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ABSTRACT
Retrograde transganglionic labeling techniques with biotinylated dextran amine (BDA) were

used to examine the terminal field structure and topographical patterns of innervation within the
vestibular sensory end organs of vestibular primary afferent neurons projecting to the cerebellar
uvula/nodulus and flocculus lobules in the gerbil. Robust, dark labeling in the cristae ampullares
suggested that the vast majority of the terminals of afferent neurons were of the dimorphic type.
The majority (94% to the uvula/nodulus and 100% to the flocculus) innervates the peripheral
zones of each of the three semicircular canal cristae. Comparison of the type and distribution of
terminals across the canalicular sensory neuroepithelium with morphophysiological studies in
chinchilla suggests that the labeled population consists predominantly of peripheral terminal
fields of lower-to-intermediate gain, more regularly firing, tonic afferents. For otolith organ-
related afferents, the uvula/nodulus receives strong inputs from primary otolith afferent neurons
identified as dimorphic in type that predominately innervate the peristriolar zones of the utric-
ular and saccular maculae. No direct otolith organ-related inputs to the flocculus were observed.
In contrast to the canal afferents, the types and locations of labeled otolith afferent terminals
suggest that they largely consist of irregularly firing, high-gain, phasic neurons. J. Comp. Neurol.
432:48–61, 2001. © 2001 Wiley-Liss, Inc.
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Projections of primary vestibular afferents to the ves-
tibulocerebellum have been demonstrated in a number of
anatomical studies (Carpenter et al., 1972; Korte and
Mugniani, 1979; Carleton and Carpenter, 1984; Kevetter
and Perachio, 1986; Sato et al., 1989). Those findings
generally described pathways associated with the entire
afferent nerve or one of its branches but did not indicate
specific areas of the sensory neuroepithelium from which
those projections may arise. Although numerous studies
have examined the morphology of peripheral terminal
fields (the arborization of a single axon) of the vestibular
afferents, only one study other than the current report has
evaluated the relationship between terminal morphology
and central projection. In a preliminary study, Huwe and
Peterson (1996) reported that the turtle cerebellum re-
ceives input from bouton-only afferent terminal fields in

the posterior canal cristae. More recent morphophysiolog-
ical studies have related anatomical characteristics of af-
ferent terminals in different subregions of the cristae of
the semicircular canals and maculae of the otolith organs
to their physiological response properties (Baird et al.,
1988; Fernandez et al., 1990; Goldberg et al., 1990a–c,
1992). The type of terminal field found in the greatest
abundance contacts both type I and type II hair cells.
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Because those contacts form both calyceal and bouton
endings, they are known as dimorphic endings (Schessel,
1983). The remaining types of peripheral synapses of the
primary afferents consist of calyceal or bouton-only end-
ings. These various types are distributed differentially
over the sensory surface.

By observation of the density and types of hair cells and
the distribution of different types of afferent terminals,
the sensory neuroepithelia of the cristae may be divided
into central, intermediate, and peripheral zones of equal
area (Lindeman, 1969; Fernandez et al., 1988). Calyx-only
terminal fields are concentrated in the central zone (apex)
of the crista ampullares and the peristriolar zone of the
otolith maculae. Bouton-only terminal fields are concen-
trated in the peripheral zone of the crista and the medial
and lateral extrastriolar zones of the utricular macula.
Dimorphic terminal fields are found over the entire sen-
sory neuroepithelium, with lower concentrations in the
central zone of the crista and the peristriolar zone of the
macula (Fernandez et al., 1988, 1990, 1995). Functionally,
the afferent neurons associated with calyx-only terminal
fields discharge at a highly variable rate, averaging
among the slowest firing found within the canal and oto-
lith nerves, and have moderate-to-high gains (spikes per
second per degree). Bouton-only afferents, which number
the fewest among the three morphological types, fire
highly regularly, have among the fastest rates across the
spectrum of background activity in the vestibular nerve,
and have low gains. Dimorphic terminals are associated
with afferents with physiological properties that encom-
pass a wide range of response dynamics. Thus, dimorphic
terminals in the central zone tend to have irregular dis-
charge rates and high gains, whereas those located in the
intermediate zone fire more regularly, and those in pe-
ripheral regions resemble bouton units in the regularity of
their discharge activity and low gains (Baird et al., 1988;
Goldberg et al., 1990b,c, 1992). Therefore, insight into the
physiology of a primary vestibular afferent neuron or sub-
populations of these neurons can be obtained by assessing
two important parameters: 1) location of the terminal field
in the sensory neuroepithelium and 2) classification of
terminal field type.

The current study using retrograde transganglionic la-
beling techniques was designed to provide information on
the topography of the peripheral terminal fields of vestib-
ular primary afferent neurons with distal processes that
innervate specific regions of the canalicular and otolith
organ sensory neuroepithelia and with central projections
that include various sites within the flocculus and/or the
uvula/nodulus.

MATERIALS AND METHODS

Injection of biotinylated dextran amine

Thirty-one gerbils (Meriones unguiculatus) of both sexes
weighing from 60 g to 70 g were included in the present
study. All protocols employed in this study were approved
by the University of Texas Medical Branch Animal Care
and Use Committee and conformed to National Institutes
of Health guidelines. Extracellular injections were made
into the uvula (n 5 15 injections), the nodulus (n 5 5
injections), or the flocculus/ventral paraflocculus (n 5 10
injections) lobules of the cerebellum with solutions of bio-
tinylated dextran amine (BDA). One animal received a

control injection into the rostral superior vestibular nu-
cleus (SVN; see Fig. 11). Gerbils were anesthetized with
an intraperitoneal (i.p.) injection of Nembutal (pentobar-
bital, 25 mg/kg) followed within 5 minutes by an intra-
muscular injection of ketamine (25 mg/kg). Supplemen-
tary doses of ketamine were administered as needed to
maintain anesthesia. To aid in the accurate placement of
injections, the head was mounted in a standard position in
the stereotaxic frame with the incisor bar secured 8 mm
below the zero ear bar plane of the instrument. For nod-
ulus injections, a midsagittal incision was made, and the
neck muscles were dissected to expose the foramen mag-
num and to easily visualize the caudal surface of the uvula
of the cerebellum. A glass pipette was filled with a 5%
solution of 0.1 M BDA (molecular weight, 3,000), pH 7.4,
and the tip was broken to a final diameter of 20 mm. The
pipette, which was positioned at an angle of 20° off the
earth horizontal and parallel to the parasagittal plane,
was placed in contact with the surface of the superior bank
of the uvula on the midline. The electrode was then ad-
vanced stereotaxically into the lobule of the nodulus, pass-
ing through the uvula en route. The trajectory of the
pipette was positioned so that it avoided the white matter
near the deep nuclei. The tracer was ejected from the
pipette tip ionophoretically by passing a direct anodal (1)
current at 3–5 mA for 10 minutes. This typically yielded an
annulus of labeling of 50–250 mm in diameter. After com-
pletion of the injection, the electrode was withdrawn, and
the tip was placed again on the surface of the superior
bank of the uvula, first 400–600 mm to the left of the
midline and then 400–600 mm to the right of midline, and
the above protocol was repeated. This allowed maximal
labeling of both ipsilaterally projecting as well as con-
tralaterally projecting vestibular primary afferent neu-
rons in the region (Voogd et al., 1996). After a total of three
separate extracellular injections were made into the nod-
ulus, the wound was closed. The protocol described above
was repeated in separate animals for shallower penetra-
tion to inject the cortex of the uvula. Despite these at-
tempts to confine the injections to separate lobules, spread
of the BDA usually was found in both lobules. Therefore,
we pooled data from both uvula injections and nodulus
injections. For those animals that received flocculus injec-
tions, access was gained through the bulla of the middle
ear, and a small hole was made with a 0.6-mm dental
burr, exposing the surface of the ventral paraflocculus.
The pipette, which was positioned at an angle of 45° off the
earth horizontal and 45° off the parasagittal plane, was
stereotaxically advanced through the paraflocculus to the
cortex of the flocculus. For the control injection, a small
hole was drilled similarly through the dorsal calvarium to
expose the surface of the cerebral cortex, and the tip of the
pipette was advanced stereotaxically into the SVN. Tracer
was ionophoretically ejected into a single locus in the
flocculus or into the SVN by passing direct anodal (1)
current at 5–7 mA for 25 minutes. The longer application
of current resulted in much larger injections into the floc-
culus compared with the injections into the uvula/nodulus
(Fig. 1).

After a survival of 7–14 days to allow transport of the
label, the animals were anesthetized with urethane (0.7
ml, 500 mg/ml, i.p.) and perfused transcardially with a
warmed, heparinized saline followed by a cold solution of
fixative containing 4% paraformaldehyde, 0.1 M L-lysine
(monochloride), and 0.01 M sodium-m-periodate in 0.1 M
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phosphate-buffered saline (PBS), pH 7.4 (Veenman, et al.,
1992). Within 3.5 minutes of the start of the perfusion, the
vestibules of both ears were exposed and directly bathed
in fixative for 1 hour. The individual cristae and otolith
organs were then carefully dissected out using a fine mi-
crohook and were placed in 0.1 M phosphate buffer, pH

7.4. The pigmented epithelium and membranous laby-
rinth of the end organs were carefully teased from the
sensory neuroepithelium. The tissue was immediately in-
cubated for 2.5 hours in PBS containing 1:100 avidin-
biotin (Vector Laboratories, Burlingame, CA) and 0.05%
Triton X-100, followed by a cobalt-intensified
diaminobenzidine/glucose oxidase reaction, as described
previously (Adams, 1981; Kevetter and Perachio, 1986).
The tissue was then dehydrated through ethanol (50%,
70%, 95%, and 100%) to 100% propylene oxide and embed-
ded in EPON resin. This procedure was performed on each
animal to preserve the sensory neuroepithelium for sub-
sequent anatomical analysis. After the perfusion, the
brain was dissected out of the calvarium and immersed in
a solution of 25% sucrose in fixative overnight. The tissue
was then cut on a cryostat into 40-mm-thick sections that
were floated into 0.1 M phosphate buffer and incubated
following the above histochemical protocol. Sections were
then rinsed in 0.1 M phosphate buffer, mounted on subbed
slides, and coverslipped.

Morphological analysis

Tissue preparation. The target site of all extracellu-
lar injections was examined to verify any spread of the
injectate (Fig. 1). Uvula and nodulus injections were ex-
amined to ensure there was no spread into the white
matter near the deep nuclei, and floccular/ventral para-
floccular injections were examined to ensure there was no
spread medially into the brainstem or ventrally into Scar-
pa’s ganglion, thereby increasing the chance of labeling
afferent fibers of passage. Uvula and nodulus injections
were grouped together, because we rarely identified label-
ing restricted to the nodulus without seeing labeled neu-
rons along the tracts through the uvula. Peripheral end
organs collected from an animal with any indication of a
poorly localized tracer injection were not analyzed. End
organs chosen for examination at the light microscopic
level were trimmed with a glass knife of any excess em-
bedding material to within approximately 5–25 mm of the
sensory neuroepithelium. The cristae and maculae were
oriented to allow optimal visualization of the afferent ter-
minal fields, and the corner of the block was then carefully
glued to a glass slide with cyanoacrylate adhesive and
bathed in immersion oil.

Three-dimensional reconstruction and analysis.

To facilitate describing regional patterns of innervation of
labeled terminals, normal embedded utricular maculae
(n 5 6) were used to create a standard surface map (Fig.
2). The tissue was sectioned at 5–10 mm with a glass knife,

Fig. 1. Extracellular injections of biotinylated dextran amine
(BDA) placed the uvula, nodulus, and flocculus/ventral paraflocculus
of the cerebellum of the gerbil successfully transganglionically retro-
gradely labeled vestibular primary afferent neurons projecting to
those areas. Transverse sections through the cerebellum and brain-
stem in three different animals reveal the sites of injection and direct
spread of BDA into the uvula (A), nodulus (B), and flocculus
(C). Ipsilateral, midline, and contralateral extracellular injections
were made into either the uvula or both the uvula and the nodulus.
Two of those tracts can be seen in the section through the uvula, and
one tract is seen in the section through the nodulus (arrows). Arrows
indicate sites of tracer injections. U, uvula; N, nodulus; F, flocculus;
asterisk, retrogradely labeled Purkinje cells; p, paraflocculus; g, Scar-
pa’s ganglia. Scale bar 5 50 mm.
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and serial sections were mounted on clean glass slides and
coverslipped with Permount (Fisher Scientific, Fair Lawn,
NJ). Sections were examined with Nomarski optics (mag-
nification, 310–40) to determine the location of the stri-
ola. The stroila is a line that can be drawn across the
surface of the sensory neuroepithelium indicating the
point where the morphological polarization of hair cells
rotates 180° (Lindeman, 1969) the band of large, calyx
type afferents on either side of the striola. A peristriolar
zone, which included the striola and the adjacent calyx-
rich region (band), was demarcated (see Fernandez et al.,
1990). A standard surface reconstruction was not created
for the saccular maculae because of difficulty with serial
reconstruction due to the concave shape and multiple bone
fragments typically dissected out with this end organ.

In contrast to Fernandez et al. (1988), we currently have
divided the gerbil crista ampullares into only a central
zone and a peripheral zone (Fig. 3). In previous observa-

tions of the peripheral patterns of innervation of the ves-
tibular efferent terminal fields (Purcell and Perachio,
1997), we further divided the peripheral zone into a pe-
ripheral region and a planum region. However, prelimi-
nary observations of the cristae revealed no clear differ-
ences in the labeling of afferent terminals in the two
noncentral zones. The central zone, which is slightly
larger in the gerbil than that defined in chinchilla (Fer-
nandez et al., 1988), occupies the apex region of the crista,
excluding the part that extends into the planum region
and the eminentia cruciata (Friedmann and Ballantyne,
1984), as illustrated in the vertical canal cristae (see Fig.
3). The peripheral zone consists of the merged intermedi-
ate and peripheral zones described by Fernandez et al.

Fig. 2. Standard surface map of the gerbil utricular macula.
A: Top view of a standard surface map of a gerbil utricular macula.
This map was generated from the surface wholemount tracings and
serial sections of six utricular maculae. The macula is divided into a
peristriolar zone (Fernandez et al., 1990), which is defined by a band
of large, type I hair cells extending 45–60 mm on either side of the
striola, and an extrastriolar region divided into a smaller, laterally
located (LES) and a larger, medially located (MES) zone. B: A Nomar-
sky image of a cross section of the utricular macula taken at the level
of the solid line (x-x) indicated in A. The striola (indicated by the
reversal of the hair cell polarization of the hair cell bundles) is indi-
cated by ST. The arrows on either side of the striola indicate the
transition from larger type I hair cells to smaller type I and II hair
cells defining the borders of the peristriolar zone.

Fig. 3. Division of the sensory neuroepithelium of the semicircular
canal cristae into two zones. A,B: Top view (A) side view (B) of an
anterior canal crista with the cupula removed and the membranous
canal dissected away. Three zones were previously defined (Purcell
and Perachio, 1997) to aid in the description of the efferent innerva-
tion of the sensory neuroepithelium. The central zones, shown lightly
shaded and located in the apex of each hemicrista, are separated by
the eminentia cruciata, a hair cell-free area (B, arrow). The peripheral
zones are located on the utriculopetal and utriculofugal sides of the
sensory neuroepithelium between the central zone and the floor of the
ampulla. The planum zones extend from the central and peripheral
zones to the canal walls. For descriptive purposes, in this study, we
opted to combine the peripheral and planum zones into a single
“peripheral” zone. This zone would roughly correspond to the com-
bined intermediate and peripheral zones described in chinchilla (Fer-
nandez et al., 1988). The transverse axis is oriented between the two
arrows in A.
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(1988) and the merged peripheral and planum zones de-
scribed by Purcell and Perachio (1997).

Three-dimensional (3-D) imaging and morphometry of
transganglionic, retrogradely labeled vestibular afferent
terminal fields was performed with a Neurolucida imaging
system (MicroBrightField, Inc., Brattelboro, VT). This
personal computer-based system consists of an Olympus
(BH-2) microscope (Tokyo, Japan) with an encoded, mo-
torized stage control; an 800 3 600 dots per inch video
interface (Video Blaster Corp.); and a graphics overlay-
tracing environment (Glaser and Glaser, 1990). The
wholemounted end organs containing labeled fibers were
examined under brightfield illumination with 340–60 oil-
immersion objectives. The outlines of the cristae and mac-
ulae along with landmarks, such as the eminentia cru-
ciata and the border of the peristriolar zone, were traced.
The locations and types of labeled afferent terminal fields
were entered into a Cartesian coordinate system to gen-
erate an accurate (10.5 mm resolution) 3-D graphic image
at a final magnification of 31,400. The estimated centroid
of the terminal field was assigned as the terminal’s loca-
tion. Terminal fields were identified as 1) bouton-only
type, assigned to all fields that did not possess any ca-
lyceal endings; 2) calyx-only type, assigned to all fields,
simple or complex, that possessed no identifiable boutons;
and 3) dimorphic type, assigned to all fields possessing
any calyces plus any number of boutons. Examples of each
type are illustrated in Figure 4. The number of calyces
possessed by the dimorphic terminal field was also re-
corded in the reconstruction. Only neurons that appeared
to have completely filled terminal fields were chosen for
reconstruction. Criteria for rejection included faint label-
ing or ghost-like appearance of axons, calyx, and/or bouton
terminals as well as obvious incomplete filling of calyces
and bouton terminals. A composite of the data from sev-
eral utricular maculae was overlaid onto a standard map
of the utricle. A composite of the data from several ante-
rior, posterior, and horizontal canal cristae was overlaid
onto a standard map of the crista. The locations of the
terminal fields were assigned to the central zone or the
peripheral zone in the crista ampullares and the perist-
riolar zone or the nonstriolar zone in the utricular macu-
lae. Any terminal field that overlapped a zone border was
assigned to the peripheral zone in the crista or to the
peristriolar zone in the utricle. For the saccule, terminal
fields were identified subjectively and classified as peris-
triolar or nonstriolar, but these were not reconstructed
otherwise in terms of their distribution. Brightness, con-
trast, and sharpness were adjusted in captured images
using Adobe Photoshop software (version 5.0; Adobe Sys-
tems, Mountain View, CA) when deemed necessary
(Saper, 1999).

RESULTS

Transganglionic transport of BDA after injection into
the cerebellar cortex resulted in robust labeling of numer-
ous afferent terminal fields. The full range of known af-
ferent terminal types was observed, including calyx-only,
dimorphic, and bouton-only endings. The regional distri-
bution of labeled endings in each sensory end organ de-
pended on which lobule was injected. However, there was
not a clear relationship between the exact injection site
within a given lobule and the types of afferents and/or end
organs that were labeled.

Canal-related primary afferent projections
to the uvula/nodulus

Of the 20 animals that received extracellular injections
of BDA into the uvula/nodulus, successful retrograde
transport of label was obtained in one or more of the
semicircular canal cristae of 14 animals. An example of
labeled terminals within a single crista of gerbil after an
injection into the uvula/nodulus is shown in Figure 5.
Data from six animals were excluded from the analysis
due to absence of filling or incomplete filling. Light micro-
scopic examination of the end organs revealed the pres-
ence of labeled terminal fields in 12 anterior, 13 posterior,
and 7 horizontal canal cristae ampullares. There were 564
completely filled terminal fields identified innervating the
sensory neuroepithelium of the semicircular canals (n 5
32). Most of these were located in the posterior (280 of 564)
and anterior (221 of 564) cristae, with fewer in the hori-
zontal canal cristae (63 of 564). Moreover, labeled affer-
ents in the horizontal canal cristae numbered on average
less than half as many as those in the vertical canals
(Tables 1, 2). The number of labeled terminal fields
present varied between animals, with the range in the
vertical canal cristae between 1 and 85 labeled terminal
fields and the range in the horizontal canal cristae be-
tween 1 and 28 labeled terminal fields (see Tables 1, 2).
The terminals were predominately of dimorphic (553 of
564), with fewer bouton-only (10 of 564) and calyx-only (1
of 564) types. Dimorphic terminals contained 1 (310 of
564), 2 (192 of 564), 3 (50 of 564), and 4 (1 of 564) calyces,
and the bouton-only endings contained between 2 and 43
bouton swellings. It should be noted that the single iden-
tified calyx-only terminal field in our sample possessed a
single calyx ending. We did not identify any particular
subregions in the uvula/nodulus in which the injections
consistently preferentially labeled terminal fields in any
particular vertical or horizontal canal cristae.

Examination of the pooled distribution of labeled termi-
nal fields in the crista ampullares clearly indicated mini-
mal innervation of the central zone (32 of 532), with the
majority (532 of 564) located in the peripheral zone. The
pattern of innervation as examined in 14 gerbils is sche-
matically mapped in (Fig. 6). Dimorphic terminals were
distributed throughout the neuroepithelium, with the vast
majority of all types innervating the peripheral zone. In-
nervation of the peripheral zone was dominated by dimor-
phic terminal fields that were identified as simple dimor-
phic in type. Similar to the peripheral zone, those
dimorphs innervating the central zone predominately pos-
sessed one (21 of 31) or two (9 of 31) calyces (Fig. 7). The
single calyx-only terminal field was located in the middle
of the central zone. The 10 bouton-only terminal fields
were located in the peripheral zone of the cristae. In the
vertical canal cristae, there is a clear separation between
the two central zones and hemicristae created by the em-
inentia cruciata (Friedmann and Ballantyne, 1984). There
is a thin band of the peripheral zone innervated by mul-
tiple dimorphic terminal fields that extends into the apex
of the crista between the eminentia and the central zones
(Figs. 3, 6). This band of neuroepithelium is often seen
innervated by peripheral or planum vestibular efferent
neurons (Purcell and Perachio, 1997), further suggesting
that it is not part of the central zone. Horizontal canal
cristae in gerbil do not possess an appreciable eminentia
cruciata, because the sensory neuroepithelium extends
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Fig. 4. A–H: Retrogradely labeled primary afferent neurons pro-
jecting to the vestibulocerebellum. Primary afferent neurons were
transganglionically retrogradely labeled from an extracellular injec-
tion of BDA into the uvula/nodulus (A,C–H) or the flocculus (B) of the
cerebellum. Robust labeling of afferent terminal calyces as well as the
smaller bouton swellings were observed in all three crista ampullares
as well as in both otolith organs. Examples include a complex, dimor-
phic type terminal field with two calyces located in the peripheral

zone of a posterior cristae (A); a simple, dimorphic type terminal field
located in the planum zone of a horizontal canal cristae (B); multiple,
dimorphic type terminal fields concentrated in the peripheral zone of
an anterior (C) and posterior (D) crista in the proximity of the emi-
nentia cruciata (arrow); and complex, dimorphic types containing
between two and six calyces in the peristriolar (F) and medial extras-
triolar (E,G,H) zones of the utricular macula. Arrows indicate the
eminentia cruciata. Scale bar 5 10 mm.



across the transverse axis in these cristae. Of the 63
terminal fields labeled in 9 horizontal canal cristae, only 3
were located in the region corresponding to the eminentia
cruciata of the vertical canals (Fig. 6).

Canal-related primary afferent projections
to the flocculus

Of the ten animals that received extracellular injections
of BDA into the flocculus, successful transport of label was

observed in one or more semicircular canal cristae of six
animals. Data from four animals were excluded from the
analysis due to the absence of filling or incomplete filling.
Light microscopic examination revealed the presence of
labeled terminal fields in four posterior, five anterior, and
four horizontal canal cristae ampullares. There were 94
completely filled terminal fields identified that innervated
the sensory neuroepithelium of the above-described semi-
circular canals (n 5 13). Most of these were located in the
anterior (39 of 94) and posterior (31 of 94) canal cristae,
with fewer in the horizontal canal cristae (24 of 94). The
number of labeled terminal fields present varied between
animals, with the range in the vertical canal cristae be-
tween 2 and 19 and the horizontal canal cristae between 1
and 9. They were all classified as dimorphic in type, and
each possessed one (n 5 65) or two (n 5 29) calyces. No
bouton-only or calyx-only types were observed. The pat-
tern of innervation as examined in six gerbils is mapped

Fig. 5. Retrogradely labeled canalicular primary afferent neurons
projecting to the uvula/nodulus of the cerebellum. Primary afferent
neurons were transganglionically retrogradely labeled from an extra-
cellular injection of BDA into the uvula/nodulus of the cerebellum.
Labeled afferent terminal fields, predominately of the dimorphic type,
were identified in the horizontal as well as the anterior and posterior
canal cristae and followed a noncentral zone pattern of innervation in
these end organs. The figure shows a side view of an anterior crista
ampullares containing approximately 30 labeled terminal fields. The
arrow indicates the location of the eminentia cruciata.

TABLE 1. Retrogradely Labeled Terminal Fields of Vestibular Primary Afferent Neurons Projecting to the Vestibulocerebellum:
Central and Peripheral Zones

Type of terminal field
Total

no.

Average no. of
terminal fields

per crista
(range)

Central
zone

Peripheral
zone

Combined
totals

(%)

Flocculus/paraflocculus injections
Afferent terminal fields
innervating the cristae of the
semicircular canal (n 5 13
cristae)

— — 0 94 94 (100)

Bouton-only type — — 0 0 0
Simple dimorphic typea — — 0 65 65 (69)
Complex dimorphic typeb — — 0 29 29 (31)
Calyx-only type — — 0 0 0
Cristaec

Horizontal cristae 4 6.0 (1–9) 0 24 24 (26)
Anterior cristae 5 7.8 (2–9) 0 39 39 (41)
Posterior cristae 4 7.8 (2–9) 0 31 31 (33)

Uvula/nodulus injections
Afferent terminal fields
innervating the cristae of the
semicircular canal (n 5 32
cristae)

— — 35 529 564 (100)

Bouton-only type — — 0 10 10 (2)
Simple dimorphic typea — — 23 287 310 (55)
Complex dimorphic typed — — 11 232 243 (43)
Calyx-only type — — 1 0 1 (0.2)
Cristaee

Horizontal cristae 7 9.0 (1–28) 6 57 63 (11)
Anterior cristae 12 18.4 (1–85) 14 207 221 (39)
Posterior cristae 13 21.5 (1–79) 15 265 280 (50)

aIncludes dimorphs with one calyx and one or more boutons.
bIncludes dimorphs with two calyces and one or more boutons.
cThe total average number of labeled terminal fields per crista was 7.2.
dIncludes dimorphs with two to four calyces and one or more boutons.
eThe total average number of labeled terminal fields per crista was 17.6.

TABLE 2. Retrogradely Labeled Terminal Fields of Vestibular Primary
Afferent Neurons Projecting to the Vestibulocerebellum: Peristriolar and

Extrastriolar Zones

Type of terminal field
Peristriolar

zone
Extrastriolar

zone
Combined

total (%)

Uvula/nodulus injectionsa

Afferent terminal fields
innervating the utricular
macula (n 5 13 maculae)

408 212 620 (100)

Bouton-only type 1 9 10 (2)
Simple dimorphic typeb 110 69 179 (29)
Complex dimorphic typec 297 134 431 (69)
Calyx-only type 0 0 0

aThe total average number of labeled terminal fields per macula was 48 (range, 2–80).
bIncludes dimorphs with one calyx and one or more boutons.
cIncludes dimorphs with two to seven calyces and one or more boutons.
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schematically in (Fig. 8). All of the labeled dimorph-type
afferent terminals were distributed throughout the pla-
num and lateral slopes of the peripheral zone. In sum-
mary, no terminal fields were observed in the central zone
of any canal end organ after a flocculus injection. We did
not identify any labeled terminal fields in the ten utricular
maculae or the ten saccular maculae that were examined
after ipsilateral flocculus injections.

Comparison of canal afferents projecting to
flocculus and uvula/nodulus

The average total number of labeled terminal fields per
end organ after uvula/nodulus injections (mean, 17.6) was
greater than that found in flocculus-injected animals
(mean, 7.2). When compared across all horizontal, ante-
rior, and posterior canals, that difference is accounted for
primarily by a greater vertical canal afferent projection to
the uvula/nodulus (Tables 1, 2).

Otolith organ primary afferent projections
to the uvula/nodulus

Of the 20 animals that received extracellular injections
of BDA into the uvula/nodulus, successful retrograde
transport of label was obtained in one or more of the
utricular maculae of 9 animals. Labeled terminal fields
within the utricular macula were mapped over the entire
surface of a total of 13 end organs in which the heaviest

Fig. 6. Regional distributions of canalicular primary afferent ter-
minals with central axons that project to the uvula/nodulus of the
cerebellum. The locations and type of transganglionically retrogradely
labeled afferent terminal fields from extracellular injections of BDA
into the uvula/nodulus of the cerebellum are shown in this composite
drawing representing 32 canal cristae from 14 animals. A,B: Side
view (A) and top view (B) of a standard crista ampullares. Note the
dense labeling of the peripheral zone but the conspicuously sparse
labeling of the central zones of both hemicristae. Arrows indicate the
location of the transverse axis. Filled circle, bouton-only afferent; E,
calyx-only afferent; 1, simple dimorphic afferent; open circle, star,
and filled square represent complex dimorphic-type afferents with
two, three, or four calyces, respectively. Only one symbol (regardless
of number of calyces or boutons) is assigned to each labeled neuron
and placed at the approximate centroid of the terminal field.

Fig. 7. Relationship between terminal field type and regional in-
nervation in the utricular macula and crista ampullares. Primary
vestibular afferent neurons labeled from uvula/nodular injections pri-
marily innervated the peristriolar zone of the utricular macula and
the peripheral zones of the crista ampullares. Terminal fields of the
dimorphic type containing two calyces predominated in the maculae,
whereas dimorphic types containing one calyx predominated in the
cristae. No type of dimorphic terminal field ever predominated in the
nonstriolar or central zones. D1–D7, dimorphic type afferent terminal
fields with any number of boutons and one to seven calyces, respec-
tively.
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innervation was labeled within the peristriolar zone (see
Fig. 9B). A total of 620 labeled primary afferent terminal
fields were identified. Of those, 610 were classified as
dimorphic, 10 were bouton-only type, and 0 were calyx-
only type. The dimorphic terminals contained 1 (179 of
610), 2 (189 of 610), 3 (153 of 610), 4 (70/610), 5 (14 of 610),
6 (3 of 610), or 7 (2 of 610) calyces and approximately 2–46
terminal and en passant boutons. Examples are shown in
Figure 9A. The number of labeled terminal fields counted
in an individual utricle ranged between 7 and 132. Exam-
ination of the pooled distribution of labeled terminal fields
in the sensory neuroepithelium clearly indicated minimal
labeling of the medial and lateral extrastriolar zones and
denser labeling of the peristriolar zone. The pattern of
innervation as examined in nine gerbils is mapped sche-
matically in Figure 10. The peristriolar zone in gerbils
comprises approximately 23% of the total surface area of
the utricular macula (Fig. 2). Over two-thirds (408 of 610)
of the dimorphic terminal fields innervated the peristrio-

lar zone, whereas the remaining one-third (202 of 610)
innervated the extrastriolar zone (Figs. 7, 10). Total calyx
counts displayed a similar ratio, with 69% (968 of 1398)
located in the peristriolar and 31% (430 of 1398) located in
the extrastriolar zones. The majority (9 of 10) of the
bouton-only terminals innervated the extrastriolar zone of
the macula (Fig. 10). Labeled terminal fields were also
observed in eight saccular maculae. A composite recon-
struction the saccular maculae was not generated, but our
observations indicate that the number of labeled terminal
fields ranged between 2 and 80 (n 5 8). All dimorphic in
type, these primary afferents appeared to innervate pre-

Fig. 8. Regional distributions of canalicular primary afferent ter-
minals with central axons that project to the flocculus of the cerebel-
lum. The locations and type of transganglionically retrogradely la-
beled afferent terminal fields from extracellular injections of BDA into
the flocculus of the cerebellum are shown in this composite drawing
representing 13 canal cristae from six animals. A,B: Side view (A) and
top view (B) of a standard crista ampullares. Note the dense labeling
of the peripheral zone but the absence of labeling of the central zones
of both hemicristae. Arrows indicate the location of the transverse
axis. 1 and open circles, dimorphic afferent terminal fields with one
and two calyces, respectively. Only one symbol (regardless of number
of calyces or boutons) is assigned to each labeled neuron and placed at
the approximate centroid of the terminal field.

Fig. 9. Retrogradely labeled utricular primary afferent neurons
projecting to the uvula/nodulus of the cerebellum. Primary afferent
neurons were transganglionically retrogradely labeled from an extra-
cellular injection of BDA into the uvula/nodulus of the cerebellum.
Although the typically large-diameter axons and calyx endings of the
calyx-only type afferents were never labeled in the utricle, the dimor-
phic type afferents were well represented with the thinner diameter,
bouton-only type to a much lesser extent. A: Top view of an utricular
macula near the junction of the medial extrastriolar zone and the
peristriolar zone demonstrating several labeled dimorphic type ter-
minals and one bouton-only type terminals. Note the robust labeling
of even the smallest bouton terminals. B, bouton-only afferent termi-
nal; D1, simple dimorphic type, D2–D4, complex dimorphic type affer-
ent terminals with two to four calyces, respectively. B: Top view of a
whole left utricular macula containing approximately 107 labeled
afferent terminal fields. All of the afferent terminal fields here are of
the simple and complex dimorphic type with the number of calyces
ranging from one to seven. Note the dense band of labeling (indicated
by arrows) of the peristriolar zone and minimal labeling of the medial
and lateral extrastriolar zones of the sensory neuroepithelium.
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dominately the region corresponding to the peristriolar
zone in this structure.

To verify that transganglionic labeling of terminal fields
in the central zones of the cristae ampullares could be
achieved, a single, large, extracellular injection of tracer
was made into the vicinity of the SVN. This site is tra-
versed by axons of primary afferents projecting to brain-
stem and cerebellar targets. The injection resulted in
dense labeling of afferent terminal fields primarily located
in the central zones of the cristae and the peristriolar zone
of the utricle (Fig. 11). Thus, the restricted distribution of
labeled, cerebellar-related terminal fields could not have
been due to selective transport failure.

DISCUSSION

These studies provide data on the terminal field struc-
ture and regional distributions of vestibular primary af-
ferent neurons that provide input to the secondary neu-
rons of the vestibulocerebellum and associated reflex
pathways. This is the first time that the peripheral re-
gional distributions of retrograde, transganglionically la-
beled, vestibular, primary afferent neurons projecting
from the cerebellar cortex have been described in mam-
mals. Morphophysiological studies have provided func-
tional correlates associated with afferents with distinctive
types of sensory terminals. Combining those findings with
the current observations, estimates can be made of the
nature of the sensory signals conveyed by direct afferent
inputs to two major cortical organs of the vestibulocerebel-
lum.

Direct canal inputs to second-order neurons
of the uvula/nodulus and the flocculus/

ventral paraflocculus

Our retrograde transganglionic labeling data suggest
that the uvula/nodulus and flocculus of the cerebellum
receive direct input from vestibular primary afferent neu-
rons innervating the crista ampullares of the anterior,
posterior, and horizontal semicircular canals. Consistent
with observations in monkey (Carleton and Carpenter,
1984), the average number of primary afferents labeled
projecting to the uvula/nodulus was greater than the num-
ber associated with the flocculus. The peripheral terminal
distribution of these cerebellar-projecting afferents can be
compared with the morphophysiological studies in the
cristae ampullares of the chinchilla (Baird et al., 1988;
Goldberg et al., 1990, 1992). Assuming that the gerbil is
similar to the chinchilla, we can estimate the discharge
regularity and response dynamics of units providing direct
input to the vestibulocerebellum. The vast majority of the
afferent terminal fields that we labeled from the uvula/
nodulus and every single afferent that was labeled from
the flocculus were of the dimorphic type. Very few bouton-
only afferents and only one calyx-only afferent were la-
beled after uvula/nodulus injections, and none was labeled
after flocculus injections. This suggests that direct canal
input to second-order vestibular neurons in the uvula/
nodulus and the flocculus is derived predominately from
dimorphic-type primary afferents that have been charac-
terized by a wide range of regularity of spontaneous dis-
charge and response gains. There is little to no input from
the intermediate-gain, irregular calyx type afferents and
only minimal input from the low-gain, bouton-only type
afferents. The majority (94% to the uvula/nodulus and
100% to the flocculus) of the dimorphic afferent neurons
innervated the peripheral zone extending from the trans-
verse axis to the planums of the cristae. Comparison with
chinchilla (Baird et al., 1988; Goldberg et al., 1992) sug-
gests that this population consists predominantly of the
lower to intermediate-gain, more regularly firing, tonic
afferents. The minority of the dimorphic neurons inner-
vating the central zone in uvula/nodulus injections is pre-
dicted to be of the irregularly firing, high-gain, and phasic
type. It is also of interest to note that the dimorphic type
terminal fields that were labeled from BDA injections into
the uvula/nodulus possessed between one and four caly-
ces, in contrast to a range of one or two calyces possessed
by similarly labeled, floccular-projecting, afferent neu-

Fig. 10. Regional distributions of utricular afferent terminals with
central axons that project to the uvula/nodulus of the cerebellum. The
locations and type of transganglionically retrogradely labeled afferent
terminal fields from extracellular injections of BDA into the uvula/
nodulus of the cerebellum are shown in this top view of a standard
composite drawing representing 13 utricular maculae from nine ani-
mals. The locations and type of retrogradely labeled afferent terminal
fields from injection sites of BDA into the uvula/nodulus of the cere-
bellum are shown collapsed onto a standard left utricular macula.
Note the dense labeling of the peristriolar zone of the sensory neuro-
epithelium. Only one symbol (regardless of number of calyces) is
assigned to each labeled neuron and placed at the approximate cen-
troid of the terminal field. Symbols: filled circle, bouton-only afferent;
E, calyx-only afferent; 1, simple dimorphic afferent; open circle, star,
filled square, filled hour glass, open diamond, and open square rep-
resent complex dimorphic-type afferents with two, three, four, five,
six, or seven calyces respectively.
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rons. Labeled terminal fields associated with either injec-
tion site were uniformly distributed across the peripheral
zones of the cristae. Differences in morphology between
these two populations may not play as large role in deter-
mining the physiology of these neurons as that played by
their location in the sensory neuroepithelium. If this is the
case, then the physiology of the dimorphic afferent input
to the uvula/nodulus and flocculus still may be similar for
the most part.

We do not believe the absence of large, calyx-only, af-
ferent terminal fields in the central zones of the cristae
and peristriolar zones of the otolith organs is due to prob-
lems in the transport of the tracer or in the labeling
technique. Although the axons of the bouton-only affer-
ents are the smallest of the three types and tend to be the
most difficult to label intracellularly, we successfully la-
beled the terminal fields of these smaller diameter axons
after BDA injections into the cerebellum, suggesting that
there was adequate label transport in these neurons. It
should be noted that we readily labeled a calyx-only, rich
population with extracellular injections of BDA into the
brainstem vestibular nuclei (see Fig. 11). Therefore, it
appears that BDA is transported well in all types of affer-
ent neurons. We must consider the possibility that the
reason we did not label the calyx-only afferent terminal
fields after cerebellar injections is due to a dilutional ef-
fect. Irregular firing afferent neurons typically have larger
diameter, first- through seventh-order axons as well as
typically larger boutons (Sato et al., 1989). Calyx-only
type afferent neurons may also innervate the brainstem in
a more widespread fashion. Both of these factors may
contribute to a larger intracellular volume for dilution of
the dextran amine, thereby reducing the amount trans-
ported to the peripheral terminals in the labyrinth. This
argument remains unresolved, because we identified no
calyx-only afferent terminal fields in our tissue.

The cerebellar cortex of the gerbil consists of an array of
parasagittal zones or bands that have measured 50–250
mm in width after processing for Zebrin II antigenicity
(Puzdrowski, 1997). Each of these zones or bands has a
discrete set of afferent inputs and efferent outputs (Voogd
et al., 1996). Although the data presented above provide
insight into the primary vestibulocerebellar mossy fiber
input to the uvula/nodulus or flocculus, they do not pro-
vide clear information regarding input to particular mi-
crozones or parasagittal zones that form the organiza-
tional basis for channels of information of motion
processing in the cerebellum. This was often due to the
large size of the tracer injections (50–250 mm) as well as
the placement of multiple sites of injection (n 5 3 sites)

Fig. 11. Retrogradely labeled primary afferent neurons from a
brainstem injection. A,B:. Top view (A) and side view (B) of a posterior
crista ampullares. C: Top view of an utricular macula containing
transganglionic retrogradely labeled afferent terminals. In stark con-
trast to regional patterns of innervation observed from isolated cere-
bellar injections, a rostral SVN injection labeled terminal fields con-
centrated in the central zones of all ipsilateral cristae ampullares and
the peristriolar zones of the utricle and saccule. Although individual
counts were not made, the population of labeled afferent terminal
fields is represented predominately by calyx-only type followed by
dimorphic type terminal endings. No bouton-only type endings were
observed. Open arrows and arrowheads indicate the location of the
eminentia cruciata separating the two hemicristae.
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into the uvula/nodulus and the flocculus, resulting in the
spread of tracer beyond the borders of a particular cortical
zone or band.

Direct otolith input to second-order
neurons of the uvula/nodulus

Our retrograde transganglionic labeling data suggest
that the uvula/nodulus of the cerebellum receive direct
input from vestibular primary afferent neurons innervat-
ing the utricular and saccular maculae. The vast majority
of the afferent terminal fields that we labeled with the
uvula/nodulus injections were of the dimorphic type,
whereas very few were of the bouton-only type, and none
was of the calyx-only type (Tables 1, 2). Sixty-seven per-
cent of the labeled dimorphic terminal fields innervated
the peristriolar zone (occupying 20% of the total surface
area of the macula), whereas only 33% innervated the
medial and lateral extrastriolar zones. By comparing pat-
terns of innervation to morphophysiological data from the
chinchilla (Baird et al., 1988; Goldberg et al., 1992), our
data suggest that the primary afferents projecting to the
uvula/nodulus are predominantly (peristriolar) irregular
firing, high-gain, phasic neurons with fewer (extrastrio-
lar), more regular firing, lower-gain, tonic neurons. Ter-
minal fields were distributed among regions where hair
cilliary processes differed widely in orientation. Thus, cer-
ebellar projecting afferents convey signals representing
responses to force vectors oriented across the utricular
plane. The saccule also provides input to the uvula/
nodulus. Although we were unable to fully assess patterns
of innervation, the terminal fields identified were all of the
dimorphic type. No morphophysiological studies of this
organ have been reported. If saccular, dimorphic-type dis-
charge regularity and response dynamics are similar to
those reported for chinchilla utricular afferents, then the
saccular input to the uvula/nodulus may include a wide
range of regularity of spontaneous discharge and response
gains with a bias toward the irregular firing peristriolar
afferent neurons.

Direct otolith input to second-order
neurons of the flocculus

Transganglionic retrograde labeling of utricular and
saccular primary afferent neurons from the flocculus was
not observed in this study. This is in contrast to the
findings of Carpenter et al. (1972) in monkey, in which
ganglion cells that were believed to innervate the utricle
and the saccule were reported to project to regions of the
flocculus. This disparity may represent a labeling tech-
nique problem or a species difference involving lateral-
eyed verses frontal-eyed animals. Using anterograde la-
beling of afferents by microinjection of horseradish
peroxidase or BDA directly into the utricular macula, we
have observed sparse projections to the flocculus and ven-
tral paraflocculus in macaques (unpublished observation).

Comparisons with the reconstruction of
afferent innervation in the chinchilla cristae

Examination of Figure 6 suggests that vestibulocerebel-
lar afferent neurons innervating the central zones of the
cristae are underrepresented. Assuming that the gerbil is
similar to the chinchilla, we may examine combined esti-
mates of hair cell and afferent terminal counts in this
animal. Goldberg et al. (1992) estimated that 14% of all

chinchilla primary afferent neurons innervated the cen-
tral zone and 86% innervated the intermediate and pe-
ripheral zones of the cristae. Correcting for slight differ-
ences in the estimated size of the central zones in the two
species (33% in chinchilla compared with 35% in gerbil), of
the total dimorphs reported in chinchilla, 14.8% inner-
vated the central zone, and 83.4% innervated the noncen-
tral zones. In gerbil, we observed a ratio of 6% of uvula/
nodulus projecting dimorphs innervating the central zone
and 94% innervating the peripheral zones. Thus, it ap-
pears that our sample regional innervation ratio of ves-
tibulocerebellar dimorphic afferents differs from that ob-
tained from whole nerve estimates in chinchilla (Goldberg
et al., 1992), showing a slight shift toward innervation of
the peripheral zones from these injections. To emphasis
the major point of the present study, comparing our ob-
servations with morphophysiological data in chinchilla
(Baird et al., 1988; Goldberg et al., 1990, 1992), approxi-
mately 94% of the afferent inputs to the uvula/nodulus
and 100% of those projecting to the flocculus are expected
to be from the low-to-intermediate gain, tonic, regular-to-
intermediate firing afferent neurons innervating the cris-
tae ampullares.

Functional significance

The current results reinforce the findings of others that
both primary and secondary vestibular inputs converge in
the uvula/nodulus. They also provide new evidence of this
type of convergence within the flocculus. The flocculus has
been implicated in the regulation of plasticity in the ves-
tibuloocular response (VOR). Lisberger (1988) argued that
the VOR in nonhuman primates is controlled through two
major pathways, one of which is important for VOR gain
adaptation. The flocculus has also been implicated in ves-
tibular motor learning in nonprimate species, particularly
in the rabbit (Ito et al., 1982). In preliminary studies, VOR
gain adaptation in gerbils resulted in Fos expression in
the flocculus, which does not occur in nonadapted control
animals (Shinder et al., 1999).

The flocculus receives significant projections from the
vestibular nuclei (Langer et al., 1985; Highstein et al.,
1987; Voogd et al., 1996). A recent study in the rat indi-
cates that this input arises primarily from the vestibular
nuclei bilaterally, with fewer flocculus-projecting neurons
found in the superior vestibular (SVN) and y-group nuclei
(Osanai et al., 1999). Retrograde labeling of an estimated
15% of primary afferent ganglion cells was observed in
that same study. Our current results suggest that, at least
for the superior vestibular nucleus, the primary afferent
input derives from the apical areas of the cristae and the
peristriolar area of the utricle, with the input arising
mainly from phasic-tonic, intermediate gain, irregularly
firing afferents. Because our SVN injection encompasses
most of the nucleus, we presume that the tracer retro-
gradely labeled projections to second-order neurons that
included both flocculus target neurons and flocculus pro-
jecting neurons. Thus, we suggest that the flocculus re-
ceives convergent input from elements that have been
proposed by Lisberger and colleagues to contribute to gain
adaptation through what is referred to as the modifiable
pathway, with the inputs representing the low gain, tonic,
regularly firing, direct primary afferents. Those inputs
that are associated with the unmodified pathway are re-
layed by other vestibular nuclei. Applied against Lisberg-
er’s model (Lisberger, 1988, 1994; Lisberger and Pavelko,
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1988; Lisberger et al., 1994), we propose that the role of
the flocculus in VOR gain adaptation is dependent on its
direct primary afferent input.

In contrast, the mossy fiber vestibular input to the
uvula/nodulus is dominated by convergence among verti-
cal canal and utricular primary afferent projections along
with relayed input from the vestibular nuclei. Lesions of
the uvula and nodulus affect habituation of the vestibu-
loocular reflex (VOR) and optokinetic afternystagmus (Co-
hen et al., 1992; Torte et al., 1994). Both of these lobules of
the cerebellum receive primary and secondary vestibular
afferent input and send projections to the vestibular nu-
clei. Lesion studies also indicate that the uvula/nodulus
acts as a strong inhibitory influence on the vestibular
system (Cohen et al., 1992). In monkey, Angelaki and
Hess (1995) observed a spatial transformation of the an-
gular motion signals of the VOR to regulate its orientation
relative to gravity. Canal-plugging experiments revealed
the velocity storage mechanism driving postrotatory nys-
tagmus receives an inertial reference frame that is con-
structed using otolith and canal signals. Those authors
postulated a central inertial vestibulomotor system (a
term replacing the velocity storage mechanism that uti-
lizes a head-fixed coordinate frame) coding for absolute
head angular velocity in space. Lesions of the uvula/
nodulus preserve horizontal and vertical VOR but elimi-
nate the ability of the vertical canal system (but only part
of the horizontal canal system) to reorient eye velocity
relative to the inertial frame of reference, i.e. gravity.
Therefore, this region of the vestibulocerebellum is pro-
posed to process vestibular signals involved in “maintain-
ing an inertial coding of angular motion in the vertical
canal system” (Angelaki and Hess, 1995). Our anatomical
data indicate that there are heavy primary afferent pro-
jections to the uvula/nodulus that primarily arise from the
vertical canals (89%). Rosenberg and Scudder (1994), who
reported a predominance of vertical plane responses in the
macaque nodulus, also corroborated this.

If the model described by Angelaki and Hess (1995) is
correct and there is convergent processing of vestibular
signals in the uvula/nodulus contributing to an inertial
reference, then there should be a significant and unmod-
ified otolith contribution. Our data show an anatomical
basis for this model and indicate that there is a possible
67%/33% mixture of phasic/tonic afferents, respectively.
These results are consistent both with previous anatomi-
cal studies (Korte and Mugnaini, 1979) and with the ob-
servation of spontaneous positional nystagmus and im-
paired control of otolithic imbalance after ablation of the
uvula/nodulus (Singleton, 1967).

The apparent specificity of the primary vestibular affer-
ent input to the two regions of the cerebellar cortex sug-
gest several functional consequences. An abundance of
functional evidence has implicated the role of the flocculus
in gain adaptation of the VOR to horizontal head rotation.
However, our lack of evidence of otolith-related projec-
tions suggests that the flocculus would not contribute in
the same way to gain adaptation of linear head
acceleration-related VOR. Conversely, the apparent con-
vergence of vertical canal-related as well as otolith organ-
related primary afferents to the uvula/nodulus suggests
that those areas may contribute to such gain modification
for either pure vertical angular acceleration or combined
vertical plane rotation and reorientation with respect to
gravity. Furthermore, one would not expect either the

flocculus or the uvula/nodulus to be involved significantly
in vestibular functions that are dependent on inputs from
the highest gain, phasically responding vestibular affer-
ents.
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