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The dopamine transporter (DAT) regulates extracellular dopamine
concentrations, transports neurotoxins, and acts as a substrate
for cocaine reinforcement. These functions are known to differ in
the limbic-associated shell and motor-associated core compart-
ments of the nucleus accumbens (NAc). Previous studies have
shown differential expression of DAT in the NAc shell and core but
were limited in resolution to the regional level. Thus, it is not known
whether there are differences in the amount, subcellular localiza-
tion, or plasmalemmal targeting of DAT within individual dopam-
inergic axons in the two regions. We used high-resolution electron
microscopic immunocytochemistry to investigate these possibili-
ties. We show that in both the shell and core, DAT immunogold
labeling is present in tyrosine hydroxylase-immunoreactive vari-
cose axons that form symmetric synapses. Within these labeled
axons, most DAT gold particles are located on extrasynaptic

plasma membranes, but some are associated with intracellular
membranes. Dopaminergic axons in the shell contain lower mean
densities of both total DAT gold particles (per square micron) and
plasmalemmal DAT gold particles (per micron) than those in the
core. Within labeled axons in the NAc shell and core, however,
there are no detectable differences in the subcellullar distribution
of DAT or the percentage of total DAT gold particles that are
located on plasma membranes. These studies are the first to
examine and compare the subcellular localization of DAT in the
NAc shell and core. As a result, they identify intrinsic, cell-specific
differences in the expression of DAT within dopaminergic axons in
these functionally distinct striatal compartments.
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Midbrain dopaminergic neurons in the ventral tegmental area
(VTA) and substantia nigra (SN) modulate a wide variety of
functions, including motivation, attention, reward, and locomotor
activity (Le Moal, 1995). In addition, these neurons are the major
targets of drugs of abuse such as cocaine and amphetamines (for
review, see Koob and Bloom, 1988; Kuhar et al., 1991; Fibiger et
al., 1992). The rewarding and reinforcing properties of these
drugs are believed to involve mesolimbic dopaminergic projec-
tions to the shell of the nucleus accumbens (NAc), a region that
is closely linked with limbic structures and functions (Voorn et al.,
1989; Heimer et al., 1991; Deutch and Cameron, 1992; O’Donnell
and Grace, 1993; Zahm and Heimer, 1993; Jongen-Relo et al.,
1994). In contrast, the motor effects of these drugs are more
strongly associated with nigrostriatal dopaminergic projections to
dorsal regions of the striatum, including the caudate-putamen
nucleus and the NAc core (for review, see Brog, 1992; Roth and
Elsworth, 1995).
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Recent evidence has suggested that many of the functional
differences between the NAc shell and core may be attributable to
differential expression of the plasmalemmal dopamine trans-
porter (DAT) in these regions (for review, see Bannon et al.,
1995). DAT plays a critical role in regulating the extracellular
levels of dopamine (Horn, 1990; Giros et al., 1996) and is the
principal “receptor” involved in the reinforcing properties of
cocaine and other stimulants (Ritz et al., 1987; Kuhar et al., 1991).
Extracellular dopamine concentrations in the shell and core also
show differential sensitivity to psychostimulants (Pontieri et al.,
1995; Jones et al., 1996), consistent with known compartmental
differences in DAT binding sites (Sharpe et al., 1991; Jones et al.,
1996). Some of the responses to psychostimulant administration
(Pontieri et al., 1994; Pierce and Kalivas, 1995) and withdrawal
(Pilotte et al., 1996) occur selectively in the NAc shell but not the
core. Moreover, the shell is less susceptible to neurotoxins such as
6-hydroxydopamine (6-OHDA) that are taken up by DAT
(Zahm, 1991), providing additional indirect evidence that there
may be functional differences in expression of DAT within limbic
and motor compartments of the NAc.

Previous studies showing differences in dopamine uptake in the
NAc core and shell (Sharpe et al., 1991; Jones et al., 1996) were
limited in resolution to the regional level. Thus, fundamental
questions remain unanswered regarding whether the unique func-
tional characteristics of the NAc shell and core reflect cell-specific
differences in the amount, subcellular localization, or plasma-
lemmal targeting of this transporter in the two regions. The
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recent cloning (Giros et al., 1991; Kilty et al., 1991; Shimada et
al., 1991) and production of high-titer antisera against rat DAT
(Freed et al., 1995; Revay et al., 1996) now make it possible to
address these questions directly. In the present study, we there-
fore used electron microscopic immunocytochemistry to examine
and compare the precise subcellular localization of DAT in the
NAc shell and core of rat brain.

MATERIALS AND METHODS

Tissue preparation. Methods for tissue preparation and immunocyto-
chemical labeling were based on those of Leranth and Pickel (1989) as
described previously (Nirenberg et al., 1996a). Five adult, male Sprague
Dawley rats (250—400 gm) were anesthetized with sodium pentobarbital
(50 mg/kg, i.p.) and perfused through the ascending aorta with 40 ml of
heparin (1000 U/ml heparin in 0.15 M NaCl), 50 ml of 3.75% acrolein,
and 2% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. The
brains were removed from the calvariae and post-fixed for 30 min in 2%
paraformaldehyde. Sections through the NAc (30—40 wm) were cut with
a vibratome, and incubated in 1% sodium borohydride in PB for 30 min.
To enhance the penetration of the immunoreagents, the sections were
cryoprotected for 15 min in 25% sucrose and 3.5% glycerol in 0.05 M PB,
rapidly frozen in chlorodifluoromethane followed by liquid nitrogen, and
immediately thawed in room temperature PB.

Antisera. As in previous studies (Nirenberg et al., 1996a, 1997; Pickel
et al., 1996; Nirenberg and Pickel, 1997), we used two well characterized
antisera: a rabbit polyclonal anti-peptide antiserum directed against the
N-terminal domain of rat DAT (Freed et al., 1995; Revay et al., 1996) and
a commercially available mouse monoclonal antiserum directed against
TH (Incstar, Stillwater, MN). Free-floating tissue sections were incu-
bated overnight at room temperature in 0.1% bovine serum albumin
(BSA)-Tris-saline (TS; 0.9% NaCl in 0.1 M Tris, pH 7.6) to which one of
the following had been added: (1) a 1:6000 or 1:3000 dilution of the DAT
antiserum, for single labeling; (2) a 1:6000 dilution of the DAT antiserum
and a 1:10,000 dilution of the TH antiserum, for double labeling; or (3)
no primary antiserum, as a negative control.

Immunocytochemical labeling. In tissue that was prepared for dual
labeling, the bound TH antiserum was identified using the avidin-biotin
complex method (Hsu et al., 1981) as follows. The sections were incu-
bated for 30 min in a 1:400 dilution of biotinylated goat anti-mouse IgGs
in 0.1% BSA, for 30 min in a 1:100 dilution of avidin-biotin—peroxidase
complex, and then for 6 min in a solution consisting of 22 mg of
3,3’-diaminobenzidine and 10 ul of 30% hydrogen peroxide in 100 ml of
0.1 m TS, pH 7.6.

All tissue sections were prepared for immunogold labeling (Chan et
al., 1990) as follows. They were incubated for 2 hr in a 1:50 dilution of
colloidal gold (1 nm)-conjugated anti-rabbit IgG (Amersham, Arlington
Heights, IL), and fixed for 10 min in 2% glutaraldehyde in PBS. The
immunogold particles were then intensified for 6 min with a silver
solution using a light-stable intenSEM kit (Amersham).

Electron microscopy. All tissue sections were incubated in 2% osmium
tetroxide for 60 min, dehydrated in a series of graded ethanols and
propylene oxide, and then embedded in Epon 812 between two pieces of
Aclar plastic. Ultrathin sections from the NAc core and medial NAc shell
(Fig. 1), derived from rostrocaudal sections between +1.20 and +1.70
from bregma (Paxinos and Watson, 1986), were collected from the outer
surface of the plastic-embedded tissue with an ultramicrotome (Research
and Manufacturing Co., Tucson, AZ). These sections were then coun-
terstained with lead citrate and uranyl acetate and examined with a
Philips (Mahwah, NJ) electron microscope.

The electron micrographs that were used for illustrations were pre-
pared on a Power Macintosh 8500/150 Computer (Apple Computer Inc.,
Cupertino, CA) as follows. They were scanned with an AGFA Arcus II
scanner (Agfa-Gevaert, NV, Montsel, Belgium) in combination with
FotoLook (Agfa-Gevaert) and Photoshop (version 3.0.4; Adobe Systems
Inc., Mountain View, CA) software. Composite figures were then pre-
pared and labeled using QuarkXPress (version 3.32; Quark Inc., Denver,
CO) and Adobe Illustrator (version 6.0) software.

Identification of labeled profiles. The classification of labeled profiles
and subcellular organelles was based on the criteria of Peters et al.
(1991). Synaptic junctions were defined by the presence of a junctional
complex, a restricted zone of parallel membrane appositions with slight
enlargement of the extracellular space, and associated membrane densi-
ties. Symmetric synapses were characterized by presynaptic and postsyn-
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Figure 1. Coronal hemisection of the rat forebrain. Schematic diagram
illustrating the regions of the NAc shell (left) and core (right) that were
sampled for electron microscopic analysis. The illustration is shown at a
level +1.70 mm from bregma. ac, Anterior commissure; cc, corpus callo-
sum; CPN, caudate—putamen nucleus. The arrows point dorsal (D) and
medial (M). Modified from Swanson (1992).

aptic densities of similar thickness. In contrast, asymmetric synapses were
characterized by postsynaptic densities that were thicker than the pre-
synaptic density. Appositions (nonsynaptic contacts) were identified as
sites of closely spaced parallel plasma membranes that were not sepa-
rated by glial processes but that lacked detectable synaptic junctions. In
the present study, the term “axon” was used to refer collectively to both
narrow intervaricose axonal segments (<0.1 wm in maximal cross-
sectional diameter) and to larger-diameter axonal varicosities. The term
“axon terminal” was used to refer to vesicle-filled neuronal profiles that
formed obvious synaptic specializations, regardless of their diameter.

Identification of subcellular organelles. Small synaptic vesicles (SSVs)
were identified by their 30-60 nm cross-sectional diameter, round to
pleomorphic shape, and electron-lucent lumen. Large dense core vesicles
(DCVs) were identified by their size (80-120 nm in cross-sectional
diameter) and the presence of an electron-dense core surrounded by an
electron-lucent halo. Tubulovesicles were defined as electron-lucent
membranous structures that were irregular in shape and larger than SSVs
(>70 nm in maximal cross-sectional area).

Data analysis. Quantitative analysis was performed on a Dell (Austin,
TX) 466/T computer, using a Microcomputer Imaging Device system
(Imaging Research Inc., St. Catherines, Ontario, Canada). DAT-labeled
axons were sampled from four experimental animals. A total of eight
paired tissue sections of the NAc core and shell, derived from the either
the same (six of eight cases) or adjacent (two of eight cases) vibratome
sections were examined. For each pair of sections, data were collected
from a minimum of 50 nonoverlapping fields (490 um? each) at the
tissue—plastic interface. Quantitative analysis was performed on the first
434 DAT-immunoreactive axons that were detected within each of the
two NAc compartments. For each of these processes, the following was
determined: (1) the total number of immunogold particles (plasma-
lemmal and intracellular) located within each of the labeled axons per
unit area of labeled axon (in square microns); (2) the number of plasma-
lemmal gold particles located on each of the labeled axons per unit
perimeter of plasma membrane (in microns); and (3) the percentage of
the total (plasmalemmal and intracellular) immunogold particles that
were located on the plasma membrane of each of the labeled axons. The
results are reported as the mean = SEM, as calculated using Fisher’s
exact test. Statistical significance was defined by p < 0.05.
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Figure 2. DAT labeling on the plasma membrane of a TH-immunoreactive axon in the NAc core. Electron micrograph showing colocalization of
immunogold labeling for DAT (arrows) and immunoperoxidase labeling for TH in a varicose axon in the NAc core. The DAT immunogold labeling (arrows)
is present on the plasma membranes of both the wider varicosity and the more narrow intervaricose portion of the axon. The DAT gold particles (arrows)
are located near an unlabeled perikaryon (UP) and several small unlabeled axons (UA). The DAT-labeled axon is apposed to an unlabeled axon terminal
(UT) that forms an asymmetric (excitatory-type) input onto an unlabeled dendritic spine (US). N, Nucleus of unlabeled perikaryon. Scale bar, 0.25 wm.
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Figure 3. DAT labeling on plasma membranes of TH-immunoreactive terminals that form symmetric synapses onto dendrites. In the NAc core
(A) and shell (B), immunogold labeling for DAT (closed arrows) and immunoperoxidase labeling for TH are colocalized within axon terminals
that form symmetric synapses (open arrows) onto unlabeled dendrites (UD). The DAT gold labeling (closed arrows) is seen on extrasynaptic
portions of the plasma membranes of the labeled terminals. In 4, none of the gold particles are detected on or near the synaptic density, but some
are seen near the spine (US) of the unlabeled dendrite (UD). In B, a plasmalemmal DAT gold particle (arrow) is located near the postsynaptic

dendrite. Scale bars, 0.25 pum.

RESULTS

Specificity of the DAT immunolabeling

Immunogold labeling for DAT was detected within unmyeli-
nated axons and axon terminals in both the core (Figs. 2, 34,
44,54, 6A4) and the shell (Figs. 3B, 4B, 5B, 6B, 7) of the NAc.
This labeling was present in ultrathin sections that were sam-
pled from the surface of the tissue (Figs. 2-7) but was absent
from control sections in which the primary antiserum had been

omitted (results not shown). Within dually labeled tissue from
both the core and shell of the NAc, most of the DAT-labeled
axons contained peroxidase reaction product for TH in a single
plane of section (Figs. 2—-4, 6, 74). Further analysis of serial
sections through several processes revealed that DAT-
immunoreactive axons consistently contained TH, whereas
TH-immunoreactive axons did not always contain detectable
immunogold labeling for DAT.
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Figure 4. DAT labeling on plasma membranes of TH-immunoreactive terminals that contact unlabeled dendritic spines. Electron micrographs show
colocalization of immunogold labeling for DAT (closed arrows) and immunoperoxidase labeling for TH within axons in the NAc core (A4) and shell (B,
(). In A, a dually labeled axon terminal forms a symmetric synapse (open arrow) onto the shaft of an unlabeled dendrite (UD). The spine (US) of the
unlabeled dendrite is also apposed to an axon that is dually labeled for DAT (closed arrows) and TH. In B, DAT gold particles (arrows) are seen on the
plasma membrane of a TH-immunoreactive terminal near appositions with an unlabeled axon (UA) and an unlabeled terminal (UT). In C, DAT gold
particles (closed arrows) are seen on extrasynaptic portions of the plasma membrane of a TH-immunoreactive terminal. Plasmalemmal DAT gold
particles are seen near appositions with an unlabeled axon (UA) but are not seen near the symmetric synapse. The DAT-labeled terminals in 4 and B
are apposed to unlabeled dendritic spines (US) that receive asymmetric synapses from unlabeled axon terminals (UT'). Scale bars, 0.25 um.

Presence in axons and axon terminals

In the core and shell, DAT labeling was seen in varicose (Figs.
2-7) and intervaricose (Fig. 2) segments of axons. These DAT-
immunoreactive processes only rarely formed synaptic junctions
that were evident in single tissue sections. The synapses that were
identified were small and symmetric, as shown in both the core
(Figs. 34, 44, 5A4) and the shell (Figs. 3B, 4C, 5B, 74). In some
cases, these synaptic densities were discontinuous, as shown in the
core (Fig. 74), but also observed in the shell.

In both regions, DAT-immunoreactive axon terminals formed
synapses predominantly onto unlabeled dendrites (Figs. 3, 44,
54, 7A4) and dendritic spines (Figs. 4C, 5B) and more rarely onto
unlabeled perikarya (results not shown). Many of the dendritic
spines that received a symmetric synapse from a DAT-
immunoreactive axon terminal also received a convergent asym-
metric synapse from an unlabeled axon terminal (results not
shown). These synaptic relationships are typical of dopaminergic
axons in this region (for review, see Pickel and Sesack, 1995).

Prominent association with extrasynaptic
plasma membranes
Within the DAT-immunoreactive axons in the NAc core and
shell, most of the DAT gold particles were located on cytoplasmic
surfaces of the plasma membrane (Figs. 2-7). These plasmale-
mmal DAT gold particles appeared to be uniformly distributed on
extrasynaptic portions of the plasma membranes, and thus were
observed near appositions with somata (Fig. 2), dendrites (Figs.
3B, 44,5, 6B), dendritic spines (Figs. 34, 44, 5B), axons (Figs. 2,
4B,C, 6A4), and astrocytes (results not shown). Although plas-
malemmal DAT gold particles were observed on portions of the
plasma membrane adjacent to synaptic junctions (Figs. 44, 5),
they were not detected over synaptic densities. These observa-
tions were confirmed in tissue in which the primary antiserum was
used at higher concentrations to maximize the detection of DAT
immunoreactivity (Fig. 5B).

A smaller number of DAT gold particles were also detected on
intracellular membranes. These membranes were electron-lucent
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Figure 5. DAT labeling on extrasynaptic plasma membranes of axon terminals. Electron micrographs show tissue that has been singly labeled with
immunogold for DAT, derived from the NAc core (A4) and shell (B). In A4, immunogold labeling for DAT (closed arrows) is located on extrasynaptic
portions of the plasma membrane of an axon terminal in the NAc core. The labeled terminal forms a symmetric synapse (open arrow) onto an unlabeled
dendrite. In B, the primary DAT antiserum has been used at twice the concentration as in 4. Immunogold labeling for DAT (closed arrows) is located
on extrasynaptic portions of the plasma membrane of an axon terminal in the NAc shell. The labeled terminal forms a symmetric synapse (open arrow)
onto the spine of an unlabeled dendrite (UD). In A and B, several plasmalemmal DAT gold particles are seen just lateral to the synaptic junctions, whereas

others contact electron-lucent intracellular vesicles (7). Scale bars, 0.25 um.

and included structures that resembled SSVs (Fig. 5B), as well as
larger (>70 nm in maximal cross-sectional diameter) tubulove-
sicular organelles (results not shown). DCVs were infrequently
detected within the DAT-immunoreactive axons and never con-
tained detectable DAT immunoreactivity.

Appositions with other catecholaminergic axons

In both the core (Fig. 64) and shell (Fig. 6B), some of the axons
that were dually labeled for DAT and TH were apposed to other
dually labeled axons. In addition, in the shell (Fig. 7), but only
rarely in the core, dually labeled (DAT/TH) axons were often
apposed to axons that were singly labeled with peroxidase for TH.
When the appositions between DAT/TH- and either DAT/TH-
or TH-labeled axons occurred, the plasmalemmal immunogold
labeling for DAT was observed at the sites of apposition (Figs. 6,
7), as well as distant from these contacts (Figs. 64, 7B).

Quantitative comparison of the core and shell
DAT-immunoreactive axons in the NAc shell contained a signif-
icantly lower mean density of total DAT gold particles per unit
area (15.2 = 0.7/um?) than those in the core (22.0 = 0.7/um?; p <
0.001) (Fig. 8A4). The plasma membranes of the DAT-
immunoreactive axons in the shell also contained a lower density
of DAT gold particles per unit perimeter (12.4 = 0.5/um) than
those in the core (17.3 = 0.6/um; p < 0.001) (Fig. 8 B). In contrast,
the proportion of DAT gold particles that were located on plasma
membranes in the shell and core did not differ significantly (75 =
2% and 78 * 1%, respectively; p > 0.1).

DISCUSSION

Our results provide the first ultrastructural evidence that DAT is
present along extrasynaptic plasma membranes of TH-
immunoreactive axons in the limbic shell and motor-associated
core of the NAc. They also identify cell-specific differences in the
density of plasmalemmal and cytoplasmic DAT within individual
axons in these regions. The presence of lower densities of DAT
within dopaminergic axons in the NAc shell is likely to play a

Figure 6. Appositions between axons labeled for both DAT and TH.
Electron micrographs show immunogold labeling for DAT (arrows) and
immunoperoxidase labeling for TH within two apposed axons in the NAc
core (A) and shell (B). Some of the DAT gold particles in 4 and B are seen
at the appositions between labeled axons, whereas others are distant from
these contacts. In B, the dually labeled terminals also contact a common
unlabeled dendrite (UD). UA, Unlabeled axon. Scale bars, 0.25 wm.

significant role in determining regional differences in extracellu-
lar dopamine diffusion, sensitivity to psychostimulants, and sus-
ceptibility to neurotoxins.
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Figure 7. Appositions between TH-immunoreactive axons, only one of
which contains DAT labeling. Electron micrographs show immunogold
labeling for DAT (closed arrows) and immunoperoxidase labeling for TH
in axons in the NAc shell. Each of the dually labeled axons is apposed to
another axon that is singly labeled with peroxidase reaction product for
TH (TH). Some of the plasmalemmal DAT gold particles are seen near
the points of apposition, whereas others are distant from these contacts. In
A, the dually labeled axon forms a symmetric synapse (open arrow) onto
an unlabeled dendrite (UD). This unlabeled dendrite is also apposed to
the TH-labeled axon (TH). UA, Unlabeled axon. Scale bars, 0.25 pm.

Regional heterogeneity of DAT

We have shown that there is a lower density of DAT gold particles
per unit perimeter on plasma membranes of dopaminergic axons
in the NAc shell than in the core. This is the first direct evidence
that there are intrinsic differences in the expression of this pro-
tein within individual dopaminergic axons in limbic and motor-
associated NAc compartments. Dopaminergic axons in the shell
also contained lower total levels of DAT immunoreactivity per
unit area, suggesting that these cell-specific differences are attrib-
utable to the presence of lower steady-state levels of total DAT
protein within axons in the NAc shell than in the core. This
interpretation is supported by previous observations that DAT
mRNA is less abundant in cells of origin in the VTA than in those
in the SN (Shimada et al., 1992; Cerruti et al., 1993; Blanchard et
al., 1994; Uhl et al., 1994; Haber et al., 1995). In contrast, although
recent in vitro studies suggest that the sorting of DAT to plasma
membranes may display some cell-type specificity (Gu et al.,
1996), we found no detectable differences in the proportion of
DAT immunoreactivity that was localized to plasma membranes
of dopaminergic axons in the two regions. Together, these find-
ings suggest that the reduced expression of functional dopamine
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Figure 8. DAT-immunoreactive axons in the NAc shell contain lower
densities of DAT than those in the core. A, Bar graph showing a higher
mean number of total DAT gold particles per unit area within labeled
axons in the NAc core (22.0 = 0.7/um?) than in the shell (15.2 = 0.7/um?;
p <0.001). B, Bar graph showing a higher mean number of plasmalemmal
DAT gold particles per unit perimeter of plasma membrane within la-
beled axons in the NAc core (17.3 = 0.6/um) than in the shell (12.4 *
0.5/um; p < 0.001). Asterisks in A and B indicate statistically significant
differences.

Core

uptake sites in the NAc shell results from the presence of a lower
mean density of DAT within individual dopaminergic axons in
this region.

Extrasynaptic dopaminergic transmission

DAT immunoreactivity was detected mainly on extrasynaptic
plasma membranes of dopaminergic axons, and less frequently on
intracellular membranes, in both the core and shell of the NAc.
Although we cannot rule out the possibility that DAT may be
present at synaptic densities but undetectable by pre-embedding
immunocytochemical techniques (Nusser et al., 1995), previous
studies with antisera directed against the N-terminal domain
(Nirenberg et al., 1996a) and the second extracellular loop of
DAT (Hersch et al., 1995) have shown that DAT labeling is
present in a comparable distribution on extrasynaptic plasma
membranes of axons in the dorsal striatum. These findings sug-
gest that the absence of labeling at the synapse is not attributable
to selective loss or masking of the N-terminal domain. In addi-
tion, they demonstrate that the subcellular localization of DAT is
qualitatively similar in the dorsal and ventral striatum.
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The observed extrasynaptic localization of DAT provides di-
rect anatomical confirmation that dopamine uptake sites in the
NACc are located extensively, and perhaps exclusively, outside the
synapse (for review, see Pickel et al., 1996). Previous studies have
demonstrated that there are physiologically relevant concentra-
tions of dopamine present in the neuropil in the NAc, suggesting
that dopamine can diffuse out of the synaptic cleft (Parsons and
Justice, 1992). Moreover, the efflux of dopamine from synapses in
this region can be detected after a single electrical stimulus
(Garris et al.,, 1994). Because uptake is the most important
mechanism for the clearance of dopamine from the extracellular
space, extrasynaptic dopamine uptake sites are likely to regulate
the diffusion of dopamine into the neuropil, as well as the amount
of this transmitter that can reach dopamine receptors located
distant from synaptic specializations (Levey et al., 1993; Sesack et
al., 1994; Yung et al., 1995). Accordingly, the presence of lower
densities of DAT within dopaminergic axons in the NAc shell,
suggested by the presence of less DAT labeling on these axons, is
likely to contribute to the reduced efficiency of dopamine uptake
observed in this region (Jones et al., 1996). These differences may
also account for the increased diffusion radius of dopamine in the
NAc shell (Garris et al., 1994). Thus, the prevalence of extrasyn-
aptic DAT immunolabeling indicates sites whereby DAT has the
potential to differentially regulate volume transmission in the
NACc shell and core (Schmitt, 1984; Herkenham, 1987; for review,
see Pickel et al., 1996).

Reciprocal relationships between

catecholaminergic axons

Appositions between DAT-immunoreactive axons were frequently
observed in both the shell and the core of the NAc. The presence
of DAT immunogold particles at points of contact between ap-
posed DAT-immunoreactive axons suggests the possibility that
dopamine synthesized in one axon and released into the extracel-
lular space could be taken up in an adjacent dopaminergic axon.
This may be a general characteristic of mesolimbic dopaminergic
neurons, because in previous studies we have shown that similar
appositions also frequently occur between DAT-immunoreactive
dendrites in the VTA (Nirenberg et al., 1997).

In the NAc shell, many of the DAT/TH-labeled axons were
apposed to axons that were singly labeled for TH. These TH-
immunoreactive axons presumably include dopaminergic axons
that lack DAT labeling in the observed plane of section, because
our results suggest that there may be differential subcellular
distributions of these proteins within individual axons. In addi-
tion, some of the TH-immunoreactive processes without DAT
labeling may represent noradrenergic axons, which are known to
innervate the NAc shell (Kelley et al., 1996; Saleem et al., 1996)
and to modulate extracellular dopamine levels in other limbic and
forebrain regions (Gresch et al., 1995). Thus, these appositions
may represent sites of interaction between dopaminergic and
noradrenergic neurons in this region.

Implications for sensitivity to psychostimulants

The sensitivity of dopaminergic neurons to psychostimulants is
believed to be a function of the number of plasmalemmal uptake
sites available for these drugs to inhibit (Cass et al., 1993; Mash
and Staley, 1997). Regional differences in the sensitivity to psy-
chostimulants have been demonstrated; however, there are con-
flicting reports as to whether the shell (Pontieri et al., 1995) or the
core (Jones et al., 1996) is more sensitive. Our findings indicate
that these regional differences might potentially result from the

J. Neurosci., September 15, 1997, 17(18):6899-6907 6905

presence of fewer total transporters in the shell (Jones et al.,
1996) or from greater “transporter saturation” in the shell result-
ing from a higher ratio of dopamine release to reuptake within
dopaminergic axons in this region (Pontieri et al., 1995).

We have also revealed more subtle features of the NAc shell
and core that may contribute to the differential sensitivity to
psychostimulants in these regions. In particular, we have identi-
fied potential sites for functional interactions between dopamin-
ergic and noradrenergic axons in the NAc shell but not the core.
These unique cellular relationships might potentially result in
differences in the indirect effects of cocaine on dopaminergic
transmission in these regions (Li et al., 1996). We have also shown
that the plasma membranes of individual dopaminergic axons in
the NAc shell contain lower densities of DAT than those in the
core. These differences are likely to affect both the baseline
membrane properties of the dopaminergic neurons in the two
regions and the capacity for these properties to be altered by
psychostimulants that block DAT-associated currents (Povlock
and Amara, 1997). Together, these regional and cell-specific
differences in expression of DAT are likely to play critical roles in
determining the differential sensitivity of the NAc core and shell
to cocaine and other psychostimulants.

Implications for neurotoxicity

Dopaminergic neurons also show regional heterogeneity with
respect to their sensitivity both to parkinsonism-inducing neuro-
toxins and to idiopathic Parkinson’s disease (for review, see Roth
and Elsworth, 1995). Given the established role of the dopamine
transporter in the uptake of toxins such as 1-methyl-4-
phenylpyridinium and 6-OHDA (Javitch et al., 1985; Sundstrom
et al., 1986; Kitayama et al., 1992, 1993; Pifl et al., 1993), it has
been suggested that the relative resistance of mesolimbic dopam-
inergic neurons to these toxins might result from the presence of
fewer dopamine uptake sites in the NAc shell compared with the
core and caudate—putamen nucleus (for review, see Edwards,
1993; Uhl et al., 1994). For the presence of fewer dopamine
uptake sites in the NAc shell to confer relative resistance to these
toxins, however, there would have to be lower densities of DAT
within individual axons in this region.

In the present study, we provide direct evidence that individual
dopaminergic axons in the NAc shell contain both lower total
densities of DAT and lower densities of DAT on the plasma
membrane. These cell-specific differences in DAT expression may
underlie the relative resistance of individual dopaminergic axons
in the NAc shell to neurotoxic insult. Interestingly, in our previ-
ous ultrastructural studies of the vesicular monoamine
transporter-2, a transporter that has been implicated in neuropro-
tection through sequestration of toxins, we showed that there are
higher levels of this transporter in the dendrites of mesolimbic
compared with nigrostriatal dopaminergic neurons (Nirenberg et
al., 1996b). Together, these findings show that differential expres-
sion of both vesicular and plasmalemmal dopamine transporters
may contribute to the relative resistance of mesolimbic dopam-
inergic neurons to neurotoxic insult.
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