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Neurons in the ventral tegmentum have separate populations projecting to
telencephalon and inferior olive, are histochemically different,

and may receive direct visual input

JAMES H. FALLON, LAURENCE C. SCHMUED, CHARLES WANG, ROSS MILLER and GERALD BANALES

Department of Anatomy, University of California, Irvine, CA 92717 (U.S.A.)

(Accepted June 5th, 1984)

Key words: visual system — basal ganglia — prefrontal cortex — inferior olive — ventral tegmental area — dopamine

The connections of the ventral tegmental area (VTA) and medial terminal nucleus (MTN) of the accessory optic system were stud-
ied in the albino rat. Using injection of two fluorescent retrograde tracers it was found that individual neurons of the VTA project to
frontal cortices or the inferior olive but not both structures. Using combined retrograde fluorescent tracers and glyoxylic acid histo-
chemistry, it was found that although a third of the cells projecting to frontal cortex contained catecholamine, none of the cells
projecting to the inferior olive contained catecholamine. Thus, these portions of the ascending and descending VTA systems are inde-
pendent. In addition, using injections of the anterograde transneuronal tracer [3H]adenosine into one eye, it was found that cells in the
VTA, as well as the MTN, contained the tracer. Therefore, there is a basis for direct retino-mesentelencephalic pathways through the

VTA.

The ventral tegmental area (VTA) is a functionally
and anatomically diverse region of the midbrain. The
VTA contains both dopaminergic (A10 cell group)
and non-dopaminergic neurons that project to telen-
cephalic and brainstem areas6-22.23.28, [t is not known
whether ascending and descending projections arise
from the same cells, although it is known that the as-
cending projections of the VTA are from poorly col-
lateralized neurons*5.26, whereas axons of the adja-
cent medial substantia nigra are highly collateralized
to the same structures45. The VTA has also been the
focus of a second major research interest involving
the transfer of visual information to the flocculus via
the accessory optic system?16.25. As diagrammed
schematically in Fig. 1, retinal ganglion cells project
to the contralateral medial terminal nucleus (MTN),
located at the ventrolateral border of the VTAILI3.14,
The MTN, in turn, projects to the ipsilateral anterior
dorsal cap of the inferior olive and contralateral VTA
adjacent to the MTN, an area that has been called
the VTRZ (visual tegmental relay zone)?. The
VTRZ also projects to the ipsilateral dorsal cap of
the inferior olive!’. The dorsal cap region conveys
visual information related to vertical eye movements

to the ipsilateral flocculus?, which then projects to
the ipsilateral vestibular nuclei!5.25.27, The vestibular
nuclei affect eye movements via projections to crani-
al nuclei III, IV and VI. With respect to the role of
the descending VT A projections in eye movements,
it is interesting to note that some ascending VT A pro-
jections are to the frontal eye fields of the cat!9.

The presence of both mesotelencephalic and me-
sobulbar VT'A systems, the former involved in the
limbic-striatal functions and the latter involved in vis-
uovestibular functions, has prompted us to investi-
gate the possible overlap or interrelationships be-
tween these VTA projection systems. In the present
study we were interested in addressing the following
questions: (1) Do individual neurons of the VTA in-
nervate both telencephalon (striatum, cortex, limbic
system) and brainstem (inferior olive)? (2) Are the
VTA neurons involved dopaminergic? (3) Could the
VTA neurons projecting to the telencephalon and/or
brainstem receive direct retinal input?

Twenty-eight female albino rats of the Sprague—
Dawley strain were used in the experiments. Axon
collateralization of VT A neurons (Group A), was de-
termined in 6 animals by the use of the double-label-
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Fig. 1. Diagram of the visual and mesotelencephalic pathways
involved in this study (for review see ref. 24). Retinal ganglion
cells of the left eye project to the contralateral (approx. 98%)
medial terminal nucleus (MTN), crossing in the optic chiasm
(OC). The MTN has a minor direct ipsilateral projection to the
dorsal cap of the anterior half of the inferior olive (DC/IO) and
a strong projection through the posterior commissure to the
contralateral visual tegmental relay zone (VTRZ) located pri-
marily in, and dorsal to, the subnucleus parabrachialis pigmen-
tosus of the VTA. The VTRZ cells on the left side may also re-
ceive a direct retinal input to their dendrites from the right eye
by virtue of their dendrites invading the neuropil of the MTN.
In addition, other cells of the VT A which project to cortical and
subcortical regions of the ‘prefrontal system’ (PFS) may also
receive a similar retinal input on their dendrites located in the
MTN (right side of figure). The connections of the DC/IO are
further illustrated at the bottom of the figure. The DC/IO pro-
jects to the contralateral flocculus (FLOC) which, in turn, pro-
jects to sectors of the vestibular nuclei (VN). The VN project
to cranial nerve nuclei I1I, IV and VI (probably on both sides of
the brain) which then innervate extraocular muscles (not
shown).

ing technique with the fluorescent dyes True Blue,
Nuclear Yellow and Propidium Iodide!:4. In order to
study the possible dopaminergic content of VTA
neurons (Group B), the fluorescent dye technique
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was used in 8 animals in conjunction with the glyoxyl-
ic acid-cryostat technique!?. In order to study the
possibility that VT A neurons which project to the in-
ferior olive or telencephalon also receive retinal in-
put (Group C)% the [3H]adenosine anterograde
transneuronal transport technique?! was used in 4 an-
imals.

In Group A injections of either 0.05 x4l (small injec-
tion) or 0.15 ul (large injection) of one of the fluores-
cent dyes into the inferior olive resulted in retrograde

Fig. 2. Drawings of coronal sections of rat brain illustrating lo-
cation of fluorescent tracer injections into the prefrontal cortex
(PF) and inferior olive and subsequent retrograde labeling in
the ventral tegmentum. Open circles represent cells projecting
to cortex, filled circles represent cells projecting to inferior
olive. Each dot represents 3 labeled neurons in a 20 um section.
The injection sites are an average size of a fluorescent tracer in-
jections for these experiments. In retrograde tracer double-la-
beling (fluorescent dyes) experiments, no cells were found to
project to both cortex and inferior olive. In combined retro-
grade tracer/glyoxylic acid fluorescence studies, no cells pro-
jecting to inferior olive were found to contain catecholamine,
whereas over one-third of the cells projecting to prefrontal cor-
tex contained catecholamine. Abbreviations: PF, PG, M, SS,
SR = prefrontal, pregenual, motor, somatosensory, suprarhi-
nal cortices; OT = olfactory tubercle; CL = claustrum; TT =
tenia tecta; NAC = nucleus accumbens; SOL = solitary nucle-
us; A = nucleus ambiguus; SP5 = spinal nucleus V; d, p, m =
dorsal, principal and medial nuclei of the inferior olive; MTN =
medial terminal nucleus; SN, SN, = pars compacta and pars
reticulata of the substantia nigra; pbp, pn = nucleus parabra-
chialis and paranigralis of the ventral tegmental area; VIRZ =
visual tegmental relay zone of the ventral tegmental area.
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Fig. 3. Photomicrographs of fluorescence and autoradiographic data. A and B: single-labeled cells in the VTRZ region of the dorsal
VTA following a 0.15 ul injection of Nuclear Yellow (NY) into the prefrontal cortex and a 0.05 ul injection of Propidium Iodide (PI)
into the dorsal cap region of the anterior inferior olive. The UV filter allows visualization of NY-labeled cells { A) while the rhodamine
filter allows visualization of PI-labeled cells (B) in the same field. C and D: injection of 0.15 ul of TB into the dorsal cap region (dc) of



labeling of neurons in the ventromedial tegmentum
(Fig. 2). In cases where injections were restricted
mainly around the dorsal cap region of the inferior
olive (Fig. 2), neurons were retrogradely labeled in
an arc of the ipsilateral nucleus parabrachialis pig-
mentosus of the dorsal VTA (Fig. 3C and D) extend-
ing from the region medial to the red nucleus and
ventrolateral to the interstitial nucleus of Cajal, to
the medial third of the medial lemniscus. Several
neurons were also labeled in the medial terminal nu-
cleus. With larger injections into the inferior olive
and adjacent tegmentum, cells were also retrograde-
ly labeled in the periaqueductal gray, interstitial nu-
cleus of Cajal, and region ventral and adjacent to the
fasciculus retroflexus. In the same animals, another
fluorescent dye was injected into the medial caudate-
putamen, nucleus accumbens, septum, olfactory tu-
bercle, or areas 24b (PG = pregenual) and 32 (PF =
prefrontal) of frontal-cingulate cortex (Fig. 2). Cells
were retrogradely labeled in a topographical manner
(c.f. ref. 6) in the VTA and substantia nigra. Al-
though these single labeled cells were intermixed
with single labeled cells projecting to the inferior
olive, in no case were cells double-labeled with both
dyes (Fig. 3A and B). This further substantiates the
general finding that VTA neurons do not have highly
branched axons*5.26 and also argues for an anatom-
ical separation of the mesotelencephalic and me-
sobulbar projection systems.

The Group B experiments were done to determine
the possible dopaminergic nature of the VTA projec-
tions, and to substantiate the results of the Group A
experiments by repeating similar combinations of in-
jections. As in Group A, there were no cells in the
VTA that were double-labeled with the fluorescent
dyes injected into the forebrain or inferior olive. Fur-
thermore, although approximately 40% of the VTA
neurons innervating the forebrain also demonstrated
bluish-green catecholamine fluorescence (Fig. 3E
and F), none of the VT A neurons innervating the in-
ferior olive were catecholaminergic. This finding fur-
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ther argues for separate ascending and descending
projecting populations of VT A neurons.

In the Group C animals, 1 ul of [3H]adenosine (100
Ci/ul) was injected into the vitreous chamber of the
left eye. Following a 7—14-day survival, the animals
were processed for anterograde transneuronal trans-
port of [3H]adenosine metabolites to the ventromedi-
al tegmentum (Fig. 3G and H). Silver grains were lo-
cated over cells and neuropil in the medial terminal
nucleus, as well as numerous cells in the adjacent
VTA. These results suggest that VT A neurons may
receive direct retinal input. The retinal input may
reach VTA neurons via dendrites located within the
MTNB.

The results of the first experiments provide evi-
dence, albeit negative, that the ascending mesotelen-
cephalic neurons of the VTA are anatomically dis-
tinct from, but intermixed with, VTA neurons pro-
jecting to the inferior olive. While the ascending pro-
jections are predominantly catecholaminergic, the
descending VTA projection to the inferior olive are
not catecholaminergic. While these latter findings
are not surprising, they do demonstrate that a ‘reticu-
lar-like’ area such as the VTA may contain inter-
mixed subpopulations of neurons with quite distinct
and separate afferents, efferents and functions.
Thus, the ascending VTA systems related to motor,
limbic and cortical function!8 may be synaptically in-
dependent from the descending system to the inferior
olive, which has been proposed to be involved in the
visual-vestibular coordinate system of signaling self-
motion of the animal?4.25. [t is interesting that the vis-
ual projections from another mesencephalic region,
the pretectal complex to inferior olive also arise from
populations of pretectal cells separate from those as-
cending to the limbic thalamus?0.

The [3H]adenosine experiments provide some evi-
dence that the VTA may receive direct visual input
from retinal ganglion cells. The retinorecipient VTA
cells could be relay cells of the VTRZ projecting to
the inferior olive, or may relay visual activity directly

<

the inferior olive (C) and retrogradely labeled neuron in the VTRZ (D) following the injection. E and F: double-labeled neurons in the
lateral VT A-medial substantia nigra junction just dorsal to the MTN following a 0.15 ul injection of PI into the prefrontal cortex. This
region contains the largest population of cells double-labeled with both PI (E) and catecholamine histofluorescence (F). Some double-
labeled cells are indicated by arrows. G and H: autoradiograms of midbrain region following injection of [*H]adenosine into the right
eye. Fourteen days survival. A low-power dark-field photomicrograph (G) shows silver grains over the MTN (arrow) as well as other
retinal targets of the pretectum and lateral geniculate nuclei. At higher power (H), silver grains can be seen concentrated over VTA

cells (arrows) dorsal to the MTN. Marker bars = 50 um.
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to the prefrontal system including, for example, the
caudate-putamen, amygdala or frontal-cingulate cor-
tices®. A retino-mesotelencephalic projection to cor-
tical areas 24b and 32 would be interesting because
these cortical regions could be the equivalent of the
primate frontal eye fields in the rat!®. The existence
of this retinal pathway is presently being investigated
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