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Abstract

Background: Neurons in the hypothalamus function to regulate the state of the animal during both learned and
innate behaviors, and alterations in hypothalamic development may contribute to pathological conditions such as
anxiety, depression or obesity. Despite many studies of hypothalamic development and function, the link between
embryonic development and innate behaviors remains unexplored. Here, focusing on the embryonically expressed
homeodomain-containing gene Developing Brain Homeobox 1 (Dbx1), we explored the relationship between
embryonic lineage, post-natal neuronal identity and lineage-specific responses to innate cues. We found that
Dbx1 is widely expressed across multiple developing hypothalamic subdomains. Using standard and inducible
fate-mapping to trace the Dbx]-derived neurons, we identified their contribution to specific neuronal subtypes across
hypothalamic nuclei and further mapped their activation patterns in response to a series of well-defined innate behaviors.

Results: DbxT-derived neurons occupy multiple postnatal hypothalamic nuclei including the lateral hypothalamus (LH),
arcuate nucleus (Arc) and the ventral medial hypothalamus (VMH). Within these nuclei, Dbx1" progenitors generate a
large proportion of the Pmch-, Nesfatin-, Cart-, Hcrt-, Agrp- and ERa-expressing neuronal populations, and to a lesser
extent the Pomc-, TH- and Aromatase-expressing populations. Inducible fate-mapping reveals distinct temporal windows
for development of the DbxI-derived LH and Arc populations, with Agrp™ and Cart™ populations in the Arc arising early
(E75-E9.5), while Pmch™ and Hert™ populations in the LH derived from progenitors expressing Dbx1 later (E9.5-E11.5).
Moreover, as revealed by c-Fos labeling, Dbx1-derived cells in male and female LH, Arc and VMH are
responsive during mating and aggression. In contrast, Dbx]-lineage cells in the Arc and LH have a broader
behavioral tuning, which includes responding to fasting and predator odor cues.

Conclusion: We define a novel fate map of the hypothalamus with respect to DbxT expression in hypothalamic
progenitor zones. We demonstrate that in a temporally regulated manner, Dbx1-derived neurons contribute to
molecularly distinct neuronal populations in the LH, Arc and VMH that have been implicated in a variety of
hypothalamic-driven behaviors. Consistent with this, Dbx1-derived neurons in the LH, Arc and VMH are activated
during stress and other innate behavioral responses, implicating their involvement in these diverse behaviors.
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Background

The hypothalamus plays a critical role in a variety of
behaviors essential for survival, species propagation
and maintenance of homeostasis. These behaviors
most prominently include regulation of hunger and
body temperature states, mating, aggression and ap-
propriate responses to threatening encounters [1-5].
Proper development of this system is critical for nor-
mal function and behavior, and altered trajectories of
development may potentially contribute to diseases
or disorders such as obesity, depression and anxiety
[4, 6].

At the anatomical level, the hypothalamus is com-
posed of multiple nuclei each characterized largely by
their location in the rostral-caudal plane, molecularly
and functionally distinct diversity of neuronal cell types
and involvement in different aspects of behaviors. Differ-
ent nuclei, as well as the constellation of neuronal
subtypes, have specific and overlapping roles in coordin-
ating complex animal behaviors. For example, the arcu-
ate nucleus (Arc) is linked mostly to regulating hunger
and satiety states [2, 7]. The primary role of the lateral
hypothalamus (LH) is to create a state of arousal [8, 9],
and as such is implicated in diverse behaviors such feed-
ing/food seeking, mating, aggression and predator threat
responses. Another major nucleus is the ventromedial
hypothalamus (VMH), which appears to be involved in,
if not critical for, aggressive and reproductive behaviors
as well as innate fear responses [1, 10, 11].

These diverse behaviors appear to be regulated by differ-
ent molecularly identifiable neuronal subpopulations lo-
cated within these distinct nuclei [12-15]. Neuronal
identity of mature hypothalamic neurons is presumably
endowed during embryonic development through the
combinatorial expression of both distinct and overlapping
sets of transcription factors [16—18]. While the complete
developmental blueprint for specification of different
hypothalamic neuronal subpopulations remains to be elu-
cidated, some of the key intrinsic and extrinsic factors
controlling specification and differentiation have begun to
be elucidated [18]. In our recent studies, we revealed that
the homeodomain-containing transcription factor encod-
ing gene Dbx1 acts as a putative selector gene for the gen-
eration of the pro-melanin-concentrating hormone
(Pmch)*, Calbindin®, and orexin/hypocretin (Hert)" neu-
rons in the LH and Agouti-related peptide (Agrp)/ Neuro-
peptide Y (Npy)" neurons in the Arc [19]. At the
behavioral level, we further found that DbxI is required
for hypothalamic-mediated feeding and stress responses in
adult animals. However, despite this understanding of
Dbx1 gene function, the contribution of DbxI-derived
neurons to different hypothalamic neuronal populations
and activation of Dbx1-derived neurons during innate be-
haviors currently remains unknown.

Page 2 of 17

To determine the contribution of the Dbx1-lineage to
distinct neuronal subpopulations within LH, Arc and
VMH, by using both standard and inducible fate-mapping
techniques we significantly expand upon existing Dbx1
lineage studies conducted by the Allen Institute for Brain
Science (Allen Brain Atlas experiment 167643944). We
found that within these regions, Dbx1-derived neurons
contribute to diverse populations of molecularly identified
neuronal subpopulations. Moreover, we characterized the
behavioral activation patterns of DbxI-derived neurons in
the LH, Arc and VMH after exposure to a broad array of
innate behavioral cues. We found that Dbx1-derived neu-
rons are activated by predator odor, fasting, mating and
male aggression, without specific tuning toward one
behavior. Therefore, across hypothalamic nuclei Dbx1-de-
rived neurons likely play a critical role in regulation of
different innate behaviors.

Methods

Animals

Mice were housed in the temperature- and light-controlled
Children’s National Medical Center animal care facility and
given food and water ad libitum, unless otherwise stated.
All animal procedures were approved by Children’s
National Medical Center’s Institutional Animal Care and
Utilization Committee (IACUC) and conformed to NIH
Guidelines for animal use.

Fate mapping
ROSA'xP-STOP-loxP-YEP (RYFD) reporter mice were ob-
tained from Jackson Labs (stock no: 006148). Dbx1°"
mice were kindly provided by Dr. Alessandra Pierani
[20]. Dbx1“°ERT2 mice were previously generated in
the Corbin lab [21] (available at Jackson Labs, stock no:
028131). For fate-mapping analysis DbxI<"*;RYFP*"
mice were obtained by crossing Dbx1“**" males with
RYFP*™* females. For genetically inducible fate-mapping
analysis Dbx1<"***">*>RYFP*" mice were obtained by
crossing Dbx1““*f2*“males with RYFP™* females.
Mice were genotyped by Transnetyx Inc. Genotyping
Services (Cordova, TN). Noon on the day of vaginal plug
was designated as EQ.5. For inducible fate mapping, tam-
oxifen (Sigma T5648) was dissolved in sesame oil (Sigma
S3547) to a concentration of 3 mg/ml. Pregnant females
were given 100 pl (0.3 mg of tamoxifen; approximately
0.1 mg/grams body weight) via oral gavage with animal
feeding syringes (FisherBrand 01-208-87).

Tissue processing, in situ hybridization (ISH) and
immunohistochemisty (IHC)

For ISH, embryos were dissected and fixed in 4 % para-
formaldehyde overnight and then cryoprotected in 30 %
sucrose. Embryonic brains were sectioned on a cryostat
at 20 pm. Every tenth section was collected in a set, for
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a total of ten sets of sections representing the entire brain.
One probe was run on one set of sections; 10 probes were
run on serial sections from the same brains. RNA in situ
hybridization was performed as previously described [19].
c¢DNA plasmids were obtained from Drs. Seth Blackshaw
(Pmch and Hcrt), Paul Gray (Agrp and Pomc), Yasushi
Nakagawa (Lhx9), Chen-Ming Fan (Siml), Kenneth
Campbell (Dbx1), and Kazue Hashimoto-Torii (NrSal
and Fezf1). Images were taken on an Olympus BX51 at 4x
and 10x.

For IHC, postnatal day (P) 21 mice were perfused with
4 % paraformaldehyde. Postnatal brains were sectioned
at 50 um on a vibratome (Leica VT1000 S). Every sixth
section was collected in one well, with six wells contain-
ing every section from the brain. Embryonic brains were
processed as described above and used for IHC. Im-
munofluorescent staining on sections was performed as
previously described [19]. Primary antibodies used were:
rat anti-GFP (1:1000, 04404-84, Nacalai, Kyoto Japan),
goat anti-Pomc (1:100, ab322893, Abcam), goat anti-
Pmch (1:1000, sc-14509, Santa Cruz), goat anti-Agrp
(1:1000, AF634, R&D Systems), rabbit anti-c-Fos
(1:1000, sc52, Santa Cruz), rabbit anti-Hcrt (1:1000,
AB3096, Millipore), rabbit anti-TH (1:500, sc14007,
Santa Cruz), rabbit anti-Cart (1:20,000, 55-102, Phoenix
Pharmaceuticals), sheep anti-Nesfatin (1:500, AF6895,
R&D Systems) and rabbit anti-Dbx1 (1:100) [22]. Sec-
ondary antibodies were: donkey anti-rat IgG Alexa 488
(1:1000 Invitrogen), donkey anti-rabbit Cy3 or Cy5
(1:1000 Jackson ImmunoResearch), donkey anti-goat
Cy3 or Cy5 (1:1000 Jackson ImmunoResearch) and don-
key anti-sheep Cy3 or Cy5 (1:1000 Jackson ImmunoRe-
search). Co-labeling was determined after images were
taken on an Olympus FV1000 confocal microscope at
20x or 40x magnification on an optical slice of 1-3 pm.

Analysis of double labeled THC stained sections was per-
formed on every sixth section of the brain containing the
region of interest. LH, Arc and VMH were defined from
Bregma -1.06 to -1.94, -1.22 to -2.06 and -1.34 to -1.70, re-
spectively, using the Paxinos and Watson anatomical atlas.
DAPI (DAPI Fluoromount-G, SouthernBiotech #0100-20)
was used as a nuclear counterstain to aid the definition of
hypothalamic nuclei. Quantification of c-Fos and co-
labeled cells in LH, Arc and VMH were analyzed across 3,
2 and 1 sections, encompassing each nuclei, per animal,
respectively. The average total number of YFP' cells
counted per animal was 1027, 546, and 1055 in the LH,
Arc, and VMH, respectively. Cell counts were expressed
as the number of neurons/mm? for each animal. Animals
within a group were then averaged.

Behavioral paradigms
Unless otherwise stated, all animals were group-housed
by sex after weaning and then singly housed and
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habituated to the behavioral assay 1 week prior to
experiment, which took place >1 h after the beginning of
the dark cycle. Mating, aggression, predator avoidance
and fasting assays were performed in adult mice (P40-
50) as previously reported [19]. Animals were sacrificed
1 h after the start of the behavioral paradigm and brains
processed for c-Fos and YFP ITHC.

Statistical evaluation

Quantitation of data was performed blind to relevant
variables. Using GraphPad Prism 6 statistical software, a
One-way ANOVA followed by Tukey—Kramer multiple
comparison test was used for analysis of experiments in-
volving three groups with one comparison (Figs. 6 and 7,
comparing cell counts at 3 different labeling periods:
TME?7.5, 9.5, and 11.5), and an unpaired t-test with
Welch’s correction was used for analysis of experiments
involving two groups.

Results

Regional fate of Dbx1-derived neurons

Previous studies by us and others revealed that Dbx1 is
expressed in the ventricular zone (VZ) of the ventral
diencephalon, the primordium of the hypothalamus,
during early to mid-neurogenesis, with downregula-
tion of expression as precursors transit out of the VZ
[19, 23-26]. Using criteria previously established for
emerging hypothalamic domains [27, 28], we observed
that Dbx1 was expressed across the preoptic, anterior, tub-
eral and mammillary regions (Fig. 1A.i-F.i). Because Dbx1
expression is downregulated as cells as cells become post-
mitotic, we examined the hypothalamic fate of DbxI-de-
rived neurons by crossing previously generated Dbx1“"®
knockin mice [20] to Rosa26™*STOP1*YEP reporter mice.
This mouse faithfully recapitulates the pattern of Dbx1 ex-
pression across the neuraxis and thus provides a validated
tool to study the Dbx1-lineage (Additional file 1: Figure S1
and [19-21]). Here, we show that Dbx1-derived neurons
contributed to multiple developing hypothalamic nuclei
including the primordial LH, Arc, VMH, preoptic area,
anterior hypothalamus, paraventricular nucleus and
mammillary nuclei (Fig. 1A.ii-F.ii). To correlate location of
recombined cells with emerging hypothalamic nuclei,
we carried out inm situ hybridization for specific
markers (Pomc, Bsx, Fezfl, Nr5al, Pmch, Lhx9, and
Siml; Additional file 2: Figure S2) that define either
specific cell populations or individual nuclei. These
analyses revealed that DbxI-derived cells contributed to
multiple emerging hypothalamic nuclei/subdomains.

To investigate the spatial residence of DbxI-derived
cells in the postnatal hypothalamus, we analyzed
coronal and sagittal tissue sections from P21 fate-
mapped mice. Dbx1-derived cells in the hypothalamus
appeared to be primarily neurons, with an estimated
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Fig. 1 Hypothalamic Dbx1 expression and fate. a-f Schematic of rostral (top) to caudal (bottom) coronal views of the embryonic forebrain. g-j Schematic
of medial (top) to lateral (bottom) sagittal views of the embryonic forebrain. (A.i-F.i) As shown by ISH at E11.5, DbxT is expressed throughout
the rostral-caudal extent of the developing hypothalamus including in the preoptic, anterior, tuberal and mammillary progenitor domains.
(Aii-F.ii; Gi-Ji) As shown by YFP expression in E13.5 (Aii-F.i) and E15.5 (G.i-J.i). Dbx1"¢Rosa26YFP embryos, Dbx1-derived cells emerge from
progenitor domains and coalesce in multiple emerging hypothalamic nuclei. Abbreviations: ah (embryonic anterior hypothalamus); arc (embryonic
arcuate nucleus); th (embryonic lateral hypothalamus); mn (embryonic mammillary nucleus); poa (embryonic postnatal preoptic area); pvn
(embryonic paraventricular nucleus); vmh (embryonic ventral medial hypothalamus). The scale bar represents 500 um for coronal (a-f) and

Sagittal

Dbx1°e;RYFP

<10 % differentiating into glia based on morphological
criteria (data not shown). Consistent with the embry-
onic expression pattern, DbxI-derived cells occupied
all domains of the P21 hypothalamus including the

preoptic, anterior, tuberal, and mammillary domains,
with the greatest apparent number of fate-mapped
cells residing in the preoptic, tuberal and mammillary
domains (Fig. 2), patterns which were similarly
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Fig. 2 Hypothalamic Dbx1 expression and fate. a-j Schematic of rostral (top) to caudal (bottom) coronal (a-e) or medial (top) to lateral (bottom)
sagittal (f-j) views of the postnatal forebrain. (A.i-J.i) In the postnatal forebrain (P21) Dbx1-derived cells are found in numerous hypothalamic
nuclei. Abbreviations: AH (anterior hypothalamus); Arc (arcuate nucleus); DMH (dorsomedial hypothalamus); LH (lateral hypothalamus); MN
(mammillary nucleus); MTu (medial tuberal nucleus); PH (postnatal posterior hypothalamus); POA (preoptic area); PMN (premammillary nucleus);
PVN (paraventricular nucleus); VMH (ventral medial hypothalamus); ZI (zona incerta). The scale bar represents 500 um

Dbx1¢e;RYFP

observed in the P40-50 hypothalamus (data not shown
and Fig. 8). Large numbers of Dbx1-derived cells were
specifically observed in the following anterior to posterior
located nuclei: Arc, LH, preoptic area, paraventricular nu-
cleus, zona incerta (which may be derived from the pre-
thalamus [22]), dorsomedial hypothalamus, medial tuberal
nucleus, posterior hypothalamus, pre-mammillary and
mammillary nuclei. DbxI-derived cells were also present
in large numbers in the VMH, although with relatively

lower intensity of YFP expression. The anterior hypo-
thalamus had very few Dbx1-derived cells.

Identity of Dbx1-derived neurons

Our previous studies revealed that Dbx1 acts as a puta-
tive selector gene to specify the Hert”™ and Pmch™ neu-
rons of the LH and Agrp"/Npy" neurons of the Arc,
without altering select markers in the VMH [19]. Hert"
and Pmch* neurons control arousal states associated
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with sleep/wake, stress and feeding [29-31]. In the Arc,
feeding is controlled in part by the opposing actions of
Agrp- and Pro-opiomelanocortin- (Pomc) expressing
neurons [2, 32, 33]. To examine the specific contribu-
tions of DbxI-derived hypothalamic neurons to these
critical LH, Arc and VMH populations, we conducted
co-expression analyses of YFP and markers of LH and
Arc neuronal subtypes (Figs. 3, 4, and 5). Details of the
findings are described below.

Lateral hypothalamus

Pmch-expressing neurons are one of the two major out-
put populations of the LH and respond to high concen-
trations of blood glucose [30]. Pmch® neurons are
defined by their co-expression with Nesfatin (Nfn)- and
Cocaine and amphetamine regulated transcript (Cart)
[34—36]. Our previous DbxI loss-of-function studies
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revealed that Pmch neurons are specified by DbxI-
dependent mechanisms [19]. Here we show that the
majority of Pmch-, Nfn- and Cart- expressing neurons
were Dbx1-derived (Fig. 3B-D.iv). This finding combined
with our previous loss-of-function studies is consistent
with the hypothesis that Dbx1 acts cell autonomously to
specify the fate of Pmch-, Nfn- and Cart- expressing neu-
rons in the LH. Interestingly, the contribution of DbxI-de-
rived neurons to the Cart™ and Hert™ populations differed
between males and females, revealing sexually dimorphic
contributions of the Dbx1-lineage within the LH.

The other major neuronal output population of the
LH is defined by expression of Hcrt, which, in contrast
to the Pmch* population, is activated in the presence of
low glucose [30]. Hert" neuron specification, differenti-
ation and number appear to require Lhx9 and histamine
expression [37, 38]. Here, we reveal that the Hcrt-

panels (i-iii)

Dbx1¢; RYFP
| 4

Fig. 3 Postnatal fate of DbxI-derived cells in the LH in males and females. Schematic of a coronal view of the postnatal brain at the level of the
LH (@) show regions analyzed in (B-E.iv). Low magnification merged panels (b, ¢, d, and e) are shown on the left, with high magnification of
boxed area shown in right panels (i - iii). In the LH, a high percentage of DbxI-derived neurons (green) express markers (red) Pmch (B-B.iv),
Nesfatin (Nfn; C-C.iv), Cart (D-D.iv) or Hcrt (E-E.iv). The DbxI-lineage contribution to the Cart (D.iv) and Hcrt (Eiv) populations is sexually dimorphic.
Mean + SEM; n=3-6 mice per sex; ¥, p < 0.05. The scale bar represents 50 um for low mag panels (b, ¢, d, and e) and 10 um for high mag
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Fig. 4 Postnatal fate of Dbx7-derived cells in the LH and Arc in males and females. Schematic of a coronal view of the postnatal brain at the level
of the Arc (a) show regions analyzed in (B-E.iv). Low magnification merged panels (b-e) are shown on the left, with high magnification of boxed
area shown in right panels (i - iii). In the Arc, subpopulations of Dbx1-derived neurons (green) express markers (red) Agrp (B-B.iv), Pomc (C-Civ), TH
(D-D.iv), or Cart (E-E.iv). The DbxI-lineage contribution to the Pomc (C.iv) populations is sexually dimorphic. Mean + SEM; n = 3-6 mice per sex; *,
p < 0.05. The scale bar represents 50 um for low mag panels (b-e) and 10 um for high mag panels (i-iii)
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expressing population was at least partially Dbxi-de-
rived, and also differed between males and females
(Fig. 3E-E.iv).

Arcuate nucleus

In the Arc, three major neuronal populations are distin-
guished by their expression of Agrp, Pomc/Cart or tyro-
sine hydroxylase (TH) [39-41]. The expression of Bsx
drives immature neurons towards a mature appetite-
stimulating (orexigenic) Agrp” fate, but not other Arc
cell types such as the appetite-inhibiting (anorexigenic)
Pomc neurons [42]. Our previous studies in Dbx1 loss-
of-function mice demonstrated an approximately 50 %
reduction in Bsx and Agrp expression, with no changes
in Pomc or TH expression [19]. Our analysis here re-
vealed that DbxI-derived neurons contributed to all
three populations, although at varying levels (Fig. 4).
DbxI1-derived neurons contributed to 29-42 % of the

Agrp” population in males and females (Fig. 4B-B.iv).
The Pomc-, TH- and Cart-expressing populations were
24-44 % Dbx1-derived, with the exception of the Pomc
population in females, which was 52 % +6 % Dbx1-de-
rived (mean + SEM; Fig. 4C-E.iv). Of these Arc popula-
tions, the contribution of the DbxI-derived lineage to
the Pomc population was sexually dimorphic, with a
greater contribution to Pomc" neurons in females com-
pared to males. Thus, the three major populations in the
Arc are also derived from Dbx1-expressing progenitors.

Ventromedial hypothalamus

Subsets of neuronal populations in the VMH can be
defined by their expression of the sex steroid pathway
markers Estrogen Receptor alpha (ERa) and Aromatase
(Arom), which are known to function in mating and ag-
gressive behaviors in mice [14, 43—-45]. The majority of
ERa neurons were DbxI-derived (mean + SEM; male:
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Fig. 5 Postnatal fate of DbxI-derived cells in the VMH in males and females. Schematic of a coronal view of the postnatal brain at the level of the
VMH (a) show regions analyzed in (B-C.iv). Low magnification merged panels (b and c) are shown on the left, with high magnification of boxed
area shown in right panels (i - iii). In the VMH, a high percentage of Dbx1-derived neurons (green) express markers (red) Estrogen Receptor (ER;
B-B.iv) and Aromatase (Arom; C-C.iv). Mean + SEM; n =3 mice per sex. The scale bar represents 50 um for low mag panels (b and ¢) and 10 um for
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66 % +7 %, female: 87 % + 4 %; Fig. 5B-B.iv). In contrast,
more variable results were observed with the Arom”
population, which depended on the sex of the animal.
While the majority of the Arom"™ population in females
was DbxI-derived, there was an apparently less, albeit
more variable contribution of the DbxI-lineage in males
(male: 23 % +23 %, female: 78 % + 14 %; Fig. 5C-C.iv).
Overall, although varying by sex, these results show sig-
nificant contribution of the DbxI-lineage to the VMH
ERa- and Arom-expressing populations.

Temporal labeling of Dbx17-derived neurons

To investigate the correlation between timing of DbxI
expression in relation to the spatial localization of Dbx1-
derived neurons across the hypothalamus, we delivered
tamoxifen to pregnant Dbx1<" 72 Rosq26/0%-STOP-lox-YEP
mice at early (TME7.5), middle (TME9.5) and later
(TME11.5) stages of gestation. CreER has been shown to
be translocated into the nucleus within 6 h of tamoxifen
administration and is sustained for 24 to 36 h [46, 47].
We observed that fate-mapped cells derived from the
progenitors expressing DbxI at early stages (TME?7.5)
populate medial Arc and periventricular regions, while
progenitors expressing Dbx1 at mid stages (TME9.5) oc-
cupy dorsal-lateral regions, with the ventral-lateral and
paraventricular regions settled by neurons marked at
later stages (TME11.5) (Fig. 6a-d). This timing of devel-
opment is reminiscent of findings from a previous tem-
poral fate mapping study of Shh-expressing progenitors
[48], and is likely reflective of the dynamic changes in
Dbx1 expression over this developmental window.

Having established that different temporal waves of
DbxI-expressing progenitors occupy different post-natal
medial to lateral hypothalamic domains, we next focused
on development of subpopulations within the LH and
Arc, two major nuclei with Dbx1-lineage contributions.
Previous BrdU labeling studies in rats revealed that
Pmch™ neurons are born in three major waves, with the
early born neurons taking residence in the most lateral
regions adjacent to the cerebral peduncle. Cells born
later occupy progressively more medial portions of the
tuberal mantle. The majority of Pmch” neurons are born
during mid stages thus occupying the majority of the
zona incerta and LH regions surrounding the fornix
[49]. To investigate whether Dbx1-derived neurons de-
velop in a similar pattern, we again used inducible fate-
mapping and performed double immunohistochemistry.
We observed proportionately more double-labeled neu-
rons (Pmch™ and YFP") at mid and later stages (TME9.5
and TME11.5; Fig. 6e-h). Thus, development of the
Pmch* Dbx1-derived population follows the same overall
pattern of Pmch® development, with the greatest contribu-
tion occurring between ~ E10.5-E13.0. Unlike the Pmch*
population, less is known about the timing of development
of the Hert™ population. Here, we observed a marked
increase in co-labeling of YFP and Hcrt at TME11.5, with
little to no co-labeling at earlier stages (Fig. 6i-1). This sug-
gests that the DbxI-derived Hert™ population observed in
Fig. 3E-E.iv most likely arises from a later wave of DbxI*
progenitors.

Compared to the LH, a population of DbxI-derived
neurons in the Arc is generated during an earlier wave
(Fig. 7a-c). Cart expression defines the Pomc”
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Fig. 6 Temporal-dependent fate of Dbx1-derived cells in the LH. a-d Images of the hypothalamus with YFP-expressing cells in medial and lateral
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population in the Arc [40, 41]. The DbxI-lineage contri-
bution to both the non-overlapping Cart- and Agrp-
expressing neurons occurs at earlier stages of Dbx1 ex-
pression (Fig. 7e-1). Together these observations demon-
strate the temporal contribution of early and late Dbx1-
expressing progenitors to Arc and LH neuronal popula-
tions, with the generation of Arc DbxI-derived popula-
tions commencing earlier than LH DbxI-derived
populations.

Activation of Dbx1-derived neurons during innate
behaviors

Different hypothalamic nuclei are engaged during process-
ing of a variety of innate behaviors such as feeding, mating,
aggression and predator odor avoidance [31, 50—54]. Spe-
cifically, c-Fos translation occurs in cells of the LH, Arc
and VMH in response to fasting, predator odor, conspecific
aggression and mating situations [19, 55-58]. Our previous

studies revealed that Dbx1 functions in the specification of
the LH and Arc neurons required for physiological and be-
havioral responses to innate stressors such as stress feeding
and predator odor exposure [19]. To investigate the puta-
tive involvement of DbxI-derived neurons in different
innate behaviors (predator odor, fasting, mating or aggres-
sion) we assessed the activation patterns of DbxI1-derived
neurons in male and female Dbx1"; Rosa 26/ STOP-loxYEP
mice using expression of the immediate early gene c-Fos as
a proxy for neuronal activation [59, 60]. We focused our
analyses on the LH, Arc and VMH, three major nuclei
involved in these select innate behaviors.

Lateral hypothalamus

The neurons in the LH have various functions during
stress, arousal and feeding [29-31]. We placed female
and/or male fate-mapped mice in four different behav-
ioral paradigms (predator, fasting, mating and male
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Fig. 7 Temporal-dependent fate of Dbx1-derived cells in the Arc. a-c YFP-expressing cells in the Arc after tamoxifen gavage at £7.5 (a), E9.5 (b),
and E11.5 (c). Quantification shown in (d). e-l Proportionately more Cart (e-h) and Agrp (i-l) co-labeled with YFP when tamoxifen was given during
early stages of development (E7.5-E9.5). Mean + SEM; E7.5 n =4 mice (2 males, 2 females); E9.5 n =3 mice (0 males, 3 females); and E11.5 n =9 mice
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aggression) and observed a significant increase in c-Fos*
cells in the LH in all four behaviors, with the exception
of predator odor in males (Fig. 8, Additional file 3:
Figure S3A-D.i). We then analyzed the number of c-Fos*
neurons that co-labeled with YFP. In all behaviors tested,
with the exception of male predator odor, there was a
significant increase in the number of co-labeled cells
(YFP" and c-Fos"; Fig. 8a-d, A.ii-D.ii) as well as the per-
centage of DbxI-derived cells that co-labeled with c-Fos
(YFP* and c-Fos'/total YFP*; Fig. 8a-d, A.iii-D.iii). This
revealed that the Dbx1-derived neurons in the LH are
active during predator exposure (female), fasting (both
sexes), mating (both sexes) and male aggression.

Arcuate nucleus

The Arc is primarily known for its function during feeding
[2, 32, 33], but has also been implicated in mating and
stress [19, 50]. Similar to the LH, the Arc displayed a sig-
nificant increase in the number of c-Fos™ cells in response
to most behaviors tested (Fig. 9; Additional file 3: Figure
S3E-H.i). Significant increases in co-labeled cells (YFP*

and c-Fos™; Fig. 9a-d, A.ii-D.ii) as well as the percentage of
DbxI-derived cells that co-labeled with c-Fos (YFP* and
c-Fos™;/total YFP*; Fig. 9a-d, A.iii-D.iii) were observed in
the Arc after fasting, mating and male aggression, but not
after predator odor exposure. Thus, DbxI-derived neurons
in the Arc are activated during fasting, mating and male
aggressive behaviors, but not by predator odor.

Ventromedial hypothalamus

The VMH principally functions during mating, aggression
and predator odor avoidance [1, 10, 11], but also functions
in feeding [3, 33, 47]. As expected the VMH had a signifi-
cant increase in c-Fos in response to mating and aggression
(Fig. 10a-d, A.i-D.i; Additional file 3: Figure S3I-L.i). Signifi-
cant increases in co-labeled cells (YFP* and c-Fos™;
Fig. 10a-d, A.ii-D.ii) as well as the percentage of Dbx1-de-
rived cells that co-labeled with c-Fos (YFP" and c-Fos*/total
YFP; Fig. 10a-d, A.iii-D.iii) were observed in the VMH
after mating and male aggression. There were also signifi-
cant increases in the number of ¢-Fos™ cells and DbxI-de-
rived cells expressing c-Fos after exposure to rat odor in
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Fig. 8 Behavioral involvement of Dbx1-derived cells in the LH. a-d Images of the LH with YFP-expressing cells co-labeled with c-Fos after mice
were exposed to predator (a), fasting (b), mating (c), or aggression (d) behavioral paradigms. (A.i-D.iii) Quantification of total c-Fos (A.i-D.i), total
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expressing c-Fos was detected in both males and females after every behavior, except in males after exposure to rat odor (A.i-Aii, black bars).
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females (Fig. 10A.i-ii) and fasting in males (Fig. 10B.ii). This ~ Discussion

suggests that the primary involvement of Dbxi-derived  The hypothalamus is a complex multi-nucleated struc-
neurons in the VMH is during mating and male aggressive  ture in which individual nuclei function to direct a var-
behaviors, but may also have minor overlapping functions iety of behaviors essential for survival, adaptation and
with the LH and Arc during aspects of fasting and predator ~ species propagation [2, 3]. Despite the extensive study of
responses. hypothalamic function and anatomy, only recently has
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Fig. 9 Behavioral involvement of Dbx1-derived cells in the Arc. a-d Images of the Arc with YFP-expressing cells co-labeled with c-Fos after mice
were exposed to predator (a), fasting (b), mating (c), or aggression (d) behavioral paradigms. (A.i-D.iii) Quantification of total c-Fos (A.i-D.i), total
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odor, only females had a significant increase in total c-Fos in the Arc (A, gray bar) and only males had a significant increase in the total numbers
of co-labeled cells (A.i, black bar). Mean + SEM; n =4-12 mice per subgroup; *, p < 0.05; **, p < 0.01; ***, p < 0.001. The scale bar represents 50 um

for low mag and 10 um high mag images in panels a-d

there been a greater understanding of the mechanisms
of hypothalamic development, predominantly via a com-
bination of gene expression and lineage tracing studies.
Our previous study focusing on the function of the em-
bryonic expressed homeodomain encoding transcription

factor, DbxI revealed Dbx1 to have a restricted function
in the specification of hypothalamic neurons required
for innate stress responses but not other innate behav-
iors [19]. Here, we sought to extend these findings in
order to provide deeper insight into the DbxI-lineage
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J

contribution to diverse neuronal hypothalamic popula-  hypothalamic nuclei and broad activation of the DbxI-
tions and to determine if Dbx1-derived neurons are acti-  lineage by different innate behaviors. Interestingly, the
vated by specific innate behaviors. We found a large broad fate and generally non-selective activation of
amount of DbxI-derived neuronal diversity across DbxI-derived neurons to a variety of innate behaviors
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was not predicted by our previous finding of the re-
stricted function of DbxI in specification of neurons
solely required for innate stress responses. However,
taken together these data are consistent with a model in
which there are distinct gene sets expressed during
hypothalamic development that, while maybe wide-
spread in their lineage contribution, perform select func-
tional roles in specification of distinct hypothalamic
subpopulations.

Previous fate-mapping studies of the hypothalamus
have begun to provide a general understanding of the re-
lationship between progenitor domains and mature nu-
clei [3, 16, 18, 28, 61]. These studies have included
examination of the lineage of a variety of developmen-
tally defined subpopulations such as those that express
the transcription factors Nkx2.1, Dix, Nr5al [62, 63] and
secreted factors such as Shh [48]. Complementing this
fate-mapping work are a series of detailed and highly
informative hypothalamic developmental gene expres-
sion studies [27, 28, 64]. Collectively these studies have
revealed that: 1) there are gene sets that give rise to neu-
rons and function across hypothalamic nuclei (e.gs Rax,
Nkx2.1, Ascl) and complementary gene sets that appear
to be restricted in expression and function in specifica-
tion of specific nuclei (e.gs Bsx, Nr5al) [18] and 2) con-
sistent with our findings, embryonic gene expression
domains appear to be generally predictive of the location
of mature nuclei, suggesting a general lack of widespread
migration across domains. This is in contrast to the
telencephalon where the ventral embryonic ganglionic
eminence developmental domains (MGE and CGE) give
rise to immature neurons that migrate to distant areas
such as the cerebral cortex and hippocampus [65-67].

Within this framework, similar to progenitors express-
ing the developmentally regulated genes Shh and
Nkx2.1, we found that DbxI" progenitors generate a
wide variety of neuronal subtypes across multiple hypo-
thalamic nuclei. DbxI-derived cells were also present, al-
though to a lesser degree, in the VMH. In contrast,
regions of the anterior hypothalamus were devoid of
DbxI1-derived neurons. A gradient of DbxI-derived cells
was also observed radiating from the tuberal domain
into the anterior domain, a pattern that is more pro-
nounced in medial portions of the ventral dienceph-
alon. This pattern of DbxI-derived neuronal location
was generally shared with the pattern of location of
Shh-lineage neurons [48]. This finding perhaps re-
flects the overlapping embryonic expression domains
of Shh and Dbxl and may further indicate putative
positive control of Dbxl expression by Shh during
forebrain development.

The hypothalamus has been thought to develop in
an ‘outside-in’ manner, stemming from studies using
traceable thymidine analogs indicating the lateral
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hypothalamic nuclei are typically born prior to medial
nuclei [49, 68, 69]. More recent fate-mapping studies
and analysis of molecularly defined cell types have
provided another layer of complexity of development
for select cell populations [48, 70]. Here, using indu-
cible fate-mapping, we demonstrate that medial Dbx1-
derived neurons in both LH and Arc are recombined
earlier (before E9.5), with lateral populations recom-
bined at later ages (after E9.5). Although our study is
limited in that we did not conduct a birth-dating ana-
lysis of DbxI-derived neurons, this observed pattern
is consistent with previous Shk fate-mapping studies
[48], and is supportive of a more complex pattern of
medial-lateral development.

We further found Dbx1-derived neurons contribute to
diverse molecularly defined populations in the LH, Arc
and VMH. Within the LH, the majority of Pmch" cells,
which also express Nfn*, and Cart’, were DbxI-derived.
This finding is predicted by our loss-of-function studies
in which the Pmch" population was dramatically re-
duced [19]. In the Arc, our Dbx1 loss-of-function studies
demonstrated a ~50 % reduction of Agrp and Cart
expression, with no changes in the Pomc” or TH" popu-
lations [19]. Here we demonstrate that ~50 % of Agrp*
and Cart” neurons were Dbx1-derived. Collectively these
data are consistent with a cell autonomous function of
Dbx1 in generation of LH Pmch” and Arc Agrp™ popula-
tions. However, surprisingly, a significant proportion of
Arc Pomc' and TH" cells were also Dbx1-derived. Thus,
while Dbx1" progenitors generate diverse populations in
the Arc, it appears that Dbx1-independent mechanisms
are required for specification of the Pomc* and TH'
neurons.

At the behavioral level, the number of c-Fos™ cells in
response to innate behavioral cues was increased in a
predictable manner consistent with previous work [19,
55-57]. Building upon these results, we assessed the
Dbx1-lineage contribution to these patterns of activation.
We previously demonstrated that at the behavioral level
conditional Dbx1 hypothalamic loss-of-function resulted
in a specific defect in innate stress responses, but not
other innate behaviors such as mating or aggression [19].
Based on these findings, we anticipated that Dbx1-derived
neurons would also be engaged (c-Fos™) selectively during
innate stress behaviors (predator odor and fasting), but
not other social behaviors (mating and aggression). In
contrast, we found that across hypothalamic nuclei, Dbx1-
derived neurons were active during multiple innate behav-
ior tasks. Most broadly tuned to many behaviors was the
LH, in which the percent of DbxI-derived neurons ex-
pressing c-Fos increased after every behavioral paradigm
tested. While this was not predicted by our previous loss-
of-function studies, as we show here that a large portion
the Pmch* and Hert" populations were DbxI-derived, it is
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perhaps not surprising that the DbxI-derived populations
in the LH are responsive to a variety of innate cues.

These activation patterns, while still encompassing
multiple behaviors, were more specific in the Arc and
VMH. We observed an increase in the proportion of ac-
tivated Dbx1-derived neurons after fasting, mating and
male aggression in the Arc, and an increase after mating
and male aggression in the VMH. In the Arc, while less
than 50 % of the feeding neurons (Pomc, Agrp, and
Cart) were DbxI-derived, these neurons were c-Fos®
during fasting, likely reflecting their involvement in this
major function of the Arc. In contrast, Arc Dbx1-derived
neurons were less engaged in responses to predator
odor. In the VMH, the Dbx1-derived neurons contrib-
uted to large portions of the ERa* and Arom™ neuronal
subpopulations, which are known to influence mating
and aggressive behaviors [14, 43-45, 71]. This was
reflected in the behavioral activation patterns, where the
Dbx1-derived neurons were selectively activated during
mating and aggression. While further experiments are
needed to define the DbxI-derived circuits that are re-
quired for specific hypothalamic-driven behaviors, these
studies present novel insight into the link between devel-
opmental lineage and behavioral control.

Conclusions

In summary, using a combination of approaches we re-
veal a widespread and temporally regulated contribution
of DbxI" progenitors to multiple neuronal populations
across hypothalamic nuclei. We further demonstrate a
broad innate behavioral tuning of DbxI-derived cells in
the LH, Arc and VMH, implicating their involvement in
multiple innate behaviors. Thus, our studies provide new
information regarding the link between hypothalamic
embryonic gene expression patterns, postnatal neuronal
fate, subtype identity and potential contribution to es-
sential hypothalamic-driven behaviors.

Additional files

Additional file 1: Figure S1. Correspondence between Dbx1-driven
recombination and Dbx1 expression. Regions of recombination in the
tuberal hypothalamus (schematic on left) at the level of the E11.5
lateral hypothalamic primordium and (A-C) and E12.5 arcuate nucleus
primordium (E-G) are shown. Filled arrowheads highlight recombined
Dbx1-derived YFP+ cells (A, C, E, G). Open arrowheads highlight Dbx1+
progenitors (B, F, C, G). A small number of YFP+/Dbx1+ double-labeled
cells are observed (boxed area in G and high magnification shown on
right panels). The low number of double-labeled cells is likely due to
the time lag between the transient expression of DbxT in dividing progenitors
and YFP expression resulting from Cre-driven recombination. Abbreviation:
39V (3 ventricle). (TIF 44748 kb)

Additional file 2: Figure S2. Dbx1-derived cells in nuclei as defined

by specific markers. (A-D) Schematic of medial (top) to lateral (bottom)
sagittal views of the embryonic forebrain. (Ai-D.) As shown by YFP
expression in E13.5 Dbx1“*Rosa26YFP embryos, Dbx1-derived cells are are
found in primordial hypothalamic nuclei including in the paraventricular,
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arcuate, ventral medial and lateral progenitor domains. (A.ii-D.iii) As
shown by ISH of serial sections, specific markers of the paraventriclar
(Sim1, Ali; Fezfl, Alii), arcuate (Pomc, B.ii; Bsx, B.ii), ventral medial (FezfT,
Cii; Nr5al, Ciii) and lateral hypothalamic (Pmch, D.ii; Lhx9, D.iii) nuclei
overlap with expression of YFP. The scale bar represents 500 um.

(TIF 157696 kb)

Additional file 3: Figure S3. Increased c-Fos in Arc, LH, and VMH after
innate behaviors. (A-D.i) Images of the c-Fos expression in the Arc (A-D),
LH (E-H), and VMH (I-L) after mice were exposed to mating (A, E, and ),
aggression (B, F, and J), fasting (C, G, and K), or predator (D, H, and L)
behavioral paradigms. The number of cells expressing c-Fos in the Arc,
LH, and VMH are increased after exposure to the four behavioral
paradigms. The scale bar represents 500 um in the LH and VMH
(A-Di, I-Li) and 250 um in the Arc (E-H.i). (TIF 172032 kb)
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