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Historic Overview

Vestibular receptors monitor the motion of the head as well 
as its orientation in the Earth’s gravitational fi eld. Information 
from these receptors is conveyed to the brain, where it is inte-
grated with activity from other sensory systems and with 
motor signals. The integrated information provides the input 
for several refl exes and motor strategies involved in postural 
equilibrium or balance, as well as providing a basis for spatial 
perception. Because they are concerned with the motion and 
position of a part of the subject’s own body, vestibular recep-
tors can be classifi ed as proprioceptors. Other examples 
include the sensory receptors innervating muscles, tendons, 
and joints that inform the brain about the motion and position 
of the head on the body and of the various body parts with 
respect to each other. Proprioceptive systems, including 
peripheral receptors and their central pathways, may be con-
trasted with exteroceptive systems, so called because they 
monitor events in the external world. Examples of exterocep-
tive systems include vision, hearing, and touch. They were 
recognized in antiquity as separate entities because each of 
them has a distinct interface with the environment and is asso-
ciated with characteristic, compelling conscious sensations. 
Proprioceptors are less obvious not only because their periph-
eral receptors are buried deep within the body, but also 
because their activity results in sensory experiences that are 
less vivid than those related to exteroceptors.

As for the vestibular system, its peripheral organs and its 
separate cranial nerve branch and ganglion were accurately 
described by the great Italian anatomist Antonio Scarpa 
(1795). Despite this, he was misguided by their location in the 
inner ear to assume that they were involved in hearing. That 
these structures served some other function was fi rst demon-
strated by Pierre Flourens (1824), who championed the use of 
ablation studies to determine the functions of the cerebellum 
and of other parts of the brain. After interrupting any one of 
the semicircular canal ducts in pigeons and rabbits, he 
observed that motor activity in the plane of the damaged canal 
became uncoordinated. Somewhat illogically, he concluded 
that the vestibular apparatus was directly involved in the pro-
duction of coordinated movements. It was conjectured that 
the movements became deranged because the operation 
altered hearing. This may be contrasted with the modern 
notion that the vestibular portion of the inner ear includes 

several components that provide sensory inputs to central 
mechanisms controlling balance and posture. 

In its impact on sensory experience, the vestibular system 
plays a subtle, almost occult role. When the system is func-
tioning normally, we are usually unaware of the sensations 
arising from vestibular activity since they are concordant with 
visual, proprioceptive, and other sensations and the combined 
experience leads to a sense of motion or of tilt. That the ves-
tibular system is having an impact on the brain is indicated by 
its infl uence on refl ex and other postural activity and on the 
ability of the observer to make psychophysical judgments 
about the motion and position of the head. The contribution 
of the vestibular system is verifi ed by the fact that refl ex activ-
ity is reduced or abolished and psychophysical judgments are 
less acute when parts or all of the vestibular apparatus are 
ablated in experimental animals or are rendered non-func-
tional in labyrinthine-defective patients. 

If vestibular sensations are unobtrusive under normal cir-
cumstances, they can become compelling as a result of abnor-
mal motion environments or pathology of the peripheral organ 
or its central pathways. Such sensations are referred to as ver-
tigo, dizziness, or a sense of imbalance and can give rise to feel-
ings of discomfort and nausea  like those of motion sickness. 
Even then, the sensations aroused during vertiginous bouts are 
of movements of the subject, of the world, or of both. The fi rst 
scientist to study vertigo was Jan Purkinje (1820), the discov-
erer of both the principal cerebellar neuron and the shift in the 
spectral sensitivities of day and night vision. Since vertigo arises 
during head motions, Purkinje hypothesized that it was the 
result of an inertial reaction in which material not tethered to 
the skull lags behind the motion of the skull and thereby moves 
relative to it. Not appreciating the presence of the vestibular 
organs, Purkinje speculated that it was the brain that under-
went the presumed reaction. 

It took about 50 years to redirect the idea of an inertial 
reaction to the vestibular organs. Goltz (1870) was the fi rst 
scientist to realize that the vestibular organs gave rise to sen-
sations unrelated to hearing were involved in equilibrium 
functions. Mach (1873, 1874), Breuer (1874), and Crum 
Brown (1874), publishing independently, suggested that the 
fl uid inside the semicircular canals lagged behind rotational 
motion of the head and that this was a crucial event in giving 
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rise to sensation. All three authors pointed out that the canals 
would respond to rotations of the head, and Mach realized 
that they would not respond to linear forces. By the next year, 
the idea of inertial sensing was extended by Breuer (1875) 
to the otolith organs, which he proposed were the main sen-
sors of the linear forces arising from progressive motion and 
head tilt. Only a few years later, William James (1882) con-
fi rmed the role of the vestibular receptors in sensation by 
showing that a proportion of deaf-mutes, presumably those 
with involvement of the vestibular organs, were less likely than 
normal subjects to become dizzy during provocative rotations. 
Several studies helped to launch the modern era, of which 
those by Ewald (1892) are particularly noteworthy. He devised 
ingenious ways to stimulate individual vestibular organs and to 
study the resulting refl exes in pigeons, and it was he who real-
ized that there were well-defi ned relations between specifi c 
patterns of peripheral stimulation and refl ex responses. His 
ideas about the tonic activity of the vestibular organs and its 
role in central processing have a distinctly modern tone.

Other landmarks were the work in the 1930s of Wilhelm 
Steinhausen, who visualized the macromechanics of the SCCs 
in situ, and of Otto Lowenstein and Alexander Sand, who 
recorded from vestibular-nerve afferents in fi sh and demon-
strated the presence of a resting discharge and the distinctive 
responses of the SCCs to head rotations. Several histologists 
studied the structure of the vestibular organs. Gustv Retzius, 
working at the end of the 19th century, published a series of 
monographs whose drawings remain a source of inspiration. 
Santiago Ramon y Cajal (1908) and his student Rafael Lorente 
de Nó (1927) described the variety of nerve fi bers innervating 
the organs and raised questions as to their synaptic contacts 
with the sensory hair cells, questions that were resolved only 
in the 1950s by Hans Engström, Jan Wersäll, and Catherine 
Smith, who pioneered the use of electron microscopy to study 
the inner ear.

Near the end of the 19th century techniques became avail-
able to study the microscopic structure of the brain. Otto 
Deiters (1865) and W. von Bechterew (1885) were important 
fi gures in this endeavor. Deiters is also remembered for his 
isolating and studying individual large neurons in the vestibu-
lar nucleus that bears his name. Bechterew described the 
effects of labyrinthectomy and provided evidence that the 
compensation of the symptoms was the result of neuronal 
plasticity. Postural control was dissected into a sequence of 
vestibular and neck refl exes by Rudolf Magnus and his stu-
dents and summarized by Magnus in a monumental mono-
graph (Körperstellung, 1924). A three-neuron refl ex arc 
connecting the labyrinth with the ocular motor nuclei was 
documented by Lorente de Nó (1933) and later elaborated on 
by János Szentágothai (1950). The clinical examination of ves-
tibular disorders was systematized and refi ned by Robert 
Bárány (1912); among his achievements was the realization 
that the convective fl ow of fl uids in the vestibular labyrinth 
contributed to the eye movements that arose when warm 
water was fl ushed into the external ear canal. To this day, such 
caloric responses remain an integral part of clinical vestibular 
testing.

The following table summarizes major contributions up to 
1960. There follows a bibliography consisting of two parts: 
historic reviews followed by classic papers and monographs.
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Historic Landmarks in Vestibular Research

Contributor Reference Contribution

Antonio Scarpa Scarpa, 1795 Described the several organs of the inner ear and their innervation
Pierre Flourens Flourens, 1824 Discovered that interrupting semicircular canal ducts resulted in involuntary head 

movements in the canal plane
Jan Purkinje Purkinje, 1820 Described many of the subjective consequences of vestibular stimulation and introduced 

the notion of an inertial sensor, but attributed the sensations to a displacement of the 
cerebellum relative to the skull

Prosper Ménière Ménière, 1861 Recognized that many symptoms in humans, including the dizziness and vertigo of the 
disease that bears his name, resembled Flourens’ symptoms and could be the result of 
inner ear pathology

Otto Deiters Deiters, 1865 Discovered the large cell in the vestibular nucleus bearing his name
Friedrich Goltz Goltz, 1870 Having discovered that caloric stimulation resulted in vertigo, eye movements and nausea, 

he concluded that the vestibular apparatus was involved in balance and equilibrium. The 
next year, Eduard Hitzig (1871) reported that electric currents delivered to the head 
could cause similar reactions.

Ernst Mach Mach, 1873,1874 Deduced that the semicircular canals were sensors of head rotations. Suggested that 
another organ would be needed to sense linear accelerations of the head.

Alexander Crum Brown Crum Brown, 1874 Semicircular canal function (see Mach)
Josef Breuer Breuer, 1874, 1875 Semicircular canal function (see Mach). Deduced that the otolith organs were sensors of 

linear accelerations, including head tilts and progressive motion.
Gustav Retzius Retzius, 1881, 1884 Described the morphology of the vestibular organs throughout vertebrates
William James James, 1882 Demonstrated that deaf-mutes had defi cient vestibular sensation
W. von Bechterew Bechterew, 1885, 1887 Traced the ascending branch of the vestibular nerve; studied the compensation from 

ad seriatum unilateral labyrinthectomies
J. R. Ewald Ewald, 1892 Devised ingenious methods for selectively stimulating and ablating individual organs. 

Deduced directional properties of canals and showed that each canal could signal 
bidirectionally.

Charles Sherrington Sherrington, 1898, 1906 Pioneer of modern neurophysiology. His discovery of decerebrate rigidity and its 
dependence on sensory infl ow was a crucial step in the study of posture. 

Santiago Ramón y Cajal 1908 Revolutionized the study of nervous structure. Described the innervation of the vestibular 
labyrinth and its central projections

Robert Bárány Bárány, 1906, 1912 Although several previous workers had used caloric stimulation, he was the fi rst to deduce 
that it was due to convection (buoyancy) effect. He refi ned clinical testing, including 
methods of stimulation and diagnosis and of response measurement.

Rudolf Magnus Magnus, 1924 Along with his collaborators and students, including A. de Kleijn and G. G. J. Rademaker, 
studied postural refl exes

Rafael Lorente de Nó Lorente de Nó, 1926, 1933a, b Studied the morphology of the peripheral and central terminations of the vestibular nerve 
and the organization and connections of the vestibulo-ocular refl ex

Wilhelm Steinhausen Steinhausen, 1931, 1933. Was the fi rst to visualize the cupula and to show its involvement in the rotational and 
caloric responses of the semicircular canals

J. Tait and W. J. McNally Tait and McNally, 1934 Combined delicate surgical ablations with clever behavioral testing to deduce the function 
of the several vestibular organs in the frog

Otto Lowenstein Lowenstein and Sand, 1936;
Lowenstein and Roberts, 1951

With his colleagues, Alexander Sand and Tristan Roberts, described the responses of 
individual nerve fi bers in the labyrinth of elasmobranches to rotations and tilts (see also 
Jan Wersäll)

Ashton Graybiel Graybiel and Hupp, 1946; 
Graybiel, 1956

As Director of the Naval Aerospace Medical Institute, he made many basic and applied 
contributions to the study of human vestibular function.

Leonard Jongkees van Egmond et al., 1949 Together with his colleagues, he showed the applicability of the torsion-pendulum model to 
the dynamics of the rotation-evoked vestibulo-ocular refl ex.

János Szentágothai Szentágothai, 1950 He described the three-neuron arcs between the vestibular labyrinth and the extraocular 
motor nuclei and showed how these refl ex pathways could explain the evoked eye 
movements. 

Jan Wersäll Lowenstein and Wersäll, 1954;
Wersäll, 1956

Provided the fi rst ultrastructural description of the neuroepithelium of the mammalian 
semicircular canals, including type I and type II hair cells. With Otto Lowenstein, related 
hair-cell excitation to the morphological polarization of hair bundles.

Hans Engström Engström, 1958 A pioneer in the ultrastructure of the mammalian vestibular labyrinth. Described the 
endings in the neuroepithelium and deduced that those that were highly vesiculated 
were efferent in origin.

Catherine Smith Smith, 1956; Smith and 
Sjöstrand, 1961

Described the ultrastructure of the utricular macula and the presence of ribbon synapses in 
hair cells

Alf Brodal Brodal and Pompeianto, 1957; 
Brodal et al., 1962

Together with his colleagues at the Anatomical Institute in Oslo, described the 
cytoarchitecture and many of the connections of the vestibular nuclei and cerebellum

Richard Gacek Gacek, 1960 While working with Grant Rasmussen, established the existence of an efferent innervation 
of the vestibular labyrinth
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