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ABSTRACT

The ventral tegmental area (VTA) is critically important to an organism’s capacity to
detect rewards and novelty and to enlist appropriate behavioral responses. Although there
has been substantial progress concerning information processing at the single cell and
molecular levels in the VTA, our knowledge of its overall afferent connections is based
principally on the benchmark description by Phillipson ([1979] J. Comp. Neurol. 187:117—
144). Given that, since then, the sensitivity of tracing methods and knowledge about the
organization of brain structures have increased considerably, we undertook to reevaluate the
VTA afferents of the rat. The retrograde tracer Fluoro-Gold was injected into different parts
of the VTA, and labeled neurons were visualized by immunocytochemistry. Retrogradely
labeled neurons were not confined to nuclei but rather constituted an elongated formation
stretching from the prefrontal cortex rostrally to the medulla oblongata caudally. In the case
of descending afferents, this formation was centered on the medial forebrain bundle and the
fasciculus retroflexus. The input to the VTA in general was bilateral, with a smaller descend-
ing and comparable ascending projection from the contralateral side. Injections of the an-
terograde tracers Phaseolus vulgaris-leucoagglutinin or biotinylated dextran amine into
selected forebrain structures revealed a surprisingly sparse terminal arborization in the
VTA. Furthermore, structures projecting to the VTA innervate other brain areas with similar
or greater robustness, which in turn also provide a strong input to the VTA, indicating an
anatomical network. Given the importance of the VTA in basic behaviors, this organization
might provide a basis for an extraordinary level of afferent integration. J. Comp. Neurol. 490:
270-294, 2005.  © 2005 Wiley-Liss, Inc.
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A function of the ventral tegmental area (VTA) is to
detect primary rewards and reward-predicting stimuli
and novelty and to enlist appropriate adaptive behavioral
responses (White, 1996; Schultz et al., 1997; Rebec et al.,
1997a,b; Schultz, 1998). Insofar as the VTA receives direct
inputs from neither the internal milieu nor the external
environment (Phillipson, 1979a; Oades and Halliday,
1987), and inasmuch as rewards and reward-predicting
stimuli are highly variable in form and content, the VTA
might be expected to have enormous capacity to integrate
various forms of information in order to extract patterns
relevant to its function. The resulting signals are largely
encoded by synchronous changes in the firing activity of
neurons in the VTA (Schultz et al., 1997, 1998) and con-
sequent changes in dopamine release in its target areas,
especially the nucleus accumbens and prefrontal cortex
(Overton and Clark, 1997; Rebec et al., 1997a,b; Lewis and
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O’Donnell, 2000; Floresco et al., 2003; Bamford et al.,
2004). VTA signaling is thought to increase an organism’s
probability of survival and reproduction and to be patho-
logically altered in drug addiction and schizophrenia
(White and Wang, 1983; Jones et al., 2000; Ungless et al.,
2001; Saal et al., 2003; for reviews see, e.g., White, 1996;
Spanagel and Weiss, 1999; Kelley, 2004) How the signals
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VTA AFFERENT CONNECTIONS

are generated, what drives and inhibits VTA neurons, and
how the VTA integrates information are subjects of in-
tense research.

The function of a brain structure depends on its internal
organization and how this organization is affected by ex-
trinsic influences. Although there has been substantial
progress concerning information processing (see, e.g.,
Thomas et al., 2000; Neuhoff et al., 2002, Melis et al.,
2004; Paladini and Williams, 2004) and input specificity
(see, e.g., Woulfe and Beaudet, 1992; Charara et al., 1996;
Carr and Sesack, 2000; Georges and Aston-Jones, 2002) in
the VTA at the single cell and molecular levels, our knowl-
edge about the overall organization of afferent connections
of the VTA is based principally on the benchmark descrip-
tion by Phillipson (1979a). Since then, “new” brain nuclei
have been delineated or brain areas have been found to
consist of functionally distinct compartments, leading to
new concepts about structure and function of brain areas
(see, e.g., Paxinos, 1995). Furthermore, new tracers have
become available that are more avidly taken up and more
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sensitively visualized (Gerfen and Sawchenko, 1984, 1985;
Schmued and Fallon, 1986; Luppi et al., 1987, 1990;
Chang et al., 1990; Brandt and Apkarian, 1992; Veenman
et al., 1992) and less subject to uptake by fibers of passage
(Pieribone and Aston-Jones, 1988; Schmued and Heimer,
1990). In view of these developments, we undertook a
reexamination of the afferent connections of the VTA.
The location of several of the main fiber bundles of the
brain within the VTA posed a major challenge for these
studies. Tracer injected into the VTA might be incorpo-
rated by axons passing through without establishing syn-
aptic contacts, which would result in false-positive retro-
grade labeling of neurons. To minimize this problem, we
iontophoretically injected the retrograde tracer Fluoro-
Gold (FG) with a low, discontinuous current, in order to
reduce damage to axons and consequent uptake of tracer
by fibers of passage. To confirm the retrograde data, 36
injections of the anterogradely transported tracers
Phaseolus vulgaris-leucoagglutinin (PHA-L) or biotinyl-
ated dextran amine (BDA) were made into 14 different
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forebrain structures that contained retrogradely labeled
neurons after FG injections into the VTA. All injections of
anterogradely transported tracer resulted in labeled fibers
with terminal-like arborizations and varicosities in the
VTA.

MATERIALS AND METHODS
Tracer injections

All experiments were carried out in accordance with
guidelines published in the National Institutes of Health
Guide for the care and use of laboratory animals. Animals
were housed in group cages on a 12-hour light-dark cycle
and given food and water ad libitum. If not indicated
otherwise, chemicals were purchased from Sigma (St.
Louis, MO).

Male Sprague Dawley rats (Harlan, Indianapolis, IN),
weighing 220-420 g, were deeply anesthetized by intra-
peritoneal injections of a cocktail consisting of 45% ket-
amine (100 mg/ml), 35% xylazine (20 mg/ml), 20% saline
at a dose of 0.16 ml/100 g body weight and placed into a
Kopf stereotaxic instrument. In the first set of experi-
ments, the retrograde tracer FG (Fluorochrome, Inc.,
Englewood, CO; 1% in 0.1 M cacodylate buffer, pH 7.4)
was injected iontophoretically through 1.0-mm filament
containing glass pipettes pulled to tip diameters of 15-20
pm. By using 1 pA positive pulses (7 seconds on and 7
seconds off for 10-15 minutes), FG was delivered into
different areas of the VTA as well as into areas adjacent to
it serving as controls. In a second set of experiments, the
anterograde tracers PHA-L (Vector Laboratories, Burlin-
game, CA; 2.5% in 0.1 M phosphate buffer, pH 7.4) or BDA
(Molecular Probes, Eugene, OR; 10% in 0.01 M phosphate
buffer, pH 7.4) were injected into forebrain areas that
exhibited substantial amounts of retrogradely transported
FG following injections into the VTA. Filament containing
glass pipettes with outside diameters of 1 mm were pulled,
and the tips were broken back to achieve diameters of
10-12 pm for PHA-L and 18 -20 pum for BDA. The tracers
were iontophoretically delivered using discontinuous 4 pA
(for PHA-L) and 3 pA (for BDA) positive pulses (7 seconds
on and 7 seconds off for 15 minutes). The selection of
stereotaxic coordinates was guided by the atlas of Paxinos
and Watson (1998). After surgery, the rats were kept
warm until they had fully recovered from anesthesia.

After survivals of 3-5 days in the case of FG and 10 days
in the case of PHA-L and BDA injections, rats were again
deeply anesthetized as described above and perfused
transaortically with 4% paraformaldehyde and 2.5% su-
crose in 0.1 M phosphate buffer (PB), pH 7.4. Brains were
removed, placed in fresh fixative for 4 hours, cryoprotected
in 25% sucrose overnight, shock frozen in dry ice, and
subsequently sectioned in the coronal plane at 50 pm with
a cryo-sliding microtome.

Immunocytochemistry

All steps were carried out under gentle agitation on a
horizontal rotator (Lab-Line; Fisher, Pittsburgh, PA).
Free-floating sections were rinsed in 0.1 M PB (pH 7.4),
placed into 1% sodium borohydride for 15 minutes, thor-
oughly rinsed in 0.1 M PB again, pretreated with 0.1 M PB
containing 0.2% Triton X-100, and transferred into solu-
tion containing the primary antibody. Dilutions of pri-
mary antibodies were as follows: rabbit anti-FG (Chemi-
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con, Temecula, CA) 1:8,000; goat anti PHA-L (Vector
Laboratories) 1:5,000, or mouse anti-tyrosine hydroxylase
(ImmunoStar, Inc., Hudson, WI) 1:10,000 in 0.1 M PB
with 0.2% Triton X-100. On the following day, after being
thoroughly rinsed in 0.1 M PB, sections were placed into a
solution containing biotinylated antibody against rabbit,
goat, or mouse IgGs (Vector Laboratories), accordingly, at
a dilution of 1:200 in 0.1 M PB with 0.2% Triton X-100 and
left there for 1 hour. Sections were again rinsed in 0.1 M
PB with 0.2% Triton X-100 and immersed in a solution
containing avidin-biotin-peroxidase complex (ABC; Vector
Laboratories; 1:200 in 0.1 M PB containing 0.2% Triton
X-100) for another 1 hour. After thorough rinsing in 0.1 M
PB, a color reaction was developed by immersing the sec-
tions for about 15 minutes in a solution of 0.05 M PB
containing 0.05% 3,3'-diaminobenzidine (DAB), 0.04%
ammonium chloride, 0.2% beta-D-glucose, and 0.0004%
glucose oxidase. Sections containing BDA were rinsed in
PB and immersed in the ABC complex (1:200 in 0.1 M PB
containing 0.2% Triton X-100), and a color reaction was
carried out as described above. Reacted sections were
mounted onto gelatin-coated slides, intensified in 0.005%
osmium tetroxide and 0.1% thiocarbohydrazide, dehy-
drated through a graded series of alcohol, transferred into
xylene, and coverslipped with Permount (Fisher, Pitts-
burgh, PA). No staining was observed when the primary
or secondary antibodies or ABC reagents were omitted.

Nissl stain

Sections were mounted onto gelatin-coated slides, air
dried, de- and rehydrated through a graded series of alco-
hol, placed in distilled water for 2 minutes, transferred
into cresyl violet (0.2% cresyl violet acetate, 20 mM acetic
buffer, pH 4.0), and left there for 30 minutes. Another
dehydration through a graded series of alcohol concentra-
tions preceded transfer of the sections into xylene and
coverslipping with Permount (Fisher).

Analysis

From a large library of cases, 61 were selected for the
present study. Sections were analyzed by using a Nikon
Eclipse E600 light microscope. Sections from selected se-
ries were drawn. Retrogradely labeled neurons were plot-
ted and counted with the aid of the Neurolucida
hardware—software platform (MicroBrightField, Inc., Wil-
liston, VT). Labeled neurons were counted in all sections
that passed through a given structure (section thickness
50 wm, distance between sections 250 pm). Drawings were
arranged and finished in Adobe Ilustrator 9.0. Images for
illustration were acquired with a digital camera (Optron-
ics, Goleta, CA), and minor adjustments of color and con-
trast were made in Adobe Photoshop 7.0.

RESULTS

In all of the cases with FG deposition in the VTA eval-
uated in this study, a general principle emerged that
retrogradely labeled neurons are not confined to distinct
nuclei but, rather, constitute an elongated formation. This
formation is centered on the medial forebrain bundle and
fasciculus retroflexus in the forebrain and extends
throughout the brainstem into the medulla oblongata.
Within the confines of this continuous formation, some
structures are preferentially enriched with retrogradely
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99016 99016 99059

Fig. 1. A-D: Schematic representations of Fluoro-Gold injection sites in the VTA. The sections are
ordered rostrocaudally, A representing the most rostral. Tyrosine hydroxylase-immunoreacted sections
were used as templates to delineate the VTA.

Fig. 2. The injection site in case 99059 is shown at its largest dorsoventral and mediolateral extent
(A). The VTA was delineated by reference to tyrosine hydroxylase immunoreactivity as shown in B. fr,
fasciculus retroflexus. Scale bar = 250 pm in A (applies to A,B).

labeled neurons, whereas others appear to be more or less the brain, the injection sites from five are schematically
avoided. depicted in Figure 1. Among these five, case 99059 is
Large injections representative and will be described in detail. Spindle-
nj shaped in the rostrocaudal direction, the injection site

Among eight cases with tracer deposits involving almost  extends rostrally to the transition area between the VTA
the entire rostrocaudal extent of the VTA on one side of and the lateral hypothalamic area and caudally to the
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Fig. 3. A-O: Schematic representations of retrogradely labeled
neurons after a large Fluoro-Gold injection involving almost the en-
tire VTA on one side of the brain (case 99059). Each retrogradely
labeled neuron is represented by one dot. Sections are ordered from
caudal to rostral starting at the level of the VTA (A). Note that
retrogradely labeled neurons are not confined to distinct nuclei but
comprise an elongated formation. The main formation is centered on
the medial forebrain bundle and extends via the lateral hypothalamic

caudal limit of the VTA. It fills almost the entire dorso-
ventral and mediolateral extent of one side of the rostral
VTA (Figs. 1, 2A, 3A), whereas the deposition of FG is
more concentrated in the ventral part of the VTA at the
level of the interpeduncular nucleus (Fig. 1C), into which
some spread of tracer is observed. A number of fiber bun-
dles that pass through the VTA, including the fasciculus
retroflexus, mammillary peduncle, and medial lemniscus,
are involved in this injection site to varying degrees.
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area (C—F) and lateral septum (H-M) into the prefrontal cortex (K-O).
A second formation centered on the fasciculus retroflexus and involv-
ing the periaqueductal gray, lateral habenular complex, and paraven-
tricular thalamic nucleus lies dorsal and in parallel to the first (A-E).
Within the confines of these formations, some brain structures are
relatively enriched with retrogradely labeled neurons, whereas others
are more or less avoided. Note the lesser input from the contralateral
side of the injection side.

The distribution of retrogradely labeled neurons in this
case is described in the following sections and charted in
Figures 3 and 8. To identify the brain areas containing
retrogradely labeled neurons, each section stained with
antibodies against FG was compared with the correspond-
ing Nissl-stained sections.

Descending afferents. Proceeding rostralward from
the VTA (Fig. 3A), only few retrogradely labeled neurons
are scattered in the posterior hypothalamus throughout
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M OT/VP

Figure 3

the dorsal premammillary and posterior hypothalamic nu-
cleus (Fig. 3C). Although the injection site involves a tran-
sition area between the VTA and the caudal lateral hypo-
thalamic area (Fig. 3B), the caudal lateral hypothalamic
area is the only part of the lateral hypothalamus that
contains few FG-positive neurons (Fig. 3B,C). Proceeding
rostralward, more retrogradely labeled neurons occupy
tuberal and anterior hypothalamic levels, mainly in the
lateral and to a lesser extent the medial hypothalamus
(Fig. 3D-F). The lateral hypothalamic area contains nu-
merous, heavily labeled, large, multipolar neurons emit-
ting relatively thick, long, and sparsely branching labeled
dendrites (Fig. 4A,B). These dendrites stretch out in a
radiating manner that would be expected to intercept the
course of the longitudinally traversing fibers of the medial
forebrain bundle. Some of the labeled neurons are situated
closer together, forming a cluster, whereas others are
loosely scattered around them, together encompassing the
entire breadth and height of the lateral hypothalamic area
(Figs. 3D-F, 4). Medial to it, fewer and smaller labeled
neurons are situated mostly in the dorsal hypothalamic
area (Fig. 4A). Some extend into the dorsomedial hypotha-
lamic nucleus, as do a few into the tuberal, ventromedial,
and anterior hypothalamic nuclei (Fig. 3D,E). Dorsal to
the medial and lateral hypothalamus, some labeled neu-
rons are arranged in a thin mediolateral layer involving
the ventral part of the zona incerta and an area medial to
it (Fig. 3D,E).

The numbers of labeled cells increase further at the
transition between the lateral hypothalamic and the lat-

shAch

(Continued)

eral preoptic area. In addition to the numerous FG-
positive neurons in the lateral hypothalamic area, labeled
cells extend medially and dorsally in a band-like structure
that arches over the fornix bundle to surround the para-
ventricular hypothalamic nucleus (Figs. 3F, 4C,D). An
occasional labeled neuron is also present within the para-
ventricular nucleus. This band of cells is continuous with
a group of retrogradely labeled neurons medial and lateral
to the ascending limb of the stria medullaris, which
merges imperceptibly with a group of FG-positive neurons
in the lateral preoptic area (Fig. 3F-I). Here, a multitude
of retrogradely labeled neurons similar to (and continuous
with) those of the lateral hypothalamic area fills the entire
extent of the lateral preoptic area. These neurons are
surrounded medially by numerous labeled neurons in the
medial preoptic area and laterally by scattered neurons in
the bed nucleus of the stria terminalis (Fig. 3G-1).

The number of labeled neurons at this level in turn is
exceeded by a multitude of labeled neurons lying ventral
to the crossing of the anterior commissure (Figs. 31, 5).
Here, retrogradely labeled cells encompass the territories
of the median preoptic nucleus, medial and lateral preop-
tic area, horizontal limb of the diagonal band of Broca, and
bed nuclei of the stria terminalis and extend dorsally to
the lateral septum complex (Figs. 31, 5). Proceeding ros-
trally, many large, retrogradely labeled neurons occupy
the ventral pallidum (Fig. 6A,B). Moderate numbers of
retrogradely labeled medium spiny neurons are observed
in the nucleus accumbens, these being relatively confined
to the shell (Figs. 3L-N, 6C,D) and rostral pole (Figs. 30,
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Fig. 4. After Fluoro-Gold injections into the VTA, numerous ret-
rogradely labeled neurons can be observed in the lateral hypothalamic
area (LH; A). Fewer Fluoro-Gold positive neurons are situated in
different nuclei of the medial hypothalamus (MH). At higher magni-
fication (B), Fluoro-Gold-positive neurons expressing the features of
the typical “reticular” hypothalamic neurons can be readily observed.
At the level of the transition between lateral hypothalamic area and
lateral preoptic area (LPO/LH; C) retrogradely labeled neurons en-

7A). Medial to the ventral pallidum, numerous densely
packed, retrogradely labeled neurons in the horizontal
limb of the diagonal band of Broca continue in decreasing
numbers into the vertical limb/medial septum complex
(Fig. 31,J). The lateral septum also contains numerous
labeled cells confined largely to the intermediate part,
with only a few present in the dorsal part and an occa-
sional FG-positive neuron in the ventral part (Fig. 3SH-M).

Moderate numbers of retrogradely labeled neurons are
found in different areas of the medial prefrontal cortex
(Fig. 7A). These cells are typically triangular and are
localized to the deep layers of the cingulate cortex and the
prelimbic (Fig. 7A,B) and infralimbic (Fig. 7A,C) cortices
(Fig. 3K-0). More densely packed and smaller FG-positive
neurons are present in an area that Paxinos and Watson
(1998) identified as dorsal peduncular cortex (Figs. 3N,0O,

compass the entire LPO/LH, arching as a band-like structure over the
fornix bundle (f) into the dorsal part of the MH. At higher magnifica-
tion (D), the typical morphology of lateral hypothalamic neurons is
again readily recognized. Note the long, thick, sparsely branching
dendrites of these neurons (arrows, B,D). The fornix serves as a
fiducial in C,D. Asterisks mark the same vessel in A and B. ic, internal
capsule; ot, optic tract. Scale bars = 250 pm in A (applies to A,C); 50
pm in B (applies to B,D).

7C). In addition, moderate numbers of retrogradely la-
beled neurons are observed in the rostral claustrum/
endopiriform nucleus complex (Fig. 3G—0). These neurons
are arranged as a thin band of labeled cells near the
corpus callosum (Fig. 7TA E).

Retrogradely labeled neurons positioned dorsal and in
parallel to those centered on the medial forebrain bundle
occupy the periaqueductal gray, intralaminar thalamic
nuclei, and lateral habenula. Proceeding from the VTA, a
band of FG-positive neurons extends dorsally along the
third ventricle to involve the periaqueductal gray and
thalamic parafascicular nucleus and continues into the
lateral habenula (Fig. 3B-D). The lateral habenula is en-
tirely and evenly filled with retrogradely labeled neurons
of different sizes. Retrograde labeling is also observed in
the medial habenula (Fig. 3C,D). These neurons should be
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Fig. 5. Ventral to the crossing of the anterior commissure (ac),
numerous retrogradely labeled neurons are observed (A) ipsilaterally
(A, right side, and C) as well as contralaterally (A, left side, and B) to
the injection. These neurons occupy a large area of the basal fore-
brain, are unconfined to nuclei, and display similar morphological
characteristics, i.e., long, nonbranching dendrites compared with a

regarded with caution, however, insofar as the main effer-
ent bundle of the medial habenula, the fasciculus ret-
roflexus, is involved in the injection site and an antero-
grade tracing study did not find a projection from the
medial habenula to the VTA (Herkenham and Nauta,
1979). Ventral to the habenula, FG-positive neurons are
scattered throughout the paraventricular thalamic nu-
cleus, preferentially in its caudal part and close to the
lateral habenula (Fig. 3C).

Ascending afferents. At levels between the rostro-
caudal limits of the VTA itself (Fig. 8A,B), a few retro-
gradely labeled neurons are scattered throughout the
periaqueductal gray and lateralward along the substantia
nigra pars compacta and reticulata to the substantia nigra
pars lateralis. A few FG-positive neurons can also be seen
in the deep layers of the superior colliculus. Proceeding
caudally, retrogradely labeled neurons are found largely

small cell body (B,C) The same vessel is marked in A and B (aster-
isks). BST, bed nucleus of stria terminalis; HDB, horizontal limb of
diagonal band of Broca; MnPO, median preoptic nucleus; MPA, me-
dial preoptic area; VP, ventral pallidum; III, third ventricle. Scale
bars = 250 pm in A; 50 pm in C (applies to B,C).

in two areas: the reticular formation and the
periaqueductal/central gray, including the dorsal raphe,
laterodorsal tegmental nucleus, and locus coeruleus
(Fig. 8).

Moderate numbers of retrogradely labeled neurons are
concentrated in the dorsolateral quadrant of the periag-
ueductal gray (Fig. 8B—D), which otherwise exhibits fewer
labeled neurons scattered throughout. Ventrally, numer-
ous FG-positive neurons in the dorsal raphe (Fig. 9A,B)
are easily distinguishable from the surrounding labeled
periaqueductal gray neurons by their denser packing (Fig.
8D,E). The very rostral dorsal raphe contains small la-
beled cells, whereas large, multipolar labeled neurons are
increasingly recognized more caudally and in the pontine
part of the dorsal raphe outnumber the small ones. Large,
retrogradely labeled neurons are found lateral to the dor-
sal raphe, in the laterodorsal and pedunculopontine teg-
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Fig. 6.

In the area where ventral pallidum and lateral preoptic
area interdigitate (VP/LPO; A) densely packed retrogradely labeled
neurons are found, all of which express the typical morphology of
reticular neurons (B). In contrast, smaller neurons with a different
morphology are observed in the nucleus accumbens (C,D). Here,
Fluoro-Gold-positive neurons are largely confined to the shell (shAcb;
in case 99059 in its dorsomedial part); a few labeled neurons can also

mental nuclei (Fig. 8E,F) and, somewhat farther caudally,
in the locus coeruleus. Lateral to the locus coeruleus,
numerous small retrogradely labeled neurons are ob-
served in the parabrachial nucleus, mainly in its dorsal
part. Retrogradely labeled neurons scattered throughout
the central gray are observed to the level of the genu of the
nucleus of the seventh cranial nerve (Fig. 8G).

In the reticular formation, retrogradely labeled neurons
can be roughly described as being in three groups: two
more or less distinct columns occupy the midline and
paramedian planes, and a third group is seemingly ran-
domly distributed throughout the deep mesencephalic
field and pontine reticular formation. Again, these groups
of labeled neurons are not strictly segregated but always
have retrogradely labeled neurons “connecting” them.

The midline is occupied by scattered, small, oval, la-
beled neurons located in the median and pontine raphe

be observed in the core (cAcb; C). As can be seen at higher magnifi-
cation (D), retrogradely labeled neurons have short, thin, ramifying
dendrites (arrows), i.e., a morphology typical of medium spiny neu-
rons, and thus, look very different from those in B and Figures 4 and
5. Asterisks mark the same vessel in C,D. ac, anterior commissure;
HDB, horizontal limb of diagonal band of Broca. Scale bars = 250 pm
in A (applies to A,C); 50 pm in B (applies to B,D).

nuclei (Fig. 8E,F). Caudally to the pontine raphe, large,
multipolar, FG-positive neurons with long, thick dendrites
are loosely scattered throughout the raphe interpositus in
numbers that diminish approaching the root of the sev-
enth cranial nerve (Fig. 8G). Proceeding farther caudally,
a few labeled neurons are seen occasionally in the midline
of the gigantocellular field of the reticular formation to the
level of the prepositus nucleus (Fig. 8H,I).

Laterally to the midline, a moderate number of retro-
gradely labeled neurons is observed in a paramedian
plane. Just caudally to the VTA, labeled neurons are in-
terspersed in the decussation of the superior cerebellar
peduncle (Figs. 8C,D, 9C) and, proceeding somewhat far-
ther caudally, spread in the paramedian raphe nucleus
(Figs. 8E, 9D), but not caudally beyond it.

Lateral to the labeled neurons in the paramedian plane
are numerous FG positive cells scattered throughout dif-
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Fig. 7. Micrograph illustrating a section of the rostral pole of nucleus accumbens (rpAcb; A). Note the
different morphologies of retrogradely labeled neurons in different brain areas: B, prelimbic cortex;
C, infralimbic (IL) and dorsal peduncular cortex (DP); D, ventral pallidum; and E, a thin band of labeled
cells in the claustrum. ac, anterior commissure; cc, corpus callosum. Scale bars = 250 pm in A; 50 pm in
B (applies to B,C,E), D.
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Fig. 8. A-I: Schematic representation of retrogradely labeled neurons in the brainstem of case 99059.
The injection site is drawn in A-C. Sections are ordered from rostral to caudal, progressing from the level
of the VTA (A) to the medulla oblongata (I). Each dot represents one retrogradely labeled neuron. Note
the comparable input from the contralateral side of the injection side.

ferent parts of the reticular formation. Although the ros-
tral part of the deep mesencephalic field contains hardly
any retrogradely labeled neurons (Fig. 8A,B), FG-positive
neurons are more numerous there just caudal to the VTA
(Fig. 8C,D). In addition to those seemingly randomly dis-
tributed throughout the deep mesencephalic field, labeled
neurons also invade the serotoninergic B9 group, dopami-
nergic retrorubral field (Fig. 8C,D), and cholinergic pedun-
culopontine nucleus (Fig. 8E). Few relatively small, dor-
solaterally positioned labeled neurons are present in and
around the cuneiform nucleus (Fig. 8F). At the level of the
decussation of the cerebellar peduncle, the deep mesence-
phalic field moves dorsally, yielding space to the oral field
of the pontine reticular formation, where large, multipolar
neurons are scattered throughout the area (Fig. 8E,F).

The oral pontine field merges with the caudal pontine
field, where an occasional large, multipolar FG-positive
neuron is observed (Fig. 8G).

Contralateral afferents. It is important to note that
almost all structures that provide an input to the VTA do
so bilaterally by sending either a lesser (in the case of the
descending afferents; Fig. 3) or a fairly comparable (as is
the case for the ascending afferents; Fig. 8) input from the
contralateral side. In the case of the descending afferents,
the relative numbers of retrogradely labeled neurons oc-
cupying the various contralateral structures are propor-
tional to what is seen ipsilaterally. Thus, areas with
especially numerous retrogradely labeled neurons con-
tralaterally include the lateral hypothalamic area, lateral
and medial preoptic area, ventral pallidum, and lateral
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Fig. 9. Micrographs illustrating retrogradely labeled neurons in
the brainstem. Densely packed Fluoro-Gold-positive neurons can be
observed in the dorsal raphe (DR) at lower (A) and higher (B) mag-
nifications. Fluoro-Gold-positive neurons are also observed in the
median (MR) and paramedian raphe (PMR; D) as well as paramedian

habenula. The nucleus accumbens is exceptional in this
regard, insofar as FG-positive neurons are found there
only very sporadically contralateral to the VTA injection
side.

Topography of VTA afferents

The large injections, one of which was described in the
previous paragraph, give an impression of the overall input
to the VTA. The VTA, however, is not thought to be a ho-
mogenous structure. Based on differences in cell morphol-
ogy, it is commonly accepted to divide the VTA into subnuclei
(Olszewski and Baxter, 1954; Phillipson 1979b; Halliday and
Tork, 1986; Oades and Halliday, 1987). In addition, func-
tional studies suggest differences between rostral and caudal
VTA (see, e.g., Ikemoto and Wise, 2002; Bolafos et al., 2003;
Rodd et al., 2004). To investigate whether some of these
heterogeneities are reflected in differences in the afferent
connections of the VTA, in the next set of experiments small

between the fibers of the tegmental decussation (tx; C) and just
ventral to the decussation of the superior cerebellar peduncle (xscp;
D). aq, aqueduct; ATg: anterotegmental nucleus. Scale bars = 300 pm
in A; 100 pm in B (applies to B,C), D.

deposits of FG were placed into different parts of the VTA,
and the distributions of retrogradely labeled neurons were
analyzed and compared.

Medial vs. lateral. In the first set of experiments, FG
was centered in the medial (cases 05005, 05018), in the
lateral (case 99039), or in the far lateral (case 99132) part
of the VTA (Figs. 10, 11), the latter including the transi-
tion to the medial substantia nigra pars compacta. In
cases 99039 and 99132, some tracer also spread into the
medial- and dorsalmost substantia nigra pars reticulata.

Some noticeable differences can be observed, which are
found mainly in the ventral striatopallidal system.
Whereas only few retrogradely labeled neurons in the
rostral pole of the accumbens are observed after an injec-
tion into the medial part of the VTA (Fig. 11A1), the
accumbens rostral pole contains a moderate amount of
FG-positive neurons after tracer deposit into the lateral
part (Fig. 11B1) and an even higher amount of retro-
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C 05018

Fig. 10. A-D: Schematic representations of injection sites in dif-
ferent parts of the VTA. On the left side of the VTA (drawn in black)
are injection sites that were made either in the medial (cases 05005
and 05018) or lateral (cases 99132 and 99039) part of the VTA. On the

gradely labeled neurons after injections into the far lateral
part of the VTA (Fig. 11C1). Tracer deposits into the
medial VTA result in FG-positive neurons confined to the
dorsal and medial accumbens shell, whereas injections
into the lateral and far lateral VTA result in labeling
progressively farther ventrally and laterally in the shell
(Fig. 11A2,B2,C2). The lateral part of the sub- and post-
commissural ventral pallidum contains a multitude of ret-
rogradely labeled neurons only after injections into the
lateral and far lateral VTA (Fig. 11A3,B3,C3). In addition
to these differences, some minor differences are observed.
Case 05018 (medial injection) results in a preferential
labeling of the median over the paramedian raphe (Fig.
11A5). In case 99132 (far lateral injection), more retro-
gradely labeled neurons are within the boundaries of the
paraventricular hypothalamic nucleus than in all other
cases.

Rostral vs. caudal. In the functional studies cited
above, the interpeduncular nucleus was used to divide the
VTA into rostral and caudal parts, the rostral VTA being
rostral to the interpeduncular nucleus. Therefore, we con-
sidered the injections in cases 99060 and 02017 as rostro-
lateral (Fig. 10A,B), in cases 05004 and 05005 as rostro-
medial (Fig. 10A-C), and in case 05017 (Fig. 10C,D) as
caudal in the VTA. Based on this division, no noticeable
differences in retrograde labeling were detected.

Control injections

Injections rostral to the VTA (case 05003), medial sub-
stantia nigra pars reticulata (cases 99127, 99114, 9046),

D 05018

right side of the VTA are injection sites in the rostral (dark gray; cases
99060, 05004, 05005, 02017) or caudal (light gray; case 05017) part of
the VTA. Drawings are ordered from rostral to caudal, A representing
the most rostral.

lateral interpeduncular nucleus (case 99029), and mid-
brain tegmentum dorsolateral to the VTA including the
deep mesencephalic field and red nucleus (cases 99033,
04135; Fig. 12) resulted in characteristic patterns of ret-
rograde labeling, all of which were distinct from those
observed after tracer placements into the VTA. After FG
injections into the medial substantia nigra pars reticulata
(Figs. 11, column D, 12B), by far the most retrogradely
labeled neurons were observed in the medial caudate-
putamen (Fig. 11D2,D3), globus pallidus, and subthalamic
nucleus. Densely packed labeled neurons were also found
in the zona incerta and anterotegmental and ventral and
dorsal tegmental nucleus. Some labeled neurons were ob-
served in the periaqueductal and central gray. Structures
that project heavily to the VTA, such as lateral preoptic-
and lateral hypothalamic area, lateral habenula, and dor-
sal raphe, contained few and only lightly stained neurons
after injections into the substantia nigra pars reticulata.
Although the rostral pole of the nucleus accumbens was
retrogradely labeled after substantia nigra pars reticulata
and VTA injections, tracer deposits into the substantia
nigra pars reticulata resulted in densely packed labeled
neurons confined to the dorsal part of the rostral pole of
the nucleus accumbens (Fig. 11D1). In contrast, injections
into the lateral VTA resulted in labeling of loosely scat-
tered neurons predominantly in the ventromedial and
central part of the accumbens rostral pole (Fig. 11B1,C1).
Thus, the medial substantia nigra pars reticulata and the
VTA not only receive a different set of afferents but also
differ considerably in the organization of their afferents.
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Whereas the VTA receives a wide input from many
sources, without a predominant one, the substantia nigra
pars reticulata is innervated from a restricted set of nu-
clei, in which neurons projecting to the substantia nigra
pars reticulata are numerous and very densely packed.
Injections placed into the midbrain tegmentum dorso-
lateral to the VTA (cases 99033, 04135) produced retro-
grade labeling predominantly in the zona incerta, fields of
Forel, substantia nigra pars reticulata, principal sensory
trigeminal nucleus, and ventral part of the pontine retic-
ular formation. After an FG injection into the lateral in-
terpeduncular nucleus (case 99029), which involved to a
small degree the VTA, crus cerebri, and medial lemniscus,
many retrogradely labeled neurons were observed in the
dorsal and median raphe nuclei and in the ventral, dorsal,
and laterodorsal tegmental nuclei. Furthermore, the me-
dial habenula was heavily labeled, mainly in its dorsal
part, in an area that Andres et al. (1999) identified as the
superior subnucleus of the medial habenula. This is in
accordance with results from a study of Herkenham and
Nauta (1977), who showed that the dorsal part of the
medial habenula projects to the lateral interpeduncular
nucleus. Some retrogradely labeled neurons were found in
the horizontal limb of the diagonal band of Broca, lateral
preoptic area, lateral habenula, zona incerta, periaque-
ductal and central gray, raphe magnus, locus coeruleus,
and, probably because of the involvement of the medial
lemniscus in the injection site, the nucleus cuneatus.
The injection rostral to the VTA was placed ventral to
the periaqueductal gray between the fasciculi retroflexus
and appeared to extend ventralward with them. Retro-
grade labeling in this case was very sparse; only few
neurons were labeled, and they were situated in the lat-
eral ventral pallidum, magnocellular preoptic nucleus, lat-
eral hypothalamic area, lateral part of lateral habenula,
periaqueductal gray, and substantia nigra pars reticulata.

Patterns of terminal arborization
in the VTA

The data obtained so far suggest extraordinarily abun-
dant and diverse input to the VTA, but how might such a
multifarious innervation of one brain structure be orga-
nized? What patterns of terminal arborization allow so
many neurons from so many sources to project to the VTA?
To gain insight into the patterns of afferent terminations
in the VTA, 36 injections of the anterograde tracers
PHA-L or BDA were placed in 14 different forebrain areas
identified in the previous experiments as sources of de-
scending projections to the VTA (Fig. 13) These experi-
ments, first, provide an important corroboration of the
data obtained from retrograde tracing and, second, reveal
remarkably uniform patterns of terminations in the VTA
irrespective of the brain areas of origin.

PHA-L injections were placed into the lateral hypotha-
lamic area, lateral habenula, lateral preoptic area, horizon-
tal limb of the diagonal band of Broca, sublenticular substan-
tia innominata, dorsomedial ventral pallidum, core of the
nucleus accumbens, and prefrontal cortex (Fig. 13). In addi-
tion, a PHA-L control injection was placed into the dorsome-
dial entopeduncular nucleus. BDA was injected into the lat-
eral septum, central nucleus of the amygdala, different parts
of the shell or core of the nucleus accumbens, and medial,
central, and lateral ventral pallidum (Fig. 13). Except for the
control injection into the entopeduncular nucleus, all injec-
tions resulted in anterogradely labeled axons in the VTA
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(Fig. 14). These labeled axons from different sites of origin
have a remarkably similar morphology and distribution in
the VTA: relatively straight labeled fibers with short collat-
erals and a poor terminal arborization are distributed
throughout the entire mediolateral and dorsoventral VTA
ipsilateral to the injection sites. These anterogradely labeled
axons possess multiple round varicosities of different sizes
(commonly thought to represent synaptic-like specializa-
tions, i.e., synapses en passant) separated from each other by
intervaricose axon segments of different length (Fig. 14, in-
sets at lower right). Fewer labeled fibers of the same mor-
phology can be observed in the VTA contralateral to the
injection sites.

It should be noted that after BDA injections into the
central nucleus of the amygdala, which contained only a
few retrogradely labeled neurons after tracer deposits into
the VTA, most labeled fibers pass through the rostral and
lateral VTA without expressing terminal-like specializa-
tions. Only an occasional fiber with varicosities could be
observed in the VTA.

When the densities of anterogradely labeled axons in
the VTA from different sites of origins are compared, it
becomes apparent that there is no clear single main affer-
ence, but, rather, several brain areas, including the lateral
hypothalamic area, lateral preoptic area, ventral palli-
dum, accumbens shell, and prefrontal cortex, provide com-
parably strong inputs to the VTA (Fig. 14).

A remarkable and important characteristic of the VTA
innervation is that most of the structures observed in the
anterograde tracing experiments to project to the VTA
also innervate with at least similar and usually greater
robustness several other brain structures, each of which in
turn also provides an input to the VTA (Figs. 14A’'-F’, 15).
The nucleus accumbens shell, e.g., in addition to sending
a projection to the VTA (Fig. 14E), heavily innervates the
ventral pallidum (Fig. 14E’) and lateral preoptic and lat-
eral hypothalamic area, which in turn reciprocate the
projection and innervate the VTA. The lateral preoptic
and lateral hypothalamic area, in addition to innervating
the VTA (Fig. 14A,B), send a comparably dense projec-
tions to the lateral habenula (Fig. 14A’), which again also
projects to the VTA. The same is true for the other struc-
tures analyzed, as schematically depicted in Figure 15.
This indicates that the VTA and its descending afferents
constitute a neuronal network.

DISCUSSION

The present study reveals more abundant inputs to the
VTA than anticipated. An additional finding is that neu-
rons projecting to the VTA are not situated in distinct
nuclei but rather constitute an elongated formation
stretching from the prefrontal cortex rostrally to the me-
dulla oblongata caudally. Structures containing especially
many retrogradely labeled neurons include, in order from
rostral to caudal, prefrontal cortex, lateral septum, medial
septum-diagonal band complex, accumbens shell, ventral
pallidum, medial and lateral preoptic area, lateral hypo-
thalamic area, and lateral habenula in the case of the
descending afferents and dorsal raphe, periaqueductal
gray, and mesencephalic and pontine reticular formation
in the case of the ascending afferents. In addition, this
formation of VTA projection neurons extends into the me-
dial hypothalamus, where some retrogradely labeled neu-
rons are found in the tuber cinereum, paraventricular and
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Figure 11
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99114
99046

Fig. 12. Schematic representation of control injections placed ros-
trally, laterally, dorsolaterally, and caudally to the VTA: A, between
fasciculi retroflexus, case 05003 (rostral); B, into substantia nigra
pars reticulata (SNr), cases 99114, 99046, 99127, (lateral) and into

anterior hypothalamic nuclei, and dorsal hypothalamic
area. The anterograde tracing data of the present study
not only confirm the result of the FG injections into the
VTA but also show that descending afferents of the VTA,
in addition to projecting to the VTA, also project at least as
robustly to other structures that in turn also project to the
VTA, consistent with the presence of an interconnected
network of the afferents of the VTA.

Technical considerations

The use of FG as a retrograde tracer has several advan-
tages. FG is easily incorporated by axonal terminals, is
quickly transported retrogradely, and can fill soma and
dendritic processes extensively up to the fourth and fifth
branching order of the dendritic tree, thus providing ex-
cellent morphological detail (Schmued and Fallon, 1986;
Chang et al., 1990). Although several studies have re-
ported no uptake of FG by undamaged fibers of passage
(Schmued and Fallon, 1986; Pieribone and Aston-Jones
1988; Schmued and Heimer, 1990), another study found
such an incorporation (Dado et al., 1990). In the study of
Dado et al. (1990), little uptake of FG by fibers of passage
was observed if no tissue necrosis was visible, so care was
taken in the present study to minimize tissue damage.
The following steps were taken: iontophoretic application
of the tracer (Schmued and Heimer, 1990); a low (1 pA),
discontinuous (7 seconds on, 7 seconds off) current to
prevent the development of heat at the tips of electrodes
and consequent tissue damage; evenly broken-back elec-
trode tips; and, a 1% solution of FG, as opposed to a more
concentrated solution, which is shown to cause more tis-

Fig. 11. Fluoro-Gold was injected medially (case 05018; A), later-
ally (case 99039; B), or far laterally (case 99132; C) into the VTA and,
for comparison and as a control, into the dorsomedial substantia nigra
pars reticulata (case 99127; D). After VTA injections, differences in
the distribution of retrogradely labeled neurons can be seen predom-
inantly in the basal forebrain (rows 1-3), whereas, farther caudally,
retrograde labeling is similar among cases (rows 4, 5). The injection
into the substantia nigra pars reticulata reveals a very different
distribution of retrogradely labeled neurons (compare column D with
columns A-C). Note, that the input to the substantia nigra pars
reticulata is much more restricted than that to the VTA. Scale bar =
300 pm in A (applies to A-D).

98029
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deep mesencephalic field (DpMe) and red nucleus, cases 04135, 99033
(dorsolateral); and C, into the interpeduncular nucleus (IP) and me-
dial lemniscus (ml), case 99029 (caudal).

sue damage (Schmued and Fallon, 1986). The retrograde
data thus obtained are in good agreement with previous
retrograde (Phillipson, 1979a; Simon et al.,, 1979) and
anterograde (see, e.g., Swanson, 1976; Saper et al., 1979;
Satoh and Fibiger, 1986; Hallanger and Wainer, 1988;
Sesack et al., 1989; Heimer et al., 1991; Groenewegen et
al., 1993, 1994; Risold et al., 1994; Zahm et al., 1996, 1999;
Vertes et al., 1999; Vertes, 2004) tracing studies. Evidence
that in the present study some uptake of FG by fibers of
passage did indeed occur is provided by retrogradely la-
beled neurons in the oculomotor nucleus whose nerve
passes through the VTA. Also, retrogradely labeled neu-
rons were observed in the motor and sensory cortex after
a control injection into the substantia nigra pars reticu-
lata in which the spread of tracer involved the cerebral
peduncle. In addition, the large number of retrogradely
labeled neurons observed in the medial habenula should
be treated with caution. Anterograde labeling in the VTA
was not observed after WGA-HRP injections into the me-
dial habenula (Herkenham and Nauta, 1979). Phillipson
(1979a), however, reported retrogradely labeled neurons
in the medial habenula exclusively after injections of the
retrograde tracer HRP into the interfascicular subnucleus
of the VTA. In our hands, extensive retrograde labeling in
the medial habenula was observed independently of
whether the interfascicular nucleus was involved in the
injection site or not. An anterograde tracing study of the
medial habenula using PHA-L as tracer is clearly neces-
sary to solve this problem.

Some of the FG injections into the VTA involved to
varying degrees the interpeduncular nucleus (Fig. 1). Af-
ferents of the interpeduncular nucleus are well investi-
gated and arise mainly from the medial habenula, dorsal
and median raphe, dorsal tegmental nucleus, and nucleus
incertus and to a lesser degree from the horizontal limb of
the diagonal band of Broca, claustrum, medial and lateral
preoptic area, lateral hypothalamic area, ventral- and lat-
erodorsal tegmental nucleus, locus coeruleus, and periaqg-
ueductal and central gray (Marchand et al., 1980; Con-
testabile and Flumerfelt, 1981; Hamill and Jacobowitz,
1984) and, thus, are quite distinct from the afferents of the
VTA. Although in the present study the control injection
into the interpeduncular nucleus involved only its lateral
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Fig. 13. A-M: Schematic representations of injections of the an- lateral hypothalamic area (L-M), and lateral habenula (LHb; K-M)
terograde tracers Phaseolus vulgaris-leucoagglutinin (PHA-L) or bio- and as a control into the entopeduncular nucleus (EPN; J,K). BDA
tinylated dextran amine (BDA) in several forebrain regions. PHA-L.  was injected into accumbens shell (C) and core (D), septum (LS,
was injected into the prefrontal cortex (Il, Pr/IL; A,B), lateral preoptic =~ LSD/LSI, LSI/SFi; E-G), ventral pallidum (E-H) and central nucleus
area (F,G), ventral pallidum (case 05020; F), horizontal limb of diag-  of amygdala (I-K). Templates modified from Paxinos and Watson
onal band of Broca (F), sublenticular substantia innominata (H), (1998), reprinted with permission from Elsevier.
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part, the same pattern of retrograde labeling as described
in the literature could be observed (see Results).

To corroborate the retrograde tracing data, the present
study includes 36 cases in which anterograde tracers were
injected into 14 different forebrain structures that con-
tained retrograde labeling after FG deposition in the VTA.
All of these injections produced substantial numbers of
anterogradely labeled fibers in the VTA, with terminal
arborizations and varicosities, which, when examined via
electron microscopy, are almost invariably found to reflect
synaptic specializations. These data indicate that many of
the retrogradely labeled structures indeed are likely to
have synapses in the VTA. Nevertheless, it cannot be
ruled out that some of the retrogradely labeled neurons
observed in the present study result from neurons that
send fibers through the VTA without synaptically contact-
ing VTA neurons.

The VTA as part of the isodendritic core

A very striking observation in the present study is that
neurons giving rise to projections to the VTA are poorly
localized in brain nuclei. They rather comprise an elon-
gated formation of neurons stretching from prefrontal cor-
tex to the medulla oblongata. Within this formation, no
dominant input to the VTA can be readily discerned. The
VTA, instead, appears to receive comparably strong inner-
vations from many sources. This pattern of connections is
very different, for instance, from the pattern in the stria-
topallidal or amygdalar system, in which nuclei receive
strong inputs from a few clearly delineated sites of origin
(e.g., Fig. 11, column D).

Rather, the underlying principle of the hodological and
morphological organization of the VITA and most of its
afferents is perhaps best reflected in the concept of the
“isodendritic core of the brainstem” as articulated by
Ramoén-Moliner and Nauta (1966) and of the “reticular
formation” as described by Leontovich and Zhukova (1963)
and Scheibel and Scheibel (1958). According to these in-
vestigators, the “isodendritic core” (or “reticular forma-
tion”) consists of a neuronal continuum with overlapping
dendritic fields (Scheibel and Scheibel, 1958; Ramén-
Moliner and Nauta, 1966) stretching from spinal cord to
telencephalon (Leontovich and Zhukova, 1963). Isoden-
dritic (or “reticular,” “generalized”) neurons are character-
ized by thick, long, poorly ramifying dendrites that are
targeted by heterogeneous, diverse sets of afferents
(Scheibel and Scheibel, 1958; Valverde, 1961; Ramon-
Moliner, 1962; Leontovich and Zhukova, 1963; Ramén-
Moliner and Nauta, 1966). The axons of isodendritic neu-
rons are long, send out numerous collaterals (Scheibel and
Scheibel, 1958; Jones and Yang, 1985), and terminate
with little ramification (Leontovich and Zhukova, 1963).
Thus, each isodendritic neuron can be targeted by fibers
from a great number of various sites of origin, and the
axon of such a neuron can conduct impulses to numerous
distant neurons, altogether providing an optimal substra-
tum for integrative function. The VTA and most of its
afferents express all of the characteristics mentioned
above. The sparsely branching dendrites of differently
sized VTA neurons extend for long distances (Phillipson,
1979b), allowing contacts with many afferent fibers. A
similar morphology is readily observed in most neurons
that project to the VTA, not only in the “reticular” lateral
hypothalamic and preoptic area (McMullen and Almli,
1981) but also in the ventral pallidum, medial hypotha-
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lamic nuclei (Leontovich and Zhukova, 1963; Millhouse,
1978), diagonal band of Broca (Arendt et al., 1986; Dino-
poulos et al., 1988), lateral part of the lateral habenula
(Leontovich and Zhukova, 1963; Iwahori, 1977), and
brainstem nuclei (see, e.g., Leontovich and Zhukova, 1963;
Ramoén-Moliner and Nauta, 1966). Most structures that
innervate the VTA directly also have projections of equiv-
alent or greater density to one or more other brain struc-
tures that also project to the VTA (Fig. 15), suggesting an
extensive collateralization of afferents of the VTA. In view
of these characteristics, together with the observed affili-
ation within a continuous formation extending throughout
the core of the brain, the VT'A and most of its afferents can
be regarded as bona fide components of the phylogeneti-
cally old isodendritic core and optimally suited for inte-
grative functions.

The VTA, however, also receives afferents from brain
nuclei that are not isodendritic in nature. The nucleus
accumbens and lateral septum, for example, both contain
medium-sized, densely spiny neurons with ramifying
short dendrites and small dendritic fields (Alonso and
Frotscher, 1989; Meredith et al., 1992, 1995). The medium
spiny neurons are the recipients of a relatively homoge-
neous input and, thus, are well suited for discriminative
functions. Relaying different cortical information, the lat-
eral septum and accumbens access the VTA and its “iso-
dendritic” afferent system in different ways. The accum-
bens sends a strong projection to the ventral pallidum and
a moderate one to the lateral preoptic area, lateral hypo-
thalamus, and VTA, whereas the lateral septum projects
strongly to lateral preoptic area and lateral hypothalamus
and sends presumably only a minor projection to the VTA.
One might speculate that afferents that are part of the
isodendritic core exert a certain tone on VTA neurons and
that these afferents of the isodendritic core in turn are
accessed by allo- and idiodendritic or “specialized” nuclei.
This arrangement provides a substrate to convey corti-
cally derived information to the VTA in some limited cases
directly, but largely via a phylogenetically old multisyn-
aptic system.

Fig. 14 (Overleaf). Overview and comparison of patterns of termi-
nal arborization in the VTA after injections of the anterograde tracers
PHA-L or BDA into multiple forebrain sites (see Fig. 13). The injection
sites are shown as insets in the upper left and higher magnifications
of anterogradely labeled fibers in the VTA as insets in the lower right
of pictures showing the patterns of anterograde labeling in the VTA
(A-F). Note that all anterogradely labeled fibers exhibit varicosities
(insets at lower right), which are thought to reflect synaptic special-
ization. For comparison with the innervation of the VTA, another
projection site of each case is shown to the right (A’-F’). Every
structure injected in these experiments projects as least as strongly to
another structure (that, in turn, also projects to the VTA; see Fig. 15).
For example, the lateral hypothalamus (injection site: A inset)
projects to the VTA (A) but also with similar robustness to the lateral
habenula (LHb; A’). After BDA is injected into the ventral pallidum (F
inset), it is transported anterogradely to the VTA (F) as well as
retrogradely to the accumbens shell (F second inset), from which it is
also anterogradely transported to the VTA, thus showing the pattern
of the combined innervation of the nucleus accumbens shell and
ventral pallidum in the VTA. ac, anterior commissure; Acb, accum-
bens; fr, fasciculus retroflexus; IP, interpeduncular nucleus; LH, lat-
eral hypothalamic area; LHb, lateral habenula; LPO, lateral preoptic
area; LS, lateral septum; MHb, medial habenula; PFC, prefrontal
cortex; rpAcb, rostral pole of accumbens nucleus, VP, ventral palli-
dum. Scale bars = 100 pm in A (applies to A-F), A’ (applies to A'-F’),
injection-site insets; 25 pm in high-magnification insets.
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Fig. 15. Synopsis of the anterograde tracing experiments. All of
the structures observed in this study to project to the VTA (see Fig.
13) also innervate with similar or greater robustness other brain
structures (see Fig. 14) that, in turn, also provide strong inputs to the
VTA, indicating an important characteristic of the innervation of the
VTA, i.e., that constitute an anatomical network. Each line in this
diagram is supported by one or more tracing cases.

In addition, the possibility arises that some structures
from which the VTA receives an input represent transi-
tional forms bridging isodendritic and specialized pheno-
types. Neurons of the ventral pallidum, e.g., exhibit the
morphological characteristics of isodendritic neurons, but
hodological features of specialized structures. Their long,
aspiny dendrites are targeted by a profuse, main (i.e.,
striatal) input. From these features alone, the ventral
pallidum can be regarded as a transitional structure. In
addition, ventral pallidal neurons intermingle with iso-
dendritic neurons of the lateral preoptic area, substanti-
ating the ventral pallidum as a transition between spe-
cialized and isodendritic structures.

Topography of VTA afferents

Although the principal morphology of VTA neurons is
uniform (long dendrites, with no or only few spines), neu-
rons differ in size, density, and orientation in different
parts of the VTA. From these characteristics, the VTA has
been divided into different subnuclei (Olszewski and Bax-
ter, 1954; Phillipson 1979b; Halliday and Tork, 1984;
Oades and Halliday, 1987). This and the reported func-
tional differences between rostral and caudal VTA (see,
e.g., Ikemoto and Wise, 2002; Bolatios et al., 2003; Rodd et
al., 2004) could reflect a topographic organization of in-
puts to subnuclei or parts of the VTA.

The data from the present study, however, indicate that
there is only a broad topography, with a great amount of
overlap in the innervation of the VTA. Injection of FG into
the lateral compared with the medial part of the VTA
results only in a small lateral shift of the entire formation
of retrogradely labeled neurons in the basal forebrain (Fig.
11), which is supported by our anterograde tracing data
showing that the sites investigated in this study, in gen-
eral, innervate the entire VTA (see Fig. 14). It did seem,
however, that, after injections of anterograde tracer in
some forebrain sites (e.g., lateral preoptic area, horizontal
limb of diagonal band of Broca, and lateral septum), the
resulting anterograde labeling in the VTA was somewhat
more lateral than medial or more rostral than caudal. The
number of cases per structure, however, was inadequate
to formulate conclusions, necessitating separate studies to
address this question specifically.
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The nucleus accumbens is exceptional in this regard. A
considerable amount of retrogradely labeled neurons in
the rostral pole of the nucleus accumbens was observed
only after an injection of FG into the lateral VTA. This
observation is supported by PHA-L injections, which re-
veal a strong projection from the rostral pole only to the
lateral VTA (Zahm and Heimer, 1993, their Figs. 5, 6).
Furthermore, the present retrograde and anterograde
tracing data suggest that only the medial VTA receives an
input from the dorsomedial shell, whereas progressively
more lateral parts of the VTA are targeted by progres-
sively more ventral and lateral parts of the accumbens
shell, suggesting a stricter topography in the connections
between nucleus accumbens and VTA than the other af-
ferents investigated in this study. However, it should be
recalled that the accumbens also projects indirectly to the
VTA via relays in the ventral pallidum and lateral preop-
tic and lateral hypothalamic area, which project to the
VTA with a less refined topography. It might be antici-
pated that the overlap of the indirect inputs could serve to
degrade the impact of the direct projections from the ac-
cumbens to the VTA.

Comparison to previous studies

To our best knowledge, the most recent study intending
to show all of the afferents of the VTA is the benchmark
description by Phillipson (1979a). Using horseradish per-
oxidase (HRP) as the retrograde tracer, Phillipson’s very
carefully conducted work continues to this day to serve
neuroscientists working in many different areas as an
important and comprehensive reference. Since 1979, how-
ever, tracers with increased sensitivity in terms of both
uptake and visualization have been introduced (see the
introductory paragraphs). Therefore, we undertook a re-
examination of the afferent connections of the VTA, with
FG as the retrograde tracer. While the uptake of HRP is
coupled directly to the synaptic activity of terminals (Warr
et al., 1981) and is reduced markedly when this activity is
inhibited (Singer et al., 1977; Turner, 1977), FG is avidly
incorporated by axonal terminals independently of neuro-
nal activity. HRP is typically visualized by exploiting its
enzymatic peroxidase activity with the aid of DAB or TBM
as chromogens (Warr et al., 1981), whereas FG can be
visualized with exquisite sensitivity by immunocytochem-
istry, which serves to increase signal greatly (Chang et al.,
1990). Thus, not surprisingly, a major difference between
Phillipson’s and our study is the number of retrogradely
labeled neurons visualized per structure. In the present
data set, 20—50 times more retrogradely labeled neurons
were observed in given structures than previously re-
ported (Table 1). Probably also because of the heightened
sensitivity of the methods, we observed retrogradely la-
beled neurons in many more structures than previously
reported, e.g., in the claustrum/endopiriform nucleus com-
plex; in several medial hypothalamic nuclei, such as para-
ventricular, ventromedial, and perifornical hypothalamic
nucleus, tuber cinereum, and dorsal hypothalamic area;
and in a number of brainstem nuclei, such as laterodorsal
tegmental nucleus, pedunculopontine nucleus, paramed-
ian raphe, and intermediate and gigantocellular reticular
field (Table 1). The lateral septum had been regarded as
one of only two structures (together with the hippocam-
pus) receiving a dense dopaminergic innervation but not
projecting to the VTA or another dopaminergic cell group
in the ventral mesencephalon (Phillipson, 1979a; Oades
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TABLE 1. Retrogradely Labeled Neurons in Various Brain Structures after Fluoro-Gold Injections into the VTA

Present study

Phillipson (ipsilateral) Ipsilateral Contralateral
Forebrain
Cortex
Dorsal peduncular - 44+ PRI
Infralimbic 4+ 4+ bt
Prelimbic ++ ++++ +++
Cingulate + +++ +
Agranular insular + +++ +
Claustrum - +++++ ++++
Endopiriform nucleus - +t+ ++
Olfactory tubercle ++ ++ 4+
Nucleus accumbens
Rostral pole - A+ —
Shell +++ +4++++++ +
Core - o+ .
Bed nucleus of stria terminalis +++ ++++++ +4++
Amygdala +
Ant. amygdaloid area ++++ +
Medial nucleus FH++ n
Central nucleus + _
Substantia innominata +++
Ventral pallidum +++++++ +++++
Sublenticular subst. innominata ++++ 4+
Septum
Lateral, dorsal part - +++ _
Lateral, intermediate part - 4+ +++ 4+
Lateral, ventral part - ++ _
Septofimbrial nucleus - +Ht++ T+
Medial/Diagonal band of Broca +++ ++++++ 4+
Hypothalamus
Median preoptic area - 44+ .
Medial preoptic area + 44+ +++++
Lateral preoptic area +++ +4++++++ +++++
Magnocellular preoptic area ++ ++ +
Anterior hypothalamic area + +++++ +++
Paraventricular nucleus — 44+ .
Ventromedial hypothal. ncl — + +
Tuber cinereum — 4+ PRI
Perifornical nucleus - 4+ ++ +
Lateral hypothalamic area +++ ++++++ ++++
Postdorsal hypothalamus +
Dorsal hypothalamic area 44+ .
Posterior hypothal. ncl 44+ 44
Supramammillary nucleus - + +
Zona incerta + R, ++
Fields of Forel + - _
Thalamus/epithalamus
Parafascicular ncl + ++ +
Paraventricular ncl - 44+ 4+
Medial habenula +++ ++++++ 44+
Lateral habenula ++ +H++++++ Attt
Midbrain
Superior colliculus ++ ettt 4
Periaqueductal gray + B 4+
Substantia nigra ++
Pars compacta b+ .
Pars reticulata R T+
Deep mesencephalic field - 44+ b4t
Anterotegmental nucleus - FH++ PRI
Ventral tegmental nucleus - ++++ _
Dorsal tegmental nucleus - +4 4
Pons and medulla oblongata
Oral field of pontine reticular formation - 4+ PR
Dorsal raphe +++ +t+t++ ettt
Median raphe +++ ottt 4+
Paramedian raphe - +++++ ++++
Pontine raphe + A+ S+
Pedunculopontine nucleus - +4 ++
Laterodorsal tegmental ncl - 4+ PR
Cuneiform nucleus ++ +4 4 4+
Parabrachial nucleus +++ ++++ 4+
Locus ceruleus + FH++ RN
Principal nucleus nV ++ — _
Caudal field of pontine reticular formation + ++4++ RIS
Lateral reticular field + ++ ++
Intermediate reticular field - ++ 4+
Gigantocellular reticular field — ++ 4
Cerebellum
Dentate nucleus +++ n.d. n.d.

+, 1-10; ++, 10-20; +++, 20-50; ++++, 50-100; +++++, 100-500; ++++++, 500-1,000; +++++++, >1,000; n.d., not determined.

and Halliday, 1987). However, numerous retrogradely la- from the lateral septum to the VTA is in accordance with
beled neurons in the lateral septum were observed in the published anterograde tracing data (Risold and Swanson,
present study after FG deposits in the VTA. A connection 1997) and from the work presented here showing antero-
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gradely labeled fibers with varicosities (which are com-
monly thought to reflect functional contacts) in the VTA
following injections of the anterogradely transported BDA
into the lateral septum (Fig. 14C). Another novel finding
of the present study with potentially substantial func-
tional importance is that the input to the VTA, in general,
is bilateral, comprising lesser descending and comparable
ascending innervations from the contralateral side of the
injection.

The tracer FG provides great morphological detail on
retrogradely labeled neurons (see above). In the present
study, it could be demonstrated for the first time that
neurons projecting to the VTA express thick, long,
sparsely branching dendrites, a morphological character-
istic of reticular or “isodendritic” neurons. This is in ac-
cordance with the concept of Leontovich and Zhukova
(1963) and others that reticular structures are not con-
fined to the brainstem but extend to (and include parts of)
the telencephalon. In subsequent studies, however, it was
demonstrated that forebrain structures labeled as being
“reticular” by Leontovich and Zhukova (1963) consist of
different cell types with different cell morphologies (Iwa-
hori, 1977; Millhouse, 1978; Dinopoulos et al., 1988).
Based on the present study, though, it appears that ex-
pressing isodendritic (reticular) morphologies is a charac-
teristic of neurons projecting to the VT'A. Even in struc-
tures in which isodendritic neurons constitute only a
minor fraction (e.g., in some nuclei of the medial hypothal-
amus), the retrogradely labeled neurons were of the iso-
dendritic type.

Studies investigating the connection of a particular
brain structure with the VTA describe the organization of
terminations in the VTA as “. .. thin axons with varicos-
ities” (Charara et al., 1996; Fadel and Deutch, 2002; Om-
elchenko and Sesack, 2005). Here we suggest, based on
direct comparison of patterns of innervation from 14 dif-
ferent forebrain structures, that this is a common feature
of afferents in the VTA. In addition, all structures inves-
tigated in the present study terminated with sparse ar-
borization in the VTA. This seems to apply not only to the
afferents derived from forebrain structures, insofar as the
innervation of the VTA from the pedunculopontine (inves-
tigated in monkey) and laterodorsal tegmental (investi-
gated in rat) nuclei shows the same features (Charara et
al., 1996; Omelchenko and Sesack, 2005).

Functional considerations

The VTA is critically involved in reward-related behav-
iors and response to novelty (see the introductory para-
graphs). Primary reward, stimuli that predict reward, and
novel circumstances elicit a change in the firing frequency
from tonic to phasic in 60—-80% of dopaminergic neurons
in the VTA and substantia nigra pars compacta (Schultz
et al., 1998). A reward, however, is not always a reward,
or, as Wolfram Schultz (1998) states, “. .. Rewards come
in various physical forms . . . and depend on the particular
environment of the subject.” So, how does the VTA recog-
nize a primary reward? The VTA receives a direct input
neither from the outside environment, such as from vi-
sual, auditory, or somatosensory receptors, nor from the
internal milieu, such as from osmo- and chemoreceptors.
Explanations for this conundrum might be found in the
special organization of VTA afferents and the morphology
and location of the VTA itself. Neurons projecting to the
VTA are very widespread in their distribution but are
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localized within an elongated formation stretching
throughout the core of the brain. This organization not
only features numerous neurons that project directly to
the VTA but allows for rapid access to these VTA-
projecting neurons by many brain areas. For instance,
information from the internal milieu, conveyed via cir-
cumventricular organs and medial hypothalamus, can be
easily transmitted via the lateral hypothalamus to the
VTA. In the VTA itself, long dendrites enmeshed in major
fiber bundles provide a morphological basis for a tremen-
dous integration of different inputs.

A structure or system with a great integrative capacity,
on the other hand, might be less well suited for discrimi-
native function. VTA neurons do not differentiate between
primary rewards vs. conditioned appetitive stimuli nor
between different appetitive stimuli and sensory modali-
ties (Schultz et al., 1998). The present study supports the
view that the function of the VTA is to signal significance
or expectation, in contrast, e.g., to neurons in the prefron-
tal cortex (PFC), which can discriminate between different
rewards (Schultz et al., 1998).

This should not be interpreted as indicating that the
VTA and its connections represent a diffuse system. To
the contrary, a certain level of anatomical specificity,
mainly in the efferents of the VTA, is implicit in the
observation that essentially separate groups of VT'A neu-
rons project to different terminal fields (Swanson, 1982).
These groups of neurons were not situated in different
parts of the VTA but intermingled considerably. Further-
more, the VTA consists of y-aminobutyric acid (GABA)-
ergic and dopaminergic projection neurons (Swanson,
1982), some of which contain the peptidergic cotransmit-
ters neurotensin and cholecystokinin (Seroogy et al.,
1988). Using retrograde and anterograde tracing tech-
niques in combination with electron microscopy, Carr and
Sesack (2000) observed that, whereas the PFC projects
both to dopaminergic and GABAergic neurons of the VTA,
PFC-innervated GABAergic neurons project to the nu-
cleus accumbens but not the PFC, in contrast to PFC-
innervated dopaminergic neurons, which project to the
PFC but not nucleus accumbens. Similarly, the laterodor-
sal tegmental nucleus is reported to innervate the entire
VTA uniformly, inhibitory and excitatory, both dopami-
nergic and GABAergic neurons (Omelchenko and Sesack,
2005). Dopaminergic neurons, however, are targeted sig-
nificantly more by axons from the laterodorsal tegmental
nucleus that exhibit asymmetric synaptic contacts (which
putatively are excitatory), whereas GABAergic VTA neu-
rons are targeted more by axons with symmetric synaptic
differentiation (putative inhibitory). In addition, whereas
dopaminergic neurons receiving asymmetric synapses
from the laterodorsal tegmental nucleus project to the
PFC and nucleus accumbens, those targeted by axons with
symmetrical synapses project to the PFC but not nucleus
accumbens. One should keep in mind, though, that none of
these structures projects exclusively or mainly to the VTA
but that all project with similar intensity to other struc-
tures, which in turn also project to the VTA.

To summarize, this study reveals heterogeneous and
widespread sources of input to the VT'A, which, because of
the distinctive overall organization, might provide a basis
for exceptional integrative capacity. It seems probable
that the VTA contributes in a variety of ways to the
assembly of organismal responses to, e.g., natural and
synthetic reinforcers. Thus, the VT'A may be a structure in
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which homeostatic signals, e.g., from the nucleus of the
solitary tract relayed via the parabrachial nucleus (Saper,
2002) and from hypothalamic neurons expressing anorex-
igenic or orexigenic peptides, such as proopiomelano-
cortin, melanin-concentrating hormone, and orexin/
hypocretin (Elias et al., 1999; Dallvechia-Adams et al.,
2002; Korotkova et al., 2003), and hedonic signals, e.g.,
from PFC and nucleus accumbens, are integrated (Saper
et al., 2002) and transmuted into a motivational drive.
Dissecting out the interneuronal interactions among neu-
rons in the VTA, the formation of isodendritic neurons
with which it is associated, and the idiodendritic struc-
tures accessing the VTA and this formation remains a
challenge for further studies.
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