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Adrenergic agents modulate the activity of midbrain ventral tegmental area (VTA) neurons. However, the sources of noradrenergic and
adrenergic inputs are not well characterized. Immunostaining for dopamine �-hydroxylase revealed fibers within dopamine (DA)
neuron areas, with the highest density in the retrorubral field (A8 cell group), followed by the VTA (A10 cell group), and very few fibers
within substantia nigra compacta. A less dense, but a similar pattern of fibers was also found for the epinephrine marker, phenylethano-
lamine N-methyl transferase. Injection of the retrograde tracer wheat germ agglutinin-apo (inactivated) horseradish peroxidase conju-
gated to colloidal gold, or cholera toxin subunit b, revealed that the noradrenergic innervation of the A10 and A8 regions arise primarily
from A1, A2, A5, and locus ceruleus neurons. Selective lesions of the ventral noradrenergic bundle confirmed a prominent innervation
from A1 and A2 areas. Retrogradely labeled epinephrine neurons were found mainly in the C1 area. The identification of medullary
noradrenergic and adrenergic afferents to DA neuron areas indicates new pathways for visceral-related inputs to reward-related areas in
the midbrain.

Introduction
Midbrain dopamine (DA) and non-DA neurons in the ventral
tegmental area (VTA) are modulated by adrenergic agents.
Blockade of �-1 adrenoceptors reduces burst firing in DA cells, as
do low concentrations of �-2 adrenoceptor agonists (Grenhoff
and Svensson, 1988, 1989, 1993). Norepinephrine (NE) activates
DA neurons by decreasing potassium conductance, inhibiting
metabotropic glutamate receptor (mGluR)-mediated IPSPs, or
through a nonselective cationic conductance (Grenhoff et al.,
1995; Paladini et al., 2001; Cathala et al., 2002). Inhibitory actions
of NE on DA neurons include an activation of a calcium-
dependent potassium conductance and an increase in GABA pre-
synaptic release (Cathala et al., 2002; Paladini and Williams,
2004). NE inhibitory effects are mediated through the �-2 adre-
noceptor as well as through the D2 DA autoreceptor (Arencibia-
Albite et al., 2007; Guiard et al., 2008).

NE terminals make synaptic contacts onto midbrain DA neu-
rons (Liprando et al., 2004). Most NE terminals are reported to be
in nonsynaptic appositions (77%), with a few synaptic contacts

onto DA dendrites (7%), indicating a possibly predominant ex-
trasynaptic site of interaction. �-1 and �-2 adrenoceptors are
present within midbrain dopaminergic areas, whereas � adreno-
ceptors have not been detected (Jones et al., 1985; Lee et al.,
1998). Tracing studies have identified a projection from locus
ceruleus (LC) to the VTA (Jones and Moore, 1977; Phillipson,
1979; Simon et al., 1979; Geisler and Zahm, 2005), however it
remains unknown whether LC is the sole or even main source of
NE to midbrain DA neurons.

Adrenergic and noradrenergic innervations are divided in two
major divisions: those arising from the LC (A4 and A6 areas) and
those arising from non-LC nuclei located in either ventral [NE-
containing A1, A5 and A7 areas, and epinephrine (E)-containing
C1 area] or dorsomedial (NE-containing A2 area, E-containing
C2 and C3 areas) medulla. Non-LC-NE and E neurons are lo-
cated in brainstem homeostatic centers and typically send projec-
tions to endocrine and visceral areas such as hypothalamus, ex-
tended amygdala and parabrachial nucleus (Byrum and Guyenet,
1987; Ter Horst et al., 1989; Woulfe et al., 1990). In contrast, LC
has a broader projection field than non-LC neurons, and is the
sole source of NE to the cerebral cortex. LC activity is related to
arousal as well as with cognitive performance. Therefore, specifi-
cation of differential topography for LC versus non-LC adrener-
gic inputs to distinct midbrain DA regions can provide us with a
better understanding about how NE and E circuits interact with
DA systems.

In the present study we characterized the sources of NE and E
innervations to VTA and retrorubral field (RRF) DA neuron areas
using retrograde tract tracing. Lesions of the ventral noradrenergic
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bundle (VNAB) were performed to corroborate the results found in
the tracing experiments. Our results reveal that the RRF is a major
recipient of NE inputs, and that the A1 and A2 neurons in the caudal
medulla are the major sources of NE innervation to midbrain DA
neuron areas. These pathways may provide a means for visceral in-
fluences on reward-related DA neurons.

Materials and Methods
Animals. Male Sprague Dawley rats weighing 300 – 450 g at the time of
surgery were used. Rats were housed two or three per cage under con-
trolled conditions (22�23°C, 40% relative humidity; 12 h light/dark
illumination cycle; lights on from 07:00 A.M. to 7:00 P.M.) and allowed
free access to commercial chow and tap water. All animal procedures
were approved by the Institutional Animal Care and Use Committee of
the University of Pennsylvania.

Surgery. Each animal was anesthetized with a mixture of ketamine (57
mg/kg) and xylazine (8.5 mg/kg), and placed in a stereotaxic frame.
Fifteen minutes later, 0.5% halothane anesthesia was administered by
spontaneous breathing through a mask on the snout. Halothane was
increased to 1% 30 min later, where it was maintained throughout the
rest of the surgery. Body temperature was maintained at 36�38°C, using
a thermistor-controlled electric heating pad. All incision points were
infiltrated with a long-lasting anesthetic (2% Lidocaine).

Differentiation of adrenergic fibers with midbrain DA regions. Immuno-
staining for dopamine-�-hydroxylase (DBH) was used to identify NE
and E fibers and terminals within midbrain DA regions. Because DBH
cannot distinguish between NE and E fibers, we also stained for phe-
nylethanolamine N-methyltransferase (PNMT), the enzyme that con-
verts NE to E and is specifically located in E neurons. We stained for
tyrosine hydroxylase (TH) to identify DA neurons.

DBH and TH double immunostaining. Frozen sections (40 �m thick)
were collected and incubated in PBS with 1% Triton X-100 (PBST, pH
7.4) for 2 h, and were then incubated at room temperature overnight with
a primary monoclonal mouse anti-DBH antibody (1/1000, Millipore
Bioscience Research Reagents). After three rinses in 0.3% PBST (10 min
each), the sections were incubated for 2 h in biotinylated donkey anti-
mouse-IgG (1/1000, Jackson ImmunoResearch Laboratories). They were

Figure 1. DBH fiber innervation of midbrain dopamine areas. DBH immunostaining is dark blue, TH staining is brown. The tissue was counterstained with methyl green. Arrows indicate examples
of DBH varicosities. Notice that the density of varicosities varied between areas. The RRF (A8 area) was densely covered by DBH varicosities. DBH varicosities were observed in substantia nigra (A9
area) as well as in different subregions of the A10 area.

Figure 2. Density of DBH� varicosities within midbrain DA regions. SNc and VTA were
subdivided rostrocaudally. We used the IF nucleus as a landmark: caudal was defined as caudal
to the IF, central was through the extent of the IF, and rostral was defined as rostral to the IF. RRF
has the highest density of DBH� varicosities. A similar density of varicosities was observed
across all A9 subregions. The density of DBH� varicosities in SNr was smaller than in any A10
subregion with the exception of VTAr. CLi and VTAce have a higher density of DBH� varicosities
compared with any of the A9 subregions. a, Different from all other midbrain regions; b, differ-
ent from SNr; c, different from VTAce and CLi. VTAca, Caudal ventral tegmental area; SNcr,
rostral substantia nigra compacta; SNcce, central substantia nigra compacta; SNcca, caudal
substantia nigra compacta.
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then rinsed 3 times in 0.3% PBST, and then incubated for 90 min in
avidin– biotin–peroxidase complex (ABC, 1/1000, Vector Laboratories).
The sections were next rinsed once in 0.3% PBST and twice in PBS and
then reacted with the peroxidase kit VectorSG SK-4700 (Vector Labora-
tories) to produce a blue stain. To immunostain DA neurons, DBH-
labeled sections were incubated with a rabbit anti-TH antibody overnight
(1/4000, Incstar). The sections were then rinsed 3 times in 0.3% PBST
and incubated in biotinylated donkey anti-rabbit-IgG (1/1000, Jackson
ImmunoResearch Laboratories) for 2 h. After three rinses in 0.3% PBST,
the sections were incubated in ABC (1/1000), rinsed once in 0.3% PBST
and twice in 0.05 M Tris buffer, and then reacted with 3,3�-
diaminobenzidine tetrahydrochloride (0.02%, DAB; Sigma). This proce-
dure yielded a brown reaction product that was easily distinguished from
the blue DBH-positive fibers, allowing simultaneous labeling for both
markers.

PNMT and TH double immunostaining. Sections were incubated in 1%
PBST (pH 7.4) for 2 h, followed by incubation at room temperature
overnight with a polyclonal rabbit anti-PMNT antibody (1/1000) (a gen-
erous gift from Dr. K. Kitahama, previously characterized by Kitahama et
al., 1985). The sections were rinsed in 3 changes of 0.3% PBST (10 min
each) before being incubated for 2 h in secondary biotinylated donkey
anti-mouse-IgG (1/1000, Jackson ImmunoResearch Laboratories). After
three rinses with 0.3% PBST, the sections were incubated for 90 min in
ABC (1/1000, Vector Laboratories). They were then rinsed once in 0.3%
PBST and twice in PBS and then reacted with the peroxidase kit VectorSG
SK-4700 (Vector Laboratories) to produce a blue stain. To immunostain
DA neurons, PMNT-labeled sections were incubated with a rabbit
anti-TH overnight (1/4000, Incstar). The sections were then rinsed 3
times in 0.3% PBST and incubated in biotinylated donkey anti-rabbit-
IgG (1/1000, Jackson ImmunoResearch Laboratories) for 2 h. After three
rinses in 0.3% PBST, the sections were incubated in ABC (1/1000), rinsed

once in 0.3% PBST and twice in 0.05 M Tris buffer, and then reacted with
0.02% DAB. This procedure yielded a brown reaction product that was
easily distinguished from the blue of PMNT-positive fibers, allowing
simultaneous labeling for both markers.

Retrograde tracer injections. In 8 animals, midbrain regions containing
DA neurons including the VTA, interfascicular (IF), substantia nigra
(SN), rostral linear (RL) and central linear (CLi) nuclei of the raphe, and
the RRF received unilateral pressure microinjections of the retrograde
tracer wheat germ agglutinin conjugated to inactivated horseradish per-
oxidase coupled to gold particles (WGA-Au; Sigma Chemical). In one
animal, WGA-Au was injected in the red nucleus located dorsal to the
VTA. WGA-Au (400 nl in 0.9% saline) was microinjected by pneumatic
pressure over 5 min using a calibrated micropipette. Seven to 10 d after
WGA-Au injection, animals were deeply anesthetized with sodium pen-
tobarbital (65 mg/kg, i.p.) and perfused transcardially through the as-
cending aorta with 0.9% saline solution, followed by 4% paraformalde-
hyde in 0.1 M PB, pH 7.4. The brains were removed immediately, stored
in the same fixative overnight at 4°C, and then transferred to 20% sucrose
in 0.1 M PB containing 0.1% sodium azide at 4°C.

In 12 animals, midbrain regions containing DA neurons including the
VTA, IF, SN, RL and CLi nuclei of the raphe, and the RRF received
unilateral iontophoretic injections of cholera toxin B subunit (CTb; List
Biological Laboratories). In three animals, CTb was iontophoresed in the
red nucleus, mammillary bodies, or interpeduncular nucleus (IPN). CTb
(0.5%) was dissolved in 0.1 M PB, pH 6.0), as previously described (Luppi
et al., 1995). The tracer was delivered iontophoretically via glass micropi-
pettes (tip diameter 10 –25 �m) using positive current pulses (�2 �A, 7 s
on/7 s off, 15–20 min; one injection per animal). Seven days or 6 weeks
after CTb injections, each animal was deeply anesthetized with sodium
pentobarbital (65 mg/kg, i.p.) and perfused transcardially through the
ascending aorta with 0.9% saline followed by 4% paraformaldehyde in

Figure 3. PNMT fiber innervation of midbrain dopamine areas. PMNT immunostaining is dark blue, TH staining is brown. The tissue was counterstained with methyl green. Arrows indicate
examples of PNMT varicosities within the VNAB subjects. Notice that the density of varicosities varied between areas. The RRF (A8 area) was densely covered by PMNT varicosities. Lesser amounts
of PMNT varicosities were observed in substantia nigra (A9 area) and the A10 area.
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0.1 M PB, pH 7.4. The brain was removed immediately, stored in the same
fixative overnight at 4°C, and then transferred to 20% sucrose in 0.1 M PB
containing 0.1% sodium azide for 1–2 d at 4°C.

Detection of the retrograde tracer in NE and E neurons. WGA-Au was
detected with silver histochemistry. Sections were incubated in the In-
tense BL silver enhancement solution (GE Healthcare Bio-Sciences) for
30 min at room temperature to visualize gold granules, as described
previously (Drolet et al., 1992).

CTb was detected by immunohistochemistry. Briefly, sections were incu-
bated in 2% normal donkey serum (Jackson ImmunoResearch) containing
0.3% PBST for 2 h and then incubated overnight at room temperature in
goat anti-CTb primary antibody (1:20,000; List Biological). After washes, the
sections were placed sequentially for 90 min at room temperature in biotin-
ylated donkey anti-goat IgG (1:1000; Jackson ImmunoResearch) and ABC
(1:1000; Elite ABC Kit, Vector). They were then rinsed once in 0.3% PBST
and twice in PBS and then reacted with the peroxidase kit VectorSG SK-4700
(Vector Laboratories) to produce a blue stain.

To identify catecholamine neurons in tissue previously processed for
WGA-Au or CTb, we stained sections with an anti-TH (A1, A2, A5 and
LC areas) or ant-PNMT antibody (C1, C2, and C3 areas), as described
above. CTb labeling (dark blue stain) filled the somata in some neurons,
making identification of TH or PNMT colabeling difficult at low-power.
In such cases, we examined cells at high-power and adjusted the focus
and luminance of the section. TH or PMNT staining could be observed in
dendrites or axons of cells despite dense CTb labeling in the somata,
permitted unambiguous identification of dually labeled neurons.

Cell counting. Cell counting was performed on sections 240 �m apart
throughout the extent of each adrenergic nucleus. We counted every cell
found in each section for which the whole cell body was present. DBH
immunohistochemistry does not distinguish between NE and E ele-

ments. Therefore, to avoid confusing E and NE cells, we identified sec-
tions with corresponding plates from the atlas of TH, DBH, and PMNT
systems in the rat medulla published by Kalia et al. (1985), as well as with
our sections stained for PMNT, to demark boundaries between E and NE
in the nucleus of the solitary tract (A2 and C2 areas), and in the ventro-
lateral medulla (A1 and C1 areas).

Ventral noradrenergic bundle 6-hydroxydopamine lesions. Eleven ani-
mals were anesthetized and placed in a stereotaxic frame (Kopf instru-
ments, Tujunga, CA). In six animals a calibrated glass micropipette filled
with 6-hydroxydopamine (6-OHDA, 3 �g/�l in 0.1% ascorbic acid/0.9%
saline) was directed toward the VNAB using the following coordinates
from bregma, anteroposterior: �6.6 mm, mediolateral: �2.0 mm, dor-
soventral: �8.2 and �9.2 mm from skull, incisor bar �5.0 mm.
6-OHDA was pressure injected bilaterally, each injection lasted 4 min
(0.25 �l/min). The micropipette was kept in place an additional 15 min at
each site to allow the tissue to absorb the infusion and limit diffusion
upward along the micropipette tract. Five animals were used as controls.
They underwent surgery and vehicle (0.1% ascorbic acid in 0.9% saline)
was pressure injected bilaterally at the same coordinates as 6-OHDA in
the lesioned animals. Two to 3 weeks after injection, rats were killed and
tissue was histologically processed.

Verification of VNAB lesions. DBH immunostaining in the ventral bed
nucleus of the stria terminalis (BNST) was used to analyze the success of
VNAB lesions because of its high density of innervation from the ventral
NE bundle (Aston-Jones et al., 1999; Delfs et al., 2000; Forray et al., 2000).
We counted DBH varicosities in the cortex to determine whether VNAB
lesions to affected NE projections from the LC.

Quantification of varicosities. Quantification of DBH-immunostained
varicosities was performed using a Leica DMRBE microscope and com-
puter equipped with StereoInvestigator software version 6 (MicroBright-

Figure 4. Retrograde labeling of NE neurons in the A1, A2 and LC cell groups, and of E neurons in the C1 and C3 areas, after an injection of WGA-Au into the RRF-A8 area. Cells doubly labeled for
WGA-Au (black granules) and TH (brown) in NE neurons, and for WGA-Au and PNMT (brown) in E neurons, shown with arrowheads.
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Field). The VTA or RRF was delimited by TH immunostaining, and a
grid of a predetermined size was placed over the entire region to produce
between 28 and 34 counting fields. The dimensions of the counting field
volume were 8 �m � 8 �m, and 5 �m in thickness. To avoid irregular-
ities on the surface of the section our window began 2 �m from the
surface. Varicosities were counted for three purposes: quantification of
DBH varicosity densities across midbrain DA regions, determination of
the effectiveness of VNAB lesions in eliminating innervation in the RRF
and VTA, and verification that VNAB lesions were specific and did not
alter NE innervation in targets of the dorsal NE bundle.

For the determination of DBH varicosities across midbrain DA regions, 6
brains were cut at 40 �m-thickness and every sixth section of the midbrain
DA regions was immunostained as described in Materials and Methods.
Varicosities were quantified in sections containing RRF, CLi, RL, IF, sub-

stantia nigra lateralis (SNl), and substantia nigra
pars reticulata (SNr) and the mean value per area
was calculated. The SN and VTA were subdivided
into three rostrocaudal levels: rostral to IF, caudal
to IF, and central (coincident with IF).

VTA counting was performed at a level cor-
responding to approximately �5.30 from
bregma (Paxinos and Watson, 1998) to deter-
mine the effectiveness of the VNAB lesions. For
the RRF, counting was performed at a level of
�6.9 from bregma. To determine that the
VNAB lesions did not compromise fibers in the
dorsal NE bundle DBH, varicosities were also
measured in the motor cortex.

DBH fiber content within the BNST. The op-
tical density threshold for DBH immunohisto-
chemistry within the BNST was performed us-
ing Image-Pro 6 (Media Cybernetics, Inc). The
threshold was set to selectively detect DBH ax-
ons within the ventrolateral BNST. The per-
centage of area covered by DBH axons as a frac-
tion of the total area was established and used as
an index of adrenergic innervation.

Analyses of afferent and efferent relative
strength. Afferent relative strength was used to
qualitatively describe the proportion that each
adrenergic input provided of the total NE or E
input to each midbrain DA region. We calcu-
lated afferent relative strength as the percentage
of double labeled cells in each adrenergic nu-
cleus from the total number of double labeled
cells for each injection case. This was followed
by grouping cases by midbrain area injected
(for example the RRF) and calculating the mean
percentage of double labeled neurons for each
adrenergic nucleus.

Efferent relative strength was used to qualita-
tively describe the relative proportion of the to-
tal adrenergic outputs for each adrenergic nu-
cleus that projected to each individual midbrain
DA region. We calculated the efferent relative
strength by first determining the average num-
ber of double labeled cells in each NE or E nu-
cleus for each midbrain DA region injected.
Then, these averages across the different injec-
tion sites were summed to yield a total efferent
output for each adrenergic nucleus. The effer-
ent relative strength was calculated by dividing
the average number of retrogradely labeled
neurons in each adrenergic nucleus for a spe-
cific DA cell area injected by the total efferent
output of that adrenergic nucleus.

Statistics. Parametric statistics were per-
formed after verifying compliance for normal
distribution and equal variance. Unpaired t
tests were used to compare between groups, and

paired t tests or repeated measures ANOVAs were used to compare
within group variables. Newman–Keuls post hoc test was used to establish
difference in means after the ANOVA. A criterion of p � 0.05 was used
for significance.

Results
RRF receives a dense adrenergic innervation
DBH-positive fibers were found through all midbrain dopamine
neuron regions, including A8, A9 and A10 cell areas (Fig. 1). The
highest density of DBH� varicosities among these regions was
observed in the A8 cell area in the RRF (repeated measures
ANOVA F(11,44) � 19.97 p � 0.0001, Newman–Keuls p � 0.001)

Figure 5. Placements of CTb injections in A8, A9 and A10 midbrain DA regions. Coordinates correspond to the distance from
bregma. Coronal plates were obtained from Swanson’s rat brain atlas (Swanson, 1992). Injections were performed in the left
hemisphere. ml, Medial lemniscus; MRN, midbrain reticular nucleus; RN, red nucleus; MM mammilary nucleus; SUMm, medial
supramammilary nucleus; SUMl, lateral supramammilary nucleus; PH, posterior hypothalamus; ZI, zona incerta.
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(Fig. 2). Within the A10 area, DBH� var-
icosities were observed in high abundance
in IF, RL and CLi, and VTA. Varicosities
were observed also within the A9 area in-
cluding substantia nigra pars compacta
(SNc) and SNl. Because some DA neurons
are located in SNr, we also quantified
DBH� varicosities in that region. The
density of DBH� varicosities of the SNr
was similar to that of other regions of the
SN, but less that all of the A10 subregion
with the exception of the rostral part of the
VTA (VTAr, Newman–Keuls �0.05). The
central part of the VTA (VTAce) and CLi
had more DBH� varicosities than any A9
subregion (Newman–Keuls �0.05).

DBH� varicosities were not distributed
uniformly and were more dense in areas in
close proximity to the VNAB that runs dor-
sal to the medial lemniscus. More varicosi-
ties were observed in midbrain areas near the
VNAB, as is the case for the RRF, the medial
part of the SNl, the lateral parts of the VTA,
and some parts of the SNc.

We used PNMT immunostaining to dif-
ferentiate E from NE fibers. The extent of
PNMT fiber innervation was more restricted
than that of DBH fibers. We found PNMT
fiber and terminal staining within A8, A9
and A10 areas, and the densities of innerva-
tion followed a distribution similar to that
for DBH staining (Fig. 3).

Topography of adrenergic innervation
to midbrain DA neurons
The general pattern observed was that A1,
A5, LC, and C1 innervated DA cell areas
located toward the midline within the RL
and CLi. LC and A5 innervated the medial
part of VTA, whereas lateral VTA and RRF
received fibers from A1, A2, A5 and LC in
addition to a strong innervation from C1
A2 area. A second characteristic was that
LC and A5 innervated the midbrain bilat-
erally, whereas A1, A2, C1, C2, and C3
were mainly ipsilateral in their projec-
tions. We also observed a preferential in-
nervation from NE nuclei over E nuclei, as
can be appreciated in Figures 2 and 3. Also, the number of
double-labeled neurons (retrograde tracer � DBH or retrograde
tracer � PMNT) was higher after microinjections made within
the RRF than within VTA, RL, CLi, or IF regions. This indicates
that the RRF may receive a greater NE and E innervation than the
other DA cell areas examined.

Figure 4 presents examples of retrogradely labeled neurons. In-
jection sites for WGA-Au and CTb are plotted on Figures 5 and 6.

Adrenergic afferents to A8/RRF DA cell area
Microinjection with CTb
The CTb injection in case CTb6 extended throughout the rostro-
caudal extent of the A8 area (Fig. 5). Ipsilateral to the microinjec-
tion site retrograde labeling in the C1 area was the most robust,
followed by an approximately equal labeling A1, A2, and LC.

Double labeled cells in the A5 and C3 areas were also observed.
Contralateral to the injection site double labeled cells were pri-
marily found in LC and the A5 area (Table 1).

Microinjections with WGA-Au
Similar to case CTb6, cases WG10 and WG12 (Fig. 7) confirmed
afferents to RRF arriving from A1, A2, A5, LC and C1 (Fig. 6,
Table 1). Case WG10 confirmed the robust ipsilateral innerva-
tion seen in case CTb6 from the C1 area; however in case WG12
the A2 area contained more double-labeled neurons than the C1
area. In all RRF cases, contralateral to the injection site the inner-
vation arrived primarily from LC and the A5 area.

Adrenergic afferents to the SN
In general, we observed that SN injection of WGA-Au retrogradely
labeled an order of magnitude more neurons than did CTb. Projec-

Figure 6. Placements of WGA-Au injections in A8, A9 and A10 midbrain DA regions. Coordinates correspond to the distance
from bregma. Coronal plates were obtained from Swanson’s rat brain atlas (Swanson, 1992). Injections were performed in the left
hemisphere. ml, Medial lemniscus; MRN, midbrain reticular nucleus; RN, red nucleus; SUMm, medial supramammilary nucleus;
SUMl, lateral supramammilary nucleus; PH, posterior hypothalamus; ZI, zona incerta.

3618 • J. Neurosci., March 18, 2009 • 29(11):3613–3626 Mejías-Aponte et al. • Adrenergic/Noradrenergic Innervation of VTA and RRF



tions to SN from LC, A2 and C1 areas were observed in all cases
regardless of the tracer used (Table 2). In animals injected with CTb
into SN (Fig. 5, cases P2 and CTb5), the numbers of double labeled
neurons were greater in LC than in A1 or A2. E neurons were double-
labeled in the C1 area in both cases.

An unexpected finding was the high number of double-
labeled neurons after WGA-Au injections into SN, especially in
view of the fact that DBH positive fibers were less numerous in SN

that in the RRF or VTA (Fig. 2). In both of
these cases, part of the injection site cov-
ered the lateral VTA; notably, the VNAB
travels dorsal to the lateral VTA within the
medial lemniscus. Therefore, it seems pos-
sible that WGA-Au in these cases was
taken up by fibers passing within the lat-
eral VTA and perhaps the VNAB as well as
by NE fibers terminating in the SN.

Case WG3 produced the same pattern
of retrograde labeling as the CTb cases,
with more double-labeled neurons in LC
than in the other NE cell groups examined.
In this case we also observed a robust in-
nervation from the C1 area that resembled
that seen after injections into RRF; in fact,
the injection in case WG3 spread some-
what into the RRF (Fig. 6). Ipsilateral to
the injection site, the A1 area and LC had
the largest numbers of double-labeled
cells, followed by the A1 and A2 areas. This
case also revealed prominent double label-
ing in A5 and C2 areas, and more minor
afferents from the C3 and A7 areas. Con-
tralateral to the injection site afferents ar-
rived primarily from the LC and A5 areas,
with a minor component from the A2 and
C1 areas (Table 2).

The injection in case WG2 was more re-
stricted to the SN than in case WG3, with
slight spread into the lateral part of the VTA
toward its anterior portion (Fig. 6). Ipsilat-
eral to the injection, the major innervation
arrived from the A1 and A2 areas, followed
by projections from the LC and C1 areas.
Double labeled neurons were also found in
C2 and A5 to a lesser degree. Contralateral to
the injection site LC, A1, A2, and A5 areas
were the main NE afferent sources. The C1
contralateral to the injection also contained
double labeled neurons. The extent of con-
tralateral double labeled neurons was higher
for LC and the A5 area than for other NE
nuclei examined.

Adrenergic afferents to medial VTA
Microinjections with CTb
Three cases had injections of CTb focused
in the medial part of VTA. In case M8, the
injection covered the medial VTA
throughout its rostrocaudal axis, and both
the parabrachial and the paranigral com-
ponents in the dorsoventral axis were in-
cluded (Fig. 5). This case revealed a prefer-
ential NE innervation from LC and the A5

area. A few double labeled cells were also found in the A1 and A2
areas, and only one cell was found in the C1 area and A7 area
(Table 3). Case M19 had a similar but somewhat smaller injection
site that covered both parabrachial and paranigral areas, and cov-
ered mainly the caudal VTA at the level of the IPN (Fig. 5). Case
M19 confirmed the LC and A5 as major sources of NE innerva-
tion to the medial VTA area. No double-labeled neurons were
found in any other NE or E nuclei examined (Table 3).

Figure 7. Adrenergic afferents to the RRF. A, Images of the retrograde tracer injection sites. The dark black represents the
WGA-Au, and the brown immunostaining reveals TH. B, Plots of the anatomical locations of NE retrogradely labeled neurons
within the LC, A5, A2 and A1 areas. C, Plots of the anatomical locations of E retrogradely labeled neurons within the C1, C2 and C3
areas. A, Nucleus ambiguus; AP, area postrema; CU, cuneate nucleus; DMX, dorsal motor nucleus vagus nerve; GR, gracile nucleus;
LRN, lateral reticular nucleus; MV, medial vestibular nucleus; NTS, nucleus of the solitary tract; PGRNd, paragigantocellular
reticular nucleus, dorsal part; PGRNl, paragigantocellular reticular nucleus, lateral part; PRP, nucleus prepositus; VII, facial nucleus,
XII, hypoglossal nucleus.
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In case M14, the injection site was focused in the parabrachial
subregion and extended into the anterior VTA (Fig. 5). Retro-
gradely labeled NE cells were mainly in LC and the A5 area, with
few neurons in the A1 and A2 areas.

Microinjection with WGA-Au
Only case WG8 had a WGA-Au injection located within the me-
dial VTA (Fig. 8). The center of the injection was toward the
posterior part of the VTA as revealed by the presence of the in-
terpeduncular nucleus. Similar to CTb cases, WG8 revealed ret-
rogradely labeled neurons in the LC and A5 area. However, ret-
rogradely labeled neurons were also found in the A1, A2 and C1
areas.

Adrenergic afferents to the IF nucleus
Case WG5 was confined to the IF nucleus (Table 4). The major
afferents appeared in LC and A5, followed by inputs from the A1
and C1 areas. A smaller number of double labeled neurons was
also seen the A2 area. The IF is located at the midline, and a
similar number of double-labeled afferents was observed in both
hemispheres (Table 3).

Adrenergic afferents to the RL and CLi nuclei
Case WG6 was confined to the RL and CLi (Fig. 6, Table 4). The
largest numbers of double labeled neurons in this case were
found in the A1, A2, A5 areas and the LC. A minor E input was
observed with equal proportions from C1, C2 and C3 nuclei. Case

WG7 contained afferents from the same NE nuclei, but the num-
ber of double-labeled neurons from A1 and A2 were higher than
from A5, and a weaker innervation was found from LC. A small
number of E neurons were also retrogradely labeled in case WG7;
the number of these in the C1 area was higher than in the C2 or C3
areas.

Control cases
Interpeduncular nucleus
CTb microinjection into the IPN retrogradely labeled neurons in
LC and the A7 area (Fig. 5, Table 5). The LC labeling is consistent
with previous reports using fast blue (Hamill and Jacobowitz,
1984) and HRP (Marchand et al., 1980).

Red nucleus
An injection of CTb that included the red nucleus revealed retro-
grade labeling in the contralateral nucleus interpositus in the
lateral cerebellum (Bernays et al., 1988). In case NVTA6, two
thirds of the injection was within the red nucleus, although the
most posterior part of the injection also included the medial RRF
(Fig. 5). Retrogradely labeled NE neurons in the medulla were
observed primarily in the A1 area, with a minor representation
also in the A2 area. At the level of the pons, retrogradely la-
beled neurons were present in LC bilaterally, with a preference
for the contralateral side. Only 2 retrogradely labeled neurons
were found in the A5 area. E retrogradely labeled neurons were
found ipsilateral to the injection site in the C1 and C3 areas
(Table 5).

Mammillary nucleus
Injection of CTb into the mammillary nuclei retrogradely labeled
neurons in LC and the A5 area (case P3; Fig. 5, Table 5). No other
adrenergic afferents were observed.

Relative strength of adrenergic innervation to midbrain DA
neurons from different sources
Cases with injections of retrograde tracers in similar regions
yielded similar patterns and relative numbers of double labeled
neurons (see Tables 1 through 5). Therefore, cases with similar
injection sites were combined for analysis to identify patterns of
innervation. To examine the relative strength of adrenergic affer-
ents to different midbrain DA areas, we compared the percent-
ages of adrenergic neurons that were retrogradely labeled in each
adrenergic nucleus from injections made in the RRF, RL and CLi,
IF or mVTA, as described in Materials and Methods. Because the
number of injection cases in each region was not sufficient for a
thorough statistical analysis, the results of these analyses are only
qualitative. However, the patterns of innervation observed were
confirmed by quantitative analyses of lesions of NE pathways,
which are described later.

Figure 9 center shows the topographical arrangement of the
adrenergic afferents to midbrain DA neurons. Each pie chart re-
flects the relative proportion of that DA area’s NE or E innerva-
tion that originates in each specific NE or E source nucleus. The
afferent relative strength to the RRF was highest for innervation
from C1 neurons, followed by the A1 and A2 areas, and then LC
and the A5 area. RL and CLi received a similar strong innervation
from A1, A2 and A5, followed by a less robust innervation from
LC. It is important to notice that in IF and mVTA the proportion
of NE afferents from the LC and A5 increased compared with
other nuclei.

We also examined the relative strength of NE or E efferents
from each adrenergic nucleus to RRF, RL and CLi, IF or mVTA,
as described in Materials and Methods. The arrowheads at the

Table 1. Numbers of NE and E retrogradely labeled neurons after injection of the
RRF

Adrenergic nuclei

Case number

CTb6 WG10 WG12

NE nuclei
A1 32�2 52�12 45� 6
A2 33�2 44�6 64� 5
A5 12�12 15�9 28�25
LC 30�12 12�8 26�25
A7 –�– 1�0 2�3
Total 107�28 124�35 165�64

E nuclei
C1 45�3 98�8 44�4
C2 0�0 8�0 6�0
C3 9�1 22�1 8�1
Total 54�4 128�9 58�5

Left side numbers are ipsilateral to the injection site.

Table 2. Numbers of NE and E retrogradely labeled neurons after injection of the
SN

Adrenergic nuclei

Case number

P2 CTb5 WG2 WG3

NE nuclei
A1 1�0 5�3 77�8 56�2
A2 4�1 5�0 79�9 56�11
A5 3�2 0�0 18�7 29�24
LC 9�7 7�4 39�12 72�58
A7 0�0 0�0 2�2 5�3
Total 17�10 17�7 211�38 218�88

E nuclei
C1 3�0 5�2 29�5 91�10
C2 1�0 0�0 11�0 32�2
C3 2�0 1�0 2�0 7�1
Total 6�0 6�2 42�5 130�13

Left side numbers are ipsilateral to the injection site.
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side of Figure 9 provide estimates of the proportion of each ad-
renergic efferent nucleus that projects to a specific midbrain DA
area. The main pattern observed was that a high proportion of NE
or E efferents terminated in the RRF, as can be observed by the
sizes of the arrowheads. Conversely, efferents to mVTA were the
weakest, when compared with other midbrain DA regions. The IF
received the densest innervation by LC neurons in this analysis.

Ventral-bundle lesions confirmed A1,
A2 and C1 as major adrenergic afferents
to midbrain DA regions
We decided to confirm our tract-tracing
with lesions of the VNAB and quantifica-
tion of the resulting reduction in DBH var-
icosities in DA cell areas. Electron micros-
copy studies have shown that DBH-
positive varicosities are axonal areas with a
high density of vesicles that form symmet-
ric and asymmetric synaptic junctions, but
also may lack morphologically identifiable
synaptic junctions and provide extrasyn-
aptic release (Aoki et al., 1998). Therefore,
quantification of NE varicosities in was
taken as an index of NE innervation and
release sites.

Lesions of VNAB fibers were per-
formed by microinjecting 6-OHDA poste-
rior to the LC and dorsal to the A5 area
(Fig. 10). The placement of these injec-
tions was chosen to avoid leakage of the
6-OHDA upward into the dorsal norad-
renergic fiber bundle, or into the A7 and
A8 areas that are situated nearby the
VNAB rostral to LC. We also selected this
injection site to affect adrenergic efferents
coming from the A1, A2 and C1 areas
(Sawchenko and Swanson, 1982; Card et
al., 2006). Confirmation of the specificity
of the lesions was assessed by measuring
DBH fiber innervation in the BNST (a ma-
jor target of A1 and A2 NE fibers) and by
quantifying DBH varicosities within mo-
tor cortex (an area that receives NE from
LC but not from A1 and A2 NE neurons)
(Fig. 11) (Ungerstedt, 1971; Loughlin et
al., 1982; Aston-Jones et al., 1999; Forray et
al., 2000). There was an 81% decrease
(range across subjects � 68% to 97%, t(9)

� 13.14 p � 0.0001) in the area occupied
by DBH fibers within the BNST in lesioned
compared with sham surgery subjects. In
contrast, LC fibers were not affected by the
VNAB 6-OHDA injections because no dif-
ferences in cortical varicosities were found
between lesion and sham subjects (t(9) �
0.52, p � 0.62).

Quantification of DBH varicosities in
sham subjects confirmed the results of the
retrograde tracing experiments, showing a
higher adrenergic innervation in RRF than
in VTA. Quantification revealed that RRF
had 33% more varicosities per �m 3 than
VTA (Fig. 12, a). VNAB lesions produced a
profound decrease in DBH varicosities in

both RRF and VTA (70%, t(9) � 10.18, p � 0.0001, and 78%, t(9)

� 7.29, p � 0.001, respectively) (Fig. 12, c,d). In lesioned sub-
jects, RRF had 52% more varicosities per �m 3 than the VTA (t(5)

� 3.49, p � 0.0175), indicating that innervation arriving through
the dorsal bundle (the major axonal pathway from LC) as well as
the periventricular bundle (with axons from A1 and C1) project
preferentially to RRF (Fig. 12, b).

Figure 8. Adrenergic afferents to the VTA area. A, Images of retrograde tracer injection sites. The dark black represents
WGA-Au, and the brown shows immunostaining for TH. B, Plots of the anatomical locations of NE retrogradely labeled neurons
within the LC, A5, A2 and A1 areas. C, Plots of the anatomical locations of E retrogradely labeled neurons within the C1, C2 and C3
areas. A, Nucleus ambiguus; AP, area postrema; CU, cuneate nucleus; DMX, dorsal motor nucleus vagus nerve; GR, gracile nucleus;
LRN, lateral reticular nucleus; MV, medial vestibular nucleus; NTS, nucleus of the solitary tract; PGRNd, paragigantocellular
reticular nucleus, dorsal part; PGRNl, paragigantocellular reticular nucleus, lateral part; PRP, nucleus prepositus; VII, facial nucleus;
XII, hypoglossal nucleus.
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Discussion
Our study characterizes the sources of adrenergic innervation to
midbrain dopamine areas. The RRF receives the densest adren-
ergic innervation among the midbrain DA cell areas. Both NE
and E neurons project to the RRF and the VTA. The major NE
afferents originated from A1, A2, A5 areas and LC, whereas E
afferents arrived from the C1 area. Localization of major adren-

ergic afferents within homeostatic centers in the lower brainstem
indicates pathways whereby midbrain DA neurons may receive
information about the visceral and physiological status of the
animal. Inputs from the LC may also provide information about
the arousal state of the animal as well as the about ongoing be-
havioral performance.

Adrenergic afferents to midbrain DA neuron areas
The RRF received the densest adrenergic innervation
We found a higher content of DBH varicosities within the RRF,
and the largest number of retrogradely labeled adrenergic neu-
rons when tracers were placed in the RRF. The sources of adren-
ergic innervation to RRF were the A1, A2, C1 and A5 areas and
the LC. The strong innervation from medullary adrenergic nuclei
was confirmed by a 70% reduction of DBH varicosities in RRF
after lesion of the VNAB. The remaining adrenergic innervation
after the VNAB lesion confirmed the innervation from LC. Our
retrograde tracing analysis was consistent with these lesion re-
sults, showing that LC contained between 7 and 22% of total

Figure 9. Summary of the adrenergic innervation to midbrain DA regions. Pie pieces in the
center represent the relative strengths of different sources of NE and E innervation (relative
afferent strength) to RRF, RL and CLi, IF, and mVTA. The relative strengths of efferents from
adrenergic nuclei are represented by arrows on the sides of the figure. The sizes of the arrow
heads are proportional to the numbers of adrenergic neurons retrogradely labeled from injec-
tions in specific midbrain DA regions. Notice that the RRF received a robust proportion of the
adrenergic efferents from each of the adrenergic nuclei, whereas the mVTA received the small-
est proportions of adrenergic efferents. These analyses for this summary are qualitative because
the numbers of injection cases in each area were not sufficient for statistical tests. However,
results were quantitatively confirmed by lesion experiments (Figs. 10 –12).

Table 3. Numbers of NE and E retrogradely labeled neurons after injection of the
medial part of the VTA

Adrenergic nuclei

Case number

mVTA
M8

mVTA
M14

mVTA
M19

mVTA
NVTA3

mVTA � IF �CLi
WG8

NE nuclei
A1 4�0 2�0 0�0 1�0 26�13
A2 2�0 0�1 0�0 4�1 13�4
A5 12�15 5�7 2�0 3�2 18�19
LC 26�14 6�8 8�9 9�7 10�2
A7 0�1 0�0 0�0 0�0 1�1
Total 44�30 13�16 10�9 17�10 68�39

E nuclei
C1 1�0 1�0 3�0 17�3
C2 0�0 0�0 1�0 3�1
C3 0�0 0�0 2�0 4�3
Total 1�0 1�0 6�0 24�7

Left-side numbers are ipsilateral to the medial VTA microinjection site, whereas in microinjections that target the IF,
RL or CLN (Table 4), the numbers represent the respective hemispheres.

Table 4. Numbers of NE and E retrogradely labeled neurons after injection of the
IF, RL and CLi

Adrenergic nuclei

Case number

IF
WG5

RL � CLi
WG6

RL � CLi � MVTA
WG7

RL � CLi
M7

NE nuclei
A1 11�16 14�10 23�18 17�10
A2 6�4 9�12 25�25 13�11
A5 21�16 10�18 13�9
LC 28�32 12�11 2�4
A7 0�0 1�0 2�1
Total 66�68 46�51 65�57

E nuclei
C1 12�12 3�2 5�4 6�2
C2 0�4 3�1 4�2 0�0
C3 2�2 2�2 3�1 3�3
Total 14�18 8�5 12�7 9�5

In microinjections that target the IF, RL, or CLN, the numbers represent the respective hemisphere, whereas in
microinjections that target the medial VTA (Table 3), left-side numbers are ipsilateral to the medial VTA microinjec-
tion site.

Table 5. Numbers of NE and E retrogradely labeled neurons after injection of the
interpeduncular nucleus or the red nucleus

Adrenergic nuclei

Case number

MM
P3

IPN
M15

IPN
P1

RN � mRRF
NVTA6

NE nuclei
A1 0�0 0�0 0�0 19�1
A2 0�0 0�0 0�0 4�0
A5 2�3 0�0 0�0 1�1
LC 11�7 3�11 10�12 11�21
A7 0�0 1�0 4�2 4�0

E nuclei
C1 0�0 0�0 0�0 11�0
C2 0�0 0�0 0�0 0�0
C3 0�0 0�0 0�0 9�1

Left-side numbers are ipsilateral to the RN microinjection site, whereas in microinjections that target the MM and
IPN the numbers represent the respective hemispheres.
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adrenergic retrogradely labeled neurons after tracer injection
within RRF. The remaining difference may indicate that a few
fibers from the VNAB were not affected by the lesion, or may
reflect adrenergic fibers from A1 and C1 areas coursing through
the periventricular adrenergic bundle that may innervate the RRF
(Byrum and Guyenet, 1987; Herbert and Saper, 1992).

The RRF may be functionally distinct from VTA and SN. DA
neurons send stronger projections to entorhinal cortex and hip-
pocampus than do DA neurons in SN or VTA; thus, RRF DA cells
may serve a modulatory role in declarative and spatial memory,
functions associated with entorhinal and hippocampal cortices
(Swanson, 1982; Deutch et al., 1988; Gasbarri et al., 1996). Cel-
lular evidence for a role of DA in such memory processes comes
from studies in the hippocampus in which late-phase LTP is de-

stabilized by blocking D1 receptors (Huang and Kandel, 1995).
Similarly, D1 antagonists can also destabilize the formation of
hippocampal place cell spatial maps (Kentros et al., 2004). In
humans, binding of hippocampal D2 receptors correlates with
performance on verbal and nonverbal visual recall memory tasks,
as well as in a working memory task (Takahashi et al., 2007).

The VTA is topographically innervated
LC and A5 areas were the primary sources of adrenergic afferents
to the medial aspects of VTA. This was the only location within
VTA where NE and E efferents from the medulla were weak. It is
also important to note that this region of VTA received a density
of DBH varicosities similar to those of IF, RL, or CLi, but it
yielded fewer retrogradely labeled neurons after tracer injections,
suggesting more branching of terminals from these neurons in
target areas. Because of the preferential innervation from the LC
compared with other adrenergic nuclei, it is possible that neurons
in this region may be most influenced by information arriving
from LC-NE neurons.

Toward the midline the RL and CLi were innervated by ad-
renergic neurons in the A1, A2, C1 and A5 areas and the LC,
whereas IF was innervated by the same areas with the exception of
A2. The LC innervation may emanate from fibers coursing ven-
tral to the VTA that also innervate the IPN (Marchand et al., 1980;
Hamill and Jacobowitz, 1984). Innervation from LC and A5 cells
also extend rostrally to VTA, as revealed by retrogradely labeled
neurons after the control injection in the mammillary nucleus. It
remains unknown whether DA neurons located in the supra-
mammillary nucleus receive their innervation from the LC and
A5, or whether A1 and C1 also send fibers to these neurons,
because we did not include cases with retrograde tracer injections
that targeted the supramammillary nucleus.

We confirmed previous tract-tracing studies describing an NE
input from the LC to the VTA (Jones and Moore, 1977; Phillip-
son, 1979; Simon et al., 1979; Geisler and Zahm, 2005). Afferents
from LC were bilaterally located in VTA, similar to what was
found by Geisler and Zahm (2005) using fluorogold, but some-
what different from Simon et al. (1979) who described the LC
projection as mainly contralateral. It is possible that differences in
the uptake of the tracers selected for these different studies
[horseradish peroxidase by Simon et al. (1979), fluorogold by
Geisler and Zahm (2005), and WGA-Au and CTb in our study]
may account for these differences in the laterality of innervation.

Functional implications for adrenergic innervation of
midbrain DA neuron areas
Homeostatic centers project to midbrain DA neuron areas
Robust adrenergic projections to midbrain DA neuron areas ar-
rive from the A1, A2, A5, and C1 areas. All of these afferents
receive visceral information and participate in homeostatic reg-
ulation. For example, A1 neurons are involved in hemodynamic
regulation by controlling the release of vasopressin (Blessing and
Willoughby, 1985), whereas C1 neurons are barosensitive and are
also involved in sodium and water balance (Guyenet, 2006). A5
neurons regulate the respiratory rhythm generator of the rostral
ventrolateral medulla (Hilaire et al., 2004), and A2 neurons are
involved in the regulation of food intake (Rinaman, 2003). LC
receives strong innervation from the ventrolateral medulla and
dorsal medial medulla, which may forward visceral information
to the LC (Aston-Jones et al., 1986, 1991; Guyenet, 1991). Thus, it
seems possible that the information carried by adrenergic fibers
to midbrain DA neuron areas is related to the physiological well
being of the organism. This may explain DA neural responses to

Figure 10. VNAB lesion site. VNAB lesions were performed posterior to the LC to avoid
lesioning LC fibers crossing through the ventral bundle or lesioning the A7 or A8 areas in close
proximity to the VNAB. Sections were stained for DBH immunodetection (dark blue) and coun-
terstained with methyl green. Top, A nonlesioned animal; notice the abundance of DBH fibers
across the section and the VNAB (circled region). Bottom, A lesioned animal; notice the lack of
DBH staining in the brainstem and the accumulation of DBH stain at the site of lesioned fibers
(circled region).
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alterations in cardiovascular physiology
such as an acute rise in arterial pressure
and stimulation of the aortic depressor
nerve (Kirouac and Ciriello, 1997). Such
visceral inputs may also be involved in the
response of DA neurons to primary re-
warding stimuli such as food.

Stress is a common activator of
adrenergic neurons
Adrenergic neurons in the A1, A2, C1 and
C2 areas and LC may also be important in
the regulation of DA neurons during
stress. Physiological stressors such as car-
diovascular, osmotic and immune chal-
lenges, as well as psychological stressors
including restraint and intermittent foot-
shock, activate these adrenergic cells
(Abercrombie and Jacobs, 1987; Morilak
et al., 1987; Sawchenko et al., 2000). In the
awake rat, restraint stress increases the im-
pulse rate and burst-firing of DA neurons
(Anstrom and Woodward, 2005). Simi-
larly, exposure to chronic cold stress in-
creases burst-firing of DA neurons but also
causes a 64% decrease in the number of
spontaneously active DA cells (Moore et al., 2001). Bursting ac-
tivity of DA neurons appears to be modulated by �-1 and �-2
adrenoceptors (Grenhoff and Svensson, 1988, 1989, 1993; Gobbi
et al., 2001; Paladini et al., 2001), which may indicate a role of the
adrenergic innervation to midbrain DA neurons during stress.

Interactions between LC-NE and midbrain DA neurons are
important for cognitive performance
An exciting goal of future research is to understand the interac-
tion of LC-NE neurons and midbrain DA neurons in cognitive
processes. LC neurons have been shown recently to have phasic
and tonic modes of impulse activity, associated with distinct cog-
nitive processes in behaving animals (Clayton et al., 2004; Aston-
Jones and Cohen, 2005). The adaptive gain theory of the LC-NE
system predicts that the function of the LC in reinforcement
learning is to provide an annealing mechanism, in which explo-
ration is favored during learning in new (or changing) environ-
ments (associated with the tonic LC mode), and exploitation
(focused attention) is promoted when known, reliable sources of
reward are discovered (associated with the phasic mode) (Aston-
Jones and Cohen, 2005).

The DA system has also been strongly implicated in reinforce-
ment learning. A prominent theory proposes that DA provides a
teaching signal in reinforcement learning processes that pro-
motes future predictions about when rewards are likely to occur
(Montague et al., 1996, 2004). These ideas lead to a hypothesis for
interactions between DA and LC-NE systems during learning and
motivated behavior (Aston-Jones and Cohen, 2005). In this view,
during the search for a new reward LC tonic firing favors explo-
ration. When a source of new reward is discovered, DA-
dependent reinforcement learning strengthens the behavior that
produced the reward so that additional reward is more likely to be
obtained via that behavior. This, in turn, favors the phasic mode
of LC activity which promotes further exploitation of the new
source of reward. Conversely, when the current reward is no
longer valuable or available, the LC is driven into the tonic mode,
promoting exploration and thereby fostering learning a new be-
havior that produces more remuneration. Although these ideas

are speculative at present (as described by Aston-Jones and Co-
hen 2005), previous results by Grenhoff et al. (1993) showing
activation of DA neurons after stimulation of LC and the ana-
tomical data presented here indicates that a direct influence of the
LC-NE on DA neurons may be one way that such interactions
may be produced, and provides the basis for future experiments
to further test such ideas (Jones and Moore, 1977; Phillipson,
1979; Simon et al., 1979; Liprando et al., 2004; Geisler and Zahm,
2005).
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