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A marmoset brain cell census reveals persistent influence of developmental origin on neurons
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Abstract:

Within the vertebrate neocortex and other telencephalic structures, molecularly-defined neurons tend to
segregate at first order into inhibitory (GABAergic) and excitatory (glutamatergic) types. We used single-
nucleus RNA sequencing, analyzing over 2.4 million brain cells sampled from 16 locations in a primate
(the common marmoset) to ask whether (1) neurons generally segregate by neurotransmitter status, and
(2) neurons expressing the same neurotransmitters share additional molecular features in common,
beyond the few genes directly responsible for neurotransmitter synthesis and release. We find the answer
to both is “no”: there is a remarkable degree of transcriptional similarity between GABAergic and
glutamatergic neurons found in the same brain structure, and there is generally little in common between
glutamatergic neurons residing in phylogenetically divergent brain structures. The origin effect is
permanent: we find that cell types that cross cephalic boundaries in development retain the transcriptional
identities of their birthplaces. GABAergic interneurons, which migrate widely, follow highly specialized
and distinct distributions in striatum and neocortex. We use interneuron-restricted AAVs to reveal the
morphological diversity of molecularly defined types. Our analyses expose how lineage and functional
class sculpt the transcriptional identity and biodistribution of primate neurons.
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One-Sentence Summary: Primate neurons are primarily imprinted by their region of origin, more so
than by their functional identity.

Main Text:

The complex functional heterogeneity of the primate brain has its basis, in part, in the diversity of its
cellular and molecular repertoire. Here, we provide a census of cell types across major cortical and
subcortical structures in the adult marmoset brain. Previous single cell sequencing studies of the
marmoset brain focused on single brain regions (7, 2), or on specific cell classes across regions (3, 4).
However, inclusion of both closely and distantly related brain structures and cell types can yield insights
into the developmental and ontological relationships between them (5). While comprehensive
transcriptomic atlases exist for the mouse (6, 7), less is known about the landscape of brain cell types in
primates.

We generated single-nucleus RNA sequencing (snRNA-seq; 10x Genomics 3’ v3.1) data from 2.4 million
unsorted nuclei across 8 cortical and 8 subcortical locations from 10 young adult marmosets (4 M, 6 F),
and resolved clusters from all major neuronal and non-neuronal cell classes. snRNA-seq data are
available on the Brain Initiative Cell Census Network (BICCN) website as well as the NeMO archive
(https://nemoarchive.org/data/). We used smFISH to spatially profile major interneuron types in striatum
and neocortex in marmosets that had received systemic delivery of AAVs carrying a reporter (GFP) under

an interneuron-selective regulatory element (8). This enabled molecular identification of morphologically
reconstructed neurons, which are available for download from the Brain Image Library (BIL;
https://www.brainimagelibrary.org/).

All brain structures in the central nervous system contain excitatory and inhibitory neuronal populations,
though proportions may vary widely. We found that the transcriptional identities of excitatory and
inhibitory neurons within telencephalic brain structures segregate strongly. In contrast, there is much
greater transcriptional similarity between GABAergic and glutamatergic neuronal types in non-
telencephalic compartments. Moreover, few distinctions present in telencephalic glutamatergic neurons
are shared with glutamatergic neurons in non-telecephalic brain regions. The adult transcriptomic identity
of a neuron is shaped much more by its developmental identity than by its signaling repertoire.

Compared to mouse or other outgroup species, few primate lineage-gained cell types have emerged;
likely more common is the redirection, repurposing, or elaboration of conserved types (2, 9—12). We find
that a recently discovered, primate-specific striatal interneuron type (3) is molecularly similar to other
TAC3 expressing types in the basal forebrain and hypothalamus. The similarity between diencephalic and
telencephalic subtypes suggests that this could be an example of cross-cephalic vesicle migration. In
general, we find that neurons that cross cephalic boundaries retain the transcriptional identities of their
origins.

A transcriptomic taxonomy of marmoset brain cell types

snRNA-seq from each brain region (Fig. 1A) was first analyzed independently to identify major cell types
and their proportions (Fig. 1B-D). Briefly, using linear discriminant analysis (scPred; (3)) trained on a
supervised set of cell class labels, we identified and discarded low quality cells and doublets, and assigned
each nucleus to its probable major type — astrocyte, endothelia, ependyma, microglia/macrophage,
neuron, oligodendrocyte, or oligodendrocyte precursor cell (OPC). For non-neuronal cells, we aggregated
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cells across brain structures for each class and clustered them together to resolve their cellular taxonomies
within and across brain structures. GABAergic and glutamatergic neurons from cortical regions were
classified and clustered separately. Each clustering analysis involved additional curation of doublets and
outlier cells, followed by a round of sub-clustering of major clusters. For each cluster, a “metacell” was
generated that represented scaled and normalized expression of cells in the cluster, which was the starting
point for downstream, cross-region analyses.

Regional expression fingerprints differ between neocortical neurons and glia

The mammalian neocortex is partitioned into functionally, connectionally, and cytoarchitectonically
distinct regions, called areas. A longstanding question is the ontological relationship between cell types in
different cortical brain areas. We examined regional distinctions in proportions and gene expression of
cell types from 2.4 million nuclei sampled across 8 cortical locations (Fig. 1A). Consistent with prior
reports (3, 6, 10, 14), neuronal subtypes identified in one cortical region were generally present in all
other cortical regions, though in different proportions (Fig. 1C,D). There were two main exceptions.
GABAergic MEIS2+ cells were far overrepresented in PFC samples (specifically in dissections of medial
and medio-orbital PFC, Fig. 1E,F), a compositional distinction not observed in mouse (6, /4). These cells
likely correspond to the recently described population of LGE-derived MEIS2+ neurons that populate the
olfactory bulb in mice, which are instead directed to medial prefrontal cortex in macaques and humans
(12). The second exception was a cluster of RORB+, KCNH&8+ glutamatergic neurons in V1 (and to a
lesser extent V2) that diverged strongly from RORB+ populations in the other cortical regions (Fig.
1E,F). The expansion and divergence of RORB+ populations in visual cortex is consistent with the
elaboration and sub-specialization of primary V1 layer IV in primates (/5).

We resolved 4 clusters of cortical astrocytes, including 2 protoplasmic (AST01-Ctx_ RORA and
AST02 Ctx APOE) and 2 fibrous clusters (AST03-Ctx GFAP and AST04-Ctx GRIK?2), determined to
be fibrous or protoplasmic based on expression of GFAP and other marker genes (Fig. 1F) (/0). The
ASTO04-Ctx_GRIK2 cluster was 5-fold enriched in V1 (enrichment calculated as the proportion of cluster
in region / proportion of cluster in the whole cortex) and 2.5-fold enriched in V2 (Fig. S1A). In contrast to
astrocytes, the oligodendrocyte lineage was more regionally homogenous (Fig. S1A). We resolved 1
oligodendrocyte precursor cell (OPC) cluster (OPC-Ctx PTPRZ1), 1 committed oligodendrocyte
precursor (COP) / newly-formed oligodendrocyte (NFOL) cluster (COP-NFOL-Ctx PCDH?7), and 3
mature or myelin-forming oligodendrocyte clusters (MOL1-Ctx PEXSL, MOL2-Ctx PLP1, and MOL3-
Ctx_PCDHY7) (Fig. 1F). All clusters were present in similar (fold change < 2) proportions across cortical
regions, except for the OPC cluster, which was ~4-fold depleted (relative proportion of OPC-
Ctx_PTPRZ1 in V1 to cluster in whole cortex < 0.25) and the MOLS3 cluster, which was >2-fold
increased in V1 (Fig. S1A). This prompted us to investigate the normalized abundance (to astrocytes, as
their abundance is relatively consistent across regions) of OPCs across cortical regions, which averaged
30% across all regions. We observed an increased OPC:astrocyte ratio in temporal association and
prefrontal regions (temp_tpo = 48.1%, temp = 38.2%, pfcdl = 35.6%), and decreased OPC:astrocyte ratio
in V1 (24.7%), V2 (25.0%), M1 (25.8%), and A1 (26.7%). These differences may represent regional
specializations in the population of OPCs on hand to perform functions such as neuron-OPC synaptic
communication or adaptive myelination, which play important roles in neuronal signaling and cognitive
functions (16, 17).


https://doi.org/10.1101/2022.10.18.512442
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.18.512442; this version posted October 19, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Gene expression varies in broad macroscale spatial gradients across the neocortex, and spatial proximity
is a strong predictor of transcriptional similarity (/8). Broad functional classes, such as the distinction
between sensory and higher order areas, also configures neocortical gene expression (18, 79). While
spatial gradients may emerge at the aggregate level, it is unclear whether cell types within a cortical
region vary uniformly, or whether different types follow distinct spatial rules. Differences in cortical
regional expression could be shared across cell types or could be private to each type. Glutamatergic
neurons sampled from distinct cortical locations have regionally distinct gene expression (/4), and
primate cortical GABAergic interneurons also harbor regional gene expression differences (3). Glial types
— particularly astrocytes — are heterogenous across the major cephalic subdivisions in mouse (2, 7, 20, 21)
and primate brain (4); but the extent to which they are locally customized in distinct regions of neocortex
is less well understood. Transcriptomic profiling in the mouse has revealed layer-specific astrocyte
subpopulations in the cortex (22) and heterogeneity within cortical and hippocampal astrocytes (23), but
these studies did not systematically compare astrocyte transcriptomes within distinct cortical subregions.

To address whether cortical regional variation in gene expression is shared across cell types, we
performed pairwise comparisons between major clusters of cortical excitatory neurons (11 types),
inhibitory neurons (8 types), astrocytes (2 types) and oligodendrocyte lineage types (2 types), sampled in
8 neocortical locations. All cell types displayed regionally differentially expressed genes (rDEGs) (Fig.
S1-S6). Similar to what has been described in the mouse cortex (22, 23), astrocytes within the marmoset
cortex exhibited regional heterogeneity (Fig. S1E), but overall neurons had far more rDEGs than
macroglia (Fig. 1G,H; Fig. S1B). 62% of rDEGs in interneurons are also rDEGs in excitatory neurons.
Interestingly, though cortical astrocytes and oligodendrocytes arise from a common lineage with cortical
excitatory neurons (24), they shared a lower percentage of rDEGs in common with excitatory neurons
(38% for protoplasmic astrocytes, 28% for fibrous astrocytes, 33% for MOLs, 54% for OPCs).
Regionally differentially expressed genes within a cell class (glutamatergic, GABAergic or astrocyte,
oligodendrocyte lineage) tend to be biased in the same regions across subtypes within that class.
However, certain subtypes and regions accumulated more rDEGs than others. Across all cell types and
particularly within neurons, higher-order temporal association cortex and prefrontal cortex tended to be
most distinct from V1 and V2 (Fig. S1B,C).

Developmental lineage, not neurotransmitter usage, defines transcriptional identities

Transcriptomic diversity arises from a number of sources, including a cell’s function, developmental
origin or lineage, and regional context. The neurotransmitters employed by a neuron are assumed to be
fundamental to its identity and function. In the vertebrate central nervous system, glutamate is the primary
excitatory neurotransmitter, while GABA or glycine are inhibitory. Within the neocortex and other
telencephalic structures, transcriptomically-defined neuron types hierarchically group first into
GABAergic types and glutamatergic types (2, 7, 20), a distinction that reflects these types’ distinct
developmental origins. In the mouse, other structures such as those found in the diencephalon and
mesencephalon similarly segregate initially by GABAergic and glutamatergic status (7).

To evaluate how neurotransmitter utilization, developmental origin, brain structure, or other dimensions
exert influence on adult primate neuronal transcriptomes, nuclei were clustered by brain region for each
of 9 structures: cerebellum, brainstem, hypothalamus, thalamus, amygdala, striatum (including caudate,
putamen and nucleus accumbens/ventral striatum), hippocampus and neocortex (collapsing all 8
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neocortical samples into one). We resolved 288 neuronal types after excluding doublets and artifactual
signals. We summed transcript counts individual cells of each type together, and generated 288
normalized and scaled “metacells”. Hierarchical clustering was used to position the neuronal types on a
single dendrogram using a correlation-based distance metric across 5,904 genes expressed above nominal
levels (>10 transcripts per 100,000) in these cell types (Fig. 2A).

One possibility is that neurotransmitter deployment is fundamental to a neuron’s transcriptional identity,
and constitutes a core transcriptional phenotype that is shared across all neuronal types that utilize that
neurotransmitter. For example, inhibitory neurons, which use GABA as a primary neurotransmitter, may
be globally more similar to each other transcriptionally than they are to glutamatergic neurons across all
brain regions sampled. An alternative possibility is that since the molecular machinery to synthesize,
package, and release different neurotransmitter types require only a modest number of genes, other
aspects of a neuron’s identity such as its origin, lineage, projection phenotype, or function may play a
more dominant role in configuring global patterns of gene expression.

First, we plotted the brain region of origin for each cell type (Fig. 2; Fig. S7). During embryogenesis, the
neural tube forms vesicles that eventually give rise to mature cephalic subdivisions (telencephalon,
diencephalon, mesencephalon, metencephalon, and myelencephalon). Major branches of the dendrogram
largely partition by cephalic vesicle: most telencephalic types (neocortex, amygdala, hippocampus,
striatum) cluster distinctly from diencephalic and hindbrain types, suggesting that developmental lincage
plays a major role in shaping the transcriptional identity of adult primate brain cell types. An exception
are the basal forebrain types; despite being part of the telencephalon, basal forebrain neurons largely
intermingle with hypothalamic types, suggesting closer transcriptional similarity of two structures of
distinct developmental origins. Another exception are the cholinergic neurons. Despite residing in
multiple cephalic partitions, cholinergic (CHAT+) types largely form a single clade, including forebrain
GABAergic types and a hypothalamic type that expresses SLC1748 (VGLUT3) (Fig. 2B). (One small
population of CHAT+ neurons in thalamus instead joined a clade consisting of thalamic glutamatergic
types and brainstem GABAergic types.)

Strong distinctions between transcriptomic identities of GABAergic and glutamatergic neurons appear to
be exception rather than rule. For example, neuronal types expressing genes that encode one or more of
the vesicular glutamate transporters (SLC17A46, SLC17A47, SLC17A8) were not transcriptionally similar to
one another when taking into account all expressed genes. Similarly, neuronal types expressing GADI (or
GAD?2) were widely dispersed across the tree (Fig. 2B). Within parts of the tree dominated by non-
telencephalic structures (hypothalamus, basal forebrain, thalamus, brainstem, cerebellum), proximal
clades or even adjacent leaf nodes frequently intermixed GABAergic and glutamatergic types (Fig.
2D,E); such intermixing is not observed in mouse in these structures (7). In marmoset, only within the
telencephalon was there strong segregation of neuronal clades based on their glutamatergic or
GABAergic neurotransmitter utilization.

Even within the telencephalon, excitatory/inhibitory identity did not predict transcriptional similarity
between major clades: GABAergic projection neurons such as the medium spiny projection neurons
(MSNs) of the striatum were transcriptionally closer to glutamatergic neocortical, amygdalar, and
hippocampal neurons than they were to telencephalic GABAergic interneurons (Fig. 2C). Borrowing
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from ancestral state reconstruction methods (25), we applied a maximum likelihood-based approach
(fastAnc) to the global gene expression of cell types and the dendrogram of their similarity to infer the
transcriptomic state of internal nodes of the tree. This enabled comparisons of leaf nodes to internal nodes
as well as internal nodes to each other. We compared gene expression in the parent node of the clade
containing striatal MSNs as well as basal forebrain, hypothalamic, and amygdala FOXP2+ neurons with
its neighbor, the parent node of telencephalic glutamatergic neurons, and found that transcription factors
(TFs) were overrepresented among differentially expressed genes (X2 =24.1, p < 8e-7). In contrast, TFs
were not overrepresented in differential gene expression between the parent nodes of telencephalic
glutamatergic neurons and telencephalic GABAergic neurons (X2 = 2.3, p=0.12; Fig. S8A).

Although glutamatergic neurons from distinct cephalic origins do not cluster together, maintaining
glutamatergic neurotransmission could require a common, core set of genes. To assess how
neurotransmitter utilization relates to genome-wide RNA expression patterns, we examined distributions
of gene-gene correlations across cell types (Fig. 2F). Surprisingly few genes are strongly positively
correlated with both SLC1746 (VGLUT2) and SLC17A7 (VGLUTI) expression, even those associated
with glutamate synthesis and packaging (Fig. S8B). 116 genes had correlated expression to SLC17A47
(Spearman’s tau > 0.5). The median correlation of SLC17A46 to those 116 genes was centered at tau = 0.05
(Fig. 2G). Only a few genes correlated above 0.5 to both SLC1746 and SLC17A47, including BDNF,
NRNI, and TAFAI. Moreover, only 10 genes (ARPP21, BDNF, CACNA2D1, CHNI1, CHSTS, CPNE4,
LDB2, NRN1, PTPRK, TAFAI) are differentially expressed (> 2.5 fold change) in both SLC17A46+
glutamatergic neurons and SLC17A47+ glutamatergic neurons relative to GAD I+ neurons.

Expression of SLC5A47 (solute transporter for choline) and NTRK (a neurotrophic tyrosine kinase
receptor necessary for cholinergic neuron development) were among the genes most highly correlated
with CHAT expression. The distribution of pairwise correlations to CHAT had a lower standard deviation
(mean 7 = 0.002, std. dev = 0.116) relative to baseline gene-gene correlations (mean » = 0.02, std. dev =
0.199; F(5078, 17315809) = 0.33, p-adj < le-15). In contrast, pairwise correlations to SLC1747 were
much broader relative to the background distribution of all gene-gene correlations (Fig. 2F). We used
factor analysis to search for latent factor(s) associated with primary neurotransmitter status. Although this
analysis reveals factors and gene loadings associated with neighborhood structure on the dendrogram
(Fig. S9), no factors distinguish GABAergic from glutamatergic types. The bulk of gene expression in
glutamatergic neurons appears incidental to excitatory neurotransmission itself.

Neurons are imprinted by their region of origin

While some cells can migrate long distances from proliferative zones to their mature destinations (26, 27),
neurons generally tend to respect cephalic boundaries and remain within the same subdivision as their
progenitors. Mechanisms for restricting within-cephalic migration have also been revealed, demonstrating
the tight control over migration potential (28). While cephalic boundary crossings do exist (29—31), they
are believed to be relatively rare. It is not known to what extent mature types that embarked on cross-
cephalic migration retain transcriptomic profiles more in common with their tissues of origin, or more in
common with their final destinations.

We inspected the neuronal dendrogram for evidence of cephalic crossings. Some tissues gave rise to cell
types that exclusively clustered within their cephalic domain (Fig. 2C-E). For example, hippocampal cell
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types all remained within the telencephalic partition of the dendrogram. Similarly, cerebellar cell types
were restricted to a single clade along with two GABAergic brainstem types (Fig. 2D, Fig. S7). Only two
neocortical neuron types joined clades outside of the major telencephalic branch: (1) the long-range
projecting CHODL+ GABAergic neurons (/4), which formed a clade with other strongly NOSI+, NPY+
neurons and which collectively were more similar to hypothalamic and basal forebrain types, and (2)
Cajal-Retzius neurons. Surprisingly, despite evidence that primate Cajal-Retzius cells mostly originate
from telencephalic sources (32), Cajal-Retzius (C-R LHX9) neurons were transcriptionally more similar
to OTX2+ GABAergic types found in thalamus, hypothalamus, brainstem, and basal forebrain, and not to
telencephalic types (Fig. S7). Consistent with previous work suggesting that mammalian thalamus
contains both midbrain-derived and forebrain-derived GABAergic interneurons (37), GABAergic, OTX2+
thalamic neurons joined a clade containing brainstem GABAergic neurons, while OTX2- GABAergic
thalamic populations joined a clade with forebrain neurons (Fig. S7). Within the major telencephalon
branch, a clade of GABAergic projection neurons including striatal MSNs, amygdala, and basal forebrain
GADI+, FOXP2+ neurons also contained several subtypes of hypothalamic GADI+, FOXP2+ neurons.
(Interestingly, this clade includes the recently described eccentric medium spiny neurons, eSPNs(6). In
mice eSPNs form equal proportions of Drdl+ and Drd2- subtypes, but in marmosets the DRD I+
population is far more abundant.)

The amygdala, a telencephalic structure, contains several cell types that have greater transcriptomic
similarity to extra-telencephalic types. The amygdala is a loosely associated, functionally diverse
collection of nuclei whose cells have diverse phylogenetic and developmental origins (33, 34). The
basolateral amygdala, which contains the largest proportion of excitatory neurons, is thought to contain
cell types with similar properties as cortical and claustrum neurons, while intercalated nuclei containing
inhibitory FOXP2+ projection neurons share developmental origins with some striatal GABAergic
populations such as MSNs (5, 12, 35). Consistent with expectations, glutamatergic amygdalar neurons
associated with cortical and hippocampal glutamatergic neurons, while FOXP2+ GABAergic amygdalar
neurons joined the clade containing striatal spiny projection neuron types, consistent with recent lineage
tracing of these populations in mouse (5), (as well as FOXP2+ types in basal forebrain and hypothalamus
as described above) (Fig. 2C).

Unexpectedly, three amygdalar neuron types joined a clade not with other telencephalic neurons, but
rather with SLC17A46+ hypothalamic and basal forebrain types (Fig. 3A, Fig. S7). When clustered with
amygdala neurons alone, they associated with amygdalar GABAergic, not glutamatergic types (Fig. 3B),
although they expressed SLC1746 and lacked expression of GADI and GAD?2 (Fig. 3C). They also lacked
expression of other genes needed for GABA synthesis such as SLC3241 (VGAT), and lacked the
molecular machinery for non-canonical GABA reuptake or release that has been observed in other cell
populations (36, 37). Thus, these amygdala neurons display a “cryptic” transcriptomic identity: they are
glutamatergic, but relative to other telencephalic residents, have transcriptomic profiles more similar to
GABAergic types.

“Cryptic” amygdalar subtypes exhibited additional unusual transcriptomic features relative to other
amygdala neuronal types, such as sparse expression of OTP and SIM1 (Fig. 3C). These transcription
factors are expressed in neuronal lineages arising from proliferative zones around the 3rd ventricle. In
mice, there is a migratory stream of diencephalic neurons into telencephalon, specifically into the medial
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amygdala (30, 38). This migration depends on expression of Otp (30), suggesting that the cryptic
“GABAergic-like” glutamatergic cells we found are part of the diencephalic lineage previously identified
in mouse. We acquired mouse amygdala snRNA-seq data (53,745 nuclei) and confirmed that the
homologous cell type in mouse clusters with GABAergic neurons, and expresses Slcl7a6, but not Gadl
or Gad?. (Fig. 3D). In mice, cryptic neurons comprise the majority population in amygdala that express
Adcyapl (PACAP) (Fig. 3D), a neuropeptide expressed extensively (but not exclusively) in hypothalamic
populations (39), and that is associated with energy homeostasis (40) as well as stress and anxiety (41)
and immune responses (42). (Unlike mice, in marmosets ADCYAP] is additionally expressed in subsets
of SLC17A7+ neurons that do not share the “cryptic” phenotype, indicating that ADCYAPI has a distinct
distribution of expression in amygdala neurons in mice and marmosets.)

To localize the specific amygdalar nuclei that harbors the cryptic population, we examined expression of
SIM1 in neonatal marmoset (43, 44). SIM1 expression localizes to MeA (https://gene-atlas.brainminds.jp;
Fig. 3E, Table S3), consistent with migration of Sim/+ neurons from the diencephalon in mice (30).
Thus, the cryptic amygdala neurons are a conserved population in mouse and primate that likely have
diencephalic origins, and that retain transcriptional identities more in common with diencephalic types
than with the telencephalic types with which they reside.

Striatal interneuron types are distributed in medial-lateral gradients

The striatum — composed of caudate, putamen, and the nucleus accumbens — displays complex functional
topography. In humans, anterio-medial portions containing nucleus accumbens/ventral striatum are
functionally coupled to limbic and higher order cognitive networks, while lateral subdivisions are more
coupled to sensory and motor networks (45). In mice, Chat interneuron distribution increases dorsally and
anteriorly (46), Pvalb interneurons are more abundant in dorsolateral striatum than in dorsomedial
striatum, and Ssz+ interneurons are spatially homogeneous (47). A systematic quantification of striatal
interneuron types has not been performed in a primate, and it is unknown if they follow similar or distinct
spatial distributions.

Primates retain the major populations of striatal interneurons found in mice (6, 48), and additionally have
gained a novel type distinguished by TAC3 expression (3, 12) (Fig. 4A). We used single-molecule FISH
(smFISH) to investigate distributions of the major types of conserved striatal interneurons (SS7+,
PVALB+, CHAT+, TH+, CCK+, probes in Table S1) in serial sagittal sections of marmoset striatum
(Fig. 4C-G). In total, we quantified 5,778 striatal interneurons across 32 sections, and expressed
interneuron proportions as a percent of all cells (DAPI+). Each series sampled sagittal sections ~160 um
apart, beginning 1,184-1,584 pm from the midline up to 6,384 um laterally, including the majority of the
striatum with the exception of the most-lateral portion of the putamen.

Each striatal interneuron population exhibited a non-uniform distribution across the marmoset striatum,
particularly in the medial-lateral axis. Similar to mice, the proportion of striatal PVALB+ interneurons
increases in lateral sections, from ~0% to 0.8% of all cells (Fig. 4D, Data S2). Unlike mice, marmoset
SST+ interneuron distribution is non-uniform, appearing sparse near the midline and increasing in
proportion (0.1-0.7%; Fig. 4C, Data S2). Cholinergic neurons (CHAT+) show the opposite medial-lateral
trend (0.45%-0.1%; Fig. 4E, Data S2). Similar to CHAT+ neurons, TH+ striatal interneurons, which are
transcriptionally similar to the PVALB+ type, exhibited a decreasing medial-lateral gradient (Fig. 4F,
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Data S2). CCK+ striatal interneurons, which are a minority population in marmoset (3) and mouse (48)
are enriched close to the midline and become much sparser laterally (Fig. 4G, Data S2). No striatal
population exhibited anterior-posterior or dorsal-ventral gradients with the exception of PVALB
interneurons, which showed a modest dorsal-ventral gradient (Fig. S10). DRDI and DRDZ2, which
distinguish direct and indirect MSNs, respectively, had slight enrichments medially but otherwise
exhibited largely uniform distributions across the striatum (Fig. S11).

To capture the morphology of molecularly-defined striatal interneuron types, we used a reporter AAV
under the control of the forebrain interneuron-specific mDIx enhancer (8). We performed sparse labeling
via systemic injections in marmosets and used smFISH on thick sections (120 um) to simultaneously
capture local morphology of labeled neurons and confirm the molecular identity of GFP+ cells. In total,
we imaged 1,203 GFP+ neurons in the striatum, and, using combinations of 2-3 probes for marker genes
of different types, were able to molecularly identify 48 with smFISH.

Three-dimensional (3D) reconstructions and tracing (Imaris) of the most complete instances of these cell
subtypes (Fig. 4C-G) were used to calculate morphological parameters of each molecular type within the
set of mDIx-AAV-GFP labeled neurons (Table S2). Parameters were measured using the Surface
function, which detects surface area and volume based on the fluorescence of the mDIx-AAV-GFP
expression, and the Filament Tracer function, which traces structural features starting from the soma to
the terminal processes based on the diameters of the soma and the thinnest projection of the cell. While
the cholinergic SLC5A47+ cell is the largest striatal interneuron subtype based on volume, surface area,
length, and total dendrite area, it displays the fewest dendritic branches and branch points. Interestingly,
the CCK+ interneuron has the same number of primary dendritic branches as the SLC547+ cell and over
10-fold more dendritic branch points. The 7H+ striatal interneuron has the highest number of branch
points compared to the other subtypes (Table S2).

Primate-specific striatal TAC3+ interneurons are similar to diencephalic types

Previously, we discovered a TAC3+, LHX6+ interneuron subtype in the striatum of humans, macaques, and
marmosets, that was absent from the striatum in mice and ferrets (3). The striatal 7TAC3+ type comprised
~30% of all interneurons in the primate and was detected in snRNA-seq datasets targeting nucleus
accumbens, caudate, and putamen. However, this cell type’s spatial distribution within the striatum has not
been determined. We used smFISH with probes for TAC3, DRDI, and DRD?2 in sagittal sections of
marmoset striatum. snRNA-seq data indicated that TAC3 is exclusively expressed in this interneuron type
in caudate and putamen, and is additionally expressed in a minority population of medium spiny neuron
(MSN)-like neurons in nucleus accumbens (< 0.3% of MSNs). The TAC3+ interneuron type expresses
DRD2, while the TAC3+ MSN-like type expresses DRDI, enabling the populations to be distinguished.
Quantification of the smFISH images revealed that the TAC3+ type was present throughout the extent of
the sampled sections, and showed a clear medial-lateral density gradient in striatum (Fig. SA, Data S3).
The same spatial trend is seen in CHAT+, TH+ and CCK+ interneurons (Fig. 4E-G) but not SST+ or
PVALB+ striatal interneuron types, which show the opposite gradient (Fig. 4C,D).

We next investigated whether TAC3 interneurons are transcriptionally unique relative to other cell types in
the marmoset brain. We previously concluded that the primate striatal 7AC3+ type was most similar to
other, MGE-derived striatal interneurons such as the PVALB+ type, and that no homologous type was
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present in hippocampus or neocortex, the two other telencephalic structures that we had sampled at the time
(3). Here, our broader census of subcortical brain structures enabled us to revisit whether this novel type is
similar to other, extra-telencephalic neuronal populations in the marmoset brain that were not originally
sampled in our previous work. We first examined 74AC3 expression using smFISH across whole sagittal
sections, finding that ventral striatum/nucleus accumbens neurons have high per-cell expression of TAC3
relative to cortex and dorsal striatum, and that medial prefrontal/frontal polar cortex has the highest density
of TAC3+ neurons in neocortex (Fig. 5B).

Our snRNA-seq data indicated that TAC3 is expressed in 20 different cell types, including expected
expression in cortical GABAergic neurons as well as several amygdala, basal forebrain, thalamic, and
hippocampal types. However, most of these other TAC3+ populations are not transcriptionally similar to
the TAC3+ striatal type and are distributed widely across the dendrogram (Fig. 5C). Further, the T4C3+
striatal type was most similar not to other striatal interneuron types (as we had previously concluded (3)),
but rather to two distinct GABAergic types present in the basal forebrain and hypothalamus (Fig. 5C,D).
Intriguingly, these populations are also TAC3+ and LHX6+ (Fig. 5D). Each of these three TAC3+
populations had qualitative and quantitative gene expression differences, ruling out contamination from
dissection (Fig. 5D). For example, the population in basal forebrain expresses AVP (AVP is also detected
in other basal forebrain subtypes); DRD2 expression is uniquely present in the striatal population, and
absent in the other basal forebrain and hypothalamus populations. Our T7AC3 smFISH experiments suggest
the non-striatal populations could be localized to lateral hypothalamus, lateral preoptic area, ventrolateral
hypothalamus, and the bed nucleus of the stria terminalis, though more comprehensive sampling may reveal
additional populations within other subcortical nuclei (Fig. 5B).

Considering their unexpected transcriptional similarity to a telencephalic (basal forebrain) and a
diencephalic (hypothalamus) type, the 74 C3+ striatal type may either arise from a telencephalic progenitor
(12) that also gives rise to diencephalic types, or else shows striking transcriptional convergence with
diencephalic types that have distinct developmental origins. Favoring telencephalic origin, all three T4C3+
types are FOXGI+ (49).

Neocortical interneuron types have highly focal biodistributions

In the mouse, densities of Sst+, Vip+, and Pvalb+ cortical interneurons vary by cortical area (50). In
primates, overall neuron densities vary by as much as 5 fold across the cortical sheet, with highest neuron
proportions and densities found in occipital cortex and particularly in V1 (57). However, quantitative
mapping of subtypes of neurons across large cortical volumes has not been performed in a primate, and it
is not known if related subtypes that occupy different brain structures follow the same or different spatial
distributions. Major classes of neocortical interneurons (PVALB+, SST+, VIP+, LAMPS5+) are
transcriptionally similar to types from the hippocampus, striatum, and amygdala that expressed the same
markers (Fig. 6A), consistent with their shared ventral telencephalic origin (26, 52). One possibility is
that homologous, developmentally linked populations of interneurons in cortex and striatum show similar
broad spatial distributions across structures. To examine this possibility, we imaged and quantified spatial
distributions of the major cortical interneuron types in the same sagittal sections prepared for striatum
(Fig. 6B-G).
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In total, we quantified 247,596 neocortical interneurons by smFISH across 16 sagittal sections, some of
which were also processed for the striatum. We expressed interneuron proportions as a percent of all cells
(DAPI+) with probes for SST, PVALB, CXCL14, VIP and LAMP5 (Table S1), which collectively account
for all major cortical interneuron populations (Fig. 6A). CXCL14 is a marker for caudal ganglionic
eminence derived cortical interneurons. It is expressed in most VIP+ and LAMP5+ cortical neurons, as
well as a smaller population of VIP-, LAMPS5- types, some of which are PAX6+ (and which correspond to
the SNCG+ population in humans (2, 3)). VIP+ and LAMP5+ interneurons are the two other major CGE-
derived populations present in primates and mice. As LAMPS is also expressed in subsets of excitatory
neurons, we performed dual labeling smFISH with LAMPS5 and GAD] to avoid counting glutamatergic

types.

Developmentally linked interneuron populations in striatum and neocortex (e.g PVALB+ types in both
structures) displayed distinct spatial distributions. While all interneuron subtype distributions in the
striatum followed a gradient along a primary axis (either medial-lateral or lateral-medial), the
interneurons in the neocortex followed much more complex distributions that for the most part were not
captured by simple gradients. For example, while striatal PV4LB+ interneurons show a clear medial-
lateral gradient (Fig. 4D), neocortical PVALB+ interneurons are typified by strong enrichments in the
occipital lobe, particularly along the calcarine sulcus in the medial sections, as well as the occipital pole
more laterally (Fig. 6D; Fig. S13, Data S1, Data S2). There is also an enrichment of PV4LB+ neurons in
lateral aspects of PFC (Fig. 6D). SST+ interneurons in the neocortex increase medio-laterally (Fig. 6C),
as in striatum (Fig. 4C), but closer inspection reveals this is driven not by a spatial gradient so much as by
highly focal enrichments around primary motor area (M1) and primary somatosensory cortex (S3,51/2),
the cingulate cortex, entorhinal cortex and medial prefrontal cortex.

CXCL14+ neurons are enriched along the calcarine sulcus medially, as well as in ventral aspects of the
occipital cortex more laterally including V1, V2 and V3. There are also higher proportions dorsomedially
in the parietal cortex (Fig. 6E). VIP+ neurons were enriched in medial PFC, including rostral/subgenual
anterior cingulate and ventromedial/orbitomedial cortex at the midline, as well as somatosensory cortex,
posterior parietal cortex and the most medial aspect of the calcarine sulcus. High proportional densities of
VIP+ cells were observed laterally at or near somatosensory cortex and posterior parietal cortex, as well
as medial occipital cortex. Medial frontal areas also had relatively high enrichment of VIP+ neurons,
including area 32, 10, 14 and 25 (Fig. 6F). LAMP5+, GADI+ interneurons were enriched in occipital
regions and in the frontal pole. The upper layer bias typical of LAMP5+ interneurons is evident in lateral
slices (53) but not in the most medial sections (Fig. 6G).

To capture cortical interneuron morphology, we imaged neocortical GFP+ cells from the same marmosets
that had received systemic mDIx-AAV-GFP injections for striatal interneuron characterization. We
imaged 4,374 GFP+ neurons in neocortex, and, using combinations of 2-3 probes for marker genes of
different types, were able to molecularly identify 235 based on their expression of the major neocortical
subtype markers (SST, PVALB, CXCL14, VIP, LAMPY) with smFISH (Fig. 6B). A complete set of 216
telencephalic GABAergic neuron reconstructions (Fig. S14) using the NeuTube pipeline are available for
download at https://www.brainimagelibrary.org/. As with the striatum, we used Imaris to reconstruct the
most complete exemplars of neocortical interneurons (Fig. S12). From this subset, we did not observe
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differences in soma diameter or other morphological parameters (Table S2), though larger sample sizes
of fully reconstructed cells are likely needed to overcome interindividual and within-region variability.

Discussion

Single-nucleus RNA sequencing of over 2.4 million brain cells across 16 brain regions in the marmoset
revealed that lineage, not neurotransmitter utilization, is the primary factor shaping adult transcriptomic
identity in the primate brain. Quantitative smFISH revealed, for the first time in a primate, the spatial
distributions of molecularly-resolved major GABAergic interneuron types. Different types have different
spatial biodistributions within a brain structure, and the same subtype (e.g. PVALB+ GABAergic neurons)
shows distinct spatial gradients in striatum and cortex. We used AAYV reporters to reconstruct local
morphologies of GABAergic interneuron subtypes, including in the recently discovered 74 C3+ striatal

type.

Within telencephalic structures, there is strong partitioning of glutamatergic and GABAergic neurons in
mammals as well as in amphibians (20), suggesting an evolutionarily conserved distinction. In mouse,
glutamatergic and GABAergic neurons from diencephalic and midbrain structures also partition almost
perfectly by neurotransmitter usage (7). However, in marmoset, non-telencephalic glutamatergic and
GABAergic types form highly intermixed clades (Fig. 2).

Our results suggest that transcriptomic distinctions between glutamatergic and GABAergic neurons do
not hold for neurons in other brain structures. This has implications for generalizing transcriptomic
associations to other phenotypes. For example, transcriptomic changes in glutamatergic or GABAergic
neurons associate to diseases such as autism and schizophrenia (54-56). Such associations may not
generalize to GABAergic or glutamatergic types outside of the sampled brain region (usually neocortex),
consistent with observations that “global” changes to glutamatergic or GABAergic neurons in relation to
disease actually often only surface in a few brain regions (57).

The observation that telencephalic glutamatergic and GABAergic neurons are more similar to each other
than to extra-telencephalic counterparts raises questions about their evolutionary and developmental
origins. A previous analysis, based on shared patterns of a small number of key transcription factors,
proposed that telencephalic GABAergic neurons are developmentally and evolutionarily related to
diencephalic GABAergic neurons (58). Our results suggest that, in primates, a limited number of
telencephalic GABAergic types are transcriptionally similar to diencephalic types, and may largely arise
from cephalic boundary crossings or phenotypic convergence. Most neocortical, hippocampal, and some
amygdalar and striatal GABAergic types are so distinct from diencephalic GABAergic types that they
share more similarities with telencephalic glutamatergic types.

Recent advances in lineage tracing shed new light on relationships between transcriptionally defined cell
types (3, 59). Bandler et al. provide evidence that transcriptomic convergence, whereby adult cell types
converge on similar transcriptomic identities despite a non-shared developmental origin, may be
widespread. Delgado et al. show that human cortical progenitors have the capacity to generate both
excitatory and GABAergic neurons. Though these human experiments were performed in culture, the
remarkable multipotency of human (but apparently not mouse (5)) cortical progenitors suggests another
potential route whereby some subtypes of glutamatergic and GABAergic telencephalic neurons could
share details in their transcriptomic programs relative to extra-telencephalic types in adulthood.
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Our data support known instances of cross-cephalic migrations in thalamus and amygdala, and also
suggest several new ones. The similarity of the primate-specific 7AC3+ striatal type to hypothalamic and
basal forebrain T4 C3+ types in particular is unexpected. Recent work (12) suggests that the striatal
TAC3+ type has a ventral ventricular telencephalic origin, similar to most other GABAergic interneuron
types destined for striatum. While phenotypic convergence remains possible, another possibility is that a
ventral telencephalic progenitor gives rise to both telencephalic and diencephalic types. This is supported
by the expression of FOXG, a transcription factor necessary for ventral telencephalic fate (49), in all
three transcriptionally similar 74 C3+ populations.

Homologous striatal interneurons in mouse and marmoset follow distinct distributions. In marmoset, each
population is distributed in some form of gradient along the medial-lateral axis. The spatial distribution of
striatal 74C3+ interneurons is similar to the distribution of CHAT+ and TH+ neurons, and is distinct from
SST+ and PVALB+ interneuron populations. Marmoset neocortical interneuron populations each
displayed distinct distributions that defied simple gradients. The calcarine sulcus, which predominantly
consists of V1 (and parts of V2) functionally represents foveal vision and had relatively high densities of
several interneuron subtypes, in keeping with extraordinarily high overall neuron densities in primates
(51), as did some extra-striate visual areas, somatosensory cortex, medial prefrontal cortex and cingulate
cortex.

Morphological characterization of the striatal and neocortical interneuron populations suggests variation
in overall size and dendritic arborization amongst subtypes. Appreciating the significance of these
morphological differences will require studying how these cells affect the function of circuits they reside
in (i.e., cellular/subcellular targeting biases and functional properties (60—62).

The development of virally-based tools enables cell-type-specific access in nonhuman primates (2, 8, 63,
64). To maximize translatability across species, previous approaches have nominated candidates using
evolutionary conservation (usually between mice and humans) as a selection criterion. However, the
evolutionarily conserved mDIx enhancer did not drive expression in the novel striatal TAC3+ type. We
observed that the mDIx enhancer selectively under-ascertained several interneuron populations in
marmoset in these experiments. For example, it systematically under-labeled VIP+ and SST+ types in the
neocortex (expected 22% and 26% of interneurons, obtained 2% and 3%, respectively), as well as SST+
interneurons in the striatum (14%, obtained 1.8%). This underlabeling could in part be due to the titer and
systemic delivery approach we adopted, which was necessary in order to achieve sparse labeling for
morphology. The overall low efficiency in our ability to molecularly characterize GFP positive cells
suggests a need for further optimization for this species and application. The development and refinement
of additional viruses constrained by cell type specific regulatory elements will further expand the toolbox
for nonhuman primate research (63, 64), and will elucidate the principles governing brain region, cell
type, and species regulatory specificity.

METHODS

Animals used for study

Marmosets. Marmosets were pair-housed in spacious holding rooms with environmental control of
temperature (23—-28°C), humidity (40-72%), and 12 hr light/dark cycle. Their cages were equipped with a
variety of perches and enrichment devices, and they received regular health checks and behavioral
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assessment from MIT DCM veterinary staff and researchers. All animal procedures were conducted with
prior approval by the MIT Committee for Animal Care (CAC) and following veterinary guidelines.

Mice. Experimental mice were purchased from The Jackson Laboratory company and housed at the
Mclean hospital animal facility (3—5 mice per cage) on a 12:12 hr light-dark cycle in a temperature-
controlled colony room with unrestricted access to food and water. All procedures were conducted in
accordance with policy guidelines set by the National Institutes of Health and were approved by the
McLean Institutional Animal Care and Use Committee (IACUC).

Tissue processing for single nucleus sequencing

Marmoset specimens for snRNA-seq. Marmoset experiments were approved by and in accordance with
Massachusetts Institute of Technology CAC protocol number 051705020. Adult marmosets (1.5-2.5
years old, 10 individuals) were deeply sedated by intramuscular injection of ketamine (20—40 mg kg—1)
or alfaxalone (5-10 mg kg—1), followed by intravenous injection of sodium pentobarbital (10-30 mg
kg—1). When the pedal with-drawal reflex was eliminated and/or the respiratory rate was diminished,
animals were trans-cardially perfused with ice-cold sucrose-HEPES buffer (3, 6). Whole brains were
rapidly extracted into fresh buffer on ice. Sixteen 2-mm coronal blocking cuts were rapidly made using a
custom-designed marmoset brain matrix. Slabs were transferred to a dish with ice-cold dissection buffer
(3, 6). All regions were dissected using a marmoset atlas as reference (65), and were snap-frozen in liquid
nitrogen or dry ice-cooled isopentane, and stored in individual microcentrifuge tubes at —80 °C.

Mouse specimens for snRNA-seq. Three adult (P80-90) male wild-type mice were deeply anesthetized
with isoflurane and sacrificed by decapitation. Brains were quickly excised, washed in ice-cold sterile
0.1M phosphate buffer saline (PBS) and dissected onto an ice-cold glass surface. Amygdala nuclei were
identified and isolated using “The Allen mouse brain atlas” (https://mouse.brain-map.org/static/atlas,
Table S3) as a reference for anatomical landmarks. The basolateral amygdaloid nucleus was exposed by
performing two coronal cuts using the borders of primary somatosensory cortex and primary visual
cortex as landmarks. Dissected specimens were collected in 1.5ml micro-centrifuge tubes, snap-frozen on
dry ice, and stored at -80 °C until used.

Marmoset specimens for smFISH. One 3-year-old female marmoset was deeply sedated by intramuscular
injection of ketamine (20—40 mg kg—1) or alfaxalone (5-10 mg kg—1), followed by intravenous injection
of sodium pentobarbital (10-30 mg kg—1). When the pedal with-drawal reflex was eliminated and/or the
respiratory rate was diminished, animals were trans-cardially perfused with ice-cold saline. The brain was
immediately removed, embedded in Optimal Cutting Temperature (OCT) freezing medium, and flash
frozen in an isopropyl ethanol-dry ice bath. Samples were cut on a cryostat (Leica CM 1850) at a
thickness of 16um, adhered to SuperFrost Plus microscope slides (VWR, 48311-703), and stored at -80
°C until use. Portions of the brain that were not cut were recoated in OCT and stored again for future use.
Samples were immediately fixed in 4% paraformaldehyde and stained on the slide according to the
Molecular Instruments HCR generic sample in solution RNA-FISH protocol (Molecular Instruments,
https://files.molecularinstruments.com/MI-Protocol-RNAFISH-GenericSolution-Rev7.pdf, Table S3) or
the Advanced Cell Diagnostics RNAscope Multiplex Fluorescent Reagent Kit v2 Assay (ACD, 323100,
https://acdbio.com/sites/default/files/USM-
323100%20Multiplex%20Fluorescent%20v2%20User%20Manual 10282019 _0.pdf, Table S3) protocol.

Single nucleus assays, library preparation, sequencing

10x RNA-seq. Unsorted single-nucleus suspensions from frozen marmoset and mouse samples were
generated as in (66). GEM generation and library preparation followed the manufacturer’s protocol (10X
Chromium single-cell 3’ v.3, protocol version #CG000183 ChromiumSingleCell3’ v3 UG Rev-A).
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Raw sequencing reads were aligned to the NCBI CJ1700 reference (marmoset) or GRCm38 (mouse).
Reads that mapped to exons or introns were assigned to annotated genes. Libraries were sequenced to a
median read depth of 8 reads per Unique Molecular Identifier (UMI, or transcript), obtaining a median
7,262 UMIs per cell.

RNA sequencing data processing, curation, clustering

Processing and alignment steps follow those outlined in: https://github.com/broadinstitute/Drop-seq/
(Table S3). Raw BCL files were processed using IlluminaBasecallsToSam, and reads with a barcode
quality score below Q10 were discarded. Cell barcodes (CBCs) were filtered using the 10X CBC
whitelist, followed by TSO and polyA trimming. Reads were aligned using STAR, and tagged with their
gene mapping (exonic, intronic, or UTR) and function (strand). The reads were then processed through
GATK BQSR, and tabulated in a digital gene expression matrix (DGE) containing all CBCs with at least
20 transcripts aligning to coding, UTR, or intronic regions. Cell selection was performed based on
CellBender remove-background non-empties (67), % intronic (% of a CBC’s reads that are intronic), and
number of UMIs for a CBC. A new filtered DGE containing only these selected CBCs was then
generated. Finally, a gene-metagene DGE was created by merging the selected CBCs DGE with a
metagene DGE (made by identifying reads from the selected CBCs that have a secondary alignment
mapping to a different gene than its primary alignment).

Cell type classification models were trained using our annotations and scPred R package version 1.9.2
(13). Detection of cell-cell doublets was performed using a two-step process based on the R package
DoubletFinder (68). DoubletFinder implements a nearest-neighbors approach to doublet detection. First,
artificial doublets are simulated from input single-cell data and are co-clustered with true libraries. True
doublet libraries are identified by their relative fraction of artificial doublet nearest-neighbors in gene
expression space. In our workflow this process is run twice, once with high stringency to identify and
remove clear doublets, and again with a lower threshold to identify remaining, subtler doublet libraries.
Because doublet libraries are initially categorized as true libraries in the nearest-neighbor search, we find
this two-step process improves the sensitivity and accuracy of doublet detection.

Clustering was performed using independent component analysis (ICA; R package fastiCA)
dimensionality reduction followed by Louvain. Cells assigned to one of the major glial types
(oligodendrocyte lineage, astrocytes, vascular/endothelia, microglia/macrophages) by scPred were
collected across all brain regions and clustered together. Neurons from most telencephalic structures
(neocortex, hippocampus, striatum, amygdala) confidently assigned to the categories “GABAergic” and
“glutamatergic” and so were clustered separately by neurotransmitter usage for each brain structure. Non-
telencephalic neurons were clustered by brain structure. All clusterings were performed in two stages:
first-round clustering was based on the top 60 independent components (ICs) and a default resolution
(res) of 0.1, nearest neighbors (nn) = 25. Following the process outlined in (6), each was manually
reviewed for skew and kurtosis of gene loadings on factors and cells to identify ICs that loaded on
outliers, doublets, or artifactual signals. These were discarded and reclustering was performed on the
remaining ICs. Each resulting cluster was then subjected to second-round clustering, during which ICs
were again curated. Second-round clustering explored a range of parameters: nn=10,20,30;
res=0.01,0.05,0.1,0.2,0.3,0.4,0.5,1.0. Final parameter values were chosen to optimize concordance
between the final number of clusters and the number of included ICs. Metacells for each cluster are
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generated by summing transcript counts for each cell across all cells in the cluster, normalizing by total
number of transcripts, and scaling to counts per 100,000.

Clustering, annotation, and integration of macroglial nuclei

Macroglial nuclei were processed using custom Python scripts in scanpy (69). Following cell-selection,
background removal using CellBender, and cluster annotation, putative macroglia were subjected to
additional bioinformatic quality control measures were performed to eliminate low-quality nuclei, cellular
debris, and doublets. All cells containing fewer than 300 genes and all genes detected in fewer than 10
cells were eliminated. Nuclei with high proportions of genes associated with unhealthy or dying cells,
such as heatshock proteins and tubulins, were also filtered out. Doublets were automatically identified and
removed using Scrublet (70). Nuclei called as doublets were visualized in a two-dimensional embedding
to enable manual heuristic-based confirmation of reasonable doublet calling.

Macroglia (astrocytes, oligodendrocytes, and OPCs) were classified and subsetted from each marmoset
cortical region separately through preliminary clustering using primarily default scanpy methods. Briefly,
gene expression counts were normalized on a per-cell basis to counts per million and logarithmized
(natural log + 1). Highly variable genes (71) were annotated and used for subsequent dimensionality
reduction and clustering steps. Each gene in the digital expression matrix (DGE) was scaled to unit
variance and zero mean, and Principal Components Analysis (PCA) was performed. Distances between
cells were then computed from the PCA embedding with Uniform Manifold Approximation and
Projection (UMAP), resulting in a weighted adjacency matrix of the neighborhood graph of observations
(72). Cells were plotted and visualized with the 2-dimensional UMAP coordinates, and clustered into
groups using the Leiden algorithm (73). Clusters were assigned to major cell classes (astrocyte,
oligodendrocyte, microglia, polydendrocyte, neuron, vasculature) upon reference to canonical marker
genes for neurons and glia, which have been described previously (6). Macroglia-specific DGE matrices
were then subsetted on the basis of cell type assignment and used for subsequent cross-species and cross-
region analyses. To account for donor batch effects, macroglial nuclei from each donor were integrated
using Seurat scTransform (74), with donor ID as the integration variable and 3,000 features for
integration.

Following Seurat integration, astrocytes and oligodendrocyte lineage cells were subsetted and re-clustered
separately for annotation. UMAP coordinates and the neighborhood graph were re-computed using the
PCA embedding from the scTransform integration. Nuclei were then clusters using the Leiden algorithm
with the resolution parameters determined as follows. First, a high resolution parameter (0.5 or above)
was chosen to intentionally over-cluster the nuclei. Marker (top differentially expressed) genes for
resulting clusters were determined using scanpy’s “rank genes groups” function using a Wilcoxon rank-
sum test. For each cluster, we counted the number of marker genes with log fold-change (logFC) > 2. If 6
or more marker genes with logFC > 2 existed for all clusters, we then checked for uniqueness of the
marker genes between clusters. If any cluster had fewer than 6 unique marker genes, the clustering
resolution parameter was decreased by 0.05 and the clustering procedure was repeated until the log fold-
change and uniqueness requirements were met. Resulting macroglial clusters were annotated according to

their cell class (e.g. astrocyte, oligodendrocyte, OPC) and top marker gene.
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Identification of cluster differentially expressed genes (DEGS)

To create the dotplots in Fig. 1F,G, clusters for each cortical cell type plotted (GLUT, GAD, AST, and
OL) were randomly downsampled to 5,000 nuclei. DEGs were identified from logCPM expression values
using scanpy’s “rank genes groups” function using the Wilcoxon rank-sum method, grouping by cluster.
DEGs were then filtered according to the following criteria: minimum in-group expression fraction of
0.25, minimum log base 2 fold-change (logFC) of 1.661, and maximum out-group expression fraction of
0.5. We then examined top 10-30 rDEGS, ranked according to scanpy output, and chose to plot the 1-2
genes passing the filter with the highest logFC. A few hand-picked genes, selected based on prior
knowledge and field standards, were included. Dotplots were created in scanpy using downsampled

expression matrices with logCPM values.

Identification of regionally differentially expressed genes (rDEGs)

To nominate regionally differentially expressed genes (rDEGs) between cortical areas, normalized
metacells are log10 transformed and pairwise differences are examined. Genes with > 3 fold log10
difference between two regions are considered rDEGs. Dotplots for rDEG expression and associated
dendrograms were created using “scanpy.pl.dotplot”, grouped by region and organized by branch on the
dendrogram. Each dot represents the mean expression within each region (visualized by color) and
fraction of cells in each cluster expressing the gene of interest (visualized by the size of the dot). The
dendrogram was calculated using scanpy’s “tl.dendrogram” function using the log base 2 counts per
million expression values of the top 1,000 most variably expressed genes, calculated using scanpy’s

“pp.highly variable genes” function.

Ancestral State Reconstruction

Ancestral state reconstruction (ASR) is a method to infer hidden ancestral traits from extant observations.
For example, given a phylogenetic tree of species and genomic sequences thought to be homologous
across those species, the reconstruction takes into account branch lengths to reconstruct the most likely
ancestral sequence. We applied a maximum likelihood-based ASR approach (R package: fastAnc) to the
scaled, normalized metacells of cell types and the dendrogram of their similarity to produce estimates of
expression of each gene at the internal nodes of the tree. This enabled comparisons of leaf nodes to
internal nodes as well as internal nodes to each other. For example, compared to the parent node of
amygdala, basal forebrain, and hypothalamic MSN-like GABAergic projection neurons, the reconstructed
parent node of striatal MSNs had higher expression of known markers of striatal projection neurons such
as DACHI.

PEER factor analysis

We applied probabilistic estimation of expression residuals, (PEER, (75)), a Bayesian factor analysis
method, to the set of 288 scaled, log-normalized neuronal metacells. PEER produces learned factor sets,
their effects on each gene and a residual data set of the expression values after subtracting each factor
contribution. We examined a range of factors (K = 25-40) which produced similar results; presented
results (Fig. S9) use K =40 factors. For each factor, we output a matrix of weights (gene loadings on
factors) as well as the residual expression matrix. To visualize the latent factors on the original
dendrogram depicted in Fig. 2A, we used fastAnc, treating each factor as a trait.
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Spatial smFISH experiments
All probes are listed in Table S1. All smFISH validation experiments were carried out on distinct
biological replicates from those used for snRNA-seq or single-cell ATAC-seq experiments.

smFISH tissue processing and quantification. A three year old, adult male marmoset was euthanized and
perfused with saline. The brain was removed, embedded rapidly in OCT, and stored in the -80C freezer.
Tissue was then cut to 16um on a cryostat and stored in the -80C until needed. In situ hybridization was
performed for genes of interest (see Table S1) with HCR or ACD antisense probes, incubated with
TrueBlack Lipofuscin Autofluorescence Quencher (Biotium, 23007) for 10-30 seconds (16um thick
tissue) and 3-5 minutes (120um thick tissue) at room temperature to eliminate confounding lipofuscin
autofluorescence present in the tissue. Samples were then coverslipped with ProLong Diamond Antifade
Mountant (Invitrogen, P36970). Z-stack serial images were taken through the whole depth across
striatum, hypothalamus and basal forebrain regions, and several regions of neocortex, on the
TissueGnostic TissueFAXS SL slide-scanning, spinning disk confocal microscope (Hamamatsu Orca
Flash 4.0 v3) using a 20x/0.8 NA air objective for ACD stains or a 40x/1.2 NA water-immersion
objective for HCR stains.

Series images were segmented using StrataQuest, a software package from TissueGnostics, that enables
the quantification of signals within segmented images (similar to CellProfiler). Nuclei objects were
generated using the DAPI channel, and artifacts were removed based on size and intensity. Exclusion
ROIs were manually drawn to avoid certain areas of white matter and large artifacts and autofluorescence
before computing intensity and other statistical and morphological measurements (20 parameters) for
each channel.

Segmented cells were further analyzed using in-house code (https://github.com/klevando/BICCN-
StrataQuest-Script, Table S3). Specifically, 50 cells were hand-labeled as positive or negative for the
markers of interest in order to identify the appropriate threshold for feature selection using the parameters

that best discriminated this binary. Parameters included mean intensity, maximum intensity, standard
deviation of intensity, and range of intensity, and equivalent diameter. These filters were then applied to
the unlabeled data to identify positive cells. Spatial locations of the cells were visualized by plotting the
x-y coordinates associated with each nuclei. These were then binned in histograms across the x or y axis
(corresponding to the rostrocaudal plane or to the dorsoventral plane respectively) and normalized to
DAPI. A size of 30 bins was chosen for the first (medial-most) slice of a series across the x axis and the
calculated bin size was then used across the y axis of the first slice and across other slices in the series.
Positive events for a gene in a given bin were normalized to the number of detected nuclei (total DAPI+).
Normalizations across slices correspond to the mediolateral plane. Density plots were generated using the
dscatter function in Matlab with a bin size calculated for x and y axes and across slices based on a given
number of bins (100) for the length of x of the first slice. DAPI and marker of interest counts are available
in Data S1-S3.

Morphology and smFISH experiments

AAV2/9-hDIx5/6-GFP-fGFP virus was generated as in (8). Virus was systemically IV injected (400ul-
700ul at 1.7- 2.4'° titer) in 5 marmosets. The virus was allowed to incubate for approximately 2 months.
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After systemic IV injection with AAV2/9-hDIx5/6-GFP-fGFP, marmosets were euthanized and perfused
with saline followed by 4% paraformaldehyde (PFA). Brains were removed and 120pum sections were cut
on a vibratome into 70% ethanol for storage at -20C. Sections were taken as needed and in situ
hybridization was performed with HCR antisense probes, following the generic sample in solution HCR
protocol with a 2-fold increase in concentration of probe to hybridization buffer (Molecular Instruments,
https://files.molecularinstruments.com/MI-Protocol-RNAFISH-GenericSolution-Rev8.pdf), for markers
of interest (Table S1) that corresponded with RNA-seq defined clusters. The sections were then stained
with anti-GFP antibody (Rabbit anti-GFP, Invitrogen, A11122) and a secondary antibody (Goat anti-
Rabbit AF488, Thermo-Fisher, A-11034) to amplify the endogenous GFP signal
(https://www.protocols.io/view/marmoset-nhp-free-floating-anti-gfp-antibody-stain-3byl47nb2lo5/v1,
Table S3). Sections were incubated in TrueBlack (Biotium, 23007) for 3-5 minutes in order to mask
confounding lipofuscin autofluorescence throughout the section. Sections were then mounted onto a slide
and coverslipped with ProLong Diamond Antifade Mountant (Invitrogen, P36970) for imaging.

Imaging for morphology. Sections prepared for morphology were imaged on a Nikon Ti Eclipse inverted
microscope with an Andor CSU-W 1 confocal spinning disc unit and Andor DU-888 EMCCD using a
40%/1.15 NA water-immersion objective, and later on a TissueGnostic TissueFAXS SL slide-scanning,
spinning disk confocal microscope (with Hamamatsu Orca Flash 4.0 v3) using a 40x/1.2 NA water-
immersion objective. With the TissueFAXS, overview images were taken in order to select GFP+ cells
for imaging at 40x and to highlight the exact location of the cell. GFP+ cells were imaged for stained
markers of interest.

Morphological reconstruction and feature quantification - Imaris. Without pre-processing the confocal
images, three-dimensional (3D) reconstruction and surface rendering of striatal and neocortical
interneurons were performed using Imarisx64 9.9 software (Oxford Instruments) based on GFP+ signal.
Surface-rendered images were used to determine the soma diameter, total volume, and total surface area
for each z-stack image. 3D-skeleton diagrams (Fig. 4C-G and Fig. S12), corresponding to each surface
rendered image (data not shown), were generated using the Filament Tracing wizard in Imaris. Total
number of primary dendritic branches, total dendrite area, total length and the number of dendrite branch
points were calculated using the AutoPath (no loops) algorithm in the filament tracing wizard in Imaris.
The total number of primary dendritic branches for each cell is defined by the number of dendrite
branches in the filament trace 1 distance value away from the soma. The distance value is calculated
automatically by the AutoPath (no loops) algorithm based on the diameter of the soma and the diameter
of the thinnest cellular process. All data were exported to CSV and reported in Table S2.

Morphological reconstruction and feature quantification - NeuTube. Automatic or semi-automatic tracing
algorithms are challenged by some data, perhaps due to the low SNR of a given image. Manually
reconstructed the sparse neurons via Neutube(76) tracing software. With the software, we 1) Create 3D
volume rendering of the GFP-AAV marmoset neuron , 2) use the signal transfer function (e.g., histogram
equalization) for overall intensity and opacity values to optimize the signal-to-noise ratio by manually
examining the clearest visualization of the dendrites, 3) Build the neuron skeleton over the 3D volume by
tracing the processes, 4) Scan through the 3D volume to make sure no parts of the neuron are missed, 5)
Double check the raw 2D images to see if any of the branches were not presented well in 3D due to
volume rendering artifacts, 6) Label axon, dendrites and soma parts of the skeleton model. Reconstructed
neurons were saved as SWC format.
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Figure 1. Single nucleus RNA sequencing of marmoset brain. (A) Brain regions in snRNA-seq dataset.
(B) Number of nuclei per region. Colors indicate biological replicates. (C) Proportions of major cell
classes across major brain structures sampled. (D) Proportions of major cell classes per cortical region
sampled. (E) UMAP plots of cortical GABAergic neurons, glutamatergic neurons, astrocytes and
oligodendrocyte lineage cells, with nuclei colored by cortical location. Arrows identify two clusters that
are regionally-specific: a GABAergic MEIS2+ type in medial PFC, and a glutamatergic KCNH8+,
RORB+ type in V1 and V2. (F) Same as (E) but colored by main cluster. Dot plots: expression of type
markers and differentially expressed genes in log base 2 counts per million (logCPM, color) and fraction
of cells with nonzero expression in the region (dot size) (G) Expression of selected regionally
differentially expressed genes (rDEGs) for two cell types: GLUTO7 (i) and ASTO03 (ii), in logCPM and
fraction of cells with nonzero expression in the region (dot size). Dendrograms represent hierarchical
clustering of cortical regions based on top 1000 most variable genes. (H) Venn diagrams showing number
of genes that are shared rDEGs between neuronal types and two astrocyte and oligodendrocyte types.
Hipp = hippocampus, Str = striatum, Hyp = hypothalamus, Amy = amygdala, Th = thalamus, Bf = basal
forebrain, Cb = cerebellum, Bs = brainstem.
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Figure 2. Neuronal taxonomy and neurotransmitter utilization. (A) Hierarchical clustering of 288
neuronal clusters across 19 brain regions. Clusters are first resolved within each brain region dataset, then
arranged in the dendrogram using a correlation-based distance metric. Leaf colors distinguish 40 terminal
clades for better visibility of clade boundaries. (B) Expression of four neurotransmitters (SLC17A47,
SLCI1746, GADI1, CHAT) plotted on the dendrogram using normalized values for each leaf node (cluster).
Red gradient represents normalized, scaled expression (number of transcripts per 100,000) (C-E)
Linearized partial dendrogram for the three main clades in (4). Dot arrays represent metadata associated
with each cluster: brain region (Region), primary neurotransmitter usage (NT), and cephalic partition
(Vesicle). (C) The parent node of telencephalic neurons and of GABAergic projection neurons. (D) Same
as in (C) but for a midbrain and hindbrain clade. (E) Same as (C) but for a mixed
telencephalic/diencephalic clade. (F) Gene-gene correlations (Spearman’s tau) between all 5,904
meaningfully expressed genes (dotted line), or between all genes and SLC1747 or CHAT. (G) Histogram
of correlations between SLC17A47 and the top 116 genes correlated (tau > 0.4) with SLC17A46.
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Figure 3. A glutamatergic diencephalic type in amygdala with GABAergic-like properties. (A)
Locations of amygdala clusters in the dendrogram from Fig. 2A. (B) Position of three amygdala
GABAergic-like SLC17A46+ subtypes within a clade dominated by hypothalamic and basal forebrain
types. (C) UMAP of clustering analysis that includes only marmoset amygdala neurons (n = 44,165
neurons) shows that the SLC17A46+ subtypes cluster with amygdala GABAergic types despite themselves
lacking GAD1 or GAD?2 expression. They selectively express ADCYAP1 (PACAP) and hypothalamic-
associated transcription factors SIMI and OTP. (D) Normalized, scaled expression of neurotransmitters in
neurons from snRNA-seq of adult mouse amygdala (n = 25,930 nuclei, 3 replicates pooled). Dashed lines
indicate the GABAergic-like Slcl7a6+ populations. (E) SIM1 ISH in PO marmoset (https://gene-
atlas.brainminds.jp) shows labeled cells in medial amygdala (MeA) (arrows).
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Figure 4. Quantitative single-molecule FISH and morphology of conserved striatal interneurons.
(A) Locations of striatal clusters in the dendrogram from Fig. 2A. (B) UMAP of striatal GABAergic
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interneurons. (C-G) Densities and exemplar morphological reconstructions of the major conserved striatal
interneuron populations. (leff) Striatal interneurons labeled with mDIx5/6-AAV-GFP. Insets show
smFISH of markers confirming molecular identity. Second panel shows morphological reconstruction of
GFP+ cell (Table S2). (middle) Barplots quantify positive cells as proportion of all (DAPI+) cells from
medial to lateral sections of smFISH performed on thin (16 um) sagittal sections of marmoset striatum.
Dots = individual replicates. (right) Scatter plots on brain anatomy cartoons show locations of positive
cells summarized in barplot (Data S2).
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Figure 5. Biodistribution of primate-specific 74 C3+ interneurons. (A) Location of TAC3+
interneurons in marmoset striatum. Barplot (inset) quantifies positive cells as proportion of all (DAPI+)
cells from medial to lateral sections. Dots = individual replicates. (B) smFISH reveals anatomical
locations and expression levels T4C3+ types in different brain regions. (i) Schematic of TAC3+ cells
imaged across cortex, dorsal striatum. Ctx = neocortex, Cd = Caudate. (ii) Cartoon close-up of nuclei in
striatum, basal forebrain and hypothalamus. Magenta stars = locations of 74C3+ cells in lower image
panel. Cd = Caudate, AcbC = nucleus accumbens core, AcbSh = nucleus accumbens shell, SI =
Substantia innominata, B = basal nucleus of Meynert, EAM = extended amygdala, medial, EAC =
extended amygdala, central, ac = anterior commissure, BSTLP = bed nuc st, lateral posterior, BSTLJ =
bed nuc st, juxtacap, BSTLV = bed nuc st, lateral ventral, LH = lateral hypothalamus, VLH =
ventrolateral hypothalamus, LPO = lateral preoptic area. (C) TAC3 is expressed in over 20 neuron types
(mostly GABAergic). Red gradient represents normalized, scaled expression (number of transcripts per
100,000). (D) Hierarchical clustering of the clade which contains the 74C3+ striatal type (black circle in
(C) indicates stem location of clade on full dendrogram). The TAC3+ striatal type is transcriptionally
most similar to other 74C3+ neurons in basal forebrain and hypothalamus (indicated by dashed outline);
the neighborhood largely contains hypothalamic types (GABAergic and glutamatergic). Heatmap shows
differentially expressed genes. Colors represent normalized, scaled expression (transcripts per 100,000).
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Figure 6. Quantitative single-molecule FISH of cortical interneurons. (A) Locations of major
neocortical interneuron types in the dendrogram from Fig. 2A. (B) Examples of AAV-mDIx-GFP and
smFISH labeled cells along with reconstructed morphology. (C-G) Example densities of the major
neocortical interneuron populations. Barplots quantify positive cells as proportion of all (DAPI+) cells
from medial to lateral sections (Data S2). Dorsal-ventral and anterior-posterior density plots are arranged
around each section. Color maps on brain sections show scaled density of labeled cells, normalized across
all sections for each gene separately. Asterisks denote regions of tissue artifact (identified by lower
numbers of DAPI+ nuclei relative to similar sections) which may have inaccurate counts. Ant. = Anterior,
Post. = Posterior, Dors. = Dorsal, Vent. = Ventral, Med. = Medial, Lat. = Lateral.


https://doi.org/10.1101/2022.10.18.512442
http://creativecommons.org/licenses/by-nc-nd/4.0/

