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A B S T R A C T

The terminal nerve ganglion (TNG) is a well-known structure of the peripheral nervous system in cartilaginous
and teleost fishes. It derives from the olfactory placode during embryonic development. While the differentiation
and migration of gonadotropin releasing hormone (GnRH)-expressing neurons from the olfactory placode has
been well documented, the TNG has been neglected in birds and mammals, and its development is less well
described. Here we describe the formation of a ganglion-like structure from migratory olfactory placodal cells in
chicken. The TNG is surrounded by neural crest cells, but in contrast to other cranial sensory ganglia, we ob-
served no neural crest corridor, and olfactory unsheathing cells appear only after the onset of neuronal mi-
gration. We identified Isl1 and Lhx2 as two transcription factors that label neuronal subpopulations in the
forming TNG, distinct from GnRH1+ cells, thereby revealing a diversity of cell types during the formation of the
TNG. We also provide evidence for extensive apoptosis in the terminal nerve ganglion shortly after its formation,
but not in other cranial sensory ganglia. Moreover, at later stages placode-derived neurons expressing GnRH1,
Isl1 and/or Lhx2 become incorporated in the telencephalon. The integration of TNG neurons into the tele-
ncephalon together with the earlier widespread apoptosis in the TNG might be an explanation why the TNG in
mammals and birds is much smaller compared to other vertebrates.

1. Introduction

The terminal nerve, also called cranial nerve zero, was first de-
scribed in Galeorhinus galeus, an elasmobranch species (Fritsch, 1878).
The terminal nerve and the terminal nerve ganglion (TNG) develop in
relation to the olfactory system, but the process is poorly defined in
amniotes.

The establishment of the olfactory system during embryonic de-
velopment is well conserved throughout vertebrates (Patthey et al.,
2014; Schlosser et al., 2014). The olfactory epithelium derives from an
ectodermal placode, in which odour-sensing olfactory sensory neurons
differentiate. These neurons remain part of the epithelium, and project
axons to the olfactory bulb in the telencephalon. However, the early
developing olfactory placode also generates another, less studied po-
pulation of neuronal cells commonly called pioneering neurons, that
leave the olfactory epithelium (Fornaro et al., 2003; Maier and
Gunhaga, 2009). The pioneering neurons are followed by other pla-
code-derived neurons, together forming the migratory mass, that mi-
grate in direction of the forebrain. The olfactory migratory neurons
leave the epithelium as post-mitotic neurons and migrate into the

mesenchyme (Fornaro et al., 2003; Maier and Gunhaga, 2009; Maier
et al., 2011), which is similar to the neurons of other neurogenic pla-
codes (Begbie, 2008). The molecular characteristics and migratory
patterns of the pioneering olfactory neurons have been poorly defined.

The pioneering neurons have been suggested to pave the way for the
olfactory migratory mass, and putatively also guide the growth of axon
projections from the olfactory receptor cells in the epithelium to the
olfactory bulb in the brain (Drapkin and Silverman, 1999; Maier et al.,
2011). The most well-known cells in the migratory mass are the neu-
rons that release the neuropeptide gonadotropin releasing hormone
(GnRH). GnRH+ neurons migrate into the hypothalamus, where in the
adult they play a role in the regulation of reproductive functions. In
zebrafish and catshark, the formation of the TNG, located in the me-
senchyme outside of the forebrain, by neurons of the migratory mass
has been well described (Quintana-Urzainqui et al., 2014; Whitlock,
2004). Although the generation of migratory neurons from the olfactory
epithelium has been documented in chicken and mouse (Fornaro et al.,
2003; Maier et al., 2011; Sabado et al., 2012; Taroc et al., 2017), the
formation of the TNG has not been addressed in these studies.

The TNG is much smaller in mammals and birds compared to other
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vertebrates (Von Bartheld et al., 1987; Vilensky, 2014), and the cell
types, gene expression and migratory patterns that lead to the forma-
tion of a reduced TNG in amniotes is not clearly defined. Whether the
smaller size of the TNG in mammals and birds depends on decreased
cell migration to the TNG, migration of TNG cells into the forebrain or
apoptosis of TNG neurons has not been addressed.

In bony and cartilaginous fishes, the TNG is composed of a het-
erogeneous set of neurons including GnRH-expressing cells (Whitlock,
2004; Quintana-Urzainqui et al., 2014). It has, however, been noted
that the proportion of GnRH+ cells in the TNG varies greatly between
species (Von Bartheld, 2004). In addition, various neuropeptides and
neurotransmitters such as acetylcholine, GABA, neuropeptide Y,
FMRFa, substance P and VIP are expressed in partially overlapping
subsets of neurons in the migratory mass, suggesting a diversity of cell
types (Alonso et al., 1989; Tobet et al., 1996; Wirsig-Wiechmann et al.,
2002; Von Bartheld, 2004; Chiba, 2000). Lhx2 is a LIM-homeodomain
transcription factor expressed in the migratory mass (Maier and
Gunhaga, 2009), as well as in the developing olfactory sensory neurons,
were it is necessary for neural differentiation (Berghard et al., 2012;
Hirota and Mombaerts, 2004; Kolterud et al., 2004). Lhx2 is involved in
the regulation of neurogenesis, and in some contexts promotes stem/
progenitor cell maintenance rather than promoting differentiation
(Gueta et al., 2016). Another LIM homeodomain transcription factor,
Islet-1 (Isl1), is upregulated during neuronal differentiation in sensory
neurons, with the notable exception of the developing olfactory sensory
neurons (Dykes et al., 2011). In zebrafish, expression of Isl1 or its
paralogue Isl2 has been shown in GnRH3+ cells in the olfactory epi-
thelium (Aguillon et al., 2018). Whether Isl1 is expressed in the mi-
gratory mass or TNG has not been reported. Briefly, the cell type
composition of the migratory mass and TNG is not known, and the
temporal pattern in which these neuronal cells types are derived from
the olfactory placode has not been fully resolved.

Here we describe the formation of a neuronal cluster akin to the
TNG in chick. We show that at least three neuronal cell types of distinct
character appear within the migratory mass, shortly after the migration
of the pioneering neurons. We describe the presence of cells expressing
the transcription factors Isl1 and Lhx2 in the migratory mass during
pre-ganglion stages. Later a non-overlapping population of GnRH1+

cells is detected. As neurons coalesce to form the TNG close to the
forebrain, a salt and pepper pattern of largely complementary Isl1+,
Lhx2+ and GnRH1+ cells is observed in the TNG, along with an ex-
tensive neuronal apoptosis. Later, placode-derived Lhx2+, Isl1+ and
GnRH1+ neurons are incorporated into the telencephalon and no clear
TNG cluster is observed outside of the CNS. Our results show that the
TNG in chick is formed by a diversity of neuronal subtypes derived from
the olfactory placode, and that it becomes surrounded by Sox10+

neural crest cells.

2. Materials and methods

2.1. Cloning of piggyBac GFP electroporation constructs

The constructs pPB-ncEGFPm5 was engineered to stably over-
express GFP in the nucleus in targeted cells. The pPB-STOP-ncEGFP
construct described in Garcia-Moreno et al. (2014) (Garcia-Moreno
et al., 2014) was cut with BamH1 enzyme to eliminate the Stop se-
quence. EGFP was replaced by EGFPm5 from the pCAβ-EGFPm5 vector
(Yaneza et al., 2002) using Nco1 and BsrG1 restriction enzymes. pPB-
mbEGFPm5 was generated from pPB-STOP-mbEGFP in the same way as
described for the pPB-ncEGFPm5 above. pCAG-mPB vector for expres-
sion of piggyBac transposase was generated from the mPB and pCAG-
Cre vectors (Garcia-Moreno et al., 2014) by exchanging the EcoR1/
Xho1 restriction fragment. All plasmids were verified by sanger se-
quencing.

2.2. In ovo electroporation of chick embryos

The pCAG-mPB, pPB-ncEGFPm5 and/or pPB-mbEGFPm5 constructs
were electroporated in the olfactory placode region of Hamburger and
Hamilton (HH) (Hamburger and Hamilton, 1951) stage 9-11 chick
embryos. Five pulses (12 V, 25ms duration, 1 s interval) were applied
using an Electro Square Porator ECM 830 (BTX), according to previous
experiences (Wittmann et al., 2014a). After electroporation, the eggs
were re-incubated to HH16, HH24 and HH30. Viable embryos with GFP
expression in the region of interest were selected for further analysis.
The embryos were fixed in 4% paraformaldehyde (PFA), transferred to
25% sucrose, embedded and stored at −80 °C. Consecutive 10 μm
sections were collected and processed for immunohistochemistry.

2.3. Immunohistochemistry

Immunohistochemistry was performed using standard protocols
(Wittmann et al., 2014b). Briefly, sections were blocked in 10% fetal
calf serum prior to primary antibody incubation overnight at 4 °C.
Antibodies used were: mouse anti-HuC/D (1:200, Molecular Probes,
A21271) and anti-Isl1 (1:20, DSHB 40.2D6), and rabbit anti-cleaved
Caspase 3 (cCasp3), (1:1000, Cell Signaling Technology, 9961), anti-
GnRH1 (1:500, Abcam, ab5617), anti-Isl1 (1:2000) (Thor et al., 1991),
anti-Laminin (1:4000, Sigma L9393), anti-Lhx2 (1:8000) (Lee et al.,
1998) and anti-S100 (1:700, Dako Z0311). Alexa Fluor- and Cy3-con-
jugated secondary antibodies (1:1000, Molecular Probes, A32723,
A11034, A11032, A10520) were used and nuclei were stained using
4',6-diamidino-2-phenylindole (DAPI), (1 μg/ml, Sigma, D9542).

2.4. 3D imaging

HH24 chicken embryos were fixed in 4% PFA and immuno-labelled
as previously described (Alanentalo et al., 2008). Images were acquired
on a LaVision biotech 2nd generation UltraMicroscope (LaVision BioTec
GmbH, Germany) and processed using Imaris7.7.2 (Bitplane, UK).

2.5. In situ hybridization

In situ RNA hybridization was performed essentially as previously
described (Wilkinson and Nieto, 1993), using a chick Sox10 riboprobe
(Cheng et al., 2000).

2.6. Statistical analysis

The number of DAPI+ as well as antigen-expressing cells in the
migratory mass and TNG were counted on consecutive sections. The
distinction between migratory mass and TNG was based on morphology
of the neuronal population observed on sections, where the wider re-
gion close to the telencephalon was counted as TNG and the long and
thin region between the TNG and olfactory epithelium was counted as
migratory mass.

In Fig. 3, the proportion of antigen-expressing cells was calculated
as the number of Isl1+, Lhx2+ or GnRH1+ cells per section within the
TNG or migratory mass to the number of HuC/D+ cells. The average
proportion was calculated through the sections for each placode/
ganglion (n=4-15 individual ganglia) and given as percent positive
cells.

The numbers in Table S1 were calculated as the mean percentage of
positive cells for each co-labelling among cells positive for either of the
two markers.

In Fig. 4, all consecutive sections through each ganglion were
stained for cCasp3 and HuC/D, and the number of cells per ganglion
was calculated as the sum of HuC/D+ cells per ganglion through the
sections (n= 10-19 individual ganglia). The proportion of cCasp3+

cells was calculated as the ratio of the sum of cCasp3+ cells to the sum
of HuC/D+ cells (n= 4-18 individual ganglia). Plots were generated in
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R version 3.5.0 using the ggplot2 and VennDiagram packages.

3. Results

3.1. A subset of neurons in the migratory mass forms a cluster close to the
medial telencephalon

To follow the destiny of olfactory placode-derived migratory cells,
we stably labelled placodal cells by electroporation of a membrane-
bound (mb) or nuclear (nc) form of the green fluorescent protein (GFP)
construct before the onset of neuronal migration at Hamburger and
Hamilton stage (HH) 10 and cultured to HH16 and HH24 before fixa-
tion and freezing. Next, the spatial organization of migratory neurons
was examined by immuno-labelling with the pan-neuronal marker
HuC/D on cryostat sections. Early migrating neurons co-expressing GFP
and HuC/D were observed at HH16 in and directly outside of the ol-
factory placode (Fig. 1A-C). At HH24, horizontal sections revealed a
continuous track of GFP+/HuC/D+ cells extending from the olfactory
pit to the medial telencephalon, where a cluster of HuC/D+ cells was
observed (Fig. 1D-F). Most of the neurons in the cluster were labelled
with GFP, consistent with a placodal origin. Furthermore, at HH24 this
cluster was clearly visible close to the telencephalon in 3D rendering of
HuC/D whole-mount immunostainings acquired by light sheet micro-
scopy (Fig. S1). Thus, migratory neurons in chicken form a cluster with
the typical structure of a ganglion, which likely corresponds to the TNG.

Next, we examined whether the migratory mass and the neuronal
cluster are surrounded by neural crest cells similar to other cranial
sensory ganglia (Freter et al., 2013). At HH16-26, Sox10+ and HNK-1+

cells, indicative of neural crest cells (Cheng et al., 2000; Del Barrio and
Nieto, 2004) were observed intermingled with the neurons of the tri-
geminal ganglion, as previously described [Fig. 2P-T; (Shiau et al.,
2008)]. In contrast, at HH16-18, no Sox10+ or HNK-1+ cells were
detected around the extending migratory mass (Fig. 2F-I). By HH22, the
migratory mass had extended medially and dorsally and reached the
medial telencephalon, where a cluster of HuC/D+ cells was observed
with a few HNK1+ cells nearby (Fig. 2J and K). Through HH24 and
HH26, the number of cells in the neuronal cluster increased, while
Sox10+/HNK-1+ cells formed a layer around it, suggesting a sheath of

neural crest-derived cells (Fig. 2L-O).
Olfactory ensheathing cells (OEC), a population of neural-crest de-

rived glia surrounding the olfactory nerve (Tennent and Chuah, 1996;
Nazareth et al., 2015), have in mouse been shown to upregulate Sox10
as they mature at stages corresponding to ~HH20 (Rich, 2018). To
analyse whether OECs surround the migratory mass and/or the TNG
during the formation of the TNG, the expression pattern of S100, a well-
known OEC marker (Nazareth et al., 2015), was examined at HH16, 18,
22 and 28. S100 was first observed at stage HH18 in the migratory mass
(Figs. S2A-D). At HH22, S100 was detected in both migratory mass and
the TNG, and by HH28 the olfactory nerve was surrounded by S100+

cells (Figs. S2E-H). Taken together, neuronal cells derived from the
olfactory placode condense into a TNG-like cluster close to the medial
telencephalon, and during its formation the TNG becomes surrounded
by neural crest cells.

Fig. 1. Olfactory placode-derived migratory neurons form a cluster ad-
jacent to the telencephalon in chicken embryos. In ovo electroporation of
HH9/10 chick embryos in the olfactory epithelium using plasmids pPB-
mbEGFPm5 and mPB, or pPB-ncEGFPm5 and mPB, and cultured to HH16 or
HH24. (A-C) Transversal sections showing expression of GFP (green) in the
olfactory placode and early migratory neurons at HH16. (D-F) Horizontal sec-
tions showing expression of GFP in a cluster of cells adjacent to the tele-
ncephalon at HH24. Co-labelling with HuC/D antibody (C, F) shows post-mi-
totic neurons in the migratory mass. Nuclei were stained with DAPI (blue) in (A,
B, D, E). Median is to the left, and ventral is to the bottom in all panels.
Abbreviations: MM: migratory mass; OP: olfactory placode; Tel: telencephalon;
TNG: terminal nerve ganglion. Scale bar: 100 μm (A-F).

Fig. 2. The migratory mass close to the telencephalon is surrounded by
neural crest cells. Double labelling of Sox10 mRNA (purple) and HuC/D
protein (red) through the migratory mass, TNG and trigeminal ganglion, and
HNK1 labelling of the migratory mass and TNG region. (A-E) Schematic em-
bryos at respective stages indicating the plane of section in (F-T). (F-O) Sox10/
HuC/D and HNK-1 stainings on adjacent sections through the migratory mass/
TNG in transversal sections (HH16, 18 and 26) and horizontal sections (HH22
and 24). Nuclei were stained with DAPI (blue). (F-I) At HH16 and HH18, no
HNK-1+ or Sox10+ cells were observed around the HuC/D+ migratory neurons
(arrowheads in F and H). (J-O) At HH22, a few HNK-1+, but no Sox10+ cells
were detected in the TNG region, and by HH24 and HH26 the HuC/D cluster
was surrounded by Sox10+ and HNK-1+ cells. (P-T) Transversal sections
through the trigeminal ganglion. HuC/D+ neurons were intermingled with
Sox10+ cells at all stages (HH16-26). Dotted line: boundary between the
hindbrain and adjacent mesenchyme. Median is to the left in all sections.
Abbreviations: HB: hindbrain; OP: olfactory placode; OPi: olfactory pit; Tel:
telencephalon; TNG: terminal nerve ganglion. Scale bars: 100 μm (F-O, P-T).
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3.2. At least three cell types appear in a spatially and temporally distinct
pattern in the migratory mass

To better understand the cell type composition of the early mi-
gratory olfactory neurons and in the newly formed TNG, expression of
Isl1 and Lhx2 in relation to GnRH1 and HuC/D was examined during
early development of the olfactory system and TNG. At HH15-16, no
Isl1, Lhx2 or GnRH1 expression was detected in the first HuC/D+

neurons leaving the olfactory placode (Fig. S3 and data not shown). At
HH17-18, 21 ± 4% of migrated HuC/D+ neurons expressed Isl1, while
another 60 ± 7% expressed Lhx2 (Fig. 3A-E). Double-positive Lhx2+/
Isl1+ cells represented only 6% of the total number of Lhx2-and Isl1-
expressing neurons (Fig. 3F and Table S1). At this stage, Lhx2 was also
expressed in scattered cells in the olfactory epithelium, although at
lower levels than in the migrated Lhx2+ cells (Fig. 3A).

Expression of GnRH1 was first observed from HH23 in the TNG, but
not in the migratory mass between the olfactory epithelium and the
TNG (Fig. 3B, C, H, I and data not shown). At this stage, Isl1+, Lhx2+

and GnRH1+ neurons were positioned in spatially distinct, partially
overlapping regions (Fig. 3G-L). This pattern of Isl1, Lhx2 and GnRH1
expression was maintained in the TNG at HH25-26 (Fig. 3M-R). In
addition, GnRH1+ cells were observed in the olfactory epithelium and
in migratory cells at HH26 [data not shown; (Mulrenin et al., 1999)].
Thus, in addition to the pioneering neurons expressing HuC/D only, our
data provide evidence that at least three neuronal cell types or cell
states exist in the migratory mass and in the TNG, expressing either
Lhx2, Isl1 or GnRH1.

To determine the fate of the three TNG subpopulations at later
stages, embryos were electroporated with a mbGFP construct in the
olfactory placode region at HH10-HH11, and cultured until HH28-30,
followed by fixation and freezing. The spatial location of the olfactory

placode-derived neurons was identified on sections through the olfac-
tory and rostral telencephalon region by examining the expression of
GFP, Lhx2, Isl1 and GnRH1, together with Laminin to mark the
boundary between the telencephalon and surrounding mesenchyme.

At HH28-30, GFP was detected in the olfactory epithelium and in
the olfactory nerve, indicative of successful electroporations (Fig. 4B
and C, and data not shown). At the end of the olfactory nerve, a group
of GFP+ cells was observed in the medial telencephalon, extending
dorso-caudally close to the basal lamina, and the TNG was no longer
observed as a distinct cluster outside the telencephalon, but rather
fused with the telencephalon (Fig. 4C-E and S4A, B, E, F). GFP+ cells
were detected inside the basal lamina of the telencephalon, visualized
by Laminin expression (Fig. 4D, E, G-J), indicating that the placode-
derived cells are located inside the CNS. GnRH1+ and Isl1+ cells were
found intermingled in the GFP+ region, and Lhx2 was expressed widely
in the telencephalon including in the region where GnRH1 and Isl1
were found. Several cells co-expressed GFP and GnRH1, Lhx2 or Isl1
(Fig. 4G-J). Moreover, double-labelling experiments showed that at
HH28-30, Lhx2 and Isl1 expression are largely mutually exclusive,
whilst GnRH1 and Isl1 are expressed in distinct cells, with a few cells
co-expressing both markers (Figs. S4A-H). Together, our results indicate
that the olfactory placode-derived Isl1+, GnRH1+ and Lhx2+ neurons
contributing to the TNG, will at later stages be incorporated in the
telencephalon.

3.3. Extensive apoptosis occurs in the TNG

Because it is unclear why the TNG is smaller in adult bird and
mammals compared to other vertebrates (Von Bartheld et al., 1987;
Vilensky, 2014), we reasoned that some neurons might disappear
during development through apoptosis. The presence of cleaved

Fig. 3. Three cell types appear in a spatially and temporally distinct pattern in the migratory mass. (A-P) Isl1/Lhx2, GnRH1/Isl, GnRH1/Lhx2 and HuC/D
immunohistochemistry on consecutive sections at HH18, HH23 and HH25. Transversal sections in (A-D), and horizontal sections in (G-J and M-P). (D, J, P) Nuclei
were stained with DAPI (blue). (E, K, Q) Quantification of the proportion of GnRH1+, Isl1+ and Lhx2+ cells given as % of HuC/D+ neurons. Each data points
represents a single ganglion. Red bar represents mean. (F, L, R) Venn diagrams showing the overlap (or lack thereof) between the co-labelled markers. Indicated
numbers and disc size represent the average number of positive cells per section in the TNG. Dotted lines in (D, J, P) indicate the border between the telencephalon
and the mesenchyme, as well as the border between the olfactory epithelium and the mesenchyme. Median is to the left in all sections. Abbreviations: MM: migratory
mass; OE: olfactory epithelium; Tel: telencephalon; TNG: terminal nerve ganglion. Scale bar: 100 μm (A-P).
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caspase 3 (cCasp3), indicative of apoptosis, was analysed by im-
munohistochemistry from the initiation of olfactory neuronal migration
at HH15 to HH26, when the TNG is clearly established and positioned
close to the medial telencephalon.

Prior to HH18, no cCasp3+ cells were detected in the olfactory
migratory neurons (data not shown). At HH18, a small proportion
(13 ± 1%) of cCasp3+ cells was observed in the leading end of the
migratory stream (Fig. 5A, E, I). By HH22, when the TNG has formed,
extensive apoptosis (26 ± 4%) was observed in the TNG cluster. The
proportion of apoptotic cells reached a maximum of 40 ± 5% at HH24
and decreased to 35 ± 4% by HH26-27 (Fig. 5C, D, G-I). Despite this
extensive apoptosis, the total number of HuC/D+ neurons still in-
creased from 183 ± 16 cells per ganglion at HH24 to 284 ± 37 at
HH26-27 (Fig. 5I and J). Through HH24-27, no or few apoptotic
cCasp3+ cells were observed in the migratory mass that links the TNG
to the olfactory epithelium (Fig. 5B, C, F, G, I). Thus, a high proportion
of migratory neurons die by apoptosis when they have reached the
location of the TNG. To examine whether apoptosis is a general process
during the formation of sensory ganglia, we analysed cCasp3 expression
in trigeminal, vestibulo-acoustic and epibranchial ganglia at HH16-24,
stages relevant for the formation of the respective ganglia. No cCasp3+

apoptotic cells were observed in the forming trigeminal, vestibulo-
acoustic or epibranchial ganglia at HH16-24 (Fig. 6). Together these
data indicate that the extensive apoptosis observed in the forming TNG
is a unique process for this particular ganglion, and not a common
developmental event for ganglia formation.

4. Discussion

The formation of the TNG from migratory olfactory placode-derived
cells has been well-described in cartilaginous and teleost fishes
(Quintana-Urzainqui et al., 2014; Aguillon et al., 2018). In catshark, the
neurons in the migratory mass that will form the TNG take a sharp turn

medio-rostrally when they reach the proximity of the olfactory bulb and
come to localize close to the medial telencephalon/septum/lamina
terminalis (Quintana-Urzainqui et al., 2014). The distinction between
TNG forming neurons and other neurons in the migratory mass is not as
clear in chicken (present study) or mouse. Moreover, previous devel-
opmental studies of the migratory mass in birds and mammals have not
focused on the TNG (Fornaro et al., 2003; Maier et al., 2011;
Poopalasundaram et al., 2016; Sabado et al., 2012; Taroc et al., 2017).
Here, our results show that the migratory mass in chicken forms a path
that takes a medial turn and coalesces to form a ball-like cluster re-
miniscent of other placode-derived cranial sensory ganglia, which is
similar to findings in catshark (Quintana-Urzainqui et al., 2014).
Moreover, similar to more caudal cranial sensory ganglia, this cluster is
surrounded by a sheath of Sox10-expressing neural crest cells and
contains Isl1-expressing cells (Freter et al., 2013; Patthey et al., 2016).
Altogether, in chicken, olfactory placode-derived neurons form a cluster
with many characteristics of a cranial sensory ganglion that likely re-
presents the embryonic TNG.

Both neural crest cells and the olfactory placode have been sug-
gested as possible sources of the neurons present in the TNG (Von
Bartheld and Baker, 2004; Whitlock, 2005), and GnRH1+ neurons in
general (Forni et al., 2011). Our present results provide evidence that
olfactory placode-derived Isl1+, GnRH1+ and Lhx2+ neurons con-
tribute to the TNG, which is consistent with more recent data sug-
gesting a placodal origin of the TNG neurons in zebrafish, as well as
GnRH1+ neurons in chicken (Aguillon et al., 2018; Sabado et al.,
2012). In agreement, studies in several vertebrate groups have in-
dicated that both the TNG and hypothalamic neurons originate from the
olfactory placode and migrate together towards the telencephalon
(Schwanzel-Fukuda and Pfaff, 1989; Wray et al., 1989; Murakami et al.,
1992; Yamamoto et al., 1996; Parhar et al., 1995).

Previously, it has been suggested that the first neurons that leave the
olfactory placode have a distinct nature, fate and function. These cells

Fig. 4. Olfactory placode-derived migratory neurons integrate in the telencephalon. In ovo electroporation of HH9/10 chick embryos in the olfactory epi-
thelium using plasmids pPB-mbEGFPm5 and mPB, cultured to HH30. (A, F) Schematic embryos of HH30 indicating the plane of section in (B-E and G-N) and the
morphological landscape in (G-N). (B-E, G-I and J-N). Nuclei were stained with DAPI (blue). (B-E) GFP was detected in regions of the olfactory epithelium and
throughout the olfactory nerve extending to the medial telencephalon, as well as in the medial walls of the telencephalon (arrowheads in D and E). At this stage, no
TNG-like cluster was observed outside the telencephalon. (G-N) Expression of Laminin, GnRH1, Lhx2 and Isl1 shown alone (K-N) or together with GFP (G-J) on
transversal sections. GnRH1+, Lhx2+ and Isl1+ neurons were found intermingled in the GFP+ cluster (arrowheads in H-J and L-N) in the telencephalon flanked by
Laminin (G). Abbreviations: Epi: epidermis; OE: olfactory epithelium; ON: olfactory nerve; Tel: telencephalon. Scale bars: 100 μm (B-E, G-N).
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have been called pioneering neurons in reference to a putative role in
paving the way for the growth of the axons of the olfactory nerve and/
or the migration of neurons travelling towards the brain (Drapkin and
Silverman, 1999; Maier et al., 2011). Our data now show that the first
neurons to leave the olfactory epithelium initially do not express any of
the three molecular markers, Lhx2, Isl1 and GnRH1, later found in the
migratory mass and the TNG, suggesting they represent a distinct cell
type. Moreover, our results provide evidence that the migration of the
first olfactory placode-derived neurons towards the telencephalon and
the initial formation of the TNG are independent of guidance from
S100+ OECs, which later surround the olfactory nerve (Tennent and
Chuah, 1996; Nazareth et al., 2015), as well as on a Sox10+ or HNK-1+

neural crest guiding corridor. This is in contrast to the development of
caudal cranial sensory ganglia, in which the directional migration of
placode-derived neurons is constrained by a neural crest corridor
(Freter et al., 2013). However, at later stages, Sox10+ cells were de-
tected around the TNG, which is in agreement with previous studies
showing that GFP-labelled neural crest cells of the fronto-nasal mass
surround the olfactory nerve at these stages (Sabado et al., 2012;
Barraud et al., 2010; Forni et al., 2011).

Previous studies have described a diversity of cell types in the mi-
gratory mass and in the TNG (Whitlock, 2004; Quintana-Urzainqui
et al., 2014). In particular, it has been noted that individual neuro-
transmitters and neuropeptides often label only a subset of terminal

nerve neurons in adults, with proportions varying greatly between
species (Alonso et al., 1989; Tobet et al., 1996; Wirsig-Wiechmann
et al., 2002; Von Bartheld, 2004; Chiba, 2000). It is to be expected that
the cells producing different neurotransmitters and neuropeptides re-
present distinct cell types, and that these lineages are specified during
embryonic development. Our results now show that the LIM-home-
odomain transcription factors Lhx2 and Isl1 label largely non-over-
lapping subsets of neurons in the migratory mass in a temporally dy-
namic manner. In addition, GnRH1 expression was largely non-
overlapping with that of Lhx2 and Isl1, suggesting the existence of at
least three cell types differentially specified prior to or during cell mi-
gration. Alternatively, the Lhx2 and Isl1 expression in the migratory
neurons might correspond to successive states of neuronal maturation.
In this scenario, Lhx2 would mark the earlier stages of differentiation
and Isl1 would be upregulated as Lhx2 is downregulated. Supporting
this idea, sequential expression of Lhx2 and Isl1 takes place during the
transition from retinal progenitor cells to post-mitotic retinal precursors
(Gueta et al., 2016; Gordon et al., 2013). Yet, our data show that Isl1
and Lhx2 expression are induced at the same developmental stage in
separate migratory neurons, and not in a temporal sequence. Moreover,
cells expressing either marker remain in similar proportion in the TNG.
Thus, the cells expressing Lhx2, Isl1 or GnRH1 likely represent different
cell types that possibly correspond to the previously described cells
producing different neurotransmitters.

Fig. 5. Extensive apoptosis occurs in the forming TNG. (A-D) Co-labelling of cleaved Caspase 3 (cCasp3, red) and HuC/D (green) on transversal sections (HH18)
and horizontal sections (HH22, 24, and 27). Nuclei were stained with DAPI (blue). (E-H) Single cCasp3 labelling shown in (A-D). (A-H) At HH18, a small fraction of
cCasp3+ cells was observed in the migratory stream. At HH22-27, extensive apoptosis was observed in the TNG cluster, but not in the migratory mass (not visible in D
and H). (I) Quantification of the proportion of cCasp3+ cells in the migratory mass or TNG given as % of HuC/D+ neurons. (J) Quantification of the size of the TNG
ganglion given as number of HuC/D+ neurons per ganglion. Each data point represents a single ganglion. Red bar represents mean. Dotted line in (B, C, F, G) indicate
the boundary between the TNG and the migratory mass. Median is to the left in all sections. Abbreviations: MM: migratory mass; OE: olfactory epithelium; Tel:
telencephalon; TNG: terminal nerve ganglion. Scale bar: 100 μm (A-H).
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GnRH1 immunoreactive cells in the migratory mass have been re-
ported repeatedly in amniotes, some of which at least penetrate the
brain and migrate to the hypothalamus and pre-optic area (Wray, 2010;
Forni et al., 2011). We now find that GnRH1+ cells are found in an
embryonic cluster that we identify as the TNG of chicken, suggesting
that GnRH1 is expressed in both the terminal and hypothalamic systems
in amniotes. Furthermore, GnRH1+ neurons, as well as Isl1+ and
Lhx2+ neurons, were at later stages observed within the telencephalon
in a region medial to the olfactory nerve, and several of these neurons
were olfactory placode-derived as assessed by GFP co-expression in
electroporated embryos. Interestingly, a recent study in mouse showed
that GnRH1+ cells entering the brain follow the route of the terminal
nerve rather than the olfactory nerve (Taroc et al., 2017). Together, our
results suggest that GnRH1+, Isl1+ and Lhx2+ neurons contribute to
the formation of an embryonic TNG, and that at later stages at least
some of these neuronal subtypes become integrated into the forebrain.

We observed extensive apoptosis in the TNG, but not in any other
placode-derived ganglia. Therefore, apoptosis is not a general feature of
ganglion formation, but rather specific to the olfactory placode-derived
neurons of the TNG. Consistently, lack of apoptosis in the chicken
caudal ganglia has previously been reported, whereas apoptosis was

detected in the caudal placodes (Washausen and Knabe, 2019). We
observed apoptotic cells in the TNG close to the forebrain, but not
among HuC/D+ neurons in the migratory mass. This suggests that cell
death is triggered by signals upregulated in the vicinity of the medial
telencephalon. Since most cells in the TNG at later developmental
stages (HH26) were positive for Isl1+, Lhx2+ or GnRH1+, it remains
possible that the pioneering neurons never upregulate these markers,
but rather die by apoptosis. Whether the pioneering neurons serve to
guide axonal growth and become cleared by apoptosis after completing
their role as guides remains to be shown. A similar concept has been
suggested in zebrafish whereby a set of early-born neurons in the ol-
factory epithelium extend axons that guide the axons of later-born
neurons before being removed by apoptosis (Whitlock and Westerfield,
1998).

Since the TNG is a relatively small structure in mammals and birds,
even previously considered to be vestigial in primates (Johnston, 1914,
Von Bartheld et al., 1987), it is tempting to speculate that the extensive
apoptosis observed is a mean by which the growth of the TNG is re-
duced during development. Regression of adult ancestral structures
during evolution through clearing of embryonic structures via apoptosis
has been documented, as for example the phallus in galliform birds
(Herrera et al., 2013). Another intriguing possibility is that apoptotic
cells release signals that guide the migration of following cells and/or
axons. Such behaviour of cells being led by apoptotic signals has been
previously described (Medina and Ravichandran, 2016). It would be
interesting to test whether apoptosis has a function in the development
of the TNG structure, olfactory nerve growth and/or neuronal circuitry.
In future analyses this could be tested by blocking apoptosis, for ex-
ample by over-expressing anti-apoptotic proteins such as X-linked in-
hibitor of apoptosis (XIAP) or Bcl2.

In conclusion, there are several similarities between migratory
neurons derived from the olfactory placode and neurons derived from
other neurogenic placodes. Both express the pan-sensory marker Isl1
and coalesce to form a ganglion surrounded by Sox10+ neural crest
cells. However, extensive neuronal apoptosis is unique to the TNG.
This, together with migration of TNG neurons into the forebrain, might
provide an explanation why the adult TNG is reduced in birds. It will be
interesting to determine in future studies whether the apoptotic cells
represent the clearance of pioneer neurons after they have guided cells
and/or axons, and whether specific signals released from the apoptotic
cells are required to act as guidance molecules.
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