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Developmental Requirement of Homeoprotein Otx2 for
Specific Habenulo-Interpeduncular Subcircuits
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The habenulo-interpeduncular system (HIPS) is now recognized as a critical circuit modulating aversion, reward, and social behavior.
There is evidence that dysfunction of this circuit leads to psychiatric disorders. Because psychiatric diseases may originate in develop-
mental abnormalities, it is crucial to investigate the developmental mechanisms controlling the formation of the HIPS. Thus far, this issue
has been the focus of limited studies. Here, we explored the developmental processes underlying the formation of the medial habenula
(MHD) and its unique output, the interpeduncular nucleus (IPN), in mice independently of their gender. We report that the Otx2
homeobox gene is essential for the proper development of both structures. We show that MHb and IPN neurons require Otx2 at different
developmental stages and, in both cases, Otx2 deletion leads to disruption of HIPS subcircuits. Finally, we show that Otx2 * neurons tend
to be preferentially interconnected. This study reveals that synaptically connected components of the HIPS, despite radically different
developmental strategies, share high sensitivity to Otx2 expression.
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Brain reward circuits are highly complex and still poorly understood. In particular, it is important to understand how these
circuits form as many psychiatric diseases may arise from their abnormal development. This work shows that Otx2, a critical
evolutionary conserved gene implicated in brain development and a predisposing factor for psychiatric diseases, is required for
the formation of the habenulo-interpeduncular system (HIPS), an important component of the reward circuit. Otx2 deletion
affects multiple processes such as proliferation and migration of HIPS neurons. Furthermore, neurons expressing Otx2 are
preferentially interconnected. Therefore, Otx2 expression may represent a code that specifies the connectivity of functional
subunits of the HIPS. Importantly, the Otx2 conditional knock-out animals used in this study might represent a new genetic model
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of psychiatric diseases.
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Introduction

Mounting evidence suggests that mood disorders and drug ad-
diction are associated with abnormalities of brain reward circuits.
The “neurodevelopmental hypothesis,” which was formulated 50
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years ago and continuously receives support, states that these
disorders take root during development. However, few studies
have thus far focused on the development of reward circuits.
An important component of these circuits, the habenulo-
interpeduncular system (HIPS), composed of the medial habe-
nula (MHb) connected to the interpeduncular nucleus (IPN) via
the fasciculus retroflexus, represents a major connection between
the limbic system in the forebrain and the monoaminergic sys-
tems in the midbrain and hindbrain. The HIPS is thought to be a
regulator of mood and reward (for review, see McLaughlin et al.,
2017), although major controversies remain (Yamaguchi et al.,
2013; Hsu et al., 2016). The circuitry between MHb and IPN is
classically subdivided into two parts. The dorsal part of the MHb
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(dMHD), which expresses Tacl and contains substance P, targets
the lateral interpeduncular nucleus (Lat-IPN), whereas the ven-
tral part of the MHb (vMHD), which expresses Chat and contains
acetylcholine, targets the medial IPN (Contestabile et al., 1987).
These anatomically and genetically distinct parts may support
different functions (Yamaguchi et al., 2013).

Although dysregulation of HIPS development may lead to
mood disorders such as anxiety, not much is known about this
issue in mammals. It has been shown that early patterning of the
epithalamus, giving rise to the habenula, critically depends on
signals expressed by the zona limitans intrathalamica (ZLI) such
as Shh (Chatterjee et al., 2014) and that the transcription factor
Brn3ais crucial for differentiation and maintenance of habenular
neurons (Quina et al., 2009; Serrano-Saiz et al., 2018). The ho-
meodomain transcription factor Otx2 is expressed in the epithal-
amus. This expression is conserved from fish to humans
(Simeone et al., 1992; Mori et al., 1994; Larsen et al., 2010), sug-
gesting an evolutionary conserved function. In particular, Otx2
expression in the habenula has been reported (Courtois et al.,
2003; Mallika et al., 2015), although little is known about its
dynamics during development. Regarding IPN development, the
origin of the different IPN subparts has been studied in the chick
(Lorente-Canovas et al., 2012). IPN neurons originate from isth-
mic and rhombomere 1 (r1) regions. They can be divided into
three main groups: the Nkx6.1 * prodromal domain, the Pax7 *
rostral IPN (rIPN) and the caudal IPN (cIPN), largely Otx2 "
with one subpopulation Pax7 */Otx2 ~. To form the IPN, IPN
neurons migrate long distances through specific routes. Little is
known about molecular pathways that guide them. One study
reported that Shh deletion affected rIPN but not cIPN formation
(Moreno-Bravo et al., 2014). Another study reported that the
knock-out of the IPN-restricted Goosecoid like (Gscl) homeobox
gene led to the disappearance of some molecular markers while
the IPN was still forming. Interestingly, Gscl mutants were shown
to exhibit abnormal sleep patterns (Funato et al., 2010).

Considering that abnormalities of HIPS development may
lead to mood disorders, it is expected that genes controlling HIPS
development may be recognized as susceptibility genes linked to
these diseases. One particularly interesting candidate for mood
disorders is Otx2. It is a susceptibility gene for bipolar disorders
(Sabunciyan et al., 2007; Jukic et al., 2015) and is already known
to play important functions in reward circuits. In mice, Otx2
downregulation in the ventral tegmental area (VTA) is induced
by early stress and is tightly linked to the risk of developing de-
pressive and anxiety-like disorders (Pefa et al., 2017). Beyond the
reward system, Otx2 is essential for the development of brain,
cerebellum, pineal gland, and eye (for review, see Beby and Lam-
onerie, 2013). The role of Otx2 specifically in HIPS development
has yet to be investigated and the list of genes known to be in-
volved in this development is very short. In this study, we there-
fore investigated whether Otx2 is important for the formation of
both the habenula and the IPN. We report crucial and multiple
functions of this developmental gene at multiple steps of HIPS
development.

Materials and Methods

Mice and tamoxifen injections. All mice used in this study were main-
tained in the animal facilities of the Institut de Biologie Valrose at Uni-
versité de Nice Sophia Antipolis, Nice, France. To visualize Otx2
expression pattern we used the reporter mouse line, in which Otx2 pro-
tein is fused to the fluorescence protein GFP (Otx2-GFP/ *; Fossat et al.,
2007). Otx2“FRT2 and Otx21¥1°% mice were generated as described
previously (Fossat et al., 2006). The DbxI “ mouse line (Bielle et al.,
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2005) was obtained from A. Pierani (Institut Jacques Monod, Paris,
France). Cre lines were mated with reporter mouse lines ROSA26 ™"
(Srinivas et al., 2001) and TAUSF?-NLSla<z (ghtained from The Jackson
Laboratory and developed by S. Arber; Hippenmeyer et al., 2005). All
mouse lines were maintained in the 129/Sv background. Embryonic day
0.5 (E0.5) corresponded to the day that a vaginal plug was detected.
Tamoxifen (Sigma-Aldrich) diluted in sunflower oil at 10 mg/ml was
injected in pregnant females at 5 ul/g bodyweight. The care and handling
of the animals prior or during the experimental procedures followed
European Union rules and were approved by the French Animal Care
and local ethic Committee (CIEPAL NCE/2015-202).

Immunohistochemistry and in situ hybridization. Preparation of the
brains for vibratome and cryostat sections were performed as described
previously (Ruiz-Reigetal., 2018). Immuhistochemical staining was per-
formed in a vibratome (80 wm) and cryostat (12-16 um) sections using
the following primary antibodies: chicken anti-GFP (Aves Laboratories,
1:2000), sheep anti-GFP (AbD Serotec, 1:200), mouse anti-Brn3a
(Merck/Millipore, 1:250), rabbit anti-Er81 (generous gift frp, Silvia Ar-
ber, 1:1000), rabbit anti-Ki67 (Abcam, 1:100), goat anti-Otx (R&D Sys-
tems, 1:500), mouse anti-Pax7 (DSHB, 1:200), rabbit anti-Gscl
(generous gift from Naomi Galili and Clayton A. Buck, University of
Pennsylvania, 1:200; Galili et al., 1998), mouse anti-Nkx6.1 (DSHB,
1:100), mouse anti-GATA3 (Santa Cruz Biotechnology, 1:50), mouse
anti-EN1 (DSHB, 1:100), rabbit anti-Pax6 (Merck/Millipore, 1:500),
mouse IgM anti-RC2 (DSHB, 1:500), rabbit anti-ER (Thermo Fisher
Scientific, 1:200), rabbit anti-GABA (Sigma-Aldrich, 1:1000), guinea pig
anti-VGlutl (Synaptic Systems, 1:500), rabbit anti-substance P (Milli-
pore, 1:500), goat anti-DCC (R&D Systems, 1:400), and goat anti-ChAT
(Millipore, 1:500). Alexa Fluor secondary antibodies (Jackson Immu-
noResearch, 1:500) were also used. Prior incubation of adult brain sec-
tions with mouse antibodies, a blocking step of 2 h with mouse Fab
fragments was performed. Primary antibodies against Brn3a, En1, Gata3,
and Pax7 required prior antigen retrieval treatment (citrate buffer, pH 6,
for 10 min at 95°C). Notes on goat anti-Otx (R&D Systems): these anti-
bodies are known to recognize to some levels other homologous proteins
to Otx2, such as Otx1, Crx, and maybe Otp (suggested by the expression
pattern in the hypothalamus). For that reason, we used the Otx2-GFP
line to monitor Otx2 expression with more precision. Nevertheless, these
antibodies are useful in many cases because their affinity to Otx2 largely
exceeds their affinity to other molecules. In the habenula and the IPN of
Ox2 cKO animals, the absence of anti-Otx2 immunoreactivity suggested
that these cells do not express other homologs or at an undetectable level,
at least in the absence of Otx2.

In situ hybridization was performed in cryosections (12—-16 um) as
described previously (Martinez-Lopez et al., 2015). The following probes
were used: Gbx2 (Wassarman et al., 1997), Shh (Echelard et al., 1993),
Dbx1 (Lu et al., 1994), and Netrinl (Serafini et al., 1996). Tacl and Dcc
probes were prepared by PCR based on the Allen Atlas website with the
following primers: Tacl forward: CCCCTGAACGCACTATCTATTC,
Tacl reverse: TAATACGACTCACTATAGGGAGACAGGAAACAT-
GCTGCTAGGATA, Dcc forward: ATGGTGACCAAGAACAGAAGGT,
Dcc reverse: TAATACGACTCACTATAGGGAGAAATCACTGCTA-
CAATCACCACG.

EdU, BrdU injections, and TUNEL staining. To label dividing cells,
pregnant females were subjected to intraperitoneal injection of EdU and
BrdU (50 mg/kg body weight). Embryos were collected at different em-
bryonic stages and processed for Edu staining (Click-iT EdU Imaging
Kits; Invitrogen). For BrdU staining, vibratome sections were pretreated
with HCI 2 N during 30 min followed by a 10 min incubation with borate
buffer and immunodetection using primary antibody mouse anti-BrdU
(Invitrogen, 1:50). To detect cell death, we used TUNEL staining (In situ
Cell Death Detection Kit, TMR red; Roche) in vibratome sections. Posi-
tive controls, performed by pretreating sections with DNAsel (1500
U/ml) for 10 min at room temperature, validated the efficiency of the
TUNEL assay.

Stereotaxic injections. Before surgical procedures, animals were anes-
thetized by intraperitoneal injection of an anesthetic combination (ket-
amine 87 mg/ml, xylazine 13 mg/ml) at a dosage of 1 ml/kg. After
verification of deep anesthesia by pinching the tail, mice were placed on
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Table 1. Summary of datasets and statistics
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Figure Datasets Parameter tested ttest p-value Tvalue df Significance
1A-H E11.5,E13.5, E15.5, E18.5 (each stage n = 3) GFP/Ki67 and GFP/Brn3a IFs NA NA NA NA
1l E18.5(n =3) GFP/Brn3a/Er81 IFs NA NA NA NA
1 E18.5(n =3) TacTISH NA NA NA NA
1K-0 PO (each injection stage n = 3) Labeling EdU NA NA NA NA
24-F" E13.5 (each genotype n = 3) YFP/0tx2/DAPI IF, Shh ISH and NA NA NA NA
Gbx2ISH
2F-F'"", graph G E18.5 (each genotype n = 4) Mean Brn3a * area [a]vs[c]p < 0.001; 6.28;3.97;0.49 6;6;6 R g
[b]vs[c]p<0.01;
[a]vs[b]p = 0.64
Mean Er81 " area [alvs[c]p < 0.01; 4.55;2.48;0.46 6;6;6 **:ns; ns
[b]vs[c]p = 0.048;
[a]vs[b]p = 0.66
Mean Brn3a * Er81 ~ area [a]vs[c]p < 0.001; 9.71;7.75;0.58 6;6;6 FRFHHE g
[b]vs[c]p < 0.001;
[a]vs[b]p = 0.58
2F-F'", graph H E18.5([a]and [b]n = 3)([c]n = 4) Mean Brn3a * cells [a]vs[c]p < 0.01;[b]vs 6.13;5.41;0.39 5,54 ** X g
[c]p<0.01;[a]vs
[b]p = 0.72
Mean Er81 " cells [a]vs[c]p = 0.028; 3.06; 2.72; 0.50 5;5;4 ** s
[b]vs[c]p = 0.042;
[a]vs[b]p = 0.64
Mean Brn3a * Er81 ~ cells [a]vs[c]p<0.01; 6.52;5.69;1.33 5,54 ** X g
[b]vs[c]p<0.01;
[a]vs[b]p = 0.25
21-I"", graph K £18.5 (each genotype n = 3) Mean EdU * (E13.5 injection) [alvs[c]p = 0.84; 0.22; 1.02; 0.54 4:4:4 ns; ns; ns
cellsin MHb [b]vs[c]p = 0.36;
[a]vs[b]p = 0.62
2J-J'", graph L E18.5([a]n = 4) ([b]and [c]n = 3) Mean EdU * (E15.5 injection) [a]vs[c]p = 0.033; 2.92;4.45;0.53 54,5 *%ns
cellsin MHb [b]vs[c]p = 0.011;
[a]vs[b]p = 0.62
3A-C All stages (each genotype n = 3), controls (n = 1) TUNEL staining NA NA NA NA
3D-F'4, graph F E13.5([aln = 3) ([c]n = 4)E15.5([a]n = 3) Mean MHb VZ length E13.5[a]vs[c]p = 0.28; 1.21;7.91 56 ns; ***
([cqn=175) E15.5[a]vs
[c]p<0.001
3D-F'4, graph G E13.5([a]n = 3)([c]n = 4) E15.5 Mean Ki67 * cells E13.5[a]vs[c] 3.29;3.20 5,6 *
([aln=3)(c]n=5) p = 0.022;E155
[alvs[c]p = 0.019
3D-F'4, graph H E13.5([a]n =3) ([Jn = 4)E15.5([a]n = 3) Mean BrdU * EdU ~ cells E13.5[a]vs[c]p = 0.45; 0.81;4.27 56 ns; **
([cIn=75) E15.5[a]vs
[cdp<0.01
4A E15.5(n =3) Dbx11SH NA NA NA NA
4B-D E18.5(n =3) YFP/Brn3a/Pax6 and 0tx2/ NA NA NA NA
Brn3a/Pax6 Ifs
4F-H, graph H E185(n =3) Mean Brn3a *;ER81 ;Brn3a * [d]vs[e]p < 0.001; 10.36; 3.05; 6.01 444 FRK R KR
Er81~ cells [d]vs[e]p = 0.038;
[d]vs[e]p<0.01
4-N E18.5 (each genotype n = 3) EdU/Brn3a IF and Nurr1 IF/Tacl NA NA NA NA
ISH
58,C P10 (n = 3) GFP/Pax7 and GFP/Gscl IFs NA NA NA NA
5D-Dd4 EN.5(n=3) Labeling GFP and several NA NA NA NA
markers IFs
SEF PO(n =3) Labeling EdU/GFP IF NA NA NA NA
56,H E13.5E18.5(n = 5)E15.5 (n = 6) GFPIF NA NA NA NA
5IM Adult(n = 2) GFP/GABA IF NA NA NA NA
6A-D E13.5, E15.5 (each genotype n = 3) ER/RQ2IF NA NA NA NA
6F-L E18.5 (each genotype n = 3) Several markers IF NA NA NA NA
TA-F E13.5 (each genotype n = 3) DCCISH, Netrin1 ISH and ER/DCC NA NA NA NA
IF
8A-D P29 (n=3) Several markers IF NA NA NA NA
8F,G P60 (n = 3) eYFP/SPIF NA NA NA NA
8H,I P21 (each genotypen = 3) ChAT/SPIF NA NA NA NA

The lines of the table follow from top to bottom the number of the main figures by ascending order. All data shown in the manuscript are presented and the details of the statistical analyzes performed are indicated when applicable. T value,
df, and significance are shown in respective order of the  test p-values. *p << 0.05; **p << 0.01; ***p < 0.001.

[a], 0tx2 1ox/fox: [, 0tx2 eERT2/+; [ ], Otx2 CeERTox. [ ], DbxTCre;0602 1/ +; [ €], Dbx1Cre;0tx2 1%, df, degree of freedom; i, number of animals used; NA, not applicable; ns, not significant; IF, immunofluorescence; ISH, in situ

hybridization.

a stereotaxic apparatus (Stoelting). The bregma coordinates used for
unilateral injections were as follows: MHb, anterior/posterior (AP) — 1.6,
medial/lateral (ML) *0.25, dorso/ventral (DV) —2.75. The incisor bar
was leveled with the interaural line. One hole was drilled and injections of
AAVs expressing EYFP upon Cre recombination were performed at a
speed of 100 nl/min with a 500 nl total volume (pAAV-Efla-DIO

ChETA-EYFP; Penn Core). The cannula was left in place for 5 min to
infuse before removal and suture of the skin.

Imaging, experimental design, and statistical analysis. Images were cap-
tured with a laser scanning confocal microscope (Zeiss 780) and with a
stereomicroscope coupled to a digital camera (Zeiss axioplan2). Images
were processed using ZEN and ImageJ software and figures were pre-
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Temporal expression of Otx2 and neurons birth-dating in the medial habenula. A—H, Coronal sections of Otx2-GFP mouse embryos at different stages of development showing the

expression of 0tx2 (GFP ) in progenitor cells labeled with Ki67 in the ventricular zone of the Hb (A—D) and the expression of 0tx2 (GFP ) in medial habenular neurons labeled with Brn3a (E-H).
White arrowheads in E show few postmitotic neurons double labeled with 0tx2 (GFP) and Br3a at E11.5.1, 1", Coronal section of E18.5 0tx2-GFP mouse embryo immunolabeled for Brn3a to mark
all MHb neurons and for Er81 to mark the ventral MHb. GFP colocalized with both markers in the medial part of the MHb. J, In situ hybridization for Tac7 showing the dorsal part of the MHb. K, 0,
Immunofluorescence of GFP (0tx2) and EdU labeling in coronal sections at the level of the MHb in PO Otx2-GFP brains when EdU was injected at different embryonic stages. Scale bars: A—H (shown

inAand E), 50 um; I-0 (shownin I, J,and 0), 100 um.

pared using the Adobe Photoshop and Illustrator CS5 software package.
A minimum of three animals and three slices per animal were used for all
the analyses and quantifications (see Table 1 for details). All quantifica-
tions are presented as the mean *+ SE. For convenience when presenting
statistics, groups of data from Ox2 flox/flox () p CreBRT/+ = 4 10d
Otx2 “reERT/Mox ywere named a—c, respectively. The lines DbxI™;
Otx21°% * and Dbx1°";01x2 119X ere named d and e, respectively.
When comparing two groups of data between mutants and controls
using Student’s ¢ test, unequal variance was first rejected by performing
the F test when p > 0.05. All statistical comparisons failed to show un-
equal variance. Unpaired, two-tailed ¢ test assuming equal variance was
then used to compare mean data from two groups. The size of samples
(n), degree of freedom, and p-values are indicated for each data compar-
ison (Table 1). The exact p-values are indicated when p > 0.01. Minimal
statistical significance was fixed at p < 0.05. p-values are represented on
the graphs as follows: *p < 0.05; **p < 0.01; ***p < 0.001.

Results

Otx2 is expressed throughout the development of

the habenula

We undertook the precise description of Otx2 expression both
temporally and topographically in the habenula (Fig. 1). Because
antibodies against Otx2 recognize to some extent other homolo-
gous proteins such as Otxl, we used an Ofx2-GFP knock-in
mouse that expresses a version of Otx2 fused to GFP to strictly
monitor Otx2 expression (Fossat et al., 2007). To determine
whether Otx2 is expressed in neural progenitors or in postmitotic
neurons, we compared Otx2-GFP expression with Ki67 staining,
a cell proliferation marker, and with Brn3a staining, a well known
postmitotic marker of medial habenular neurons (Quina et al.,

2009). In the epithalamus region, the progenitor domain was
doubly labeled with Otx2 and Ki67 at each stage analyzed starting
from E11.5, indicating sustained Otx2 expression during neuro-
genesis (Fig. 1A-D). Only rare cells were Brn3a * at E11.5, corre-
sponding to cells exiting the proliferative zone (Fig. 1E,
arrowheads). From E13.5 on, Otx2 was coexpressed with Brn3ain
immature postmitotic neurons once they had moved outside of
the proliferative domain. Otx2 expression decreased as cells mi-
grated away from the midline with a medial-high, lateral-low
expression gradient (Fig. 1F-H). At E18.5, development of the
habenula appeared completed and the medial and lateral habe-
nula (MHD and LHD, respectively) could be anatomically recog-
nized. Otx2 expression was restricted to the MHb, whereas Brn3a
was expressed in all neurons of the MHD and in some sparse
neurons of the LHb (Quina et al., 2009). We used another
marker, Er81 (also known as Etvl), to visualize the two main
subparts of the habenula; the vYMHDb (Er81 ©) and dMHb (Er81 ™)
that correspond to cholinergic and substance P-ergic subregions,
respectively (Fig. 11,]). Interestingly, Otx2 expression was not
restricted to one of these subparts but exhibited a mediolateral
gradient in the MHb, with highly expressing neurons in the me-
dial part (Otx2™*¢") and neurons presenting low to absent ex-
pression (Otx2"°") in the lateral part (Fig. 1I'). Proportionally,
Otx2 "€ neurons contributed to a large part of the dMHb and to
a small part of the vMHD (Fig. 11,I"). To understand how neuro-
genesis occurs and populates the different parts of the habenula,
we analyzed animals at PO that had been injected with EAU at
various stages of development. The medial habenula started to be
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clearly labeled at E12.5 and this labeling followed a wave from
lateral to medial parts with a peak of density for the most medial
part at E15.5 (Fig. 1K-O). As described previously (Angevine,
1970), habenula neurogenesis occurs via a centrifugal mode, with
the early-born neurons settling outside and the later-born neurons
occupying a ventricular position. Therefore, the latest-born habenu-
lar neurons are those that strongly maintain Ox2 expression,
whereas the earliest-born neurons found in the lateral part are char-
acterized by low or absent expression of Otx2 (Fig. IK-O).

Otx2 deletion leads to neurogenesis defects in the Hb

We next tested whether Otx2 is required for the formation of the
Hb. According to our birth-dating analysis, MHb neurons start
to appear from ~E12.5 for the most lateral part and are all born
before E17.5 (Fig. 1K—0). Because they all derive from Otx2 *
progenitors, we took advantage of the Otx2“"ERT¥* and
Ox211¥/fox mouse lines (Fossat et al., 2006) to inactivate Ofx2
from E11.5 by an intraperitoneal injection of tamoxifen
(TamE11.5). We then compared Ox2 CreERT2/flox(TamELLS) ¢ i
tional mutants with Ofx210¥/x(TamEILS) ¢ tro] ittermates or
with Ofx2 CreERT2/+ (TamELLS) obrvos (from Otx2 '/ females)
as additional controls at E18.5 (Fig. 2).

Otx2 deletion induced at E11.5 does not affect early patterning of
the diencephalon

Because early Otx2 ablation has been shown previously to affect
forebrain patterning, we first verified that Otx2 ablation at E11.5
did not affect early steps of diencephalon development, which
would prevent analysis of a direct role of Otx2 in Hb formation. It
was shown in zebrafish, for example, that in hypomorphic mu-
tants for OtxI and Otx2 expression, the ZLI was not induced
properly (Scholpp et al., 2007), leading to the disappearance of
the thalamus. We therefore analyzed the expression of molecular
markers of the ZLI and thalamic region. At E13.5, 2 d after ta-
moxifen injection, Otx2 was already largely absent from the fore-
brain of mutant mice, indicating high recombination efficiency
(Fig. 2C,C"), whereas both controls showed unaltered Otx2 ex-
pression (Fig. 2A—B’). High recombination efficiency in the pro-
genitors expressing Otx2 at the time of injection (Fig. 1) was also
demonstrated using a Rosa26::flox-stop-flox-YFP(R26 ™) re-
porter line of Cre activity. Indeed, a large number of cells gener-
ated from these progenitors and labeled with YFP was found in
the dorsal diencephalic region (Fig. 2B, C). The ZLI, marked by
Shh, was properly induced at its correct location in all mice (Fig.
2D-D'"). The thalamic region, labeled with Gbx2 transcripts, was
present and displayed a normal size in all mice (Fig. 2E-E"").
These data rule out an indirect effect of Otx2 deletion at E11.5
that would alter early patterning of the diencephalon.

Otx2 deletion specifically affects the pool of late born

habenular neurons

We then investigated whether Otx2 deletion could affect subse-
quent development of the epithalamus region and particularly
the formation of the MHb. To visualize the different subparts of
the habenula in Ofx2 CreERT/flox(amELL5) - ditional mutants, we
used the three markers Brn3a, Er81, and Otx2. We observed a
large reduction in MHDb area (44 * 5.6% and 47 * 3.8% reduc-
tion relative to Otx2 “"**T2/* and Otx21°¥/1°* controls, respec-
tively) and number of habenular Brn3a ™ cells (37 = 3.1% and
40 + 2.6% reduction relative to Otx2“"*R1?/ * and Q2 1ox/flox
controls, respectively; Fig. 2F—H, Table 1). Moreover, counts of
Brn3a " and Er81* MHb neurons revealed a reduction that was
more pronounced in the Er81 /Brn3a™ (dMHb) population

than in the Er81 */Brn3a * (vMHb) population (Fig. 2G,H, Table
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1). Therefore, Ofx2 deletion preferentially affected Er81 "/
Brn3a " neurons that compose the dMHb. These data were com-
patible with the fact that the Otx2'®" region was the one
preferentially reduced because it proportionally contributes
more to the dMHD (Fig. 1). To further test this possibility and in
the absence of specific molecular markers of this subpopulation
except Otx2, we used the fact that Otx2 High h eurons are born later
than Otx2"*" neurons (Fig. 1K=O). In control animals, as ex-
pected, E13.5 and E15.5 EdU injections preferentially labeled
Otx2'" and Otx2"e" cells, respectively (Fig. 2I-L, Table 1). In
Otx2 CreERT2/Mox(tamELLS) mice no difference could be statistically
detected in early born neurons compared with any of the two
controls (Fig. 2K, Table 1). By contrast, a very large decrease was
seen in the late-born pool normally populating the Otx2 ™" re-
gion (Fig. 2L, Table 1). These data demonstrate that Otx2 deletion
preferentially affects late-born MHb neurons, which would nor-
mally maintain strong expression of Otx2.

Otx2 deletion affects the proliferation of Hb progenitors

To understand the mechanisms behind the decreased number of
late-born neurons, we investigated two possibilities. This de-
crease may result either from the loss of Otx2 in the progenitors
affecting progenitor proliferation and generation of late-born
neurons or from increased cell death of progenitor or postmitotic
cells. In the absence of evidence of cell death (Fig. 3A-C"), we
were left with the abnormal progenitor proliferation hypothesis.
One immediate observation was that the thickness of the ventric-
ular zone (VZ) appeared reduced in mutants at E15.5 but was not
affected at E13.5 (Fig. 3D-E’, 4F, Table 1). Measures of the num-
ber of proliferative progenitors labeled with anti-Ki67 revealed a
small and large decrease at E13.5 and E15.5, respectively (Fig. 3G,
Table 1). We performed EdU/BrdU experiments to measure the
number of cells exiting the S phase as a function of time and in
proportion to the total number of Ki67 cells (Fig. 3H, Table 1).
Cells singly labeled with BrdU were considered as the cells exiting
the S phase within 1 h. Interestingly, the number of cells exiting
the S phase was largely increased in the mutant (207 = 12.6% of
control), showing that the S phase is shorter in the absence of
Otx2. It therefore appears that Otx2 deletion leads to a premature
reduction of the pool of epithalamic progenitors that may be
explained by an alteration of their cell cycle.

Reduction of the pool of late-born neurons is not due to a potential
secondary effect of Otx2 deletion in tissues other than the
habenula

To confirm that the phenotype we observed is due to a deletion of
Otx2 in habenular progenitors and not to an indirect effect of the
concomitant deletion of Otx2 in adjacent tissues such as choroid
plexus and pineal gland, we restricted the deletion of Ozx2 to the
MHD using a DbxI::Cre driver line. DbxI is expressed in epitha-
lamic VZ (Vue et al., 2007). We confirmed this by following the
Dbxl1 cell lineage using the R26™" reporter line. At E18.5, in
Dbx1::Cre;R26™™F, all habenular Brn3a™* neurons were YFP "
(Fig. 4B, C). Only rare cells that were Brn3a ™~ were also YFP ™ in
the MHD region. These cells are yet to be defined, but their strong
Pax6 expression makes them clearly distinct from other cell pop-
ulations in the MHDb (Fig. 4C, white arrowheads). In DbxI::Cre;
Otx21o¥/Mox mytants, Otx2 expression was largely absent from the
habenula region at E18.5 compared with control mice (Fig.
4D, E), confirming that Dbx1::Creline is an efficient tool to delete
Otx2 in habenular progenitors. Otx2 deletion in DbxI:Cre;
Otx219¥/M0x Jed to a significant reduction in Brn3a™ cells (Fig.
4F-H, Table 1). This effect was again more pronounced in the
Er81 ~/Brn3a™ than in the Er81 */Brn3a* population, suggest-
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Figure2. Conditional deletion of Otx2 produces habenular hypoplasia. A-C’, Coronal sections of E13.5 control and mutant embryos injected with tamoxifen at E11.5 showing the expression of
the reporter YFP and Otx2 in the diencephalon. In situ hybridization for Shh (D-D'") and Gbx2 (E—E’") in coronal section of E13.5 mutant and control mice injected with tamoxifen at E11.5. F-F",
Immunostaining for Er81 (Etv1) and Brn3a in coronal sections at the level of the habenula in E18.5 embryos that have been injected with tamoxifen at E11.5 stage. G, Graph representing the average
area in square micrometers of the MHb per coronal section at E18.5. The MHb areas are significantly reduced in mutant mice (black column, 0tx2 “°€82/1%) compared with control mice (white and
gray columns, 0tx2 1™/1°* and 0tx2 “*EF1/ * respectively). H, Graph representing the average numbers of Br3a * cells, Er81* cells, and Brn3a "Er81 ~ cells per coronal section in the MHb at
E18.5. Thenumberof Brm3a ™ cellsin the MHb is reduced in mutant mice compared with control mice. However, the reduction ofthe number of Er81 * cells in the ventral MHb is less severe compared
with the reduction of the Brn3a ™ Er81 ~ cells in the dorsal MHb. I-L, EdU labeling combined with Brn3a immunostaining in coronal sections showing Edu ™ cells in the MHb in control and mutant
E18.5 embryos when the EdU was injected in pregnant females at E13.5 (F-H) and E15.5 (I-K). K, L, Graph representing the average number of EdU cells in the MHb per coronal section in control
and mutant E18.5 embryos. Note that the number of Edu cells does not change significantly when the EdU was injected at E13.5. However, there were fewer EdU * cells in mutant mice compared
with controls when EdU was injected at E15.5. n.s., Nonsignificant. p-values are represented on the graphs as follows: *p << 0.05; **p << 0.01; ***p < 0.001. However, there were fewer EdU * cells
in mutant mice compared with controls when EdU was injected at E15.5. MeA, Medial amygdala; Hyp, hypothalamus; Th, thalamus. Scale bars, A~E’" (shown in A, D, and E), 100 wm; F—F'", 100
m; 1-J'", 50 m.
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Loss of Otx2 alters habenular progenitor cell cycle. A—C’, Tunnel staining to detect cell death in coronal sections at the level of the MHb at different embryonic stages in control (A-C)

and 0tx2 mutant embryos (4" —C") injected with tamoxifen at E11.5. D—E’, Inmunofluorescence for Ki67 labeling progenitor cells in the habenular region in coronal section at E13.5 (D, D’) and
E15.5 (E, E') of control (D, E) and mutant (D’, E') embryos tamoxifen injected at E11.5. D7—E’4, High magnification of the VZ showing immunolabeling of Ki67 and BrdU cells and EdU staining in
control and mutant mice at E13.5 (D7-D"4) and E15.5 (E7—E’ 4) when BrdU was injected 2 h and EdU 1 h before pregnant females were killed. Graphs representing the length in micrometers of
the VZ (F), the average number of Ki67 cells in coronal section per area (G), and the average number of BrdU T EdU ~ cells relative to the area (H) in control and mutant E13.5 and E15.5 embryos.
p-values are represented on the graphs as follows: *p < 0.05; **p << 0.01; ***p < 0.001. n.s., Nonsignificant. Scale bars, A—C’ (shownin 4, and A", 100 m; D-E’, 100 m; D1—E’ 4 (shown in

D1,D"1,E1,and E'1),25 um.

ing that, as in Otx2“"FRT/1X mice, late-born neurons were

preferentially affected (Fig. 4H, Table 1). We confirmed this by
showing that the number of neurons marked with EdU injections
at E15.5 was strongly decreased, whereas neurons labeled at E13.5
seemed unaffected (Fig. 4I-L). These results also showed that
Otx2 deletion does not specifically affect the classically described
substance P-ergic/tacl-expressing or cholinergic/Er81-expressing

neurons of the AIMHb and vMHD, respectively (see also Introduc-
tion section). Instead, it affects the late-born neurons independently
of their neurotransmitter content. Consistent with this idea, only a
partial reduction of Er81 * neurons (Fig. 4 F, G) and TacI-expressing
neurons (Fig. 4 M, N) was observed in Otx2 cKO.

In conclusion, Otx2 seems to control the development of the
MHDb by sustaining the expansion of the progenitor pool, thus
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control and 0tx2 mutant embryos when the EdU was injected at E13.5 (/,J) and E15.5 (K, L). M, N, In situ hybridization using Tac7 RNA probe in combination with immunostaining of Nurr1, a marker
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microns, €, 50 microns (shown in €); D-L 700 microns, M, N, 75 microns (shown in D, E, I-L).

affecting the total number of derived neurons. This effect is due to
cell-autonomous Otx2 activity in Hb progenitors.

Otx2 is also expressed in the unique output of the Hb, the IPN
We then studied Otx2 expression in the main target of the medial
habenula, the IPN, using the Ofx2-GFP knock-in line. The IPN,
which is located in the basal plate of rhombomere 1 (r1), is com-
posed of several subnuclei (Lorente-Canovas et al., 2012; Fig.
5A). We confirmed that Otx2 * neurons only populated the cIPN
(Fig. 5A—C). The cIPN could be further divided into lateral (Lat-
cIPN) and medial subnuclei (Med-cIPN) (Fig. 5B,C). Otx2 ™"
neurons composed the Lat-cIPN and the central-most part of the
Med-cIPN, whereas a Pax7 */Otx2 ~ population was located be-
tween them (Fig. 5B). The Otx2 population could be further
characterized by the specific expression of the Gscl protein (Fig.
5C). We then investigated how the cIPN forms and looked for
Otx2 ™ cells at earlier stages. Cell cohorts expressing Otx2 in basal
rl could already be detected at E11.5 (Fig. 5D). These cells were
found in the outer ventricular zone, in between Ki67 * cells, or in
the mantle layer at the level of the Nkx6.1 ¥ progenitor domain
(Fig. 5Dd1,Dd2). Some rare cells starting to accumulate Otx2-
GFP in the progenitor zone were also weakly Nkx6.1 *; however,
none coexpressed Ki67 (Fig. 5Dd1,Dd2). These results suggest
that Otx2 expression is induced in cells generated from Nkx6.1 *
progenitors soon after they become postmitotic and start to
downregulate Nkx6.1 expression. To further narrow down the

origin of Otx2-expressing cells, we explored additional markers
and found that the Otx2™ population expressed Gata3 and
GABA, but not En1, and therefore could be defined as the equiv-
alent of a subset of spinal cord V2b GABAergic neurons
(Karunaratne et al., 2002) (Fig. 5Dd1,Dd2,M). To characterize
the timing of neurogenesis of Otx2 * IPN neurons, we injected
EdU at several stages of development and analyzed animals at PO.
Otx2 * IPN cells were only marked when EdU was injected at E9.5
and E10.5, but not later (Fig. 5E-F’). We concluded that Otx2 ™
IPN neurons were generated between E9.5 and E10.5. These cells
then started to migrate in three successive steps (Fig. 5G-I). At
E13.5 (Fig. 5G), cells were seen as a stream going tangentially
toward the midline (Step 1) without crossing it and turning
down to migrate radially toward the ventral r1 (Step 2). At
E15.5 (Fig. 5H), many cells had already reached the ventral r1
and started to aggregate (Step 3) as bilateral nuclei, whereas
others were still on the migration path. At E18.5 (Fig. 5I),
some sparse Otx2 " cells could still be seen in the dorsal region
and close to the midline in the migration path. In the ventral
region, Otx2 * cells were also compacting in the midline, thus
contributing to Lat-cIPN and Med-cIPN (Fig. 5I'). This orga-
nization was maintained until adulthood (Fig. 5]). In addi-
tion, this analysis revealed additional expression of Ofx2inrl,
in GABAergic cells of the median and paramedian raphe (MnR
and PMnR, respectively), in the nucleus incertus, and around
the dorsal tegmental nucleus (Fig. 5K-M).



Ruiz-Reig et al. ® 0tx2 Roles in the Development of HIPS Subcircuits

P10 Otx2-GFP Coronal

GFP Pax7 DAPI

GFP DAPI GFP Ki67
8: w
QB
X
o 3
- =
1]
0
»
|
D
& F
Q
O 3§
o
a S|
Kel
u
w
o
$ Tk
‘é Lat-cIPN
= 3
=
Figure 5.

J. Neurosci., February 6, 2019 - 39(6):1005-1019 « 1013

GFP Gscl DAPI

Med-cIPN
Lat-cIPN |

,;.' I ;

GFP Nkx6.1 GFP GATA3 GFP En1

PMnR

cIPN

0tx2 expression pattern in the IPN. 4, Schematic llustration of a sagittal section of IPN subnuclei in the ventral r1in embryonic brain. B, Coronal section of P10 Otx2-GFP mouse brain

at the level of the IPN. The rostral IPN is characterized by high density of Pax7 neurons. Otx2 neurons (GFP) in the cIPN form two subnuclei, the medial and the lateral one, with some Pax7 neurons
in between. C, Coronal section of the IPN showing colocalization between 0tx2 and Gscl in the cIPN. D, Transversal section of E11.5 Otx2-GFP embryo at the level of the r1 showing Otx2 neurons in
the basal plate. Dd1-Dd4, High magnification of the box area indicated in D showing potential 0tx2 neurons (GFP ) inr1 that also contain Ki67 (Dd1), Nkx6.1 (Dd2), GATA3 (Dd3), and En1 (Dd4)
at embryonic stage E11.5. E, F, High magpnification of the IPN area on PO Otx2-GFP embryo showing colocalization between Otx2 (GFP *) and Edu injected at E9.5 (E) and E10.5 (F). E'—F'’, High
magnification of the boxed area. G—M, Immunolabeling in transversal section of the 1 in 0tx2-GFP embryos showing the distribution of Otx2 neurons (GFP *) in the basal plate at different
embryonic (G—/) and adult stages (J-M ). K—M, Colocalization between 0tx2 and GABA in the nucleus incertus, PMnR, and cIPN. Ms, Mesencephalon; is, isthmus; Pro, prodromal division of the IPN;
Dtgm dorsal tegmental nucleus; NI, nucleus incertus. Scale bars, B-D and G—I, 100 m; Dd1-Dd4 (shown in Dd1) and E'—F'" (shown in E" and F’), 50 wm; K-M, 25 pum.

These results show that IPN neurons are generated from
Nkx6.1 " progenitors, start to express Otx2 soon after they be-
come postmitotic, and migrate extensively through tangential
and then radial migration paths to finally concentrate in the Lat-
cIPN and Med-cIPN.

Otx2 deletion leads to migration defects of IPN neurons

We then tested whether Ofx2 expression is also required for the
development of the IPN. Because Otx2 is not expressed at the
progenitor stage (Fig. 5Dd1), we could test whether Otx2 plays a

postmitotic role in the migration and formation of the caudal
IPN. From our EdU birth-dating experiments, we concluded that
the cell population fated to express Otx2 and form the caudal IPN
is already born by E11.5 (Fig. 5E-F'"). We therefore took advan-
tage of our Otx2 “FRT/1°% mayse line to inactivate Otx2 at E11.5,
when IPN neurons are already born. To follow the recombined
cells in Ofx2 CretRT2/Mox(tamELLS) 1y yeants, we used two comple-
mentary tools: anti-ER antibodies to recognize Cre-ERT?2 protein
produced from the Otx2“""*2 allele and the R26R"* Cre re-

porter line to trace recombined cells. As described above, IPN
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Migrational defects in IPN neurons due to Otx2 deletion is not a consequence of fate switch. A-D, Immunofluorescence to visualize Otx2 neurons (ER) and radial glia cells (RC2) in

transversal section of r1 at the levels of the caudal IPN in control (4, B) and mutant (C, D) embryos at the E13.5 and E15.5 stages injected with tamoxifen at E11.5.4’—D’", High magnification of the
area indicated in A-D. The white arrowheads indicate the orientation of the Otx2 ™ cells leading process with respect to the radial glia. E, F, Inmunofluorescence for CreERT2 (ER) and 0tx2 in
transversal sections of E18.5 control and mutant embryos showing the disposition of 0tx2 * cells when the migration is completed. The white arrowhead in Findicates the aberrant position of ER *
cells that have lost the expression of Otx2.(E’—F’ "), High magnification of the area indicated in £ and F showing cells labeled with YFP, Gscl, and Otx2 in the caudal IPN. Note that the YFP * cells are
the one that lose the expression of both Otx2 and Gscl and are mislocalized (white arrowheads), whereas the 0tx2 * cells that are not recombined migrate properly (yellow arrowheads), indicating
acell-autonomous defect. G-L, Immunofluorescence in transversal sections of E18.5 control and mutant embryos showing the expression of the main V2b interneurons markersin 0tx2 ™ cells. Scale

bars, A-F, 100 um, E'—F', 50 wm; A’-D"", G-L, 25 pum.

neurons reach the ventral rl through three successive steps. At
E13.5, in control Ogx2 CreERT/ + (TamELLS). pogRYFP anhimals, the
leading processes of Otx2 cells labeled with anti-ER antibodies
were projecting toward the midline and perpendicular to radial
glia cells, indicating that Otx2 ™ cells were migrating tangentially
(Fig. 6A—A"’, white arrowheads, phase 1). At E15.5, Otx2 " cells
changed their direction with their leading processes aiming
ventrally following the radial glia (Fig. 6B—B'’, white arrow-
heads, phase 2). At E18.5, Otx2 " cells had already reached the
cIPN (Fig. 6E-E'’, phase 3). We then analyzed cell migration
in Otx2 CreERT2/Mox(tamELLS) 1 yants, At E13.5, Otx2 KO cells la-
beled with anti-ER antibodies and showing no detectable Otx2
precociously migrated ventrally along the radial glia, skipping the
first step of tangential migration toward the midline (Fig. 6C-C"’,
white arrowheads, phase 1'). At E15.5, some of these cells had
reached the ventral part but in a more lateral position (Fig. 6D—
D'’, phase 2'). Finally, at E18.5, sparse mutant cells were found

more dorsally and laterally compared with control cells (Fig. 6F-F",
white arrowheads, phase 3'). Interestingly, the rare non-
recombined cells that had retained Otx2 and were not YFP-
immunoreactive were found at their correct location (Fig.
6F',F'', yellow arrowheads), pointing to a cell-autonomous func-
tion of Ox2.

These results demonstrate a role of Otx2 at the postmitotic
level in the HIPS. Cells that normally form the caudal IPN do not
migrate properly in the absence of Otx2. Impaired motility seems
unlikely because these cells are still able to migrate radially. The
major defect seems to be an aberrant or absent tangential migra-
tion toward the floor plate that could be the consequence of
abnormal expression of guidance molecule receptors in these
cells. Alternatively, this phenotype could be due to a change of cell
identity that translates into an alternative migration behavior.
However, these cells kept their expression of Gata3 (Fig. 6G,])
and their GABAergic nature (Fig. 6 H,K). This implies that, de-
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Aberrant expression of DCC expression in Otx2 mutant mice. A-D, In situ hybridization for Netrin1 (4, B) and DCC (C, D) in transversal sections of r1in E13.5 control and Otx2 mutant

embryos tamoxifen injected at E11.5. E, F, Inmunofluorescence for ER and DCCin transversal section of control and mutant E13.5 embryos showing the disposition of ER * cells with respect the
midline (dashed orange line) indicated with the white lines. E'~F’”, High magnification of the area indicated in £ and F showing decreased DCC staining in mutant ER ™ cells located in the dorsal
area (F', F'’, white arrowheads) compared with control ER * cells (E’, E’*, white arrowheads). G, H, Schematic illustration of our hypothesized mechanism for IPN precursor migration. This
illustration shows the different migration phases in control and mutant embryos of IPN precursors. In control conditions, 0tx2 ™ cells are generated from Nkx6.1 domain (progenitor domain 2, red
area) and, due to DCCexpression (violet contour), migrate tangentially toward the dorsal midline highly expressing Netrin1 (G7). After that, 0tx2 neurons downregulate DCC expression, which may
allow them to not stay trapped at this level and start to migrate radially to more ventral position (G2) to finally form the IPN (G3). In mutant mice, in the absence of Otx2 and due to a weaker
expression of DCC, IPN neurons are no longer attracted to midline position. Instead, they start a radial migration precociously (H7") and therefore they settle down earlier (H2'), resulting in an
aberrant disposition of IPN neurons in more dorsal and lateral position compared with control mice (H3'). Scale bars: A-F, 100 pum; E'—F'’, 25 um.

spite the absence of Otx2, these cells most likely retain their iden-
tity as V2b interneurons. However, one marker, Gscl, was found
to be absent (Fig. 6E-F',I,L), demonstrating that Otx2-ablated
cells were molecularly affected. Because Gsclhas no known role in
migration, we sought for other cues that might explain the mi-
gration defect of Otx2-ablated cells. Few guidance molecules se-
creted by hindbrain floor plate have been shown to attract
neurons toward it. The most documented mechanism is based on
Dcc/Netrins interplay (Bloch-Gallego et al., 1999; Kim et al,,
2015). We hypothesized that IPN cells may express Dcc at E13.5
and be attracted to the known source of Netrin in the floor plate.
Expression of Dcc was indeed found at particularly high levels in
Otx2 ™" cells at the most dorsal location in r1 (Fig. 7A, E-E""). To
test whether deletion of O#x2 affected Dcc/Netrin guidance, we
analyzed Netrin 1 and Dcc mRNA expression by in situ hybridiza-
tion. Although Netrin I expression was unaltered in the absence
of Otx2 (Fig. 7B, D), Dcc expression was decreased in the dorsally
located IPN cells that had lost Otx2 (Fig. 7 A, C,E-E"' ,F-F"’, white
arrowheads). This could explain why these cells were no longer
attracted toward the floor plate and precociously started to mi-
grate radially. Such lack of attraction was clearly visible by mea-
suring the distance between the Otx2 cells and the midline, which
was always wider in mutant mice compared with control (Fig.
7 E, F, white lines). Therefore, in the absence of Otx2, IPN cells
retained their V2b characteristics but failed to migrate tangen-
tially, most likely due to a defect in the Dcc/Netrin signaling
mechanism (Fig. 7G,H).

Otx2 developmental requirement is shared by interconnected
subcircuits with specific outputs

Next, we investigated whether shared Otx2 expression by a subset
of habenular neurons and IPN neurons could endow them with

specific connectivity properties. Because specific parts of the sys-
tem retain high expression of Otx2 and require Otx2 activity to
develop properly, we tested whether these specific parts formed
interconnected subcircuits that would consequently share HIPS
subfunctions.

Otx2 ™" subcircuit between the Hb and the IPN

The classical description of the connectivity between the habe-
nula and the IPN, as described in the Introduction, is divided
between substance P-ergic fibers from the dMHDb connecting the
Lat-IPN and cholinergic vMHDb neurons that connect to the Med-
IPN. Otx2 expression does not follow this division, but instead
follows neuronal birth date, with late-born Otx2 ™" neurons be-
ing closer to the midline. We therefore tested whether Otx2 "
neurons have specific targets in the IPN. To clearly visualize
axon terminals from Otx2 neurons, we used Otx2CERT?/+.
TauS** 12+ mice, which express myristylated GEP upon Cre-
mediated recombination (Hippenmeyer et al., 2005). We in-
jected tamoxifen at E15.5 to label Otx2 ™" cells and analyzed the
brain at postnatal stages (Fig. 8A4). In the IPN, GFP " fibers
mainly innervated the Lat-cIPN and were largely doubly labeled
with SP (Fig. 8B-B'"). To visualize potential synaptic connections
between Otx2™8" habenular and Otx2 ¥ IPN neurons, we first
labeled the cytoplasm of Otx2* neurons with anti-ER (Fig.
8C,C"). We then doubly labeled GFP * habenular fibers for GFP
and VGlutl, a synaptic marker of habenular neurons that are all
glutamatergic. This also allowed us to exclude potential con-
founds with endings from Otx2 " IPN neurons that are GABAe-
rgic. Interestingly, doubly labeled GFP */V-Glutl ™ terminals
were found decorating the cell surface of IPN cells marked with
anti-ER antibodies (Fig. 8D-D'"). Because we could not formally
rule out that the glutamatergic fibers in the IPN were exclusively
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0tx2 expression in interconnected subcircuits. 4, Coronal section of P29 control mice showing the expression of 8-gal * cells when tamoxifen was injected at E15.5 and Otx2 expression

in the MHb. B, Immunofluorescence for GFP, substance P (SP) and Otx2 in the caudal IPN in coronal section. B’, B’, High magnification of the area indicated in B showing colocalization between
GFP and SPfibersin the 0tx2 * region at the level of the lateral and caudal IPN. €, Immunofluorescence for GFP, 0tx2, and ER in the caudal IPN in coronal section. €, High magnification of the area
indicated in Cshowing that all the Otx2 neurons are labeled with ER. D, Inmunofluorescence for GFP, VGlut1, and ER in the laterocaudal IPN. D', High magpnification of the areaindicated in D showing
GFP terminals labeled with VGlut1 in contact with Otx2 cells labeled with anti-ER antibodies. E, Schematic illustration of an EYFP-expressing associated adenovirus that has been stereotaxically
injected at the level of the MHb. F, Coronal section of the MHb showing neurons labeled with eGFP after virus injection. G, Coronal section of the IPN showing EYFP fibers from the MHb and SP fibers
inthe caudal and lateral IPN, where Otx2 IPN neurons are localized. G”, High magnification of the area indicated in G showing that EYFP and SP fibers correspond to two different populations. H-1I",
Immunostaining of ChAT and SP on coronal sections at the level of the IPN of control (H, H") and 0tx2 cKO mutant (/,/") at P21. H" and I” correspond to a high magnification of the white frame in
Hand I, respectively. J, K, Schematic illustration of a coronal sections at the level of the habenula and IPN showing the different populations of habenular neurons (J) and their respective field of

projections in the IPN (K) with the same color code. Cx, Cerebral cortex; HC, hippocampus; Th, thalamus. Scale bars: A-C, F, G, 100 wm; B, ', 50 em; D, D', 10 wm; G', 25 pum.

from habenular neurons, we took advantage of the late expres-
sion of Otx2 in the HIPS that is maintained in the adult brain to
specifically label these cells. We stereotaxically injected an induc-
ible AAV construct that expresses eYFP upon Cre recombination
(AAV-DIO-EYFP) in the habenula of Ox2 “*E*T?/* adult mice
(Fig. 8E). Two weeks after transduction, mice were tamoxifen
injected for 2 consecutive days and brains were analyzed 2 weeks
later (Fig. 8F—G"). In all analyzed brains, only a subset of cells
belonging to the Otx2 " population expressed eYFP *, proba-
bly due to their stronger expression of CreERT2 and thus to their
higher recombination efficiency. These cells were concentrated in
the medial-most part of the dMHDb, with rare cells found in the
vMHb (Fig. 8F). Again, the fibers coming from these neurons
were mainly found in the Lat-cIPN. Interestingly, these fibers
formed a bundle that had only partial overlap with the more
laterodorsally located SP ™ fibers (Fig. 8G-G'). Therefore, the
medial-most part of Otx2 "''8" neurons is specifically connected to
the lateral-most region of the Lat-cIPN.

Otx2 is required for connecting the Otx2* Hb-IPN subcircuit

Finally, because Otx2 deletion impairs the generation of Otx2 i
neurons (see above), we tested whether this could lead to connec-
tivity defects between the MHD and the Lat-cIPN. Because Otx2
deletion of in Ofx2 CreERTZ/Mox(@mELLS) 1ice is Jethal at birth, we

used Dbx1::Cre;Otx21¥/1°% mutants that are viable and fertile to
study dMHb and vMHDb projections clearly identifiable only at
postnatal stages. Cholinergic innervations from the vYMHb were
still present without obvious defects in Otx2 cKO (Fig. 8 H,I). By
contrast, SP fibers were largely reduced, especially in the lateral-
most region that corresponds to the terminal field of innervation
from Otx2 " neurons of the MHb (Fig. 8H-T').

Together, these results show an Otx2-linked chronotopic or-
ganization of habenular projections with late-born Otx2 ™" ha-
benular neurons preferentially targeting the lateral region of the
cIPN, where they establish synaptic contacts with Otx2 GABAe-
rgic neurons (Fig. 8J,K). Furthermore, genetic ablation of
Otx2 "€ habenular neurons in Otx2cKO leads to subcircuit dis-
ruption between these neurons and the Lat-cIPN.

Discussion

Here, we have described for the first time the role of Otx2 in HIPS
development. We reveal the complex pattern of Otx2 expression
and demonstrate that, in the absence of Ozx2, the habenular pro-
genitors have an altered cell cycle, giving rise to fewer late-born
neurons, whereas early-born populations are unaffected. In the
IPN, Otx2 acts at the postmitotic level, playing a new role in
neuron migration. We show that Otx2 functionally contributes to
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the building of specific subcircuits of the HIPS. Habenular late-
born neurons, highly expressing and depending on Otx2, target
IPN neurons also expressing and depending on Ox2. Otx2 ex-
pression therefore marks specific HIPS subcircuits that intersect
with the classical dichotomy of substance-P-ergic dMHb con-
tacting the Lat-IPN and cholinergic vMHD contacting the Mid-
IPN. The expression of Otx2 may therefore be a better marker of
conserved and important subfunctions of the HIPS.

Otx2 and habenular neurogenesis

Otx2 deletion affects the cell cycle of habenular progenitors, lead-
ing to reduced number of late-born neurons. We excluded that
these progenitors die or exhibit slower proliferation because, if
this were the case, then it should have caused a reduced number
or delayed generation of early-born neurons as well, which we did
not observe. We thus hypothesized that these progenitors display
an equivalent rate of proliferation but differentiate earlier, result-
ing in a decreased number of neurons. We found a shorter S
phase in mutant progenitors. In medulloblastoma, Otx2 was
shown to control the G,-S and G,-M transitions (Bunt et al.,
2012; El Nagar et al., 2018). The G,-S transition is particularly
important for neuron precursors because it is the time when the
decision to proliferate or to undergo their last division is made. In
the cortex, a shorter S-phase correlates with lower proliferative
potential (Arai etal., 2011). It is thus likely that, in the absence of
Otx2, habenular progenitors have a decreased proliferative po-
tential, leading to precocious depletion of the progenitor pool
and thus to fewer neurons.

Our results cannot be explained by other known mechanisms
affecting habenular size. First, we did not detect any patterning
defect that could lead to smaller habenula. Second, we did not
detect any obvious habenular asymmetry unlike previous results
(Concha and Wilson, 2001) or any symmetry alteration in Ox2
mutants. We also tested the role of Otx2 in postmitotic cells by
ablating Otx2 when all neurons are born (F. D’Autréaux and N.
Ruiz-Reig, personal communication). Contrary to what happens
when Brn3ais deleted (Muzyka etal., 2018), we did not detect any
effects on identity or survival of habenular neurons. Therefore,
Otx2 deletion affects habenular precursor proliferation rather
than maintenance of habenular neuron identity and survival.

Otx2 roles in migration

Otx2 expression, which is initiated at the postmitotic stage in IPN
neurons, is required for their tangential migration. This is the
first report of an Ox2 role in tangential migration and one of the
rare studies exploring migration of the numerous hindbrain cells.
We ruled out cell fate switch to explain altered migration behav-
ior and showed a Netrin/Dcc interplay defect in Otx2 mutants.
Netrin-1 is expressed in a timely manner in the floor plate to
attract IPN neurons. Otx2 ¥ IPN neurons express high and low
levels of Dcc during tangential and radial migration, respectively.
In the mutant, newborn neurons displayed weak Dcc expression
that may explain their lack of attraction and their precocious
radial migration. Otx2 has known roles in migration. In the
mouse embryo, the proximo-distal axis conversion to definitive
anteroposterior axis requires Otx2. It controls the migration of
distal visceral endoderm cells by repressing Wnt signaling and
promoting B-catenin degradation (Kimura-Yoshida et al., 2005).
Canonical Wnt signaling is known to affect migration but not
preferentially tangential migration. We thus do not think that a
defect of this pathway can explain the phenotype of mutant IPN
cells. Cre-mediated deletion of Shh using the Enl promoter was
shown to affect the migration of the rIPN neurons, sparing the
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Otx2 " ¢cIPN (Moreno-Bravo et al., 2014). We found that Otx2
cIPN neurons do not express Enl. Furthermore, high En1 expres-
sion seems to occur at a more rostral location than the region
generating the cIPN (F. D’Autréaux, personal communication).
This may explain why the caudal IPN is not affected in this study.

Otx2 functions are highly context dependent

The search for a general rule of Otx2 functions has left many
scientists with more questions than answers. Studies in the devel-
oping mouse brain have revealed highly context-dependent
(Buecker etal., 2014; Kaur et al., 2015) and time-dependent (Fos-
sat et al., 2006) functions of Otx2. We found here that Ox2 plays
radically different functions depending on which stage and cell
type is considered. At the progenitor stage, Otx2 controls the
proliferative status of epithalamus cells. In the IPN, Otx2 acts
postmitotically to control the migration of IPN precursors. We
could not directly test for migration defect of Otx2"®" habenular
neurons in the absence of Otx2 because they are not generated.
However, Otx2'°" habenular neurons seemed to conserve their
centrifugal mode of migration. In fact, if newborn neurons are
simply laterally pushed away by younger ones, then they may
marginally rely on migration cues to form the habenula, which
would explain why Otx2 is not required for such “passive” migra-
tion. A recent study (Kaur et al., 2015) showed a role for OTX2 in
self-renewal and migration of neural precursors. In this study,
OTX2 overexpression in a cell context yielded the same effect on
proliferation as OTX2 knock-down in another one. Furthermore,
genes affected in the two cell contexts were nonoverlapping. De-
velopmental genes can thus be recruited at several time points,
even in the same tissue, to play nonoverlapping functions with
nonoverlapping partners or gene targets. This suggests that anal-
ysis of gene targets and partners may not be sufficient to reach a
conclusion on the common mechanisms that underlie the mul-
tiple functions of Ox2.

Otx2 functions from an evolutionary perspective

A good way of considering the multiple roles of Otx2 is from an
evolutionary point of view. The link between Otx2 and the visual
system has been largely described (for review, see Beby and Lam-
onerie, 2013). In a more general way, Otx2 appears as a marker of
sensory-related circuits (Harden et al., 2006; Sen et al., 2013;
Steventon et al., 2016). Here, we show that Otx2 is critical for
both habenula and IPN development. Otx2 is evolutionary con-
served and its expression pattern and functions are equally highly
conserved (Sen et al,, 2013). It is therefore tempting to try to
predict from its expression pattern potentially conserved and im-
portant brain circuits. Investigating Otx2 expression outside of
the visual pathway, we found that it strikingly marked numerous
regions implicated in emotional processing such as the VTA, the
lateral septum, the periaqueductal gray, the laterodorsal and dor-
sal tegmentum, the nucleus incertus, the medial raphe, and the
HIPS. These subcircuits, as well as Otx2 itself, may thus perform
conserved and important functions in the limbic system. Actu-
ally, this Otx2 ™ circuit inside the limbic system might still be
related to the visual pathway. In zebrafish, the MHD is a target of
visual inputs through a thalamic structure not precisely defined
(Zhangetal., 2017). This structure has been recently described as
the perihabenular nucleus in mammals (Fernandez et al., 2018).
It would be interesting to verify whether it expresses Otx2 as well.
In zebrafish, the habenula is asymmetric with predominant
dMHb and small vYMHb homologs on the left side. Interestingly,
this is the side preferentially targeted by the visual pathway. Be-
cause Otx2 mostly affects the IMHDb, one can also predict that the
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functions associated with this part of the habenula will be prefer-
entially affected. However, the exact functions of the dMHb re-
main elusive and Otx2 deletion restricted to the habenula may
help to solve these issues.

Conclusions

We found that Otx2 expression delineates a specific subcircuit of
the HIPS and is also required for this circuit to form. The HIPS is
a modulator of aversion and reward processing and is involved in
brain disorders such as anxiety, depression, and addiction. It is
thus reasonable to hypothesize that abnormal expression of Otx2
in the HIPS may lead to psychiatric diseases. There is now evi-
dence that some mood disorders may take root during develop-
ment. Therefore, to find the causes of these disorders, we need to
focus on the developmental mechanisms shaping the structures
involved. This study paves the way to investigate specific sub-
functions of the HIPS from a developmental perspective.
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