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Midbrain dopaminergic neurons are known to release dopa-
mine from somata and/or dendrites located in the substantia
nigra (SN) and the ventral tegmental area (VTA). There is con-
siderable controversy, however, about the subcellular sites for
somatodendritic dopamine storage in these regions. In the
present study, we used dual-labeling electron microscopic im-
munocytochemistry to localize the vesicular monoamine
transporter-2 (VMAT2), a novel marker for sites of intracellular
monoamine storage, within identified dopaminergic (tyrosine
hydroxylase-containing) neurons in the rat SN and VTA. In
dopaminergic perikarya, immunogold labeling for VMAT2 was
localized to the Golgi apparatus, tubulovesicles that resembled
smooth endoplasmic reticulum (SER), and the limiting mem-
branes of multivesicular bodies. In dopaminergic dendrites,
VMAT2 was extensively localized to tubulovesicles that resem-
bled saccules of SER, and less frequently localized to isolated
small synaptic vesicles (SSVs) or large dense-core vesicles

(DCVs). In rare cases, VMAT2-immunoreactive SSVs were clus-
tered within the cytoplasm of an SN or a VTA dendrite. Dopa-
minergic dendrites in the VTA contained a significantly higher
number of immunogold particles for VMAT2 per unit area than
those in the SN. Together, these observations support the
proposal that dopamine is stored in and may be released from
dendritic SSVs and DCVs, but suggest that the SER is the major
site of dopamine storage within midbrain dopaminergic neu-
rons. In addition, they provide new evidence that dopaminergic
dendrites in the VTA may have greater potential for reserpine-
sensitive storage and release of dopamine than those in the SN.
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Midbrain dopaminergic neurons in the substantia nigra (SN) and
ventral tegmental area (VTA) play a critical role in the central
regulation of motor and motivational functions (for review, see
Roth and Elsworth, 1995). These functions are largely mediated
by the release of dopamine from axon terminals in the striatum
and cortex, but are also modulated through local somatodendritic
release of dopamine in the SN and VTA (Björklund and Lindvall,
1975; Groves et al., 1975; Geffen et al., 1976; Korf et al., 1976;
Nieoullon et al., 1977a,b; Cuello and Iversen, 1978; Cheramy et
al., 1981; Kalivas et al., 1989; Santiago and Westerink, 1991;
Pucak and Grace, 1994). Under normal physiological conditions,
this somatodendritic dopamine release is largely calcium-
dependent, suggesting that it occurs through a stimulus-secretion
coupling process such as vesicular exocytosis (Geffen et al., 1976;
Cheramy et al., 1981). In addition, the application of reserpine, a
specific inhibitor of vesicular monoamine transport, significantly
reduces dendritic dopamine stores (Björklund and Lindvall, 1975;
Elverfors and Nissbrandt, 1991; Heeringa and Abercrombie,

1995). Together, these observations have led to the proposal that
in somata and dendrites, dopamine is stored within a vesicular
pool and released through vesicle-mediated exocytosis.
Despite the evidence for vesicle-mediated exocytosis from mid-

brain dopaminergic neurons in the SN and VTA, ultrastructural
studies have called into question whether there is a sufficient
number of vesicles to account for the observed somatodendritic
dopamine release. Dopaminergic dendrites in the SN contain
clusters of electron-lucent vesicles and form dendrodendritic syn-
apses, but these occur infrequently and are almost exclusively
observed in the SN pars compacta (SNC) (Wilson et al., 1977;
Groves and Linder, 1983). In contrast, in the SN pars reticulata
(SNR), where dendritic dopamine release has been demonstrated
most clearly, dopaminergic dendrites contain few synaptic vesicles
and rarely, if ever, form dendrodendritic synapses (Wassef et al.,
1981; Groves and Linder, 1983). Furthermore, after intranigral
injection of radiolabeled monoamines, the autoradiographic silver
grains have shown no specific association with dendritic vesicles
(Sotelo, 1971; Cuello and Iversen, 1978). Studies in which the
uptake of false neurotransmitters was used to identify intracellu-
lar dopamine storage sites, however, have shown that within nigral
somata and dendrites, there is extensive uptake into tubulovesicu-
lar organelles that resemble smooth endoplasmic reticulum
(SER) (Hattori et al., 1979; Mercer et al., 1979). Together, these
observations have suggested that the SER is the major site of
somatodendritic dopamine storage in the SN. Thus, it has been
proposed that somatodendritic dopamine release may occur pri-

Received March 4, 1996; revised April 5, 1996; accepted April 11, 1996.
This research was supported by National Institute of Mental Health (NIMH)

Grants MH00078 (V.M.P.) and MH40342 and by the National Institute on Drug
Abuse (Grant DA04600). R.H.E. is supported by NIMH Grant MH50712 and by a
National Alliance for Research on Schizophrenia and Depression Established In-
vestigator Award. We thank Drs. Carrie T. Drake and Adena L. Svingos for helpful
critical commentary, and Ms. Joy Hornung for photographic assistance.
Correspondence should be addressed to Dr. Melissa J. Nirenberg, Department of

Neurology and Neuroscience, Cornell University Medical College, 411 East 69th
Street, Room KB-410, New York, NY 10021.
Copyright q 1996 Society for Neuroscience 0270-6474/96/164135-11$05.00/0

The Journal of Neuroscience, July 1, 1996, 16(13):4135–4145



marily from saccules of SER, rather than from vesicles (Mercer et
al., 1979; Wassef et al., 1981).
In the present study, we have used electron microscopic immu-

nocytochemistry with a high titer antiserum directed against the
vesicular monoamine transporter-2 (VMAT2), the vesicular
monoamine carrier that is expressed in neurons (Erickson et al.,
1992; Liu et al., 1992a; Nirenberg et al., 1995; Peter et al., 1995),
as a novel marker for determining the potential subcellular sites
for dopamine storage and release within dopaminergic [tyrosine
hydroxylase (TH)-immunoreactive] neurons in the rat SN and
VTA. These results clarify the cellular basis for dendritic release
of dopamine from midbrain dopaminergic neurons. In addition,
they are the first to demonstrate differences in the expression of
VMAT2 in these functionally distinct midbrain dopaminergic
nuclei.

MATERIALS AND METHODS
Antisera. An affinity-purified rabbit polyclonal antiserum directed against
a synthetic peptide [(C)SYPIGDDEESESD] at the C terminus of
VMAT2 was raised in rabbits as described previously (Peter et al., 1995).
The specificity of this antiserum has been demonstrated by Western blot
analysis and immunocytochemistry (Nirenberg et al., 1995; Peter et al.,
1995). A well characterized mouse monoclonal antiserum directed
against TH was purchased from Incstar (Stillwater, MN).
Tissue preparation. The methods for tissue preparation and immuno-

labeling were based on those of Leranth and Pickel (1989). Four adult
male Sprague–Dawley rats (250–400 gm; Taconic Farms, Germantown,
NY) 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) and 50 ml of 3.75% acrolein, followed by 200 ml
of 2% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. The
brains were removed and postfixed for 30 min in 2% paraformaldehyde.
Sections through the midbrain were cut on a Lancer vibratome at a
thickness of 30–40 mm, incubated for 30 min in a solution of 1% sodium
borohydride in PB to remove active aldehydes, and rinsed in PB until
bubbles no longer emerged from the tissue. The tissue sections were then
cryoprotected for 15 min in a solution of 25% sucrose and 3.5% glycerol
in 0.05 M PB, rapidly frozen in freon followed by liquid nitrogen, and
thawed at room temperature in PB.
Immunocytochemistry. All incubations were carried out at room temper-

ature with agitation and were followed by several washes with PB, Tris-saline
(TS) (0.9% NaCl in 0.1 M Tris, pH 7.6), or 0.01 M PBS. The sections were
incubated overnight at room temperature in either (1) the VMAT2 primary
antibody solution [anti-VMAT2 diluted 1:6000–1:15,000 in 0.1% bovine
serum albumin-TS (for single labeling)]; (2) anti-TH diluted 1:10,000 in the
VMAT2 primary antibody solution (for double labeling); or (3) the anti-
VMAT2 primary antibody preadsorbed with an excess of the peptide se-
quence against which it was raised (as a negative control).
Sections that were prepared for double labeling used the avidin-biotin

complex method (Hsu et al., 1981) for immunoperoxidase detection of
TH, as follows. The sections were incubated for 30 min in a 1:400 dilution
of biotinylated goat anti-rabbit immunoglobulin G (IgG) in 0.1% BSA,
for 30 min in a 1:100 dilution of avidin-biotin peroxidase complex, and for
6 min in a solution consisting of 22 mg of 3,39 diaminobenzidine (DAB)
and 10 ml of 30% hydrogen peroxide in 100 ml 0.1 M TS, pH 7.6. They
were then processed for immunogold–silver labeling, as described below.
All sections were labeled for VMAT2 using the silver-enhanced immu-

nogold method (Chan et al., 1990), as previously described (Nirenberg et
al., 1995). In brief, the sections were incubated for 2 hr in a 1:50 dilution
of colloidal gold (1 nm)-labeled anti-rabbit IgG (Amersham, Arlington
Heights, IL), fixed for 10 min in 2% glutaraldehyde in PBS, and reacted
for 5–8 min with a silver solution using a light-stable intenSEM kit
(Amersham).
Electron microscopy. Sections that were prepared for electron micros-

copy were fixed in 2% osmium tetroxide for 60 min, dehydrated in a series
of graded ethanols and propylene oxide, and flat-embedded in Epon 812
between two pieces of Aclar plastic. Ultrathin sections from the medial
third of the SNC and SNR and from the parabrachial and paranigral
portions of the VTA (Paxinos and Watson, 1986) were collected from the
outer surface of the plastic-embedded tissue using a Research and Man-
ufacturing Company (Tucson, AZ) ultramicrotome. These sections were
sampled from rostrocaudal levels ranging between 25.2 mm and 25.8

mm from bregma, as illustrated in the atlas of Paxinos and Watson
(1986). The ultrathin sections were then counterstained with lead citrate
and uranyl acetate and examined with a Philips CM-10 or a Philips 201
electron microscope (Mahwah, NJ).
Identification of labeled profiles. The classification of labeled profiles

and subcellular organelles was based on the criteria of Peters et al.
(1991). Perikarya were identified by the presence of a nucleus, Golgi
apparatus, and endoplasmic reticulum. Dendrites were distinguished
from unmyelinated axons by the presence of extensive cisternae of endo-
plasmic reticulum and a high proportion of uniformly distributed micro-
tubules. Axodendritic synapses were defined by the presence of a junc-
tional complex, a restricted zone of parallel membrane appositions with
a slight enlargement of the intercellular space, a cluster of presynaptic
vesicles, and an associated postsynaptic thickening. Dendrodendritic syn-
apses were identified by the presence of parallel apposed membranes and
an associated presynaptic cluster of synaptic-like vesicles. Nonsynaptic
contacts (appositions) were defined by the presence of closely spaced
parallel plasma membranes that were not separated by glial processes but
lacked recognizable synaptic specializations.
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 a characteristic electron-dense core sur-
rounded by an electron-lucent halo. Tubulovesicles, many of which re-
sembled saccules of SER (Broadwell and Cataldo, 1983; Peters et al.,
1991), were defined as tubular or tubulovesicular structures that were
irregular in shape and larger than the SSVs (.60 nm in maximal cross-
sectional diameter). These tubulovesicles were usually electron-lucent,
but in some cases contained an electron-dense precipitate.
Data analysis. For quantitative analysis, the number of immunogold

particles for VMAT2 per unit area (in mm2) was tabulated within a total
of 1500 TH-immunoreactive dendritic profiles in three regions: the me-
dial third of the SNC, the medial third of the SNR, and the parabrachial
and paranigral subnuclei of the VTA. This tabulation was performed on
a Dell 466/T computer (Austin, TX) using a Microcomputer Imaging
Device system (Imaging Research, Ontario, Canada). To ensure consis-
tency of the immunolabeling, and to eliminate potential concerns about
differential tissue fixation or permeabilization, the same number of TH-
immunoreactive dendritic profiles per region (50–150) was examined
from each vibratome section. These profiles were sampled randomly from
four vibratome sections, which were derived from two experimental
animals. In each of the three regions, the number of gold particles per
square micrometer of cross-sectional dendritic area was determined for
500 TH-immunoreactive dendritic profiles. The results are reported as
the mean number of gold particles per unit area 6 SEM, as calculated
using a Fisher’s Test for analysis of variance. Statistical significance was
defined by a p value of ,0.05.

RESULTS
Immunogold labeling for VMAT2 was localized to membrane-
bound organelles in the cytoplasm of perikarya, dendrites, and ax-
onal processes and terminals in both the SN and the VTA. As in
previous studies (Nirenberg et al., 1995; Peter et al., 1995), the
pattern of immunolabeling observed with this antiserum was elimi-
nated or markedly reduced by preadsorption of the antiserum with
the peptide sequence against which it was generated. By electron
microscopy, selective immunogold labeling for VMAT2 was seen in
sections that were sampled from the surface of the tissue (Figs. 1–7),
but was not observed in sections that were sampled from deeper
within the tissue, where there is known to be limited penetration of
immunoreagents (Leranth and Pickel, 1989).

Perikarya
Neuronal perikarya in both the SN (Fig. 1A) and the VTA (Fig.
1B) contained extensive immunogold labeling for VMAT2. This
immunogold labeling was localized most prominently to tubulove-
sicular organelles, most of which resembled saccules of SER
(Peters et al., 1991; Broadwell and Cataldo, 1983) (Fig. 1A,B), but
some of which resembled SSVs. In both regions, there was also
extensive VMAT2-labeling of the Golgi apparatus, particularly
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along its lateral saccules (Fig. 1A,B). VMAT2-immunoreactive
DCVs, some of which were located close to the trans-Golgi
network, were also detected in dopaminergic perikarya in the SN
and VTA. In some of the labeled SN (Fig. 1A) and VTA
perikarya, immunogold particles for VMAT2 were seen along the
limiting membranes of multivesicular bodies (MVBs). In contrast,
there was no detectable immunolabeling for VMAT2 along the

nuclear or plasma membranes of perikarya in either region, and
only rare immunogold labeling for VMAT2 along saccules of
rough endoplasmic reticulum. The subcellular localization of
VMAT2 was most clearly resolved in tissue that was prepared for
single immunogold labeling of VMAT2 (Fig. 1A,B), but was
similar to that seen in double-labeled tissue, where there was also
a diffuse electron-dense peroxidase reaction product for TH.

Figure 1. VMAT2 is localized to saccules of Golgi and multivesicular bodies in neuronal perikarya in the SN and VTA. A, Immunogold particles for
VMAT2 are seen in the region of the Golgi apparatus (G) of a labeled perikaryon in the SNC, but are not detected in the adjacent rough endoplasmic
reticulum (ER). The inset shows the boxed region at higher magnification. Immunogold labeling for VMAT2 is seen along the limiting membranes of two
multivesicular bodies (mvb). B, Immunogold labeling for VMAT2 is localized to the Golgi apparatus (G) of a perikaryon in the VTA. Many of the gold
particles contact lateral saccules of Golgi lamellae (curved arrows). The inset shows the boxed region at higher magnification. Gold particles are localized
to saccules of Golgi (G) and associated vesicles and tubulovesicles (TV ). Nu, Nucleus. Scale bars: A, B, 1 mm; inset in A, B, 0.2 mm.
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Dendrites and dendritic spines
In the SN, VMAT2-containing dendritic profiles were distributed
throughout the pars compacta and the pars reticulata. Within the
VMAT2-labeled dendrites, most of the immunogold labeling was
associated with large tubulovesicles that had the morphological
appearance of dendritic SER (Peters et al., 1991) (Figs. 2A, 3A,B).
Less frequently, VMAT2-labeling was localized to the membranes
of DCVs (Fig. 3C) or to smaller electron-lucent vesicles that
resembled SSVs (Fig. 3B). In rare cases, VMAT2-labeled SSVs
formed a cluster within the cytoplasm of an SN dendrite (Fig. 3B).
In tissue that was dual-labeled for both VMAT2 and TH, most

of the VMAT2-labeled dendrites also contained detectable per-
oxidase reaction product for TH (Fig. 3A). Although the VMAT2-
labeled dendrites in the SN were sometimes apposed to and/or
received synaptic contacts from unlabeled axon terminals (Fig.
3A) or dendrites (not shown), they were only rarely apposed to
other VMAT2- or TH-labeled dendrites.
On several occasions, immunogold labeling for VMAT2 was

detected in dendritic spines in the SNR (Fig. 5A,B). Within these
spines, VMAT2 was associated prominently with electron-lucent
vesicles and tubulovesicles (Fig. 5A,B). The labeled spines were

frequently apposed to and/or received asymmetric contacts from
unlabeled terminals. In some cases, these unlabeled axon termi-
nals contacted both the spine and the shaft of the same VMAT2-
containing dendrite. In sections that were double-labeled with
immunogold for VMAT2 and immunoperoxidase for TH, most of
the VMAT2-labeled spiny dendrites contained detectable reac-
tion product for both markers (Fig. 5A,B).
In the VTA, as in the SN, immunogold labeling for VMAT2

was localized most prominently to tubulovesicles that resembled
saccules of SER (Fig. 2B). Less frequently, immunogold labeling
was localized to smaller electron-lucent vesicles that resembled
SSVs (Fig. 4A,B) or to DCVs (Fig. 4A). In several cases, clusters
of VMAT2-labeled vesicles were observed near segments of the
dendritic plasma membrane that were apposed to and/or formed
dendrodendritic synapses onto other dendrites. Some of the ap-
posed dendrites contained (Fig. 4A) and some lacked (Fig. 4B)
detectable VMAT2 immunoreactivity. In sections that were dual-
labeled for both VMAT2 and TH, many of the of the pre- and/or
postsynaptic dendrites in which there was immunogold labeling
for VMAT2 also contained peroxidase reaction product for TH
(Fig. 4A). VMAT2 also was detected occasionally in dendritic

Figure 2. In midbrain dendrites, prominent immunogold labeling for VMAT2 is localized to tubulovesicles that resemble smooth endoplasmic reticulum.
A, B, A large dendrite in the SN (A) and two large dendrites in the VTA (B) contain immunogold labeling for VMAT2 that is primarily localized to large,
electron-lucent tubulovesicles (TV ) that resemble SER. Scale bars: A, 0.25 mm; B, 0.5 mm.
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spines in the VTA (Fig. 5C). Within these spines, VMAT2 was
selectively associated with vesicles and tubulovesicles (Fig. 5C).
By quantitative analysis, there were significantly more gold par-

ticles for VMAT2 per unit area within TH-immunoreactive den-
drites in the VTA (1.78 6 0.10/mm2) than in TH-immunoreactive
dendritic profiles in either the SNC (1.306 0.07/mm2; p, 0.0001)
or the SNR (1.22 6 0.07/mm2; p , 0.0001). In contrast, when

TH-immunoreactive dendrites in the SNC and SNR were com-
pared, there was no statistical difference in the density of immu-
nogold labeling for VMAT2 ( p 5 0.47).

Axons and axon terminals
Immunogold labeling for VMAT2 was frequently detected in axon
terminals and in small, unmyelinated axons in the SN (Fig. 6A,B)

Figure 3. In SN dendrites, VMAT2 is localized to tubulovesicles of SER, and more rarely to SSVs or DCVs. A, In dually labeled tissue, gold particles
for VMAT2 are seen within the cytoplasm of a medium-sized dendrite that also contains immunoperoxidase labeling for TH. The peroxidase reaction
product is seen as an electron-dense precipitate throughout the cytoplasm, which is notably absent in dendrites processed only for VMAT2 (C). The
immunogold particles are localized to tubulovesicles (TV ) that are larger than the unlabeled synaptic vesicles (uV ) seen in adjacent unlabeled axon
terminals (UT ). One of the unlabeled terminals (UT ) forms a synaptic junction with the labeled dendrite (arrow). Scale bars: B, C, 0.5 mm. In larger
dendrites, immunogold particles for VMAT2 are also localized to large tubulovesicles (TV ), clusters of smaller SSVs, and an occasional DCV. Scale bars:
0.5 mm; inset, 0.2 mm.
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and VTA (Fig. 6C,D). Within the labeled axonal processes, gold
particles for VMAT2 were localized predominantly to the mem-
branes of SSVs (Fig. 6A,C,D) or DCVs (Fig. 6A,B,D) and only
infrequently to larger tubulovesicles (Fig. 6C). In rare cases, one
or more immunogold particles seemed to contact the cytoplasmic

surface of the plasma membrane of an axon terminal that con-
tained VMAT2-labeled vesicles (Fig. 6A).
In sections that were dually labeled with immunogold for

VMAT2 and immunoperoxidase for TH, a small number of un-
myelinated axons in the SN and the VTA contained immunore-

Figure 4. In the VTA, VMAT2-labeled SSVs are sometimes clustered near dendrodendritic contacts. A, Immunogold labeling for VMAT2 and
immunoperoxidase labeling for TH are seen in two large dendrites (De). Some of the immunogold particles are localized to a cluster of small synaptic
vesicles (V ) and larger electron-lucent tubulovesicles (TV ) near a point of contact (straight arrow) between the two dendrites (De). A similar cluster of
vesicles and tubulovesicles (curved arrow) contains no detectable immunogold labeling in the observed plane of section, but contained several immunogold
particles for VMAT2 in a serial section (not shown). A VMAT2-labeled dense-core vesicle (DCV ) is also seen in the “presynaptic” dendrite. B, In a
section processed for single labeling, immunogold particles for VMAT2 are localized to a cluster of small synaptic vesicles (V ) in a dendrite (De) near
its site of contact (arrow) with an unlabeled dendrite (UDe). The labeled vesicles are similar in size to the unlabeled synaptic vesicles (uV ) seen in an
adjacent unlabeled terminal (UT ). Scale bars: A, B, 0.5 mm.
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action product for both markers. The majority of the VMAT2-
containing unmyelinated axons in the SN (Fig. 6A,B) and the
VTA (Fig. 6C,D), however, did not contain detectable immuno-
reaction product for TH. This was the case even when other
TH-immunoreactive structures were clearly observed within ad-
jacent profiles within the same tissue section (Fig. 6A–C). The
VMAT2-labeled axon terminals in both regions were frequently

apposed to, and in some cases formed synaptic junctions with,
TH-labeled dendrites, as illustrated in the VTA (Fig. 6C) and SN
(Fig. 6A).

DISCUSSION
This is the first study to examine the ultrastructural localization of
VMAT2 within midbrain dopaminergic neurons. Our results show

Figure 5. In rare cases, VMAT2-labeled vesicles are localized to dendritic spines in the SNR and the VTA. A, B, Immunogold labeling for VMAT2 and
immunoperoxidase labeling for TH are colocalized in two dendrites in the SNR. Immunogold particles are localized to small synaptic vesicles (V ) in
dendritic spines (Sp). These vesicles are similar in size to the unlabeled small synaptic vesicles (uV ) seen in adjacent unlabeled axon terminals (UT ). C,
Gold particles for VMAT2 are localized to a tubulovesicular organelle (TV ) in a dendritic spine in the VTA. The labeled tubulovesicle is larger than the
synaptic vesicles seen in an adjacent unlabeled axon terminal (UT ). De, Dendrite. Scale bars: A–C, 0.5 mm.
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Figure 6. In the SN and VTA, VMAT2 is localized to SSVs and DCVs in axon terminals that usually lack detectable TH-immunoreactivity. A,
Immunogold particles for VMAT2 are localized to small synaptic vesicles (V ), an isolated DCV, and the plasma membrane (closed arrow) of an axon
terminal in the SN that lacks detectable peroxidase reaction product for TH. The VMAT2-containing terminal forms a synaptic contact (open arrow) with
a dendrite (De) that contains intense peroxidase reaction product for TH, but no detectable immunogold labeling for VMAT2. B, Immunogold particles
for VMAT2 are seen in two axon terminals in the SN. The terminal at the top contacts a dendrite (De) that is labeled with immunoperoxidase for TH
and immunogold for VMAT2. The terminal at the bottom contains numerous VMAT2-labeled large dense-core vesicles (DCV ). The VMAT2-
immunoreactive terminals contain no detectable peroxidase labeling for TH. UT, Unlabeled terminal. C, Immunogold particles for VMAT2 are localized
to small synaptic vesicles (V ) and a larger electron-lucent tubulovesicular structure (TV ) in an axon terminal in the VTA that lacks detectable peroxidase
reaction product for TH. The VMAT2-labeled terminal contacts a dendrite (De) that is lightly immunoperoxidase-labeled for TH. D, An axon terminal
in the VTA contains immunogold particles that are localized to the membranes of large dense-core vesicles (DCV ) and small synaptic vesicles (V ). The
VMAT2-labeled terminal contains no detectable peroxidase reaction product for TH. Scale bars: A–D, 0.5 mm.
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that within dopaminergic perikarya and dendrites in the SN and
VTA, VMAT2 is extensively localized to tubulovesicles that re-
semble SER, and only rarely localized to SSVs and DCVs. These
findings suggest that the SER is the major site of reserpine-
sensitive somatodendritic dopamine storage in these regions. We
have also shown quantitative differences in the levels of expression
of VMAT2 in dopaminergic dendrites in the SN and VTA. These
differences may contribute to the differential levels of somatoden-
dritic dopamine release in the SN and VTA and/or to the differ-
ential susceptibility of the dopaminergic neurons in these regions
to parkinsonism-inducing neurotoxins.

Methodological considerations
The subcellular localization of VMAT2 to saccules of Golgi tu-
bulovesicles of SER and vesicles in the SN and VTA is consistent
with electron microscopic studies of uptake of false neurotrans-
mitters and radiolabeled monoamines, which have identified these
organelles as potential sites of monoamine storage (Cuello and
Iversen, 1978; Mercer et al., 1979; Groves and Linder, 1983). The
immunocytochemical methods used in the present study, however,
offer several potential advantages over the methods used in pre-
vious experiments. First, the immunogold–silver method offers
greater spatial resolution than autoradiography, thereby permit-
ting identification of the specific organelles that are potential sites
of monoamine storage in the SN and VTA. Second, because
dopamine is the only catecholamine that is present in perikarya
and dendrites in these regions (Pickel and Sesack, 1995), dual
labeling for TH, a specific marker for catecholaminergic neurons,
has permitted us to identify the VMAT2-containing cells as do-
paminergic neurons. Third, because VMAT2 is an intrinsic mem-
brane protein of vesicles and other subcellular organelles, immu-
nocytochemical localization of this transporter provides a novel
approach for identifying potential monoamine storage sites that is
not limited by the potential for nonspecific uptake of exogenous
radiolabeled or false neurotransmitters. Although the immunocy-
tochemical methods used in the present study cannot discriminate
between functional and nonfunctional sites of expression of
VMAT2, the interpretation of our findings in light of those of
previous uptake and autoradiographic studies provides compel-
ling new information regarding the probable sites of reserpine-
sensitive somatodendritic storage of dopamine in midbrain dopa-
minergic neurons.

Dopaminergic perikarya: potential sites of membrane
synthesis and recycling
The pattern of VMAT2-immunolabeling along saccules of Golgi,
tubulovesicular organelles, DCVs, and occasional MVBs in TH-
immunoreactive (dopaminergic) perikarya in the SN and VTA
was similar to the distribution of VMAT2-immunolabeling that
we showed previously in the nuclei of the solitary tract (NTS)
(Nirenberg et al., 1995). These labeled organelles, which were
usually distant from the perikaryal plasma membrane, probably
include sites of synthesis, transport, and recycling of VMAT2-
containing membranes. The Golgi apparatus, for example, is
known to be involved in both the post-translational modification
and recycling of vesicular membrane proteins such as VMAT2
(Griffiths and Simons, 1986; Kelly, 1993) and in the synthesis of
immature DCVs (Tooze, 1991). Similarly, SSV precursor mem-
branes, which are synthesized in neuronal perikarya, are believed
to be tubulovesicular in morphology (Schwarzenbrunner et al.,
1990; Jahn and Südhof, 1993; Mundigl and De Camilli, 1994).
Furthermore, MVBs have been implicated in the recycling and

degradation of vesicular membrane proteins (Jahn and Südhof,
1993; Wittich et al., 1994; Bannon et al., 1995).
Although the VMAT2-labeled perikaryal organelles may in-

clude sites of nonfunctional expression of VMAT2 or its
C-terminal domain, experiments using the uptake of false neuro-
transmitters have shown evidence that the trans-Golgi apparatus,
DCVs, and tubulovesicles that resemble SER in SN perikarya can
sequester monoamines (Wilson et al., 1977; Mercer et al., 1979).
Thus, it is likely that at least some of the VMAT2-labeled saccules
of Golgi and SER seen in dopaminergic perikarya are also sites of
reserpine-sensitive storage of dopamine.

Dopaminergic dendrites: potential sites of dopamine
storage and release
We have shown that small numbers of VMAT2-containing SSVs
are present in the cytoplasm of dopaminergic dendrites and den-
dritic spines in both the SN and VTA. These findings are consis-
tent with those of false neurotransmitter uptake studies, which
have demonstrated that the dendrites of dopaminergic neurons in
the SN contain relatively few synaptic vesicles with a functional
monoamine uptake carrier (Sotelo, 1971; Groves and Linder,
1983). We have also seen isolated DCVs in dopaminergic den-
drites in the SN and VTA. Previous studies have shown that
dendritic DCVs in the SN can specifically take up
5-hydroxydopamine (Sotelo, 1971; Groves and Linder, 1983).
Together, these observations suggest that both SSVs and DCVs
are involved in the reserpine-sensitive storage and calcium-
dependent release of dopamine from midbrain dopaminergic
dendrites.
Dopaminergic perikarya and dendrites in the SN and VTA

were also filled with extensive networks of VMAT2-labeled tubu-
lovesicles. In fact, some of the organelles that have met our
morphological criteria for SSVs may have been tubulovesicular
structures, which can be indistinguishable from SSVs when exam-
ined in cross-section (Ayala, 1994). The prominent localization of
VMAT2 to dendritic tubulovesicles is similar to that which we
have demonstrated in the NTS (Nirenberg et al., 1995). Some of
these tubulovesicles may represent nonfunctional sites of storage,
transport, or recycling of VMAT2-containing membranes; how-
ever, there is also convincing evidence that tubulovesicular or-
ganelles can store dopamine (Wilson et al., 1977) and in fact may
be the major site of somatodendritic dopamine storage (Mercer et
al., 1979). The characteristic morphological appearance of these
tubulovesicles strongly suggests that they are composed of sac-
cules of SER, as has been presumed in earlier studies (Hattori et
al., 1979; Mercer et al., 1979; Wassef et al., 1981). It is also
possible, however, that these tubulovesicles represent a novel type
of membranous organelle, such as the one that was identified
recently in PC12 cells by its expression of the facilitated glucose
transporter GLUT4 (Herman et al., 1994).
Given the limited detection of VMAT2-containing vesicles, the

VMAT2-containing tubulovesicular organelles are likely to rep-
resent the major site of reserpine-sensitive dopamine storage in
the SN and VTA. Thus, these tubulovesicular organelles probably
contribute more significantly than SSVs or DCVs to somatoden-
dritic dopamine release (Mercer et al., 1979; Wassef et al., 1981).
The somatodendritic release of dopamine from these tubulove-
sicular organelles might potentially involve an exocytosis-like
mechanism (Llinás, 1979). Alternatively, dopamine might be re-
leased from these organelles into the dendritic cytoplasm, causing
an increase in the local dopamine concentration and thereby
permitting dendritic release of dopamine through reversal of the
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plasmalemmal dopamine transporter (Bannon et al., 1995). This
possibility is supported by our recent demonstration that the
dopamine transporter is localized to the plasma membranes of
dopaminergic dendrites and dendritic spines in the SN (Nirenberg
et al., 1996). A similar mechanism for dopamine release through
reverse dopamine transport has been demonstrated in vitro under
pharmacological conditions in which the plasmalemmal dopamine
gradient has been reversed (Bernardini et al., 1991; Sulzer et al.,
1993).

Nondopaminergic terminals: potential sites of storage
and release of other monoamines
In addition to the TH-immunoreactive perikarya and dendrites,
we have also observed numerous VMAT2-immunoreactive axon
terminals in both the SN and the VTA. These VMAT2-containing
axonal processes almost never contained detectable TH-
immunolabeling, but were frequently apposed to and/or formed
synaptic contacts with dopaminergic (TH-immunoreactive) den-
drites in both the SN and the VTA. The presence of VMAT2
immunolabeling and absence of detectable TH-immunolabeling
in these axon terminals suggests that they contain monoamines
other than catecholamines. In particular, serotonergic neurons in
the raphe nuclei are known to make dense projections to both
dopaminergic and nondopaminergic dendrites in the SN (Fibiger
and Miller, 1977; Nedergaard et al., 1988) and VTA (Herve et al.,
1987; Van Bockstaele et al., 1994). Interestingly, there is also
evidence that serotonergic inputs to the SN, like those to the
striatum and accumbens nucleus, may facilitate the dendritic
release of dopamine from midbrain dopaminergic neurons by
causing local changes in the dendritic calcium potential (Williams
and Davies, 1983; Nedergaard et al., 1988; Jacocks and Cox,
1992). The rare unmyelinated axon terminals that contained re-
action product for both VMAT2 and TH may be derived from
dopaminergic neurons in the A8 dopamine cell group that have
minor projections to the SN and the VTA (Deutch et al., 1988).

Differential localization of VMAT2 in the SN and VTA:
functional implications
Dopaminergic neurons in the SN and VTA are known to differ
markedly in their roles in motor and motivational functions, their
biochemical and pharmacological properties, and their suscepti-
bility to exogenous neurotoxins and neurodegenerative disease
(for review, see Roth and Elsworth, 1995). The present study is
the first, however, to show that there are higher levels of VMAT2
per unit area in dopaminergic dendrites in the VTA than in either
the SNC or the SNR. These findings suggest that dopaminergic
neurons in the VTA contain a larger pool of reserpine-sensitive
dopamine storage and release sites than those in the SN. Inter-
estingly, in vitro studies have shown that there are higher levels of
somatodendritic dopamine release in the VTA as compared with
the SN (Rice et al., 1994). Together, these findings suggest that
the greater release of dopamine in the VTA as compared with the
SN is at least partially attributable to the presence of higher levels
of storage and release of dopamine from individual dendrites in
this region.
Recent evidence has also shown that vesicular monoamine

transporters can confer neuroprotection by sequestering dopa-
mine neurotoxins such as 1-methyl-4-phenylpyridinium (MPP1)
that have been used in experimental models for Parkinson’s
disease (Liu et al., 1992a,b; Stern-Bach et al., 1992; Edwards,
1993; Liu et al., 1994). Thus, our observation that there are higher
levels of VMAT2 in dopaminergic dendrites in the VTA as

compared with those in the SN may also explain the greater
susceptibility of nigrostriatal dopaminergic neurons to neurotoxic
insult. Additional studies are necessary to determine whether
there are comparable differences in the expression of VMAT2 in
the human SN and VTA that might potentially contribute to the
greater vulnerability of the nigrostriatal dopaminergic neurons to
drug-induced parkinsonism and idiopathic Parkinson’s disease
(Edwards, 1993).
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