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ABSTRACT

The pigeon vestibulocerebellum is divided into two regions based on the responses of
Purkinje cells to optic flow stimuli: the uvula-nodulus responds best to self-translation, and the
flocculus responds best to self-rotation. We used retrograde tracing to determine whether the
flocculus and uvula-nodulus receive differential mossy fiber input from the vestibular and
cerebellar nuclei. From retrograde injections into the both the flocculus and uvula-nodulus,
numerous cells were found in the superior vestibular nucleus (VeS), the cerebellovestibular
process (pcv), the descending vestibular nucleus (VeD), and the medial vestibular nucleus (VeM).
Less labeling was found in the prepositus hypoglossi, the cerebellar nuclei, the dorsolateral
vestibular nucleus, and the lateral vestibular nucleus, pars ventralis. In the VeS, the differential
input to the flocculus and uvula-nodulus was distinct: cells were localized to the medial and
lateral regions, respectively. The same pattern was observed in the VeD, although there was
considerable overlap. In the VeM, the majority of cells labeled from the flocculus were in rostral
margins on the ipsilateral side, whereas labeling from uvula-nodulus injections was distributed
bilaterally throughout the VeM. Finally, from injections in the flocculus but not the uvula-
nodulus, moderate labeling was observed in a paramedian area, adjacent to the medial longitu-
dinal fasciculus. In summary, there were clear differences with respect to the projections from the
vestibular nuclei to functionally distinct parts of the vestibulocerebellum. Generally speaking,
the mossy fibers to the flocculus and uvula-nodulus arise from regions of the vestibular nuclei
that receive input from the semicircular canals and otolith organs, respectively. J. Comp. Neurol.
508:402—-417, 2008.  © 2008 Wiley-Liss, Inc.

Indexing terms: optic flow; optokinetic; vestibulocerebellum; mossy fibers; visual-vestibular
integration, fluorescent tracers

Information about self-motion arises from both the vi-
sual and vestibular systems. The vestibular apparatus
includes the semicircular canals and the otolith organs,
which are sensitive to head rotation and translation, re-
spectively (Wilson and Melvill Jones, 1979). Gibson (1954)
emphasized that vision can also serve as a proprioceptive
sense. Because the environment contains numerous sta-
tionary visual stimuli, self-motion induces “flowfields” or
“optic flow” across the entire retina. Self-rotation results
in a rotational flowfield that is opposite to the direction of
one’s head rotation, whereas the flowfield resulting from
self-translation consists of a focus of expansion, which is a
point in the direction of translation from which all visual
images radiate outward. A focus of contraction, a point to
which all visual images converge, is created along the axis
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of translation but in the direction opposite to the transla-
tion vector (Fig. 1B).
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Fig. 1. The rotation and translation olivocerebellar zones of the
pigeon vestibulocerebellum (VbC). A: A coronal section through the
pigeon posterior cerebellum. Purkinje cells in the medial and lateral
halves of the VbC (folia IXcd and X) respond to optic flow patterns
resulting from self-translation (light gray) and self-rotation (dark
gray), respectively. In the rotation zone, both the IXcd and X are
collectively referred to as the flocculus. In the translation zone, the
IXcd and X are referred to as the uvula and nodulus, respectively (see
Nomenclature section in Materials and Methods). B: Optic flow pat-
terns resulting from backward self-translation (left) and counterclock-
wise self-rotation about an axis in the horizontal plane (right). The
arrows represent the direction of local image motion in the flowfields.
C: Areas of the medial column (mc) of the inferior olive that project to
rotation and translation zones. The dashed line indicates midline in A
and C. m, medial; 1, lateral; d, dorsal; v, ventral. For additional
abbreviations, see list. Scale bar = 1 mm.
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As illustrated in Figure 1, the vestibulocerebellum
(VbC) in pigeons can be divided into two general regions
based on the complex spike activity (CSA) of Purkinje cells
in response to optic flow stimuli. In the medial half, i.e.,
the ventral uvula and nodulus, Purkinje cells respond to
patterns of optic flow that result from self-translation
(Wylie et al., 1993, 1998; Wylie and Frost, 1999). In the
lateral half, i.e., the flocculus, Purkinje cells respond best
to rotational optic flow patterns (Wylie and Frost, 1993).
The flocculus and uvula-nodulus receive climbing fiber
input from medial and lateral regions of the medial col-
umn (mc) of the inferior olive (I0), respectively (Fig. 1;
Lau et al., 1998; Wylie et al., 1999b; Crowder et al., 2000).
The flocculus and uvula-nodulus also have a differential
projection to the vestibular and cerebellar nuclei (Wylie et
al., 1999a, 2003a,b).

In vertebrates, there is considerable research demon-
strating that the vestibular nuclei project to the VbC. This
has been demonstrated for mammals (Voogd et al., 1996;
Biittner-Ennever, 1999; Ruigrok, 2003; Biittner and
Biittner-Ennever, 2006; Voogd and Barmack, 2006), rep-
tiles (ten Donkelaar, 1998), and frogs (Straka et al., 2001,
2002). Surprisingly, few data are available for birds. Bre-
cha et al. (1980) noted that, after injections of retrograde
tracer into the pigeon VbC, retrogradely labeled cells were
observed in the vestibular nuclei complex, but, as this was
not the focus of their paper, this was the extent of their
description. Arends and Zeigler (1991) noted that after
injections into the VbC in pigeons, retrograde labeling was
found in the superior and descending vestibular nuclei
(VeS, VeD). The most extensive study of this projection
has been of the developing chick by Diaz and Puelles
(2003). After injections into the cerebellum of chick em-
bryos, labeling was most abundant in the VeS, VeD, and
medial vestibular nucleus (VeM).

There is also a primary vestibular projection to the VbC.
In mammals, the projection from the end organs to the
VbC is topographic (Newlands and Perachio, 2003). The
flocculus receives a weak primary vestibular input that is
mainly from the canals, as opposed to the otolith organs
(Kevetter and Perachio, 1986). The primary vestibular
projection is very heavy to the uvula and nodulus and
arises from all canals and both otolith organs. Generally,
the input to the nodulus is heavier from the canals, and
the input to the ventral uvula is from the otoliths (Purcell
and Perachio, 2001; Voogd and Barmack, 2006). In pi-
geons, Schwarz and Schwarz (1983) found that all end
organs projected throughout the VbC, although the pro-
jection was heavier to folium X, as opposed to IXcd. How-
ever, they did not find any differences between the projec-
tions of the utricle or the canals.

The purpose of the present study was to describe the
input from the vestibular nuclei to the VbC in adult pi-
geons by using retrograde tracing techniques. In particu-
lar, we were interested in investigating whether there are
differential projections to the flocculus and uvula-nodulus.
Furthermore, as the flocculus is involved in analyzing the
visual consequences of self-rotation, we predicted that
there would be heavier input to the flocculus from those
areas of the vestibular nuclei receiving input from the
semicircular canals. Likewise, as the uvula-nodulus is
involved in analyzing the visual consequences of self-
translation, we predicted that there would be heavier in-
put to the uvula-nodulus from those areas of the vestibu-
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lar nuclei receiving input from the otolith organs
(Dickman and Fang, 1996; Schwarz and Schwarz, 1986).

MATERIALS AND METHODS
Surgery and tracer injections

The methods reported herein conformed to the guide-
lines established by the Canadian Council on Animal Care
and were approved by the Biosciences Animal Care and
Policy Committee at the University of Alberta. Silver King
and Homing pigeons, obtained from a local supplier, were
anesthetized by an intramuscular injection of a ketamine
(65 mg/kg)/xylazine (8 mg/kg) cocktail. Supplemental
doses were administered as necessary. Animals were
placed in a stereotaxic device with pigeon ear bars and a
beak bar adapter so that the orientation of the skull con-
formed to the atlas of Karten and Hodos (1967). To access
the VbC, the bone surrounding the semicircular canals
was removed, as the dorsal surface of the VbC lies within
the radius of the anterior semicircular canal. The dura
was removed, a glass micropipette (4—5-pm tip diameter)
containing 2 M NaCl was advanced into the flocculus by
using a hydraulic microdrive (Fredrick Haern, Bowdoin-
ham, ME), and extracellular recordings of Purkinje cell
CSA were made.

The optic flow preference of isolated CSA was identified
by moving a large hand-held stimulus (90° X 90°) in var-
ious areas of the visual field (after Winship and Wylie,
2006). By using responses to visual stimuli, we could en-
sure that the electrode was within the flocculus (CSA
responsive to rotational optic flow; Wylie and Frost, 1993),
or the uvula-nodulus (CSA responsive to translational
optic flow; Wylie et al., 1993; Wylie and Frost, 1999).
Subsequently, the recording electrode was replaced with a
micropipette (20-pm tip diameter) containing a retrograde
tracer: either green or red fluorescent latex microspheres
(referred to as Lumafluor; Lumafluor, Naples, FL) or low-
salt cholera toxin subunit B (CTB; List Biological Labora-
tories, Campbell, CA; 1% in 0.1 M phosphate-buffered
saline [PBS], pH 7.4). The red and green latex micro-
spheres fluoresce under rhodamine and fluorescein iso-
thiocyanate (FITC) filters, respectively. The fluorescent
tracers were pressure injected by using a Picospritzer II
(General Valve, Bowdoinham, ME). CTB was injected ion-
tophoretically for 10—15 minutes (+4 pamps, 7 seconds
on, 7 seconds off). After surgery the craniotomy was filled
with bone wax, and the wound was sutured. Birds were
given an intramuscular injection of buprenorphine (0.012
mg/kg) as an analgesic.

After a recovery period of 2-5 days, the animals were
deeply anesthetized with sodium pentobarbital (100 mg/
kg) and immediately perfused with either PBS (0.9%
NaCl, 0.1 M phosphate buffer) for the animals injected
with fluorescent tracers, or PBS followed by 4% parafor-
maldehyde for all other animals. For the animals injected
with fluorescent tracers, the brains were extracted, then
flash-frozen in 2-methylbutane, and stored at —80°C until
sectioned. Brains were embedded in optimal cutting tem-
perature medium, and 40-pum coronal serial sections were
cut through the brainstem and cerebellum with a cryostat
and mounted on electrostatic slides.

Immunohistochemistry

For the animals injected with CTB, the brain was ex-
tracted from the skull, embedded in 4% gelatin, and
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placed in 30% sucrose in 0.1 M PB for cryoprotection. By
using a microtome, frozen serial sections in the coronal
plane (40 pm thick) were collected, and sections were
processed for CTB based on the protocol outlined by Wild
et al. (1993). Sections were initially rinsed in 0.05 M PBS.
They were then washed in a 25% methanol, 0.9% hydro-
gen peroxide solution for 30 minutes to decrease endoge-
nous peroxidase activity. Sections were rinsed several
times in PBS and then placed in 4% rabbit serum with
0.4% Triton X-100 in PBS for 30 minutes.

Tissue was subsequently incubated for 20 hours in the
polyclonal primary antibody anti-Choleragenoid, which is
grown in goat (0.005%; product 703, List Biological Labo-
ratories), with 0.4% Triton X-100 in PBS. When no injec-
tion of CTB is made in the brain, immunohistochemical
processing of tissue with this antibody results in no stain-
ing. Sections were then rinsed in PBS (several times) and
incubated for 60 minutes in 0.16% biotinylated rabbit
anti-goat antiserum (Vector, Burlingame, CA) with 0.4%
Triton X-100 in PBS. Tissue was rinsed several times with
PBS and incubated for 90 minutes in 0.1% ExtrAvidin
(Sigma, St. Louis, MO) with 0.4% Triton X-100 in PBS.
Subsequent to washes with PBS, the tissue was incubated
for 12 minutes in filtered 0.025% diaminobenzidine (DAB)
and 0.006% cobalt chloride in PBS. Then 0.005% hydrogen
peroxide was added to the DAB solution, and the sections
were reacted for up to 6 minutes. The sections were then
rinsed several times with PBS and mounted onto alumi-
num gelatin-coated slides, lightly counterstained with
Neutral Red, and coverslipped with Permount.

Analysis of tissue

The sections were examined by using light or fluores-
cent microscopy as appropriate, with a Leica DMRE
equipped with the appropriate fluorescence filters (rhoda-
mine and FITC). To facilitate comparison across cases, the
rostral tip of the vestibular complex was identified (i.e.,
rostral tip of the VeS) and used as a standard. Images
were acquired by using a Retiga EXi FAST Cooled mono
12-bit camera (Qimaging, Burnaby BC) and analyzed with
OPENLAB imaging software (Improvision, Lexington,
MA). Adobe (San Jose, CA) Photoshop was used to com-
pensate for brightness and contrast. To show the distri-
bution of cells throughout the vestibular nuclei, tracings
were made from low-power photographs of selected sec-
tions (using the FITC filter for the fluorescent cases). The
locations of retrogradely labeled cells were marked by
examining higher power photographs and while observing
the section under the microscope. For the fluorescent
cases, the borders of the vestibular nuclei were traced, as
they were easy to delineate under the FITC filter because
of background autofluorescence. These sections were sub-
sequently stained for Nissl, and the borders were con-
firmed. To obtain the data for the tables (Tables 2-5) the
number of labeled cells was counted from serial sections
through the vestibular and cerebellar nuclei at equal in-
tervals, 250 wm apart. In this quantification, we assume
that the number of terminal rosettes per labeled neuron is
approximately equal.

In the color figures (Figs. 2, 4, 5), the red has been
pseudocoloured magenta, as per Journal policy, to accom-
modate readers with red-green color blindness.
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Nomenclature

As in mammals, the cerebellum in birds is highly foli-
ated but is restricted to a vermis without hemispheres.
Folia IXcd (uvula) and X (nodulus), and the rostrolateral
extension where IXed and X merge to form the auricle
(Au), comprise the VbC. Larsell (1967) considered the
lateral extensions of folium IXcd and X as the parafloccu-
lus and flocculus, respectively. In recent years we (Wylie
and Frost, 1999; Winship and Wylie, 2003; Wylie et al.,
2003a,b) divided the VbC into flocculus, nodulus, and ven-
tral uvula based on function and homology with mam-
mals. Purkinje cells throughout the VbC respond to opto-
kinetic stimulation (e.g., Wylie et al., 1993). In the lateral
half of IXed and X, they respond best to rotational stimuli
about the vertical axis (rVA neurons) or a horizontal axis
oriented 45° to the midline (rH45 neurons). These re-
sponses are essentially identical to those observed in the
mammalian flocculus (Graf et al., 1988; Wylie and Frost,
1993). Indeed the zonal organization, climbing fiber in-
puts, and efferent projections of the rVA and rH45 floccu-
lar zones is remarkably similar among mammals and
birds (Voogd and Wylie, 2004). Thus, we consider these
zones in the lateral half of both IXcd and X as the floccu-
lus. In mammals, a similar phenomenon has occurred:
parts of the cerebellum traditionally included in the ven-
tral paraflocculus are now considered part of the “floccular
region,” “lobe,” or “complex” (Voogd and Barmack, 2006).
More medially, the CSA responds best to translational
optic flow (Wylie et al., 1993, 1998; Wylie and Frost, 1999).
We refer to the medial half of folia IXcd and X as the uvula
and nodulus, respectively or, collectively, as the uvula-
nodulus.

For the vestibular and cerebellar nuclei, we generally
use the nomenclature of Karten and Hodos (1967), with a
few exceptions. According to Karten and Hodos (1967),
there are two cerebellar nuclei: the medial and lateral
cerebellar nuclei (CbM, CbL), although the CbM can be
subdivided further. Arends and Zeigler (1991) identified a
third nucleus, the infracerebellar nucleus (Inf), which is
difficult to distinguish. The Inf lies ventrolateral to the
CbL and dorsal to the dorsolateral vestibular nucleus
(VDL; see also Labandeira-Garcia et al., 1989; Arends et
al., 1991). The indistinct regions between the CbM, CbL,
and the vestibular complex are collectively referred to as
the cerebellovestibular process (pcv). According to Karten
and Hodos (1967), the vestibular nuclear complex consists
of the VeM, the VeS, the descending vestibular nucleus,
the lateral vestibular nucleus, pars dorsalis (VeLd) and
pars ventralis (VeLv), and the VDL. Most of the VeM
consists of parvocellular neurons (VeMpc) and lies dorsal
and medial to the stria acoustica, but part of the VeM lies
ventral to this fiber bundle. Although traditionally consid-
ered part of the VeLv, following the mammalian litera-
ture, we refer to this region as the magnocellular VeM
(VeMmc; Epema et al., 1988). For convenience, we refer to
the rostral and caudal extremes of the VeMpc as the VeMr
and VeMc, respectively. Dickman and Fang (1996) consid-
ered the VDL to be the dorsal extension of the VeLv. The
VDL has been compared with the mammalian group y
based on its oculomotor connections.

Dickman and Fang (1996) also identified groups A and
B in pigeons, based on earlier studies in chickens (Wold,
1976). In our material, we could not reliably identify these
groups A and B; thus, following others (Diaz et al., 2003)
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TABLE 1. Single and Double (Both Red and Green Fluorescent
Microspheres) Injected Cases

Single injection cases

Case Location Tracer
Fl#1 Flocculus CTB Unilateral
Fl#2 Flocculus CTB Unilateral
Fl#3 Flocculus CTB Bilateral
UVN#1 Uvula CTB Bilateral
UVN #2 Nodulus CTB Unilateral
UVN #3 Nodulus CTB Unilateral
UVN #4 Uvula CTB Bilateral
UVN #5 Nodulus CTB Unilateral
UVN #6 Uvula Green, Lumafluor Unilateral
UVN #7 Uvula Green, Lumafluor Bilateral
UVN #8 Uvula Green, Lumafluor Bilateral
Double injection cases

Red Green
Case injection injection
Fl+Fl#1 Left flocculus Unilateral Right flocculus Unilateral
F1+F1#2 Left flocculus Unilateral Right flocculus Unilateral
F1+F1#3 Left flocculus Unilateral Right flocculus Unilateral
Fl+Fl#4 Right flocculus Unilateral Left flocculus Unilateral
F1+Fl#5 Left flocculus Unilateral Right flocculus Unilateral
F1+UVN#1 Uvula Bilateral Right flocculus Unilateral
F1+UVN#2 Left uvula® Unilateral Right flocculus Unilateral
F1+UVN#3 Right uvula?® Unilateral Right flocculus Unilateral
F1+UVN#4 Left flocculus Unilateral Uvula Bilateral

IThere was minimal spread into the left flocculus.
2There was some spread of the tracer into the right flocculus.
For abbreviations, see list.

groups A and B are included with the VeS and tangential
nucleus (Ta), respectively. The Ta is a collection of large
neurons that lies medially to the root of the vestibular
nerve. Arends et al. (1991) suggested that the medial Ta
corresponds to a group of oculomotor-projecting neurons
on the border of the VeM and VeL in mammals (Carleton
and Carpenter, 1983; Sato and Kawasaki, 1987). Previous
reports suggest that the Ta does not project to the cere-
bellum (Cox and Peusner, 1990; Arends and Ziegler,
1991).

For the nomenclature of the subdivisions of the inferior
olive, we relied on Arends and Voogd (1989). The inferior
olive consists of the dorsal and ventral lamella, which are
joined medially by the medial column (mcIO). The mcIO
projects topographically to the VbC (Wylie et al., 1999b;
Crowder et al., 2000).

RESULTS

The results are based on 20 cases in total. There were 11
single injection cases in which CTB (n = 8) or green
Lumafluor (n = 3) was injected into either the flocculus or
the uvula-nodulus, in addition to 9 double-labeling cases
in which red and green Lumafluors were used. Table 1
gives details with respect to the tracers used and the
locations of the injections sites for all cases. Retrograde
labeling was abundant in the cerebellar and vestibular
nuclei (Fig. 2). There were no appreciable differences with
respect to the distribution of retrograde labeling between
the cases involving the use of CTB as opposed to the
Lumafluor, but there were clear differences with respect
to the distribution of labeling from injections in the floc-
culus and uvula-nodulus.

Figure 2A—H shows examples of the retrograde labeling
from injections of red and green Lumafluor into the floc-
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culus and uvula-nodulus. After describing our evaluation
of the injection sites, we describe the distribution of mossy
fiber inputs to the uvula-nodulus vs. the flocculus sepa-
rately. Subsequently we will consider the double injection
FI1+UVN cases, which allow a direct comparison of mossy
fiber inputs to the flocculus vs. uvula-nodulus.

Evaluation of the injection sites and olivary
labeling

The desire was to restrict injections to either the floc-
culus or uvula-nodulus. The injections of the Lumafluors
were quite easy to delineate, as they had well-
circumscribed borders. Figure 21 and J shows injections of
green Lumafluor in the uvula and red Lumafluor in the
auricle (Au) of the flocculus, respectively. The injections
with CTB were more difficult to evaluate as the borders
were often indistinct, as is evident with the injection in
the flocculus shown in Figure 2K. In particular, with in-
jections in the cerebellar granular layer, the CTB is trans-
ported anterogradely along the parallel fibers. Thus, it is
difficult to assess the extent to which the injection spread
into the molecular layer. In addition to simple observation
of the extent of the injection site in coronal sections, we
also relied on the location of retrograde labeling in the
contralateral mcIO in determining the location of the in-
jection site.

Previous studies have shown that the flocculus and
uvula-nodulus receive differential input from the mcIO
(Arends and Voogd, 1989; Lau et al., 1998; Wylie et al.,
1999; Crowder et al., 2000). The input to the flocculus
arises from the most dorsomedial regions of the mclO,
whereas that to the uvula-nodulus arises from the adja-
cent lateral region. Especially in caudal regions, the fas-
cicles of the 12th cranial nerve separate those olivary
neurons projecting to the flocculus and uvula-nodulus.
Figure 2D shows labeling in the rostral part of the mcIO
from an injection of red tracer into the flocculus and green
tracer into the uvula-nodulus. The resultant retrograde
labeling is clearly restricted to two separate, but adjacent,
regions. The labeling in the inferior olive was critical in
determining whether an injection in the uvula-nodulus
crossed the midline, as would be evident by bilateral la-
beling.

Retrograde labeling from injections into the
uvula-nodulus

There were eight cases involving single injections into
the flocculus (UVN#1-8) in addition to four other double-
labeling cases to consider (F1+UVN#1-4; Table 1). Of
these 12 cases, 6 were unilateral, and in only 2 did the
labeling in the mcIO indicate that there was spread of the
tracer into the flocculus (F1+UVN#2 and 3). The amount
of labeling through the vestibular and cerebellar nuclei is
quantified in Table 2 based on data from four of the
unilateral injections and four of the bilateral injections.
We also include a quantification of the labeling in the
paramedian area (PMA), as there was substantial labeling
in this region from injections into the flocculus (see below).
From Table 2, it is evident that the distribution of labeling
from uvula-nodulus injections was highly consistent be-
tween cases and that the labeling was bilaterally symmet-
ric. Across all cases, most of the labeling was found in the
VeM (26.7%), VeD (25.1%), and VeS (19.8%). A moderate
amount of labeling was also found in the pcv (12.3%), but
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less was seen in the VeLv, VDL/INF, ph, CbL, CbM, and
PMA.

Drawings of coronal sections from case UVN#4 are used
to illustrate the typical pattern of labeling from injections
in the uvula-nodulus. Figure 3 shows data from this case
in which the injection site was located caudally in the
uvula (folium IXcd; Fig. 3A). There were no appreciable
differences between cases in which the injection was re-
stricted to the uvula vs. the nodulus. The medial VbC on
the left side was targeted, but clearly there was spread
across the midline. This was confirmed by the observation
that retrograde labeling in the inferior olive was bilateral
(Fig. 3B). However, all olivary labeling was found in the
lateral mcIO and not the medial portion of the mclIO,
indicating that the flocculus was spared. Labeling was
found bilaterally in the vestibular and cerebellar nuclei,
and because the pattern of labeling was bilaterally sym-
metric (see also Fig. 5), only the left side of the brain is
shown. The labeling in the VeS was restricted to the
lateral half, and appeared as a strip spanning the dorso-
ventral extent (Fig. 3G—J). Caudally this strip persisted
such that the lateral half of the pcv was labeled (Fig. 3G).
Labeling was found throughout the VeD, but there was a
lateral emphasis to this distribution (Fig. 3C—J). Of the
labeling in the VeM, most was in the VeMpc, but also in
the VeMc, VeMmec, and VeMr (Fig. 3D—J). Some labeling
was found in the CbM, with an emphasis in the lateral
regions (Fig. 3E-G). A few cells were also found in the
VeLv (Fig. 3H,I) but rarely in the VDL, ph, Inf, or CbL. A
few cells were seen among the fibers coursing through the
medial Ta, where the borders between the Ta, VeLv, and
VeD are indistinct (Fig. 3F-H).

Fig. 2. Neurons retrogradely labeled from injections of red and
green fluorescent tracers in the vestibulocerebellum (VbC). The “red”
injection and labeled cells have been pseudocoloured magenta to
accommodate readers with red-green color blindness. A: Retrograde
labeling in the medial column of the inferior olive (mcIO). The red and
green cells are labeled from injections in the flocculus (i.e., rotation
zone) and uvula-nodulus (i.e., translation zone), respectively. The
white lines indicate the fibers of the 12th cranial nerve (XII). Note
that those neurons projecting to the flocculus are found medial to
those projecting to the uvula-nodulus. B: Retrograde labeling in the
extreme rostral portion of the medial vestibular nucleus (VeMr) from
an injection into the ipsilateral flocculus. C: Retrogradely labeled
neurons along the wall of the fourth ventricle from an injection of
green tracer into the ipsilateral flocculus. (Red beads were injected
into the contralateral uvula-nodulus). D: The course this band of cells
takes as one moves caudally. The cells line the roof of the brainstem,
and there is a clustering of cells in the caudal extreme of the cerebell-
ovestibular process (pcv) and the dorsolateral vestibular nucleus
(VDL). E: Labeling in the superior vestibular nucleus (VeS) from an
injection of red tracer into the contralateral uvula-nodulus and green
tracer into the ipsilateral flocculus. The green labeling medial to this
is located in the extreme rostrodorsal margin of the parvocellular
medial vestibular nucleus (VeM). F: Labeling in the VeS from injec-
tions of red tracer into the ipsilateral flocculus and green tracer into
the contralateral flocculus. Note that, en masse, the distribution of the
ipsi-projecting cells is more medial to that of the contra-projecting
cells. G: Labeling caudally in the VeD from injections in the uvula-
nodulus (red) and flocculus (green). H: Labeled cells within the fibers
of the medial longitudinal fasciculus (FLM) from an injection in the
flocculus. The dashed line in H indicates midline. Arrows indicate
double-labeled cells, which appear white. I: Injection of green Lu-
mafluor caudally in the uvula (IXcd). J,K: Injections of red Lumafluor
and cholera toxin subunit B (CTB) in the flocculus, respectively. m,
medial; 1, lateral. For additional abbreviations, see list. Scale bar =
100 pm in A-H; 500 pm in I-K.
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TABLE 2. Distribution of Labeling in the Vestibular and Cerebellar Nuclei
From Injections in the Uvula-Nodulus®

% Retrogradely labeled cells
(mean *+ SEM)

Total®

Ipsilateral®* Contralateral® Mean + S.E.M.
VeM 13.2 £ 1.7 14.5 £ 2.7 276+ 19
VeS 79+*0.8 10.6 = 0.9 19.8 £ 1.7
pev 6.2+ 1.8 54 +0.7 123 +1.2
VeLv 1.6 =04 24+04 3.6 £0.7
VeD 14.2 £ 1.7 12.0 £ 1.5 25.1*1.6
VDL/INF 0.9 £0.2 09 *0.1 2.0+0.2
Ph 0.7+ 0.3 1.0+ 04 1.3+0.3
CbM 2.1+0.8 25*04 5.2+ 0.7
CbL 0.2 +0.2 0 0.2+0.1
PMA 1.7 £ 0.7 21+08 29+0.8
Total 48.6 = 2.0 514 =20

IThe percents are shown for the nuclei ipsilateral (I) and contralateral (C) to the
injection site, for four cases. A bilateral total is also shown for each nucleus. For
abbreviations, see list.

?Based on data from four unilateral injections.

3Based on data from eight cases (four unilateral injections and four bilateral injections).

Retrograde labeling from injections into the
flocculus

The pattern of retrograde labeling from injections into
the flocculus is based on 17 injections from 12 cases: three
cases with unilateral injections of CTB (cases F1#1-3), five
double injection cases in which red and green Lumafluor
were injected on opposite sides of the brain (F1+FI#1-5),
and four double injection cases in which an injection in the
flocculus was paired with an injection in the uvula-
nodulus (cases FI+UVN#1-4; Table 1). The amount of
labeling through the vestibular and cerebellar nuclei is
quantified in Table 3 for eight flocculus injections. The
pattern of labeling from all cases was highly consistent. As
opposed to the injections in the uvula-nodulus, which re-
sulted in bilaterally symmetric labeling, from the flocculus
injections, most of the labeling was found on the side of the
brain ipsilateral to the injection site (65.5%). By far the
most abundant labeling was found in the ipsilateral VeM
(25.7%). Much less labeling was seen in the contralateral
VeM (4.4%). A moderate amount of labeling was also seen
in the ipsilateral pcv (10.9%, compared with 4.2% in the
contralateral pcv) and bilaterally in the VeS (17.4% total).
The VeD also contained a moderate amount of labeling,
with slightly more on the ipsilateral side (9.4% vs. 5.9%).
A moderate amount of labeling was also seen bilaterally in
the PMA (15.6% total).

Drawings of coronal sections from case F1+F1#3 are
shown in Figure 4. Red tracer was injected into the right
flocculus, and green was injected in the left flocculus (Fig.
4B-G). On the left side, the injection included both the
IXcd and X, whereas on the right side, the injection was
mostly in the IXcd. Both injections extended rostrally into
the auricle (Fig. 4F,G). The olivary labeling was confined
to the dorsomedial region of the mcIO, as expected (Fig.
4A). The heavy labeling in the ipsilateral VeM was con-
centrated in the rostral VeMpc (VeMr; Fig. 4H,I; see also
Fig. 2B,E). The remainder of the VeM labeling was mostly
in the caudal parts of the VeMpc, extending into the VeMc
(Fig. 4C,D). This labeling was bilateral, but more was
found ipsilateral to the injection. There was little labeling
in the ipsilateral VeMmc, and surprisingly little in the ph
(Fig. 4D-F). Heavy labeling was observed in the medial
two-thirds of the VeS (Fig. 4G,H). This labeling was bilat-
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eral, but it was clear that the distribution of cells labeled
contralateral to the injection site was slightly lateral to
that labeled ipsilateral to the injection site (Fig. 4G,H; see
also Fig. 5I). Dorsal to the nucleus laminaris, a rather
dense band of cells was labeled in the wall of the fourth
ventricle ipsilateral to the injection (Fig. 4F,G; see also
Fig. 2B). This band of labeling appeared to be continuous
with those cells in the extreme dorsal region of the VeMr
(Fig. 4H) and continued caudally and laterally along the
roof of the brainstem (Fig. 4F,G; see also Fig. 2D).

Many of these cells could be ascribed to the pcv, dorsal
to the extreme caudal point of the CbL (Fig. 4F), whereas
others were found within the caudal aspect of the VDL
(Fig. 4E; see also Fig. 2D). Labeling was found throughout
the VeD, although there was a paucity of labeling in the
ventrolateral margin (Fig. 4C,D; see also Fig. 2G). More of
the labeling in the VeD was ipsilateral to the injection.
Caudally, there was moderate labeling bilaterally in the
paramedian region, adjacent to the medial longitudinal
fasciculus (FLM; Fig. 4B-D). Many of these cells were
within the fascicles of the FLM (Fig. 2H) and were clearly
caudal to the abducens nucleus, but did not extend as far
as the nucleus of the hypoglossal nerve. There were very
few labeled cells in the CbM, CbL, VeLv, Ta, and Inf.

Individual cells projecting bilaterally to the
flocculus

In cases involving injections of different colors of fluo-
rescent tracer into the flocculus on opposite sides of the
brain (i.e., cases FIl+Fl#1-5), the number of double-
labeled cells (indicating individual neurons collateralizing
and innervating the flocculus bilaterally) was quantified
for two cases in Table 4. Expressed as a percentage of the
lower total, only 11.3% and 6.2% of the cells were double-
labeled in these cases. Double-labeled cells were found in
the VeM, VeS (Fig. 2F), pcv, VeD, and PMA. However, it
only in the ph was a substantial proportion of cells double-
labeled in both cases (6 of 21, 5 of 14).

Direct comparisons of labeling from
injections into the flocculus vs. uvula-
nodulus

To compare the pattern of retrograde labeling directly
from injections in the flocculus vs. the uvula-nodulus,
there were four cases in which different colors of fluores-
cent tracer were injected in the flocculus and uvula-
nodulus (FI+UVN#1-4; Table 1). In Figure 5, represen-
tative data are shown from case FI+UVN#2, in which
green tracer was injected into the right flocculus (Fig.
5J,K), and red tracer was injected into the left uvula-
nodulus (Fig. 5D-H). In the inferior olive, green retro-
gradely labeled cells were found medially in the left mcIO,
indicating that this injection spared the uvula-nodulus.
Cells retrogradely labeled red were densely packed later-
ally in the right mcIO among the fibers of the 12th cranial
nerve, consistent with an injection in the medial VbC.
However there were a few labeled cells more medially in
the mclO, indicating that there was some spread of the
injection laterally into the flocculus. As there was not
heavy labeling in the VeMr typical of flocculus injections
(e.g., Fig. 5J,K, green cells), we concluded that the en-
croachment of the red injection on the flocculus was min-
imal. There were a few red cells labeled caudally in the left
10 (Fig. 5B), indicating that there was some spread of the
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Fig. 3. Retrograde labeling in the vestibular nuclei, cerebellar
nuclei, and reticular formation from a CTB injection in the uvula of
the medial vestibulocerebellum (VbC). Drawings of coronal sections,
caudal to rostral, illustrate the extent of the injection site (A, shaded
gray), the labeling in the inferior olive (B), and the extent and distri-
bution of labeling in the vestibular and cerebellar nuclei (C-J). Each

injection across the midline. Thus, this injection was by
and large a unilateral injection in the uvula-nodulus con-
tralateral to the green injection in the flocculus.

The distribution of retrogradely labeled cells from the
uvula-nodulus and flocculus injections was highly similar
to that observed in Figures 3 and 4, respectively. This case
effectively offers a direct comparison of the differences
between the uvula-nodulus and flocculus with respect to

dot represents the location of a retrogradely labeled neuron. As the
injection was bilateral, and there were no appreciable differences
between labeling on the right and left sides of the brain, only the left
side is shown. C—J are approximately 300 wm apart. For abbrevia-
tions, see list. See text for a detailed description. Scale bar = 0.5 mm
in B (also applies to A,D-J).

the pattern of labeling and is representative of the four
cases. Rostrally, in the ipsilateral VeMr, labeling was
heavy from the flocculus injection (Fig. 5J,K). More cau-
dally in the VeM, there was bilateral labeling from both
injections but generally more labeling from the uvula-
nodulus injection (Fig. 5E-I). In the VeS, those cells la-
beled from the flocculus and uvula-nodulus were located
in the medial and lateral VeS, respectively. Especially in
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TABLE 3. Distribution of Labeling in the Vestibular and Cerebellar Nuclei
From Injections in the Flocculus®

% Retrogradely labeled cells (mean = SEM)

Ipsilateral Contralateral

VeM 25721 44*11
VeS 8.5+ 0.8 89*12
pev 109 £ 1.3 42=*08
VeLv 0.6 £0.1 0.7*0.2
VeD 94 +1.1 59=*0.6
VDL/INF 14+03 04=*0.1
Ph 12+04 1.2*+03
CbM 0.4+0.2 04=*0.2
CbL 0 0

PMA 73+1.1 83=*15
Total 65.5 = 1.5 345+ 15

The percents are shown for the nuclei ipsilateral (I) and contralalateral (C) to the
injection site, for eight flocculus injections. For abbreviations, see list.

the VeS ipsilateral to the flocculus, there was little overlap
in this regard (Fig. 5J; see also Fig. 2E). The medial-
lateral segregation of cells labeled from the flocculus and
uvula-nodulus continued dorsally into the pcv, and the red
cells labeled from the uvula-nodulus also extended into
the lateral margin of the CbM (Fig. 5J,K).

There was more labeling in the VeLv from the uvula-
nodulus injection (Fig. 5G,H), consistent with the quanti-
tative data presented in Tables 2 and 3. In the VeD,
labeling was heavier from the uvula-nodulus compared
with that to the flocculus. There were slight biases in
these distributions. Generally, the labeling from the
uvula-nodulus was more lateral than that from the floc-
culus (Fig. 5D-H). This was most apparent in the ventro-
lateral extreme of the VeD, where labeling was almost
exclusively from the uvula-nodulus (Fig. 5D-F; see also
Fig. 2G). Finally, in the paramedian region adjacent to the
FLM, there was clearly more labeling from the flocculus
injection (Fig. 5D-F).

Individual cells projecting to the flocculus
and uvula-nodulus

From the cases involving injections of red and green
Lumafluor into the flocculus and uvula-nodulus, some
double-labeled cells were observed in the vestibular and
cerebellar nuclei. We quantified this for cases F1+UVN#1,
3, and 4 in Table 5. Case F1+UVN#2 was excluded from
this analysis because there was spread of the uvula-
nodulus injection into the ipsilateral flocculus, indicated
by numerous double-labeled cells in the medial mcIO and
VeMr. Expressed as a percentage of the lower total, only
15.7, 6.3, and 7.4% of the cells were double-labeled in
these three cases (average = 9.8%). The double-labeled
cells did not appear to be localized to particular regions
within cases or to have a consistent distribution across
cases. They were found in all the sites of substantial
labeling: the VeM (7-22%), VeS (2—22%), pcv (6—22%),
VeD (8-20%; Fig. 2G), and PMA (2-26%). Thus, we con-
clude that only a minority of cells project to both the
flocculus and uvula-nodulus.

DISCUSSION

We have shown that the regions of the pigeon VbC that
contain cells responsive to translational and rotational
optic flow, i.e., uvula-nodulus and flocculus, receive differ-
ential projections from the vestibular and associated nu-
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clei. Generally, the projection to the flocculus was stronger
from the ipsilateral side by a margin of 2 to 1, whereas the
input to uvula-nodulus was equal from the ipsi- and con-
tralateral sides. The differential projection was most dis-
tinct in the VeS. Retrogradely labeled cells were found in
the medial half of the VeS after injections into the floccu-
lus and in the lateral half after injections into the uvula-
nodulus. A similar pattern was observed in the VeD, al-
though there was considerable overlap. In the VeM, from
injections in the flocculus, heavy labeling was observed
mainly in the VeMr. More caudal areas of the VeM project
to both the uvula-nodulus and flocculus, with a heavier
projection to the uvula-nodulus.

Comparison with mammals

There are few studies on the vestibulocerebellar projec-
tions in birds, but the results of the present study and that
of Diaz and Puelles (2003) suggest that the projection is
highly conserved. Generally, the vestibulocerebellar pro-
jection originates mainly in the VeS, VeD, and VeM in
birds, reptiles (ten Donkelaar, 1998), frogs (Straka et al.,
2001, 2002), and mammals (Voogd et al., 1996; Biittner-
Ennever, 2000; Ruigrok, 2003; Biittner and Biittner-
Ennever, 2006; Voogd and Barmack, 2006).

The question of differential projections to the flocculus
vs. uvula-nodulus in mammals was addressed directly by
Epema et al. (1990). They used double fluorescent retro-
grade techniques and found that the projections to the
uvula-nodulus were quite similar to that of the projection
to the flocculus in rabbits. The origin of the projections
included the central VeS, the rostral VeM, and caudal
portions of both the VeD and VeM. By using CTB as a
retrograde tracer in rats, Ruigrok (2003) basically con-
firmed these results. The projection to the nodulus was
mainly from the VeMpc (~45%) and ph (~15%) but also
included the VeS and VeD. Most labeled cells from injec-
tions into the flocculus were also in the VeM (~20%), and
others were observed in the VeD and VeS. However, a
differential projection from the vestibular nuclei to the
uvula-nodulus vs. flocculus akin to what we observed in
the pigeon was not seen in rabbits by Epema et al. (1990).
The only exception may be the fact that group X in rabbits
projected exclusively to the uvula-nodulus but not the
flocculus. We did not distinguish group X in pigeons, but in
the lateral margin of the VeD, which is where group X
resides in mammals, there was heavier labeling after in-
jections in the uvula-nodulus compared with the flocculus
(Figs. 2G, 3E,F, 5E,F).

Epema et al. (1990) found that few neurons were
double-labeled after paired injections of retrograde tracers
into the flocculus and uvula-nodulus in rabbits (2-12%).
This is similar to what we found in the present study
(6-16%). Also common to the two studies, the double-
labeled cells were not localized to any particular region(s),
rather, the distribution of the double-labeled cells was
similar to that of single-labeled neurons.

The flocculus in pigeons and mammals seems virtually
identical, based on function and connectivity (Voogd and
Wylie, 2004). As in pigeons, the mammalian flocculus
consists of neurons that respond best to rotational optic
flow (i.e., r'VA and rH45 neurons; Graf et al., 1988; Wylie
and Frost, 1993) arranged in parasagittal zones (Tan et
al., 1995; Winship and Wylie, 2003). Moreover, the effer-
ent projection of the zones and the topography of the
climbing fiber inputs are quite similar (Ruigrok et al.,



Fig. 4. Retrograde labeling in the vestibular nuclei, cerebellar nuclei,
and reticular formation from injections in the flocculus. Drawings of coronal
sections, caudal to rostral, illustrate the extent of the injection site (B—-G, red
and green shading), the labeling in the inferior olive (A), and the extent and
distribution of labeling in the vestibular and cerebellar nuclei (B-I). Each
shape represents the location of a retrogradely labeled cell and is color-coded

to the injection site (green squares and red circles; the “red” injection and
labeled cells have been pseudocoloured magenta to accommodate readers
with red-green color blindness). Double-labeled cells obtained from the ad-
jacent section are shown as orange stars. B-I are approximately 350 pm
apart. For abbreviations, see list. See text for a detailed description. Scale
bar = 1 mm in A (applies to A-I).



Fig. 5. Retrograde labeling in the vestibular nuclei, cerebellar
nuclei, and reticular formation from injections in the ventral uvula
and flocculus. Drawings of coronal sections illustrate the extent of the
injection site (C—J, red and green shading), the labeling in the inferior
olive (A,B), and the extent and distribution of labeling in the vestib-
ular and cerebellar nuclei (C-J). Each dot represents the location of a
retrogradely labeled cell and is color-coded to the injection site (green
squares and red circles; the “red” injection and labeled cells have been

pseudocoloured magenta to accommodate readers with red-green
color blindness). Double-labeled cells obtained from the adjacent sec-
tion are shown as orange stars. The green injection was confined to
the right flocculus. The red injection was primarily in the ventral
uvula on the left side but crossed the midline and extended laterally
to encroach upon the left flocculus. C—J are approximately 400 mgr;m
apart. For abbreviations, see list. Scale bar = 1 mm in J (applies to
A-J).



The Journal of Comparative Neurology

PROJECTIONS TO THE PIGEON VESTIBULOCEREBELLUM

1992; Wylie et al., 1999b; Pakan et al., 2005). Despite the
striking similarity of the flocculus in birds and mammals,
the same cannot be said of the uvula-nodulus. We must
caution that a direct comparison between the present
study and previous mammalian studies may not be en-
tirely appropriate because of differences with respect to
the uvula-nodulus. In pigeons, the uvula-nodulus is dis-
tinguished by Purkinje cell CSA that responds best to
patterns of translational optic flow (Wylie et al., 1993,
1998; Wylie and Frost, 1999). However, in rabbits, Pur-
kinje cell CSA responds best to either rotational optic flow
or head tilt originating in the otolith organs (Shojaku et
al., 1991; Barmack and Shojaku, 1992, 1995).

Yakusheva et al. (2007) recently recorded Purkinje cell
activity in the uvula-nodulus of monkeys during tilt,
translation, and their combinations, as well as during
earth-vertical and earth-horizontal axis rotations. Their
data suggested that most cells encode translational mo-
tion rather than net gravitoinertial acceleration. Thus,
although there is similarity between the pigeon and mam-
malian uvula-nodulus with respect to processing transla-
tional motion, the species similarities are not as striking
as for the flocculus. Moreover, in mammals it is clear that
there are differences between the uvula and nodulus with
respect to mossy fiber input (see Voogd and Barmack,
2006 for review).

Surprisingly, we found relatively few labeled cells in the
ph from our injections. In mammals, the ph provides al-

TABLE 4. Number of Double-Labeled Cells From Injections of Red and
Green Microspheres in the Flocculus on Opposite Sides of the Brain!

F1+F1#3 F1+Fl#5

No. of double-labeled
cells
(lower count)

No. of double-labeled
cells
(lower count)

VeM 17 (178) 1(105)
VeS 13 (85) 2 (56)
pev 3(49) 2 (69)
VeLv 1(10) 0(1)
VeD 12 (92) 1(40)
VDL/INF 0(4) 0(5)
Ph 6(21) 5(14)
CbM 0(3) 0(2)
CbL 0(0) 0(0)
PMA 2 (36) 11 (63)

Total 54 (478) = 11.3% 22 (355) = 6.2%

1S0 that this can be expressed as a proportion, the lower of the total number of neurons
in a given nucleus from the two injections is indicated in parentheses. For abbrevia-
tions, see list.

413

most 20% of the mossy fiber input to the flocculus and is on
the order of 5-20% to the uvula and nodulus (Akaogi et al.,
1994; Ruigrok, 2003). A cerebellar projection from the
presumed homologue of th eph has also been reported in
the developing frog (van der Linden and ten Donkelaar,
1987).

Although we did not offer an exhaustive description of
projections from the reticular formation, the density of
labeling caudally in the region of the FLM from flocculus
injections was impressive. After injections into the uvula-
nodulus, labeling in this region was sparse. Ruigrok
(2003) also noted that the projection from “MLF neurons”
was twice as heavy to the flocculus compared with the
nodulus. These neurons likely correspond to the parame-
dian tract (PMT) neurons described by Biittner-Ennever,
Horn, and colleagues (Bittner-Ennever et al., 1989;
Biittner-Ennever, 1992; Biittner-Ennever and Horn, 1996;
Horn, 2006). PMT neurons are described as lying “slightly
lateral within the fibers of paramedian tracts” (Horn,
2006), which matches the description of those cells ob-
served in the present study. In mammals there are several
PMT groups that project to the flocculus scattered rostro-
caudally within the FLM from the level of the abducens
nucleus to the hypoglossal nucleus. The cells we observed
in this region do not appear to reside in distinct clusters,
and most were well caudal to the abducens nucleus but did
not extend as far caudal as the hypoglossal nucleus. Thus
these cells may be homologous to the mid-caudal PMT
groups such as the nucleus pararaphales (Horn, 2006).

Comparison with efferent projections of the
vestibulocerebellum

Wylie et al. (1999a) investigated the projections of Pur-
kinje cells in the flocculus vs. uvula-nodulus in pigeon (see
also Wylie et al., 2003a,b). Purkinje cells project exclu-
sively to the vestibular and cerebellar nuclei on the ipsi-
lateral side of the brain. In the present study we found
that the vestibular and cerebellar nuclei project bilater-
ally to the uvula-nodulus, with approximately equal
weight from the ipsilateral and contralateral sides. The
projection to the flocculus is also bilateral, although much
heavier from the ipsilateral side (2:1). These projections
are summarized in Figure 6B along with the results of the
present study (Fig. 6A) to allow a direct comparison of the
Purkinje cell efferents and mossy fiber afferents of the
uvula-nodulus (blue) and flocculus (yellow). The projec-
tions of the different regions of the VbC to the vestibular

TABLE 5. Number of Double-Labeled Cells From Injections of Red and Green Microspheres in the Flocculus and Ventral Uvula®

F1+UVN#2

No. of double-labeled cells
(lower count)

F1+UVN#4 F1+UVN#1

No. of double-labeled cells

No. of double-labeled cells

(lower count) (lower count)

VeM 9 (120)
VeS 2(102)
pev 6(104)
VeLv 0(6)
VeD 6 (70)
VDL/INF 2(12)
Ph 1(20)
CbM 0(0)
CbL 0(0)
PMA 12 (46)
Total 38 (600) = 6.3%

21 (150) 44 (200)
3 (45) 35 (157)
7(59) 25 (126)
1(2) 0(2)
7(73) 25 (126)
2(11) 3(18)
0(6) 0(2)
0(0) 127
0(0) 0(0)
1(69) 3(19)

42 (565) = 7.4% 136 (867) = 15.7%

1So that this can be expressed as a proportion, the lower of the total number of neurons in a given nucleus from the two injections is indicated in parentheses. For abbreviations,

see list.
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Fig. 6. A schematic summary of the distribution of afferents and
efferents of the vestibular nuclei, compiled from the present study and
indicated on idealized coronal sections from Karten and Hodos (1967).
A: Projections of the vestibular nuclei to either the flocculus (yel-
low), the uvula-nodulus (blue), or both (green). B: Projections from
the flocculus and uvula-nodulus, as compiled from Wylie et

g <

al.(1999a,2003a,b). C: The primary vestibular projections (semicir-
cular canals, yellow; otoliths, blue; semicircular canals and oto-
liths, green) to these areas are indicated, as gleaned from Dickman
and Fang (1996) and Schwarz and Schwarz (1986). For abbrevia-
tions see list. Scale bar = 1 mm in A (applies to A-C).
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nuclei are largely distinct, with some overlap. Also, the
distributions of the mossy fiber afferents mirror those of
the Purkinje cell efferents in several, but certainly not all,
respects. With respect to the VeD, there is a complemen-
tary but overlapping pattern such that the medial VeD
receives more input from the flocculus, whereas the lateral
VeD receives input from the uvula-nodulus. Concerning
the vestibular input to the VbC, this is similar to what was
observed in the present study.

With respect to the VeS, the projection of the flocculus
was to the dorsal, medial, and central parts of the VeS, but
that from the uvula-nodulus was directed more laterally.
This pattern corresponds well with the distribution of
vestibular neurons projecting to these zones as reported in
the present study. Other aspects also display congruence
of cerebellar afferents and efferents. The flocculus more so
than the uvula-nodulus is associated with the rostral part
of the the VeM and the caudal parts of the pcv in the
vicinity of CbL, whereas the CbM, and the rostral pcv
surrounding the CbM are more associated with the uvula-
nodulus.

Comparison with the primary vestibular
projection

The semicircular canals are sensitive to rotation of the
head, whereas the otolith organs respond to the linear
acceleration that would result from self-translation (Wil-
son and Melvill Jones, 1979). Thus one might hypothesize
that the canals and otolith organs project to those areas of
the vestibular and cerebellar nuclei receiving input from
Purkinje cells and projecting to the granule cell layer in
the flocculus (rotation) and uvula-nodulus (translation),
respectively. Detailed descriptions of the projections of the
vestibular apparatus have been provided by Schwarz and
Schwarz (1986) and Dickman and Fang (1996), and their
findings do support the above stated hypothesis to some
degree, as illustrated in Figure 6C. The projection to the
VeS is to the dorsal and medial aspects from the canals
and to the dorsal and lateral margins from the otoliths.
Likewise, we found that the lateral margin of the VeS
projected more heavily to the uvula-nodulus, and the me-
dial margin projected more heavily to the flocculus. Al-
though this indicates that the areas of the VeS receiving
input from canals and otoliths project to the flocculus and
uvula-nodulus, respectively, this should be taken as a
generality rather than a strict concordance. For example,
from flocculus injections the labeling in the contralateral
VeS is slightly more lateral (Fig. 2F) and overlaps with the
region that projects to the uvula-nodulus (e.g., Fig. 5J).
This implies that the flocculus might be receiving second-
ary otolithic input from the contralateral VeS.

Schwarz and Schwarz (1986) found that the projection
to the VeD was largely to the medial half from the canals
and to the lateral half from the otolith organs. Similarly,
we found that the medial and lateral halves of the VeD
projected most heavily to the granule cell layer in the
flocculus and uvula-nodulus, respectively. The VeM re-
ceives input from both the canals and the otoliths. Dick-
man and Fang (1996) suggested that although the projec-
tions were overlapping, the canals projected more
medially than the otoliths. The VeMr, which we showed
provides a major input to the ipsilateral flocculus, receives
input from both the canals and the otoliths (Schwarz and
Schwarz, 1986; Dickman and Fang, 1996).
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With respect to the cerebellar nuclei, Dickman and
Fang (1996) reported that the projection from the canals
was largely to the CbL, whereas the projection of the
otoliths was to the lateral margin of the CbM and CbL. We
found that there was a projection to the uvula-nodulus
from the lateral and ventral regions of the CbM, which
would be expected; however, we did not find any signifi-
cant amount of retrograde labeling in either the CbM or
CbL from the flocculus injections.

In summary, we conclude that the flocculus receives
secondary vestibular information mainly from the semi-
circular canals, whereas the uvula-nodulus receives sec-
ondary vestibular information mainly from the otolith or-
gans. Clearly this is a generalization, as there is canal-
otolith convergence in the many areas in the vestibular
nuclei receiving both otolith and canal input. Moreover,
the primary vestibular projection to the flocculus and the
uvula-nodulus in pigeons arises from both the canals and
the otolith organs. As Yakusheva et al. (2007) have shown,
canal-otolith convergence is necessary to encode transla-
tion unambiguously. The otolith organs respond to linear
acceleration due to head tilt or translation of the head.
Head tilt also results in activation of canal afferents,
whereas translation of the head does not. Yakusheva et al.
(2007) showed that Purkinje cells in the uvula-nodulus in
monkeys respond to translation but not head tilt. How-
ever, if the canals are deactivated by plugging, the uvula-
nodulus cells respond equally well to tilt and translation.
Thus, the canal input is necessary for distinguishing head
tilt from translation.

Consideration with respect to eye
movement and head movement control

Generally speaking, the flocculus has been tightly
linked to the generation of compensatory eye movement
control (e.g., Voogd and Barmack, 2006) but has a lesser
role in head movement control (De Zeeuw and Koekkoek,
1997). CSA in the flocculus responds to optic flow induced
by head rotation, which could be compensated for by ro-
tational eye and head movements (Gioanni, 1988). The
uvula-nodulus seems to have some role in eye movement
behaviour, but rather is associated with axial muscula-
ture and the control of posture and movement (Voogd and
Barmack, 2006). CSA in the medial VbC responds to optic
flow induced by self-translation, which would be compen-
sated for by translatory head and/or body movements,
such as the stereotypical head-bobbing seen in pigeons
(Friedman, 1975; Frost, 1978; Nalbach, 1992). In mon-
keys, translational radial flow elicits vergence eye move-
ments (Kodaka et al., 2007), but this has not been shown
in pigeons or other lateral-eyed species. Given the physi-
ological response properties of Purkinje cells in the floc-
culus and uvula-nodulus, one would expect that both the
flocculus and uvula-nodulus would be associated with de-
scending projections to the spinal cord for control of head
movement, whereas the flocculus, more so than the uvula-
nodulus, would be associated with ascending projections
to oculomotor structures. Wylie et al. (2003a,b) showed
that with respect to Purkinje cell projections of the floccu-
lus vs. the uvula-nodulus, this is generally the case. The
present paper shows that the vestibular-VbC projection
also supports this pattern.

The central and medial parts of the VeS, which project
to the flocculus (present study), are heavily labeled after
injections into the oculomotor and trochlear nuclei (Wold,
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1978; Labandeira-Garcia et al., 1989; Arends et al., 1991).
Mammalian studies indicate that this projection is highly
conserved (see Highstein and Holstein, 2006 for review).
In contrast, the lateral VeS and CbM, which were labeled
after injections into the uvula-nodulus in the present
study, are also labeled after injections into the cervical
spinal cord (Arends et al., 1991). From oculomotor nuclei
injections, Labandeira-Garcia et al. (1989) and Wold
(1978) also noted retrogradely labeled neurons medial to
the VeS, which they ascribed to cell group A. These could
correspond to the neurons in the wall of the 4th ventricle
that we observed from flocculus injections in the present
study. Labandeira-Garcia et al. (1989) found that a region
dorsal to nuclei angularis was heavily labeled after injec-
tion into the oculomotor nuclei. Their drawings indicate
that this is the same area in which we saw dense labeling
after injections in the flocculus (the caudal VDL and vi-
cinity). They ascribed these neurons to the VDL and noted
that it might be homologous to the oculomotor projection
of the y group in mammals (see Highstein and Holstein,
2006 for review). However, Arends et al. (1991) found that
the VDL projects to the spinal cord and the abducens
nucleus, whereas there was a heavy projection from the
Inf to the oculomotor and trochlear nuclei. Both the floc-
culus and the uvula-nodulus also receive input from the
VeD and VeM (present study), which have both oculomo-
tor and collimotor projections (Wold, 1978; Labandeira-
Garcia et al., 1989; Arends et al., 1991). However, at this
point it is not clear whether the VeD and VeM pools
projecting to the flocculus vs. uvula-nodulus have differ-
ential ascending and descending projections.

Conclusions

In the present study we have shown that in pigeons, the
flocculus, which is involved in processing rotational optic
flow, and the uvula-nodulus, which is involved in the
processing of translational optic flow, have differential
mossy fiber inputs from the vestibular and associated
nuclei. Given that the flocculus and uvula-nodulus are
composed of multiple zones themselves (Wylie et al.,
2003b; Voogd and Wylie, 2004), it is not unlikely that
there are differential projections from the vestibular and
associated nuclei to these zones within the flocculus and
uvula-nodulus. Generally speaking, those areas of the ves-
tibular nuclei that project to the flocculus also receive
input from the flocculus and semicircular canals, whereas
the areas of the vestibular nuclei that project to the uvula-
nodulus receive input from the uvula-nodulus and otolith
organs. Finally, again generally speaking, those areas
that project to the flocculus are associated with ascending
projections to the oculomotor nuclei and descending pro-
jections to the spinal cord, whereas those areas that
project to the uvula-nodulus are associated with descend-
ing projections to the spinal cord rather than ascending
projections to the oculomotor nuclei.
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