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Abstract
Dopamine neurons use autoregulation for appropriate modulation of goal-directed behaviors, and yet the
mechanisms for D2 receptor (D2R)-mediated autoregulation are not fully understood. Electrophysiology
suggests close proximity between dopamine release and receipt, but actual dendro-dendritic synapses are
rare. This ultrastructural study used transgenic mice with a knockin of superecliptic green �uorescent
protein (SEP) on the D2R (SEP-D2R) to determine how often autoreceptors are localized at directly
apposed dendrites in the substantia nigra pars compacta (SNc). Silver-enhanced immunogold labeling
for SEP-D2R was observed within dendrites, axon varicosities, astrocytes, and soma. Although most gold
particles were intracellular, 28% of SEP-D2R gold was irregularly distributed along the plasma membrane.
Structures immediately adjacent to dendritic membrane gold particles were axons (40%), astrocytes
(19%), and other dendrites (7%), with the remaining structures unidenti�ed in single sections. Known
limitations in antibody penetration suggest the actual incidence of D2R localization at apposed dendrites
is probably greater than 7%. Nevertheless, these results indicate that intercellular dopamine
communication in the SNc is primarily extrasynaptic. The thin astrocytic processes often seen separating
adjacent dendrites may provide channels along which transmitter diffuses to access dendritic D2Rs.
Expression of D2Rs by the astrocytes themselves suggests they may participate in dopamine
autoregulation. A novel �nding of SEP-D2R on the axon initial segments (AISs) of SNc neurons was
con�rmed by immuno�uorescence to involve dopamine cells. While some of this may represent axonal
tra�cking, membrane D2Rs might serve an autoregulatory function at the AIS yet to be physiologically
characterized for dopamine neurons.

Introduction
Dopamine transmission in�uences various forebrain control systems, providing essential modulation of
cognition, learning, and goal-directed behaviors. Disruptions in this regulation are associated with
substance abuse disorder, depression, schizophrenia, and attention de�cit hyperactivity disorder, among
other conditions (Dunlop and Nemeroff 2007) (Grace 2016) (Kollins and Adcock 2014) (McCutcheon et
al. 2019) (Solinas et al. 2018) (Volkow et al. 2017). Of the multiple dopamine pathways originating from
the midbrain, the nigrostriatal tract is the largest and most extensively investigated. The degradation of
this pathway in patients with Parkinson’s disease reveals its critical role in the facilitation of �ne motor
control (Borroto-Escuela et al. 2018) (David et al. 2005) (Fahn 2015).

In order to transmit a variety of message patterns to medium spiny neurons (MSN) in the dorsal striatum,
dopamine cells in the substantia nigra pars compacta (SNc) �re both tonically and in bursts (Grace and
Bunney 1983a) (Lammel et al. 2008) (Steinfels et al. 1981), allowing for variable concentrations and time
lengths of dopamine release. Considerable regulation of this release is required for dopamine receptors to
appropriately modulate MSN responses to cortical afferents (Beaulieu and Gainetdinov 2011) (Calabresi
et al. 2007) (Gardoni and Bellone 2015). Autoreceptor control is a principal mechanism for this
governance, and the D2 receptor (D2R) is the only subtype mediating these effects. This is true both for
somatodendritic receptors regulating �ring rate within the SNc and axonal receptors providing feedback
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inhibition of dopamine synthesis and release in the striatum (Beckstead et al. 2004) (Courtney and Ford
2014) (Mercuri et al. 1997) (Morelli et al. 1988) (Wolf and Roth 1990). The fact that autoregulation is
sensitive to drugs of abuse, and that addictive drugs alter afferent input and activity of SNc neurons
(Beaudoin et al. 2018) (Lee et al. 1999) (Perra et al. 2011) (Sharpe et al. 2015) shows the importance of
having a thorough understanding of autoreceptor localization and function.

In the SNc, dopamine neurons serve as both source and recipient of dopamine autoregulatory signals,
and yet conventional dendro-dendritic synapses are found only rarely in ultrastructural studies of the
midbrain (Groves and Linder 1983) (Wilson et al. 1977) (Wassaf et al. 1981) (Bayer and Pickel 1990).
Hence, the exact morphological substrates for dopamine intercellular communication have been di�cult
to de�ne. Electrophysiological studies analyzing the time course of evoked D2R-mediated inhibitory
responses on dopamine neurons suggest a model of spatially tight dopamine release and receptor
activation (Beckstead et al. 2004) (Ford et al. 2009) (Ford et al. 2010) (Courtney and Ford 2014).
Additionally, the high concentration of dopamine required to elicit a D2R-dependent inhibitory response,
which is around 100 μM, suggests that D2 autoreceptors are located close to dopamine release sites
(Courtney and Ford 2014) (Ford et al. 2009).

Extensive research into somatodendritic dopamine release indicates that the mechanism is exocytotic,
calcium-dependent, activity dependent, and involves a vesicle-type structure expressing the vesicular
monoamine transporter type 2 (VMAT2) (Beckstead et al. 2004) (Rice and Patel 2015) (Jaffe et al. 1998)
(Santiago et al. 1992) (Mendez et al. 2011) (Chen et al. 2011) (Heeringa and Abercrombie 1995)
(Nirenberg et al. 1996). Nevertheless, morphological evidence of active zones beyond axodendritic and
the rare dendro-dendritic synapses has not been found in the SNc. One interpretation of these
observations is that autoinhibition between somatodendritic complexes of dopamine neurons involves
non-canonical “synapses” that do not form junctional specializations, despite the presence of at least one
active zone protein (Robinson et al. 2019). Such communication sites might still localize dendro-dendritic
transmission in the sub-micron range (Courtney and Ford 2014). Potential support for this hypothesis
might be obtained by identifying dendritic D2Rs localized in close proximity to other SNc dendrites. Early
light and electron microscopy studies of the rat SNc and ventral tegmental area (VTA) demonstrated the
presence of immunoperoxidase labeling for D2R on soma, proximal dendrites, and distal dendrites of
identi�ed dopamine neurons (Pickel et al. 2002; Sesack et al. 1994) (Yung et al. 1995). A more recent
study in wildtype mice demonstrated the subcellular localization of D2Rs to the plasma membrane of
VTA neurons by using a non-diffusible immunogold-silver approach (Garzón et al. 2013). Although this
study did not report clustering of D2Rs on the plasma membrane near dendro-dendritic appositions, it
also did not examine the SNc where the intercellular distances between dopamine neurons are shorter.
Furthermore, currently available antibodies directed against the D2R may not be able to localize the
receptor with high sensitivity. Hence, the hypothesis has not yet been fully tested that clustering of D2Rs
near closely spaced SNc dendrites might represent sites of autoreceptor transmission within the sub-
micron range.
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To address these concerns, we utilized a mouse line with a knockin of superecliptic green �uorescent
protein (SEP) incorporated into the N-terminus of the D2R. Tagging with SEP has been shown not to alter
the inhibitory functions of the D2R on SNc dopamine neurons, making it a valuable tool for �uorescence
detection of autoreceptors during electrophysiological recording (Robinson et al. 2017)(see also Lebowitz
et al., this volume). In a companion paper (Lebowitz et al., 2021), light microscopic examination showed
frequent discrete clusters of SEP-D2R labeling along the plasma membrane of dopamine cells,
sometimes in apposition to dendrites of other dopamine neurons. Here, we applied electron microscopy
and immunogold-silver labeling for GFP to examine the subcellular localization of the D2R in the mouse
SNc. Furthermore, for each immunogold particle indicating SEP-D2R localized to the plasma membrane,
we identi�ed the neuronal or glial structure in closest proximity to that part of the membrane, with the
hypothesis that most of these would be other SNc dendrites. Finally, we also examined dendritic
expression of D2Rs in the dorsolateral striatum in the same animals in order to directly compare
detection sensitivity for putative autoreceptor versus postsynaptic receptor localization.

Methods
Subjects and In Vivo Fixation

All animal procedures and protocols were conducted in accordance with the National Institute of Health
Guidelines for the Care and Use of Laboratory Animals. The transgenic mouse line on a C57BL/6
background strain had a knockin of SEP on the amino-terminus of D2Rs and was generated in the
Transgenic Mouse Facility at the University of California at Irvine. The procedure for transgenic mouse
generation and evidence supporting the normal functionality of SEP-tagged D2Rs has been published
previously (Robinson et al. 2017). For these ultrastructural analyses, mice from the Williams laboratory
were perfused by S. Aicher, and their brains were shipped to the University of Pittsburgh for examination. 

SEP-D2R transgenic mice were anesthetized with 100 mg/kg sodium pentobarbital i.p. and then perfused
with 5-10 ml of saline containing 1000 units/ml of heparin. The cardiovascular system was then �ushed
with a 0.1 M phosphate buffer (PB; pH 7.4) containing one of two �xatives: 12.5 ml of 3.75% acrolein
with 2% paraformaldehyde, followed by 50-75 ml of 2% paraformaldehyde, or 50-75 ml of 0.2%
glutaraldehyde with 4% paraformaldehyde. Brains were extracted from the skull and post-�xed in the last
�xative for 30-60 min. Brains showing optimal �xation were then stored in PB for overnight shipment to
the University of Pittsburgh. Three cohorts consisting of 3, 5, and 3 brains were shipped. The �rst two
cohorts were used for quantitation of SEP-D2R in the SNc and striatum (8 brains/animals total). The third
cohort was used for dual labeling of SEP-D2R and AIS markers for electron microscopy. In addition,
experimental tests to determine the ideal conditions for localizing antibodies against ankyrin-G and beta
IV-spectrin were conducted in 12 wildtype mice of the C57BL/6 strain at the University of Pittsburgh
following equivalent procedures to those described above.

Immunogold-silver and Immunoperoxidase Labeling
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Fixed brains were cut into blocks containing the SNc or striatum that were then sectioned at 50 µm on a
vibratome. Sections were treated with PB containing 1% sodium borohydride followed by rinsing with PB.
Tissue was then incubated for 30 min in a blocking solution made in 0.1 M tris-buffered saline (TBS; pH
7.6) that contained 3% normal goat serum, 1% bovine serum albumin, and 0.04% Triton-X100. Sections
were then transferred to chicken anti-GFP primary antibody (Avēs Labs, Inc; GFP-1010) at a concentration
of 1:500 or 1:1000 in blocking solution. According to the vendor, antibody speci�city has been determined
using Western blot and immunohistochemistry from transgenic mice expressing GFP. Our laboratory has
also determined that brain sections from non-GFP expressing animals contain no detectable
immunoreactive signal at light or electron microscopy. Tissue sections were incubated in the GFP primary
antibody overnight at room temperature for 12-15 hours, then rinsed in 0.1 M TBS followed by 0.01 M
phosphate-buffered saline (PBS; pH 7.4).

Tissue was then rinsed with a washing buffer containing 3% normal goat serum, 0.8% bovine serum
albumin, and 0.1% cold �sh gelatin (Aurion). The secondary IgG antibody was 0.8 nM gold-conjugated
goat anti-chicken (Aurion). Tissue was exposed to the secondary at 1:50 in washing buffer and incubated
overnight for 12-15 hours at room temperature. Excess secondary was removed by rinsing three times
each in washing buffer and PBS. Tissue was then exposed to 2.5% glutaraldehyde in PBS for 10 min,
followed by several rinses in PBS. Sections were then treated four times for 10 min each with
Enhancement Conditioning Solution (Aurion) diluted 1:10 with ultrapure water. Sections were exposed to
an RGENT-SEM proprietary silver enhancement solution (Aurion) for 120-180 min. Additional treatments
in Enhancement Conditioning Solution followed at four times 10 min each, with a �nal rinse in 0.1 M PB.

The probable detection of SEP-D2R in axon initial segments necessitated con�rmation using antibodies
speci�c for this neuronal compartment, namely beta IV-spectrin (Berghs et al. 2000) (Lacas-Gervais et al.
2004) and ankyrin-G (Hedstrom et al. 2008; Le Bras et al. 2014). An a�nity puri�ed, rabbit polyclonal
antibody against beta IV-spectrin was obtained as a gift from Dr. Matthew Rasband at Baylor College of
Medicine. The speci�city of this antibody was previously demonstrated by preadsorption with the
antigen, Western blot analysis, and complete loss of immunolabeling in mice with a knock-out of the beta
IV-spectrin Σ1 isoform (Lacas-Gervais et al. 2004) (Lysakowski et al. 2011). A mouse monoclonal
antibody against ankyrin-G was purchased from the UC Davis/NIH NeuroMab Facility. Speci�city was
previously demonstrated by preadsorption with the peptide antigen and Western blot analysis (Le Bras et
al. 2014). The two antibodies were used at concentrations from 1:50 to 1:1000 in procedures similar to
those described above, except that secondary antibodies were biotinylated goat anti-mouse for ankyrin-G
and goat anti-rabbit for beta IV-spectrin, both from Vector Laboratories. Tissue was incubated with
secondary antibodies at 1:400 for 30 min and rinsed three times in TBS for 10 min each. Antibody-bound
tissue was then exposed to a 30 min incubation in avidin-biotin peroxidase complex (ABC solution, Vector
Laboratories) before being rinsed again in TBS three times for �ve min each. Tissue was then exposed
for 3.5 min to a solution containing 0.022% diaminobenzidine and 0.003% hydrogen peroxide, followed
by a three-step rinse in TBS for 5 min each and one rinse in PB.
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For dual labeling of both SEP-D2R and one of the AIS markers, mouse brains were �xed with acrolein and
sectioned, and then the sections were incubated in a mixture of primary antibodies. From pilot testing, the
best results were obtained with anti-GFP at 1:1000 and anti-beta IV-spectrin at 1:100. Immunoperoxidase
processing occurred before immunogold labeling, and then silver enhancement was carried out for 60-70
min.

Immuno�uorescence Imaging of SEP-D2R in the AIS

All procedures were approved and performed in compliance with the appropriate guidelines set forth by
the Institutional Animal Care and Use Committee at Oregon Health & Science University. Mice were group-
housed in vented plastic cages on a 12-hour light/dark cycle with food and water available ad libitum.
Male transgenic mice homozygous for the SEP-D2R knockin (21-25 days old) were used for this part of
the study.

Animals were anesthetized with iso�urane and rapidly decapitated into modi�ed Krebs buffer at 34°C
containing (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl2, 2.4 CaCl2, 1.4 NaH2PO4, 25 NaHCO3, and 11 D-
Glucose. Krebs buffer used for decapitation, slicing, and slice recovery contained 10 µM MK-801.
Horizontal slices were cut at a thickness of 222 µm using a Leica VT1000S vibratome and allowed to
recover for 30 min, both in Krebs bubbled with 95/5% O2/CO2. To amplify the SEP-D2R signal, slices were
incubated for 45 min in bubbled Krebs with an anti-GFP antibody (1:400) conjugated to Alexa Fluor 488
(ThermoFisher cat#: A-21311). Excess antibody was washed with a 15 min incubation in Krebs following
labeling. Fixation was achieved by incubating slices in 4% PFA in PBS for 30 min at RT. Slices were
blocked and permeabilized in PBS containing 0.5% �sh skin gelatin (FSG) and 0.5% Tween-20 for 1 hr at
RT. Primary antibody incubation was conducted overnight at 4°C in PBS containing 0.1% Tween-20 and
0.5% FSG. Anti-tyrosine hydroxylase was purchased from Sigma Aldrich (cat#: T1299); anti-Ankyrin-G
was a generous gift from Paul Jenkins (University of Michigan). Both primary antibodies were used at
1:500. Slices were washed 3X for 15 min in PBS at RT before being labeled with secondary antibody at
1:500 for 1 hr at RT in the same solution used for primary labeling. Secondaries used were anti-mouse
IgG conjugated to Alexa Fluor 555 (ThermoFisher cat# A-21422) and anti-rabbit IgG conjugated to Alexa
Fluor 647 (ThermoFisher cat# A-21245). Slices were washed 4X for 15 min in PBS before being mounted
and coverslipped using Fluoromount aqueous mounting medium (Sigma-Aldrich cat#: F4680) and nail
polish to seal.

Slides were imaged on a Zeiss LSM980 with AiryScan2 using a 63X oil immersion objective. Z-stacks of
labeled cells were acquired in Airyscan SR mode with a step size of 0.15 µm and a pixel size of 0.14 µm.
Airyscan2 processing was carried out in Zen Blue, and images were presented as a maximum intensity
projection of the compressed z-stack.

Electron Microscopy Tissue Preparation and Image Analysis

Lipids in brain sections were �xed with 1% osmium tetroxide in 0.1 M PB for 1 hour. After rinsing in PB,
tissue was exposed in �ve min increments to increasing concentrations of ethanol in water: 30%, 50%,
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70%, and 95%, followed by two rounds of 100% ethanol. This was followed by two �ve min rounds of
propylene oxide incubation. Samples were then placed overnight in a 1:1 mixture of propylene oxide and
epoxy resin (EM-Bed 812, Electron Microscopy Sciences) before being transferred to 100% epoxy for 2-3
hours. Sections were then �at-embedded between two clear sheets of commercial plastic, and the resin
was cured at 60°C for 72 hours until solid. Plasticized sections were cut to include the areas of interest,
either SNc or dorsolateral striatum. These cut pieces were then glued onto blocks of solid epoxy resin.
The sections were trimmed into trapezoidal shapes that contained the area of interest identi�ed by
landmarks such as blood vessels and major white matter tracts. After trimming, ultrathin sections (60
nm) were cut from the resin blocks using an ultramicrotome and collected onto 400 mesh copper grids.
The grid-bound tissue was then counterstained with uranyl acetate and lead citrate to enhance contrast.

Tissue was observed using a FEI Morgagni transmission electron microscope. Only one ultrathin section
per grid was selected for initial analysis to avoid double counting of immunopositive pro�les in serial
sections. The area analyzed was near the interface between tissue and plastic resin where antibody
penetration is maximal. Roughly 3,000 to 12,000 µm2 of tissue was examined per animal, and
approximately 15 micrographs were captured from each tissue section. Most micrographs contained
multiple immunolabeled pro�les.

The MicroBrightField Neurolucida program v.9 was used to analyze immunopositive neuronal pro�les,
de�ned as containing at least three gold particles, regardless of location, i.e. plasma membrane or
intracellular. Many pro�les contained more than three immunogold particles. Neurolucida was used to
trace and quantify the perimeter and area of labeled pro�les, while the short-axis diameter was measured
manually on the micrographs with a ruler.

To compare the prevalence and density of SEP-D2R in different cellular compartments, immunopositive
structures were identi�ed based on established morphological characteristics (Peters et al. 1991).
Dendrites were recognized by their larger size, smoothly contoured membranes, organelle content, and
receipt of synapses; organelles consisted of mitochondria and smooth endoplasmic reticulum in the
smallest dendrites, as well as rough endoplasmic reticulum and Golgi bodies in the largest. Infrequent
dendritic spines in the SNc were identi�ed by their thorny or bulbous shape and clear protrusion from
dendrites. In the striatum, more numerous dendritic spines were recognized by their small size, round or
cup shape, absence of mitochondria, and tendency to be postsynaptic to axon terminals. Axon
varicosities were identi�ed by their round structure and concentrations of small clear vesicles, often
clustered near synapses. If axons formed a synapse, the type of synapse was recorded as either
asymmetric – having parallel membranes, a widened space between membranes spanned by �laments,
and a thick postsynaptic density, or symmetric – having the same features but for a thin or absent
postsynaptic density (Peters et al. 1991) (Carlin et al. 1980). Astrocytes were identi�ed by their vacuous
cytoplasm and serpentine shape, often becoming markedly narrow to �ll in spaces between other cellular
pro�les. Structures were considered unidenti�ed if they lacked substantially distinguishing traits in single
sections, which was more common with smaller pro�les.
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The location of immunogold-silver particles within neuronal pro�les was also determined using
Neurolucida. SEP-D2Rs were considered to be associated with an organelle or the plasma membrane if
the corresponding immunogold particle was within 20 nm of the visible structure, as determined using a
20 nm cursor in Neurolucida. This distance was chosen based on the approximate size of antibodies and
the corresponding length of the immunogold antibody complex (Mathiisen et al. 2006). In further analysis
of membrane-associated SEP-D2Rs, the neighboring cellular pro�le immediately apposing each gold
particle was also characterized and recorded: dendrite, axon, astrocyte, or unidenti�ed.

For each type of immunoreactive pro�le in each animal, the number of membrane-associated
immunogold particles were totaled and used to determine an average density of immunolabeling per
perimeter. Similarly, the total number of immunogold particles were summed and used to calculate the
average density of immunolabeling per area. Finally, the proportion of gold particles that were associated
with the plasma membrane was expressed as a percentage of the total for each pro�le. Regional
comparisons of immunogold density and membrane distribution of immunolabeling utilized Student t-
tests assuming unequal variance, and reported p values were two-tailed. Categorical comparison of
synapse type formed by immunolabeled axons between the SNc and striatum was performed using
Fisher’s Exact Test.

Results
Cellular Localization of Immungold Labeling for SEP-D2R

In the SNc, SEP-D2R associated immunogold was observed in soma, proximal and distal dendrites,
axons, and astrocytes. Directing antibodies to the SEP tag on the D2R appeared, qualitatively, to increase
overall immunoreactivity for the receptor compared to prior observations of direct immunogold labeling
for D2R in the mouse midbrain (Garzón et al. 2013). Quantitative analyses focused on immunolabeled
dendrites and axon terminals, with astrocyte labeling shown qualitatively and somal immunoreactivity
not illustrated. From the quantitative analysis, dendrites more frequently displayed immunogold-labeling
for SEP-D2R than did axon terminals: 66% versus 34% of the pro�les counted in the SNc.

Subcellular Distribution of SEP-D2R within SNc Dendrites

A total of 379 SEP-D2R immunopositive dendrites were analyzed in eight animals (Table 1). The majority
(72%) of immunogold-silver particles were observed intracellularly, with fewer (28%) on the plasma
membrane (Figs. 1-5). Most intracellular immunogold particles observed in single sections were not
found in association with neuronal organelles, although some appeared within or along the smooth
endoplasmic reticulum or multivesicular bodies (Fig. 1). In soma (not shown) and the most proximal
dendrites (Fig. 1), immunogold particles for SEP-D2R were also observed in association with the rough
endoplasmic reticulum and Golgi bodies. Occasionally, immunogold particles were found in close
proximity to mitochondria, even though D2Rs have no known functional relationship with these
structures.
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Dendritic membrane-associated SEP-D2R gold particles were dispersed along membranes at variable
distances (Fig. 1-3). As can be seen when comparing Figures 1 and 3, there was a tendency for the
proportion of membrane-associated SEP-D2R immunogold to be greater in distal versus proximal
dendrites (as estimated by cross-sectional diameter).

In order to assess possible D2R-mediated dendro-dendritic communication sites (distinct from traditional
synapses), each membrane-associated gold particle representing SEP-D2R in the SNc was analyzed for
its immediately neighboring cellular pro�le (Table 1). While 40% of membrane-associated immunogold
particles were directly apposed to axon terminals (Table 1), immunogold labeling was rarely observed in
or near conventional postsynaptic densities (Fig. 3). A substantial proportion of immunogold (19%) was
also found directly apposed to astrocytes (Fig. 2; Table 1). Finally, 7% of dendritic membrane-associated
SEP-D2R immunogold particles were directly apposed to other dendrites (Fig. 2; Table 1). More
commonly, membrane-associated immunogold particles on dendrites were in the immediate vicinity of
other dendrites but were separated from them by astrocytes and/or small axons (Fig. 2). Most gold
particles representing membrane-associated SEP-D2R occurred across from pro�les that could not be
identi�ed in single sections (Table 1). Had a serial section analysis been conducted, it is assumed these
unidenti�ed pro�les would have sorted proportionally into the recognized categories of neighboring
structures.

Dendro-dendritic synapses, reported only rarely in the ventral midbrain, were similarly encountered at low
frequency in this study. Of the two synapses observed, one had dense SEP-D2R immunogold labeling
associated with it (Fig. 4); the other had sparse immunoreactivity (not shown). Areas containing dendro-
dendritic synapses were always examined in serial sections, and for the one shown in Figure 4, we
observed a continuation of dense labeling in the z plane. We also paid particular attention to dendritic
spines when they were encountered in the electron microscope. Even when examined in serial sections,
however, they contained no more than occasional immunogold particles (Fig. 5). Also examined in serial
sections were any dendrites that exhibited three or more immunogold particles clustered together at one
portion of the membrane (Figs. 3a, 5). Most typically, these collections of multiple gold particles did not
continue far in adjacent sections, suggesting that SEP-D2R clusters detected in the electron microscope
were spatially restricted in the z-axis to roughly 60-240 nm, i.e. one to four ultrathin sections.

Often, individual SEP-D2R immunogold particles appeared to consist of doublets or triplets (illustrated as
double arrowheads in Figures 2-5). As these might signify sites of denser SEP-D2R expression than single
particles, we performed a separate analysis of the apposed cellular pro�les. Membrane-associated
doublet or triplet particles did not, however, show any signi�cant difference in terms of their neighboring
structures, i.e. they were not more commonly apposed to other dendrites.

SEP-D2R Immunogold Labeling within Axons and Astrocytes

SEP-D2R immunoreactivity was also found in axon terminals of the SNc (Fig. 6). Similar to labeling in
dendrites, immunogold particles in axon terminals were observed intracellularly (76%) more often than on
the membrane (24%; Table 2). Only 28% of labeled axon terminals formed synapses visible in the single
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sections analyzed, the majority being of the symmetric type (Fig. 6b) versus asymmetric. The cellular
pro�les immediately across from SEP-D2R immunogold particles on axonal membranes were analyzed in
a manner similar to those for dendrites. In this case, most gold particles were apposed to dendrites, which
is expected, given that axons typically target dendrites. Other neighboring pro�les were axon terminals
and astrocytes, with the remainder being unidenti�ed in single sections (Table 2). The fact that most of
the gold particles on axonal membranes were found adjacent to dendrites suggests that the lower
frequency with which this occurred for gold particles on dendritic membranes was not due to technical
issues.

Consistent with prior reports (Bal et al. 1994) (Khan et al. 2001) (Sesack et al. 1994) (Xin et al. 2019),
SEP-D2R was observed intracellularly and on the membrane of astrocytic pro�les (Figs. 3, 6, 7). Labeled
astrocytes were sometimes found adjoining dendrites that were also labeled for SEP-D2R (Fig. 3a, 6a). 

SEP-D2R Immunogold within SNc Axon Initial Segments

During the ultrastructural analysis of SEP-D2R in the SNc, immunogold labeling was occasionally found
in association with pro�les (n = 9) showing a dense undercoating of the plasma membrane and an
enlarged surrounding extracellular space that sometimes contained granules (Fig. 8). These pro�les also
had a diameter in the range of axon initial segments (AISs) of SNc dopamine neurons and an absence of
visible synaptic inputs as reported for this compartment (Gonzalez-Cabrera et al. 2017). Such
morphological features suggest that the pro�les were AISs, presumably of dopamine neurons.
Immunogold was observed on AIS membranes and intracellularly, associated with organelles as well as
microtubules (Fig. 8a). Membrane gold on these structures sometimes occurred as doublets or triplets.
We also observed several SEP-D2R gold particles roughly 40 nm beneath the membrane, below the dense
undercoating (Fig. 8a insert). Colocalization of immunogold for SEP-D2R and immunoperoxidase
staining for beta IV-spectrin veri�ed the presence of D2Rs at the AIS (Fig. 8b). The presence of surface
SEP-D2R on the AIS speci�cally of dopamine neurons was further examined by triple
immuno�uorescence confocal imaging and demonstrated by showing colocalization of SEP-D2R, TH,
and ankyrin-G (Fig. 9).

Subcellular Distribution of SEP-D2R within the Striatum

The prevalence of SEP-D2R associated with the membrane of SNc dendrites seen by electron microscopy
was lower than expectation, especially given the light microscopic observations from the same animals
(Lebowski et al., 2021). To ensure that the ultrastructural immunocytochemical approach did not unduly
limit detection of SEP-D2R, a comparison was made in the same animals to the principal target of SNc
dopamine neurons, the dorsolateral striatum. In this region, D2R expression by dendrites represents a
postsynaptic site known to be in higher concentration relative to the SNc (Millet et al. 2012). As in the
nigra, SEP-D2R labeling in the striatum was more frequently observed in dendrites (78% of pro�les
counted) than axon terminals (22% of pro�les) (Tables 3,4). Similarly, both immunopositive soma and
astrocytes were also seen in the striatum but were not evaluated quantitatively in this study. Many of the
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SEP-D2R immunolabeled dendrites were found to give rise to spines also showing gold particles (Fig.
10a).

SEP-D2R immunopositive dendrites in the striatum were signi�cantly more densely labeled than dendrites
in the SNc in terms of both total immunogold per area (t(12) = -4.44, p = 0.0008) and membrane gold per
perimeter (t(7) = -4.64, p = 0.002; Fig. 10A,B; Table 3). Additionally, SEP-D2R was signi�cantly more likely
to be observed associated with the dendritic membrane in the striatum than in the SNc (t(11) = -7.29, p <
0.0001) (Table 3).

SEP-D2R labeling was also observed in association with axon terminals in the striatum (Fig. 10c-e). Like
dendrites, these axon terminals also were signi�cantly more densely labeled, overall (total immunogold
per area; t(10) = -3.20, p = 0.01) and on the membrane (membrane gold per perimeter; t(14) = -4.36, p =
0.0007) than those assessed in the SNc. Striatal axons labeled for SEP-D2R also contained a greater
proportion of immunogold particles on the membrane than did those in the SNc (t(9) = -6.8, p < 0.0001;
Table 4). Most terminals did not form synapses in the individual plane of section (Fig. 10c,d); those that
did typically formed asymmetric (Fig. 10d) more commonly than symmetric synapses (Fig. 10e). This
difference in synapse type between the two brain regions was signi�cant (p < 0.0001, Fishers Exact Test).

Presumed AISs were also found labeled for SEP-D2R in the striatum (data not shown) and demonstrated
similar morphological features and subcellular localization of SEP-D2R as described for the SNc.

Discussion
The primary objective of this study was to provide information about the subcellular localization of the
D2 receptor as it relates to an understanding of dendro-dendritic dopamine communication in the SNc.
Immunohistochemistry performed on sections from SEP-D2R receptor knockin mice revealed a density of
D2R labeling greater than previously observed in several electron microscopy studies. In SNc dendrites
and axon terminals, some SEP-D2R immunogold was distributed along the plasma membrane, although
more was observed in the interior of structures, often associated with the smooth endoplasmic reticulum.
SEP-D2R immunogold particles on SNc dendritic membranes were irregularly distributed, occasionally
appearing as doublets and triplets, and were infrequently localized at sites of dendro-dendritic
appositions (7%). More commonly, close SEP-D2R-labeled dendrites were separated by astrocytes and
small axons, and most gold particles were directly adjacent to these structures. By comparison to the
SNc, a higher expression of both total and membrane-associated SEP-D2R was observed in the
dorsolateral striatum, indicating that the immunogold method used could detect higher levels of
plasmalemmal SEP-D2R when present. Finally, a novel site for SEP-D2R expression was discovered on
the AIS of SNc dopamine neurons, where immunogold particles were found on and near (~40 nm) the
plasma membrane. The dispersed distribution of membrane D2R labeling observed in the SNc has
functional implications for understanding the nature of dopamine intercellular communication. These
�ndings are schematically illustrated in Figure 11.

Methodological Considerations
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Our examination of SEP-D2R labeling replicated much of the existing literature on the cellular and
subcellular location of D2R in both the midbrain and the striatum (Garzón et al. 2013) (Hersch et al.
1995) (Pickel et al. 2002) (Sesack et al. 1994) (Wang and Pickel 2002) (Yung et al. 1995; Yung and
Bolam 2000). Such consistency indicates the general soundness of the present techniques. Nevertheless,
all methods have limitations that are worth considering for their in�uence on data interpretation.

The most signi�cant limitation of immuno-electron microscopy is false negative outcomes due to the
strong �xation of tissue proteins and minimal solubilizing of membranes necessary for preserving �ne
structures. Such treatment limits antibody penetration to the outer few microns of the tissue (Sesack et
al. 2006). The immunogold labeling technique used to identify D2Rs also has a limited sensitivity when
compared to methods like immunoperoxidase. The latter procedure results in greater signal but is unable
to reveal the exact subcellular location of antigens that was the goal of this study (Sesack et al. 2006).
The fact that most membrane-associated immunogold particles were observed just outside the plasma
membrane is consistent with the extracellular location of the SEP tag and demonstrates the spatial
�delity of the pre-embedding approach. With indirect methods involving gold particles attached to
secondary antibodies, however, a certain degree of rotational freedom (Mathiisen et al. 2006) could
explain the position of other gold particles just inside the plasma membrane.

To a certain extent, the knockin approach to generate SEP-tagged D2 receptors mitigated sensitivity
concerns by incorporating a foreign protein into the target of interest to serve as antigen for highly
e�cacious antibodies. This appeared to increase overall immunogold signal and improve quantitative
assessments of receptor expression than previously available in the mouse (Garzón et al. 2013). Still, this
study can only provide an estimate of D2R localization rather than ground truth, and our �ndings must be
interpreted as an underestimation in all analyzed regions. This is especially the case given that
expression of SEP-D2Rs is only about 50% of that measured in wild type animals (Robinson et al., 2017).
Despite this underestimation, it is interesting that the proportion of structures found immediately adjacent
to membrane gold particles representing SEP-D2R replicated estimates for neurotensin and neurotensin
receptor using similar methods in the same brain region (Dana et al. 1989) (Castel et al. 1992). This
observation indicates that all parts of the plasma membrane of SNc dendrites exhibited SEP-D2R labeling
in the current study. As such, the ultrastructural outcomes support the light microscopic �ndings of
frequent and relatively discrete punctate expression of SEP-D2R described in our companion paper
(Lebowski et al., 2021). Seeming differences in the outcomes of the two studies most likely represent
differences in sensitivity and stoichiometry of the respective labeling approaches.

Importantly, statistical comparisons between the SNc and striatum showed that signi�cant differences in
the density of D2R expression between brain regions were measurable. Speci�cally, the immunogold
detection method for SEP-tagged receptors had the capacity to distinguish overall greater D2R
concentration where it was present in the striatum. Observed differences in membrane-associated SEP-
D2R immunogold labeling also con�rmed that the density of D2 receptors on the dendritic membranes of
SNc cells is substantially lower than the expression of postsynaptic D2 receptors on striatal dendrites
(Millet et al. 2012).
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Another limitation of the present electron microscopy investigation involved incomplete sampling of the
SNc from the mouse brain, which mainly included the central portion along medio-lateral and rostro-
caudal dimensions. While the SNc is one of the more homogenous areas of the dopamine system,
differences between its sub-regions have been identi�ed, such as between the dorsal and ventral tiers that
project to different striatal regions (Björklund and Dunnett 2007) (Fallon and Loughlin 1995) (Gerfen et al.
1987) (González-Hernández and Rodríguez 2000; Gantz et al. 2018). Hence, a more exhaustive analysis
might uncover subregional differences in D2R expression and function within the SNc. In lieu of more
inclusive studies, the �ndings of the present paper should therefore be interpreted as a �rst
approximation of the nigral area.

Finally, the present ultrastructural analyses did not verify that the D2R-expressing dendrites were from
dopamine neurons, although the presence of D2R at the AIS of dopamine cells was con�rmed by
confocal analysis. The compact nature of the SNc as well as the high proportion of dopamine versus
non-dopamine cells in this division (González-Hernández and Rodríguez 2000) (Yamaguchi et al. 2013)
suggests that many of the dendrites encountered were likely to be from this phenotype, a supposition
con�rmed in a parallel investigation of dopamine neurons in live slices (Lebowitz et al., 2021).

Intracellular D2R

The fact that most D2R labeling in the SNc was not associated with the plasma membrane merits
attention. Association with Golgi apparati, multivesicular bodies, and both forms of endoplasmic
reticulum con�rms previous observations (Garzón et al. 2013) (Pickel et al. 2002) (Sesack et al. 1994).
D2R labeling in multivesicular bodies is probably explained by the organelle’s function in membrane
protein degradation (Piper and Katzmann 2007). Other intracellular D2Rs likely represent receptors being
synthesized, post-translationally modi�ed, and possibly undergoing transport. Little is known about the
exact mechanisms that correctly tra�c dopamine receptors from their sites of modi�cation in the Golgi to
the plasma membrane, although the process has been shown to be heavily regulated (Duvernay et al.
2005; Free et al. 2007) (Young et al. 2015). The intracellular organelle most commonly associated with
D2R labeling, the smooth endoplasmic reticulum, may represent a tra�cking mechanism for the receptor,
given the involvement of this organelle in many cases of non-vesicular receptor transportation and
storage in dendrites (Ramirez and Couve 2011). Furthermore, when D2R chaperone-assisted movement to
the membrane is prevented, the result is retention of the receptor within the smooth endoplasmic
reticulum (Free et al. 2007) (Prou et al. 2001). Despite the strength of this circumstantial evidence, direct
proof is still needed to demonstrate that newly synthesized dopamine receptors utilize the continuous
smooth endoplasmic reticulum as a corridor for traveling through neurons.

Axon Initial Segment D2R

The �nding of D2R labeling at the AIS of dopamine neurons was an unexpected outcome of this
investigation. Beginning with the recognition of immunolabeling within pro�les having AIS features, the
result was ultimately con�rmed by light and electron microscopy using selective markers of the AIS and
dopamine cells. Only in the AIS compartment was immunogold labeling for the D2R found ~40 nm from
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the plasma membrane, in addition to the more typical intracellular and membrane-associated particles.
The AIS features a distinctive membrane scaffolding that aids in the bundling of microtubules to
facilitate vesicular transport of axonal proteins and removal of cargo that must remain in the
somatodendritic complex (Leterrier 2016, 2018) (Harterink et al. 2019). Hence, the proximity of
immunogold labeling to the dense membrane undercoating could indicate D2Rs that are being tra�cked
along microtubules through the interior of the AIS. It is unclear, however, how much sorting D2Rs require,
given their presence in all major cellular compartments. Furthermore, most research investigating
tra�cking of dopamine receptors suggests the importance of the smooth endoplasmic reticulum (see
above). Perhaps D2R labeling ~40 nm from the AIS plasmalemma represents receptor recently removed
from or awaiting rapid deployment to the membrane, although such speculation requires evidence from
direct observation of D2R movement at the AIS in a functional preparation.

Although functional D2-like receptors have been described at the AIS in other brain regions (Bender et al.
2010; Bender et al. 2012) (Yang et al. 2016), our �nding marks the �rst report that some D2R may be
speci�cally present as an autoreceptor at the AIS of SNc dopamine neurons. The functional signi�cance
of D2Rs at this site is based on the central role of this compartment in determining neuronal �ring rate
(Grace and Bunney 1983b). In the SNc, the dopamine cell AIS often branches off a major dendrite (Grace
and Bunney 1983b) (Gonzalez-Cabrera et al. 2017), making the AIS distinctly sensitive to the speci�c
inputs synapsing onto the axon-bearing dendrite (Leterrier 2016) (Moubarak et al. 2019). The balance of
these synaptic effects along with D2 autoreceptors will ultimately determine both �ring rate and the
degree to which AIS-generated action potentials back-propagate through the somatodendritic complex
(Gentet and Williams 2007). Clearly, many additional studies are needed to better determine the precise
contribution of the D2Rs localized to the AIS of SNc dopamine neurons.

Intercellular Communication via D2R

The present investigation was driven primarily by an interest in the mechanisms of dopamine intercellular
communication. Transmission between midbrain dopamine cells is known to rarely involve dendro-
dendritic synapses (Bayer and Pickel 1990) (Groves and Linder 1983) (Wassaf et al. 1981) (Wilson et al.
1977), an observation corroborated in the present study. Consequently, intercellular dopamine
communication via D2 receptors in the SNc and VTA occurs dominantly through non-synaptic
mechanisms.

On the whole, electrophysiology studies suggest that D2 receptor activation in the SNc occurs close to
sites of dendritic dopamine release and therefore probably involves a mechanism more similar to classic
synaptic transmission than long-distance communication (Beckstead et al. 2004) (Ford et al. 2009) (Ford
et al. 2010). Furthermore, the size of tubulovesicles storing dopamine and possibly involved in
somatodendritic release (Nirenberg et al. 1996) suggests their content of substantial transmitter
quantities. Although the exact sites of dendritic release cannot yet be visualized, the present �nding that
7% of D2Rs occurred along dendro-dendritic appositions of SNc neurons could potentially indicate
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regions where dopamine release would be detected by autoreceptors at relatively short latency. As noted
earlier, this quantitative assessment is likely an under-estimation.

The ultrastructural �nding that most membrane-associated D2Rs were adjacent to axons or astrocytes
suggests that many receptors bind dopamine that has diffused over distances longer than the ~20 nm
synaptic cleft (Peters et al. 1991) or ~40 nm extracellular space (Kinney et al. 2013) (Hrabetova et al.
2018). That many of the axons in the adjacent neuropil themselves exhibit D2Rs is consistent with prior
observations (Pickel et al. 2002) (Sesack et al. 1994) (Yung et al. 1995) (Garzón et al. 2013) and
indicates that dopamine in the SNc can presynaptically affect release from these structures (Gantz et al.
2018). Candidates for presynaptic expression of D2Rs include the striatal complex and prefrontal cortex
(Lu et al. 1998) (Koga and Momiyama 2000; Sesack 2010) (Wang and Pickel 2002) (Mengual and Pickel
2002).

Astrocytes apposed to membrane D2Rs suggest a potential barrier between diffusing dopamine and
autoreceptors. Rather than always creating barriers, however, it should be considered whether astrocytes
form part of speci�c diffusion channels, as shown for simulations of glutamate movement within the
hippocampus (Kinney et al. 2013). In this case, astrocytic sheets in the SNc might facilitate D2 receptor
activation by channeling dopamine and preventing its widespread diffusion and concomitant dilution.
Interestingly, beta-adrenergic receptors on astrocytes directly affect neurochemical diffusion by altering
the volume fraction of the extracellular space (Sherpa et al. 2016). It would be interesting to determine
whether a similar function is exerted by D2Rs on midbrain astrocytes. If so, then variable regulation of
diffusion by dopamine acting on astrocytic D2Rs might provide a mechanism through which different
physiological or pathological states could alter dopamine intercellular communication in the SNc
(Vargová and Syková 2014).

The results of the present study, interpreted in light of prior physiological investigations, suggest that D2R
activation in the SNc occurs over distances that range from 40 nm up to several µm (Ford et al. 2009)
(Hrabetova et al. 2018) (Rice and Cragg 2008). If veri�ed, these �ndings may explain why measuring
dopamine’s actions by varied approaches sometimes yields different estimates of effective distance.
Further re�nement of these important issues will require determination of the exact sites where dopamine
release occurs from midbrain soma and dendrites. Although the dependence of SNc dopamine release on
the vesicular monoamine transporter type 2 (VMAT2) is well-established (Rice et al. 1994) (Heeringa and
Abercrombie 1995) (Beckstead et al. 2004), the sites where VMAT2-bearing tubulovesicles (Nirenberg et
al. 1996) participate in membrane exocytosis remain to be identi�ed. The involvement of SNARE proteins
in this process has been demonstrated (Bergquist et al. 2002) (Fortin et al. 2006) (Mendez et al. 2011)
(Witkovsky et al. 2009), and most recently, the active zone protein RIM also was shown to be necessary
for dendritic release of dopamine evoked by electrical stimulation (Robinson et al. 2019).

Future studies examining the subcellular localization of active zone and SNARE proteins in relationship to
D2Rs will be essential for estimating the distances over which dopamine may travel to effect
autoreceptor activation. Such estimates, in turn, have important implications for understanding how D2
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autoreceptors regulate dopamine cell activity in the healthy state, and how this regulation is disrupted in
disease.
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Figures

Figure 1

Electron micrograph of a SEP-D2R immunogold-labeled proximal dendrite in the SNc. Immunogold
labeling is mainly intracellular and less frequently spread diffusely along the plasma membrane (orange
arrowheads). Intracellular immunogold particles are associated with rough endoplasmic reticulum (rer),
smooth endoplasmic reticulum (ser), Golgi apparatus (Go), and multivesicular bodies (mvb). Scale bar
0.6 µm
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Figure 2

Electron micrograph of SEP-D2R immunogold-labeled dendrites (d1-d5) in apposition or separated by
axons and astrocytes in the SNc. The d1 and d2 dendrites share a direct apposition of their membranes,
while the remaining dendrites are separated from each other by astrocytic lea�ets (asterisks between d2
and d3, d4 and d5) or axons (ax) in the adjacent neuropil. Membrane SEP-D2R gold is indicated by
orange arrowheads; double arrowheads indicate gold particles consisting of doublets. Scale bar 0.6 µm
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Figure 3

Electron micrographs of SEP-D2R immunogold-labeled distal dendrites in the SNc. (a) SEP-D2R
immunogold is commonly associated with the cell membrane (orange arrowheads; double arrowheads
show doublet or triplet particles), where it is randomly dispersed and typically adjacent to axons and
astrocytes (asterisks) or unidenti�ed pro�les (u). The dense membrane accumulation of gold particles at
the left of this dendrite did not recur when examined in serial sections. The dendrite receives symmetric
synapses (white arrows) and asymmetric synapses (black arrow) from unlabeled axon terminals. (b) An
atypical immuno-positive distal dendrite contains only membrane-associated SEP-D2R (single
arrowheads omitted). (c) Along with multiple symmetric synapses, this labeled dendrite receives an
asymmetric synapse from an axon terminal. Atypically, the membrane-associated immunogold particles
at the right occur in or near the synaptic junctions. Scale bar 0.6 µm
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Figure 4

Serial electron micrographs of SEP-D2R immunogold-labeled distal dendrites (d1-d4) in the SNc.
Membrane-associated doublet or triplet gold particles are shown by double arrowheads. A rare
dendrodendritic synapse (transparent arrow) is visible between dendrites d1 and d2. The small arrows in
panel a indicate a few vesicles in close proximity to this site. Membrane-associated SEP-D2R is found
adjacent to this synapse, especially as depicted in panel b. Dendrites d3 and d4 show preferential
membrane-associated SEP-D2R. Scale bar 0.6 µm
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Figure 5

Electron micrograph of a SEP-D2R immunogold-labeled dendrite in the SNc. In addition to individual gold
particles associated with the plasma membrane (orange arrowheads; double arrowheads show doublet or
triplet particles), a grouping of membrane gold is found in one speci�c location (lower black boxed area).
Serial sections through the relevant membrane region indicate that the SEP-D2R cluster does not continue
far into the z-plane (lower insert). This dendrite also gives rise to a spine (upper black boxed area) that
contains an immunogold particle within the neck. Analysis of serial sections suggests this spine is
otherwise unlabeled for SEP-D2R (upper insert). Scale bar 0.6 µm
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Figure 6

Electron micrographs of the SNc showing immunogold-silver labeling for SEP-D2R in representative axon
varicosities (a). As was typical, most immunogold-silver particles are contained within the intracellular
environment rather than being found on the plasmalemma. Often immunoreactive axons do not form
synaptic contacts in single sections, although the labeled axon in panel a is closely apposed to a labeled
dendrite (d) and is surrounded by an immunoreactive astrocyte (orange asterisks). When synapses are
formed by immunolabeled axons (a1 and a2 in panel b), they are most commonly symmetric (white
arrows) and onto immunonegative dendrites. Scale bar 0.6 µm

Figure 7
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Electron micrographs of the SNc from SEP-D2R transgenic mice showing immunogold-silver labeling in
glial pro�les (orange asterisks). These are likely astrocytes as evidenced by their electron lucent
cytoplasm, convoluted shape, and presence of bundles of intermediate �laments (bif). Scale bar 0.6 µm

Figure 8

SEP-D2R labeling of putative axon initial segments in the mouse SNc. a,b. Electron micrographic images
showing immunogold-silver labeling for SEP-D2R in structures with morphological features indicative of
the AIS: dense undercoating of the plasma membrane (small black arrows in panel a), apparent
microtubules (mt in panel a) near the membrane, and enlargements of the extracellular space (small
white arrows in panels a,b) sometimes containing granules (small blue arrows in panels a,b). Unlabeled
astrocytes (*) appear in proximity. In panel b, the immunoreactive structure is veri�ed as an AIS by
immunoperoxidase labeling for beta IV-spectrin; transparent arrowheads indicate accumulations of
peroxidase product near the plasma membrane that obscure the dense undercoating and microtubules.
Orange arrowheads in panels a and b indicate gold particles for SEP-D2R that are close to the plasma
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membrane; double arrowheads show doublet or triplet particles. The boxed region in panel a, shown at
higher magni�cation and contrast in the insert, demonstrates that some gold particles are displaced from
the plasma membrane by roughly 40 nm and may be associated with microtubules. The boxed region in
panal b, shown at higher magni�cation and contrast in the insert, shows that some gold particles are
more immediately adjacent to the membrane and even just outside the plasmalemma. Scale bar 0.6 µm
for panels a and b, 0.38 µm for panel a insert, 0.47 µm for panel b insert

Figure 9

Immuno�uorescent labeling of SEP-D2R in the AIS. a. Sub-diffraction limited (Airyscan) image displaying
the axon initial segments of TH (+) dopamine processes (green) as marked by Ank-G localization
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(magenta). SEP-D2Rs are present at the membrane of both processes as red puncta. Scale bar: 10 µm. b.
Individual channels of merged image displayed in panel a. c. Speci�ed insets from panel a at 2.2x zoom.
Both inset panels correspond to regions of AIS pro�les where SEP-D2Rs are enriched. Scale bar 10 µm

Figure 10

Electron micrographs of the dorsolateral striatum showing immunogold-silver labeling for SEP-D2R. a.
Two spiny dendrites (sd1 and sd2) contain SEP-D2R immunogold mainly present on the membrane of
both the dendrites and the necks of their spines (transparent arrows). b. A dendritic pro�le (d) exhibits
predominantly membrane-associated SEP-D2R, with a collection of immunogold found on or near the
membrane of what may be the proximal neck of a spine (transparent arrow). c-e. SEP-D2R immunogold is
observed mainly on the membranes of axon terminals (a) identi�ed by concentrations of small clear
synaptic vesicles. Single-section images show that many of these axon terminals do not form synapses
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in single sections (panels c and d), although some terminals do form either asymmetric (black arrow in
panel d) or symmetric synapses (white arrows in panel e) with nearby dendrites and spines. Scale bar 0.6
µm

Figure 11

Schematic drawing summarizing the outcomes of the present investigation localizing D2Rs in the SEP-
D2R mouse SNc and illustrating hypothetical dopamine diffusion. Given the rare detection of dendro-
dendritic synapses between dopamine neurons (1), most intercellular communication probably involves
non-synaptic mechanisms following somatodendritic dopamine release from sites yet to be identi�ed.
Relatively rapid transmission is suggested by the modest number of D2Rs found at dendro-dendritic
appositions (2). Communication involving short- and long-range diffusion (3) is implied by the more
frequent membrane D2Rs observed adjacent to non-dendritic structures. Extracellular diffusion is also
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likely to govern dopamine access to presynaptic D2Rs expressed on axon varicosities (4). The common
�nding of membrane D2Rs apposed to astrocytes suggests the interesting prospect that dopamine might
reach these receptors via diffusion in an extracellular channel formed between the astrocytic and
dendritic membranes (5). The fact that some astrocytes themselves express D2Rs suggests that
dopamine might be able to control the parameters of diffusion in this channel (6). Finally, the novel
�nding that D2Rs are expressed along the membrane of the AIS of SNc dopamine cells (7), indicates the
possibility that autoreceptors can directly regulate �ring rate at this site. Each of these observations is
discussed further in the text.
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