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SUMMARY
Tegmental nuclei in the ventral midbrain and anterior hindbrain control motivated behavior, mood, memory,
and movement. These nuclei contain inhibitory GABAergic and excitatory glutamatergic neurons, whose mo-
lecular diversity and development remain largely unraveled. Many tegmental neurons originate in the embry-
onic ventral rhombomere 1 (r1), where GABAergic fate is regulated by the transcription factor (TF) Tal1. We
used single-cell mRNA sequencing of the mouse ventral r1 to characterize the Tal1-dependent and indepen-
dent neuronal precursors. We describe gene expression dynamics during bifurcation of the GABAergic and
glutamatergic lineages and show how active Notch signaling promotes GABAergic fate selection in post-
mitotic precursors. We identify GABAergic precursor subtypes that give rise to distinct tegmental nuclei
and demonstrate that Sox14 and Zfpm2, two TFs downstream of Tal1, are necessary for the differentiation
of speci�c tegmental GABAergic neurons. Our results provide a framework for understanding the develop-
ment of cellular diversity in the tegmental nuclei.
INTRODUCTION

The anterior brainstem is a complex brain region that comprises
anatomically and functionally distinct tegmental nuclei regulating
vital processes. The tegmental nuclei contain diverse inhibitory
GABAergic and excitatory glutamatergic neurons that in�uence
both the adjacent monoaminergic neurons and other targets in
the anterior brain. GABAergic neurons in the substantia nigra
pars reticulata (SNpr) control voluntary movement, the
GABAergic rostromedial tegmental nucleus (RMTg), and the glu-
tamatergic laterodorsal tegmental nucleus (LDTg) regulate aver-
sion and reward responses, whereas GABAergic and glutama-
tergic neurons in the ventral tegmental area (VTA) and dorsal
raphe (DR) control mood and motivated behavior (Barrot et al.,
2012; Brown et al., 2014; Lammel et al., 2012; Morales and
Margolis, 2017; Proulx et al., 2014). In addition, GABAergic
ventral and dorsal tegmental nuclei of Gudden (VTg and DTg,
respectively) have been implicated in regulation of brain theta
waves, memory, and spatial navigation (Vann and Nelson,
2015). To fully comprehend the important functions of these
C
This is an open access article und
tegmental nuclei, it is essential to characterize their constituent
neurons and the mechanisms that generate their diversity.

Tegmental GABAergic and glutamatergic neuron precursors
largely originate in the embryonic rhombomere 1 (r1) of the hind-
brain and can undergo complex tangential migrations. Some of
the ventral brainstem neurons, such as glutamatergic neurons in
the reticular activating system, originate in the dorsal r1, including
the rhombic lip (Aroca et al., 2006; Green and Wingate, 2014; Lor-
ente-Cánovas et al., 2012; Machold and Fishell, 2005; Rose et al.,
2009). Similarly, GABAergic neurons in the interpeduncular nu-
cleus (IPN) and medial brainstem area undergo migrations from
the dorsolateral r1 (Lorente-Cánovas et al., 2012; Waite et al.,
2012). Yet, other brainstem neurons, such as GABAergic neurons
of the posterior SNpr (pSNpr), VTA, and RMTg, as well as gluta-
matergic neurons in the LDTg and IPN, are born in a ventral r1 re-
gion (rV2), molecularly similar to the V2 domain of the spinal cord
(Delile et al., 2019; Joshi et al., 2009; Lahti et al., 2016; Lorente-
Cánovas et al., 2012; Peng et al., 2007). In the rV2 region, prolifer-
ative neuronal progenitors expressing the transcription factor (TF)
Nkx6-1 give rise to intermingled post-mitotic precursors of both
ell Reports 33, 108268, October 13, 2020 ª 2020 The Author(s). 1
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GABAergic and glutamatergic neurons (Lahti et al., 2016). In the
newly born rV2 neuronal precursors, the TFs Tal1, Gata2, and
Gata3 are required for differentiation into a GABAergic instead
of a glutamatergic phenotype and the development of tegmental
GABAergic neurons, including the pSNpr, VTA, and RMTg
GABAergic neurons associated with the monoaminergic systems
(Achim et al., 2012; Bradley et al., 2006; Lahti et al., 2016).
Although Tal1 and Gata TFs are instrumental for GABAergic fate
selection, regulatory events up- and downstream of them remain
unclear. In addition to the developing brain, Tal and Gata TFs
regulate gene expression in many other tissues, including he-
matopoietic cells, where they interact with co-factors, such as
Zfpm1, to guide differentiation of distinct cell lineages ( Chlon
and Crispino, 2012). How the selector TFs instruct the develop-
ment of tegmental neuron subtypes remains mostly unknown.

Large-scale single-cell pro�ling studies have revealed
neuronal complexity throughout the adult mouse brain ( Saun-
ders et al., 2018; Zeisel et al., 2018). As this diversity is estab-
lished during development, we used single-cell mRNA
sequencing to study the differentiating neuronal populations in
the embryonic mouse ventral r1. We focused on the stages of
early neurogenesis, prior to the extensive gliogenesis that ham-
pers high-throughput analyses in the adult brainstem. We char-
acterize main cellular lineages in the r1, as well as gene regulato-
ry cascades controlled by the GABAergic neuron selector Tal1.
Our results reveal a dynamic gene expression pattern along
the differentiation path of the Tal1-dependent GABAergic neu-
rons, suggest mechanisms for separation of the GABAergic
and glutamatergic branches of rV2 precursors, identify
GABAergic neuron subtypes, and demonstrate requirements
for TFs downstream of Tal1 in development of rV2-derived
GABAergic nuclei. Our work provides a basis for understanding
molecular characteristics and developmental mechanisms of the
GABAergic and glutamatergic neuron subtypes in the tegmental
nuclei regulating central aspects of behavior.
RESULTS

Neuronal Progenitor and Precursor Cell Types in the
Embryonic Ventral r1
To examine the cellular diversity in the developing mouse ventral
r1, we used single-cell transcriptional pro�ling. As Tal1-depen-
dent GABAergic precursors are born in the ventral r1 at embry-
Figure 1. Single-Cell mRNA Sequencing of the E12.5 Mouse Ventral r1
(A) Expression of Tal1 and Gad1 (ISH) in the ventral r1 at E12.5. The rV2 region
(B) The region of the ventral r1 dissected for single-cell mRNA sequencing.
(C) Uniform manifold approximation and projection (UMAP) plot showing the cluste
of the clusters (17, 18, 37, 43, 44, and 46) represent non-neural cell types, such as
represent neural cell types.
(D) Dotplot of key marker expression across clusters of proliferative progenitors a
within a cluster expressing the gene, and the color indicates the mean expressio
(E) Bulk mRNA sequencing of E12.5Ctrl (n = 6) andTal1cko (n = 6) ventral r1 tissue r
(adjusted p < 0.05).
(F) Enrichment of Tal1-dependent genes in clusters identi�ed in the ventral r1 by
single-cell mRNA sequencing data. The y axis shows the number of cluster marke
Clusters with markers enriched for Tal1-dependent genes are marked with aster
indicated with open (glutamatergic) and �lled (GABAergic) triangles. Cluster 25 re
See also Figures S1 and S2 and Table S1, S2, S3, S4, S5, and S6.
onic day 10.5 (E10.5) to E13.5 and move to their �nal destinations
shortly thereafter (Achim et al., 2012; Lahti et al., 2016), we pro-
�led the cell types undergoing neurogenesis.

Cells from wild-type E12.5 and E13.5 embryonic ventral r1
were collected using the Chromium (10xGenomics) single-cell
mRNA sequencing assay (Figures 1A and 1B; Table S1). In addi-
tion, we used the InDrop method (Klein et al., 2015) to analyze the
cells from both Control (Ctrl) and En1Cre;Tal1ßox/ßox(Tal1cko; Lahti
et al., 2016) ventral r1 at E12.5 (Figure S2; Table S1) . Clustering
and analysis of the collected cells revealed similar cell types in
the ventral r1 at E12.5 and E13.5 (Figures 1C, 1D, S1, and S2;
Tables S2, S3, S4 and S5). The analysis of wild-type E12.5
cells revealed 47 cell clusters (Figure 1C), of which 13
contained proliferative neural progenitors (including progenitors
at different dorsoventral levels and stages of cell cycle) and 29
represented post-mitotic GABAergic, glutamatergic, and seroto-
nergic neuron precursors (Figure 1D). Based on their gene
expression, the post-mitotic precursors were at different stages
of differentiation and potentially contributing to a wide spectrum
of tegmental nuclei.

At E12.5, both male (n = 2) and female (n = 2) embryos were
separately analyzed with the Chromium assay. All of the samples
revealed similar cell clusters. Other than transcripts involved in X
inactivation or derived from Y chromosome genes, we found only
a few quantitative differences in gene expression between the
sexes (Table S5).
IdentiÞcation of Tal1-Dependent Precursor Subtypes
To pinpoint the Tal1-dependent cell groups in our single-cell
data, we identi�ed the cell clusters expressing Tal1 and its puta-
tive partners Gata2 and Gata3. At E12.5, �ve of the GABAergic
precursor clusters (clusters 40, 4, 19, 6, and 7), expressed all
of these TFs (Figure 1D; Table S3). In addition, we detected
some Tal1-, Gata2-, and Gata3-positive cells in cluster 25, which
also expressed markers of early post-mitotic precursors ( St18
and Gadd45 g), and cluster 45, which expressed G2/M-phase,
but not S-phase, markers, thus likely representing cells undergo-
ing a terminal mitosis before post-mitotic differentiation ( Figures
1D, S1B, and S1D; Table S3). We were able to assign counter-
parts for the E12.5 Gata2+;Gata3+;Tal1+ GABAergic clusters in
the E13.5 data (Figure S1E; Table S4). In addition to these
GABAergic precursor clusters, serotonergic precursors (cluster
15) expressed Gata2 and Gata3, but not Tal1 (Figures 1D and
is indicated. Scale bars represent 50mm (main panel) and 10 mm (close-ups).

rs of ventral r1 cells from E12.5 embryos (15,027 cells from four emb ryos). Six
hematopoietic cells, endothelial cells, and microglia. The remai ning 41 clusters

nd of post-mitotic precursors. Dot size corresponds to the propo rtion of cells
n of the gene within a cluster.
evealing genes down- (blue dots) and upregulated (red dots) in theTal1cko tissue

single-cell mRNA sequencing. The x axis represents the clusters in t he E12.5
rs found among differentially expressed genes in the bulk mRNA sequenci ng.

isks (*adjusted p < 0.001, two-tailed Fisher’s exact test). The rV2 clu sters are
presents early precursors of the both lineages.
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Figure 2. Characterization of rV2-Derived Glutamatergic and GABAergic Precursors
(A) UMAP plot of E12.5 ventral r1 cell transcriptomes with the rV2-derived precursor clusters highlighted.
(B) Dot plot showing the expression of selected markers of E12.5 rV2 precursor clusters.
(C) Schematic summary of the distribution of rV2 cell clusters on a coronal view of E12.5 Ctrl and Tal1cko embryos.
(D) Expression ofLhx4, Vsx2, Skor1, and Sox14 (ISH) in E12.5Ctrl and Tal1cko embryos. The rV2 domain is indicated by dashed lines. White arrows indicate higher
levels of gene expression in Tal1cko embryos. In close-ups of boxed areas, yellow arrowheads indicate double-positive cells. Quanti�cation of the number of Lhx4-
and Skor1-positive cells in Ctrl and Tal1cko embryos is shown. Data are represented as mean ± SEM; *p < 0.05.
(E) Expression ofLhx4 (ISH) and Nkx6-1 (IHC) in the LDTg area of E18.5Ctrl embryos. In close-ups of the boxed area, white arrowheads indicate single-positive
cells, yellow arrowheads double positive cells. (Right) Expression of RFP (IHC) together with Lhx4 and Vsx2 (ISH) in the LDTg of E18.5Vglut2Cre;R26RTdTomato

mice.
(F) Retrograde tracing of projections from Nkx6-1 + LDTg cells to the VTA. (Top) Analysis of the Choleratoxin B subunit (CtB) injection site in the adult VTA by IHC
for CtB and TH. (Bottom) Analysis of the retrogradely traced cells in the LDTg by IHC for CtB. High-magni�cation images show the co-localization of Nkx 6-1
expression with Vglut2 (ISH) and CtB (IHC) in LDTg cells. Yellow arrowheads indicate double-positive cells.

(legend continued on next page)
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S1B; Table S3), consistent with their roles in serotonergic neuro-
genesis (Haugas et al., 2016).

InDrop analysis of E12.5Ctrl and Tal1cko cells revealed that the
Gata2+;Gata3+;Tal1+ GABAergic cluster was mostly composed
of Ctrl cells, suggesting that these cells are Tal1 dependent
(E12.5 InDrop cluster 3, molecularly similar to E12.5 clusters
40, 4, 19, 6, and 7 and E13.5 clusters 4, 5, and 28; Figure S2;
Tables S2, S3, and S4). Finally, we compared gene expression
in the ventral r1 tissue between E12.5 Ctrl and Tal1cko embryos
using bulk mRNA sequencing and identi�ed genes whose
expression was altered in the Tal1cko tissue (Figure 1E; Table
S6). The genes expressed in the E12.5 Gata2+;Gata3+;Tal1+

GABAergic precursors (clusters 40, 4, 19, 6, and 7) were highly
overrepresented among genes downregulated in the Tal1cko

mutants (Figure 1F). We found genes upregulated in the Tal1cko

embryos among the ones expressed in the early GABAergic/glu-
tamatergic precursors (cluster 25) and glutamatergic precursors
of the rV2 (clusters 21 and 8, see below) (Lahti et al., 2016).

In summary, single-cell analyses identi�ed several groups of
Tal1-dependent GABAergic precursors in the ventral r1, possibly
representing different developmental stages and GABAergic
neuron subtypes.

Anatomical Characterization of the Precursor Subtypes
in the Ventral r1
To validate the single-cell mRNA sequencing results and to un-
derstand the anatomical localization of the precursor cell types,
we characterized the expression of their marker genes in the em-
bryonic ventral r1. We analyzed the tissue distribution of both
Tal1-dependent (rV2) and Tal1-independent (dorsal and lateral)
precursor cell types.
Dorsally Derived Glutamatergic and GABAergic
Precursors
Several types of neurons originate in the embryonic dorsal r1 and
migrate tangentially to its ventral part. These include glutamater-
gic precursors that express Lhx9 or Lmx1b and populate several
nuclei in the brainstem (Green and Wingate, 2014; Millen et al.,
2014; Rose et al., 2009). Consistently, we identi�ed precursor
subtypes expressing Lhx9 (clusters 36, 27, 2, 0, and 28) or
Lmx1b/Tlx3 (clusters 30, 9, 14, and 47) (Figure 1D, Figures S3A
and S3B; Tables S2 and S3). Using �uorescence in situ hybridi-
zation (ISH) and immunohistochemistry (IHC), we showed that
Lhx9- and Lmx1b-expressing precursors locate in distinct do-
mains of the lateral r1 at E12.5 (Figures S3C and S3D).

In addition to glutamatergic precursors, some GABAergic sub-
types (clusters 35, 29, 16, 20, 3, and 32) also expressed dorsal
markers, such as Zic1 and Skor1 (Figures 1D, S3E, and S3F;
Tables S2 and S3) (Nagai et al., 1997). Both dorsal glutamatergic
(G) Expression ofPdzk1ip1 (ISH) and Nkx6-1 (IHC). The white arrow indicates hi
areas, white arrowheads indicate single-positive cells, and yellow arrowheads in
expression of Pdzk1ip1 with the rV2 glutamatergic marker Vsx2and GABAergic m
and Tal1cko embryos is shown. Data are represented as mean ± SEM; ***p < 0.0
(H) Expression of Otx1, Gad1 (ISH), and Pax5 (IHC) in the rV2 domain. In close-u
arrowheads indicate double-positive cells. (Right) Close-ups show the expression
Tal1cko embryos. White arrowheads indicate single-positive cells, and yellow arro
Scale bars represent 50 mm (main panels), 10mm (close-ups in D, G, and H), 20 mm
laterodorsal tegmental nucleus; DTg, dorsal tegmental nucleus of Gudden. See a
Lhx9+ and Lmx1b+ cells, as well as dorsal GABAergic Skor1+

cells, included clusters enriched for immature precursor
markers, such as Gadd45 g, Nhlh1, Cntn2, and Insm1 (Figures
S3B and S3F; Tables S2 and S3), suggesting that they represent
precursors at earlier stages of differentiation (Ratié et al., 2014;
Tavano et al., 2018). Using ISH, we detected Skor1+;Gad1+ cells
in the dorsocaudal part of the E12.5 r1, where they likely repre-
sented post-mitotic precursors derived from Zic1+;Pax3+ pro-
genitors in the adjacent ventricular zone (Figures S3G and
S3H). These glutamatergic and GABAergic precursors may
contribute to subtypes of excitatory and inhibitory neurons in
the anterior brainstem.
Laterally Derived GABAergic Precursors
Six of the E12.5 GABAergic clusters expressed Otp, suggesting
an origin in the lateral r1 (Figures 1D, S3E, and S3F) (Lorente-
Cánovas et al., 2012). We found the Otp+ cells divided into
anatomically different cell groups expressing Cntn2, Foxo1, or
Ntn1 (Figures S3G and S3H). Again, the Cntn2+ cells appeared
to represent immature precursors, possibly giving rise to the
Foxo1+ and Ntn1+ precursors. All of these Otp+ cell populations
expressed different levels of Pax7, a marker for alar-plate-
derived neurons. In addition to the IPN (Lorente-Cánovas et al.,
2012), we showed that the Foxo1+ cells contribute to the DTg
(Figure 6, see below). In turn, we found that Ntn1+ cells also ex-
pressed Pitx2, a marker of Tal1-independent GABAergic neu-
rons in the medial r1 (Figure S3H) (Lahti et al., 2016; Waite
et al., 2012).

Both the glutamatergic and GABAergic subtypes migrating
tangentially toward the �oor plate expressed Robo receptors in
a complementary pattern; Robo3 was expressed in the putative
early precursors and Robo2 in the more mature precursors (Fig-
ure S3F; Table S3). The Robo receptors may thus coordinate the
tangential migration of the anterior brainstem precursors similar
to the precerebellar neurons derived later from the more caudal
hindbrain (Marillat et al., 2004).

rV2-Derived Glutamatergic and GABAergic Precursors
In addition to the GABAergic marker Tal1 and the glutamatergic
marker Vsx2, we detected a number of gene products enriched
in the rV2-derived cell populations (Figures 1D, 2A, and 2B;
Tables S3). One of the Vsx2+ glutamatergic clusters (cluster 21)
expressed the TFs Lhx4, Skor1, Shox2, and Sox14. In E12.5
Ctrl brain, we detected Lhx4, Skor1, and Shox2 expression in
Vsx2+ post-mitotic precursors in the rV2 mantle zone ( Figures
2C, 2D, and S4E). In the rV2 of Tal1cko brain, the number of
both Lhx4- and Skor1-expressing cells was increased (Ctrl
versus Tal1cko, p < 0.05; Figure 2D), likely re�ecting a fate change
in mutant precursors (Lahti et al., 2016). We also observed
gher level of expression of Pdzk1ip1 in Tal1cko mice. In close-ups of the boxed
dicate co-expression in Tal1cko mice. (Right) Close-up images showing the

arker Gad1 in Ctrl and Tal1cko embryos. Quanti�cation of Pdzk1ip1+ cells in Ctrl
01.
ps of boxed areas, white arrowheads indicate single-positive cells, and yellow
of Otx1 (ISH) and Pax5 (IHC) with the rV2 GABAergic markerZfpm2 in Ctrl and
wheads indicate double-positive cells.
(close-ups in E), and 7 mm (close-ups in F). VTA, ventral tegmental area; LDTg,
lso Figure S4 and Tables S2 and S3.
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