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Recent studies in rodents have implicated the hippocampal
formation in “path integration”: the ability to use self-motion
cues (ideothesis) to guide spatial behavior. Such models of
hippocampal function assume that self-motion information
arises from the vestibular system. In the present study we used
the retrograde tracer cholera toxin subunit B, the anterograde
tracer biotinylated dextran amine, and standard extracellular
recording techniques to investigate whether the hippocampal
formation [which consists of the hippocampus proper and the
area parahippocampalis (Hp/APH) in pigeons] receives informa-
tion from the accessory optic system (AOS). The AOS is a visual
pathway dedicated to the analysis of the “optic flow fields” that
result from self-motion. Optic flow constitutes a rich source of
ideothetic information that could be used for navigation. Both
the nucleus of the basal optic root (nBOR) and nucleus lenti-

formis mesencephali of the AOS were shown to project to the
area ventralis of Tsai (AVT), which in turn was shown to project
to the Hp/APH. A smaller direct projection from the nBOR pars
dorsalis to the hippocampus was also revealed. During extra-
cellular recording experiments, about half of the cells within the
AVT responded to optic flow stimuli. Together these results
illustrate that the Hp/APH receives information about self-
motion from the AOS. We postulate that this optic flow infor-
mation is used for path integration. A review of the current
literature suggests that an analogous neuronal circuit exists in
mammals, but it has simply been overlooked.

Key words: hippocampus; optic flow; self-motion; path inte-
gration; accessory optic system; area ventralis of Tsai;
ideothesis

Recent studies have suggested that the hippocampal formation is
involved in “path integration” (Foster et al., 1989; Wilson and
McNaughton, 1993; McNaughton et al., 1995, 1996; Whishaw et
al., 1997, Whishaw and Maaswinkel, 1998). This is a mechanism
in which an animal can determine spatial relations such as starting
point, destination, and present location based on information
from self-motion, or “ideothetic” cues, and in the absence of
external or “allothetic” cues (Mittelstaedt and Mittelstaedt; 1980;
Whishaw et al., 1997, Whishaw and Maaswinkel, 1998). Whishaw
and Maaswinkel (1998) showed that the use of self-motion to
solve spatial problems by path integration was impaired after
lesions of the fimbria-fornix. McNaughton et al. (1996) and Sharp
et al. (1995) have shown that the activity of hippocampal cells is
reflective, at times, of ideothetic cues, and the establishment of
“place cells” depends on self-motion (Foster et al., 1989).
Information about one’s self-motion through the environment
can be conveyed by many sensorimotor systems, including the
vestibular, somatosensory, and visual systems. That vision can
serve as a proprioceptive sense was emphasized by Gibson (1950,
1954), who noted that because the environment consists of nu-
merous stationary visual stimuli, self-motion results in “optic flow
fields” across the retina. The accessory optic system (AOS), which
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is found in all vertebrate classes, is a distinct visual pathway
dedicated to the analysis of optic flow fields (for review see,
Simpson, 1984; Simpson et al., 1988a; Grasse and Cynader, 1990).
Numerous electrophysiological studies have shown that neurons
in the AOS exhibit direction selectivity in response to large visual
stimuli moving in the contralateral visual field (Wylie and Frost,
1990a, 1996), and some neurons have binocular receptive fields
that encode optic flow fields resulting from either self-translation
or self-rotation (Graf et al., 1988; Leonard et al., 1988; Simpson
et al., 1988b; Wylie and Frost, 1990b, 1991, 1993, 1999; Wylie et
al., 1998a).

Studies implicating the hippocampal formation in path integra-
tion consider that self-motion arises from the vestibular system
(McNaughton et al., 1996), but one might expect that the hip-
pocampal formation receives optic flow input from the AOS. In
pigeons, Casini et al. (1986) showed that the hippocampal forma-
tion [which in birds consists of the hippocampus proper (Hp) and
area parahippocampalis (APH)] receives input from a group of
cells in the ventral tegmentum in the vicinity of the third cranial
nerve, a region known as the area ventralis of Tsai (AVT). We
have reported previously that the nucleus of the basal optic root
(nBOR) projects to the ventral tegmentum (Wylie et al., 1997).
These terminals were not found in any clearly defined nucleus,
but we ascribed some of these to the lateral extension of the AVT.
In the present study we did a series of anterograde, retrograde,
and double labeling studies to determine whether the region in
the ventral tegmentum containing Hp/APH-projecting neurons
receives input from the AOS. In addition, with extracellular
recording techniques, we examined the responsiveness of neurons
in the AVT to optic flow stimuli.
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MATERIALS AND METHODS

Surgery. The methods reported herein conformed to the guidelines
established by the Canadian Council on Animal Care and were approved
by the Biosciences Animal Care and Policy Committee at the University
of Alberta. These guidelines ensured that efforts were made to minimize
both animal discomfort and the number of animals used. Experiments
were performed on Silver King pigeons anesthetized intramuscularly
with a ketamine (90 mg/kg)/xylazine (15 mg/kg) mixture. Supplemental
doses were administered as necessary. The animals were placed in a stereo-
taxic device with pigeon ear bars and beak adapter such that the orientation
of the skull conformed with the atlas of Karten and Hodos (1967).

Anterograde tracing studies. Anterograde tracing studies were per-
formed by iontophoretically injecting biotinylated dextran amine (BDA)
into either the nBOR (four birds) or the pretectal nucleus lentiformis
mesencephali (LM) (five birds). The nBOR and LM are the two retinal-
recipient nuclei of the avian AOS (Karten et al., 1977; Reiner et al., 1979;
Fite et al., 1981; Gamlin and Cohen, 1988a). These nuclei were located
using stereotaxic coordinates in Karten and Hodos (1967), and sections
of bone and dura were removed to expose the penetration site. On initial
penetrations, extracellular recordings were made with glass microelec-
trodes (4-5 um tip diameter) filled with 2 M NaCl. Sensitivity of isolated
cells to optic flow stimuli was determined by moving a large (90° X 90°)
hand-held stimulus, consisting of a pattern of random dark lines and dots
on a light background. LM and nBOR neurons have large receptive fields
in the contralateral eye. Most nBOR neurons prefer upward, downward,
or backward (nasal to temporal) motion of such large-field stimuli (Wylie
and Frost, 1990a), whereas most LM neurons prefer forward (temporal
to nasal) motion (Winterson and Brauth, 1985; Wylie and Frost, 1996).
Once cells sensitive to large-field motion were found, the recording
electrode was replaced with a glass micropipette (tip diameter of 10-12
um) filled with BDA (Molecular Probes; 10% in 0.1 M PBS), which was
injected iontophoretically (+3 nA, 1 sec ON, 1 sec OFF) for 2-5 min.
Recordings were first made with the BDA electrode to ensure that the
injection was within LM or nBOR. Subsequent to the injection the
electrode was left undisturbed for 5 min. After a survival time of 3-6 d,
the animals were given an overdose of sodium pentobarbitol (100 mg/kg)
and immediately perfused with saline (0.9%) followed by 4% parafor-
maldehyde in 0.1 M phosphate buffer (PB). The brains were extracted,
post-fixed for 2—-6 hr (4% paraformaldehyde, 20% sucrose in 0.1 M PB),
and cryoprotected in sucrose overnight (20% in 0.1 M PB), and frozen
sections in the coronal plane (40 wm thick) were collected. The BDA
protocol used was based on the procedure of Wild (1993). Sections were
washed in PBS, incubated in 1% H,O, with 25% methanol for 20 min,
washed in 0.1 M PBS, incubated in ExtrAvidin peroxidase (Sigma, St.
Louis, MO; 1:1000) with Triton X-100 (0.4%) for 1.5 hr at room tem-
perature, washed in PBS, then visualized with diaminobenzidine (DAB)
using cobalt chloride intensification. After 10 min in 0.025% DAB in 0.1
M PBS with 0.002% CoCl,, 0.005% H,O, was added, and the tissue was
reacted for up to 2 min. The sections were subsequently washed several
times in PBS, mounted on gelatin-coated slides, dried, lightly counter-
stained with Neutral Red, and coverslipped with Permount.

Retrograde tracing studies of the AVT. To confirm these anterograde
studies, unilateral injections of the retrograde tracer cholera toxin sub-
unit B (CTB) were made in the AVT in three animals. The AVT was
located stereotaxically, and extracellular recordings were used to locate
optic flow-sensitive cells for injection, as described for anterograde
tracing procedures. In two birds, CTB (Sigma; 1% in Tris buffer) in glass
micropipettes (tip diameter 16-20 wm) was pressure-injected using a
PicoSpritzer II (General Valve Corp.). For the remaining bird, an
iontophoretic injection of CTB was made (+3 nA, 7 sec ON, 7 sec OFF,
2-5 min) to allow for a smaller injection in the AVT and prevent
inclusion of the nearby nucleus ruber (Ru), which also receives projec-
tions from nBOR and LM (Gamlin and Cohen, 1988b; Wylie et al.,
1997). A buffer exchange was necessary to use CTB for iontophoresis and
was performed as described by Luppi et al. (1990) to yield a 1% CTB in
0.1 m PB, which was injected iontophoretically. The electrode was left
undisturbed for 5 min after injection. The CTB visualization protocol we
used was based on Wild (1993). After a survival period of 2-5 d, the birds
were perfused, and the brain was sectioned as described above for BDA
processing. Sections were washed in PBS (three times for 10 min),
incubated in 1% H,O, with 25% methanol for 20 min, and then washed
in 0.1 M PBS. The tissue was then incubated for 30 min in 4% rabbit
serum (Sigma; in PBS) with 0.4% Triton X-100, followed by goat anti-
CHB (List Biological Laboratories; 1:20000 in PBS) with 0.4% Triton
X-100 for 20-24 hr at 4°C. The tissue was washed with 0.1 M PBS and
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then placed in biotinylated rabbit anti-goat (Vector Laboratories; 1:600
in PBS) with 0.4% Triton X-100 for 1 hr, washed with PBS, placed in
ExtrAvidin with 0.4% Triton X-100 for 1.5 hr, rinsed with PBS, and
visualized with DAB as described for the BDA procedure. The sections
were mounted on gelatin-coated slides, dried, lightly counterstained with
Geimsa, and coverslipped with Permount.

Retrograde tracing studies of the Hp/APH. To verify previous studies
showing a projection from the AVT to the hippocampal formation
(Casini et al., 1986), two birds received bilateral pressure injections of
CTB that included the Hp and APH. The Hp/APH was located using
stereotaxic coordinates in Karten and Hodos (1967). The tissue was
processed for CTB as described above.

Double labeling studies. Two birds were used for double labeling
experiments involving a unilateral BDA injection into the nBOR and
bilateral CTB pressure injections in the Hp/APH. The surgery and
injection procedures used were identical to those described above. The
visualization process we used was based on the protocol described by
Wild (1993). The tissue was first processed for BDA and visualized using
the cobalt chloride-intensified DAB reaction described above. Subse-
quently the tissue was processed for CTB as described above, but was
visualized using DAB without cobalt chloride. The resulting reactions
turned BDA anterograde labeling from nBOR dark brown or black,
whereas the retrogradely labeled cells from the Hp/APH were light
brown.

Extracellular recording studies. In three animals, using tungsten micro-
electrodes, extracellular recording studies investigated the responses of
cells in the nBOR and AVT to optic flow stimuli. Using the stereotaxic
atlas as a guide, we first penetrated the nBOR and recorded from isolated
neurons. Subsequent tracks were made at more medial locations such
that we could access the AVT. In some instances the penetration was
performed with the electrode oriented 5° to the midline to permit easier
access to the AVT. (For detailed descriptions of our electrophysiological
methods see Wylie and Frost, 1990a,b, 1991, 1993, 1999; Wylie et al.,
1998a). Single units were initially tested for optic flow sensitivity using
the large hand-held stimulus. Both the ipsilateral and contralateral
receptive fields were tested. The responses of cells with monocular—
contralateral receptive fields to large-field motion (velocity 0.6-20°/sec)
in various directions in the contralateral hemifield were measured. Those
cells found to be sensitive to large-field motion in both hemifields were
studied further using the “translator” and “planetarium” projectors de-
scribed by Wylie et al. (1998a) and Wylie and Frost (1993, 1999). These
projectors cast patterns of dots on the walls, ceiling, and floor of the room
and simulated translational (translator) and rotational (planetarium)
optic flow fields. The axis of translation or rotation could be adjusted to
any orientation within three-dimensional space. The speed of the dots in
the flow fields was in the range of 0.3-10°sec. Peristimulus time histo-
grams (PSTHs) were summed from 5-20 sweeps using Spike 2 software
(Cambridge Electronic Designs). Marking lesions were made at some
recording sites (30 nA, electrode negative, 5-10 sec). To verify the lesion
sites, the birds were perfused at the end of the recording session, the
brains were extracted, and frozen sections were collected through the
AVT. These sections were mounted on gelatin-coated slides, stained,
coverslipped in Permount, and examined using light microscopy.

Nomenclature. The pigeon nBOR is located at the base of the brain at
the mesodiencephalic border and receives direct retinal input from the
displaced ganglion cells (Karten et al., 1977; Reiner et al., 1979; Fite et
al., 1981). Brecha et al. (1980) divided the nBOR into three subgroups
based on cell morphology and spatial location. The bulk of the nucleus,
nBOR proper (nBORp), consists mainly of large- and medium-sized
round cells and a smaller number of small spindly cells. The nBOR
dorsalis (nBORd), consisting of a thin layer of small spindly cells, lines
the caudal and dorsal margins of the nBORp. The nBOR lateralis
(nBORYI) is a small group of cells located dorsal to the stratum opticum
(Sop) and lateral to the rest of the nucleus. McKenna and Wallman
(1981, 1985a) showed that the nBORI is contiguous with and functionally
similar to the LM.

In pigeons, the pretectum consists of numerous nuclei, the borders of
which are difficult to define. We use the description by Gamlin and
Cohen (1988a). The LM consists of two subnuclei, the LM pars lateralis
(LMI) and the LM pars medialis (LMm). Medial to the LMm is a strip
of small cells, the nucleus laminaris precommissuralis (LPC), which
appears contiguous with the internal lamina of the nucleus geniculatus
lateralis, pars ventralis (GLv). Medial to the LPC is the nucleus princi-
palis precommissuralis (PPC), which resides lateral to the nucleus rotun-
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dus (Rt). Ventrally, the LMm, LMI, and LPC course ventral to the
nucleus subpretectalis (SP) and posterior to the GLv. The LMm and
LMLI, although virtually indistinguishable at this point, continue medially
as a strip of cells that becomes the nBORI.

RESULTS
Retrograde studies of the Hp/APH

In two birds the hippocampal formation (Hp/APH) received a
bilateral pressure injection of CTB (cases HF1 and HF2). The
distribution of retrogradely labeled cells was similar to that re-
ported by Casini et al. (1986). Figure 1 shows drawings of serial
sections from case HF2, illustrating the injection site and retro-
grade labeled cells in the AVT. Labeled cells were found
throughout the rostrocaudal extent of the AVT, most heavily
adjacent to the third cranial (oculomotor) nerve (Fig. 24,B,
IIT). In both cases several cells were also found in nBORGd.
This previously unreported result suggests a small direct link
between the nBOR complex and the hippocampal formation
(Figs. 1C, 2B).

Anterograde tracing studies

Previous studies have described projections of the nBOR and
LM. The most extensive projection of the nBOR is to the ipsi-
lateral LM, but nBOR projects to numerous other structures
including the cerebellum, vestibular nuclei, inferior olive, pontine
nuclei, contralateral nBORd, oculomotor complex, mesence-
phalic reticular formation (RF), nucleus ruber (Ru), accessory
oculomotor nuclei [nucleus Darkschewitsch (D), the interstitial
nucleus of Cajal (IC), and central gray (CtG)], and dorsal thala-
mus (Brecha et al., 1980; Wylie and Linkenhoker, 1996; Wylie et
al., 1997, 1998b). The most extensive projection of the LM is to
the ipsilateral nBOR, and previous studies have reported that LM
also projects to the cerebellum, inferior olive, pontine nuclei, D,
IC, CtG, Ru, and dorsal thalamus (Clarke, 1977; Gamlin and
Cohen, 1988a; Wild, 1989; Wylie et al., 1998b). For the present
study we describe only projections of the LM and nBOR to the
hippocampal projection area in the ventral tegmentum.

The LM was injected with BDA in five cases. All five injections
were centred on LMI but also included the LMm. Injection LM1
was centered on ventral LM and also included LPC and PPC.
Injection LM2 was centered on and confined to dorsal LM.
Injection LM3 was also dorsal and included LPC, PPC, and the
tectal gray. LM4 was located in rostral ventral LM and also
included the tectal gray, LPC, and PPC. Injection LMS was again
centered on ventral LM and encroached slightly on the tectal
gray. Figure 3 shows a series of sections illustrating the injection
site and terminal labeling in the AVT from case LMS5. The
injection site in the ventral LM is shown by the blackened area in
A and B. In these sections terminal labeling was found throughout
the pretectum, and some terminal labeling was found in the optic
tectum (TeO), RF, D, CtG, the lateral division of the anterior
dorsolateral thalamus (DLL), and adjacent to nucleus subpretec-
talis (SP), and the medial and lateral spiriform nuclei (SpL/M).
The majority of the labeling in these sections resulted from a
massive fiber bundle that coursed medially from the injection site
along the top of the optic tract (TrO) and traveled just posterior
to the GLv. Terminals from these fibers were seen in the ventro-
medial portion of LM (A-C), GLv (4, B), and the RF just dorsal
to the nBOR complex (E-H). Terminal labeling was found in
nBORp but was especially heavy in nBORI and nBORd (C-H).
Some of these fibers continued medially and terminated in the

Wylie et al. « Optic Flow Input to the Hippocampus from the AOS

AVT (E-H). This pattern of terminal labeling was common to all
five cases. In case LMS, terminal labeling was absent from the Ru,
but sparse labeling was found here in other cases. In other cases
a few terminals in the AVT arose from fibers that descended
through the RF (Fig. 4B). Terminals in the AVT were most
abundant ventrally, just medial to the nBOR and lateral to III, but
very few terminals were found adjacent to the dorsal margin of
III. Overall, labeling within the AVT was heavier when the
injection was located in the ventral rather than dorsal LM, and
terminal labeling in the AVT was less from the LM injections
compared with the nBOR injections (see below). Figure 44,B
shows the terminal fields of fibers, from cases LM3 and LM4,
respectively, that were reconstructed from serial sections with the
aid of a drawing tube. The fiber shown in 4 was more typical of
the fibers projecting from the LM to the AVT. This fiber termi-
nated in the nBORp and nBORd and continued medially and
terminated in the AVT. The fiber in B descended from the
injection site through the RF, lateral to the Ru, and medial to the
tractus quintofrontalis (QF) and terminated in the AVT. Numer-
ous terminals were also seen in the RF from this fiber.

The nBOR was injected in four pigeons. In each case a group
of fibers traveled dorsally and medially along the lateral edge of
the AVT, providing massive input to the ipsilateral Ru and
accessory oculomotor areas, as described previously by Wylie et
al. (1997). In all cases, some of these fibers gave off collaterals to
the AVT. In two cases collaterals of axons, which crossed the
midline either via the posterior commissure or dorsal to the AVT,
terminated in the nBORd and AV T contralateral to the injection
site. In case nBOR1, the injection site was located in the ventral
portion of nBORp and did not include any of nBORd. Labeling
in the AVT in this case was heaviest ventrally, just medial to
nBOR and lateral to the ventral margin of III. A few terminals
were also seen slightly dorsal to these and in the contralateral
AVT dorsomedial to nBOR. Overall case nBOR1 showed the
least AVT labeling of all nBOR injections. In case nBOR2, the
injection site was centered on dorsal nBORp and included but did
not extend beyond nBORd. Labeling within the AV T in this case
was again seen ventrally but extended dorsally and medially
throughout the AVT and bordered III medially and dorsally. Two
sets of terminals were also found medial to III at the midline;
however, none was found in the contralateral AVT. Overall, case
nBOR2 showed the most AVT labeling. In cases nBOR3 and
nBORA4, the injections were centered on the middle of nBORp
and may have encroached on nBORGd as well. Labeling in these
cases showed a pattern similar to that seen in case nBOR2,
although the extent of labeling was less. Terminals were again
found in the contralateral AVT in case nBOR3, dorsomedial to
nBOR. In summary, all cases of BDA injections in the nBOR
showed anterogradely labeled terminals within the AVT, the
majority of which were located immediately lateral to III. The
greatest amount of labeling in the AVT occurred when the
injection included nBORd, as in case nBOR2. Terminals were
also seen, although much less frequently, in the contralateral
AVT as well. Figure 4C shows a fiber reconstructed from serial
sections from case nBOR4. This fiber terminated in IC and CtG,
but a collateral gave off terminals in the AVT just dorsal to III.

Retrograde tracing studies of the AVT

The AVT was injected with CTB in three animals. In two cases,
pressure injections were made, but in case AVT3 a small ionto-
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Figure 1. Retrograde labeling in the area ventralis of Tsai (41T after a bilateral injection of cholera toxin subunit B (CTB) in the hippocampus and
area parahippocampalis (Hp/APH). A-F, Drawings of serial sections showing the location of the injection site and retrogradely labeled cells after
pressure injection of CTB. The sections shown in B—F are ~275 um apart. As can be seen in A4, the injection included both Hp and APH, and in general,
labeling after this injection conformed to the results shown by Casini et al. (1986). Retrograde labeling in the AVT was heaviest near the third cranial
nerve (III), with retrogradely labeled cells found lateral, dorsal, and medial to III and between stria of III (as seen in C). Also note the presence of a
few labeled cells in the nucleus of the basal optic root pars dorsalis (nBORd), indicating a small direct projection from this area to the hippocampal
formation (C, F). CtG, Central gray; D, nucleus Darkschewitsch; Hy, hypothalamus; nBORI/p, nBOR lateralis/proper; MPv, nucleus mesencephalicus
profundus pars ventralis; N, neocortex; Ov, nucleus ovoidalis; PT, nucleus pretectalis; QF, tractus quintofrontalis; RF, mesencephalic reticular formation;
Rt, nucleus rotundus; Ru, nucleus ruber; SCI, stratum cellulare internum; SOp, stratum opticum; SP, nucleus subpretectalis; SpM/I, nucleus spiriformis
medialis/lateralis; SR¢t, nucleus subrotundus. Scale bar, 1 mm.

phoretic injection was made. Figure 5 shows drawings of serial nBOR and in the ipsilateral LM, confirming results of antero-
sections through the nBOR and LM from this case. The dark grade tracing studies discussed above. Most labeling within the
shaded areas in 4 and B indicate the injection site, and dots nBOR was located in the dorsal portions of nBORp and in
indicate the position of retrogradely labeled cells. Retrograde nBORd (Fig. 2D,E), confirming previous observations that the
labeling was found bilaterally (but heavier ipsilaterally) in the BDA injection that included nBORd provided the most labeling



5518 J. Neurosci., July 1, 1999, 719(13):5514-5527 Wylie et al. « Optic Flow Input to the Hippocampus from the AOS

-

'

’ —_—

Figure 2. A, B, Photomicrographs of retrograde-labeled cells in the area ventralis of Tsai (4V'T') after injection of cholera toxin subunit B (CTB) in
the hippocampus and parahippocampalis. The small arrows indicate individual cells, and the larger arrows indicate groups of several cells. Note the cells
labeled in the nucleus of the basal optic root pars dorsalis (nBORd) and between stria of the third cranial nerve (III). C, Retrograde-labeled cells in the
pretectum after iontophoretic injection of CTB in the AVT. The arrows indicate retrogradely labeled neurons, and the dotted lines show the boundaries
between the pretectal nuclei. GT, Griseum tectale; LMI/m, nucleus lentiformis mesencephali lateralis/medialis; LPC, nucleus (Figure legend continues)
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within the AVT. Most of the labeling in the LM was found in
LMl (Figs. 2C, 5E,F).

Labeling within the AOS nuclei in cases AVT1 and AVT2 was
similar to that seen in AVT3, except that both injections were
much larger and resulted in massive labeling of many brainstem
and cortical structures as well as the AOS nuclei, indicating that
the injection had included structures outside the AVT. Most
problematic was the apparent inclusion of Ru, which also receives
projections from the nBOR (Wylie et al., 1997) and LM (Gamlin
and Cohen, 1988b). Labeling in the external cuneate, lateral
cerebellar nucleus, caudal PPC, medial spiriform nucleus, and
hyperstriatum accessorium suggested that the Ru was included in
the injection in both of these cases (Wild, 1992). This labeling was
absent in case AVT3, and thus we are confident that the Ru was
spared.

Double labeling studies

In two birds, BDA was injected unilaterally into nBOR, and CTB
was injected bilaterally in the Hp/APH. In the first double label-
ing case (DL1), the BDA injection was centered on nBORp and
included some of nBORd. The pressure injection of CTB ap-
peared slightly smaller than previous Hp/APH injections but did
include both the Hp and APH bilaterally. In the second double
labeling case (DL2), the BDA injection was larger, centered on
dorsal nBORp, and included a substantial portion of nBORd, and
there was some inclusion of the adjacent RF. The Hp/APH
injections of CTB were also larger, and as a consequence both
anterograde and retrograde labeling in the AV T in case DL2 was
much greater than in DL1. In both cases, retrograde-labeled cells
from the hippocampal injections were found intermingled with
anterograde-labeled fibers from the nBOR throughout the ipsi-
lateral AVT, but to a much greater extent in case DL2. Figure 6
shows a series of sections through the AVT from case DL2. The
BDA injection site in nBOR is shown by the blackened area, and
the locations of anterograde terminals are indicated by the small
gray dots. Retrogradely labeled cells from the CTB injection into
Hp/APH (injection site not shown) are indicated by the larger
black dots. In addition to the AV T, anterograde-labeled terminals
and retrograde-labeled cells were intermingled in the contralat-
eral AVT and nBORd, the ipsilateral CtG, D, stratum cellulare
internum/externum (SCI/SCE), and RF. Figure 2F, G shows pho-
tomicrographs of anterogradely labeled terminals near labeled
cells in the AVT and medial mesencephalic reticular formation
(FRM), respectively.

Electrophysiological studies

The remaining three birds were used in extracellular recording
studies to investigate responses of cells in the AVT to optic flow
stimuli. Previous electrophysiological studies have shown that
nuclei of the AOS are ideally suited for the analysis of optic flow
resulting from self-motion. Neurons in the LM and nBOR have
large monocular receptive fields and respond best to large-field
visual stimuli moving in a particular direction in the contralateral
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eye (Burns and Wallman, 1981; Winterson and Brauth, 1985;
Wylie and Frost, 1990a). Some neurons in nBORd have large
binocular receptive fields and respond best to visual flow fields
simulating either self-translation along or self-rotation about a
particular axis in three-dimensional space (Wylie et al., 1998a;
Wylie and Frost, 1990b, 1999).

Figure 7 shows results from one of the recording experiments.
In this experiment, we first recorded from nBOR, and subsequent
penetrations were placed more medially to access the AVT. Two
sections through the basal mesencephalon are shown indicating
the locations of four isolated neurons that were responsive to
optic flow stimulation. The upper section was located ~0.5 mm
caudal to the lower section. The cell in B was located in nBORp
and had a monocular—contralateral receptive field. A PSTH in
response to oscillating upward and downward whole-field motion
is shown (averaged from 20 sweeps). The cell was excited by
upward large-field motion and inhibited by downward motion.
The movement velocity was 5°/sec, which was the preferred ve-
locity, but the cell was modulated over the entire range tested
(0.6-20°/sec). The cell in A was located in nBORd and had a
binocular receptive field. In response to the hand-held stimulus,
this neuron was excited by backward motion in both hemifields,
which normally results from forward translation of the bird. This
cell was tested with the translator projector that simulated trans-
lational optic flow fields (Wylie et al., 1998a). The PSTH shows
the response to translation along the z-axis (i.e., the flow fields
resulting from forward and backward self-translation) (averaged
from five sweeps). Just above the PSTH is a schematic illustration
of the flow field that results from backward translation along the
z-axis. It is best described as forward optic flow in both hemifields
that converges to a point in front of the observer. The sequence
for each sweep was as follows: (1) ~5 sec of backward optic flow,
(2) a 5 sec pause, (3) 5 sec of forward optic flow, and (4) a 5 sec
pause. This cell was excited in response to backward optic flow
and inhibited by forward optic flow. This cell preferred the higher
velocities (>5°/sec) but responded across the entire range tested
(0.3-10°sec; 10°/sec is shown).

The cells in C and D were localized to the caudolateral AVT and
rostral AVT, respectively. Our retrograde tracing studies showed
that cells in these areas project to the Hp/APH (Figs. 1B,E, 6A4,F).
Like the cell in A4, the cell in C had a binocular receptive field but
had the opposite direction preference. PSTHs in response to flow
fields along the z-axis are shown for binocular as well as monocular
viewing for each hemifield (each averaged from five sweeps). For
both the ipsilateral and contralateral hemifields, forward optic flow
resulted in excitation and backward optic flow resulted in inhibi-
tion. Thus, this neuron would respond best to the flow field result-
ing from backward translation. Clearly there was greater modula-
tion in response to binocular stimulation compared with monocular
stimulation of either eye alone. This cell preferred velocities >5°/
sec but was responsive across the entire range tested (0.3-10%/sec;
10°/sec is shown). The cell in D had a monocular—contralateral
receptive field and preferred downward motion. The PSTH shows
the response to alternating upward and downward large-field mo-

laminaris precommissuralis; PPC, nucleus principalis precommissuralis. Labeling was heaviest in LMI. D, E, Retrograde labeling in the ipsilateral and
contralateral nBOR, respectively, after injection of CTB into AVT. Labeling after such injections was heaviest in the dorsal portions of nBOR proper
(nBORp) and the adjacent nBORGJ. F, G, Anterograde-labeled fibers from nBOR terminating on or near retrograde-labeled cells in the AV T and medial
mesencephalic reticular formation (FRM ) after a double labeling study. The visualization procedure, described by Wild (1993), stains the CTB-labeled
cells light brown, whereas the BDA-labeled fibers appear dark brown or black. I, Lateral; m, medial. Scale bars: A, B, D, E, 100 um; C, 50 pm; F, G, 10 pm.
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Figure 3. Anterograde labeling in the area ventralis of Tsai (AV'T) after injection of biotinylated dextran amine (BDA) into the pretectal nucleus
lentiformis mesencephali (LM ). A-H, Series of drawings (rostral to caudal, 250 uwm apart) from case LMS illustrating the injection site and terminal
labeling in the AVT. The injection site is indicated by the blackened region (A, B), and the dots represent the locations of terminal labeling. See Results
for additional details. DLL, Nucleus dorsolateralis anterior thalami pars lateralis; GLv, nucleus geniculatus lateralis pars ventralis; /OT, isthmo-optic

tract; SCE, stratum cellulare externum; 7eO, optic tectum; 7rO, tractus opticus; 77T, tractus tectothalamicus. See legends to Figures 1 and 2 for other
abbreviations. Scale bar, 1 mm.
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Figure 4. A, B, Anterogradely labeled fibers, reconstructed from serial sections, that projected from the nucleus lentiformis mesencephali (LM ) to the
area ventralis of Tsai (4V'T). The fiber in 4 projected heavily to the nucleus of the basal optic root (nBOR), but a collateral penetrated the AVT. The
fiber in B descended through the reticular formation (RF) where it branched and left terminals, but the parent fiber continued ventrally and terminated
in the AVT. C shows an anterogradely labeled fiber projecting from the nBOR to the AVT. This fiber projected heavily to nucleus ruber (Ru) and the
accessory oculomotor area [interstitial nucleus of Cajal (IC), and the central gray (CtG)], structures that are involved in postural and oculomotor control.
A collateral terminated in the AVT. See legend to Figure 1 for other abbreviations. Scale bars, 60 um.

tion at 5°sec (averaged from 15 sweeps). This cell preferred veloc-
ities <5°/sec but showed substantial modulation across the entire
range tested (0.6-20%sec).

Of a total of 26 cells tested within the AVT, 12 showed modu-
lation similar to that described above. Six of these cells had mo-
nocular—contralateral receptive fields. Of these six monocular cells,
three preferred backward (nasal to temporal) motion, two
preferred upward motion, and one preferred downward motion.
The other six cells had binocular receptive fields and responded
best to optic flow patterns resulting from self-translation along a
particular axis. Four cells preferred translational optic flow along

axes that were in the horizontal plane, and two preferred the
vertical axis. Although our investigations were not systematic, the
14 cells in the AVT that were unresponsive to optic flow stimuli
were also unresponsive to the movement of small visual stim-
uli. We also casually presented somatosensory and auditory
stimuli (noise bursts), but we were unable to modulate these cells.

DISCUSSION

In the present study, using both anterograde and retrograde
tracers, we have shown that the hippocampal formation receives
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Figure 5. Retrograde labeling in the accessory optic system after injection of CTB into the area ventralis of Tsai (4V'T). A-F, Drawings of serial sections
(caudal to rostral, 300 wm apart) illustrating the injection site and retrograde labeling in the nucleus of the basal optic root (nBOR) and pretectum from
case AV T3. Note that the injection site, represented by the blackened area in A, did not include the nearby nucleus ruber (Ru). Labeling in the nBOR
was heaviest in dorsal nBOR proper (nBORp) and the adjacent nBOR dorsalis (:BORd). Labeling in the pretectum was heaviest in the lateral subnucleus
of lentiformis mesencephali (LM!), whereas little labeling was found in the medial LM (LMm) or other areas of the pretectum. Gt, Griseum tectale. See

legends to Figures 1-3 for other abbreviations. Scale bar, 1 mm.

input from the AOS, a visual pathway dedicated to the analysis of
optic flow resulting from self-motion. We showed that the AVT
receives input from both LM and nBOR (primarily nBORd) and
projects to the Hp/APH. The nBORd also provides a smaller,
direct input to the Hp/APH. This pattern of connectivity suggests
that the AVT is conveying optic flow information from the AOS
to the Hp/APH in pigeons. Moreover, our electrophysiological
experiments showed that some cells in AVT respond to optic flow
stimuli. Although our recording studies were hardly exhaustive,
we did find that approximately half of those neurons tested were
modulated in response to large-field visual stimuli. Of those
visually sensitive neurons, half had monocular receptive fields in
the contralateral eye and, as such, have visual responses similar to
most neurons in the LM and nBOR (Winterson and Brauth, 1985;
Wylie and Frost, 1990a, 1996). The other visually sensitive neu-

rons had binocular receptive fields and responded best to flow
fields resulting from self-translation along a particular axis in
three-dimensional space. Such receptive field properties have
been observed for neurons in the vestibulocerebellum [a projec-
tion site of the AOS (Clarke, 1977; Brecha et al., 1980)] and a
subset of cells localized to nBORd (Wylie and Frost, 1990b, 1999;
Wylie et al., 1998a). Thus, it is possible that some cells in the
nBORd and adjacent AVT are conveying highly processed optic
flow information to the Hp/APH. It is also possible that these
cells are multimodal. In a 2-deoxyglucose experiment, Telford
and Frost (1989) showed that nBORd, but not nBORp, responds
to rotation of the pigeon in darkness. This vestibular input might
arise from the lateral cerebellar nucleus, which projects heavily to
nBORd but less to nBORp (Arends and Zeigler, 1991).

We must emphasize that our findings should not be reduced to
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Figure 6. Results of a double labeling experiment. A-F, Drawings of serial sections (rostral to caudal, ~130 wm apart) through the area ventralis of Tsai
(AV'T) from case DL2. The small gray dots represent the locations of anterograde terminals from an injection of biotinylated dextran amine (BDA) into
the left nBOR (shaded black). The larger black dots represent retrograde-labeled cell bodies from a bilateral injection into the hippocampal formation.
Note the overlap of terminal labeling and retrogradely labeled cell bodies in the AVT. See Results for additional details. See legends to Figures 1 and

3 for additional abbreviations. Scale bar, 1 mm.

a simple demonstration of a visual input to the hippocampus. The
input is from the AOS, a highly conserved visual pathway found
in all vertebrates (Fite, 1985; McKenna and Wallman, 1985b;
Weber, 1985) that is much neglected in the popular literature.
The retinal recipient nuclei of the AOS, unlike other visual
structures, are dedicated to the analysis of optic flow that result
from self-motion (Frost, 1982, 1985; Frost et al., 1990, 1994).
Optic flow neurons have been found in the extrastriate areas of
primate visual cortex (Duffy and Wurtz, 1991), although such
findings are predated by similar findings in the AOS by more than
a decade (Simpson and Alley, 1974). Generally the AOS is
described in reference to its importance to oculomotor function

(Simpson, 1984). We suggest additional roles for the AOS: spatial
cognition, navigation, and path integration.

Does the AOS provide input to the hippocampal
formation in mammals?

In mammals, the AOS consists of the medial and lateral terminal
nuclei (MTN, LTN), which are functionally similar to the avian
nBOR, and the dorsal terminal nucleus and pretectal nucleus of
the optic tract (collectively referred to as NOT/DTN), which are
homologous to the avian LM (for review, see Simpson, 1984;
Simpson et al., 1988b; Grasse and Cynader, 1990). The MTN,
LTN, and DTN project to an area in the ventral tegmentum
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Figure 7. Responses of neurons in the nucleus of the basal optic root (#BOR) and area ventralis of Tsai (4V'T') to large-field visual stimulation. This
figure shows the locations (black circles) of four isolated neurons, all from the same bird, and their responses to large-field stimulation (A-D). The
locations are shown on two serial sections through the basal mesencephalon. The upper section was located ~0.5 mm caudal to the lower section. The
broken vertical lines indicate the electrode tracks. The neurons shown in B and D had large monocular receptive fields in the contralateral eye. The PSTHs
show the responses to large-field motion oscillating upward and downward (2.5 sec up, 2.5 sec down) in the contralateral hemifield. The broken horizontal
lines represent the spontaneous rates. The neuron in B, which was located in the nBOR proper (nBORp), was maximally excited by upward large-field
motion and inhibited by downward motion. The neuron in D, which was located in the rostral AVT, had the opposite direction preference. The neurons
shown in 4 and C had binocular receptive fields and preferred horizontal large-field motion in both hemifields. The PSTHs show the responses of these
neurons to a translational flow field simulating self-translation of the bird along the z-axis (i.e., forward and backward self-translation). In 4 a schematic
of the flow field that results in self-translation backward along the z-axis is shown. It is best described as forward optic flow contracting to a point directly
in front. For each sweep the sequence was as follows: (1) ~5 sec of backward optic flow (which would result from forward translation), (2) a 5 sec pause
(broken line), (3) 5 sec of forward optic flow, (4) a 5 sec pause. In 4 and C the responses to binocular stimulation are shown. The responses to monocular
stimulation of the ipsilateral and contralateral hemifields are also shown for the neuron in C. The neuron in 4, which was located in the nBOR dorsalis
(nBORd) was maximally excited/inhibited by backward/forward optic flow along this axis. The neuron in C, which was found in the AV T, showed the
opposite direction preference. Note that greater modulation occurred under conditions of binocular viewing, compared with stimulation of either eye
alone. See legends to Figures 1 and 3 for additional abbreviations. Scale bars, 300 wm.



Wylie et al. « Optic Flow Input to the Hippocampus from the AOS

known as the visual tegmental relay zone (VTRZ) (Giolli et al.,
1984, 1988). Cells in the VTRZ of rabbits respond to optic flow
stimuli but have higher order properties than cells in the NOT/
DTN, LTN, and MTN. Like cells in the LM and nBORp, cells in
the NOT/DTN, MTN, and LTN respond to large-field stimuli
moving in a particular direction in the contralateral visual field
(Soodak and Simpson, 1988). Like cells in the avian nBORd,
some cells in the VTRZ have binocular receptive fields and
encode rotational flow fields (Simpson et al., 1988a). The VTRZ,
now recognized in the rat stereotaxic atlas (Paxinos and Watson,
1986), is a thin layer of cells that resides in the dorsal part of the
ventral tegmental area (VTA; AVT in birds), just ventral to the
Ru. The VTRZ is distinguished as the area that provides a
massive input to the optic flow-sensitive areas of the inferior olive
(Giolli et al., 1985; Simpson et al., 1988a,b). In birds, the major
input to the optic flow areas of the inferior olive is from nBORd
(Brecha et al., 1980).

In mammals, the VTA projects to the hippocampus, but does
part of this projection originate from the VTRZ? In a recent
retrograde tracing study, Gasbarri et al. (1994) showed that both
dopaminergic and nondopaminergic neurons were labeled
throughout VTA after injections into the CAl region of the
hippocampus. Gasbarri et al. (1994) did not distinguish VTRZ
from the rest of the VTA in their drawings, but there was heavy
labeling in the dorsal VTA just ventral to the red nucleus (Gas-
barri et al., 1994, their Figs. 1A,B, 2A,B). We are certain that
these cells are within the VTRZ. Thus, it seems that the nBORd
to Hp/APH pathway revealed in the present study exists in
mammals, but it has simply been overlooked. A double labeling
study like the one we have performed here is necessary to confirm
this pattern of connectivity in mammals.

The hippocampus, spatial memory, and
path integration
Lesion studies of the Hp resulting in performance deficits in tasks
such as the Morris water maze in rats and homing behavior in
pigeons have implicated the Hp in spatial memory processes,
including navigation (Morris et al., 1982; Sutherland et al., 1982;
Bingman et al., 1990; Nadel, 1991; Bingman and Yates, 1992;
Sherry et al., 1992; Poucet, 1993). However, the answer to the
question of how the representation of space is established in the
Hp remains elusive. O’Keefe and Nadel (1978) postulated that
the Hp forms a “cognitive map” of the environment. Central to
this idea was the discovery of “place cells” that are selectively
active when an animal is in a particular location (O’Keefe and
Dostrovsky, 1971; O’Keefe, 1979; Muller, 1996; O’Keefe and
Burgess, 1996). A substantial body of research emphasizes how
the relationship of external landmarks, i.e., allothetic cues, is
represented by the activity of place cells (O’Keefe and Nadel,
1978; for review, see Poucet, 1993; McNaughton et al., 1996;
Whishaw et al., 1997). More recently, studies have emphasized
that self-motion or ideothetic information is also important for
place-cell activity (Foster et al., 1989; Wilson and McNaughton,
1993; McNaughton et al., 1995, 1996), and as such it is thought
that the Hp is involved in path integration (Whishaw et al., 1997;
Whishaw and Maaswinkel, 1998).

In the hippocampal formation and afferent structures, many
neurons are tuned to the directional heading in the horizontal
plane. These “head direction cells” have been found in the
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postsubiculum (Taube et al., 1990a) and posterior cortex (Chen et
al., 1994) as well the anterior thalamus (Taube, 1995) and lateral
dorsal thalamus (Mizumori and Williams, 1993). Both allothetic
and ideothetic cues affect the firing of head direction cells (Taube
et al., 1990b; Chen et al., 1994; Knierim et al., 1995; Blair and
Sharp, 1996), and it is thought that the ideothetic information
arises from the vestibular system (McNaughton et al., 1995, 1996;
Muller et al., 1996).

The results of the present study are consistent with the idea
that the hippocampal formation is involved in path integration by
the analysis of ideothetic cues resulting from self-motion, but we
propose an additional ideothetic cue: optic flow. The optic flow
reaches the hippocampal formation from the AOS. Until now, the
AOS has not been considered a player in spatial cognition but is
generally regarded as a slave to the oculomotor system.
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