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Origin and Migration of Olfactory
Cajal-Retzius Cells

Maria Daniela Frade-Pérez, Amaya Miquelajauregui’ and Alfredo Varela-Echavarria*

Instituto de Neurobiologia, Universidad Nacional Auténoma de México, Querétaro, Mexico

Early telencephalic development involves the migration of diverse cell types that can
be identified by specific molecular markers. Most prominent among them are Cajal-
Retzius (CR) cells that emanate mainly from the cortical hem and to a lesser extent
from rostrolateral, septal and caudo-medial regions. One additional territory proposed
to give rise to CR cells that migrate dorsally into the neocortex lies at the ventral pallium,
although contradictory results question this notion. With the use of a cell-permeable
fluorescent tracer in cultured embryos, we identified novel migratory paths of putative
CR cells and other populations that originate from the rostrolateral telencephalon at
its olfactory region. Moreover, extensive labeling on the lateral telencephalon along its
rostro-caudal extent failed to reveal a dorsally-migrating CR cell population from the
ventral pallium at the stages analyzed. Hence, this work reveals a novel olfactory CR cell
migration and supports the idea that the ventral pallium, where diverse types of neurons
converge, does not actually generate CR cells.
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INTRODUCTION

Early corticogenesis is characterized by extensive cellular migration, both radial (from the
ventricular zone (VZ) towards the pial surface) and tangential (along the pial surface; Marin and
Rubenstein, 2001). Cajal-Retzius (CR) cells are one of the earliest neuronal types to be born at focal
sites surrounding the cortical epithelium, from where they migrate tangentially to quickly populate
the entire cortex. In spite of their transient existence (Chowdhury et al., 2010), CR neurons are
crucial for lamination, arealization and aspects of connectivity in the cerebral cortex (Chao et al.,
2009). Features that are traditionally used to identify these neurons include their typical tadpole
cytomorphology, early birthdate, localization in the neocortical marginal zone, an excitatory
(glutamatergic) profile, and expression of the markers Reelin and Calretinin (D’Arcangelo et al.,
1995; Ogawa et al., 1995; Grkovic and Anderson, 1997; Meyer et al., 1999; Hevner et al.,, 2001,
2003a,b).

CR neuron subsets expressing different combinations of molecular markers, follow
specific migration cues and routes that are associated with their generation sites at the
septum, cortical hem, ventral caudo-medial telencephalic wall (VCMTW), choroid plexus
and thalamic eminence (Meyer et al., 2004; Takiguchi-Hayashi et al., 2004; Bielle et al., 2005;
Garcia-Moreno et al., 2007, 2008; Tissir et al., 2009; Ceci et al., 2010, 2012; Miqueladjauregui
et al,, 2010; Zimmer et al,, 2010; Huilgol and Tole, 2016). Presumptive olfactory regions of
the cortex, including the developing and early postnatal piriform and entorhinal cortices,
contain subsets of neurons that are strikingly similar to the CR neurons found in the
neocortex (Meyer et al., 2004; Yamazaki et al.,, 2004). These olfactory CR neurons may serve
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initially as guidepost neurons to direct lateral olfactory tract
(LOT) formation, and then as reservoir of neocortical CR
neurons during mid-embryonic development, as shown recently
(Huilgol et al., 2013; Huilgol and Tole, 2016; de Frutos et al., 2016;
Ruiz-Reig et al., 2017).

The olfactory system is special among other sensory systems
in that information flows directly from the periphery without
thalamic relays. Odor information is thought to be encoded in
the piriform cortex, a trilaminar structure in the lateral cortex
that receives sensory and associational projections from the
olfactory bulb and intracortical regions, respectively (Suzuki
and Bekkers, 2006, 2011; Diodato et al,, 2016). Interestingly,
inputs and outputs in the adult piriform cortex are cell-type
specific and depend on the “molecular signature” of neurons,
which is in turn specified early in embryonic development and
possibly refined postnatally (Sarma et al., 2011; Suzuki and
Bekkers, 2011; Pedraza and de Carlos, 2012; Carceller et al.,
2016; Diodato et al., 2016). Although the developing piriform
cortex has been relatively less studied, it has been shown that
the inhibitory response to LOT stimulation and the activation
of piriform cortex neurons do not emerge until the second
postnatal week (Schwob et al., 1984; Meyer et al., 2006). Here
we used genetic and cellular labeling methods to characterize
the origin and migration of subsets of olfactory CR neurons
in the rostral and lateral telencephalon. First, we identified two
novel streams of olfactory neurons originating in the rostrolateral
telencephalon close to the prospective olfactory bulbs. One of
them, labeled specifically at E11, migrated dorsally towards
the dorsal pallium. The other stream, which migrated ventro-
caudally towards the piriform cortex, was present in Lhx5
knock-out embryos and, unlike septal Er817 CR neurons, was
unaffected by the inhibition of FGFs (Zimmer et al, 2010).
We also confirmed earlier findings that Reelin-expressing cells
originating from the ventral pallium/pallial-subpallial boundary
(VP/PSB) converge in the prospective piriform cortex (Ceci et al.,
2012). We thus confirmed previous studies and added novel
information about the complex patterns of olfactory CR neuron
development.

MATERIALS AND METHODS

Animals

CD-1 wild type mice and a transgenic line carrying an Lhx5
null allele bred into the CD-1 background (Zhao et al., 1999)
were used. This study was carried out with the approval of the
Research Ethics Committee of the Instituto de Neurobiologia,
UNAM (Protocol #001) and according to the technical
specifications for production, care, and use of laboratory animals
of the Mexican government (NOM-062-Z00-1999). The day of
detection of vaginal plug was considered as embryonic day 0.5
(E0.5).

Whole Embryo Culture

Pregnant dams were anesthetized with a Ketamine-
Xylazine mixture (80 and 30 mg/Kg respectively); individual
E10.5-12 embryos and their attached placentas were carefully

extracted and cultured in toto, as described by de Carlos
et al. (1996). Cell migration was assessed by injection of the
cell-permeable dye carboxy-fluorescein diacetate succinimidyl
ester (CFDA-SE, V12883 Invitrogene, Waltham, MA, USA)
at the ventricular lining of the right telencephalic vesicle
using an air-driven pulse injector through a glass pipette.
Injected embryos were cultured for 24 h in glass bottles
(2-3 embryos/bottle) containing 4 ml of pre-warmed and
oxygenated rat or fetal bovine serum (16000044, Gibco, Grand
Island, New York, NY, USA) supplemented with 2 mg/ml glucose
and 1% of a mixture of penicillin-streptomycin (15070-063,
Gibco). To prepare rat serum, whole blood was collected from
the inferior cava vein, placed in 15 ml polypropylene tubes on
ice until clot formation, followed by clot removal, centrifugation
(5000 g for 15 min), serum collection (using a Pasteur pipette),
complement inactivation (1 h at 56°C) and storage at —70°C
until use.

For whole embryo cultures, individual bottles were inserted
in a custom-made rotator device placed within an incubator
(35°C) with constant individual flow of a gas mixture composed
0f 95% O, and 5% CO,. Serum was replaced every 12 h. For FGF
inhibition experiments, serum was supplemented with 10 uM
of SU5402 (572630, Calbiochem, Billerica, MA, USA) dissolved
in DMSO (9224-01 J.T.Baker Center Valley, PA, USA) with an
equivalent volume of DMSO used in control cultures.

Tissue Preparation

Pregnant dams were anesthetized and killed by cervical
dislocation. Embryos collected or previously cultured were
dissected in cold PBS and fixed for 16 h in 4% paraformaldehyde
(PFA) in PBS at 4°C. Embryos were then washed with PBS,
their brains isolated and cryoprotected in 30% sucrose in PBS
for at least 16 h at 4°C, followed by immersion and freezing in
Tissue-Tek O.C.T. (Sakura Finetec 25608-930, VWR, Radnor,
PA, USA). Cryostat sections (15-20 pwm thick) were collected
on Superfrost Plus slides (8311703 VWR), air-dried for 2 h
and stored at —20°C until use. The results shown are from
at least three embryos per stage and per condition (culture,
CFDA labeling, immunostaining or in situ Hybridization (ISH);
Wild-Type (WT) or mutant).

Immunohistochemistry (IHC)

Cryostat sections (20 wm) were washed with PBS, blocked
for 1 h with 5% goat serum (16210072, Gibco, New Zealand
origin) in PBS and then incubated in the following primary
antibodies: anti-Reelin (1:3000, MAB5364, Millipore, Billerica,
MA, USA), anti-Tbr1 (1:1000, AB31940, ABCAM, Cambridge,
MA, USA) or anti-Calbindin (1:1000, AB1778, Chemicon,
Temecula, CA, USA) for 16 h at 4°C in PBS containing
5% goat serum and 0.1% Triton X-100. Sections were
subsequently washed with PBS and a second blocking step
was performed. Secondary antibody incubation (1:1000) was
performed with Anti-mouse-Cy3 antibodies (115-166-003,
Jackson Immunoresearch, Bar Harbor, ME, USA), Anti-mouse
Cy5 antibodies (115-175-146, Jackson Immunoresearch)
or Anti-rabbit Cy3 antibodies (111-166-003, Jackson
Immunoresearch) in PBS containing 5% goat serum and
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0.1% Triton X-100 for 1 h at room temperature. Sections were
then washed with PBS and mounted in Mowiol mounting
medium [9% Mowiol 4-88 (475904 Calbiochem, Billerica, MA,
USA), 25% Glycerol, 100 mM Tris pH 8.5].

In Situ Hybridization (ISH)

Digoxygenin-labeled riboprobes were synthesized by in vitro
transcription from plasmids in which we cloned: Er81 cDNA
sequence corresponding to a 900 bp fragment and DbxI cDNA
corresponding to a 890 pb fragment located in the fourth
exon.

Whole brain ISH was performed as described in Varela-
Echavarria et al. (1996). Briefly, brains were treated for 5 min
in each of a series of methanol solutions in PBS (25%, 50%,
and 75%), 5 min in 100% methanol and later in the same series
in decreasing concentrations, and clarified by immersing in 6%
hydrogen peroxide in PBS for 15 min. Brains were then treated
with proteinase K (25530015 Invitrogene, Waltham, MA, USA)
and fixed with 4% PFA in PBS. Embryos were washed with
PBS which was then substituted with hybridization buffer (50%
Formamide, 5x SSC pH 4.5, 50 pg/ml Heparin, 0.1% Tween,
50 pg/ml Yeast RNA, 50 pwg/ml Salmon sperm) and 1 pg/ml
denatured riboprobe was then added, followed by incubation
at 70°C for 14-18 h. Unbound probe was washed 3 times for
1 h each in hybridization buffer. Tissue was then incubated
at room temperature with anti-digoxygenin Fab antibody
fragments coupled to alkaline phosphatase (11093274910 Roche,
Basel, Switzerland) and developed in BM purple solution
(11442074001 Roche) in the dark until color emerged.

Image Acquisition and Analysis

Whole brain bright-field and fluorescence images were obtained
using a Nikon Eclipse E-600 microscope. Confocal images
(1 pm) were obtained using a Carl Zeiss LSM510 META confocal
microscope. ISH images were obtained with a Carl Zeiss STEMI
2000-C microscope using an Optronics camera. Co-localization
analyses were performed on confocal micrographs with the
open-source software Image]' by counting cells expressing the
various molecular markers among CFDA-labeled cells that could
be distinguished away from the labeling site and located in
the marginal zone of 20 wm coronal brain slices of each
embryo analyzed. To do this, a confocal image was obtained
from the middle region along the Z-axis of each section of a
series containing CFDA-labeled cells. Only cells of average or
near-average size were counted.

RESULTS

The Rostrolateral Pallium Gives Rise to
Two Streams of Cells that Migrate Towards

the Dorsal Cortex and the Piriform Cortex

To study tangential cell migration routes in the developing
mouse telencephalon, we labeled several rostral and lateral
proliferative regions (i.e., at the VZ) with CFDA, a cell-permeable

Uhttps://imagej.net

FIGURE 1 | Rostro Lateral Domain (RId): a rostral site of cell generation with
different migration routes. (A) Scheme of a developing forebrain showing the
cells derived from the (RId, black dots) and the dorsal and ventral directions of
migration (arrows). (B) Lateral view of a telencephalic vesicle (E11.0 + 24 hin
culture) showing a site of carboxy-fluorescein diacetate (CFDA) labeling at the
RId (black asterisk), labeled cells migrating in caudal and ventral directions
(arrow in inset) and cells displaced dorsally (white asterisk). (b) Inverted color
magnification of inset in (B) showing cells migrating in caudal and ventral
directions. (C) Representative telencephalic coronal section showing the
labeled site in the VZ (asterisk) and cells migrating radially towards the pial
surface. Dotted line in (C) limits the borders of the neocortex in coronal
sections. VZ: ventricular zone. Scale bar: 200 pwm.

tracer which fluoresces upon cell entry. The labels were made
from the vicinity of the prospective olfactory bulbs to the
most caudal areas of the telencephalic vesicles in E10.5 to
E11.5 embryos. After labeling, embryos were cultured into for
24 h revealing both known and novel migrating populations
(Figure 1).

Labeled sites at a rostral lateral domain (Rld) adjacent to
the prospective OB territory (Figure 1A, black dots) generated
cells that migrated in two main directions (Figure 1A, arrows).
Approximately 20% of all labeled cells migrated away from the
injection site (Figure 1B, black asterisk) in a dorsal direction
reaching the dorsal pallium after 24 h (Figure 1B, white
asterisk). We consistently identified this migrating population
only in injections made at E11. Most migrating cells from
this region followed caudal and ventral directions oriented
toward the piriform cortex and olfactory tubercle, respectively
(Figures 1B,b, arrows). This caudoventral migration pattern was
observed in all labeled embryos of stages E10.5 to E11.5. We
were also able to confirm that CFDA was specifically applied
in the VZ (Figure 1C, asterisk) of the Rld, from where labeled
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cells migrated radially to the pial side of the telencephalic vesicle
followed by tangential displacement. Thus, these results reveal
novel migratory cells originating in the rostral lateral region of
the developing telencephalon.

The RId Generates Cajal-Retzius Neurons
and Other Migratory Cell Groups

To characterize further the identity of the cell populations
generated at the Rld, we performed IHC on coronal sections
of telencephalic vesicles of embryos labeled with CFDA at
E10.5 with antibodies that stain specific neuronal populations.
We used antibodies for Tbr1 (Figures 2A-D) which is expressed
by cells of pallial origin from early developmental stages;
Calbindin (Figures 2E-H), a marker of neurons of subpallial
origin; and Reelin (Figures 2I-L), expressed in the telencephalic
marginal zone by CR cells (Bulfone et al., 1995; Grkovic and
Anderson, 1997; Meyer et al., 1999; Hevner et al., 2001). We
observed that most of the CFDA-labeled cells that expressed
these markers were located in the marginal zone. Approximately
24% of CFDA-labeled cells were also labeled by Tbrl, 15.5%
by Calbindin and 19.8% by Reelin (Figure 2M). As CR
cells were also expected to co-express both Reelin and Tbrl,
we performed double immunostaining of CFDA labeled cells
and found that 30.4% of Reelin-positive neurons co-expressed
Tbrl (Figures 3A-D,I), whereas less than 0.7% co-expressed
Calbindin (Figures 3E-I). Our results thus indicate that cells
generated at E10.5 from the Rld represent different cellular
subsets including Reelin-expressing cells, about a third of which
seems to correspond to CR cells.

Rid-Derived Reelint Neurons Constitute a
Novel Migratory Population

We assessed whether the Reelin-expressing cell population
generated at the Rld corresponds to a previously described cell
group. Previous reports have shown that subsets of Reelin-
expressing neurons originate at the vicinity of the septum in
the medial telencephalic wall (Bielle et al., 2005; Garcia-Moreno
et al., 2008; Ceci et al., 2012) and in the rostromedial pallium
(Zimmer et al, 2010). CR neurons from the latter express
the transcription factor Er81 and their generation depends on
FGFS8 signaling (Zimmer et al., 2010).

To characterize the cells generated at the Rld, we performed
ISH for Er81 in EI11.5 telencephalic vesicles. As expected,
we observed strong Er81 expression in the dorsorostral
cortex, including the Rld domain, as well as in the ventral
pallium (Figure 4A). Interestingly, we observed that subsets
of CFDA-labeled cells originating in the Rld migrated across
Er817 regions (Figures 4B,b). To determine whether the CFDA™
cells originating in the Rld belong to the Er81" population
described before (Zimmer et al, 2010), we performed Er81
ISH in E10.5 embryos labeled with CFDA-and cultured them
for 24 h in the presence of the FGF inhibitor SU5402. Since
Er81T CR neuron specification requires FGF signaling and
SU5402 affects the migration of these neurons in cortical
explants, we hypothesized that the migration of neurons from
the Rld would be at least partially impaired. First, we observed

a dramatic reduction in Er8I expression upon pharmacologic
inhibition of FGF (Figure 4E) that was not evident in control
cultures (Figure 4C). However, the migration of CFDA-labeled
cells from the Rld did not seem to be impaired by FGF inhibition,
when compared to DMSO controls (Figures 4D,d,Ef). These
results suggest that the CFDA-labeled cells generated from the
Rld (at least at E10.5 + 24 h), do not belong to the Er817" subset
of CR neurons (Zimmer et al., 2010). Instead, we postulate that
these Reelin-expressing cells are a population that has yet to be
characterized.

Migration of Rld-Derived Cajal-Retzius

Neurons Is Unaffected in Lhx5 Mutants

Our group has previously reported that the Lhx5 homeodomain
transcription factor is required for the normal development
of CR neurons and that its absence leads to decreased Reelin
expression in embryonic sites of CR generation such as the
cortical hem, septal and VP regions, as well as in the dorsal
pallium (Miqueldjauregui et al., 2010). In order to investigate
whether the generation or migration of rostral CR neurons from
the Rld depend on Lhx5 function, we analyzed Er81 expression
in Lhx5 knock-out embryos at E11.5. As shown in Figure 4,
Er81 expression was detected in the expected rostral locations
in both Lhx5 mutants and controls. However, we noticed that
the Er81" dorsal domain extends caudally in Lhx5 mutants
beyond the normal distribution observed in WT or heterozygous
embryos (Figures 4A,G,I). To determine whether the migration
of cells originating in the RId is affected by the lack of Lhx5,
we performed rostral CFDA-labeling and embryonic culture of
heterozygous and Lhx5 knock-out. Cells originating in the Rld
of WT control (Figures 4B,b) and heterozygous (Figures 4H,h)
embryos showed comparable migration patterns while cells of
mutant embryos were more dispersed (Figures 4J,j). Although
the extent of the caudal migration from the RId did not seem
to be affected, CFDA-labeled cells seemed less confined to the
PSB (Figures 4H,h,J,j). These results suggest that Rld-derived
CR olfactory neurons are able to migrate in the absence of
Lhx5, but dispersed out of limits of the normal migratory
stream.

The Ventral Pallium (VP) Gives Rise to
Ventrally-but Not Dorsally-Migrating Cells

We analyzed a lateral region in the ventral pallium at the
pallial-subpallial boundary (VP/PSB) where diverse cell types
are generated, based on the expression of cell identity markers
(Bielle et al., 2005; Garcia-Moreno et al., 2008; Ceci et al., 2012).
Neocortical CR neurons are amongst the populations proposed
to be generated in the VP/PSB, as assessed by genetic labeling
of Dbx1™" lineage progenitors and cell lineage tracing in slice
cultures (Bielle et al., 2005). A recent study using whole-embryo
cultures, however, failed to detect such dorsal migration when
lineage tracers were applied to this location (Ceci et al., 2012).
For a thorough analysis regarding this controversial region,
we performed extensive CFDA labeling along its rostral-
caudal axis in single or multiple simultaneous labels in mouse
embryos from E10.5 to E12.0 and cultured them in toto for
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FIGURE 2 | Neurons generated in the RId correspond to various cell populations. Immunostaining of telencephalic coronal sections from a representative
CFDA-labeled embryo (E10.5 + 24 h in culture) with antibodies against different markers. (A-D) Pallial marker Tbr1. (E-H) Subpallial marker Calbindin. (I-L) Reelin,
marker of Cajal-Retzius (CR) cells. (M) Proportions of CFDA-labeled neurons positioned in the MZ near to the piriform cortex: approximately 24% are Tbr1*, 15.5%

Calb

Tbr1

24 h (Figure 5A and data not shown for E12.0). Most cells
generated in the rostral VP migrated in a caudo-ventral direction
(Figure 5B) while cells generated in the intermediate VP had
a tendency to migrate either ventrally or caudally (Figure 5C).
Finally, cells labeled in the posterior VP migrated predominantly
into the ventral telencephalon (Figure 5D). In addition, we
observed that when CFDA was injected just dorsal to the VP,

most labeled cells migrated ventrally into the VP without crossing
it, at least after 24 h of culture. When CFDA was applied ventral
to the VP, labeled cells followed ventral routes (data not shown).
In addition, labeling in the lateral ganglionic eminence in the
ventral pallium revealed cells that migrate to fill the piriform
cortex and olfactory tubercle (Garcia-Moreno et al., 2008; Ceci
et al., 2012). Therefore, our results are consistent with previous
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Reln-Tbr1

Reln-calb

FIGURE 3 | Olfactory CR neurons derived from the Rid. Double immunostaining of telencephalic coronal sections from a representative CFDA-labeled embryo (E10.5
+ 24 h'in culture). Shown are labelings with CFDA (green) and antibodies against Reelin (blue) and Tbr1 or Calbindin (red) in rostral (A-D) and caudal (E-H) sections.
(1) Cell quantitation in the MZ of Reelin and Tbr1 co-labeled neurons (30.4%). Fewer than 0.7% expressed both Reelin and Calbindin. Scale bar 50 pm.

observations made by Garcia-Moreno et al. (2008) as well as Ceci
etal. (2012) who described that cells generated by the germinative
zone of the dorsolateral telencephalon tend to migrate into the
olfactory cortex and that cells originating in the VP fail to follow
dorsal migratory routes as proposed by Bielle et al. (2005), at the
stages examined.

To characterize further the migratory cells generated in the
VP, we performed IHC using antibodies for Tbrl, a putative
pallial marker (Figures 6A-D), Calbindin, a putative subpallial
marker (Figures 6E-H) and Reelin, a marker of CR neurons at
embryonic stages (Figures 6I-L) in E10.5 and E11.5 embryos
cultured for 24 h (Bulfone et al., 1995; Grkovic and Anderson,
1997; Meyer et al, 1999; Hevner et al, 2001). Our analysis
revealed that in E10.5 embryos, approximately 3.6% of CFDA
cells labeled at the VP expressed Tbr1, 3.1% expressed Calbindin,

and 28.7% expressed Reelin (Figure 6M). In E11.5 embryos
in culture 6% of labeled cells expressed Tbrl, 2.8% expressed
Calbindin, and 26.4% expressed Reelin (Figure 6N). These
results indicate that cells arising from the VP at E10.5 and
E11.5 belong to different subpopulations of both pallial as
subpalial origin. In agreement with Ceci et al. (2012), a third
of these cells were Reelin-positive, suggesting that this cell
population is the same analyzed by these authors.

Novel Sites of Dbx1 Expression that Could
Give Rise to Cajal-Retzius Cells in the

Developing Telencephalon
The contradictory findings of Bielle et al. (2005) with
those of Ceci et al. (2010) and our own initial findings,
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FIGURE 4 | Rid-derived cells do not belong to Er81 or Lhx5 CR cell populations. Er81 in situ hybridization (ISH) was performed in CFDA-labeled embryos (E11.5 +
24 hin culture) in several conditions. (A) Wild-type (WT) embryo showing Er87 expression in rostrolateral and rostrodorsal areas. (B,b) Migration of CFDA-labeled
cells in a caudo-ventral direction. (C,D,d) Control embryo (cultured in 0.1% DMSO) showing similar pattern of Er81 expression and direction of migration of CFDA
labeled cells as in (A,B). (E,F) Treatment with the FGF inhibitor SU5402 showing decreased Er87 expression (E) and a reduction in the caudoventral migration of
CFDA* migrating cells (Ff). (G,H,h) Heterozygous Lhx5 mouse embryo showing patterns of both Er87 expression and CFDA-labeled cell migration similar to WT
controls (A,B). (I) Lhx5 knock-out mouse embryo showing an expansion of £r87 expression in dorsocaudal regions. (J,j) Lhx5 mutants showing a slight decrease in
the amount of CFDA-labeled cells, and although migration in the caudoventral direction was present, cells appeared to be disorganized. Arrows in (A,l) show the
normal limit of £r871 expression; arrowhead in (I) shows expanded Er87 expression in Lhx5 mutants (I) and asterisk shows some dispersed points of Er87
expression. Scale bar: 200 pwm.
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FIGURE 5 | Cells generated at the ventral pallium (VP) migrate ventrally.

(A) Multiple CFDA-labeling along the antero-posterior axis of the VP in

E11.5 embryos showing a ventral direction of migration. (B-D) Single CFDA
labelings (in different embryos) at different positions (arrows depict direction of
migration): (B) Anterior VP, (C) Medial VP, (D) Posterior VP. Scale bar: 200 pm.

prompted us to analyze this issue further. The CR population
proposed to be generated from the VP/PSB region is
putatively derived from Dbxl-expressing progenitor cells
described to be present in this region, the fate of which
was followed in mice by DbxI-dependent genetic labeling
(Bielle et al.,, 2005). Since our results and those of Ceci
et al. (2012) did not reveal Reelin-expressing cells that
migrated dorsally from this region, we hypothesized that
the CR cells derived from Dbxl progenitors could be
generated in Dbx] expression domains located elsewhere in
the telencephalon.

To address this possibility we analyzed Dbx1 expression by
ISH (Figure 7). At E10.5 DbxI expression was limited to small
lateral and septal expression domains (data not shown). At E11.5,
we detected expression in the septum and the lateral territory
of the olfactory region (Figure 7A, arrow) as described by Bielle
et al. (2005). Additional domains, however, were detected in the
dorsal septal region at the rostral end of the prospective cortical
hem (Figure 7A, arrows) and in a ventral domain in the caudo-
medial telencephalic wall (Figure 7A, asterisk). Moreover, in
E12.5 embryos we observed that DbxI expression was greatly
reduced in the lateral side of the telecephalon (Figure 7B) while
it remained in the septum and rostral end of the cortical hem
(Figure 7b, arrows).

With the exception of the olfactory region, all these regions
containing Dbx1 expressing cells have been shown to give rise
to Reelin-expressing cells that migrate via dorsal and ventral
routes to occupy lateral telencephalic regions including the
neocortex (Soriano and Del Rio, 2005; Garcia-Moreno et al.,

2008; Miqueldjauregui et al., 2010; Ceci et al., 2012). This is
especially relevant for the prospective cortical hem which gives
rise to most CR cells. Hence, it is possible that these medial
regions expressing Dbx1 give rise to CR cells.

DISCUSSION

In this work we analyzed cell populations generated in the
VZ of lateral regions of the developing telencephalon. Two
areas were the focus of this work. The first was a rostral
domain in the proximity of the territory that gives rise to the
olfactory bulbs, which we refer to as the Rld. The second was
an elongated domain in the olfactory region adjacent to the
pallium/subpallium boundary, the VP. From these regions, cells
migrate radially toward the pial surface, and then tangentially
towards their final destination. We detected a population of
cells originating in the Rld that migrates dorsally and one
that migrates in a caudo-ventral route that have not been
characterized thus far. On the other hand, we observed cells
originating from the VP that migrate predominantly in a ventral
direction and appear to correspond to a population described
previously (Garcia-Moreno et al., 2008; Ceci et al., 2012).
Moreover, systematic attempts to detect cells that migrated
dorsally from this region as proposed by Bielle et al. (2005), were
unsuccessful at the stages examined.

Rld: An Origin Site of Various Cell

Populations
Diverse migratory populations have been identified emanating
from various rostral telencephalic regions. Labeling with
fluorescent lineage tracers has revealed sites of CR cell origin
such as the rostromedial telencephalic wall (Garcia-Moreno
et al., 2008), the septum (Bielle et al, 2005; Ceci et al,
2012) and the septoeminential sulcus (Garcia-Moreno et al,
2008). The caudo-ventrally migrating population from the Rld
described in this work that represents approximately 80% of
all labeled cells corresponds to a novel population, one fifth
of which expresses Reelin. Expression of this marker and
their location in superficial regions of the developing cortex
suggest that these cells are part of the CR repertoire. It is
noteworthy that a rostrolateral population of Er8I-expressing
cells dependent upon FGF signaling comprise CR cells that
occupy the dorsal cortex (Zimmer et al, 2010). Since the
Rld-derived cell group identified herein is not affected by
a treatment that impairs FGF signaling, we propose that
these cells belong to different populations. Furthermore, the
absence of Lhx5, which causes an overall reduction in CR
cell abundance and aberrant migration of Reelin-expressing
cells (Miqueldjauregui et al, 2010), affects dramatically the
distribution of Er8I-expressing cells without an apparent effect
on the Rld population. Interestingly, the dorsally-migrating
population was detected only when the labeling was done in
E11.0 embryos, revealing an ontogenetic time-window for their
generation.

The caudoventral migration of cells from the Rld into
the olfactory region we observed is consistent with previous
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FIGURE 6 | Cells generated in the VP belong to different subpopulations of both pallial and subpallial origin. Immunohistochemistry (IHC) of telencephalic coronal
sections from a representative cultured embryo (E11.5 + 24 h in culture) with antibodies to different markers: (A-D) pallial marker Tor1, (E-H) subpallial marker
Calbindin and (I-L) Reelin, marker of CR cells. (M,N) Proportion of CFDA* cells at E10.5 + 24 h in culture (M) and E11.5 + 24 h in culture (N) stages. At E10.5 +
24 hin culture, approximately 3.6% of CFDA-labeled cells expressed Tbr1, 3.1% expressed Calbindin, and 28.7% expressed Reelin (M) In E11.5 + 24 h in culture,
6% of labeled cells expressed Tbr1, 2.8% expressed Calbindin and 26.4% expressed Reelin (N). Scale bar: 50 pm.
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findings that revealed this last region as a site of convergence
of various migratory populations (Bielle et al.,, 2005; Garcia-
Moreno et al., 2008; Zimmer et al., 2010; Ceci et al., 2012).
For example, cells originating in the VP/PSB migrate ventrally
reaching the prospective piriform cortex (Bielle et al., 2005).
Moreover, cells from the dorsal telencephalon, lateral ganglionic
eminence, septoeminential sulcus, rostral medial telencephalic
wall (Garcia-Moreno et al., 2008), ventral pallium and septum

(Ceci et al,, 2012) follow various routes to reach the piriform
cortex and olfactory tubercle (Garcia-Moreno et al., 2008;
Ceci et al, 2012). About a third of Reelin-expressing cells
migrating from the Rld were found to express Tbrl while
a small fraction expressed Calbindin. This is consistent with
previous observations showing that both piriform cortex
and olfactory tubercle receive excitatory neurons from the
septum and more dorsal regions (Garcia-Moreno et al., 2008;

Frontiers in Neuroanatomy | www.frontiersin.org

November 2017 | Volume 11 | Article 97


https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroanatomy#articles

Frade-Pérez et al.

Migration of Olfactory Cajal-Retzius Cells

E11.5

lateral

FIGURE 7 | Dbx1 is expressed in the rostral-most region of the cortical hem. Dbx1 ISH in WT mouse telencephalic vesicles. (A) E11.5 lateral and medial views;
arrows indicate Dbx1 expression in the olfactory region and septum; asterisk indicates the caudomedial side. (a) Higher magnification of inset in (A); arrows indicate
Dbx1 expression in the rostral end of the prospective cortical hem. (B) E12.5 lateral and medial side of telencephalic vesicles, showing reduced Dbx7 expression.
(b) Dbx1 expression persists in the septum and in the rostral end of the cortical hem. Scale bar: 200 um.
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Ceci et al,, 2012; Huilgol and Tole, 2016). Interestingly, the
convergence of migratory Reelin-expressing neurons in the
piriform cortex has been observed in the opposite direction
i.e., Reelin™ cells born in the caudomedial telencephalic wall
and migrating via a ventral path around the caudal pole
of the telencephalon towards the prospective olfactory cortex
Takiguchi-Hayashi et al., 2004; Miqueldjauregui et al., 2010;
Huilgol et al., 2013). Hence, the RId gives rise to a migratory
stream that seems to be independent of FGF signaling and
Lhx5 function.

Cells Generated in the VP Do Not Migrate
Dorsally

In addition of representing a convergence site for migratory
populations, the lateral aspect of the olfactory region is itself a
source of migratory cells. Based on genetic labeling of Dbx1™"
neural progenitors and fluorescent tracing in cultured slices
from embryonic telencephalon, Bielle et al. (2005) proposed
that subsets of CR cells originate in the VZ of the VP/PSB
and the septum, from where they migrate dorsally to the
neocortex. Through genetic ablation of DbxI they also observed
a dramatic reduction of CR cells. A different study using
florescent tracers in whole-embryo cultures, however, revealed
that VP-derived cells migrate ventrally, but not dorsally, out of
this region (Ceci et al., 2012). To address these contradictory
results, we performed VP labeling with fluorescent tracers
in E10.5 to E12.0 embryos followed by culture for 24 h.

Extensive labeling along the whole antero-posterior extent
of the olfactory ventricular neuroepithelium confirmed that
Reelin-expressing cells migrate ventrally from this region and
failed to see dorsally-migrating cells, thus coinciding with the
results of Ceci et al. (2012). We propose that the discrepancy
between the results of Bielle et al. (2005) and those of Ceci
et al. (2012) and our own results, stem from differences
between the culture methods employed. While the former
performed the fluorescent tracing experiments in coronal slices
of embryonic telencephalon, the present study and those of
Ceci et al. (2012) were performed in whole embryos in culture.
We believe that coronal slices hamper the antero-posterior
migration and constrain the possibilities of migration to
dorso-ventrally oriented routes. Because whole-embryo culture
allows the migration of cells with no exogenous constrains, it
represents a more natural experimental system than cultured
slices.

Complementary evidence put forward by Bielle et al. (2005)
for the existence of the dorsally-migrating CR population relies
on Dbx1 expression present in the VP/PSB and absent from other
medial telencephalic regions. To corroborate this, we analyzed
Dbx1 mRNA expression, confirming it in the VP/PSB VZ and
the septum, and revealed an additional domain of expression in
the rostral region of the cortical hem. Since the cortical hem has
been demonstrated by several groups to be the main source of
CR cells (Takiguchi-Hayashi et al., 2004; Garcia-Moreno et al.,
2007; Ceci et al., 2010) and the studies of Ceci et al. (2012) failed
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to detect CR cell migration from the septum to the neocortex, we
propose that the Dbx1™ CR cells detected by Bielle et al. (2005)
could derive from the rostral-most aspect of the cortical hem and
not from the septum and VP/PSB themselves.

Our results additionally resemble those obtained by Ceci et al.
(2012) in that approximately 29% of the labeled cells originating
in the ventral pallium expressed Reelin. However, this was not the
case for the rest of the markers, as Ceci et al. (2012) identified 45%
of cells expressing Tbrl while 10% expressed Calbindin; in this
study 27% of cells expreseed Reelin, 6% expressed Tbrl and 3%
expressed Calbindin. Such differences could result from technical
discrepancies in both embryo stage and labeling sites.

Overall, our results reveal novel populations of Reelin-
expressing cells that migrate from the rostrolateral telencephalon
and confirm that migration from the VP/PSB region occurs
in ventral and caudal directions only. It is possible, however,
that the CFDA-labeled cells originating in the VP contribute to
early-born CR cell subsets from the LOT that migrate to the
neocortex at mid-gestation, as shown recently (de Frutos et al.,
2016). Hence, these results add to the complex picture of the
olfactory region of the telencephalon as a territory of extensive
cell displacement during embryonic development.
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