ±60°/s at 0.5 Hz (Fig. 3D1, 4A1,2, black and red lines in Fig. 4C1). The peak response 319 

within a given motion cycle was approximately in phase with stimulus velocity, independent of its 320 

magnitude (black and red lines in Fig. 4C3). 321 

While the response profile during increasing peak velocities was essentially indistinguishable 322 

among spontaneously active motoneurons, a categorization into two subgroups with respect to the 323 

timing of the peak response became obvious when the stimulus frequency was systematically 324 

altered while the peak velocity was kept constant at ±30°/s (Fig. 4A,B). Motor units of the first 325 
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subgroup (group I; n = 8; Fig. 4A1) exhibited modulated responses during sinusoidal rotation with a 326 

peak firing rate that was maximal at 0.2 Hz and decreased with increasing stimulus frequency 327 

(black line in Fig. 4C2). Importantly, the decrease of the peak response rate in these motor units was 328 

accompanied by a large concurrent shift of the timing of the response peak from a phase lead of 329 

~45° at 0.1 Hz to a phase lag of ~40° at 1 Hz (black line in Fig. 4C4). In contrast, motor units of the 330 

second subgroup (group II; n = 6; Fig. 4A2) exhibited responses that decreased only slightly with 331 

increasing stimulus frequency while the phase relation remained constant (red lines in Fig. 4C2,4). In 332 

summary, the two abducens motoneuronal subgroups appear to be similarly motion-sensitive with 333 

respect to head velocity but differ considerably in the amplitude and temporal signature of the 334 

responses when stimulus frequencies are altered. 335 

The differentiation into two categories however was not limited to spontaneously active units 336 

with low stimulus thresholds but was also encountered in a comparable manner for those neurons 337 

that were silent in the absence of motion stimuli (n = 10; Figs. 3A2,D2, 4B1,2). Common to all of 338 

these latter units was the presence of a sharp response peak during contraversive head motion (Fig. 339 

3D2). Even though the discharge modulation at ±30°/s peak velocity was relatively weak (7.2 ± 1.8 340 

spikes/s), changes in stimulus velocity were precisely encoded once the activation threshold was 341 

reached (Fig. 3D2). Given the absence of a spontaneous resting rate, however, these neurons only 342 

encoded the excitatory but not the inhibitory component of the VOR. Similar to the situation in 343 

spontaneously active motor units, differences in discharge profiles were mainly observed upon 344 

changes in stimulus frequency (Fig. 4B1,2,D2,4). Here again, the response modulation during 345 

sinusoidal head rotation in group I motoneurons (n = 6) changed in amplitude with increasing 346 

motion frequency, accompanied by a concurrent shift of the response peak from a phase lead of 347 

~35° at 0.1 Hz to a phase lag of ~38°/s at 1 Hz (Fig. 4B1, black line in Fig. 4D4). Silent group II 348 

motoneurons (n = 4) exhibited peak responses of similar magnitude and timing, independent of 349 

stimulus frequency (black and red lines in Fig. 4B2) as observed for the corresponding class of 350 

spontaneously active motoneurons. However, a modulated spike discharge in the latter neurons 351 
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could not be triggered with motion stimuli that had peak velocities less than or equal to ±30°/s (Fig. 352 

4D1) or frequencies above 0.2 Hz at ±30°/s (Fig. 4D2).  353 

Thus, independent of the presence or extent of spontaneous activity, abducens motoneurons 354 

separate into two groups that generate motor commands that are either in phase with the velocity of 355 

the sinusoidal motion stimulus or dependent in their response amplitude and timing on stimulus 356 

frequency.  357 

Motion-insensitive abducens motoneurons  358 

In addition to the majority of motion-sensitive abducens motor units, a small population of 359 

neurons (n = 6) was encountered in different preparations that had no spontaneous spike activity, 360 

displayed an occasional burst-like discharge (Fig. 5A1,2) and in multi-unit recordings exhibited the 361 

largest spikes. In contrast to motion-sensitive abducens motoneurons described above, the latter 362 

neurons were unresponsive to imposed horizontal rotations but instead often bursted randomly 363 

during table motion (Fig. 5A2, * in Fig. 5B). The absence of any correlation between bursting and 364 

rotational stimuli was confirmed by the average activity over a single motion cycle (Fig. 5A3). 365 

Compatible with the obvious absence of vestibular influence, these motor units continued to fire 366 

occasional bursts of spikes (lower trace in Fig. 5C) after transection of the contralateral VIII
th

 nerve, 367 

a perturbation that consistently caused complete elimination of the robust cyclic activity of motion-368 

sensitive abducens motor units (compare upper and lower traces in Fig. 5C). Even though the 369 

activity of these motion-insensitive units is reminiscent of that of accessory abducens motoneurons 370 

(Dieringer and Precht, 1986), the distinct isolation of the identified LR nerve branch close to the 371 

target muscle in our experiments makes a recording of such motoneurons unlikely. More likely, 372 

motion-insensitive units form a particular class of principal abducens motoneurons that are only 373 

activated during optokinetically-driven fast resetting eye movements (Schuller et al., 2014) or by 374 

locomotor efference copies, known to directly recruit extraocular motoneurons during undulatory 375 

swimming in Xenopus tadpoles (Lambert et al., 2012). 376 
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Vestibular inputs to abducens motoneurons 377 

Bilateral vestibular inputs to vertebrate abducens motoneurons consist of a crossed excitation 378 

and an uncrossed inhibition (Precht, 1978). In order to reveal potential differences in the 379 

pharmacological profile of the two different groups of abducens motor units, we tested the specific 380 

recruitment of transmitter receptor subtypes during motion-driven extraocular motor activity. 381 

Glutamatergic excitatory inputs. The contribution of AMPA and NMDA receptors to motion-382 

induced discharge modulation of abducens motor units was tested by focal pressure injection of 383 

specific transmitter blockers (AMPA receptor-blocker: NBQX; NMDA receptor-blocker: D-AP5) 384 

into the abducens nucleus, respectively (Fig. 2B). Independent of the previously established 385 

classification of spontaneously active motor units into group I and II, bolus injections of either D-386 

AP5 (500 µM) or NBQX (10 µM) caused a significant reduction of the spontaneous discharge. The 387 

almost instantaneously occurring reduction of the motoneuronal discharge after the injection usually 388 

lasted for 10-15 min and was followed by a gradual recovery that reached control values ~45 min 389 

after injection of D-AP5, whereas the effect of NBQX was only partially reversible. Both blockers 390 

reduced the spontaneous abducens nerve activity (n = 7), however, D-AP5 was significantly more 391 

effective than NBQX. While the NMDA blocker decreased the spontaneous discharge rate of single 392 

abducens motor units to ~40% (37.2 ± 8.5%) of the control value, NBQX had a significantly 393 

smaller effect and reduced the resting rate only to ~75% (75.5 ± 5.8%; p = 0.0156; Wilcoxon 394 

signed-rank test) of the control. 395 

During sinusoidal head rotation, the excitatory response component of all recorded single-units 396 

in controls (black traces in Fig. 6A,B), independent of the presence and extent of spontaneous 397 

activity, was consistently reduced following injection of either one of the two glutamate receptor 398 

blockers (red and blue traces in Fig. 6A,B). However, the relative magnitudes of the unmasked 399 

AMPA and NMDA receptor-mediated response components differed between group I and II 400 

motoneurons. This differential impact was quantified by comparing the change of the area under the 401 

average modulated response curve (integral) over a single cycle before (black trace in Fig. 6C,D) 402 
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and after injection of the respective drug (red and blue traces in Fig. 6C,D). Independent of the 403 

presence and/or extent of spontaneous resting activity, D-AP5 reduced the excitatory response 404 

component in group I abducens motor units (n = 8) by more than 80%, whereas the NBQX-405 

provoked decrease amounted to only ~50% of the control response (representative examples in Fig. 406 

6C1,2). Accordingly, the residual AMPA response component after D-AP5 injection was 407 

significantly smaller (18.5 ± 6.6%; p = 0.0078; Wilcoxon signed-rank test) than the NMDA 408 

component after NBQX injection (47.2 ± 7.1%; Fig. 6E1). This suggests that the cyclic discharge 409 

modulation of these motoneurons during sinusoidal motion stimulation is predominantly driven by 410 

NMDA receptor-mediated excitation, with a smaller contribution of AMPA receptors (Fig. 6E1). In 411 

contrast, in group II motor units (n = 6), NBQX had a larger impact on the excitatory response than 412 

D-AP5 and reduced the response by 95%, whereas the NMDA blocker caused a reduction by 85% 413 

(Fig. 6D1,2). Hence, despite the considerable efficiency of both blockers, the residual NMDA 414 

response component after NBQX injection was significantly smaller (4.0 ± 2.2%; p = 0.0313; 415 

Wilcoxon signed-rank test) compared to the AMPA component after D-AP5 injection (14.0 ± 3.5%; 416 

Fig. 6E1). In fact, NBQX usually abolished the evoked responses completely in those group II units 417 

that were silent at rest (blue trace in Fig. 6D2), whereas a small response component persisted in 418 

spontaneously active group II motor units after injection of the AMPA receptor blocker (blue trace 419 

in Fig. 6D1). These results suggest that excitatory responses during motion stimulation in the two 420 

groups of abducens motoneurons are differentially organized with respect to glutamate receptor 421 

subtypes. Whereas group II motoneurons are predominantly excited by AMPA receptors, group I 422 

motoneurons are mainly activated by an NMDA receptor-mediated component during motion 423 

stimulation. 424 

Independent of the relative contributions of AMPA and NMDA receptors to the excitation of 425 

group I and II abducens motoneurons, the pharmacological block of the two components also 426 

differentially affected the timing of the response peak (Fig. 6C1,2,D1,E2). Compared to controls 427 

(black traces in Fig. 6C,D), application of NBQX caused a delay of the response peak with respect 428 
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to the sinusoidal stimulus in all tested motor units (blue traces in Fig. 6C1,2,D1). This resulted in a 429 

considerable phase lag of the evoked responses by 10-20° and was particularly pronounced in group 430 

I motoneurons (blue bars in Fig. 6E2). In contrast, application of D-AP5 provoked an opposite shift 431 

of the response peak of similar magnitude (red traces in Fig. 6C1,2,D1,2, thereby generating a 432 

pronounced phase lead of the modulated responses during the block (red bars in Fig. 6E2). These 433 

reciprocal shifts of the response timing after separate blockade of the two glutamatergic receptor 434 

subtypes was independent of stimulus velocity or frequency and suggests that the phase relation of 435 

vestibular-driven responses in abducens motoneurons is differentially controlled by AMPA and 436 

NMDA receptors.  437 

GABAergic and glycinergic inhibitory inputs. The contribution of uncrossed inhibitory 438 

horizontal semicircular canal (HC) inputs to abducens motoneurons was first evaluated by surgical 439 

removal of the ipsilateral HC sensory epithelium. This ablation immediately caused a substantial 440 

increase in the abducens nerve resting activity from ~40 to ~55 spikes/s (38.9 ± 5.8 to 56.7 ± 4.4 441 

spikes/s; n = 3), compatible with the notion that when the head is stationary, a continuous inhibitory 442 

input from the ipsilateral HC balances the tonic excitatory drive from the contralateral side. This 443 

augmentation in spontaneous firing rate was accompanied by an increased spike activity of the 444 

modulated multiple-unit abducens nerve discharge over the entire head motion cycle (Fig. 7A,B). 445 

The difference to control responses, however, was particularly obvious during rotation towards the 446 

ipsilesional side (* in Fig. 7B), in agreement with the loss of an uncrossed inhibition in the absence 447 

of ipsilateral HC inputs. 448 

In a separate set of experiments, the uncrossed HC-derived inhibition of abducens motoneurons 449 

was further characterized by a longitudinal midline section between r1-r8 (Fig. 7C; Lambert et al., 450 

2012) that removed crossed excitatory HC inputs as well as a potential amplifying effect of 451 

vestibular commissural pathways on vestibulo-ocular signal processing (Malinvaud et al., 2010). 452 

The spontaneous discharge of the LR nerve ceased immediately after the surgical invention, 453 

however, motoneuronal activity regained a small resting spike activity after 15-30 minutes. The 454 
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restored spontaneous firing of abducens motoneurons was cyclically attenuated in a stimulus 455 

velocity-dependent manner during sinusoidal rotation in the direction of the ipsilateral HC (Fig. 7D, 456 

n = 6), thus illustrating the functional impact of the isolated uncrossed vestibular inhibition. A 457 

putatively differential contribution of glycine- and GABAA-receptors to the inhibitory component 458 

of motion-induced discharge modulation was further evaluated by focal pressure injections of the 459 

respective antagonists strychnine and gabazine into the abducens nucleus. 460 

Focal injections of strychnine (10µM) into the abducens nucleus generally resulted in a rather 461 

inconsistent, temporarily variable and often fluctuating elevation of the firing rate around which the 462 

LR nerve discharge was modulated during motion stimulation. In addition, strychnine often caused 463 

extensive and unpredictable bursts and/or repetitive discharge oscillations during motion as reported 464 

earlier (Straka and Dieringer, 1993), likely due to an unmasking of excessive excitatory inputs, thus 465 

preventing a quantification of the impact of blocked glycinergic transmission. To reduce the overall 466 

amount of excitatory drive to abducens motoneurons, in particular from the contralateral vestibular 467 

nucleus, and to exclude a potential commissural influence on vestibulo-ocular signal processing, 468 

strychnine injections were repeated in preparations with a longitudinal midline transection. As 469 

described above, the multi-unit abducens nerve firing rate modulation became strongly reduced 470 

compared to control values (blue and black traces, respectively, Fig. 7E and inset in Fig. 7F), 471 

lacking the excitatory component that derives from the contralateral HC. Nonetheless, subsequent 472 

focal application of strychnine eliminated the observed residual inhibitory firing rate modulation 473 

during the half cycle of ipsiversive rotation (representative example and average PSTH in Fig. 474 

7E,F, n = 6), indicating in compliance with previous assumptions (Straka and Dieringer, 1993) that 475 

glycine mediates the uncrossed inhibitory component of the horizontal angular VOR. 476 

Focal application of the GABAA-blocker gabazine (10µM) into the abducens nucleus of 477 

unimpaired preparations (without longitudinal midline section) considerably increased the 478 

spontaneous LR nerve discharge, however without causing oscillatory bursting as observed after 479 

strychnine injections. The single- and/or multiple-unit abducens nerve resting rate increased by 480 
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~130% (p = 0.0313; Wilcoxon signed-rank test) from 10.6 ± 2.9 spikes/s in controls to 24.6 ± 7.8 481 

spikes/s after gabazine application (n = 6). In addition, the peak firing rate of individual units during 482 

sinusoidal motion stimulation at a peak velocity of ±30°/s increased by ~50% (Fig. 7G,H). Notably, 483 

the absolute gabazine-evoked increases in single-unit peak firing rates were essentially independent 484 

of the stimulus peak velocity up to ±30°/s (inset in Fig. 7H, n = 7). The relatively smaller increase 485 

observed for responses elicited by a higher stimulus peak velocity suggests that peak firing rates 486 

reached a maximum, compatible with the assumption that saturation of single-unit response 487 

amplitudes occurs at peak velocities of around ±60°/s (see Fig. 4C1). Moreover, blocking GABAA 488 

receptors elevated the level around which the discharge was modulated during motion stimulation 489 

and thus caused an augmentation of both the excitatory and inhibitory response components. In 490 

these experiments, relatively more single-units with no or very low resting rates were recorded (4 491 

out of 7) that only fired spikes during head rotations in the on-direction (Fig. 7G). Therefore, an 492 

increase in firing rate was mainly observed for the excitatory half-cycle, i.e during contraversive 493 

rotation (solid lines in Fig. 7H). However, motor units with a spontaneous resting activity (3 out of 494 

7; dotted lines in Fig. 7H), displayed a considerable increase in activity over the entire motion 495 

cycle, suggesting the presence of a tonic GABAA receptor mediated inhibition, that, in contrast to 496 

glycinergic inputs described above, is independent of modulated ipsilateral vestibular inputs. In 497 

summary, this corroborates previous findings (Spencer et al., 1989; Straka and Dieringer, 1993) that 498 

indeed glycine and not GABA mediates the transmission of inhibitory VOR inputs onto abducens 499 

motoneurons. In addition, a tonic GABAergic input significantly attenuates abducens motoneuronal 500 

firing both at rest and during motion-related vestibular activation. 501 

Computational modeling 502 

In order to evaluate the relative contributions of the different subgroups of abducens 503 

motoneurons to eye movements, a computational model was constructed and used to simulate eye 504 

movements with weighted sums of individual muscle contractions caused by single motor unit 505 

activity. As a first step, eye motion during horizontal head rotation (±30°/s peak velocity) was 506 
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video-recorded (n = 7; Fig. 8A) and averaged over a single motion cycle for different frequencies, 507 

respectively (see representative examples in Fig. 8B). Evoked eye movements were fitted with a 508 

sine wave (blue lines in Fig. 8B) that allowed calculating the phase relation of the responses with 509 

respect to the stimulus. This analysis revealed that the phase of sinusoidal motion-driven eye 510 

movements leads turntable position during low-frequency head rotation (0.1 Hz) and gradually 511 

becomes more aligned with the stimulus at higher frequencies (0.5 and 1 Hz; Fig. 8B). Thus, eye 512 

movements (green lines in Fig. 8B) counteracted table motion (gray lines in Fig. 8B) in a stimulus 513 

frequency-dependent manner, notably however, with concurrently decreasing motion amplitudes 514 

(compare 0.5 and 1 Hz in Fig. 8B).  515 

The recorded eye motion was simulated using modulated firing patterns of individual abducens 516 

motor units during horizontal head rotation. Spike times were extracted from single-unit recordings 517 

(left plot in Fig. 8C) and fed into a simplified model of the oculomotor plant to generate contraction 518 

patterns of individual muscle fibers (middle plot in Fig. 8C) and to compute the weighted sum of 519 

the latter to optimally simulate each of the recorded eye movements (n = 7). The relative 520 

contributions of group I and group II motoneurons to the generation of eye movements were 521 

evaluated using simulations of the discharge patterns of different combinations of the two groups 522 

(Fig. 8D). Across stimulation frequencies, the contribution of group II motoneurons (red lines in 523 

Fig. 8D) was significantly larger than that of group I motoneurons (blue lines in Fig. 8D), however 524 

at higher frequencies, group I motoneurons became increasingly more important (compare e.g. 0.1 525 

and 1 Hz in Fig. 8D). To quantify the quality of the fit of individual simulations, explained 526 

variances were calculated and averaged for all eye movement data for simulations using either all 527 

units, units of one of the two subgroups or silent or spontaneously active units individually (Fig. 528 

8E). The explained variance was highest using all units for simulation (93.2%). Group II 529 

motoneurons contributed more to the average explained variance (81.7%) than group I motoneurons 530 

(28.6%). Comparing silent and spontaneously active units revealed that active units contributed 531 

more than silent units to the overall fit (active 78.8% vs. silent 44.5%). To further quantify the role 532 
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of different types of motor units to explain the observed eye movements, the above simulations 533 

were repeated using each of these types alone. “Repeated measures analysis of variance” (ANOVA) 534 

of logarithmic least-squares error values – to obtain a normal distribution – revealed that depending 535 

on the classification scheme (group I - group II, active - silent) each of the different populations are 536 

differently well suited to fit the observed eye movements (F(3,18)=4.38; p=0.018) with the best 537 

result for group II units followed by spontaneously active units. The outcome of the simulation 538 

suggests that all types of abducens motoneurons contribute to the final VOR output and conjointly 539 

create the spatio-temporal precision of counteractive eye movements. However, group II 540 

motoneurons appear to play a more dominant role compared to those of the group I subtype while 541 

spontaneously active units contribute to eye motion relatively more than motoneurons that are silent 542 

at rest, at least during sinusoidal rotations at frequencies between 0.1 and 1 Hz. 543 

 544 

 545 

Discussion 546 

The principal abducens nucleus in larval Xenopus consists of a morphologically 547 

heterogeneous population of ~40 motoneurons. Based on differences in discharge profiles during 548 

head motion, abducens motoneurons distinguish into two subgroups. Responses of group I 549 

motoneurons have a phase relation and peak firing rate that changes systematically with head 550 

rotation frequency. In contrast, responses of group II motoneurons are characterized by high phase 551 

precision relative to stimulus velocity, independent of the frequency. While AMPA and NMDA 552 

receptors contribute differentially to the vestibular-driven excitation of the two neuronal subgroups, 553 

a tonic GABAergic and modulated glycinergic vestibular inhibition is present in both populations. 554 

Morphology and function of motoneuronal subtypes in larval Xenopus 555 

The heterogeneity of abducens motoneurons with respect to cell morphology, spontaneous 556 

discharge rate, sensitivity and dynamics of vestibular-evoked responses, complies with previous 557 
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assumptions that the VOR circuitry is arranged in parallel, frequency-tuned signaling channels, each 558 

tuned to a particular range of head motion dynamics (see Straka et al., 2009). First evidence for this 559 

was provided by the presence of abducens motor units with markedly different time constants 560 

during optokinetic stimulation in adult frogs, suitable for either low-dynamic eye motion and 561 

maintenance of excentric eye positions or rapid eye movements, respectively (Dieringer and Precht, 562 

1986). The inverse correlation between motoneuronal cell diameter and input resistance and hence 563 

neuronal excitability (see Mendell, 2005), suggests that the large spectrum of somal sizes of 564 

abducens motoneurons correlates with motoneuronal task separation during eye movements 565 

(Evinger and Baker, 1991). Moreover, the observed morphological differences might directly match 566 

the continuum of resting activities as well as the differences in spike amplitude during extracellular 567 

multiple-unit recordings (Lambert et al., 2008).  568 

Different morpho-physiological characteristics of abducens motoneurons comply with a 569 

task-specific extraocular motor activity (Evinger and Baker, 1991), and a differential origin of 570 

presynaptic inputs from distinct eye movement control areas (Ugolini et al., 2006). A dual 571 

organization with respect to response dynamics is implemented for vestibular afferents and central 572 

neurons in amphibians (Gensberger et al., 2015; Beraneck et al., 2007; Pfanzelt et al., 2008; Rössert 573 

et al., 2011) and other vertebrates (see Goldberg, 2000; Straka et al., 2005). If this concept of 574 

duality is directly transferable to abducens motoneurons is unclear, however, it is compatible with a 575 

categorization for example into silent vs. spontaneously active motoneurons. Nevertheless, although 576 

a lesser degree of distinction between these units does not conflict with the general concept of 577 

duality, it is rather comparable to the large continuum of resting rates and activation thresholds of 578 

cat abducens motoneurons (Davis-López de Carrizosa et al., 2011) and might reflect at least partial 579 

convergence of dynamically distinct vestibular inputs in single motoneurons. Also the classification 580 

of abducens motoneurons into two groups in the current study potentially reflects a functional 581 

duality since group I and II motoneurons show responses during head motion that are reminiscent of 582 

the two types of vestibular afferents in larval Xenopus (Gensberger et al., 2015). This similarity is 583 
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thus compatible with a VOR organization as frequency-tuned channels from the sensory periphery 584 

to the motor plant. 585 

Despite the lesser degree of separation of group I and II extraocular motoneurons in 586 

Xenopus, compared to their tonic and phasic presynaptic vestibular neurons (see Straka et al., 2005), 587 

the two motoneuronal subgroups encode different aspects of head movements. While neurons in 588 

both subgroups are similarly sensitive to increasing stimulus peak velocities, only responses of 589 

group II motoneurons remain in phase with stimulus velocity, largely independent of stimulus 590 

frequency. This suggests that these motoneurons selectively and precisely encode the velocity of 591 

head motion, its precision being facilitated by the predominance of rapid AMPA receptor-mediated 592 

excitatory components (Fig. 6). In contrast, group I motoneurons respond differentially with respect 593 

to amplitude and timing to changes in frequency, possibly by integration of the head acceleration 594 

component that changes during varying frequencies. Such an integration might be supported by 595 

temporally extended responses resulting from NMDA receptor activation (Fig. 6). 596 

A likely motoneuronal task-sharing is suggested by data from the modeling approach (Fig. 597 

8), since dynamically appropriate compensatory eye movements during head motion require a 598 

combined activation of both motoneuronal groups. In general, group II motoneurons appear to be 599 

more important for the generation of adequate eye movements (Fig. 8E), however predominantly at 600 

lower frequencies. In contrast, group I motoneurons contribute weakly at lower stimulus 601 

frequencies but become increasingly more important at higher frequencies. In addition, independent 602 

of the classification scheme, spontaneously active motoneurons play a predominant role for VOR-603 

related eye movements compared to silent motoneurons. This complies with previous studies 604 

suggesting that silent extraocular motoneurons with large spike amplitudes rather trigger high-605 

velocity VOR responses, saccades or eye twitches (Dieringer and Precht, 1986; Büttner-Ennever 606 

and Horn, 2002). Furthermore, the extreme ends of the continuum of silent to spontaneously active 607 

motoneurons described here comply with a general concept where singly- and multiply-innervated 608 

muscle fibers are activated by “twitch-like” (i.e. high-dynamic, silent at rest) and “tonic” (i.e. 609 
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spontaneously active, low-dynamic) extraocular motoneurons, respectively (Büttner-Ennever and 610 

Horn, 2002; Eberhorn et al., 2006).  611 

Organization of excitatory inputs to abducens motoneurons 612 

Glutamatergic inputs from the contralateral vestibular nucleus form the major excitatory 613 

drive for abducens motoneurons that in isolated frog brains was completely abolished by bath-614 

application of the AMPA receptor blocker CNQX (Straka and Dieringer, 1993). In the current 615 

study, excitation in all abducens motoneurons is mediated by a mixture of AMPA and NMDA 616 

receptors, compatible with the presence of both receptor molecules on their membranes (Durand et 617 

al., 1987; Durand, 1991; Keifer and Clark, 2003). The absence of a residual NMDA component 618 

after blocking the AMPA component in the previous study (Straka and Dieringer, 1993) is likely 619 

due to the lack of background resting activity from the vestibular sensory periphery in isolated frog 620 

brains. This notion complies with the spontaneous activity of vestibular afferents in semi-intact 621 

tadpole preparations (Gensberger et al., 2015) and the large NMDA sensitivity of abducens 622 

motoneuronal resting rates. Moreover, NBQX, used in the current study, is more selective for 623 

AMPA receptors than CNQX since the latter also partially blocks NMDA receptor-mediated 624 

responses (Birch et al., 1988; Long et al., 1990). Thus, based on the more specific pharmacological 625 

intervention in the current study, both glutamate receptor subtypes contribute to the vestibular-626 

driven excitation of abducens motoneurons. Furthermore, the two receptor subtypes independently 627 

control the timing of responses during sinusoidal vestibular stimulation, since blockade of AMPA 628 

receptors causes a phase lag and NMDA receptor inhibition a phase lead in each abducens motor 629 

unit. This differential impact is compatible with the short and long time courses of AMPA and 630 

NMDA receptor-activated EPSPs, respectively (see Edmonds et al., 1995) and complies with the 631 

different time courses of AMPA receptor-mediated afferent and NMDA receptor-mediated 632 

commissural inputs to central vestibular neurons in frog (Dieringer and Precht, 1977; see Straka and 633 

Dieringer, 2004). This thus suggests that AMPA receptors mediate the rapid onset of VOR 634 

responses, whereas NMDA receptors encode a longer, sustained activity. These findings also 635 
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comply with a previous pharmacological study (Priesol et al., 2000) demonstrating that AMPA 636 

receptor blockade mainly affects the VOR gain during rapid, high frequency head rotation, whereas 637 

NMDA receptor blockade predominantly reduces slow and sustained, low frequency VOR 638 

responses. 639 

Organization of inhibitory inputs to abducens motoneurons 640 

Inhibitory vestibulo-ocular projections onto horizontal and vertical/oblique extraocular 641 

motoneurons exhibit different pharmacological profiles (see Straka and Dieringer, 2004): glycine is 642 

the transmitter for the horizontal and GABA for the vertical VOR (Spencer et al., 1989; Straka and 643 

Dieringer, 1993). However, rat abducens motoneurons have been shown to possess both glycine and 644 

GABAA receptors, which in slice preparations elicit IPSPs with different time constants, 645 

respectively (Lahjouji et al., 1996; Russier et al., 2002, Lorenzo et al., 2007). Compatible with these 646 

results, all abducens motoneurons in Xenopus tadpoles receive a GABAergic and glycinergic 647 

inhibition. The more tonic GABAA receptor-mediated inhibition, however, is unrelated to sinusoidal 648 

rotation, as such of non-vestibular origin and potentially mediated by extrasynaptic GABAA 649 

receptors, compatible with a respective location of these receptors in rat abducens motoneurons 650 

(Lorenzo et al., 2007). This also complies with the role of GABAA receptors in regulating neuronal 651 

excitability and recruitment threshold of rat oculomotor motoneurons (Torres-Torrelo et al., 2014) 652 

and with the robust increase in firing rate following gabazine injections into the abducens nucleus in 653 

the current study. The more dendritic location of glycine receptors in rat abducens motoneurons 654 

(Lorenzo et al., 2007) is compatible with the rather variable effects of glycinergic inhibition in 655 

abducens motoneurons. However, the present experiments with isolated inhibitory vestibular inputs 656 

suggest that glycine is nonetheless capable of mediating the inhibitory component of the horizontal 657 

angular VOR (Straka and Dieringer, 1993), although it likely predominates in spontaneously active 658 

abducens motoneurons similar to the commissural inhibition of tonic but not phasic frog central 659 

vestibular neurons (Malinvaud et al., 2010). Single cell intracellular characterization of membrane 660 

properties and pharmacological profiles will definitively resolve the functional role and efficiency 661 
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of semicircular canal-activated glycinergic inhibition in different types of abducens motoneurons 662 

during head rotation. 663 

 664 
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 806 

Figure legends 807 

 808 

Figure 1 Anatomical organization of the abducens nucleus in larval Xenopus laevis. A, Confocal 809 

reconstruction of a hindbrain whole-mount preparation of a stage 54 tadpole depicting retrogradely 810 

labeled abducens motoneurons in rhombomere (r) 5 following uni- (A1,3) or bilateral (A2) 811 

application of Alexa Fluor 488 dextran to the VI
th

 motor nerve(s) at the level of the lateral rectus 812 

muscle; brainstem-crossing fibers, visualized by 633 nm illumination (red staining in A1), indicate 813 

the center of r1-7, respectively; inset in A1 is a higher magnification of the outlined area (VI). B, 814 

Somal size (cross-sectional area, B1) and circularity (B2) distributions of retrogradely labeled 815 

abducens motoneurons (n = 275); Circularity of 1 indicates a round cell body. C, Dependency of 816 

somal circularity on the medio-lateral (C1) and rostro-caudal (C2) motoneuronal position within the 817 

abducens nucleus; positions were normalized to the most medial/rostral (0) and most lateral/caudal 818 

(1) part of the nucleus, respectively.  819 

 820 

Figure 2 Semi-intact Xenopus preparations for electrophysiological recordings and 821 

pharmacological perturbations of extraocular motor nerve activity. A, Photomicrographs, depicting 822 

in A1 an isolated head of a stage 54 tadpole with intact inner ears, central nervous system and eyes 823 

and in A2 the extraocular motor innervation of eye muscles. B, Schematic of the semi-intact 824 

preparation, indicating LR (VI) and SO (IV) nerve recording electrodes and the pipette for pressure 825 

injection of drugs into the abducens nucleus; curved double arrows indicate horizontal turntable 826 
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rotation. C, Representative multi-unit abducens nerve discharge (black trace) and the activity of 827 

extracted single-units (red and blue traces) based on spike shape analysis. D,E, Spike templates (s.u. 828 

1 and s.u. 2 in D) of the two single-units isolated in C and graphical illustration of the principal 829 

component analysis (PC1, PC2) used for the spike sorting with respect to spike shape and amplitude 830 

(E). Dashed gray sine wave in C indicates head motion stimulus velocity (Hvel). Picture in A2 was 831 

modified from Lambert et al., 2008. 832 

 833 

Figure 3. Discharge properties of silent and spontaneously active abducens motor units. A, 834 

Representative examples of units with moderate (A1) and low (red arrowheads in A2) spontaneous 835 

activity and a typical silent unit (blue arrowhead in A2) at rest (left traces in A1,2) and during 836 

multiple cycles of horizontal sinusoidal head rotation (right traces in A1,2). B, Histogram depicting 837 

the distribution of neuronal firing rates at rest; the distribution between 0 and 1 spikes/s (light green 838 

bar) is plotted at an extended scale in the inset; the dark green bar indicates units that were silent at 839 

rest. C, Correlation between the mean interspike interval (ISI) and discharge regularity (CV2) in C1 840 

for all spontaneously active units (n = 33) and in C2 for units with a resting discharge between 1 and 841 

10 Hz (gray area in C1; n = 25, linear correlation r² = 0.345). Color code in C2: Red, group I units, 842 

blue: group II units, black: unspecified units recorded only at a single frequency (0.5 Hz). D, 843 

Average firing rate modulation (±SEM, shaded areas) of a population of spontaneously active (sa; 844 

D1) and silent (s; D2) motor units over a single motion cycle at 0.5 Hz and different peak stimulus 845 

velocities. E, Linear correlation between the resting rate and modulation depth of spontaneously 846 

active neurons during rotation at 0.5 Hz with a peak velocity of ±30°/s (n = 33, r² = 0.121). Inset 847 

depicts differences in activation threshold (Act. thr.) between silent (s) and spontaneously active 848 

(sa) units. Dashed gray sine waves in D indicate head motion stimulus velocity (Hvel). 849 

 850 

Figure 4. Discharge properties of group I and group II abducens motor units. A,B, Average 851 

rotation-evoked firing rate modulation (±SEM, shaded areas) of spontaneously active group I (A1, n 852 
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= 8) and group II (A2, n = 6) and silent group I (B1, n = 6) and group II (B2, n = 4) motor units over 853 

a single rotation cycle at a stimulus frequency of 0.5 Hz and varying peak velocities (left in A1,2) 854 

and at a stimulus peak velocity of ±30°/s and varying frequencies (right in A1,2; B1,2); dashed gray 855 

sine waves indicate head motion stimulus velocity (Hvel). C,D, Dependency of the maximal 856 

discharge modulation depth (C1,2,D1,2) and phase re stimulus velocity (C3,4,D3,4) of rotation-evoked 857 

responses (±SEM) on stimulus peak velocity (C1,3,D1,3) and frequency (C2,4,D2,4) in spontaneously 858 

active (C) and silent (D) group I (black) and group II (red) motor units. 859 

 860 

Figure 5. Discharge properties of non-VOR abducens motor units. A, Representative example of a 861 

non-VOR unit at rest (A1) and during sinusoidal head rotation over multiple rotation cycles at 0.5 862 

Hz and ±60°/s peak velocity (A2) with its average response over a single cycle (A3). B, 863 

Representative example of a multi-unit abducens nerve discharge during multiple cycles of head 864 

rotation at 0.5 Hz and ±30°/s peak velocity. Note that non-VOR units (*) have the highest spike 865 

amplitudes. C, Representative example of a multi-unit abducens nerve discharge during multiple 866 

rotation cycles before and after contralateral VIII
th

 nerve transection. Note that a single non-VOR 867 

unit remains active after the lesion (*). Dashed sine waves in A3 and red and gray sine waves in B 868 

and C indicate head motion stimulus velocity (Hvel). Calibration bar in A1 applies to A2. 869 

 870 

Figure 6. Excitatory neurotransmitter profile of group I and group II abducens motor units. A,B, 871 

Representative examples of spontaneously active group I (A) and group II (B) units before and after 872 

focal injection of D-AP5 (red, 500 µM) and NBQX (blue, 10 µM) into the respective abducens 873 

nucleus. Single-units (s.u., gray traces) were identified by spike sorting. C,D, Average normalized 874 

firing rate modulation over a single rotation cycle (±SEM, shaded areas) of representative 875 

spontaneously active (sa; C1,D1) and silent (s; C2,D2) group I (C) and group II (D) abducens motor 876 

units, at a stimulus frequency of 0.5 Hz and peak velocity of ± 30°/s, before and after D-AP5 (red) 877 

and NBQX (blue) injection into the respective abducens nucleus. E, Bar charts depicting the 878 
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average (±SEM) residual components of the response integrals (E1) and phase shifts of the response 879 

peaks (E2) after NMDA (AP5, red) and AMPA (NBQX, blue) receptor blockade in spontaneously 880 

active (sa) and silent (s) group I and group II abducens motoneurons. Dashed gray sine waves in A-881 

D indicate head motion stimulus velocity (Hvel). 882 

 883 

Figure 7. Inhibitory neurotransmitter profile of abducens motor units. A,B, Representative example 884 

of a multi-unit abducens nerve discharge over multiple rotation cycles (A) and average responses 885 

(B) over a single cycle (n = 3, ±SEM, shaded areas) before (black) and after surgical removal of the 886 

ipsilateral horizontal canal cupula (red). C, Schematic of a semi-intact preparation depicting the 887 

recording and stimulation paradigm, ipsilateral neuronal VOR connections and the removal of 888 

crossed excitatory vestibular inputs to abducens motoneurons by midline section (dotted line). D, 889 

Inhibitory modulation of average multi-unit abducens nerve responses over a single motion cycle (n 890 

= 6, ±SEM, shaded areas) at 0.5 Hz and different stimulus velocities of head rotation after midline 891 

section. E,F, Representative example (E) and average responses (F) over a single motion cycle (n = 892 

6, ±SEM, shaded areas) of the multi-unit abducens nerve discharge before (control, black), after 893 

midline section (blue) and subsequent focal strychnine (10 µM) injection into the respective 894 

abducens nucleus (red). For comparison, average control responses over a single rotation cycle in 895 

the intact preparation are indicated in the inset in F. G,H, Representative example (G) and average 896 

responses (H) over a single motion cycle (n = 7 single-units, ±SEM, shaded areas) of an isolated 897 

single-unit before (black) and after focal injection of gabazine (10 µM) into the respective abducens 898 

nucleus. Dotted lines in H represent average responses of spontaneously active units (3 out of 7). 899 

The bar chart in the inset in H shows the average increase in firing rate of all single-units (n = 7, 900 

±SEM) at different peak stimulus velocities (at 0.5 Hz). abd, abducens; cup, cupula; VN, vestibular 901 

nucleus. Gray (dashed) sine waves in A,B,E-H indicate head motion stimulus velocity (Hvel). 902 

 903 

 904 



 36 

Figure 8. Computational modeling of eye movements. A, Schematic depicting video recordings of 905 

eye movements in semi-intact Xenopus tadpole preparations during horizontal sinusoidal head 906 

rotation. B, Averaged eye positions (green, Eyepos) and corresponding sinusoidal fits (blue, sine fit) 907 

over a single cycle of sinusoidal head rotation at three different frequencies (at ±30°/s peak 908 

velocity). C, Schematic view of the model used to evaluate whether observed motoneuron spike 909 

patterns sufficiently explain eye movement behavior. Left: spikes recorded from different 910 

motoneurons; black: original recordings; red: 180° shifted version to account for the innervation of 911 

the contralateral muscle. Middle: time courses of simulated muscle contractions derived from spike 912 

trains in the left column. Right: weighted sum (positive weights, wi) of muscle contractions fitted to 913 

original VOR eye movement recordings (green trace) in response to head rotation (black dashed 914 

trace) and resultant simulations of eye movements (blue trace). D, Contributions of group I (blue) 915 

and group II (red) motor units to the simulation of actual eye movements (green, Eyepos) at 0.1, 0.5 916 

and 1 Hz head rotation. E, Explained variances for eye movement simulations either using all 917 

(black) or only group I (blue), group II (red), spontaneously active (sa, gray) or silent (s, gray) 918 

abducens motor units. Gray sine waves and dashed black/green vertical lines in B indicate head 919 

motion stimulus position (Hpos) and phase relation of the responses, respectively.  920 
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Abstract

Vestibulo-ocular reflexes (VOR) stabilise retinal images during head/body motion in vertebrates by generating spatio-temporally
precise extraocular motor commands for corrective eye movements. While VOR performance is generally robust with a relatively
stable gain, cerebellar circuits are capable of adapting the underlying sensory-motor transformation. Here, we studied cerebellum-
dependent VOR plasticity by recording head motion-induced lateral rectus and superior oblique extraocular motor discharge in
semi-intact preparations of Xenopus laevis tadpoles. In the absence of visual feedback, prolonged sinusoidal rotation caused
either an increase or decrease of the VOR gain depending on the motion stimulus amplitude. The observed changes in extraocu-
lar motor discharge gradually saturated after 20 min of constant rotation and returned to baseline in the absence of motion stimu-
lation. Furthermore, plastic changes in lateral rectus and superior oblique motor commands were plane-specific for horizontal and
vertical rotations, respectively, suggesting that alterations are restricted to principal VOR connections. Comparison of multi- and
single-unit activity indicated that plasticity occurs in all recorded units of a given extraocular motor nucleus. Ablation of the cere-
bellum abolished motoneuronal gain changes and prevented the induction of plasticity, thus demonstrating that both acquisition
and retention of this type of plasticity require an intact cerebellar circuitry. In conclusion, the plane-specific and stimulus intensity-
dependent modification of the VOR gain through the feed-forward cerebellar circuitry represents a homeostatic plasticity that likely
maintains an optimal working range for the underlying sensory-motor transformation.

Introduction

Gaze stabilising reflexes are evolutionarily well conserved (Straka
et al., 2014), ensure accurate perception of the animals’ visual envi-
ronment during head motion and assist in distinguishing between
self- and passive motion (Land, 1999). Vestibulo-ocular reflexes
(VOR) play an essential role in image stabilisation due to the rapid
transformation of vestibular inputs into extraocular motor commands
that elicit counteracting eye movements (Straka & Dieringer, 2004).
However, fine-tuning of the spatio-temporal specificity of the three-
neuronal VOR pathway necessitates the integration of visual feed-
back through a cerebellar side loop (Boyden et al., 2004). Further-
more, the cerebellar circuitry implements changes in sensitivity for
example during active vs. passive head movements (King, 2013;
Brooks et al., 2015), or, on a longer time-scale, during development
and ageing (Boyden et al., 2004).
Under experimental conditions, the VOR can be modified by

visuo-vestibular mismatch paradigms that induce alterations in eye

motion gain and phase depending on the motion direction of the
visual world relative to head motion (Boyden et al., 2004). During
VOR adaptation, Purkinje cells in the vestibulo-cerebellum receive
vestibular inputs via parallel fibres as well as visual motion signals
through climbing fibres and provide feedback to the vestibular
nucleus about potential mismatch between expected and actual reti-
nal image slip (Boyden et al., 2004). Surgical lesions of the cerebel-
lum impair motor learning in goldfish (Michnovicz & Bennett,
1987), rabbits (Ito et al., 1974), cats (Schultheis & Robinson, 1981)
and monkeys (Zee et al., 1981; Lisberger et al., 1984; Rambold
et al., 2002) and reversible inactivation of Purkinje cells in cats
causes comparable effects (Luebke & Robinson, 1994; Kassardjian
et al., 2005). In agreement with the assumption of Marr (1969) and
Albus (1971), that neuronal plasticity occurs at the level of Purkinje
cells, ablation or glutamatergic blockade of the latter immediately
abolishes adapted responses in goldfish (Michnovicz & Bennett,
1987) and cats (Kassardjian et al., 2005; Broussard et al., 2011).
However, more recent studies suggest that VOR plasticity occurs
both within the vestibulo-cerebellum as well as at multiple extra-
cerebellar sites, each with different time courses that contribute
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jointly to VOR motor learning (Hirata & Highstein, 2001; Boyden
et al., 2004; Kassardjian et al., 2005; Medina, 2011; Beraneck &
Idoux, 2012; Clopath et al., 2014). In addition to adjusting extra-
ocular motor output during visuo-vestibular mismatch, the cerebel-
lum is also involved in habituating VOR performance during
prolonged sinusoidal low-frequency rotation in the dark that causes
a pronounced depression of extraocular motor responses in goldfish
(Dow & Anastasio, 1998, 1999), mice (Gutierrez-Castellanos et al.,
2013) and monkeys (J€ager & Henn, 1981). Thus, cerebellum-
mediated extraocular motor plasticity occurs under various experi-
mental conditions and presumably acts to adjust VOR performance
to specific behavioural requirements.
Here, we tested the possibility to induce VOR plasticity in larval

Xenopus by prolonged high- or low-magnitude vestibular stimula-
tion in the absence of visual feedback. Using the advantages of
semi-intact preparations for recordings and surgical manipulations,
plastic changes of the extraocular motor output as well as the role
of the cerebellum in modifying VOR performance were investi-
gated.

Materials and methods

Animals and experimental preparation

Xenopus laevis tadpoles (n = 53) at developmental stages 53–54
(Nieuwkoop & Faber, 1994) were obtained from the in house ani-
mal breeding facility at the Biocenter-Martinsried (Ludwig-Maximi-
lians-University Munich). Tadpoles were maintained in tanks with
non-chlorinated water (17 °C) at a 12/12 light/dark cycle. Electro-
physiological and pharmacological experiments were performed
in vitro on isolated, 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 Oberbayern (55.2-1-54-2532.3-
59-12).
For all experiments, tadpoles were anaesthetised in 0.05% MS-

222 (Pharmaq Ltd., UK), transferred into ice-cold frog Ringer
(75 mM NaCl, 25 mM NaHCO3, 2 mM CaCl2, 2 mM KCl, 0.5 mM

MgCl2, and 11 mM glucose, pH 7.4) and decapitated at the level of
the upper spinal cord. As previously described (Lambert et al.,
2012), the skin above the brain was removed, the cartilaginous skull
was opened from the top (Fig. 1A), the forebrain was disconnected
and both the optic nerves were transected. This procedure preserved
the remaining central nervous system and vestibular sensory periph-
ery including afferent connections as well as extraocular motoneu-
ronal projections to the eye muscles, and thus allowed an in vivo-
like activation of the vestibulo-ocular reflex (VOR) under controlled
in vitro conditions (Straka & Simmers, 2012; Ramlochansingh
et al., 2014). To determine the impact of the cerebellum on the
evoked plasticity, a cerebellectomy was performed in 10 prepara-
tions. In amphibians such as Xenopus laevis, the cerebellum forms a
vertically oriented thin sheet at the rostral end of the hindbrain, con-
nected to the latter by the bilateral peduncle (Llinas et al., 1969).
The cerebellum was removed by transecting the peduncle on both
sides at the base with fine scissors.
Spontaneous and evoked neuronal activity of abducens and tro-

chlear motoneurons was captured as single- or multi-unit recordings
from the respective cranial nerve branches that innervate the lateral
rectus (LR) and superior oblique (SO) eye muscles (Fig. 1B).
Accordingly, LR and SO nerves were detached close to their target
muscles and cleaned from surrounding tissue for extracellular nerve
recordings with Ringer-filled suction electrodes. For the

experiments, preparations were placed in a Sylgard-lined recording
chamber that was continuously perfused with oxygenated Ringer
solution at a temperature of 16.8 � 0.2 °C.

Electrophysiology

The recording chamber with the preparation fixed to the Sylgard
floor was mounted in the centre of the rotation axes of a two-axis
computer-controlled motorised turntable (ACT-1002, Acutronic
USA Inc., Switzerland) as described earlier (Lambert et al., 2008).
Spike discharge of extraocular motor nerves was recorded extracel-
lularly (EXT 10-2F, npi electronics, Tamm, Germany) with individ-
ually adjusted glass suction electrodes, digitised at 20 kHz (CED
1401, Cambridge Electronic Design, UK) and stored on a computer
for offline analysis. Glass microelectrodes for extracellular record-
ings were produced with a horizontal puller (P-87 Brown/Flaming,
Sutter Instrument Company, USA) and the tips were individually
broken to fit the respective nerve diameter. LR nerve motor units
were activated by vertical-axis sinusoidal rotation while SO nerve
motor units, which respond optimally to rotations along the plane
formed by the ipsilateral posterior (iPC)/contralateral anterior semi-
circular canals (cAC), were activated by sinusoidal roll-motion in
this plane (i.e. 45° relative to the body length axis; Branoner &
Straka, 2015). Stimulus frequencies ranged from 0.1 to 1 Hz and
peak velocity amplitudes from �3°/s to �60°/s.

VOR plasticity paradigm

Plasticity of the horizontal VOR was tested using prolonged vestibu-
lar stimulation (up to 30 min) with continuous sinusoidal horizontal
head rotations. A ‘test stimulus’ at 0.5 Hz and a peak velocity of
�30°/s was used to compare LR nerve response modulation before
and after prolonged application of a ‘conditioning’ stimulus that
either evoked smaller or larger peak discharges compared to the test
response. These conditioning stimuli were applied in random order
and were separated by at least 20 min where the preparation
remained stationary within the recording chamber. To test the plane
specificity of the adaptive plasticity, test responses of the SO nerve
(causing upward eye movements) before and after prolonged hori-
zontal rotation served as a control. In addition, in a second set of
experiments, VOR plasticity in the vertical plane was tested by
recording SO nerve activity during sinusoidal rotation (test stimulus:
0.5 Hz, �15°/s) along the plane formed by the iPC – cAC, while
LR nerve responses served as a control for these experiments. To
determine a potential role of the cerebellum in the adaptation of the
extraocular motor discharge, prolonged stimulation was applied
before and after cerebellectomy.

Data analysis

Peri-stimulus time histograms (PSTHs) of the averaged responses
over single motion cycles, illustrating motoneuronal firing rates dur-
ing sinusoidal head rotations, were obtained from raw data using
Spike2 scripts for analysing the recorded multi- or single-unit spike
discharge (Lambert et al., 2008). For all stimulus parameters, the
average responses were calculated from 10 to 20 successive cycles.
PSTHs were further processed and analysed statistically using
Microcal Origin 6.0G (OriginLab Corp., USA) and MATLAB�

(MathWorks GmbH, USA) software. PSTHs were normalised to
individual peak responses where applicable and averaged (�SEM or
�SD) for subsequent statistical comparison of paired parameters
(Wilcoxon signed-rank test).
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Results

Motion-induced responses of lateral rectus and superior
oblique motor nerves

VOR-related neuronal activity in abducens and trochlear motoneu-
rons during sinusoidal head rotation was recorded as single- or
multi-unit discharge from isolated LR (abducens) and SO (tro-
chlear) nerves in semi-intact preparations of Xenopus tadpoles
(Fig. 1C). The multi-unit spike discharge characteristics of the two
extraocular motor nerves were determined at rest and during sinu-
soidal head motion (n = 10 for LR, n = 6 for SO nerve record-
ings). Based on the spatially specific semicircular canal –
extraocular motor connectivity of the angular VOR in vertebrates
(Straka & Dieringer, 2004), LR and SO nerve discharges modu-
lated maximally during turntable rotation in the horizontal semicir-
cular canal plane (green HC in Fig. 1C) and in a plane formed by
the ipsilateral PC/contralateral AC (magenta iPC, cAC in Fig. 1C)
respectively. In the absence of motion stimulation, the average mul-
ti-unit resting rate of 33.8 � 7.4 spikes/s (n = 10) in the LR nerve
was lower than the average rate of 52.0 � 12.9 spikes/s (n = 6) in
the SO nerve, possibly because the latter allowed a longer part of
the nerve trajectory to be isolated and accessed by the suction elec-
trode and thus more motor units to be recorded. During passive
sinusoidal head rotation, both LR and SO nerve discharges were

cyclically modulated (Fig. 1D). The peak discharge of modulated
LR nerve responses coincided with contraversive horizontal turnta-
ble motion that maximally activated the contralateral horizontal
canal, while the SO nerve peak discharge was aligned with motion
in the direction of activation of the ipsilateral PC (Fig. 1D). At a
given stimulus frequency (0.5 Hz in the first set of experiments),
the peak firing rate increased asymptotically with increasing stimu-
lus peak velocity in both the LR and SO nerves and reached
136.5 � 14.7 and 163.5 � 23.1 spikes/s, respectively, at maximal
stimulus peak velocity (Fig. 1E). In addition, the timing (phase) of
the peak response remained relatively constant over the range of
employed stimulus velocities (green and magenta curves in
Fig. 1E).
In contrast to the increase with stimulus velocity, the peak dis-

charge of LR and SO nerve responses decreased with increasing
stimulus frequencies between 0.1 and 1 Hz, although differently for
the two extraocular motor nerves (compare black curves in left and
right plots of Fig. 1F). For LR nerve responses, this decrease in
peak amplitude was accompanied by a concurrent shift of the peak
response from a phase lead of 31.5 � 4.3° with respect to stimulus
velocity at a frequency of 0.1 Hz to a phase lag of 58.5 � 7.0° with
respect to the stimulus at 1 Hz (at a peak velocity of �30°/s; left
plot of Fig. 1F). In contrast, the considerable phase lag of the SO
nerve peak discharge of 48.0 � 1.9° with respect to the stimulus at
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nerves. C, Schematic of the experimental setting depicting the semi-intact preparation as well as the activation of LR (green) and SO (magenta) motor nerves
during horizontal and vertical rotational stimulation of the bilateral horizontal (HC, green) or the ipsilateral posterior (iPC, magenta) and contralateral anterior
(cAC, magenta) semicircular canals respectively. D, Representative example of multi-unit LR (left) and SO (right) nerve spike discharge over three cycles of
horizontal and vertical head rotation (0.5 Hz) at three different stimulus peak velocities. E,F, Dependency of peak amplitude (black curves) and phase (green
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a frequency of 0.1 Hz decreased such that it was almost in phase
(lag of 4.5 � 9.5°) with the stimulus at 1 Hz (at a peak velocity of
�6°/s; right plot in Fig. 1F). The general phase lag of SO nerve
responses over the entire range of stimulus frequencies, in contrast
to LR nerve responses, is likely due to a co-activation of semicircu-
lar canal and utricular pathways during roll motion, with the influ-
ence of the gravity-sensitive otolith organ being largest at maximal
turntable excursion (position). Thus, the combined contribution of
semicircular canal and otolith signals to the extraocular motor out-
put, each with different dynamics, causes an overall larger phase lag
of motion-driven responses in the SO compared to the LR nerve. In
addition, the modulation of SO nerve responses (Fig. 1D,E) usually
required smaller stimulus intensities, again likely due to the addi-
tional contribution of otolith signals during roll motion. This differ-
ence in sensitivity prompted us to use different magnitudes for the
test stimuli for LR (0.5 Hz; �30°/s) and SO nerve responses
(0.5 Hz; �15°/s), respectively, when evaluating in the subsequent
experiments whether extraocular motor responses were altered by
prolonged stimulation.

Time-dependent homeostatic plasticity of the VOR

Potential homeostatic plasticity of vestibulo-ocular responses was
explored by studying the consequences of prolonged motion stimu-
lation. Control responses of the LR nerve to the ‘test stimulus’ were
obtained before and immediately after continuous sinusoidal rotation
of the preparation in the horizontal plane for 5–20 min with a stimu-
lus amplitude or frequency that evoked extraocular motor responses
with either larger or smaller peak discharge amplitudes (‘condition-
ing stimulus’; Fig. 2A). During the period over which a high-magni-
tude conditioning stimulus (�60°/s, 0.5 Hz) was continuously
applied, the discharge rate of the LR peak response (208.8 � 18.3
spikes/s) decreased gradually by ~20% and saturated at a lower level
(173.0 � 14.4 spikes/s) after ~10 min of continuous sinusoidal rota-
tion (n = 9, blue symbols in Fig. 2B). This attenuation of the peak
firing rate also extended onto responses that were elicited by a stim-
ulus with a lower magnitude such as the test stimulus (�30°/s,
0.5 Hz). In fact, the peak discharge of the LR nerve test response
was also reduced to an extent that depended on the duration of the
applied conditioning stimulus (Fig. 2C–E). A significant attenuation
was observed after 10 min of rotation at the higher intensity condi-
tioning stimulus (dark green trace in Fig. 2C). This reduction
became even more pronounced after 15 and 20 min of continuous
rotation (green trace in Fig. 2C, pooled data in Fig. 2D,E, n = 6)
and followed a first-order exponential decay time course (grey line
in Fig. 2E, r² = 0.99, s = 10.4 s). As stimulation times of >20 min
did not cause further attenuation (n = 3, data not shown), test
responses were compared before and after applying the conditioning
stimulus for 20 min during all subsequent experiments. Quantifica-
tion of the LR nerve test response attenuation following continuous
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sinusoidal rotation at �60°/s (blue trace in Fig. 2F) revealed a
decrease of the peak firing rate from ~130 spikes/s to ~95 spikes/s
(box plot in Fig. 2H) as indicated by the normalised averaged
response over a single motion cycle (Fig. 2G, blue curve). The aver-
age difference of 36.0 � 6.3 spikes/s corresponds to a decrease of
27% (n = 9, P = 0.0039, right plot in Fig. 2H). In contrast to this
attenuation observed after prolonged high-intensity stimulation, con-
tinuous rotation for 20 min at the test stimulus intensity had no
effect on the peak discharge of LR nerve responses (black symbols
in Fig. 2E, n = 6).
In a second set of experiments, we tested whether prolonged stim-

ulation with a low-magnitude conditioning stimulus (�6°/s, 0.5 Hz)
provoked corresponding changes in the amplitude of LR nerve peak

responses (Fig. 2A). During the period over which the low-magni-
tude conditioning stimulus was applied, the peak discharge of LR
nerve responses (59.0 � 9.8 spikes/s) increased gradually by ~50%
and saturated at a peak firing rate of 82.9 � 11.6 spikes/s after 15–
20 min (n = 9, red symbols in Fig. 2B). Moreover, 20 min of sinu-
soidal rotation at the lower peak velocity of the conditioning stimu-
lus (red trace/curve in Fig. 2F/G) also caused a facilitation of the
LR nerve test response. Quantification of this effect revealed an
increase of the peak discharge of the test responses from ~130
spikes/s to ~160 spikes/s (box plot in Fig. 2H) corresponding to an
increase of 32.5 � 5.5 spikes/s (25%, n = 9, P = 0.0039, right plot
in Fig. 2H).
We further tested whether extraocular motor plasticity could also

be induced by prolonged stimulation with different rotation frequen-
cies that either evoked larger (0.1 Hz) or smaller extraocular motor
discharge gains (1 Hz; Fig. 1F) compared to test responses of the
LR nerve, evoked at 0.5 Hz (Fig. 2I). Indeed, prolonged condition-
ing stimulation for 20 min at 0.1 Hz resulted in an attenuation of
the test responses from ~130 to ~95 spikes/s (difference: 35.5 � 7.4
spikes/s; n = 6; P = 0.0313), corresponding to a decrease of 27%.
In a complimentary fashion, continuous rotation of the preparation
for 20 min with a conditioning stimulus at 1 Hz provoked a facilita-
tion of the test response of 15% from ~130 to ~150 spikes/s
(19.0 � 4.9 spikes/s; n = 6; P = 0.0313).
LR nerve responses consistently returned to baseline values when

keeping the semi-intact preparations stationary for 20 min after
adaptation had occurred (data point at 40 min in Fig. 2E, n = 6).
Thus, homeostatic plasticity of the VOR described here was not per-
manently consolidated as long-term changes of the motor output,
but response magnitudes returned to initial values when the respec-
tive vestibular stimulation ceased for at least 20 min. Furthermore,
control experiments where semi-intact preparations remained station-
ary in the recording chamber for up to 4 h (i.e. in the absence of a
conditioning stimulus) revealed that the test response magnitude of
the LR discharge remained unaltered, thus excluding unspecific
effects related to extended periods of experimentation on in vitro
preparations.
In seven experiments, one or more single units could be isolated

from multi-unit LR nerve recordings (n = 11 units; see representa-
tive example of two single units in Fig. 3A,B). This allowed investi-
gating plastic changes in individual motoneurons, in particular to
address the question of whether the observed plasticity was due to
alterations in the entire population of LR motoneurons or limited to
some motor units while the discharge of others remained unaffected.
To confirm that the same units were recorded during prolonged
experimentation times, overlays of the spikes were made before and
after 20 min of low- or high-magnitude stimulation (Fig. 3B, repre-
sentative example of the same two units shown in Fig. 3A). Most
isolated single units (8 out of 11 units) displayed a change in peak
firing rate in both directions after application of the two different
conditioning stimuli, similar to those observed in multi-unit record-
ings (e.g. unit 1 in Fig. 3A,C). However, in some cases, single units
showed plastic changes only in one direction, as illustrated for the
LR nerve single unit 2 in Fig. 3A,D. The peak discharge of this
motor unit became facilitated after application of a weak condition-
ing stimulus, but did not express an attenuation of the test response
after prolonged sinusoidal rotation at �60°/s peak velocity (Fig. 3A,
D). A possible explanation might derive from the response dynamics
of this LR nerve motor unit during increasing stimulus intensities
that revealed a saturation of the peak discharge above a stimulus
velocity of �30°/s (black and blue lines in Fig. 3E). Accordingly,
application of the stronger conditioning stimulus (�60°/s) evoked
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responses with similar peak firing rates as the test stimulus (�30°/
s). This potentially prevented a recalibration that in most other
motor units was induced by prolonged stimulation with stronger
stimuli. Quantification of the changes for all single units indicated
an overall facilitation of the peak discharge of the test responses
from ~25 spikes/s to ~35 spikes/s after prolonged rotation at �6°/s
peak velocity (red box plot in Fig. 3F) corresponding to an increase
of 8.5 � 2.8 spikes/s (31%, n = 11, P = 0.002, right plot in
Fig. 3F). Prolonged stimulation at �60°/s caused an attenuation of
the response from ~25 spikes/s to ~ 15 spikes/s (blue box plot in
Fig. 3F), corresponding to an overall decrease of 10.4 � 4.0 spikes/
s (46%, n = 11, P = 0.0029, right plot in Fig. 3F).

Plane specificity of VOR adaptation

To test whether the observed attenuation and facilitation of LR
nerve responses following prolonged horizontal rotation also extends
onto the oblique/vertical VOR output such as SO motoneurons in
the trochlear nerve, the discharge of both LR and SO nerves was
recorded simultaneously. While the SO nerve discharge remained
largely insensitive to horizontal rotation at 0.5 Hz and �30°/s (rep-
resentative example in Fig. 4A, n = 20), rotation in the iPC/cAC
plane at 0.5 Hz and �15°/s evoked cyclically modulated responses
(Figs 1, 4B). These roll motion-evoked responses (before; black
trace in Fig. 4B) remained unaltered following prolonged horizontal
rotation at either high (blue trace in Fig. 4B) or low stimulus inten-
sities (red trace in Fig. 4B). Calculation of the average SO nerve
discharge over a single roll-motion cycle (Fig. 4D, n = 6) confirmed
this insensitivity to prolonged horizontal stimulation, presumably
due to the lack of sufficiently modulated activity during rotation in
this plane.
However, prolonged application of conditioning rotational stim-

uli in the plane of the iPC/cAC caused plasticity of the SO nerve
discharge in the same fashion as observed in the LR nerve during
horizontal rotation. An attenuation of the test responses (0.5 Hz,
�15°/s) was observed after 20 min of continuous roll-motion with
a high-magnitude conditioning stimulus (�30°/s, 0.5 Hz). The
mean SO nerve peak firing rate decreased by 23.7 � 6.1 spikes/s
(n = 6, P = 0.0313), corresponding to a reduction of 12% from
~200 spikes/s to ~175 spikes/s as illustrated by the representative
example in Fig. 4C (pooled data in Fig. 4E,F). Similarly, an aver-
age increase of the test response from ~200 to ~215 spikes/s
(15.8 � 3.8 spikes/s (n = 6, P = 0.0313), corresponding to a facil-
itation of 8% was observed after prolonged low-magnitude roll-
motion conditioning stimulation (�3°/s, 0.5 Hz; Fig. 4C,E,F).
Hence, the observed plasticity of vestibulo-ocular responses, as
indicated by LR and SO nerve recordings, is spatially specific and
in both extraocular nerves related to a stronger or weaker dis-
charge modulation during conditioning stimuli relative to the test
stimulus.

Cerebellar role in homeostatic VOR plasticity

A cerebellar contribution to VOR plasticity through inhibitory Purk-
inje cells that project to cerebellar target neurons in the vestibular
nucleus (Fig. 5A; Babalian & Vidal, 2000) has been demonstrated
using visuo-vestibular mismatch paradigms (e.g. Gittis & du Lac,
2006). In order to reveal a potential contribution of the cerebellar
circuitry to plane-specific homeostatic plasticity in Xenopus tadpoles,
we tested whether a bilateral cerebellectomy (Fig. 5B) had an effect
on the facilitation or attenuation of the LR nerve discharge observed
after prolonged motion stimulation.

After establishing homeostatic plasticity in a given semi-intact
preparation, the cerebellum was surgically removed following atten-
uation of the LR test responses (n = 6) by prolonged high-magni-
tude conditioning stimulation (�60°/s, 0.5 Hz). Immediately after
the cerebellum had been disconnected by bilateral transection of the
peduncle (see Methods), the attenuated LR nerve test response
(Fig. 5C, blue line in Fig. 5D) reversed approximately to baseline
level prior to the prolonged stimulation (compare green and black
lines in Fig. 5D; n = 6). A similar cerebellar lesion-induced reversal
of homeostatic plasticity was observed after facilitation of LR nerve
responses and also for SO nerve responses that were subjected to
prolonged stimulation in the iPC/cAC plane (n = 2 in both cases,
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data not shown). This indicates that an intact cerebellar circuitry is
required for the maintenance of induced homeostatic plasticity. An
increase in the LR nerve resting discharge after cerebellectomy was

observed in five out of seven cases (inset in Fig. 5D) and complies
with the removed tonic inhibitory influence on vestibulo-ocular sig-
nal processing (see Straka & Dieringer, 2004).
To test whether the cerebellum is also involved in the acquisition

of homeostatic VOR plasticity, prolonged horizontal rotation at
either low or high magnitudes was applied after cerebellectomy. In
contrast to the reliable attenuation and facilitation of extraocular
motor responses observed in preparations with an intact cerebellum,
prolonged vestibular stimulation consistently failed to induce signifi-
cant changes of the LR nerve test response after cerebellectomy
(Fig. 5C,E). Neither 20 min stimulation with �6°/s nor prolonged
head rotation at �60°/s caused significant changes of the peak firing
rate of 161.6 � 29.5 spikes/s (n = 6; Fig. 5F), indicating that the
cerebellum is required for both inducing as well as maintaining
homeostatic plasticity.

Discussion

Angular and translational vestibulo-ocular reflexes (VOR) contribute
to retinal image stabilisation during head/body motion by generating
extraocular motor commands for counteractive eye movements.
Here, we show that prolonged sinusoidal rotation causes plasticity
of the extraocular motor output in Xenopus tadpoles. The observed
bidirectional changes in rotational VOR gain depend on the ampli-
tude and duration of the prolonged stimulus and are plane-specific
for horizontal and vertical rotations respectively. Ablation of the
cerebellum abolishes changes in extraocular motor gain and prevents
further induction of homeostatic plasticity.

Vestibulo-ocular reflex plasticity

Numerous studies employing various modes of experimental pertur-
bations have demonstrated a remarkable plasticity of vestibulo-ocu-
lar reflexes (reviewed in e.g. Miles & Lisberger, 1981; Raymond &
Lisberger, 2000; Gittis & du Lac, 2006). In addition to gain
changes, also response timing and even the direction of compen-
satory eye movements can be altered under experimental conditions
that create a sensory conflict where visual feedback no longer
matches the concurrent vestibular input (reviewed in e.g. Boyden
et al., 2004). Such visuo-vestibular mismatch training causes an
adaptation of extraocular motor commands by changing the underly-
ing sensory-motor transformation that accounts for the retinal image
slip in the experimentally perturbed sensory environment. In general,
VOR plasticity is necessary to adjust the extraocular motor output to
changes in sensory and/or motor system functionality that naturally
occur during development and ageing (Boyden et al., 2004) or after
uni- or bilateral vestibular impairments (e.g. Angelaki et al., 1996;
reviewed in Dieringer, 1995; Cullen et al., 2009; Dutia, 2010). Fur-
thermore, an attenuation of the VOR gain was demonstrated during
prolonged low-frequency vestibular stimulation in darkness in gold-
fish (Dow & Anastasio, 1998), mice (Gutierrez-Castellanos et al.,
2013) and monkeys (J€ager & Henn, 1981), which was interpreted as
habituation.
While VOR plasticity is usually induced by visuo-vestibular mis-

match conditions, the changes in VOR efficacy in this study occur
in the absence of conflicting visuo-vestibular signals, since visual
inputs were eliminated by bilateral optic nerve transection prior to
the experiments. Moreover, the bidirectionality of the observed plas-
ticity also excludes classical habituation as the only explanation. We
rather suggest that the VOR attenuation and facilitation described
here represents a homeostatic plasticity that is well-suited to level
out prolonged elevated or diminished cellular/network activity and
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to maintain stability of the neuronal encoding as previously
described in other brain areas (Turrigiano, 2012). Evidence for this
assumption derives from the fact that the observed attenuation or
facilitation of extraocular motor commands persists when the ampli-
tude or frequency of stimulation is changed (compare the concurrent
decrease and increase of conditioning and test stimulus responses).
In addition, plastic gain changes are completely abolished after a
comparable period without motion stimulation, indicating that the
resting activity in the vestibulo-ocular circuitry is sufficient to reset
VOR performance to the pre-conditioning level. Together with the
observed bidirectional gain changes under our experimental condi-
tions, this suggests that the pre-conditioning baseline activity corre-
sponds to the amount of spontaneous vestibular discharge and/or to
VOR activity during head motion typically experienced by the intact
animal. Independent of whether the VOR gain is increased or
decreased, the relatively short time period (<20 min) in which plas-
ticity occurs complies with the fastest adaptation times reported in
e.g. cats, where vestibular adaptation is most prominent within the
first 30 min of visuo-vestibular mismatch training (Luebke & Robin-
son, 1994; Broussard et al., 2011) or in monkeys, where gain
changes during passive rotation appear already after 15 min of stim-
ulation (Broussard & Kassardjian, 2004). Furthermore, this study
together with previous findings in monkeys (Miles & Eighmy,
1980) and goldfish (Michnovicz & Bennett, 1987), suggest that
VOR adaptation generally follows an exponential time course.
Evaluation of the responses of single extraocular motor units

(Fig. 3) revealed that most neurons express bidirectional changes.
However, some units display adaptive plasticity only in one direc-
tion, e.g. facilitation but not attenuation. This could be explained by
the lack of sufficient sensitivity of these neurons to input changes
over the range of applied test- and/or conditioning stimulus magni-
tudes. Sensitivity as a functional prerequisite for adaptive plasticity
is plausible also with respect to the observed plane specificity. In
general, a particular set of extraocular motoneurons predominantly
receives coplanar semicircular canal-related inputs via principal
VOR connections. These inputs are supplemented by less efficient
signals from auxiliary pathways that compensate for some of the
spatial misalignments between semicircular canals and sets of
extraocular muscles (Straka & Dieringer, 2004). Accordingly,
extraocular motoneurons being especially sensitive to changes in
stimuli activating principal vestibulo-ocular pathways, display home-
ostatic plasticity in this particular plane of activation. In contrast,
weaker auxiliary connections, such as between horizontal canals and
SO motoneurons, that cause only a minor modulation of the extraoc-
ular motor discharge, are insufficient to induce an adaptation.

Homeostatic plasticity is cerebellum-dependent

Surgical removal of the cerebellum prevents both the acquisition as
well as the maintenance of homeostatic changes in motion-induced
extraocular motor activity. This not only confirms that the cerebel-
lum is required for the induction of motor adaptation by modifying
the efficacy of sensory-motor transformations underlying the VOR
but also indicates that it is the principal site for retaining modified
responses, in agreement with the mechanistic explanation for classi-
cal short-term VOR learning (Boyden et al., 2004). First evidence
for a continuous online control of vestibulo-ocular network activity
derives from the observed elevation of the resting discharge of LR
motoneurons (Fig. 5D inset) after cerebellectomy. This is likely
caused by the removal of tonic inhibitory Purkinje cell inputs onto
second-order vestibular neurons, reported for e.g. ranid frogs (Straka
& Dieringer, 2004) and goldfish (Michnovicz & Bennett, 1987).

The observed retention of plasticity within the cerebellum also com-
plies with previous reports in goldfish (Michnovicz & Bennett,
1987) and cats (Robinson, 1976; Kassardjian et al., 2005) where
adapted VOR gains are fully reversed to baseline levels after cere-
bellectomy. Moreover, recordings from Purkinje cells responsible
for horizontal eye movements in monkeys revealed that their output
correlates with an up- or down-regulation of the VOR gain (Watan-
abe, 1985). Also, VOR adaptation is prevented by electrical deacti-
vation of Purkinje cells in cats (Luebke & Robinson, 1994) or by
cerebellectomy in rabbits (Ito et al., 1974), goldfish (Michnovicz &
Bennett, 1987) and monkeys (Lisberger et al., 1984) compatible
with the present finding that the cerebellum is required for inducing
VOR plasticity in Xenopus tadpoles.
Importantly, classical VOR learning appears to consolidate after

longer training periods by a process during which the site of plastic-
ity transfers from Purkinje cells to downstream target neurons, such
as the deep cerebellar nuclei or central vestibular neurons (Kassard-
jian et al., 2005; Titley et al., 2007). In contrast, the return of VOR
gains to baseline levels after cerebellectomy in this study excludes
consolidation of plastic changes at an extra-cerebellar site, at least
under our experimental conditions. Even though it is possible that
20 min of stimulation are insufficient for a permanent retention, it
appears more plausible that the observed homeostatic plasticity rep-
resents a rapid, continuous online adjustment of the VOR network
activity when visual feedback is missing. We thus conclude that, in
the absence of motion-related retinal image slip signals, prolonged
application of strong or weak vestibular stimuli suffices to regulate
VOR gain via modifications of the cerebellar Purkinje cell output.
Furthermore, these findings suggest that attenuation or facilitation of
vestibulo-ocular responses is introduced at the level of cerebellar tar-
get neurons in the vestibular nuclei, even though, additional adaptive
processes of motoneuronal activity itself cannot be excluded at pre-
sent.

Functional implications – flexible adjustment of gain control

VOR adaptation in this study differs from classical VOR motor
learning, such as visuo-vestibular mismatch training or habituation,
and rather matches the description of postsynaptic homeostatic
plasticity initially observed in cortical circuits (see Turrigiano &
Nelson, 2004). Assuming that VOR neurons and circuits also have
an optimal encoding range with a set point that is intrinsically pre-
determined, the plasticity observed in this study can be interpreted
as an attempt of VOR neuronal elements to maintain an optimal
working range for sensory-motor transformations. The indifference
level at which no homeostatic change in the extraocular motor dis-
charge to prolonged stimulation was encountered (i.e. the
employed test stimulus) represents an intensity that causes
responses with amplitudes approximately halfway between activa-
tion threshold and saturation. This corresponds to a stimulus where
extraocular motoneurons in Xenopus tadpoles respond more or less
linearly to changes in head velocity for both rotational directions
(see Fig. 1). Thus, it appears very plausible that during prolonged
head rotation at weak stimuli close to threshold or strong stimuli
close to saturation levels of the VOR output, the system recali-
brates vestibulo-ocular signal processing with the help of the cere-
bellar side loop to generate extraocular motor commands that
remain within the linear input–output range and display maximal
sensitivity. However, critical to this explanation is the fact that
experiments in this study were performed in the absence of visual
inputs, which would serve in the intact animal as sensory feedback
of the intended VOR gaze stabilisation. In that case, one might
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speculate that during prolonged vestibular stimulation in light, the
extraocular motor output would remain unchanged, since visual
feedback allows fine-tuning of the respective extraocular motor
commands. In this study, however, the observed homeostatic plas-
ticity represents a specific cerebellum-dependent mechanism that
shows the capacity to adapt and thus optimise the encoding of
motion signals within the VOR pathway in isolation (absence of
visual feedback signals).

Conflict of interest statement

The authors declare no competing interests.

Acknowledgments

The authors thank Dr. Francisco Branoner, Dr. Boris Chagnaud and Sara
H€anzi for critical reading of the manuscript. The authors acknowledge finan-
cial support from the German Science Foundation (CRC 870, TP B12; STR
478/3-1; GRK 1373), the German Federal Ministry of Education and
Research under the Grant code 01 EO 0901, the Bernstein Center for Com-
putational Neuroscience Munich (B-T1) and the Munich Center for Neuro-
sciences – Brain and Mind (MCN).

Abbreviations

cAC, contralateral anterior canal; HC, horizontal canal; iPC, ipsilateral poste-
rior canal; LR, lateral rectus; SO, superior oblique; VOR, vestibulo-ocular
reflex.

References

Albus, J.S. (1971) A theory of cerebellar function. Math. Biosci., 10, 25–61.
Angelaki, D.E., Hess, B.J.M., Arai, Y. & Suzuki, J. (1996) Adaptation of

primate vestibuloocular reflex to altered peripheral vestibular inputs. I. Fre-
quency-specific recovery of horizontal VOR after inactivation of the lateral
semicircular canals. J. Neurophysiol., 76, 2941–2953.

Babalian, A.L. & Vidal, P.-P. (2000) Floccular modulation of vestibuloocular
pathways and cerebellum-related plasticity: An in vitro whole brain study.
J. Neurophysiol., 84, 2514–2528.

Beraneck, M. & Idoux, E. (2012) Reconsidering the role of neuronal intrinsic
properties and neuromodulation in vestibular homeostasis. Front. Neurol., 3,
25.

Boyden, E.S., Katoh, A. & Raymond, J.L. (2004) Cerebellum-dependent
learning: the role of multiple plasticity mechanisms. Annu. Rev. Neurosci.,
27, 581–609.

Branoner, F. & Straka, H. (2015) Semicircular canal-dependent developmen-
tal tuning of translational vestibulo-ocular reflexes in Xenopus laevis. Dev.
Neurobiol., 75, 1051–1067.

Brooks, J.X., Carriot, J. & Cullen, K.E. (2015) Learning to expect the unex-
pected: rapid updating in primate cerebellum during voluntary self-motion.
Nat. Neurosci., 18, 1310–1317.

Broussard, D.M. & Kassardjian, C.D. (2004) Learning in a simple motor sys-
tem. Learn. Memory, 11, 127–136.

Broussard, D.M., Titley, H.K., Antflick, J. & Hampson, D.R. (2011) Motor
learning in the VOR: the cerebellar component. Exp. Brain Res., 210,
451–463.

Clopath, C., Badura, A., De Zeeuw, C.I. & Brunel, N. (2014) A cerebellar
learning model of vestibulo-ocular reflex adaptation in wild-type and
mutant mice. J. Neurosci., 34, 7203–7215.

Cullen, K.E., Minor, L.B., Beraneck, M. & Sadeghi, S.G. (2009) Neural sub-
strates underlying vestibular compensation: contribution of peripheral ver-
sus central processing. J. Vestibul. Res., 19, 171–182.

Dieringer, N. (1995) “Vestibular compensation”: neural plasticity and its rela-
tions to functional recovery after labyrinthine lesions in frogs and other
vertebrates. Prog. Neurobiol., 46, 97–129.

Dow, E.R. & Anastasio, T.J. (1998) Analysis and neural network modeling
of the nonlinear correlates of habituation in the vestibulo-ocular reflex. J.
Comput. Neurosci., 5, 171–190.

Dow, E.R. & Anastasio, T.J. (1999) Dual-frequency habituation and dishabit-
uation of the goldfish vestibulo-ocular reflex. NeuroReport, 10, 1729–
1734.

Dutia, M.B. (2010) Mechanisms of vestibular compensation: recent advances.
Curr. Opin. Otolaryngo. Head Neck Surg., 18, 420–424.

Gittis, A.H. & du Lac, S. (2006) Intrinsic and synaptic plasticity in the
vestibular system. Curr. Opin. Neurobiol., 16, 385–390.

Gutierrez-Castellanos, N., Winkelman, B.H.J., Tolosa-Rodriguez, L., De
Gruijl, J.R. & De Zeeuw, C.I. (2013) Impact of aging on long-term ocular
reflex adaptation. Neurobiol. Aging, 34, 2784–2792.

Hirata, Y. & Highstein, S.M. (2001) Acute adaptation of the vestibuloocular
reflex: signal processing by floccular and ventral parafloccular Purkinje
cells. J. Neurophysiol., 85, 2267–2288.

Ito, M., Shiida, T., Yagi, N. & Yamamoto, M. (1974) Visual influence on
rabbit horizontal vestibulo-ocular reflex presumably effected via the cere-
bellar flocculus. Brain Res., 65, 170–174.

J€ager, J. & Henn, V. (1981) Habituation of the vestibulo-ocular reflex (VOR)
in the monkey during sinusoidal rotation in the dark. Exp. Brain Res., 41,
108–114.

Kassardjian, C.D., Tan, Y.-F., Chung, J.-Y.J., Heskin, R., Peterson, M.J. &
Broussard, D.M. (2005) The site of a motor memory shifts with consolida-
tion. J. Neurosci., 25, 7979–7985.

King, W.M. (2013) Getting ahead of oneself: anticipation and the vestibulo-
ocular reflex. Neuroscience, 236, 210–219.

Lambert, F.M., Beck, J.C., Baker, R. & Straka, H. (2008) Semicircular canal
size determines the developmental onset of angular vestibuloocular reflexes
in larval Xenopus. J. Neurosci., 28, 8086–8095.

Lambert, F.M., Combes, D., Simmers, J. & Straka, H. (2012) Gaze stabiliza-
tion by efference copy signaling without sensory feedback during verte-
brate locomotion. Curr. Biol., 22, 1649–1658.

Land, M.F. (1999) Motion and vision: why animals move their eyes. J.
Comp. Physiol. - A Sensory, Neural. Behav. Physiol., 185, 341–352.

Lisberger, S.G., Miles, F.A. & Zee, D.S. (1984) Signals used to compute
errors in monkey vestibuloocular reflex: possible role of flocculus. J. Neu-
rophysiol., 52, 1140–1153.

Llinas, R., Bloedel, J.R. & Hillman, D.E. (1969) Functional characterization
of neuronal circuitry of frog cerebellar cortex. J Neurophysiol., 32, 847–
870.

Luebke, A.E. & Robinson, D.A. (1994) Gain changes of the cat’s vestibulo-
ocular reflex after flocculus deactivation. Exp. Brain Res., 98, 379–390.

Marr, D. (1969) A theory of cerebellar cortex. J. Physiol., 202, 437–470.
Medina, J.F. (2011) The multiple roles of Purkinje cells in sensori-motor calibra-

tion: to predict, teach and command. Curr. Opin. Neurobiol., 21, 616–622.
Michnovicz, J.J. & Bennett, M.V. (1987) Effects of rapid cerebellectomy on

adaptive gain control of the vestibulo-ocular reflex in alert goldfish. Exp.
Brain Res., 66, 287–294.

Miles, F.A. & Eighmy, B.B. (1980) Long-term adaptive changes in primate
vestibuloocular reflex. I. Behavioral observations. J. Neurophysiol., 43,
1406–1425.

Miles, F.A. & Lisberger, S.G. (1981) Plasticity in the vestibulo-ocular reflex:
a new hypothesis. Annu. Rev. Neurosci., 4, 273–299.

Nieuwkoop, P.D. & Faber, J. (1994) Normal Table of Xenopus Laevis (Dau-
din): A Systematical and Chronological Survey of the Development from
the Fertilized Egg Till the End of Metamorphosis, Daudin?: A Systemati-
cal and Chronological Survey of the Development from the Fertilized Egg
Till the End of Metamorp. Garland Pub, New York.

Rambold, H., Churchland, A., Selig, Y., Jasmin, L. & Lisberger, S.G. (2002)
Partial ablations of the flocculus and ventral paraflocculus in monkeys
cause linked deficits in smooth pursuit eye movements and adaptive modi-
fication of the VOR. J. Neurophysiol., 87, 912–924.

Ramlochansingh, C., Branoner, F., Chagnaud, B.P. & Straka, H. (2014) Effi-
cacy of tricaine methanesulfonate (MS-222) as an anesthetic agent for
blocking sensory-motor responses in Xenopus laevis tadpoles. PLoS One,
9, e101606.

Raymond, J.L. & Lisberger, S.G. (2000) Hypotheses about the neural trigger
for plasticity in the circuit for the vestibulo-ocular reflex. Prog. Brain
Res., 124, 235–246.

Robinson, D.A. (1976) Adaptive gain control of vestibuloocular reflex by the
cerebellum. J. Neurophysiol., 39, 954–969.

Schultheis, L.W. & Robinson, D.A. (1981) Directional plasticity of the
vestibuloocular reflex in the cat. Ann. N. Y. Acad. Sci., 374, 504–512.

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

Straka, H. & Simmers, J. (2012) Xenopus laevis: an ideal experimental
model for studying the developmental dynamics of neural network assem-
bly and sensory-motor computations. Dev. Neurobiol., 72, 649–663.

Straka, H., Fritzsch, B. & Glover, J.C. (2014) Connecting ears to eye mus-
cles: evolution of a “simple” reflex arc. Brain Behav. Evol., 83, 162–175.

© 2016 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 1–10

Extraocular motor plasticity 9



Titley, H.K., Heskin-Sweezie, R., Chung, J.-Y.J., Kassardjian, C.D., Razik,
F. & Broussard, D.M. (2007) Rapid consolidation of motor memory in the
vestibuloocular reflex. J. Neurophysiol., 98, 3809–3812.

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

Turrigiano, G.G. & Nelson, S.B. (2004) Homeostatic plasticity in the devel-
oping nervous system. Nat. Rev. Neurosci., 5, 97–107.

Watanabe, E. (1985) Role of the primate flocculus in adaptation of the vesti-
bulo-ocular reflex. Neurosci. Res., 3, 20–38.

Zee, D.S., Yamazaki, A., Butler, P.H. & G€ucer, G. (1981) Effects of ablation
of flocculus and paraflocculus of eye movements in primate. J. Neurophys-
iol., 46, 878–899.

© 2016 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 1–10

10 H. Dietrich and H. Straka



86  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results Part III 87 

 

 

Results Part III 

Galvanic Vestibular Stimulation: Cellular Substrates and Response Patterns of 

Neurons in the Vestibulo-Ocular Network 

Kathrin D. Gensberger*, Anna-Kristin Kaufmann*, Haike Dietrich, Francisco Branoner, 

Roberto Banchi, Boris P. Chagnaud and Hans Straka 

*KD and AK contributed equally to this work 

Journal of Neuroscience, 2016 

 

Contributions of HD: 

 Planning of experiments 

 Recording and analysis of motion-induced extraocular motor activity (Figure 3) 

 Recording and analysis of extraocular motor activity during in phase- vs out of phase-

galvanic vestibular stimulation (Figure 5M,N) 

 Recording and analysis of LR vs SO nerve activity during galvanic stimulation of the 

bilateral horizontal canals (Figure 5L) 

 Design of figures containing contributed data together with HS 

 Writing and revision of the manuscript 

 

 

 

 

 

 

 

 

 

 

 



Systems/Circuits

Galvanic Vestibular Stimulation: Cellular Substrates and
Response Patterns of Neurons in the Vestibulo-Ocular
Network

Kathrin D. Gensberger,1* X Anna-Kristin Kaufmann,1* Haike Dietrich,1,2,3 Francisco Branoner,1 Roberto Banchi,1,2,3

X Boris P. Chagnaud,1 and Hans Straka1,3

1Department Biology II, 2Graduate School of Systemic Neurosciences, and 3German Center for Vertigo and Balance Disorders, Ludwig-Maximilians-
University Munich, 82152 Planegg, Germany

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.

Key words: extraocular motor; galvanic stimulation; hair cells; inner ear; vestibular; Xenopus laevis

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

SO

PCi

ACc

SO

ACi

PCc

SO

HCi HCc

A B

C D E

AC

HC HC

AC

PCPC

LR LR LR

HC HC

F Galvanic current stimulus

c

c

a

a

left side

right side

2 s

Ut

Sa

La

cup

cup

cup0.2 mm

left HC - right HC left AC - right PC

0
0 8

8

0
0 8

8

0

1

E
le

ct
ric

 fi
el

d 
in

te
ns

ity

G

mm mm

m
m

m
m

H

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-
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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
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bottom plot) that increased with GVS amplitude. D, Left SO nerve discharge (black trace) and instantaneous firing rate (bottom
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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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Discussion 

I The developing Xenopus laevis: an ideal model organism for studying the 

VOR  

Due to its indispensable role for gaze stabilization, the vestibulo-ocular reflex represents one 

of the evolutionarily most conserved networks of the central nervous system and can 

therefore be studied in a variety of different species from fish to mammals (Straka, 2010). 

Amphibians, as almost all other vertebrates, have three semicircular canals for detecting 

angular acceleration, two otolith organs for horizontal and vertical linear motion detection 

respectively, and a cerebellar side loop for plastic modifications of the VOR (see Straka and 

Dieringer, 2004). Besides the numerous methodological advantages of using semi-intact 

Xenopus laevis preparations for studying the basic concepts of VOR processing (see 

Introduction), this model organism also allows the investigation of developmental aspects and 

plasticity underlying vestibulo-ocular processing. During metamorphosis, Xenopus change 

their locomotor strategy from tadpole undulatory swimming to adult propulsive limb kicks 

(Combes et al., 2004), although as frogs they are rather inactive predators (Avila and Frye, 

1978). Presumably, these behavioral changes are directly linked to the concurrent changes in 

VOR performance. During free swimming, larval semicircular canals experience head 

movements with angular peak velocities of up to 2500°/s (Hänzi et al., 2015). Although 

spinal efference copies appear to play a major role for gaze stabilization during rhythmic 

locomotion in Xenopus tadpoles (Combes et al., 2008; Lambert et al., 2012), also a robust 

angular VOR response occurs during passive rotation of the head (for review, see Straka and 

Dieringer, 2004). Notably, this aVOR is “lost” during metamorphosis and around 

developmental stage 60, a huge reduction in VOR performance can be observed (see Fig. 1), 

in accordance with the decline in ocular motility described previously in Xenopus (Horn et 

al., 1986; see Straka and Dieringer, 2004; Schuller et al., 2011) and bullfrogs (Stehouwer, 

1988). Due to the appearance of a neck, adult frogs rather use compensatory head instead of 

eye movements (Dieringer and Precht, 1982; see Straka and Dieringer, 2004) to stabilize 

gaze. On the other hand, tadpoles at younger developmental stages have semicircular canals 

that are too small for the detection of angular accelerations, delaying the onset of angular 

VOR responses to stage 49, even though the vestibulo-ocular circuitry is already established 

and the otolith-driven linear VOR is already functional at earlier stages (Lambert et al., 

2008). At stage 49, VOR gains are yet small (0.17) and improve slightly up to stage 52 (0.26) 

(Lambert et al., 2008). These findings suggest that tadpoles somewhere between stages 52 

and 60 display largest VOR responses, hence during my thesis, mostly animals of stage 54 

were used for experimentation. This stage also appeared optimal for recordings of the 
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abducens motor output, since at earlier stages (e.g. 52), spontaneous bursting activity was 

more frequently observed (arrows in Fig. 1), compromising the analysis of VOR performance 

especially at lower frequencies of head motion. Furthermore, morphological investigation of 

Xenopus abducens motoneurons during development suggests that the general patterns of 

dendritic arborization and somal shape resemble those of adult frogs after stage 54 (Matesz, 

1990). In rats, changes in complexity of the dendritic tree of oculomotor motoneurons occur 

in steps, one of which is correlated with the establishment of the vestibular circuitry 

(Carrascal et al., 2009). If similar mechanisms are assumed in the Xenopus, fully developed 

dendrites at stage 54 comply with the notion that the developmental fine-tuning of the 

vestibulo-ocular network is completed by then, making it ideally suitable for studying the 

mechanisms underlying the VOR. 

 

 

Figure 1: Modulated abducens nerve discharge during sinusoidal head rotation in the horizontal plane at 0.5 Hz 

in Xenopus tadpole preparations of three different stages. Note the decline in extraocular motor activity at stage 

60 (right) and the occurrence of spontaneous discharge bursts at stage 52 (left). 

 

II Electrophysiological properties of abducens motoneurons 

A major part of this thesis concerns the classification of abducens motoneurons with respect 

to their response characteristics during vestibulo-ocular processing. Resting discharge and 

regularity as well as the modulated activity during sinusoidal stimulation in the horizontal 

plane were studied in single units isolated from extracellular abducens nerve recordings in 

semi-intact Xenopus laevis preparations. Several subtypes of abducens motoneurons have 

been demonstrated with this approach, some with characteristics reminiscent of the phasic 

and tonic properties described for vestibular afferent fibers and second order vestibular 

neurons (2°VNs) as well as of the fast (twitch) and slow (tonic) fiber responses of the 

extraocular musculature. A major question concerns how the present findings can be 

integrated into the theory of parallel, frequency-tuned VOR channels. This together with the 

origin and functional relevance of the different subtypes for VOR-related eye motion shall 

now be discussed in detail. 
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II.1 Abducens motoneurons: both continuum and distinct groups 

In general, two major neuronal subtypes with respect to their dynamic properties appear to be 

responsible for vestibular information processing – irregular and phasic, and regular and tonic 

(see Straka and Dieringer, 2004; Straka et al., 2005; Straka et al., 2009) – although clear 

segregation between the two subgroups is not possible with respect to all distinguishing traits. 

For example, the resting discharge of vestibular afferents displays a continuum of different 

regularities, measured as the coefficient of variation (CV) (Boyle and Highstein, 1990; 

Honrubia et al., 1989; Kim et al., 2011). Notably, in the present study, such a continuum is 

also observed for spontaneously active abducens motoneurons. In fact, the vestibular afferent 

CV ranges from 0.12 to 2.5 (regular to irregular) in bullfrogs (Honrubia et al., 1989) and 0.30 

to 1.46 in Xenopus (see Results III) very closely resemble the range of CVs observed in 

spontaneously active abducens motoneurons in the Xenopus (see Results I, Fig. 3C).  

Furthermore, it was shown here that the motoneuronal CV is inversely related to the resting 

rate of the cell (see Results I, Fig. 3C) and modulation depth during vestibular stimulation 

(see Results I, Fig. 3E). Irregularly firing motoneurons (high CV) display a more transient, 

“phasic-tonic” response to sinusoidal stimuli, and higher thresholds of activation during 

motion stimuli. In fact, most transient, “phasic” responses and the highest activation 

thresholds of abducens motoneurons are observed in units that are entirely silent at rest (see 

Results I, Fig. 3D,E). On the other hand, “tonic” motoneurons with the highest spontaneous 

discharge rates and low CVs represent the other end of a continuum of tonic to phasic 

discharge characteristics (see Results I, Fig. 3A1). The same correlation between CV and 

response during activation has also previously been demonstrated for vertebrate vestibular 

afferent fibers, where irregular fibers have more phasic responses than regular afferents firing 

rather tonically upon stimulation (Goldberg, 2000; Eatock and Songer, 2011). Hence, a 

similar continuum of neuronal subtypes both with respect to discharge regularity and 

responses to vestibular activation can be observed in extraocular motoneurons and vestibular 

afferent fibers, indicative of similar organizational principles and an information transfer in 

parallel, separate channels from the vestibular periphery to the extraocular motor plant. This 

is further supported by the presence of tonic and phasic second order vestibular neurons 

(2°VNs, see Straka et al., 2005) that, according to the notion of parallel processing, might 

relay information from tonic vestibular afferents to tonic motoneurons and from phasic 

afferents to phasic motoneurons, via the corresponding types of 2°VNs (see Straka et al., 

2009).  
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II.1.a The origin of two different subgroups 

In addition to the observed continuum of abducens motoneurons from “tonic” and 

spontaneously active to “phasic” and silent at rest, two distinct subgroups were observed with 

respect to their sensitivity to different frequencies of sinusoidal head rotation in larval 

Xenopus (Results I, Fig. 4). The modulation depth and timing (phase) of the peak response of 

group I motoneurons is altered during changes in stimulus frequency while keeping the peak 

head velocity constant. At low frequency head rotation (0.1 Hz), a large phase lead of the 

response can be observed that gradually decreases and eventually turns into a phase lag at 

higher frequencies (1 Hz), together with a decline in the modulation depth. On the other hand, 

group II motoneurons display similar modulation depths upon changes in frequency with 

response peaks that are always aligned with the velocity peak of the head motion. Notably, 

both spontaneously active as well as silent cells can be of either group I or II; however, silent 

neurons with rather transient responses are more frequently of the second subtype.  

The fact that similar response types were also observed in vestibular afferent fibers of 

Xenopus tadpoles, although with generally larger phase leads (Gensberger et al., 2013), again 

suggests that afferent responses are transmitted via 2°VNs to extraocular motoneurons in 

parallel channels to preserve the temporal properties throughout the entire VOR network. The 

small lag of motoneuronal firing compared to afferent responses is compatible with synaptic 

delays introduced by the intermediate processing steps at the level of 2°VNs.  

Interpretation of the origin and functional relevance of the two subgroups with respect to 

vestibulo-ocular processing is challenging since to date only few studies have approached this 

issue at all. First of all, it is important to consider which parameter of head motion most 

likely correlates with hair cell responses. Highstein et al. (2005) have claimed that the fluid 

displacement within semicircular canals is proportional to angular accelerations in the low 

frequency range. However, with increasing frequencies, fluid motion in the slender lumen of 

the canal creates viscous forces that lead to a real-time integration of the fluid displacement 

such that it aligns with the motion velocity of the head rather than acceleration (Highstein et 

al., 2005). According to this finding, the present results can be interpreted in two ways. One 

possibility is that the change in timing of group I afferent and motoneuronal responses with 

increasing frequencies directly reflects the change from acceleration to velocity-dependent 

endolymph motion, since at lower frequencies (0.1 Hz) the response peak is shifted towards 

the acceleration peak, whereas at higher frequencies it becomes more and more aligned with 

the velocity peak (Results I, Fig. 4). As a consequence, some integration would be required to 

generate responses of neurons of the group II subtype. Alternatively, the frequencies applied 

in the present study are already in the range where fluid motion inside the semicircular canals 

aligns with the velocity of head motion. In this case, group II afferents or motoneurons would 
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reflect the “default” situation and responses of group I afferents/motoneurons would require 

some form of differentiation to shift the peak towards acceleration. However, investigation of 

semicircular canal diameters and actual endolymph motion in Xenopus tadpoles would be 

required to resolve this question. 

Similar responses as in Xenopus group I motoneurons were observed in vestibular afferents 

of the bullfrog that were almost in phase with acceleration at low frequencies (0.0125 Hz) 

and shifted towards the velocity component of head motion at higher frequencies (0.4 Hz) 

(Honrubia et al., 1989). This might indicate that indeed responses of group I motoneurons are 

the “default state” that can be predicted by physical properties of the semicircular canals in 

amphibians. On the other hand, a scenario with two distinct groups of vestibular afferents has 

been observed in toadfish (see Highstein et al., 2005). The first subtype encodes angular 

acceleration and velocity for lower and higher frequencies respectively, again reminiscent of 

group I motoneuronal responses in the Xenopus. The other subtype of toadfish vestibular 

afferents encodes angular acceleration – even at frequencies where the endolymph 

displacement is known to follow head velocity – due to an integration mediated by the co-

release of GABA and glutamate from vestibular hair cells (see introduction, Holstein et al., 

2004a,b). Whether or not a corresponding group of vestibular afferents exists and exhibits 

similar forms of computation as observed in group II motoneurons in the Xenopus remains to 

be determined, for example by focal injections of GABAB receptor antagonists into the 

semicircular canal cupulae. However, since group II responses observed in this study are 

aligned with head velocity rather than acceleration, which would correlate with a delay rather 

than advance of the response peak at low stimulus frequencies, other or additional 

mechanisms of neuronal integration appear more likely.  

 

II.1.b Functional relevance of the two different subgroups for VOR eye motion 

In order to investigate the functional relevance of silent vs spontaneously active as well as of 

group I vs group II abducens motoneurons, a computational approach was applied. Using a 

standard model of the extraocular motor plant, video-recorded eye movements of semi-intact 

Xenopus tadpole preparations were simulated with muscle twitches following spike times of 

different combinations of motoneuronal subtypes (Results I, Methods; Fig. 8). This revealed 

that eye movements indeed are best fitted when all recorded types of motoneurons are used 

for the simulation (Results I, Fig. 8E). Simulations also suggested that motoneurons of group 

II are generally more relevant for VOR associated eye motion than those of the group I 

subtype, especially at lower frequencies. This finding is not surprising considering the 

temporal precision of group II motoneuronal responses that are always aligned with the 

velocity component of the head motion. Group I motoneurons in turn might be required to 
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supplement eye muscle innervation or simply reflect an undifferentiated, possibly immature 

type of response that follows semicircular canal fluid motion without further integration. 

Furthermore, motoneurons that are silent at rest play a minor role for vestibulo-ocular 

processing as compared to spontaneously active neurons (Results I, Fig. 8E). Considering 

that these neurons require higher head velocities for activation and display larger spike 

amplitudes during multiple-unit recordings than spontaneously active neurons (Results I, Fig. 

3; Dieringer and Precht, 1986), it appears likely that they represent the population of 

abducens motoneurons innervating fast-twitch eye muscle fibers with fast axon conduction 

velocities (see below; e.g. Ugolini et al., 2006), mainly responsible for rapid, high velocity 

VOR responses, fast phases during resetting eye movements or during other behaviors such 

as escape.  

In general, it was observed that eye movements are approximately aligned with head position 

rather than head velocity, at least during rotations at 0.5 and 1 Hz (Results I, Fig. 8B), which 

is what would be expected from “ideal” gaze stabilizing reflexes. Since motoneuronal 

responses are approximately aligned with head velocity, the delay introduced at the 

neuromuscular junction as well as the dynamics of muscle fiber contractions must mediate 

the integration of velocity-related motor commands to position-related eye movements. 

Mechanistically it appears obvious that, as long as a constant delay of muscular responses is 

assumed, motoneuronal discharge peaks that are aligned with the velocity of head motion will 

only result in position-aligned eye movement peaks at a stimulus frequency where a shift in 

90° (i.e. from velocity to position) is equivalent to the muscular delay in the time domain. A 

time constant of 330 ms was measured for the extraocular motor plant in Xenopus tadpoles 

(Knorr et al., 2012; see Results I, methods section). A shift from velocity to position (90°) 

would correspond to a time delay of 250 ms at 1 Hz and 500 ms at 0.5 Hz sinusoidal head 

rotation. In fact, at these two frequencies, eye motion is approximately aligned with head 

position (Results I, Fig. 8B), compatible with the measured time constant of 330 ms. At 0.1 

Hz however, a large phase lead with respect to head position can be observed (Results I, Fig. 

8B). This is compatible with the assumption that a combination of group I and II motor 

commands, both with phase advances with respect to stimulus velocity (Results I, Fig. 4C4), 

is unable to induce a delay of >90°, i.e. >2.5 s at the level of extraocular muscle fibers as 

would be required to align eye movements with head position at this stimulation frequency. 

Such “imperfect” VOR responses in the Xenopus, especially at low frequencies, can be 

explained by the notion that the perfect alignment of eye movements with head position (i.e. 

a gain of 1.0) is not necessary in these animals, compatible with previously reported VOR 

gains of ~0.25 in Xenopus tadpoles of stage 52 (Lambert et al., 2008) and the fact that frogs 

have no foveated vision. Therefore, gaze stabilization mediated by the observed counteractive 

eye movements might be sufficiently precise for Xenopus behavior. However, it should be 
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noted that the present findings are based on experiments during which the vestibulo-ocular 

reflex was isolated from other sensory inputs that usually act in concert for optimal gaze 

stabilization. For example, since both optic nerves were transected, optokinetic inputs were 

fully abolished that under normal circumstances mediate a substantial portion of 

counteractive eye movements considering that Xenopus tadpoles display optokinetic gains of 

up to 0.5 (Lambert et al., 2008). Hence, it appears likely that head motion counteracting eye 

movements, both with respect to gain and timing, are more precise in animals with intact 

optokinetic reflexes. 

 

II.2 Different subgroups of abducens motoneurons: evidence for parallel channels? 

In the present study, abducens motoneurons were shown to display “tonic” and “phasic” 

properties similar to those observed “upstream” in 2°VNs and vestibular afferent fibers and 

“downstream” in extraocular muscle fibers. This serves as a first indication that dynamic 

cellular properties are conserved throughout the entire pathway of VOR processing and that 

each subtype relays certain temporal aspects of head motion in separate, “frequency-tuned” 

channels (see Straka et al., 2009). Furthermore, in Xenopus, vestibular afferents reminiscent 

of the two subtypes of abducens motoneurons with respect to stimulus frequency-sensitivity 

have been described (Gensberger et al., 2013), suggesting that these response properties are 

also conserved throughout the VOR pathway. Hence, the present findings support the notion 

of parallel VOR processing that so far has been suggested on the basis of numerous 

anatomical and physiological studies (see Introduction). For example, separate sets of 

extraocular motoneurons with at least partially distinct presynaptic input areas can be 

distinguished in monkeys from retrograde rabies virus labeling of “slow” and “fast” muscle 

fibers respectively (Ugolini et al., 2006). Electrophysiological evidence for parallel 

processing within two dynamic systems has been obtained from studies in frogs: some 

abducens motoneurons display synaptic responses that arise exclusively from phasic 2°VNs, 

indicating that at least phasic responses are individually processed at this level without 

additional convergence of tonically active neurons (see Straka et al., 2009). Furthermore, 

adaptive changes in VOR gain driven by visuo-vestibular mismatch conditions were shown to 

be specific for the frequency of head motion applied during the training, suggesting that also 

plastic processes are mediated by frequency-tuned, separate channels rather than by global 

mechanisms (Lisberger et al., 1983). 

Despite these findings, several studies have reported or at least suggested a substantial 

amount of convergence between hair cells and afferent fibers (Fernández et al., 1988), 

afferent fibers and 2°VNs (Straka and Dieringer, 2000; Goldberg, 2000; Dickman and 

Angelaki, 2002; Straka et al., 2002) as well as 2°VNs and extraocular motoneurons (Graf et 
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al., 1993). Nevertheless, this does not necessarily conflict with the parallel-channel theory. 

Firstly, it is possible that in addition to purely “tonic, regular” and “phasic, irregular” 

pathways, intermediate responses, such as “phasic-tonic” extraocular motoneurons in the 

present study, require combined inputs from the two extreme ends of the dynamic spectrum 

(Fig. 2). Secondly, convergence does not exclude “frequency-tuned” channels since it is 

nonetheless possible that the properties of the majority of inputs correlate with the dynamics 

of the output. However, in general, it allows neurons to combine and integrate information 

from multiple presynaptic cells, and hence minimize uncertainty as suggested by Bayesian 

models (e.g. Vilares and Kording, 2011). This principle also underlies the advantages of 

convergence between or within sensory systems, such as the integration of semicircular 

canal- and spatially related otolith organs (Dickman and Angelaki, 2002; Straka et al., 2002). 

Thirdly, natural head movements usually consist of a variety of different dynamic 

components (Carriot et al., 2014) and in order to generate appropriate task-specific gaze 

stabilizing responses, it appears likely that at least some neurons and/or pathways within the 

VOR network are “tuned” to such combined dynamics. 

 

 

 

Figure 2: Schematic displaying a suggested model of parallel VOR processing channels. On the extreme ends, 

information from “type II”-like hair cells is separately processed in a pathway of “tonic” afferents, 2°VNs and 

motoneurons (MN) that project to multiply-innervated muscle fibers (MIF), whereas the “type I” hair cell output 

is processed by the “phasic” pathway that terminates on singly-innervated muscle fibers (SIF). In between the 

two extreme ends, convergence occurs at multiple stages of the VOR circuitry. 

 

 

III Calcium imaging and morphological correlates to physiology 

During the present thesis, morphological properties of abducens neurons were investigated in 

addition to their electrophysiological and pharmacological profiles by means of retrograde 

tracing as well as calcium imaging techniques. 
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The abducens nucleus of Xenopus consists of ~40 motoneurons that display a continuum of 

cell sizes with cross-sectional areas ranging from approximately 30 to 200 µm² (Results I, 

Fig. 1). In general, it has long been accepted that different motoneuronal sizes inversely 

correlate with the input resistance and hence excitability of the cell (Mendell, 2005; 

Henneman et al., 1965a,b); larger neurons for example have a lower input resistance and 

excitability. Following this notion of a “size principle” it is possible that the continuum of 

cell sizes in the abducens nucleus correlates with the observed continuum of excitability from 

spontaneously active to silent abducens motoneurons, such that cells that are silent at rest and 

require stronger inputs for activation have the largest somata. Furthermore, a relation between 

the size of a motoneuron and its axonal diameter/conduction speed has long been postulated 

by Ramón and Cajal (1909), suggesting that large cells also have thicker axons, again 

compatible with the continuum of axonal diameters described previously in frogs (Dieringer 

and Precht, 1986). In addition, larger axons are known to give rise to larger relative spike 

amplitudes in multiple-unit extracellular recordings (Dieringer and Precht, 1986). Indeed, 

“silent” units with high thresholds of activation have larger spikes and thus presumably axons 

with a larger diameter than spontaneously active units (Results I, Fig. 3). If axonal and somal 

sizes correlate, it appears likely that spontaneously active motor units with small relative 

spike amplitudes represent the smallest cells with smallest axonal diameters, and thus higher 

input resistance and increased excitability. In contrast, larger cells/axons appear to make up 

the population of abducens motoneurons that is less active or even silent at rest. This is 

compatible with findings in abducens (Grantyn and Grantyn, 1978) and oculomotor (Grantyn 

et al., 1977) motoneurons in cats where a clear correlation between somal size and 

excitability was demonstrated. In addition to VOR-driven motoneurons, some even larger 

units were identified in the present study in Xenopus that are independent of VOR inputs 

(Results I, Fig. 5) and it is likely that these are responsible for rapid, fast-phase eye 

movements that require the fastest axonal transduction speed and fire “spontaneously”, e.g. 

upon touch of the skin or acoustic stimulation, as suggested previously (Dieringer and Precht, 

1986). 

Within the VOR circuitry, correlations between the size and physiological properties of 

neurons have also been demonstrated for vestibular afferent fibers in a variety of species 

(Goldberg and Fernández, 1977; Honrubia et al., 1989; see also Goldberg, 2000; Eatock and 

Songer, 2011). Furthermore, a continuum of somal diameters was observed in 2°VNs in mice 

(Sekirnjak and du Lac, 2006), compatible with the often suggested continuum of response 

characteristics (du Lac and Lisberger, 1995). Hence, an interaction between morphology and 

physiology appears to be a general principle for VOR processing.  

In order to investigate the activity of abducens motoneurons beyond extracellular nerve 

recordings, calcium imaging experiments were performed during the course of this thesis. 
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The somata of these neurons were retrogradely labeled from the abducens nerve at its 

neuromuscular junction with a calcium sensitive dye (Calcium Green
TM

 –1 dextran) and 

imaged subsequently during galvanic vestibular stimulation (GVS) of the contralateral 

horizontal canal cupula. With the latter stimulation method it was possible to imitate different 

velocities of natural head rotation by altering the applied current amplitude (see Results III). 

This, together with the employment of various stimulation frequencies, allowed recruiting 

several subtypes of abducens motoneurons differentially, according to their individual 

thresholds of activation. Unfortunately, the slow time constant of the calcium signal (Grewe 

et al., 2010) did not allow discriminating between spontaneously active or silent cells at rest 

with the applied methods of analysis, indicating that the changes in intracellular calcium 

concentration during resting discharge are not sufficient to elicit a change in calcium related 

fluorescence intensity. Similarly, during vestibular activation, the time constant of calcium 

signals did not reveal obvious differences between “tonic” and “phasic” motoneuronal 

activity, preventing the direct classification of motoneuronal subtypes from their calcium 

signal alone. However, more detailed analysis of the recorded calcium signals with suitable 

fitting and modeling techniques might allow gaining further insight into different activity 

patterns of the respective cell types.  

Nevertheless, in the present study, calcium signals were correlated with motoneuronal 

activity by recording the multiple-unit motor output of the abducens nerve along with 

imaging of cell somata of the respective nucleus (n = 3; representative example in Fig. 3). 

During weak, low frequency galvanic vestibular stimulation, usually only spontaneously 

active motor units with small spike amplitudes were activated (Fig. 3A1), whereas stronger 

galvanic stimuli additionally recruited larger amplitude units that were silent at rest (Fig. 

3B1). Simultaneous calcium imaging of several cells within the abducens nucleus revealed 

that during the activation of small units, calcium signals are only observed in neurons close to 

the midline (cells #1, 5, 6 in Fig. 3A2). On the other hand, larger unit activity appears to 

exclusively correlate with calcium responses of motoneurons that are located more lateral 

within the nucleus (cells #2, 3, 4 in Fig. 3B2).  

These findings suggest that different types of abducens motoneurons are spatially segregated 

within the nucleus such that spontaneously active cells are located close to the midline; 

whereas neurons that are silent at rest and display more transient activity are found at more 

lateral positions. This complies with data from monkeys where slow, “tonic” motoneurons 

are located at the medial periphery of the abducens nucleus and fast, “twitch” motoneurons 

further lateral (Ugolini et al., 2006). However, in the case of Xenopus, such spatial 

segregation would also indicate that somal sizes play a minor role for distinguishing between 

“tonic” and “phasic” cell types: calcium dye-filled neurons close to the midline were 

generally not smaller than more lateral cells, and also retrograde tracing studies demonstrated  
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Figure 3: Extracellular nerve recordings (A1 and B1) and simultaneous calcium responses (A2 and B2) of several 

retrogradely labeled abducens motoneurons during galvanic vestibular stimulation at 0.1 Hz (A) and 0.25 Hz 

(B). Note that cells #1,5,6 close to the midline are active during “tonic” motoneuronal repsonses whereas more 

lateral cells #2,3,4 are only activated during more transient, “phasic” responses. * and + indicate “tonic” and 

“phasic” responses respectively. 
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no relation between the medio-lateral position of the cell body and cross-sectional area  

(Results I, Fig. 1). On the other hand, a trend was observed that more lateral neurons are 

more oval in shape (Results I, Fig. 1), suggesting that “phasic” motoneurons with more 

transient responses have more oval-shaped somata, potentially due to a wider axon hillock 

corresponding to a larger axon. This notion appears plausible considering that also 

motoneurons of the accessory abducens nucleus, which exclusively display “burst”-like 

activity are also more oval-shaped (Matesz, 1990).  

In conclusion, the present findings suggest that spontaneously active, “tonic” abducens 

motoneurons have small axons independent of somal size and are present close to the 

midline, where cell bodies are round. In turn, silent, “phasic” abducens motoneurons have 

larger axons and are located at more lateral positions within the nucleus with more oval-

shaped cell bodies (presumably due to the larger axon and axon hillock). Generally, it can be 

assumed that axonal rather than somal sizes are the crucial parameter for distinguishing 

different types of extraocular motoneurons. However, the combination of calcium imaging 

and extracellular nerve recordings can only serve as a preliminary study; a clear correlation of 

the two activity patterns on a single cell level would require other techniques such as path-

clamp and/or imaging with voltage sensitive dyes. 

 

IV Pharmacology of the VOR 

A major aspect of this thesis concerns the excitatory and inhibitory neurotransmission at the 

2°VN-abducens motoneuronal synapse, investigated via focal injection of specific receptor 

antagonists into the respective abducens nucleus (see Results I). Previous studies have 

reported that glutamate mediates excitatory vestibular inputs to extraocular motoneurons 

(Straka and Dieringer, 1993); however, a putative differential role of AMPA/kainate and 

NMDA receptors for VOR processing has remained largely unknown. Moreover, the function 

of glycine and GABA in mediating inhibitory inputs to abducens motoneurons was 

investigated here, assuming that the receptors of both transmitters are present on the 

membrane of abducens motoneurons (Spencer et al., 1989; Lorenzo et al., 2007), although 

inhibitory vestibular inputs from ipsilateral 2°VNs were suggested to be purely glycinergic 

(Straka and Dieringer, 1993). During this study, the yet open questions concerning excitatory 

and inhibitory neurotransmitter systems on abducens motoneurons were thoroughly 

addressed. Functional implications of these findings with respect to VOR processing shall 

now be discussed in more detail. 
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IV.1 Excitatory neurotransmitter systems 

Both the resting rate and modulated discharge of single abducens units during vestibular 

stimulation were investigated before and after injection of selective antagonists of either 

AMPA or NMDA receptors. In all units, neuronal firing rates were strongly decreased or 

even fully abolished after AMPA or NMDA blockade, indicating that excitatory transmission 

always occurs via both glutamate receptor subtypes. However, more detailed investigation of 

the degree of firing rate reduction revealed significant differences between AMPA and 

NMDA receptor blockade with respect to several aspects.  

The resting rate of individual spontaneously active abducens motor units, irrespective of 

whether they belong to the group I or II subtype, was more strongly decreased after NMDA 

than AMPA blockade (Results I). This suggests that continuous, “tonic” inputs from 

spontaneously active 2°VN and thus indirectly from vestibular afferents (see Goldberg, 2000; 

Eatock and Songer, 2011) mainly excite abducens motoneurons through a higher proportion 

of NMDA receptors. It is also important to note that after transsection of the hindbrain 

midline and thus a complete elimination of contralateral excitatory vestibular inputs, 

spontaneous abducens activity ceases entirely for around 30 minutes. This indicates that 

under normal circumstances, abducens motoneurons are not intrinsically active but obtain 

their spontaneous discharge from continuous presynaptic vestibular activity. On the other 

hand, the fact that some units regain a resting rate after around half an hour suggests the 

presence of plasticity mechanisms – possibly homeostatic – that compensate for the loss of 

excitatory inputs in order to restore the tonic extraocular muscle innervation required to 

stabilize the eye at rest (Büttner-Ennever and Horn, 2002a).  

With respect to the modulated abducens motoneuronal activity during sinusoidal head 

rotation, it was originally assumed that the application of an AMPA receptor antagonist alone 

was sufficient to entirely block excitatory vestibular inputs in frogs (Straka and Dieringer, 

1993). In fact, the present study confirmed a significant reduction of the motoneuronal output 

in all recorded units after focal injection of a selective AMPA receptor blocker. However, the 

dominant expression of NMDA receptors on abducens motoneurons (Durand, 1987; 1991; 

1993) as well as the dual role of AMPA and NMDA receptors for high- and low frequency 

VOR processing respectively (Priesol et al., 2002), as shown in other species, encouraged a 

re-investigation of the function of the two glutamate receptors in larval frogs on a single-unit 

level. 

Firstly, the observed shifts in response peak after injection of the respective antagonists 

(Results I, Fig. 6) suggest that AMPA and NMDA receptors are responsible for different 

phases of the modulated response: AMPA receptors mediate the initial onset whereas NMDA 

receptors are critical for the later, sustained phase of the response, in compliance with the fast 
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and slower, delayed response dynamics of the two channels respectively (see Edmonds et al., 

1995 for review). Secondly, investigating the magnitude of the decrease revealed no stimulus 

frequency-specific differential effects of AMPA and NMDA receptor blockade within 

individual abducens motoneurons (unpublished observations). However, the degree of 

activity reduction varied significantly between group I and group II abducens motor units, 

irrespective of whether they were spontaneously active or silent at rest. Group I motoneurons 

displayed a higher NMDA than AMPA sensitivity whereas cells of the second subtype 

showed the opposite dependency (Results I, Fig. 6). Task-sharing of the two glutamate 

receptors with respect to dynamic cellular properties was also assumed “upstream” in the 

VOR circuitry in frogs, where vestibular neurons receiving input from thick afferent fibers 

presumably have a higher relative NMDA receptor content than those contacted by thin fibers 

(Straka et al., 1996). Whether the observed differences in glutamate receptor expression on 

the level of abducens motoneurons are necessary for transmitting specific dynamics of 

presynaptic activity, or whether they even play a part in shaping the different response 

profiles of the two subtypes remains unknown. For example, it could be argued that in group 

II motoneurons, the higher AMPA receptor concentration causes the observed frequency-

independent phase precision due to their fast, time-precise channel opening dynamics. On the 

other hand, an alternative explanation for the varying AMPA and NMDA receptor 

distribution arises from a developmental approach. For example, in rats it was demonstrated 

that the different subunits of the two receptors are differentially expressed during postnatal 

development in 2°VNs (Sans et al., 2000). Furthermore, NMDA receptors are transiently 

expressed in spinal motoneurons during early postnatal development in rats (Kalb et al., 

1992; Hori and Kanda, 1996), where they presumably play a role in the formation of the 

dendritic arbor (Kalb, 1994). Assuming similar mechanisms for abducens motoneurons, it is 

possible that the differences in NMDA vs AMPA receptor content are related to the fact that 

the present study was conducted in developing (stage 54) larval Xenopus. More precisely, 

group I motoneurons that display a higher NMDA receptor contribution might represent a 

population of not yet fully mature cells, compatible with results from a computational 

approach (Results I, Fig. 8) suggesting that group II motoneurons are more important for 

VOR processing than those of the first subtype. This notion is further supported by the fact 

that in even younger animals (e.g. stage 50) almost exclusively group I motor units were 

recorded (unpublished observations).  

 

IV.2 Inhibitory neurotransmitter systems 

As part of the push-pull organization of the VOR, not only excitatory but also inhibitory 

vestibular projections terminate on extraocular motoneurons (see Introduction). In the case of 
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abducens motoneurons, previous studies have reported that inhibitory vestibular inputs from 

ipsilateral 2°VNs are exclusively glycinergic in nature (Spencer et al., 1989; Straka and 

Dieringer, 1993). In the present study, this was confirmed in Xenopus by focal injections of 

the glycine antagonist strychnine into the abducens nucleus after isolating the inhibitory 

pathway from all excitatory inputs and commissural pathways by complete dissection of the 

hindbrain midline: the initial stimulus velocity-dependent inhibitory modulation during 

ipsiversive head motion was abolished entirely after glycine receptor blockade (Results I, Fig. 

7). In some cases, a small remaining modulation of abducens nerve activity could be 

observed during sinusoidal rotation, presumably due to additional, auxiliary connections from 

the ipsilateral vertical semicircular canals (Straka et al., 2002) that are co-activated by fluid 

motion during horizontal rotation (Ifediba et al., 2007). In addition, mono- or disynaptic 

utricular inputs onto abducens motoneurons might contribute to the response (Uchino et al., 

1994), although activation of otolith organs by linear acceleration is supposed to be minimal 

by placing the preparation in the center of the turntable rotation axis. 

Importantly, the absolute change (increase) in firing rate of abducens motoneurons after 

blocking glycinergic inputs from ipsilateral 2°VNs in midline-sectioned preparations is 

substantially smaller than the increase in motoneuronal output observed after surgical 

removal of the ipsilateral horizontal canal cupula (Results I, Fig. 7). This suggests that the 

removal of ipsilateral vestibular inputs not only affects direct inhibitory connections to 

abducens motoneurons but also strongly influences overall VOR activity including the 

contralateral excitatory drive via commissural pathways between the two vestibular nuclei 

(Malinvaud et al., 2010). 

Several anatomical studies have additionally reported both GABAergic terminals as well as 

corresponding GABAA receptors on abducens motoneurons (Spencer et al., 1989; Lahjouji et 

al., 1995; Russier et al., 2002; Lorenzo et al., 2007). In addition to glycine, I thus tested the 

influence of GABAA receptor blockade on the output of multiple and individual abducens 

motor units by focal gabazine injections. These experiments demonstrated that in all 

motoneurons, independent of the degree of spontaneous activity and response characteristics 

during vestibular stimulation, neuronal firing rates were increased after gabazine application 

both at rest as well as during the entire cycle of sinusoidal head rotation (Results I, Fig. 7). 

This suggests that abducens motoneurons are tonically inhibited by GABAergic inputs that 

are independent of vestibular activation, compatible with the fact that GABAergic terminals 

are mostly present on the cell somata rather than the dendritic tree (Lorenzo et al., 2007). 

Whether this tonic inhibition is achieved via extrasynaptic GABA receptors (Lorenzo et al., 

2007), local inhibitory interneurons, or a combination of the two, remains unknown. After 

dissection of the hindbrain midline, gabazine injection into the abducens nucleus still caused 
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an increase in activity without influencing the extent of modulation (unpublished data), which  

excludes a contralateral origin of the GABAergic inputs. Furthermore, the unaltered 

inhibitory modulation after GABAA receptor blockade suggests that indeed ipsilateral 

vestibular inputs are exclusively glycinergic.  

In view of the present findings it thus appears plausible that in the case of abducens 

motoneurons, glycine and GABA “share tasks” for transmitting ipsilateral vestibular and 

extra-VOR inputs respectively. Functionally, the GABAergic inhibition might serve to 

regulate the general neuronal excitability and recruitment threshold, as described previously 

for rat oculomotor motoneurons (Torres-Torrelo et al., 2014), although inhibitory vestibular 

inputs to the oculomotor nucleus are also known to be GABAergic, impeding a clear 

separation of VOR- and non-VOR related pathways.  

 

V Plasticity of the VOR 

Plastic modifications of the vestibulo-ocular reflex with respect to both gain and phase of the 

response have been studied extensively in a variety of different animal models and human 

subjects (see Broussard and Kassardjian, 2005). The fact that the VOR gain can be reduced to 

almost zero on one hand and doubled on the other (e.g. Michnovicz and Bennett, 1987) as 

well as the possibility to induce up to a complete phase reversal of the VOR (e.g. Gutierrez-

Castellanos et al., 2013) demonstrate the enormous adaptability of this reflex to changes in 

the visual environment relative to vestibular signals. This is in contrast to the hard-wired 

nature of most other short reflexes, such as the patellar reflex (“knee-jerk”; see Purves et al., 

2011) and probably related to the fact that gaze stabilization plays such a crucial role for an 

animal’s survival that it must be maintained during natural changes in both the visual and 

vestibular systems during growth and aging and should be restored as optimally as possible 

after lesions, such as uni- or bilateral vestibular damage (see Boyden et al., 2004; Dutia, 

2010; Eatock and Songer, 2011).  

In the present study, a different form of plasticity of the VOR was investigated that is 

independent of visuo-vestibular interactions and critically depends on the integrity of the 

cerebellar feed-back circuitry (Results II). In the dark (i.e. after dissection of both optic 

nerves), the gain of the VOR can be altered by prolonged high- or low-magnitude stimulation 

in a manner that resembles homeostatic plasticity (see e.g. Turrigiano, 2012): Prolonged 

“strong” vestibular stimulation close to saturation induces an attenuation of the single- and 

multiple-unit VOR gain such that the continuous high activity is reduced to more 

intermediate levels, whereas prolonged “weak” stimulation close to detection thresholds 

results in a facilitation of the gain, again to more intermediate levels (Results II). This 
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suggests that in the absence of visual feedback, the performance of the VOR is adjusted to a 

certain set point between threshold and saturation, hence in the linear range of the stimulus-

response curve; presumably to maximize sensitivity to vestibular stimulation under non-

physiological “vestibular-only” conditions (see also Results II, discussion). Whether or not 

these homeostatic mechanisms play a role in fine-tuning gaze-stabilizing reflexes in the intact 

animal however remains to be determined. In general, it should be noted that changes in VOR 

performance during prolonged stimulation would be highly undesirable in the intact animal, 

where optimal gaze stabilization requires a gain of exactly 1.0 (see Straka and Dieringer, 

2004). Nevertheless, in several species it was demonstrated that prolonged vestibular 

stimulation in the dark can result in habituation (i.e. attenuation) of the VOR gain (Dow and 

Anastasio, 1998; Gutierrez-Castellanos et al., 2013; Jäger and Henn, 1981; Clément et al., 

2008). It appears plausible that this is governed by a mechanism similar to the homeostatic 

plasticity described in the present study during high-magnitude stimulation considering that 

in both cases, the VOR gain is down-regulated upon prolonged vestibular-only stimulation 

and that both mechanisms are cerebellum-dependent (Results II; Dow and Anastasio, 1998). 

On the other hand, facilitation of the VOR gain upon prolonged low-magnitude stimulation in 

the dark is a novel finding. 

Homeostatic plasticity of the VOR was shown to be independent of and persist across 

different frequencies and velocities of head motion (Results II) indicating that stimulus 

“strength” indeed is the only critical parameter for inducing homeostatic changes. This differs 

from “classical” visuo-vestibular adaptation that was shown to be frequency- (Lisberger et 

al., 1983) and/or velocity-specific (Hübner et al., 2014). Nevertheless, homeostatic plasticity 

was found to be plane-specific, suggesting that not only the primary VOR network but also 

the cerebellar side loop, mediating plastic changes, comprises head motion direction specific, 

parallel processing pathways, reminiscent of “principal VOR connections” (see Straka and 

Dieringer, 2004). 

Importantly, it was demonstrated in the present study that homeostatic plasticity of the VOR 

– in contrast to adaptation after visuo-vestibular mismatch training (Titley et al., 2007, Anzai 

et al., 2010; see Broussard et al., 2011) – does not consolidate (Results II), at least with the 

stimulation times applied (>20 – max. 40 minutes). Notably, homeostatic changes were 

immediately abolished after surgical ablation of cerebellar purkinje cells (Results II); hence 

the site of plasticity was restricted to the level of the vestibulocerebellum, compatible with 

the absence of memory consolidation that in other studies was suggested to occur at 

downstream synaptic sites such as the deep cerebellar nuclei and/or cerebellar target neurons 

in the vestibular nuclei (Kassardjian et al., 2005). In the case of the homeostatic plasticity 

observed in Xenopus tadpoles, either the time of prolonged stimulation was too short for 



120 Discussion 

 

consolidation to occur or this type of plasticity does not consolidate in general. In cats, 

consolidation appears after around 60 minutes after gain-up or gain-down visuo-vestibular 

mismatch training (Titley et al., 2007), and although 40 minutes of stimulation fall into a 

similar time frame, it is possible that an additional hour might lead to consolidation of the 

gain change in Xenopus. However, it appears likely that this is not the case considering that 

homeostatic plasticity generally represents an “on-line”, activity dependent mechanism (see 

Turrigiano, 2012). Furthermore, without visual feedback, the brain is unable to assess 

whether VOR performance is optimal and should be stored permanently or not.  

 

VI Summary and Outlook 

VI.1 Classification of abducens motoneurons 

During a major part of this thesis, substantial knowledge about the morphological, 

electrophysiological and pharmacological properties of abducens motoneurons could be 

gained. In addition, using semi-intact preparations of larval Xenopus allowed investigating 

the functions of distinct properties for VOR processing. For example, retrograde labeling of 

abducens nuclei and calcium imaging experiments suggested that axon diameter rather than 

soma size correlates with the phasic-tonic characteristics of extraocular motoneurons and that 

tonically active neurons are more round than those recruited only during stimulation 

(Discussion, Fig. 3). Specific pharmacological blockade of neurotransmitter receptors during 

vestibular stimulation revealed a “task-sharing” for early and late phases of the VOR 

response of AMPA- and NMDA receptors respectively, and a likely correlation between the 

ratio of the two glutamate receptors and neuronal subtype (Results I, Fig. 6). Furthermore, the 

previously suggested (e.g. Straka and Dieringer, 1993) role of glycine for ipsilateral 

inhibitory vestibular inputs could be confirmed and a tonic GABAergic inhibition on 

abducens motoneurons was revealed (Results I, Fig. 7). With respect to individual response 

profiles of different abducens units, a continuum of activation thresholds – hence “tonic” to 

“phasic” properties – during vestibular stimulation was suggested, reminiscent of the often 

described continuum of vestibular afferents (e.g. Boyle and Highstein, 1990) and 2°VNs (e.g. 

du Lac and Lisberger, 1995). Further, particular units that are completely independent of 

VOR inputs were identified (Results I, Fig. 5). In addition, a novel classification of two 

groups of VOR-responsive abducens motoneurons was attempted according to the differences 

in response amplitude and timing during changing head motion frequencies (Results I,  

Fig. 4). 

For consistency, only Xenopus tadpoles around developmental stage 54 were used for this 

study. An interesting and so far neglected aspect would be to investigate possible changes in 
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motoneuronal properties during the development of these animals from the onset of the 

horizontal aVOR around stage 49 (Lambert et al., 2008) to metamorphosis. During my thesis, 

occasionally also single units were recorded in younger animals around stages 50 – 52 

(unpublished data) and it appeared as if units of the group I subtype are more prevalent in 

these younger larvae than group II motoneurons. Considering that group II motoneurons 

generally appear to be more important for VOR-related eye movements (Results I, Fig. 8), 

this raises the question whether group I motoneurons actually represent a more immature 

subtype and whether these cells eventually turn into group II motoneurons with increasing 

age. Further support for this idea might be given by the larger relative NMDA component in 

group I motoneurons, in agreement with findings in spinal neurons of neonatal rats where 

considerably larger NMDA currents were observed in younger animals (Hori and Kanda, 

1996). However, it also remains to be determined whether changes in canal size during 

development play a role in determining group I/II motoneurons. 

A drawback of the present study is the limited range of stimulation frequencies and velocities 

applied. Obtaining responses of individual abducens units for a larger range of velocities 

and/or head motion frequencies, such as beyond 1 Hz and below 0.1 Hz, would allow a more 

detailed investigation of the threshold and saturation levels of individual units both with 

respect to the velocity and frequency of stimulation. In addition, it would be interesting to 

investigate whether responses of group II motoneurons remain in phase with the stimulus also 

at frequencies beyond 1 Hz, since multiple-unit recordings revealed substantial phase lags of 

up to ~90° at 5 Hz head rotations (Results III, Fig. 3). Due to limitations of the two-axis 

turntable setup and problems with the stability of single-unit extracellular recordings at 

higher velocities and frequencies, such extended analyses are impossible at present and will 

probably require further equipment and/or experimental techniques. 

Another interesting extension to the present study would be to apply constant velocity step 

stimuli in addition to sinusoidal head rotation to distinguish between individual motor units, 

since current steps were also used to distinguish between phasic and tonic 2°VNs during 

intracellular recordings in frogs (Beraneck et al., 2007). In fact, most ideally, intracellular 

recordings using patch-clamp techniques during electrical vestibular stimulation should be 

performed to identify the passive and active membrane properties of abducens motoneurons 

and compare them to those already described for 2°VNs. This would also reveal whether 

extraocular motoneurons themselves are tonic/phasic, or if they simply “transfer” the output 

of 2°VNs to the eye muscles. Intracellular recordings would also allow a detailed analysis of 

neurotransmitter systems and ion channels, such as low-voltage activated K
+
 channels, as 

observed for mammalian vestibular afferent fibers (Kalluri et al., 2010) and frog 2°VNs 

(Beraneck et al., 2007). Although stable intracellular recordings would not allow for a 
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“natural” vestibular stimulation, galvanic vestibular stimulation would serve as a reasonable 

imitation of motion stimuli (Results III), as already applied during calcium imaging 

experiments in the present study. 

Calcium imaging of a population of retrogradely labeled abducens motoneurons with 

simultaneous extracellular abducens nerve recordings on the same side gave a first indication 

that the location of individual motoneurons correlates with their response properties 

(Discussion Fig. 3). However, in the future, these experiments could be substantially 

improved by using voltage-sensitive dyes to directly monitor individual action potentials of 

the cells with a high camera frame rate. Calcium signals are too slow to resolve the tonic 

firing of spontaneously active cells, hence upon activation calcium responses appear equal in 

somata of “phasic” and “tonic” neurons. In addition, simultaneous application of voltage-

sensitive dyes to several VOR-related brain regions might allow recording the activity of the 

entire network from afferent fibers to extraocular motoneurons.  

Simultaneous recordings on various levels of the VOR – either with voltage-sensitive dyes or 

double-recordings using patch electrodes – would also help to reveal whether signal 

processing occurs exclusively in parallel channels or, if not, how much convergence occurs 

on each level. This yet open question could also be answered using rabies virus labeling 

techniques in a mammalian model organism. In a previous study in primates (Ugolini et al., 

2006), this labeling was limited to two synaptic stages, i.e. from extraocular muscles to 

motoneurons and their respective presynaptic areas; however, a third synapse would already 

allow staining the entire VOR pathway from afferent fibers via 2°VNs and extraocular 

motoneurons. Alternatively, in the Xenopus, intracellular labeling with patch-clamp 

electrodes would enable tract-tracing the pathway of individual neurons, e.g. distinct types of 

motoneurons and their termination sites on possibly distinct types of muscle fibers. 

 

VI.2 Homeostatic plasticity of the VOR 

The second major project of my PhD concerned plastic alterations of the VOR under open-

loop conditions (i.e. in the absence of visual inputs) that displayed the typical attributes of 

homeostatic plasticity (Results II, Fig. 2; Turrigiano, 2012). The observed alterations in VOR 

gain were found to be plane-specific (Results II, Fig. 4) and cerebellum-dependent (Results 

II, Fig. 5). Plastic changes in gain were reset to baseline values after keeping the preparation 

at rest for 20 minutes (Results II, Fig. 2), hence, no memory consolidation was observed. In 

addition, bilateral cerebellectomy directly after plasticity had been established also caused an 

immediate return of the gain to baseline values (Results II, Fig. 5), suggesting that the 

memory was not consolidated at extra-cerebellar sites such as the vestibular nuclei. However, 
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the time of prolonged stimulation never exceeded ~40 minutes in the present study and thus, 

further experiments should be performed to reveal if consolidation occurs with even longer 

stimulus durations.  

In the present study, homeostatic plasticity was only described for the horizontal and vertical 

angular VOR. However, since this type of plasticity represents a rather global strategy to 

maintain stable networks in the brain (Turrigiano, 2012), the question arises if similar 

phenomena exist also for the linear VOR. Making use of a linear accelerator, this could be 

tested in future studies in Xenopus to complement the present findings. 

Another important aspect would be testing whether homeostatic plasticity following 

prolonged vestibular stimulation also occurs in light, i.e. with both optic nerves intact and an 

appropriate visual environment such as a striped drum. The hypothesis would be that with 

visual feedback, gain alterations should not occur due to the online feedback of a correctly 

functioning VOR that must not be altered. The hypothesis is that homeostatic plasticity 

represents a compensatory mechanism for maintaining an optimal VOR working range only 

when the brain is “blind” without visual inputs and unable to assess the appropriateness of the 

respective gain. Future studies in the same Xenopus preparation will help to solve this 

question. 
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