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Abstract

The avian nucleus of the basal optic root (nBOR) is a visual structure involved in the optokinetic response. nBOR
consists of several morphologically distinct cell types, and in the present study, we sought to determine if these
different cell types had differential projections. Using retrograde tracers, we examined the morphology and
distribution of nBOR neurons projecting to the vestibulocerebellum (VbC), inferior olive (IO), dorsal thalamus, the
pretectal nucleus lentiformis mesencephali (LM), the contralateral nBOR, the oculomotor complex (OMC) and a
group of structures along the midline of the mesencephalon. The retrogradely labeled neurons fell into two broad
categories: large neurons, most of which were multipolar rather than fusiform and small neurons, which were either
fusiform or multipolar. From injections into the 10, LM, contralateral nBOR, and structures along the
midline-mesencephalon small nBOR neurons were labeled. Although there were no differences with respect to the
size of the labeled neurons from these injections, there were some differences with the respect to the distribution of
labeled neurons and the proportion of multipolar vs. fusiform neurons. From injections into the VbC, the large
multipolar cells were labeled throughout nBOR. The only other cases in which these large neurons were labeled
were contralateral OMC injections. To investigate if single neurons project to multiple targets we used paired
injections of red and green fluorescent retrograde tracers into different targets. Double-labeled neurons were never
observed indicating that nBOR neurons do not project to multiple targets. We conclude that individual nBOR
neurons have unique projections, which may have differential roles in processing optic flow and controlling the

optokinetic response.
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Introduction

Self-motion through the environment results in patterns of “optic
flow” across the entire retina (Gibson, 1954). Together, nuclei in
the pretectum and the accessory optic system (AOS) are involved
in the analysis of optic flow (Simpson, 1984; Simpson et al.,
1988b; Grasse & Cynader, 1990). The pretectum and AOS are
highly conserved in vertebrates: the mammalian pretectal nucleus
of the optic tract (NOT) is homologous to the nucleus lentiformis
mesencephali (LM) in birds, and the avian nucleus of the basal
optic root (nBOR) of the AOS is homologous to the medial and
lateral terminal nuclei (MTN, LTN) of the mammalian AOS
(Simpson, 1984; Fite, 1985; McKenna & Wallman, 1985; Weber,
1985; Simpson et al., 1988b; Gamlin, 2005; Giolli et al., 2005).
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Previous reports have shown that neither the LM nor the nBOR
can be regarded as homogeneous nuclei, but rather consist of
several morphologically distinct cell types (Brecha et al., 1980;
Gottlieb & McKenna, 1986; Gamlin & Cohen, 1988; Tang &
Wang, 2002; Zayats et al., 2002, 2003). As the analysis of optic
flow subserves many functions (Lee & Lishman, 1977; Simpson,
1984; Lappe & Rauschecker, 1994), it is possible that these distinct
cell types are specialized with respect to their efferent projections,
as well as their function. For example, Prochnow et al. (2007)
showed that different cell types in the rat NOT project to the
superior colliculus and inferior olive. They also found that these
cell types have different physiological properties and are involved
in saccades and the slow phase of optokinetic nystagmus, respec-
tively. Recently, we (Pakan et al., 2006) showed that the different
efferent projections of LM originate from morphologically distinct
types of neurons, and we speculated that they are involved in
different components of the optokinetic response or other visual
behaviors. Given that LM and nBOR are quite similar with re-
spect to function, response properties, and efferent projections
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(McKenna & Wallman, 1985), one might expect that the different
cell types in nBOR also have differential projections.

Electrophysiological studies have shown that nBOR neurons
have large receptive fields in the contralateral visual field and
exhibit direction-selectivity to large-field moving visual stimuli
(Burns & Wallman, 1981; Morgan & Frost, 1981; Wylie &
Frost, 1990). The nBOR receives primary input from the dis-
placed ganglion cells in the contralateral retina (Karten et al.,
1977; Reiner et al., 1979; Fite et al., 1981) and projects to
several structures. These include bilateral projections to the me-
dial column of the inferior olive (mclO), folium IXcd of the
vestibulocerebellum (VbC) and the oculomotor complex (OMC),
ipsilateral projections to LM and parts of the anterior dorsal
thalamus, and a projection to the contralateral nBOR. In addi-
tion, the nBOR projects bilaterally to several structures along
the midline in the mesencephalon, including the interstitial nu-
cleus of Cajal (IS), nucleus Darkshewitsch (D), the central grey
(CtG), and the ventral tegmental area (VTA; Brecha et al., 1980;
Wild, 1989; Wylie & Linkenhoker, 1996; Wylie et al., 1997,
1998b; Wylie, 2001; Pakan et al., 2006).

nBOR consists of several morphologically distinct cell types
(Brecha et al., 1980) with different immunochemical properties
(Zayats et al., 2002). However, it is not known if these different
neuronal subtypes are associated with different efferent projec-
tions. In the present study, using retrograde tracing techniques, we
examined differences in the morphology and distribution of nBOR
neurons that project to several different targets: VbC, mclO, LM,
OMC, the contralateral nBOR, dorsal thalamus, and structures
along the midline of the mesencephalon.

Materials and methods

The methods reported herein conformed to the guidelines estab-
lished by the Canadian Council on Animal Care and were ap-
proved by the Biosciences Animal Care and Policy Committee at
the University of Alberta. Silver King and homing pigeons, ob-
tained from various suppliers, were anesthetized with an intramus-
cular injection of a ketamine (65 mg/kg)/xylazine (9.4 mg/kg)
cocktail, and were given supplemental doses as needed to maintain
anesthesia. 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). Sufficient
skull and dura were removed to expose the brain surface and allow
access to one of the following: the dorsal thalamus, structures
along the midline-mesencephalon, VbC, mclO, OMC, LM, or
nBOR. All target sites were localized using a stereotaxic atlas
(Karten & Hodos, 1967). For injections into the VbC, mcIO, LM,
and nBOR we also relied on single-unit recordings made with
glass micropipettes (tip diameters 4-5 wm) filled with 2 M NaCl,
which were advanced using an hydraulic microdrive to record the
responses of neurons in these structures to optic flow stimuli
(e.g., Wylie & Frost, 1990, 1996; Winship & Wylie, 2001; Winship
et al., 2005).

Studies using cholera toxin subunit B (CTB)
as a retrograde tracer

For injections into the VbC, mclO, LM, and nBOR, after recording
from optic flow sensitive cells, the recording electrode was re-
placed with a micropipette (tip diameter 20 um) filled with CTB
(low-salt version, Sigma, St. Louis, MO; 1% in 0.1 M phosphate-
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buffered saline (PBS, pH 7.4)) and the nucleus was located again
by isolating cells responsive to large field visual stimuli. For all
other target sites (dorsal thalamus and midline structures), injec-
tions were made according to the stereotaxic coordinates. In
all cases, the CTB was injected iontophoretically for 10—15 min
(+4 pamps, 7 s on, 7 s off). Following the injection, the micro-
pipette was left in place for 5 min then removed and the exposures
were closed. Once the animal regained consciousness, buprenor-
phine (2 mg/kg, i.m.) was administered as an analgesic.

After a survival time of 3-5 days, the animals were adminis-
tered an overdose of sodium pentobarbital (100 mg/kg), and
perfused with 0.9% saline followed by 4% paraformaldehyde in
0.1 M phosphate buffer (PB). The brain was extracted from the
skull, embedded in gelatin, and placed in 30% sucrose in 0.1 M PB
for cryoprotection. Using a microtome, frozen sections in the
coronal plane (40 wm thick) were collected, and sections were
processed for CTB based on the protocol outlined by Wild et al.
(1993; see also Veenman et al., 1992). Sections were initially
rinsed in 0.1 M PBS. They were then washed in a 25% methanol,
0.9% hydrogen peroxide solution for 30 min to decrease endog-
enous peroxidase activity. Sections were rinsed several times in
PBS then placed in 4% rabbit serum with 0.4% Triton X-100 in
PBS for 30 min. Tissue was subsequently incubated for 20 h in a
primary antibody for CTB, goat anti-Choleragenoid (1:20,000;
List Biological Laboratories, Campbell, CA) with 0.4% Triton
X-100 in PBS. Sections were then rinsed in PBS (several times)
and incubated for 60 min in biotinylated rabbit anti-goat antiserum
(1:600; Vector Laboratories, Burlingame, CA) with 0.4% Triton
X-100 in PBS. Tissue was rinsed several times with PBS and
incubated for 90 min in ExtrAvidin (1:1,000; Sigma, St. Louis,
MO) with 0.4% Triton X-100 in PBS. Subsequent to a few washes
with PBS, the tissue was incubated for 12 min in filtered 0.025%
diaminobenzidine (DAB) and 0.006% cobalt chloride in PBS.
0.005% hydrogen peroxide was added to the DAB solution, and
the sections were reacted for up to 6 min. The sections were then
rinsed several times with PBS, mounted onto gelatin coated slides,
lightly counterstained with Neutral Red and cover slipped with
Permount.

Double-labeling fluorescent studies

We also performed double-labeling experiments using green and
red fluorescent latex microspheres (LumaFluor Corp, Naples, FL)
as retrograde tracers. These were pressure injected through a glass
micropipette (tip diameter 20 wm), into the mcIO, LM, OMC,
dorsal thalamus, VbC, and nBOR, using a Picospritzer II (General
Valve Corporation). Viewing through a surgical microscope, we
monitored the movement of the meniscus to inject from 0.05 to
0.2 pl. With larger injection volumes, typically used for injection
into the cerebellum, the resultant injection sites were about 1 mm
in diameter. As with the CTB injections, for injections into LM,
VbC, nBOR and mclO, the nuclei were first localized by recording
the responses of neurons to optic flow stimuli. After a recovery
period of 2-5 days, the animals were deeply anesthetized with
sodium pentobarbital (100 mg/kg) and immediately perfused with
heparinized phosphate buffered saline (0.9% NaCl, 1 ml/100 ml
heparin, 0.1 M phosphate buffer). The brains were extracted, then
flash-frozen in 2-methylbutane and stored at —80°C until sec-
tioned. Brains were embedded in optimal cutting temperature
medium and 40 um coronal sections were cut through the brain-
stem and cerebellum with a cryostat and mounted on electrostatic
slides.
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Microscopy

Sections were viewed with a compound light microscope (Leica
DMRE) equipped with the appropriate fluorescence filters. The
red and green latex microspheres fluoresce under rhodamine and
FITC filters, respectively. The CTB-reacted tissue was examined
using standard light microscopy and drawings were made with the
aid of a drawing tube. Images were obtained using the OPENLAB
Imaging system (Improvision, Lexington, MA) and Adobe Photo-
shop software was used to compensate for brightness and contrast.
OPENLAB was also used to measure the size (area) of CTB-
labeled neurons.

Nomenclature

Brecha et al. (1980) defined the nBOR complex as consisting of
three parts: nBOR proper (nBORp), which comprises the bulk of
the nucleus; nBOR dorsalis (nBORd) which is a cap that surrounds
the dorsal and caudal margins of nBORp; and nBOR lateralis,
which sits atop the stratum opticum (SOp) lateral to the nucleus.
McKenna and Wallman (1981) found that nBOR lateralis is con-
tinuous with LM, and represents LM’s caudo-medial tail. More-
over, they showed that with respect to direction-preference for
visual stimuli, lateralis resembles LM rather than nBOR. In dozens
of species of birds, Iwaniuk and Wylie (2007) observed in Nissl
stained coronal sections that lateralis is continuous with LM. Also,
the unique connections of nBOR, the contralateral nBOR and the
OMC, do not involve lateralis. For these reasons, we consider
nBOR lateralis as part of LM rather than the nBOR complex.

Results

Data are described from experiments performed on 33 pigeons
(Table 1). Twenty-one pigeons were used for the retrograde studies
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using CTB injected into a single target site. The CTB cases in-
cluded unilateral injections in the VbC (n = 5) 10 (n = 3), contra-
lateral nBOR (n = 3), dorsal thalamus (n = 3), LM (n = 3), and
OMC (n = 1). In addition, there were three cases, two unilateral,
and one bilateral that were grouped together as “midline-
mesencephalon.” The other 12 birds received injections of red or
green LumaFluors in different efferent targets of the nBOR. From
both the CTB and LumaFluor injections, we observed differences
in the size, morphology, and distribution of neurons associated with
the different projection sites. In our descriptions of morphology and
quantification of neuron size, we relied only on the CTB cases, as
this tracer results in uniform and complete labeling of the entire
soma and proximal dendrites. Photomicrographs of representative
retrograde labeling from the CTB experiments are shown in Figs. 1
and 2, and from the LumaFluor experiments in Fig. 3. Drawings of
coronal sections through the nBOR illustrating the distribution of
labeled cells from various injections are shown in Figs. 6 and 7.

VBC-projecting nBOR neurons

Previous studies using anterograde techniques have shown that the
projection from nBOR to the VbC is bilateral and terminates in the
granule layer as mossy fiber rosettes (Brecha et al., 1980). We
directed our injections to folium IXcd. The complex spike activity
of Purkinje cells in folium I[Xcd responds to patterns of optic flow
resulting from either self-translation or self-rotation (Wylie &
Frost, 1991, 1993, 1999b; Wylie et al., 1993, 1998a). Once re-
sponsive neurons were found, we made the injection in the adja-
cent granule cell layer. Spread of the injection site to other folia
was not a concern because folium X does not receive direct input
from nBOR (Brecha et al., 1980; Wylie & Linkenhoker, 1996;
Wylie et al., 1997), although the nBOR does project to folia
VI-IXab, retrograde studies show that the magnitude of this pro-

Table 1. Retrograde tracer injection sites and fluorescent cell count

CTB Injections

Case Target Case Target Case Target
VbC#l VbC 10#1 10 DTHAL#1 dorsal thalamus
VbC#2 VbC 10#2 10 DTHAL#2 dorsal thalamus
VbC#3 VbC 10#3 10 DTHAL#3 dorsal thalamus
VBC#4 VbC c-nBOR#1 nBOR LM#1 LM
VBC#5 VbC c-nBOR#2 nBOR LM#2 LM
OMC OMC c-nBOR#3 nBOR LM#3 LM
MID-MES#1 Midline-Mesencephalon ~ MID-MES#2  Midline-Mesencephalon =~ MID-MES#3  Midline-Mesencephalon
LumaFluor Injections
Case Target-green # green cells Target-Red # red cells #double-labeled
DTHAL-IO dorsal thalamus 73 ipsi-1I0 10 0
DTHAL-LM dorsal thalamus 223 LM 888 0
10-LM#1 ipsi-1I0 60 LM 224 0
10-LM#2 LM 370 contra-10 168 0
nBOR-DTHAL nBOR 186 dorsal thalamus 202 0
nBOR-10#1 nBOR 184 contra-10 78 0
nBOR-10#2 nBOR 592 ipsi-10 136 0
nBOR-LM nBOR 370 LM 624 0
nBOR-VbC nBOR 756 VbC 432 0
OMC-VbC OMC 363 VbC 80 0
VbC-10#1 VbC 73 10 380 0
VbC-10#2 VbC 738 10 269 0
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jection is very small compared to the projection to IXcd (Brecha
et al., 1980; Pakan & Wylie, 2006).

There were nine cases in which the VbC was injected unilat-
erally; five CTB cases, and four LumaFluor cases. From these
injections, large neurons (330.2 + 16.9 wm?; mean + s.e.m.) were
invariably labeled (Figs. 1E, 1F, 3F). The majority (85%) of these
neurons was multipolar (Fig. 4) and they were distributed uni-
formly throughout nBOR (Figs. 1E, 6B).

D.R.W. Wylie et al.

10-projecting nBOR neurons

For the 10, the injections were aimed at the optic flow responsive
regions in the medial column (mclO; Winship & Wylie, 2001). The
projection from the nBOR is heavier to the rostral, as opposed to
the caudal, region of mcIO. To access the mclO, the electrode had
to pass through the cerebellum, thus we were careful to ensure that
there was no leakage of the tracer in this regard.

Fig. 1. Photomicrographs of coronal sections through the nucleus of the basal optic root (1BOR), showing retrogradely labeled neurons
from injections of cholera toxin subunit B into the inferior olive (I0; A-D; case IO#1), vestibulocerebellum (VbC; E, F; case VbC#5),
and oculomotor complex (OMC; G; case OMC). Injections in the IO labeled a cluster of small cells dorsally in the contralateral nBOR
(A, B) and a more diffuse group spanning nBOR dorsalis (nBORd) and the ventral tegmental area (VTA) on the ipsilateral side
(C, D). Injections into the VbC labeled very large multipolar cells throughout nBOR bilaterally (E, F). Such large cells were also seen
from injections into the contralateral OMC (F), m, medial; 1, lateral. Stratum opticum (SOp). Scale bars: 200 um in A, C, E, and G;

100 pym in G; 75 ym in F; 50 ym in B and D.
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The IO was injected in three of the CTB cases and seven
of the LumaFluor cases. Small neurons were labelled bilaterally
in the nBOR (ipsi, 132.6 + 6.4 um?; contra 131.7 + 4.6 um?;
mean =* s.e.m.). Neurons that were multipolar and fusiform/ovoid
were equally represented (Figs. 1B, 1D, 4). In the contralateral
nBOR, the neurons were found in a circumscribed region in the
dorsal part of nBORp and encroaching on the adjacent nBORd
(Figs. 1A, 6A). In the ipsilateral nBOR, the neurons were more
widely distributed and found mainly in nBORd and adjacent
regions of the nBORp and VTA (Figs. 1C, 6A). The IO-projecting
neurons in the ipsilateral nBOR were located more caudally than
those in the contralateral nBOR (Fig. 6A; see below).

LM-Projecting nBOR neurons

The heaviest projection of the nBOR is to the ipsilateral LM. This
projection spans the rostro-caudal and dorso-ventral extent of the
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medial and lateral subnuclei of LM (Wylie et al., 1997). The LM
was injected in three of the CTB cases and four of the LumaFluor
cases. Critically, none of these injections spread into the dorsal
thalamus. Small cells were labeled from these injections (106.0 +
6.2 ,umz; mean *+ s.e.m.), most of which were fusiform/ovoid
(85%) as opposed to multipolar (Figs. 2E, 3C, 4). Neurons were
found in both nBORp and nBORd and also dorsal to the complex
itself (Figs. 3C, 3D, 7A-7C).

Dorsal thalamus-projecting nBOR neurons

Wylie et al. (1998b) showed that the projection from the nBOR to
the thalamus is directed mainly to the lateral subnucleus of the
ipsilateral anterior dorsolateral thalamus (DLL). This is one com-
ponent of the principal optic nucleus of the thalamus and is con-
sidered the homolog of the mammalian dorsal lateral geniculate
nucleus (ALGN; Karten et al., 1973; Shimizu & Karten, 1991). For

Fig. 2. Photomicrographs of coronal sections through the nucleus of the basal optic root (nBOR) showing small neurons labeled with
cholera toxin subunit B. A~C show cells labeled from injections in the contra nBOR (case C-NBOR#1). The rectangles in A indicate
the areas shown in B and C. Most cells were found in nBOR dorsalis (nBORd) and the dorsal part of nBOR proper (nBORp) (B), and
some were dorsal to the nBOR complex in the medial mesencephalic reticular formation (FRM) (C). D, E, and F, respectively show
cells retrogradely labeled from injections in the midline-mesencephalon (case MID-MES#3), lentiformis mesencephali (LM; case
LM#3), and the dorsal thalamus (case DTHAL#1). m, medial; 1, lateral. Stratum opticum (SOp). Scale bars: 200 um in A; 100 pwm in

D; 50 yum in B, C, E; 10 ym in F.
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Fig. 3. Photomicrographs of coronal sections through the nucleus of the basal optic root (nBOR) showing cells labeled with fluorescent
microspheres. (A) Shows a cell labeled from an injection in the inferior olive (10; case LMIO2). (B and C) Show cells labeled from
case DTHAL-LM in which green LumaFluor was injected in the dorsal thalamus and red was injected in the pretectal nucleus
lentiformis mesencephali (LM). (D) Shows labeled cells from case nBOR-LM, in which red was injected in the ipsilateral LM and
green was injected in the contralateral nBOR. (E) Shows a cell labeled from an injection in the vestibulocerebellum (VbC; case
VbC-10#1) and (F and G) Show cells labeled from case OMC-VbC in which green was injected in the oculomotor complex (OMC)
and red was injected in the VbC. The cells labeled from the LM injections were found in nBOR proper (nBORp) and dorsally (nBORd)
whereas cells labeled from contra-nBOR and dorsal thalamus injections were found mostly in nBORd. Note the large cells labeled from
the VbC and OMC injections (E, F). Scale bars: 25 um in A, C, E, F; 100 um in B, D, G.
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Fig. 4. A comparison of the morphology and size of neurons in the nucleus
of the basal optic root (nBOR) that project to the vestibulocerebellum
(VbC), the ipsi- and contralateral oculomotor complex (ipsi-, contra-
OMC), the nucleus lentiformis mesencephali (LM), the dorsal thalamus,
the ipsi- and contralateral inferior olive (ipsi-, contra-10), the contralteral
nBOR (contra-nBOR) and the midline-mesencephalon (mid-mesen). Sil-
houettes of CTB-labeled neurons have been drawn to the same scale. The
VbC- and OMC-projecting neurons were much larger than the others and
they tend to be multipolar rather than fusiform. Scale bar = 50 um.

these injections, we were careful to ensure that they did not en-
croach ventrolaterally on LM.

The dorsal thalamus was injected in three CTB cases and three
of the LumaFluor cases. Like those labeled from injections in the
LM, the dorsal thalamic-projecting nBOR neurons were small
(123.4 + 7.8 um?; mean + s.e.m.), and the majority were fusiform/
ovoid (85%) as opposed to multipolar (Figs. 2F, 3B, 4). These
neurons were distributed mainly in nBORd and dorsal to the
border of the nBOR complex (Figs. 7B, 7D).

Contralateral nBOR-projecting nBOR neurons

The nBOR projects to the contralateral nBOR and anterograde
studies have shown that the projection is mainly to the dorsal parts
of the nBOR complex (Brecha et al., 1980; Wylie et al., 1997). The
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nBOR was injected in three of the CTB cases and five of the
LumaFluor cases. From these injections, small neurons (124.1 £
7.3 wm?; mean + s.e.m.) were labeled in the contralateral nBOR
(Figs. 2B, 2C). Multipolar and fusiform/ovoid cells were found in
equal proportions, and most labeled cells were located in nBORd,
dorsal nBORp, and some were located dorsal to the nBOR com-
plex in VTA and medial mesencephalic reticular formation (FRM,
Figs. 2A, 3D, 7A, 7D).

nBOR neurons projecting to the midline-mesencephalon

Previous studies have shown that nBOR projects heavily to the
accessory optic nuclei (AON), a group of structures lying on the
midline of the mesencephalon that includes IS and D (Brecha et al.,
1980). In an anterograde study, Wylie et al. (1997) showed that
fibers exit the nBOR medially, travel dorsally to the AON and
collateralize heavily to adjacent structures including VTA, the red
nucleus (Ru), the stratum cellulare externum/internum and CtG.
Injecting these small individual nuclei in this region is extremely
difficult, and because individual fibers collateralize throughout this
region, we considered this area as a group. There were three cases
in which CTB was injected along the midline-mesencephalon. In
case MID-MES#1, the injection was unilateral, and included IS, D,
the medial Ru, VTA, SCE and the caudal part of Campi Foreli
(CF). In case MID-MES#2, the injection was centered on the mid-
line and was largely confined to the VTA bilaterally, with some
spread to Ru, IS, CF, and SCE. In case MID-MES#3, the injection
was unilateral and centered on the lateral Ru with spread to the
adjacent FRM, IS, CF, and SCE. The morphology, size, and distri-
bution of the retrograde labeled cells in the nBOR were not appre-
ciably different from these three cases. Cells were found bilaterally
in nBOR and were small (132.9 = 8.3 um?; mean + s.e.m.). Most
were fusiform/ovoid (70%) as opposed to multipolar (30%)
(Fig. 2D). With respect to distribution, the labeling was found dor-
sally in the nBORp, nBORd, and dorsal to the nBOR complex
(Figs. 2D, 6C).

OMC-projecting nBOR neurons

We had two OMC cases: one CTB injection (case OMC), and one
LumaFluor injection (case OMC-VbC). For the CTB case, the in-
jection was largely unilateral, and included the dorsomedial, dor-
solateral, and ventromedial subdivisions of the oculomotor nucleus,
as well as the Edinger-Westphal nucleus. There was spread to the
adjacent CtG, the medial longitudinal fasciculus, the vestibular-
mesencephalic tract, the brachium conjuctivum, and diffuse spread
rostrally into midline-mesencephalon structures, including IS, D,
and Ru. Retrograde labeled cells were observed in the lateral
subnucleus of LM, consistent with an injection in the midline-
mesencephalon (Pakan et al., 2006). As the LM does not project to
the OMC, we must conclude that the injection spread to the midline-
mesencephalon. Although the injection appeared to be unilateral,
there were some labeled fibers in the contralateral oculomotor nerve.
Most of these fibers were located medially and although these are
likely innervating the contralateral superior rectus, it is possible
that some of this labeling was due to spread across the midline.
Also there were retrograde labeled neurons in the contralateral LM
and PPC, indicative of spread across the midline. Thus, it appears
that although the injection was largely unilateral, there was some
spread across the midline. In the LumaFluor case (OMC-VbC), the
injection was bilateral, and centered on the ventromedial sub-
division of the oculomotor nucleus. The injection spread into the
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dorsomedial and dorsolateral subnuclei, but the Edinger-Westphal
nucleus was largely spared. There was spread ventrally into the
parts to the brachium conjuctivum, and rostrally into the midline-
mesencephalic structures of the AON including IS, D, CtG, SCE,
and Ru. As with the CTB case, there was retrograde labeling in the
LM and PPC. As such, both injections included the OMC and the
midline-mesencephalon. The retrograde labeled cells in nBOR from
these injections were quite variable in size (65-805 wm? as mea-
sured from the CTB case) and included small and large neurons
(Figs. 1G, 3E, 3F). Those in the contralateral nBOR were larger
on average than those in the ipsilateral nBOR (contra, 258.7 +
12.9 wm?; ipsi, 180.5 9.2 um? mean = s.e.m.).The large neurons
found in the contralateral nBOR were as large as those retrograde
labeled from the VbC (Figs. 3F, 5). Neurons were found in nBORd
and nBORp, with a dorsal emphasis, as expected from the spread of
the injections to the midline-mesencephalon.

A Comparison of the size of nBOR neurons

Fig. 4 shows the silhouettes of nBOR neurons projecting to
VbC, the contra- and ipsilateral OMC, LM, dorsal thalamus, the
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contra- and ipsilateral 10, contralateral nBOR, and the midline-
mesencephalon all drawn to the same scale. The OMC-projecting
neurons, drawn from the CTB case represent midline-mesencephalon
projecting cells as well. Nonetheless, we purposefully selected
cells from nBORp as opposed to nBORd from this case, because
labeling from the midline-mesencephalon was heavily biased to
the nBORGA. Thus, the cells we selected are more likely to represent
OMC-projecting neurons. Clearly, the VbC-projecting neurons
were much larger than the others. From among the other groups,
cells of this size were only seen from the contra-OMC projecting
cells. The cells projecting to the contralateral nBOR, dorsal thal-
amus, 10, LM, and midline-mesencephalon were all very similar in
size. The only noticeable difference was that cells with a fusiform/
ovoid as opposed to a multipolar profile were more prevalent
among the LM-, dorsal thalamic- and midline-mesencephalic-
projecting neurons. To quantitatively examine the size of neurons,
we used a one-way ANOVA with injection site as a grouping factor
and compared all groups with Tukey’s HSD tests. We subjected the
data to an In-transform to normalize the distributions. Fig. 5 shows
box plots of these data. There was a significant effect of group
(F(8,577) = 48.9; p < 0.0001) and planned comparisons revealed
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Fig. 5. A comparison of the sizes of neurons in nucleus of the basal optic root (nBOR). Box plots show the cross-sectional areas
of nBOR cells retrograde labeled from injections into the nucleus lentiformis mesencephali (LM), dorsal thalamus, midline-
mesencephalon (mid-mesen), contralateral nBOR, contra- and ipsilateral inferior olive (I0), contra- and ipsilateral oculomotor complex
(OMC) and the vestibulocerebellum (VbC). Note that the data has been subjected to an In transform. The asterisks (*) indicate the
ipsi-OMC, contra-OMC and VbC groups were statistically different from all other groups and each other (Tukey HSD, p < .05).
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that the VbC, contra-OMC and ipsi-OMC neurons were larger than
all other groups and different from each other (Tukey HSD; « set
to 0.05).

Double-labeling fluorescent studies

There were 12 cases in which red and green LumaFluors were
injected into two projection sites of the nBOR. The CTB experi-
ments showed that small neurons in the nBOR project to the
LM, contralateral nBOR, 10, dorsal thalamus, and the midline-
mesencephalon. Many of the retrograde neurons from injections in
these structures were found dorsally in the nBOR complex. The
purpose of the double-labeling fluorescent experiments was (1) to
determine if any individual nBOR neurons project to multiple
sites, as evidenced by double-labeled neurons and (2) to directly
compare the distributions of neurons labeled from different pro-
jection sites. Table 1 lists the injection sites for all 12 experiments,
as well as the number of retrograde labeled cells examined from
each injection. In none of these experiments were double-labeled
neurons observed. That is, despite the fact that small neurons
project to the LM, contralateral nBOR, IO, and dorsal thalamus,
individual neurons do not project to more than one of these sites
(Figs. 3B, 3D). Moreover, in case OMC-VBC, large neurons
labeled from injections in both the VbC and OMC were intermin-
gled in the nBOR, but no double-labeled neurons were found
(Figs. 3E-3G). The distributions of labeled neurons from the
injections were consistent with those observed from the CTB
cases. Data from four cases are shown in Fig. 7. In Figs. 3A-3C,
injections in the LM were combined with injections in the contra-
lateral nBOR (A), ipsilateral IO (B), and dorsal thalamus (C).
From the LM injections, there was consistent labeling in nBORp
and nBORd, whereas from the other injections the labeling was
concentrated in nBORd and dorsal to the nBOR complex. Note
that the cells labeled from injection into LM and the other sites
were intermingled in these dorsal regions.

Differences in the rostro-caudal distribution
of labeled cells

From some of the injections there was labeling that consistently
appeared biased toward the rostral or caudal end of nBOR. From
injections in the IO, labeling in the contralateral nBOR was rostral
to that in the ipsilateral nBOR (Figs. 6A, 7C). From injections into
the contralateral nBOR, labeling was heavier in the caudal nBOR
(Figs. 7A, 7D). To illustrate these observations, using data from
both the CTB and LumaFluor cases, we divided the nBOR into six
equal rostro-caudal increments, counted the number of neurons
within each interval, and normalized the resultant distribution for
each case. Finally we averaged cases for each injection site (LM,
VbC, contra-nBOR, ipsi-IO, contra-10, ipsi-OMC, contra-OMC,
dorsal thalamus, and midline-mesencephalon). In Fig. 8, we show
the rostro-caudal distribution of cells labeled from injections in
the ipsi-10, contra-IO and contra-nBOR. All other groups, which
showed no obvious bias in the rostro-caudal distribution, are
grouped together.

Discussion

Previous studies have shown that nBOR neurons exhibit direction-
selectivity to large field stimuli moving in the contralateral visual
field (Burns & Wallman, 1981; Morgan & Frost, 1981; Gioanni
et al., 1984; Wylie & Frost, 1990). The nBOR and medial and lat-

699

eral terminal nuclei in mammals, have been linked to the analysis
of optic flow in general, and the generation of the optokinetic re-
sponse (OKR) in particular (Fite et al., 1977; Gioanni et al., 1983;
Simpson, 1984). Previous neuroanatomical studies have indicated
that nBOR is not homogeneous, but consists of several different
cell types (Brecha et al., 1980; Zayats et al., 2002). In pigeons,
Brecha et al. (1980) described three different cell types: large
(=500 um?) stellate cells, medium-sized (=300 um?) ovoid cells
and small (=150 wm?) spindle-shaped cells. In chickens, Zayats
et al. (2002) described large (=~1000 um?) neurons which were
multipolar or fusiform, medium-sized (=500 um?) multipolar
neurons, and small (100—150 yum?) neurons that were fusiform or
multipolar. In the present study, with injections of retrograde
tracers into these projections sites, we showed that different pro-
jections are associated with differences in morphology and distri-
bution of retrograde labeled neurons in nBOR. Moreover, with
double-labeling studies, we showed that neurons are associated
with a single projection, and do not collateralize to multiple sites.
In a study of the rat MTN, Clarke et al. (1989) came to the same
conclusion. Using double-labeling retrograde techniques, they found
that over 97% of MTN neurons were single-labeled after injections
of retrograde tracers into different projection sites (see also Schmidt
et al., 1998). This is not to say that axons of nBOR neurons never
collateralize. Anterograde studies have shown that axons of nBOR
neurons do collateralize locally. For example, axons originating in
the nBOR and projecting to the midline mesencephalon generally
collateralize to several structures in the area: IS, D, CtG, SCE
(Wylie et al., 1997). Likewise, some mossy fibers projecting to the
VbC give collaterals to the cerebellar nuclei and, although quite
rare, the vestibular nuclei (Wylie & Linkenhoker, 1996). Finally, a
few of the 10-projecting axons give collaterals to the pontine
nuclei en route.

The LM, which is homologous to the mammalian NOT, can be
considered a sister nucleus to nBOR for several reasons. Like
nBOR, LM neurons exhibit direction-selectivity to large field
stimuli moving in the contralateral visual field (Winterson &
Brauth, 1985; Wylie & Frost, 1996; Wylie & Crowder, 2000)
and are involved in the generation of the OKR (for review see
McKenna & Wallman, 1981, 1985; Simpson et al., 1988a). LM
has many of the same efferent projections as nBOR, including the
VbC, IO, dorsal thalamus, nBOR, and the midline-mesencephalon
(Clarke, 1977; Azevedo et al., 1983; Gamlin & Cohen, 1988; Wild,
1989). LM also consists of morphologically distinct cell types
(Zayats et al., 2003) and, similar to the present study, Pakan et al.
(2006) showed that different efferent projections of LM arise from
different cell types. In this discussion, we will describe each
efferent projection of nBOR considering previous studies of the
nBOR, comparative data, and the projection from LM.

Projection to the VbC

The nBOR projects to the cerebellum as mossy fibers that terminate
in the granular layer in the posterior lobe. This projection is di-
rected mainly to folium IXcd of the VbC, but excludes folium X.
Folia VI-IXab also receive input from nBOR but, comparatively,
this projection is sparse (Brecha et al., 1980; Pakan & Wylie, 2006).
The lateral subnucleus of LM projects mainly to IXcd, whereas the
medial subnucleus projects mainly to folia VI-VIII (Pakan & Wylie,
2006). Retrograde labeling studies have shown that large neurons
throughout LM, most of which are multipolar, are labeled from
injections in the cerebellum (Gamlin & Cohen, 1988; Pakan et al.,
2006). These large LM neurons are not labeled from injections into
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Fig. 6. Distribution of retrograde labeling in the nucleus of the basal optic root (nBOR) from injections of cholera toxin subunit B into
the inferior olive (I10; A), vestibuolocerebllum (VbC; B), the midline mesencephalon (C), and the oculomotor complex (OMC; D). Six
coronal sections, at about 200-250 wm intervals, through the nBOR are shown from caudal (top) to rostral. The injection sites are
shown in the bottom row. Stratum opticum (SOp), ventral tegmental area (VTA), oculomotor nerve (nllI), nucleus of the hypoglossal
nerve (nXII), nucleus of the glossopharyngeal nerve (nIX), medial longitudinal fasciculus (FLM). Scale bars = 1 mm.

other targets of LM (Pakan et al., 2006). In the present study, we
found that large, generally mulitpolar neurons throughout nBOR
were labeled from cerebellar injections. These likely correspond to
the large and medium sized cells described by Zayats et al. (2002).
Our findings are consistent with Brecha et al. (1980) who reported
that large and medium-sized nBOR cells project to the cerebellum.
With respect to morphology and size, the VbC-projecting LM cells
are quite similar to the VbC-projecting nBOR cells.

These mossy fiber projections are not found in all vertebrates.
In turtles, an nBOR-cerebellar pathway has also been reported,

arising from medium and large neurons, but not small neurons
(Reiner & Karten, 1978). In fish, mossy fiber pathways to the
cerebellum, originating in the homologs of nBOR and LM, have
also been described (Finger & Karten, 1978). However, these
pathways are not found in frogs (Montgomery et al., 1981).
Finally, projections from the lateral and medial terminal nuclei
(LTN, MTN) of the AOS have been found in some mammalian
species (chinchilla: Winfield et al., 1978; tree shrew: Haines &
Sowa, 1985) but not others (cats: Kawasaki & Sato, 1980; rats and
rabbits: Giolli et al., 1984, 1985, 1988).
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Fig. 7. Distribution of retrograde labeling in the nucleus of the basal optic root (nBOR) from injections of red and green LumaFluors
into the pretectal nucleus lentiformis mesencephali (LM; A, B, C), contralateral nBOR (A, D), dorsal thalamus (B, D) and the inferior
olive (I0; C). Six coronal sections, at about 200-250 um intervals, through the nBOR are shown from caudal (top) to rostral. The
injection sites are shown in the two bottom rows. Stratum opticum (SOp), ventral tegmental area (VTA), oculomotor nerve (nlII),
nucleus of the hypoglossal nerve (nXII), ventral lamella of the inferior olive (vI), medial longitudinal fasciculus (FLM), tractus opticus
(TrO), nucleus laminaris precommissuralis (LPC), nucleus rotundus (Rt), ventral leaflet of the lateral geniculate nucleus (GLv), optic
tectum (TeO), nucleus lentiformis mesencephali (medial/lateral subnucleus) (LM(m/1)), anterior dorsolateral thalamus, medial
subnucleus (DLM), anterior dorsolateral thalamus, lateral subnucleus (DLL), lateral prosencephalic fasiculus (FPL), tractus septom-
esencephalicus (TSM), tractus quintofrontalis (QF), nucleus laminaris (La), nucleus triangularis (T), nucleus ovoidalis (OV),

tectothalamic tract (TT). Scale bars = 1 mm.

Projection to the OMC

The only other injection target that resulted in labeling of large
nBOR neurons was the OMC. Large neurons were clearly labeled
in the contralateral nBOR and these resembled those labeled from
VbC injections in both size and morphology. The distribution of
the VbC-projecting neurons was somewhat broader than the OMC-
projecting neurons (Fig. 6B versus 6D). In the double-labeling
case (OMC-VbC) no double-labeled neurons were found in nBOR.

Thus, the large nBOR neurons projecting to the VbC do not also
project to the OMC. Our statistical analysis suggested that the
VbC-projecting neurons are larger than the contra-OMC projecting
neurons (Fig. 5), however, the OMC injection spread to the
midline-mesencephalon, which invariably resulted in the labeling
of small cells in nBOR. Brecha et al. (1980) reported that the
projection to the ipsilateral OMC originated in small neurons in
nBORd. Again noting the caution that our injections spread to the
midline-mesencephalon, generally we confirmed these results: neu-
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Fig. 8. A quantitative comparison of the rostro-caudal distribution of
neurons in the nucleus of the basal optic root (nBOR). The nBOR was
divided into six rostro-caudal intervals and the percentage of neurons in
each region was calculated for each case. Relative to other groups, (i.e.,
neurons labeled from injections in the vestibulocerebellum, oculomotor
complex, dorsal thalamus, lentiformis mesencephali, and midline-
mesencephalon), neurons labeled from injections in the ipsilateral inferior
olive (ipsi-IO) and contralateral nBOR (contra-nBOR) were concentrated
caudally in the nBOR. The distribution of neurons labeled from injections
in the contralateral IO (contra-10) was skewed slightly rostrally.

rons in the contralateral nBOR were significantly larger than those
in the ipsilateral nBOR (Figs. 4, 5) and those in the ipsilateral
nBOR were generally found dorsally (Fig. 6D). Labandeira-Garcia
et al. (1989) also noted that, from injections in the OMC, neurons
in the contralateral nBOR were larger than those in the ipsilateral
nBOR. Using anterograde tracing, Brecha et al. (1980) showed that
the nBOR projection to the contralateral OMC is directed to the
dorsolateral subdivision, whereas that to the ipsilateral OMC was
directed to the ipsilateral OMC. However, Wylie et al. (1997)
noted projections to the dorsomedial, dorsolateral, and ventrome-
dial subnuclei of the contralateral OMC, and the dorsolateral and
ventromedial subnuclei of the ipsilateral OMC. They also recon-
structed individual axons and showed that individual fibers origi-
nating in the nBOR could innervate all subdivisions of the
oculomotor nucleus.

Projection to the 10

The bilateral projection from the nBOR to IO is directed to the
medial column (mcIO) (Brecha et al., 1980; Wylie et al., 1997).
The mclO in turn projects to the contralateral VbC, terminating as
climbing fibers (Arends & Voogd, 1989; Winship & Wylie, 2003).
Thus, there are two routes by which the LM and nBOR reach the
VbC: the direct mossy fiber route and an indirect climbing fiber
route via the mcIO (Brecha et al., 1980). The response properties
and topography of these olivo-vestibulocerebellar pathways have
been studied in great detail (Wylie & Frost, 1991, 1993, 19994,
1999b; Wylie et al., 1993, 19984, 1999, 20034, 2003b; Lau et al.,
1998; Winship & Wylie, 2001, 2003, 2006; Wylie, 2001; Pakan
et al., 2005; Winship et al., 2005). Brecha et al. (1980) reported
that the projection to 10 originated with small fusiform neurons in
nBORd and the dorsal parts of nBORp throughout the rostro-
caudal extent. Our results corroborate these findings, but with
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minor variations. We noted that the nBOR neurons labeled from
the inferior olive were small, but as likely to be multipolar as
fusiform. Second, we noticed a difference in the distribution of
cells labeled in the contralateral and ipsilateral nBOR. Those in the
contralateral nBOR were relatively localized in the rostral part of
the nucleus whereas those in the ipsilateral nBOR were distributed
more caudally (Figs. 1A, 1C, 6A, 8). In rats, the homologous
projection from the MTN to the 10 resembles what we observed in
pigeons insofar as the projection to the IO is from cells in the
dorsal MTN (Schmidt et al., 1998).

The LM provides an ipsilateral input to 1O that is also directed
to mcIO (Gamlin & Cohen, 1988; Wylie, 2001). These IO-
projecting LM neurons are medium-sized fusiform neurons tightly
compacted in circumscribed area on the border of the medial and
lateral subnuclei (Pakan et al., 2006). These neurons are larger
than their counterparts in nBOR (LM, 223.7 £ 14.3 um?; nBOR,
ipsi, 132.6 + 6.4 um?; contra 131.7 = 4.6 um?). The IO-
projecting LM neurons represented a homogeneous group that was
qualitatively and quantitatively distinct from other LM-projection
neurons, but the same cannot be said of the I0-projecting nBOR
neurons: although significantly smaller than VbC- and OMC-
projecting neurons, they were not different from those nBOR
neurons projecting to the LM, dorsal thalamus, contralateral nBOR
and the midline-mesencephalon.

Projection to the midline-mesencephalon

The nBOR provides input to numerous structures of the AON
along the midline of the mesencephalon. It was originally de-
scribed as a projection to IS (Brecha et al., 1980), the major
recipient in the area, but Wylie et al. (1997) showed that several
other structures in the region also receive input from axons that
branch extensively. It is presumed that this projection is important
for visual control of both head and eye movements, given that the
AON, (and the IS in particular), project to both OMC (Labandeira-
Garcia et al., 1989) and the spinal cord (Webster & Steeves, 1988;
Arends et al., 1991). In the present study, we showed that nBOR
neurons projecting to this area were small and diffusely distributed
in the dorsal regions of the nBOR complex (Figs. 2D, 6C). The
LM also projects to midline-mesencephalon structures (Gamlin &
Cohen, 1988) and this originates from small neurons (Pakan et al.,
2006) that resemble their nBOR counterparts.

Projection to the contralateral nBOR

The projection to the contralateral nBOR is directed mainly to
nBORd (Brecha et al., 1980; Wylie et al., 1997). Brecha et al.
(1980) reported that this projection originated with medium to
large cells mainly in nBORp, but few were found in nBORd. This
is one of the few specifics where our data is at odds with that of
Brecha et al. (1980). We found that the retrograde labeled neurons
were small in size, and not different from those retrograde labeled
from injections into 10, midline-mesencephalon, dorsal thalamus,
or LM. The nBOR-projecting neurons were located mainly in
nBORJ and the dorsal part of nBORp (Figs. 2A, 3D, 7A, 7D) and
concentrated in the caudal half (Fig. 8). These discrepancies might
have to do with the fact that cell measurement is now easier with
sophisticated software tools, or that iontophoreses of CTB used in
the present study allows for much smaller, more restrictive injec-
tions compared to injection of WGA-HRP with a Hamilton syringe.
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Projection to the LM

There is a heavy reciprocal connection between LM and nBOR
(Clarke, 1977; Brecha et al., 1980; Gamlin & Cohen, 1988; Wylie
et al., 1997). From injections into LM, small cells were labeled
throughout nBOR, especially in the dorsal two-thirds of nBORp
and nBORd. Considering the homologous projection in rats, after
injections in the NOT, retrograde labeled cells are found through-
out MTN (Schmidt et al., 1998). Our double-labeling studies
showed that, although the distribution of the LM-projecting neu-
rons was ventral to that of the contra-nBOR-, dorsal thalamus-, and
10-projecting neurons, there was considerable overlap in nBORd
(Figs. 3B, 3D, 7A-7C). Brecha et al. (1980) reported that large and
medium sized cells were labeled in the nBORp and nBORd after
injections in LM. Although we noted a similar distribution of
retrograde labeled cells, once again our data are at odds with this
as we found that small nBOR neurons were labeled after injections
in LM (Figs. 2E, 3B, 4, 5).

Projection to the dorsal thalamus

Wylie et al. (1998b) described the projection as originating mainly
in nBORd, and terminating in several subnuclei in the dorsal
thalamus, but mainly the lateral nucleus of the anterior dorslateral
thalamus (DLL). DLL is part of the principal optic nucleus of the
thalamus and considered to be equivalent to the lateral geniculate
nucleus of the mammalian thalamus (e.g., Karten et al., 1973). In
the present study, we confirmed that the cells projecting to the
dorsal thalamus were located mainly in nBORd, and found that
these were small neurons, not significantly different in size from
those projecting to 10, LM, contralateral nBOR, and the midline-
mesencephalon. In double-labeling studies, pairing injections in
the dorsal thalamus with injections in either 10, contralateral
nBOR, or LM, no double labeled neurons were observed. In
particular, the absence of double-labeling from the case involving
the LM was surprising. The axons that travel to the dorsal thalamus
course in a large bundle through the LM where the majority
terminates. We (Wylie et al., 1997, 1998b) had suspected that
many of the axons traveling to the dorsal thalamus would give
collaterals that terminate in LM.

Proposed functions of the different types of nBOR neurons

The results of the present study, along with previous studies (e.g.,
Brecha et al., 1980; Zayats et al., 2002), emphasize that the nBOR
should not be regarded as a homogeneous structure, but rather
consists of morphologically distinct subtypes of neurons with
particular projections. The question remains, do different nBOR
cell populations have different physiological properties and differ-
ential functional correlates? A few studies are beginning to address
the various roles of the different cell types in visual information
processing. For example, using double-labeling retrograde tech-
niques combined with recordings in vitro, Prochnow et al. (2007)
found that neurons in the rat NOT that project to both the contra-
lateral NOT and the ipsilateral superior colliculus have different
electrophysiological properties from those that project to 10. They
proposed that the former are involved in monitoring visual activity
during saccades whereas the latter are involved in the optokinetic
response to reduce retinal slip. Below, we offer an assessment of
the function of the various cell types in nBOR, much as Pakan
et al. (2006) did so for the LM. One of the key observations that
we consider is that Zayats et al. (2002) noted that small neurons in
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the nBOR are GABAergic. Although they considered these to be
interneurons, based on functional and comparative considerations,
we propose that some of these may give rise to various projections.

Function of nBOR neurons projecting to the inferior

olive and vestibulocerebellum

There are two routes from the nBOR to the VbC: large multi-
polar neurons project directly to the VbC as mossy fibers, and
small neurons project to the medial column of the IO, which
projects to the VbC as climbing fibers. The olivo-cerebellar path-
way projecting to the VbC and originating in the pretectum and
accessory optic systems has been studied in detail in numerous
species (Simpson, 1984; Simpson et al., 1988a; Giolli et al., 2005).
The small IO-projecting neurons in nBOR are likely not GABAer-
gic. In rats, Schmidt et al. (1998) unequivocally showed that MTN
neurons projecting to 10 are not GABAergic. It is not known what
neurotransmitter is involved with this projection, although it is not
catecholaminergic in pigeons (Winship et al., 2006) or rats (Fallon
et al., 1984).

For LM, Pakan et al. (2006) proposed a differential role of the
large neurons projecting to the VbC as opposed to the medium-
sized neurons projecting to the 10. We propose the same argument
for their nBOR counterparts. The complex spike activity (CSA) of
VbC Purkinje cells (which reflects CF input: Eccles et al., 1966),
responds best to particular patterns of optic flow resulting from
either self-translation or self-rotation (birds: Wylie & Frost, 1991,
1993, 19994, 19995b; Wylie et al., 1993, 1998a; Graf et al., 1988),
and these neurons are critical for mediating the optokinetic re-
sponse (e.g., Robinson, 1976; Zee et al., 1981; Ito et al., 1982;
Nagao, 1983; Waespe et al., 1983; Lisberger et al., 1984). CSA of
VbC Purkinje cells responds to slow speed of stimulus motion,
whereas visually driven mossy fiber activity in the VbC responds
to either slow or fast speeds (Winship et al., 2005). Crowder and
Wylie (2001) recorded from nBOR neurons and noted that most
responded to slowly moving stimuli, but some responded to fast
speeds. It follows that the small nBOR neurons projecting to the
IO are responsive to slow speed, whereas the large multipolar
neurons are responsive to slow or fast stimuli. Following the
arguments of Ibbotson et al. (1994) with respect to the role of fast
versus slow pretectal neurons, both the small nBOR neurons
projecting to 10 and the large multipolar VbC-projecting nBOR
neurons are involved in processing slow speeds for charging the
velocity storage mechanism when retinal slip velocities are low.
The large multipolar neurons responding to fast stimuli would be
involved when retinal slip velocities are high, such as the latent
period at the onset of optokinetic stimulation (see also Wylie &
Crowder, 2000).

Functions of the small nBOR neurons

In the present study, we found that small nBOR neurons project
to the contralateral nBOR, the midline-mesencephalon, LM and
the dorsal thalamus. Zayats et al. (2002) found that small neurons
are GABAergic. It follows then that the projections to the above
mentioned structures might be, at least in part, GABAergic. Based
on comparative and experimental studies, there is support that the
projections to the dorsal thalamus and LM are GABAergic. With
respect to the nBOR-LM projection, in pigeons Baldo and Britto
(1990) found that the nBOR-LM projection is inhibitory, as elec-
trical stimulation of nBOR resulted in a decrease in the activity of
LM neurons. By recording from LM after pharmacological inac-
tivation of nBOR, both Gu et al. (2002) and Crowder et al. (20035)
concluded that the nBOR-LM projection is largely inhibitory. In
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frogs, this projection is, at least in part, GABAergic (Li & Fite,
2001), and several studies in mammals have shown that the MTN
to NOT projection is GABAergic (van der Togt et al., 1991; Giolli
et al., 1992; van der Togt & Schmidt, 1994). Schmidt et al. (1998)
suggest that this projection is almost exclusively GABAergic in
rats. Thus, electrophysiological studies show that this projection is
inhibitory, and the comparative evidence suggest that it is mediated
by GABA. The GABAergic projection from nBOR to LM may
represent a critical step in creating fully motion opponent re-
sponses. Most LM neurons are fully motion opponent in that they
exhibit excitation to motion in one (the preferred) direction and are
inhibited by motion in the opposite (anti-preferred) direction. In
the basic delay-and-compare motion detector, which has been
used to model NOT, LM and nBOR neurons (Ibbotson et al.,
1994; Crowder et al., 2003a), motion opponency is established
by the “subtraction” or “balance” step. The step of the model
involves pooling the responses of two half-detectors with oppo-
site direction preferences. If the output of one of the half-
detectors is inhibitory the result is a fully motion opponent
response (e.g., Ibbotson et al., 1994; Zanker et al., 1999; Ibbot-
son & Clifford, 2001). Perhaps the small GABAergic nBOR
neurons represent the half-detectors with the inhibitory outputs
for the fully motion opponent LM neurons. A similar argument
has been proposed for the LM to nBOR connection (Pakan
et al., 2006).

With respect to the nBOR to dorsal thalamus projection, Cao
et al. (2006) have shown that this projection is inhibitory and
mediated by GABA. They concluded that these cells modulate the
visual information from the retina to the telencephalon during eye
movements. Wylie et al. (1998b) suggested that this projection
may somehow be involved in distinguishing object-motion from
self motion. Frost et al. (1990) emphasized that, whereas the nBOR
processes optic flow resulting from self-motion, the thalamofugal
and tectofugal systems process local motion, which results from
objects moving in the environment. Optic flow is generally inter-
preted as due to self-motion and is not confused with object-
motion. Perhaps the nBOR to dorsal thalamus projection is important
in this process. A projection from the MTN to the dorsal lateral
geniculate nucleus (ALGN) has not been reported in mammals, but
there is a substantial projection from NOT to dLGN. This projec-
tion is GABAergic (for review see van der Want et al., 1992).
Kenigfest et al. (2004) speculated that the equivalent LM-dorsal
thalamus projection in pigeons is also likely GABAergic, and
Pakan et al. (2006) came to the same conclusion and suggested it
might be important for saccadic suppression. However, Cao et al.
(2006) found that the LM-dorsal thalamus projection in pigeons
was excitatory, whereas the nBOR-dorsal thalamus projection was
inhibitory.

As for the projection of the small neurons to the contralateral
nBOR and the midline-mesencephalon, there is little data allowing
us to elaborate further on their function at this point, save the
following. Both nBOR and LM project to the VTA, which in turn
projects to the hippocampus (Casini et al., 1986). Wylie et al.
(1999) suggested that the VTA-hippocampus projection might be
important for conveying optic flow information for “path integra-
tion,” a form of spatial navigation whereby an animal can deter-
mine spatial relationships such as the origin and destination of
motion based on ideothetic cues from self-motion. The hippocam-
pus is critical for this behavior (Foster et al., 1989; Wilson &
McNaughton, 1993; McNaughton et al., 1995, 1996; Whishaw
et al.,, 1997, Whishaw & Maaswinkel, 1998). Original studies
suggested that ideothetic information for self-motion comes from
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the vestibular system (McNaughton et al., 1995, 1996, Muller
et al.,, 1996) but Wylie et al. (1999) proposed optic flow as an
additional ideothetic cue. This assertion is supported by the fact
that both vestibular and visual motion cues influence some place
cells in the hippocampus and may thus be used for path integration
(Sharp et al., 1995).
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