
Received: 7 July 2021 Revised: 11 April 2022 Accepted: 19 April 2022

DOI: 10.1002/ntls.20210037

R E S E A RCH ART I C L E

Retroviral lineage analysis reveals dual contribution
from ectodermal placodes and neural crest cells to avian
olfactory sensory and GnRH neurons

Alison Koontz Hugo A. Urrutia Marianne E. Bronner

Division of Biology and Biological Engineering,

California Institute of Technology, Pasadena,

California, USA

Correspondence

Marianne E. Bronner, Division of Biology and

Biological Engineering, California Institute of

Technology, Pasadena, CA 91125, USA.

Email: mbronner@caltech.edu

Alison Koontz and, Hugo A. Urrutia, and

Marianne E. Bronner contributed equally to

this work.

Funding information

National Insitutes of Health, Grant/Award

Numbers: NIH 5F31DE027583,

NIH 5F31DE031154, NIH R01DE027568

Abstract

The origin of the neurons and glia in the olfactory system of vertebrates has been con-

troversial, with different cell types attributed to being of ectodermal placode versus

neural crest lineage, dependingupon the species.Here,weuse replication incompetent

avian retroviruses to perform a prospective cell lineage analysis of either presumptive

olfactory placode or neural crest cells during early development of the chick embryo.

Surprisingly, the results reveal a dual contribution from both the olfactory placode and

neural crest cells to sensory neurons in the nose and gonadotropin-releasing hormone

neurons migrating to the olfactory bulb. We also confirm that olfactory ensheathing

glia cells are solely derived from the neural crest. Finally, our results show that neu-

ral crest cells and olfactory placode cells contribute to p63 positive cells, likely to be

basal stem cells of the olfactory epithelium. Taken together, these finding provide evi-

dence for previously unknown contributions of neural crest cells to some cell types in

the chick olfactory system and help resolve previous discrepancies in the literature.

Key Points:

1. Modified retroviruseswere used to permanently label progenitor cells of the neural

crest and olfactory placode for the long-term lineage analysis of olfactory cells.

2. Both neural crest cells and olfactory placode cells contribute to olfactory neurons

and supporting cells of the olfactory epithelium.

3. The gonadotropin-releasing hormone neurons that arise in the nose and migrate

toward the hypothalamusduring development also receive contributions fromboth

neural crest and placode cells.
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INTRODUCTION

The olfactory system plays an important role in odorant and

pheromone sensing, affecting critical animal behaviors like repro-

duction,1 inter- and intra-specific communication and recognition,2,3

and acquisition of food and resources.4 Furthermore, the ability

to regenerate olfactory neurons throughout life is a property with

potential applications to regenerative medicine for the treatment of

spinal cord and other injuries.5

The olfactory system contains twomajor components: the olfactory

epithelium (OE) and the olfactory bulb (OB). The OE is a sheet of cells

occupying the upper regions of the nasal turbinates. Many cell types

comprise the OE, the most important being the olfactory sensory neu-

rons (OSNs) themselves, which are the neurons responsible for the

detectionof odorants in thenasal cavity. Theseneurons senseodorants

through their cilia, and each neuron expresses a single type of olfactory

receptor (OR) that recognizes a single odorant.6–8 Other cell types of

the OE include the supporting cells that maintain the structure of the

OE, the basal stem cells (BSC) that are responsible for neuronal regen-

eration, and Bowman’s gland that produces the protective mucus of

the nose.

TheOB is found in the telencephalon and is responsible for receiving

and processing the information transmitted by the olfactory neurons in

the olfactory OE. TheOSNs of theOE project axons into theOBwhere

they make connections with glomeruli.9 Each glomerulus aggregates

the axons of OSNs that recognize the same receptor, and therefore

each glomerulus corresponds to a single OR.10 The glomeruli trans-

mit this sensory information to various parts of the brain, which then

initiates a behavioral response.

Another interesting neuronal population is the gonadotropin-

releasing hormone (GnRH1) neurons in the hypothalamus. GnRH

neurons arisewithin the olfactoryOEearly in development afterwhich

theymigrate out of theOEand travel through the nasal septum into the

brain, before localizing within the hypothalamus.11,12 These neurons

produce gonadotropins that are released into the pituitary system and

travel through the blood stream to the gonads, playing an important

role in reproductive behavior and maintenance.13,14 In fact, mutations

causing malfunction in GnRH neurons or their migration from the OE

to hypothalamus result in reproductive disorders such as Kallmann’s

syndrome.15,16

All these neuronal projections andmigrations into the brain depend

upon olfactory ensheathing cells (OECs), glial-like cells that myelinate

axons projecting from the olfactory OE to the forebrain. In fact, the

disruption of OEC production results in failure of olfactory neuron for-

mation and problems in axon targeting of both olfactory neurons and

GnRH neurons.17–19

During embryonic development, many cell populations contribute

to the various cell types of the olfactory system, including ectodermal

placodes and the cranial neural crest. In chick embryos, olfactory pla-

code precursors arise in the anterior-most ectoderm at Hamburger–

Hamilton (HH) stages 6–720 whereas neural crest precursors are

contained within the more posterior neural folds; they subsequently

emigrate from the newly closed neural tube at HH9. At HH10, olfac-

tory placode precursors become specified and subsequently undergo

extensive cell movement from the anterior ectoderm to the devel-

oping olfactory pit, where they are committed to an olfactory fate

by HH14.21 At this stage, the olfactory pit has begun to invaginate

and is visible as a region of thickened OE lateral to the developing

lens.

Given that the olfactory system originates from different cell lin-

eages, it is pertinent to determine the relative contributions of the

olfactory placode versus the neural crest to different olfactory cell

types. Previous lineage tracing experiments in various species have

utilized grafting, dye-labeling, and transgenic approaches, all with dif-

ferent advantages and disadvantages. This has led to contrasting con-

clusions regarding the origins of the olfactory cells.22 Although these

studies have shown a definitive contribution to OSNs from the ecto-

dermal olfactory placode lineage in chicken, zebrafish, and mouse,23,24

there is evidence that pheromone-sensing neurons, termed microvil-

lus neurons, may have both a neural crest and olfactory placode

origin.17 However, the origins of GnRH neurons and BSC remain

controversial.25

Here we revisit the origin of cells in the avian olfactory system

using replication incompetent avian retroviruses (RIA viruses) to label

either the olfactory placode or the neural crest early in develop-

ment. The use of RIA viruses for lineage labeling of chick embryos,

which closely resembles human embryos at comparable developmen-

tal stages, avoids possible complications of inter- or intra-specific

chimeras. We combine this lineage analysis with cell type–specific

labeling for OSNs, OECs, GnRH neurons, and BSC. The results show

that both the olfactory placode and neural crest contribute to OSNs

andGnRH neurons in birds, confirm the neural crest origin of olfactory

ensheathing glia, and reveal the presence of neural crest and olfac-

tory placode–derived p63+ cells in the OE that may represent basal

cells.

RESULTS

Recently, RIA retroviruses that encode fluorescent fluorophores have

been successfully used to perform lineage tracing experiments in the

chick embryo.26–28 Because these viruses are replication incompe-

tent and do not produce their own viral envelope protein, transfer of

their genetically encoded information, in this case a fluorescent pro-

tein, is strictly vertical, from mother to daughter cell following cellular

division.27 The RIA method of fluorescent labeling of cells is perma-

nent, so can be used for long-term lineage analysis, and is not restricted

to any particular cell type, making it an elegant solution to some of

the drawbacks of lineage analysis that utilize grafting or dye-labeling

approaches. Unlike grafting, no surgery or healing time is required

and unlike dye-labeling, RIA is an indelible marker. Here, we use RIA

viruses to infect either the olfactory placode or neural crest precur-

sors in order to trace their contributions to the developing olfactory

system.
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F IGURE 1 RIA viral injections label the cranial neural crest and the olfactory ectoderm. (a) HH11 embryos have H2B-RFP encoding virus
dripped onto their anterior ectoderm to label the ectodermal olfactory placode. (b) Two-day postinjection, you can see the virus has infected the
ectoderm of the head, as well as the op; oc. (c) A section through a 3-day-old embryo shows labeling of the cells of the olfactory pit, which has
begun to ingress to form the olfactory epithelium. (d) HH9+ embryos have H2B-YFP encoding virus injected into their developing neural tubes,
with the injection only preceding to the levels of themidbrain so as not to accidentally label cranial ectoderm. (e) Two-day postinjection, you can
see ample labeling of the neural tube, as well as themigratory neural crest cells. (f) A section through the embryo in (e) shows heavy labeling of the
neural tube, but also labeling of migratory neural crest cells as themigrate away from themidline. HH, Hamburger–Hamilton; oc, oral cavity; op,
olfactory pit; RIA, replication incompetent avian

Olfactory placode contributes to neurons in the chick
olfactory epithelium

Previous studies that examined the embryonic origin of the various

olfactory cells have come to several, contrasting conclusions across

multiple developmental models.22 Thus, the cell of origin for several

olfactory cell types, including OSNs, OECs, BSC, and GnRH neurons,

has been a matter of debate. It was therefore our aim to probe the

embryonic origins of these important cells using our novel fluorescent

viruses in the chick system.

To label the olfactory placode, we introduced RIA virus encoding

either H2B-YFP or H2B-RFP onto the cranial anterior ectoderm of the

chicken embryo at HH10–HH13, by which time the olfactory placode

cells are specified (Figure 1a). At these stages the neural crest has

migrated away from themidline of the neural folds, and the neural tube

has fully closed in the cranial region, ensuringno labelingof neural crest

cells. The exact stage of infection did not significantly affect the results,

although earlier stages tended to have a higher number of infected

cells compared to older stages. Therefore, we focused our injections

at HH10–HH11. Embryos with labeled olfactory placode cells were

allowed to develop for 5–7-day postinjection, harvested, and fixed at

HH29 (N = 7), HH31 (N = 3), and HH34 (N = 8). Whole mount imag-

ing of the craniums of labeled embryos revealed ample infection of

the nasal region (Figure 1b,c). Sections through the nasal region of the

embryo 7-day postinjection revealed virally labeled cells in the OE, as

well as in cells migrating from the OE to the OB, and in the OB in all

injected embryos (Figure 2). Of note, this labeling method only marks

a subset of olfactory placode cells or neural crest cells rather than the

whole population.

To quantitate the efficiency of infection, we generated frontal 30-

μmsections from the frontal andmedial regions of the nasal turbinates

and theOEs of representativeHH34 embryos (n= 6 olfactory placode)

and compared viral numbers with HuC/D staining (Table 1). As the

number of infection events per embryo varies, counts of the number
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F IGURE 2 RIA-injected olfactory placodes yield multiple cell-type derivatives. (a) A 5× image of the olfactory naris in 7-day-old chicken
embryos that have had their olfactory placodes injected with H2B-RFP encoding RIA virus. Staining for the neuronal marker HuC/D reveals the
presence of olfactory neurons in the anterior region.White dotted box indicates location of (b). (b) A zoomed image of the olfactory epithelium of
(a) containingmanyHuC/D positive olfactory neurons andH2B-RFP-labeled cells. (c–f) An olfactory neuron double labeled with the HuC/D and
virally introduced H2B-RFP. (g) Themigratory stream of GnRH positive cells with their Sox10 positive OECsmigrating away from the
anterior-most olfactory epithelium. The white dotted box indicates the location of (h–j). (h–j) A GnRH neuron that is double labeled with virally
introduced H2B-RFP. (k) Amigratory stream of GnRH neurons and their Sox10 positive OECs traveling from theOE to the forebrain with a single
H2B-RFP cell present.White dotted box indicates location of (l–o). (l–o) A GnRH neuron that is double labeled with virally introduced H2B-RFP
(white arrows) and a Sox10 positive OEC that is not (yellow arrows). GnRH, gonadotropin releasing hormone; OE, olfactory epithelium; OECs,
olfactory ensheathing cells; RIA, replication incompetent avian

TABLE 1 Olfactory placode and neural crest contributions to olfactory epithelium

Olfactory epithelium

Average number of virally

labeled cells

Average number of

HuC/D+/FP+ cells

No. of viral cells that are

HuC/D+

Olfactory placode 78 (±25 SEM; n= 15) 31 (±11 SEM; n= 15) 35% (±7.5 SEM%; n= 15)

Neural crest 51 (±16 SEM; n= 11) 12 (±3.0 SEM; n= 11) 42% (±11 SEM%; n= 11)
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of virally labeled cells throughout the OE varied widely with the olfac-

tory placode embryos averaging 78 cells (±25 SEM; n = 15). Although

some slides contained numerous (over 400) virally labeled cells, oth-

ers were only sparsely labeled with less than 10 YFP expressing cells.

This variability is likely due to the random initial infection rate of the

embryonic ectoderm coupled with differing concentration of the RIA

virus between experiments. We noted ample infection within the naris

of the developing olfactory system (Figures 1b,c and 2). Furthermore,

overlapping expression of virally expressed fluorescent protein and the

neuronal marker HuC/D confirmed that the virally labeled olfactory

placode cells gave rise to the OSNs of the naris in all experimental

embryos sectioned and examined at HH34 (n= 15; Figure 2b–f). In the

olfactory placode embryos, the average number of HuC/D/RIA double

positive cells per slidewas 31 (±11SEM; n=15), and 35% (±7.5%SEM;

n= 15) of all the virally labeled cells were co-labeled with HuC/D.

Neural crest contributes to neurons in the chick
olfactory epithelium

To label a portion of the neural crest population that will contribute

to the olfactory system, we injected RIA virus encoding H2B-YFP into

the closed neural tube at the level of the developing hindbrain in HH9

embryos such that the tube filled fromposterior to anterior to the level

of the caudal forebrain.Weaddadye toour viralmixture so thatwe can

visually monitor the extent of injection within the neural tube and are

careful to avoid labeling the anterior neuropore, as this is the site from

which the lens and olfactory placodes arise in early-stage embryos. To

restrict viral infection, we introduce the needle into the posterior hind-

brain and inject forward such that the viral/dyemixture only goes up to

the mid- to caudal-forebrain. Because the virus labels the neural tube

and premigratory neural crest, we can gauge the anterior limit of injec-

tion at the time of fixation by looking for labeling in the optic OE. No

neural crest-labeled embryosused inour studyhad labeling in the ante-

rior region of the eye or lens, confirming that the virus labeling was

confined tomore caudal portions of the forebrain andmidbrain levels.

During this stage, neural crest cells at the level of the forebrain and

midbrain are just beginning to undergo an epithelial to mesenchymal

transition to become migratory neural crest cells, after which they will

exit the neural tube and migrate throughout the embryo. We found

that injection into the neural tube at this time point resulted in infec-

tion of cranial neural crest prior to and during migration (Figure 1d–f).

Embryos were allowed to develop for 6-day postinjection (HH30),

before being collected and sectioned (N = 10). To rule out any placode

labeling from virus possibly escaping through the anterior neuropore,

embryos that exhibited labeling in the anterior ectoderm, particularly

around the eyes, were excluded, and injections in examined embryos

were confined to the caudal forebrain/midbrain axial level.

To quantitate the efficiency of infection, we generated frontal 30-

μmsections from the frontal andmedial regions of the nasal turbinates

and the OEs of representative HH30 neural crest embryos (N= 5) and

compared viral numbers with HuC/D staining. As the number of infec-

tion events per embryo varies, counts of the number of virally labeled

cells in the neural crest embryos averaged 51 (±16 SEM; n = 11). The

majority of neural crest–labeled embryos exhibited some labeling in

the olfactory OE (N = 8/10). Five of these embryos had labeling in the

anterior HuC/D positive portion of the olfactory OE, whereas the oth-

ers only had positive cells in the non-neurogenic posterior region of

the naris (Table 1). A large percentage of virally labeled cells co-labeled

with the neuronal marker HuC/D (Figure 3b–d). In the neural crest

embryos, the average number of HuC/D double positive cells per slide

was 12 (±3.0 SEM; n = 121) and 42% of (±11 SEM%; n = 11) of all

virally labeled cells co-labeled with HuC/D, indicating that many of the

other H2B labeled cells in both the olfactory placode and neural crest

embryos contribute to other cell types of the olfactory OE as well as

immature neurons.

Furthermore, viral infectionwasnot only noted in theolfactorynaris

butwasalsoobserved in thedevelopingnaris (Figures2aand3a). These

data indicate that neural crest cells give rise not only to olfactory neu-

rons, but also to supporting cell types of the naris. In the neural crest

embryos,manyYFPpositive cellswere also found clustered around the

developing turbinates within the developing naris (Figure 3a). These

cells are likely either neural crest cells that contribute to the cran-

iofacial cartilage and bone of the nasal region, as evidenced by their

cobblestone-like morphology characteristic of cartilage, or OECs that

are preparing to ensheathe olfactory axons once they begin tomigrate.

The previous work in zebrafish has suggested that somemicrovillus

neurons of the olfactory OE are neural crest-derived. By staining with

TRPC2 antibody, a common marker for microvillus neurons in other

species, we failed to identify microvillus neurons in the chick olfac-

tory OE. This is consistent with reports suggesting that chick may lack

this cell population. However, this is a negative result and therefore it

remains unclear whether birds havemicrovillus neurons or not.

Olfactory ensheathing cells in the migratory stream
are derived from the neural crest whereas GnRH
neurons come from both placode and neural crest

GnRH neurons were originally described as originating from the olfac-

tory placode, but later it was proposed that a subpopulation of GnRH

neuronsmayoriginate fromthecranial neural crest population inmulti-

ple vertebrates.17,29–31 Since then, a dual origin of GnRH cells has been

reported inmice.22 Still others have reported auniquely placodal origin

for the GnRH neurons.32

As Sox10 marks glial cells in the developing chicken at the stages

were examined, Sox10 positive cells associated with migratory GnRH

positive neurons were considered to be potential OECs. We examined

the degree of co-labeling of RIA with GnRH and/or Sox10 antibod-

ies in the migratory stream or OB in neural crest–injected (N = 10)

embryos versus olfactory placode–injected (N = 3) embryos in frontal

30-μm sections of nasal turbinates and forebrain of representative

HH34 embryos.

The cell composition of the migratory streams varied in each slide

with approximately 49.0 (±7.0 SEM; n = 13) total GnRH neurons and

103.3 (±22.5 SEM; n = 15) Sox10 positive cells across six embryos
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F IGURE 3 Neural crest labeled with virally introduced RIA-H2B-YFP gives rise to olfactory ensheathing cells. (a) A 5× image of the olfactory
naris in 7-day-old chicken embryos that have had their neural crest cells labeled with H2B-YFP encoding RIA virus. Neural crest labeled cells are
foundwithin the HuC/D positive region of the olfactory epithelium. A 5× image of the olfactory naris in 7-day-old chicken embryos that have had
their neural crest cells labeled with H2B-YFP encoding RIA virus. Neural crest–labeled cells are foundwithin the HuC/D positive region of the
olfactory epithelium. (b) A zoomed image of the olfactory epithelium of H2B-YFP-labeledNC embryoswith YFP overlappingwith HuC/Dwhite box
indicates locations of (c and d). (c and d) Zoomed images showing double labeled YFP neural crest cells with neuronal marker HuC/D. (e)Migratory
streams of GnRH neurons and their OECs as theymigrate from the anterior olfactory epithelium. The white box indicates locations of (f–h). (f–h)
Zoomed images showing double labeled YFP neural crest cells with theOECmarker Sox10. (i) Migratory stream of GnRH neurons and their OECs.
The white box indicated locations of (j–m). (j–m) Zoomed images showing double labeled YFP neural crest cells with a GnRHmarker but not an
OECmarker Sox10. GnRH, gonadotropin releasing hormone; OECs, olfactory ensheathing cells; RIA, replication incompetent avian

(N = 6). Within the migratory streams, the number of virally labeled

cells varied from embryo to embryo. In the neural crest–injected

embryos, there were an average of 10 labeled H2B-YFP cells per

slide (±2.8 SEM; n = 17) ranging from 2 to 39 H2B-YFP positive

cells on a slide. YFP positive cells that co-labeled with Sox10 were

found in four out of ten neural crest–labeled embryos and an aver-

age of 22% (±4.0 SEM%, n = 17) of all H2B positive cells on a slide

were double labeled with Sox10 (Figure 3e–h). However, these dou-

ble labeled Sox10 cells made up a small portion (1.7% ±0.73 SEM%;

n = 8) of the total Sox10 population of the migratory streams suggest-

ing that our lineage labeling captured a subpopulation as opposed to

the total neural crest population. YFP cells that were double labeled

with GnRH neurons were found in five of ten neural crest embryos

(Figure 3i–m). These GnRH neurons were relatively rare and only 1–3

YFP cells overlapped with GnRH per slide. This suggests that the neu-

ral crest contributes a small number of GnRHneurons to themigratory

stream.

In contrast, no olfactory placode–labeled embryos exhibited any

overlap with Sox10 positive cells in the migratory streams (N = 8)

(Table 2) but instead H2B-RFP-labeled cells exhibited ample co-

expressionwith GnRHneurons of themigratory streams (Table 3). RFP

positive cells that co-labeled with GnRH were found in all three olfac-

tory placode–labeled embryos and an average of 30% (±7.7 SEM%,

n = 3) of all H2B positive cells were double labeled with GnRH mak-

ing up 10% (±2.4 SEM%; n = 4) of the total GnRH population of the

migratory streams.

In chick, we observed GnRH neurons emerging from both RIA-

labeled ectodermal placodes and neural crest cells. In contrast, the

neural crest alone gives rise toOECs in both themigratory streams and

hypothalamus of chicken embryos.
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TABLE 2 Olfactory placode and neural crest contributions to Sox10+ OECs of migratory streams

Migratory stream

Average number of

virally labeled cells

No. of viral cells that are

Sox10+
No. of total Sox10+ co-labeled

with virus

Olfactory placode 9 (±2 SEM; n= 8) 0% (n= 7) 0% (n= 7)

Neural crest 10 (±3 SEM; n= 17) 22% (±7.5 SEM%, n= 17) 1.7% (± 0.5 SEM%; n= 11)

Abbreviation: OECs, olfactory ensheathing cells.

TABLE 3 Olfactory placode and neural crest contributions to GnRH neurons of migratory streams

Migratory stream

Average number of

virally labeled cells

No. of viral cells that are

GnRH+

No. of total GnRH+ co-labeled

with virus

Olfactory placode 9 (±2 SEM; n= 8) 30% (±7.5 SEM%; n= 3) 10% (±2.5 SEM%; n= 4)

Neural crest 10 (±3 SEM; n= 17) 30%(±10 SEM%; n= 17) N/A

Abbreviation: GnRH, gonadotropin releasing hormone.

Neural crest contributes to p63+, which may be
basal stem cells

Thebasal cells of theepithelia aredivided into twodistinct populations:

the horizontal basal stem cells (HBCs) and the globulose BSCs.33 Lin-

eage tracing experiments have revealed that the horizontal basal cells

generally remain mitotically quiescent in the adult unless activated by

injury (although some studies dispute this9), whereas the globose basal

cells have both reserved and active progenitors in their population

with which they repopulate the neurons of the nose. The HBCs on the

other hand are thought to remain as a quiescent population until the

destruction of sustentacular cells of the OE. During stable times,

the HBCs are kept quiescent by a Notch regulatory system that main-

tains a high expression of p63 in theHBC so that they remain quiescent

and pluripotent.34 Only upon injury does the destruction of Notch

ligands cause a drop in p63 expression and activatesHBCproliferation.

Experiments using P0Cre/EGFPmice indicated that a population of

neural crest–derived cells remains in the olfactory OE as the HBCs.35

These cells can be identified using antibody staining against p63. How-

ever, no other experiments have been done to investigate a neural

crest or an olfactory placode contribution to the basal cells of the

olfactory OE.

To see if an analogous population is present in the chick olfactory

OE, we stained both neural crest and olfactory placode–labeled olfac-

tory epithelia using antibody against p63. We found ample labeling of

the caudal naris in both populations, whichmay represent a population

of HBCs. Some YFP-labeled neural crest cells and RFP-labeled olfac-

tory placode also expressed p63, consistent with a potential neural

crest and placodal contribution to the HBC population in the olfactory

OE (Figure S1). One caveat, however, is the role of p63 in HBC has only

been characterized in adults and not embryonic tissues.

Olfactory placode contributes GnRH neurons in the
olfactory bulb

Migration of the GnRH neurons and their OEC’s is critical for the

appropriate development of the embryo. There are numerous factors

that aid the GnRH migration, and it is during this migration that most

developmental disorders arise.29 The arrival of the GnRH neurons to

the OB and the hypothalamus is critical for normal development. Once

theGnRHneurons reach theOB, they canbegin theirmigration to their

final destination in the hypothalamus.

At 7-day postinjection (HH34), some of the earlier migra-

tory streams of the GnRH migratory mass have reached the OB

(Figure 4d–g). In the more proximal region of the OB, they group into

bundles of GnRH neurons and OECs, likely also interacting with the

olfactory neurons they traveled with. Probing deeper into the brain,

GnRH cells and their OECs begin to enter the brain and move closer

and closer toward the hypothalamus (Figure 4a–c).

We examined 30-μm frontal sections of the forebrain of two

placode-labeled embryos. The average numbers of GnRH and Sox10+

cells in the OB were 42 GnRH neurons (±6.6 SEM, n = 10) and 216

Sox10 cells (±64.4 SEM; n = 4) respectively. The placode significantly

contributed to the GnRH populations of these samples. Each sample

had an average of 13 YFP or RFP-labeled cells (±3.7 SEM; n = 12). Of

that, 47% (±13.5 SEM%; n = 6) of the labeled placode cells co-labeled

with GnRH.

Taken together, our data show that some GnRH neurons from both

the migratory streams and in the OB originate from the olfactory pla-

code. Surprisingly, some GnRH neurons also originate from the cranial

neural crest, in support of other recent studies (Barraud et al., 2010).

Sox10 positive OECs, on the other hand, come exclusively from the

neural crest in themigratory streams.

Dil-labeling of the neural tube confirms a neural
crest contribution to the olfactory epithelium

One drawback of RIA viral labeling is that it takes ∼2 days to visu-

alize fluorophore expression, and high levels of expression take even

longer. Therefore, we sought to validate the neural crest contribution

to the olfactory OE using a complementary technique that enabled

the visualization of neural crest cells at earlier time points. To this

end, we repeated neural crest labeling by injecting a solution of the

lipophilic dye, DiI, into the closed neural tube of HH9 chick embryos
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F IGURE 4 RIA-injected olfactory placodes give rise to GnRH
neurons inmany regions of the developing brain (a) the hypothalamus
of a 7-day-old chicken embryo stainedwith GnRH antibody. (b and c) A
zoomed image of a GnRH neuron that is double labeled with virally
introduced H2B-RFP. (d) The developing olfactory bulb of a 7-day-old
chicken embryo showing the GnRH positive neurons that have
migrated there. (e–g) A cluster of GnRH positive neurons in the
olfactory bulb, one of which is double labeled with virally introduced
H2B-RFP. GnRH, gonadotropin releasing hormone; LOB, left olfactory
bulb; RIA, replication incompetent avian; ROB, right olfactory bulb

at the level of the developing hindbrain, such that the neural tube was

filled from the posterior hindbrain to anterior level of the caudal fore-

brain. We then allowed the injected embryos to develop and collected

them 1–5-day postinjection. DiI-labeling of migrating cranial neural

crest was clearly evident throughout the head at 1-day postinjection,

as visualized bywholemount imaging at HH15 (Figure 5a; n= 4). How-

ever, at this stage, neural crest cells had not yet reached the olfactory

pit. Embryos were allowed to develop from 2 to 5 days postinjection

(HH20–HH29), collected and sectioned (n= 4, 5, 4, 4 for HH20, HH25,

HH27, and HH29, respectively). To visualize DiI-labeled neural crest

cells, we generated frontal 20-μm sections from the frontal andmedial

regions of the nasal turbinates and the OEs of HH20–HH29 embryos

that were subsequently stained with an HuC/D antibody to recognize

neurons.

DiI-labeled cells were first seen in the olfactory OE as early as

2-day postinjection, consistent with a previous report using electro-

poration of GFP to label neural crest cells.36 At this time point, the

faint expression of HuC/D was noted in the vicinity of DiI-labeled cells

(Figure 5b–d). At embryos fixed at subsequent days 3–5, numerous

DiI-labeled cells were found within the olfactory OE as illustrated in

the transverse section through the nasal region of a 5-day postinjec-

tion embryo (Figure 5e,f’). These data are consistent with observations

made with RIA viral labeling and definitively demonstrate that neural

crest contribute to the chick olfactory OE.

DISCUSSION

Our results show that RIA viruses can be applied to trace the lin-

eage contribution of various cell types of interest to the developing

chick olfactory system. We find that both the nasal placode and neu-

ral crest contribute to OSNs within the olfactory OE and to GnRH

neurons migrating to the OB. In contrast, neural crest cells alone give

rise to the OECs in the olfactory system, confirming previous results

from grafting experiments. Both neural crest and olfactory placode

cells also give rise to p63+ cells within the olfactory OE that may rep-

resent a basal cell population. Our results also confirm these origins

using a non-grafting approach, as opposed to previous studies that uti-

lized quail–chick chimeras and transplantation of GFP-labeled neural

folds.37

The classical model in the chicken system for lineage tracing is

the quail–chick chimeric transplant experiments.38 The drawbacks of

these transplants, however, are potential species differences in the

behavior of quail and chick cells during development, healing time, as

well as the potential for human error during the transplantations, and

the chance that more than just the targeted tissue is transplanted.28

Although using GFP transgenic chicks grafted into wild type hosts alle-

viates potential complications of interspecific recombinations, there

stillmaybe issues causedby grafting itself.39 OurRIA viral lineage anal-

ysis has the advantage of being noninvasive and species specific to the

chicken, obviating several of these drawbacks.

Theorigin of neurons in theolfactory systemhasbeen controversial,

with different results emerging from studies in different species and

using different techniques. In mice, most studies utilize a Cre mouse

with anectodermal specific enhancer of TFAP2a todriveCre transgene

expression within the placodes.22 The drawback is not only its restric-

tion to geneticmodel systems, but also the potential for leaky lines and

ectopic expression caused by tamoxifen addition.40 Transgenic lines

are also common in lineage tracing experiments in zebrafish but are

subject to similar drawbacks as the Cre/Lox system in mice.17,25 In

chick and zebrafish, many classical lineage tracing experiments utilized

single-cell injections of vital dye.41–43 This, however, restricts the anal-

ysis to the short term as the dye diluteswith each cell division, allowing

only a brief period for visualization that would not be amenable to

other model systems.28

Genetic tracings using Cre transgene expression have also uncov-

eredpotential differencesbetween the lineagesof premigratoryversus
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F IGURE 5 Dil-labeled neural crest cells migrate to andwithin the olfactory epithelium. (a) A 5×wholemount image of an HH15 chick embryo,
1-day postinjection, reveals ample labeling of migratory neural crest cells that have not yet reached the level of the olfactory epithelium. (Dil is
pseudo colored to green.) (b) Amerged 20× image of sectioned olfactory epithelium in a 2-day postinjection chick embryo labeled with HuC/D and
Dil. Staining for HuC/D reveals the presence of neurons within the olfactory epithelium, in the vicinity of Dil labeling. (c and d) Individual channels
of panel (b). (e) A 20× image of olfactory naris in 5-day postinjection chick embryo labeled with HuC/D andDil. HuC/D staining reveals the
presence of neurons within the olfactory epithelium. (f) The white dotted box indicates the location of (f–f″). (f–f″) A zoomed image of the olfactory
epithelium of (e) containing HuC/D positive neurons andDil-labeled cells. HH, Hamburger–Hamilton

migratory neural crest. For example, studies usingNC-specificWnt1Cre

mouse line, which labels both premigratory and migratory neural crest

cells, found that neural crest cells give rise to cells in theOEaswell as to

a subpopulation of GnRH1 neurons.22 In contrast, studies usingMef2c-

F10N-Cre transgenic mice lines, which are specific only for migratory

neural crest, foundnoneural crest contribution to theOE, andalthough

they did not directly test for the GnRH neuron lineage, they found no

neural crest contribution to the neurons of the OB, where we have

shown GnRH neurons to be present.44 Our data support a premigra-

tory neural crest contribution to the neurons of the OE and a subset of

GnRH1 neurons, as our viral labeling method specifically labels premi-

gratory neural crest cells prior to their migration from the neural tube

but does not label already migrating neural crest cells at the time of

injection.

Our study aimed at using a novel technique, fluorophore-encoded

RIAviruses, to address lineagequestions in theolfactory systemusinga

newmethodology.Our results decisively confirm the results of grafting

experiments in chick and Wnt1Cre lineage tracings in mice that sug-

gested that the neural crest gives rise to all the OECs of the olfactory

system.22,37 OECs initially were thought to be an olfactory placode–

derived cell type.45,46 However, subsequent experiments showed that

the OECs are derivatives of the neural crest, and that previous exper-

iments were confounded by the close association of the OECs and

olfactory cell types.22,37 A neural crest origin is also supported by the

fact that all previously described glial cells originate from the neural

crest.47

We find thatGnRHneurons receive amajority of their cells from the

olfactory placode, although the neural crest contributes a small portion

of cells to theGnRH. These findings support someprevious studies22,30

but contradict others.32 Because the anterior neuropore is open at the

stages of injections,wewere very careful to inject virus only to the level

of the forebrain/midbrain border so as not to label ectodermal cells. For

this reason, we labeled at early stages of neural crest migration, and

these time points may miss some of the earliest migrating neural crest

cells. Thus, it is worth noting the RIA only labels a subset of the neu-

ral crest or olfactory placode but not the whole population. Although

the RIA approach has many advantages, it is complementary rather

than a replacement for other methods of lineage analysis. Moreover,

the access availabilities ofmarkers for different types of olfactory neu-

ronswithin theolfactoryOEmake it hard to parsewhether neural crest
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and placode cells contribute to the same types of neurons or different

subsets. This will be an interesting question to explore in the future as

moremarkers of neuronal subtypes become available.

Understanding the developmental lineage of embryonic cell pop-

ulations is critical for understanding developmental disorders and

diseases. OSNs are required for an appropriate processing of odorants

andare critical for scent-basedbehaviors.1 GnRHneurons are required

for maturation to adulthood and the onset of puberty.13,14 Problems

occurring during GnRH neuron migration from the OE to the brain can

lead to diseases such as Kallmann’s syndrome and even sterility.15,16

OECs are critical for successful GnRH and olfactory neuron migration,

and without them the projection of the neuronal axons that GnRH and

olfactory neurons use to travel to the forebrain is disrupted, and these

neurons cannot successfully infiltrate the forebrain.17–19 Despite their

importance, however, relatively little is known about the lineage pro-

gressions that shape and define different cell types, particularly the

OECs, which are not a uniform population.5 Although recent publica-

tions have added knowledge to themolecular landscape ofOECs, there

is much more to be discovered.48 OECs are not only critical during

olfactory development but are also important for spinal cord regener-

ation in regenerative medicine due to their persistence into adulthood

and their ability to aid in the formation of incredibly robust axons.49

Understanding the embryonic developmental pathways of these cells

will inform future endeavors for culturingOECs and applying them in a

clinical context.

In summary, our data inform upon the relative contributions of the

olfactory placode and the neural crest to the chicken olfactory system.

The results show that the olfactory placode gives rise to the OSNs of

thenose, aswell as toa subsetofGnRHneuronsmigrating toandwithin

theOBandhypothalamus.Neural crest cells, on the other hand, are the

sole contributor of the glial-likeOECs and also contribute toOSNs and

GnRH neurons. We also show that both neural crest positive cells and

olfactory placode positive cells give rise to p63 positive in the olfac-

tory OE that may reflect BSCs. These findings contribute to current

knowledge of olfactory development and the developmental potentials

of neural crest and placodal populations.

MATERIALS AND METHODS

Plasmid construction

RIA and viral vectors were modified by introducing unique AscI

and NotI digestion sites to facilitate cloning.26 For lineage analysis,

H2B-YFP andH2B-RFPwere cloned into RIA vector.

Viral concentration and injection

Recombinant RIA plasmids were co-transfected with Envelop A plas-

mid into DF1 cells in 10-cm dishes. After 24 h, the cell culture medium

was collected, and collection was repeated every 24 h for 3 days. The

combined medium from multiple collection days was combined and

virus concentrated at 26,000 rpm for 1.5 h. The pellet was dissolved in

a minimal volume of Dulbecco’s Modified Eagle Medium (DMEM) and

stored at−80◦C.

Concentrated RIA virus diluted in a 1:1 ratio with Ringer’s solution

was loaded into a thin pulled glass needle pipette. For olfactory placode

injection, virus was injected onto the cranial ectoderm of HH10—12

chick embryos. For neural crest injections, virus was injected into the

closing neural tube at hindbrain levels through the opening in the hind-

brain of HH9 embryos. For DiI injections, the dye was diluted 1:2 with

10% sucrose and injections followed the same method as with the RIA

virus. As the anterior neuropore is the localization site for the lens

and olfactory placodes at early stages, we add a dye to our viral mix-

ture so that we can visually monitor the extent of injection within the

neural tube and avoid going far anterior. For this reason, embryos in

which the dye was seen exiting the anterior neuropore were discarded

and excluded from analysis, as were embryos in which any ectodermal

labeling was noted. Neural crest injections were performed by intro-

ducing the virus at the level of the posterior hindbrain and injecting

forward to the level of the caudal to mid-forebrain. Embryos were cov-

ered with sterile surgical tape and incubated at 37◦C for 1—7 more

days, after which the surviving embryos were dissected out, fixed with

4% paraformaldehyde in phosphate-buffered saline (PBS) for 30◦min

at 4◦C andwashed three times with PBS.

Fixed embryos were embedded in gelatin and sectioned into 30-

μm transverse sections on a cryostat. These sections were examined

under a fluorescent ApoTomemicroscope (Zeiss Axioscope 2 and Zeiss

ApoTome.2) for a viral fluorescent signal.

Immunofluorescence

Sections were blocked with either a 10% goat or 10% donkey serum

solution in PBS-Tween 0.2%, and antibodies were added to the same

blocking solution. Immunostaining was performed on 30-μm sections

with the following antibodies: for olfactory sensory neurons, HuC/D

(invitrogen/molecular probes 16A11 1:250); for olfactory ensheath-

ing cells, Sox10 (Santa Cruz Biotechology SC365692 1:100); for GnRH

neurons, anti-GnRH1 (US Biological Life Sciences 140531 1:250);

for HBCs, anti-TP63 (MyBioSource Catalog MBS821026 1:100); for

microvillus neurons, TRPC2 (Alomone Labs Catalog APC-045 1:100);

for anti-RFP (rabbit 1:100) (MBL Catalog PM005); for anti-RFP IgG1

(Thermo Fisher Scientific Catalog MA5-15257 1:100); for anti-GFP

(1:100); DAPI (1:1000). Secondary Alexa Abs (Molecular Probes) were

used at 1:1000. Slides were imaged using fluorescence microscopy

(Zeiss Axioscope 2 and Zeiss ApoTome.2).

Quantitation

Transverse sections of 30-μm were stained with immunofluorescent

antibodies and imaged using fluorescence microscopy (Zeiss Axio-

scope 2 and Zeiss Apotome.2). The olfactory OE, migratory streams,

and OBs were looked at for 7 olfactory placode labeled embryos and
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10 neural crest–labeled embryos. For each structure, a minimum of

three images were taken per embryo, with the exception of the elusive

migratory streams in which we took images of all examples found in

section. Imageswere taken as a z-stack composite of 18 slices through-

out the section. Images were then uploaded into the Fiji software. Cell

counts were done by hand using the cell counter plugin in Fiji.

For each image, the number of H2B-labeled cells was counted, as

well as the number of antibody stained cells (e.g., anti-GnRH), and the

number of cells that were labeled with both. All calculations were per-

formed in Microsoft Excel 2016. Our cell counts and percentages are

presented as an average across all slides (either placodal or neural

crest) followed by the standard error of the mean and the number of

sections used for the calculation.
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