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Mouse and human share conserved transcriptional
programs for interneuron development
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INTRODUCTION: The cerebral cortex contains
twomain classes of neurons that derive from
distinct structures in the developing tel-
encephalon. Excitatory neurons originate from
progenitor cells in the developing pallium,
whereas g-aminobutyric acid–expressing
(GABAergic) interneurons derive from the
ganglionic eminences, the transitory structures
of the fetal brain that also give rise to the basal
ganglia. The general organization and cellular
architecture of the telencephalon are conserved
among mammals, but its size and complexity
vary enormously between rodents andhumans.
The extent to which differences in early

regulatory mechanisms governing the devel-
opment of the telencephalon shape funda-
mental differences in this brain structure in
rodents and humans remains elusive.

RATIONALE:Despite the substantial progress in
characterizing the development of excitatory
neurons in the human cerebral cortex, our
understanding of the generation of inter-
neurons in the human ganglionic eminences
is very limited. In this study, we used single-
cell RNA sequencing to obtain the transcrip-
tional profiles of 56,412 single cells in the
developing human ganglionic eminences from

the late first to the early second trimester of
human development (gestational weeks 9 to
18) and applied trajectory inferencemethods
to build the developmental trajectories of the
main types of neurons generated in the human
ganglionic eminences. We also revealed gene
regulatory logic that is likely involved in cell
fate specification.

RESULTS:We identifiedmolecular features that
characterize neural progenitor cells in the
human ganglionic eminences. We found that
the massive growth of the subventricular zone
in the human ganglionic eminences during
the second trimester is primarily supported by
a large expansion of intermediate progenitor
cells. We also revealed the molecular mecha-
nisms underlying the regional specification of
progenitor cells as well as the genetic programs
driving divergent developmental trajectories
in the medial, lateral, and caudal ganglionic
eminences (MGE, LGE, and CGE, respectively).
In particular, we delineated the developmental
trajectories of olfactory bulb neurons, striatal
and pallidal GABAergic projection neurons,
striatal and cortical GABAergic interneurons,
and cholinergic neurons. Despite the protracted
development of human cortical interneurons,
we found that their diversity is specified
within the ganglionic eminences, long be-
fore these cells reach the developing cor-
tex. Finally, we identified two populations
of human interneurons with features that
do not seem to be shared with rodents: a
prospective subtype of MGE-derived fast-
spiking interneuron and a large population
of CGE-derived GABAergic interneurons.

CONCLUSION: Our findings reveal the molec-
ular hierarchies governing the development
of neurons generated in the human gangli-
onic eminences. Our results indicate that
gene regulatory logic controlling their speci-
fication, migration, and differentiation is
evolutionarily conserved in mouse and
human. We anticipate that these data will
advance our understanding of the regula-
tory mechanisms underlying human brain
development. Considering the involvement
of striatal and cortical GABAergic neurons
in neurodevelopmental disorders such as
autism and schizophrenia, our data should
enable linking genetic variation to specific
cell types to unravel the origin of neuro-
developmental disorders.▪
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Genetic variation confers susceptibility to neurodevelopmental disorders by affecting the development
of specific cell types. Changes in cortical and striatal g-aminobutyric acid–expressing (GABAergic)
neurons are common in autism and schizophrenia. In this study, we used single-cell RNA sequencing
to characterize the emergence of cell diversity in the human ganglionic eminences, the transitory
structures of the human fetal brain where striatal and cortical GABAergic neurons are generated. We
identified regional and temporal diversity among progenitor cells underlying the generation of a variety
of projection neurons and interneurons. We found that these cells are specified within the human
ganglionic eminences by transcriptional programs similar to those previously identified in rodents. Our
findings reveal an evolutionarily conserved regulatory logic controlling the specification, migration, and
differentiation of GABAergic neurons in the human telencephalon.

T
he general organization and cellular
architecture of the telencephalon are
conserved among mammals, but its size
and complexity vary enormously between
rodents and primates. Between mouse

and human, the cerebral cortex differs 1000-fold
in size (1, 2) and varies in the types, proportions,
and distributions of cells (3–5). Global tran-
scriptomic analyses have revealed differences
in gene expression patterns between mouse
and human (6–10), whereas single-cell tran-
scriptomic analyses have found conservation
in the cellular composition of the cerebral cor-
tex.Most cell types found in rodents,monkeys,
and humans are homologous (11, 12). This raises
the question of whether the distinctive features
of the human telencephalon arise through
fundamental changes in the gene regulatory

networks controlling the development of
this brain structure or through alternative
mechanisms.
The cerebral cortex contains two main

classes of neurons that derive from distinct
structures in the developing telencephalon.
Excitatory cortical neurons originate from pro-
genitor cells in the developing pallium, whereas
g-aminobutyric acid–expressing (GABAergic)
neurons are generated in the ganglionic emi-
nences, the transitory structures of the fetal
brain that also give rise to the basal ganglia
(13, 14). Although we have made substantial
progress in elucidating the development of
excitatory neurons in the human cortex
(14, 15), our understanding of the generation
of GABAergic neurons in the medial, lateral,
and caudal ganglionic eminences (MGE, LGE,
and CGE, respectively) is very limited (16, 17).
For instance, single-cell transcriptomic studies
have identified the molecular signatures of
glutamatergic lineages in the developing cortex
(18–23), but similar insights into the devel-
opment of the human ganglionic eminences
remain fragmentary (10, 24). In this study,
we investigated the transcriptional trajectories
of cells in the developing human ganglionic
eminences and found conservation in the
genetic programs controlling the development
of GABAergic neurons in mice and humans.
Our study offers insights into the molecular
regulation of neurogenesis and the mecha-
nismsunderlying thediversificationofGABAergic
neurons.

Cell diversity in the human
ganglionic eminences

We used a droplet-based platform to study the
transcriptomic profile of individual cells in the

developing human ganglionic eminences. To
this end, we dissected the ganglionic eminen-
ces from gestational weeks (GW) 9 to 18 (table
S1), which overlap with the peak of neuro-
genesis in this region, and performed single-
cell RNA sequencing (scRNA-seq). After quality
control (fig. S1A), the transcriptional profiles
of 56,412 single cells across GW9 to GW18
were obtained and analyzed collectively using
unsupervised clustering (Fig. 1A and fig. S1B).
Unsupervised clustering of cellular transcrip-
tional identities by uniform manifold approx-
imation and projection (UMAP) dimensionality
reduction revealed the existence of 10 cell
clusters (Fig. 1B and table S2), which we an-
notated using well-known cell type–specific
markers (Fig. 1C and fig. S1C). The four main
clusters correspond to progenitor cells and
postmitotic cells from theMGE, LGE, andCGE
(Fig. 1B). In addition, we identified smaller cell
clusters containing oligodendrocyte progenitor
cells (OPCs), microglia, endothelial cells, thal-
amic neurons, and pallial cells (Fig. 1B). The
last two groups derive from tissues adjacent to
the ganglionic eminences that were included
in the dissection in the smallest samples (Fig.
1A). We used independent samples from two
different stages to confirm data repeatability
(fig. S1E) and validated the accuracy of un-
supervised clustering using a sample in which
the MGE, LGE, and CGE were manually dis-
sected and analyzed independently (Fig. 1B).
We also performed differential gene expression
analysis to detect the genes that best distinguish
dividing progenitors from postmitotic cells in
the ganglionic eminences, as well as postmi-
totic cells from the MGE, LGE, and CGE (Fig.
1D, fig. S1D, and tables S3 and S4). Apart from
known markers, we identified NTRK2 (neu-
trophic receptor tyrosinekinase 2),which encodes
the BDNF (brain-derived neurotrophic factor)
andNT-4 (neutrophin-4) receptor (25), as amar-
ker of progenitor cells in the human ganglionic
eminences (Fig. 1D). Immunohistochemistry
staining confirmed that NTRK2 expression
is strong in the progenitor domains of the
LGE and CGE (Fig. 1E). We also identified
genes that distinguish among postmitotic cells
with MGE, LGE, and CGE identity, including
multiple previously reported regional markers
(Fig. 1D, fig. S1D, and table S3), as well as a
small population of putative GABAergic neu-
rons among thalamic cells (fig. S1F). Thus, the
analysis of cellular transcriptomes revealed
regional identities in the developing human
ganglionic eminences along with some molec-
ular signatures for specific cell types.

Conserved genetic regulation of progenitor cells

Neural progenitor cells in the ganglionic
eminences (GE progenitors in Fig. 1B) in-
clude radial glial cells (RGCs) with neural
stem characteristics and intermediate progen-
itor cells (IPCs), which derive from RGCs and
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Fig. 1. Major sources of transcriptional heterogeneity among cells from
the human ganglionic eminences. (A) Clustering of individual cells from
different gestational weeks visualized by UMAP. (B) Annotation of cell
clusters on the basis of gene expression. The schema on the right illustrates
the distribution of cells obtained from individual dissections of the MGE, LGE,
and CGE in relation to the unsupervised clustering of all cells. (C) Gene
expression visualized by UMAP. Each dot represents an individual cell colored

according to the expression level (red, high; gray, low). (D) Heatmaps
illustrating DEGs enriched in progenitors and postmitotic cells in the
ganglionic eminences (left) and among postmitotic cells in the MGE, LGE, and
CGE (right). (E) Expression of NTRK2 in progenitor cells in the ganglionic
eminences at GW12. The areas in white boxes are shown at high magnification.
Scale bars, 200 mm (LGE and MGE), 100 mm (CGE), 10 mm (boxes 1 to 3).
Str, striatum; ic, internal capsule; DAPI, 4′,6-diamidino-2-phenylindole.
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are committed to the neuronal lineage (16). We
used a list of established markers to delineate
both types of progenitor cells in the human
ganglionic eminences and visualized their de-
velopmental trajectories using pseudotime
alignment (Fig. 2A). We then carried out dif-
ferential gene expression analysis to unbiasedly
identify genes whose expression best distin-
guishes RGCs and IPCs in the human gangli-
onic eminences (Fig. 2B, fig. S2A, and table
S5). In addition to genes that are expressed
in progenitor cells in the mouse ganglionic
eminences, such asNES (nestin), VIM (vimen-
tin), HES1 [hes family basic helix-loop-helix
(bHLH) transcription factor 1], and ASCL1
(achaete-scute family bHLH transcription
factor 1), we also found other genes charac-
teristically enriched in progenitor cells. For
example, RGCs express NTRK2 and FAM107A
(family with sequence similarity 107 member
A), while IPCs express TMSB10 (thymosin beta
10) and KPNA2 (karyopherin subunit alpha 2)
(Fig. 2, A and B).
Progenitor cells in the human ganglionic

eminences are spatially organized into two ad-
jacent niches, a relatively thin ventricular zone
(VZ) and a large subventricular zone (SVZ)
(fig. S2, B to D). In mice, RGCs and IPCs
segregate between the VZ and SVZ, respec-
tively. Analysis of gene expression trajectories
across pseudo-lamina and pseudo-differentiation
axes revealed a similar distribution for RGCs
and IPCs in the human ganglionic eminences
(Fig. 2C). This organization contrasts with the
developing pallium, in which RGCs expressing
FAM107A andHOPX (HOP homeobox) are the
most abundant type of progenitor cells in the
SVZ (26–28). We found that most progenitor
cells expressing FAM107A are in the VZ of
the human ganglionic eminences (Fig. 2C and
fig. S2C). Although we also detected a small
population of RGCs that coexpress FAM107A
and HOPX (Fig. 2A), most progenitor cells
in the human ganglionic eminences have the
transcriptional signature of IPCs throughout
the peak stages of neurogenesis (Fig. 2A).
We used unsupervised clustering to classify

progenitor cells in the human ganglionic
eminences into 10 transcriptionally distinctive
clusters with different gene expression profiles
(Fig. 2D and fig. S3A). We observed that these
progenitor clusters could be readily segregated
according to their regional identity using the
expression of genes involved in the patterning
of the ganglionic eminences inmice (29). For
example, expression of NKX2-1 (NK2 homeo-
box 1) and SOX6 (SRY-box transcription factor
6) characterized progenitor cells in the MGE
(Fig. 2, D and E; fig. S3B; and table S6). Ex-
pression of PAX6 (paired box 6) was common
to progenitor cells in the LGE and CGE, but
CGE progenitors were further characterized
by the expression of PROX1 (prospero homeo-
box 1) and NR2F2 (nuclear receptor subfamily

2 group Fmember 2) (Fig. 2, D and E, and figs.
S2D and S3B). Further analysis identified SIX3
(SIX homeobox 3) as a gene differentially ex-
pressed among LGE progenitors (Fig. 2E, fig.
S3B, and table S6). We validated this later find-
ingusing immunohistochemistry and confirmed
that SIX3 is highly enriched among dividing
progenitor cells in the SVZ of the humanLGE
from GW10 to GW16 (Fig. 2, F and G). Because
Six3 plays a role in the generation of striatal
medium spiny neuron which originate from
LGE progenitors in mice (30), our results re-
inforce the notion that eminence-specific ge-
netic programs similar to those described in
rodents seem to be involved in the specification
of progenitor cells in the human ganglionic
eminences.

Developmental trajectories in the
ganglionic eminences

In rodents, the ganglionic eminences give rise
to different neuronal populations that pop-
ulatemultiple structures of the adult telencepha-
lon (30). The MGE gives rise to GABAergic
projection neurons for the globus pallidus,
GABAergic interneurons destined for the stria-
tumand cerebral cortex, and cholinergic neurons
that remain in the basal telencephalon (31–33).
The LGE primarily produces striatal medium
spiny neurons (MSNs) and olfactory bulb (OB)
interneurons (31, 32). Finally, the CGE gen-
erates GABAergic projection neurons for the
amygdala and other limbic system nuclei as
well as a diversity of GABAergic interneurons
that settle in the cerebral cortex (34).
We investigated whether cell diversification

among neurons derived from the human
ganglionic eminences follows developmental
trajectories similar to thosedescribed in rodents.
We first used a three-dimensional rendering
of thedistributionofhumanganglioniceminence
cells in UMAP to identify the relationships
between progenitor cells and neurons (fig. S4A
and movie S1). We noticed that while most
MGE, LGE, and CGE neurons are spatially
related to progenitor cells, one group of MGE
neurons (which we namedMGE-2) was not con-
nected to any group of progenitor cells. This
suggested that the progenitor cells of MGE-2
neurons might not have been captured in our
dataset, perhaps because they predate the first
stagewe examined (GW9).We found thatMGE-
2 neurons express NKX2-1, LHX8 (LIM homeo-
box 8), GBX2 (gastrulation brain homeobox 2),
and ISL1 (ISL LIM homeobox 1) (fig. S4B), a
combination of genes that are characteristic
of subpallial projection neurons, which in the
mouse are among the earliest neurons gen-
erated in the ganglionic eminences (35, 36).
Consistent with this notion, we observed that
MGE-2 neurons largely derive from the GW9
and GW12 samples (fig. S4C) and that cells
with these features are already present in the
human subpallium at GW8 (fig. S4, D and E).

We next integrated our dataset with pub-
lished scRNA-seq datasets of human neocortical
and hippocampal interneurons from GW8 to
GW27 (19, 20, 37), applied trajectory infer-
ence methods, and displayed the results via
UMAP (Fig. 3, A and B). We excluded MGE-2
neurons from this analysis because their
progenitor cells were not likely to be captured
in our dataset.We found thatmost interneurons
isolated from the developing neocortex and hip-
pocampus cluster together withMGE and CGE
neurons (Fig. 3A and fig. S5A), which is con-
sistent with the view thatmost cortical inter-
neurons derive from these structures (17).
Referring to the inferred pseudotime trajec-
tory, we identified the branch points that
describe divergences in GE cells on the basis
of discrepant gene expression (Fig. 3A and
fig. S5B). The results of trajectory inference
revealed that the postmitotic cells in the gan-
glionic eminences first diverge into distinct
MGE and LGE or CGE lineages at branch
point 1, and that the later lineage subsequently
segregates into separate LGE and CGE trajec-
tories at branch point 2 (Fig. 3A).
We then investigated the transcriptional

programs driving the divergent developmental
trajectories of these cells at each of the branch-
ing events. We found pleiotropic genes poten-
tially driving the divergence of cells along each
developmental trajectory (Fig. 3C and table S7).
For example,NKX2-1,LHX6 (LIMhomeobox 6),
andNXPH1 (neurexophilin 1) are enriched in
cells that follow theMGE trajectory at branch
point 1, whereas PAX6,MEIS2 (Meis homeo-
box 2), andNR2F2 are prevalent in cellswithin
the LGE and CGE branch (Fig. 3, D and E, and
fig. S5, C and D). We also identified genes en-
riched in cells that follow LGE [ZFHX3 (zinc
finger homeobox 3), FOXP1 (forkhead box P1),
andEBF1 (EBF transcription factor 1)] andCGE
[NFIX (nuclear factor I X), PROX1, andNR2F2]
trajectories at branchpoint 2, respectively (Fig. 3,
D and E, and fig. S5, C and D).

Transcriptional control of cell specification in
the LGE

We next sought to unveil the developmental
trajectories of neurons generated in specific
regions of the human ganglionic eminences.
We first classified human postmitotic LGE
cells using unsupervised clustering and per-
formed differential gene expression analysis
among the seven resulting clusters (Fig. 4A
and fig. S6, A and B). We found that clusters
L1 and L2 contain cells expressing ISL1, EBF1,
and TAC1 (tachykinin precursor 1), which are
enriched in striatonigral (D1) MSNs, whereas
L4 primarily consisted of cells expressing PENK
(proenkephalin), a marker of striatopallidal
(D2) MSNs. In addition, we observed that genes
involved in the development ofOB interneurons,
such as CHD7 (chromodomain helicase
DNA binding protein 7), ID2 (inhibitor of DNA
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Fig. 2. Cell diversity and genetic regulation of progenitor cells in the
human ganglionic eminences. (A) Clustering of individual progenitor cells in
the human ganglionic eminences (top left) and gene expression visualized by
UMAP. Each dot represents an individual cell colored according to the expression
level (red, high; gray, low). The developmental trajectory of progenitor cells is
analyzed via pseudotime alignment (top right). The inset illustrates the ratio of
RGCs and IPCs among ganglionic eminence progenitor cells from GW9 to GW18.
(B) Heatmap illustrating DEGs that distinguish between RGCs and IPCs in the
human ganglionic eminences. (C) Gene expression patterns along pseudo-
differentiation (x axis) and pseudo-lamina (y axis) coordinates. (D) Cell diversity
among progenitor cells in the human ganglionic eminences visualized by

t-distributed stochastic neighbor embedding (t-SNE). The regional identity of
progenitor cells was established according to their characteristic patterns
of gene expression. (E) DEGs among progenitor cells. The relationships among
subclusters of GE progenitors is illustrated via dendrogram. The size of the
dots and the color bar were scaled with the average expression of the
corresponding genes. (F) Expression of SIX3 and Ki67 in the human LGE and
MGE at GW12. The areas in white boxes are shown at high magnification.
Scale bars, 200 mm (left), 20 mm (right). (G) Quantification of the cell ratio of
SIX3+ cells in LGE, MGE, and CGE cells at GW10, GW12, and GW16, respectively.
Data are presented as means ± SEM (n = 4 samples from three individual
experiments; *P < 0.05, **P < 0.01, ***P < 0.001, one-way analysis of variance).
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Fig. 3. Transcriptional programs underlying the developmental divergence
of human ganglionic eminences. (A) The cells of human ganglionic eminences
and developing cortical and hippocampal interneurons are integrated and
visualized by UMAP with inferred trajectories. MGE-2 cells were excluded from
this analysis. Potential differentiation trajectories are schematically depicted with
arrows. The pseudotime of ganglionic eminence cells is visualized by UMAP (top

left). (B) Cell distributions at different gestational stages are shown in dark gray.
(C) Heatmaps illustrating genes linked to cell fate divergence at branch points
1 (left) and 2 (right). (D) The expression of NKX2-1 and NFIX diverged at branch
point 1 and 2, respectively. (E) The expression profile of genes related to cell fate
divergence at branch points 1 and 2 is visualized by UMAP. Each dot represents an
individual cell colored according to the expression level (red, high; gray, low).
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Fig. 4. Transcriptional regulation of LGE development. (A) Unsupervised
clustering of human LGE postmitotic cells and gene expression patterns
visualized by t-SNE. Each dot represents an individual cell colored according
to the expression level (red, high; gray, low). (B) Developmental trajectory of
LGE cells visualized by UMAP. Pseudotime for individual cells is also shown
(top right). (C) Gene expression profile along the developmental trajectories
of LGE cells visualized via UMAP. (D) Volcano plot of DEGs for LGE cells

with OB and striatal potential. (E) Heatmap illustrating the bifurcation of
gene expression along the developmental trajectory of LGE cells committed to
OB and striatal fates. (F and G) The neuropeptide signaling pathway is
enriched in LGE cells with striatal potential. (H) Heatmap illustrating
DEGs enriched in TSHZ1+ D1 MSN, PDYN+ D1 MSNs, and D2 MSNs.
(I) Schematic of hypothetical genetic programs underlying the early
diversification of human LGE cells.
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binding 2), and PAX6, were enriched among
L3 cells (Fig. 4A and fig. S6, A and B).
We combined LGE progenitors and post-

mitotic cells to delineate their developmental
trajectories and displayed the results using
UMAP (Fig. 4B and fig. S6C). The results of
this analysis revealed an early bifurcation of OB
and striatal neuron fates, which are delineated
by characteristic patterns of gene expression
(Fig. 4, B and C). We performed differential
gene expression analysis to identify genes
potentially driving the divergence of OB and
striatal lineages (Fig. 4D and table S8). Gene
Ontology (GO) analysis of the differentially
expressed genes (DEGs) revealed that GO terms
associatedwith synaptic transmission and plas-
ticity are enriched in LGE cells with striatal
potential, whereas GO terms associated with
OB development and cell migration are en-
riched in cells with OB potential (Fig. 4E).
We performed gene set enrichment analysis

and found that the neuropeptide signaling
pathwaywas distinctively enriched in the LGE
cells with striatum potential (Fig. 4, F and G).
We also observed that striatal-specific genes
such asEBF1 and ISL1were expressed at earlier
stages of development than OB-specific genes
such as CHD7 (fig. S6D), suggesting that LGE
cells with striatal potentialmature earlier than
cells with OB potential. To test this hypothesis,
we defined a “maturation score” and mapped
the trajectory of LGE postmitotic cells along
this inferred trajectory (fig. S6E). This analysis
confirmed higher maturation levels for cells
with striatum potential than those with OB
potential. Further analysis of the developmen-
tal trajectories of LGEcellswith striatal potential
revealed early divergence in three distinct fates,
TSHZ1+ (teashirt zinc finger homebox 1)+ D1,
PDYN+ (prodynorphin)+ D1, and D2 MSNs
(Fig. 4B), eachwith a distinctive pattern of gene
expression (Fig. 4H). Altogether, our analysis re-
vealed thegenetic programsunderlying the early
diversification of human LGE cells (Fig. 4I).

Transcriptional control of cell specification in
the MGE

To explore neuronal diversity among newborn
MGE cells, we classified postmitotic cells from
this region using unsupervised clustering
(Fig. 5A) and performed differential gene
expression analysis among the seven resulting
clusters (Fig. 5B and fig. S7, A and B). We
found distinctive patterns of gene expression
among these cell populations. For example,
the largest cluster, M2, contains cells expres-
sing LHX6 and SOX6, two transcription fac-
tors that are critical for the development of
MGE-derived cortical interneurons (38–41),
and CXCR4 (C-X-C motif chemokine receptor
4) and ERBB4 (erb-b2 receptor tyrosine kinase
4), which encode guidance receptors regulating
the tangential migration of interneurons from
the ganglionic eminences toward the developing

cortex (42–46). In contrast, M5 contains cells ex-
pressing NKX2-1, LHX8, ISL1, and GBX2, which
are characteristic of cholinergic neurons in the
subpallium (Fig. 5B) (33).
To determine developmental relationships

among these clusters, we integrated MGE
progenitors and postmitotic neurons with
the datasets of developing human cortical
and hippocampal interneurons, applied trajec-
tory inference methods (with the exception of
MGE-2 cells), and displayed the results using
UMAP (Fig. 5C). This analysis revealed that M1
primarily contains undifferentiated precursors
that are transitioning toward the acquisition
of a distinct cell fate (Fig. 5C). The remaining
clusters segregated along two separate tra-
jectories. Branch 1 primarily contained cells
from cluster M2 along with most of the de-
veloping neocortical and hippocampal inter-
neurons (Fig. 5, C and D). Branch 2 consisted
of the small M3 cluster, which contains cells
expressing ETV1 (ETS variant transcription
factor 1), CRABP1 (cellular retinoic acid binding
protein 1), and ANGPT2 (angiopoietin 2) (Fig.
5, C and D, and fig. S7B). This cluster also ex-
hibited high levels of CXCR4 and ERBB4 ex-
pression (Fig. 5D), suggesting that itmay include
neurons tangentiallymigrating to the cortex and
consistent with the fact that some more-mature
neocortical and hippocampal interneurons also
mapped to this branch (Fig. 5C). We also
analyzed cell diversity within MGE-2 cells,
which comprised a heterogeneous group of
cells from the M4, M5, M6, and M7 clusters.
We found very few neocortical and hippocam-
pal interneurons amongMGE-2 cells (Fig. 5C),
which reinforced the idea that cells in these
clusters are fated to develop into subpallial
neurons. Consistently, we found that these cells
segregated into prospective GABAergic (M4
and M7) and cholinergic (M5 and M6) fates
with GAD1 (glutamate decarboxylase 1) and
LHX8 expression, respectively (Fig. 5, D and
E), which likely correspond to globus pallidus
and cholinergic projection neurons of the basal
telencephalon, along with a small number of
striatal interneurons. Further analysis of dif-
ferential gene expression revealed distinctive
transcriptional programs that underlie themain
developmental trajectories of diversification of
human MGE neurons (Fig. 5E).

Early specification of cortical interneurons

Asmany 60 different transcriptional identities
have been identified amongGABAergic neurons
in the cerebral cortex of mice and humans
(11, 12). To investigate the developmental me-
chanisms underlying the emergence of inter-
neuron diversity in the adult human neocortex,
we focused on theMGE, which gives rise to two
main subclasses of cortical GABAergic neurons,
parvalbumin-expressing (PV+) and somatostatin-
expressing (SST+) cells (47). To this end, we
integrated cells from the previously identified

embryonic M2 and M3 clusters, which likely
contain most of MGE-derived tangentially mi-
grating interneuron precursors, with LHX6+
cells fromtwopublished single-nucleusRNA-seq
datasets of the adult human cortex (11, 12) (fig.
S8A), and visualized the combineddataset using
UMAP (Fig. 5F and fig. S8B). Gene expression
profiles indicated that adult LHX6+ neurons
were allocated to threemain subclasses—LHX6+
LAMP5 (lysosomal associated membrane pro-
tein family member 5)+, PV+, and SST+ cells
(fig. S8B)—which could be further subdivided
intomultiple types, including PV+ basket cells,
PV+ chandelier cells, SST+ Martinotti cells,
SST+ non-Martinotti cells, and SST+ long-
range projection neurons (Fig. 5F). We then
used this classification of adult neurons to
annotate M2 and M3 MGE cells on the basis
of their transcriptional similarity and found
that most of these cells could be assigned to
one of the six types identified in the adult
cortex (Fig. 5F). Differential gene expression
analysis among the embryonic neurons fated
to become distinct subclasses of PV+ and
SST+ neurons led to the identification of early
developmental markers for these populations,
many of which continued to be expressed in
the corresponding adult interneurons (fig.
S8C). This analysis suggested that interneuron
diversification, at least at the level of the main
interneuron types, is evident in the human
MGE long before these cells reach the devel-
oping cortex.
We next searched for evidence of fate speci-

fication at the level of individual subtypes among
humanMGE cells. To this end, we focused on
SST+ neurons, as they are perhaps the best
characterized among the different transcrip-
tional identities observed in the adult cortex
(11, 12). We used unsupervised clustering to
classify adult SST+ neurons into 13 distinct
transcriptional identities: one subtype of long-
range projection neuron, six subtypes of Marti-
notti cells, and six subtypes of non-Martinotti
cells (fig. S9, A to F). We then integrated the
adult and embryonic datasets and assigned
prospective identities to embryonic SST+ cells
on the basis of their transcriptional similarity
with adult SST+ interneurons (fig. S9G). Using
this approach, we identified 11 distinct tran-
scriptional identities (MGESST 1 to 11) among
the embryonic SST+ interneurons that exhibit
different patterns of gene expression (fig. S9,
G and H). We also conducted an independent,
pairwise comparison analysis to define homol-
ogies among the embryonic and adult SST+
identities. This analysis revealed that 7 of the
11 embryonic SST+ transcriptional identities
identified in the MGE (MGESST 1, 2, 3, 5, 6, 7,
and 10) matched one-to-one with adult SST+
transcriptional subtypes, including one subtype
of long-rangeprojectionneuron, fourMartinotti
subtypes, and two non-Martinotti subtypes
(Fig. 5G). Our analysis also revealed that four of
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Fig. 5. Transcriptional control of early cell specification in the human
MGE. (A) Neuronal diversity of postmitotic cells in human MGE visualized
via t-SNE. (B) Violin plots of DEGs among MGE clusters. (C) Developmental
trajectory of MGE cells are inferred via monocle analysis (with the exception
of MGE-2 cells) and visualized by UMAP. Pseudotime of MGE cells in branches
1 and 2 is shown (top left). (D) Gene expression along the developmental
trajectories of MGE cells is visualized via UMAP. MGE-2 cells comprise GABAergic
and cholinergic subpallial neurons, according to the expression of GAD2 and
LHX8, respectively. Each dot represents an individual cell and colored according
to the expression level (red, high; gray, low). (E) Schematic of hypothetical

genetic programs underlying the early diversification of human MGE cells.
The developmental trajectory linking pMGE (progentiors of the MGE) to MGE-2
cells is uncertain (dotted line) owing to the lack of related progenitor cells in
our dataset. (F) Integration of postmitotic human MGE cells (M2 and M3) and
LHX6+ adult human cortical interneurons is visualized by UMAP. MGE cells were
annotated according to the classification of adult cortical interneurons on the
basis of transcriptional similarities. (G) Riverplot illustrating the relationship
between MGE cell clusters and adult SST+ interneurons. The size of the bars of
MGE cells is normalized to cell numbers. LRP, long-range projection neurons;
MC, Martinotti cells; nMC, non-Martinotti cells.
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the embryonic SST+ transcriptional identities
(MGESST 4, 8, 9, and 11) share similarities with
both the Martinotti cell and non-Martinotti
cell lineages (Fig. 5G), perhaps reflecting a
relatively immature state. Furthermore, we
could not identify embryonic correlates of
four adult SST+ transcriptional identities,
which are primarily defined by the expres-
sion of ion channel genes barely detectable in
embryonic interneurons (fig. S9, E and F). Al-
together, these results suggest that individual
interneuron cell types—as defined by their
transcriptional identity—are specified shortly
after birth in the human embryonic MGE.

Distinctive features in developing
human interneurons

Despite sharing many cellular features with
other species, human cortical interneurons
also exhibit some distinctive traits, including
morphological and gene expression special-
izations (11, 12). To investigate whether any
of these distinctive characteristics are already
embedded in the ganglionic eminences during
embryonic development, we integrated our
scRNA-seq dataset of human ganglionic emi-
nence cells (GW9 to GW18) with two published
datasets of mouse ganglionic eminence cells
from embryonic days 12.5 to 14.5 (48, 49) (fig.
S10, A and B) and identified 19 cell groups using
unsupervised clustering (Fig. 6A, fig. S10C, and
table S9).We then calculated the normalized cell
ratio of human andmouse cells for each cluster
and detected two clusters, 1 and 19, that pri-
marily consisted of human CGE andMGE cells,
respectively (Fig. 6B and fig. S10D). We ana-
lyzed gene expression in these two predomi-
nantly human cell groups and found that cells
in eachof these clusters exhibit specificmarkers,
such as SCGN (secretagogin, EF-hand calcium
binding protein), CALB2 (calbindin 2) and
NR2F2 in cluster 1, and CRABP1, ETV1, and
NKX2-1 in cluster 19 (Fig. 6C).
We classified human postmitotic CGE cells

into three main groups (C1 to C3) using un-
supervised clustering (fig. S10E). Cell consti-
tution analysis revealed that most CGE cells
at these stages belong to C1 and C2, which
exhibit the highest levels of SCGN and CALB2
expression and correspond to cluster 1 (fig.
S10F). Immunohistochemical analyses con-
firmed that cells expressing secretagogin and
calretinin, the proteins encoded by SCGN and
CALB2, respectively, concentrate in the SVZ of
the human CGE, where they often colocalize
with NR2F2 (Fig. 6D and fig. S11A). In con-
trast, we detected very few SCGN+ cells in
themouse CGE (fig. S11B). In the adult human
cortex, secretagogin-expressing neurons are
GABAergic and often contain calretinin (Fig.
6E and fig. S11C).
We performed cell constitution analysis for

cluster 19 and found that it mainly consisted
of M3 cells, characterized by the expression of

CRABP1 and NKX2-1 (fig. S10G). At GW16,
cells coexpressing CRABP1 and NKX2-1, with
the typical morphology of migrating inter-
neurons (46, 50), were found in the striatum
and en route to the pallium (Fig. 6F). In ad-
dition, CRABP1/NKX2-1+ cells were also found
in the developing human neocortex (Fig. 6F
and fig. S12A). Crabp1/Nkx2-1+ cells could be
detected in the mouse subpallium but not in
the developing or adult cortex (fig. S12, B and
C). In contrast, CRABP1+ cells coexpressing PV
were detected in the adult human cortex (Fig.
6G), which suggests that they may represent a
population of fast-spiking interneurons.

Discussion

In this study, we investigated the transcrip-
tional identity of cells in the developing human
ganglionic eminences as well as the gene
regulatory networks controlling their fate
specification. Using single-cell transcriptomics
and trajectory inference methods, we built
spatiotemporal maps of gene expression
through the early second trimester of human
development (GW9 to GW18) that recapitulate
the developmental trajectories of the main
classes of neurons generated in the subpal-
lium, includingOB neurons, striatal and pallidal
GABAergic projection neurons, cholinergic pro-
jection neurons and interneurons, and striatal
and cortical GABAergic interneurons. Our re-
sults revealed conservedmechanisms underlying
the early diversification of subpallial neurons
in mouse and human. Although the specific
expression of some key factors in the develop-
ing human brain, such asNKX2-1, SIX3, SCGN,
CALB2, CRABP1, ISL1, and LHX8, has been
validated via immunostaining, further experi-
ments should investigate their precise involve-
ment in this process.
Newborn neurons are generated fromRGCs

and IPCs in both ganglionic eminences and de-
veloping cortex. The larger primate neocortex
is due to a greater number of RGCs, especially
basal RGCs in the SVZ, which in rodents is
mostly populated by IPCs (14, 51, 52). Although
it has been suggested that a shift toward more
basal RGCs may also drive the greater neuro-
genesis in human than in mouse ganglionic
eminences (16), we found that the massive
growth of the human ganglionic eminence SVZ
during the second trimester is primarily due to
greater numbers of IPCs. Thus, for the human,
the main progenitor cell populations driving
neurogenesis in the ganglionic eminences are
different from that in the developing cortex.
Previous work has shown that the expres-

sion patterns of several transcription factors
in the primate ganglionic eminences are very
similar to those found in rodents (17, 29). Our
transcriptomic analysis reveals that these con-
served features extend beyond a handful of
key factors and include the complex gene
regulatory networks controlling neuronal speci-

fication in the human ganglionic eminences.
Cortical interneurons in the human ganglionic
eminences express the same receptors that
have been shown to regulate the tangential
migration of interneurons in rodents (53).
This reveals that the conserved features of
human and mouse interneuron development
extend beyond the early specification of pro-
genitor cells and involve essential aspects of
their subsequentmigration and differentiation.
Although the roles of some key transcription
factors in orchestrating interneuron develop-
ment have been studied in the mouse, their
function in human interneuron development
requires experimental validation.
Cortical interneurons are a heterogeneous

group of neurons with diverse morphologies,
connectivity, biochemistry, and physiological
properties (54, 55). In mice, newborn inter-
neurons are transcriptionally heterogeneous
within a few hours of becoming postmitotic,
and these early transcriptional signatures
correlate with those found in specific types
of interneurons in the adult cortex (49). Our
study reveals that interneuron diversification
also begins in the human ganglionic eminences,
long before these cells reach the developing
cortex. For instance, many of the transcriptional
identities found among SST+ interneurons in
the adult human cortex are identifiable in the
MGE. In some cases, however, the transcrip-
tional signature of developing interneurons
does not allow a clear correlation with specific
adult identities. This is the case for newborn
CGE interneurons, most of which are jointly
characterized by the expression of CALB2 and
SCGN, much like developing CGE interneur-
ons in rodents are characterized by the ex-
pression ofHtr3a (5-hydroxytryptamine receptor
3A) (56). SCGN encodes a calcium-binding
protein similar in sequence and structure to
calbindin and calretinin that seems particu-
larly abundant in the developing human brain
(57, 58). In the adult human cortex, SCGN ex-
pression seems to be confined to a small popula-
tion of GABAergic interneuronswhose function
remains to be established. We also identified a
cluster of human MGE-derived interneurons
characterized by the expression of CRABP1,
which does not seem to have a clear counter-
part in rodents. In the mouse, Crabp1 is ex-
pressed by some fast-spiking interneurons in
the developing striatum (59). In the human,
we found that migrating CRABP1-expressing
interneurons end up in the adult human cortex
and coexpress NKX2-1 and PV. This observa-
tion suggests that CRABP1+ cells may repre-
sent a population of MGE-derived fast-spiking
interneurons in the human cortex.
Although the general cellular architecture

of inhibitory cell types is largely conserved, ex-
tensive differences seem to exist in the rela-
tive proportions, laminar distributions, and
gene expression patterns of specific types of
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interneurons in the adult cortex of mice and
humans. For instance, LHX6+ LAMP5+ inter-
neurons aremuchmore abundant in thehuman
than in the mouse adult cortex (11, 12). Our
findings reveal that human LHX6+ LAMP5+
interneurons originate in the MGE like their
mouse counterparts and shared a common
developmental trajectory, which suggests that
the differences observed between mouse and

human may arise through changes in the
dynamics of neurogenesis (16) or in the inter-
action of developing interneurons with the local
microenvironment, for instance by means of
programmed cell death (60).
Neurodevelopmental disorders have overlap-

ping phenotypes and genetics, suggestive of
common deficits. Changes in striatal and cor-
tical GABAergic neurons have been extensively

documented in autism and schizophrenia
(61), yet it is presently unclear whether genetic
variation associated with these disorders con-
verges on specific types of inhibitory cells
because we lack a detailed understanding of
their transcriptional trajectories in the devel-
oping human brain. Our study sheds light on
the development of human GABAergic neu-
rons and should enable the linking of gene
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Fig. 6. Distinctive features of human
ganglionic eminences. (A) The datasets
of human and mouse ganglionic eminence
cells are integrated on the basis of shared
sources of variation and visualized by UMAP.
(B) Riverplot illustrating relationships between
human and mouse ganglionic eminence
cell clusters. Two human-specific clusters
(1 and 19) are highlighted by circles.
(C) Specific gene expression in human-specific
clusters 1 and 19. (D) Expression of SCGN
and CR in the human CGE at GW12. The area
in the white box is shown at high magnifica-
tion. Scale bars, 100 mm (left) and 20 mm
(right). (E) Expression of SCGN, CR, and GAD1
in the adult human cortex. The area in the
white box is shown at high magnification.
Scale bars, 100 mm (left) and 10 mm (right).
(F) Expression of CRABP1 and NKX2-1 in
the embryonic human brain at GW16. The
regions in the white boxes are shown at high
magnification. The dotted lines illustrate
potential migratory routes for CRABP1+ and
NKX2-1+ cells. Scale bars, 500 mm (left),
50 mm (boxes 1 to 3, right), 10 mm (boxes 1 to
3, left). NCx, neocortex; Pu, putamen; Ca,
caudate. (G) Expression of CRABP1 and
PVALB in the adult human cortex. The area in
the white box is shown at high magnification.
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variation and cell types in neurodevelop-
mental disorders.

Materials and methods summary

Detailed materials and methods are provided
in the supplementarymaterials. In brief, human
fetal ganglionic eminence (GE) samples across
gestational weeks (GW) 9 to 18 were collected
from Beijing Anzhen Hospital with approval
from theReproductive Study Ethics Committee
of Beijing Anzhen Hospital and the institu-
tional review board (ethics committee) of the
Institute of Biophysics. Single-cell RNA-sequenc-
ingwas performedwith an Illumina sequencing
platform. The outcome reads were aligned to
the human reference genome hg19 with Cell
Ranger (10X genomics). Doublets were removed
by performing the Scrublet pipeline on the raw
gene-by-cell expressionmatrix fromeach sample
(62). Batch correction was conducted on the
reduced dimensions with the R function of
fastMNN (63). Seurat was adopted to perform
normalization,dimensionreduction,unsupervised
clustering, and differentially expressed genes
identification (64, 65). The Seurat integration
method was used to determine the develop-
mental divergence of human GE cells, the early
specification of cortical interneurons in human
GE, as well as distinctive features of developing
human interneurons. The developmental tra-
jectory of human GE cells was constructed
using the R package of monocle 3 (66–68). K-
nearest neighbors analysis (knn) was used to
render the putative interneuron identities to
MGE cells. Immunofluorescence staining was
performed on human and mouse brain slices
and images were acquired with an Olympus
confocal microscope.
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Mouse and human share conserved transcriptional programs for interneuron
development
Yingchao ShiMengdi WangDa MiTian LuBosong WangHao DongSuijuan ZhongYouqiao ChenLe SunXin ZhouQiang
MaZeyuan LiuWei WangJunjing ZhangQian WuOscar MarínXiaoqun Wang
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Surveying brain interneuron development
As transient structures in early brain development, the ganglionic eminences generate dozens of different types of
interneurons that go on to migrate throughout and weave together the developing brain. Shi et al. analyzed human
fetal ganglionic eminences. Single-cell transcriptomics revealed unexpected diversity in the types of progenitor cells
involved. The human ganglionic eminence depends more heavily on intermediate progenitor cells as workhorses than
does the developing neocortex, with its greater reliance on radial glial cells. —PJH
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