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Topographic Organization of Inferior
Olive Cells Projecting to Translational
Zones in the Vestibulocerebellum
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ABSTRACT

In the nodulus and ventral uvula of pigeons, there are four parasagittal zones containing
Purkinje cells responsive to patterns of optic flow that results from self-translation along a
particular axis in three-dimensional space. By using a three-axis system to describe the
preferred direction of translational optic flow, where +X, +Y, and +Z represent rightward,
upward, and forward self-motion, respectively, the four cell types are: +Y, —Y, —X—Z, and
—X+Z (assuming recording from the left side of the head). The —X~—Z zone is the most medial,
followed in sequence by the —X+Z, —Y zone, and the +Y zones. In this study, we injected the
retrograde tracer cholera toxin subunit B into each of the four translational zones to deter-
mine the origin of the climbing fiber inputs in the inferior olive. Retrograde labeling in the
inferior olive was found in the ventrolateral margin of the medial column from injections into
all four translational zones; however, there was a clear functional topography. Retrograde
labeling from —Y zone injections was found most rostrally in the medial column, whereas
retrogradely labeled cells from —X—Z zone injections were found most caudally in the medial
column. Labeling from +Y and —X+Z zone injections were found between the labeling from
—Y zones and —X—Z zones, with +Y labeling located slightly caudal to —X+Z labeling. J.

Comp. Neurol. 419:87-95, 2000.
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As organisms move through an environment containing
numerous stationary visual stimuli, “flowfields” or “optic
flow” occurs across the entire retina (Gibson, 1954). Mo-
tion of any object through three-dimensional space, in-
cluding self-motion of organisms, can be described with
reference to six degrees of freedom: three of translation,
and three of rotation. Self-rotation and self-translation
result in distinctive patterns of optic flow (see Fig. 1C,D).
Previous electrophysiological studies in pigeons have
shown that the vestibulocerebellum (VbC) can be divided
into two parasagittal zones based on responses to optic
flow stimuli (Wylie et al., 1993). Medially in the VbC
(nodulus and ventral uvula), complex spike (CS) activity of
Purkinje cells responds best to optic flow resulting from
self-translation, whereas cells in the lateral VbC (floccu-
lus) respond best to optic flow resulting from self-rotation.
There are two types of rotation cells: cells that prefer
rotation about the vertical axis (VA neurons), and cells
that prefer rotation about a horizontal axis oriented at 135
degrees ipsilateral azimuth (H-135 neurons; Wylie and
Frost, 1993). Translational cells can be classified into four
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types based on the preferred axis of translational optic
flow: +Y, =Y, —X—-Z, and —X+Z cells (where +X, +Y, and
+Z7Z represent upward, rightward, and forward self-
motion, respectively, and assuming recording from the left
side of the head; Wylie et al., 1998; Wylie and Frost, 1999).
The preferred axis of translation for +Y, —Y, —X—Z, and
—X+Z neurons is shown in Figure 1. +Y cells respond best
to optic flow that results from movement of the bird up-
wards; i.e., a flowfield consisting largely of downward mo-
tion, and a focus of expansion (FOE) above the bird’s head
along the vertical (Y) axis. Conversely, —Y cells respond
best to optic flow that results from movement of the bird
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ABBREVIATIONS
CS complex spike
CF climbing fiber
CTB cholera toxin subunit-B
DAB diaminobenzidine
dl dorsal lamella
FOE focus of expansion
10 inferior olive
LM lentiformis mesencephali
LTN lateral terminal nuclei
mc medial column
MTN medial terminal nuclei
nBOR nucleus of the basal optic root
NOT nucleus of the optic tract
nXII nucleus of the twelfth nerve
VbC vestibulocerebellum
vl ventral lamella
XII twelfth nerve
|
Y
trans+Y trans-X+Z ,
neurons neurons
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Fig. 1. The four types of translation cells in the vestibulocerebel-
lum. The arrows in both A and B indicate the preferred axes of
translation-sensitive neurons in the nodulus and ventral uvula (from
Wylie et al., 1998; Wylie and Frost, 1999). The arrows represent the
direction of self-motion of the bird that would result in the flowfield
causing maximal excitation. That is, the arrows point to the focus of
expansion (FOE) in the flowfield. The four types of translation-
sensitive neurons are: —X—Z, —X+7Z, +Y, and —Y (assuming, record-
ing from the left side of the head; where +X, +Y, and +Z represent
movement of the bird’s head right, up, and forward, respectively). A
shows the preferred axis of +Y and —Y neurons as seen in the sagittal
plane, B shows the preferred axis of —X—Z and —X+Z neurons as
seen in the horizontal plane. C and D show rotational and transla-
tional optic flowfields, respectively, resulting from rotation about, or
translation along, the z axis. The arrows on the sphere surrounding
the pigeon represent local image motion in the flowfield.
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Fig. 2. Location of translation cells in the pigeon vestibulocerebel-
lum (VbC). This view of the VbC seen in the coronal plane illustrates
the organization of translation cells in the nodulus (folium X) and
ventral uvula (ventral lamella of folium IXc,d). The four sagittal
zones, from medial to lateral, illustrate the locations of —X—Z, —X+7Z,
—Y, and +Y Purkinje cells, respectively (Wylie and Frost, 1999). Scale
bar = 1 mm.

downwards. —X—Z cells respond best to the optic flow that
results from self-motion (backwards) along an horizontal
axis that is oriented at 135° ipsilateral azimuth. —X+Z
cells respond best to the optic flow that results from self-
motion (forwards) along an horizontal axis that is oriented
at 45° ipsilateral azimuth. Self-motion along this axis
produces optic flow with a FOE at 45 ° ipsilateral azimuth.

The translational cells are segregated medial-laterally
into parasagittal zones. Moving medial to lateral, the
zones are —X—7Z, —X+7Z, —Y, +Y, respectively (see Fig. 2).
In pigeons, the climbing fiber (CF) input to the VbC is
from the medial column (mc) of the inferior olive (I10;
Arends and Voogd, 1989). Lau et al. (1998), by using
pressure injections of the retrograde tracer cholera toxin
subunit B (CTB), found that the inputs to translational
and rotational zones of the VbC are located in ventrolat-
eral and dorsomedial mc, respectively. More recently, by
making small injections of CTB with iontophoresis, Wylie
et al. (1999) showed that cells providing CF input to H-135
and VA cells in VbC were located in the rostral and caudal
parts of the dorsomedial mc, respectively. In this study,
we investigated inferior olive projections to each of the
four translational zones in the VbC by using iontophoretic
injections of CTB.

MATERIALS AND METHODS
Surgery

The methods reported herein conform to the guidelines
established by the Canadian Council on Animal Care and
were approved by the Biological Sciences Animal Services
at the University of Alberta. Silver King and Racing
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Homer pigeons were anesthetized with a ketamine (75
mg/kg)/xylazine (10 mg/kg) cocktail injected intramuscu-
larly; supplemental doses were administered as neces-
sary. Animals were placed in a stereotaxic device with
pigeon ear bars and beak adapter such that the orienta-
tion of the skull conformed to the atlas of Karten and
Hodos (1967). The dorsal surface of the auricle of the
cerebellum was exposed by removing sections of bone and
dura in the area contained by the anterior canal of the
vestibular apparatus.

Extracellular recordings were made with glass micropi-
pettes (4 pm tip diameter, containing 2 M NaCl) that were
oriented 35°-45° to the sagittal plane. After CS activity of
Purkinje cells in the nodulus or ventral uvula was iso-
lated, the optic flow preference was determined by moving
a large (90°%x90°) hand-held stimulus in various areas of
the visual field and by monitoring responses to flowfield
stimuli produced by the planetarium and translator pro-
jectors described previously (Wylie and Frost, 1993; Wylie
et al., 1998). After identification of a translational flow-
field preference, the recording electrode was replaced with
a micropipette (10—-16 pm tip diameter) containing low-
salt CTB (1% in 0.1 M phosphate-buffered saline (PBS) pH
7.4; Sigma, St. Louis, MO). CS activity was once again
recorded to confirm the cell type before the solution was
iontophoretically injected (+3 nA, 7 seconds on, 7 seconds
off) for 3—10 minutes. Following CTB injection, the elec-
trode was left undisturbed for an additional 5 minutes.

Processing for cholera toxin subunit B

After a survival time of 3-5 days, the animals were
given an overdose of sodium pentobarbitol (100 mg/kg)
and immediately perfused with saline (0.9%) followed by
ice-cold paraformaldehyde (4% in 0.1 M phosphate buffer
[PB] pH 7.4). Brains were extracted and postfixed for 2—12
hours (4% paraformaldehyde, 20% sucrose in 0.1 M PB),
and cryoprotected in sucrose overnight (20% in 0.1 M PB).
Frozen sections, 45-pm-thick, were collected in the coronal
plane, then washed in PBS. In some cases, if the perfusion
was less than ideal, sections were washed for 30 minutes
in a 25% methanol/30% hydrogen peroxide solution to
decrease endogenous peroxidase activity.

The CTB protocol used was based on Wild (1993). Tissue
was incubated for 30 minutes in 4% rabbit serum (Sigma)
with 0.4% Triton X-100 in PBS, followed by goat anti-CHB
(List Biological Laboratories, Campbell, CA; 1:20,000) for
20—24 hours at 4°C. The sections were then washed with
0.1 M PBS and placed in biotinylated rabbit anti-goat
antiserum (Vector Laboratories, Burlingame, CA; 1:600)
with 0.4% Triton X-100 in PBS for 1 hour. Sections were
washed in PBS, then incubated for 90 minutes in Extra-
vidin peroxidase (Sigma; 1:1,000) with 0.4% Triton X-100,
then rinsed again in PBS. Tissue was visualized using
diaminobenzidine (DAB). After a 10-minute incubation in
0.025% DAB and 0.006% CoCl, in 0.1 M PBS, 0.005%
hydrogen peroxide was added, and the tissue was reacted
for up to 2 minutes. The tissue was subsequently washed
4-6 times in PBS, mounted onto gelatin chrome
aluminum-coated slides, lightly counterstained with Neu-
tral Red, coverslipped with Permount, and examined by
using light microscopy.

Nomenclature

The IO of pigeons consists of a dorsal (dl) and ventral
(vl) lamella, which are joined by the mc (Vogt-Nilson,

Fig. 3. The injection site in the ventral lamella of folium IXc,d
from case 4. The granular layer (gl), Purkinje layer (Pl), molecular
layer (ml), and white matter (wm) are indicated. Most apparent from
the injection sites was labeling of climbing fibers and Purkinje cell
dendrites extending into the molecular layer. Some labeling of paral-
lel fibers and granule cells was also observed. Scale bar = 100 pm.

1954). The avian cerebellum consists of a vermis, without
the characteristic hemispheres of mammalian species
(Larsell, 1948; Larsell and Whitlock, 1952; Whitlock,
1952). The VbC of pigeons includes the two most ventral
folia of the posterior vermis. These are referred to as IXc,d
and X (Karten and Hodos, 1967), which we adopt, or IXb
and X (Arends and Zeigler, 1991). In general, folia IXc,d
and X are referred to as the uvula and nodulus, respec-
tively (Larsell, 1948; Larsell and Whitlock, 1952; Whit-
lock, 1952). These folia extend laterally to form the auricle
of the cerebellum, which has been referred to as the para-
flocculus or flocculus (Larsell, 1948; Larsell and Whitlock,
1952; Whitlock, 1952). Based on the responses of Purkinje
cell CS activity to optic flow stimuli (Wylie et al., 1993), we
have divided the VbC into a rotation zone which we refer
to as the flocculus, and a translation zone we refer to as
the nodulus and ventral uvula (see Fig. 2). Unlike the
gross anatomical distinction between flocculus and nodu-
lus in mammals, the distinction in pigeons is based on
physiological recordings (Wylie et al., 1993).

RESULTS

Injections were made in 10 pigeons. Three pigeons re-
ceived bilateral injections, providing 13 cases in total.
Figure 3 shows a typical injection site. It is characterized
by the labeling of Purkinje cell dendrites and CF's in the
molecular layer. Generally the injections sites were about
60—-200 pm in width, although with the widest injection
there was diffuse labeling up to 250 wm from the center.
Some granular cells local to the injection were also la-
beled. There were three injections to the —X—Z zone (case
2, right side; case 2, left side; case 4). Two of the injections
were localized to the ventral lamella of folia X (case 2,
right side; case 4) and the other was found in dorsal X
(case 2, left side). On average, these injections were lo-
cated about 200 wm from the midline (188 * 63 pm;
mean = S.E.M.). There were three cases where the +Y
zone was injected (case 1; case 12, right side; case 12, left
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side). Two of the injections were localized to the ventral
lamella of folia IXc,d (case 1; case 12, left side) and the
other was found in ventral X (case 12, right side). On
average, these injections were located about 1,900 pm
from the midline (1,870 * 217 pm). The —X+Z zone was
injected in four cases (case 3, left side; case 5; case 8, left
side; case 10). Three of the injections were localized to the
ventral lamella of folia X (case 3, left side; case 5; case 10)
and the other was found in dorsal X (case 8, left side). On
average, these injections were located about 1,200 pm
from the midline (1,160 *= 293 pm). There were three
injections to the —Y zone (case 3, right side; case 8, right
side; case 13). Two of the injections were localized to the
dorsal lamella of folia X (case 8, right side; case 13) and
the other was found in ventral X (case 3, right side). On
average, these injections were located about 1,300 pm
from the midline (1,308 = 114 pum). The locations of the
physiologically distinct cell types match well with previ-
ous recording data (Wylie et al., 1993; see Fig. 2).

In all cases, retrogradely labeled cells were found con-
tralateral to the injection site in the ventrolateral regions
of the mc. The number of retrogradely labeled cells found
ranged between 31 and 169. A distinct rostral-caudal seg-
regation between retrogradely labeled cells from different
translational zones was observed. The rostralmost tip of
the twelfth nucleus (nXII) was used as a landmark to
compare rostral-caudal distributions of cells between dif-
ferent cases.

—X—Z labeling

Compared to the other zones, retrograde labeling from
injections into the —X—Z zone was the least diffuse. Dense
clusters of labeled cells were found approximately 1 mm
caudal to the rostral tip of nXII. These cells were found
just medial to, just lateral to, and amongst the stria of the
twelfth nerve (XII; see Figs. 4D, 5D). In case 2 (right side),
there were 45 retrogradely labeled cells. They were dis-
tributed from 480 to 1,270 wm caudal to the rostral tip of
nXII, but a cluster containing 80% of the total was found
in the caudal end of this distribution (790-1,100 pm cau-
dal to the rostral tip of nXII). In case 2 (left side) there
were 97 retrogradely labeled cells, distributed from 480 to
1,230 pm caudal to the landmark section. As with the
right side, the majority (93%) were found in the caudal
part of the distribution (660—-1,200 pm caudal to the land-
mark section). In case 4, there were 87 retrogradely la-
beled cells, found in a cluster distributed from 790 to 1,230
pm caudal to the landmark section. In summary, these
three injections resulted in clusters of labeled cells cen-
tered 900-1,000 pm caudal to the rostral tip of nXII.
Figure 4D shows a series of drawings from case 2 (right
side) of coronal sections through the mc illustrating the
labeling typical of a —X~—Z zone injection. Figure 5D
shows a photomicrograph of labeled cells in the caudal mc
from a —X—Z zone injection.

—Y labeling

The distributions of retrogradely labeled cells from in-
jections into the —Y, +Y, and —X+Z zones were more
diffuse than those of the —X—Z zone. Moreover, the dis-
tributions resulting from injections into these three zones
overlapped to a certain degree (see Fig. 4A—C). Nonethe-
less, there was a clear rostrocaudal segregation of the
distributions. Retrogradely labeled cells from injections
into the —Y zone were located most rostrally in the mec.
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Dense clusters of labeled cells were located approximately
0.2—0.5 mm rostral to the rostral tip of nXII. The majority
of these cells were found lateral to XII (see Figs. 4A, 5A).
In case 3 (right side), there were 40 retrogradely labeled
cells found, 90 wm caudal to 480 wm rostral to the rostral
tip of nXII. This distribution was skewed rostrally, as
about half (48%) of the total was found 130-310 pm ros-
tral to the rostral tip of nXII. In case 8 (right side), there
were 96 retrogradely labeled cells. They were distributed
throughout the rostrocaudal extent of mc (from 1,190 pm
caudal to 530 pm rostral to the landmark section); how-
ever, a dense cluster containing 51% of the total was found
130-400 pm rostral to the rostral tip of nXII. In case 13,
there were 31 retrogradely labeled cells, distributed from
260 to 660 pm rostral to the rostral tip of nXII. A cluster
containing 84% of the total was found 350—570 pwm rostral
to the rostral tip of nXII. Figure 4A shows a series of
drawings of coronal sections (case 13) through the mc
illustrating the labeling typical of a —Y zone injection.
Figure 5A shows a photomicrograph of labeled cells in the
mc from a —Y zone injection.

+Y labeling

Of all the distributions, labeled cells resulting from CTB
injections in the +Y and —X+Z zones overlapped to the
greatest degree. Labeling resulting from injections into
the +Y zone was found near the middle of the rostrocaudal
extent of mc. The majority of cells were found just medial
to, and amongst the stria of XII (see Figs. 4C, 5C). In case
1, there were 154 retrogradely labeled cells, distributed
from 660 pm caudal to 130 pm rostral to the rostral tip of
nXII. In case 12 (right side), there were 135 labeled cells.
They were distributed over a broad range, from 310 pm
caudal to 480 pm rostral to the rostral tip of nXII; how-
ever, this distribution was skewed caudally: 31% of the
total was found 220 pm caudal to 40 pm rostral to the
rostral tip of nXII. The distribution of labeled cells from
case 12 (left side) was also quite diffuse. There were 169
labeled cells, distributed from 570 pm caudal to 660 um
rostral to the rostral tip of nXII; however, a cluster con-
taining 58% of the total was found ranging from the land-
mark section to 350 pm caudal to the rostral tip of nXII. In
summary, these three injections resulted in retrogradely
labeling centered 0.1-0.3 mm caudal to the landmark
(case 1: 260 pm caudal; case 12, right side: 100 um caudal,
case 12 (left side): 150 pm caudal). Figure 4C shows a
series of drawings (from case 12, right side) of coronal
sections through the mc illustrating the labeling typical of
a +Y zone injection. Figure 5C shows a photomicrograph
of labeled cells in the mc from a +Y zone injection.

—X+Z labeling

Retrogradely labeled cells from injections into the
—X+7Z zone were found slightly rostral to those cells la-
beled by the +Y injections. Prominent clusters of labeled
cells were located slightly caudal to the rostral tip of nXII.
These cells were found just medial to, just lateral to, and
amongst the stria of XII (see Figs. 4D, 5D). Labeled cells
from —X+Z injections were, on average, about 100 pm
lateral to labeled cells from +Y injections. In case 3 (left
side), there were 103 labeled cells, distributed from 350
pm caudal to 480 wm rostral to the rostral tip of nXII. In
case 5, there were 62 labeled cells. They were distributed
from 570 pm caudal to 260 pm rostral to the rostral tip of
nXII, although a cluster containing 71% of the total was in
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C D

Fig. 4. Labeled cells from cholera toxin subunit-B (CTB) injections  from injections of CTB into the: (A) —Y (case 13); (B) —X+Z (case 3);
into translational zones. A—D show coronal sections (approximately (C) +Y (case 12); and (D) —X—Z (case 2) zones of the vestibulocer-
260 pm apart) through the caudal-rostral extent of the inferior olive  ebellum. A shows the entire section, whereas B-D only show the I0.
(I0) illustrating the location of retrogradely labeled cells resulting Scale bar = 1 mm.
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the central 300 pm of this range. In case 8 (left side), there
were 71 labeled cells distributed over a broad range from
880 wm caudal to 310 wm rostral to the rostral tip of nXII.
This distribution was skewed such that a cluster contain-
ing 42% of the total was found 180—-400 pm caudal to the
rostral tip of nXII. In case 10, there were 53 labeled cells.
They were distributed from 440 pm caudal to 220 pm
rostral to the rostral tip of nXII, but a cluster containing
43% of the total was found in two coronal sections about
200 pm caudal to the rostral tip of nXII. In summary, the
four injections resulted in retrograde labeling centered
near the landmark (case 3, left side: 60 wm rostral; case 5:
40 pm caudal; case 8: 100 pm caudal; case 10: 200 pm
caudal). Figure 4B shows a series of drawings (from case
3) of coronal sections through the mc illustrating the la-
beling typical of a —X+7Z zone injection. Figure 5B shows
a photomicrograph of labeled cells in the mc from a —X+Z
zone injection.

DISCUSSION

Topographic organization of the medial
column in pigeons

Previous studies had shown that the CF input to the
VbC in pigeons is from the mc (Arends and Voogd, 1989).
Lau et al. (1998) showed that the rotation zones in the
lateral VbC (flocculus) receive CF input from the medial
margin of me, whereas the translation zones in the medial
VbC (ventral uvula and nodulus) receive CF input from
the lateral margin of the mc. In the present study, we have
shown that the region of the lateral mc projecting to the
four translation zones of the pigeon VbC is topographically
organized. Injections of the retrograde tracer CTB into the
most medial zone of the VbC, the —X—Z zone, resulted in
retrograde labeling in the extreme caudolateral margin of
the mc. Retrograde labeling from injections into the other
three zones resulted in overlapping distributions located
more rostrally in the lateral mc (some of the overlap we
observed could be due to the injections encroaching upon
adjacent zones). Of these three zones, retrogradely labeled
cells from injections into the —Y zone were clearly located
the most rostral in the me. Labeling from the —X+Z zones
was found slightly caudal to the —Y cells, and the distri-
bution of cells from the +Y zone injections was located just
caudal and slightly medial to the —X+Z cells.

Recently, Wylie et al. (1999) revealed the functional
topography of the CF input from the mc to the rotation
zones in the VbC. There are two types of rotation cells in
the lateral VbC (Wylie and Frost, 1993). VA cells prefer
optic flow resulting from rotation about the vertical (z)
axis in the direction producing forward (temporal to nasal,

Fig. 5. Photomicrographs of retrograde labeling in contralateral
inferior olive resulting from cholera toxin subunit-B (CTB) injections.
A-D show labeled cells resulting from CTB injections into vestibulo-
cerebellar zones —Y (case 8, right side), —X+Z (case 3, left side), +Y
(case 1), and —X—Z (case 2, left side), respectively. The sections were
located 180 wm rostral (A), 0 pm (B), 350 pm caudal (C), and 700 pm
caudal (D) relative to the landmark section (rostral tip of the nucleus
of the twelfth nerve). Medial column (mc) and twelfth nerve (XII) are
indicated. The dotted line represents the midline. The midline for A is
located about 50 um medial to the right edge of the photograph. Scale
bar = 200 pm.
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Fig. 6. Summary diagram showing the topographical organization
of translation and rotation cells in the inferior olive (I0). Different
patterns of hatching are used to illustrate the organization of neurons
labeled from cholera toxin-B injections into various visually respon-
sive zones in the vestibulocerebellum. This figure is an idealization;
although there is overlap between domains (specifically =Y, +Y, and
—X+7Z), none is shown for the purpose of simplicity. The drawings
represent the caudal-rostral extent of the I0. The data for vertical axis
(VA) and H-135 cells are from Wylie et al. (1999). Scale bar = 500 pm.

F) motion in the ipsilateral hemifield, and backward mo-
tion (nasal to temporal; B) in the contralateral hemifield
(see Fig. 7). H-135 neurons prefer optic flow resulting from
rotation about an horizontal axis that is oriented at 135°
ipsilateral/45° contralateral azimuth and in the direction
producing downward motion throughout most of the con-
tralateral hemifield, upward motion in the ipsilateral
hemifield, and upward motion in the frontal fields of both
eyes. (This organization of neurons preferring rotational
optic flow was first noted in rabbits; Simpson et al., 1981,
Graf et al., 1988.) Wylie et al. (1999) found that the VA
and H-135 received CF input from the caudal and rostral
margins of the medial mc, respectively. Figure 6 summa-
rizes the findings of the present study and Wylie et al.

(1999) to illustrate the topographic projection of the pi-
geon mc to the rotation and translation zones in the VbC.
The —X—Z cells are found lateral to the VA cells in the
caudal mc. The +Y and —X—Z cells are found lateral to
the rostralmost VA cells and the H-135 cells. The distri-
bution of H-135 cells does not extend to the most rostral
margin of the mc. That is, most of the —Y cells are not
bordered medially by H-135 cells. The projection of this
rostral-medial margin of the mc remains unknown.

Comparative considerations

Wylie et al. (1999) noted a striking similarity in the
organization of the rotational optic flow system in pigeons
and mammals. In the IO of mammals, the input to the VA
zones in the VbC is from the caudal dorsal cap, whereas
the input to the H-135 zones is from the rostral dorsal cap
and ventrolateral outgrowth (Ruigrok et al., 1992; Tan et
al., 1995). Similarly, in pigeons, the input to the VA and
H-135 zones is from the caudal and rostral margins of the
medial mc, respectively. The results of the present study
are not comparable with mammals. Cells responsive to
translational optic flow have not been identified in the
VbC of mammals (but see Shojaku et al., 1991; Barmack
and Shojaku, 1992, 1995).

The accessory optic/pretectal-olivo-
cerebellar pathway

In birds, the optic flow input to the mc arises from two
retinal recipient structures: the nucleus of the basal optic
root (nBOR) of the accessory optic system, and the pretec-
tal nucleus lentiformis mesencephali (LM; Clarke, 1977;
Karten et al., 1977; Brecha et al., 1980; Gamlin and Co-
hen, 1988a,b; Wylie et al., 1997). Most neurons in the
nBOR and LM have monocular receptive fields and exhibit
direction selectivity in response to largefield stimuli
(Burns and Wallman, 1981; Morgan and Frost, 1981;
Winterson and Brauth, 1985; Wylie and Frost, 1990).
Most neurons in nBOR prefer either upward (U), down-
ward (D), or backward (nasal to temporal; B) motion in the
contralateral visual field (Wylie and Frost, 1990), whereas
most LM neurons prefer forward (F) motion in the con-
tralateral visual field (Winterson and Brauth, 1985). The
LM projects to the ipsilateral mc (Clarke, 1977; Gamlin
and Cohen, 1988b). The nBOR projects bilaterally to the
mc, but the projection is heavier to the ipsilateral side
(Brecha et al., 1980; Wylie et al., 1997). At the mc, the
neurons have binocular receptive fields and respond best
to particular patterns of optic flow resulting from self-
translation and self-rotation, as we have described above.
(This is inferred from the fact that the complex spike
activity of Purkinje cells, which reflects CF input from the
contralateral 10, responds to these patterns of optic flow;
Wylie and Frost, 1993, 1999.)

Based on the results of the present study and Wylie et
al. (1999), we predict that the input to the caudal mc
would be mainly from the LM, and the input to the rostral
mc would be mainly from the nBOR. In Figure 7, we show
the receptive field structure of IO neurons, topographi-
cally organized, and a schematic of the transmission of
information from the retina to the nBOR and LM, and
then to mc. For the different types of cells in the mc, we
show the direction of largefield motion in different regions
of the optimal flowfield. The caudal mc contains VA and
—X—Z cells. VA cells in the right mc prefer B motion in the
ipsilateral hemifield, and F motion in the contralateral
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Fig. 7. A schematic of the organization of the medial column (mc)
in pigeons. This figure shows the receptive field structure of the cell
types in the mc on the right side of the brain, topographically orga-
nized. For each cell type, the optimal flowfield is simplified: the
direction of motion that occurs in different parts of the binocular
visual field (along the “equator” of the flowfield) is shown. The trans-
mission of information from the contralateral retina, through the
nucleus of the basal optic root (nBOR) and nucleus lentiformis mes-
encephali (LM), is also indicated. U, D, F, B = upward, downward,
forward (temporal to nasal) and backward motion, respectively. See
text for a detailed discussion. VA, vertical axis.

hemifield. —X—Z cells prefer F motion throughout con-
tralateral hemifield, F motion in the central and posterior
regions of the ipsilateral hemifield, and B motion in the
anterior quadrant of the ipsilateral hemifield. Recall that

N.A. CROWDER ET AL.

most LM neurons prefer F motion in the contralateral eye
(Winterson and Brauth, 1985). As such, one would predict
that the caudal mc is heavily innervated by the ipsilateral
LM. The other cell types have direction preferences that
suggest the rostral mc is more heavily innervated by the
nBOR. Respectively, —Y and +Y cells prefer U and D
motion throughout both hemifields. H-135 cells prefer U
motion throughout the contralateral hemifield and ante-
rior quadrant of the ipsilateral hemifield, and downward
motion in the central and posterior regions of the ipsilat-
eral hemifield. —X—Z cells prefer B motion throughout the
ipsilateral hemifield and the central and posterior regions
of the contralateral hemifield, and F motion in the ante-
rior quadrant of the contralateral hemifield. Given that
the nBOR has neurons that prefer either U, D, or B motion
in the contralateral eye, one would expect a predominant
input from the nBOR to the rostral mc. In summary, the
topographic organization of the pigeon mc suggests that
the nBOR and LM would project primarily to the rostral
and caudal regions of the mc, respectively. Indeed, a sim-
ilar pattern of connectivity has been found in mammals.
The avian nBOR is homologous to the medial and lateral
terminal nuclei (MTN/LTN) in mammals, and the LM is
homologous to the nucleus of the optic tract (NOT; Simp-
son, 1984; Simpson et al., 1988). The projection from the
NOT to the IO is predominantly to the caudal dorsal cap,
and the projection to the rostral dorsal cap is from the
visual tegmental relay zone, which receives input from the
MTN/LTN (Takeda and Maekawa, 1976; Maekawa and
Takeda, 1979; Giolli et al., 1985).
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