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Abstract 
 
Striatal dopamine (DA) neurotransmission is critical for an array of reward-related behaviors and 

goal-directed motor control. In rodents, 95% of striatal neurons are GABAergic medium spiny 

neurons (MSNs) that have been traditionally segregated into two subpopulations based on the 

expression of stimulatory DA D1-like receptors versus inhibitory D2-like receptors. However, 

emerging evidence suggests that striatal cell composition is anatomically and functionally more 

heterogenous than previously appreciated. The presence of MSNs that co-express multiple DA 

receptors offers a means to more accurately understand this heterogeneity. To dissect the precise 

nature of MSN heterogeneity, here we used multiplex RNAscope to identify expression of three 

predominantly expressed DA receptors in the striatum: DA D1 (D1R), D2 (D2R), and D3 (D3R) 

receptors. We report heterogenous subpopulations of MSNs that are distinctly distributed across 

the dorsal-ventral and rostral-caudal axes of the adult mouse striatum. These subpopulations 

include MSNs that co-express D1R and D2R (D1/2R), D1R and D3R (D1/3R), and D2R and D3R 

(D2/3R). Overall, our characterization of distinct MSN subpopulations informs our understanding 

of region-specific striatal cell heterogeneity.  
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Introduction  
 
The striatum is a critical nexus for motivational regulation and motor control. Critically, dopamine 

(DA) signaling is important for striatal function and its dysfunction is strongly associated with 

disorders from schizophrenia and substance use disorders to Parkinson’s disease (PD). 95% of 

striatal neurons consist of GABAergic medium spiny neurons (MSNs) that have traditionally been 

segregated into two subpopulations based on expression of DA D1-like versus D2-like receptors1-

3. D1-like receptors include DA D1 and D5 receptors (D1R, D5R) and D2-like receptors include DA 

D2, D3, and D4 receptors (D2R, D3R, D4R). There is extensive evidence showing that the  

expression of D1-like versus D2-like receptors confers different properties at cellular, circuit, and 

behavioral levels4-9.  

 

At the cellular level, D1-like and D2-like receptors are coupled to different G proteins, resulting in 

different cellular properties3, 10. These signaling differences between D1R+ versus D2R+ MSNs 

extend to differences in neuronal activity and electrophysiological properties11-14. In fact, D2R+ 

MSNs exhibit increased excitability and higher spontaneous excitatory postsynaptic currents 

compared to D1R+ MSNs4. For example, in the nucleus accumbens (NAc) region of the striatum, 

a key difference between D1R+ and D2R+ MSNs is that D1R+ MSNs preferentially project to the 

ventral tegmental area, while D2R+ MSNs primarily project to the ventral pallidum15. 

Consequently, D1R+ versus D2R+ NAc MSNs contribute to distinct and, on many occasions, 

opposing motivated behaviors including those relevant to reward- and addiction-related 

behaviors16-19. Importantly, manipulations of these NAc D1R+ or D2R+ MSNs alone cannot 

recapitulate the full range of striatal behaviors20. This suggests that the composition of MSNs is 

more heterogenous than previously thought7, 12, 13, with additional MSN subpopulations that 

contribute to these behaviors. 

 

Within D1R+ and D2R+ MSN subpopulations, electrophysiological response properties are not 

uniform. In fact, measures of the strength and release probability of glutamatergic synapses show 

a biphasic heterogeneity between D1R+ and D2R+ populations12. In the context of drugs of abuse, 

the differences in D1R+ versus D2R+ MSNs also translate to addiction-related behaviors including 

drug-induced conditioned place preference21, 22. Collectively, these data suggest additional striatal 

MSN subpopulations apart from the MSNs that solely express either D1R or D2R. Consistent with 

this, recent work found evidence of MSNs that express both receptors23-26. Yet, the physiological 

relevance of D1R and D2R co-expression remains controversial. Some studies point to D1R and 

D2R forming higher order complexes that confer signaling process distinct from either D1R or 
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D2R alone27, 28. Alternatively, others suggest that these receptors may operate independently of 

one another in co-expressing cells29. Despite these differing viewpoints, we posit that MSNs co-

expressing D1R and D2R may confer unique circuit and signaling properties, irrespectively of 

whether the receptors form heteromeric complexes or not. This raises the possibility of 

anatomically and functionally distinct striatal MSN subpopulations. 

 

Compared to D1R and D2R, considerably less is known about the biology and anatomic 

distribution of D3R. Early autoradiographic studies revealed that D3R is present in the striatum, 

predominantly expressed in the core and shell subregions of the NAc and the Islands of Calleja 

(IC)30. Increasing evidence suggests that, like D1R and D2R, D3R is also critical for striatal 

function. Recent studies demonstrate the importance of D3R signaling in the IC for rodent 

grooming behavior31. Furthermore, striatal D3R signaling is implicated in disease states including 

PD dyskinesia and in conditioning to drugs of abuse32. Similar to D1R and D2R, D3R may similarly 

interact with other DA receptors. Indeed, D1R and D3R have been shown to form heteromeric 

complexes in vitro via heterologous overexpression33, 34. This raises an even more fundamental 

question: is D3R co-expressed with D1R in the same cells endogenously in striatum? Determining 

D3R’s expression patterns is a necessary step in better understanding its physiological relevance.  

 

Historically, studying striatal DA receptor expression has been limited by the lack of specific 

antibodies, as well as spatial resolution below the single-cell level using earlier methods such as 

autoradiography35. The recent development of significantly more sensitive, quantitative 

approaches with single-cell resolution such as multiplex RNAscope, a form of fluorescent in situ 

mRNA hybridization, has been instrumental in overcoming these limitations. RNAscope enabled 

us to quantitatively dissect the expression of DA receptors on a cell-by-cell basis throughout the 

striatum. Our present study establishes a definitive three-dimensional (3D) map of D1R, D2R, 

and D3R mRNA expression in mouse striatum. We confirm co-expressing MSN subpopulations 

(D1/2R, D1/3R, D2/3R) that are discrete from MSNs that solely express D1R, D2R, or D3R. 

Importantly, we reveal that these populations have distinct spatial distributions, not only in the 

dorsal-ventral direction, but also along a rostral-caudal axis. These differences in distribution point 

to a 3D gradient of DA receptor expression in adult mouse brain.  
 
 
Methods  
 
Animals  
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Adult male and female C57BL/6J mice from The Jackson Laboratory (stock 000664, 8-14-wks-

old; Bar Harbor, ME) were used for this study. All animals were group-housed in a 12/12 light 

cycle with water and rodent chow provided ad libitum. All procedures were performed in 

compliance with the Institutional Animal Care and Use Committee at the University of Pittsburgh 

(protocol #22071493).  
 
Brain tissue preparation  
Mice were euthanized by rapid cervical dislocation performed by an experienced experimenter. 

Brains were collected and snap-frozen in isopentane at -55°C, then stored at -80°C until use. 

Brains were sectioned using a cryostat at -18°C. 14µm sections were collected at bregma -

1.61mm (termed Rostral 1), bregma -1.33mm (termed Rostral 2), bregma -1.15mm (termed 

Rostral 3), bregma +0.91mm (termed Caudal) (Figure 1). Following mounting on slides 

(Superfrost+, Fisher Scientific, Waltham, MA), samples were first dried at -20°C for 2h, followed 

by additional drying at -80°C overnight.  

 

Multiplex fluorescent in situ hybridization 
Multiplex RNAscope technology (ACDBio, Neward, CA) was used to profile mRNA expression of 

Drd1a, Drd2, and Drd3 genes. RNAscope labelling of fresh frozen brain tissue was conducted 

according to manufacturer instructions using the ACD Bio RNAscope v1 kit. Briefly, pre-mounted 

tissue sections were post-fixed on slides in pre-chilled 4% paraformaldehyde (4°C, 60 min). 

Tissue underwent dehydration in successive ethanol baths of increasing concentration (50%, 

70%, 100%). After drying, a hydrophobic barrier was drawn around samples, followed by 

incubation with probes (2h, 40°C) to detect cell-specific expression of mouse Drd1a (ACD Bio, 

Mm-Drd1a, Cat. 406491), Drd2 (Mm-Drd2-C2, Cat. 406501-C2), and Drd3 (Mm-Drd3-C3, Cat. 

447721-C3). Following hybridization, slides underwent signal amplification with the respective 

probes allocated to each channel labeled with the following fluorophores: Channel 1, Atto 550; 

Channel 2, Alexa fluor 647; Channel 3, Alexa fluor 488. Tissue was then counter-stained with 

DAPI to label cell nuclei and mounted with Vectashield (Vector Labs, Neward, CA). Slides were 

stored at 4°C until imaging. 

 

To test signal specificity of the RNAscope probes in our striatal tissue samples, we used 

RNAscope 3-plex Positive Control Probe (ACD Bio, Cat. 320881) and 3-plex Negative Control 

Probe (ACD Bio, Cat. 320871). Tissue preparation, hybridization, and signal amplification were 

as described above.  The species-specific 3-plex Positive Control Probe labeled housekeeping 
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gene controls for all 3 channels: Channel 1: DNA-directed RNA polymerase ll subunit RPB1 

(POL2RA); Channel 2: Cyclophilin B (PPIB); and Channel 3: Ubiquitin C (UBC)(Fig. S1A, B). The 

universal 3-plex Negative Control Probe contained probes targeting the DapB gene for all 3 

channels (Fig. S1C, D).  

 

Fluorescence slide scanning microscopy 
Fluorescence imaging of labeled slides was performed using the Olympus VS200 automated slide 

scanner (Olympus, Center Valley, PA). Exposure times were adjusted for each fluorophore to 

ensure proper signal distribution with no signal saturation. Coronal sections were identified by 

experimenters and Z stacks of 3µm (3 Z-planes spaced by 1µm each) were imaged using a dry 

20X objective lens (N.A. 0.8). Identical exposure settings and magnifications were consistently 

applied to all slides. After image acquisition, Z stacks were converted to two-dimensional 

maximum intensity projections and deconvolved using NIS Elements software (Nikon, Melleville, 

NY). 

 
Image analysis  
Image analysis was performed using the HALO image analysis platform equipped with a 

fluorescent in situ hybridization plug-in (Version 3.0, Indica Labs, Albuquerque, NM). Nuclei were 

quantified as DAPI-stained objects with the minimum cytoplasmic radius set at 5μm. Puncta 

corresponding to the respective mRNA probes were quantified as any 0.03-0.15μm2 object. We 

established a methodology to define cells specifically labelled by the respective probes above 

non-specific background. 1) We normalized the number of puncta per probe by dividing by the 

number of mRNA grains by total area analyzed (grains/area analyzed). 2) We then tested 

thresholds of 3x, 5x, 7x, and 10x above the puncta/area analyzed values based on our earlier 

RNAscope studies36. Examining the grains/area analyzed at 7-fold above the baseline (7x 

threshold) best optimized signal-to-noise in our datasets, providing accurate identification of 

appropriately labelled cells while minimizing non-specific signal. 3) We quantified the number of 

cells that reached this 7x threshold for each respective probe in a given sample. 4) To calculate 

the cellular density of positive cells, we divided the number of positive cells by the total area 

analyzed and converted to mm2 units.  

 

To generate heat maps showing distribution of cells positive for single or double expression of 

dopamine receptors, images were analyzed using the spatial analysis module on the HALO 
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platform. The previously described thresholds were also applied to account for background in the 

heat maps.  

 
Statistical analyses 
GraphPad Prism (version 9.20, San Diego, CA) and SPSS (Version 28.01.1, IBM, Armonk, NY) 

were used for all statistical analyses. One-way ANOVA followed by Tukey’s multiple comparison 

tests were employed to analyze differences in the density of positive cells across striatal 

subregions. Three-way ANOVA, followed by Tukey’s post hoc comparisons, identified potential 

interactions between DA receptor expression, striatal subregion, and position along the rostral-

caudal axis.  
 
 
Results 
 
Establishing RNAscope mapping of mouse striatum  
We comprehensively examined the mRNA expression of D1R, D2R, and D3R, three 

predominantly expressed striatal DA receptors, across entire striatal brain slices of adult mouse 

striatum via multiplex RNAscope. This enabled us to quantify expression of D1R, D2R, and D3R 

in key striatal structures: the caudate putamen (CPu), the NAc core (Core), the NAc shell (Shell), 

and the olfactory tubercle (OT) (Fig. 1). Moreover, we confirmed the specificity of the RNAscope 

approach in mouse striatum by testing pre-validated positive and negative controls 

(Supplementary Fig. S1).  

 

Spatial distribution of striatal Dopamine D1, D2, D3 receptor expression in singly- 
expressing medium spiny neurons 
We confirmed expression of D1R, D2R, and D3R throughout the striatum along both dorsal-

ventral and rostral-caudal axes. We identified discrete populations of MSNs that either express a 

single DA receptor subtype (D1R-only, D2R-only, or D3R-only) (Fig. 2, Supplementary Fig. S2) 

versus MSNs that co-express multiple receptor subtypes (D1/2R, D1/3R, D2/3R) (Fig. 3, 

Supplementary Fig. S3). Focusing on MSNs expressing only one DA receptor subtype (Fig. 2), 

there was a significant interaction between cell type, striatal subregion, and position along the 

rostral-caudal axis [F(17,790)=1.68, p=0.042]. Since we found no differences in cell densities of 

all MSN subpopulations tested according to sex (p>0.05), we combined both sexes in subsequent 

analyses.  
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D1R-only MSNs. D1R was robustly expressed throughout the striatum, which was especially 

evident in the extensive distribution of MSNs that solely express this receptor (D1R-only; Fig. 2A). 

We additionally discovered distinct patterns of D1R expression across both dorsal-ventral and 

rostral-caudal axes. Beginning in the most rostral section (Rostral 1), the density of D1R-only cells 

was greatest in the OT (Fig. 2B) compared to the other striatal subregions [F(3,58) = 6.24, 

p=0.001]. Closer analysis of the individual subsections of the Shell (e.g., medial, ventral, and 

lateral shell subsections; Fig. 1 inset) revealed that the differences in D1R-only cell density 

between the OT and Shell in the Rostral 1 section were primarily driven by the lateral NAc shell 

(p=0.016; Supplementary Fig. S2A). Moving caudally, significant differences in D1R-only cell 

density between the OT and other striatal subregions gradually diminished and ultimately 

disappeared by Rostral 3 and Caudal sections (p>0.05; Fig. 2C-E). 

 

D2R-only MSNs. Consistent with earlier work, D2R is widely expressed in the striatum and, 

similar to D1R-only cells, we identified MSNs that only express D2R (D2R-only; Fig. 2F). In the 

Rostral 1 section, we observed an overall significant difference in the distribution of D2R-only 

cells across the striatal subregions ([F(3,56) = 4.25, p=0.009]; Fig. 2F-J). There is a significantly 

lower density of D2R-only cells in the OT compared to the Shell (p=0.005; Fig. 2G). This is due 

to differences in D2R-only cell density specific to the medial NAc shell (p<0.0001; Supplementary 

Fig. S2E). Interestingly, moving caudally reveals trends in cell distribution that are the opposite to 

those of D1R-only MSNs. Specifically, moving caudally, D2R-only cell density decreases in the 

OT [F(3,41) = 3.88, p=0.02], Shell [F(3,133) = 24.23, p=<0.0001], and Core [F(3,37) = 8.09, 

p=0.0003). In contrast, CPu D2R-only cell density increases from Rostral 1 to Rostral 2 (p=0.014) 

and remains stable throughout the remainder of the rostral-caudal axis (Fig. 2I, J).  

 

D3R-only MSNs. We observed a distinct subpopulation of striatal D3R-only MSNs, albeit in far 

smaller numbers compared to D1R-only and D2R-only cells (Fig. 2L-O). The representative heat 

map analysis revealed small, dense pockets of D3R-only cells concentrated in the Shell and the 

OT, primarily within the IC (Fig. 2K). Unlike D1R- and D2R-only cells, we observed no differences 

in striatal distribution of D3R-only MSNs across either the dorsal-ventral or rostral-caudal axes 

(p>0.05; Fig. 2L-O, Supplementary Fig. S2I-L).  

 

Spatial distribution of striatal Dopamine D1, D2, D3 receptor expression in co-expressing 
medium spiny neurons  
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Our multiplex RNAscope studies also revealed several distinct striatal MSN subpopulations that 

co-express either D1 and D2 DA receptors (D1/2R), D1 and D3 DA receptors (D1/3R), or D2 and 

D3 DA receptors (D2/3R)(Fig. 3, Supplementary Fig. S3). We found no evidence of MSNs that co-

expressed all three DA receptors together, i.e., D1/2/3R. Threshold analyses ensured we did not 

double count cells (see Methods), enabling us to accurately distinguish MSNs that only express 

a single DA receptor from MSNs co-expressing multiple DA receptors. Quantification revealed 

that, while DA receptor co-expressing MSNs are clearly present throughout striatum, these cells 

are found in markedly lower numbers compared to MSNs that express single DA receptors. 

Interestingly, our analyses also demonstrated additional dorsal-ventral and rostral-caudal trends 

in cell distribution for the co-expressing neurons (Fig. 3). 

 

D1/2R MSNs. Quantification showed that D1/2R MSNs constitute approximately 10-25% of the 

total pool of D1R+ and D2R+ cells in striatum (Table 1). Of these co-expressing cells, there is 

significant enrichment in the OT that persists throughout the rostral-caudal axis. In more rostral 

sections (Rostral 1-3), the OT possesses as much as double the D1/2R MSN density compared 

to all other striatal subregions (Fig. 3B-D) [Rostral 1: F(5,54) = 3.954, p=0.004; Rostral 2: F(5,65) 

= 4.227, p=0.002; Rostral 3: F(5,63) = 3.309, p=0.01)]. Moving caudally, however, we observed 

a gradual decrease in the OT’s enrichment in D1/2R MSNs (Fig. 3B-E). Closer inspection of the 

Shell subregions revealed similar trends across the rostral-caudal axis (Supplementary Fig. S3A-

D).  

 

Along the dorsal-ventral axis, we examined the relative proportion of D1/2R neurons out of the 

total number of MSNs that express either D1R or D2R. Our analyses confirmed the relative 

abundance of D1/2R MSNs in the OT compared to other striatal subregions. Indeed, OT D1/2R 

MSNs constitute as many as 20-28% of the total number of D2R+ cells, while composing 12-16% 

of D1R+ cells in this region (Table 1). Besides the OT, we also observed changes in other striatal 

subregions along the dorsal-ventral axis. For example, in the Rostral 3 section, there is a 

significant increase in the proportion of D1/2R MSNs in the CPu versus the Shell relative to the 

total number of D1R+ cells (p=0.001). Additionally, in the most caudal section (Caudal), the 

proportion of Shell D1/2R MSNs relative to the total pool of D1R+ cells is significantly lower 

compared to other subregions including the CPu (p=0.014), Core (p=0.041), or the OT (p=0.007).  

 

We also find Shell-specific differences in relative densities of D1/2R MSNs along the rostral-

caudal axis. Out of the total number of D1R+ cells, there are significantly more Shell D1/2R MSNs 
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in the most rostral section (Rostral 1) compared to the most caudal section (Caudal) (p=0.011). 

In contrast, out of the total number of Shell D2R+ cells, there is a significantly higher proportion of 

D1/2R MSNs in the Rostral 2 section compared to Rostral 1 (p=0.046) (Table 1). Taken together, 

these data point to shifts in the distributions of co-expressing D1/2R MSNs across both dorsal-

ventral and rostral-caudal axes, suggesting predefined patterns of receptor expression.    

  

D1/3R MSNs. In contrast to the relatively small numbers of D3R-only MSNs, most striatal MSNs 

co-express D3R alongside D1R (D1/3R MSNs). Nevertheless, compared to D1/2R MSNs, D1/3R 

MSNs constitute a much smaller proportion of the total D1R+ MSN population, ranging from 0-7% 

based on the striatal subregion and position along the rostral-caudal axis (Fig. 3F-J, Table 1). 

Along the dorsal-ventral axis, there is OT enrichment of D1/3R MSNs in the Rostral 1 section 

[F(3,58)=5.564, p=0.002; Fig. 3G], with no further enrichment in the more caudal sections (p>0.05; 

Fig. 3H-J). Akin to D1/2R MSN distribution, the changes in D1/3R density along the rostral-caudal 

axis are exclusive to the Shell. Specifically, the proportion of Shell D1/3R MSNs out of total D1R+ 

neurons is higher in the Rostral 1 section compared to Rostral 2 (p=0.003), Rostral 3 (p=0.001), 

and Caudal (p=0.004) sections (Table 1).  

 

D2/3R MSNs. Of the three DA receptor co-expressing MSNs, D2/3R MSNs represent the smallest 

striatal subpopulation (Fig. 3K). Limited numbers of D2/3R cells are primarily expressed in the 

ventral striatum with no significant distribution in the CPu or Core. This pattern is present across 

all striatal sections throughout the rostral-caudal axis (Fig. 3L-O; Table 1).  

 
Discussion  

Striatal MSNs that co-express DA receptors are increasingly implicated in a variety of contexts, 

including reward-learning, decision-making, and goal-directed movement37, 38. Nevertheless, most 

evidence of DA receptor co-expressing MSN subpopulations has been indirect. Our use of 

multiplex RNAscope provides direct confirmation of multiple MSNs subpopulations in well-defined 

patterns. Using this approach, we have established a 3D map of DA receptor-expressing MSN 

subtypes in adult mouse striatum. Here, we find unique subpopulations of MSNs that co-express 

either D1/2R, D1/3R, or D2/3R. These co-expressing cells are heterogeneously distributed 

throughout the striatum along the dorsal-ventral and rostral-caudal axes. 
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There are well-defined relationships between striatal anatomy and function39. For example, 

functional differences have been described for distinct NAc subregions where DA transient 

release amplitude and frequency differ in the Core versus the Shell40. Regional differences in DA 

signaling have also been extensively documented in the context of drugs of abuse where the 

dorsal versus ventral striatum exhibit different molecular responses in assays of drug-seeking 

behavior41,42. Furthermore, post-cocaine DA transient releases produce distinct responses along 

a dorsal-ventral gradient in the striatum40. What signaling mechanisms can explain these 

differences? Traditionally, striatal DA signaling has been divided along a functional dichotomy 

between D1R+ and D2R+ MSNs. In fact, at a basal level, D2R+ MSNs exhibit increased excitability 

and higher spontaneous excitatory postsynaptic currents compared to D1R+ MSNs4. In the 

context of opioids, morphine differentially acts on D1R+ versus D2R+ NAc MSNs. Morphine 

increases glutamatergic synaptic strength in NAc D1R+ MSNs, while D2R+ MSNs show opposite 

effects12. Intriguingly, opioid-induced responses in D1R+ and D2R+ MSNs are heterogenous, 

raising the possibility of unique subpopulations of striatal cells. Indeed, electrophysiological 

differences between D1R+ and D2R+ MSNs are not uniform. In fact, measures of synaptic strength 

and glutamate release probability show a biphasic heterogeneity in both D1R+ and D2R+ 

populations12.  

 

Consistent with evidence of MSN heterogeneity, we hypothesized: 1) the existence of distinct 

subpopulations of MSNs that co-express multiple DA receptors, and 2) these co-expressing 

subpopulations exhibit unique anatomic distributions in striatum. Our data indeed demonstrate 

the existence of several MSN subpopulations that co-express either D1/2R, D1/3R, or D2/3R. 

Though these subpopulations constitute a minority of the total striatal MSN pool, we consistently 

observed DA receptor co-expression in specific striatal subregions in well-defined 3D patterns. 

We found that D1/2R MSNs are enriched in the OT compared to other striatal regions. Our 

findings corroborate and expand upon earlier work which similarly identified discrete MSN 

subpopulations along a dorsolateral-ventromedial gradient43. Using a combination of single-cell 

RNA sequencing and computational analysis, Stanley and colleagues focused on D1R and D2R 

MSNs and defined four discrete MSN subpopulations based on their transcriptional profiles and 

their relative striatal localizations: i) D1R-expressing MSNs, ii) D2R-expressing MSNs, iii) hybrid 

D1/2R MSNs, and iv) OT D1R MSNs located in the IC that are transcriptionally distinct from all 

other D1R+ striatal cells43.  
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The co-expression of different DA receptors in the same MSNs also raises a key question: does 

DA receptor co-expression confer unique properties compared to expression of either receptor 

alone? Computational models have proposed that D1/2R-co-expressing MSNs have distinct roles 

in reward-punishment-risk-based decision-making37. In the disease context, D1/2R MSNs are 

uniquely affected by dopaminergic deafferentation in preclinical models of PD44. However, the 

mechanisms by which D1/2R co-expression achieves these effects remain poorly understood. 

Earlier work suggests that co-expression of D1R and D2R leads to the formation of higher-order 

heteromeric complexes45. These D1/2R complexes may enable recruitment of downstream 

effector molecules (i.e., Gaq) that are different from those recruited to either D1R (Gas) or D2R 

(Gai/o) alone46. Functionally, D1/2R receptor heteromeric complexes have been implicated in 

cocaine-induced locomotion and self-administration47; these heteromers are also associated with 

anxiety-like and depressive-like behaviors48. Outside of the brain, D1/2R heteromers may also 

modulate pancreatic islet function49. However, the physiological relevance of DA receptors 

heteromers remains controversial as most of these studies relied on exogenous overexpression. 

This raises the possibility that D1/2R heteromers may not be relevant physiologically since 

endogenous levels are often far lower than the levels produced via heterologous overexpression. 

Indeed, other studies provide evidence against the existence of endogenously expressed D1/2R 

heteromers29, suggesting that the individual classes of receptors may operate independently of 

one another when co-expressed in the same cells. Nevertheless, irrespective of whether D1R 

and D2R form heteromers or primarily function independently of one another, our identification of 

MSNs endogenously expressing both D1R and D2R confirms that these cells are likely 

biologically relevant, with additional future work required to settle these controversies. 

 

Compared to D1/2R MSNs, much less is known about D1/3R or D2/3R MSNs and their roles in 

striatal function. We identified D1/3R co-expression primarily in the NAc ventromedial shell and 

IC. Though the functional relevance of D1/3R MSNs has not been comprehensively studied, a 

limited number of studies suggest that D1/3R co-expression serves as a buffering mechanism to 

temper the stimulatory signaling by D1R and inhibitory signaling by D3R50. Such D1/3R signaling 

is relevant to levodopa-induced behavioral sensitization in hemiparkinsonian rodents and has 

been hypothesized to play a role in the actions of antipsychotic medications50.  

 

Our results show the OT as a region where D1/2R co-expressing MSNs are significantly enriched. 

To date, the functions of the OT and the IC within remain poorly understood. Important clues 

come from the OT’s anatomy. As the most ventral striatal subregion, there are significant amounts 
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of dopaminergic signaling in the OT51. Moreover, D1R and D2R play opposing roles in functions 

mediated by OT, including in odor-conditioned reward responses52. We therefore hypothesize that 

D1/2R MSNs in the OT may represent a hybrid population producing responses intermediate 

between stimulatory D1R+ and inhibitory D2R+ MSNs. While D1/3R MSN function in the OT is 

unclear, D3R on its own is better characterized in this striatal subregion. OT D3R+ MSNs are 

enriched in the IC and play a critical role in grooming behavior in mice31. Thus, D1/3R MSNs may 

also represent a hybrid population that produces phenotypes intermediate to D1R and D3R that 

integrate their respective opposing DA signaling.  

 

To date, studies to dissect the respective roles of D1/2R and D1/3R subpopulations have been 

limited due to the inability to selectively target these subpopulations. Thus, most studies have 

been in vitro, relied on ectopic receptor overexpression, or on bacterial artificial chromosome 

(BAC) transgenic mice expressing fluorescent tags in D1R+ versus D2R+ MSNs, which has led to 

conflicting findings and unclear relevance in vivo12, 29, 53. The recent advent of intersectional 

genetic systems will facilitate future work to selectively dissect the functional relevance of co-

expressing MSN subpopulations throughout the striatum.  

3D mapping of D1R, D2R, and D3R expression across dorsal-ventral and rostral-caudal axes of 

the striatum revealed gradients of differential distribution for several MSN subpopulations, 

especially for co-expressing cells. This is best exemplified in D1/2R MSNs which exhibit a gradient 

of cell density which increases along the dorsal-ventral axis while decreasing along the rostral-

caudal axis (Fig. 4). What is the relevance of such gradients? Gradients are well-established 

features of brain development, including the striatum54. Indeed, gradients of signaling by 

morphogens such as sonic hedgehog (Shh) and Wnts are critical for striatal development and 

dorsal-ventral patterning54, 55. These gradients may also persist throughout adulthood56. 

Therefore, we hypothesize that these patterns of co-expressing neurons represent echoes of 

earlier developmental programs, reflecting persistent morphogenic gradients that gave rise to 

these specific subpopulations originally.  

Overall, our study provides a definitive characterization of DA receptor expression in adult mouse 

striatum. This reveals a much more heterogenous population of MSNs than previously 

appreciated and includes several distinct subpopulations of co-expressing striatal neurons. Our 

findings open the door to better understanding the functional relevance of these unique cell 

populations in the contexts of healthy and disease states.  
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Figure 1. Diagrams representing the brain regions analyzed.  (A) Coronal sections of mouse 

striatum were taken at Bregma -1.61 mm, referred to in the text and data as Rostral 1 (R1); -1.33 

mm, Rostral 2 (R2); -1.15 mm, Rostral 3 (R3), and 0.91 mm, Caudal (C). The respective striatal 

subregions are annotated as follows: olfactory tubercle (OT), nucleus accumbens (NAc), anterior 

commissure (aco), as well as the caudate nucleus and putamen (CPu). The inset demonstrates 

the NAc subregions that were analyzed: NAc medial shell (MS), lateral shell (LS), ventral shell 

(VS), and core (see Supplementary Figs. S2, S3). (B) Annotation of a representative RNAscope 

image of mouse striatum displaying the striatal regions analyzed. Scale bar = 500 µm.  
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Figure 2. Spatial distribution of striatal dopamine D1, D2, and D3 receptor expression in 
singly expressing neurons. Analyses of multiplex RNAscope data demonstrating dopamine D1, 

D2, and D3 receptor expression in key striatal structures (CPu, Core, Shell, OT) along dorsal-

ventral and rostral-caudal axes. (A) Representative heat map of the density of cells positive for 

D1 receptor (D1R) expression in singly-expressing neurons, showing robust D1R expression 

throughout the striatum, particularly in the OT. (B-E) Quantification revealed a progressive 

decrease in OT enrichment of D1R-only cells in a rostral to caudal direction through the striatum. 

(F) Representative heat map showing a robust distribution of cells expressing dopamine D2 

receptor (D2R) mRNA throughout the striatum along the dorsal-ventral axis. (G-J) Quantitative 

analysis showed a steady decrease in the density of D2R-only neurons in the Shell and OT 

moving caudally (*p<0.05, **p<0.01, ***p<0.001), while remaining stable in the Core and CPu 

(p>0.05). (K) Representative heat map of MSNs expressing dopamine D3 receptor (D3R) 

expression in striatal neurons. D3R expression was limited, aside from enrichment in selected 

subregions of the Shell and OT including within the Islands of Calleja (IC). (L-O) Quantitative 

analysis revealed uniformly low D3R expression in both dorsal-ventral and rostral-caudal 

directions (p>0.05). For Panels A, F, and K, scale bar = 1 mm; heat map legends represent the 

number of mRNA grains within a given cell. Mean ± SEM, n=6 mice for all conditions. *p<0.05, 

**p<0.01, ***p<0.001.  
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Figure 3. Spatial distribution of striatal dopamine D1, D2, or D3 receptor expression in co-
expressing neurons. (A) Representative heat map of MSNs co-expressing D1R/D2R (D1/2R). 

(B-E) Quantitation revealed that the highest density of D1/2R MSNs is in the OT. (F) 
Representative heat map showing the density of MSNs co-expressing D1R/D3R (D1/3R). (G-J) 
Quantitative analysis demonstrated preferential D1/3R co-expression in OT neurons that 

diminishes moving caudally (*p<0.05, **p<0.01). (K) Representative heat map of MSNs co-

expressing D2R/D3R (D2/3R) revealed limited pockets of co-expression in the NAc and OT. (L-
O) Quantitative analysis found low overall levels of D2/3R MSNs with no changes in distribution 

along dorsal-to-ventral or rostral-to-caudal axes (p>0.05). For Panels A, F, and K, scale bar = 1 

mm; heat map legends represent the number of mRNA grains within a given cell. Mean ± SEM, 

n=6 mice for all conditions. *p<0.05, **p<0.01, ***p<0.001. 
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Figure 4. Schematic demonstrating 3D patterns of MSN DA receptor co-expression across 
dorsal-ventral and rostral-caudal axes. Distribution patterns of striatal MSNs co-expressing: 

D1R and D2R (D1/2R), D1R and D3R (D1/3R), or D2R and D3R (D2/3R) in the caudate putamen 

(CPu), nucleus accumbens (NAc), anterior commissure (aco), and olfactory tubercle (OT). 

Changes in density were also assessed across a rostral-caudal axis (R1 = -1.61mm, R2 = -1.33 

mm, R3 = -1.15 mm, and C = 0.91 mm). The numbers on the scales represent the average 

positive cell density for each co-expressing receptor subpopulation.  
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Table 1. Percentage of dopamine D1, D2, and D3 receptors co-expressed in D1

+ and D2
+ 

MSNs across ventral-dorsal and rostral-caudal axes. 
 
 
 
 
 
 

Rostral 1 CPu Core Shell OT 
D1/D2+ out of 
total D1+ cells 

10.6 r 1.5 8.2 r 2.5 9.3 r 1.0 14.8 r 1.4 

D1/D2+ out of 
total D2+ cells 

6.7 r 1.9 6.0 r 2.2 6.5 r 0.8 21.2 r 2.2 

D1/D3 out of 
D1+ cells 

2.2r 0.9 0.0 r 0.0 7.0 r 1.9  7.4 r 2.3 

D2/D3+ out of 
D2+ cells 

1.2 r 0.5 0.0 r 0.0 1.9 r 0.5 5.0 r 2.1 

 
 

Rostral 2 CPu Core Shell OT 
D1/D2+ out of 
D1+ cells 

11.6 r 1.8 10.8 r 2.7 8.2 r 0.7 15.5 r 1.5 

D1/D2+ out of 
D2+ cells 

8.0 r 1.7 10.4 r 2.9 10.2 r 1.0 28.1 r 3.9 

D1/D3 out of 
D1+ cells 

3.3 r 0.9 0.1 r 0.1 1.9 r 0.4 7.1 r 1.8 

D2/D3+ out of 
D2+ cells 

3.8 r 1.1 0.0 r 0.0 1.8 r 0.5 2.7 r 0.8 

 
 

Rostral 3 CPu Core Shell OT 
D1/D2+ out of 
D1+ cells 

10.6 r 1.2 8.8 r 1.1 6.4 r 0.6 12.9 r 1.3 

D1/D2+ out of 
D2+ cells 

10.3 r 1.7 9.5 r 1.4 8.4 r 1.0 19.9 r 3.9 

D1/D3 out of 
D1+ cells 

0.8 r 0.4 0.0 r 0.0 1.2 r 0.3 3.6 r 1.1 

D2/D3+ out of 
D2+ cells 

1.6r 0.9 0.2 r 0.2 1.2 r 0.5 2.6 r 1.1 

 
 

Caudal CPu Core Shell OT 
D1/D2+ out of 
D1+ cells 

11.3 r 0.8 10.9 r 2.3 5.7 r 0.8 11.9 r 2.2 

D1/D2+ out of 
D2+ cells 

11.9 r 0.9 12.8 r 2.0 8.9 r 1.1 26.0 r 5.7 

D1/D3 out of 
D1+ cells 

0.8 r 0.3 0.1 r 0.1 2.1 r 0.6 3.9 r 0.8 

D2/D3+ out of 
D2+ cells 

0.4 r 0.2 0.0r 0.0 0.0r 0.0 0.2 r 0.2 

 

Table 1.1: Percentage of striatal medium spiny neurons that co-express dopamine receptors in rostral 1 section (Bregma-1.61mm)  

Table 1.2: Percentage of striatal medium spiny neurons that co-express dopamine receptors in rostral 2 section (Bregma -1.33mm)  

Table 1.3: Percentage of striatal medium spiny neurons that co-express dopamine receptors in rostral 3 section (Bregma -1.15mm)  

Table 1.4: Percentage of striatal medium spiny neurons that co-express dopamine receptors in the caudal section (Bregma +0.91mm)  
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