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RIFLESSO'VESTIBOLO@OCULOMOTORE'(VOR)''

.

Il. sistema. ves#bolare. ed. il. sistema. oculomotore.
cooperano. nella. stabilizzazione. dell’immagine.
re#nica.al.fine.di.permeFere.una.visione.chiara.del.
mondo.che.ci.circonda.anche.mentre.ci.muoviamo..
Mira. a. stabilizzare. lo. sguardo. in. seguito. di. s#moli.
rotazionali.o.traslazionali..
Se. gli. OO. seguissero. passivamente. il. movimento.
della.testa,.l’immagine.del.mondi.scivolerebbe.sulla.
re#na.(re+nal-slip).rendendo.difficoltosa.la.visione..
.
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Durante'i'movimenE'naturali'della'testa'le'
accelerazioni'angolari''si'trasferiscono'

all’endolinfa'contenuta'nei'canali'che'

avendo'una'certa'inerzia'

•  si'muove'sullo'stesso'piano'del'

movimento'della'testa'
•  ha'direzione'opposta'a'quella'del'

movimento'del'capo'

•  induce'deflessione'cresta'ampollare'e'

delle'ciglia'

•  eccitazione'da'un'lato'ed'inibizione'
dall’altro;'
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RIFLESSO'VESTIBOLO@OCULOMOTORE'(VOR)''

.•  via. direFa. dai. canali. semicircolari. orizzontali. ai.
muscoli.extra.oculari.orizzontali..

•  i. neuroni. ves#bolari. primari. convogliano. le.
informazioni. di. origine. ampollare. a. livello. dei.
neuroni. ves#bolari. secondari. del. nucleo. ves#bolare.
mediale;.

•  da. questo. partono. due. connessioni. direFe.
monosinap#che.verso.i.nuclei.oculomotori..

•  in.caso.di.rotazione.della.testa.verso.destra,.saranno.
aOva#. i. neuroni. oculomotori. dei. muscoli. reFo.
interno.destro.e.reFo.esterno.sinistro..
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Canali.semicircolari.e.
muscoli.extra.oculari.
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riflesso'vesEbolo'oculomotore'(VOR)''

≠''

riflesso'cervico'oculomotore'(COR)'

Il. riflesso. cervico. oculomotore. è. evidente.
sopraFuFo.sui.mammiferi.afovea#.e.consiste.in.
movimen#. oculari. len#,. che. ruotano. OO. in.
direzione.opposta.alla.rotazione.del.capo.
Punto. di. partenza:. receFori. capsulo. T
legamentosi.che.proieFano.al.midollo.aFraverso.
corna.posteriori.ed.arrivano.ai.nuclei.ves#bolari.
e.SNR..
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VOR'≠'COR'

•  guadagno.normale.del.COR.di.0,1'
•  In.condizioni.naturali.è.sos#tuito.dal.VOR.
•  In.presenza.di.un.deficit.del.VOR.da.patologia.
ves#bolare. la. proprioceOvità. cervicale. può.
influenzare. i l. s i s tema. ocu lomotore.
interagendo.sui.riflessi.di.origine.ves#bolare..

•  COR.può.arrivare.ad.un.compenso.di.0,8'
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Measurement of the rotational perturba-
tions of the head during walking or running in
place indicates that angular head velocity usu-
ally does not exceed 100 degrees per second,
even during running (Fig. 7–1A).55,91,92,99,113,168

The predominant frequencies of head pertur-
bations principally lie in the range 0.5 Hz–5.0
Hz (Fig. 7–1B), although some harmonic fre-
quencies may be as high as 20 Hz. The predom-
inant frequency of vertical head perturbations
(i.e., pitch rotations) is usually twice that of
horizontal perturbations (i.e., yaw rotations).91

The reason for this is that the head is per-
turbed vertically (up and down) with each heel
strike, which typically occurs at about 2 Hz,128

but rotates horizontally (right and left) with
each successive pair of steps.

During locomotion, the angle of head orien-
tation in the sagittal plane with respect to grav-
ity is held quite constant (standard deviation of
3 degrees).168 This head orientation may opti-
mize the sensitivity of the otolith organs to lin-
ear accelerations. During fast walking or
running, the head may bob up and down by as

316 Part 1: The Properties and Neural Substrate of Eye Movements

Figure 7–1. Summary of the ranges of (A) maximum velocity and (B) frequency of rotational head perturbations occur-
ring during walking or running in place. Distribution of data from 20 normal subjects is displayed as Tukey box graphs,
which show selected percentiles of the data. All values beyond the 10th and 90th percentiles are graphed individually as
points. (Adapted from King et al.113)
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Figure 3
A slice through a rodent utricular macula is illustrated in cross-section (schematic modified from Eatock et al. 2008), showing part of
the striola and part of the extrastriola. Calyceal and bouton terminals of primary afferents define two types of hair cell (I and II) and
three types of afferent (calyx-only in the striola, bouton-only in the extrastriola, and dimorphic in both zones). Head motion or tilt
moves the gel in contact with the hair cells’ apical hair bundles. Deflection of the bundle toward its tall edge (+ deflections, gray arrow)
opens MET channels at the stereociliary tips, depolarizing the cell and modulating current through voltage-gated ion channels (KV,
KLV, CaV), which feeds back on the receptor potential. Synaptic vesicles arrayed around synaptic ribbons fuse with the hair-cell
membrane and release glutamate onto GluR receptor channels in the postsynaptic afferent membranes, triggering spikes in the afferent
nerve fibers, which are wrapped in myelin. Negative deflections (black arrow) close MET channels and so reduce afferent activity.
Efferent nerve fibers modulate afferent signals by releasing acetylcholine (ACh) onto receptor (AChR) channels in the hair-cell and
afferent-terminal membranes.
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Vestibular Hair Cells and
Afferents: Two Channels for
Head Motion Signals
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Keywords
mechanoelectrical transduction, adaptation, low-voltage-activated K
channels, type I hair cells, calyx terminals, spike regularity

Abstract
Vestibular epithelia of the inner ear detect head motions over a wide
range of amplitudes and frequencies. In mammals, afferent nerve fibers
from central and peripheral zones of vestibular epithelia form distinct
populations with different response dynamics and spike timing. Central-
zone afferents are large, fast conduits for phasic signals encoded in ir-
regular spike trains. The finer afferents from peripheral zones conduct
more slowly and encode more tonic, linear signals in highly regular spike
trains. The hair cells are also of two types, I and II, but the two types do
not correspond directly to the two afferent populations. Zonal differ-
ences in afferent response dynamics may arise at multiple stages, includ-
ing mechanoelectrical transduction, voltage-gated channels in hair cells
and afferents, afferent transmission at calyceal and bouton synapses, and
spike generation in regular and irregular afferents. In contrast, zonal
differences in spike timing may depend more simply on the selective
expression of low-voltage-activated ion channels by irregular afferents.
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Figure 1
Two afferent channels emerge from different zones of vestibular sensory epithelia. (a) Schematic of mammalian inner ear. (b) Schematic
of the utricular sensory epithelium, showing the striolar zone (red ) surrounded by the blue extrastriolar zone. Arrows represent striolar
and extrastriolar afferent channels, which have different spike regularities (c) and response dynamics (d ). The extrastriolar arrow is
thicker because more afferents are extrastriolar. (c) Schematized background firing for irregular otolith afferent (top) and a regular
otolith afferent (bottom). (d ) Response gain (average spike rate per stimulus unit; linear axes) as a function of stimulus frequency, based
on data for semicircular canal afferents from Sadeghi et al. (2007a). Otolith afferent data show similar trends over the same frequency
range (K.E. Cullen, personal communication). Gain increases more with frequency for irregular afferents than for regular afferents.
Irregular afferent activity also peaks earlier in each stimulus cycle (has a greater phase lead re: head motion) than does regular afferent
activity (not shown).

organ is obvious, we do not yet understand the
driving forces behind the evolution of the type
I–calyx complex. Certainly, the move from wa-
ter to land brought new challenges for postu-
ral and gaze control as well as new sensory op-
portunities. For example, the elongation of the
neck in land vertebrates allows larger indepen-
dent head motions. Involuntary head motions
can be very rapid: Although the dominant fre-
quency of head motion for a running or walking
man is just several Hz, significant higher har-
monics are present (Grossman et al. 1988), and

when the head stops moving or changes direc-
tion, frequencies as high as 80 Hz can be mea-
sured (Armand & Minor 2001). Some species
evolved high-acuity retinal centers (foveas) and
three-dimensional depth perception (stereop-
sis), which would intensify the need for rapid
and accurate eye motions to compensate for
head motions. The need is most acute between
∼1 Hz (Paige 1983) and the frequency above
which flickering visual images fuse (∼50 Hz in
humans). Below 1 Hz, visual feedback is effec-
tive at preventing retinal slip of images; above
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Abstract
Vestibular epithelia of the inner ear detect head motions over a wide
range of amplitudes and frequencies. In mammals, afferent nerve fibers
from central and peripheral zones of vestibular epithelia form distinct
populations with different response dynamics and spike timing. Central-
zone afferents are large, fast conduits for phasic signals encoded in ir-
regular spike trains. The finer afferents from peripheral zones conduct
more slowly and encode more tonic, linear signals in highly regular spike
trains. The hair cells are also of two types, I and II, but the two types do
not correspond directly to the two afferent populations. Zonal differ-
ences in afferent response dynamics may arise at multiple stages, includ-
ing mechanoelectrical transduction, voltage-gated channels in hair cells
and afferents, afferent transmission at calyceal and bouton synapses, and
spike generation in regular and irregular afferents. In contrast, zonal
differences in spike timing may depend more simply on the selective
expression of low-voltage-activated ion channels by irregular afferents.
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•  Range. oOmale. di. aOvazione. della. funzione.
canalare.0,1T10.Hz.

•  Soglia.accelerazione.0,1°/sec2.

•  Soglia.velocità.3°/sec.
•  Range. oOmale. teorico. di. aOvazione. della.
funzione.otoli#ca.0.–.40.Hz.

.
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Function tests of the otolith or statolith system
Herman Kingma

Purpose of review
This review aims to provide an overview of recent advances
in tests to evaluate otolith function over the last 2 years.
Recent findings
Over the last 2 years, many papers have focused on the
application of the vestibular evoked myogenic potentials
(VEMP). Several aspects are under survey: a search for
optimal stimuli, search for normative data, search for which
labyrinthine function losses and what kind of pathologies
induce abnormal VEMPs. The review shows that some
fundamental problems still have to be solved to improve
reproducibility and to increase sensitivity. Other research
and modelling is performed to find out how the brain
distinguishes tilts from translations. Several papers support
routine implementation of subjective visual vertical (SVV)
measurements (in rest and during centrifugation) in the
standard vestibular test battery. Interesting reports mention
short latency vestibulo-ocular reflex induced by taps and
short auditory stimuli. One report mentions the impact of
otolith dysfunction upon spontaneous nystagmus and head
shaking nystagmus.
Summary
Although validation is still needed and in progress, the state
of the art laboratory should consider the following tests for
an evaluation of otolith function as relevant: slow tandem
gait, VEMP, SVV during centrifugation.

Keywords
diagnostic test, head shaking nystagmus, SVV, thresholds,
VEMP

Curr Opin Neurol 19:21–25. ! 2006 Lippincott Williams & Wilkins.
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Abbreviations

EMG electromyography
SVH subjective visual horizontal
SVV subjective visual vertical
VEMP vestibular evoked myogenic potentials
VOR vestibulo-ocular reflex

! 2006 Lippincott Williams & Wilkins
1350-7540

Introduction
The otolith system (or statolith system, according to the
function) detects linear accelerations, by which it senses
head translations in three dimensions. The system also
detects head tilts relative to the gravity vector that serves
as an absolute reference in space. The maculae utriculus
and sacculus are, however, unable to discriminate bet-
ween translations and tilts because both stimulate the
hair cells in a similar way. Many experiments have been
performed and theories designed to unravel the secret
as to how the brain deals with this ambiguity problem
that also complicates the design of sensitive otolith tests
[1,2].

In different ways, most recent reports indicate that canal
information is used together with the otolith input in an
internal model in the brain [1,2] to discriminate between
translations and tilts depending on the motion frequency
[1]. The orientation and magnitude of the perceived
gravito-inertial vector are used to calibrate (propriocep-
tive and visual) orientation systems [3!] and serve as an
absolute and crucial reference for balance control and
spatial orientation. Function losses of the maculae are
counterbalanced and partly compensated for by reweigh-
ing or enhancing the visual and proprioceptive inputs [3!]
which can mask the loss of otolith function in tests of
balance and spatial orientation. In many otolith tests,
propriocepsis also contributes to the responses leading to
complex interpretation and limited test specificity.

Although there is still no consensus, research predicts and
supports the theory that ‘all situations which provoke
motion sickness are characterized by a condition in which
the sensed vertical as determined on the basis of inte-
grated information from the eyes, the vestibular system
and the nonvestibular proprioceptors is at variance with
the subjective vertical as expected from previous experi-
ence’ [4]. As motion sickness and space sickness are
believed to be related to otolith functionality, this points
to the clinical relevance in the design of otolith tests that
evaluate the ability to perceive and discriminate tilts and
translations precisely.

An important limitation of the vestibular labyrinth and
thus of the maculae, is that the translation and tilt are
detected by accelerometers so that constant velocities are
not sensed. In daily life, this imperfection together with
the ambiguity problem is partly counteracted by using
other sensory input (predominantly visual and proprio-
ceptive).
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This chapter reviews the knowledge about the adaptation to Earth gravity during the
development of mammals. The impact of early exposure to altered gravity is evaluated
at the level of the functions related to the vestibular system, including postural control,
homeostatic regulation, and spatial memory. The hypothesis of critical periods in the
adaptation to gravity is discussed. Demonstrating a critical period requires removing
the gravity stimulus during delimited time windows, what is impossible to do on Earth
surface. The surgical destruction of the vestibular apparatus, and the use of mice strains
with defective graviceptors have provided useful information on the consequences of
missing gravity perception, and the possible compensatory mechanisms, but transitory
suppression of the stimulus can only be operated during spatial flight. The rare studies
on rat pups housed on board of space shuttle significantly contributed to this problem,
but the use of hypergravity environment, produced by means of chronic centrifugation,
is the only available tool when repeated experiments must be carried out on Earth. Even
though hypergravity is sometimes considered as a mirror situation to microgravity, the two
situations cannot be confused because a gravitational force is still present. The theoretical
considerations that validate the paradigm of hypergravity to evaluate critical periods are
discussed. The question of adaption of graviceptor is questioned from an evolutionary
point of view. It is possible that graviception is hardwired, because life on Earth has evolved
under the constant pressure of gravity. The rapid acquisition of motor programming by
precocial mammals in minutes after birth is consistent with this hypothesis, but the slow
development of motor skills in altricial species and the plasticity of vestibular perception
in adults suggest that gravity experience is required for the tuning of graviceptors. The
possible reasons for this dichotomy are discussed.

Keywords: vestibular development, critical period, otolith, utricle, microgravity, hypergravity, ontogeny, altricial

INTRODUCTION
Gravity has modeled the evolution of life on Earth, and provides
the frame of reference for the body orientation and the integra-
tion of accelerations in the various planes of space. Given the
importance, ubiquity and stability of the gravitational force dur-
ing the evolution of life, the organisms have the opportunity to
develop without the need to adjust their gravity sensing to the
external environment. It seems nevertheless that, in addition to a
genetically controlled phase of development for target finding, a
stimulus controlled phase is required for the fine tuning of synap-
tic terminals (Bruce, 2003). Studying the consequences of the
development in altered gravity is of prime importance to under-
stand how the system proceeds, and to envisage the consequences
for long term space conquest.

The detection of the gravitational force requires specific recep-
tors in charge of detecting linear accelerations. Two otolithic
organs of the vestibular system, the utricle and saccule, achieve
this function. These gravity receptors utilize a layer of otoconia,
consisting of a complex arrangement of mineral and organic sub-
stance, that lies over sensory receptor areas. The shearing force
produced by the inertial mass of otoconia displaced against the

stereocilia of the sensory hair cells allows the detection of lin-
ear accelerations, and gravity. In mammals, as in reptiles and
birds, the otoconia exhibit the crystallographic structure of cal-
cite (calcium carbonate). On the sensory epithelium, two types
of hair cells detect the movement of the otoconia layer: the
flask-shaped type I cells, surrounded by an afferent nerve calyx,
and the cylindral-shaped type II cells, contacted by afferent but-
tons. Bipolar vestibular neurons localized in Scarpa’s ganglia
connect monosynaptically the hair cells and reach the second
order vestibular neurons localized in brainstem vestibular nuclei.
The vestibular nuclei receive also projections from other sensory
modalities including proprioceptive afferences originating mainly
from the cerebellum. The otolithic information is thus integrated
with the vestibular information from the semi-circular canals,
and with other sensory systems such as vision and propriocep-
tion. It participates to various functions by means of afferent
fibers sent to different organs through vestibular pathways that
project to a variety of brain targets.

A basic function of the vestibular system is to maintain the
body equilibrium in the gravitational field. This function requires
a permanent control of the head and trunk position in space, and

Frontiers in Integrative Neuroscience www.frontiersin.org February 2014 | Volume 8 | Article 11 | 1
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Il.fascicolo.ves#bolospinale.mediale.

•  origina. dai. nuclei. ves#bolari. contro. laterali.
mediale,. superiore.e.discendente,. e.media. le.
modificazioni. posturali. in. risposta. alle.
afferenze.sensi#ve.ampollari...

•  discende. solo. fino. a. livello. del. midollo.
cervicale.nel.fascicolo.longitudinale.mediale.e.
aOva.la.muscolatura.assiale.cervicale...
.
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Il.fascicolo.ves#bolospinale.laterale.

•  origina.dal.nucleo.ves#bolare.laterale.ipsilaterale...
•  il. fascicolo. è. organizzato. topograficamente. nel.
senso. che. le. cellule. dell'. area. anterorostrale.del.
nucleo.proieFano.sul.midollo.cervicale.mentre.le.
cellule. dell'. area. posterocaudale. proieFano. al.
midollo.lombosacrale...

•  questa. via. genera. un'aOvità. motoria. posturale.
an#gravitazionale.principalmente.nelle.estremità.
inferiori...
.
.
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Nuclei'vesEbolari'
del'midollo'

allungato'e'del'

ponte'
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Funzioni'dei'RVS'

•  AOvazione.tonica.della.muscolatura.
an#gravitaria.

•  AOvazione.fasica.della.muscolatura.
an#gravitaria.

•  Interazione.con.le.afferenze.visive.
•  Interazione.con.le.afferenze.proprioceOve.
(receFori.osteotendinei.e.muscolari).
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Le'deviazioni'segmentario'toniche''
degli'ar)'superiori'

•  difeFo.funzionale.del.labirinto.
•  riduzione.delle.afferenze.toniche.e.fasiche.sui.
motoneuroni.spinali.

•  prevalenza.muscoli.estensori.nell’arto.
superiore.

•  le.braccia.si.portano.in.basso.e.verso.il.corpo.
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Le'deviazioni'segmentario'toniche''
degli'ar)'inferiori'e'tronco'

•  difeFo.funzionale.del.labirinto.
•  riduzione.delle.afferenze.toniche.e.fasiche.sui.
motoneuroni.spinali.

•  prevalenza.muscoli.antagonis#.
•  aOvazione.dei.flessori.del.tronco.e.degli.ar#.
inferiori.

•  spostamento.verso.lato.ipofunzionante.
(analoga.fase.lenta.nistagmo).
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Differences  between  otolith-  and  semicircular  canal-activated  neural  circuitry  in
the  vestibular  system
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a  b  s  t  r  a  c  t

In  the  last  two  decades,  we have  focused  on  establishing  a reliable  technique  for  focal stimulation  of
vestibular  receptors  to evaluate  neural  connectivity.  Here,  we  summarize  the vestibular-related  neu-
ronal circuits  for  the vestibulo-ocular  reflex,  vestibulocollic  reflex,  and  vestibulospinal  reflex  arcs.  The
focal stimulating  technique  also  uncovered  some  hidden  neural  mechanisms.  In the  otolith  system,  we
identified  two  hidden  neural  mechanisms  that enhance  otolith  receptor  sensitivity.  The  first  is  commis-
sural  inhibition,  which  boosts  sensitivity  by  incorporating  inputs  from  bilateral  otolith  receptors,  the
existence  of which  was  in  contradiction  to the classical  understanding  of  the  otolith  system  but was
observed  in the  utricular  system.  The  second  mechanism,  cross-striolar  inhibition,  intensifies  the  sen-
sitivity  of inputs  from  both  sides  of receptive  cells  across  the striola  in  a  single  otolith  sensor.  This  was
an  entirely  novel  finding  and  is  typically  observed  in the  saccular  system.  We discuss  the  possible  func-
tional  meaning  of  commissural  and cross-striolar  inhibition.  Finally,  our focal stimulating  technique  was
applied  to  elucidate  the different  constructions  of  axonal  projections  from  each vestibular  receptor  to
the  spinal  cord.  We  also  discuss  the  possible  function  of  the  unique  neural  connectivity  observed  in  each
vestibular  receptor  system.

© 2011  Elsevier  Ireland  Ltd  and  the  Japan  Neuroscience  Society.  All  rights  reserved.
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Fig. 2. Neural connectivity of the semicircular canal end organs to the oculomotor and neck motor neurons. (A) Horizontal semicircular canal system. (B) Anterior semicircular canal system. (C) Posterior semicircular canal system.
In  each figure, “1” indicates the excitatory synaptic circuit and “2” indicates the inhibitory synaptic circuit. Red symbols denote excitatory neurons, whereas black symbols denote inhibitory neurons. ACN: anterior semicircular
canal  nerve; ATD: ascending tract of Deiters’; CVTT: crossing ventral tegmental tract; D: descending vestibular nucleus; Ext: extensor muscle; Flx: flexor muscles; HCN: horizontal semicircular canal nerve; IO: inferior oblique
muscle;  IR: inferior rectus muscle; LR: lateral rectus muscle; L: lateral vestibular nucleus; LVST: lateral vestibulospinal tract; M:  medial vestibular nucleus; MLF: medial longitudinal fasciculus; MVST: medial vestibulospinal
tract;  MR: medial rectus muscle; PCN: posterior semicircular canal nerve; S: superior vestibular nucleus; SCM: sternocleidomastoid muscle (neck rotator muscle); SR: superior rectus muscle; SO: superior oblique muscle; III:
oculomotor nuclei; IV: trochlear nuclei; VI: abducens nuclei. (For interpretation of the references to color in this figure caption, the reader is referred to the web  version of the article.)
Reproduced in part from Uchino and Furuya (2009), with permission from Kanehara.
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Fig. 4. The peripheral neural circuit of the otolith for enhancing sensitivity to linear acceleration and the related vestibulospinal neurons. In the utricular (UT) system, the
morphological polarity of hair cells on the UT macula is directed toward the striola. When the head moves toward in the direction of the arrow on the top, the hair cells “a”
and  “c” are excited, whereas “b” and “d” are inhibited. The left and right sides of second-order vestibular neurons are connected by commissural inhibition; in this case, the
vestibular neurons “e” and “h” are disinhibited and their excitability is increased, which is followed by the excitation of the flexor muscles. In the saccular (SAC) system, the
morphological polarity of hair cells on the SAC macula is directed opposite to the striola. When the head moves in the direction of the arrow on the top, the hair cells “j” and
“k”  are excited, whereas “i” and “l” are inhibited; therefore, the vestibular neurons “m”  and “o” increase their excitability by excitatory and disinhibitory inputs. The lateral
vestibulospinal tract projects to the neck extensor, flexor, and rotator motoneurons in the upper cervical cord. This tract continues to descend to the cervical and lumbar
enlargements and terminates not only at !-motoneurons of the upper and lower limbs but also at " motoneurons involved in the spinal motor reflex. The red neurons are
excitatory and the filled neurons are inhibitory. Int. n: interneuron; mn:  motoneuron; SAC: saccular macula; St: striolar; UT: utricular macula. (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of the article.)
Reproduced in part from Uchino and Furuya (2009), with permission from Kanehara.

6. Axonal trajectories of otolith- and canal-activated
vestibulospinal neurons

6.1. Axonal trajectories of vestibulospinal neurons

The VS reflex is mainly comprised of three descending path-
ways: the ipsilateral LVST, contralateral LVST, and bilateral MVST.
The LVST pathways extend caudally as far as the lumbar spinal cord,
whereas the MVST pathways mostly terminate in the cervical seg-
ment (Abzug et al., 1974; Rapoport et al., 1977a; Fukushima et al.,

1979; Shinoda et al., 1992; Kuze et al., 1999). Therefore, a functional
disparity could exist between the LVST and MVST pathways.

We  previously found that the properties of the axonal projec-
tions to the spinal cord were quite variable depending on the origin
of the vestibular receptors, i.e., UT (Sato et al., 1996), SAC (Sato et al.,
1997), HC (Sugita et al., 2004), AC (Kitajima et al., 2006), and PC
(Kushiro et al., 2008). These properties are summarized in Fig. 5. The
results highlight their variability, showing that the axonal pathway
and projection level are quite different between the two otoliths,
UT (A) and SAC (B). In addition, very few HC- (C) and AC-activated
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Fig. 5. The spinal projection level of the vestibulospinal neurons originating in the semicircular canal and otolith end organs. (A) Utricles: the majority of vestibulospinal
neurons receiving utricular input pass through the ipsilateral (i) lateral vestibulospinal tract (LVST) and some of them reach the lumbar enlargement. (B) Saccules: fifty-nine
percent  of vestibulospinal neurons receiving saccular input pass through the medial vestibulospinal tract (MVST) to reach the upper thoracic segment, whereas ∼35% pass
through the i-LVST and ∼20% of them reach the lumbar enlargement. (C) Horizontal semicircular canal: the majority of vestibulospinal neurons receiving input from the
horizontal semicircular canal passes through the MVST and terminates higher than the upper cervical segment. (D) Anterior semicircular canal: the majority of vestibulospinal
neurons  receiving input from the anterior semicircular canal passes through the MVST and terminates higher than the cervical segment, whereas some of them reach the
upper  thoracic segment. (E) Posterior semicircular canal: approximately 50% of vestibulospinal neurons receiving input from the posterior semicircular canal pass through
the  i-LVST and project to the lumbar enlargement, whereas vestibulospinal neurons passing through the MVST mostly terminate higher than the upper cervical segment. c:
contralateral; C1/C2: first/second cervical segment; L3: third lumbar segment; T1: first thoracic segment.
Reproduced in part from Kushiro et al. (2008).

(D) VS neurons project lower than the T1 segment, compared to
those from the UT (A), SAC (B), and PC (E).

6.2. Properties of axonal projections and functional
considerations

In daily life, signals from vestibular receptors are indispensable
for the perception and maintenance of body posture and motion.
The otolith receptors sense head tilt and translation, whereas the
semicircular canals detect head rotation. Many otolith-activated
vestibular neurons send their axons to the cervical spinal cord
and terminate at the motoneurons of the neck muscles, thereby
forming VCR arcs (Fig. 3A and B). In addition to these VCR arcs,
otolith-activated secondary vestibular neurons have long descend-
ing axons through the ipsilateral LVST (Sato et al., 1996, 1997).
Possible targets of these long axons include the anti-gravitational
muscles motoneurons of the forelimbs, hindlimbs, back, and hip.
Conversely, in the semicircular canal system, large population of
PC-activated VS neurons extends their axons as far as the lumbar
segment (Fig. 5E) (Kushiro et al., 2008). Based on these projections,
they could potentially drive the motoneurons of muscles control-
ling the lower limbs, back, and hip to maintain body posture and
balance. In fact, short latency leg muscle activation occurs after
vestibular stimulation (Britton et al., 1993; Watson and Colebatch,
1998), which could be linked to our findings of the axonal pro-
jections of VS neurons. Such projections without synapses enable
the prompt activation of connected muscles. In the case of the PC-
activated VS system, it could help to avoid falling backwards when
sensing the backward rotation of the body by the PC. As a result, it

appears functionally beneficial that the long axonal projections of
PC-activated VS neurons enable short latency motion to maintain
body posture and balance. In contrast, the majority of AC- and HC-
activated VS neurons have short axons that do not extend further
than the upper thoracic level (Sugita et al., 2004; Kitajima et al.,
2006). They are considered to form VCR arcs via their connections
with the motoneurons of the neck muscles (Shinoda et al., 1994;
Graf et al., 1997).

In conclusion, the vestibular system utilizes various mecha-
nisms to perform important tasks such as the stabilization of the
head and gaze by using head rotation, tilt, and translation signals in
3 dimensions, enabling the vestibular system to contribute to our
natural motions and senses in daily life.
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Fig. 5. The spinal projection level of the vestibulospinal neurons originating in the semicircular canal and otolith end organs. (A) Utricles: the majority of vestibulospinal
neurons receiving utricular input pass through the ipsilateral (i) lateral vestibulospinal tract (LVST) and some of them reach the lumbar enlargement. (B) Saccules: fifty-nine
percent  of vestibulospinal neurons receiving saccular input pass through the medial vestibulospinal tract (MVST) to reach the upper thoracic segment, whereas ∼35% pass
through the i-LVST and ∼20% of them reach the lumbar enlargement. (C) Horizontal semicircular canal: the majority of vestibulospinal neurons receiving input from the
horizontal semicircular canal passes through the MVST and terminates higher than the upper cervical segment. (D) Anterior semicircular canal: the majority of vestibulospinal
neurons  receiving input from the anterior semicircular canal passes through the MVST and terminates higher than the cervical segment, whereas some of them reach the
upper  thoracic segment. (E) Posterior semicircular canal: approximately 50% of vestibulospinal neurons receiving input from the posterior semicircular canal pass through
the  i-LVST and project to the lumbar enlargement, whereas vestibulospinal neurons passing through the MVST mostly terminate higher than the upper cervical segment. c:
contralateral; C1/C2: first/second cervical segment; L3: third lumbar segment; T1: first thoracic segment.
Reproduced in part from Kushiro et al. (2008).

(D) VS neurons project lower than the T1 segment, compared to
those from the UT (A), SAC (B), and PC (E).

6.2. Properties of axonal projections and functional
considerations

In daily life, signals from vestibular receptors are indispensable
for the perception and maintenance of body posture and motion.
The otolith receptors sense head tilt and translation, whereas the
semicircular canals detect head rotation. Many otolith-activated
vestibular neurons send their axons to the cervical spinal cord
and terminate at the motoneurons of the neck muscles, thereby
forming VCR arcs (Fig. 3A and B). In addition to these VCR arcs,
otolith-activated secondary vestibular neurons have long descend-
ing axons through the ipsilateral LVST (Sato et al., 1996, 1997).
Possible targets of these long axons include the anti-gravitational
muscles motoneurons of the forelimbs, hindlimbs, back, and hip.
Conversely, in the semicircular canal system, large population of
PC-activated VS neurons extends their axons as far as the lumbar
segment (Fig. 5E) (Kushiro et al., 2008). Based on these projections,
they could potentially drive the motoneurons of muscles control-
ling the lower limbs, back, and hip to maintain body posture and
balance. In fact, short latency leg muscle activation occurs after
vestibular stimulation (Britton et al., 1993; Watson and Colebatch,
1998), which could be linked to our findings of the axonal pro-
jections of VS neurons. Such projections without synapses enable
the prompt activation of connected muscles. In the case of the PC-
activated VS system, it could help to avoid falling backwards when
sensing the backward rotation of the body by the PC. As a result, it

appears functionally beneficial that the long axonal projections of
PC-activated VS neurons enable short latency motion to maintain
body posture and balance. In contrast, the majority of AC- and HC-
activated VS neurons have short axons that do not extend further
than the upper thoracic level (Sugita et al., 2004; Kitajima et al.,
2006). They are considered to form VCR arcs via their connections
with the motoneurons of the neck muscles (Shinoda et al., 1994;
Graf et al., 1997).

In conclusion, the vestibular system utilizes various mecha-
nisms to perform important tasks such as the stabilization of the
head and gaze by using head rotation, tilt, and translation signals in
3 dimensions, enabling the vestibular system to contribute to our
natural motions and senses in daily life.
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Report
Acquiring ‘‘the Knowledge’’
of London’s Layout
Drives Structural Brain Changes

Katherine Woollett1 and Eleanor A. Maguire1,*
1Wellcome Trust Centre for Neuroimaging, Institute of
Neurology, University College London, 12 Queen Square,
London WC1N 3BG, UK

Summary

The last decade has seen a burgeoning of reports associ-
ating brain structure with specific skills and traits (e.g.,
[1–8]). Although these cross-sectional studies are informa-
tive, cause and effect are impossible to establish without
longitudinal investigation of the same individuals before
and after an intervention. Several longitudinal studies have
been conducted (e.g., [9–18]); some involved children or
young adults, potentially conflating brain development with
learning, most were restricted to the motor domain, and all
concerned relatively short timescales (weeks or months).
Here, by contrast, we utilized a unique opportunity to study
average-IQ adults operating in the real world as they learned,
over four years, the complex layout of London’s streetswhile
training to become licensed taxi drivers. In those who quali-
fied, acquisition of an internal spatial representation of
London was associated with a selective increase in gray
matter (GM) volume in their posterior hippocampi and con-
comitant changes to theirmemoryprofile. Nostructural brain
changes were observed in trainees who failed to qualify or
control participants. We conclude that specific, enduring,
structural brain changes in adult humans can be induced
by biologically relevant behaviors engaging higher cognitive
functions such as spatial memory, with significance for the
‘‘nature versus nurture’’ debate.

Results and Discussion

Inorder toqualifyasa licensedLondontaxidriver, a traineemust
learn the complex and irregular layout of London’s w25,000
streets (Figure 1) within a 6-mile radius of Charing Cross train
station, along with the locations of thousands of places of
interest. This spatial learning is known as acquiring ‘‘the Knowl-
edge’’ and typically takes between 3 and 4 years, leading to
a stringent set of examinations, called ‘‘appearances,’’ which
must be passed in order to obtain an operating license from
the Public Carriage Office (PCO, the official London taxi-
licensing body). This comprehensive training and qualification
procedure is unique among taxi drivers anywhere in the world.
Previous cross-sectional studies of qualified London taxi
drivers documented more gray matter (GM) volume in their
posterior hippocampi and less in their anterior hippocampi
relative to non-taxi-driving matched control participants [2–4].
Moreover, correlation of hippocampal GM volume with years
of taxi driving suggested that structural differences may have
been acquired through the experience of navigating, to accom-
modate the internal representation of London, and were not
merely due to preexisting hippocampal GM volume patterns

disposing individuals to being taxi drivers [2–4, 19, 20]. As well
as displaying a specific pattern of hippocampal GM volume,
qualified taxi drivers have been found to display better memory
for London-based information, but surprisingly poorer learning
and memory for certain types of new visual information (e.g.,
delayed recall of complex figures), compared with control
participants, suggesting there might be a price to pay for the
acquisition of their spatial knowledge, perhaps linked to their
reduced anterior hippocampal volume (see [3, 4, 20] for more
on this). Interestingly, the opposite pattern of hippocampal
GM volume and memory profile has been described in retired
taxi drivers, hinting that any changes acquired through learning
might be reversed or ‘‘normalized’’ when the call on stored
memory representations lessens [21].
London taxi drivers are therefore a useful model of memory,

illuminating the role of the hippocampus and intrahippocam-
pal functional differentiation and potentially informing about
whether hippocampal structure and memory capacity are
hardwired or amenable to change. Given current economic
imperatives and increasing longevity, the need to keep re-
training and learning throughout adulthood has never been
more acute. Direct evidence for hippocampal plasticity in
response to environmental stimulation could allow us to
understand the boundaries within which human memory op-
erates and the scope for improving or rehabilitating memory
in educational and clinical contexts. Moreover, given the
dearth of longitudinal magnetic resonance imaging (MRI)
structural association studies focusing on higher cognitive
functions in average adults engaged in truly naturalistic
behaviors, taxi drivers could contribute new information to
the wider debate about whether key aspects of cognition
are fixed or malleable.
The above aspirations are predicated upon hippocampal

plasticity in adult humans, evidence for which remains sparse
[10, 18]. We therefore conducted a longitudinal study exam-
ining 79 male trainee London taxi drivers at the start of their
training (T1, time 1) and then again 3–4 years later just after
qualification (T2, time 2), as well as 31 male control partici-
pants, with two aims. First, given that the PCO suggests that
typically 50%–60% of trainees fail to qualify, we anticipated
having three groups of participants: trainees who qualified
(Q), trainees who failed to qualify (F), and the controls (C).
With this design, we could retrospectively examine whether
MRI and/or neuropsychological findings at T1 could predict
who would eventually qualify 3–4 years later at T2. Second,
we sought to ascertain whether the pattern of hippocampal
GM volume and memory profile observed in previous cross-
sectional taxi driver studies would be induced and observable
within the same participants as a result of acquiring ‘‘the
Knowledge.’’
Of the 79 trainees, 39 went on to qualify as licensed London

taxi drivers, while 20 did not qualify (ceased training or failed
their appearances) but agreed to return for testing at T2. Of
the other 20 trainees who did not wish to return at T2, two
had qualified, and the remaining 18 decided to stop training
or made no appearances. Thus in our sample, 51.9% of
trainees qualified, in line with PCO figures. All 31 control
participants returned for testing at T2.*Correspondence: e.maguire@ucl.ac.uk
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than those who do not learn, or do not learn efficiently [33, 34].
If neurogenesis is what underpins the hippocampal volume
change in qualified taxi drivers, it may be related to recruitment
of new neurons following neurogenesis [35, 36] that are
pressed into the service of spatial memory. The development
of greater communication between neurons in the form of
increased synaptogenesis [37, 38] might also be involved,
and proliferation in dendritic arborization, augmenting con-
nectivity between neurons, could in turn increase memory
capacity and also lead to volumetric changes [39]. Glial cells,
which continue to be produced, albeit at a slow pace, through-
out adulthood [40], could also be implicated and have been
shown to increase in volume with the addition of synapses
following learning [41]. In the future, new approaches to human
brain scanning in vivo may eventually be able to provide more
direct insight into the key mechanisms supporting human
hippocampal plasticity [42].

To conclude, we have shown that there is a capacity for
memory improvement and concomitant structural changes
to occur in the human brain well into adulthood. That there
are many thousands of licensed London taxi drivers shows
that acquisition of ‘‘the Knowledge,’’ and presumably the brain
changes that arise from it, is not uncommon, offering encour-
agement for lifelong learning, and possibly a role in neuroreha-
bilitation in the clinical context. However, this needs to be
balanced by our finding that memory improvement in one
domain may come at the expense of memory performance
elsewhere. One final point to consider concerns the PCO fig-
ures and our data showing that only half of traineeswho under-
take ‘‘the Knowledge’’ actually qualify. The reasons we were
given for ceasing training included the time commitment being
too great, financial imperatives, and family obligations. Very
few trainees reported ceasing because they found the spatial
memory demands to be too great, although it is possible, or

Figure 2. Gray Matter Volume Changes between T1 and T2 in Qualified Trainees

Gray matter (GM) volume increased in the most posterior part of the hippocampus bilaterally between T1 and T2 as a result of acquiring a detailed
representation of London’s layout. This change was only apparent in the trainees who qualified. The upper row shows axial views, and themiddle and lower
rows show sagittal views through the right (R) and left (L) sides of the brain, respectively, that encompass the GM changes (shown in orange and yellow) in
the peak voxels detailed in the text.
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Navigation around London by a taxi driver with
bilateral hippocampal lesions
Eleanor A. Maguire, Rory Nannery and Hugo J. Spiers
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The time-scale of hippocampal involvement in supporting episodic memory remains a keenly debated topic,
with disagreement over whether its role is temporary or permanent. Recently, there has been interest in how
navigation by hippocampally-compromised patients in environments learned long ago speaks to this issue.
However, identifying patients with damage that is primarily hippocampal, control subjects matched for naviga-
tion experience, and testing their in situ navigation, present substantial problems. We met these challenges by
using a highly accurate and interactive virtual reality simulation of central London (UK) to assess the navigation
ability of a licensed London taxi driver who had sustained bilateral hippocampal damage. In this test, patient TT
and matched control taxi drivers drove a virtual London taxi along the streets they had first learned 40 years
before. We found that the hippocampus is not required for general orientation in the city either in first person
or survey perspectives, detailed topographical knowledge of landmarks and their spatial relationships, or even
for active navigation along some routes. However, in his navigation TT was very reliant on main artery or ‘A’
roads, and became lost when navigation depended instead on non-A roads.We conclude that the hippocampus
in humans is necessary for facilitating navigation in places learned long ago, particularly where complex large-
scale spaces are concerned, and successful navigation requires access to detailed spatial representations.
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Introduction
Studies in humans indicate that damage to the hippocampus
results in anterograde and retrograde amnesia. Most
neuropsychological investigations have focused on exami-
ning the neural basis of retrograde amnesia in relation to
episodic memory, i.e. recollection of experiences set in their
unique spatial and temporal context (see Spiers et al.,
2001a). However, examining the ability to navigate in
environments learned long ago is another apposite way to
probe remotely acquired memories.

The hippocampus in non-humans is known to be
important for navigation since the discovery of place cells,
which signal the current allocentric location of the animal in
space (O’Keefe and Dostrovsky, 1971). Cognitive map
theory posits that these place cells form a cognitive map of a
large-scale environment, which persists across the animal’s
life span, and which is necessary to support flexible navi-
gation, such as taking short-cuts or detours (O’Keefe and
Nadel, 1978). Thus, cognitive map theory would predict that
flexible navigation in environments learned recently or
remotely would be impaired following hippocampal damage.

The data relating to retrograde spatial memory in non-
humans, however, are somewhat equivocal. There are
reports of preserved remote memory following damage to
the hippocampus (e.g. Squire et al., 2005; Winocur et al.,
2005a), and evidence of disengagement of the hippocampus
after initial spatial memory formation (Maviel et al., 2004).
In contrast, others have failed to find a temporal gradient in
spatial memory following hippocampal lesions, with remote
memory impaired in a similar manner to recent memories
(Clark et al., 2005a, b; Martin et al., 2005; Winocur
et al., 2005b).

There have been several reports about remote spatial
memory in patients with hippocampal damage that appear
to shed light on this issue. EP became amnesic following
extensive damage to his medial and anterior temporal lobes
as a result of herpes simplex encephalitis (Teng and Squire,
1999). He had lived in an area of California for 22 years in
his early life before moving away. He was tested on his
ability to remember aspects of this remotely-learned environ-
ment. The tests involved describing routes between home
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memory impaired in a similar manner to recent memories
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et al., 2005b).
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memory in patients with hippocampal damage that appear
to shed light on this issue. EP became amnesic following
extensive damage to his medial and anterior temporal lobes
as a result of herpes simplex encephalitis (Teng and Squire,
1999). He had lived in an area of California for 22 years in
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