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Abstract
G-Protein coupled D2 receptors expressed on dopamine neurons, i.e. D2-autoreceptors (D2Rs), negatively
regulate transmitter release and cell �ring in axonal terminals and somatodendritic compartments.
However, as the membrane distribution of D2Rs at somatodendritic signaling sites has not been fully
characterized, functional mechanistic details remain uncertain. This study utilized a knockin mouse to
examine surface D2Rs linked at the N-terminus to a superecliptic pHlourin green �uorescent protein
epitope (SEP) in dopamine neurons of the substantia nigra. By incubating live slices with a highly speci�c
anti-SEP antibody, the selective labeling of plasma membrane associated receptors was achieved. The
SEP-D2Rs appeared as puncta like structures apposed to the surface of dendrites and soma of dopamine
neurons. The percentage of D2R expression apposed to TH positive structures varied linearly with the
density of TH �bers observed. TH-associated SEP-D2Rs displayed a cell surface density of 0.180 puncta
per µm2, which corresponds to an average frequency of 1 punctum every 1.326 µm using nearest
neighbor analysis. The distinct punctate appearance of the anti-SEP staining indicates there is a
population of D2Rs organized in discrete clusters along the plasma membrane, an arrangement that can
spatially localize signaling and in�uence GPCR e�cacy. The results also indicate that D2Rs are spatially
distributed on the plasma membrane at a frequency higher than previously reported.

Introduction
Midbrain to forebrain dopamine transmission regulates locomotion, cognition, motivation, and affective
states (Beeler and Dreyer, 2019; Berke, 2018). Human pathologies involving dopamine signaling are
diverse and include movement (Parkinson’s Disease) and mental (schizophrenia, ADHD) disorders (Grace,
2016; Hirsch et al., 1988; Tripp and Wickens, 2009). Furthermore, the actions of drugs of abuse on
dopamine neurons contribute to addiction, while therapeutic ligands modulating dopamine signaling are
used clinically to treat these various disorders (e.g. amphetamine, haloperidol) (Koob and Volkow, 2016;
Pontieri et al., 1995). A key regulator of dopamine transmission is the D2 autoreceptor (D2R) expressed
on dopamine neurons. D2Rs typify the D2-like dopamine receptor family (including D3R, D4R) by
coupling to Gi/Go proteins to decrease cAMP (via inhibition of adenylate cyclase) and leading to
downstream effects by decreasing phosphorylation of PKA (protein kinase A) (Beaulieu and Gainetdinov,
2011). D2Rs also signal through functional interactions with ion channels, inhibiting voltage gated
calcium channels and activating G-protein activated inwardly rectifying potassium channels (GIRKs) to
pause neuronal �ring and inhibit dopamine release at terminals and somatodendritic compartments
(Beckstead et al., 2004; Ford, 2014). A mutation in the gene encoding D2Rs was recently linked to a
hyperkinetic movement disorder in humans, while in vitro disruptions in D2R expression have been shown
to dysregulate neuronal complexity and viability (Giguère et al., 2019; Weijden et al., 2020).

Dopamine neurons alternate between tonic pacemaker activity and phasic burst �ring, and these patterns
are regulated by multiple mechanisms (Grace and Bunney, 1983). Dopaminergic action potentials
originate at axon initial segments that often arise from proximal dendrites and are then backpropagated
through the soma and dendrites from where dopamine release can be triggered (González‐Cabrera et al.,
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2017; Grace and Bunney, 1983). Previous work has shown that D2Rs gate action potential
backpropagation in dendritic compartments (Gentet and Williams, 2007). However, knowledge gaps
about the frequency and localization of dendritic D2R signaling sites continue to prevent a full
understanding of neurotransmission in the dendrites of dopamine cells. Studies using electron
microscopy suggest that in the substantia nigra pars compacta (SNc) D2R expression at the plasma
membrane is sparse and specialized dendro-dendritic synapses are infrequent (Groves and Linder, 1983;
Sesack et al., 1994).

This study utilized a knockin mouse expressing a SEP epitope on the N-terminus of the endogenous D2R
and sub-diffraction limited microscopy to localize surface D2Rs in the SNc. The results show that D2Rs
are expressed in punctate structures in a relatively uniform density on the plasma membrane of the soma
and dendrites of SNc dopamine neurons. The unusual spatial topology and density of expression has
implications for better understanding dopamine autoregulation in this region. In a companion paper
(Trinkle et al., 2021), the knockin mice were used for further subcellular exploration of D2R localization in
this region.

Methods
Animal housing and generation of SEP tagged D2R knockin mice.

A detailed description of the generation of the SEP tagged D2R knockin mice was published previously
(Robinson et al., 2017). Brie�y, a SEP was fused to the amino terminus of the mouse D2R. This was then
targeted via a knockin vector to ultimately generate SEP-D2R mice on a C57/BL6J background. Mice were
maintained at the OHSU mouse facility on a standard light/dark cycle. Homozygote animals were viable
and required no special care. They bred normally and so could be used for further breeding. Wild-type
C57/BL6J mice were used for control experiments where noted. All protocols and procedures were
approved by and followed the policies of the Oregon Health and Science University IACUC.

Slice Preparation and live SEP-D2R Staining

Mice were anesthetized with iso�ourane before rapid decapitation and brain removal into Krebs-Ringer
solution containing (in mM): 126 NaCl, 1.2 MgCl2, 2.4 CaCl2, 1.4 NaH2PO4MK-801 (10 µM). Horizontal
midbrain sections of 220 µm were cut using a vibratome in warmed (35°C) Krebs. Slices were allowed to
recover in warm Krebs bubbled with 95% O2/5%CO2 in MK-801 (10 µM) for 30 minutes to allow the slices
to recover.

Live slices were incubated in a rabbit polyclonal anti-GFP antibody Alexa Flour 488 conjugated (Life
Technologies A21311) at 1:400 dilution in 2-3 mL Krebs for 1 hr, then washed for 15 min in fresh Krebs.
Slices were �xed with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 30 min at room
temperature. Slices were blocked and permeabilized for 1 hr at RT in PBS + 0.5% �sh skin gelatin (FSG) +
0.5% Tween 20. A primary antibody was then applied overnight at 4ºC to label tyrosine hydroxylase (TH)
(Mouse monoclonal Sigma T-1299) at a 1:500 dilution in PBS+0.5% FSG. After washing in RT PBS 3
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times for 15 min each, the appropriate secondary antibodies (Thermo Fisher) were incubated at RT at a
1:500 dilution in PBS+0.5% FSG. Neurons �lled with Neurobiotin were incubated with streptavidin
conjugated to Alexa Fluor 594 during the initial block and permeabilization (1:1000 Thermo Fisher
S11226) with all subsequent steps identical to non-�lled cells. Sections were mounted using Fluoromount
(Sigma) and sealed with nail polish. Concerns about the anti-GFP antibody crosslinking the SEP-D2Rs to
cause clustering were addressed by using a nanobody to GFP in 2P imaging or pre�xing the slice for 10
minutes in PBS+4% PFA at RT and then staining with the anti-GFP 488 in PBS with no detergent present
after which the punctate staining pattern of the anti-GFP antibody was still seen (Robinson et al., 2017).

Imaging of sections by CLSM

Images were acquired on a either a Zeiss 880 confocal system with Fast Airyscan, or a Zeiss 980
confocal system with Airyscan2-multiplex. Each Airyscan image contains positional information that
enables the reconstruction of a single sub-diffraction image at a resolution of 140 nm in the lateral X/Y
axis and 400 nm in the Z axis. Channels were imaged in non-overlapping sequence and captured as a z-
stack using Zen software (Zeiss). Airyscan2 determines a calculated laser output derived from a modi�ed
beam, and by this measure, no more than 5% of maximum laser power was used to acquire images.
Because antibody penetration is limited to 5-10 µm in the �xed slices, images were collected below the
cut surface usually starting at a depth of ~1 µm and collected as Z stacks (3 µm total depth) sectioned at
a 150 nm step size. For images of Neurobiotin �lled cells, the upper and lower z boundaries were set to
capture the entire �eld of visible processes of the single cell.

Inclusion criteria for SEP-D2R puncta

The minimum diameter (X/Y) and depth (Z) of de�ned puncta were set according to Nyquist sampling
criteria of the known pixel and voxel sizes (280nm for x/y, 800nm for z) and were detected according to
the point spread function for diffracted light. These parameters were used for automated 3D
identi�cation and analysis of individual D2R puncta using the “spots” function in IMARIS 9.6. Identi�ed
puncta were secondarily subjected to a quality �lter within the IMARIS spots algorithm (minimum quality
– 300) to ensure that each spot represented a labeled receptor and was not in�uenced by background
noise. This criterion likely underestimates the number of puncta but increases con�dence that the
staining is speci�c to surface SEP-D2Rs.

Surface D2R density in SNc dopamine neurons

Using the surfaces function, an approximate volume was created for TH-stained dendrites resulting in a
3D binary mask representing their position in space. TH is a highly expressed intracellular marker in
dopamine neurons allowing for a reasonable estimation of plasma membrane boundaries and
morphology. Spots were identi�ed and populated into the 3D image as described above. To speci�cally
examine D2Rs on dopamine cells, a �lter was applied to select spots whose center was ≤250 nm to the
TH surface. These TH apposed puncta were included for all density and localization analyses. Any
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puncta ≥250 nm from a TH(+) surface were presumed to be surface receptors on non-dopaminergic cell
types, as all receptors express the SEP epitope.

Results
Cell Surface Staining of D2Rs on dopamine neurons in the SNc

Images of the SEP-D2Rs in the SNc following incubation of live slices with the anti-GFP Alexa 488
showed numerous discrete puncta associated with TH positive processes as well as less frequent puncta
not apposed to TH stained processes (Figures 1-3). Fluorescent puncta not apposed to TH labeled
dendrites were presumed to be receptors on non-dopaminergic structures such as afferent terminals. The
anti-GFP polyclonal antibody used is linked with 6-8 Alexa Flour 488 �uorophores such that the signal is
highly ampli�ed. When the SEP-D2R stained puncta were imaged at high power, they were markedly
discrete in the X/Y plane and had a characteristic ovoid appearance in Z stacks (Figure 1C). On average,
the diameter of manually selected puncta was ~250-500 µm, or at the limit of resolution of our system
(Figure 1C). The intensity of selected puncta measured using intensity summation of all the voxels
contained within a spot was variable. Experiments using wild type animals detected a total of 34,271
�uorescent puncta with a maximum intensity of 12,799 arbitrary units (AUs) and a minimum of 212 AUs.
Conversely, a total of 12,855 puncta from SEP-D2R knockin animals had an intensity range of 456,725 to
1,135 AUs (data not shown). These semi-quantitative observations led us to conclude that SEP-D2Rs are
organized in a variable but unknown number of receptors tightly packed in discrete membrane-bound
clusters. Given the difference in intensities of puncta between knockin and wild type animals, further
selection of puncta in 3D was done in an unbiased manner using the IMARIS “spots quality” algorithm.

In order to rule out intrinsic �uorescence from the SEP epitope as contributing to the measured puncta
signals, 1-2 slices from 2 animals were incubated without the anti-GFP488 and imaged under identical
settings as anti-SEP labeled slices. As the spot quality threshold utilizes an absolute and not a relative
value to determine threshold, the value of 300 was used across groups. Comparing the number of puncta
detected in labeled slices vs. those without primary antibody con�rmed both that the amount of intrinsic
SEP �uorescence in brain slices is negligible and the puncta being detected in labeled slices are truly
labeled surface D2Rs (�gure 2 A,B; table 1). To further con�rm that SEP signal was not in�uencing data
more subtly than the spot detection algorithm can reveal, the intensities from the brightest 40% of puncta
in labeled and unlabeled slices were compared and corroborated the identity of labeled D2R puncta.

Surface distribution of SEP-D2Rs

In order to study the 3D distribution of SEP-D2Rs on the dendrites of dopamine cells, individual puncta
were identi�ed using the “spots” function and an automated detection pipeline in the IMARIS imaging
software. Each spot in this analysis represented a point in 3D space identi�ed as a discrete object using a
custom quality �lter intrinsic to the IMARIS “spots” algorithm. The density of spots associated with TH(+)
dendrites averaged 0.180 puncta/µm2 with an average nearest neighbor distance of 1.326 µm between
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two spots. On average, 44.6% of spots were apposed to TH rendered surfaces, and the remaining spots
were not associated with areas of TH staining (�gure 2C, table 1). The former value varied between �elds
of view, ranging from 26.75 to 65.84%, likely re�ecting the relative density of TH-positive dendrites.
Indeed, the percentage of SEP-D2Rs apposed to TH dendrites showed a signi�cant positive correlation
with the fraction of the image volume occupied by TH as determined by the surfaces function in IMARIS
(�gure 2D, R2 =0.5503, p = 0.0057). Of note, this analysis was restricted to discrete puncta apposed to the
surface of TH stained processes, as these puncta likely represent clusters of D2Rs along the dendritic
portion of dopamine neurons. It is possible a diffusely distributed pool of D2Rs along the cell surface
was not detected due either to a relatively weak signal compared to clustered receptors, or non-distinction
as a discrete object by the spots algorithm.

D2Rs are expressed at TH(+) intersections distal from the cell body

The data presented thus far establish the density of D2Rs that likely act as autoreceptors in dopamine
dendrites in regions of the SNc where dendritic processes are extensive. However, because of the large
and complex anatomy of dopamine cells, it is di�cult to know when two crossing dendrites are from one
or distinct neurons. To this end, we performed surface labeling on slices that had individual cells �lled
with Neurobiotin using a patch pipette. Examination of Neurobiotin �lled cells con�rmed that D2R puncta
were observed at TH(+) membrane intersections of distinct dopamine neurons (�gure 3). These SEP-D2R
containing intersections were observed hundreds of µm’s away from the soma, suggesting that dopamine
neurons signal at D2R sites distal from the soma and axon initial segments where AP’s are generated
(�gure 3b). Future work will be required to determine the relative functionality of receptor sites associated
with presynaptic release sites at varying distances along proximal and distal dendrites.

Discussion
The present study used a knockin animal that expressed a SEP-D2R to examine the distribution of D2Rs
along the dendrites of SNc dopamine neurons. With the methods used, only receptors present on the
plasma membrane were stained. The relative percentage of D2Rs associated with TH positive neurons
tracked with the density of �bers, and therefore autoreceptors are likely to represent a majority of the
D2Rs present in areas of high dendritic density. Despite that, the presence of D2Rs on non-TH(+)
structures, likely axon terminals, suggests that D2R’s can regulate afferent input signals to SNc dendrites
(Trinkle et. al. 2021). Although the presence of D2Rs on dopamine neurons has been known for decades,
the distribution of plasma membrane receptors examined over a wide area of SNc dendrites has not
previously been determined with such precision.

The punctate distribution of the epitope tagged D2Rs on the cell surface of SNc dopamine neurons has
been described previously (Gantz et al., 2015; Robinson et al., 2017). Additionally, the SEP-D2Rs in the
knockin mouse are functional, and the characteristics of the D2R-evoked IPSC are similar to those in the
wild type mouse(Robinson et al., 2017). However, it was shown that the SEP-D2Rs are expressed at a
level roughly half that seen in wild-type animals. Comparing earlier work that also revealed a punctate
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distribution of FLAG epitope tagged D2Rs expressed at ~150% of wild-type levels, we hypothesize that
the distribution of receptors into discrete puncta is tightly regulated and not sensitive to receptor
expression levels (Gantz et al., 2015; Robinson et al., 2017). T. Using an antibody highly speci�c to an
extracellular epitope attached to the knockin SEP-D2R, we overcame technical barriers surrounding
antibody speci�city to GPCRs that have prevented complete characterizations of the distribution of
endogenous D2Rs. It is possible that �uorescent ligands capable of labeling D2Rs with high speci�city
may ultimately overcome remaining limitations (Arttamangkul et al., 2019; Guthrie et al., 2020). However,
given the punctate distribution observed in two distinct transgenic lines with differing levels of expression
and epitope tags, it can be assumed that endogenous receptors are organized into a similar distribution.
Indeed, comparable observations from EM in the companion paper (Trinkle et al., 2021) support this
assumption.

Live surface staining has previously been used in noradrenergic neurons taken from a transgenic mouse
expressing an amino terminus Flag tagged mu opioid receptor (MOR). The cellular distribution of MORs
was diffuse along the perimeter of the cell body and dendrites in a uniform staining pattern
(Arttamangkul et al., 2008). A similar approach was used to visualize the cell surface expression of the
dopamine transporter (DAT) in midbrain slices of a knockin hemagglutinin virus (HA) epitope tagged DAT.
Cell surface staining of the HA-DAT detected a homogenous diffuse staining in dendrites of the SNc,
which contrasts to the discrete punctate appearance of D2Rs in the SEP-D2R knockin mouse (Block et al.,
2015). Interestingly, when FLAG-tagged D2Rs were expressed under control of the TH promoter in the
locus coeruleus (LC), staining for the FLAG tag appeared diffuse along the cell surface of LC neurons and
not punctate (Robinson et al., 2017). This suggests that the organization of D2Rs into puncta as seen in
SNc dendrites is cell type speci�c, even when compared to similar neuromodulatory neuronal
environments. Recent work has revealed that organization into receptor clusters can enhance the
signaling e�cacy of GPCRs with downstream components like GIRK channels (Touhara and MacKinnon,
2018). Dopamine neurons have repeatedly been shown to function under large energetic burdens that
render them vulnerable to cellular insults and aging (Bolam and Pissadaki, 2012; Guzman et al., 2010;
Pacelli et al., 2015; Surmeier et al., 2017). It is possible that dopamine cells have conserved the
organization of D2Rs into puncta to compensate for this energetic stress. Supporting this hypothesis is
recent work showing an enhancement of neuronal arborization and concomitant increase in cellular
vulnerability in response to D2R deletion in dopamine neurons (Giguère et al., 2019). However,
determining the regulatory mechanisms that control the assembly of D2Rs into puncta and how these
D2Rs are organized at the plasma membrane will require further experimentation.

An important consideration is how to reconcile our immuno�uorescence staining demonstrating a high
level of expression of the SEP-D2R on the cell surface of dopamine neurons with EM studies showing
sparse extrasynaptic labeling of D2Rs in dopamine cells (Sesack et al., 1994; Uchigashima et al., 2016;
Yung et al., 1995) (see also Trinkle et al., 2021). Most probably, D2R puncta on the dendrites of SNc
dopamine neurons are sensitive to the strong �xation processes and limited antibody penetration issues
inherent to traditional EM techniques. GABAA receptor subunits have previously been shown to display
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either a uniform or punctate distribution depending on whether receptors were labeled in perfused
animals (uniform) or lightly �xed acute or frozen sections (punctate)(Schneider Gasser et al., 2006). Live
cell staining allows for the antibody to diffuse through the extracellular space (ECS) which is ~30% of the
total volume of the SNc, whereas �xation has been shown to decrease extracellular volume (Cragg et al.,
2001; Hrabetova et al., 2018). Additionally, even serially-collected EM images representing a 3D structure
can typically only sample dimensions on the order of single microns, whereas �uorescent labeling and
imaging allows for the measurement of D2Rs along 10’s of microns of neuronal processes. With that
said, an important caveat of this work is that we only investigated the density of D2Rs in 3D-space
associated with TH membranes. We do not know the degree to which each postsynaptic receptor cluster
is associated with a presynaptic release site. Future work will aim to determine the spatial frequency of
D2Rs lying adjacent to sites of dendritic dopamine release.
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Mean
intensity

+α-GFP
(AFU)

Mean
intensity

-α-GFP
(AFU)

Total # of detected
puncta (/µm3)

Fraction
associated with
TH

TH-associated
desity (/µm2)

Nearest
neighbor
(µm)

3,669 ±
319

1,366 ±
101

0.087 ± 0.020 0.446 ± 0.031 0.180 ± 0.023 1.326 ±
0.091

 

Figures

Figure 1

Visualizing SEP-D2R in SNc dopamine neurons A. Schematic of the live labeling approach used to
amplify the signal of SEP-D2Rs on the cell surface. Not pictured are SEP-D2Rs expressed in non-
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dopaminergic cells, identi�ed by a lack of association with TH(+) staining. B. Single optical plane of an
Airyscan image showing labeled SEP-D2Rs (green) on the soma and dendritic processes of SNc
dopamine neurons labeled for TH (red). C. Representative image of individual SEP-D2R puncta and the
spatial distribution of intensity (gray values, AFUs) along the central axis of annotated puncta in the X/Y
plane. Distance is measured at a single plane through the central point of the punctum in z. Scale = 2.5
µm.

Figure 2

3D reconstruction of labeled SEP-D2Rs on TH(+) dendritic processes A. Maximum intensity projections of
Airyscan z-stacks with identical dimensions displaying the intensity difference between antibody-labeled
(+ α-GFP, left) SEP-D2Rs and the contribution of intrinsic SEP-D2R �uorescence in a slice from the same
animal not exposed to α-GFP-AF488 (- α-GFP, right). Scale – 10 µm B. Raw intensity data of the brightest
40% of detected puncta in 3D reconstructions of tissue with (+) or without (-) α-GFP-AF488 (***, p < .001,
unpaired t-test). C. 2D projection of reconstructed dendrites (left) and the rendered TH(+) surface and
identi�ed SEP-D2R puncta that either are associated with the surface (yellow circles) or are not
(unmarked), i.e. are located >250nm from the TH(+) surface. D. Dependency of TH association of puncta
on total TH surface volume imaged. (n = 12 images from 4 animals)
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Figure 3

SEP-D2Rs are present at dendro-dendritic intersections distal from the cell body A. Maximum intensity
projections (top) and single optical section (middle, bottom) showing the soma and proximal dendrites of
a single Neurobiotin-�lled SNc dopamine neuron. Receptor puncta can be seen in proximity to TH(+)
processes (magenta), possibly constituting sites of dendro-dendritic communication. B. Dendritic SEP-
D2Rs on a second labeled cell >100 µm from soma exiting from the SNc. Distal SEP-GFP-D2R puncta can
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be seen at or near dendro-dendritic crossings, possibly constituting sites of dendro-dendritic
communication.


