Response to Reviewers 

We sincerely thank the reviewers and editor for their helpful comments as they have significantly strengthened our manuscript. Below, we have outlined our responses (in red) to the reviewers on a point-by-point basis. 


Reviewer #1

The main comment on the manuscript is that it is not clear how much of an advance this work makes based on the extensive past work in the literature. Decades of work have used binding studies to examine the spatial profile of dopamine receptors across striatal regions. While not at the single cell level, a substantial amount of work has been done to map the profile of receptors in the dorsal striatum, nucleus accumbens and olfactory tubercle. Thus, while the detailed RNAscope mapping of receptors adds to this past literature, the present results from much of Figures 1-4 largely support past findings. 

We thank the reviewer for their comments, however we must respectfully disagree with their conclusions. While it is true that there has been previous work mapping striatal dopamine (DA) receptors, much of this work relied on approaches such as autoradiography which relies on the binding of radioisotope-labeled receptor-selective ligands to delineate the spatial distributions of the target receptors. Nevertheless, this earlier work has key limitations which we now note in the Introduction. These limitations have included the inability to accurately resolve receptor distribution at the single cell level. Just as importantly, many of the DA receptor-targeted radioligands have traditionally been limited in their selectivity, especially between DA D2-like receptors. Furthermore, others have employed RT-PCR and electrophysiology to characterize different DA receptors in striatal neurons in isolation, losing spatial specificity. Altogether, these previously used methods lack the single-cell resolution that we have provided using our RNAscope-based approach. Consequently, with our newfound single-cell resolution, we provide one of the first comprehensive, three-dimensional spatial maps of DA receptor expression in the adult mouse striatum at a single-cell level. Indeed, this single-cell resolution has enabled us to definitively identify and map subpopulations of spiny projection neurons (SPNs) that co-express multiple DA receptors, providing an important resource to the research community.


In addition, a major question from this transcriptomics work is that it remains unclear what functional impact the co-expression of multiple receptors has on this system. 

We agree with the reviewer about the need for further functional characterization of the multiple receptor types. However, we estimate an additional ~2 years of work to generate the genetic animal and cellular models needed to answer this question definitively, making it very difficult to address this point in a timely manner within the scope of our current work. 


As the current approach only maps transcriptomics, the relative receptor protein expression remains unclear. As such while the current results suggest some overlap of multiple receptor types in MSNs, how much the co-expression functionally impacts cellular function is not clear. 

We appreciate the reviewer’s point which raises an important longstanding limitation of the field, namely the lack of DA receptor-specific antibodies. This has prevented studies to label and therefore map DA-receptor expression at the protein level. The recent advent of RNAscope allows us to circumvent this previous limitation, at least at the mRNA level. We more clearly discuss this limitation in both the Introduction and Discussion of the revised manuscript. 

Lastly, while the striatal cell types in human disease risk may be interesting, this section was poorly described and difficult to assess. It would seem that this portion of the manuscript needs to either be expanded substantially or perhaps removed from this paper and presented on its own.

We respect the reviewer’s opinion. However, this comment is at odds with at least one of the other reviewers, who described this section as a strength of the study. Our intention was to translate our SPN data to a clinically relevant data analysis. We hope that this opens the door to much deeper, more comprehensive analyses in our future work. 

Reviewer #2

In general, the experiments appear to have been conducted in a rigorous way and the information about the spatial distribution of the different SPN subtypes should prove valuable to the community. The more in-depth analysis of the eSPN subtype should also prove to be of value. The authors also should be commended about their attempt to use existing databases and more detailed transcriptomic analysis to provide some potential functional relevance to their work. The study should be a resource for workers in the field. I have only a few relatively modest concerns.

We thank the reviewer for their kind words and agree with their assessment of how this resource can be of value to the overall research community. 

Major concerns:
The experiments were done with 8-14 week old mice. Although reproductively mature, these are still relatively young mice. It's worth commenting on the potential impact of age on the classification of cells.

We appreciate the reviewer’s point. We now comment on this potential age-related limitation and briefly discuss the potential impact on the classification of cells in the Discussion of the revised manuscript. 

The relationship between the RNAScope grain count and actual mRNA abundance is not clear. It would have been valuable to extend the categorial scale of measurement to a higher level. This would have allowed other informative comparisons to have been made. For example, in cells that co-express mRNA for D1 and D2 or D3 receptors, are the levels of D2/D3 mRNA expression similar to those that only express D2 or D3 receptor mRNA?

We thank the reviewer for raising this important point. As a result, we have now conducted a new analysis examining Drd1a, Drd2, and Drd3 mRNA abundance in the different singly-expressing and co-expressing striatal SPN subpopulations. As suggested, this has allowed us to further compare cells that co-express D1R, D2R, or D3R versus their singly-expressing counterparts. These new data are now included in the revised manuscript as the new Figure S7. 

The authors missed the most definitive work on DA receptor co-localization in SPNs - Surmeier et al., 1996. DOI: 10.1523/jneurosci.16-20-06579.1996. It is based upon single cell RT-PCR; it is also the most relevant because it looked beyond D1 and D2 receptors, showing co-localization of D1 and D3 receptors. Lastly, it is important to separate those studies using immature SPNs from the others, given the fact that expression is often 'exuberant' in neurons that are not fully differentiated.

We apologize for this oversight and thank the reviewer for bringing this work to our attention. We now discuss Surmeier et al., 1996 in the revised Discussion. 

Lastly, the authors are well aware of the fact that the relationship between mRNA and protein is not straightforward, particularly in cases where copy numbers are low. It would be valuable for the authors to discuss this potential limitation of their work, given the scale of measurement issue described above. The issue of quantitation also applies to other approaches, like RNASeq - something worth at least discussing. This discussion is more relevant to the paper than the highly speculative discourse on heterodimers.

We also thank the reviewer for bringing this to our attention. We now also include these important points in a new section on potential limitations within the revised Discussion. 

Minor concerns:
The statement: 'In the disease context, D1/2R SPNs are uniquely affected by dopaminergic deafferentation in preclinical models of Parkinson's disease' is non-sense and should be deleted.

We have now deleted this sentence. 

The authors are correct in pointing out the controversial nature of the work on D1/D2 receptor heteromers. There is no compelling evidence for them in native expression systems. That said, there is evidence that in SPNs these two receptors operate in different concentration ranges of dopamine. This difference, along with differences in sub-cellular distribution could provide a rationale for co-expression.

We appreciate the reviewer’s comment and now briefly discuss this excellent point in the revised Discussion. 

Reviewer #3

1. The authors nicely show how these dopamine receptor SPN populations track across the striatum including subregions and axes. However, it would also be helpful to see a comparison between the cell types within one striatal subregion/axes either in a pie chart or bar graphs to compare relative levels of these cell types across striatal regions.

We thank the reviewer for their comments and completely agree. As suggested, we now include a new figure, Figure S5, which features pie charts that compare relative levels of the different SPN subpopulations across striatal subregions. 

2. Please include individual data points in each bar graph in figures 2, 3, and 5 so the readers are able to see the variation in the data.

As suggested, we have now edited the bar graphs to show individual data points in Figures 2, 3, and 5. We have similarly included individual data points in the related bar graphs within the respective supplementary figures.

3. The authors claim that there are no sex differences except for the IC. However, n= 3 per sex is not sufficient power to detect sex differences. This limitation should be noted in the discussion.

We agree with the reviewer and now discuss this limitation in the revised Discussion. 

4. The authors provide some descriptions of Foxp2 levels when describing Figure 7. However, the figure lacks quantification. I think a reader would gain a better understanding of the outcomes of the FoxP2 analysis with quantitative data included in this figure. It would also be helpful to include a similar analysis in Fig 2-4 to the Foxp2 data set and compare this to the D1/D2 data set. Without quantification the figure currently provides little information to the reader.

We thank the reviewer and agree with these suggestions. Consequently, we have now conducted a larger, more in-depth quantitation of striatal Foxp2 expression. The new analysis confirmed that Foxp2 is enriched in D1/2R-co-expressing SPNs. However, we now also find that Foxp2 is also enriched in D1R-only SPNs, in addition to D1/2R-co-expressing cells. As a result, Foxp2 appears to be a marker of SPNs that express D1R more generally. Thus, in the revised manuscript, we have excluded the statements claiming Foxp2 as a definitive marker for D1/2R co-expressing SPNS. Rather, we note its potential role as a spatial marker of D1R+ cells more generally (including D1/2R and D1R-only SPNs). 

5. The integration of multiple sn-RNA/ATAC-seq data sets is commendable as is the convergence with the RNAscope to better understand the eSPN population. It is also appreciated that the authors try to link their cell analysis with human disease risk. These are strengths of the study. However, additional insight into these cell types at a functional level would increase the impact of the study. It is understood that there are many previous functional studies into these cell types. However, further characterization perhaps of one of the eSPN populations would enhance the impact of this study.
         
We thank the reviewer and absolutely agree. While these studies are underway in our lab, we estimate an additional ~2 years to generate and test the animal and cell models to provide the requested data. Given these time limitations, we therefore believe that the functional studies may be outside the scope of the current work and instead note the inclusion of such functional data in future studies. 

Minor:
1. Please define IC in the main text. This is defined in the figure legends but seems ot be missing from the text.

We now include the definition of IC in the text. 

2. The authors should use terms like substance use disorder or addictive drugs to replace drug abuse and drugs of abuse. 
 
We thank the reviewer for bringing this to our attention. We have now edited mention of “drug abuse” to the terms suggested. 
