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Dopaminergic neurons of the Al 0 cell group in the rat ventral 
tegmental area (VTA) exhibit electrical and dye coupling. 
Also, the activity of these neurons at least partially reflects 
their content of tyrosine hydroxylase (TH), the rate-limiting 
enzyme in catecholamine biosynthesis. We examined the 
ultrastructural localization of TH to determine the morpho- 
logical features of dopaminergic neurons in the VTA and the 
relationships between their TH immunoreactivity content and 
afferent input. Antiserum against the trypsin-treated form of 
TH was localized using peroxidase-antiperoxidase (PAP) 
and immunoautoradiographic methods. lmmunoreactivity was 
detected in perikarya, dendrites, and terminals. The peri- 
karya contained the usual organelles, as well as cilia, la- 
mellar bodies, and subsurface cisterns. Qualitative evalua- 
tion of peroxidase reaction product and quantitative analysis 
of the number of silver grains/unit area revealed varying 
amounts of TH immunoreactivity in nuclei and cytoplasm. 
Lightly or intensely labeled nuclei were not necessarily as- 
sociated with corresponding cytoplasmic labeling density. 
However, cytoplasmic labeling directly corresponded to the 
relative frequencies of neuronal appositions and synaptic 
input. Those neurons with less dense cytoplasmic PAP prod- 
uct received fewer synaptic contacts and were less fre- 
quently in apposition to other TH-labeled soma and dendrites 
than neurons displaying relatively more dense cytoplasmic 
PAP product. Analysis of single sections revealed that 67% 
(n = 71) of all TH-labeled somata and 15% (n = 2431) of all 
TH-labeled dendrites were in apposition to other TH-labeled 
soma or dendrites. TH-labeled terminals were rarely de- 
tected and contained relatively low levels of immunoreac- 
tivity. The majority of labeled terminals (n = 29/46) formed 
synapses with labeled soma and dendrites. Unlabeled ter- 
minals (n = 2424) in contact with TH-labeled dendrites ap- 
peared to form predominantly symmetric synapses. Ten per- 
cent (n = 246) of the unlabeled terminals dually synapsed 
onto adjacent immunoreactive dendrites, perikarya, or den- 
drite and perikaryon. We conclude that in the rat VTA, (1) 
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detected TH immunoreactivity in cytoplasm, but not nucleus, 
corresponds to the level of feedback principally from non- 
dopaminergic afferents; (2) dendrodendritic as well as ax- 
odendritic synapses between TH-immunoreactive neurons 
may mediate dopaminergic autoinhibition; and (3) gap junc- 
tion-like appositions between neurons and convergent in- 
puts from unlabeled terminals onto TH-immunoreactive pro- 
files provide an anatomical substrate whereby cellular ac- 
tivities might be coordinated under certain conditions. 

Dopaminergic neurons of the A- 10 group (Dahlstrom and Fuxe, 
1964) in the ventral tegmental area (VTA) are well characterized 
with respect to anatomical connectivity and function. They pro- 
ject to and receive input from limbic and cortical structures 
(Oades and Halliday, 1987) involved in central regulation of 
locomotor activity (Mogenson et al., 1979) motivation (Papp 
and Bal, 1986), brain stimulation reward (Crow, 1972) and 
selective attention (Simon et al., 1980; Piazza et al., 1988). The 
cytoplasmic localization of the catecholamine-synthesizing en- 
zyme tyrosine hydroxylase (TH) has been demonstrated in neu- 
rons of the VTA by both light and electron microscopy (Hiikfelt 
et al., 1976; Herve et al., 1987; Vincent, 1988). However, the 
ultrastructural studies were limited to one labeling method and 
did not explore the detailed ultrastructural features of these 
neurons, the possible noncytosolic localization of TH, or the 
relationship between density of immunoreactivity for TH and 
synaptic input or dendritic associations. We addressed these 
issues using immunoperoxidase and immunoautoradiographic 
labeling for TH in the adult rat VTA. The results have impli- 
cations for synaptic regulation and for junctional coupling (Grace 
and Bunney, 1983) of dopaminergic neurons via convergent 
synaptic input and gap-like junctions. We also established a 
cellular basis for catecholaminergic modulation in VTA via den- 
drodendritic and axodendritic synapses between TH-labeled 
neurons. 

Materials and Methods 
Antiserum. Antiserum against TH was generously supplied by Dr. Tong 
H. Joh. This antiserum was produced in rabbits by previously described 
methods (Joh and Ross, 1983). Specificity of the antibody was shown 
by formation of a single immunoprecipitate with purified antigen, by 
selective inhibition of TH activity, and by the absence of immunocy- 
tochemical labeling with antiserum pretreated with excess antigen. 

Tissue preparation. Ten adult male Sprague-Dawley rats (200-250 
gm) were anesthetized with sodium pentobarbital(50 mg/kg, i.p.), then 
perfused through the ascending aorta with 10 ml heparinized saline, 50 
ml of 3.75% acrolein in 2% paraformaldehyde in 0.1 M phosphate buffer 
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(pH 7.4). The brains were removed, cut into 1 mm coronal slices, and 
postfixed in 2% paraformaldehyde for 30 min. Coronal vibratome sec- 
tions. 3wO urn thick. were collected in 0.1 M phosphate buffer through 
the rostrocaudal extent of the VTA. Vibratome sections were then in- 
cubated in 1% sodium borohydride in phosphate buffer for 30 min to 
cross-link aldehydes (Abdel-Akher et al., 1952) rinsed in phosphate 
buffer, and transferred to 0.1 M Tris-saline for subsequent immunola- 
beling either with peroxidase-antiperoxidase (PAP) or immunoauto- 
radiography as outlined below. 

PAP labeling. Vibratome sections from 6 rats were sequentially pro- 
cessed througha series of incubations adapted from Stemberger (1979). 
These include (1) 1:2000 dilution of TH antiserum for 24 hr, (2) three 
15 min washes, (3) 1: 100 dilution of goat anti-rabbit immunoglobulin 
for 30 mitt, (4) three 15 min washes, (5) 1:lOO dilution of rabbit PAP 
(Stemberger-Meyer, Jarretsville, MD). Steps 2-5 were then repeated 
(after Ordronneau et al., 1981) and the tissue washed 3 times for 15 
min. All dilutions and washes were performed in 0.1 M Tris-saline (pH 
7.6) at room temperature and under constant agitation. Sections were 
reacted with a solution of 22 rg 3,3’-diaminobenzidine and 10 ~1 30% 
hydrogen peroxide in 100 ml T&saline for 6 min to visualize the 
peroxidase reaction product (Stemberger, 1979). Sections for light mi- 
croscopy were mounted onto gelatin-coated slides, dehydrated, and cov- 
erslipped. Tissue for electron microscopy was processed as outlined 
below. 

Immunoautoradiographic labeling. Vibratome sections from 4 rats 
were immunoautoradiographically labeled using the method described 
by Pickel et al. (1986). The steps included (1) 1:2000 dilution of TH 
antiserum for 24 hr, (2) three 15 min washes, (3) 1:50 dilution of 12sI- 
labeled donkey anti-rabbit immunoglobulin (Amersham, Arlington 
Heights, IL) with a specific activity of 100 pCi/ml for 2 hr, (4) one 10 
min wash, (5) 30 min washes repeated until negligible radioactivity was 
detected in the wash solutions. All dilutions and washes were prepared 
in 0.1 M Tris-saline (pH 7.6). All incubations and washes were carried 
out at room temperature and under constant agitation. Sections used 
for light microscopy were mounted onto gelatin-coated slides, defatted 
in chloroform/ethanol, rehydrated, dipped in Ilford L4 emulsion, and 
exposed in light-proof boxes for 5-7 d. Slides were developed in Kodak 
D- 19. fixed with Kodak Ektaflo, rinsed, dehydrated, and coverslipped. 
Tissue for electron microscopy was processed as outlined below. 

Processingfor electron microscopy. Sections labeled by both PAP and 
immunoautoradiographic methods were fixed for 2 hr in 2% 0~04 in 
0.1 M phosphate buffer, rinsed twice in phosphate buffer, dehydrated, 
and flat embedded in Epon 8 12. These were subsequently embedded in 
Epon in capsules, and ultrathin sections were collected from the outer 
surface of the tissue. In PAP-labeled tissue, sections were put on copper 
grids and counterstained with lead citrate and uranyl acetate. In im- 
munoautoradiographically labeled tissue, ultrathin sections were de- 
posited by a loop onto parlodion-coated slides. The slides were coun- 
terstained, carbon-coated, dipped in Ilford L4 emulsion, and exposed 
in light-proof boxes for 4-6 months. The slides were subsequently de- 
veloped with Kodak Microdol-X, rinsed, fixed in 30% sodium thiosul- 
fate, and washed. The parlodion was floated off the slides, the sections 
collected on nickel grids, the parlodion removed, and the sections ana- 
lyzed. The autoradiographic procedure for electron microscopy was 
adauted from Beaudet and Descanies (1986). All analysis was per- 
formed on a Phillips 20 1 electron microscope: 

Numerical sampling procedure. PAP-labeled tissue from 3 rats was 
used in the analysis. In each case, 2 grids containing several ribbons of 
ultrathin sections were examined for both the parabrachial pigmentosus 
and paranigral subdivisions of the VTA at the level of, or just anterior 
to the entry of the 3rd cranial nerve (Paxinos and Watson, 1986). No 
significant differences were seen between the 2 subdivisions; thus, they 
were combined into a single analysis. Within each grid, dendritic profiles 
were sampled from 3 squares of a randomly picked section. The squares 
were chosen on the basis of nearness of tissue to the surface of the block. 
This ensured labeling of TH-immunoreactive terminals which were 
difficult to detect except at the surface of the tissue. Only 1 grid from 
each region was used to compile statistical data since only 1 grid per 
pair was analyzed for dendritic size in addition to input and associations. 
Thus, 243 1 dendrites were analyzed. Within a given square, dendritic 
profiles were detected 135 times as frequently as somatic profiles. So- 
matic profiles, therefore, were counted within the entire section to ensure 
adequate numbers for further analysis. Somatic profiles included both 
sections through nuclei and large regions ofcell bodies where the nucleus 
was not transected. 

Quantification of reaction product. Peroxidase reaction product was 
qualitatively assessed on the basis of observed electron density relative 
to neighboring profiles. Thus, neurons were evaluated as intensely or 
lightly immunoreactive exclusively onthe basis of comparisons between 
pairs of labeled profiles. In immunoautoradiographic preparations (4 
rats), the number of silver grains/pm* of cytoplasm or nucleus was 
evaluated. Adjacent neurons were broadly subdivided into more heavily 
or more lightly immunoreactive based upon comparison of number of 
silver grains/area. The same type of analysis was used for nuclei, with 
the comparison being made relative to the amount of labeling in the 
cytoplasm of the same cell. Analyses between samples were only con- 
ducted after cells within samples were subdivided with respect to their 
relative density of labeling. 

Results 

The perikarya and processes immunolabeled for TH had iden- 
tical morphological characteristics when examined by both per- 
oxidase and immunoautoradiographic labeling methods. Thus, 
light microscopy results are jointly described. The ultrastruc- 
tural observations complement each other, with PAP providing 
easier detection and immunoautoradiography providing a more 
quantitative measure of immunoreactivity. 

Light microscopy 

Morphology and distribution patterns were consistent with pre- 
vious reports (Phillipson, 1979a, b) for both labeling methods 
employed. TH labeling was seen in the paranigral, parabrachial 
pigmentosus, interfascicular, and rostra1 and caudal linear nuclei 
(Fig. la). Subdivisions are based upon the nomenclature of 
Paxinos and Watson (1986). Pairs of TH-immunoreactive peri- 
karya were commonly detected throughout the VTA (Fig. 16). 
Labeled perikarya exhibited a wide range of density in cyto- 
plasmic immunoreaction product (Fig. lc). Nuclei of immu- 
noreactive soma also were sometimes labeled for TH. These 
displayed a range of labeling densities which did not appear 
related to the levels of cytoplasmic immunoreactivity. Nuclei 
of unlabeled cells did not show similar immunoreactivity. Ad- 
jacent TH-immunoreactive processes were frequently seen (Fig. 
lc). 

Electron microscopy 
The parabrachial pigmentosus and the paranigral subdivisions 
of the VTA were examined by electron microscopy. As nu- 
merical analyses of both regions provided similar results, the 2 
regions were combined in subsequent analyses. 

Labeling in perikarya and dendrites. In sections collected from 
the surface of the tissue, qualitative assessment of peroxidase 
product and quantitative analysis of silver grains/pm2 revealed 
a range of labeling densities in nuclei and cytoplasm of neuronal 
perikarya. 

Nuclei containing TH-like immunoreactivity (THLI) were 
detected only within perikarya displaying cytoplasmic labeling 
for the enzyme. These nuclei were characterized by variabilities 
in (1) electron density attributed to counterstaining, (2) inden- 
tations of their nuclear envelopes, and (3) density of immuno- 
reaction product for TH. The density ofnuclear immunoreactiv- 
ity was not correlated with either of the first 2 variables, nor 
was it correlated with the density of cytoplasmic labeling for 
TH in the same neuron. The outer leaflets of the nuclear mem- 
brane of TH-immunoreactive perikarya appeared in many cases 
to be labeled more strongly than the surrounding cytoplasm 
(Fig. 2a, open arrows). 

The differences in cytoplasmic labeling densities were suffi- 
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Figure I. Light micrographs of ventral tegmental area (VTA) immunostained with antibody to tyrosine hydroxylase, visualized by the peroxidass 
antiperoxidase method. a, Photomicrograph of a coronal section through the ventral tegmental area at the level of the third cranial nerve showing 
dense TH labeling in the parabrachial pigmentosus subnucleus (PBP), paranigral subnucleus (PiV), interfascicular subnucleus (IF), rostrolinear 
subnucleus (RL) and region around ventral tegmental decussation (dx). Regions surrounding the VTA: SN, substantia nigra; RN, red nucleus; ml, 
medial lemniscus; mp, mammillary peduncle; 3n, 3rd cranial nerve; ZP, interpeduncular nucleus. b, Photomicrograph (parabrachial pigmentosus) 
showing pairs of apposed TH-labeled perikarya (arrows). c, Photomicrograph (paranigral) showing apposed TH-labeled processes (closed arrows). 
Open arrows point to intensely labeled cell (I) and lightly labeled cell (ZJ. Scale bars, 4 mm in a, 100 pm in b and c. 
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Figure 2. Apposed perikarya show junctional specializations and different densities of peroxidase. a, Electron micrograph revealing differing 
densities of PAP product in nuclei and cytoplasm of 2 soma (Som 1 and Som 2); closed arrows, border between adjacent cell bodies; open arrows, 
sections of nuclear envelope showing labeling for TH. b, Electron micrograph of a nonadjacent serial section to section a showing detail of cell- 
cell border with puncta adherens-like structure (box); inset ofbox shows filamentous plaques on either side of cell-cell border and structural regularity 
between the 2 plaques. c, Electron micrograph of a section taken at a distance of approximately 10 gm further through the same pair of cells shown 
in a. Gap junction-like appositional zone in boxed area is shown at a high magnification in inset. Border region between arrows shows laminated 
appearance of junctional zone; er, smooth endoplasmic reticulum. Scale bars, 2.0 pm in a, 0.2 pm in b and c, 0.1 gm in insets. 
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Table 1. Immunoautoradiographic labeling for tyrosine hydroxylase: comparison of cytoplasmic or 
nuclear densities in 6 pairs of somata 

Silver grains/pm* 
Cell A Cell B Ratio of 

cvtoDIasmic 
Cytoplasm/nucleus 
ratio 

.&a&J Nucleus Nucleus 
Pair Cytoplasm Nucleus Cytoplasm Nucleus (NJ9 A B 

1 9.27 1.33 3.15 1.50 2.94 (IIL)h 1.26 2.10 

2 0.33 4.83 7.57 5.75 1.10 (WLP 1.73 1.32 

3 14.82 10.13 10.42 8.39 1.42 (I/I) 1.46 1.24 

4 15.86 9.03 9.51 1.49 1.67 (I/L) 1.76 6.38 

5 33.13 11.16 22.38 9.49 1.39 (I/I) 2.79 2.30 

6 9.73 4.91 4.29 1.52 2.27 (I/L) 1.99 2.82 

y Ratio of number of silver grains/pm’ of cytoplasm versus nucleus. Ratio > 2.00 = light, ratio < 2.00 = intense. 

h An intense (I) and lightly (L) immunoreactive pair is defined by the ratio A/B > 1.5. 
’ Pairs with A/B < 1.5 are defined either as both light or both intense according to their position on a variability scale, 
from lowest (3.15) to highest (15.86) number of silver grains/pm’ cytoplasm, with pairs previously defined (A/B > I .5) 
used as guidelines. 

ciently large to permit distinction of groups of perikarya and 
dendrites with low or high detected levels of TH immunoreac- 
tivity. The following staining patterns were noted: (1) both cy- 
toplasm and nucleus were lightly immunoreactive (Fig. 2a, som 
I), or intensely immunoreactive (Fig. 2a, som 2), or (2) a com- 
bination of either intensely immunoreactive cytoplasm with 
lightly immunoreactive nucleus or lightly immunoreactive cy- 
toplasm with intensely immunoreactive nucleus. In PAP-la- 
beled material, 75% (53171) of soma were classified as intensely 
immunoreactive on the basis oftheir cytoplasmic labeling, with- 
out regard to nuclear labeling. The differing densities of im- 
munoreactivity found in the cytoplasm of the perikarya ex- 
tended well into their dendritic branches (Fig. 3c), where 72% 
(1735/243 1) were intensely labeled. Semiquantitative analysis 
of immunoautoradiographically labeled material showed dif- 
ferences in numbers of silver grains ranging from 3-3 1 grains/ 
pm1 soma (n = 12). Although variable, concentration of silver 
grains between matched pairs from the same sample yielded 
results similar to those of PAP-labeled material; namely, that a 
majority of cells (58%) could be classified as intensely immu- 
noreactive (see Table 1). 

Somal Attachment Sites. In PAP-labeled material, perikarya 
and dendrites immunoreactive for TH were followed through 
numerous serial sections until a sufficient depth from the surface 
was reached to allow for clear visualization of the appositional 

zone (compare Figs. 2a, 3a). This was not necessary for im- 
munoautoradiographic labeling because there was less obstruc- 
tion of subcellular detail by silver grains versus peroxidase prod- 
uct. Several types of attachments were seen between adjacent 
TH-containing perikarya. These included puncta adherens-like 
attachments (Fig. 2b). Filamentous plaques were seen on both 
sides of the attachment zone, with electron-dense bands span- 
ning the plasmalemmas and forming a regular array between 
the plaques. In other regions of appositions between TH-labeled 
perikarya, the plasmalemmas narrowed and had a laminar ap- 
pearance (Fig. 2~). The space separating the 2 plasmalemmas 
of cells immunoautoradiographically labeled for TH also fre- 
quently appeared fused or laminated. However, the border be- 
tween the cells could also become widely separated and indis- 
tinct. Direct somatosomatic appositions were only noted between 
labeled somata. In cases where a TH-labeled soma and unla- 
beled soma were adjacent to one another, a glial membrane 
appeared to separate them. Appositions between a labeled soma 
and labeled dendrites occurred more than twice as often as 
between a labeled soma and unlabeled dendrites (Table 2). Anal- 
ysis of pairs of TH-labeled soma showed membrane-bound sac- 
cules in close proximity to the appositional zone. These saccules 
were SO-200 nm in length and were either smooth or had a 
coating of amorphous material (Fig. 36, small arrow). In some 
instances, the saccules appeared to be fused with the plasma- 

Table 2. Average number of dendritic contacts” per section through lightly vs intensely TH- 
immunoreactive soma and dendrites 

Unlabeled dendrite Labeled dendrite 
Lightly Intensely Lightly Intensely 
immunoreactive immunoreactive immunoreactive immunoreactive 

Somah 0.22(4/9) 0.28(15/53) 0.72(13/18) 0.57(30/53) 

Dendrites 
Large 0.33 (2/6) 0.06(2/36) 0.00(0/6) 0.31 (1 l/36) 
Medium 0.07(27/396) 0.05(57/1191) 0.017(68/396) 0.16 (192/1191) 
Small 0.03( 101294) 0.02(8/508) 0.13 (391294) 0.06(33/508) 

y Sizes of dendrites were as follows: small, ~0.5 pm; medium, 0.5-1.5 pm; large, > 1.5 pm, in cross-sectional diameter. 
h Dendritic contacts include appositions with and without membrane specializations. 

C Soma refers to profiles containing nuclei (n = 32) and large sections of cell bodies where the nuclei were not transected 
(n = 39). 



The Journal of Neuroscience, September 1990, fo(9) 3001 

Figure 3. Electron micrographs of same 2 cell bodies (Sam 1, Sam 2) as in Figure 2, but lacking immunoreactivity for TH due to greater depth 
of section from surface of the tissue. a, Low-power micrograph; boxed area shows region magnified for Figure 2~. b, Nonadjacent serial section 
showing saccule apparently fused with cell membrane (large arrow); what appears to be a coated saccule is also nearby (smaN arrow). c, Section 
taken near surface of block showing differences in immunoreactivity of adjacent dendrites (I, intensely immunoreactive; L, lightly immunoreactive). 
Scale bar, 2.0 pm in a, 0.2 pm in b, 1 .O pm in c. 
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Figure 4. Apposed plasmalemmas of cell bodies immunoautoradiographically labeled for TH. a, Electron micrograph showing silver grains over 
cytoplasm and nuclei of Som 1 and 2; unlabeled terminal (UT) is in contact with both cells. Boxed areus are shown in higher magnification. b, 
From box on left in a. A cytoplasmic extension from soma 1 is in direct contact with soma 2. Contact areas (open arrows) are similar in size and 
density to junctions between soma. dcv, dense-core vesicle; XV, smooth clear vesicles. c, From box on right in a. Apposed somatic plasmalemmas 
are flanked by saccular structures (large arrow) and dense-core vesicles (dcv). A thin rim of cytoplasm separates the apposed plasmalemmas from 
the nuclei. Scale bar, 2.0 pm in a, 1.0 pm in b and c. 
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lemma along the border between 2 cells (Fig. 36, large arrow). 
Smooth endoplasmic reticulum (Fig. 2c) and, on occasion, dense- 
core vesicles were also seen near the appositional zone. In im- 
munoautoradiographically labeled material, coated saccules were 
seen in the vicinity (Fig. 4c, arrow) of these somal attachments. 
The nuclei of attached TH-labeled perikarya were usually ec- 
centrically located and positioned near the cell-cell border (Fig. 
4c). 

TH-labeled neurons often had one or more somatic and den- 
dritic spines, and occasionally exhibited more unique processes. 
Apposed TH-labeled somata (Fig. 4~2, 5a) sometimes showed 
cytoplasmic protrusions extending from one neuron into (Fig. 
56) or onto (Fig. 4b) the other. Two such protrusions were noted 
on one pair of apposed neurons. The first appeared to extend 
into the cytoplasm of the apposed cell and had a granular ap- 
pearance (Fig. 5b), while the second one emerging from the same 
soma abutted its neighbor at the cell surface (Fig. 4b). The latter 
protrusion contained mitochondria, smooth endoplasmic retic- 
ulum-like saccules and even a dense-core vesicle. The apparent 
junctions made by this extension (open arrows) have charac- 
teristics similar to those seen between adjacent perikarya. 

Synaptic input to soma. TH-labeled perikarya received syn- 
aptic input principally from unlabeled terminals (362/369). Most 
unlabeled terminals formed symmetric synapses with 1 or some- 
times 2 TH-labeled perikarya within a single plane of section. 
The density of synaptic input to a given perikaryon (n = 32) in 
single section analysis varied from l-23 terminals/soma and 
was correlated with detected cytoplasmic immunoreactivity for 
TH. Intensely TH-immunoreactive perikarya received almost 
twice as many synapses as lightly TH-immunoreactive perikarya 
(Table 3). Dual synaptic contacts from unlabeled terminals to 
2 TH-labeled perikarya were frequently seen. These contacts 
were either symmetric or asymmetric. Synaptic contacts on both 
soma were sometimes seen within a single section (Fig. 5c, ar- 
rows). Postsynaptic elements known as Taxi bodies (Taxi, 196 1) 
seen in certain types of asymmetric synapses were also detected 
(Fig. 5c, small arrows). 

Cytoplasmic organelles. Organelles were most evident be- 
tween cells examined at a level where PAP reaction product was 
no longer an obstacle to analysis (as in Fig. 3a). The most com- 
monly observed organelles included ribosomes, rough and 
smooth endoplasmic reticulum, Golgi, lysosomes, and mito- 
chondria. TH-immunoreactive cells additionally contained a 
number of more unusual organelles, including lamellar bodies 
(Fig. 6b), subsurface cisterns (Fig. 6a), and cilia (Fig. 6, c, 6). 
Lamellar bodies, made up of circularly arranged layers of smooth 
endoplasmic reticulum, were most often found as single struc- 
tures, but perikarya with multiple lamellar bodies were not un- 
common. The central core of the lamellar bodies could either 
be empty or contain dense-core vesicles. Subsurface cisterns, 
also made up of stacks of smooth endoplasmic reticulum, were 
seen immediately beneath the plasmalemma. A glial process 
was usually found opposite the cistern on the external surface 
of the cell. Cilia extended from the cytoplasm into the surround- 
ing neuropil and were characterized by a 9+0 microtubule ar- 
rangement proximally and 8 + 1 distally. Basal bodies (Fig. 6c) 
and ciliary rootlets also were observed. One cilium appeared to 
penetrate a TH-labeled perikaryon, as in this case it was encir- 
cled by a double plasma membrane. These organelles were seen 
in sections immunolabeled by both PAP (Fig. 6, 6, d) and im- 
munoautoradiographic (Fig. 6, a, c) methods and could occur 
in either soma or dendrites of both lightly and intensely im- 

Table 3. Average number of contacts from unlabeled terminals per 
section through lightly vs intensely TH-immunoreactive soma and 
dendrites 

Lightly 
immunoreactive 

Intensely 
immunoreactive 

Somaa 
Dendrites” 

Large 
Medium 
Small 

3.67 (66118) 5.45 (289/53) 

2.00 (1216) 2.56 (92136) 
1.00 (3951396) 1.15 (1364/1191) 
0.20 (601294) 0.29 (1461508) 

y See Table 2, footnote a. 

h See Table 2, footnote b. 
c Statistically significant (p > 0.05) increases in contacts per section onto intensely 
relative to lightly labeled profiles. 

munoreactive perikarya. A few cells also contained more than 
one type of unusual organelle seen within a single plane of sec- 
tion. 

Dendrites: PAP and immunoautoradiographically labeled. 
Dendrites resembled perikarya in terms of variabilitv in im- 
munoreactivity for TH and variety of cytoplasmic organelles. 
The description, therefore, will focus on types of dendritic in- 
teractions and their synaptic input. 

Somatic and dendritic associations. TH-containing dendrites 
were often either apposed to a TH-containing perikaryon or 
dendrite or apposed to both a labeled perikaryon and dendrite 
(Fig. 7a). Smooth, clear vesicle-like structures, approximately 
20-50 nm in diameter, sometimes accumulated on the somatic 
side (Fig. 7b). Additionally, smooth endoplasmic reticulum was 
seen in the somatic cytoplasm immediately adjacent to the ap- 
positional zone. At high magnifications, the plasmalemmal 
boundaries between TH-labeled soma and dendrites or between 
2 labeled dendrites usually had characteristics similar to those 
found between apposed TH-containing perikarya (Figs. 3c, 7~). 
Appositions between unlabeled soma and TH-labeled dendrites 
resembled those seen when 2 TH-labeled soma were apposed, 
their plasmalemmas being in similarly close contact. 

Rarely, TH-labeled dendrites were in contact with either la- 
beled or unlabeled dendrites showing prominent membrane spe- 
cializations comparable to axodendritic synapses (Fig. 8). With- 
in an unlabeled dendrite, which gave a view unobstructed by 
PAP product, the junctional thickening extended throughout 
the length of the appositional zone (Fig. 8a). Contacts with 
recognized membrane specializations also were seen between 2 
TH-labeled dendrites (Fig. 8b). These densities also appeared 
to span the length of the appositional zone. Vesicles were not 
detected within the dendrites on either side of the dendritic 
junctions. Dendritic associations were most frequently seen be- 
tween 2 intensely immunoreactive dendrites (65/99) but were 
also detected between intense and more lightly labeled dendrites 
(27/99) and between 2 lightly labeled dendrites (7/99). Apposed 
dendrites were postsynaptic to at least one axon terminal. 

Synaptic input from unlabeled terminals. Forty-nine percent 
of TH-labeled dendrites (n = 243 1) received contacts from one 
or more identifiable terminals within a single section. Of these, 
98% of the junctions were from terminals lacking TH immu- 
noreactivity. This analysis included TH-labeled dendrites with 
cross-sectional diameters ranging from 0.2-2.5 pm. From a sam- 
ple of 2424 unlabeled terminals, 10% formed synapses with 
more than one TH-labeled profile within a single plane of sec- 
tion. Unlabeled terminals appeared to form both symmetric and 
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Figure 5. Synaptic input and extensions of apposed cell bodies (Som I and Som 2) immunoautoradiographically labeled for TH. a, Electron 
micrograph of nonadjacent serial section of perikarya from Figure 4. Inset of region outlined in lower left of a shows an unlabeled terminal (~2’) 
in contact with both cell bodies. b, Higher magnification of area outlined in lower right of a showing process @ and p’) from soma 1 penetrating 
into or overlapping soma 2; cytoplasm of process has a granular appearance. c, Unlabeled terminal (UT) making asymmetric synaptic contacts (big 
arrows) with 2 apposed TH-labeled perikarya (Som a and Som b); note Taxi bodies (small arrows) below postsynaptic densities. Scale bar = 2.0 
pm in a, 0.5 pm in b, 1.0 pm in c and insert. 
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Figure 6. Micrographs of unusual subcellular organelles in TH-labeled soma and dendrites. a, Immunoautoradiographically labeled TH soma 
(TH-Sam) containing a subsurface cistern at its border with a glial process (asterisks). b, PAP labeling for TH in a soma (TH-Som) with lamellar 
body. c, Immunoautoradiographically labeled TH dendrite (TH-Den) with cilium (arrow) in cross-section at basal body. d, PAP-labeled TH- 
immunoreactive soma (TH-Sam) with cilium in sagittal section protruding into neuropil. Scale bar, 0.5 I.crn throughout. 
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Figure 7. Direct apposition between a soma and dendrite immunoautoradiographically labeled for TH. a, Electron micrograph showing extensive 
region of contact between TH-labeled soma (SOW) and TH-labeled dendrite (Den I). A second TH-labeled dendrite (Den 2) is in direct apposition 
to the first dendrite. Numerous silver grains are superimposed over the cytoplasm of the soma and dendrites; a few grains are also over the nucleus, 
but there are none over the nucleolus or surrounding neuropil. b, Magnification of region outlined in a showing smooth endoplasmic reticulum 
and/or smooth clear vesicles (XV) in the border region between the soma and Den 1 (open arrows); er, smooth endoplasmic reticulum. c, Magnification 
of region outlined in a showing apposed plasmalemmas between the cell soma and dendrite 1 and between dendrites 1 and 2 (open arrows). Scale 
bar, 1.0 Frn in a, 0.5 pm in b and c. 
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Figure 8. TH labeling in dendrites showing junctions with other unlabeled or labeled dendrites. a, Electron micrograph of TH-labeled dendrite 
(U&Den) in contact with both an unlabeled terminal (UT-I) and an unlabeled dendrite (u Den); thick membrane specializations (arrows) are seen 
at both contact points; UT-1 lacks the granularity associated with PAP labeling despite being more electron dense than other unlabeled terminals 
(UT-~). b, Dense contact specialization (arrows) between 2 TH-labeled dendrites (TH-Den 1 and TH-Den 2). Scale bar, 0.5 Grn in a and b. 
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Figure 9. PAP-labeled TH-immunoreactive terminals. a, Electron micrograph showing TH-labeled terminal (TH-7) making an apparent synaptic 
contact (arrows) with a TH-labeled dendrite (TH-Den); asterisks, glial processes; dcv, dense-core vesicle. b, TH-labeled terminal in apposition, 
displaying dense membrane specialization (arrows), with an unlabeled terminal (UT); a nearby TH-labeled dendrite (IX-Den) is separated from 
the TH-labeled terminal by an intervening glial process (asterisks); dcv, dense-core vesicle. c, TH-labeled terminal forming asymmetric synapse 
(arrows) with unlabeled dendrite (U DEN); dcv, dense-core vesicles; asterisks, glia. d, TH-labeled terminal making symmetric synapse (arrows) with 
unlabeled dendrite (u Den). Scale bar, 0.5 pm in u-d. 
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asymmetric junctions, with the majority being of the symmetric 
type. However, sampling at the surface to ensure adequate la- 
beling of all TH-immunoreactive terminals often resulted in 
dense peroxidase products that obscured postsynaptic densities. 

Dual symmetric input similar to that seen between 2 TH- 
labeled perikarya were also seen between apposed soma and 
dendrites. Of the 104 unlabeled terminals making dual contacts, 
65 joined 2 intensely TH-immunoreactive dendrites, while 7 
joined 2 lightly TH-immunoreactive dendrites. Twenty-seven 
joined one lightly labeled and one unlabeled dendrite, while 
only 4 synapsed on a labeled dendrite/soma pair. 

Synaptic input from TH-labeled terminals. Even with the more 
easily recognized peroxidase product, terminals immunoreac- 
tive for TH were much less intensely labeled and less numerous 
(n = 46) than either TH-containing perikarya (n = 7 1) or den- 
drites (n = 2431). These terminals usually contained mitochon- 
dria, numerous smooth clear vesicles approximately 30-40 pm 
in diameter and often one or more large 80- 100 pm dense-core 

Figure IO. Summary schematic 
showing major findings on ultrastruc- 
tural localization of TH in the rat VTA. 
Perikarya with intense cytoplasmic la- 
beling for TH (dark shading) receive 
more numerous contacts from unla- 
beled terminals (UT) than perikarya with 
lightly immunoreactive cytoplasm (light 
shading). Relative numbers of synapses 
on perikarya with unlabeled cytoplasm 
(unshaded) were not analyzed. Intensity 
of nuclear labeling is not correlated with 
intensity of cytoplasmic labeling as in- 
dicated by shading. Somatosomatic (I), 
somatodendritic (2), and dendroden- 
dritic (3) appositions were most com- 
mon between 2 neurons with intensely 
labeled cytoplasm. Dual inputs (4) were 
also more common between profiles 
displaying intense cytoplasmic immu- 
noreactivity. Synapses are seen be- 
tween TH-labeled terminals and la- 
beled (5) and unlabeled dendrites. 

vesicles (Fig. SC). Reaction product usually rimmed both small 
and large vesicles, though the central core of some dense core 
vesicles also appeared immunoreactive. Dense-core vesicles were 
most often located away from the synaptic junctions. 

Sixty-three percent (29/46) of the TH-labeled terminals di- 
rectly contacted TH-containing perikarya and dendrites without 
glial separation (Fig. 9a). However, many perikarya and den- 
drites were so heavily labeled with PAP product for TH that 
appositions versus synaptic junctions were not always distin- 
guishable. TH-labeled terminals were never observed in contact 
with other TH-labeled terminals. Seven of 29 TH-immuno- 
reactive terminals synapsed upon intensely immunoreactive 
soma (n = 53), while none contacted lightly immunoreactive 
soma (n = 18). Nineteen TH-labeled terminals contacted in- 
tensely immunoreactive medium or small dendrites (n = 1699) 
and 3 contacted lightly labeled medium or small dendrites (n = 
690). No TH-labeled terminals were detected in apposition to 
proximal dendrites containing TH immunoreactivity. The re- 
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maining 37% (17/46) of TH-immunoreactive terminals formed 
synapses with unlabeled dendrites. These synapses were both 
symmetric (Fig. 96) and asymmetric (Fig. SC). Glial processes 
(Fig. 9c, asterisks) frequently separated the contact zone from 
the surrounding neuropil. TH-labeled terminals were commonly 
in apposition to unlabeled terminals, and, in one case (Fig. 9b), 
dense membrane specializations were seen between TH-labeled 
and unlabeled terminals. 

Discussion 
We have made the following observations in the rat VTA. 

1. Tyrosine hydroxylase-like immunoreactivity (THLI) is lo- 
calized in nuclei and cytoplasm of neuronal perikarya and den- 
drites containing usual, as well as unusual, organelles and ex- 
hibiting several types of junctions. 

2. The cytoplasmic, but not nuclear, density of THLI in per- 
ikarya is correlated with the relative number of somatic synapses 
from unlabeled terminals. 

3. Dendrites containing THLI are apposed to TH-labeled den- 
drites and are postsynaptic to TH-labeled terminals. 

These findings are summarized in Figure 10 and are discussed 
relative to the possible functions ofTH in dopaminergic neurons 
of the VTA. 

Cytoplasmic organelles 
The majority of the observed subcellular organelles in perikarya 
containing THLI were the same as those described previously 
(Domesick et al., 1983) and, thus, will not be discussed further. 
In addition, both intensely and lightly labeled soma and den- 
drites contained several unusual organelles, including cilia, la- 
mellar bodies, and subsurface cisterns. These have been reported 
in other neurons from brains of many species (Henderson, 1989) 
including man (Cragg, 1976). The functions of these organelles 
in dopaminergic neurons are unknown, but they may be similar 
to those suggested for neurons in other brain regions. 

Cilia in the VTA were identical in their microtubular ar- 
rangement to those found in other brain regions, where they 
have been considered as possible chemosensors (Barnes, 196 l), 
mechanoreceptors (Allen, 1965), or vestigial remnants of a neu- 
roepithelial ancestry (Peters et al., 1976). 

Lamellar bodies have been associated with high levels of syn- 
thetic activity (King et al., 1974) particularly as relates to the 
production of neurosecretory products and vesicles (Cohen and 
Pfaff, 198 1). This is of interest in view of the fact that some 
dopaminergic neurons of the VTA synthesize neuropeptides such 
as neurotensin (Hokfelt et al., 1984) and/or cholecystokinin 
(Hbkfelt et al., 1980; Seroogy et al., 1988). Of these, neurotensin 
has been most clearly localized in large dense-core vesicles of 
dopaminergic neurons in the VTA that also contain lamellar 
bodies (Bayer et al., 1988). However, there is no direct evidence 
for the involvement of lamellar bodies in the production of 
neuropeptides within the VTA. 

Subsurface cisterns are located immediately beneath the plas- 
malemma (Le Beux, 1972). These cisterns, as well as lamellae 
of endoplasmic reticulum have been postulated to be nonmi- 
tochondrial intercellular storage sites for calcium (McBumey 
and Neering, 1987). As potential calcium storage sites, subsur- 
face cisterns may be important in the VTA, especially for burst 
firing of dopaminergic neurons (Grace and Bunney, 1984). 

Dendritic and somatic appositions 

The frequently observed appositions between TH-labeled peri- 
karya and between 2 TH-labeled or labeled and unlabeled soma 
and dendrites were characterized by (1) junctions that appeared 
to be adhesive such as the puncta adherens (Van den Pol, 1980) 
and the fingerlike extensions or (2) long stretches where the 
membranes of the cell-cell border were in extremely close con- 
tact. The regions of close contact may indicate sites where flu- 
orescent markers can be transferred, presumably through gap 
junctions, between dopaminergic perikarya in the VTA (Grace 
and Bunney, 1983). This possibility is supported by the mul- 
tilaminar appearance of appositions between TH-IR profiles in 
favorable planes of section which resemble gap junctional plaques 
viewed in cross-section (Raviola et al., 1980). However, the 
classic 7-laminae array was difficult to discern in our material, 
possibly reflecting the fixation conditions for immunocytochem- 
istry (Hsu et al., 198 1). Despite this limitation, our data provide 
other indirect evidence for the presence ofgap junctions between 
perikarya and/or dendrites. Gap junction particles are known 
to have a much higher turnover rate than most other plasma 
membrane constituents (Yancey et al., 198 l), and in most cases 
ofapposition between somata, numerous membrane-bound sac- 
cules were present on both sides of the plasmalemmal interface. 
These saccules were much larger than typical synaptic vesicles, 
40-100 nm (Pappas and Waxman, 1972). Additionally, they 
were seen in apparent fusion with the plasmalemma and were 
sometimes coated (Pierce and Lindskog, 1988). Cisterns of en- 
doplasmic reticulum were also found near the appositional zones, 
suggesting a high rate of synthetic activity. The observed ultra- 
structural features of appositional zones, as well as nearness of 
nuclei to them suggests a morphological basis for nonsynaptic, 
cell-cell communication between 2 TH-labeled or labeled and 
unlabeled perikarya and/or dendrites in the VTA. Such com- 
munication may involve transfer of intracellular regulatory, 
electrical, or chemical signals. 

Regulatory signals. Regulatory chemical signals such as cyclic 
AMP may pass between cells through gap junctional channels 
or via membrane bound vesicles, to act as nuclear second mes- 
sengers (Kurosawa et al., 1979). Alternatively, contact-mediated 
factors could themselves cause biochemical changes resulting in 
new protein synthesis similar to what has recently been shown 
for noradrenergic neurons in the peripheral sympathetic ganglia 
(Adler et al., 1989). 

Electrical signals. Electrical signals would involve the transfer 
of ions across apposed cell membranes, most likely through gap 
junctions. The ultrastructural observations of close cell-cell ap- 
positions and prominence of organelles believed to be associated 
with calcium storage could provide a cellular basis for the rapid 
transcellular depolarization shown electrophysiologically in the 
VTA (Bunney et al., 1987), inferior olive (Sotelo and Kom, 
1978) and other regions. These regions engage in burst firing, 
where there is a need for cell recruitment. Burst firing involves 
neurons firing in near synchrony (Grace and Bunney, 1983). 
This near synchrony would be most readily elicited by electro- 
tonic coupling (Getting and Willows, 1974) and by dual synaptic 
inputs between neurons as seen in the VTA. 

Chemical signals. Chemical signals may be transmitted at 
sites of apposition between TH-labeled profiles by release of 
dopamine or other coexisting neurotransmitters. The possibility 
of dendritic release of dopamine is supported by in vivo micro- 
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dialysis (Kalivas et al., 1989) and antidromic stimulation of the 
median forebrain bundle (Korf et al., 1976) showing that do- 
pamine is released by dendrites of VTA neurons. Similarly, in 
the substantia nigra dopamine is stored (Bjorklund and Lindvall, 
1975) and released (Geffen et al., 1976) to inhibit tonically active 
dopaminergic neurons in the area (Wang, 198 1). Inhibition by 
dendritically released dopamine may provide at least one sub- 
strate for autoinhibition (Wilson et al., 1977) and the close 
appositions found between TH-immunoreactive dendrites would 
be consistent with this view. Although dendrites and perikarya 
contained few smooth clear vesicles and dense-core vesicles on 
their presumed presynaptic sides, even a few vesicles may re- 
lease dopamine or other coexisting products such as cholecys- 
tokinin or neurotensin (Bartfai, 1985). These peptides are found 
in dense-core vesicles in dopaminergic neurons of the VTA and 
are modulatory to dopaminergic neurons (Quirion, 1983; Stu- 
dler et al., 1985). 

Nuclear THL I 
TH or a structurally similar molecule was detected in varying 
amounts in nuclei of perikarya showing cytoplasmic labeling in 
the VTA. Several methodological factors might account for the 
unexpected detection of THLI in these nuclei. First, TH is a 
soluble enzyme (Nagatsu et al., 1964; Musacchio, 1968) and, 
thus, may have diffused into the nuclei from the cytoplasm 
during the processing of tissue for immunocytochemistry. How- 
ever, the observation that perikarya with intense cytoplasmic 
labeling do not necessarily exhibit more intense nuclear labeling 
than neurons with light cytoplasmic labeling casts doubt on this 
possibility. Second, the antiserum to TH could recognize some 
nonspecific protein found in the nucleus (Schilling et al., 1989). 
This, too, seems unlikely since nuclei of nondopaminergic neu- 
rons in neighboring cell groups were unlabeled. The detected 
nuclear THLI also may reflect the presence of TH or a similarly 
antigenic substance that is selectively active in dopaminergic 
neurons. This possibility is supported by the intense immu- 
noreactivity associated with the outer leaflets of the nuclear 
envelope, where the influx of TH-related products might occur 
(Broadwell and Cataldo, 1983). The close proximity between 
nuclei and somatosomatic appositions would provide an ideal 
substrate for potential interactions between the biochemical and 
nuclear machinery of adjacent cells as discussed above. 

The nuclear labeling for TH in the VTA is similar to the 
observed labeling with antibody to phenylethanolamine-N 
methyl transferase (PNMT) of adrenergic neurons in the rostra1 
ventrolateral medulla (Milner et al., 1987). Nuclear THLI was 
not detected in these PNMT-containing perikarya; thus, the last 
enzyme in the catecholamine synthetic pathway, TH in dopa- 
minergic neurons and PNMT in adrenergic ones (Nagatsu et al., 
1964; Hiikfelt et al., 1974), might subserve some feedback func- 
tion in the nucleus, where transcription of genes coding for the 
specifically needed enzymes in the pathway occurs (Lewin, 1985). 
It must be stated, however, that such a function for TH has yet 
to be shown. 

Cytoplasmic variations of THLI 

Since detected immunoreactivity diminishes with increased depth 
due to decreasing antibody penetration (Pickel, 1986; Pickel et 
al., 1986) the detected variations in cytoplasmic THLI could 
be attributed to differences in location of identified profiles rel- 
ative to the surface of the tissue. However, this is unlikely, as 

all samples used for numerical analysis were taken from the 
extreme outer surface of the tissue. Moreover, the relative con- 
stancy in the ratio of intensely versus lightly labeled profiles in 
4 size categories, ranging from soma to distal dendrites, indicates 
that differences in detected immunoreactivity are probably not 
due to differences in penetration. Differences attributed to fac- 
tors such as penetration also would not be expected to show 
differences with respect to synaptic input or differences in oc- 
currence of appositions with other labeled or unlabeled soma 
or dendrites, as seen in the present study. Within the total pop- 
ulation of neurons of the VTA, THLI showed a broad range of 
densities. However, reaction product was present in sufficiently 
different densities to permit the distinction of neighboring soma 
and dendrites as lightly or intensely immunoreactive by both 
PAP and immunoautoradiographic methods. The intensely im- 
munoreactive soma and dendrites were (1) more numerous, (2) 
received more single and convergent input from unlabeled ter- 
minals, and (3) showed somewhat more frequent somatic and 
dendritic appositions. These findings are discussed in terms of 
their possible implications both for TH and for the cell as a 
whole. 

Neurons displaying relatively denser reaction product may 
contain either greater quantities of TH or relatively more ac- 
tivated TH than the neurons with less dense reaction product. 
A correlation between immunoreactivity and amount of TH 
enzyme present in the cells of the locus coeruleus has been shown 
(Benno et al., 1982). Thus, our more intensely labeled cells may 
possess more TH enzyme than the more lightly labeled ones. 
Alternatively, increases in TH mRNA and enzymatic activity 
have been observed after transsynaptic stimulation of the sym- 
pathetic ganglion and can be abolished by nerve transection 
(Black et al., 1985). If such stimulation allows for an increase 
in TH activity, then the intensely labeled cells, having more 
inputs and, thus, more chances for stimulation, may have more 
TH activity than the more lightly labeled variety. Immuno- 
reactivity in the present study also may represent the catalyti- 
cally active portions of the enzyme because the antiserum was 
prepared against the trypsin-treated form of TH (Joh and Ross, 
1983). The trypsin-treated form has most, if not all, regulatory 
sites (phosphorylation sites) removed (Zigmond et al., 1989). 

Neurons containing relatively more detectable THLI may be 
physiologically more active. One-third to one-half of dopami- 
nergic neurons in the rat do not fire without stimulation (Bunney 
and Grace, 1978). Since the more numerous intensely labeled 
perikarya have a greater density of synaptic inputs than lightly 
labeled perikarya, it is likely that they would receive more fre- 
quent stimulation. Some neurons with more intense THLI might 
also be involved in burst firing. With diminished synaptic input, 
as seen in slice preparations, burst firing is abolished in neurons 
of the VTA (Mueller and Brodie, 1989). More intense THLI 
staining would also be consistent with the observation that burst 
firing may release more dopamine than is released when neurons 
fire singly (Grace, 1988). 

Aflerent input from TH-labeled terminals 
The major targets of TH-labeled terminals in the VTA were 
dendrites also labeled for the enzyme. These dendrites labeled 
with TH are presumed to be dopaminergic since no other cate- 
cholamines are known to be present in intrinsic neurons of the 
VTA (Bjorklund and Nobin, 1973; Swanson and Hartman, 1975). 
However, the THLI terminals may contain dopamine or other 
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catecholamines such as noradrenaline. Noradrenergic terminals 
are found in the VTA (Lindvall and Bjdrklund, 1974) and are 
most likely derived from the locus coeruleus (Simon et al., 1979). 
In contrast, dopaminergic terminals may be derived locally from 
A 10 neurons or from projections of the A8 (Deutch et al., 1988) 
or other groups of dopaminergic cells. Both dopamine and nor- 
adrenaline cause an inhibition of DA cell firing when iontopho- 
resed into the VTA (White and Wang, 1984). Additionally, 
noradrenaline appears to exert an excitatory influence, perhaps 
indirectly, on dopaminergic neurons in the mesocortical path- 
way of the VTA (Herve et al., 1982). The results of this study 
provide anatomical support for catecholaminergic (dopami- 
nergic and/or noradrenergic) modulation of dopamine neurons 
in the VTA through direct axodendritic junctions. The small 
number ofaxodendritic as opposed to dendrodendriticjunctions 
between TH-labeled profiles may indicate more difficulty in 
immunolabeling small axon terminals or the more prominent 
role of dendritic associations in dopaminergic modulation of 
dopamine neurons within the VTA. 
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