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and Jean A. Büttner-Enneverc

aDepartment of Neurology, Ludwig-Maximilians University of Munich, Munich, Germany
bChair for Clinical Neurosciences, Ludwig-Maximilians University of Munich,

Munich, Germany
cInstitute of Anatomy, Ludwig-Maximilians University of Munich, Munich, Germany

Information from the vestibular nuclei ascending through the brainstem to the ocu-
lomotor and trochlear nuclei (NIII, NIV), the interstitial nucleus of Cajal (INC), the
pretectum, or thalamus, is thought to be distributed in at least five different pathways.
They include the medial longitudinal fasciculus (MLF), the ascending tract of Deiters
(ATD), possibly the brachium conjuctivum (BC), the crossing ventral tegmental tracts
(CVTT), and a recently observed ipsilateral pathway close to the medial lemniscus, pos-
sibly the equivalent of the ipsilateral vestibulo-thalamic tract (IVTT). This short review
describes the location of these ascending tracts, their function with respect to ocular
motor control and perception, and their clinical relevance. There is evidence that the
MLF carries mainly information from the canals to NIII, NIV, INC, and possibly the
thalamus, whereas otolith signals may ascend in the CVTT, along with excitatory ante-
rior canal connections. The evidence for BC as a specific vestibulo-oculomotor pathway
is weak and could be the result of the initial observations of CVTT. The ATD carries
mostly ipsilateral otolithic information to the medial and inferior recti subgroups in
NIII and the Edinger-Westphal nucleus. In the rostral pons an ipsilateral vestibular path-
way was seen lying close to the medial lemniscus. This anatomical projection could be
the equivalent of the IVTT, bypassing the ocular motor centers and projecting to the
thalamus. The IVTT mediates perception of verticality and may be part of a fast three-
neuron vestibulo-thalamo-cortical pathway, which provides the multisensory cortical
system for spatial orientation and self-motion-perception with information about head
acceleration.
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Introduction

Vestibular projections arising from the semi-
circular canals and the otoliths are processed in
a brainstem network to subserve ocular motor
functions (e.g., the vestibular-ocular reflex and
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eye coordination in roll plane) and a thalamo-
cortical network to contribute to multisensory
perceptive functions (e.g., spatial orientation
and motion perception).

The vestibulo-ocular reflex (VOR) is gen-
erated by a fast three-neuron link between
vestibular receptors, secondary neurons in the
vestibular nuclei, and eye-muscle motoneu-
rons. A major pathway carrying these signals is
the medial longitudinal fasciculus (MLF), and
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many studies have provided data concerning
canal signals in this tract.1–3 However, the path-
ways by which otolith signals reach the oculo-
motor neurons are not so clear.4 Stimulation
of otolith nerves evoked postsynaptic potentials
in most extraocular motoneurons.5,6 Only the
utriculus has a direct monosynaptic and a disy-
naptic input to abducens motoneurons.7,8 The
VOR is supported by several other vestibulo-
oculomotor pathways, some of which are sec-
ondary, such as the ascending tract of Deiters
(ATD), and others of which are nonsecondary,
for example the pathway from the dorsal
Y-group, which uses a pathway crossing in the
basal pontine tegmentum to project to upward-
moving eye-muscle motoneurons. There is ev-
idence for otolith and canal signal input to in-
tegration centers for eye–head coordination in
the roll plane, namely the interstitial nucleus of
Cajal (INC) in the midbrain tegmentum.9

The route of vestibular projections from the
brainstem to the thalamus, and the contri-
bution of otolith and canal signals to it, has
not yet been defined in detail. The ascend-
ing tract of Deiters and the crossing ventral
tegmental tract (CVTT) have been suggested as
possible routes for ipsilateral and contralateral
vestibulo-thalamic projections, respectively10,11

In this article we review the anatomy of the as-
cending vestibular pathways, with the addition
of some new observations, and relate the data
to their function and clinical significance.

Methods

In this article ascending vestibular pathways
in monkeys have been visualized using triti-
ated leucine autoradiography, a highly selective
tract-tracing method.12 The major advantage
of this technique is that [3H]-leucine is only
taken up by somata and not by axons; therefore
unlike more popular tract tracers (wheatgerm
horseradish peroxidase complex, phaseolus ag-
glutinin, or cholera toxin subunit B), there is
no spurious labeling due to uptake of the tracer
by fibers of passage at the injection site, for ex-

ample in the adjacent brachium conjuctivum
(BC). One disadvantage of autoradiography is
that it is not as sensitive as some more modern
methods; therefore, weak projections may re-
main undetected. Unlike proline, leucine is not
transported transynaptically.

The ascending pathways from the vestibu-
lar nuclei were traced using autoradiogra-
phy. Macaque monkeys received [3H]-leucine
injections into the vestibular complex (H33,
H19, and A4–90, M. mulatta; A83-B1 M. fas-

cicularis) under general anesthesia and aseptic
conditions. All experimental procedures con-
formed to the state and university regulations
on Laboratory Animal Care, including the
Principles of Laboratory Animal Care (NIH
Publication 85–23, Revised 1985), and were
approved by their Animal Care Officers and In-
stitutional Animal Care and Use Committees.
After a survival time of 2–3 weeks, the animals
were sacrificed with an overdose of Nembutal
(80 mg/kg body weight) and transcardially per-
fused with 0.9% saline (35◦C) followed by 2%
paraformaldehyde with 1% glutaraldehyde in
0.1 M phosphate buffer solution (pH 7.4). The
brains were cut at 40 μm on a freezing micro-
tome. The sections were mounted and treated
with NTB-2, nuclear track emulsion exposure
of 4 or 8 weeks, developed in Kodak D-19 de-
veloper, and counter-stained with cresyl violet.
For further details see Wasicky and colleagues
(2004).13

The sections were analyzed under the mi-
croscope using bright- and dark-field illumina-
tion. Brightness and contrast were enhanced
as needed, and maximum intensity projections
were generated for visualization. All images
taken were converted into gray-scale mode
(Adobe Photoshop) and then arranged and la-
beled with drawing software (CorelDraw).

Results

The injection site of H33 lay in superior
vestibular nucleus (SVN) and medial vestibular
nucleus (MVN), mainly in the magnocellular
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Figure 1. Labeled pathways in the brainstem after leucine injections into vestibular com-
plex. (A) Labeled pathways at the level of NIII: note fibers crossing in BC, CVTT, and those
adjacent to ML. (B) Photomicrograph of the area shown in A. Arrows indicate vestibular fibers
ipsilateral to the injection lying mainly adjacent to ML, possibly IVTT. (C) After injection into
the Y-group a group of ascending fibers (arrow) lie ventral to BC but not in it. (D) The ATD
and the MLF are indicated by arrows: the fibers crossing the midline are related to efferents
of the cochlear nucleus, which was also included in the leucine uptake area. Calibration bars
250 μm.

subdivision, whereas that of H19 lay more lat-
eral and dorsal in SVN and lateral vestibular
nucleus (LVN). The injections in cases A4–90
and 83-B1 were centred on the Y-group, and
in the latter case included dorsal SVN. Case
83-B1 also involved the cerebellar nuclei to a
minor extent, but their involvement in case H33
is unclear. An autoradiographic analysis of the
brainstem sections showed that the following
ascending pathways were labeled:

Medial longitudinal fasciculus was
labeled ipsilaterally and strongly in H33
(Fig. 1A), weakly both ipsi- and contralat-

erally in H19 (not shown13), and only con-
tralateral in A83-B1. No MLF labeling
was seen from the Y-group injection in
A4–90 (Fig. 1D).

Ascending tract of Deiters was strongly
labeled after the H19 injection into lat-
eral vestibular complex, and axon termi-
nals were found over the ipsilateral medial
and inferior rectus oculomotor subgroups
and the Edinger-Westphal nucleus. The
ATD was more weakly labeled in A4–90
(Fig. 1D).

Crossing ventral tegmental tracts were
most strongly labeled from H33, H19,
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and to some extent in A4–90. However
the fibers are difficult to see, perhaps due
to their small diameter and scattered ar-
rangement.

Brachium conjuctivum was slightly la-
beled in 83-B1 and H33. In both of these
cases some cerebellar nuclei uptake may
have occurred.

The ipsilateral vestibulo-thalamic
tract was only clearly labeled in 83-B1.
The whole bundle of fibers (Fig. 1C,
arrow) in the caudal pons ventral to BC
did not all cross the midline. A subset
was seen to collect along the border of
the ipsilateral medial lemniscus (ML) just
lateral to nucleus reticularis tegmenti
pontis (NRTP) (see arrows, Fig. 1B). A
few fibers lay inside the ML. The labeled
fibers moved laterally with the ML but
could not be followed further rostrally for
technical reasons.

Discussion

The vestibular system processes information
by means of a multilevel sensorimotor network
that subserves ocular motor, postural (not dis-
cussed here), and perceptual functions. This
functional dichotomy is reflected by parallel
vestibular pathways that target 1) the nuclei
of the ocular motor system and 2) the mul-
tisensory thalamic and cortical areas involved
in motion perception and spatial orientation.
The current knowledge on ascending vestibu-
lar pathways comes both from tracer injection
studies in several species, including the pri-
mate, and from clinical lesion studies showing
vestibular dysfunction by ophthalmological and
psychophysical measurements. These two per-
spectives have not been systematically brought
together, although this “translational” ap-
proach seems most promising for the following
reasons. The anatomical view to the ascending
vestibular pathways is capable of characteriz-
ing the origin of the vestibular input (canals
and otolith organs) and the target structures

(including ocular motor centers and thalamus).
The clinical view includes functional aspects
related to these pathways. The sensitive clinical
signs of unilateral brainstem damage involving
vestibular pathways are: 1) Pathological ocular
torsion (OT) and skew deviation (SD), indicat-
ing imbalance of vestibular input to the mid-
brain integration centers for eye movements
in the roll plane (vestibular–ocular-motor dys-
function).9 2) Deviation of the perceived vi-
sual vertical, which indicates an imbalance of
vestibular input from the vestibular endorgans
(mostly otoliths) to the multisensory thalamo-
cortical areas (vestibular–perceptive dysfunc-
tion).9 Lesions at different brainstem levels
and localizations show a highly characteris-
tic “fingerprint” of vestibular–ocularmotor and
vestibular–perceptive dysfunction, which can
be used for functional “pathway mapping.”

In the following we will characterize four
ascending vestibular pathways on the basis
of combined anatomical and clinical evidence
and speculate on their functional relevance
(Fig. 2).

Medial Longitudinal Fasciculus

The secondary vertical canal vestibular pro-
jections to trochlear nucleus (NIV) and ocu-
lomotor nucleus (NIII) from medial vestibular
nucleus, pars magnocellularis (MVNm) utilize
the MLF, and were labeled in these experi-
ments. The cells of origin can be classified as
“posterior canal vestibulo-oculomotor,” “posterior

canal vestibulo-oculomotor-spinal,” and “an-

terior canal vestibulo-oculomotor-spinal.” The
category anterior canal vestibulo-oculomotor
where not found in this MVN region; but
they have been found in SVN and utilize the
CVTT (see below) to reach NIII. The excita-
tory oculomotor afferents in MVNm use the
contralateral MLF, whereas the inhibitory ver-
tical canal secondary vestibular neurons use the
ipsilateral MLF.2,3 These secondary vestibu-
lar cells lie in the central magnocellular re-
gion of the superior vestibular nucleus.2 There-
fore, anatomically the MLF represents a VOR
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Figure 2. (A) Ascending parallel vestibular path-
ways based on anatomical labeling studies. (B) A
map of vestibular pathways based on evidence from
clinical neuro-opthalmological and psychophysical
examination and lesional studies.

pathway, and dysfunction of the vertical VOR
has been described clinically with unilateral
MLF lesions.14 A recent study in patients with
unilateral internuclear ophthalmoplegia (INO)
due to circumscribed lesions of the MLF ad-
ditionally showed contralesional ocular tilt re-
action (i.e., subjective visual vertical [SVV] de-
viation, OT, SD) in more than 90% of cases
(INO plus syndrome).15 This indicates that the
MLF also carries vestibular–ocularmotor in-
formation to the rostal midbrain tegmental
centers for eye–head coordination (INC) and

vestibular–perceptive information to supraten-
torial centers (e.g., the posterolateral thalamus).
Indeed, a vestibular projection through the
MLF to the INC as well as sparse fibers as-
cending up to the thalamus have been seen
in primates.11,16 The concept of canal signals
subserving vestibular-perceptive function is in
agreement with experimental data in the mon-
key, which show convergence of information
from the vertical canals and otoliths at the
level of the vestibular nuclei and the postero-
lateral thalamus to segregate perception of tilt
and translation (graviceptive information).17 In
conclusion, we propose that the MLF includes
crossed excitatory vestibulo-ocularmotor path-
ways (VOR, eye–head coordination in roll) and
crossed vestibulo-perceptive pathways (motion
perception, verticality) (Fig. 2B).

Ascending Tract of Deiters

The ATD lies lateral to MLF (Fig. 1D). The
cells of origin lie in the lateral part of the
vestibular complex but have so far not been rec-
ognized as a cyto-architectural or histochemi-
cal cell group. The cells were here shown to
project ipsilaterally to both inferior and me-
dial rectus subgroups of NIII as well as the
Edinger–Westphal complex (accommodation).
This observation has not been reported before.
Furthermore it strongly supports the hypothesis
of Chen-Huang and McCrea18 that the ATD
carries signals modulating vergence. In their ex-
periments, individual ATD neurons were found
to be sensitive to linear acceleration and their
activity was related to viewing distance. From
labeling studies it has been hypothesized that
scattered ATD fibers from the rostral ocular-
motor nucleus may turn laterally to reach the
ipsilateral thalamus through the H1 field of
Forel.11 In cats the ATD has been reported
to contribute to ipsilateral vestibulo-thalamic
projections.10

Clinical assessment of ATD functions is lim-
ited by the fact that isolated lesions of the
ATD are never observed because of dam-
age of the adjacent MLF (see also Fig. 3).
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Figure 3. A map of ascending vestibular pathways in the brainstem concluded from com-
parative analysis of anatomical studies in the monkey and clinical lesion studies in human.
(A) Four major parallel ascending pathways are indicated in four colors in projection to an
axial brainstem view. The crossed pathway in the MLF (red), carrying mostly canal information
from the medial vestibular nucleus to NIII, NIV, INC, and rostral interstitial nuclei of the medial
longitudinal fascicle (riMLF) and probably also to the thalamus. Note the crossed pathway of
loosely scattered fibers in the ventral tegmentum, the crossing ventral tegmental tract (CVTT)
(orange), coming up from the superior vestibular nucleus and the Y-group, transmitting infor-
mation from the anterior canals to NIII and possibly otolith input to the thalamus. The ipsilateral
ascending tract of Deiters (green), carrying otolith information to the medial rectus and EW.
A newly described ipsilateral tract at the medial edge of the medial lemniscus (blue), which
most likely directly travels to the posterolateral thalamus (ipsilateral vestibulo-thalamic tract,
IVTT). (Dashed lines indicate putative projections concluded from clinical evidence.) (B–E)
Transverse sections at medullary, midpontine, mesencephalic, and thalamic levels (arrows),
with the ascending vestibular tracts (same colors as in A). The area of the posterolateral tha-
lamus is scattered red, blue, and yellow to indicate convergence of information from different
ascending pathways. Crossed pathways are depicted on the left half, uncrossed on the right
half, of the slices. On the right half also the vascular territories are indicated to give infor-
mation about how the ascending vestibular tracts are involved in clinical vascular brainstem
syndromes. Clinically most important from this standpoint are paramedian dorsal tegmental
lesions involving the MLF (giving ispilateral INO and contralateral OTR) and anteromedial
lesions involving the ML (giving isolated ipsilateral subjective visual vertical tilt).
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However from a clinical standpoint there is no
evidence for vestibulo-perceptive information
in the roll plane traveling with the ATD, as no
case of ipsilateral deviation of SVV with lesions
of the dorsal paramedian pontomesencephalic
tegmentum has been found in case series of
hundreds of patients.9,15 It may be, that such
ipsilateral SVV tilts exist but are masked by
the more prominent contralateral SVV devia-
tions caused by the concomitant MLF damage.
In conclusion, the ATD seems to be mostly a
vestibulo-oculomotor projection important for
vergence eye movements (Fig. 2).

Crossing Ventral Tegmental Tracts

Our experiments confirmed that fiber path-
ways originating from excitatory anterior canal
neurons in the SVN19 and in the Y-group20

do not travel in midline fiber tracts but
have axons that collect laterally beneath the
BC, then cross in a broadly scattered band,
CVTT. We found some fibers passed below
NRTP and others within the pontine nu-
clei even more ventrally. No significant la-
beling was found within BC. The original
evidence for the BC as a specific vestibulo-
oculomotor pathway is based on lesion studies
in rabbit,21 and could have included or com-
promised the (then-unknown) CVTT. How-
ever the vestibulo-oculomotor fibers do pass
through BC at right angles, turning dorsal at
a sharp angle toward NIII, and innervating
the upward-moving eye-muscle motoneurons,
inferior oblique, and superior rectus, contralat-
erally.

The CVTT carries crossed anterior canal
fibers from the superior vestibular nucleus
to NIII supporting upward eye movements.19

Bilateral lesions of the CVTT have been re-
ported in the context of upbeat nystagmus, indi-
cating an importance for the balance of upward
and downward eye movements.22 Projections
through the CVTT to the thalamus have been
traced anatomically.11 SVV deviations with
unilateral CVTT lesions have not been reg-
istered, but it may be that single cases of more

extensive dorsal tegmental brainstem lesions,
which show contralesional SVV deviation,15

arise from a combined MLF and CVTT lesion
(Fig. 2).

The Ipsilateral Vestibulo-thalamic Tract

A group of fibers at the medial edge of the
medial lemniscus originates from fiber tracts as-
cending out of the Y-group and can be followed
to the midbrain (Fig. 1C, arrow). The projec-
tions almost certainly contain otolithic signals.
Although these fibers, called functionally the
IVTT,23 have not been systematically followed
rostrally into the thalamus, a thalamic connec-
tion is highly likely from a clinical standpoint.
In 14 patients with anteromedial pontomesen-
cephalic infarction, an ipsilateral deviation of
the SVV was observed without ocular motor
signs of dysfunction.23 The overlap zone of le-
sions as drawn from thin-slice MRI images was
located at the medial edge of the medial lem-
niscus and could be followed from the level of
the superior vestibular nucleus to the midbrain.
The finding of purely vestibulo-perceptive dys-
function is highly suggestive of a primary
uncrossed ipsilateral vestibulo-thalamic tract
that bypasses the ocularmotor nuclei, reach-
ing probably the posterolateral thalamus via
the same route as the medial lemniscus.23 The
posterolateral thalamus has been shown to be
the target of bilateral vestibular projections in
primates11,24,25 and humans (lesion and PET
studies).9,26 In the squirrel monkey vestibular-
sensitive neurons were found in the postero-
lateral thalamus, which were activated with a
latency of about 4 msec by electrical stimula-
tion of the ipsilateral vestibular nucleus.25 This
indicates the existence of a direct ipsilateral
vestibulo-thalamic projection. Also in humans
a trisynaptic vestibulo-thalamo-cortical projec-
tion was assumed on the basis of recordings
of cortical short latency vestibular potentials
(10 msec) following repetitive galvanic stimula-
tion of the ipsilateral vestibular nerve.27,28

The IVTT could be the equivalent of
just such an ipsilateral vestibulo-thalamic
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projection, and may represent a fast vestibular
track serving as a fast transition of vestibular
information to the thalamus and cortex during
head or body movements, which provides the
cortical multisensory network for perception of
body motion and spatial orientation with in-
formation about head acceleration and posi-
tion. This information would be important for
distinguishing the components of self-motion
in different reference frames (eye-, head-, and
body-based). In this context it is of interest
that most vestibular-sensitive neurons in the
posterolateral thalamus show mixed otolithic
and semicircular canal input, which is impor-
tant for differentiating translational motion and
gravitational acceleration (tilt) of the head.24

Responses to translations to one side (activat-
ing ipsilateral otolithic afferents) and tilt to
the contralateral side (activating contralateral
canal afferents) add up in neuronal response of
vestibular-sensitive thalamic neurons.24 It is in-
teresting that there is a close similarity between
these clinical observations and the anatomy of
parallel ascending vestibular pathways to the
thalamus: information from ipsilateral otolith
(e.g., IVTT) and contralateral canal projections
(e.g., MLF, CVTT), which converge in the tha-
lamus and could both functionally contribute
to perception of motion and verticality (gravi-
ceptive information) (Fig. 3). The existence of
crossed and uncrossed vestibular pathways to
the thalamus is in accordance with earlier find-
ings that electrical stimulation and lesions by
circumscribed infarctions in the area of the
posterolateral thalamus can cause ipsi- or con-
traversive perceptive tilts.29
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