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ABSTRACT

The avian nucleus lentiformis mesencephali (LM) is a visual structure involved in the
optokinetic response. The LM consists of several morphologically distinct cell types. In the
present study we sought to determine if different cell types had differential projections. Using
retrograde tracers, we examined the morphology and distribution of LM neurons projecting
to the vestibulocerebellum (VbC), inferior olive (I0), dorsal thalamus, nucleus of the basal
optic root (nBOR), and midline mesencephalon. From injections into the latter two structures,
small LM cells were labeled. More were localized to the lateral LM as opposed to medial LM.
From injections into the dorsal thalamus, small neurons were found throughout LM. From
injections into the VbC, large multipolar cells were found throughout LM. From injections
into IO, a strip of medium-sized fusiform neurons along the border of the medial and lateral
subnuclei was labeled. To investigate if neurons project to multiple targets we used fluores-
cent retrograde tracers. After injections into IO and VbC, double-labeled neurons were not
observed in LM. Likewise, after injections into nBOR and IO, double-labeled neurons were
not observed. Finally, we processed sections through LM for glutamic acid decarboxylase
(GAD). Small neurons, mostly in the lateral LM, were labeled, suggesting that projections
from LM to nBOR and midline mesencephalon are GABAergic. We conclude that two effer-
ents of LM, VbC and IO, receive input from morphologically distinct neurons: large multi-
polar and medium-sized fusiform neurons, respectively. The dorsal thalamus, nBOR, and
midline mesencephalon receive input from small neurons, some of which are likely GABAer-
gic. J. Comp. Neurol. 495:84-99, 2006.  © 2006 Wiley-Liss, Inc.
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PROJECTIONS OF THE PIGEON LM

Self-motion through the environment results in pat-
terns 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., 1988; Grasse and
Cynader, 1990). The AOS and pretectum are highly con-
served in vertebrates: the mammalian pretectal nucleus of
the optic tract (NOT) is homologous to the nucleus lenti-
formis 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
and Wallman, 1985a; Weber, 1985; Simpson et al., 1988).

Electrophysiological studies have shown that LM neu-
rons have large receptive fields in the contralateral visual
field and exhibit direction-selectivity to large-field moving
visual stimuli (McKenna and Wallman, 1985b; Winterson
and Brauth, 1985; Wylie and Frost, 1996; Wylie and Crow-
der, 2000). The LM receives primary input from the con-
tralateral retina (Gamlin and Cohen, 1988a), and projects
to several structures. These include ipsilateral projections
to the medial column of the inferior olive (mcIO), nBOR,
parts of the anterior dorsal thalamus, and structures
along the midline in the mesencephalon. In addition, there
is a bilateral mossy fiber projection to the vestibulocer-
ebellum (VbC) that is primarily to folium IXcd (Clarke,
1977; Gamlin and Cohen, 1988b; Wild et al., 1989, 1998,
1999b; Wylie, 2001).

Studies have noted that the LM consists of several mor-
phologically distinct types of neurons (Gottlieb and Mec-
Kenna, 1986; Gamlin and Cohen, 1988b) with different
immunochemical (Zayats et al., 2003) and intrinsic elec-
trophysiological properties (Tang and Wang, 2002). How-
ever, it is not known if these different efferent projections
originate from different neuronal subtypes. In the present
study, using retrograde tracing techniques, we examined
differences in the morphology and distribution of LM neu-
rons that project to several different targets: the VbC, the
mclO, the nBOR, the dorsal thalamus, and structures
along the midline of the mesencephalon.
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MATERIALS AND METHODS

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 various suppliers,
were anesthetized with an intramuscular injection of a
ketamine (65 mg/kg)/xylazine (8 mg/kg) cocktail and were
given supplemental doses as needed to maintain anesthe-
sia. 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: the dorsal thalamus,
the ventral tegmental area (VTA) and other midline struc-
tures, the VbC, the mcIO, or the nBOR. All target sites
were localized using a stereotaxic atlas (Karten and Ho-
dos, 1967). The dorsal thalamus and midline structures
were identified exclusively through stereotaxic coordi-
nates; however, for injections into the VbC, mclO, and
nBOR we also relied on single-unit recordings made with
glass micropipettes (tip diameters 4-5 pum) filled with 2 M
NaCl that were advanced using a hydraulic microdrive.
Neurons in these structures respond to optic flow stimuli
(e.g., Wylie and Frost, 1990; Winship and Wylie, 2001;
Winship et al., 2005).

Studies using cholera toxin subunit B as a
retrograde tracer

For injections into the VbC, mcIO, and nBOR, after
recording from optic flow-sensitive cells, the recording
electrode was replaced with a micropipette (tip diameter
20 wm) filled with Cholera Toxin Subunit B (CTB) (low-
salt version, 104; List Biological Laboratories, Campbell,
CA; 1% in 0.1 M phosphate-buffered saline [PBS, pH 7.4])
and the nucleus was located again by isolating cells re-
sponsive to large field visual stimuli. For all other target
sites (dorsal thalamus and midline structures), injections
were made according to the stereotaxic coordinates. In all
cases the CTB was injected iontophoretically for 10-15
minutes (+4 pamps, 7 seconds on, 7 seconds off). Follow-

Abbreviations

AOS accessory optic system PPC nucleus principalis precommisuralis
BC brachium conjuctivum Ru red nucleus
CF climbing fiber SCE/I stratum cellulare externum/internum
CTB cholera toxin subunit B VbC vestibulocerebellum
DAB diaminobenzidine VTA ventral tegmental area
dLGN dorsal lateral geniculate nucleus
DLL anterior dorsolateral thalamus, lateral subnucleus Abbreviations Used in Figures
FRM mesencephalic reticular formation
GT tectal gray dl dorsal lamella (of the inferior olive)
10 inferior olive GLv ventral leaflet of the lateral geniculate nucleus
LM, LM, LMv lentiformis mesencephali, ventral region
LMm nucleus lentiformis mesencephali, pars lateralis, pars me- MLF medial longitudinal fasiculus

dialis nlIl third cranial nerve (oculomotor nerve)
LPC nucleus laminaris precommisuralis nXII twelfth cranial verve (hypoglossal nerve)
LTN lateral terminal nucleus nBORd nucleus of the basal optic root, pars dorsalis
mclO medial column of the inferior olive nBORp nucleus of the basal optic root, proper
MpV deep nucleus of the mesencephalon PV nucleus posteroventralis thalami (Kuhlenbeck)
MTN medial terminal nucleus SOp stratum opticum
nBOR nucleus of the basal optic root TeO optic tectum
NOT nucleus of the optic tract TIO tractus isthmo-opticus
nRT nucleus rotundus TrO tractus opticus
OKR optokinetic response vl ventral lamella (of the inferior olive)
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ing the injection the micropipette was left in place for 5
minutes, then removed and the exposures were closed.
Once the animal regained consciousness, buprenorphine
(2 mg/kg, intramuscularly, i.m.) was administered as an
analgesic.

After a survival time of 3-5 days postsurgery the ani-
mals were administered an overdose of sodium pentobar-
bital (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 cryo-
protection. Using a microtome, frozen sections in the coro-
nal plane (45 pm thick) were collected and sections were
processed for CTB based on the protocol outlined by Wild
(1993; see also Veenman et al., 1992). Sections were ini-
tially rinsed in 0.05 M PBS. They were then washed in a
25% methanol, 0.9% hydrogen peroxide solution for 30
minutes to decrease endogenous peroxidase activity. Sec-
tions were rinsed several times in PBS, then placed in 4%
rabbit serum with 0.4% Triton X-100 in PBS for 30 min-
utes. Tissue was subsequently incubated for 20 hours in
0.005% polyclonal goat anti-CTB (product 703; lot 7032H;
List Biological) with 0.4% Triton X-100 in PBS. Sections
were then rinsed in PBS (several times) and incubated for
60 minutes in 0.16% biotinylated rabbit anti-goat anti-
serum (Vector Laboratories, Burlingame, CA) with 0.4%
Triton X-100 in PBS. Tissue was rinsed several times with
PBS and incubated for 90 minutes in 0.1% ExtrAvidin
(Sigma, St. Louis, MO) with 0.4% Triton X-100 in PBS.
Subsequent to a few washes with PBS the tissue was
incubated for 12 minutes in filtered 0.025% diaminoben-
zidine (DAB) and 0.006% cobalt chloride in PBS. Then
0.005% hydrogen peroxide was added to the DAB solution
and the sections were reacted for up to 6 minutes. The
sections were then rinsed several times with PBS and
mounted onto aluminum gelatin-coated slides, lightly
counterstained with Neutral Red, and coverslipped with
Permount.

Double-labeling fluorescent studies

We also performed double-labeling experiments using
green and red fluorescent latex microspheres (Lumafluor,
Naples, FL) as retrograde tracers. These were pressure-
injected through a glass micropipette (tip diameter 20 pwm)
into the mcIO, VbC, and nBOR using a Picospritzer II
(General Valve, Marietta, GA; 40 psi, 100 ms duration/
puff). As with the CTB injections, these nuclei were first
localized by recording the responses of neurons to optic
flow stimuli. Following injection the electrode was undis-
turbed for 5 minutes. After a recovery period of 2-5 days
the animals were deeply anesthetized with sodium pento-
barbital (100 mg/kg) and immediately perfused with hep-
arinized PBS (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 temper-
ature medium and 40-pm coronal sections were cut
through the brainstem and cerebellum with a cryostat and
mounted on electrostatic slides.

GAD immunohistochemistry

In a study of chicks, Zayats et al. (2003) showed that
small LM neurons were GABAergic. In the present study,
from injections into the nBOR, dorsal thalamus, VTA, and
midline mesencephalon, small LM neurons were labeled
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(see Results). To have sufficient confidence in suggesting
that these projections might involve GABAergic neurons,
we felt it necessary to process sections through LM for
GAD and perform a morphological analysis of GAD+ neu-
rons.

The animals used for GAD immunochemistry were
deeply anesthetized with sodium pentobarbital (100 mg/
kg) and immediately perfused with 0.1 M PBS (0.9%
NaCl) and 4% paraformaldehyde. The brains were ex-
tracted, embedded in optimal cutting temperature me-
dium, and frozen. Coronal sections, 40 pm thick, were cut
on a cryostat and mounted on electrostatic slides. After
slides had dried completely, sections were rinsed with 0.1
M PBS and double-distilled water, washed with 0.15%
H,0, in 50% MeOH for 10 minutes to remove endogenous
peroxidases, then rinsed in PBS and double-distilled wa-
ter. Sections were blocked with 10% normal horse serum
and 0.4% Triton X-100 in PBS for 1 hour at room temper-
ature, then incubated in rabbit anti-GAD (65/67) poly-
clonal antibody (1:500; product AB1511; lot 25040055;
Chemicon, Temecula, CA) in PBS for 24 hours at 4°C. The
GAD 65/67 antibody is a synthetic peptide with the amino
acid sequence [CIDFLIEEIERLGQDL from rat glutamate
decarboxylase (GADG65; C-terminus residues [Cys] + 572-
585; Erlander et al., 1991). The specificity of this poly-
clonal antibody, which was raised in rabbit, has been
tested by several methods. Western blot analysis by the
manufacturer reveals a doublet at ~65/68 kDa and immu-
nocytochemistry experiments performed with this anti-
body have shown specificity in labeling GABAergic cell
bodies and terminals in birds (pigeon: Theiss et al., 2003;
owl: Rodriguez-Contreras et al., 2005). Immunohisto-
chemical staining can be abolished by preincubation with
1-10 pg peptide per mL of diluted antibody. Sections were
then rinsed with PBS and incubated in biotinylated goat
anti-rabbit IgG (1:400; product Z0454; DakoCytomation,
Mississauga, ON) with 0.4% Triton X-100 and 2.5% NHS
in PBS for 2 hours. Control experiments with omission of
the primary antibody revealed no specific labeling. After
rinsing with PBS, sections were incubated with avidin
biotin complex (1:100) for 30 minutes at room tempera-
ture. Immunoreactivity was then visualized using metal-
enhanced 3,3’-diaminobenzadine tetrahydrochloride tab-
lets (DAB; Sigma) for 1-5 minutes. Sections were rinsed
with PBS and distilled water and dehydrated through
graded ethanol and cleared in xylene before being cover-
slipped.

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-
and GAD-reacted tissue was examined using standard
light microscopy and drawings were made with the aid of
a drawing tube. Images were obtained using an OPEN-
LAB Imaging system (Improvision, Lexington, MA) and
Adobe PhotoShop (San Jose, CA) software was used to
compensate for brightness and contrast.

Morphological description and
quantification of labeled neurons
Previous studies offered numerous descriptors for LM

neurons including multipolar, stellate, ovoid, round, ellip-
tical, piriform, spindle, and fusiform (Gottleib and McK-
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enna, 1986; Gamlin and Cohen, 1988b; Wild, 1989; Tang
and Wang, 2002; Zayats et al., 2003). When using CTB as
a retrograde tracer there is very good labeling of the cell
bodies and proximal dendrites, but labeling observed with
Golgi or intracellular dyes is far more complete. For this
reason, and to avoid excess subjectivity, we confined our
morphological classification to fusiform, multipolar, or
other. A fusiform neuron was elliptical in shape and ta-
pering to two processes emerging from the poles of the cell
body. A multipolar neuron had three or more processes
emerging from the cell body. For quantitative measures,
the length and width of the cell body were measured using
images from OPENLAB and the area was calculated using
the formula for an ellipse (lengthXwidthXn/4). A mini-
mum of 50 cells were measured and morphologically clas-
sified for each projection area.

Nomenclature of LM

For the nomenclature of LM, we relied on Gamlin and
Cohen (1988a,b), who divided the LM into medial and
lateral subdivision (LMm, LMI). Both contain large and
small cells (Gottleib and McKenna, 1986). Continuous
with the LMI at its lateral and caudal aspects is the tectal
gray (GT), which contains mainly small cells. The LMm,
LMI, and the rostral part of GT all receive retinal input
(Gamlin and Cohen, 1988a). The LMm is bordered medi-
ally by the nucleus laminaris precommissuralis (LPC), a
thin strip of cells that does not receive input from the
retina. Medial to LPC is the nucleus principalis precom-
missuralis (PPC), which is lateral to nucleus rotundus
(nRt). In Nissl-stained sections the layers of the pretectum
are relatively easy to distinguish, although the border
between GT and LMI can be difficult to localize. Previ-
ously, the LMm was known as the LM magnocellularis
(LMmc), and the LMI and GT were included as the LM
parvocellularis (LMpc) (e.g., Karten and Hodos, 1967).

RESULTS

Experiments were performed on 23 pigeons. Eighteen
pigeons were used for the retrograde studies using CTB.
The injections of CTB into the nBOR (n = 3), VbC (n = 4),
mclO (n = 3), the dorsal thalamus (n = 4), and along the
midline of the mesencephalon (n = 4), were all unilateral.
Three birds were used for double-labeling fluorescence
experiments. Two animals received injections of the fluo-
rescent retrobeads in VbC and mclO (cases VbC-IO #1 and
2) and the other pigeon received injections in nBOR and
mclO (case nBOR-IO). The remaining two animals were
used for GAD-immunohistochemistry.

VBC-projecting LM neurons

Previous studies using anterograde techniques have
shown that the LM projection to the VbC is a bilateral
mossy fiber projection, which terminates in the granule
layer as mossy fiber rosettes. This projection is primarily
directed to folium IXcd but also includes folia VI-VIII
(Clarke, 1977; Gamlin and Cohen, 1988b). We directed our
injections to folium IXed and first recorded the activity of
Purkinje cells in response to optic flow stimuli. The com-
plex spike activity of Purkinje cells (which is recorded in
the molecular layer) in folium IXcd responds to patterns of
optic flow resulting from either self-translation or self-
rotation (Wylie and Frost, 1993, 1999a; Wylie et al., 1993,
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1998). Once responsive neurons were found we moved the
injection electrode into the adjacent granule cell layer.

From the injections into the VbC numerous neurons
were observed in both LMl and LMm. In total, 69 LM cells
were measured and morphologically classified. These neu-
rons were large: length, 31.1 + 1.0 um (mean = SEM,
range 16—61 pm); width, 17.1 = 0.5 pm (9-27 pm); area,
416.4 = 17.3 pm? (149.9-769.7 pm?). Usually the long
axis of the cell was oriented dorsoventrally. Although a
few of these neurons were fusiform, the vast majority were
clearly multipolar (>85%). Figure 1A-C shows photomi-
crographs of neurons retrogradely labeled from the VbC.

Figure 3B shows a series of coronal sections through the
LM illustrating the distribution of labeled cells from an
injection in the VbC. The injection from this case, shown
in the bottom row, included the granule cell layers at the
base of folium IX, where IXab and IXcd are not completely
separated. Labeled neurons were found throughout the
rostrocaudal extent of LMm and LM]I, but caudally most of
the neurons were found ventrally and dorsally, rather
than centrally.

mclO-projecting LM neurons

The projection from the LM to inferior olive (IO) is
restricted to the ipsilateral medial column (mcIO) (Clarke,
1977; Gamlin and Cohen, 1988b), which in turn projects as
climbing fibers to the folia IXed and X of the VbC (Arends
and Voogd, 1989; Lau et al., 1998; Wylie et al., 1999b;
Crowder et al., 2000). The LM projection to the mcIO is
heavier to the caudal half (Wylie, 2001). Like the complex
spike activity in the VbC, mcIO neurons can be identified
based on their responses to optic flow patterns (Winship
and Wylie, 2001).

Injections into the mclO resulted in labeling of a rela-
tively homogeneous population of neurons in LM. In total,
50 LM cells were measured and morphologically classified.
These neurons were small to medium-sized (area, 223.7 *
14.3 pm? [mean + SEM], range 84.8—477.5 pm?). They
were somewhat shorter than most of the VbC-projecting
LM neurons (Iength, 21.5 = 0.64 pm, range 10-32 pm)
and much thinner (width, 9.2 = 0.3 pm, 6-18 pm). Invari-
ably these neurons were fusiform with the long axis ori-
ented dorsoventrally. Figure 1D-G shows photomicro-
graphs of neurons retrogradely labeled from the mcIO.

Figure 3A shows a series of coronal sections through the
LM illustrating the distribution of labeled cells from an
injection in the mclO. The majority of the cells were found
in a densely packed dorsoventrally oriented strip along
the border of LMm and LMI. Although difficult to deter-
mine conclusively, it appears that most of these cells were
in LMm. Labeling was sparse in the rostral LM. The
labeling from the mcIO injections appeared in areas de-
void of labeling from the VbC injections. The complemen-
tary pattern of VbC and mcIO-projecting neurons can be
seen by comparing the drawings in Figure 3A,B and the
photomicrographs in Figure 1A,D.

nBOR-projecting LM neurons

The injections were positioned in nBOR based on the
presence of cells responsive to largefield stimulation of the
contralateral eye (Wylie and Frost, 1990). We have ob-
served that the LM projection to the nBOR is heaviest to
the dorsal region (unpubl. obs.). At least some of these
fibers give collaterals to a region outside the nBOR, which
we consider the lateral part of the VTA, and some fibers



Fig. 1. Photomicrographs of coronal sections through the nucleus
lentiformis mesencephali (LM) showing neurons labeled with cholera
toxin subunit B. A-C: Cells labeled from injections in the vestibulo-
cerebellum. In A, note the presence of labeled cells throughout the
lateral and medial subnuclei of LM (LMI, LMm). The rectangle in A
indicates the area shown in B. D-G: Cells labeled from an injection in

the medial column of the inferior olive. In D and E, note the strip of
tightly packed fusiform neurons on the LMm/LMI border. The rect-
angle in D indicates the area shown in E. For all panels, left is lateral
(L), right is medial (M), and the top of the photomicrographs is dorsal
(D). For additional abbreviations, see list. Scale bars = 500 pm in A,D;
50 pm in B,C,E; 10 pm in F,G.
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continue into the accessory oculomotor region (Wylie et
al., 1999a). In two of the cases the injections spread out-
side of the nBOR into the adjacent VTA, but the pattern of
labeling was not different compared to the case in which
the injection was confined to the nBOR.

Injections into the nBOR resulted in retrograde labeling
of small LM neurons (length, 14.2 = 0.26 pm, range 824
wm; width, 8.4 = 0.16 um, 5-14 pum; area, 93.2 * 2.5 um?,
37.6-175.9 pm?). In total, 119 LM cells were measured
and morphologically classified. Most were classified as
fusiform (67%) rather than multipolar (33%). As with the
mclO-projecting neurons, the long axis was usually ori-
ented dorsoventrally. Figure 2A,B shows photomicro-
graphs of neurons retrogradely labeled from the nBOR.
Evident in Figure 2A, the majority of the nBOR-projecting
neurons were found in LMI. This is emphasized in Figure
3C, which shows a series of coronal sections through the
LM illustrating the distribution of labeled cells from an
injection in the nBOR. Cells were found throughout the
rostrocaudal extent of LM, with heavier labeling in the
LMI as opposed to the LMm. Labeling was also extensive
in the GT.

Dorsal thalamus-projecting LM neurons

Previous anterograde studies have shown that the pro-
jection from the pretectum to the anterior dorsolateral
thalamus is primarily to the lateral subdivision (DLL),
just dorsal to nRt (Wild, 1989; Wylie et al., 1998). In the
four cases, stereotaxic injections were made into the thal-
amus and subsequent CTB processing of the injection site
revealed that they were centered on the DLL. From these
injections more cells were found in the tectum and GT
compared to the LM. In total, 71 LM cells were measured
and morphologically classified. The LM cells were small
(Iength, 13.1 + 0.31 pm, range 8—20 pm; width, 8.1 = 0.21
wm, 4-12 um; area, 83.7 + 3.3 pm?, 37.7-188.5 um?). As
such, they resembled the nBOR-projecting LM neurons
and fusiform and multipolar neurons were equally abun-
dant. Figure 2C-F shows photomicrographs of retro-
gradely labeled thalamus-projecting LM neurons.

Figure 3D shows a series of coronal sections through the
LM illustrating the distribution of labeled cells from an
injection in the dorsal thalamus. The numerous cells
found in the tectum were not drawn in the sections. Cells
were found throughout the rostrocaudal extent of LM and
were equally abundant in LM] and LMm. Note the exten-
sive labeling in GT.

Midline mesencephalon injections: VTA/
SCE-projecting neurons

Previous studies have also shown that the LM projects
to structures along the midline in the mesencephalon; in
particular, the ventral tegmental area (VTA), the stratum
cellulare externum (SCE), the deep nucleus of the mesen-
cephalon (MpV), the red nucleus (Ru), and the adjacent
mesencephalic reticular formation (FRM; Gamlin and Co-
hen, 1988b; Wylie et al., 1999a). At least some axons
originating in the LM that innervate the nBOR send col-
laterals to some of these other nuclei (Wylie et al., 1999a).
In three cases we made injections along the midline in the
mesencephalon. Because the injections involved multiple
structures, these data should be interpreted with caution.
In two cases the injections were quite large and extended
a considerable distance along the midline. These injec-
tions were centered on the VTA and SCE, but also in-
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cluded the Ru, FRM, stratum cellulare internum (SCI),
and other structures along the midline (e.g., the accessory
oculomotor nuclei). In the third case the injection was
smaller. It was centered on the red nucleus, but en-
croached upon adjacent structures including the VTA,
SCE, and SCI, and possibly the accessory oculomotor nu-
clei along the midline. Nonetheless, the labeling in LM
was similar for all three cases. In the pretectum there was
very heavy labeling in the PPC and substantial labeling in
the LPC. There was a moderate amount of labeling in LM,
and generally the pattern of labeling resembled that from
the nBOR injections: more cells were found in LMI com-
pared to LMm and labeling was heavier ventrally. With
respect to size and morphology, they also resembled the
cells labeled from the nBOR and dorsal thalamus injec-
tions. In total, 131 LM cells were measured and morpho-
logically classified. These LM cell were small (length,
13.8 = 0.26 pm, range 8—24 pum; width, 8.3 = 0.16 pm,
5-14 pm; area, 90.3 + 2.63 um?, 26.0-221.1 um?) and
most were fusiform (65%) as opposed to multipolar (35%).

Comparing the morphology and size of LM
neurons

Figure 4 shows the silhouettes of LM neurons projecting
to VbC, nBOR, dorsal thalamus, VTA/SCE, and mcIO, all
drawn to the same scale. Clearly, the VbC neurons are
much larger than the others and they tend to be multipo-
lar rather than fusiform. The homogeneity of the mclIO-
projecting LM neurons is represented in this figure: they
were generally fusiform, oriented dorsoventrally and had
a high aspect ratio (length:width). The cells projecting to
the nBOR, dorsal thalamus, and VTA/SCE were all very
similar. The only noticeable difference was that cells with
a round profile were more prevalent among the thalamic-
and VTA/SCE-projecting neurons.

GAD+ LM neurons

From the sections processed for GAD immunochemis-
try, neurons were labeled in the LM. The labeled cell
bodies were rather pale in appearance, especially com-
pared to labeling of GAD+ cells in other areas of the brain.
For example, the labeling of cerebellar Purkinje cells and
large neurons in the subpretectal nucleus and nucleus
isthmi was much darker than those in LM. In total, 98 LM
cells were measured and morphologically classified. The
GAD+ LM cells were generally ovoid but processes were
usually not apparent. The GAD+ cells were small (length,
12.5 = 0.4 pm, range 8—20 pm; width, 8.3 = 0.25 pum, 5-13
wm; area, 81.6 = 3.46 pm?, 37.6-163.4 pm?) and similar
in size to the nBOR-, thalamus-, and VTA/SCE-projecting
neurons. The neuropil of LMm stained darker than that of
LMI in these sections, but more GAD+ labeled cell bodies
were apparent in LMl than LMm. Figure 3J,K shows
GAD+ labeling in the LM.

Quantitative comparison of cell size

Figure 5 shows a plot of the distribution of the sizes (i.e.,
area in pm?) of the different groups of neurons. The cells
were grouped into 50-pm? bins and the relative percent-
age of cells falling into each bin is plotted by group. The
distributions for the nBOR-, VTA/SCE-, thalamus-
projecting, and GAD+ neurons were overlapping, thus
indicating that the population(s) of neurons projecting to
the nBOR, VTA/SCE, and thalamus cannot be distin-
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guished based on size, and that any of these projections
may be GABAergic. The mclO-projecting LM neurons
formed a discrete distribution of medium-sized neurons.
The VbC neurons show the greatest variability, but were
clearly larger than the other three groups. To compare the
different groups we performed a one-way analysis of vari-
ance (ANOVA) with six groups. There was a highly signif-
icant (F(5,532) = 351.9, P = 0.00) main effect of group.
Post-hoc tests (Tukey HSD; « set to 0.05) revealed that the
mclO- and VbC-projecting neurons were significantly dif-
ferent from all other groups. The GAD+, nBOR-,
thalamus-, and VTA/SCE-projecting LM neurons did not
differ from each other.

Double-labeling fluorescent studies

In two birds different colors of fluorescent microspheres
were injected into the VbC and IO. In total there were 348
LM neurons labeled from the VbC injections and 366 LM
neurons labeled from the mclO injections. No neurons
were double-labeled, indicating that LM cells projecting to
VbC do not send collateral branches to I0. Figure 6A,B
shows photomicrographs from case VbC-IO#1 in which the
red tracer was injected into the VbC and green was in-
jected into the mcIO. Note the larger size of the VbC-
projecting neurons. Figure 6C shows data from case VbC-
IO#2 in which the red and green tracers were injected into
the mcIO and VbC, respectively. The typical pattern of
mclO labeling in the caudal region of the LM (red cells) is
apparent: a strip of tightly packed neurons running
dorsoventrally. There was only a single VbC-projecting
neuron in the vicinity of this group.

In case nBOR-IO, the red tracer was injected into the
mclO and the green tracer was injected into the ipsilateral
nBOR. The nBOR injection spread quite a bit dorsally, but
the average size of the retrogradely labeled cells (15.0 X
8.0 wm) was close to that of the LM cells labeled from the
CTB injections in the nBOR. There were 424 and 140 LM
neurons labeled from the nBOR and IO injections, respec-
tively. There were no double-labeled neurons, indicating
that LM cells projecting to nBOR do not send collaterals to
the I0. Figure 6D shows photomicrographs from case
nBOR-IO.

DISCUSSION

Previous electrophysiological studies have shown that
LM neurons exhibit direction-selectively to largefield

Fig. 2. Small neurons in the nucleus lentiformis mesencephali
(LM). Photomicrographs of coronal sections through LM, showing
retrogradely labeled neurons from injections of cholera toxin subunit
B into the nucleus of the basal optic root (nBOR) (A,B), dorsal thal-
amus (C-F), and the midline mesencephalon (ventral tegmental area,
stratum cellulare externum, VTA/SCE) (G-I). Most of the nBOR- and
VTA/SCE-projecting LM neurons were fusiform (B,H,I) and more
were found in the LMI compared to the LMm (A,G). From the injec-
tions into the VTA/SCE, more labeling was found in the nucleus
principalis precomissuralis (PPC) compared to the LM (G). From the
injections into the dorsal thalamus, neurons were found in both LMI
and LMm (C-E), but more neurons were found in the tectal gray (not
shown). The arrow in C indicates the labeled cell shown in E. Left is
lateral (L) and right is medial (M) for all panels except I and the top
of the photomicrographs is dorsal (D). For additional abbreviations,
see list. Scale bars = 200 pm in A,G; 100 pm in C,J; 50 pm in B,F; 25
pm in D.E H,I.
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stimuli moving in the contralateral visual field (Winterson
and Brauth, 1985; Wylie and Frost, 1996; Wylie and Crow-
der, 2000). The LM has been linked to the analysis of optic
flow in general, and the generation of the optokinetic
response (OKR) in particular (for review, see Simpson et
al., 1988; birds: McKenna and Wallman, 1981, 1985b;
Gioanni et al., 1983). Neuroanatomical studies emphasize
that LM is not homogeneous, but consists of several dif-
ferent cell types (Gottlieb and McKenna, 1986; Zayats et
al., 2003). In the present study we have shown that mor-
phologically distinct LM neurons project to different struc-
tures (Fig. 7). From injections into the VbC, large multi-
polar neurons were labeled throughout most of LMI and
LMm, with the exception of a region on the border of LMm
and LMI. In this region, medium-sized fusiform neurons
were labeled after injections into the mcIO. The double-
labeling studies involving paired injections into the VbC
and mclO further emphasized that these projections arose
from completely separate populations. Gamlin and Cohen
(1988b) also noted these morphological and distributional
differences between VbC- and mclO-projecting LM neu-
rons. They examined the VbC projection with injection of
retrograde tracer into the brachium conjuctivum (BC).
They described the retrogradely labeled LM neurons as
multipolar but of a slightly smaller size (20—24 pm) than
that reported in the present study. Their injections in BC
also labeled numerous cells in LPC that were not observed
with the injections into the cerebellum in the present
study. Perhaps the LPC labeling observed by Gamlin and
Cohen (1988b) resulted from spread of the BC into the
lateral pontine nucleus, which does receive a substantial
projection from LPC (Gamlin and Cohen, 1988b).

From injections into the VTA/SCE, nBOR and dorsal
thalamus, small neurons were labeled in the LM. From
the injections into the dorsal thalamus, small fusiform
and multipolar neurons were labeled in LMm and LMI.
This projection has been previously described by Wild
(1989) and Wylie et al. (1998), but no details with regard
to soma size were provided in those studies. From the
injections into nBOR and VTA/SCE, we observed small
neurons primarily in LMI. The projection from the LM to
nBOR was first described by Azevedo et al. (1983), but
soma size was not reported. Compared to the dorsal
thalamic-projecting neurons, relatively more of the nBOR-
and VTA/SCE-projecting neurons were fusiform. Although
there is some overlap with respect to the sizes of the
mclO-projecting neurons and the small LM neurons, a
double-labeling experiment revealed that the nBOR- and
mclO-projecting neurons arise from completely separate
populations. It is certain that at least some of the LM
neurons projecting to the nBOR also project to VTA/SCE.
Wylie et al. (1999a) traced individual axons of LM neurons
labeled with biotinylated dextran amine. They found that
some axons terminating in the VTA also provided collat-
erals to nBOR. Unfortunately, the proximity of the nBOR
to the VTA/SCE, and the fact that axons of neurons to the
SCE and VTA pass just dorsal to nBOR, made a double-
labeling experiment next to impossible. We did, however,
observe varicosities indicative of terminal labeling in the
dorsomedial margin of nBOR from injections of CTB into
VTA/SCE. This terminal labeling was rather heavy and
was found among heavy retrograde labeling in this part of
nBOR, thus reconstruction of these axons would be im-
practical. Given the results of the anterograde study by
Wylie et al. (1999a), we believe that these terminals in the
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dorsomedial nBOR arose from collaterals of VTA/SCE-
projecting axons originating in LM.

There were some projections of LM that were not inves-
tigated in the present study. These include a projection to
the PPC and nuclei in the ventral pons. It has been re-
ported that this latter projection originates mainly in LPC
(Gamlin and Cohen, 1988b).

Comparisons with previous anatomical
studies

Using Golgi-staining as well as light and electron mi-
croscopy, Zayats et al. (2003) described several cell types
in the LMmc (i.e., LM]) of chicks. Large- (50—-65 X 25-32
pm [length X width]) and medium-large (32—-35 X 18-20
pm) cells were described as multiangular. Medium-sized
neurons were described as multiangular (25-26 pm long)
or elongated (20—24 pm long), and small neurons (13-17
pm long) were described as round or ovoid. The medium,
medium-large, and large multiangular neurons corre-
spond well with the multipolar VbC-projecting neurons
described in the present study. Likewise, the medium
elongated cells described by Zayats et al. (2003) corre-
spond with the medium-sized fusiform neurons projecting
to the mclO, and the small ovoid/round neurons corre-
spond with the nBOR-, VTA/SCE-, and thalamus-
projecting neurons described in the present study.

Zayats et al. (2003) determined that the small neurons
in the chick LMmc were GABAergic, insofar as they ex-
hibited GAD-immunoreactivity. Granda and Crossland
(1989) and Domenici et al. (1988) also noted that GABAer-
gic cells in the avian LM are small, and this has also been
noted in other species (e.g., frogs, Li and Fite, 1998).
Zayats et al. (2003) suggested that the GABAergic LM
neurons were interneurons, but the data from the present
study suggest that these GABAergic LM neurons may
project to the nBOR, VTA/SCE, and dorsal thalamus. We
found that the GAD+ LM neurons were small and indis-
tinguishable in size from the nBOR-, VTA/SEC-, and dor-
sal thalamus-projecting neurons in LM. We also found
that GAD+ neurons were more prevalent in LMI than
LMm, much like the distribution of nBOR- and VTA/SCE-
projecting neurons. This strongly suggests that some of
the nBOR- and VTA/SCE-projecting neurons are GABAer-

gic.

Fig. 3. Distribution of retrograde labeling in the pretectum from
various injections of cholera toxin subunit B. Four coronal sections, at
180-pm intervals, through the pretectum are shown from caudal (top)
to rostral. The injection sites are shown in the bottom row. From
injections into the medial column of the inferior olive (mcIO, A), the
majority of the cells were found in a densely packed dorsoventrally
oriented strip along the border of LMm and LMI. From injections into
the vestibulocerebellum (VbC, B), labeled neurons were found
throughout the rostrocaudal extent of LMm and LMI, but caudally,
along the border of LMm and LMI, the central region where labeling
from mclO injections was observed was void of labeled cells from VbC
injections. The complementary pattern of VbC and mcIO projecting
neurons can be seen by comparing A and B. From injections into the
nucleus of the basal optic root (nBOR, C), labeled cells were found
throughout the rostrocaudal extent of LM, with heavier labeling in
the LMI compared to the LMm. From injections into the dorsal thal-
amus (D), labeled cells were found throughout the rostrocaudal extent
of LM] and LMm, with extensive labeling in GT. Lateral (L), medial
(M), dorsal (D), ventral (V). For more abbreviations, see list. Scale
bars = 200 pm (applies to all).
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Fig. 4. A comparison of the morphology of neurons in the nucleus
lentiformis mesencephali (LM) that project to the vestibulocerebellum
(VbC), the medial column of the inferior olive, the ventral tegmental
area/stratum cellulare externum (VTA/SCE), the nucleus of the basal
optic root (nBOR), and the dorsal thalamus. The VbC neurons are
much larger than the others and they tend to be multipolar rather
than fusiform. The mcIO-projecting LM neurons were generally fusi-
form, oriented dorsoventrally with a high aspect ratio (length:width).
The cells projecting to the nBOR, dorsal thalamus, and VTA/SCE
were similar, but cells with a round profile were more prevalent
among the thalamic- and VTA/SCE-projecting neurons. Scale bar =
50 pm (applies to all).

Proposed functions of the different types of
LM neurons

Previous recording studies have characterized LM neu-
rons as having very large receptive fields, responsive to
moving largefield stimuli (McKenna and Wallman, 1985b;
Winterson and Brauth, 1985; Wylie and Frost, 1996;
Wylie and Crowder, 2000). The results of the present
study, along with previous studies (e.g., Zayats et al.,
2003; Tang and Wang, 2002), emphasize that the LM
should not be regarded as a homogeneous structure, but
rather consists of morphologically distinct subtypes of
neurons with particular projections. Furthermore, al-
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root (nBOR), the ventral tegmental area/stratum cellulare externum
(VTA/SCE), and the dorsal thalamus are represented by the indicated
symbols, as are GAD+ LM neurons. The distributions for the nBOR-,
VTA/SCE-, thalamus-projecting, and GAD+ neurons were overlap-
ping. Statistical analysis revealed that the meIO-projecting LM neu-
rons formed a discrete distribution of medium-sized neurons. The VbC
neurons show the greatest variability, but were clearly larger than
the other three groups. The mcIO- and VbC-projecting neurons were
significantly different from all other groups. The GAD+, nBOR-,
thalamus-, and VTA/SCE-projecting LM neurons did not differ from
each other.
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though risking an overstatement, we would argue that the
present study speaks to a bias in the neurophysiological
literature. In both birds and mammals the majority of the
electrophysiological research has examined the pretectal
pathways to the parts of the inferior olive that provide
climbing fiber (CF) input to the VbC (see below). Clearly,
this olivo-VbC pathway originates from a single cell type
and from an isolated area in LM. Much less is known
about pathways that originate from different types of pre-
tectal neurons. A critical line of inquiry in this regard is,
do the various types of pretectal neurons differ with re-
spect to physiological properties and/or mediate different
behaviors? Few studies address this issue and many more
studies are needed to understand the various roles of the
different cell types in visual information processing. None-
theless, as illustrated in Figure 7 and discussed below, we
offer an attempt at ascribing different roles to the differ-
ent types of LM neurons.

Function of the medium-sized fusiform LM
neurons projecting to the inferior olive

The olivo-cerebellar pathway projecting to the VbC and
originating in the pretectum has been studied in detail in
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numerous species (see Simpson et al., 1988). The complex
spike activity (CSA) of Purkinje cells (which reflects CF
input; Eccles et al., 1966) responds best to particular pat-
terns of optic flow resulting from either self-translation or
self-rotation (birds: Wylie and Frost, 1991, 1993, 1999a;
Wylie et al., 1993, 1998, 1999b; Winship and Wylie, 2001;
mammals: Simpson et al., 1981; Graf et al., 1988; Leonard
et al., 1988; van der Steen et al., 1994), and these neurons
are critical for mediating the OKR (e.g., Robinson, 1976;
Zee et al., 1981, Ito et al., 1982; Nagao, 1983; Waespe et
al., 1983; Lisberger et al., 1984). Those neurons responsive
to translational optic flow have been linked to head-
bobbing (Wylie et al., 1993; Wylie and Frost, 1999b), an
OKR that is stereotypical in pigeons and some other birds
(Friedman, 1975; Frost, 1978).

A further clarification of the role of the pretectal olivo-
VbC pathway can be gleaned from a line of inquiry initi-
ated by Ibbotson et al. (1994). They recorded the responses
of neurons in the wallaby NOT in response to drifting sine
wave gratings of varying spatial and temporal frequency
(SF, TF). They found that pretectal neurons could be clas-
sified into two groups: those that preferred low SF/high TF
gratings vs. those that preferred high SF/low TF stimuli.
As speed = TF/SF, Ibbotson et al. (1994) referred to these
two groups as fast and slow pretectal neurons. Subse-
quently, Wylie and Crowder (2000) found that pigeon LM
neurons also fall into fast and slow groups based on spa-
tiotemporal tuning. The concordance between the pigeon
LM and wallaby NOT in this respect is remarkable (Ib-
botson and Price, 2001). In the pigeon LM, the fast cells
outnumber the slow cells by 2:1. Winship et al. (2005)
recorded the CSA in the pigeon VbC and found that they
responded best to slow gratings. Thus, the medium-sized
fusiform LM neurons are slow neurons. Ibbotson et al.
(1994) suggested that the slow neurons were important for
the maintenance of the OKR when retinal slip velocities
are low. As such, the slow neurons are more responsive
during the indirect as opposed to the direct OKN, and
involved in charging the velocity storage at lower retinal
slip speeds.

Function of the large multipolar LM
neurons projecting to the VbC

The LM-VbC mossy fiber projection is quite unique and
a homologous NOT-VbC pathway has not been described
in mammals. In the present study we show that it arises
from the large multipolar neurons in LM. The nBOR also
provides a direct mossy fiber pathway to the VbC in pi-
geons (Brecha et al., 1980; Wylie et al., 1997), and it
appears that most of these cells are medium to large
multipolar neurons (Brecha et al., 1980). In turtles an
nBOR-cerebellar pathway has also been reported, and this
arises from medium and large neurons, but not small
neurons (Reiner and Karten, 1978). In fish, mossy fiber
pathways to the cerebellum, originating in the homologs of
nBOR and LM, have also been described (Finger and
Karten, 1978). However, these pathways have not been
described in frogs (Montgomery et al., 1981). Finally, pro-
jections 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 and Sowa, 1985) but not others (cats: Kawasaki
and Sato, 1980; rats and rabbits: Giolli et al., 1984).

There are little data as to the function of the pretectal-
VbC and AOS-VbC pathways and how they might differ
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Fig. 6. Photomicrographs of coronal sections through the nucleus
lentiformis mesencephali (LM) showing cells labeled with fluorescent
microspheres. In A-E, triptychs are shown: the left and middle panels
show the section viewed with the rhodamine and FITC filters, respec-
tively, and the right panels show the overlay. A and B show data from
case VbC-IO#1 in which the red microspheres were injected into the
vestibulocerebellum (VbC) and the green microspheres were injected
into the medial column of the inferior olive (mcIO). Note the larger
size of the VbC-projecting neurons. C shows data from case VbC-IO#2
in which the green and red microspheres were injected into the VbC

from other efferent pathways of the AOS and pretectum.
Winship et al. (2005) recorded the responses of mossy fiber
rosettes in the VbC to largefield drifting gratings. As these
units were located in the VbC and responsive to largefield
stimuli, Winship et al. (2005) assumed that these units
were from the endings of mossy fibers that originated in
the LM and nBOR. From this sample, units preferring
slow or fast gratings were equally abundant. Thus, with
respect to spatial-temporal tuning, whereas the medium-
sized fusiform LM neurons are slow neurons (see above),
the large multipolar neurons are either fast or slow neu-
rons. Following the arguments of Ibbotson et al. (1994)
with respect to the role of fast vs. slow pretectal neurons,
both the medium-sized fusiform LM neurons projecting to
the mcIO and the large multipolar VbC-projecting LM
neurons are involved in processing slow speeds for charg-
ing the velocity storage mechanism when retinal slip ve-
locities are low. The large multipolar neurons responding
to fast stimuli would be involved when retinal slip veloc-

and mclO, respectively. The typical pattern of mcIO labeling in the
caudal region of the LM (red cells) is apparent: a strip of tightly
packed neurons running dorsoventrally. There was only a single VbC-
projecting neuron in the vicinity of this group. D shows data from case
I0-nBOR in which the green and red microspheres were injected into
the nBOR and mcIO, respectively. There were no double-labeled neu-
rons in any of the cases. For all panels, right is dorsal (D) and the top
of the photomicrographs is lateral (L). The arrows indicate labeled
neurons. Scale bars = 50 pm (applies to all).

ities are high, such as the latent period at the onset of
optokinetic stimulation (“open loop OKR”).

Functions of the small LM neurons
projecting to the nBOR

In the present study we found that small LM neurons
project to the nBOR, and we suggested that these may be
GABAergic. Electrophysiological studies lend support to
the assertion that the nBOR-projecting LM neurons are,
at least in part, GABAergic. In turtles, Ariel and Kogo
(2005) noted that the nBOR receives an inhibitory input
(“shunting inhibition”) from LM, which is blocked by a
GABA, receptor antagonist. Nogueira and Britto (1991)
recorded from nBOR neurons in pigeons in response to
electrical stimulation of LM. This projection is directed
generally toward nBOR neurons that prefer horizontal
motion. Most of the neurons preferring temporal-to-nasal
motion were excited in response to LM stimulation, but
most of those preferring nasal-to-temporal motion were
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Fig. 7. A summary of the projections of neurons in the nucleus lentiformis mesencephali. The
projections of the large multipolar, medium-sized fusiform, and small neurons are shown, along with
their associated putative functions, as discussed in the text.

inhibited. Thus, perhaps these latter units are receiving a
disproportionate input from GABAergic LM neurons. The
GABAergic projection from LM to nBOR may represent a
critical step in creating fully motion opponent responses in
nBOR. Like LM neurons, nBOR neurons exhibit direction-
selectivity to largefield stimuli moving in the contralateral
visual field (Burns and Wallman, 1981; Morgan and Frost,
1981; Wylie and Frost, 1990). Most nBOR neurons are
fully motion opponent in that they exhibit excitation to
motion in one (preferred) direction and are inhibited by
motion in the opposite (antipreferred) direction. In the
basic delay-and-compare motion detector, which has been
used to model NOT, LM, and nBOR neurons (Ibbotson et
al., 1994; Wolf-Oberhollenzer and Kirshfeld, 1994; Crow-
der et al., 2003), motion opponency is established by the
“subtraction” or “balance” step. This step of the model
involves pooling the responses of two half-detectors with
opposite 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; Ibbotson
and Clifford, 2001; Zanker et al., 1999). Perhaps the small
GABAergic LM neurons represent the half-detectors with
the inhibitory outputs for the fully motion opponent nBOR
neurons.

Functions of the small LM neurons
projecting to the dorsal thalamus

In the present study we showed that small neurons
distributed throughout LMm and LMI project to the dorsal
thalamus. A pretecto-thalamic pathway has been demon-

strated in numerous species. In mammals it has been
shown that this projection is directed to the dorsal lateral
geniculate nucleus (dLGN) and originated mainly in NOT
(e.g., Graybiel and Berson, 1980; Bickford et al., 2000; see
also Simpson et al., 1988). In reptiles it has also been
shown that the LM projects to the dLGN (Kenigfest et al.,
2000). In birds the equivalent of the LGN are the retinal-
recipient nuclei of the anterior dorsal thalamus, which
includes DLL (Karten et al., 1973; Karten and Shimizu,
1989). In turtles, cats, and monkeys it has been demon-
strated that the pretectal-dLGN projection is largely
GABAergic (Cucchiaro et al., 1991; Wahle et al., 1994;
Kenigfest et al., 2004; for review, see van der Want et al.,
1992). Kenigfest et al. (2004) speculated that the equiva-
lent projection in pigeons is also likely GABAergic, and
data from the present study do lend support, insofar as
small LM neurons projected to the dorsal thalamus, and
GAD+ LM neurons were small.

Little is known about the function of the pretectal to
dorsal thalamus projection, but there are two possibilities.
First, this projection could mediate saccadic suppression.
During a saccade it has been demonstrated that neurons
in the dorsal thalamus pause, presumably so that the
retinal motion occurring during the saccade is not pro-
cessed by the thalamofugal system (e.g., Zhu and Lo,
1996). It is known that GABAergic inhibition originating
in the superior colliculus mediates the pause (Zhu and Lo,
1996), but it is possible that pretectal GABAergic neurons
have a similar function. Second, Wylie et al. (1998) sug-
gested that this projection may somehow be involved in
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distinguishing object-motion from self-motion. Frost
(1985) emphasized that, whereas the pretectum and AOS
process optic flow resulting from self-motion, the thalam-
ofugal and tectofugal systems process local motion, which
results from objects moving in the environment. Optic flow
is generally interpreted as due to self-motion and is not
confused with object-motion. Perhaps the pretectal to dor-
sal thalamus projection is important in this process.

Functions of the small LM neurons
projecting to the VTA

In the present study we showed that small neurons,
most of which localize to LMI, project to the VTA. Both
nBOR and LM project to the VTA, which in turn projects
to the hippocampus (Casini et al., 1986). Wylie et al.
(1999a) suggested that the VTA-hippocampus projection
might be important for conveying optic flow information
for “path integration,” a form of spatial navigation
whereby an animal can determine spatial relationships
such as the origin and destination of motion based on
ideothetic cues from self-motion. The hippocampus is crit-
ical for this behavior (Foster et al., 1989; Wilson and
McNaughton, 1993; McNaughton et al., 1995, 1996; Whi-
shaw et al., 1997; Whishaw and Maaswinkel, 1998). Orig-
inal studies suggested that ideothetic information for self-
motion comes from the vestibular system (McNaughton et
al., 1995, 1996; Muller et al., 1996) but Wylie et al. (1999a)
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 hip-
pocampus and may thus be used for path integration
(Sharp et al., 1995).

In summary, we found that two efferents of LM, VbC
and IO, receive input from morphologically distinct neu-
rons: large multipolar and medium-sized fusiform neu-
rons, respectively. The dorsal thalamus, nBOR, and mid-
line mesencephalon receive input from small neurons,
some of which are GABAergic. Moreover, these different
neuronal subtypes are likely involved in different pro-
cesses and behaviors related to the analysis of optic flow.
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