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COMPARISON OF VENTRAL TEGMENTAL NEURONS PROJECTING
O OPTIC FLOW REGIONS OF THE INFERIOR OLIVE VS.

HE HIPPOCAMPAL FORMATION
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bstract—The ventral tegmental area (catecholaminergic
roup A10) is a midbrain region characterized by concen-
rated dopaminergic immunoreactivity. Previous studies in
igeons show that the ventral tegmental area provides a
obust projection to the hippocampal formation and to the
edial column of the inferior olive. However, the distribution,
orphology, and neurochemical content of the neurons that

onstitute these projections have not been resolved. In this
tudy, we used a combination of retrograde tracing tech-
iques and immunofluorohistochemistry to address these

ssues. Retrograde tracers were used to demonstrate that the
istribution of ventral tegmental area neurons projecting to
he hippocampus and the inferior olive overlap in the caudo-
entral ventral tegmental area. The hippocampus- and infe-
ior olive-projecting ventral tegmental area neurons could not
e distinguished based on morphology: most neurons had
mall- to medium-sized multipolar or fusiform soma. Double-
abeling with fluorescent retrograde tracers revealed that the
ippocampus- and medial column of the inferior olive-pro-

ecting neurons were found intermingled in the ventral teg-
ental area, but no cells were double labeled; i.e. individual

entral tegmental area neurons do not project to both the
ippocampal formation and medial column of the inferior
live. Finally, we found that a minority (8.2%) of ventral teg-
ental area neurons providing input to the hippocampus
ere tyrosine hydroxylase-immunoreactive, whereas none of

he inferior olive-projecting neurons were tyrosine hydroxy-
ase positive. Combined, our findings show that the projec-
ions to the hippocampus and olivocerebellar pathway arise
rom intermixed subpopulations of ventral tegmental area
eurons with indistinguishable morphology but only the hip-
ocampal projection involves dopaminergic neurons. We
uggest that equivalent projections from the ventral tegmen-
al area to the hippocampal formation and inferior olive exist

Correspondence to: D. R. Wong-Wylie, Department of Psychology,
niversity of Alberta, Edmonton, Alberta, Canada T6G 2E9. Tel: �1-780-
92-5274; fax: �1-780-492-1768.
-mail address: dwylie@ualberta.ca (D. R. Wong-Wylie).
bbreviations: AOS, accessory optic system; BDA, biotinylated dex-

ran amine; CTB, cholera toxin subunit B; FITC, fluorescein isothio-
yanate; LM, lentiformis mesencephali; mcIO, medial column of the
nferior olive; nBOR, nucleus of the basal optic root; nBORd, nucleus
f the basal optic root, pars dorsalis; nBORp, nucleus of the basal optic
oot, proper; NHS, normal horse serum; PB, phosphate buffer; PBS,
s
hosphate-buffered saline; TH, tyrosine hydroxylase; VTA, ventral
egmental area; VTRZ, visual tegmental relay zone.
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n mammals and discuss their potential role in the processing
f optic flow and the analysis of self-motion. © 2006 IBRO.
ublished by Elsevier Ltd. All rights reserved.

ey words: dopamine, path integration, navigation, tyrosine
ydroxylase, accessory optic system, optic flow.

entral tegmental area (VTA; catecholaminergic group
10) is a midbrain region characterized by dense dopami-
ergic immunoreactivity (Lindvall and Björklund, 1983; for
eview see Oades and Halliday, 1987; Gasbarri et al.,
997). In birds, the VTA, (formerly known as the area
entralis of Tsai (Reiner et al., 2004)), resides medial to the
ucleus of the basal optic root (nBOR) and lateral to the
hird cranial nerve (Fuxe and Ljunggren, 1965; Ikeda and
otoh, 1971; Dube and Parent, 1981; Kiss and Péczely,
987; Bailhache and Balthazart, 1993; Moons et al., 1994;
ynne and Güntürkün, 1995; Durstewitz et al., 1999). The
TA gives rise to a robust dopaminergic input throughout

he telencephalon that has been implicated in various be-
aviors including cognition, reward, motivation, and motor
unction (for review, see Horel, 1988; Oades and Halliday,
987; Gasbarri et al., 1997; Wise 2004).

In the present study, we characterized two efferent
athways of the VTA (illustrated in Fig. 1) that have been

mplicated in behaviors requiring the analysis of the distinct
isual patterns produced during self-motion (termed “optic
ow”; Gibson 1954). In birds, optic flow processing begins
ith two retinal recipient nuclei, the nBOR of the accessory
ptic system (AOS) and the pretectal nucleus lentiformis
esencephali (LM; Karten et al., 1977; Reiner et al., 1979;
ite et al., 1981; Gamlin and Cohen, 1988a). LM and
BOR project to the medial column of the inferior olive
mcIO) directly and indirectly via a relay zone in the VTA
Brecha et al., 1980; Gamlin and Cohen, 1988b). mcIO in
urn provides climbing fiber input to the vestibulocerebel-
um (Clarke, 1977; Arends and Voogd, 1989). This path-
ay, and the mammalian equivalent, is important for the
nalysis of self-motion and the generation of the “optoki-
etic response” for gaze stabilization (for reviews see
impson, 1984; Waespe and Henn, 1987; Simpson et al.,
988b).

The second pathway illustrated in Fig. 1 is a projection
rom the VTA to the hippocampal formation (Casini et al.,
986; Atoji and Wild, 2004). Some VTA neurons projecting
o the hippocampus appear to receive efferents from LM
nd nBOR and respond to optic flow fields produced by
elf-rotation or self-translation (Wylie et al., 1999a). As

uch, Wylie et al. (1999a) suggested that this projection

ved.
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ight be important for conveying optic flow information for
path integration,” a form of spatial navigation based on
deothetic cues from self-motion (a.k.a. “dead-reckoning”;
arwin, 1873). Studies in rats showed that the hippocampus

s critical for path integration (Foster et al., 1989; Wilson and
cNaughton, 1993; McNaughton et al., 1995, 1996; Wh-

shaw et al., 1997; Whishaw and Maaswinkel, 1998).
The aim of the present study was to determine if pro-

ections from the VTA to the mcIO and hippocampus arise
rom different populations of neurons. There are several
uestions in this regard. First, because the VTA is a reticular
rea with indistinct borders in Nissl-stained tissue, it was not
lear that the mcIO projecting neurons reside within VTA as
efined by dopaminergic immunohistochemical studies.
hus, in this study we examined the extent of tyrosine hy-
roxylase (TH)-immunoreactive regions of the ventral teg-
entum in order to define the borders of the VTA in pigeons.
econd, because it was not known if the regions of the VTA

hat project to the hippocampus and mcIO are exclusive or

ig. 1. Schematic illustrating the interconnections of the AOS, pretec-
um, olivocerebellar pathway, and the hippocampal formation (HF).
isual information from self-motion arrives in the nBOR of the AOS
nd the nucleus LM of the pretectum directly from the retina. Optic flow

nformation arrives at the mcIO directly from LM and nBOR and
ndirectly via the VTA. mcIO provides climbing fiber input essential for
he optokinetic response to the vestibulocerebellum (VbC). Optic flow
nformation may reach the hippocampus via a robust projection from
he VTA and/or a small projection directly from the nBOR: this infor-
ation may be used for path integration.
verlapping, or if individual neurons project to both the hip- m
ocampus and mcIO, we assessed the distribution and mor-
hology of hippocampus- and mcIO-projecting VTA neurons
sing conventional and fluorescent retrograde tracers. Fi-
ally, because it is not known if the mcIO- or hippocampus-
rojecting VTA neurons are dopaminergic, we combined flu-
rescent retrograde tracing with immunofluorohistochemistry

o determine the extent to which catecholaminergic neurons
re involved in these two projections.

EXPERIMENTAL PROCEDURES

urgery and extracellular recording

he methods reported herein conform to national and international
uidelines on the ethical use of animals as defined by the Cana-
ian Council on Animal Care and were approved by the Bio-
ciences Animal Care and Policy Committee at the University of
lberta. Concerted efforts were made to minimize animal suffering
nd the number of animals used in this study. Twenty-five Silver
ing and homing pigeons, from a local supplier, were anesthe-

ized with a ketamine (65 mg/kg; Animal Health Inc., Cambridge,
N, Canada)–xylazine (8 mg/kg; Bayer, Toronto, ON, Canada)
ocktail (i.m.). Depth of anesthesia was monitored via toe pinch
nd supplemental doses were administered as necessary. The
nimals were placed in a stereotaxic device with pigeon ear bars
nd beak adapter so that the orientation of the skull conformed to
he atlas of Karten and Hodos (1967). Access to the mcIO or
ippocampus was achieved by removing bone and dura over the
erebellum or the caudo-medial hippocampus, respectively. In the
ase of hippocampal injections, the injections were based on
tereotaxic coordinates targeting the caudal dorsomedial (Atoji
nd Wild, 2004) hippocampal formation. For mcIO injections, sin-
le-unit extracellular recordings were used to confirm the injection
ite. To record the activity of optic flow units in the mcIO, glass
icropipettes filled with 2 M NaCl and having tip diameters of
–5 �m were advanced through the cerebellum and into the
rainstem using a hydraulic microdrive (Frederick Haer & Co.).
xtracellular signals were amplified, filtered, and fed to a window
iscriminator and data analysis system (Cambridge Electronic
esigns; 1401plus).

Inferior olivary units are easily identified based on their char-
cteristically low firing rate (approximately 1 spike/s) and proximity
o the base of the brain. Upon isolation of a unit in the inferior olive,
he optic flow preference of the unit was qualitatively determined.
n most cases, moving a large (90�90°) handheld visual stimulus,
onsisting of black bars, squiggles, and dots on a white back-
round, in the receptive field of the unit was sufficient to determine

he direction-selectivity. In some cases, a computer-generated stim-
lus (see Winship and Wylie, 2001) was used to confirm the pre-
erred direction. After identification of an optic flow neuron in the
cIO, the recording electrode was replaced with a glass micropipette

tip diameter, 10–20 �m) containing a retrograde tracer.

holera toxin subunit B (CTB)/biotinylated dextran
mine (BDA) injections and visualization

n 12 birds (hippocampal injections, n�5; mcIO injections, n�7),
ow-salt CTB (Sigma, St. Louis, MO, USA; 1% in 0.1 M phosphate-
uffered saline [PBS, pH 7.4]) was iontophoretically injected uni-

aterally for 5–30 min (�4 �A, 7 s ON, 7 s OFF). In one case, BDA
Molecular Probes, Eugene, OR, USA; molecular weight�3000;
0% in 0.1 M phosphate buffer [PB; pH�7.4]) was iontophoreti-
ally injected (�3 �A, 1 s ON, 1 s OFF) into the mcIO for 5 min.
or the cases involving iontophoresis into the mcIO, we deter-
ined the optic flow preference at the injection site prior to the

njection. The electrode was left undisturbed for an additional 5

in post-injection. Post-surgery, birds were given an i.m. injection
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f buprenorphine (0.012 mg/kg) as an analgesic. After a recovery
eriod of 3–5 days, the animals were deeply anesthetized with
odium pentobarbital (100 mg/kg) and immediately perfused with
ce cold heparinized PBS (0.9% NaCl, 1 ml/100 ml heparin, 0.1 M
B), followed by ice-cold paraformaldehyde (4% in 0.1 M PB; pH
.4). These brains were extracted and post-fixed for 2–12 h (4%
araformaldehyde, 30% sucrose in 0.1 M PB) then placed in
ucrose overnight (30% in 0.1 M PB). Frozen sections, 45 �m
hick, were collected in the coronal plane. CTB or BDA was
isualized using a cobalt chloride intensification of diaminobenzi-
ine. These procedures have been described in detail elsewhere
BDA, Wylie et al., 1997, 1999a, 2003a,b, 2005; CTB, Lau et al.,
998; Wylie et al., 1999a,b; Crowder et al., 2000; Pakan et al.,
005; see also Wild, 1993; Veenman et al., 1992).

luorescent tracers injections

n five cases we used green and red fluorescent microspheres
Lumafluor Corporation, Naples, FL, USA) as retrograde tracers,
hich were pressure injected into the hippocampus and mcIO
sing a Picospritzer II (General Valve Corp, Fairfield, NJ, USA). In
wo cases a single injection was made into either the mcIO (case
IO#1) or the hippocampus (case flHF#1). In the other three cases
HFIO#2, HFIO#3, HFIO#4) double labeling retrograde experi-
ents were performed in which a unilateral injection of either red
r green fluorescent microspheres was made in the mcIO, while
he alternate color was injected either ipsilaterally or bilaterally in
he hippocampal formation. One other animal (case HFIO#1) was
lso used for a double labeling experiment, but in this case
uorescent conjugated CTB (Molecular Probes) was injected us-
ng iontophoresis (�4 �A, 7 s ON, 7 s OFF). 1% CTB-AlexaFluor
94 (red) and 488 (green) were injected into the hippocampus and

psilateral mcIO, respectively.
After a recovery period of 2–5 days, the animals were deeply

nesthetized with sodium pentobarbital and immediately perfused
ith ice-cold heparinized PBS. The brains were immediately ex-

racted and then flash frozen in 2-methylbutane and stored at
80 °C until sectioning. Brains were embedded in optimal cutting

emperature medium and 40 �m coronal sections were cut
hrough the brainstem and cerebellum with a cryostat and
ounted on electrostatic slides.

H immunohistochemistry

H-immunoreactive neurons in the VTA were visualized in six
irds. Animals were perfused with ice-cold heparinized PBS, fol-

owed by ice-cold paraformaldehyde. The brains were post-fixed
or 2–12 h then placed in sucrose overnight. Frozen sections,
5 �m thick, were collected in the coronal plane and placed into
ells containing 0.l M PBS. The floating sections were rinsed

hree times with 0.1 M PBS (5 min per rinse), then incubated in a
olution of 0.15% H2O2 in a 50% methanol solution for 15 min and
insed five additional times with PBS. Sections were placed in a
locking solution containing10% normal horse serum (NHS)�0.4%
riton X-100 in PBS for 1 h at room temperature, then incubated in
heep anti-TH (1:500; Novus Biologicals)�2.5% NHS�0.4% Triton
-100 in PBS for 24 h at 4 °C. Following incubation, sections were

insed three times with PBS.
In two cases (TH#1, TH#2) a chromagen was used to visu-

lize the TH-immunoreactivity. The sections were incubated with a
olution containing the secondary antibody (biotinylated donkey
nti-sheep IgG; 1:1000; Jackson Immuno) with 0.4% Triton X-100
nd 2.5% NHS in PBS for 60 min. After rinsing with PBS, avidin–
iotin complex (1:100; Vector Laboratories, Burlingame, CA, USA)
as added for 30 min at room temperature. Sections were then
tained with metal-enhanced 3,3-diaminobenzadine tetrahydro-
hloride tablets (Sigma) for 1–5 min, dehydrated through graded

thanols, cleared with xylene, and coverslipped with Permount. t
In the other four cases (HFTH#1, HFTH#2, IOTH#1, IOTH#2),
issue was incubated with a solution containing a fluorescent
econdary antibody, Texas Red donkey anti-sheep IgG (1:100;
ackson Immuno), with 2.5% NHS and 0.4% Triton X-100 in PBS.
ollowing three final rinses in PBS, the tissue was mounted on
lectrostatic slides. In these cases green fluorescent micro-
pheres had been injected bilaterally into hippocampus (cases
FTH#1 and HFTH#2) or unilaterally into mcIO (IOTH#1 and

OTH#2) 2–5 days earlier, as described above.

icroscopy, image acquisition and morphological
nalysis

ections involving visualization with diaminobenzidine were
iewed using standard light microscopy (Leica Laborlux) and
rawings were made with the aid of a drawing tube. The sections

nvolving fluorescent tracers or markers were examined with a
ompound light microscope (Leica DMRE) equipped with the
ppropriate fluorescence filters: Texas Red and fluorescein

sothiocyanate (FITC) filters for the CTB-AlexaFluor 594 and
88, respectively; rhodamine and FITC for the red and green

atex microspheres, respectively; and Texas Red for the TH-
mmunofluorohistochemistry. Images were acquired using a Re-
iga EXi FAST Cooled mono 12-bit camera (Qimaging, Burnaby
C, Canada), and analyzed with OPENLAB imaging software

Improvision, Lexington, MA, USA). The images were exported to
dobe Photoshop, which was used to compensate for brightness,
olor and contrast.

omenclature

he nomenclature used in this study was agreed upon at the
vian Brain Nomenclature Forum (Reiner et al., 2004). The VTA
as formerly known as the area ventralis of Tsai. Localization of

njection sites in subdivisions of the hippocampal formation was
ased on the nomenclature of Atoji and Wild (2004): the parahip-
ocampus of the atlas of Karten and Hodos (1967) corresponds to
he dorsolateral, dorsomedial, cell-poor, magnocellular, and par-
ocellular regions of Atoji and Wild (2004); the hippocampus of
arten and Hodos (1967) corresponds the medial and lateral

ayers of the V-shaped layer and the triangular region (see Fig. 1
f Atoji and Wild (2004)). In some cases, retrogradely labeled cells
ere found in the nBOR complex of the AOS. These neurons were
lassified according to their location in the nucleus of the basal
ptic root, proper (nBORp) or the nucleus of the basal optic root,
ars dorsalis (nBORd), a band of cells running along the dorsal
order of the nBORp (Brecha et al., 1980).

RESULTS

he results described below were acquired in one of four
ypes of experiments: (i) immunohistochemistry experi-
ents used to define the extent of the VTA; (ii) single-

abeling retrograde experiments utilizing either CTB, BDA,
r fluorescent microspheres; (iii) double-labeling retro-
rade studies, using injections of fluorescent microspheres

n the mcIO and hippocampal formation of the same ani-
al; and (iv) experiments combining fluorescent micro-

pheres injected in the mcIO or hippocampus with immun-
fluorohistochemistry for TH-immunoreactivity.

H immunoreactivity: extent of the VTA in pigeons

reas with high concentrations of TH-immunoreactive neu-
ons and terminal fields define the VTA. In six birds pro-
essed for TH-reactivity, cell bodies, fiber fragments, and

erminals were consistently labeled in the ventral tegmen-
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ig. 2. Darkfield photomicrographs of TH-immunoreactive tissue in the VTA. In A–D, low magnification images of coronal sections spanning the VTA,
ach 160 �m apart, showing the distribution of TH-positive areas in the VTA from case HFTH#2 (A, most caudal; D, most rostral; midline to right of

mage). E–H show enlarged digital images of regions indicated in A, B, and C. F and H show terminals and cell bodies from the heart of the VTA.
and I show cell bodies, fibers and terminals in the caudal VTA just medial and dorsal to the nBOR. E, J and K show images from three different cases

llustrating TH-positive neurons located in and immediately adjacent to the caudal part of the nBORd. In all panels, lateral is to the left of the page, dorsal
oward the top. LHy, lateral hypothalamic nucleus; ML, mamillaris lateralis; nIII, third cranial nerve; SCI, stratum cellulare internum. Scale bars�500 �m A–D;

–K, 50 �m.
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um (as well as other known catecholaminergic areas of
he brain, e.g. the locus coeruleus and substantia nigra).
o labeling was observed in negative controls. In Fig. 2,
arkfield photomicrographs of TH-positive labeling through-
ut the VTA are shown. Fig. 2A–D is a series of coronal
ections illustrating the TH-positive regions of the VTA
rom a representative case (HFTH2). The heaviest amount
f labeling was found in the region adjacent to the third
ranial nerve. This region was rich with labeled neurons
nd terminals (Fig. 2F, H, I). More rostrally, the labeling
as not as dense (Fig. 2D). In all cases the TH-labeling
xtended laterally along the base of the brain toward the
BOR, and a band of labeling extended across the dorsal
dge of the nBORd. This band contained both cell bodies
nd terminals, and was about 50–100 �m in width (see

nsets, Fig. 2A–C, E, G, J, K). Some of these terminals and
ell bodies could clearly be ascribed to nBORd, especially
n more caudal sections (e.g. Fig. 2J, K). Rostrally, the
abeling in the VTA extended to the stratum cellulare inter-
um and labeling was seen in the adjacent lateral hypo-
halamus (Fig. 2D). Thus, based on the distribution of
H-immunoreactive elements, we were able to define the
xtent of the VTA in pigeons. VTA is a continuous reticular
egion, the bulk of which forms a column of TH-immuno-
eactive tissue adjacent to the third cranial nerve, medial to
he nBOR and ventral to the red nucleus. A fine lateral
xtension of the VTA runs along the dorsal border of the
BOR, through the ventral part of the mesencephalic reticular
ormation. VTA also includes dopaminergic regions immedi-
tely dorsal to the third cranial nerve, medial to the third
ranial nerve and, in the more rostral sections, dorsal to the
ateral hypothalamus and nucleus mamillaris lateralis.

The TH-positive labeling in the VTA was continuous
ith that in the substantia nigra pars compacta (A9) and

he central gray and peri-rubral areas (A11). This is con-
istent with previous observations in birds and mammals
Lindvall and Björklund, 1983; Waldmann and Güntürkün,
993; Gasbarri et al., 1997).

istribution of hippocampus-projecting and
cIO-projecting neurons in the VTA

he distribution of retrogradely labeled cells in the VTA
as assessed in eight birds with a unilateral injection of

etrograde tracer in the hippocampal formation and 11
irds with injections in the mcIO. Twelve of these cases

nvolved an iontophoretic injection of low-salt CTB. In one
ase 3000 M.W. BDA was injected in the mcIO, while six
ases (flHF#1, flIO#1, HFTH#1, HFTH#2, IOTH#1,
OTH#2) used fluorescent latex microspheres as a retro-
rade tracer. The injections in the hippocampal formation
ere generally large, with considerable spread of the

racer across multiple subdivisions of the hippocampal
ormation, though the dorsolateral and dorsomedial subdi-
isions received the bulk of the injections. No significant
ifference in the distribution of retrogradely labeled cell
odies in the VTA was found between cases. Similarly, the
istribution of labeled cells in the VTA did not differ signif-

cantly between mcIO injections, and they will be consid-

red together. (Rostral injections in mcIO generally pro- (
uce more retrogradely labeled cells in the nBOR and
TA, but the distribution of these neurons does not differ

rom caudal injections in the mcIO (Wylie, 2001)).
Fig. 3 shows camera lucida tracings illustrating the

istribution of retrogradely labeled cells (black dots) in four
epresentative cases. The projection from VTA to hip-
ocampus is predominantly ipsilateral (Casini et al., 1986;
ylie et al., 1999a; Atoji and Wild, 2004) but the projection

rom the VTA and nBOR to the mcIO is bilateral (Brecha
t al., 1980; Wylie et al., 1997; Wylie, 2001). For mcIO

njections (Fig. 3A, B), ipsilateral labeling was concen-
rated in the caudal and ventral VTA, continuous with
eavy labeling of the nBORd. Sparse-to-moderate labeling
as found in more dorsal and rostral regions of the VTA.
oderate labeling of the contralateral VTA and nBOR

omplex, and moderate-to-heavy labeling of the rostral
BORp, was observed after mcIO injections. This pattern
f labeling is consistent with previous observations (Wylie,
001). After hippocampal injections (3C, D), heavy labeling

n the caudal sections was concentrated in the ventral
TA, and moderate labeling was observed in or adjacent

o nBORd. Heavy labeling continued through the rostral
nd dorsal VTA, including areas dorsal to the lateral hy-
othalamus and mamillaris lateralis, which were also
ensely labeled. While the distribution of retrogradely la-
eled cells did not differ significantly between injection
ites in the hippocampus, those injections including the
entral and medial dorsomedial subdivision and other re-
ions of the caudo-ventral hippocampus (the triangular
ubdivision and the V-shaped layer) generally produced
ore retrograde labeling in VTA than injections more lat-
ral in the dorsolateral subdivision or restricted to the
orsolateral subdivision, or injections in more rostral re-
ions. In summary, injections in the mcIO primarily labeled
he nBORp, nBORd, and the caudo-ventral regions of the
TA medial to nBOR, with significant labeling of the con-

ralateral VTA, whereas injections in the hippocampus in-
luded heavy labeling of the caudal and ventral VTA but
ad a greater proportion of retrogradely labeled cells in the
orso-medial regions of the ipsilateral VTA, with sparse

abeling of nBORd. The distributions are clearly overlap-
ing, with the region of greatest overlap found in the caudal
nd ventral VTA.

orphology of hippocampus- and mcIO-projecting
TA neurons

ased on the Golgi-like staining of retrogradely labeled
ells in VTA produced by CTB, we performed a coarse
orphological assessment of neuron shape and size.

Note that this analysis was not intended to describe all
ossible cell types found in the VTA, nor do we claim that
he morphological classes we describe form exclusive,
istinct classes of neurons. Our purpose was to determine
hether the mcIO-projecting and hippocampus-projecting
eurons had differing morphology, which would suggest
hat different populations of cells in the VTA project to the
ippocampus vs. the mcIO.) The results of our morpholog-

cal analysis are shown in Table 1. A total of 225 neurons

101 from mcIO injections, 124 from hippocampal injec-
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ions), were classified as multipolar (the majority possess-
ng three visible processes), fusiform (bipolar with ovoid
oma), or round (with one to four visible processes).
ength and width measurements were also recorded. As
hown in Table 1, the morphological characteristics of the
eurons projecting to the mcIO and to the hippocampus
ere not distinguishable, and post hoc analysis of the

engths, widths, and areas using the Tukey’s HSD method
evealed no significant differences (��.05) between the
ippocampus-projecting and mcIO-projecting VTA neu-
ons.

Morphological measurements of TH-positive neurons
n the VTA are included in Table 1. While the general

orphology of the TH-positive neurons was comparable to
he mcIO- and hippocampus-projecting neurons, TH-pos-
tive cells were larger on average, reflecting the existence
f a subset of very large TH-positive fusiform and multipo-

ar neurons. Fusiform TH-positive neurons were also less
ommon than in the retrogradely labeled samples. Post

ig. 3. Retrogradely labeled neurons in the VTA from injections in
ippocampus (C, D) are shown in the top row (gray areas) above three

o rostral). The sections approximately match plates from A4.00 to A4.
ells, and gray shading on the midbrain sections approximates the dis
ubdivision of the hippocampus; dl, dorsal lamella of the inferior olive; D
ormation; NIC, interstitial nucleus of Cajal; nIII, third cranial nerve; QF
Op, stratum opticum; vl, ventral lamella of the inferior olive. Scale b
oc analysis using Tukey’s HSD revealed that TH-immu- l
oreactive multipolar neurons were significantly larger
han multipolar neurons from mcIO and hippocampal in-
ections (mcIO, length, P�0.001; width, P�0.001; area,
�0.001; hippocampus, length, P�0.001; area, P�0.001)
nd fusiform TH-positive neurons were significantly greater
han those from mcIO injections (length, P�0.041; area,
�0.003) and hippocampal injections (length, P�0.019;
rea, P�0.01).

etrograde fluorescent double labeling

our birds received injections of fluorescent retrograde
racer (red or green) in the hippocampal formation in con-
unction with injection of an alternate color of tracer in the

cIO. Retrogradely labeled cells from both injection sites
ere found throughout the VTA, and intermingled espe-
ially in the caudal VTA. Despite counting over 2200 ret-
ogradely labeled neurons in the VTA, 941 of which were
abeled from injections in the mcIO and 1265 of which were

and hippocampal formation. Injection sites in the mcIO (A, B) and
sections through the VTA (approximately 260 �m apart, caudal (top)

ten and Hodos (1967). Dots show the location of retrogradely labeled
of the VTA. AL, ansa lenticularis; CtG, central gray; DL, dorsolateral

medial subdivision of the hippocampus; FRM, mesencephalic reticular
quintofrontalis; QM, tractus occipitomesencephalicus; R, red nucleus;
�m for injection sites in A–B; all other scale bars�1 mm.
the mcIO
midbrain

75 of Kar
tributions
M, dorso
abeled from hippocampal injections, no double-labeled
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eurons were found. That is, no individual neurons in VTA
rojected to both hippocampus and mcIO. Fig. 4A, B
hows representative photomicrographs depicting mcIO-
rojecting (red neurons) and hippocampus-projecting
green neurons) VTA neurons from these experiments.
igital images acquired under the FITC and rhodamine
lters are shown in the left and middle panels, respectively,
hile the right panel is an overlay of the two. Fig. 4A shows
lower magnification shot through the VTA illustrating

etrogradely labeled cells from mcIO and hippocampal
njections intermingled within the VTA. Fig. 4B shows a

cIO-projecting neuron closely apposed to a hippocam-
us-projecting neuron. The locations of the digital images

n 4A and 4B are superimposed on tracings of the corre-
ponding coronal sections in the column to the right of the
igital images. The cells depicted in 4B were approxi-
ately 80 �m rostral to those in 4A.

H-immunoreactivity of mcIO- and
ippocampus-projecting neurons in the VTA

our birds were used to determine if the hippocampus-
rojecting and/or the mcIO-projecting VTA neurons are
opaminergic. Retrogradely labeled cell bodies in VTA
rom both hippocampal and mcIO injections were located
ithin and adjacent to the TH-positive areas. Double-la-
eled cells (i.e. cells labeled with green Lumafluor from an

njection in hippocampus and Texas Red fluorescence
rom the TH secondary antibody) were observed in the
TA of the two birds (HFTH#1, HFTH#2) that received
ilateral injections in the hippocampus. Cumulatively,
cross both of these animals, 8.2% of retrogradely labeled
ell bodies (n�487) were TH-positive. Representative
ouble-labeled neurons from case HFTH#1 are shown in
ig. 4C. Though these cells were located in the rostral and
orsomedial part of the VTA, double-labeled neurons were
istributed throughout the VTA excepting the region bor-
ering nBORd. In contrast, from the two cases with an

njection in the mcIO, none of the retrogradely labeled
eurons (n�501) in the VTA or nBOR complex were TH-

able 1. Morphological assessment of neurons in VTA projecting to
he hippocampal formation and the mcIO

Length�s.e.m. Width�s.e.m. %

ippocampal formation
Fusiform 20.83�0.45 8.71�0.23 39.5
Multipolar 17.78�0.41 9.36�0.20 51.6
Round 12.59�0.73 10.24�0.61 8.9
cIO
Fusiform 21.10�0.75 8.00�0.25 39.6
Multipolar 17.94�0.61 8.76�0.26 50.5
Round 11.37�0.60 8.96�0.58 9.9

H �ve
Fusiform 26.08�3.48 9.34�0.51 27.1
Multipolar 23.46�1.16 12.34�0.67 64.6
Round 13.20�1.09 10.63�0.64 8.3

All length and width measurements are given in �m. s.e.m., stan-
ard error of the mean.
ositive, though their somas were often located among e
H-positive elements (e.g. Fig. 4D). Again, locations of the
mages in 4C and 4D are illustrated on the tracing in the far
ight column.

DISCUSSION

ur localization of TH-immunoreactive elements in the
igeon VTA agrees with previous avian studies (Fuxe and
junggren, 1965; Ikeda and Gotoh, 1971; Dube and Par-
nt, 1981; Bailhache and Balthazart, 1993; Waldmann and
üntürkün, 1993; Moons et al., 1994; Wynne and
üntürkün, 1995; Durstewitz et al., 1999). VTA is a con-

inuous reticular region, the bulk of which forms a column
f TH-immunoreactive tissue adjacent to the third cranial
erve, medial to the nBOR and ventral to the red nucleus.
here is a lateral extension from the VTA running along the
orsal border of nBOR. From our retrograde experiments
e demonstrated that the distribution of VTA neurons that
roject to the hippocampus overlaps with that projecting to
he mcIO, particularly in the caudo-ventral VTA. Injections
n the hippocampal formation incorporating the central and

edial dorsomedial subdivision generate more retrograde
abeling in the VTA than more dorso-lateral injections,
onsistent with Atoji and Wild (2004). Furthermore, VTA
eurons projecting to the hippocampus and the mcIO were
orphologically indistinguishable (see Table 1). Finally,

ndividual neurons do not project to both the hippocampal
ormation and mcIO, and a subset (8.2%) of neurons pro-
ecting to the hippocampus, but not mcIO, is dopaminergic
i.e. TH-immunoreactive).

omparison with studies on mammals

ur findings agree with studies of the mesohippocampal
rojection in mammals. In rats, VTA provides dopaminer-
ic and non-dopaminergic input to the limbic system, in-
luding the hippocampus (Fallon et al., 1984; Horel, 1988;
asbarri et al., 1991, 1994a,b, 1997; Conde et al., 1995).

njections of anterograde neuronal tracers in the VTA of
ats result in concentrated terminal field labeling in the
entral subiculum and adjacent CA1 field of the hippocam-
us, but less labeling in the dorsal hippocampus (Gasbarri
t al., 1991, 1994a). VTA neurons projecting to the hip-
ocampus are topographically organized: neurons project-

ng to the ventral hippocampus, primarily subiculum and
djacent CA1 field, are found in the ventral two-thirds of
he VTA; neurons projecting to the dorsal subiculum and
A1 field are located in the ventral and dorsal borders of

he VTA (Gasbarri et al., 1994b). Atoji and Wild (2004)
ostulated that dorsomedial subdivision of the avian hip-
ocampus incorporates components comparable to Am-
on’s horn (CA1-4) and the subiculum, which suggests

hat neurons in VTA have homologous hippocampal tar-
ets in mammals and birds.

Wylie et al. (1999a) suggested that the hippocampus-
rojecting neurons in the dorsal border of the rat VTA, just
entral to the red nucleus, were located in the visual teg-
ental relay zone (VTRZ), a region of the ventral tegmen-

um containing neurons responsive to the optic flow (Giolli

t al., 1985; Simpson et al., 1988b). The VTRZ appears
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quivalent to the optic flow sensitive regions of the VTA
nd the nBORd in pigeons (Giolli et al., 1985; Simpson et
l., 1988a,b). As in pigeons, the VTA neurons projecting to

he inferior olive in rats are not dopaminergic, but are
ntermixed in the VTA with dopaminergic and non-dopam-
nergic neurons projecting to the telencephalon (Fallon et
l., 1984). As such, VTRZ offers a mammalian equivalent
f the hippocampus-projecting neurons in the pigeon VTA.

The lack of double-labeled neurons in pigeon VTA from
etrograde tracers injected in the mcIO and the hippocam-
us is also consistent with mammalian studies, given that
lack of collateralization is a general characteristic of VTA

ig. 4. Digital images showing fluorescent-labeled neurons in the VT
ITC filter, the middle panel shows labeled cells under the rhodamine
nd Texas Red/rhodamine images. Retrogradely labeled neurons show
nd green microspheres in the hippocampal formation. For all panels,
he digital images show the locations of the neurons within the correspo
ero) annotated in the top left of the tracing. A shows retrogradely lab
TA lateral the third cranial nerve (nIII). In B, a green neuron from a h

n a section of the VTA 80 �m rostral to the neurons in A. In C, the left
njection in the hippocampus. Two of these neurons are overlappin
ed-conjugated secondary antibody) in the same section, and the r
eurons. The left panel of D shows a retrogradely labeled neuron
H-immunoreactivity in the same section, and the right panel shows
djacent to TH-positive neurons (white arrows) in the heart of the VT
tratum opticum. Scale bars�50 �m in digital images; coronal tracing
fferents in rats (Takada and Hattori, 1987; Gasbarri et al., o
997). Finally, the low percentage of TH-positive neurons
rojecting to the hippocampal formation in our study
8.2%) agrees with previous studies in rats (10–18%; Gas-
arri et al., 1994b, 1997).

ole of optic flow in spatial memory
nd path integration

lthough it is well established that the projection from the
TA to the mcIO is involved in the optokinetic response
nd the analysis of optic flow, the assertion that the VTA
rojection to the hippocampus is involved in the analysis of

e digital images, the left column shows labeled cell bodies under the
Texas Red (C, D) filter, and the right panel is an overlay of the FITC
were from injections of red Lumafluor latex microspheres in the mcIO
eral and dorsal is toward the top of the page. Tracings to the right of
onal sections, with the rostral–caudal extent (mm anterior of interaural
ons from injections in the mcIO and hippocampus intermingled in the
al injection is closely juxtaposed a red neuron from an mcIO injection
ows four retrogradely labeled cells (white arrows) in the VTA from an
iddle panel shows TH-immunoreactive cells (labeled with a Texas
l shows an overlay, revealing that all four cells are double-labeled
VTA from an injection in the mcIO, the middle panel shows the
lay. The neuron was not double-labeled, but was found immediately
al; m, medial; NIC, interstitial nucleus of Cajal; R, red nucleus; SOp,
.

A. For th
(A–B) or
n in A–B
left is lat

nding cor
eled neur
ippocamp
panel sh

g. The m
ight pane

in the
the over
ptic flow is more tenuous. The avian hippocampal forma-
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ion is considered an homologue of the mammalian hip-
ocampus based on developmental (Källen, 1962; Redies
t al., 2001), cytoarchitectural (Montagnese et al., 1996;
ömböl et al., 2000a,b), neurochemical (Erichsen et al.,
991; Krebs et al., 1991; Székely and Krebs, 1996), neural
onnectivity (Casini et al., 1986; Székely and Krebs, 1996;
ylie et al., 1999a; Atoji et al., 2002; Kahn et al., 2003;
toji and Wild, 2004), and physiological grounds (Siegel et
l., 2000, 2005). Furthermore, behavioral studies suggest
hat the avian hippocampus functions in spatial cognition in

manner similar to the mammalian hippocampus (Bing-
an et al., 1990; Bingman and Yates, 1992; Fremouw et
l., 1997; Colombo et al., 1997; Gagliardo et al., 2002; for
eview see Sherry et al., 1992; Colombo and Broadbent,
000; Macphail, 2002). The initial studies in mammals

mplicating the hippocampal formation in path integration
uggested that ideothetic information from self-motion
riginates in the vestibular system (McNaughton et al.,
995, 1996; Muller et al., 1996). Wylie et al. (1999a) pro-
osed an additional ideothetic cue, namely optic flow. This
roposal is supported by studies indicating that both ves-
ibular and visual motion cues influence head-direction
ells and hippocampal place cells and may thus be used
or path integration (Blair and Sharp, 1996; Terrazas et al.,
005). Wylie et al. (1999a) demonstrated that the VTA of
igeons receives input from structures dedicated to the
nalysis of optic flow, namely nBOR and LM, and that a
ubset of neurons in the VTA of pigeons responds to
recise patterns of optic flow generated by self-rotation or
elf-translation. Combined with the work of Wylie et al.
1999a), the morphological and topographical similarities
etween hippocampus-projecting and mcIO-projecting
eurons in the VTA suggest these neurons may relay

nformation related to the analysis of optic flow to both
tructures. However, it is possible that in a reticular area
uch as VTA cohabitant subpopulations of neurons may
ave distinct afferents, efferents, and functions (Fallon et
l., 1984).

he dopaminergic mesohippocampal pathway

hile the functional significance of the dopaminergic me-
ohippocampal projection is unclear, a role in mediating

ocomotor activity and spatial memory has been suggested
Gasbarri et al., 1997) based on studies of the effects of
timulation using dopamine agonists and lesions of dopa-
inergic neurons in the VTA and hippocampus of rats.
hese studies indicate that injections of dopamine ago-
ists in the hippocampus increase spontaneous and ex-
loratory behavior (Smialowski, 1976), while lesions of the
opaminergic neurons in VTA reduces spontaneous loco-
otor activity (Kelly and Iversen, 1976; Koob et al., 1981).
urther, catecholamine agonists injected into the dorsal
ippocampus enhance performance in a win-shift radial
aze task (Packard and White, 1991) and bilateral lesions
f dopaminergic neurons in the dorsal and ventral subicu-

um and CA1 field impair performance in the hippocampal
ependent spatial water maze task (Gasbarri et al., 1996).
ittle work, in either mammals or birds, has examined the

unction of the non-dopaminergic input to the hippocam-
us. Given that this accounts for 80–90% of the VTA-
erived projection upon the hippocampus, the role of this
rojection in hippocampal dependent memory processes
emains a significant question and an avenue for future
tudy.
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