1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
J Comp Neurol. Author manuscript; available in PMC 2016 June 01.

-, HHS Public Access
«

Published in final edited form as:
J Comp Neurol. 2015 June 1; 523(8): 1175-1189. doi:10.1002/cne.23730.

Evidence for Limited D1 and D2 Receptor Co-Expression and
Co-Localization Within the Dorsal Striatum of the Neonatal
Mouse

Dominik K. Biezonskil, Pierre Trifilieff24, Jozsef Meszaros?, Jonathan A. Javitch®:3, and
Christoph Kellendonk?!:3."

1Department of Psychiatry, Division of Molecular Therapeutics, Columbia University - New York
State Psychiatric Institute, New York, New York 10032, USA

2Department of Neuroscience, Columbia University, New York, New York 10032, USA
3Department of Pharmacology, Columbia University, New York, New York 10032, USA
4INRA, Nutrition et Neurobiologie Intégrée, UMR 1286, Univ. Bordeaux, 33076 Bordeaux, France

Abstract

The striatum is the major input nucleus of the basal ganglia involved in reward processing, goal-
directed behaviors, habit learning, and motor control. The striatum projects to the basal ganglia
output nuclei via the “direct” and “indirect” pathways, which can be distinguished by their
projection fields and their opposing effects on behavior. In adult animals, the functional opposition
is modulated by the differential actions of D1 and D2 dopamine receptors (D1R, D2R), the
expression of which is largely separated between these pathways. To determine whether a similar
degree of separation exists earlier in development, we used dual-label immunohistochemistry to
map dorsal-striatal D1R and D2R expression at the promoter level in postnatal day 0 (PDO)
Drdla-tdTomato/Drd2-GFP BAC transgenic mice, and at the receptor level by co-staining for
native D1R and D2R in wild-type PDO0 animals. To assess for potential molecular interactions
between the D1R and the D2R we also employed a recently developed proximity-ligation assay
(PLA). Limited co-expression and co-localization of the D1R and D2R proteins was found in
clusters of neurons endemic to the “patch” compartment as identified by co-staining with tyrosine
hydroxylase, but not outside these clusters. Moreover, in contrast to our recent findings where we
failed to detect a D1R-D2R PLA signal in the adult striatum, in PDO striatum we did identify a
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clear PLA signal for this pair of receptors. This co-localization at close proximity points to a
possible role for DIR/D2R-mediated crosstalk in early striatal ontogeny.
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Introduction

In the classical model of basal ganglia circuitry, the striatal output projections are organized
into two distinct pathways, the direct “striatonigral” pathway — which monosynaptically
projects to the substantia nigra pars reticulata (SNr) — and the indirect “striatopallidal”
pathway — which projects to the external globus pallidus (GPe) and then through
intermediate neurons relays to the SNr (Gerfen and Surmeier, 2011; Kreitzer and Malenka,
2008). These two pathways are thought to exert opposing effects on motor activity,
cognition, and motivational processes in the adult animal (Durieux et al., 2009; Ferguson et
al., 2011; Hikida et al., 2010; Kravitz et al., 2010; Kravitz et al., 2012; Lobo et al., 2010).
The direct and indirect pathways can also be distinguished at the molecular level by their
differential expression of dopamine receptors and neuropeptides. Whereas dopamine Drdla
receptors (D1R) and the neurokinin receptor-ligand substance P are predominantly
expressed in medium spiny neurons (MSNs) of the direct pathway, Drd2 receptors (D2R)
and the opioid enkephalin are strongly enriched in MSNs of the indirect pathway (Aubert et
al., 2000; Gerfen et al., 1990; Le Moine and Bloch, 1995).

The degree of overlap between D1R- and D2R-expressing MSN populations has been a
matter of long debate (Bertran-Gonzalez et al., 2010). In situ hybridization methods
combined with retrograde labeling have shown an almost complete separation between D1R/
substance P-expressing MSNs labeled from the SNr versus D2R/enkephalin-expressing
MSNSs labeled from the GPe (Aubert et al., 2000; Gerfen et al., 1990; Le Moine and Bloch,
1995). In contrast, use of single-cell PCR methods to more sensitively measure receptor
mRNA levels have indicated a larger degree of D1R-D2R co-expression, with around 20%
of enkephalin/substance P mRNA-positive MSNs co-expressing both receptor transcripts
(Surmeier et al., 1996). Studies using immunohistochemistry (IHC) to assess expression at
the receptor level in adult animals have also found differing degrees of co-labeling in the
same MSNs of the dorsal striatum, ranging from low (~7%) (Perreault et al., 2010) to
moderate (15-20%) (Deng et al., 2006), with at least one study reporting an almost complete
co-expression of both receptors (Aizman et al., 2000). Two factors complicate the
interpretation of these IHC results: the specificity of the antibodies used and the fact that
dopamine receptors are mainly expressed on neuropil, the cellular origin of which is difficult
to determine (Caille et al., 1995). In line with anatomical binding studies using radiolabeled
D1R and D2R antagonists, antibodies specific to these receptors should show extremely low
staining in the cortex relative to strong staining throughout the striatum (Schambra et al.,
1994). After generating and validating such antibodies, Hersch et al. (1995) used electron
microscopy to show that although some striatal MSNs may co-express both receptors, these
receptors nevertheless do not co-localize at the subcellular level (Hersch et al., 1995).
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Consistent with this study, we recently found that the D1R and D2R do not directly interact
or co-localize in the adult ventral striatum of the mouse as assessed by proximity-ligation
assays (PLA) and immunohistochemistry (IHC), even in the small fraction of neurons that
co-express both receptors (Frederick et al., 2014).

With the generation of Drd1a-GFP (D1-GFP), Drd2-GFP (D2-GFP), and Drdla-tdTomato
(D1-Tom) BAC transgenic mice, the question of co-expression could be addressed indirectly
by assessing the expression of fluorescent marker proteins driven by particular dopamine
receptor promoters. More specifically, these mice express green fluorescent (GFP) and a red
fluorescent protein derivative (tdTomato) under large regulatory elements of the D1R or
D2R genes, which faithfully recapitulate the endogenous pattern of expression (Gong et al.,
2003). Paralleling previous studies on endogenous expression, co-expression between D1R-
and D2R-promoter driven fluorescent proteins in dorsal-striatal MSNs has been shown to be
less than 5% in adult animals (Ade et al., 2011; Bertran-Gonzalez et al., 2008; Gangarossa et
al., 2013; Matamales et al., 2009; Shuen et al., 2008; Thibault et al., 2013).

Despite the plethora of studies investigating the question of dopamine receptor overlap in
the adult, relatively little research has been done to address this issue in younger animals. In
rats, it has been well-documented that during mid- to late-gestation the striatum develops
distinct patch and matrix compartments bearing neurons with specific developmental, output
projection, and receptor profiles (Fishell and van der Kooy, 1987; Gerfen, 1985).
Classically, the patch compartment of the neonatal striatum has been delineated from the
surrounding matrix by high levels of D1R and mu-opioid receptor expression, as well as
specific innervation by dopaminergic fibers revealed by staining for tyrosine hydroxylase
(TH) (Fishell and van der Kooy, 1987; Gerfen et al., 1987; Gerfen and Young, 1988; Kent et
al., 1981). However, studies mapping the ontogeny of dopamine receptor gene expression
have found that in addition to prominent expression within the matrix, the D2R also shows
enriched expression in clusters throughout the dorsal striatum up until 7-10 days post-
parturition (Schambra et al., 1994). Unfortunately, these early efforts did not employ
double-label or serial section analysis to determine whether both receptors are expressed in
the same or distinct neuron clusters. It is therefore unclear whether at this particular stage of
striatal development the D1R and the D2R coexist within the patch compartment.
Furthermore, if D1IR and D2R expression does indeed overlap in patches, it remains to be
determined to what extent the D1R and D2R are co-expressed and co-localized within the
same patch neurons where they could potentially interact through direct heteromerization
and/or signaling crosstalk (George et al., 2014; Perreault et al., 2010; Rashid et al., 2007)
and thereby play a role in in the development and function of neurons within the patch
compartment.

To address the question of D1R and D2R co-localization during the early neonatal stage, we
used dual-label IHC to map striatal D1R and D2R expression at the promoter level in
postnatal day 0 (PD0) Drdla-tdTomato/Drd2-GFP BAC transgenic mice, and at the receptor
level by co-staining for native D1R and D2R in wild-type PDO animals. To assess for
potential molecular interactions between D1Rs and D2Rs in the same neurons we also
employed the recently developed PLA (Trifilieff et al., 2011).
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Materials and Methods

Animals and Husbandry

Antibodies

With the exception of promoter activity mapping, all other protocols in this study used wild-
type C57BL/6 mice harvested on the day of birth (postnatal day 0, PDO0); adult animals
(>PD90) and pups genetically null for the D2R (D2R-KO) were included for PLA
validation. For promoter mapping, we used heterozygous double-transgenic first generation
PDO pups from crossed D1Rp-tdTomato (Tg(Drdla-tdTomato)6Calak/J, (Ade et al., 2011),
RRID:IMSR_JAX:016204) and D2Rp-GFP (Tg(Drd2-EGFP)S118Gsat/Mmnc, (Gong et al.,
2003), RRID:IMSR_MMRRC:000230) mice. Each experiment was performed on at least 3
brains and repeated at least three independent times to ensure reproducibility. Transgenic
mice were genotyped by PCR as described in Shuen et al. (2008) (D1Rp-tdTomato) and the
MMRRC protocol (D2Rp-GFP). All mice were housed under a 12h light/dark cycle in a
temperature-controlled environment with food and water available ad lib. All animal
protocols used in the present study were approved by the Institutional Animal Care and Use
Committee at Columbia University.

All details regarding the antibodies used in the present studies are listed in Table 1.

Antibody Characterization

The D1 and D2 receptor antibodies were characterized by fluorescence
immunohistochemistry of coronal brain sections from PDO animals. Staining for the D1R
revealed the expected patchy expression of this receptor in the striatum with little detectable
signal in the surrounding cortex (see Figure 1), a region of the brain known to exhibit lower
levels of D1R expression (Schambra et al., 1994). Consistent with the known expression of
D2 receptors within the striatal matrix, our D2 receptor antibody enabled specific detection
of this protein ubiquitously throughout the striatum with almost no staining evident in the
cortex as expected from the literature (Schambra et al., 1994). For further validation of this
specific antibody in knock-out mice, see Trifilieff et al. (2011) and Trifilieff et al. (2013).

Specificity of the A2A antibody was established as part of the proximity-ligation assay
validation by Trifilieff et al. (2011). The antibodies used against TH and ChAT are standard
in the field for detecting these proteins, and their specificity has been validated elsewhere
(Betts et al., 2014; Bhagwandin et al., 2006)

Tissue Preparation for Immunohistochemistry and Proximity-Ligation Assays

For histological analysis of PDO pups, litters were collected on the day of birth after which
the pups were decapitated and brains removed into 0.1 M Na,HPO,4/NaH,PO,4 (PBS, 150
mM NaCl; pH 7.4) for rinsing. Brains were then fixed in ice-cold 4% paraformaldehyde in
PBS for 48 h, rinsed in PBS, and subsequently immersed in melted (<55°C) 4% agarose (in
PBS) to aid sectioning. Agarose was allowed to solidify at 4°C after which coronal sections
were cut at 40 um using a vibratome (Leica, Wetslar, Germany) and stored short-term in
PBS at 4°C until processing. Adult animals were anesthetized with a ketamine/xylazine (100
mg/kg, 20 mg/kg) mixture and transcardially perfused with 4% paraformaldehyde in PB (0.1
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M NayHPO4/NaH,POy4; pH 7.4) before brains were extracted and post-fixed in the same
solution overnight at 4°C. Sections were sliced at 30 um using a vibratome and stored at
—20°C in a cryoprotective solution (30% glycerol, 30% ethylene glycol in 0.1 M Tris-buffer,
pH 7.4) until processing.

Fluorescence Immunohistochemistry (IHC)

Floating sections were rinsed 4x with ice-cold TBS (150 mM NaCl in 0.1 M Tris, pH 7.4),
and blocked/permeabilized for >1h in TBS-T (Triton-x, 0.5%) containing 10% fetal bovine
serum (v/v) and 0.5% bovine serum albumin (w/v); this solution was used for all subsequent
antibody incubations. For endogenous dopamine receptor staining, sections were incubated
overnight at 4°C with rat-generated anti-D1R antibody (1:250, RRID:AB_1840787) and/or a
rabbit-generated anti-D2R antibody (1:400). Staining for tyrosine hydroxylase (TH) was
accomplished with use of a goat anti-TH antibody (1:200, RRID:AB_10710873) while
choline acetyltransferase (ChAT) was detected with a goat anti-ChAT antibody at a dilution
of 1:100 (RRID:AB_2079751). Sections were washed repeatedly in TBS-T (0.2%) and then
incubated with fluorophore-labeled secondary antibodies (1:500) directed against rat (Alexa
488, Life Technologies, Grand Island, NY), rabbit (Alexa 568), and/or goat IgGs (Alexa
405). For GFP and tdTomato staining, we respectively used a chicken anti-GFP antibody
(1:250, Abcam, Cambridge, MA; cat# ab13970, RRID:AB_300798) and a rabbit anti-
dsRED antibody (1:250, Clontech, Mountain View, CA; cat# 632496, RRID:AB_10013483)
before washes and subsequent incubation with an anti-chicken Alexa 488 (1:500) and anti-
rabbit Alexa 568 (1:500). Following secondary antibody incubation, all slices were washed
again in TBS-T (0.2%), rinsed in 50 mM Tris (pH 7.4) to remove salts, and then mounted
and coverslipped with Vectashield with or without DAPI (Vector Labs, Burlingame, CA) on
Superfrost Plus microscope slides (Fisher Scientific, Pittsburgh, PA).

Proximity-Ligation Assay (PLA)

Dual-antigen recognition PLA experiments were conducted as described in Trifilieff et al.
(2011). Briefly, PLA was performed using the DuoLink in situ kit (Olink Bioscience,
Uppsala, Sweden) according to the manufacturer’s instructions with the following
modifications: incubation with PLA probes and the ligation step were extended to 2h and to
45 min, respectively; the amplification step consisted of a 2h incubation at 37°C with a 1/60
concentration of polymerase. Anti-D1R (rat) and anti-D2R (rabbit) primary antibodies were
used at a concentration of 1:200. The anti-A2AR primary antibody (mouse) was used at a
dilution of 1:1000. Subsequent secondary labeling of the D2R and A2AR for this assay was
accomplished with the use of kit-provided anti-rabbit and anti-mouse PLA probes,
respectively, while the D1R was detected using an anti-rat PLA probe generated according
to the manufacturer’s instructions using the DuoLink Probemaker kit (Olink Bioscience) and
goat anti-rat 1gGs (Santa Cruz Biotechnology, Dallas, TX). For this assay, slices were
coverslipped with Fluorsave (Millipore, Billerica, MA).

Microscopy and Initial Image Processing

Fluorescent sections were imaged with a Nikon Al laser-scanning confocal microscope
(Nikon Instruments Inc., Melville, NY), using a 40x N.A. = 1.0 oil objective (with or

J Comp Neurol. Author manuscript; available in PMC 2016 June 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Biezonski et al.

Page 6

without digital zoom) for high-magnification images. Bandpass filters were as follows: 405,
425-475 nm; 488, 500-550 nm; 568, 570-620 nm. Z-stacking was used only with PLA-
processed sections (5 um with a 0.5 pm interval) as the majority of signal resides within the
first 5-10 um of each slice. Acquired images were then processed using ImageJ software
(NIH, Bethesda, MD, RRID:nif-0000-30467). Sections stained for endogenous D1R and
D2R were reverse-pseudocolored (green to red and vice versa) in ImageJ to parallel native
fluorophore color in D1-Tom/D2-GFP mice. For PLA analysis, each z-stack was collapsed
into a single image based on the maximum intensity signal across sections using standard
ImageJ algorithms. Signal bleed-through between channels was negligible.

Image Processing and Counting of Positive Signal (“Dots”) Generated by PLA

The PLA procedure yields three types of signal: 1) fluorescent “dots” indicative of proteins
in close physical proximity (Trifilieff et al., 2011); 2) fluorescent cell nuclei (an artifact
caused by probe infiltration); 3) background. To separate genuine PLA dots from cell nuclei
and background, we used Matlab (The MathWorks, Natick, MA, RRID:nlx_153890) to
develop a computational method for sorting that requires minimal user intervention (Figure
4). First, we noted that a pure intensity threshold was insufficient to separate extended areas
of increased fluorescence inside and around cell nuclei from concentrated areas of PLA
fluorescence (i.e., positive dots) (Figure 4A). Nuclear fluorescence occurred even within
negative control conditions (e.g., DIR-D2R PLA in D2-KO tissue) and it differed from
genuine PLA plots by not exhibiting sharp signal peaks. We therefore combined standard
deviation and entropy filtering methods to determine optimal thresholds for segregating
nuclear fluorescence and background from genuine PLA—generated dots. First, the original
raw confocal images were standard deviation-filtered, a process which replaced every value
in the image with the standard deviation of 8 neighboring pixels, effectively elevating local
intensity differences far above background while suppressing intensity differences spread
out over a larger area (Figure 4B). Because nuclear boundaries occasionally lead to locally
high standard deviation values over background, we also employed an entropy filter to
locate the edges of these nuclei (Figure 4C). In parallel, a naive user manually placed 40
masks, between 1 and 20 um in area, around isolated regions of high fluorescence in a
positive control image (i.e., adult D2R-A2AR PLA, see Results), including randomly
selected nuclei. Every pixel within a putative positive signal region and within a nuclear
region was then analyzed. The entropy and standard deviation values within these regions
showed a clear clustering/separation into either nuclei or PLA-positive dots (Figure 4D).
Because the user masks were user-selected, they inevitably contained a large number of
background (non-nuclear/non-dot-specific) pixels, which are seen as signal (red/blue)
overlap in the bottom left corner of the plot in Figure 4D. As panel D illustrates, results from
our analysis provided the rationale for thresholding standard deviation filtered images at
0.009 and entropy-filtered images at 0.65 in order to distinguish PLA signal from nuclei and
background noise. The thresholded images were then transformed into individual masks that
captured the putative PLA signal. We found that some of these masks seemed to reflect
background noise, as they were present even in negative controls. To ascertain the source of
this additional noise, we plotted histograms of mask areas for both negative and positive
control images (Figure 4E). As evidenced by the prominent peak (9-11 pixels) in the
positive control condition, we concluded that the smallest detectable PLA signals were at
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least 8 pixels in area and that any smaller signal could be attributed to high standard
deviation/low entropy noise. Therefore, any masks smaller than 8 pixels were excluded from
further analysis. These methods were then systematically applied to all images to yield total
PLA dot counts for every condition.

Statistical Analysis

Results

For D1IR-D2R PLA, multiple images for statistical comparison were acquired across the
striatum in WT as well as D2R-knockout (KO) PDO animals. Data were analyzed in
Graphpad Prism (RRID:rid_000081) and are presented as mean + SEM. Dot counts in PDO
WT vs. D2-KO striatum were compared by way of a one-tailed unpaired student’s t-test
using Welch’s correction for unequal variance. For more comprehensive analysis of D1R-
D2R PLA in the striatum of adult animals, see Trifilieff et al. (2011) and Frederick et al.
(2014).

Immunohistochemical mapping of endogenous D1 and D2 receptors reveals co-
expression and co-localization within the patch compartment of neonatal (PD0) mice

To address whether D1R and D2R are co-expressed during neonatal development, we
mapped the expression of these receptors across the whole rostral-caudal axis of the dorsal
striatum in coronal brain slices from PDO mice by double-label immunohistochemistry
(IHC) using antibodies that have previously been validated using knock-out mice (Trifilieff
etal., 2013; Trifilieff et al., 2011).

We found that relative to the expected weak staining in the cortex (see Antibody
Characterization in the methods section), D1 and D2 receptors co-stained prominently in the
same clusters across the medio-lateral as well as rostral-caudal axis of the PDO striatum
(Figure 1A, B, C). We further characterized the nature of these clusters by co-staining for
tyrosine hydroxylase (TH), a known marker of the striatal patch compartment in neonatal
animals (Graybiel, 1984). We found a complete overlap between the D1R and TH signal
clusters throughout the striatum (Figure 3A, B, C), in line with published literature showing
enrichment of D1Rs in striatal patches during early postnatal development (Schambra et al.,
1994). Outside the D1R/D2R-intense patches - presumably in the "matrix" compartment -
we detected lower levels of the D2R, while D1R expression was almost absent (Figure 1A,
B, C). Single-label experiments found no evidence of signal crossover between the two
fluorescence channels (data not shown).

To determine whether D1R and D2R that are expressed in the same patches in the PDO
striatum co-localize at the molecular level, we visualized D1R and D2R expression in these
patches using high-magnification confocal microscopy. A representative patch is shown in
Figure 1D. Amidst singular staining for either receptor alone (D1R, red arrows; D2R, green
arrows), D1R and D2R showed evidence of co-localization within the boundary of this patch
(yellow arrows).
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Mapping of reporter gene expression in D1-Tom/D2-GFP mice reveals modest promoter
co-activity within patch neurons of the neonatal (PD0) striatum

Given the high degree of endogenous D1R and D2R co-staining in patches across the PDO
striatum, we investigated whether both receptors are co-expressed by the same cells, or in
different interdigitated cells as is generally found in adult animals (Matamales et al., 2009).
Dopamine receptors, however, are highly enriched in neuropil relative to the perikarya
thereby causing difficulties in pinpointing their cellular origin. We circumvented this
problem by mapping the striatal expression of fluorescent reporter genes Tom (td-Tomato)
and GFP driven respectively by the D1 and D2 receptor promoters in the brains of PDO mice
heterozygous for both transgenes (i.e., using D1-Tom/D2-GFP mice); both Tom and GFP
concentrate within the cell body making individual neurons easy to distinguish. In
correspondence with more intense D1R and D2R expression within the same clusters of the
PDO striatum (Figure 1), signal intensification of Tom and GFP by IHC revealed a clustered
co-appearance of cells exhibiting stronger signal intensity of both markers surrounded by
cells with weaker expression outside these clusters (Figure 2A, B, C). This was particularly
evident across the mid-caudal axis of the striatum. Further characterization revealed that the
cell clusters exhibiting higher Tom and GFP signal intensity overlapped with prominent TH
staining throughout the striatum (Figure 3D, E, F; also see inset Figure 3C). These findings
suggest that D1R and D2R promoter activity is stronger in the patch compartment,
complementing our previous finding of stronger receptor staining within these regions
relative to surrounding neurons. Co-expression of both reporter genes in the same neurons
was limited to patches (Figure 2D; Figure 3F). Cell count analysis of 10 representative
clusters imaged from multiple striatal regions of 3 independently stained mouse brains
revealed Tom/GFP overlap (i.e., MSNs with co-active D1R and D2R promoters) to be in the
range of 5.6 + 3.28% (average number of labeled cells per cluster: D1-Tom: 27.6 + 12.15;
D2-GFP: 26.9 + 7.85; Tom/GFP: 3 £ 1.49). Importantly, additional characterization revealed
that co-expression of both fluorophores was not observed in cholinergic interneurons
positive for choline acetyltransferase (ChAT), as these cells only weakly expressed D2-GFP
and not D1-Tom (Figure 2D, right panel).

Proximity-ligation assays confirm D1 and D2 receptor co-localization in the neonatal (PDO)

striatum

One limitation of using IHC to determine protein co-localization is that given the diffraction
limit of light of ~250 nm, this method does not provide adequate spatial resolution for
detecting true molecular proximity. We therefore addressed the possibility of DIR-D2R
interaction more directly by way of a proximity-ligation assay (PLA). PLA is a novel
technique that relies on close physical proximity of antigens in order to generate a positive
signal at the point of co-localization, in this case a fluorescent “dot” (Trifilieff et al., 2011).
Furthermore, previous data suggest that for a signal to be generated, the proteins must be in
close proximity, maximally ~20-30 nm (Soderberg et al., 2006; Trifilieff et al., 2011). We
performed PLA on PDO brain slices using the same antibodies as were used for endogenous
D1R and D2R IHC staining, and counted the resulting PLA-generated dots using the method
described in Materials and Methods and Figure 4. Results from this assay revealed a
significant number of dots (per um? of entire image field) in clusters within the dorsal
striatum corresponding to co-localized D1R-D2Rs (Figure 5A, E, I, M, N), which were
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absent outside these clusters (Figure 5B, F, J, M). As expected, no signal was detected in the
striatum of D2R-KO mice (Figure 5D, H, L, M) while very low signal was seen in the cortex
of wild-type mice (Figure 5C, G, K, M), the cortex known to express low levels of D1R and
D2R. In contrast, we observed a high number of dots in our PLA positive control, where
PLA was performed on adult striatal tissue with antibodies against D2R and the adenosine
2A receptor (A2AR) (Figure 5M, O), proteins that have previously been shown to interact as
assessed by this method (Trifilieff et al., 2011). Quantification of the D1R-D2R PLA signal
in PDO animals (Figure 5M) revealed 0.2828 + 0.09471 dots/um? in clusters within the
dorsal striatum, 0.0275 + 0.01181 dots/um? in the striatum outside the clusters, 0.05
dots/um? in the cortex, and 0.0250 + 0.0050 dots in the negative D2R-KO control; the adult
D2R-A2AR positive control yielded 8.554 dots/um2. D1R-D2R PLA counts from WT PDO
striatum were 10-fold higher than in the D2R-KO control (t(5) = 2.719, p = 0.0209).

Discussion

The cellular architecture of the perinatal striatum is divided between islands of striosomal
(patch) neurons within a broader matrix compartment, distinguished by distinct neural
birthdates, molecular signatures, and output targets. In the rat the patch compartment
consists of neurons born between embryonic day (ED) 12-15, approximately half of which
send a unique direct-pathway projection to the SN pars compacta that is already evident by
the end of gestation (Fishell and van der Kooy, 1987); the projection fields of the remaining
patch neurons have not been investigated but have been presumed to be striatopallidal in
nature (Gerfen and Young, 1988). In contrast, ubiquitously distributed matrix neurons arise
between ED17-20 and gradually connect with both the SNr and/or the globus pallidus within
the first post-natal week (Fishell and van der Kooy, 1987; Fishell and van der Kooy, 1991,
Gerfen, 1984; Gerfen, 1985; Gerfen et al., 1987; Gerfen and Young, 1988). In terms of
molecular phenotype, previous studies investigating the molecular constituents of the patch
compartment in the neonate have generally focused on characterizing specifically the SNc-
projecting neurons, showing that these MSNs express both D1R and substance P (Bolam et
al., 1988; Caille et al., 1995), proteins mainly expressed by direct-pathway MSNs in adults.
In addition, the neonatal patch compartment can be delineated from the matrix by high
expression of the mu-opioid receptor, higher levels of acetylcholinesterase (AChE), and
specific innervation by TH-positive dopamine fibers originating from the SNc (Fishell and
van der Kooy, 1987; Graybiel, 1984; Tokuno et al., 1996). Within the next few weeks the
distribution of dopamine receptors and dopaminergic afferents becomes homogenous across
the striatum (Graybiel, 1984; Schambra et al., 1994), and patch neurons in juvenile and adult
animals become identifiable mainly by their selective expression of mu-opioid receptors
(Szele et al., 1991); within these patches, the levels of proenkephalin and D2R are lower
relative to the matrix (Besson et al., 1988; Korf and Loopuijt, 1988; Koshimizu et al., 2008).
Importantly, in neonatal animals, at least one study has reported a “clustered” appearance of
neurons radiolabeled for D2R within the putative patch compartment identified by AChE
staining (Lowenstein et al., 1989), suggesting that at this developmental time point D2R-
expressing neurons may co-exist in the same patch clusters as direct-pathway neurons
containing the D1R. To test this directly, we used dual-label immunohistochemistry to show
that native D1Rs exhibit overlapping patterns of expression with TH clusters across the
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neonatal striatum, and are thus endemic to the patch compartment of this region. Moreover,
these D1R-expressing patches also show high levels of the D2R, indicating that the neonatal
patch compartment is comprised of MSNs that can express either (or both) receptor subtype.

Taking advantage of transgenic mice that express fluorescent reporters driven by the D1R
(Tom) and D2R (GFP) promoters (Gong et al., 2003), we also mapped the fluorophore
expression patterns of cells throughout the neonatal striatum and found a clustered
appearance of neurons enriched for either marker, surrounded by cells with weaker
expression. As with native D1Rs, these clusters largely overlapped with TH-positive
regions, suggesting that they were patch-specific. Presumably, the higher level of fluophore
expression in these cells may reflect higher promoter activity driving the generation of
native D1Rs and D2Rs, which coincides with our finding of higher receptor expression
within TH-positive clusters. Cell count analysis of clusters high in Tom and/or GFP signal
intensity revealed that approximately 5-6% of these cells co-expressed both fluorophores in
the dorsal striatum, up to 2-fold higher than has been reported in adults (Ade et al., 2011;
Bertran-Gonzalez et al., 2008; Gangarossa et al., 2013; Matamales et al., 2009; Shuen et al.,
2008; Thibault et al., 2013). These dual-expressing cells were most likely MSNs as such
signal overlap was not found to occur in cholinergic cells, which only weakly expressed
GFP and not Tom.

Given the high expression of both native D1R and D2R as well as Tom and GFP within TH-
positive striatal regions, our findings indicate that the patch compartment of the neonatal
striatum contains three subpopulations of MSNs: those expressing either the D1R, the D2R,
or both. More specifically, our findings raise the interesting possibility that patch neurons of
the neonatal striatum, classically defined by the presence of the D1R and projections to
direct-pathway targets in adults, are mixed with a subpopulation of cells that also exhibit the
molecular characteristics typical of indirect-pathway neurons (i.e., D2R expression);
however, the projection fields and thus pathway-specificity of these D2R-expressing patch
neurons remain to be determined (see Gerfen and Young (1988) for further discussion).
Nevertheless, the patch neurons that co-express D1R and D2R are presumably
simultaneously regulated by both receptors during the neonatal period, which may have
implications for their further development. For instance, it is known that up to 30% of
striosomal neurons undergo apoptosis within the first postnatal week (Fishell and van der
Kooy, 1991), a selection process that may depend on threshold trophic support from target
regions, the reception of which may in turn be dependent in part on the differential actions
of the D1R and D2R.

Examination of native D1R- and D2R-positive clusters with high-magnification confocal
microscopy revealed a modest incidence of signal overlap between receptor puncta,
suggesting that these receptors co-localize at the molecular level. To investigate this
possibility more directly, we used a proximity-ligation assay (PLA) that can detect protein
interaction. Consistent with the confocal analysis the PLA confirmed that at PDO some of
the D1R and D2R exist in close molecular proximity, presumably within individual neurons.
Despite the high spatial resolution of this assay, however, it is also possible that a portion of
the PLA signal could have theoretically been derived from receptors expressed in axons
and/or dendrites of two different neurons that are opposed to one another. Functionally, it
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has previously been suggested that upon agonist co-stimulation, co-expressed and co-
localized D1R and D2R can activate signaling pathways not typically governed by either
receptor alone (e.g., signaling via Gag and calcium-dependent kinases), with the potential to
affect cellular plasticity (Chun et al., 2013; Rashid et al., 2007). The formation of a D1/D2
receptor heteromer has been proposed to mediate this signaling pathway (Boyd and
Mailman, 2012; George et al., 2014; Rashid et al., 2007). By contrast, Lee et al., (2014) and
Frederick et al. (2014) have argued against a role for Gaqg and phospholipase C in D1R or
D1R/D2R function (Lee et al., 2014a; Lee et al., 2014b). Future studies should address
whether the close proximity of native dopamine receptors in the neonatal striatum confers
receptor interactions at the level of downstream effectors, and what consequences this may
have for signaling and cellular function.

Recently, we used PLA in the adult ventral striatum to assess for DIR-D2R interactions and
found the signal to be essentially the same as the background signal measured in slices from
D2R KO animals; no interaction was evident even in the small number of cells that co-
expressed both receptors (Frederick et al, 2014). In contrast, our current data show evidence
of D1R-D2R association in the neonatal dorsal striatum, with a signal ~10-fold above the
background detected in the D2R-KO. Although the ventral and dorsal regions of the striatum
are not directly comparable, the PLA studies in the adult animals focused on the ventral
striatum because this region shows the highest degree of D1-D2 receptor co-expression
(Bertran-Gonzalez et al., 2008; Perreault et al., 2012). Taken together with our current
results at PDO, these data suggest the possibility that a mechanism may arise at some point
during development to segregate these receptors in the plasma membrane of neurons co-
expressing the two receptors. In this regard, however, Frederick et al. (2014) and the current
manuscript are in conflict with Perreault et al. (2012) who reported the opposite findings:
high levels of D1-D2 receptor heteromerization in both juvenile and adult rats, but with the
juvenile rats showing fewer heteromers relative to adults. We cannot readily explain these
differences, except that methodological differences between these reports may have yielded
different results.

Normal expression of striatal-mediated behaviors in adult animals is in part dependent on a
proper balance of direct-indirect pathway output from the striatal complex (Cazorla et al.,
2014; Ferguson et al., 2011; Kravitz et al., 2012; Lobo et al., 2010), and it is conceivable
that the establishment of this balance may be subject to modulation during striatal ontogeny
by the developmental expression patterns of dopamine receptors. Since the expression of
dopamine receptors can be altered by genetic (Lawford et al., 2005; Le Foll et al., 2009) and
environmental factors such as stress (Pani et al., 2000) as well as in utero exposure to drugs
of abuse (Chang et al., 2007; Henry et al., 1995; Thompson et al., 2009), it is possible that
the degree of D1R and D2R co-expression in the developing animal may be regulated and
differ under various conditions. Given our evidence for D1R-D2R interaction in the PDO
striatum, it is conceivable that D1R-D2R signaling from crosstalk downstream of both
receptors could play a role in the neonatal striatum in vivo. Our findings pave the way for
future research on how early D1 and D2 receptor co-localization in the striatal patch
compartment may regulate function and development. Moreover, it has been postulated that
the degree of D1R and D2R co-expression and potentially crosstalk is altered under
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pathological conditions such as in schizophrenia (Grymek et al., 2009) and depression (Pei
et al., 2010). Studying the function of D1R-D2R pairs during neonatal development may
therefore have implications for understanding the development of psychiatric disorders.
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Overlap

Figure 1. Immunohistochemical mapping of endogenous D1 and D2 receptorsreveals co-
expression and co-localization in the same striatal clusters of neonatal (PDO) mice

Photomicrographs showing immunohistochemical double-labeling for endogenous D1R
(red, left), D2R (green, middle), and D1R/D2R overlay (right) in the same coronal slice
from a wild-type PD0O mouse. (A, B, C) Representative images showing D1R and D2R
double-staining in rostral (A), mid (B), and caudal (C) sections of the dorsal striatum. Note
the co-appearance of D1R- and D2R-specific staining in the same clusters across the medio-
lateral as well as the rostral-caudal axis of the PDO striatum, with weaker D2R expression

J Comp Neurol. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Biezonski et al.

Page 18

also evident outside these regions. (D) Representative, high-magnification photomicrograph
of a mid-striatal patch reveals a modest level of D1-D2 receptor co-localization (yellow
arrows) amidst singular staining for either the D1R (red arrows) or the D2R (green arrows).
Inset shows a magnified example of co-localized D1R-D2R in a single puncta.
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. Overlap
Overlap ChAT

Figure 2. Mapping of reporter gene expression in D1-Tom/D2-GFP mice reveals modest
promoter co-activity in the neonatal (PDOQ) striatum

(A, B, C) Photomicrographs showing fluorescence immunohistochemistry-based
intensification of D1Rp-driven tdTomato (D1-Tom, left), D2Rp-driven green fluorescent
protein (D2-GFP, middle), and Tom/GFP overlay (right) signals in rostral (A), mid (B), and
caudal (C) coronal striatal slices obtained from a PDO mouse heterozygous for both
transgenes. Note the stronger expression of both fluorophores in overlapping neural clusters
across the medio-lateral axis and in particular the mid-to-caudal levels of the PDO dorsal
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striatum. (D) A magnified portion of a representative MSN cluster of the PDO dorsal
striatum shows evidence of modest D1 and D2 receptor promoter co-activity within some
neurons (yellow arrows; images organized exactly as in “A™), suggesting that these cells
endogenously co-express both receptor proteins. Additional characterization of this patch
revealed that cells co-expressing Tom and GFP are not cholinergic in nature (D, right), as
the choline acetyltransferase (ChAT)-positive cell was only weakly positive for D2-GFP (D,
middle, green arrow) and not D1-Tom (D, left).

J Comp Neurol. Author manuscript; available in PMC 2016 June 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Biezonski et al. Page 21

A

Figure 3. Dopamine receptor co-expression occurswithin the patch compartment of the neonatal
striatum
(A, B, C) A representative photomicrograph showing double staining for native D1R (A)

and tyrosine hydroxylase (TH,B), a marker for the patch compartment in neonatal striatum.
The almost complete overlap between D1R and TH signal is shown in (C), suggesting that
clusters of D1R expression are endemic to the patch compartment. For cross-methodological
comparison, the inset in (C) illustrates the higher fluorescence intensity of D2-GFP
expressing cells within TH-positive clusters than outside these regions, which agrees with
our finding of higher native D2R expression within D1R-positive patches (Figure 1). (D, E,
F) A representative photomicrograph showing that cells with high D1-Tom and/or D2-GFP
levels (D) are clustered within TH-positive regions (E,F), suggesting that these clusters are
patch-specific. Inset in (F) illustrates an example of dual-expressing D1-Tom/D2-GFP cells
within the patch compartment.
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Figure 4. Softwar e-guided image analysis method for selecting PL A-gener ated dots
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(A) Heat map of the fluorescence intensity values in an unfiltered image. Before any
transformation of the image is performed, both the nuclei and the PLA signal exhibit high
intensity fluorescence. White arrows point to putative PLA-generated dots. (B) To elevate
isolated areas of high fluorescence intensity, a standard deviation filter is employed. White
arrows highlight areas that have high standard deviation and low entropy. (C) To locate
edges of nuclei the image is entropy filtered. Nuclei are then filled inward to specify their
location. (D) The entropy and standard deviation of all pixels within user-selected dots (red)
and user-selected nuclei (blue) illustrates that nuclei and PLA-generated dots can be
distinguished on the basis of differential clustering in this parameter space. (E) Using the
thresholds from “D” (standard deviation = 0.009, entropy = 0.65) to gate (perforated box)

only PLA dots for further analysis, masks are produced for each individual image

from each

experimental condition. In our analyses, masks smaller than 8 pixels were counted as noise,
while those over 8 pixels were counted as positive PLA-generated signal. See Materials and

Methods for more details regarding this method.

J Comp Neurol. Author manuscript; available in PMC 2016 June 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Biezonski et al. Page 23

o J
E 0.4-
=

> J
s 0.3
Q -4

0.24

0.1+ #

0.0- ','I,I','
Age: PO PO PO PO Adult
Gtype: WT WT WT D2R-KO WT
PLA: D1-D2 D1-D2 D1-D2 D1-D2 D2-A2A

Region: Striatum  Striatum  Cortex  Striatum Striatum
Within Outside
Cluters Clusters

Figure5. Proximity-ligation assays confirm D1 and D2 receptor co-localization in the neonatal
(PDO) striatum
Results of proximity-ligation assays (PLA) using the same D1 and D2 receptor antibodies as

were used in IHC analysis. A-D show the original raw images for each of the four regions/
conditions, E-H show the respective fluorescence intensity standard deviation heat maps
(see Methods) for each condition, and I-L show binary PLA dot-sorted images ultimately
used to count PLA dots for each condition. Nuclear staining is an artifact of the PLA
procedure and does not reflect positive signal. PLA analysis confirmed the co-localization of
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D1R and D2R ("dots", see yellow arrows) within clusters presumed to reflect striatal
“patches” (A,E,l; for clarity, N shows a higher-magnification image of the raw dot-positive
region) but not outside these clusters (presumed “matrix”) (B,F,J) in wild-type (WT) PDO
mice. Little to no positive signal was observed in the cortex (C,G,K), a region known to
express low levels of D1R and D2R, or when D1R-D2R PLA was performed on mice
lacking the D2R (D2R-KO) (D,H,L). In contrast, a large number of dots were evident in the
striatum (O; high magnification image of the raw dot-positive region) of our positive control
when PLA was performed on adult tissue using antibodies against D2R and the adenosine
2A receptor (A2AR), which are known to associate in adult animals. (M) Quantification of
PLA dot counts (per um? of entire image field) across conditions revealed a significant, 10-
fold higher number of D1R-D2R PLA dots in WT neonatal striatum than in D2R-KOs (#,
t(5) = 2.719, p = 0.0209). Gtype, genotype. Bottom-left descriptor for images A-D, N, O,
Gtype & Age: PLA condition.
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Antibody

Immunogen

Manufacturer
Catalog Number
Species of Origin
Clonality

RRID

Anti-D1 Receptor

97 amino acid C-terminal of the
human D1 receptor

Sigma Aldrich
D2944

Rat
Monoclonal

RRID:AB_1840787

Anti-D2 Receptor

Amino acids 246-305 (third
intracellular loop) of the mouse
D2 receptor

Produced by the Laboratory of Dr. Jonathan Javitch
N/A

Rabbit

Affinity-purified Polyclonal

N/A

Anti-A2A Receptor

SQPLPGER sequence in the
third intracellular loop of the
human A2A receptor

Millipore
05-717
Mouse
Monoclonal

RRID:AB_11213750

Anti-Tyrosine Hydroxylase
(TH)

Synthetic peptide corresponding
to human TH amino acids 30-100
(N-terminal)

Abcam
abh101853
Goat
Polyclonal

RRID:AB_10710873

Anti-Choline
Acetyltransferase (ChAT)

Extracted human placental
enzyme

Millipore
ab144p
Goat
Polyclonal

RRID:AB_2079751
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