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Abstract

In-mammals, thalamic axons are guided internally towards their neocortical
target by corridor (Co) neurons that act as axonal guideposts. The existence of
Co-like neurons in non-mammalian species, in which thalamic axons do not
grow internally, raised the possibility that Co cells might have an ancestral role.
Here, we investigated the contribution of corridor (Co) cells to mature brain
circuits using a combination of genetic fate-mapping and assays in mice. We
unexpectedly found that Co neurons contribute to striatal-like projection neurons
in the central extended amygdala. In particular, Co-like neurons participate in
specific nuclei of the bed nucleus of the stria terminalis (BNST), which plays
essential roles in anxiety circuits. Our study shows that Co neurons possess an
evolutionary conserved role in anxiety circuits independently from an acquired
guidepost function. It furthermore highlights that neurons can have multiple
sequential functions during brain wiring and supports a general role of

tangential migration in the building of subpallial circuits.
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Introduction

Brain functioning relies on exquisite circuits that begin to be established during
embryogenesis by the coordinated migration of specific neuronal types and their
wiring via long-range axonal connections. Crucially, cell migration and axon
guidance occur concomitantly, influencing each other in a complex
developmental choreography that is not yet fully understood. In particular, the
mammalian neocortex forms connections with the rest of the brain via the
internal capsule, a large fascicle of axons that comprises corticofugal efferent
and reciprocal thalamocortical afferent projections (TCAs), which convey
sensory and motor information to the neocortex (Grant, Hoerder-Suabedissen,
& Molnar, 2012; Lemon, 2008; Molnar, Garel, Lépez-Bendito, Maness, & Price,
2012; Sherman, 2016). The guidance of TCAs along an internal trajectory relies
on a population of tangentially migrating neurons called corridor (Co) cells,
which form a permissive “bridge” for axons en route to the neocortex (Bielle,
Marcos-Mondejar, et al., 2011; Feng et al.,, 2016; Lokmane et al.,, 2013;
Lokmane & Garel, 2014; Squarzoni, Thion, & Garel, 2015; Zhou, Qu, Tissir, &
Goffinet, 2009). Co cells are located in the subpallium, which is a major site of
neuronal proliferation and migration. The subpallium includes the lateral, medial
and caudal ganglionic eminences (LGE, MGE and CGE, respectively) and the
preoptic area (POA); these structures generate projection neurons of the
striatum, the pallidum and the amygdala (Dodson et al., 2015; Eisenstat et al.,
1999; Hagimoto, Takami, Murakami, & Tanabe, 2017; Hamasaki, Goto,

Nishikawa, & Ushio, 2003; Long, Cobos, Potter, & Rubenstein, 2009; Marin &
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Rubenstein, 2003; Nobrega-Pereira et al., 2010; Waclaw, Ehrman, Pierani, &
Campbell, 2010; Wichterle, Turnbull, Nery, Fishell, & Alvarez-Buylla, 2001). In
addition, the MGE, the LGE/CGE and POA produce interneurons that migrate
tangentially to contribute to cortical and subcortical circuits (J. G. Corbin, Nery,
& Fishell, 2001; Joshua G. Corbin & Butt, 2011; Elshatory & Gan, 2008;
Gelman, Marin;, & Rubenstein, 2012; Hirata et al., 2009; Marin, Anderson, &
Rubenstein, 2000; Marin & Rubenstein, 2001; Nobrega-Pereira et al., 2008;
Torigoe, Yamauchi, Kimura, Uemura, & Murakami, 2016; Touzot, Ruiz-Reig,
Vitalis, & Studer, 2016; Xu, Tam, & Anderson, 2008). Co cells express
transcription factors /Islet1 and Ebf1 (Lépez-Bendito et al., 2006), similarly to
LGE-derived striatal projection neurons of the direct pathway (dSPN; Ehrman
et al., 2013; Garel, Marin, Grosschedl, & Charnay, 1999; Lu, Evans, Hirano, &
Liu, 2014). However, unlike the latter, which migrate radially to form the striatum
(Halliday & Cepko, 1992; Hamasaki et al., 2003; Wichterle et al., 2001), Co
neurons migrate tangentially from the LGE into the MGE from E11.5 to E14,
where they create a permissive corridor for TCAs in the otherwise non-
permissive MGE (Lépez-Bendito et al., 2006). It has been shown that defects in
corridor positioning led to abnormal TCAs pathfinding (Bielle, Marcos-Mondejar,
et al., 2011; Feng et al.,, 2016; Morello et al., 2015; Zhou et al., 2009). In
addition, Co cells not only control TCA internal navigation but also their
topographic organization. Indeed, Co cells express gradients of guidance cues
that organize TCAs along the rostro-caudal axis and allow them to target
specific cortical areas (Bielle, Marcos-Mondéjar, et al., 2011; Garel & Lépez-
Bendito, 2014; Lokmane et al., 2013; Lokmane & Garel, 2014; Squarzoni et al.,

2015). Therefore, Co cells play essential and diverse roles in TCA pathfinding
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(Lokmane & Garel, 2014; Lépez-Bendito et al., 2006; Molnar et al., 2012;
Squarzoni et al., 2015). Despite their importance, we have little information on
this neuronal population and whether it contributes to adult brain circuits.
Evidence from other guidepost populations in the brain, such as the lateral
olfactory tract cells (de Frutos et al., 2016), suggest that guidepost neurons can
have additional roles in brain circuit function (Squarzoni et al.,, 2015).
Furthermore, an independent role for Co cells is supported by evolutionary
developmental studies. Indeed, even though the internal capsule is only present
in mammals, cells with a molecular identity similar to Co cells have been also
identified in avian and reptile embryos (Bielle, Marcos-Mondejar, et al., 2011;
Bupesh, Abellan, & Medina, 2011). Moreover, gene expression studies suggest
contribution of LGE derivatives to the central and extended amygdala,
evolutionarily conserved superstructures located in the subpallium that contain
neurons of different developmental origin and are involved in fear and anxiety
control (Hott et al., 2016; Ranjan et al., 2017) and anxiety (Geng et al., 2016;
Morano, Bailey, Cahill, & Dumont, 2008; Ventura-Silva et al., 2012). These
observations raised the intriguing possibility that guidepost might be an
acquired function for Co cells, which would have a distinct, evolutionary
conserved role.

Here, we provide evidence that LGE/CGE derived Co projection neurons
contribute to specific subdivisions of the bed nucleus of the stria terminalis
(BNST), a key structure of the extended amygdala. We first show that the
LGE/CGE generates the Co and a ventromedial stream (Vms), two tangential
paths in the MGE territory, which include Co neurons and striatal-like Drd2-

EGFP" neurons. We define Co/Vms neuron molecular fingerprint and use it to
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show their contribution to different nuclei of the central extended amygdala in
late embryonic and postnatal brain. Consistently, we show that in Ebf1
conditional knockout mice, in which Co neuron migration is affected at early
stages, the BNST is reduced postnatally. Overall, our work shows that Co
neurons are not transient actors in brain wiring but could possess an
evolutionary conserved role in fear and anxiety related networks that is
independent from their acquired guidepost function. More generally, our work
sheds new light on the relationship between tangential migration in the

subpallium and the formation of forebrain circuits.
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Material and methods

Mouse lines

For fate mapping studies, Islet?“®* (RRID:IMSR_JAX:024242) and Nkx2.1cre
animals (RRID:IMSR_JAX:008661; Srinivas et al., 2001; Xu et al.,, 2008), were
crossed with either R26-%°7%%  R26"FYFF  or  R26™™:Drd2-EGFP mice.
Nkx2. 1cre;Dix1™VENUST (RRID:MGI:4840402) E14 and E18.5 embryos were kindly
provided by N. Kessaris and generated as described in (Rubin et al.,, 2010).
DIx5/6::Cre;Ebf1”~ mice (Lokmane et al., 2013) were obtained by crossing
DIx5/6::Cre (RRID:IMSR_JAX:023724; Zerucha et al., 2000) mice with Ebf1™" to
generate DIx5/6::Cre;Ebf1™ animals, which were in turn backcrossed with Ebf1™"
mice. Heterozygous embryos did not show any phenotype and were used as
controls. Wild-type mice were used for expression analysis, cholera toxin injection
and Dil labelling experiments. All transgenic lines are kept in C57/BI6 background,
with the exception of Islet1°"®* and Drd2-EGFP (RRID:MMRRC_000230-UNC; Gong
et al., 2003) lines that are kept in B6D2F1/J background. The day of vaginal plug
was considered as embryonic day (E) 0.5 and day of birth as postnatal day (P) 0.

Animals were kept under French and EU regulations, following recommendations of

the local ethics committee.

In situ hybridization, immunohistochemistry and X-Gal staining

For in situ hybridization, brains were fixed overnight in 4% paraformaldehyde in
PBS (PFA) at 4°C. 80 to 100pm-thick free-floating vibratome sections (Leica
S1000) were hybridized as described (Lokmane et al., 2013). For
immunohistochemistry, embryos were collected in cold PBS1X, their brains
were dissected and post-fixed in 4% in PFA for 2 (E13.5-E14.5) or 8 (E17.5-

E18.5) hours. Postnatal mice were perfused with 4% PFA. Brains were
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dissected and post-fixed overnight at 4°C. Immunohistochemistry was
performed on 60um free-floating vibratome sections. Slices were incubated 1h
at room temperature (RT) in a blocking solution containing 0,25% Triton X-100
(Sigma), 0,02% Gelatine in PBS, and incubated in the same blocking solution
with primary antibodies overnight at 4°C. Hoechst (Sigma) was used for
fluorescent nuclear counterstaining. For X-gal staining, brains or cultures
vesicles were fixed in 4% PFA at 4°C for 40 min, washed in PBS and incubated
with X-gal staining solution (10 mM Tris-HCI pH7.3, 0.005% Na-desoxycolate,
0.01% Nonidet P40, 5 mM K4Fe(CN)s, 5 mM KsFe(CN)s, 2 mM MgCl, and 0.8
mg/ml X-gal) at 37°C until the staining was visible. After several PBS washes,
brains were post-fixed in 4% PFA overnight.

EdU staining

Pregnant dams were intraperitoneally injected at the appropriate gestation day
with a solution containing 5-Ethynyl-2'-deoxyuridine (EdU, Thermo Fisher). 60-
100um-thick free-floating vibratome sections were processed following
manufacturer instructions (Click-iT EdU Alexa Fluor 488 Imaging kit, Life
Technologies) for 30 minutes at RT. Sections were rinsed three times in
3%BSA and then in PBS. Hoechst staining was performed for 30 min at RT
before pursuing the immunohistochemistry protocol as described above.
Cholera Toxin tracing

Alexa594 coupled -Cholera Toxin B subunit (CTB, Alexa Fluor) was injected in
the thalamic/hypothalamic region of wild-type embryos, that were subsequently
maintained in “bubbling” oxygen at 37°C for 3h in a solution containing DMEM-

F12 (Invitrogen), Glutamine, Glucose and Pen/Strep. Injected brains were then
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fixed by immersion in 4% PFA for 6 hours at 4°C and rinsed several times
before pursuing the immunohistochemistry protocol as described before.

Image acquisition, analysis and quantification

Images were acquired with fluorescence binocular microscope (Leica MZ16 F),
fluorescent microscope (Leica DM5000 B) or confocal microscope (Leica TCS SP5).
Images were then processed with Imaged and Adobe Photoshop software. For cell
density and colocalization analysis, single-plane confocal images were taken in the
regions of interest, defined using anatomical landmarks, in at least three different
animals for each condition. Cell counting was performed semi-automatically using
built-in functions in Imaged. For each experiment, sample images were manually
counted to double-check the quality of semi-automated counting. For area
measurement in Figure 6, the dBNST was defined using the anterior commissure as
anatomical landmark, while Ctip2'FoxP2" immunostaining was used to help
distinguish BNST from striatal territory. Area was measured using ImageJ; three
different rostro-caudal planes were measured from each animal (n=10 for controls

and 5 for conditional mutants) and averaged.
Statistical analyses

All data are presented as mean + SD. Two-tailed parametric Student’'s T test was
used to compare two distributions in co-labelling analysis (Figures 2 and 3). Two-
tailed non-parametric Mann-Whitney U test was used to compare two distributions in
BNST area measurements (Figure 6). All statistical analyses were performed using
GraphPad Prism software. P-values are shown as follows: * p<0.05, **p<0.01,

***1<0.001.
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Antigen | Description of Source, host species, catalogue Concentration
immunogen No., clone or lot No., RRID
Ctip2 Synthetic peptide Abcam, Rabbit polyclonal, ab28448, 1/500; IF
conjugated to KLH, RRID:AB_2049548
residues 850 - 950 of
Human Ctip2.
DsRed Recombinant full-length Clontech, rabbit polyclonal, 632496, 1/500; IF
DsRed-Express, a variant | RRID:AB_10013483
of Discosoma sp. Red
fluorescent protein
Ebf1 Recombinant fragment, Abcam, Rabbit polyclonal, 1/250, IF
corresponding to a region | ab126135, RRID:AB_11142529
within amino acids 57-317
of Human EBF1.
Islet1 C-terminal residues 178— | Developmental Hybridoma Bank, (Univ. of | 1/100, IF
349 of rat Islet1 lowa, lowa); mouse monoclonal IgG2b;
catalog No. 39.4D5, RRID:AB_2618776
FoxP1 Synthetic peptide Abcam, Rabbit polyclonal, ab16645, 1/200, IF
conjugated to KLH , RRID:AB_732428
residues 650 to the C-
terminus of Human
FOXP1
FoxP2 Raised against a short Santa Cruz, goat polyclonal, sc-21069, 1/200, IF
peptide, epitope mapping | RRID:AB_2107124
near N-terminus of human
FOXP2
GFP Recombinant full-length Abcam, chicken polyclonal, ab13970, 1/1000, IF
GFP RRID:AB_300798
Nkx2.1 synthetic peptide Biopat immunotochnologies, Rabbit 1/1000, IF
corresponding to amino polyclonal, PA0100, RRID :AB_2313674
acids 110-122 at the
amino terminus of rat
NKX2.1
Pkc- Recombinant fragment Abcam, Rabbit monoclonal, ab182126, 1/250, IF
delta within Mouse PKC delta RRID:AB_2172236

aa 500 to the C-terminus.
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The specificity of the aforementioned antibodies has been previously established
(Arlotta et al., 2008; Lokmane et al., 2013; Bielle et al., 2011, 2013; Xu et al., 2008;

Cai et al., 2014).
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Results

LGE/CGE-derived ventral tangential streams in the subpallium

The Co is defined at embryonic day (E) 13.5 as a region located in the MGE
superficially to the globus pallidus that express LGE molecular markers (Bielle,
Marcos-Mondejar, et al., 2011; Lopez-Bendito et al., 2006). To unambiguously
establish the origin of Co neurons, we took advantage of several fate-mapping
models, including subtractive genetic approach (Figure 1). First, we assessed
whether Co neurons derive from MGE or preoptic area (POA) progenitors,
which express the transcription factor Nkx2.1 (Figures 1a-1d, Xu et al., 2008).
We found that Nk2.1°"%*:R26"7"* cells populate the MGE and GP at E13.5, but
only few scattered YFP" cells are located in the region of the Co (Figure 1b). In
addition, these YFP* few cells did not co-express the Co neuron marker Islet1
(Figure 1c), and likely correspond to MGE or POA-derived interneurons
migrating in the subpallium and or towards the neocortex (Figure 1d, Brown et
al., 2012; Marin, Anderson, & Rubenstein, 2000; Marin & Rubenstein, 2001; Xu,
Tam, & Anderson, 2008).

In"order to fate map LGE/CGE-derived neurons, we crossed Nk2.1°"* with
Dix1™vemsT mice (Kessaris, Magno, Rubin, & Oliveira, 2014; Rubin et al., 2010).
Since DIx1 is expressed in precursors of the LGE, MGE and CGE (Eisenstat et
al;; 1999; Yun et al., 2002), Venus expression is restricted to LGE/CGE-derived
cells in Nk2.1°*: Dix1™e"s" embryos (Figures 1e-1g). Venus expression
showed that the LGE/CGE gives rise, in addition to populations in the striatum
(Halliday & Cepko, 1992; Hamasaki et al., 2003), to Co neurons and another

stream that is medial to the striatum and ventral to the GP (ventro-medial
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stream, Vms). Taken together, our results indicate that the LGE/CGE generates
tangential streams, including the Co (Figure 1h).

To define a more restrictive fate-mapping model, we examined Islet1°™*;
R26"™"* mice, since Islet1 is expressed in Co neurons (Figures 1i-j; Ehrman et
al., 2013; Lopez-Bendito et al., 2006; Lu et al., 2014). We confirmed that YFP"
cells are bona fide Nkx2.1-negative striatal and Co cells (Figures 1i-i’) that co-
express Ebf1 (Lopez-Bendito et al., 2006). Collectively, our results indicate that
Co neurons derive from the LGE/CGE and are labelled by /Islet1?®
recombination. Notably, the Co domain comprises also cells generated in the
Nkx2.1-positive domain (Figure 1c) as well as cells that still express Nkx2.1
(Figure 1i’), which likely correspond to interneurons migrating towards the
neocortex or basal ganglia, respectively.

Since the striatum does not only contain Islet1” and Ebf1" direct projection
neurons (dSPN; Ehrman et al., 2013; Lobo, Karsten, Gray, Geschwind, & Yang,
2006; Lobo, Yeh, & Yang, 2008; Lu et al., 2014) but also Drd2-EGFP-
expressing indirect projection neurons (iISPN; Gong et al., 2003; Morello et al.,
2015), we examined whether the Co and Vms regions contained exclusively
dSPN-like neurons. We observed Drd2-EGFP+ cells in the Vms and superficial
Co at E13.5 (Figure 2a), which expressed Ctip2 (Figures 2b-d) and not Ebf1
(Figures 2e-f). Both populations exhibited bipolar, tangentially oriented
morphologies, supporting the hypothesis that these cells migrate tangentially
(insets in Figures 2a-a”). In vivo, the Drd2-EGFP® population increased at
E14.5, alongside with a change in Co shape, getting thinner proximally end and
assuming a triangular shape at the ventral end (Figures 2g-h’). The strong co-

expression with Ctip2 suggested that Drd2-EGFP" neurons in the Co might be
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projection neurons, or iSPN-like neurons, rather than interneurons (Figures 2b-
d). To further address this issue, we examined the expression of Nkx2.1 and
Prox1, which respectively label interneurons generated by the MGE and
LGE/CGE (Miyoshi et al., 2015; Nébrega-Pereira et al., 2008; Rubin & Kessaris,
2013; Touzot, Ruiz-Reig, Vitalis, & Studer, 2016; Xu et al., 2008) and found no
co-labelling with GFP" cells (Figures 2i-j). Finally, using grafts in slice co-culture
experiments, we observed streams of cells tangentially migrating from the
LGE/CGE transplants, from either ubiquitously GFP-expressing embryos or
Drd2-EGFP+ embryos (Figures 2k-I'). Taken together, our findings indicate that
the: LGE/CGE generates Co dSPN-like and iSPN-like neurons, which form

tangential streams into the MGE territory.

Defining the molecular and cellular identity of Co neurons

Since the expression of Ebf1 and Islet1 is common to Co cells and dSPN of the
striatum, we examined whether these two cell types share additional molecular
markers. Using E13.5 Islet1°®*; R26"™"* embryos, we confirmed that dSPN
were labelled by immunostaining against transcription factors Ctip2 (Figures 3a-
d; 93+2%) and FoxP1 (Figures 3e-h; Arlotta, Molyneaux, Jabaudon, Yoshida, &
Macklis, 2008; Chen et al., 2016; Chiu et al., 2014; Enard, 2011; Enard et al.,
2009; Ferland, Cherry, Preware, Morrisey, & Walsh, 2003; Garcia-Calero,
Botella-Lopez, Bahamonde, Perez-Balaguer, & Martinez, 2015). In the Co, most
YFP" cells expressed Ctip2 (Figure 3c) but almost none co-expressed FoxP1
(Figure 3g) and its homolog FoxP2 (data not shown). This difference allows us
to define Co cells as LGE/CGE-derived cells expressing Ctip2 but not FoxP1

(Figures 3d,h). A similar molecular fingerprint characterizes Islet1®*; R26"7*
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cells in the Vms (data not shown). These results indicate that Co and Vms
neurons have a common molecular identity that partially differs from dSPN,
despite sharing a LGE/CGE origin. These observations raised the possibility
that Co neurons might be projection neurons. To test this possibility, we injected
fluorescently labelled cholera toxin (CTB) in the hypothalamic/thalamic region of
E12.5 embryos (Figures 3i-k). We identified numerous retro-labelled cells in the
Co that are positive for Islet1*Ctip2* and negative for Nkx2.1 (Figures 3j-k). In
addition, we inserted a Dil crystal in the hypothalamic region at E13 and E14
(Figures 3I-n and data not shown), which retro-labelled several Ebf1® Co
neurons (Figures 3m-n). Therefore, Co neurons have a molecular identity of
projection neuron and subsets extend axons outside of the subpallium, which
might contribute to their guidepost activity on thalamic axons (Squarzoni et al.,
2015). Since Co neurons are not expressing Prox1 (Figure 2j), the main
molecular marker of LGE/CGE-derived interneurons, our results collectively
support that Co cells have a projection neuron identity, which shares common

features but is distinct from the one of dSPN.

Co-derived neurons contribute to central extended amygdala

To test whether Co and Vms neurons contribute to brain structures at later
stages, we took advantage of our fate-mapping models and defined molecular
fingerprints. Using E18.5 Islet1°*; R26%°“* (Figures 4a,b), Islet1°®*; R26Y"*
(Figures 4c,d), Nkx2.1cre; R26°“* (Figures 4e,f) and Nk2.1-cre; Dix1"vens
(Figures 4g,h) we found that the Islet1” LGE/CGE-derived lineage contributed to
the bed nucleus of the stria terminalis (BNST) and the interstitial nucleus of

posterior limb of anterior commissure (lpac, Figure 4b). Considering their
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relative location, the BNST likely derives from the Co and the Ipac from the Vms
(Figures 4a,b). Consistent with this hypothesis, we found that cells in the BNST
express Ebf1 and are born at E11.5 or to a lesser extent at E12.5 (Figures 4i-
m). We furthermore found that, like Co and Vms cells, Islet1"®*; R26""™*
labelled neurons in the BNST and Ipac were Ctip2* (Figures 4n-q) and FoxP1
(Figures 4r-u). The BNST and Ipac are part of the central extended amygdala, a
continuous macrostructure involved in reward and anxiety, which has previously
been proposed to originate in the LGE (Alheid, 2003; Bupesh et al., 2011; J. S.
de Olmos & Heimer, 1999; Hirata et al., 2009; J. L. Olmos, Real, Medina,
Guirado, & Davila, 2005; Waclaw et al.,, 2010; Walker & Davis, 2008;
Waraczynski, 2006). Our long-term fate mapping establishes such origin and
conversely reveals that Co cells and Vms cells contribute to central extended
amygdala structures, namely the BNST and Ipac, respectively. Since the Co
and Vms also contained early-born Drd2-EGFP*Ctip2* cells (Figure 1), we
searched for their potential derivatives at late embryonic stages and found them
in both the BNST and Ipac (Figures 4v-y). Taken together, these findings reveal
that LGE/CGE projection neurons forming the Co and Vms contribute to nuclei
of the extended amygdala, thereby revealing an intriguing link between thalamic

guidepost neurons and central extended amygdala circuits.

Co-derived neurons contribute to nuclei that mediate anxiety response

To further investigate whether Co-derived cells contributed to specific circuits,
we focused on their contribution to the BNST, which organization and function
has been recently investigated (Asok, Schulkin, & Rosen, 2016; Choi et al.,

2007; Daldrup, Lesting, Meuth, Seidenbecher, & Pape, 2016; H. W. Dong,
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Petrovich, & Swanson, 2001; Geng et al., 2016; Hott et al., 2016; Kim et al.,
2013). The BNST is a complex structure which comprise a large number of
subdivisions that are difficult to identify on anatomical criterions (Bayer, 1987,
Ju & Han, 1989). However, in its rostral part, it is formed by morphologically
discernible subdivisions including the anterodorsal (BNSTad), the ovalis
(BNSTov) and the juxtaposed nucleus and dorsomedial (BNSTdm) nuclei
(Figure 5a). These subdivisions play distinct roles, as illustrated by the fact that
the BNSTad send long-range projections and its activation has anxiolytic effect,
whereas the BNSTov inhibits anxiolysis by targeting the BNSTad (H.-W. Dong
& Swanson, 2004; Kim et al., 2013). At P5, Islet1°®*;R26™"* (Figure 5b) and
Drd2-EGFP" (Figure 5b’) populate different rostral subdivision of the BNST, but
do not overlap (Figures 5b” and 5b’’), showing that Islet1-cre recombined
neurons retain a D2r-negative identity and are mostly observed in different
nuclei (Figures 5b-b”). In particular, BNSTov contained a relatively small
number of Islet1cre-recombined cells. We thus examined juvenile mice (P14)
where BNSTov neurons can be identified by the expression of protein kinase C
delta (Pkcd, Figures 5c-g; (Bodnar, 2013; Cai, Haubensak, Anthony, &
Anderson, 2014; Haubensak et al., 2010). A large number of Co-derived
neurons populated the BNSTad at this stage (Figures 5c¢c-g), whereas very few
of them were found within the BNSTov (Figures 5c-g’). By contrast, a large
population of Drd2-EGFP* was observed in this nucleus compared to the
adjacent BNSTad (Figures 5h-k). These findings suggest that LGE/CGE derived
neurons that transiently populate the corridor contribute more specifically to the
BNSTad and not the BNSTov. Since the BNSTad has been shown to have an

anxiolytic effect and the BNSTov an antagonistic one (Ahmari & Dougherty,
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2015; Crowley et al., 2016; Geng et al., 2016; Pégo et al., 2008; Tovote, Fadok,
& Luthi, 2015; Ventura-Silva et al., 2012) Co-derived neurons might play
specific functions in reducing anxiety-like behaviour (Figure 5h). Taken
together, our findings show that LGE/CGE contributes to the formation of
evolutionarily conserved structures of the extended amygdala, which possess

specific roles in anxiety-related circuits.

Defective corridor formation lead to reduction in BNST size

To further test if Co derived populations participate to the BNST, we
investigated whether defective corridor development could impact BNST
formation. To this aim, we compared normal corridor development with a
conditional knockout (cKO) line for Ebf1 (D/x5/6::Cre;Ebf1”/', Lokmane et al.,
2013). Along with defects in striatal formation (Garel et al., 1999; Lobo et al.,
2006, 2008), Ebf1 cKO embryos showed a delayed and abnormal migration of
Co neurons, which is accompanied by defects in internal capsule organization
(Garel, Yun, Grosschedl, & Rubenstein, 2002; Lokmane et al., 2013). We first
confirmed that Ebf1 protein is absent in Co neurons as soon as E13.5 (Figures
6a-b). Furthermore, we performed an in situ hybridization timecourse in order to
follow Co and Co-derived neuron trajectory across embryonic development
(Figures 6¢-h). We took advantage of a Ebf1 full length riboprobe, which allows
specific labelling of Co neurons in both control and cKOs by detecting all Ebf1
transcripts, including the floxed form (Lokmane et al., 2013). We confirmed that
Co and Vms shape are already altered at E13.5 (Figures 6c¢, d) and that this
defect persists at E14.5 (Figures 6e, f). At E17.5, Ebf1 transcript is reduced in

the cKO BNST (Figures 6g, h), suggesting a lesser contribution of Co-derived
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neurons to this structure due to Co impaired migration. Finally, to test whether
this, impairment in BNST development was still present at later stages, when
Ebf1 is not expressed anymore (Garel et al., 1999), we measured the area of
the BNST at P5 in control and Ebf1 cKO mice. We found a small but significant
reduction of the total BNST size in mutant mice compared to controls (Figures
6i-j), indicating that the developmental defect we observed was not transient but
affected BNST morphogenesis also at postnatal stage. Taken together, our
findings indicate that defective migration of Co neurons correlates with

abnormal BNST morphogenesis, consistently with our fate-mapping studies.
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Discussion

We have shown that projection neurons originating from the LGE/CGE form a
transient tangential corridor during embryonic development, which contributes
to anxiety circuits of the extended amygdala in the mature brain. LGE/CGE
derived cells contains two neuronal populations, Co cells and Drd2-EGFP*
neurons, which bear resemblance in terms of molecular identity to striatal direct
and indirect projection neurons, respectively (Figure 7). In contrast to the MGE,
whose derivatives can be permanently labelled by Nkx2.1cre tracing (Marin et
al., 2000; Xu et al., 2008), there are no ideal tools currently available to
specifically fate-map LGE progenitors and their progeny. Through a
combination of genetic and immunohistochemistry approaches we established
that, in addition to the striatum (Hamasaki et al., 2003; Wichterle et al., 2001),
different types of LGE-derived neurons colonize the MGE via tangential streams
of migration. Intriguingly, another LGE-derived population deriving from Ascl/1”
progenitors migrates tangentially into the GP, where they become arkypallidal
neurons (Dodson et al., 2015; Nobrega-Pereira et al., 2010). This population
expresses FoxP2 (Dodson et al., 2015), but whether they are part of the Islet1
lineage is currently unknown.

In addition to Co neurons, we also found by genetic tracing and migration
assays that the LGE/CGE gives rise to another stream of migration, the Vms
(Figures 2 and 7). The Vms contains both Islet1-lineage neurons and Drd2-
EGFP+ neurons, showing a similar cellular composition to the Co. Whether Vms
neurons migrate tangentially like Co cells or along radial glia processes still
remains to be determined. Taken together, these findings indicate that, in

addition to interneurons (Ciceri et al., 2013; Long et al., 2009; Rubin & Kessaris,
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2013; Torigoe et al.,, 2016), the LGE produces a wide panel of projection
neurons that contribute to different structures of the basal ganglia and amygdala
(Figure 7). Striatal-like projection neurons are involved in different circuits (dorsal and
ventral striatopallidum, extended amygdala and septa-preoptic) which share an
organizational framework (Heimer et al 2008). This framework includes (i) cortical
inputs, and (ii) outputs via sparsely spine GABAergic neurons to thalamo-cortical
reentrant pathways and to autonomic, somatic motor and neuroendocrine effectors in
hypothalamus and brainstem. Each circuit is biased toward a functional role
(appendicular motor function, motivation, integration of motor behavior and emotional
state). Our results show the role of tangential migration to parcimoniously produce from
a unique LGE source the striatal-like projections neurons of different functional circuits.
They also identify distinct expression of the transcription factors FOXP1 and FOXP2 in
neuronal precursors of striatum and extended amygdala. This expression may underlie
different functional properties of striatal-like projections neurons in these distinct

functional circuits.

Building on previously published study, our work reinforces the idea that
complex and orchestrated choreographies of migration are essential for the
building of basal ganglia nuclei projection neurons (Figure 7). Our analyses
further raise the question of what are the common features among LGE-
derivatives and how many different subtypes can be distinguished. For
example, a common trait of all subtypes of striatal projection neurons is their
spiny morphology, raising the question of whether other striatal-like LGE
derivatives possess this property, as is the case for Islet1” neurons of the
central amygdala (Waclaw et al., 2010). At postnatal stages, Co-derived
neurons and Drd2-EGFP" neurons participate to specific nuclei of the BNST,
suggesting that they might play distinct and potentially opposite roles in anxiety
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circuits. It will be of great interest to dissect whether Co-derived neurons and
Drd2-EGFP* neurons similarity to striatal dSPN and iSPN extends to
electrophysiological and connectivity properties, in terms of reciprocal
connectivity (Taverna, llijic, & Surmeier, 2008) and input preference (Deng,
Wong, Wan, & Reiner, 2014; Reiner, 2010; Sippy, Lapray, Crochet, & Petersen,
2015; Wall, De La Parra, Callaway, & Kreitzer, 2013). Similarly, since the BNST
and the central amygdala show similarities in the cellular organization of their
circuits, it will be interesting to examine whether dSPN and iSPN like contribute
to distinct divisions of this nucleus. This work will shed light on the fine-grain
connections that control anxiety and fear circuits and could potentially reveal a
shared functional module for anxiety control similar to dSPN/iSPN dichotomy.
Taken together, our results reveal that Co neurons, as an entire population,
contribute to two sequential functions in the brain, firstly as guideposts and
secondly as part of anxiety circuits. While the guidepost function is performed at
earlier developmental stages, it is likely that their contribution to the extended
amygdala constitutes their primary ancestral role (Bielle, Marcos-Mondéjar, et
al., 2011; Bupesh et al., 2011; Medina, Bupesh, & Abellan, 2011). In addition,
our work reveals unexpected ontogenic links between circuits and highlights the
importance of tangential migration, thereby providing major insights for our

understanding of normal and pathological wiring.
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Figure Legends

Figure 1. Tangentially oriented streams derive from LGE/CGE

(a-¢) The Co is not derived from MGE/POA. (a) Schematic representation of
Nkx2.1cre recombination pattern. (b) MGE/POA derived populations form the
GP and contribute subset of cells to the Str, Co and neocortex (not shown);
however, Islet1” Co neurons (labelled in magenta in ¢) are not derived from
Nkx2.1cre+ progenitors. (d) Proposed migratory streams from MGE/POA. (e-g)
Corridor cells derive from LGE/CGE. (e) Schematic representation of
Dix1"e"s" recombination pattern. (f-g) The Str (labelled in magenta by FoxP2
in g), Co and Vms are GFP* in E14 Nkx2.1cre ;Dix1"V¢"s" embryos, in which
GFP expression is driven in cells derived from the LGE and CGE but not from
MGE/POA. (h) Proposed migratory streams from LGE/CGE. (i-i’) Str, Co and
Vms cells are part of the Nkx2.1-negative Islet1°® domain. (j-k) Str, Co and
Vms cells co-express Islet1 and Ebf1. Scale bars: 250 um (b, f-g, i, j), 50 um (c,
i’, k). CGE, caudal ganglionic eminence; Co, corridor; GP, globus— pallidus;
LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence; POA,

preoptic area; Str, striatum; Vms, ventromedial stream.

Figure 2. Tangential streams include striatal-like Drd2-EGFP* neurons

(a-a””) In addition to Islet1” neurons (labelled in magenta in a-a”), Str, Co and
Vms include a non-overlapping population of tangentially oriented Drd2-EGFP+
neurons (labelled in green in a’-a”) at E13.5. (b-f) Drd2-EGFP" neurons in Co
have striatal-like molecular identity. At E13.5, Drd2-EGFP" neurons in both Str
(b) and Co (b, c) co-express Ctip2 (d; Str, 82+7% of Drd2-EGFP" cells, Co

91+6%, p>0.05) while they are not co-labelled by Ebf1 (e-f; Str, 1£1% of Drd2-
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EGFP" cells, Co 3+3%, p>0.05). These neurons are still present at E14.5 (g-h)
and are negative for both Nkx2.1 (i-i’) and Prox1 (j, empty arrowheads indicate
Prox1” cells), consistent with LGE/CGE origin. (k-I’) Tangentially migrating cells
from homotopic LGE explants. (k) Experimental procedure: explants of GFPu*
LGE were taken from GFPu" coronal slices at E13.5 and grafted in the LGE of
control (GFPu") littermates before culturing for 48h in vitro (hiv). (k') Tangential
streams of migration originate from GFPu® LGE explants (full arrowhead) after
48hiv. (1) Experimental procedure: LGE explants was taken from Drd2-EGFP*
coronal slices at E13.5 and grafted in the LGE of control (GFP") littermates
before culturing for 48hiv. (I') GFP" cells migrate tangentially from Drd2-EGFP*
explants after 48hiv. Scale bars: 250 ym (a-a”, b, e, g-g’, i, k-I'), 50 um (c, €’, h,
i, j)- Co, corridor; GP, globus pallidus; LGE, lateral ganglionic eminence; MGE,

medial ganglionic eminence; Str, striatum; Vms, ventromedial stream.

Figure 3. Co cells have molecular and cellular properties of projection
neurons

(a-h) Co cells molecular fingerprint is related to, but different from striatal direct
pathway neurons (dSPN). (a) At E13.5, both Str (b) and Co (c) contain
Islet1°®:R26"™*-Ctip2* double-positive neurons (d; Str, 93+2% of YFP* cells;
Co, 77+14%; p>0.05). (e-h) However, while most Islet1®:R26"""* cells co-
express transcription factor FoxP1 in the Str (f, 71+9% of YFP™ cells), Co cells
do not (g, 5£4%), suggesting a distinct molecular identity of the two populations
(h, p=0.002). (i-n) Co cells send early long-range projections. Either injection of
AlexaFluor-coupled Cholera-ToxinB (CTB, n=4) at E12.5 (i-k) or Dil crystal
insertion in the hypothalamus (I-n) at E14 (n=4) retro-label Islet1+ (k) and Ebf1+
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(n) cell bodies, indicating that Co neurons extend axons outside of the
telencephalon. Scale bars: 200 um (a, e, m), 25 ym (b, c, e, f, g, j, n), 5 ym (k).

Co, corridor; GP, globus pallidus; Str, striatum; Vms ventro-medial stream.

Figure 4. Corridor derivatives contribute to structures of the Central
Extended Amygdala.

(a-d) Islet1-derived lineage participate to a continuum of structures, including
striatum, Ipac and BNST. (a) X-gal staining of Islet1°°;R26-°“* cells at E18.5
shows a major contribution to the Str, BNST, and lIpac, as schematically
represented in (b). (c-d) E18.5 Nkx2.1cre; Dix1"Ve"s™ sections showing
LGE/CGE contribution to BNST. (e-f) Conversely, only sparse Nkx2.1cre;
R26°““* neurons are found in Str, BNST and Ipac, suggesting that central
extended amygdala structures are mostly contributed by LGE/CGE-derived
neurons. (g-h) Consistently, the BNST contains many GFP"* neurons in E18.5
Nkx2.1cre; DIx1™Vens embryos, in which LGE/CGE-derived, but not MGE-
derived neurons are labelled by GFP. (i-j) In situ hybridization at E18.5 showing
contribution of Ebf1-expressing neurons to Str, BNST and Ipac. The BNST
contains mostly early-born cells (k,l) and few late-born cells (m). (n-u) Islet1-
derived cells of the BNST and IPAC have the same molecular fingerprint as Co
cells. At E18.5 Islet1°®;R26"" cells populating the BNST and the IPAC are
double-positive for Ctip2 (n-q, BNST, 71+18%; IPAC, 69+10%) but do not
express FoxP1 (r-u, BNST 11+£10%, IPAC 7+3%). This molecular fingerprint is
similar to Co and Vms cells, suggesting that the two populations contribute to
the central extended amygdala. (v-y) The BNST (v,w) and the Ipac (x) contain

also Drd2-EGFP™; Ctip2® double-positive neurons, consistent with the cellular
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composition of Co and Vms streams (y, BNST 72+1%, IPAC 87+8%). Scale
bars: 200 um (a, c¢), 300 ym (e, f, i, j), 75 ym (g, h, k-m), 50 ym (e-g, i-k, m-0).
Ac, anterior commissure; BNST, Bed nucleus of the stria terminalis; CeA,
central extended amygdala; GP, globus pallidus; Ipac, interstitial nucleus of

posterior limb of anterior commissure; Str, striatum.

Figure 5. Corridor derivatives contribute to Drd2-negative neurons in
specific nuclei of the BNST

(a) Schematic representation of BNST main rostral subdivisions. (b-b’’’) At P5,
Islet1®;R26™" (b) and Drd2-EGFP* (b’) cells are non-overlapping (b”) and
intermixed (b’”’) in rostral BNST nuclei. (c-g’) At P14, Co derived neurons are
still. Ctip2* (c-d) and FoxP1~ (e-f) and are unevenly distributed in rostral BNST,
being prevalent in BNSTad and largely excluded from the BNSTov (g-@’). (i-k)
Conversely, Drd2-EGFP® cells are scattered in BNSTad (i) and mostly
participate to juBNST and BNSTov (k). (h) Schematic suggestion of LGE/CGE
contribution to BNST nuclei and their possible functions, related to previously
published results (H. W. Dong, Petrovich, & Swanson, 2001; Kim et al., 2013).
Scale bars: 100 um (b-b”, c-g, i-j), 25 um (b’”’, @', k). ac, anterior commissure;
ad, anterodorsal nucleus; BNST, bed nucleus of the stria terminalis; BS, brain
stem; DbTEL, basal telencephalon; dm, dorseomedial nucleus; HYP,
hypothalamus; ju, juxtaposed nucleus; ov, ovalis nucleus; PB, parabrachial

nucleus; Str, striatum; VTA, ventral tegmental area.
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Figure 6. Defective corridor and reduced BNST size in Ebf1 conditional

knockout mice

(a-b) Expression pattern of Ebf1 protein in control (a) and DIx5/6::Cre; Ebf1"”
(cKO, b) embryos at E13.5 shows lack of Ebf1 protein in the cKO subapllium.
(c-f) The shape of the Co and Vms is altered in Ebf1 cKO. In situ hybridization
with Ebf1 full length probes recognizes all Ebf1 transcripts, including the one
generated by the floxed allele, thereby allowing the visualization of Ebf1-
expressing cells in control and cKO context. At both E13.5 (c-d, n=3) and E14.5
(e-f, n=3) the shape of the Co and Vms is altered in Ebf1 cKO. At E17.5 Ebf1
transcripts are reduced in the cKO BNST (g-h, n=3), suggesting that less Co
derivatives participate to this structure. (i-k) The size of the BNST is slightly
reduced in Ebf1 cKO (n=5) at P5 compared to controls (n=10), as shown by
DAPI area measurement (79% of control BNST, Mann-Whitney U-value 13,
p<0.05), indicating that corridor defect lead to defective BNST formation in Ebf1
cKO. Scale bars: 200 ym (a-h), 300 um (i-j). ac, anterior commissure; BNST,
bed nucleus of stria terminalis; dBNST, dorsal BNST; Co, corridor; GP, globus
pallidus; Ipac, interstitial nucleus of posterior limb of anterior commissure; Str,

striatum; Vms, ventromedial stream.

Figure 7. Schematic representation of migratory streams in the subpallium
Integration into the currently established framework of migrations observed in

the subpallium, from either the LGE/CGE or MGE and POA origins.
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CGE, caudal ganglionic eminence; Co, corridor; GP, globus— pallidus; LGE,
lateral ganglionic eminence; MGE, medial ganglionic eminence; POA, preoptic

area; Str, striatum; Vms, ventromedial stream.
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Here, we investigated the contribution of corridor (Co) cells, which migrate in the
embryonic subpallium, to mature brain circuits using a combination of genetic fate-
mapping and assays in mice. We unexpectedly found that Co neurons contribute to
striatal-like projection neurons in specific nuclei of the central extended amygdala,
including the Bed Nucleus of the Stria Terminalis (BNST).
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