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Projections From the Nucleus of the
Basal Optic Root and Nucleus
Lentiformis Mesencephali to the Inferior
Olive in Pigeons (Columba livia)

DOUGLAS R.W. WYLIE*
Department of Psychology, Division of Neuroscience, University of Alberta, Edmonton,
Alberta T6G 2E9, Canada

ABSTRACT

The nucleus of the basal optic root (nBOR) of the accessory optic system (AOS) and the
pretectal nucleus lentiformis mesencephali (LM) are involved in the analysis of optic flow and
the generation of the optokinetic response. Previous studies have shown that the nBOR
projects bilaterally to the medial column (mc) of the inferior olive (I0) and the LM projects to
the ipsilateral mc. In the present study the retrograde tracer cholera toxin subunit B was
injected into either the caudal or rostral me. From all injections, retrogradely labeled cells
were seen in the ipsilateral pretectum along the border of the medial and lateral subnuclei of
the LM. Cells were also seen in bilaterally in the nBOR. On the contralateral side, a discrete
group of cells was labeled in the rostral margin of the nBOR. These cells were localized in the
dorsal portion of the nBOR proper and some were found in the adjacent nBOR dorsalis. On
the ipsilateral side, a diffuse group of cells was seen in the caudal nBOR. Most of these cells
were in the nBOR dorsalis and outside the nBOR complex in the area ventralis of Tsai and
the reticular formation. From the injections into the caudal mc, a greater proportion of
labeled cells was found in the LM, whereas a greater proportion of cells was found in the
nBOR from the injections into the rostral mec. This differential projection from LM and nBOR
to the caudal and rostral mc is consistent with the optic flow preferences of neurons in the mc,
and a similar pattern of connectivity has been found in mammalian species. J. Comp. Neurol.
429:502-513, 2001.  © 2001 Wiley-Liss, Inc.
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Neurons in the nucleus of the basal optic root (nBOR) of
the accessory optic system (AOS) and the pretectal nu-
cleus lentiformis mesencephali (LM) are retinal-recipient
nuclei (Karten et al., 1977; Reiner et al., 1979; Fite et al.,
1981; Gamlin and Cohen, 1988a) and have been impli-
cated in the processing of visual information resulting
from self-motion (“optic flow” or “flowfields”; Gibson,
1954). The LM and nuclei in the AOS are principally
involved in the generation of visual optomotor responses,
including optokinetic nystagmus and the opto-collic reflex,
to facilitate retinal image stabilization (birds; Fite et al.,
1979; Gioanni et al., 1981,1983a,b; Gioanni, 1988; for re-
views, see Simpson, 1984; Simpson et al., 1988a; Grasse
and Cynader, 1990). The avian LM is homologous with the
mammalian nucleus of the optic tract (NOT), and the
nBOR is homologous with the medial and lateral terminal
nuclei of the AOS (MTN, LTN) (for reviews, see Simpson,
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1984, Fite, 1985; McKenna and Wallman, 1985b; Weber,
1985; Simpson et al., 1988a; Grasse and Cynader, 1990).

Electrophysiological studies have shown that most neu-
rons in the nBOR and LM have large receptive fields in
the contralateral eye and exhibit direction selectivity to
large-field stimuli rich in visual texture (i.e., random dot
patterns or checkerboards). Most neurons in the nBOR
prefer large-field stimuli moving either upward, down-
ward, or backward (nasal to temporal; Burns and Wall-
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man, 1981; Morgan and Frost, 1981; Gioanni et al., 1984;
Wylie and Frost, 1990a), whereas most LM neurons prefer
forward (temporal to nasal) motion (McKenna and Wall-
man, 1981, 1985a; Winterson and Brauth, 1985; Wylie
and Frost, 1996).

Neuroanatomical studies have shown that the LM
projects ipsilaterally, and the nBOR projects bilaterally, to
the medial column (mc) of the inferior olive (I0), which in
turn projects to the contralateral vestibulocerebellum
(VbC) as climbing fibers (CFs) (Arends and Voogd, 1989;
Brecha et al., 1980; Gamlin and Cohen, 1988b; Lau et al.,
1998; Wylie et al., 1997, 1999b; Crowder et al., 2000). The
complex spike activity of Purkinje cells in the VbC, which
reflects CF input (Thach, 1967), responds best to particu-
lar patterns of optic flow. These neurons have extremely
large, virtually panoramic, receptive fields, most of which
respond to stimulation of both the ipsilateral and con-
tralateral eyes. In both pigeons and rabbits, it has been
shown that cells in the flocculus of the VbC respond best to
optic flow resulting from self-rotation about either the
vertical axis or an horizontal axis oriented 45° to the
midline (Graf et al., 1988; Wylie and Frost, 1993).

These rotational optic flowfields are illustrated in Fig-
ure 1A and B. As projected onto a sphere, rotational optic
flow consists of laminar motion at the “equator” of the
sphere and circular motion at the “pole” (i.e., the axis of
rotation). Note that the direction of optic flow is opposite
to the direction of rotation. In rabbits, these two cell types
are also found in the ventral uvula and nodulus of the VbC
(Kano et al., 1990; Wylie et al., 1994, 1995; see also Bar-
mack and Shojaku, 1995). However, in pigeons, cells in
this part of the VbC respond best to patterns of optic flow
resulting from self-translation along either the vertical
axis or a horizontal axis oriented 45° to the midline (Wylie
et al., 1993, 1998; Wylie and Frost, 1999a; see Fig. 1, right
side). Figure 1C—F shows the optic flowfield resulting from
self-translation, which consists of laminar flow along the
equator (opposite to the direction of translation) with a
“focus of expansion” at one pole (in the direction of trans-
lation) and a “focus of contraction” at the opposite pole.

Using retrograde transport from the VbC, it has been
shown that the mc has a functional topographical organi-
zation (Lau et al., 1998; Wylie et al., 1999; Crowder et al,
2000). This is depicted in Figure 1, which shows a series of
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coronal sections through the left IO and illustrations of
the optic flowfields that maximally excite cells in each
region of the mec. Neurons in the medial margin of the mc
project as CFs to the Purkinje cells in the flocculus that
respond to rotational optic flow, whereas neurons in the
lateral margin of the mc provide input to the Purkinje
cells in the ventral uvula and nodulus that respond to
translational optic flow (Lau et al., 1998). With respect to
the rotation cells in the mec, those in the caudal half
respond best to rotation about the vertical axis (rVA neu-
rons; Fig. 1A) whereas those in the rostral half respond
best to rotation about an horizontal axis oriented at 45°
ipsilateral (i) azimuth (#45i neurons; Fig 1B) (Wylie et al.,
1999b). The translation cells are also functionally orga-
nized (Crowder et al., 2000). The axis preferences of the
translation cells are described with respect to a reference
frame where x, y, and z each represent rightward, upward,
and forward self-translation, respectively. Cells in the
caudal-most margin of the mc respond best to a transla-
tional optic flowfield resulting from self-translation along
an horizontal axis oriented at 135° contralateral (c¢) azi-
muth (¢(x — z) neurons). This flowfield consists of forward
motion in the lateral regions of both visual fields, and a
focus of contraction at 45°1 azimuth. Moving progressively
rostrally in the mec, one encounters ¢(+y), t(x + z), and
t(—y) neurons (Fig. 1D-F).

Given this functional arrangement of the mc, one would
expect that the caudal and rostral me would receive dif-
ferential input from the LM and nBOR. Recall that most
LM and nBOR neurons have receptive fields restricted to
the contralateral eye, and that most LM neurons prefer
forward motion, whereas nBOR neurons prefer either up-
ward, downward, or backward motion (Burns and Wall-
man, 1981; Morgan and Frost, 1981; McKenna and Wall-
man, 1981, 1985a; Gioanni et al., 1984; Winterson and
Brauth, 1985; Wylie and Frost, 1990a, 1996). From Figure
1 note that, in the caudal mc, the preferred optic flowfield
for both rVA and #(x — z) neurons consists of forward
motion in the contralateral hemifield. In contrast, in the
rostral me, the preferred flowfields of r45i, t(—y), t(+y).
and #(x + z) neurons consist of either upward, downward,
or backward motion in the contralateral hemifield. Thus,
one would expect that the input to the caudal mc would be

Abbreviations

AOS accessory optic system nBORd nucleus of the basal optic root, pars dorsalis
AVT area ventralis of Tsai nBORI nucleus of the basal optic root, pars lateralis
CF climbing fiber nBORp nucleus of the basal optic root, proper
CTB cholera toxin subunit B NOT nucleus of the optic tract
DAB diaminobenzidine PPC nucleus principalis precommisuralis
de dorsal cap . . . R nucleus raphe
dl dorsal lamella (of the inferior olive) RF reticular formation
GLv nucleus geniculatus lateralis, pars ventralis RT nucleus rotundus
GT ?ecta.l gray Ru nucleus ruber
10 inferior olive .

. . . SCI stratum cellulare internum
LM nucleus lentiformis mesencephali SO irat i
LML nucleus lentiformis mesencephali, pars lateralis SPp S ml um opblcum i
LMm nucleus lentiformis mesencephali, pars medialis nucleus su 'pretecta 18
LPC nucleus laminaris precommisuralis SPL later.al splinlform nucleus
LTN lateral terminal nucleus SPM medial spiriform nucleus
mce medial column (of the inferior olive) TeO optic tectum
MLF medial longitudinal fasiculus VbC vestibulocerebellum
MTN medial terminal nucleus vl ventral lamella (of the inferior olive)
nlIIl third cranial nerve (oculomotor nerve) vlo ventrolateral outgrowth
nBOR nucleus of the basal optic root VTRZ ventral tegmental relay zone
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Fig. 1. Topographical organization of the medial column (mc) of
the inferior olive (IO) in pigeons. A series of coronal sections through
the left 10O is shown to indicate the functional topography with respect
to the optic flow preferences of neurons (from Crowder et al., 2000).
A-F: Preferred optic flowfield for each region (i.e., the flowfield that
results in maximal excitation for the neurons in each region). Each
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flowfield is presented as projected onto a sphere surrounding the
animal, where the arrows indicate local image motion with the flow-
field. The vectors adjacent to each flowfield indicate the direction the
animal would translate along (C-F) or rotate about (A,B) to cause the
preferred pattern of optic flow. See text for a detailed description.
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from the LM primarily, whereas the rostral mc would
receive a heavier input from the nBOR.

MATERIALS AND METHODS
Surgery and CTB injection

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 with a ketamine (65 mg/kg)/xylazine (8 mg/
kg) cocktail (i.m.). Supplemental doses were administered
as necessary. The animals were placed in a stereotaxic
device with pigeon ear bars and beak adapter so that the
orientation of the skull conformed to the atlas of Karten
and Hodos (1967). Based on the stereotaxic coordinates of
Karten and Hodos (1967), sufficient bone and dura were
removed to expose the brain and allow access to the infe-
rior olive with an oblique penetration (10° to the sagittal
plane).

Recordings were made with glass micropipettes filled
with 2 M NaCl and having tip diameters of 4—5 pm. The
extracellular signal was amplified, filtered, and displayed
on an oscilloscope. Cells in the IO can be easily identified
based on their low firing rate of about 1 spike/sec. After a
cell was isolated, the optic flow preference of the neuron
was determined by moving a large (90° X 90°) hand-held
stimulus in various areas of the visual field and by mon-
itoring responses to translational and rotational flowfield
stimuli produced by the planetarium and translator pro-
jectors described elsewhere (Wylie et al., 1998; Wylie and
Frost, 1993, 1999a,b). After identification of the flowfield
preference, the recording electrode was replaced with a
micropipette (10—20 pm tip diameter) containing low-salt
cholera toxin subunit B (CTB) (1% in 0.1 M phosphate-
buffered saline [PBS], pH 7.4); Sigma, St. Louis, MO). The
optic flowfield preference was once again determined to
confirm the cell type before the solution was iontophoreti-
cally injected (+3 pA, 7 seconds on, 7 seconds off) for 3—10
minutes. Following CTB injection, the electrode 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). The 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, 45um thick, were collected in the
coronal plane and 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
(1:20,000; List Biological Laboratories, Campbell, CA) 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 (1:6,000; Vector, Burlingame, CA) with 0.4%
Triton X-100 in PBS for 1 hour. Sections were washed in
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PBS, then incubated; for 90 minutes in Extravadin perox-
idase (1:1,000; Sigma) with 0.4% Triton X-100, and then
rinsed again in PBS. The tissue was visualized by 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 on gelatin chrome aluminum-
coated slides, lightly counterstained with Neutral Red,
and examined by using light microscopy.

Nomenclature

Brecha et al. (1980) divided the nBOR complex into three
subgroups based on cell morphology and spatial location (see
Figs. 4, 5). The nBOR proper (nBORp) comprises most of the
nucleus and consists mainly of large and medium-sized
round cells and a smaller number of small spindly cells. The
nBOR dorsalis (nBORd) consists of a thin layer of small
spindly cells lining the caudal and dorsal margins of the
nBORp (Fig. 2B,C). The nBOR lateralis (nBORI) is a small
group of cells located dorsal to the stratum opticum (SOp)
and lateral to the nBORd/p. McKenna and Wallman (1981,
1985a) have shown that the nBORI is contiguous with and
functionally similar to the LM.

In pigeons, the pretectum consists of numerous nuclei,
the borders of which are difficult to define. The description
by Gamlin and Cohen (1988a,b) has been adopted for the
present study. The LM consists of two subnuclei, the LM
pars lateralis (LM]) and the LM pars medialis (LMm).
Medial to the LMm is a strip of small cells, the nucleus
laminaris precommisuralis (LPC), which appears contig-
uous with the internal lamina of the nucleus geniculatus
lateralis, pars ventralis (GLv). Medial to the LPC is the
nucleus principalis precommisuralis (PPC), which resides
lateral to the nucleus rotundus (RT) (Fig. 2D,E). Ven-
trally, the LMm, LMI, and LPC course ventral to the
nucleus subpretectalis (SP) and posterior to the GLv. The
LMm and LMI, although virtually indistinguishable at
this point, continue medially as a strip of cells that be-
comes the nBORI.

RESULTS

CTB was injected in the mc in seven birds. Figure 2A
shows a photomicrograph of a typical injection site (from
case JB08). From all injections, retrogradely labeled cells
were found in the ipsilateral LM and bilaterally in the
nBOR complex. Some cells were also found outside the
borders of nBOR in the area ventralis of Tsai (AVT) and
the reticular formation (RF). The total number of labeled
cells in the LM, nBOR, and adjacent AVT/RF varied be-
tween 150 and 729 (mean = 402; Table 1). In the con-
tralateral nBOR, a cluster of cells was found rostrally.
Most of these cells were found in the dorsal nBORp and
some were found in nBORd (Figs. 2B, 4, 5). Fewer cells
were found outside the nBOR complex in the adjacent
AVT/RF (Table 1, Figs. 4, 5). The labeled cells in the
ipsilateral nBOR were found more caudally. They ap-
peared to be smaller than those in the contralateral
nBOR, and most were located in the nBORd. Many cells
were also found in the adjacent AVT/RF (Table 1, Figs. 2C,
4, 5). Photomicrographs of retrogradely labeled cells in the
contra- and ipsilateral nBOR are shown in panels B and C
of Figure 2, respectively.
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Fig. 2. A: Photomicrograph of an injection site in the rostral me-
dial column (mc) of the inferior olive (case JB08). B-E: Typical pattern
of retrogradely labeled cells in the contralateral nucleus of the basal
optic root (nBOR; B), the ipsilateral nBOR (C), and the ipsilateral
pretectum (D, E). Note that the bulk of the labeled cells in the

The labeled cells in the ipsilateral LM appeared as a
strip running dorsoventrally through the pretectum. This
strip was <150pm in width and was located along the
border of LMm and LMI (Figs. 2D,E, 4, 5). At a casual

pretectum are along the border between the medial and lateral sub-
nuclei of the lentiformis mesencephali (LMm, LMI). See text for ad-
ditional details. m, medial; 1, lateral. Scale bars = 100 pm in A,C,D;
200 pm in B; 50 pm in E.

glance, these cells appeared to be located in LMm. How-
ever, these cells were large. Both LMI and LMm contain
large cells, but the large cells are less common in LMm
(Gamlin and Cohen, 1988a,b). Photomicrographs of retro-
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TABLE 1. Number and Distribution of Retrogradely Labeled Cells in the Lentiformis Mesencephali (LM), Nucleus of the Basal Optic Root (nBOR), and
Area Ventralis of Tsai/Reticular Formation (AVT/RF) from Each of the Seven Cases®

Case NBOR ipsi- AVT/RF ipsi- nBOR contra- AVT/RF contra- LM ipsi- Total
JBO03 (caudal) 202 (27.7) 82 (11) 201 (27.7) 6(0.8) 238 (32.6) 729
CtBIO2 (caudal) 198 (27.7) 32(4.5) 145 (20.3) 3(0.4) 336 (47) 714
CtBIO18 (caudal) 43 (16.6) 21(8.1) 49 (18.9) 10 (3.8) 136 (52.5) 259
CtBIO3 (rostral) 55 (36.7) 12 (8) 58 (38.7) 6 (4) 19 (12.6) 150
JB09 (rostral) 59 (22) 24 (8.9) 154 (57.4) 7(2.6) 24 (8.9) 268
JBO7 (rostral) 102 (31.8) 19 (5.9) 139 (43.3) 10(3.1) 51(15.9) 321
JBO8 (rostral) 114 (30.6) 32(8.6) 150 (40.3) 7(1.9) 69 (18.5) 372

Data are numbers, with percents in parentheses.

gradely labeled cells in the LM are shown in panels D and
E of Figure 2.

Rostral vs. caudal injections

Three pieces of information were used to determine the
location and extent of the injection sites in the IO. First,
the optic flow preferences of the neurons at the center of
the injection were determined with electrophysiological
recordings. Second, the injection sites were examined by
using light microscopy, and the extent of the CTB deposits
was compared with the known functional topographic or-
ganization of the mc from Wylie et al. (1999) and Crowder
et al. (2000) (Fig. 3). Figure 3A shows the topographical
organization of the mc (from Crowder et al., 2000), and
Figure B—H shows reconstructions of the injection sites
from each case. The blackened regions indicate heavy CTB
deposits, and the gray shaded regions indicate lighter
deposits suggestive of spread of the tracer. Comparisons of
the reconstructions in B-H with A provide an indication of
which areas of the mc were included in the injection site.
Finally, the location of anterogradely labeled CF's in the
molecular layer of the cerebellar cortex was also consid-
ered. If the injection included the rVA or r45i areas of the
mc, anterogradely labeled CFs should be present in the
flocculus (Wylie et al., 1993, 1999b; Wylie and Frost, 1993;
Lau et al., 1998). If the injection included the translation
region, labeled CFs should be present in the ventral uvula
and nodulus (Wylie et al., 1993; Lau et al., 1998; Wylie
and Frost, 1999a; Crowder et al., 2000).

Previous studies of the ventral uvula and nodulus have
shown that the translation neurons are zonally organized
(Wylie and Frost, 1999a; Crowder et al., 2000). Consider-
ing the complex spike activity of VbC Purkinje cells on the
right side of the brain, the zonal organization is as follows:
the ¢(x — z) neurons are found most medially in a zone that
abuts on the midline and extends about 0.5 mm laterally;
the ¢(x + z) neurons are found in a zone lateral to this
extending from 0.5 to 1 mm lateral to the midline; and the
t(—y) and t(+y) neurons are found lateral to these, 1-2 mm
lateral to the midline. Although there are no conclusive
data in this regard, it has been suggested that the #(+y)
neurons are found lateral to the #(—y) neurons (Wylie and
Frost, 1999a). In the present study the location of antero-
gradely labeled CF's in the VbC was measured to provide
an indication of the spread of the injection in the mec.

Based on these sources of information, it was concluded
that there were three cases in which the injection was in the
caudal mec (cases JB03, CtBIO2, and CtBIO18) and four
injections in the rostral mc (cases CtBIO3, JB07, JB08, and
JB09). The injection sites of the caudal cases are recon-
structed in Figure 3B-D. For these three cases, VA neurons
were recorded with the injection electrode: the bulk of the

injection appeared to be confined to the rVA region. For case
CtBIO18 (Fig. 3D), anterogradely labeled CF's were found in
the flocculus but not the ventral uvula and nodulus, suggest-
ing that the injection was confined to the rVA region. For
cases JBO3 and CtBIO2 (Fig. 3B,C), in addition to antero-
gradely labeled CFs in the flocculus, CFs were abundant in
the most medial zone of the nodulus (JB03, 0-500 wm;
CtBIO2, 150—400 pm from the midline), indicating inclusion
of the ¢(x — z) region of the mc, and some CFs were also seen
more laterally in the ventral uvula and nodulus (JB03, 1.0—
1.2 mm; CtBIO2, 1.1-1.9 mm from the midline), suggesting
encroachment on the #(+y) region of the mc. As the locations
of separate rVA and r45i zones in the pigeon flocculus have
yet to be determined, it is possible that all these injection
sites encroached on the caudal margin of the r45i region of
the mc.

The injection sites of the rostral cases are reconstructed
in Figure 3E-H. For cases CtBIO3, JB07, and JB08 (Fig.
3E,G,H), r45i neurons were recorded at the injection site.
Anterogradely labeled CF's were not seen in case CtBIO3.
For case JB07, CFs were abundant in the flocculus, but a
few were also found laterally in the ventral uvula and
nodulus, 1.7-1.9 mm lateral to the midline. This CF label-
ing probably occurred because the injection included some
of the ¢(—y) and/or t(+y) region of the mc in addition to the
r45i region. For case JB08, CFs were abundant in the
flocculus, and some were also found in the nodulus (1.0—
1.7 mm lateral to the midline). Thus, the injection for case
JBO08 included some of the #(—y) and/or the ¢(+y) region in
addition to the r45i region. For case JB09, t(x + z) neurons
were recorded at the injection site. A band of CF labeling
was found in the ventral uvula and nodulus (1.0-1.4 mm
from the midline), and some CF labeling was seen in the
flocculus. Thus, in addition to the #(x + z) region, this
injection included the r45i and perhaps the ¢(—y) regions
of the mc. Again, as the locations of separate rVA and r45i
zones in the pigeon flocculus have yet to be determined, it
is possible that all these injection sites encroached on the
rostral margin of the rVA region of the mc.

Figures 4 and 5 show drawings of series of coronal
sections through the nBOR and pretectum from injections
into the caudal (case CtBIO2) and rostral (case JB08) mc,
respectively. With respect to the distribution of retro-
gradely labeled cells in the LM and nBOR, there was a
clear difference between the rostral and caudal mc injec-
tions. This is outlined in Table 1 and illustrated in Figure
6. This figure shows a histogram of the relative number of
retrogradely labeled cells found in the ipsilateral LM,
contralateral nBOR and adjacent AVT/RF, and ipsilateral
nBOR and adjacent AVT/RF, expressed as percentage of
the total number of labeled cells for each case. From the
injections into the rostral mec, a relatively small number of
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Fig. 3. Injections of cholera toxin subunit B (CTB) in the medial
column (mc) of the inferior olive. A: A series of coronal sections
through the IO illustrating the topographical organization of the mc
with respect to the preferred patterns of rotational or translational
optic flow (from Crowder et al., 2000; see Fig. 1). B-H: Extent of the
injection sites from each case. The blackened area indicates the heart
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of the injection, and the gray area indicates the apparent spread of the
tracer. The extent of each injection site can be compared with A to
determine which regions of the mc were included in the injection. In
B-D the injection was in the caudal mc, whereas in E-H the injection
was in the rostral mc. See text for additional details. ¢, caudal; m,
medial; 1, lateral; r, rostral. Scale bar = 1 mm.
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Fig. 4. Projections from the nucleus of the basal optic root (nBOR)
and the pretectal nucleus lentiformis mesencephali (LM) to the caudal
medial column (mc). Drawings of coronal sections (caudal to rostral)
from case CtBIO2 are shown. Each dot represents the location of a
retrogradely labeled cell. The injection site is illustrated in Figure 3C.
See text for additional details. Scale bar = 1 mm.

labeled cells were found in the LM compared with injec-
tions into the caudal mc. The only other apparent differ-
ence between the rostral and caudal mc injections was
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Fig. 5. Projections from the nucleus of the basal optic root (nBOR)
and the pretectal nucleus lentiformis mesencephali (LM) to the ros-
tral medial column (mec). Drawings of coronal sections (caudal to
rostral) from case JB08 are shown. Each dot represents the location of
a retrogradely labeled cell. The injection site is illustrated in Figure
3H. See text for additional details. Scale bar = 1 mm.
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Fig. 6. Percent histogram of the distribution of retrogradely la-
beled cells from injections into the caudal and rostral medial column
(mc). For each case the percentage of cells found in the ipsilateral
lentiformis mesencephali (ispi LM; black), the ipsilateral nucleus of
the basal optic root (ipsi nBOR; light gray), and the contralateral

with respect to the location of retrogradely labeled cells in
the LM. From the rostral mc injections, the labeled cells in
the LM were more abundant in the dorsal-caudal regions
of LM. The most striking example of this was in case JB08S,
which is reconstructed in Figure 5. Note the absence of
labeling in the LM in the rostralmost section shown. In
Figure 4, which shows the retrograde labeling from an
injection into the caudal mc (case CtBIO2), there is abun-
dant labeling in the ventral-rostral area of LM.

DISCUSSION

In the present study, after injections of the retrograde
tracer CTB into the mc of the IO in pigeons, retrogradely
labeled cells were found bilaterally in the nBOR and the
adjacent AVT/RF. A bilateral projection from the nBOR to
the mc has been noted previously (Brecha et al., 1980;
Wylie et al., 1997). In fact, it has been shown that indi-
vidual nBOR neurons innervate both the ipsi- and con-
tralateral mc (Wylie et al., 1997). From the present study,
there are additional details to note. The retrogradely la-
beled cells in the contralateral nBOR were found further
rostral than those in the ipsilateral nBOR. Moreover, the
cells in the contralateral nBOR were restricted to a rather
tight cluster that included cells in both nBORp and
nBORd. The group of labeled cells in the ipsilateral nBOR
was more diffuse, and most cells were located in the
nBORd. More labeled cells were seen in the AVI/RF ad-
jacent to the nBOR on the ipsilateral side compared with
the contralateral side. A group of retrogradely labeled
cells was also found in the pretectum, along the border
between the LMI and LMm. This was noted previously by
Gamlin and Cohen (1988b; see also Clarke, 1977).

It seems that much of the input from the nBOR to the
mc arises from nBORd and the adjacent AVT/RF. Previ-
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& contra nBOR
[Jipsi nBOR
Hipsi LM

JBO09 (rostral)
JBO07 (rostral)
JBO08 (rostral)

nBOR (contra nBOR; dark gray) are shown. Cells found in the adja-
cent area ventralis of Tsai and reticular formation (AVT/RF) are
included with those in the nBOR. Note that a smaller percentage of
cells were found in the LM after injection in the rostral mc.

ously it has been suggested that the physiological proper-
ties of cells in the nBORd and AVT differ from those in
nBORp (Wylie and Frost, 1990b, 1999b; Wylie et al.,
1999a). Most cells in the nBOR have receptive fields in the
contralateral eye, but there are some cells that have re-
ceptive fields in both eyes and respond best to particular
patterns of optic flow resulting from either self-translation
or self-rotation. These binocular units have been found in
nBORd (Wylie and Frost, 1990b, 1999b) and the AVT
(Wylie et al., 1999a). This is consistent with previous
anatomical studies that have shown a projection to the
nBORd and AVT from the contralateral nBOR (Brecha et
al., 1980; Wylie et al., 1997). Thus, the mc may be receiv-
ing input from binocular units in the nBOR complex.
However, the binocular nBORd/AVT units show a marked
ocular dominance relative to the complex spike activity of
neurons in the VbC that receive input from the mec (Wylie
and Frost, 1990b, 1999b). Therefore, further binocular
integration must take place in the mc. Presumably, for
some cell types, the binocular integration would involve
inputs from both nBOR and LM. For example, the flow-
field that maximally excites the rVA neurons in the caudal
mc consists of forward motion in the contralateral hemi-
field and backward motion in the ipsilateral hemifield
(Fig. 1A). An mc unit with this flowfield selectivity could
be constructed with inputs from the ipsilateral LM (a
forward cell) and the contralateral nBOR (a back cell).
(However, there are some binocular LM units that re-
spond to rotation about the vertical axis; Wylie, 2000).
The major finding of the present study is with regard to
the differences between the distribution of labeled cells in
the nBOR and LM from injections into the caudal and
rostral mc. A greater number of cells were found in the LM
after injections into the caudal mc compared with those
injections in the rostral mc. These findings are schemati-
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Fig. 7. Schematic illustration of the projection from the nucleus of
the basal optic root (nBOR) and the pretectal nucleus lentiformis
mesencephali (LM) to the medial column (mc) of the inferior olive (10).
The thicker solid arrows represent heavier projections than the thin-
ner broken arrows. Most cells in the nBOR prefer either upward,
downward, or backward motion in the contralateral eye, and most LM

cally illustrated in Figure 7. The nBOR projects bilaterally
to the mec, but the projection is heavier (solid arrows) to
the rostral me and weaker to the caudal mc (dashed ar-
rows). The LM projects to the ipsilateral mc, but the
projection is heavier to the caudal mc and weaker to the
rostral mc. As outlined in the introduction, this pattern of
connectivity is consistent with the direction preferences of
neurons in the LM and nBOR and the flowfield prefer-

» _51\:) ostral
\\\\%:O

cells prefer forward motion in the contralateral eye (Gioanni et al.,
1984; Winterson and Brauth, 1985; Wylie and Frost, 1990a, 1996).
The nBOR projects bilaterally to the mc, but the projection is heavier
to the rostral mc. The LM projects to the ipsilateral me, but the
projection is heavier to the caudal mec.

ences of translation and rotation neurons in the rostral
and caudal mc. To reiterate, the majority of neurons in the
LM and nBOR have monocular receptive fields in the
contralateral eye. Most nBOR neurons respond best to
either upward, downward, or backward motion (Gioanni
et al., 1984; Wylie and Frost, 1990a), whereas most LM
neurons prefer forward motion in the contralateral eye
(Winterson and Brauth, 1985; Wylie and Frost, 1996). As
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shown in Figure 1, in general, the rVA and ¢(x — z) neu-
rons in the caudal mc respond best to flowfields that
consist of forward motion in the contralateral hemifield,
whereas the neurons in the rostral mc respond best to
flowfields consisting of upward, downward, and backward
motion in the contralateral hemifield.

Comparison with mammalian species

The pattern of connectivity of the pretectal/AOS-olivo-
VbC pathway illustrated in Figure 7 seems highly con-
served. In the olivo-VbC system in mammalian species,
neurons responsive to translational optic flowfields have
not been found. However, neurons responsive to the rota-
tional optic flow have been found, and the organization is
remarkably similar to that in birds: rVA neurons are
found in the caudal dorsal cap (dc), and r45i neurons are
found in the rostral dc and ventrolateral outgrowth (vlo)
(Leonard et al., 1988; Ruigrok et al., 1993; Tan et al.,
1995). The caudal dc receives input from the NOT (Mizuno
et al., 1973; Takeda and Maekawa, 1976; Maekawa and
Takeda, 1977; Holstege and Collewijn, 1982), which con-
tains neurons that prefer forward motion (e.g., Collewijn,
1975; Hoffmann and Schoppmann, 1981) and is homolo-
gous to the avian LM. Most of the visual input to the
rostral dc and vlo arises indirectly from the MTN and LTN
via the ventral tegmental relay zone (VITRZ; Maekawa
and Takeda, 1979; Simpson, 1984; Giolli et al., 1985;
Blanks et al., 1995). The MTN and LTN contain neurons
that prefer upward or downward motion (e.g., Grasse and
Cynader, 1982, 1984; Soodak and Simpson, 1988) and are
considered homologous to the avian nBOR (Simpson,
1984).

The VTRZ could be considered homologous to the avian
nBORA/AVT for two reasons. First, Simpson et al. (1988b)
showed that neurons in the VTRZ have properties that are
similar to those we have described for the pigeon nBORd/
AVT. Some VTRZ are binocular and have “bipartite” re-
ceptive fields that are maximally responsive to patterns of
rotational optic flow. Second, neurons in the nBORd/AVT
project to the hippocampal formation as do neurons in the
VTRZ (Gasbarri et al., 1994; Wylie et al., 1999a). This
AOS-tegmental-hippocampal projection is thought to be
important for “path integration” (Wylie et al., 1999a).

Although the pretectal/AOS-IO-VbC pathway seems
highly conserved, there is also a direct pathway from the
AOS and LM to the VbC in pigeons (Clarke, 1977; Brecha
et al., 1980; Wylie et al., 1997). This direct AOS-VbC
pathway has been reported in fish (Finger and Karten,
1978) and turtles (Reiner and Karten, 1978) but not frogs
(Montgomery et al., 1981). In mammals, this pathway has
been reported in the chinchilla (Winfield et al., 1978) but
is absent in cats (Kawasaki and Sato, 1980) rats, and
rabbits (Giolli et al., 1984).
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