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Glutamatergic Afferents of the Ventral Tegmental Area
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Glutamatergic inputs to the ventral tegmental area (VTA), thought crucial to the capacity of the VTA to detect and signal stimulus
salience, have been reported to arise in but a few structures. However, the afferent system of the VTA comprises very abundant neurons
within a large formation extending from the prefrontal cortex to the caudal brainstem. Neurons in nearly all parts of this continuum may
be glutamatergic and equivalently important to VTA function. Thus, we sought to identify the full range of glutamatergic inputs to the
VTA by combining retrograde transport of wheat germ agglutinin-bound gold after injections into the VTA with nonisotopic in situ
hybridization of the vesicular glutamate transporters (VGLUTs) 1, 2, and 3. We found glutamatergic neurons innervating the VTA in
almost all structures projecting there and that a majority of these are subcortical and VGLUT2 mRNA positive. The tremendous conver-
gence of glutamatergic afferents from many brain areas in the VTA suggests that (1) the function of the VTA requires integration of
manifold and diverse bits of information and (2) the activity of the VTA reflects the ongoing activities of various combinations of its
afferents.
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Introduction
The irregular firing of ventral tegmental area (VTA) neurons
changes to a high-frequency burst pattern in response to reward-
predicting stimuli and novelty (Schultz, 1986, 1998; Hyland et al.,
2002). The resulting increases in dopamine release in VTA target
areas (1) serve as learning signals that attach biological signifi-
cance to otherwise neutral environmental stimuli (Wise, 2004)
and (2) enlist appropriate behavioral responses.

Glutamatergic afferents play a key role in regulating VTA cell
firing. Activation of glutamatergic afferents and VTA infusions of
glutamate receptor agonists increase the firing rates of dopamine
neurons and induce burst firing in vivo (Grace and Bunney, 1984;
Johnson et al., 1992; Chergui et al., 1993; Murase et al., 1993).
Blockade of VTA ionotropic glutamate receptors potently atten-
uates the burst activity of VTA neurons (Charlety et al., 1991;
Chergui et al., 1993). Glutamatergic actions in the VTA are crit-
ical to the effects of drugs of abuse. Establishment of conditioned
place preference for morphine and cocaine (Harris and Aston-
Jones, 2003; Harris et al., 2004) and reinstatement of cocaine
seeking elicited by stimulating the subiculum (Vorel et al., 2001)

or a priming injection of cocaine (Sun and Rebec, 2005) is
blocked by VTA infusions of glutamate receptor antagonists.

Neuroanatomical (Sesack and Pickel, 1992; Charara et al.,
1996; Omelchenko and Sesack, 2005) and electrophysiological
(Murase et al., 1993; Georges and Aston-Jones, 2001, 2002; Flo-
resco et al., 2003; Lodge and Grace, 2006a) evidence indicates that
excitatory afferents of the VTA arise in the prefrontal cortex, bed
nucleus of the stria terminalis, and laterodorsal and pedunculo-
pontine tegmental nuclei, suggesting that VTA neuron activity is
mainly controlled by few structures. However, the afferent sys-
tem of the VTA comprises very abundant neurons within a nearly
continuous formation extending from the prefrontal cortex to
the caudal brainstem (Geisler and Zahm, 2005, 2006b). VTA-
projecting neurons in nearly all parts of this continuum may be
glutamatergic.

We set out to identify the full system of glutamatergic inputs
of the VTA by combining retrograde transport of wheat germ
agglutinin (WGA)-bound gold after injections into the VTA with
nonisotopic in situ hybridization using probes specific for the
vesicular glutamate transporters (VGLUTs) 1, 2, and 3. VGLUTs
transport glutamate into synaptic vesicles (Fremeau et al., 2004;
Takamori, 2006). The three VGLUTs share extensive sequence
homology and similar affinities for glutamate (Takamori, 2006,
and references therein). VGLUT1 and VGLUT2 are confined to
axonal terminals and have been unambiguously established as
markers of glutamatergic neurons (Bellocchio et al., 2000; Taka-
mori et al., 2000, 2001; Fremeau et al., 2001; Herzog et al., 2001;
Varoqui et al., 2002). The recently identified VGLUT3 has been
observed in axonal terminals but also in somata and dendrites
and in cell populations not conventionally considered to release
glutamate (Fremeau et al., 2002; Gras et al., 2002; Schafer et al.,
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2002). Insofar as VGLUT3 is abundantly expressed in axon ter-
minals in the VTA (Herzog et al., 2004), consistent with a role in
axonal exocytotic glutamate release there, an examination of the
distribution of VGLUT3 mRNA-positive, VTA-projecting neu-
rons was included in the present analysis.

Materials and Methods
All experiments were performed in accordance with guidelines published
in the National Institutes of Health Guide to the Care and Use of Labora-
tory Animals.

Experimental protocols were reviewed and approved by the Animal
Care Committee and monitored by the Department of Comparative
Medicine of the Saint Louis University School of Medicine. The animals
were maintained on a 12 h light/dark cycle and given food and water ad
libitum. Before surgeries, they were housed in group cages and, after-
ward, individually. If not indicated otherwise, chemicals were purchased
from Sigma (St. Louis, MO).

Tracer injections. Male Sprague Dawley rats (Harlan, Indianapolis,
IN), weighing 280 –350 g, were deeply anesthetized by intraperitoneal
injections of a mixture consisting of 45% ketamine (100 mg/ml), 35%
xylazine (20 mg/ml), and 20% saline at a dose of 0.16 ml/100 g body
weight and placed into a Kopf Instruments (Tujunga, CA) stereotaxic
instrument. A small volume (200 nl) of the retrograde tracer WGA-apo
HRP-gold (E-Y Laboratories, San Mateo, CA) was slowly injected via air
pressure into the VTA and, for control experiments, into areas adjacent
to it, using 1.0 mm glass pipettes pulled to outer tip diameters of 45–50
�m. The selection of stereotaxic coordinates was guided by the atlas of
Paxinos and Watson (1998). After surgery, the rats received 0.9% saline
subcutaneously and were kept warm until fully recovered from
anesthesia.

After 3 d of survival, the rats were again deeply anesthetized as de-
scribed and perfused transaortically with 4% paraformaldehyde and
2.5% sucrose in 0.1 M phosphate buffer (PB), preceded by a solution
containing 2.5% sucrose, 0.5% procaine, and 0.81% NaCl in 0.01 M PB,
all at pH 7.4. The brains were removed, placed in fresh fixative for 4 h,
and cryoprotected in 25% sucrose overnight. Subsequently, each brain
was frozen in dry ice and cut with a sliding microtome into five adjacent
series of 50-�m-thick sections in the coronal plane. Sections were col-
lected from the frontal pole to the rostral medulla oblongata resulting in
54 –59 sections per series. To verify that no glutamatergic VTA-
projecting neurons were present caudal to the rostral medulla, sections of
three brains were collected through the rostral spinal cord, which re-
sulted in 77– 85 sections per series. All sections in a series were reacted at
the same time.

Silver intensification of colloidal gold particles. Before and subsequent to
in situ hybridization processing, the sections were thoroughly rinsed in
0.1 M PB and immersed for 30 min in a mixture of solutions A and B from
the IntensE M Silver Enhancement kit (Amersham Biosciences, Piscat-
away, NJ), which was followed by rinses in 0.1 M PB.

Probe generation. cDNAs of VGLUT1 (NM_053859; 717 bp), VGLUT2
(NM_053427; 688 bp), and VLGUT3 (NM_153725, 657 bp) were ampli-
fied by PCR from a rat brain cDNA library using the following primers:
VGLUT1, 5�-GTGCGAAAGCTGATGAACTG-3� and 5�-GAGAAG-
GAGAGAGGGCTGGT-3�; VGLUT2, 5�-TTGGTGCAATGACGAA-
GAAC-3� and 5�-AGGATGACATGTGCCAACTG-3�; VGLUT3, 5�-
CCTGGTGCTTGCTGTAGGAT-3� and 5�-CAAGATCCATACGCC-
CATCT-3�. The PCR products were sequenced and cloned into a
pGEM-T vector (Promega, Madison, WI). The sequences encode parts of
the C-terminal sequences and 3� untranslated regions of the respective
VGLUTs and had overall homologies below 40% to each other and no
homologies to any other known rat genes. Digoxigenin– uridine
triphosphate-labeled antisense and sense probes were generated by lin-
earizing the plasmids with NotI and SacII (New England Biolabs, Ip-
swich, MA) and transcribing with T7 and SP6 RNA polymerases (Roche,
Indianapolis, IN), respectively. The DNAs were run on 1% agarose (In-
vitrogen, Carlsbad, CA) gels before and after the digest, and the concen-
trations were measured with UV spectrophotometry (Spectronic Uni-

Figure 1. Micrographs illustrating the binding of probes complementary to VGLUT1,
VGLUT2, and VGLUT3 mRNA mostly in distinct parts of the brain. A, VGLUT1 mRNA was predom-
inantly expressed by neurons in cortex [e.g., in the infralimbic (IL) and piriform (Pir) areas and
anterior olfactory nucleus (AON)], whereas most subcortical structures were devoid of VGLUT1
mRNA binding, as apparent in the caudate–putamen (CPu), accumbens (Acb), and olfactory
tubercle (OT). TT, Taenia tecta. B, In contrast, VGLUT2 mRNA was mainly expressed by neurons
in subcortical structures, such as, for example, the mediodorsal thalamic nucleus (MD), lateral
hypothalamic area (LH), and entopeduncular nucleus (EPN). C, VGLUT3 mRNA (arrows) was
present in discrete cell populations [e.g., in the accumbens core (Acbc) and shell (Acbsh)]. ac,
Anterior commissure; cc, corpus callosum; lv, lateral ventricle; ic, internal capsule. Scale bar: (in
A) A, 500 �m; B, 400 �m; C, 200 �m.
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cam, Cambridge, UK). The concentrations of
digoxigenin-labeled RNA probes were deter-
mined by dot blot (Roche) and UV
spectrophotometry.

In situ hybridization. Hybridizations were
performed as described in detail recently (Gei-
sler and Zahm, 2006b). Briefly, after immersing
entire series of free-floating sections for 15 min
in acetic anhydride (1.5% triethanolamine,
0.42% HCl, 0.25% acetic anhydride in H2O),
the series were placed for 30 min in hybridiza-
tion buffer (50% formamide, 300 mM sodium
chloride, 20 mM Tris, pH 7.4, 1 mM EDTA, 10%
dextran sulfate, and 1� Denhardt’s reagent)
and thereafter into hybridization buffer con-
taining 0.1% SDS, 0.1% sodium thiosulfate,
salmon sperm DNA (0.1 mg/ml), yeast total
RNA (0.25 mg/ml), yeast tRNA (0.25 mg/ml),
and the cRNA antisense and sense probes for
VGLUTs 1 and 2 (at a concentration of 500
ng/ml) and for VGLUT3 (at a concentration of
400 ng/ml). Sections were immersed in this so-
lution overnight at 55°C. After stringency
washes in 4� standard sodium citrate (SSC)
and immersion in RNase solution (20 �g/ml
RNase A, 0.5 M sodium chloride, 0.01 M Tris,
pH 8.0, 0.25 mM EDTA) at 37°C for 30 min and
stringency washes in 0.1� SSC, sections were
preincubated once for 30 min in 0.1 M Tris-HCl
containing 3% normal goat serum and 0.3%
Triton X-100. The sections were then placed
overnight in the same solution containing anti-
digoxigenin antibodies conjugated to alkaline
phosphatase in a dilution of 1:1000 (Roche).
The next day, sections were rinsed in 0.1 M Tris-
HCl, pH 7.5, followed by rinses in 0.1 M Tris,
pH 9.5. The color reaction was elicited by im-
mersing the sections in alkaline phosphatase
substrate solution (0.1 M Tris, pH 9.5, 0.45 mM nitro blue tretrazolium,
0.45 mM 5-bromo-4-chloro-3-indolyl 10 phosphate) for 3– 4 h. Sections
were mounted on gelatin-coated slides, air dried, and coverslipped under
Vectamount (Vector Laboratories, Burlingame, CA).

Immunohistochemistry. All steps were performed under gentle agita-
tion on a horizontal rotator (Lab-Line; Fisher Scientific, Pittsburgh, PA).
Entire series of free-floating sections were rinsed in 0.1 M PB, pH 7.4,
placed into 1% sodium borohydride for 15 min, thoroughly rinsed in 0.1
M PB again, pretreated with 0.1 M PB containing 0.2% Triton X-100, and
transferred into a solution containing mouse anti-tyrosine hydroxylase
(1:10,000; ImmunoStar, Hudson, WI), rabbit anti-neuronal nitric oxide
synthase (1:8000; Sigma), or rabbit anti-substance P (1:5000; Immuno-
star) in 0.1 M PB with 0.2% Triton X-100. The following day, after thor-
ough rinsing in 0.1 M PB, sections were placed for 1 h in 0.1 M PB con-
taining 0.2% Triton X-100 and a biotinylated antibody against mouse or
rabbit IgGs (Vector Laboratories) accordingly, at a dilution of 1:200. The
sections were again rinsed in 0.1 M PB with 0.2% Triton X-100 and
immersed for another hour in 0.1 M PB containing 0.2% Triton X-100
and avidin– biotin peroxidase complex (ABC; 1:200; Vector Laborato-
ries). After thorough rinsing in 0.1 M PB, a color reaction was elicited by
immersing the sections for �15 min in 0.05 M PB containing 0.05%
3,3�-diaminobenzidine, 0.04% ammonium chloride, 0.2% �-D-glucose,
and 0.0004% glucose oxidase. Reacted sections were mounted onto
gelatin-coated slides, dehydrated in ascending concentrations of ethyl
alcohol, transferred into xylene, and coverslipped with Permount (Fisher
Scientific). 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, dehydrated and rehydrated through graded concentrations of
ethyl alcohol, put into distilled water for 2 min, transferred into cresyl
violet (0.2% cresyl violet acetate, 20 mM acetic acid buffer, pH 4.0), and

left there for 30 min. Another dehydration through graded alcohols pre-
ceded transfer of the sections into xylene and coverslipping with Per-
mount (Fisher Scientific).

Analysis. With the aid of a Nikon (Tokyo, Japan) Optiplot light micro-
scope linked by stage position transducers to a dedicated hardware–
software platform (MDplot; Accustage, Shoreview, MN), outlines and
major landmarks of interest were drawn using a 4� objective. Then, with
the 20� objective and aid of the same hardware–software platform,
double-labeled and retrogradely labeled neurons were plotted in every
other section in series of equidistantly spaced, rostrocaudally ordered
sections through the entire brain. In addition, in two series, VGLUT2
mRNA-positive, VTA-projecting neurons were plotted in every section
of a series of equidistant, rostrocaudally ordered sections. An aggregation
of at least eight gold–silver particles was required to identify single-
labeled VTA-projecting neurons. This disallowed inclusion in the anal-

Figure 2. A, B, Micrographs illustrating injections of the retrograde tracer WGA-apo HRP-gold extending through the rostral (A,
B) and caudal (A�, B�) VTA. Note that the dense black core of the tracer deposit is surrounded by a less dense halo (B, B�). The
sections were subjected to silver enhancement to better visualize the injection sites (black). In addition, sections of case 05179 (A,
A�) were processed to exhibit tyrosine hydroxylase immunoreactivity and cresyl violet counterstaining to delineate the VTA and
surrounding structures. Sections of case 06056 (B, B�) were processed for nonisotopic in situ hybridization with a probe against
VGLUT2 mRNA. Scale bar: (in A) A–B�, 1 mm. C, C�, Schematic representations of all of the tracer injections into the VTA. Note that
all extend from the rostral (C) to caudal (C�) VTA. IP, Interpeduncular nucleus; ml, medial lemniscus; SNr, substantia nigra
reticulata.

Table 1. Overview of experiments

Case VGLUT1 VGLUT2 VGLUT3

05179 x x
05216 x
06054 � x
06056 x x x
06084 � x
06085 �
06150 � x
06151 x x
06152 � x

The x symbol indicates that a complete series of VGLUT–VTA-projecting neurons was plotted and counted. The �
symbol indicates that a partial series of VGLUT–VTA-projecting neurons was plotted and counted to provide addi-
tional details about specific structures, such as, for example, ventral pallidum and lateral hypothalamic area
(VGLUT2) and dorsal peduncular cortex (VGLUT1).
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ysis of dendrites separated from a cell body by sectioning, which is im-
portant because (1) probe labeling would not be present in dendrites,
which frequently exhibited a grain or two, and (2) it prevented from
counting the same neuron twice (i.e., because of grains in the cell body
and, at some distance, in a dendrite). The same number of gold–silver
particles was used for the identification of double-labeled neurons. Be-
fore neurons were recorded as double labeled, care was taken to ascertain
that the gold–silver particles were indeed within VGLUT mRNA-positive
neurons, rather than below or above, by slowly focusing through them.
Brain areas and nuclei were delineated using standard cytoarchitectonic
criteria (Paxinos and Watson, 1998; Hur and Zaborszky, 2005). If the
VGLUT in situ hybridization signal alone provided inadequate informa-

tion to delineate brain areas/nuclei of interest,
drawings obtained from adjacent sections,
which either were stained with cresyl violet
(e.g., to delineate hypothalamic and brainstem
nuclei) or were immunolabeled with rabbit
anti-neuronal nitric oxide synthase (to delin-
eate forebrain areas and laterodorsal and pe-
dunculopontine tegmental nuclei) or rabbit
anti-substance P (to delineate basal forebrain
areas), were superimposed onto the corre-
sponding maps of VGLUT–VTA-projecting
neurons (see Figs. 6, 7). Double-labeled neu-
rons in delineated brain areas were counted in
series of equidistantly spaced (500 �m apart),
rostrocaudally ordered series of sections using
MDplot (Accustage). For each case, the contri-
bution of double-labeled neurons in each
structure (ipsilateral and contralateral) was cal-
culated relative to the sum of all double-labeled
neurons in the case. These numbers, in turn,
were used to calculate group means and SEM.
Double-labeled and retrogradely labeled neu-
rons in delineated structures were counted with
the aid of MDplot (Accustage), and the values
were used to calculate double labeling as a per-
centage of retrograde labeling, which then in
turn were used to calculate the group means �
SEM for each structure. Maps were arranged
and finished with the aid of Adobe Illustrator
11CS (Adobe Systems, Mountain View, CA).
Images for illustration were acquired with a
digital camera (QIcam Fast 1394; QImaging,
Burnaby, British Columbia, Canada), and mi-
nor adjustments of contrast were made with the
aid of Adobe Photoshop 7 (Adobe Systems).

Results
Distribution of VGLUT probes
The mRNAs of the three evaluated
VGLUTs were distributed in a minimally
overlapping manner in distinct areas of
the brain.

VGLUT1 mRNA was expressed in all
layers of the cerebral cortex (Fig. 1A), the
dorsal and ventral endopiriform areas,
hippocampal formation, medial habe-
nula, basolateral and cortical amygdaloid
nuclei, lateral nucleus of the olfactory
tract, some thalamic nuclei, some nuclei of
the brainstem (including the mesence-
phalic and principle sensory nuclei of the
trigeminal nerve, pontine nuclei, and reti-
culotegmental field of the pons), and in
the granule cell layer of the cerebellum.

Forebrain VGLUT2 mRNA was de-
tected in the ventral endopiriform area;

piriform cortex; claustrum; medial, lateral, and posterior septum;
diagonal band of Broca; ventral pallidum; anteroventral bed nu-
cleus of the stria terminalis; medial and ventral globus pallidus;
medial and lateral preoptic area; subcomissural substantia in-
nominata; caudal bed nucleus of stria terminalis; some nuclei in
the medial hypothalamus; lateral hypothalamic area (Fig. 1B);
entopeduncular nucleus (Fig. 1B); medial and cortical amygda-
loid nuclei; all thalamic nuclei, except the reticular nucleus (Fig.
1B); and lateral and medial habenula. In addition, VGLUT2
mRNA was observed in many structures in the brainstem, includ-

Figure 3. A–I, Schematic representations showing the distribution of VGLUT1 mRNA-positive, VTA-projecting neurons (red
triangles) and retrogradely labeled neurons lacking detectable VGLUT1 mRNA (blue dots). Each triangle or dot reflects one neuron.
Note that few retrogradely labeled neurons were not positive for VGLUT1 mRNA (see also insets in C, D). Most double-labeled
neurons were situated in the medial prefrontal cortex [e.g., in the prelimbic (PrL) and infralimbic (IL) cortices (D–E)]. To simplify
the diagram, retrogradely labeled neurons were plotted only in the areas expressing VGLUT1 mRNA-positive neurons. [For com-
plete retrograde labeling after tracer injections into the VTA, see Geisler and Zahm (2005, 2006b)]. J–O, VGLUT1mRNA was
abundantly expressed by neurons in the cingulate cortex (J ), an area that also contained numerous VTA-projecting neurons (K,
shown in dark field). At higher magnifications [M, N (an enlargement of M )], the retrograde labeling (black puncta) can be clearly
recognized in neurons positive for VGLUT1 mRNA (purple). The dorsal peduncular cortex (E, F, L), situated lateral to the taenia tecta
(TT) and dorsomedial to the lateral septum (LS), also contained many double-labeled neurons (O, an enlargement of L). Arrows
indicate double-labeled neurons; arrows with asterisks indicate the same double-labeled neurons in M and N. DP, Dorsal pedun-
cular cortex; AI, agranular insular cortex; ac, anterior commissure; BLA, basolateral amygdala; cc, corpus callosum; Cg, cingulate
cortex; Cl, claustrum; CPu, caudate–putamen; LO, lateral orbital cortex; MHb, medial habenula; MO, medial orbital cortex; VO,
ventral orbital cortex. Scale bar: (in J ) J, K, 300 �m; L, 200 �m; M, 30 �m; N, O, 10 �m.
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ing the periaqueductal and central gray,
medial and lateral geniculate nuclei, supe-
rior and inferior colliculus, red nucleus,
deep field of the mesencephalic reticular
formation, caudal field of the pontine re-
ticular formation, pedunculopontine and
laterodorsal tegmental nuclei, cuneiform
nucleus, and parabrachial nucleus. Lesser
numbers of VGLUT2 mRNA-positive
neurons were found in the VTA, interpe-
duncular nucleus, lateral part of substan-
tia nigra, retrorubral field, and median ra-
phe, and a few VGLUT2 mRNA-positive
neurons were detected in the oral field of
the pontine reticular formation.

Numerous VGLUT3 mRNA-positive
neurons were present in the dorsal and
median raphe. VGLUT3 mRNA was also
expressed by scattered neurons in the cau-
date–putamen, accumbens (Fig. 1C), ol-
factory tubercle (Fig. 1C), ventral palli-
dum, globus pallidus, hippocampus, lateral habenula, cortex,
anterior medial nucleus of the bed nucleus of stria terminalis,
medial septum/diagonal band complex, central gray, and me-
dulla oblongata.

Invariably, labeling was completely absent in sections pro-
cessed with sense probes for VGLUT1, VGLUT2, and VGLUT3 at
concentrations that produced specific labeling with antisense
probes.

Tracer injections
Typical WGA-apo HRP-gold injection sites contained irregularly
shaped, homogeneous black deposits of silver-enhanced gold
surrounded by less dense halos of enhancement product (Fig. 2),
which most probably contributed to tracer uptake and transport,
because small deposits resulted in considerable numbers of ret-
rogradely labeleled neurons throughout the brain. Injection sites
typically were centered on the parabrachial pigmented or parani-
gral nuclei and extended throughout the rostrocaudal extent of
the VTA (Fig. 2C,C�). Retrograde labeling was observed in the
same brain structures as described recently (Geisler and Zahm,
2005, 2006a,b). Control injections dorsal and lateral to the VTA
produced labeling in structures distinct from those projecting to
the VTA. Such control injections, but with Fluoro-Gold rather
than WGA-apo HRP-gold as the tracer, were described in detail
and illustrated by Geisler and Zahm (2005). For an overview of
the experiments, see Table 1.

VGLUT mRNA-positive, VTA-projecting neurons
VGLUT1
The majority of VGLUT1 mRNA-positive (VGLUT1), VTA-
projecting neurons were in the deep layers of the medial prefron-
tal cortex (Fig. 3). Here, densely packed, double-labeled neurons
occupied the prelimbic, medial orbital, and infralimbic cortices
(Fig. 3A–D) and extended ventralward into an area shown in the
atlas of Paxinos and Watson (1998) as corresponding to the dor-
sal peduncular cortex (Fig. 3D–F,L,O). This band of double-
labeled neurons could be followed caudalward into the cingulate
cortex (cingulates 1 and 2), where the numbers of VGLUT1–
VTA-projecting neurons decreased (Fig. 3E–G, J,M). In addi-
tion, some double-labeled neurons were observed in the ventral
orbital, lateral orbital, and agranular insular cortices, as well as in
the claustrum/dorsal endopiriform nucleus (Fig. 3B–G). When

the numbers of prefrontocortical double-labeled neurons were
compared (Table 2), the prelimbic cortex possessed the greatest
accumulation (�43%), followed by the dorsal peduncular, in-
fralimbic, cingulate, and medial orbital cortices, which each com-
prised �5–10% of total prefrontocortical VGLUT1–VTA-
projecting neurons (Table 2). More than 90% of the retrogradely
labeled neurons in the prefrontal cortex were double labeled (Ta-
ble 2).

Further caudally, an occasional double-labeled neuron was
detected in the basolateral nucleus of the amygdala (Fig. 3H). The
only noncortical VGLUT1 mRNA-positive neurons observed to
contain retrograde labeling after tracer injections into the VTA
were situated in the medial habenula (Fig. 3I). No VGLUT1–
VTA-projecting neurons were detected in the brainstem.

VGLUT2
VGLUT2 mRNA-positive (VGLUT2), VTA-projecting neurons
were detected in almost all subcortical structures that project to
the VTA. Notable exceptions include the accumbens, lateral sep-
tum, and dorsal raphe.

Ventral endopiriform area and claustrum. Rostrally, double-
labeled neurons were situated ventral and lateral to the rostral
pole of the accumbens in the ventral endopiriform area. From the
level of the anterior olfactory nucleus rostrally to the amygdaloid
area caudally, the ventral endopiriform area contained few, scat-
tered, strongly positive VGLUT2 mRNA-positive neurons (Fig.
4AI,AII). A few of these were also retrogradely labeled, and the
accumulations of silver grains in some of them were among the
densest observed in this study (Fig. 4AIII). This mostly ipsilateral
projection accounted for �1% of all VGLUT2–VTA-projecting
neurons (Table 3).

Densely packed VGLUT2 mRNA-positive neurons in the
claustrum exhibited a weaker hybridization signal than did those
in the ventral endopiriform area. Few claustral VGLUT2 mRNA-
positive neurons exhibited retrograde labeling (Fig. 4C).

Septum. Scattered, strongly VGLUT2 mRNA-positive neu-
rons and numerous retrogradely labeled neurons were distrib-
uted throughout the entire extent of the medial septum/diagonal
band complex. Double-labeled neurons were observed predom-
inantly ipsilateral to the injection and constituted �2.5% of all
VGLUT2–VTA-projecting neurons (Fig. 4B,C,E; Table 3). The
density of VGLUT2 mRNA-positive neurons increased in the

Table 2. Distribution of VGLUT1 mRNA-positive, VTA-projecting neurons in the prefrontal cortex and claustrum/
dorsal endopiriform nucleus

Cortical area
Double, as percentage of
retrograde labelinga

Percentage of total double-labeled
cortical neurons

Ipsilateral Contralateral

Prelimbic 89.6 � 0.6 38.7 � 2.3 4.2 � 0.8
Dorsal peduncular 88.7 � 2.1 15.1 � 7.0 2.1 � 1.1
Infralimbic 92.0 � 0.5 10.1 � 2.0 1.2 � 0.5
Cingulate 1 94.5 � 1.6 7.3 � 3.8 0.2 � 0.2
Cingulate 2 97.8 � 1.2 6.8 � 2.5 0.9 � 0.5
Medial orbital 88.2 � 4.2 5.5 � 2.7 0.6 � 0.1
Ventral orbital 85.3 � 5.3 3.6 � 1.1 0.5 � 0.3
Motor 2 100 3.0 � 1.3 0
Lateral orbital 98.6 � 1.5 1.3 � 0.9 0.1 � 0.1
Claustrum/dorsal endopiriform nucleus 85.4 � 2.1 1.0 � 0.8 0.2 � 0.1
Agranular insular 96.2 � 3.8 0.6 � 0.5 0
Entire prefrontal cortex b 92.3 � 1.2 90.1 � 1.8 9.9 � 1.8

Values are listed in descending order; n � 3 rats (650, 716, and 757 double-labeled neurons in the prefrontal cortex per series of sections, respectively, were
plotted).
aIpsilateral and contralateral.
bIncludes claustrum/dorsal endopiriform nucleus.
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septofimbrial nucleus, whereas the intensity of the in situ hybrid-
ization signal in individual neurons decreased. Retrograde label-
ing was observed in some of those, accounting for �2% of all
VGLUT2–VTA-projecting neurons (Fig. 4D,E; Table 3). Al-
though the lateral septum possessed the greatest density of retro-

gradely labeled neurons in the septal area after tracer injections
into the VTA and a few lightly stained VGLUT2 mRNA-positive
neurons, no double-labeled neurons were detected.

Ventral pallidum. Numerous VGLUT2 mRNA-positive neu-
rons were observed in the ventral pallidum (Fig. 5), which tended

Figure 4. Schematic representations and photomicrographs illustrating the distribution of VGLUT2 mRNA-positive, VTA-projecting neurons in the forebrain. A–H, Each dark gray dot represents
one double-labeled neuron. The parts of the sections illustrated by photomicrographs are indicated by rectangles on the corresponding drawings. The injection site is illustrated in Figures 2 and 6F–H
(case 06151). To give an impression of double labeling relative to neurons exhibiting only retrograde label, retrogradely labeled, probe-negative neurons are shown in E (light gray triangles). VGLUT2
mRNA-positive, VTA-projecting neurons were widely distributed throughout the brain. Relatively few neurons per structure were detected, however. AI, AII, Strongly VGLUT2 mRNA-positive
neurons were scattered throughout the ventral endopiriform area. The accumulation of silver grains in some of these neurons was among the densest observed in this study (compare AIII with HIII,
Fig. 6DII,DIII,KII,KIII ). H, Density and staining intensity of VGLUT2 mRNA-positive neurons in the medial (e.g., paraventricular and ventromedial hypothalamic nucleus) and lateral hypothalamus (HII
is an enlargement of HI. The fornix serves as a reference mark). An example of a double-labeled neuron is given in HIII (arrow, enlargement of HII ). Black arrows in A and H point to double-labeled
neurons. The open arrow in AI points to the VGLUT2 mRNA-positive neuron lacking the retrograde label shown in AII. ac, Anterior commissure; Acb, accumbens; BST, bed nucleus of stria terminalis;
CPu, caudate–putamen; cc, corpus callosum; DB, diagonal band of Broca; f, fornix; GP, globus pallidus; HDB, horizontal limb of DB; ic, internal capsule; LA, lateroanterior hypothalamic nucleus; LH,
lateral hypothalamic area; LPO, lateral preoptic area; lv, lateral ventricle; MPA, medial preoptic area; MS, medial septum; ot, optic tract; Pa, paraventricular hypothalamic nucleus; SLEA, sublenticular
extended amygdala; SLSI, sublenticular substantia innominata; SFi, septofimbrial nucleus; VEn, ventral endopiriform nucleus; VMH, ventromedial hypothalamic nucleus; VP, ventral pallidum; ZI,
zona incerta; III, third ventricle. Scale bars: AI, HII, 200 �m; HI, 300 �m; AII, AIII, HIII, 20 �m.
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to be densely packed and lightly VGLUT2 mRNA positive (Fig.
5B,G) rostromedially and more loosely arranged and strongly
VGLUT2 mRNA positive rostrolaterally and caudally (Fig.
5B,H,I). Similar to the retrograde labeling (Fig. 5C,F), numer-
ous double-labeled neurons occupied the rostral levels of the
ventral pallidum (Figs. 4C, 5C,G,H), whereas at its caudal levels,
fewer were observed (Figs. 4D,E, 5F, I). Of the retrogradely la-
beled neurons in the ventral pallidum, 35.0 � 4.3% (n � 5 rats)
were VGLUT2 mRNA positive. Double-labeled neurons in the
ventral pallidum comprised �7% of all VGLUT2–VTA-
projecting neurons (Table 3).

Preoptic region and adjacent structures. Between the scattered
and strongly VGLUT2 mRNA-positive neurons of the ventral
pallidum and those densely packed in the medial preoptic area,
loosely arranged VGLUT2 mRNA-positive neurons were situ-
ated in the lateral preoptic area (Fig. 5E). These increased in
number and staining intensity in the transition to the lateral hy-
pothalamic area. Approximately 8.5% of all VGLUT2–VTA-
projecting neurons were located bilaterally in the lateral preoptic
area (Fig. 4D–F). In one case, we determined that 24.0% of the
retrogradely labeled neurons were double labeled. Numerous
VGLUT2–VTA-projecting neurons were also found bilaterally in
the medial preoptic area, accounting for �4.5% of all VGLUT2–
VTA-projecting neurons (Figs. 4D–F, 5E,F; Table 3). Only an
occasional double-labeled neuron was situated in the anteroven-
tral bed nucleus of the stria terminalis, subcommissural and sub-
lenticular extended amygdala, and sublenticular substantia in-
nominata (Figs. 4E,F, 5B,C; Table 3).

Hypothalamus. With 15% of all VGLUT2–VTA projecting
neurons, the lateral hypothalamic area possessed the largest ac-
cumulation of VGLUT2–VTA-projecting neurons (Table 3).
These were present throughout its entire rostrocaudal extent on
both sides of the brain but were more prominent ipsilateral to the
injection (Figs. 4G,H, 6A–E; Table 3). Of the retrogradely labeled
neurons in the lateral hypothalamic area, 22.6 � 4.3% (n � 5

rats) were double labeled. A moderate number of double-labeled
neurons was observed in nuclei of the medial hypothalamus (i.e.,
in the ventromedial and posterior hypothalamic nuclei), as were
a few in each of the anterior and dorsal hypothalamic areas, the
lateroanterior and paraventricular hypothalamic nuclei, and the
tuber cinereum (Figs. 4G,H, 6A–E).

Lateral habenula and fasciculus retroflexus. Many VGLUT2
mRNA-positive (Fig. 6DI) and retrogradely labeled neurons
were situated in the lateral habenula. A moderate number of
lateral habenular neurons contained both markers (Fig. 6B–D).
These represented �7% of all VGLUT2–VTA-projecting neu-
rons (Table 3). Caudal to the lateral habenula, double-labeled
neurons were observed in the vicinity of the fasciculus retroflexus
(the main efferent fiber bundle of the habenula) occupying the
parafascicular thalamic nucleus and adjacent reticular formation
(Fig. 6E).

Median raphe. In contrast to the dorsal raphe, where VGLUT2
mRNA-positive neurons were not detected, the median raphe
contained scattered, darkly stained VGLUT2 mRNA-positive
neurons (Fig. 6K), some of which were retrogradely labeled (Fig.
6 J–L), accounting for �3% of all VGLUT2–VTA-projecting
neurons. Of the retrogradely labeled neurons in the median ra-
phe, 18.7 � 1.8% (n � 3 rats) were VGLUT2 mRNA positive.

Pedunculopontine tegmental nucleus and adjacent structures. A
cluster of VGLUT2 mRNA-positive neurons, some of which con-
tained retrograde labeling, stretched from ventrolateral at the
level of the caudal red nucleus to dorsomedial at the level of the
laterodorsal tegmental nucleus (Fig. 6 I–M). Although rostrally
this cluster of neurons was distinct from the surrounding deep
field of the mesencephalic reticular formation because of the gen-
erally low VGLUT2 mRNA expression there (Fig. 7A), at the level
of the laterodorsal tegmental nucleus, VGLUT2 mRNA-positive
and double-labeled neurons were widely and seemingly diffusely
distributed throughout the reticular formation (Fig. 7B,D). Only
after superimposing plots of double-labeled neurons onto adja-
cent sections immunoreacted to exhibit neuronal nitric oxide
synthase (Fig. 7A–C) could it be concluded that a moderate
number of the double-labeled neurons in this elongated cluster
were located in the pedunculopontine and laterodorsal tegmental
nuclei (Fig. 6 I–M). This bilateral projection accounted for
�6.5% of all VGLUT2–VTA-projecting neurons (Table 3). On
both sides of the brain, many double-labeled neurons were also
observed in the cuneiform nuclei (Fig. 6K,L; Table 3), periaque-
ductal gray and parabrachial nuclei (Fig. 6 I–M, Table 3), as well
as in the deep field of the mesencephalic reticular formation and
oral field of the pontine reticular formation (Fig. 6 I–M, Table 3).

VGLUT3
Most VGLUT3 mRNA-positive, VTA-projecting neurons
(VGLUT3–VTA-projecting neurons) were located in the dorsal
(�73%) and median (�20%) raphe (Fig. 8, Table 4). Although
the median raphe contained many VGLUT3 mRNA-positive
neurons, only �20% of the retrogradely labeled neurons were
positive for VGLUT3 mRNA (Figs. 8D–G, 9; Table 4). In con-
trast, in the dorsal raphe, where the VGLUT3 hybridization signal
was weaker, �65% of retrogradely labeled neurons were positive
for VGLUT3 mRNA (Fig. 8D–G, Table 4).

Scattered VGLUT3 mRNA-positive neurons were observed in
the lateral habenula, of which very few were retrogradely labeled
(Fig. 8B). An occasional double-labeled neuron was observed in
the medial division of the bed nucleus of the stria terminalis (Fig.
8A). Caudally, the central gray of the pons and medulla oblon-

Table 3. Distribution of VGLUT2 mRNA-positive, VTA-projecting neurons

Structure

Percentage of total

Ipsilateral Contralateral

Lateral hypothalamic area 10.3 � 1.1 3.6 � 0.9
Lateral preoptic area 6.7 � 1.9 1.5 � 0.4
Mesopontine central graya 6.6 � 2.5 2.2 � 0.8
Medial hypothalamusb 6.1 � 0.7 2.2 � 0.7
Ventral pallidum 5.3 � 1.4 1.6 � 0.4
Mesopontine reticular formationc 5.0 � 0.6 4.3 � 0.9
Lateral habenula 4.8 � 1.0 2.0 � 0.7
Pedunculopontine and laterodorsal tegmental nuclei 4.0 � 0.5 2.5 � 0.1
Medial preoptic area 3.5 � 0.8 1.1 � 0.1
Parabrachial nucleus 3.5 � 0.6 1.6 � 1.1
Median raphe 3.1 � 0.7 NA
Cuneiform nucleus 2.5 � 0.4 2.0 � 0.7
Medial septum/diagonal band 2.3 � 0.5 0.3 � 0.1
Septofimbrial nucleus 1.8 � 0.7 0.1 � 0.1
Basal forebraind 1.7 � 0.2 0.3 � 0.1
Ventral endopiriform area 0.8 � 0.1 0
Otherse 4.0 � 0.7 2.3 � 0.5

Values are percentages of total VGLUT2–VTA-projecting neurons and are listed in descending order; n � 4 rats (617,
811, 873, and 1014 double-labeled neurons per series of sections, respectively, were plotted). NA, Not applicable.
aIncludes periaqueductal gray and pontine central gray.
bIncludes anterior hypothalamic area; paraventricular, ventromedial, and posterior hypothalamic nuclei; tuber ci-
nereum; and dorsal hypothalamic area.
cIncludes deep field of mesencephalic reticular formation and oral and caudal field of pontine reticular formation.
dIncludes subcommissural and sublenticular extended amygdala and sublenticular substantia innominata.
eIncludes claustrum, anteroventral bed nucleus of the stria terminalis, ventral tier of zona incerta, parafascicular
thalamic nucleus, supramammillary nucleus, and superior colliculus.
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gata contained some VGLUT3–VTA-projecting neurons (Fig.
8H).

Discussion
This study reveals that glutamatergic neurons innervating the
VTA are present in almost all structures projecting there. Notable
exceptions are the accumbens and lateral septum. VGLUT1–
VTA-projecting neurons are densely packed and located almost
exclusively in the prefrontal cortex, mainly in its prelimbic and
dorsal peduncular areas. In contrast, VGLUT2–VTA-projecting
neurons are scattered throughout most subcortical structures
that innervate the VTA. Forebrain areas containing relatively
many VGLUT2–VTA-projecting neurons include, in order of de-
scending numbers, the lateral hypothalamic and preoptic areas,
medial hypothalamus, ventral pallidum, lateral habenula, medial
preoptic area, and medial septum/diagonal band complex. As-
cending (brainstem) VGLUT2–VTA-projecting neurons were
observed in the periaqueductal and central gray, mesencephalic
and pontine reticular formation, pedunculopontine and lat-

erodorsal tegmental nuclei, parabrachial and cuneiform nuclei,
and median raphe. VGLUT3–VTA-projecting neurons were sit-
uated predominantly in the dorsal and median raphe.

An overview of the glutamatergic afferents of the VTA is given
in Figure 10. As noted above, whereas VGLUT1- and VGLUT3–
VTA-projecting neurons are restricted to a few brain areas (pre-
frontal cortex and mesencephalic raphe nuclei, respectively),
VGLUT2–VTA-projecting neurons are situated in many. The
values reported in Figure 10 must be regarded as estimations,
because they reflect summations of values for VGLUT1-,
VGLUT2-, and VGLUT3–VTA-projecting neurons generated in
separate groups of rats (Table 1) and do not take into account
differences in the detectability of the three probes as a result of
differences in the intensity of the in situ hybridization signal, nor
possible colocalizations of VGLUT2 and VGLUT3 mRNA in
VTA-projecting neurons in the median raphe and lateral habe-
nula. With these caveats in mind, it is nonetheless informative to
consider that, in terms of individual structures, the prelimbic

Figure 5. VGLUT2 mRNA-positive, VTA-projecting neurons in the ventral pallidum (VP). A–C and D–F illustrate rostral and caudal parts of the VP, respectively. A and D are micrographs of sections
immunoreacted to exhibit neuronal nitric oxide synthase (NOS) to delineate the VP and surrounding structures. B and E illustrate sections adjacent to those shown in A and D, respectively, which
were subjected to silver enhancement to visualize the retrograde tracer and probe against VGLUT2 mRNA. B, E, G–I, Numerous densely packed VGLUT2 mRNA-positive neurons were observed in the
rostral VP (B, G, H ), whereas fewer, but darkly stained, VGLUT2 mRNA neurons were observed further caudal in the VP (E, I ). A–F, VGLUT2 mRNA-positive neurons were also present in the
subcommissural extended amygdala (scEA), horizontal limb of diagonal band of Broca (HDB), and medial (MPA) and lateral (LPO) preoptic area (D, E). C and F are schematic representations of B and
E, respectively, illustrating retrogradely labeled neurons (gray triangles) and VGLUT2 mRNA-positive, VTA-projecting neurons (black dots). Note that although many VGLUT2 mRNA-positive neurons
(B, E) and retrogradely labeled neurons (gray triangles) were present in the basal forebrain, relatively few neurons contained both markers (black dots). G and H are enlargements of the boxed areas
in B; I is an enlargement of the boxed area in E. Black arrows point to double-labeled neurons. Black arrows with asterisks point to the double-labeled neurons that are enlarged in the insets. Open
arrows point to retrogradely labeled neurons. d, Dorsal; l, lateral; v, ventral; m, medial; ac, anterior commissure; CPu, caudate–putamen; vBST, ventral bed nucleus of stria terminalis. Scale bar: (in
A) A–F, 300 �m; G–I, 20 �m.
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Figure 6. A–Q, Continuation of the series of sections shown in Figure 4 illustrating the distribution of VGLUT2 mRNA-positive, VTA-projecting neurons in the caudal forebrain and brainstem.
Symbols and formatting are as in Figure 4. The injection site is illustrated in F–H. Note that the center of the injection site (G) is surrounded by a less dense halo of silver enhancement product (F,
G, hatched area). A, J, To give an impression of double labeling relative to neurons exhibiting only retrograde label, retrogradely labeled, probe-negative neurons are shown (light gray triangles).
VGLUT2 mRNA-positive, VTA-projecting neurons were widely distributed throughout the forebrain and brainstem. D, Numerous VGLUT2 mRNA-positive neurons were present in the lateral habenula
(DI ), of which a moderate number contained retrograde labeling (DII, DIII ). K, The median raphe contained scattered, strongly VGLUT2 mRNA-positive neurons (KI ), some of which were
retrogradely labeled (KII, KIII ). Black arrows in D and K point to double-labeled neurons. aq, Aqueduct; BLA, basolateral amygdala; cbl, cerebellum; CG, central gray; (Figure legend continues)
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cortex contains the most VGLUT mRNA-positive, VTA-
projecting neurons (�17%), followed by the lateral hypothala-
mus (�7%), periaqueductal and central gray (�6%), and the
dorsal raphe (�5%).

VGLUT2–VTA-projecting neurons are invariably a minor
component of VTA-projecting neurons in structures represented
by such neurons. In contrast, projections from the prefrontal
cortex are (almost) entirely glutamatergic, which fits the well
established association of VTA excitation with stimulation of the
prefrontal cortex (Carr and Sesack, 2000, and references therein).
A few retrogradely labeled neurons in the prefrontal cortex, how-
ever, lacked VGLUT1 mRNA signal. Whether this was because of
technical issues or some cortical VTA-projecting neurons using a
transmitter other than glutamate (e.g., GABA) awaits further in-

vestigation. Interestingly, some identified
prefrontal cortical VTA-projecting axons
exhibit symmetrical (commonly regarded
as inhibitory) synapses in the VTA (Sesack
and Pickel, 1992).

We mapped substantial numbers of
VGLUT2 mRNA-positive, VTA-
projecting neurons in the ventral pallidum
(Fig. 5), which is consistent with the recent
observation of VGLUT2 mRNA-positive
neurons there (Hur and Zaborszky, 2005)
and suggests that the well known inhibi-
tory GABAergic (Kalivas et al., 1993) pro-
jection from the ventral pallidum to the
VTA may be tempered by a significant ex-
citatory component. It will be interesting
to learn whether ventral pallidal glutama-
tergic projections differently target VTA
dopaminergic, GABAergic, or glutamater-
gic neurons or combinations of these. Also
in accordance with recent neuroanatomi-
cal and electrophysiological studies, we
observed VGLUT mRNA-positive, VTA-
projecting neurons in the prefrontal cor-
tex (Sesack and Pickel, 1992; Carr and
Sesack, 2000), laterodorsal (Omelchenko
and Sesack 2005; Lodge and Grace, 2006a)
and pedunculopontine (Charara et al.,
1996; Floresco et al., 2003; Lodge and
Grace, 2006b) tegmental nuclei, and a few
in the superior colliculus (Coizet et al.,
2003) and anteroventral bed nucleus of
the stria terminalis (Georges and Aston-
Jones, 2001, 2002).

Methodological considerations
The combination of WGA-apo HRP-gold
in tracing with nonisotopic in situ hybrid-
ization was discussed recently (Jongen-
Relo and Amaral, 2000; Geisler and Zahm,
2006b). Visualization of the tracer by sil-

ver enhancement does not interfere with nonisotopic in situ hy-
bridization and results in a punctiform, high-contrast black sig-
nal. Because retrogradely labeled neurons typically contained
more than 20 gold–silver particles (Fig. 9C), an aggregation of at
least eight was regarded as necessary to identify labeled neurons.
This strict criterion may have resulted in some false-negative out-
comes but prevented counting of neurons more than once (see
Materials and Methods). Whereas uptake of tracer into passing
axons is always a possibility, the present retrograde labeling
closely resembles that observed previously in our laboratory and
is in good accord with results from other laboratories (Geisler
and Zahm, 2005, 2006b, and references therein). Control injec-
tions into the adjacent substantia nigra reticulata produced ret-

4

Cn, cuneiform nucleus; CPu, caudate–putamen; CS, superior colliculus; DpMe, deep field of mesencephalic reticular formation; DR, dorsal raphe; f, fornix; fr, fasciculus retroflexus; GP, globus pallidus; ic, internal
capsule; IP, interpeduncularnucleus;LDTg, laterodorsaltegmentalnucleus;LH, lateralhypothalamicarea;LHb, lateralhabenula;MHb,medialhabenula;MM,mammillarybody;MR,medianraphe;ot,optictract;
Pa,paraventricularhypothalamicnucleus;PAG,periaqueductalgray;PB,parabrachialnucleus;Pf,parafascicularnucleus;PH,posteriorhypothalamicnucleus;PnC,caudalfieldofpontinereticularformation;PnO,
oral field of pontine reticular formation; Pr, prehypoglossal nucleus; PPTg, pedunculopontine tegmental nucleus; R, red nucleus; RIP, raphe interpositus; scp, superior cerbellar peduncle; SNr, substantia nigra
reticulata; STN, subthalamic nucleus; SUM, suparmammillary nucleus; TC, tuber cinereum; VEn, ventral endopiriform nucleus; VMH, ventromedial hypothalamic nucleus; xscp, decussatio of scp; ZI, zona incerta;
III, third ventricle; 4v, fourth ventricle; 7n, facial nerve. Scale bar: (in D) DI, 300 �m; KI, 200 �m; DII, DIII, KII, KIII, 20 �m.

Figure 7. Micrographs illustrating sections through rostral (A), middle (B), and caudal (C, D) levels of the pedunculopontine
tegmental nucleus (PPTg). A–C, Sections immunoreacted for neuronal nitric oxide synthase, which identifies the PPTg and
laterodorsal tegmental nucleus (LDTg). D, A section, adjacent to that in C, subjected to nonisotopic in situ hybridization against
VGLUT2 mRNA and silver intensification. The positions of VGLUT2 mRNA-positive (A, B, blue diamonds) and VGLUT2–VTA-
projecting (A–D, red dots) neurons were plotted onto the sections shown in A–C from appropriately processed adjacent sections,
such as that shown in D (some VGLUT2 mRNA-positive neurons are indicated by arrows) after tracer injection in the VTA. A, Note
that relatively few VGLUT2 mRNA-positive neurons are found rostrally and these are located predominantly in the vicinity of the
PPTg. B, D, In contrast, numerous VGLUT2 mRNA-positive neurons are scattered within the reticular formation more caudally. C,
Only after having superimposed the plots of double-labeled neurons onto adjacent sections reacted for neuronal nitric oxide
synthase immunoreactivity did it become apparent that double-labeled neurons are localized in the dissipated (dp) and compact
(cp) parts of the PPTg and in the LDTg, periaqueductal gray (PAG), and cuneiform nucleus (Cn). The encircled red dot in D indicates
a double-labeled neuron enlarged in the inset. The same double-labeled neuron, when plotted onto the adjacent section immu-
noreacted for neuronal nitric oxide synthase, occupies the compact part of the PPTg (C, arrow). Note in D that only a small
proportion of VGLUT2 mRNA-positive neurons (some are indicated by arrows) are also retrogradely labeled (red dots). Not shown
are retrogradely labeled neurons that do not contain VGLUT2 mRNA. aq, Aqueduct; DpMe, deep field of mesencephalic reticular
formation; DR, dorsal raphe; ml, medial lemniscus; xscp, decussation of the superior cerebellar peduncle. Scale bar: (in A) A, B, 200
�m; C, D, 250 �m.

Geisler et al. • Glutamatergic Afferents of VTA J. Neurosci., May 23, 2007 • 27(21):5730 –5743 • 5739



rograde labeling in the caudate–putamen,
globus pallidus, subthalamic nucleus, and
ventral tegmental nucleus. Although none
of the injection sites of the cases used to
analyze the distribution of VGLUT2 and
VGLUT3 VTA-projecting neurons in-
volved the interpeduncular nucleus (Ta-
ble 1, Fig. 2), some occult spread of tracer
into that structure might have occurred,
resulting in some false-positive VGLUT2
and VGLUT3 VTA-projecting neurons in
the dorsal and median raphe. Involvement
of the fasciculus retroflexus in some of our
injections may have resulted in false-
positive labeling of VGLUT1- and
VGLUT2–VTA-projecting neurons in the
medial and lateral habenula, respectively.
However, the same percentage of
VGLUT2–VTA-projecting neurons was
detected in the lateral habenula whether
the injection sites involved the fasciculus
retroflexus (cases 05179 and 06151, 6.8
and 2.3%, respectively) or not (cases
06056 and 06084, 6.4 and 3.8%, respec-
tively). Although it remains unclear at
present whether fibers from the medial
habenula terminate in the VTA or just
pass through (for discussion, see Geisler
and Zahm, 2005), VGLUT1–VTA-
projecting neurons in the medial habenula
were plotted and illustrated (Fig. 3).

Probes were generated against the C
termini of the protein-coding and adja-
cent 3� untranslated regions of the three
VGLUTs, where the nucleotide sequences
differ. Each probe exhibited a labeling pat-
tern distinct from the other two and in
good accord with previous isotopic
(Hisano et al., 2000; Fremeau et al., 2001;
Herzog et al., 2001, 2004) and nonisotopic
(Hur and Zaborszky, 2005) in situ hybrid-
ization studies. Hybridization conditions
first were adjusted to eliminate background
or weak “Nissling” of structures known to
lack VGLUT mRNA (Hisano et al., 2000;
Fremeau et al., 2001; Herzog et al., 2001,
2004; Hur and Zaborszky, 2005). Increasing
the concentration of VGLUT3 cRNA pro-
duced weak labeling in structures positive
for VGLUT2 mRNA, such as the laterodor-
sal tegmental nucleus, various thalamic nu-
clei, and the superior colliculus. Similarly, increasing the concentra-
tions of VGLUT1 and VGLUT2 cRNAs produced weak labeling,
respectively, in the hypothalamus and all cortical layers. Because
these weak signals were observed only with high concentrations in
structures positive for other VGLUT mRNAs, we cautiously inter-
preted them as cross-reactivity, possibly reflecting homologous se-
quences in the C-terminal regions of the three probes. True labeling
of low levels of mRNA cannot be ruled out, however.

Although before this study VGLUT2 mRNA labeling in the
median raphe had not been described, we are confident of the
validity of this observation. First, the VGLUT2 mRNA labeling in
the median raphe was among the strongest in the brain. Second,

Figure 8. D–G, VGLUT3 mRNA-positive, VTA-projecting neurons (black circles) were localized predominantly in the dorsal (DR)
and median (MR) raphe nuclei. A, B, Occasional double-labeled neurons were present in the medial division of the anterior bed
nucleus of the stria terminalis (BSTMA; A) and lateral habenula (LHb; B). C, H, In addition, few double-labeled neurons were
observed in the caudal interpeduncular nucleus (IP; C) and pontine central gray (Cg; H ). Note that although many neurons in the
MR were retrogradely labeled (gray triangles), only relatively few of them were also positive for VGLUT3 mRNA (black dots). In
contrast, many double-labeled neurons were present in the dorsal raphe. [To simplify the presentation, retrogradely labeled
neurons were plotted only in the raphe nuclei and central gray. For complete retrograde labeling after tracer injections into the
VTA, see Geisler and Zahm (2005, 2006b)]. ac, Anterior commissure; cp, cerebral peduncle; CPu, caudate–putamen; DTg, dorsal
tegmental nucleus; LC, locus ceruleus; LDTg, laterodorsal tegmental nucleus; ml, medial lemnisus; Mo5, motor nucleus of fifth
cranial nerve; PAG, periaqueductal gray; PMnR, paramedian raphe; Pn, pontine nuclei; PPTg, pedunculopontine tegmental nu-
cleus; scp, superior cerebellar peduncle; VTg, ventral tegmental nucleus; xscp, decussation of the superior cerebellar peduncle.

Table 4. Distribution of VGLUT3 mRNA-positive, VTA-projecting neurons

Structure
Percentage
of total

Percentage of retrogradely labeled neurons
positive for VGLUT3 mRNA

Dorsal raphe 72.5 � 5.9 64.0 � 5.3
Median raphe 19.0 � 5.2 21.8 � 4.2
Othersa 8.6 � 2.1 n.d.

Values are percentages of total VGLUT3 mRNA-positive, VTA-projecting neurons and are listed in descending order;
n � 5 rats (86, 87, 119, 145, and 163 double-labeled neurons per series of sections, respectively, were plotted). n.d.,
Not determined.
aIncludes the anterior nucleus of the medial bed nucleus of the stria terminalis, lateral habenula, and pontine central
gray.
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VGLUT2 mRNA labeling was absent in dorsal raphe and striatal
cholinergic neurons, which express high levels of VGLUT3
mRNA, militating against detectable cross-reactivity in the hy-
bridization conditions we used.

Functional considerations
The present study reveals that glutamatergic inputs converge in
the VTA from almost all of the many brain structures projecting
there, supporting the previously articulated hypothesis that the
VTA functions by integrating various and diverse bits of infor-
mation (Oades and Halliday, 1987; Geisler and Zahm 2005,
2006a,b). In view of this anatomical organization, it seems rea-
sonable to conceive that the activity of the VTA reflects the on-
going activities of various combinations of afferents, which are

Figure 9. A–C, VGLUT3 mRNA was strongly expressed in neurons of the median raphe
(MnR), whereas no signal was detected in the adjacent deep field of the mesencephalic reticular
formation (DpME). Although many retrogradely labeled neurons were present in the median
raphe (open arrows), only a few of them expressed both markers (black arrows). C is an enlarge-
ment of B, illustrating the double-labeled and retrogradely labeled neurons that are marked in
B with arrows indicated by asterisks. Scale bars: A, 100 �m; B, 20 �m; C, 10 �m.

Figure 10. Summary diagram depicting glutamatergic projections to the VTA. The brain
areas containing VGLUT1 (dark gray), VGLUT2 (light gray), or VGLUT3 (slate) mRNA-positive,
VTA-projecting neurons are indicated separately. The sizes of ovals reflect the hypothetical
proportion of the VGLUT–VTA-projecting neurons in those structures relative to all VGLUT
mRNA-positive, VTA-projecting neurons. To arrive at these figures, the averages of VGLUT1,
VGLUT2, and VGLUT3 mRNA-positive, VTA-projecting neurons of all cases (n � 12 rats) were
added and taken as the total number of neurons, and the proportions of the VGLUT in every
structure were calculated from it. The right side of the figure is ipsilateral to the injections.
Cl/Den, Claustrum/dorsal endopiriform area; CG, central gray; Cn, cuneiform nucleus; DR, dorsal
raphe; LH, lateral hypothalamic area; LHb, lateral habenula; LPO, lateral preoptic area; MH,
medial hypothalamus; MPA, medial preoptic area; MR, median raphe; MS/DB, medial septum/
diagonal band complex; PB, parabrachial nucleus; PFC*, prefrontal cortex, prelimbic cortex not
included; PPTg/LDTg, pedunculopontine and laterodorsal tegmental nuclei; PrL, prelimbic cor-
tex; RF, reticular formation; SLSI, sublenticular substantia innominata; VEn, ventral endopiri-
form area; VP, ventral pallidum.

Geisler et al. • Glutamatergic Afferents of VTA J. Neurosci., May 23, 2007 • 27(21):5730 –5743 • 5741



triggered in relation to changing patterns of sensorimotor stimuli
and inflections of body state.

Insofar as VTA neurons have long, sparsely branching den-
drites (Phillipson, 1979) contacted by many afferent fibers,
which, in general, arborize relatively sparsely within the VTA
(Geisler and Zahm, 2005), the most robust firing of VTA neurons
should be elicited by simultaneous activation of diverse glutama-
tergic afferents. This idea is consistent with the observation of a
reduced activation of VTA dopamine neurons after the omission
of one of two reward-predicting stimuli previously delivered si-
multaneously (Schultz, 1986). The demonstration that simulta-
neous activation of two inputs to the VTA produces an additive
increase in dopamine cell firing (Lodge and Grace, 2006b) also is
consistent with this conceptual framework. It also should be
noted that, whereas the projections from the prefrontal cortex are
essentially entirely glutamatergic (Fig. 3, Table 2), those from
subcortical structures comprise a mixture of different pheno-
types. Thus, subcortical VTA-projecting neurons expressing
VGLUT2 and VGLUT3 mRNA intermingle with (most likely
GABAergic and/or peptidergic) VTA-projecting neurons lacking
VGLUTs (Figs. 4 –9; Tables 3, 4), consistent with a wide range of
potential subcortical influences on VTA activity.

To summarize, the present study has revealed that the VTA
receives glutamatergic afferents from many sources, consistent
with the hypothesis that the VTA functions by integrating multi-
farious bits of information. It will be important to investigate
which glutamatergic afferents target which neuron populations
in the VTA, as has recently been done so elegantly for afferents
from the prefrontal cortex and laterodorsal tegmental nucleus
(Carr and Sesack, 2000; Omelchenko and Sesack, 2005).
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