




Extended Data Fig. 9 | See next page for caption.



Article
Extended Data Fig. 9 | Hotspot gene modules across adult datasets. To 
further examine the relationship between the terminal classes across species, 
we projected gene co-expression modules that mark interneuron populations 
in one species onto other species using Hotspot29. Non-overlapping gene 
modules were discovered in each species, and the modules with the highest 
correlations to individual marker genes were selected for cross-species 
projection (Supplementary Table 1; see Methods). Marker genes are also plotted 
for reference. The species in which the module was discovered is always plotted 
on the left. a,b, Mouse Chat and Sst modules showed strong enrichment in the 

corresponding primate cell types. c–f, Human and marmoset CHAT and SST 
modules showed strong enrichment in the corresponding cell types across 
species. g,h, Mouse Tac2 and Th modules showed enrichment in primate  
Tac3 clusters, but with variable selectivity. i–l. Marmoset and human TAC3 
modules (i,k) showed enrichment in primate TAC3 clusters and expression in 
mouse Th and Sst/Npy clusters, while Marmoset and human TH clusters ( j,l) 
showed enrichment in mouse PTHLH/PVALB, supporting a distinction between 
primate and rodent TH populations.



Extended Data Fig. 10 | Comparison of adult inhibitory neuron terminal 
classes. a. Schematic demonstrating the cross-species scVI integration 
workflow, starting with how striatal inhibitory interneurons were identified 
and annotated from previously unlabelled marmoset HMBA data (see Methods). 
b. Integrated UMAP embeddings coloured by clusters for each primate species. 
New labels from HMBA Basal Ganglia taxonomy (from taxonomy’s “Group” 
level) are grey in far right panel. c. Dot plot showing the adult mouse cells from 
the ABC, now with the inclusion of CCK-expressing types which were detected 

in striatal dissections but annotated as cortical. This Cck type was predominantly 
annotated as class 06 CTX-CGE GABA subclass 049 Lamp5 Gaba, and Cck/ 
Vip was predominantly class 06 subclass 046 Vip Gaba. d. Integrated UMAP 
embedding coloured by LHX8/Lhx8 expression in each species. Small numbers 
of LHX8-expressing TAC3 types from Krienen et al. and Siletti et al. datasets 
co-embed with the HMBA TAC3/LHX8 cluster. e. SAMap homology as in Fig. 4, 
but using marmoset HMBA data. f. Abundance of the TAC3 type in each species, 
shown as a cell count ratio to each of the other major inhibitory interneuron types.
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection In generating data, software used included Leica LAX microscope control software, Illumina sequencer control software and bcl2fastq 
(bcl2fastq2) software.

Data analysis Scripts and annotation files for the study have been deposited on github at https://github.com/mdeber/Corrigan2024. 
 
Genes were quantified using CellRanger (v.7.0.1) count function. CellRanger output was input into Cellbender (v0.2.138) to remove ambient 
RNA. Doublets were removed using Scrublet (v0.2.3). Analysis of developmental data was done with Scanpy package (v1.9.4). 
 
Differential Expression of cortical and striatal TAC3 populations 
Differential expression analysis was performed using  decoupleR (v1.8.0) and pyDEseq1 (v0.4.12). 
 
Pseudotime calculation 
For pseudotime and trajectory inference, we converted anndata objects to R object with Zellkonverter (v1.14.1) and utilized the R package 
Slingshot (v2.16.0). Differential expression analysis across pseudotime between species was calculated using Tradeseq (v1.22.0). 
 
Following cell selection in each adult species, the data was reprocessed using a typical Seurat (v 5.0.3) pipeline. For cross-species integrations, 
we utilized scVI48 (scvi-tools v1.2.0). 
 
For all scVI integrations, we used scanpy (v1.10.3).  
 
For 6 pairwise directional comparisons between the 3 adult species, we ran tblastx (NCBI BLAST v2.9.0) and SAMap (v1.0.15; sam-algorithm 
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v1.0.2). 
 
Hotspot (hotspotsc v1.1.1) was used for unsupervised partitioning of genes into modules. 
 
Image Processing 
100x images are maximum intensity projections produced from volumes acquired on the confocal microscope, then brightness and contrast 
were manually adjusted in Fiji (v 2.14.0/1.54f) for publication. Image processing of scans was performed using Imaris v10.1.0 (Bitplane). Files 
were converted using the Imaris (v10) Converter.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The sequencing data have been deposited in the Gene Expression Omnibus under accession number GSE269902. Scripts and annotation files for the study have 
been deposited on github at https://github.com/mdeber/Corrigan2024. Developing macaque data used in this study is available from Schmitz et al. 2022 and is 
browsable at https://dev-inhibitory-neurons.cells.ucsc.edu/. Adult marmoset data used in this study was from HMBA and is available at https://
assets.nemoarchive.org/col-vdk0cmw. Adult mouse and human data used in this study is accessible from Allen Brain Cell Atlas (RRID:SCR_024440) https://
portal.brain-map.org/atlases-and-data/bkp/abc-atlas.

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or 
other socially relevant 
groupings

N/A

Population characteristics N/A

Recruitment N/A

Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size We collected data from a variety of placental mammals allowing us to examine approcimately 160 million years of evolutionary divergence. 
We included 3 glires, 3 primates, 3 laurasiatherians, and 2 Marsupials. Data was collected from as many individuals as were available for 
sequencing: 2 pig embryos, 3 ferret embryos, 2 opossum embryos, 2 sugar glider embryos, 2 litters of rat embryos, 3 rabbit embryos, and 30 
mouse embryos from 5 litters were pooled for sequencing. Data from 5 (developing macaque single cell sequencing, adult mouse single cell 
sequencing, adult human single cell sequencing, adult marmoset single cell sequencing, and adult mouse MERSCOPE) public datasets was 
utilized. Sampling was designed to maximize phylogenetic breadth while ensuring adequate cell coverage for each individual species. No 
sample size calculation was performed, as we do not attempt to test individual-level covariates (individual, sex, timepoint).

Data exclusions Excitatory neurons and their progenitors, as well as glia were filtered from the developmental datasets bioinformatically. This has been done 
in previous Nature studies, for example Krienen et al., 2020 and Schmitz et al. 2022. 
 
Data from the Micali, Ma, Li, et al. 2023 developing macaque atlas was subset to only contain cells annotated as "LHX6/CRABP1".   
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Adult mouse striatal interneurons cells were curated from the Yao et al. 2023 Allen Brain Cell (ABC) atlas class "08 CNU-MGE GABA" (n = 
18849 cells), which we subset further to include only striatal cells (anatomical_division_label = “STR”), comprised of 4785 cells derived from a 
single ABC dataset ("WMB-10Xv3-STR”). This dataset initially contained cells from ABC subclasses "054 STR Prox1 Lhx6 Gaba", "055 STR Lhx8 
Gaba", "056 Sst Chodl Gaba", “057 NDB-SI-MA-STRv Lhx8 Gaba”, and "058 PAL-STR Gaba-Chol", but upon further examination, we found that 
majority of cells from ABC subclass 057 originate from outside the striatum. Exclusion of subclass 057 resulted in a final dataset of 3586 cells. 
  
Adult human striatal interneurons were curated from the neuron dataset of the Siletti et al. 2023 atlas by first selecting for the ROI terms 
“Basal Nuclei (BN) - Body of the Caudate – CaB”,  “Basal Nuclei (BN) - Putamen – Pu”, and “Basal Nuclei (BN) - Nucleus Accumbens – NAC”, 
totaling 88044 cells. These cells were further subset to include only cells from supercluster terms "CGE interneuron" (n = 711), "MGE 
interneuron" (n = 238), or "Splatter" (n = 6716). The remaining 7665 cells were re-embedded (UMAP from 30 PCs) using 2000 variable 
features (Seurat “vst”) and re-clustered using Louvain (at arbitrary resolution 0.8) into 22 clusters. These clusters were used to further exclude 
putative MSNs based on MEIS2 expression, producing a final dataset of 6617 striatal interneurons. 
  
Adult marmoset striatal interneurons were curated from the Krienen et al. 2023 Marmoset Census dataset of 6249 striatal GABAergic neurons 
(“striatum.GAD”). Again we excluded MEIS2-expressing cells (in this case using marmoset census cluster “02”). Using the same method as 
adult human data, the remaining 3930 cells were re-embedded and clustered into 22 clusters, from which we identified 6 small clusters 
(totaling 551 cells) that appeared to be contamination from excitatory (SLC17A6- and SLC17A-expressing) neurons (possibly from doublets), 
which we excluded, leaving 3379 cells in the final dataset. 
 
We also utilized  an unannotated pre-release of the “Human and Mammalian Brain Atlas” (HMBA). This early pre-release contained 282806 
high quality curated cells, which we included in our initial set as well. To find homologous cells in this dataset specifically, we performed an 
initial scVI integration with all of the starting sets. For all scVI integrations, we used scanpy (v1.10.3) to find highly variable genes 
(flavor=”seurat_v3”, n_top_genes=4000, batch_key=”experiment”, subset=True) and we used an scVI model to integrate across 
“experiment” (so ignoring species commonality across the two marmoset datasets) with a covariate for the individual donor animals to model 
donor effects, and we trained with n_hidden=256, n_latent=64, n_layers=3, and dispersion=”gene_batch” for 250 epochs. To annotate HMBA 
cells that did not integrate with the homologous types, we found k=10 nearest neighbors on the scVI latent space, and clustered using scanpy 
leiden (flavor=”igraph”, resolution=1, n_iterations=2), and we calculated the “experiment” entropy for each cluster (scipy.stats.entropy; scipy 
v1.11.2). After manually examining the consequences of using different cutoffs, we removed any HMBA cells that were present in clusters 
with entropy<0.1 (which were clusters that generally failed to incorporate non-HMBA cells). This pre-filtering removed 267945 cells (94.7% of 
total), leaving 27737 cells. 
 
For cross-species integrations, we utilized scVI48 (scvi-tools v1.2.0). We used the same set of striatal inhibitory interneurons from Krienen et 
al. 202324 (marmoset) and Siletti et al. 202328 (human) as selected above. However, after preliminary version of the analyses described 
below, we dropped a mixed cluster of 98 marmoset cells and a cluster of 575 putatively hypothalamic or mixed human cells, as these never 
showed cross-species homologies and are unlikely striatal, leaving a final set of 3281 marmoset and 6042 human cells. We used a similar set 
of cells from Yao et al. 2023 (mouse) as detailed above, but for the sake of comparative analysis, we also expanded the set of mouse cells to 
include any cell found in the ABC class ‘08 CNU-MGE GABA’ subclass ‘055 STR Lhx8 Gaba’ (which included cells from hypothalamus, pallidum, 
and sAMY dissections). We also included in the starting set any GABAergic or cholinergic cells that were derived from striatal dissections, 
which included cells the ABC atlas had annotated as being non-striatal, although we excluded cells from class '09 CNU-LGE GABA' and '05 OB-
IMN GABA'. These additional inclusions produced a set of 3770 mouse cells (or 184 additional cells than the original mouse set). However, to 
allow proper modeling of donor effects in our scVI model, we also removed any cells from donors that contributed <30 cells, which left 3553 
cells (and removed nearly all cells from sAMY dissections). 

Replication Single cell RNA sequencing findings were verified across multiples species and ages of samples when available. These data were further 
compared against data from public datasets. Immunofluorescence and RNA scope microscopy was used to corroborate findings. RNAscope 
and immunofluorescence assays were performed successfully at least twice on nonconsecutive sections and when available, using multiple  
timepoints or individuals.

Randomization Randomization was not relevant to this study. The study did not involve experimental groups or treatment.

Blinding Blinding was not relevant to this study. The study did not involve experimental groups or treatment. Samples were known during the 
processing for logistical reasons. Analysis was based on unbiased computational methods and staining.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging
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Antibodies
Antibodies used RFP 

Rabbit 
Rockland 
600-401-379 
1:1000 
 
Goat anti-Rabbit IgG Alexa Fluor Plus 594 
ThermoFisher Scientific 
Ref: 32740 
Lot: UD286650 
1:500

Validation Antibody is commercially available and has been widely used, it is pre-adsorbed to minimize cross-reactivity, allowing high specificity 
and sensitivity. Antibody was used on large tissues and the entire section of mouse brain tissue. The antibody is thus internally 
controlled by expected anatomical distribution and subcellular localization. No off-target staining was observed (Extended Data Fig. 
p,r,t). 
 
Manufacturer performed assay by immunoelectrophoresis which resulted in a single precipitin arc against anti-Rabbit Serum and 
purified and partially purified Red Fluorescent Protein (Discosoma).  No reaction was observed against Human, Mouse or Rat serum 
proteins.

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals Mouse experimental model and subject details 
The Nkx2.1-Cre;Ai14 mouse line is the result of crossing the C57BL/6J-Tg(Nkx2.1-cre)2Sand/J (“Nkx2.1-Cre”; Jackson Laboratory stock 
no. 008661) and B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (“Ai14”; Jackson Laboratory stock no. 007914) strains. Mouse 
housing and husbandry were performed in accordance with the standards of the Laboratory Animal Resource Center (LARC) at UCSF. 
Mice were group housed in a 12 h light/dark cycle, (temperature, 19-23 C̊; humidity, 30-70%) with access to food and water ad 
libitum. Nkx2.1Cre;Ai14 mice were crossed, and the date of a positive vaginal plug was considered as E0. Pregnant dams were 
sacrificed, and the embryonic brains from their litters were extracted and assessed for tdTomato fluorescence, at the following 
developmental stages: E15 (n=16 embryos from two litters), E17 (n=7 embryos from one litter) and E18 (n=5 embryos from two 
litters).  
 
Rat housing and husbandry were performed in accordance with the standards of the LARC at UCSF. Rats were group housed in a 12 h 
light/dark cycle, with access to food and water ad libitum. Long Evans outbred rats were purchased from Charles River (Strain code 
006). After rat crossing, the day of positive vaginal plug was considered E0. Pregnant dams were sacrificed, and the embryonic brains 
from their litters were extracted at E18 and brains from two litters were pooled for sequencing. 
 
Ferret samples (P1, P14, P22 and 33 months of age) were a gift from the University of Iowa National Ferret Resource and Research 
Center. New Zealand white rabbit embryos (N = 3, E23) were obtained from BioIVT.. 
 
 
Opossum samples (n = 2, P20) come from a pedigreed, breeding colony of gray short-tailed opossums (Monodelphis domestica) that 
was established by founder individuals purchased from the Southwest Foundation for Biomedical Research, and is maintained by the 
Sears Lab at University of California Los Angeles. Opossums were euthanized by CO2 inhalation to effect, followed by decapitation. 
 
Sugar glider(n = 2,  P40) experiments were performed at Princeton University. Captive-born, adult sugar gliders were purchased via 
the US pet trade and subsequently housed in a breeding colony at Princeton University. Animals are fed a diet of dried food, fruits, 
and protein daily, and are housed in breeding pairs or trios. The colony is kept under a 12 h–12 h light–dark cycle (temperature, 20–
27°C; humidity, 30–70%). Adult female sugar gliders are checked for pouch young by manual palpation of the maternal pouch and 
visual inspection. Pouch young identified during inspection are collected by briefly anaesthetizing the mother with isoflurane and 
gently everting the pouch to expose the neonate. Joeys are gently detached from the nipple, euthanized and processed in the 
laboratory. More details about the sugar glider colony and husbandry can be found in Feigin et al 202335.  
 
Sections from P2 naked mole rat were a gift from S. Villeda (University of California San Francisco). 

Wild animals Harbor porpoise (Phocoena phocoena) brain samples were collected from stranded individuals by The Marine Mammal Center and 
obtained under the National Marine Fisheries Service (NMFS) Permit No. 23922

Reporting on sex Samples were randomly collected and include a mix of both sexes, but we do not determine sex during our analysis as it is not 
relevant to our study on conservation of cell types. 

Field-collected samples For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature, 
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight All animal procedures conducted in this study followed experimental protocols approved by the respective institutions. Mouse 
procedures conducted in this study followed experimental protocols approved by the Institutional Animal Care and Use Committee 
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(IACUC) of the University of California, San Francisco (UCSF). Rat procedures conducted in this study followed experimental protocols 
approved by IACUC at UCSF. Rat housing and husbandry were performed in accordance with the standards of the LARC at UCSF.Pig 
procedures were performed in accordance with the standards of the Animal Welfare Act, carried out under the Association of 
Assessment and Accreditation of Laboratory Animal Care (AAALAC) approved conditions and followed experimental protocols 
approved by IACUC at the University of California, Davis. Opossum procedures are in accordance with the AVMA Guidelines for the 
Euthanasia of Animals 2013, and all animal procedures were approved by the UCLA IACUC. Sugar glider (Petaurus breviceps) 
experiments were performed with the approval of the IACUC committee at Princeton University. New Zealand white rabbit embryos 
were obtained from BioIVT and procedures were performed in accordance with the standards of the Animal Welfare Act (USDA # NY-
TEC-0004) and carried out under the Association of Assessment and Accreditation of Laboratory Animal Care (AAALAC). Ferret 
samples (P1, P14, P22 and 33 months of age) were a gift from the University of Iowa National Ferret Resource and Research Center 
and were collected under experimental protocols approved by the IACUC of the University of Iowa.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches, 
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the 
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe 
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor 
was applied.

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If 
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Authentication Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to 
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism, 
off-target gene editing) were examined.

Plants




