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SUMMARY

The hypothalamus regulates many innate behaviors, but its development remains poorly understood. Here,
we used single-cell RNA sequencing (RNA-seq) and hybridization chain reaction (HCR) to proble multiple
stages of early hypothalamic development in the chick. Hypothalamic neuroepithelial cells are initially
induced from prethalamic-like cells. Two distinct hypothalamic progenitor populations then emerge and
give rise to tuberal and mammillary/paraventricular hypothalamic cells. At later stages, the regional organi-
zation of the chick and mouse hypothalamus is highly similar. We identify selective markers for major sub-
divisions of the developing chick hypothalamus and many previously uncharacterized candidate regulators
of hypothalamic induction, regionalization, and neurogenesis. As proof of concept for the power of the data-
set, we demonstrate that prethalamus-derived follistatin inhibits hypothalamic induction. This study claripes
the organization of the nascent hypothalamus and identiPes molecular mechanisms that may control its in-

duction and subsequent development.

INTRODUCTION

The hypothalamus regulates homeostatic physiological pro-
cesses and innate behaviors via diverse neurons that lie within
a patchwork of neuronally dense and sparse areas (Saper and
Lowell, 2014; Swaab, 2003). Understanding hypothalamic struc-
ture and function has been challenging, but insights have been
gained by studying its development, which, when disrupted,
can lead to metabolic and behavioral disorders in adulthood
(Bedont et al., 2015; Biran et al., 2015; Eachus et al., 2017,
Moir et al., 2017; Xie and Dorsky, 2017). Characterizing mecha-
nisms that control hypothalamic development illuminates both
hypothalamic organization and function. The increased preva-
lence of metabolic and mood disorders underlines the impor-
tance of such knowledge.

Recent years have seen substantial progress in understanding
hypothalamic development. A landmark study identiPed molec-
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ular markers of major hypothalamic regions in the mid-gesta-

tional (embryonic day [E]11.5DE12.5) mouse £himogori et al.,
2010), describing tuberal and mammillary progenitor domains
in the ventral hypothalamus separated from dorsal paraventricu-

lar and prethalamic progenitors by the intrahypothalamic diago-

nal (ID) Figure 1A). Subsequent studies have used single-cell
RNA sequencing (scRNA-seq) Kim et al., 2020, 2021; Lee
et al., 2018; Romanov et al., 2020) to comprehensively proble
changes in gene expression that correlate with the specibcation
of hypothalamic neurons. Together with traditional genetic

studies (Aslanpour et al., 2020; Bedont et al., 2014; Chen et al.,
2020; Kim et al., 2020; Liu et al., 2015; Lu et al., 2013; Romanov
etal., 2020; Salvatierra et al., 2014), these are starting to identify
molecular pathways that control the emergence of major hypo-

thalamic neurons from debned progenitor zones. However, little
is known about the earliest phases of mouse hypothalamic
development.
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Figure 1. Generation of ScCRNA-seq datasets

(A) Schematics summarize current knowledge: panels show hypothalamic progenitor/early neurogenic regions in E12.5 mice and in HH8 and HH10 chicks.
(B) Schematic showing scRNA-seq experimental design. Hypothalamic tissue was isolated at six developmental timepoints between HH8 and HH20/21.

(C) Wholemount views of isolated neuroectoderm showing dissected areas (white dotted regions) at HH8, HH10, HH13/14, HH15/16, HH18/19, and HH20/21.

(legend continued on next page)
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The relatively large and accessible chick embryo offers an
attractive system for studying early hypothalamic development
(Blackshaw etal., 2010; Burbridge etal., 2016). The earliest chick
hypothalamic progenitors are Roor-plate-like cells, termed
rostral diencephalic ventral midline (RDVM) cells, that express
SHH, BMP7, and NKX2-1 (Figure 1A) Dale et al., 1997, 1999;
Ohyama et al.,, 2005). RDVM cells are induced around
HamburgerbHamilton stage 8 (HH8) through the combined ac-
tion of Sonic hedgehog (SHH), Nodal, and bone morphogenetic
protein (BMP) signals from prechordal mesendoderm (Dale et al.,
1999; Manning et al., 2006; Ohyama et al., 2005; Patten et al.,
2003; Pera and Kessel, 1997). Some RDVM cells later upregulate
TBX2, BMP2, and FGF10in response to BMP signals (Figure 1A)
(Manning et al., 2006) and generate tuberal and mammillary hy-
pothalamic progenitors (Fu et al., 2017; Manning et al., 2006).

Here, we used scRNA-seq to proPle gene expression in the
chick hypothalamus at six stages covering hypothalamic induc-
tion, regionalization, and early neurogenesis. We identibed both
known and novel markers that, when validated with multiplexed
hybridization chain reaction (HCR) analysis, allowed us to debne
and link major spatial domains at each stage. At HH8, the earliest
stage probled, the hypothalamus is a heterogeneous population
of midline neuroepithelial cells that is located adjacent to dience-
phalic prethalamic-like progenitors. Hypothalamic progenitors
undergo dramatic expansion by HH10 and by HH13D16 are
organized into distinct mammillary and tuberal progenitor sub-
sets. By HH18DHH21, tuberal, mammillary, and paraventricular
region-specibc progenitors express markers that resemble
those seen in mid-gestational mouse and human.

Using RNA velocity to infer cell lineage relationships (La
Manno et al., 2018), we show that hypothalamic cells emerge
from prethalamic-like cells and validate this using an ex vivo cul-
ture system. Through gain- and loss-of-function studies, we
demonstrate that the newly identibed prethalamic-like progeni-
tor marker follistatin inhibits hypothalamic induction.

Our study provides a molecular roadmap for early hypotha-
lamic development at unprecedented spatial and temporal reso-
lutions, conbrms the extensive evolutionary conservation of
hypothalamic organization and development, reveals unex-
pected molecular homologies among developing hypothalamic
regions, and identipes a new factor controlling hypothalamic
induction.

RESULTS

scRNA-seq analysis of early chick hypothalamic

development

To proble gene expression during early chick hypothalamic
development, we analyzed six timepoints covering hypothalamic

induction (HH8: 3D5 somites), patterning and regionalization
(HH10: 9B11 somites, HH13/14, and HH15/16), and early neuro-
genesis (HH13/14, HH15/16, HH18/19, and HH20/21) (Fig-
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ure 1B). Hypothalamic tissue was isolated using anatomical
landmarks (Figure 1C). Between 4,000 and 20,000 cells were
probled at each stage (76,000 cells in total), and UMAP datasets
were generated (Figures S1A and S1B). Minimal contamination
from telencephalic (FOXG1-positive) or non-neuronal cells was
seen (Figures 1D, S2A, S2K, S4B, and S4E). Prethalamic-like
cells (PAX6-positive) (see below) were the main cell type de-
tected at HH8, with hypothalamic cells ( SHH-positive) being
less common (Figure 1D). From HH8 through HH20/21, there
were progressively fewer prethalamic-like progenitors ( PAX6)
and more hypothalamic cells (SHH/NKX2-1) (Figure 1D).

Specibcation of hypothalamic identity

HH8 scRNA-seq datasets showed that clusters C1 H"8 c2HH8,
Cc3"18 and C5"8 express Roor plate/RDVM markers (SHH/
FOXAVFOXA2/CHRD, low NKX2-1/BMP7) (Figures 2A and
2B). They also selectively express genes not previously seen in
RDVM cells, including hypothalamic-enriched transcription fac-

tors (NKX2-4/DBX1/SIX6/VAX1), signaling pathway components
(BMP2), hypothalamic hormones (SST/POMC), and other cate-
gories of genes (OLFML3/CA2/NQOV) (Figure S2A; Table S1).
C1"H8, c2MH8 c3MH8 and C5H8 therefore represent hypotha-
lamic Boor-plate-like clusters.

Clusters C8""8pC10™8, in contrast, consist of cells that ex-
press markers of prethalamic progenitors and maturing prethala-
mic cells (PAX6/DLX2/OLIG2/MEIS2/SP8) (Figure 2B) (Bailey
et al., 2006; Ferran et al., 2008; Larsen et al., 2001; Kim et al.,
2020; Shimogori et al., 2010). Individual clusters in this group
were distinguished by different expression levels of cell-cycle
regulators (CENPF) and sex-chromosome-specibc genes
(WPKCI-7) (Figure S2A). Follistatin FST) and FGF18also marked
these clusters (Figures 2B and S2A). Since markers of the eye
peld RAX) Ohuchietal., 1999) and the prethalamic/hypothalam-
ic border during neurogenesis (NKX2-2) (Ohyama et al., 2005)
are also detected in clusters C8"8pcC1d'M®, we refer to
c8""8pCc1d™® as prethalamic-like clusters.

Three separate clusters that contained few cells (C4™,
c6"'8 and C7"'"®) correspond to prechordal mesendoderm/
mesenchyme, neural crest, and oral ectoderm based on the
expression of TWIST1, HOXB2, and DLXS5, respectively (Fig-
ure 2A; Table S1). Most HH8 cells thus fall into 2 major cluster
types: hypothalamic Roor-plate-like and prethalamic-like.
When subjected to RNA velocity analysis, a bioinformatics
method that predicts the future state of individual cells over a
timescale of hours (La Manno et al., 2018), the HH8 dataset
showed trajectories that extend from prethalamic-like to 3oor-
plate-like hypothalamic clusters ( Figure 2C).

HH8 scRNA-seq and velocity analyses therefore indicate that
early hypothalamic cells are heterogeneous and likely arise from
prethalamic-like cells. To validate this, we used in situ HCR. This
revealed heterogeneity among early hypothalamic cells along
the medio-lateral axis. Some hypothalamic marker genes

(D) Pie charts showing the distribution of prethalamic/hypothalamic progenitor cells and contaminating tissues across the 6 developmental timepoints.

Scale bar in (C), 800mm. Ant. ID, Anterior ID; ARC, arcuate nucleus; HM, head mesoderm/mesenchyme; Hypo, hypothalamus; ID, intrahypothalamic diagonal;
Mid, midbrain; MMN, mammillary nucleus; OE, oral ectoderm; PM, prechordal mesoderm; Post NC, posterior neural crest; PreThal-like, prethalamus-like
progenitors; PreThal, prethalamus; PVN, paraventricular nucleus; PMN, premammillary nucleus; RDVM, rostral diencephalic ventral midline; SMN, supra-
mammillary nucleus; Thal, thalamus; TT, tuberomammillary terminal; vAH, ventral-anterior hypothalamus; VMH, ventromedial hypothalamus.
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(SHH/BMP7/CA2/SIX6/SST) are expressed narrowly (Figures 2E
and S2BBS2D), others FOXA2) more broadly (Figures 2F and
2G), and a third set (DBX1/NKX2-1/BMP2) more broadly still (Fig-
ures 2GB21,S2B, and S2E). There is also heterogeneity along the
anteroposterior (A-P) axis. DBX1/NKX2-1/BMP2 taper from a
broad anterior domain to two narrow parallel posterior domains.
In contrast, CHRD/FOXAZ2 are strongly expressed in the poste-
rior midline and expressed more weakly anteriorly. These ana-
lyses allow progenitor clusters identibed using scRNA-seq to
be matched to spatial domains of gene expression and show
that even at HH8, the hypothalamus is heterogeneous (Figures
2A and 2D). Notably, though, this heterogeneity does not clearly
prebgure future spatial organization: SIX6/SST/DBX1L/NKX2-2
show extensive overlap along the A-P axis, although each will
later mark distinct progenitor subsets.

HCR also supports the idea that the hypothalamus emerges
from prethalamic-like cells. At the HH8 3D4 somite stage, early
hypothalamic cells are surrounded by prethalamic-like progeni-
tor cells (FST/PAX6/OLIG2/NKX2-2) and are aligned with cells
that express RAX (Figures 2HD2L and S2EDS2F). Hypothalamic
and prethalamic markers overlap (Figures 2K, 2L, and 2WD2¥)).
The early developing hypothalamus is thus surrounded by pre-
thalamic-like cells that also co-express genes enriched in the
eye beld RAX). Only anterior-most hypothalamic cells lie adja-
cent to FOXG1-positive telencephalic progenitors. By the HH8
5-somite stage, prethalamic-like cells surrounding the hypothal-
amus are regionalized along the A-P axis, characterized by
opposing gradients of MEIS2 (high anteriorly and in the eye beld)
and PAX6/OLIG2/SP8 (high posteriorly) (Figures S2I and S2J).

The HH10 scRNA-seq dataset revealed similar cluster types to
those found at HH8 (a mix of prethalamic and hypothalamic clus-
ters), but most cells are now found in hypothalamic clusters.
Cluster C4""19 s a hypothalamic Boor-plate-like cluster debned
by the expression of many of the same genes as at HH8 (SHH/
FOXAVFOXA2/CHRD/SST) (Figures 2M, 2N, and S2K). Clusters
C1H119 and €310 express the same hypothalamic Roor-plate-
like genes as cluster C4™"1° but also express hypothalamic pro-
genitor markers (NKX2-1, NKX2-4, BMP2, and DBX1) (Figures
2M, 2N, and S2K). Clusters C7""1°pC11""1° contain cells that
express prethalamic-like markers (PAX6/OLIG2/SP8/FST), but
Cc8"M10 and Cc9HM1% also express hypothalamic progenitor
markers (NKX2-1/NKX2-4/BMP2), including NKX2-2/SIX6/VAX
(Figures 2M, 2N, and S2K; Table S2). FGF10is now weakly ex-
pressed in all hypothalamic clusters (Figures S2A and S2K).
RNA velocity again reveals trajectories extending from prethala-
mic-like to hypothalamic clusters ( Figure 20), although we note a

¢ Cell’ress

lone trajectory arising from C9 1110, Its origin, in SIX6/MEIS2 pro-
genitors, suggests that these may be eye Peld cells (Marcos
et al., 2015). Hypothalamic progenitor cells thus continue to be
generated from prethalamic-like progenitors at HH10 and pro-
portionally increase relative to prethalamic-like progenitors
from HH8 to HH10.

Multiplex HCR shows three marked changes in gene expres-
sion in the 4b5 h period between HH8 and HH10. First, new
genes are upregulatedNas exempliped by FGF10, which
broadly co-localizes with SHH. Second, the hypothalamus ex-
pands laterally: SHH/FOXA2DBX1/NKX2-1/NKX2-4/BMP2
expand more than SST/FOXALBMP7. Thus, there is an increas-
ingly clear distinction between medial and lateral hypothalamic
Roor-plate-like domains (Figures 2L, 2Qb2V, and S2NDS2R).
Third, SIX6 is now detected anterior to FOXA1/FOXA2/DBX1/
SST/BMP7 when they are co-aligned at HH8 (Figures S2Mb
S20, and 2QD2S). At neurogenic stages, SIX6 is expressed in
the optic midline and the tuberal hypothalamus, suggesting
that tuberal progenitors are emerging by HH10. FST/SP8/PAX6
expression remains strong in lateral-most regions that include
prethalamic-like and optic area cells (Figures 2T, 2U, and S3)
(Garcia-Lopez et al., 2009), and HCR shows continued overlap
of prethalamic and hypothalamic markers (Figures 2WD2Y,
S2I, S2J, and S3). In summary, by HH10, hypothalamic progen-
itor cells expand considerably, and a distinct tuberal progenitor
domain emerges (Figures 2M and 2P).

Further hypothalamic regionalization

Separate analysis of sScRNA-seq data from HH13/14 and HH15/
16 demonstrated a very similar pattern of clusters (Figure S4),
and these datasets were aggregated for further analysis. Anal-
ysis of aggregated data shows that hypothalamic organization

has advanced by HH13D16, with regional identity becoming
obvious and the brst neurons generated (Figure 3A). Four clus-
ters ((:3HH13»167 (:4HH:L3»16l C5HH13_16, and C8HH13-16) consist of
progenitor cells. C4™"328 contains the most cells and is
composed of prethalamic-like progenitor cells ( PAX6/OLIG2/
SP8), hypothalamic cells (NKX2-1), and hypothalamic border-
like cells (NKX2-2) (Figures 3B and S4H). The remaining three
progenitor clusters (C31H13-16 c5HH13-16 gnd c8HH13-18) consist
of hypothalamic progenitor cells (NKX2-1/NKX2-4/SHH) (Fig-
ure 3B). As at HH8 and HH10, one of these (C37"*3) is distin-
guished by the expression of Roor-plate-like markers (FOXALY
FOXA2/CHRD) but also expresses genes enriched in the
mammillary/supramammillary hypothalamus (PITX2/NKX6-2/
DBX1) (Figures 3B and S4H). Adjacent to cluster 3111316 js g

Figure 2. Specibcation of hypothalamic identity at HH8BHH10

(ABC and MPO) UMAP plots showing: HH8 (A) and HH10 (M) clusters and annotations; HH8 (B) and HH10 (N) representative gene expression probPles demarcating
hypothalamic Roor-plate-like and prethalamic-like clusters; and HH8 (C) and HH10 (O) scRNA-seq trajectories obtained from RNA velocity.
(D and P) Schematic diagrams (ventral views) showing prethalamic and hypothalamic regions relative to other progenitor domains at HH8 (D) and HH10 (P), color-

coded to match UMAP plots.

(EBL and QDY Maximum intensity projections showing ventral views after wholemount in situ HCR on isolated neuroectoderm at HH8 (EDL) or HH10 (QBV) for
combinations of transcription factors and ligands (n = 5915 each). Embryos shown in (H) and (K) are 5- and 3 somites, respectively: in each, NKX2-1 and FST show
similar posterior boundaries along the A-P axis. NKX2-1/FST co-localize (R = 0.41, analysis conducted on the entire beld of view shown in K).

(W and Y) Transverse sections afterin situ HCR to detect NKX2-1/PAX6. High magnibcation views of boxed regions shown in (W) and (Y) used as regions of

interest (ROIs) for co-localization (R = 0.23).

Scale bars, 100 mm. Ant, anterior; Dor, dorsal; FP, Boor plate; Lat, lateral, Med, medial; NC, neural crest; Post, posterior; Telen, telencephalon. Other abbrevi-

ations as per Figure 1.
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SST-expressing progenitor cluster (C5™13-16) (Figure 3B). RNA
velocity indicates that a subset of C5 progenitors gives rise to

C3"H13-18 progenitors (Figure 3C). A fourth progenitor cluster
(C8™M13-18) 'which expresses SIX6, RAX, and FGF10 (Figure 3B;
Table S3),represents tuberal hypothalamic progenitors. There-
fore, both tuberal and mammillary/supramammillary progenitor

domains are distinct by HH13DHH16.

Multiplex HCR on hemi-dissected heads and sagittal sections
reveals that the four progenitor clusters map to spatially
resolving progenitor domains at HH13DbHH16. The prethalamus
(PAX6/EMX2) lies dorsal and posterior to the NKX2-1/SHH-pos-
itive hypothalamus (Figures 3ED3G). Within the hypothalamus,
EMX2/DBX1 and SIX6 distinguish mammillary/supramammillary
and tuberal progenitors, respectively (Figures 3F, 3H, 3I, and
S5A). Mammillary and supramammillary domains can be distin-
guished by SST and FOXA2, which are expressed in adjacent
domains (Figure 3F). The overlap of FOXAL/FOXA2 and PITX2
(Figures 3F, 3H, 3J, and S5B) suggests that this domain is the
supramammillary hypothalamus, while the SST-positive domain
(Figure 3F) is a previously unidentibed mammillary domain.
EMX2/OLIG2-positive mammillary cells lie dorsal to the SST-
positive progenitors (Figures 3F and S5C). As in mouse and ze-
brabsh, NKX2-2 expression marks an arching border around
the hypothalamus (Figure 3G). Anterior-most NKX2-2-positive
cells overlap VAX/RAX and separate the FOXG1-positive telen-
cephalon from RAX/SHH/FGF10 tuberal progenitors (Figures
3G,31,3J, S5A, and S5B). Posterior NKX2-2-positive cells, by
contrast, separate the PAX6-positive prethalamus and the
NKX2-1-positive hypothalamus and overlap with EMX2 and
FOXAZ2 (Figures 3ED3G). Comparison with the HH10 HCR Fig-
ure 2) suggests how these progenitor domains arise (compare
schematics in Figures 2P and 3D).

Initiation of neurogenesis

In addition to hypothalamic progenitor clusters, we observe hy-

pothalamic neurogenic clusters (ELAVL4NHLH1-positive),
which are apparent as two distinct neurogenic trajectories (C1/

C2MH13-16 and C6/C7HH1318) (Figures 3A and 3B). RNA velocity
indicates that cluster C3"H3-18 gives rise to C1HH13-16 and
C2HH13-18 (Figure 3C). These cells represent mammillary and/or
paraventricular cells, as they express the well-characterized

markers SIM1 (Caqueret et al., 2005) and CALB2 (Shimogori
et al., 2010) (Figure S4H; Table S3). Cells at the distal tip of this
trajectory express the transcription factors NHLH1 and OTP (Fig-
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ure 3B) and the neurohormones AVP and OXT (Figure S4H; Table
S3), all of which are later expressed in the paraventricular nu-
cleus (Xu et al., 2020). This implies that neuronal precursors in
this trajectory give rise to both mammillary and paraventricular
neurons. Pseudotime analysis shows a progressive decrease
in expression of [3oor-plate-like markers (FOXA2/CHRD) and a
corresponding increase in mammillary markers (LHX1/ISLR2/
ONECUT1) (Figure 3K) (Marion et al., 2005; Shimogori et al.,
2010).

The second neurogenic differentiation trajectory arises from
cluster C8"13-16 (Figures 3A and 3C). In keeping with the iden-
tibcation of C87"3-16 a5 a tuberal progenitor cluster, C6 1316
and C77H13-18 cells express genes that mark tuberal hypotha-
lamic neurons, including ISL1 (Table S3), NR5A1, and NPY (Fig-
ure 3B) (Shimogori et al., 2010). We also note low levels of OTPin
clusters C6""1318 and c7H1131€ in line with reports that OTPis
detected in zebrabsh and mouse tuberal progenitors (Muthu
et al., 2016; Wang and Lufkin, 2000). Unexpectedly, some C6/
C7HH1316 cells express the arousal-promoting neuropeptide
HCRT (Figure 3B), which is selectively found in the lateral hypo-
thalamic area in mice. In mouse and zebrabsh, LHX9 is
expressed in HCRT-positive neurons and activates HCRT
expression (Dalal et al., 2013; Liu et al., 2015), but LHX9 expres-
sionis not detected in C7 "H13-16 HCRT cells (Table S3). The func-
tional signibcance of this species-specibc difference is unclear.

Pseudotime analysis conbPrms upregulation of NR5A1/ISLY/
NPY/HCRT as tuberal progenitors generate neurons, as well as
upregulation of the premammillary-enriched homeodomain fac-
tor PROX1 (Kim et al., 2020; Shimogori et al., 2010), transient
expression of NHLH1, and a rapid reduction in SIX3/SOX8/
SHH expression (Figure 3L). UMAP plots show an increase in
neurogenic cells (C17H13-16 coHH13-16 cgHH13-16 gpg C7HH1S-
18) and a decrease in hypothalamic progenitor cells (C3HH13-16,
Cc5HH1316  and C8"H1318) from HH13 to HH16 (Figure 3N).
RNA velocity no longer suggests a trajectory connecting pretha-
lamic-like with tuberal and mammillary progenitor clusters, indi-
cating that prethalamic-like cluster cells now generate only
prethalamic cell types (Figure 3C). As they do so, they progres-
sively upregulate PAX6/FGF8/GBX2 while transiently expressing
NR2F2 (Figure 3M).

Multiplex HCR conbrms the results of scRNA-seq. Small
patches of ELAVL4-positive neural precursors are seen from
HH13 in two spatially distinct domains ( Figures 30 and 3P). Ante-
rior ELAVL4-expressing cells lie in the SIX6/NKX2-1-positive

Figure 3. Regionalization of the hypothalamus and initiation of neurogenesis

(ABC) UMAP plots showing (A) HH13DHH16 integrated clusters and annotations, (B) distribution of representative genes demarcating hypothalamic progenitor
and neurogenic regions, and (C) scRNA-seq mammillary/supramammillary, tuberal, and prethalamic trajectories obtained from RNA velocity.

(D) Schematic sideview showing developing hypothalamic regions and adjacent domains; colored regions approximate their counterparts in Figures 2D and 2P.
(EDJY Maximum intensity projections of hemi-dissected HH14DHH15 heads after wholemount in situ HCR triple labeling with combinations of regional progenitor

markers. Anterior to the left.

(KbM) Pseudotime analysis of mammillary/suprammillary hypothalamus (K), tuberal hypothalamus (L), and prethalamus (M).
(N) UMAP plot showing distribution of HH13/14 and HH15/16 cells across clusters.
(OBbQ) Maximum intensity projections of hemi-dissected HH13DHH15 heads after wholemountin situ HCR to show patterns of neurogenesis and onset of tuberal-

specibc neural precursor cells.

(R and R) Transverse section through the tuberal hypothalamus and optic stalk after triple in situ HCR for ELAVL4, NR5A1, and HCRT (n = 5D8 embryos each for

EBI and OBR).

Scale bars, 100 nm. Dien, diencephalon; MM, mammillary; NPC, neuronal precursor cells; OM, optic midline; Prog, progenitors; SM, supramammillary; Tub,

tuberal. Other abbreviations as per Figures 1 and 2.
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tuberal progenitor domain (compare Figures S5A, S5B, and
S5D). Posterior ELAVL4-positive cells within the mammillary
domain co-express PITX2 (Figure 3P). In keeping with the
scRNA-seq, we detect a substantial increase in neurogenesis
from HH13, and by HH14DbHH15, many more ELAVL4-express-
ing cells are seen, many of which also express ISL1 (Figure 3P)
and NR5A1 (Figures 3Q and 3R). HCRT expression is restricted
to a subset of NR5A1-positive cells (Figures 3Q and 3R). Cell
clusters identibed by scRNA-seq thus ref3ect distinct progenitor
domains and postmitotic neural precursor cells within the tuberal

and mamillary domains.

Both scRNA-seq and HCR data conbrm and extend earlier
studies to show that hypothalamic induction, patterning, and
regionalization occur from HH8DHH16. Previous studies have
focused on how signaling ligands control patterning and region-
alization of the developing hypothalamus. Our scRNA-seq
studies reveal dynamic expressions of such key signaling li-
gands between HH8 and HH13 and their likely receptors. This
analysis also identibes other receptor-ligand pairs that have
not yet been linked to control of hypothalamic development ( Fig-
ures S6ADSED).

Finalizing the overall plan of hypothalamic organization
scRNA-seq at HH18/19 and HH20/21 indicates that by these
stages, the overall spatial organization of the developing
chick hypothalamus is complete. The same progenitor markers
(prethalamic-like/ID [PAX6/OLIG2/NKX2-2], tuberal [RAX/SIX6&/
FGF10], mammillary/supramammillary/3oor-plate-like [ FOXAL
FOXA2/PITX2/SST]) and neurogenic markers (tuberal [NR5AL/
POMC] and mammillary/paraventricular nucleus [PVN] [SIM1/
OTP/AVP)) are seen as at HH13/16 (Figure S4), but numerous
additional molecular markers are detected in discrete HH18/19
and HH20/21 clusters (Figure S7; Tables S4 and S5). Some of
these are known to specibcally label major spatial subdivisions
of the developing mouse hypothalamus (Shimogori et al.,
2010). For instance, DLX1 expression is now detected in the ID
(Tables S4 and S5). Further, neuronal-subtype-specibc markers
that were weakly detected at HH13DHH16, such as AVP/POMC,
are now robustly expressed (Figure S7).

Using molecular markers analyzed in the E11.5 mouse (Shimo-
gori et al., 2010), we performed multiplex HCR analysis at HH18
and HH20. This revealed that as early as HH18, the regional or-
ganization of the chick hypothalamus is remarkably similar to
that of the E11.5 mouse (Shimogori et al., 2010) (Figure 4A).
The prethalamus, which can now be delineated through DLXY/
OLIG2, is located dorsally and posteriorly to the hypothalamus
(Figure 4B). The ID and the ventrally extending tuberomammillary
terminal (TT) are contiguous with and molecularly similar to the
prethalamus, and both express DLX1 (Figures 4B and 4C). The
ID, TT, and prethalamus can, nonetheless, be distinguished
through the expression of NKX2-2 in only the ID and the expres-
sion of PAX6 in only the prethalamus (Figures 3C and 3ED3G).

Adjacent and posterior-ventral to the TT, EMX2 and FOXAY
PITX2 debne the mammillary hypothalamus and supramammil-
lary hypothalamus, respectively (Figures 4D, 4E, 4H, and 4l). At
this stage, the largest hypothalamic territory is the developing tu-
beral region, lying anteriorly to the mammillary region, ventrally to
the ID, and dorsally to RathkeOs pouch and including the
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PROX1+premammillary region in the crook of the ID and TT (Fig-
ure 4E). The posterior limits of the prethalamus and hypothala-
mus are debned by the SHH-positive ZLI dorsally (Figure 4F)
and by the ARX-positive di/mesencephalic Roor plate ventrally
(Figure 4K). ARX also marks the prethalamus, ID, and TT, as in
mouse (Figure 4K).

Finally, the anterior-dorsal paraventricular region is marked by
SIM1 and VAX1 expression (Figures 4B and 4J). The SIM1-pos-
itive paraventricular territory is separated from a SIM1-positive
mammillary territory by the ID and TT (Figure 4B). Transverse
sections (planes shown in Figure 4A) show that SIM1 is in the
mantle zone and, in paraventricular regions, is adjacent to
VAX-positive cells. Hypothalamic SIM1-positive cells are contig-
uous with those found in the FOXG1-positive telencephalon (Fig-
ures 4L and 4M).

Distinct tuberal and mammillary subregions can be
distinguished. The anterior subdivision of the tuberal region is
characterized by higher levels of VAXand SIX6, while the poste-
rior subdivision, dorsal to RathkeOs pouch, is characterized by
higher RAX (Figure 4J). Transverse sections (planes shown in
Figure 4A) show that neuronal precursors expressing markers
of the ventromedial and arcuate nuclei (NR5A1 and POMC,
respectively) occupy the mantle zone of the tuberal domain but
are as yet intermingled (Figures 40D4Q).

Likewise, although the posterior hypothalamus is broadly
divided into FOXALPITX2-positive supramammillary and
EMX2-positive mammillary regions, subdomains exist within
these, that can be distiguished through differential expression
of these markers and of SST, SIM1, OLIG2, and FOXA2 (Figures
4ADPA4D, 4H, 41, and 4K).DBX1 partially overlaps with both EMX2/
OLIG2-positive and FOXAVPITX2-positive regions (Figure 4l).
Transverse sections show that SIM1- and DLX1-positive cells
are intermingled in a mantle zone located between the mammil-
lary and dorsal TT regions (Figure 4N), while SIM1/OTP-positive
neuronal precursors are found in the mantle zone in both
EMX2-positive mammillary and PITX2-positive supramammillary
domains (Figures 4RD4U). By HH18/19, hypothalamic regionali-
zation is complete, and postmitotic neuronal precursors are
abundant in the tuberal and mammillary hypothalamus.

Gene networks controlling hypothalamic regionalization

and neurogenesis

We next sought to identify gene networks that control hypotha-
lamic regionalization and neurogenesis. Since our samples did
not proble substantial numbers of prethalamic progenitors from
HH13/14 and HH15/16, we removed maturing prethalamic/ID
cells, along with a small number of other non-hypothalamic cell
types, then computationally aggregated all scRNA-seq data
from HH8, HH10, HH13/14, HH15/16, HH18/19, and HH20/21
using UMAP analysis. This revealed a continuous distribution
across the time points, which we interrogated using RNA velocity
and pseudotime analysis. From HH8 onwards, we observed two
major progenitor populations (Figure 5A; Table S6). Cluster
C0"H&21 corresponded to FOXA1/FOXA2/PITX2-positive Roor-
plate-like/mammillary progenitors, and cluster C1 "H821 corre-
sponded to a mixture of RAX/SIX6-positive tuberal and FST/
PAX6-positive prethalamic-like progenitors (Figures 5AD5C).
RNA velocity plots indicate that trajectories from both progenitor



Cell Reports ¢? Cell’ress

OPEN ACCESS

Figure 4. Hypothalamic regionalization at HH18DHH20

(A) Left: schematic sideview showing major hypothalamic progenitor regions at HH18DHH20 and their position within the forebrain and relative to RathkeOs pouch;
colored regions approximate their counterparts in Figures 2 and 3. Right: schematic showing planes of sections shown in (L)D(U).

(BBK) Maximum intensity projections of hemi-dissected HH18DHH20 heads after wholemount in situ HCR for combinations of regional progenitor markers.
Anterior to the left. Arrowheads in (B) point to ID and TT. Boxes in (D) show regions shown in (E)D(K).

(LBU) Transverse sections of HH20 embryos afterin situ HCR for combinations of regional and neuronal precursor markers. Boxes in (N) and (R) show regions
shown in (N9D(N9 and (R). Sections shown in (S)D(U) are serial adjacent to that in (R). Arrowheads in (L), & (0)P(Q) and (B point to the mantle zone.

Scale bars, 100 mm (G, H, L, N, N% O, R, and S) and 250 mm (BBD). Markers shown in (N)D(B) and (Q)P(U) have been digitally overlaid after stripping and re-
probing of single sections. PV, paraventricular; PM, premammillary; SCN, suprachiasmatic nucleus; ZLI, zona limitans intrathalamica. Other abbreviations as per
Figures 1, 2, and 3.
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cell clusters (COMH821 and C1HH8-21y converge into a cell cluster
(C4H8-21y distinguished by ASCL1/GADD45G/DLL1 but which
still expresses cell-cycle markers (CENPFHCCND1) (

AD5C; ). Similar populations have been observed in
developing retina, cortex, and cerebellum and appear to corre-
spond to progenitors undergoing terminal neurogenic divisions
( ; ; :

Two neuronal differentiation trajectories arise from the C4 HHé-21
neurogenic cluster. Cluster C3118-21 corresponds to mammillary/
paraventricular neuronal precursors (PITX2/SIM1/OTP/AVP) and
cluster C6""82! corresponds to tuberal neuronal precursors
(NRSAV/ISLYHCRT) ( ADP5C). ciHe-2lpcgite-2t gnd
C0"H8-21H 3821 rajectories pass through upper and lower sub-
divisions of C4""821  respectively. This supports the idea that
while neurogenic tuberal and mammillary/paraventricular progen-
itors express some common genes, these structures arise through
two distinct differentiation programs.

Pseudotime analysis identipbed common and divergent pat-
terns for dynamic gene expression in the distinct neurogenic
trajectories. In each, RAX/'DBX1/SST/OTX2 expression is down-
regulated ( D). The tuberal trajectory downregulates pre-
thalamic-like markers such as PAX6/ZIC1/FST/BMP2/GSC early
on ( D). The mammillary trajectory initially expresses,
then downregulates, Roor-plate-like markers such as FOXAY
FOXA2/SHH/BMP7 ( D). Neurogenic progenitors in
both trajectories transiently express ASCL1/NHLH1/GADDA45G;
however, NEUROGL1 is also expressed in the paraventricular/
mammillary trajectory and ATOH7 and KRT20 are expressed in
the tuberal ( C). ATOHY plays an essential role in retinal
ganglion cell survival but has not been previously linked to hypo-
thalamic development ( ). HCR vali-
dates these expression patterns. Thus, while DLL1-positive cells
(i.e. C4""8-21 cells, both upper and lower) are detected in tuberal,
posterior/mammillary, and paraventricular regions ( E),
NEUROG1 (C4™H8-21 |ower and C3H182) s restricted to mamil-
lary and paraventricular domains, and KRT20 (C4""8-21 ypper
and C6""821) is restricted to the tuberal domain ( F).

Many well-established regional and cell-type-specibc markers
are only detected in relatively mature cells at the tips of the tra-
jectories. These include NR5AL/HCRT/NPY in the tuberal stream
and PITX2/SIM1/OTP/AVP in the mammillary/paraventricular
stream ( C). Both the tuberal and mammillary/paraven-
tricular streams bifurcate by HH18 ( A). In the former,
the two streams are distinguished by high versus absent expres-
sion of NPY ( C). In the latter, Boor-plate-like/mammillary
markers such as PITX2FOXA2 are distributed across both
branches at HH20/21, but PVN-specibc transcripts such as
OTP/AVP/BSX are restricted to one branch ( C). One
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interpretation of this is that PVN-specibc characteristics develop
from a program common to mammillary and PVN-like neurons
and that PVN neurons may arise from mammillary progenitors.
In support of this, HCR analysis of HH17 embryos shows a strip
of FOXA2-positive cells, along the ID, extending to the VAX1-
positive paraventricular domain ( G; see also F
and 3J; HH14bHH15). At HH19,AVP-positive cells overlap this
FOXAZ2-positive domain at the edge of the paraventricular region

( H and 5I). Scattered AVP-positive cells are also seen in
the dorsal mammillary region partially overlapping with FOXA2
( H and 5I). Although we cannot exclude the possibility

that AVP-positive paraventricular neurons arise directly from
VAX1-positive progenitors, this suggests that some or all AVP-
positive neurons may arise from Roor-plate-like progenitors
that undergo tangential migration from the mammillary to the
paraventricular region.

In summary, these data describe chick hypothalamic develop-
ment in detail, linking early stages of induction (that were partially
described in previous work) through patterning and the begin-
ning of neurogenesis, up to a point in development where the
equivalent stages in mouse are more tractable to study and
have been more extensively explored ( A).

We next set out to identify molecular similarities between
neuronal precursor subtypes identibed in the developing chick,
mouse, and human. To do this, we performed UMAP analysis
of the aggregated HH18/19 and HH20/21 scRNA-seq datasets,
computationally extracted all postmitotic neural precursors, and

separately clustered these to identify cell-type-specibc markers
( A; ). We identibed eight clusters: three tuberal,
three mammillary, one paraventricular, and one prethalamic/ID/
TT-like. Tuberal clusters (CQHH18-21 Cc1HH1821 gnd Cc3HH18-21y
all express SIX3/SIX6/ISL1 but can be distinguished: CO ex-
presses the lowest levels of NR5A1, high POMC, no NPY, and
low HCRT; C1"H18-21 expresses high NHLH1/NPY/HCRT and
no POMC; and C3"1821 expresses high POMC/HCRT and
low NPY ( B; ). This implies that distinct popula-
tions of POMC- and NPY-expressing neurons are already
emerging at this stage, well in advance of mice (

).

Mammillary (C27H18-2L cgHH1821 gnd Cc7HH1821) and PVN/
SON (C4™H182Ly clysters can likewise be distinguished.
C4HH1821 cells selectively express SIM1/OTP/OXT/AVP (

B; ) but also express high levels of OLIG2 and
NEFL and, unlike clusters 2 and 5, do not express FOXAL1/2/
NKX6-2/PITX2 ( B: ). C2HH1821 hased on

(A) UMAP plot of clusters across the entire period of hypothalamic development showing developmental trajectories obtained from RNA velocity analysis of the
tuberal, PVN/SON, and mammillary hypothalamus (top), and UMAP plot showing developmental timepoints across hypothalamic development (bottom).
(B) Schematic showing approximate spatial locations of cells in the HH8DHH21 clusters.

(C) UMAP plots for selected genes across hypothalamic development.

(D) Pseudotime showing gene expression changes through mammillary/supramammillary, PVN/SON, and tuberal hypothalamic development.
(EPI) Maximum intensity projections of hemi-dissected HH17DHH20 heads after wholemount HCR single, double, or triple in situ hybridization with combinations
of regional progenitor and neurogenic markers. Anterior is oriented to the left. Box in (H) shows region shown in ()D(FS.

Scale bars:100 mm. SON, supraoptic nucleus. Other abbreviations as per

,and .
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enriched expression of SIM1/CALB2 ( B), may correspond
to neurons of the mammillary nucleus. C5™M82 cells express
high levels of TAC1 ( B; ) and likely correspond
to immature supramammillary neurons. C7""821 cells express
SST/DBX1 and so likely correspond to immature ventral mammil-
lary neurons ( B; ). Major subdivisions of the pos-
terior hypothalamus can thus be distinguished at this stage.

Cluster C6MH18-21 selectively expresses canonical markers of
hypothalamic GABAergic neural precursors, such as DLX1/2
and GAD1/2 ( B, 6E, and 6F; ), along with the
transcription factors SP8/SP9 ( ). These genes are ex-
pressed in the prethalamus, ID, and TT in mouse (

; ) and in the chick ID at HH20/21
( B). Since this cluster shows ||ttIe expression of the pre-
thalamic marker GSX2 ( : ),
neurons in C6"'"182! represent hypothalamic ID and TT neurons.
C6""18-21 showed much higher GAL expression, higher DLX1/2
expression, and lower DLX5 and GAD2 expression relative to
mouse and human. Since DLX1/2 directly regulates DLX5
expression and precedes the expression of GABAergic markers,
this may imply that cells in chick C6 #7182 gre less mature than
their mammalian counterparts rather than ref3ecting species-
specibc differences in gene expression.

We next directly compared these chick neuronal precursor
clusters to clusters previously annotated in sCRNA-seq studies
in E11DE13 mouse hypothalamus | ) and gesta-
tional week 10 human hypothalamus ( ). Tuberal
clusters (C0HH18-21 c1HH18-21 gnd C3"H18-21y closely matched
mouse arcuate and ventromedial hypothalamic clusters and
the human tuberal hypothalamic cluster ( CDb6F). A few
notable species-specibc differences were observed. NPY and
NHLH1 expressions were highly enriched in chick C1+HH&-2
but not in humans or mice. Mouse arcuate and human tuberal
clusters also showed substantially higher levels of POMC than
did chick, while mouse arcuate and ventromedial clusters
showed higher expression of CHCHD10 than did chick or human

E).

C4HH18-21 chick cells most closely resemble the PVN/supraop-
tic nucleus (SON) mouse and human PVN clusters ( E).
Chick C4HH18-21 cells more closely resemble human PVN than
the mouse PVN/SON, with both selectively expressing FGF13/
NRNL/OXT/AVP ( E). C4'M1821 cells express several
genes not enriched in humans or miceNincluding TCF12/
NEFM/CRABP1 ( E)Nbut do not express the transcrip-
tion factor LHX5, which is expressed in both mouse and human.

Mammillary clusters C2H11821 and €5H"1821 resemble the
human mammillary cluster. While both C2HH1821 gnd c5HH18-21
express PITX2, neither closely resembles the mouse supramam-
millary cluster ( E and 6F). The human mammillary clus-
ter, however, expresses supramammillary markers such as
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NR4A2/BARHL1, suggesting that this represents both mammil-

lary and supramammillary regions ( ). No
clear counterpart for C7"H'8-21 is detected. No clear counter-

parts to the premammillary cluster in mice or the lateral hypotha-

lamic clusters in humans are detected in chick, consistent

with our Pnding that these structures are not clearly debned at
this age.

Our scRNA-seq and HCR analyses provide a wealth of candidate
genes for experimental investigations of hypothalamic develop-
ment. Our analyses suggest that PAX6-expressing prethalamic-
like cells undergo conversion to hypothalamic progenitors. We
explored this idea by building on two previous studies. The brst
delineated the spatial position of the future hypothalamus from
HH4DHHS ( ). The second debned the onset of hy-
pothalamic specibcation measured by NKX2-1 expression,
showing that it had not yet begun at HH4 but was initiated by
HH6 ( ). Using an ex vivo assay, we observed
a direct conversion of prethalamic-like to hypothalamic identity.
In cultured HH4 explants, most cells expressed PAX6, but no
NKX2-1 was detected, while in HH6 explants, NKX2-1-positive
cells were detected, many of which co-expressed PAX6 (

AD7C, arrows). This conbrms that hypothalamic progenitors are
induced from prethalamic-like progenitors.

Nodal from prechordal mesoderm triggers hypothalamlc in-
duction and patterning ( ;

), and scRNA-seq analysis reveals that
PAX6—expressmg prethalamic-like cells express FST at HH8D
HH10 ( H and 2T). Since FST is a potent Nodal antago-
nist, prethalamic-derived FST may limit the lateral extent of
hypothalamic induction. To test this hypothesis, an FST neutral-
izing antibody (anti-FST) or recombinant FST was injected onto
the hypothalamus of HH5/6 embryos in vivo, which were then
developed to HH14 ( CD7F). Anti-FST increased the
NKX2-1/SHH-positive hypothalamic domain relative to controls
and reduced the prethalamic PAX6 domain, although PAX6
expression in RathkeOs pouch was unaltered { D and
7E). Conversely, no SHH/NKX-2.1-positive cells were seen in
embryos treated with recombinant FST ( F). SHH expres-
sion was seen along the ventral midline, which was expanded
relative to controls ( F).

In parallel, we performed ex vivo studies, dissecting out pro-
spective hypothalamus at HH4 and culturing explants in control
media or with anti-FST until the equivalent of HH14 ( G
and 7H). Control explants showed separate domains of PAX6
and SHH expression, with almost no detectable NKX-2.1
expression ( G). In contrast, explants exposed to anti-
FST downregulated PAX6 and upregulated NKX-2.1 throughout

(ABD) UMAP plots showing (A) distribution of mature hypothalamic and prethalamic/ID neurons at HH18/20, (B) expression of genes enriched in different hy-
pothalamic neuronal clusters, (C) integrated dataset, and (D) integrated clusters of developing chicken hypothalamus (HH18/19BbHH20/21), mouse hypothalamus

(E11BE13 | 1), and human hypothalamus (GW10 [

D

(E) Heatmap showing conserved key gene expression patterns between neuronal precursor clusters in chicken, mouse, and human developing hypothalami.

(F) Correlation heatmap for developing chicken hypothalamus (HH18/19DHH20/21), mouse hypothalamus (E11DE13{

(GW10 [ D.

1), and human hypothalamus
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the explant, with many SHH/NKX-2.1-positive cells detected
( H).

Finally, we dissected the prospective hypothalamus at HH6, at
the onset of its specibcation. Explants were cultured in control
media or with recombinant FST until the HH14 equivalent.
Robust hypothalamic differentiation was detected in controls,
with many NKX-2.1/SHH-positive cells seen and a separate
domain of PAX6-positive cells ( ). In contrast, exposure
to FST almost eliminated NKX-2.1 expression, and PAX6-posi-
tive cells dominated the explant ( 1). We conclude that
prethalamic-derived FST inhibits hypothalamic specibcation
and constrains the size of the developing hypothalamus.

This study provides a comprehensive roadmap for the molec-
ular mechanisms controlling hypothalamic induction, regional-
ization, and initiation of neurogenesis, made possible by using
the chick model system, where the hypothalamus is larger and
more slowly developing than the mouse. It is unsurprising,
given the central role of the hypothalamus in regulating many
evolutionarily ancient innate behaviors, that the spatial organi-
zation of the chick hypothalamus is similar to that of the
mammalian hypothalamus during early neurogenesis. This
study provides unprecedented insight into evolutionarily
conserved processes that orchestrate hypothalamic patterning
and regionalization.

New molecular markers that we identify here show that the
HH8 hypothalamus closely resembles a Roor-plate-like domain
sitting directly adjacent to prethalamus-like tissue. The prethala-
mus is the earliest-developing forebrain structure (

), and OLIG2-expressing cells are seen in the pro-
spective prethalamus as early as HH8. Transiently (at HH8)
OLIG2-positive cells concentrically surround the developing hy-
pothalamic Roor plateNincluding SIX6 expressing cells—likely
prebguring the position of the ID. Our study provides clear
evidence to support the idea that the hypothalamus arises
from prethalamus-like cells. This contradicts the predictions of
the prosomere model, which places the prethalamus posterior
to the hypothalamus in prosomere 3 and the telencephalon dor-
sal to the hypothalamus, as part of the secondary prosenceph-
alon ( ). Further studies will help clarify the broader
organization of the developing vertebrate forebrain.

Furthermore, our study demonstrates that prethalamus-
derived FST constrains the size of the developing hypothalamus.
Genetic analysis has shown that NKX2-1 promotes hypothalam-
ic identity while simultaneously repressing prethalamic identity

¢ Cell’ress

OPEN ACCESS

( ) and that FST may inhibit a factor that induces
NKX2-1. While Nodal is a top candidate for this factor, our
explant cultures include no prechordal mesoderm, and no Nodal
is detected in hypothalamic cells by scRNA-seq, suggesting that
another FST target may mediate these effects. One candidate is
BMP2, which is expressed in a complementary patternto FSTat
HH8 and HH10 ( FO). BMP2 interacts with SHH to induce
and pattern the hypothalamus ( ;

; ), while in the posterior neural tube,
FST modulates BMP signaling to regulate dorsoventral neural
tube patterning with SHH ( ). Interactions be-
tween BMPs, SHH, and FST are likely to underlie hypothalamic
induction. Further studies will be required to dissect the relative
contribution of these factors and the precise mechanism of ac-
tion of FST.

Our study markedly extends previous characterizations of
Roor-plate-like hypothalamic progenitors and demonstrates
their expansion between HH8 and HH10 (

). Further, both scRNA-seq and HCR identify two spatially
and molecularly distinct clusters of hypothalamic progenitors in
the HH10 embryo. The Prst initially expresses Roor-plate-like
markers, such as FOXA2, but later generates neurons of the pos-
terior (mammillary/supramammillary) nuclei and possibly also
the PVN. The secondNwhich expresses SIX6/RAX/FGF10N
generates neurons of the tuberal hypothalamus, including the
ventromedial and arcuate nuclei.

The bnding that the mammillary/supramammillary and para-
ventricular hypothalamus share a similar developmental
program is surprising, as they are located at opposite ends of
the hypothalamus. At HH20, mammillary/supramammillary and
paraventricular hypothalamic neural precursors cluster together,
while HCR analysis shows that the paraventricular marker AVP is
also found in mammillary regions ( H and 5I), in agree-
ment with previous studies ( ). Moreover,
progenitors at the anterior and posterior borders of the mouse
hypothalamus co-express several genes, including LHX5/
SIM1/NEUROG2 ( ; ). While
similar neuronal differentiation programs may mask underlying
differences in progenitor origin ( ), an intriguing
possibility is that AVP-expressing neurons in the anterodorsal
hypothalamus have migrated into this position from the mammil-
lary region rather than being born locally from VAX1T/RAX-posi-
tive progenitors. Differential Wnt signaling, which posteriorizes
the zebrabsh and mouse hypothalamus, may distinguish the
posterior (mammillary/supramammillary) and paraventricular di-
visions of the hypothalamus ( ;

).

(A and B) Immunohistochemical analysis of PAX6 and NKX2-1 in HH4 cultured explant (ADAY or HH6 cultured explant (BBB (n = 5 explants/condition).
(C) Schematic depicts ex vivo explant experiments and in vivo gain- or loss-of-function experiments.
(DPF)n situ HCR showing SHH, NKX2-1, and PAX6 in sagittal sections of HH14 embryos after in vivo injection (C, bottom schematic) of PBS (D), anti-FST (E), or

FST (F) at HH5DHH6. n = 3 embryos/condition.

(G and H)In situ HCR showing SHH, NKX2-1, and PAX6 in sections of explants cultured from HH4bHH14 (C, top schematic) in either control medium (G) or anti-

FST (H).

(land J) HCR showing SHH, NKX2-1, and PAX6in sections of explants cultured from HH6DHH14 (C, middle schematic) in either control medium (1) or anti-Fst (J).

n = 7D10 explants/condition.
(K) Schematic showing FST regulation of hypothalamus development.
Scale bars, 100 nm.
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By HH18, the structure of the chick hypothalamus resembles
that of the E11.5 mouse, and counterparts of most major chick
neuronal precursor populations are observed in E11DE13 mice
and gestational week 10 (GW10) humans. Paraventricular and
mammillary progenitor populations can be distinguished, and
prethalamic markers extend into the basal hypothalamus, ante-
riorly via the ID and ventrally via the TT. In the tuberal hypothal-
amus, markers of both the ventromedial hypothalamus and
arcuate nuclei, such as NR5A1 and POMC, are observed,
although neither structure is yet spatially distinct.

Previous studies have highlighted the importance of a detailed
understanding of hypothalamic development to human health.
Congenital metabolic disorders and obesity can result from mu-
tations in transcription factors that control hypothalamic
patterning ( ; ). Mutations
in genes identibed in this study may contribute to multigenic dis-
orders that may have a hypothalamic origin, such as type 2 dia-
betes, sleep disorders, and depression ( :

; ). Understanding mech-
anisms that control early hypothalamic development will also
guide efforts aimed at inducing differentiation of specibc hypo-
thalamic neuronal subtypes from embryonic stem cells (ESCS)
orinduced plurlpotent stem cells (iPSCs) (

; : ) and
for the directed reprogramming of hypothalamic glial cells (

). Ultimately, cell-based approaches
such as these may allow for directed rewiring of hypothalamic
circuitry, enabling treatment of a broad range of homeostatic
disorders.

Due to the difpculty in obtaining large amounts of tissue at HH6
and inaccurately dissecting the hypothalamus during head
turning, our analyses do not proble gene expressions prior to
HH8 or at HH11/12. Since hypothalamic 3oor-plate-like specib-
cation is initiated at HH6, and neurogenesis is initiated around
HH12, our study may not capture all gene expression changes
that regulate these processes. The inclusion of samples older
than HH21 would also facilitate accurate cross-species compar-
ison of evolutionarily conserved and species-specibc patterns of
gene expression.

Detailed methods are provided in the online version of this paper
and include the following:

d
d
B Lead contact
Materials availability
B Data and code availability

[vs)

B Chick collection

B Tissue collection
scRNA-seq data generation
B Explant culture

[vs)
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In vivo manipulation of follistatin signaling
Immunohistochemistry

Chicken HCR

Image acquisition

W o W W

B scRNA-seq data analysis

Supplemental information can be found online at
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Further information and requests for resources and reagents should be directed to and will be fulblled by the Lead Contact, Seth
Blackshaw ( ).
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All unigue/stable reagents generated in this study are available from the Lead Contact without restriction.

d All chick single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Acces-
sion numbers are listed in the . All other data reported in this paper will be shared by the lead contact upon
request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the Lead Contact upon
request.

Fertilized Bovan Brown eggs (Henry Stewart & Co., Norfolk, UK) were used for all experiments. Eggs were incubated and staged ac-
cording to the Hamburger-Hamilton chick staging system ( ). BrieRy, fertilised eggs were stored at
14 C, then incubated in a humidibed incubator at 37 C. For all the experiments, both males and females were used. Fertilised
eggs were incubated for 28029 h to obtain HH6, 30D32 h to obtain HH8 (3B5 somite embryos), 40D42 h to obtain HH10 embryos
(9D12 somites), 54D60 h to obtain HH 13D15 h, 3 days for HH17/18 and 3.5 days for HH20/21.

All experiments were designed and carried out according to the UK Animals (Scientibc Procedures) Act 1986. No ethical approval
or Home Ofbce licensing was required, as chicks were not incubated beyond E3.5 (hatching is E21). Named Animal Care and Welfare
Ofbcers (NACWOs) had oversight of all incubated eggs.

Hamburger-Hamilton stage HH8, HH10, HH13/14, HH15/16, HH18/19, and HH20/21 chick embryos were harvested and neuroec-
toderm was isolated from underlying mesoderm and endoderm after Dispase | (Cat No. 4942086001, Roche) treatment (

). The following approximate numbers of embryos were dissected, and their cells pooled, for each stage: HH8, 570
(rep 1), 492 (rep 2); HH10, 280; HH13/14, 90; HH15/16, 90; HH18/19, 20 (rep 1), 60 (rep 2); HH20/21, 30. The ventral hypothalamic
tissue and small amounts of neighboring tissue were manually dissected at each stage, pooled, and transferred to Hibernate E me-
dium (Cat No. HE500, BrainBits LLC). Tissue was enzymatically digested using Papain (2 mg/mL, Cat No. LS003119, Worthington
Chemicals), and cells dissociated into single cells using Pre-polished glass pipettes. Papain was neutralized with Hibernate-E me-
dium with B27 and GlutaMAX ( ). Cells were pelleted at 500 g at 4 C, washed twice in 1 mL cold 1 x PBS, and
then resuspended in 200 ul chilled 1 x PBS by gentle pipetting. Cells were then bxed with 800 ni cold 100% methanol as previously
described ( ). Cells were stored at 80 C until SCRNA-Seq.

Methanol-Pxed chick embryos of dissected hypothalamus at HH8, HH8, HH13, HH15/16, HH18/19, HH20/21 were re-hydrated as
previously described ( ). BrieRy, cells were washed twice (3000 x g for 5 min at 4 C) and resuspended in RNAse-
free PBS with 1% BSA and 0.5 U/ul RNase inhibitor (Cat. N2615, Promega). Cells were then used for the 10x Genomics Chromium
Single Cell System (10x Genomics, CA, USA) using V3.0 chemistry per manufacturerOs instruction, loading between 8,000 and 12,000
cells per run. Libraries were sequenced on lllumina NextSeq 500 with 200 million reads per library. Sequenced Ples were processed
through the CellRanger pipeline (v.3.10, 10x Genomics) using the Ensembl Gallus gallusgenome (GRCg6a, release 95) compiled with
the CellRanger mkref function.

Explants of prospective hypothalamus were isolated from either HH4 or HH6 embryos by Dispase treatment and cultured in
collagen beds ( ). Explants were either treated with recombinant FST (7.5 ng/mL, Cat no. 769-FS-025, R&D
Systems) or anti-FST antibody (20 mg/mL, AF669, R&D Systems) for 42 h, and processed for in situ hybridization chain reaction
(HCR).

HH5-6 embryos were injected with 5 nL recombinant FST (7.5 mg/mL) or anti-FST antibody (20 mg/mL) and allowed to develop to
HH14 (42 h), and processed for HCR.
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Explants were analyzed by immunohistochemistry according to standard techniques ( ). Following cryosection-
ing, the sections were analyzed with the following antibodies: anti-NKX2.1 (1:2000 ( )) and anti-Pax6 (1:50, DSHB).

Secondary antibodies (1:500, Jackson Immunoresearch) were conjugated with Cy3 or FITC.

Hamburger & Hamilton stage 8920 embryos were harvested and bxed in 4% Paraformaldehyde. HCR v3.0 was performed on em-
bryos and cryosections using reagents and modibed protocol from Molecular Instruments, Inc. For wholemount HCR, the bxed em-
bryos were dehydrated in a series of methanol and stored at 20 C. The samples were then rehydrated and washed in PBS + 0.1%
Tween(PBST). The samples were treated with Proteinase K (10ng/mL) for 2D3 min, bxed for 20 min and then washed brst with PBST,
then with 5xSSC. Samples were then preincubated with a hybridization buffer for 30 min. The probe pairs (4b10nM) were then added
and incubated at 37 C overnight. For HCR on cryosection, the post-bxed slides were treated with acetylation mix (11.2 nlL of
Triethanolamine +2.5 ni of acetic anhydride per ml) for 10 min, washed with PBST, bxed again for 10 min and then washed brst
with PBST, then with 5xSSC.and preincubated with a hybridization buffer for 30 min and the probe pairs (410 nM) were added
and incubated at 37 C overnight. The next day, samples were washed 4 times in the probe wash buffer, then 2 times in the 5
SSC buffer, and then preincubated in Amplibcation buffer for 5 min. Even and odd hairpins for each of the genes were snap-cooled
by heating at 95 C for 90 s and cooling to RT for 30 min. The hairpins were then added to the amplibcation buffer and added to the
samples and incubated overnight at RT in dark. Samples were then washed in 5x SSC and DAPI was added as a counterstaining.

For multiplexing, after imaging with the brst set of probes, the slides were treated with DNAase (0.05 U/ nl), washed 3 times in 30%
formamide+2x SSC and 3 times in 2xSSC. Slides were then preincubated with the hybridization buffer, the next set of probes were
added, and the process was repeated.

Fluorescent images were taken on a Zeiss Apotome 2 microscope with Axiovision software (Zeiss) or Leica MZ16F microscope or
Olympus BX60 with Spot RT software v3.2. Images were acquired using a 4x (Leica), 10x (Leica and Zeiss) and 203 objective (Zeiss).
Images were processed using Image-J (FIJ1) and Adobe Photoshop 2021. Colocalization analysis was performed using Image-J (FI1J1)
with Coloc2 and JACoP. Overlap of expression domains was calculated as described ( ), with PearsonOs correlation
coefbcients (R values) reported. All correlations were statistically signibcant with CostesO p-valueR 0.95.

Seurat v3 ( ) was used to perform analysis following the pipeline described previously ( ), selecting
cells with more than 1000 genes and 1000 UMI, normalized using Seurat scTransform, and Harmony ( ) was
used to regress batch effects. Louvain algorithm with a default parameter was used to generate sSCcRNA-Seq clusters, and HCR im-

ages across chicken developmental stages and previous hypothalamic scRNA-Seq database HyDD ( ) were used to

identify the spatial location and identity of all hypothalamic-derived clusters in each developmental stage. Extra-hypothalamic clus-
ters were identiped when the key gene markers of the cluster were not expressed in HyDD and validated using HCR and by consulting
GEISHA ( ). Differential gene expression tests were performed using Seurat FindAlIMarkers (LR, regressing depth and
cell number variance).

RNA velocity ( ) was used to understand the potential developmental trajectory of chicken hypothalamus
development and to verify 1) migration of presumptive prethalamus-like cells into the hypothalamus, 2) developmental trajectories
of mammillary bodies, PVH/SON, and tuberal hypothalamus. Kallisto and Bustools ( ) were used to obtain spliced
and unspliced transcripts using Blamanno with GRCg6a chicken genome. Scanpy ( ) and scVelo ( )
were used to process the Kallisto output with, based on UMAP coordinates obtained from Seurat.

Monocle v3 ( ) was used to perform pseudotime analysis (q value <0.001) to identify differences in gene expres-
sion across prethalamus, tuberal, mammillary, and PVN/SON development identiPed from RNA velocity analysis.

NicheNet ( ) was used to identify receptor-ligand interaction between HH8 and HH10, and HH13 and HH15,
assuming that any cluster can be either receiver or sender. First, key genes expressed in the datasets (more than 10% of the pop-
ulation) and background genes were identibed. NicheNet ligand activity analysis was then performed by ranking putative ligands and
receptors were then inferred from the selected gene lists, with ligand-receptor interaction scores calculated based on a validated
ligand-receptor database from NicheNet.

To identify the correlation between chicken, mouse, and human postmitotic hypothalamic neural precursor cells from HH18 and
HH20 (this work), E11-E13 mouse scRNA-Seq ( ), and gestational week 10 human scRNA-Seq ( ) were
used. Annotation of the human scRNA-Seq dataset was based on a mouse scRNA-Seq database and as shown in the original pub-
lication. Seurat FindIintegrationAnchors function (default parameter) was used to integrate the 3 datasets after identifying gene ho-
mologs across species. Key markers debning individual spatially identibPed hypothalamic nuclei of the chicken, mouse, and human
were then used to plot correlations with genesorteR ( ).
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