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Figure 6. Increasing EBV-BART9 miRNA level has a subtle effect on SNK6 growth rate. (A) Precursor EBV-BART9 miRNA or control miRNA
were transfected into SNK6 cells and samples collected every 24 hours for three days. Growth rate of SNK6 cells was determined by calculating cell
numbers. When normalized to cell numbers in control miRNA transfected cells, there was ~8% reduction in SNK6 growth rate. The data shown is the
average * SD from three independent experiments. (B) In the experiments described above, SNK6 were analyzed for viability by Trypan blue
exclusion in a Vi-CELL counter at every time point. The data shown is the cell viability at 72 hours post-transfection and is the average = SD from
three independent experiments.

doi:10.1371/journal.pone.0027271.g006

obtained commercially included EBNA1 (1EB12, Santa Cruz), Zta
(Argene), B-Actin (Sigma) and a-tubulin (Sigma). HRP secondary
antibodies were obtained from Jackson Immunolaboratories and
Woestern blots were developed using the SuperSignal West pico kit
(Thermo Scientific). Immunoblots were quantified using Image |
software [50].
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studies.

The current utility of bioluminescence imaging is constrained by a low photon yield that limits temporal
sensitivity. Here, we describe an imaging method that uses a chemiluminescent/fluorescent protein,
ffLuc-cp156, which consists of a yellow variant of Aequorea GFP and firefly luciferase. We report an
improvement in photon yield by over three orders of magnitude over current bioluminescent systems.
We imaged cellular movement at high resolution including neuronal growth cones and microglial cell
protrusions. Transgenic ffLuc-cp156 mice enabled video-rate bioluminescence imaging of freely moving
animals, which may provide a reliable assay for drug distribution in behaving animals for pre-clinical

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

In live imaging, fluorescent proteins such as Aequorea GFPs and
GFP-like proteins are widely used [1,2]. Recently, however, chemi-
luminescent proteins have also shown promise as powerful tools
for biological imaging [3-5]. The significant advantages of biolumi-
nescence over fluorescence imaging include a low background sig-
nal, the ability to observe luminescence without excitation light,
and the resultant preservation of delicate subcellular organelles
and structures during long term imaging protocols. However,
because of their weak luminescence, it is difficult to use chemilu-
minescent proteins for optical imaging of cultured living cells or
in freely moving animals. With chemical and genetic modifications
of either proteins or substrates brighter and more diverse colors of
bioluminescent probes continue to be developed [6-9], including
the recently released NanoLuc (Promega). In addition, radiationless
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energy transfer can improve bioluminescent probes, i.e., if a chemi-
luminescent probe has a high emissive rate, its excited-state
energy can be used to induce the emission of an appropriately
positioned fluorescent protein. For example, coupling a green-
emitting variant of Aequorea GFP to the calcium-sensitive photo-
protein aequorin (derived from Aequorea victoria) improves its
light emission properties. This protein, GFP-aequorin, has been
used to perform in vivo bioluminescence imaging of calcium sig-
naling in the brain of Drosophila [10]. Also, a yellow-emitting var-
iant of Aequorea GFP (EYFP) and the Renilla luciferase have been
concatenated to promote energy transfer from luciferase-bound
oxyluciferin to EYFP's chromophore [11]. However, even these
new variants do not approach the temporal resolution needed for
adequate live imaging.

The fusion of a fluorescent protein to a chemiluminescent pro-
tein may cause other effects, such as changes in stability or enzy-
matic activity that could in turn improve photon yield. In this
study, we explored the effect of these modifications by concatenat-
ing firefly luciferase (Luc2, Promega) with a yellow-emitting vari-
ant of Aequorea GFP. The resulting chimeric protein, ffLuc-cp156,
showed greatly improved performance in bioluminescence imag-
ing, allowing us to observe cultured cells and transgenic mice with
a high spatiotemporal resolution over extended periods of time
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without any excitation light. Since the spectrum of Luc2’s emission
does not overlap with the spectrum of Venus's absorption, there
was no radiationless energy transfer between them. However,
the new probe created by the concatenation of Luc2 and the circu-
larly permuted Venus appears to have enhanced stability or enzy-
matic activity.

2. Material and methods
2.1. Construction of ffLuc

To generate the ffLuc construct, we inserted a restriction site
(GAATTC, EcoRI) between variants of Venus and firefly luciferase
(Luc2). The deletion mutant of Venus lacked 11 C-terminal flexible
amino acids; the circularly permuted Venus had been interchanged
and reconnected by a short spacer between the original termini [12].

2.2. Measurement of bioluminescent spectra

The emission spectrum of each ffLuc construct, expressed in
HEK293T cells, was measured using a spectroscopic photometer
(F4500, Hitachi).

2.3. Relative intensities of the ffLuc bioluminescence

Bioluminescent signals of ffLuc-expressing HEK293T cells were
measured by photon counting in a Kronos instrument (ATTO). The
signal intensity was normalized to cell number.

2.4. Bioluminescence imaging of cultured cells expressing ffLuc-cp156

Transfection was performed using Lipofectamine 2000 transfec-
tion reagent; 4 pg of plasmid DNA was used for cells in a 35 mm
glass bottom dish. Transfected Hela cells, microglial cells, or neu-
rons were observed using an inverted microscope (Olympus
[X71) with a 60x objective lens (N.A. 1.45), a 0.5x TV lens, and a
back-illuminated cooled CCD camera (Cascade512B, Roper Scien-
tific). The microglial cells and neurons were prepared from primary
cultures of rat brain. Prior to imaging, luciferin solution (Promega,
Beetle luciferin potassium salt) was added to the culture medium
at a final concentration of 1 mM.

2.5. Animal experiments

The experimental procedures and housing conditions for ani-
mals were approved by the Institute’s Animal Experiments Com-
mittee and all the animals were cared for and treated humanely
in accordance with the Institutional Guidelines for Experiments
using Animals.

2.6. Bioluminescence imaging of mice using a digital camera

A luciferin solution (150 mg/kg) was administered intraperito-
neally to a CAG-ffLuc-cp156 transgenic mouse (5 months old).
Images were taken in a dark room using a common digital camera
(E-330, Olympus) with a 4 s exposure time, 3.5 F value, 1600 1SO
sensitivity, and 29.0 mm focal length.

2.7. Bioluminescence imaging of anesthetized CAG-ffLuc-cp156
transgenic mice

CAG-ffLuc-cp156 transgenic mice were anesthetized with a
mixture of isoflurane and oxygen. The mice received luciferin
(150 mg/kg BW) intravenously, intraperitoneally, or orally. Imme-
diately after luciferin administration, time-lapse or consecutive

bioluminescence imaging was initiated, using the IVIS Imaging
System 100 Series (Xenogen, Alameda, CA).

2.8. Bioluminescence imaging of freely moving CAG-ffLuc-cp156
transgenic mice

Images of moving mice were taken using anin vivo imaging sys-
tem (LumazoneFA, Roper Japan) with a Cascade 512B cooled CCD
camera (Roper Scientific). Three administration methods were at-
tempted. First, luciferin (150 mg/kg) was administered to a mouse
intraperitoneally. Bioluminescent (BL) images were consecutively
collected every 33 ms. Second, luciferin was orally administered
voluntarily, as follows: a mouse was water-restricted for several
hours, then placed in the system along with 1.5% low-melting aga-
rose that contained luciferin (0.75 mg/mL). BL images (500 ms
exposure time) and fluorescent (FL) images (100 ms exposure
time) were acquired in alteration; paired BL/FL images were ac-
quired every 5s. Finally, luciferin was administered percutane-
ously: a mouse with a depilated back was placed in the system,
and vaseline containing 50 mg/g of luciferin powder was applied
to its back BL images (1 s exposure time) and FL images (100 ms
exposure time) were acquired in alternation; paired BL/FL images
were acquired every 5s.

2.9. Visualization of CAG-ffLuc-cp156 embryos in the mother mouse

A wild-type female mouse was crossed with a CAG-ffLuc-cp156
transgenic male mouse (homozygous). The pregnant mouse was
given an intraperitoneal injection of luciferin (150 mg/kg BW); bio-
luminescence and fluorescence images were captured by a cooled
CCD camera (PIXSIS-2048B, Roper Industries) with a lens of
50 mm focal length (EF50 mm, F1.2L USM, Canon). To take the fluo-
rescence images, the mother mouse was illuminated with LEDs at
470 nm (Luxeon K2 LXK2-PB14-Q00, Lumileds), and the fluores-
cence from the sample was detected via a band-pass filter
(ET535/30m, Chroma Technology). :

3. Results and discussion
3.1. Concatenation of Luc2 and Venus to yield ffLuc

A modified North American firefly Photinus pyralis luciferase,
codon-optimized for expression in human cells (Luc2, Promega),
was fused with Venus variants containing either a deletion or a ser-
ies of circular permutations [12] to create ffLuc-del or ffLuc-cps,
respectively (Fig. 1A). After transfection into cultured cells, the bio-
luminescent spectra of the constructs were measured with a spec-
trophotometer. The new ffLuc constructs showed nearly the same
emission spectra, peaking at 620 nm as Luc2 (Fig. 1B). However,
the bioluminescence intensities were higher in cells expressing
ffLuc constructs than in cells expressing Luc2. When quantitated
using a photon-counting device (Kronos, ATTO), cell samples con-
taining ffLuc-cp156 were several times brighter than samples con-
taining Luc2 (Fig. 1C). Normalization to protein expression level
revealed that bioluminescent activity per molecule is similar be-
tween ffLucs and Luc2 (Supplementary Fig. S1 online), but ffLucs
provided reliably brighter signals from both fluorescence and bio-
luminescence. ffLuc-cp156 was used in further studies.

3.2. Visualization of bioluminescence in single cells using ffLluc-cp156

ffLuc-cp156 was transfected into cultured Hela cells. After the
addition of luciferin (1 mM), we observed bioluminescent signals
from single cells using a standard fluorescence microscope system
equipped with an oil-immersion objective lens and a
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Fig. 1. ffLuc constructs. (A) ffLuc was constructed as a fusion of a variant of Venus (a deletion mutant or a circularly permuted variant: cp144, cp156, cp172, and cp194) and
humanized firefly luciferase (Luc2). GAATTC, the restriction site (EcoRl). (B) Bioluminescent spectra of transfected cells. (C) Relative intensities of bioluminescence signals

from cells expressing ffLuc-cp156, ffLuc-del, and Luc2.

back-illuminated EM tip-equipped CCD camera. We first adjusted
the focus on cells using phase contrast (PC) images (Fig. 2A), and
then selected transfected cells using fluorescence images (Fig. 2B).
Next, a 500 ms exposure of the camera yielded a bioluminescence
image wherein individual transfected cells were sufficiently re-
solved (Fig. 2C). When the camera exposure was extended to
5s, the image quality was greatly improved (Fig. 2D). Further-
more, use of ffLuc-cp156 enabled us to capture a series of biolu-
minescence images of actively migrating microglial cells (Fig. 2E;
Supplementary Movie 1 online) and extending growth cones of
rat hippocampal neurons (Fig. 2F; Supplementary Movie 2 online)
over several consecutive hours. Although the exposure time could
be shortened to a few seconds while preserving image quality, we
adopted a 30 s exposure as a standard, in order to limit the total
amount of data collected over long-term imaging experiments.
Bioluminescent signals from cultured cells were sustained for
>2 days after the initial addition of luciferin, demonstrating the

possibility of long-term in vivo observation of cell proliferation
and/or differentiation.

3.3. Strong bioluminescence from CAG-ffLuc-cp156 transgenic mice

To examine the utility of ffLuc-cp156 in living animals, we gen-
erated transgenic mice using a construct that consisted of a CAG
promoter-driven combination cassette bearing a neomycin-coding
sequence sandwiched by two loxP sequences and the ffLuc-cp156
gene (Fig. 3A). We cross-bred the line carrying the reporter gene
(CAG-neo"™™°**_ff yc) with a line ubiquitously expressing Cre
recombinase (CAG-Cre mice) [13], to yield a mouse line ubiqui-
tously producing ffLuc-cp156. When illuminated with blue light,
the CAG-ffLuc-cp156 mice emitted yellow fluorescence. After dis-
section, we investigated the fluorescence of various organs and tis-
sues using a fluorescence stereomicroscope. Fluorescence from
Venus was observed in almost all tissues examined, with the

Fig. 2. Bioluminescence imaging of ffLuc-cp156 at the single-cell level. (A-D) Bioluminescence images of ffLuc-cp156 expressing Hela cells. Images were acquired using an
inverted microscope (Olympus IX71) (A, phase contrast image; B, fluorescence image; C, bioluminescence image with 500 ms camera exposure; D, bioluminescence image
with 55 camera exposure). (E and F) Bioluminescence images of a cultured microglial cell (E) and neuronal growth cones (F, red arrow). Images were acquired with 30 s
camera exposure, Scale bars, 10 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Bioluminescence imaging using the ffLuc-cp156 transgenic mice. (A) Transgene of the ffLuc-cp156 reporter. (B-D) Bioluminescence images of anesthetized CAG-ffLuc-
cp156 transgenic adult mice. (B and C) Luciferin was administered intraperitoneally. Images were acquired using the IVIS system (B) and a common digital camera (C). (D)
Bioluminescence images of an anesthetized CAG-ffLuc-cp156 transgenic mouse that was given luciferin orally. BL, bioluminescence; FL, fluorescence. left-most, fluorescence
image. (E-G) Bioluminescence images of freely moving CAG-ffLuc-cp156 transgenic adult mice acquired using an in vivo imaging system (LumazoneFA, Roper Japan).
Bioluminescent signals are shown in red. (E) Intraperitoneal administration. Images were acquired at video rate (every 33 ms); see also Supplementary Movie 4. (F) Voluntary
oral administration. Camera exposure times for bioluminescence (red) and Venus fluorescence (green) were 500 and 100 ms, respectively; see also Supplementary Movie 5.
(G) Percutaneous administration. Camera exposure times for bioluminescence (red) and Venus fluorescence (green) were 1s and 100 ms, respectively; see also
Supplementary Movie 6. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

exception of spleen and red blood cells (Supplementary Fig. S2
online).

We examined the bioluminescence from an anesthetized
CAG-ffLuc-cp156 transgenic mouse (5 months old) in the dark
box of an IVIS system (Xenogen). Within 1 s after administration
of luciferin (150 mg/kg BW) through the tail vein, extremely strong
bioluminescence arose throughout the body, lasting for >6 h. Even
with the shortest exposure time of the system (500 ms), the biolu-
minescent intensity exceeded the camera’s saturation level. Next,
we performed intraperitoneal administration of luciferin
(150 mg/kg) on another anesthetized mouse (5 months old).
Although rapid and strong bioluminescence developed, we ac-
quired a bioluminescence image within the working range of the
system by placing the mouse as far as possible from the objective
(Fig. 3B). Bioluminescence was visible to the dark-adapted naked
eye, and the image could be acquired using an ordinary digital
camera (E-330, Olympus) (Fig. 3C). Considering the imaging
parameters of IVIS system described in previous reports, these
observations suggested that the overall bioluminescence of the
CAG-ffLuc-cp156 transgenic mouse was over three orders of mag-
nitude brighter than that of transgenic mice that expressed firefly

luciferase (fLuc) under the control of the promoter/enhancer of the
major immediate-early gene of the human cytomegalovirus (CMV-
Luc) [14].

We also monitored the development of bioluminescence after
oral administration of luciferin to an anesthetized mouse. As soon
as a luciferin solution was injected into the mouth, strong biolumi-
nescence was observed from the stomach (Fig. 3D, 0 min). Initially
(<3 min), the stomach and intestine emitted stronger lumines-
cence than other body parts (Fig. 3D, 2 min). Subsequently, other
tissues in the trunk and limbs gradually became bioluminescent
(Fig. 3D, 10 min). The spatiotemporal patterns of the spreading bio-
luminescence are shown in Supplementary Movie 3 online. After
reaching saturation levels, these bioluminescent signals were
detectable for about 6 h.

3.4. Bioluminescence imaging of freely moving CAG-ffLuc-cp156
transgenic mice

Next, we performed bioluminescence imaging experiments
using awake mice. We used the in vivo imaging system
(LumazoneFA, Roper Japan), which allowed much shorter camera
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exposures. After intraperitoneal administration of luciferin
(150 mg/kg BW), we successfully visualized bioluminescence in a
freely moving CAG-ffLuc-cp156 mouse at video-rate (33 ms expo-
sure time) (Fig. 3E; Supplementary Movie 4 online). The biolumi-
nescence from the mouse’s body was bright enough to visibly
illuminate the inside of the box.

We next studied oral administration of luciferin. A thirsty
mouse was placed in a dark box containing wet agarose containing
luciferin. After the mouse chewed the agarose, both sides of the
abdomen began glowing (Fig. 3F; Supplementary Movie 5 online).
Using CMV-Luc, Hiler et al. showed that voluntary drinking of lucif-
erin resulted in a similar spatial pattern of luminescence to that
was achieved by intravenous luciferin administration [15]. In com-
parison to this earlier study, CAG-ffLuc-cp156 mice enabled imme-
diate detection of drinking and analysis of the rapid kinetics of
absorption which may allow its use in drug distribution studies
in awake animals.

Finally, we examined whether we could visualize luciferin
penetration through the skin. Immediately after attachment of a
luciferin-containing Vaseline poultice to the back, the skin started
to emit bioluminescent signals (Fig. 3G; Supplementary Movie 6
online). The luminescent signals appeared first as dots, and then
expanded to cover the whole area of treated skin. These signals re-
mained on the body surface during the observation time period
(~1 h), despite the ubiquitous expression of ffLuc-cp156, suggest-
ing that the luciferin did not penetrate deeper into the body.

It is possible to administer luciferin in different ways to CAG-
ffLuc-cp156 transgenic mice, which ubiquitously express ffLuc-
cp156, in order to observe spatiotemporal patterns in the develop-
ment of bioluminescence, i.e., the build-up of oxyluciferin. We be-
lieve that these approaches will provide reliable readouts of
absorption and infiltration of drugs in conscious animals. Impor-
tant applications would include real-time analysis of uptake and
bioactivatable cleavage of luciferin-transporter conjugates [16]. It
should be noticed that one shot of luciferin (150 mg/kg BW) caused
intense and long-lasting (>4 h) bioluminescent signals. Further-
more, the CAG-ffLuc-cp156 mice were tolerant to repeated biolu-
minescence imaging experiments; one mouse continued to look
healthy after being subjected to three consecutive experiments
over a few days. It is thus unlikely that high levels of biophotonic
activity have grave, negative effects on animal physiology [17].

3.5. Labeling CAG-ffLuc-cp156 embryos in pregnant mice

The strong bioluminescence from ffluc-cp156 in transgenic
mouse embryos in utero could be detected outside their mother's
body. We crossed a wild-type female mouse with a CAG-ffLuc-
cp156 transgenic male mouse carrying two copies of the ffLuc-
cp156 gene. Luciferin was administered intraperitoneally (150 mg/
kg BW) to the mother mouse at a late stage of pregnancy. The hetero-
zygous embryos could be clearly identified as discrete objects with
low background in bioluminescence images, although individual
embryos were not fully resolved (Fig. 4, BL). By contrast, these em-
bryos were not identifiable in fluorescence images (Fig. 4, FL). Thus,
our bioluminescence imaging system can be used to non-invasively
monitor gestation states.

3.6. Neuronal stem/precursor cells from CAG-ffLuc-cp156 transgenic
mice

We investigated whether bright cell populations could be ob-
tained from CAG-ffLuc-cp156 transgenic mice. We prepared neuro-
nal stem/precursor cells (NS/PCs) from CAG-ffLuc-cp156 transgenic
mice according to established methods [18] and counted photons
per second (photon/s) emitted from cultured cells using the IVIS
system. The photon/s measurements increased linearly with the

low

Fig. 4. Bioluminescence imaging of embryos in a pregnant mouse. Bioluminescent
(BL) and fluorescent (FL) images of a pregnant wild-type mouse carrying CAG-ffLuc
transgenic embryos.

number of cells (Supplementary Fig. S3A online); 1 x 10* cells
yielded approximately 1 x 107 photon/s. As a comparison, we per-
formed the same NS/PC preparation and quantification using the
widely-used transgenic mouse line, CMV-Luc, in which fLuc is ex-
pressed ubiquitously [15]; in this case, 1 x 10* cells from CMV-Luc
mice produced only 7 x 10* photon/s (Supplementary Fig. S3B on-
line). Thus, NS/PCs from CAG-ffLuc-cp156 mice produce >10,000
times more photons per unit time than those from CMV-Luc mice.

NS/PCs can be maintained in vitro as cell aggregates, called
neurospheres that can be used for cell transplantation experiments
and therapies. To assay the utility of bioluminescence in a trans-
plantation preparation, we prepared neurospheres from
CAG-ffLuc-cp156 mice and verified the even distribution of Venus
fluorescence in each sphere (Supplementary Fig. S4A online). We
then transplanted the cells into the injured spinal cord of a wild-
type mouse. In situ survival of the labeled cells was verified by
bioluminescence imaging 1 and 2 weeks after transplantation
(Supplementary Fig. S4B and C online).

3.7. Visualization of the neural crest lineage-specific expression of
ffLuc-cp156

Via genetic manipulation, it is possible to express ffLuc-cp156 in
specific cell-types or tissues. To visualize the neural crest-derived
cells, the ffLuc-cp156 reporter mice were crossed with transgenic
mice expressing Cre recombinase under the control of either the
Wntl promoter/enhancer [19] or the PO promoter [20] to
yield Wnt1/ffLuc-cp156 (Supplementary Fig. S5A online) and
PO/ffLuc-cp156 (Supplementary Fig. S5B online), respectively. After
intraperitoneal administration of luciferin (150 mg/kg BW), biolu-
minescent signals were observed exclusively in the neural crest-
derived cells of neonatal mice, mostly in the cephalic region,
reflecting the endogenous gene expression of pattern of Wntl
and PO genes [21]. These results highlight the effectiveness of
ffLuc-cp156 reporter mice for imaging specific cell populations in
intact awake animals that may be bred with different Cre trans-
genic mouse lines to achieve cell type, tissue-specific visualization
of bioluminescence and fluorescence.
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Background: Enteric neural crest cells (ENCCs) were labeled with VENUS, an enhanced green

]I;/hgratlon : " fluoroscein protein, to record their migration in genetically engineered transgenic (SOX10-VENUS) mice.
sgt;(r}l% nervous sys em, Materials and Methods: Pregnant SOX10-VENUS mice were killed on day 12.5 of gestation. The

colorectum was excised from each embryo (n = 20) and placed in tissue culture medium. Time-lapse
images captured using fluorescence microscopy at 10-minute intervals for 3000 minutes were compiled
into a video to display ENCC migration.

Results: At 0 minutes, VENUS* ENCC were observed to be clustered in the cecum and proximal colon
(vagal ENCC), and similar cells were also seen in the rectum/sacrum (sacral ENCC). After 500 minutes,
vagal VENUS™ ENCC had migrated caudally from the proximal colon to the midcolon, reaching the distal
colon after 800 minutes. Sacral VENUS™ ENCC had migrated rostrally and transversely by 1250 minutes
and had integrated with vagal ENCC by 2500 minutes.

Conclusion: We recorded the actual rostral-to-caudal migration of vagal ENCC, caudal-to-rostral
migration of sacral ENCC, and their integration in the developing mouse hindgut. Such direct evidence of
ENCC migration may further elucidate understanding of ENCC development, thus providing insight into
the histopathology of bowel dysmotility disorders.

© 2011 Elsevier Inc. All rights reserved.
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The enteric nervous system (ENS) is established by the
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migration of enteric neural crest cells (ENCCs) along the
gastrointestinal tract. Normal ENS innervation requires
enteric neurons and glial cells derived from the neural crest
to undergo extensive migration, proliferation, differentiation,
and survive. Several studies have shown there is rostral-to-
caudal migration of vagal ENCC that eventually colonize the
entire gut [1,2]. The presence of sacral ENCC has also been
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described [2-4], but their development and behavior have yet
to be fully elucidated.

Recently, we created genetically engineered transgenic
(SOX10-VENUS Tg) mice to visualize the behavior of
migrating neural crest cells using time-lapse imaging of
embryonic hindgut in organ culture to detect ENCC labeled
with an enhanced green fluoroscein protein, VENUS [5].
This study was designed to further investigate the develop-
ment of the ENS in our novel mouse model (SOX10-
VENUS Tg).

1. Materials and methods

1.1. Animals

We raised a SOX10 Tg mouse line according to a protocol
described by Shibata et al [5] to visualize neural crest lineage
cells with VENUS (i.e., SOX10-VENUS Tg) mice. The
genotype of mice and fetuses was determined by using a
polymerase chain reaction protocol described elsewhere. The
day a vaginal plug was detected was classified as embryonic
day 0.5 (E0.5). SOX10-VENUS Tg VENUS positive
(VENUS™) pregnant mice were killed on E12.5 or E14.5
by cervical dislocation. All animal procedures were reviewed
and approved by the Juntendo University School of
Medicine Animal Care and Use Committee (Institutional
Review Board No. 230033).

1.2. Time-lapse imaging

Time-lapse imaging was performed as described else-
where [6]. Briefly, each colon/rectum from embryos (n =
20) obtained from pregnant SOX10-VENUS Tg mice was
placed in DMEM/F12 tissue culture medium (Gibco, Grand
Island, NY), and images were taken at 10- to 20-minute
intervals. Long-term time-lapse imaging, up to 50 hours,
was performed with a BZ9000 fluorescence microscope
(Keyence, Osaka, Japan), and short-term time lapse

imaging, up to 12 hours, was performed with an LSM
510 laser-scanning microscope (ZEISS, Jena, Germany).
The images were formatted into a video to allow actual
ENCC migration to be observed.

1.3. Whole-mount preparation

Whole-mount tissue was fixed with 4% paraformalde-
hyde for 1 hour. After washing in phosphate buffered saline
(PBS), the tissue was blocked with 3% goat serum-0.1%
Triton X-100 in PBS for 30 minutes, then incubated with
rabbit polyclonal anti-protein gene product (PGP9.5)
(1:1000; Biomol International, Plymouth Meeting, Pa)
overnight at 4°C. After washing with PBS, the tissue was
incubated for 30 minutes at room temperature with Alexa
Fluor594-goat anti-rabbit IgG (1:300; Molecular Probes,
Eugene, Ore). Immunofluorescence was detected with an
LSM510 laser scanning microscope.

2. Results
2.1. General migratory behavior within the gut

We observed the migration of VENUS* ENCC in the gut
from E12.5. At 0 minutes, VENUS* ENCCs were observed
to be clustered in the cecum and proximal colon (vagal
ENCC); similar cells were also seen in the terminal portion
of the hindgut (sacral ENCC) (Fig. 1A). After 500 minutes,
vagal VENUS* ENCC had migrated caudally from the
proximal colon to the midcolon and had reached the distal
colon after 800 minutes (Fig. 1B). Sacral VENUS* ENCC
had migrated rostrally by 1250 minutes (Fig. 1C) and had
integrated with vagal ENCC by 2500 minutes (Fig. 1D).

2.2. Migratory behavior of sacral ENCC

To further investigate the migratory behavior of sacral
VENUS* ENCC, we observed the terminal portion of
the hindgut from E14.5 using laser scanning microscopy

Fig.1 Migration of VENUS" ENCC in E12.5 hindgut over time. At 1250 minutes, vagal and sacral ENCCs are still separate, but by 2500
minutes, sacral ENCC have migrated rostrally and have integrated with vagal ENCC: (A) 0 minutes, (B) 800 minutes, (C) 1250 minutes, and
(D) 2500 minutes. Ce indicates cecum; arrowhead, indicates sacral ENCC (original magnification, x5).
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Fig. 2  Sacral ENCC migration in E14.5 distal hindgut at two different times: (A) 0 minutes and (B) 760 minutes. Asterisks indicate sacral
ENCC; arrow, sacral ENCC migrating rostrally; arrowheads, sacral ENCC migrating transversely. Scale bars = 300 um. (C) Diagram of
transverse sacral ENCC migration in E14.5 distal hindgut. Asterisks indicate sacral ENCC: (a) rostral migration and (b) transverse migration.

(Fig. 2A). Sacral VENUS* ENCC, initially located
proximally started to migrate transversely after 140 minutes,
had migrated rostrally after 360 minutes and integrated with
vagal ENCC after 560 minutes. Finally, distal sacral
VENUS* ENCCs were observed to migrate transversely
after 760 minutes (Fig. 2B and 2C).

23 Expression of PGP9.5 in sacral ENCC

To examine whether migrating sacral ENCCs include
neuron and glial cells, we performed immunofluorescence
using PGP9.5 on tissue taken from the terminal portion of the

hindgut on E14.5 after time-lapse images were taken to show
if neurons were present. Sacral ENCCs were PGP9.5 positive
indicating the presence of both neuron and glial cells (Fig. 3).

3. Discussion

Druckenbrod and Epstein described two ENCC popula-
tions, vagal and sacral, a small number of strands from the
pelvic primordium that extend rostrally just before the vagal
crest cells arrive that merge with ENCC from the vagal crest
[4]. Recently, several studies have delineated the dynamic
behavior of ENCC migration in mouse gut organ culture

Fig. 3  Colocalization of SOX 10 VENUS expression with neural and glial cells. (A) PGP9.5 immunostaining (red) and VENUS™ ENCC
(green) of the distal hindgut on E14.5. Scale bar = 100 um. (B) The inset from Fig. 3A under higher magnification showing SOX10. (C) The
inset from Fig. 3A under higher magnification showing PGP9.5. (D) The inset from Fig. 3A under higher magnification showing both SOX10

and PGP9.5 merged. Scale bars = 100 um.
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using time-lapse imaging [4, 6, 7]. They show that normal
ENS are derived from vagal and sacral ENCC populations,
regulated by various genes. Our present study shows there is
rostral-to-caudal migration of vagal ENCC and caudal-to-
rostral migration of sacral ENCC, followed by their
integration in the developing mouse hindgut.

Essentially, our findings support other reported results,
but we were also able to show that there appears to be
transverse migration of the lower (distal) portion of sacral
ENCC that governs the distal portion of the hindgut after
merger of vagal ENCC with upper (proximal) portion of
sacral ENCC.

To distinguish between neurons and glial cells in sacral
ENCC, we used PGP9.5 antibody as a neuronal marker.
SOXI10 is known to mainly express glial cell lineage, and
both SOX 10 and PGP9.5 expression were observed in sacral
ENCC. Thus, our results suggest that both neurons and glial
cells are present in migrating sacral ENCC, an indication that
sacral ENCCs govern the development of the distal portion
of normal hindgut.

Hirschsprung’s disease (HD) is characterized by failure
of neural crest cell migration in the gut that results in
absence of enteric ganglia. Mutations in several genes have
been isolated as possible primary causes of HD [8-10].
Here, we provide actual evidence of the complex molecular
mechanism that governs ENCC migration, proliferation,
and differentiation that could easily be disrupted by
mutations [9-12] thus leaving an area of gut aganglionic,
as in the colon in HD. SOX10 is also known to play an
essential role in ENS development and mutations of SOX10
result in Waardenburg-Hirschsprung disease [12,13]. Re-
cently, we developed a HD model mouse, by mating
SOX10-VENUS Tg mouse used in the present study with
endothelin receptor B deleted HD mouse, whose intestinal
neural crest-derived cells can be visualized with VENUS
[14]. In a previous study using our HD model mouse, we
reported that there was an absence of a grid network of glial
cells/nerve fibers and more extrinsic nerve fibers running
externally along the colorectal wall in aganglionic colon
from these mice when compared with control mice.
However, it has also been reported that SOX10 expression
was detected in hypertrophic nerve trunks in muscle and
extrinsic nerves in serosa from aganglionic colon in patients
with HD, and it is known that aganglionic colon is often
inervated by a network of hypertrophic nerve fibers
originating from sacral ENCC [13]. In addition, the
development of aganglionosis would also seem to be highly
dependent on the gut environment, as reported by a recent
study where mice with neural crest cells with a specific
deletion of endothelin receptor B were used to demonstrate
there are age-dependent changes in the gut environment
[15]. Thus, the etiology of abnormal innervation in HD is
still unclear.

We were able to record the actual rostral-to-caudal
migration of vagal ENCC, caudal-to-rostral migration of
sacral ENCC, and their integration in the developing mouse

hindgut. Further research similar to this study using time-
lapse imaging of embryonic mouse gut in organ culture may
provide more direct evidence about how abnormal innerva-
tion in aganglionic colon in HD develops from disrupted
ENCC migration and integration.
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Abstract

of the OE for neurogenesis and regeneration.

Sox10, chick embryo

Background: The olfactory epithelium (OE) has a unique capacity for continuous neurogenesis, extending axons to
the olfactory bulb with the assistance of olfactory ensheathing cells (OECs). The OF and OECs have been believed
to develop solely from the olfactory placode, while the neural crest (NC) cells have been believed to contribute
only the underlying structural elements of the olfactory system. In order to further elucidate the role of NC cells

in olfactory development, we examined the olfactory system in the transgenic mice Wnt1-Cre/Floxed-EGFP and
PO-Cre/Floxed-EGFP, in which migrating NC cells and its descendents permanently express GFP, and conducted
transposon-mediated cell lineage tracing studies in chick embryos.

Results: Examination of these transgenic mice revealed GFP-positive cells in the OE, demonstrating that NC-
derived cells give rise to OE cells with morphologic and antigenic properties identical to placode-derived cells.
OECs were also positive for GFP, confirming their NC origin. Cell lineage tracing studies performed in chick
embryos confirmed the migration of NC cells into the OE. Furthermore, spheres cultured from the dissociated cells
of the olfactory mucosa demonstrated self-renewal and trilineage differentiation capacities (neurons, glial cells, and
myofibroblasts), demonstrating the presence of NC progenitors in the olfactory mucosa.

Conclusion: Our data demonstrates that the NC plays a larger role in the development of the olfactory system
than previously believed, and suggests that NC-derived cells may in part be responsible for the remarkable capacity

Keywords: neural crest, olfactory placode, olfactory ensheathing cell, neural crest progenitor cell, PO-Cre, Wnt1-Cre,

Background

The sensory organs of the vertebrate head derive from
two embryological structures, the sensory placodes and
the cranial neural crest (NC), which arise from the bor-
der between neural and non-neural ectoderms on the
lateral edge of the neural plate and contribute to the
formation of the peripheral sensory nervous system in
an intricate relationship during cranial development.
Placodes are discrete areas of thickened non-neural
epithelium that form in characteristic positions in the
head of vertebrate embryos and give rise to the paired
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sensory organs, including the olfactory system. The NC
is a multipotent population of migratory cells unique to
the vertebrate embryo that delaminate from the neural
epithelium and migrate throughout the embryo to give
rise to a wide variety of cell types [1,2].

The olfactory organ has been shown to arise from a
combination of the olfactory placode and cranial NC
cells, with the olfactory placode giving rise to the
olfactory sensory neurons and supporting cells of the
olfactory epithelium (OE) [3-5], and the NC contribut-
ing to the structural elements of the nose. The role of
the olfactory placode in olfactory development was
first experimentally demonstrated in the early twentieth
century when resection of the olfactory placode in
amphibians was shown to disrupt the development of

© 2011 Katoh et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License {http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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the olfactory bulb [6]. Cell labeling and olfactory
placode ablation experiments later verified that the OE
develops from the olfactory placode. However it is
important to note that many of these analyses were con-
ducted in developmental stages after olfactory placode
formation, and thus after anterior migration of the cra-
nial NC cells. By the time that the placode has formed,
NC cells contributing to the frontal mass have migrated
anteriorly and are intimately associated with the
olfactory placode. Any manipulations conducted to the
olfactory placode at this stage will also affect the under-
lying NC cells that play an important role in olfactory
development. The importance of NC cells in the devel-
opment of the olfactory system was demonstrated in
rSey rats with a mutation in the Pax6 gene in which
impaired migration of midbrain crest cells into the fron-
tonasal mass led to the loss of the nasal placode [7], and
retinoic acid signaling from NC cells was found to be
necessary for olfactory placode development [8]. The
convergence of placode and NC cells in the embryo to
give rise to the olfactory organ has made uncovering the
developmental origins of the olfactory components very
complicated.

However with the advancement of transgenic animal
techniques, it has become possible to permanently label
early presumptive NC cells and all subsequent progeny
by using a double transgenic system. The first compo-
nent is a transgene expressing Cre recombinase driven
by promoters/enhancers of either Wntl or myelin pro-
tein zero (P0). The Wntl gene is expressed specifically
in the neural plate, in the dorsal neural tube, and in the
early migratory NC population. In NC cells, Wntl
expression in extinguished as the cells migrate away
from the neural tube, and is not expressed at any other
time or place [9]. The PO glycoprotein is a cell adhesion
molecule that constitutes the myelin sheaths in the per-
ipheral nervous system [10,11], and its mRNA has been
demonstrated to be expressed in a subpopulation of NC
cells after detachment from the neuroepithelium [12,13].
The second component is a reporter gene that is
expressed only upon Cre-mediated recombination [14].
By observing the olfactory system in these transgenic
mice, we were able to distinguish between NC-derived
and olfactory placode-derived components, thus identi-
fying the tissue origins of the olfactory organ.

In order to confirm the findings observed in the
transgenic mice, we conducted cell tracing studies of
NC cells in chick embryos. The in ovo electroporation
in chick embryos has widely been used as a powerful
tool to study roles of genes during embryogenesis. How-
ever, the conventional electroporation technique fails to
retain the expression of transgenes for more than sev-
eral days because transgenes are not integrated into the
genome. To overcome this shortcoming, we utilized a
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transposon-mediated gene transfer method [15] and
were able to observe reporter gene expression until
embryonic day 13.

Examination of the olfactory system in the transgenic
mice and chick embryos have revealed that NC-derived
cells play a significantly larger role in olfactory develop-
ment than was previously believed. Here, we demon-
strate that NC-derived cells are present in both
embryonic and postnatal OE with morphology and anti-
genic profiles that are indistinguishable from placode-
derived epithelial cells, and confirm that olfactory
ensheathing cells (OECs), another type of cell believed
to arise from the olfactory placode [5,16,17], are also of
NC lineage. We also show through the culture of
olfactory mucosa-derived spheres the presence of NC
progenitor cells, suggesting that NC-derived cells may in
part be responsible for the remarkable capacity of the
OE for neurogenesis and regeneration.

Results

Neural crest-derived cells in the olfactory epithelium
Transgenic mice harboring a Cre recombinase gene dri-
ven by promoters of either Wntl or PO were crossed
with the floxed CAG-EGFP reporter mice, generating
the double transgenic mice Wntl-Cre/Floxed-EGFP
[18-20] and PO-Cre/Floxed-EGFP [21] in which cells of
the NC lineage are indelibly tagged with EGFP. In both
transgenic mice, GFP" cells were found in tissues
known to contain NC-derived cells such as the dorsal
root ganglia, sympathetic nerve ganglia, enteric nervous
system, and outflow tract of the heart, and also in the
stroma of various tissues including bone marrow,
cornea, and kidney, confirming the effective and specific
marking of the NC lineage as demonstrated in our pre-
vious studies [22-25].

The classic behavior of NC cells is to delaminate from
the neural tube early in embryogenesis and directly
migrate to the target tissue, where they immediately
begin to differentiate into the target-appropriate cell
types. We therefore examined Wntl-Cre/Floxed-EGFP
and PO-Cre/Floxed-EGFP embryos to observe the
migration of NC cells into the OE. At E10.5, the olfac-
tory placode begins to invaginate in a process that leads
to the formation of the olfactory pit. In both transgenic
mice at E10.5, the developing OE at this stage is mostly
negative for GFP while the underlying fibronectin®
mesenchyme contains numerous GFP™ cells, supporting
the fact that the OF mainly develops from the olfactory
placode and that NC cells are present in the frontonasal
mesenchyme at this stage. From E11.5, the presence of
GFP” cells in the OE is observed in both Wntl-Cre/
Floxed-EGFP (Figures 1a and 1b) and P0-Cre/Floxed-
EGFP mice (Figures 1lc and 1d), suggesting that
NC-derived cells give rise to cells of the OE. GFP™ cells
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Figure 1 Neural crest-derived cells in the embryonic olfactory epithelium. a-d, Confocal images of direct GFP fluorescence and anti-Sox10
immunostaining in the olfactory epithelium of E12.5 (a) and E14.5 (b) Wnt1-Cre/Floxed-EGFP mice and E12.5 (¢) and E14.5 (d) PO-Cre/Floxed-
EGFP mice reveal the presence of neural crest-derived cells in the olfactory epithelium. e, Confocal images of direct Venus fluorescence and anti-
Sox10 immunostaining in the olfactory epithelium of E14.5 Sox10-Venus mice confirm the presence of neural crest-derived cells in the olfactory
epithelium. Asterisks indicate the nasal cavity. Scale bars: (a, b, d) 20 um, (c, &) 50 um.
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are found sporadically in the OE at first, and gradually
increase in the embryonic epithelium until the late
embryonic stage in both transgenic mice. These GFP*
cells are not found uniformly throughout the OE, but
rather in clusters of GFP" cells that span the epithelium.

In order to rule out ectopic expression of Wntl or PO
in the embryonic stage, we performed anti-Wntl and
anti-PO immunostaining in E10.5 and E14.5 mouse
embryos. Although limited expression of both Wntl and
PO was observed in the mesenchyme, their expression
was not observed in the developing epithelium, confirm-
ing that the GFP expression observed in the OE of
Wntl-Cre/Floxed-EGFP and P0-Cre/Floxed-EGFP mice
is due to Cre-mediated recombination during ontogeny
of NC cells rather than ectopic Cre expression in the
epithelium. We also verified Cre-mediated recombina-
tion in GFP* cells by conducting PCR of GFP™ cells
collected from the olfactory mucosa through flow cyto-
metry (Additional File 1) and confirmed the absence of
GFP" cells in the OE of the reporter gene single trans-
genic mouse.

Since the transcription factor Sox10 is expressed in
migrating NC cells and is essential for the develop-
ment and differentiation of various NC-derived cell
types, Sox10 immuno-reactivity is regarded as a classi-
cal NC marker. We performed immunohistochemistry
for Sox10 and confirmed the expression of Sox10 in
the nuclei of GFP™ cells in the OE of E14.5 Wnt1-Cre/
Floxed-EGFP (Figure 1b) and PO-Cre/Floxed-EGFP
(Figure 1d) embryos. However, not all GFP* cells had
Sox10" nuclei, and Sox10 immuno-reactivity was not
observed in the OE until E13.5, suggesting that the
GFP* cells of the transgenic mice and Sox10" cells
may be partially overlapping but different subpopula-
tions of NC-derived cells.

In order to further elucidate the movement of Sox10"
cells into the OE and to verify the presence of NC-
derived cells in the OE, we examined the embryonic OE
in another transgenic mouse line, the Sox10-Venus BAC
transgenic mouse (S0x10-Venus). In Sox10-Venus mice,
Venus fluorescence faithfully mirrors endogenous Sox10
expression, with transient fluorescence observed in
developing NC-derived tissues such as the dorsal root
ganglia, melanoblasts, and Schwann cells [26]. The
intensity of Venus fluorescence makes it possible to
identify Sox10 expression at the single cell level. At
E11.5, in which GFP™ cells begin to appear in the OE of
Wntl-Cre/Floxed-EGFP and P0-Cre/Floxed-EGFP mice,
Venus® cells are observed in the cranial mesenchyme
but not in the OF of Sox10-Venus mice. As develop-
ment progresses these Venus® cells migrate in the
mesenchyme in a caudal to rostral direction and arrive
in the nasal mesenchyme by E12.5. Venus® cells are
found in the OE of Sox10-Venus mice by E13.5, and
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anti-Sox10 immunohistochemistry verifies the expres-
sion of the Sox10 protein in these Venus® OE cells
(Figure 1e). The migration of Venus® cells from the
lamina propria into the OE of Sox10-Venus mice veri-
fies the results obtained by anti-Sox10 immnohisto-
chemistry performed on Wntl-Cre/Floxed-EGFP and
PO-Cre/Floxed-EGFP mice, in which Sox10" cells are
observed only in the lamina propria at E12.5, and appear
in the OE by E13.5. All Sox10" cells in Wntl-Cre/
Floxed-EGFP and PO-Cre/Floxed-EGFP mice were also
positive for GFP, suggesting that Sox10” NC-derived
cells are a subset of the GFP™ NC-derived cells identi-
fied by GFP expression in Wntl-Cre/Floxed-EGFP and
PO-Cre/Floxed-EGFP mice.

Cell tracing studies in chick embryos

In order to confirm our observations in transgenic mice,
we conducted cell tracing studies of NC cells in chick
embryos to verify their migration into the OE. The
chick has been used as a model system to study verte-
brate development mainly due to the ease of manipulat-
ing the embryo, and the research of NC cells has been
extensively conducted with chick-quail chimeras [27,28].
However, surgical ablation or transplantation of the
neural fold or neural tube before onset of NC cell
migration would be technically demanding and often
incurs collateral damage to adjacent tissue, requiring
careful consideration when interpreting the results.
Furthermore, since NC cells are required for olfactory
placode development [7,8], we elected to perform label-
ling and tracing of the NC cells and not ablation or
transplantation procedures that may lead to the defor-
mation or absence of the olfactory organ. We intro-
duced a reporter gene into the embryo by in ovo
electroporation, using the Tol2 transposon system that
allows for continual expression of the reporter gene
until late developmental stages.

A plasmid DNA containing the transposase cDNA
under the control of a ubiquitous promoter (CAGGS)
and a transposon-donor plasmid DNA containing a Tol2
construct with the CAG promoter and the gene encoding
GFP [29] were introduced into the anterior neural fold of
Hamburger and Hamilton stage 8 chick embryos by elec-
troporation (Figure 2a) [15,30]. Initial GFP fluorescence
was observed by post-electroporation (PE) 3 - 4 hours,
and the migration of the labelled GFP* cells from the
neural tube was observed by PE 6 hours. The anterior
migration of the GFP" cells was observed at PE 24 hours,
and GFP™ cells were observed in the frontonasal and
periocular areas by PE 48 hours (Figure 2b). The time
frame and migration pathway of the labelled cells
strongly suggest the successful labelling of the NC cells.
To confirm that the migrating cells are NC cells, embryos
were processed for immunohistochemistry and stained
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Figure 2 Cell tracing study of neural crest cells in chick embryos. a, Experimental schema for cell tracing of neural crest cells in the chicken
embryo. Constructs were electroporated into the neural fold of stage 8 embryos at the midbrain and anterior hindbrain level before neural crest
cells delaminate from the neural tube. b, Stereoscopic images of GFP fluorescence observed in the in ovo chick embryo at 6, 24, and 48 hours
after introduction of GFP by electroporation into the neural fold. ¢-f, Confocal images of direct GFP fluorescence and immunostaining of HNK1
in the chick embryos at 6 hours (c, d) and 48 hours (e, f) after electroporation. The asterisks in ¢ indicate the neural tube, while the arrowheads
in ¢ and e indicate the double positive cells magnified in d and f, respectively. g,h; Confocal images of direct GFP fluorescence in the olfactory
mucosa of chick embryos at 13 days after electroporation. The boxes in g indicate the area magnified in h. Anti-fibronectin staining demarcates
the mesenchyme of the olfactory mucosa and demonstrates the presence of a GFP* neural crest cell in the olfactory epithelium. The asterisks in
h indicate the nasal cavity. Nuclei were counterstained with Hoechst. Scale bars: (c, € 100 um, (d, f, h) 20 um, and (g) 200 pm.
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with the HNK-1 antibody, which recognizes a carbohy-
drate moiety that is present on the surface of migrating
avian NC cells and is regarded to be a marker for avian
NC cells [31]. At PE 6 hours, the area of the neural tube
in which the DNA was introduced is GFP*, and GFP*
cells are observed delaminating in streams ventrally and
laterally from the dorsal tube between the neural tube
and the overlying ectoderm in a course that is typical of
NC cells (Figure 2c). At PE 48 hours, GFP* cells are
observed in the frontonasal mesenchyme (Figure 2e).
Immunohistochemistry for HNK-1 confirmed that the
GFP” cells were also positive for HNK-1 in both PE 6
and 48 hour-sections (Figures 2d and 2f), demonstrating
the successful labelling of the NC cells. The embryos
were then allowed to sufficiently develop in ovo, and
were sectioned for histology. At PE 13 days, a limited
number of GFP" cells were found in the OE, confirming
that NC cells also give rise to cells in the embryonic
chick OE (Figures 2g and 2h).

Identity of neural crest-derived cells in the olfactory
epithelium

Since the observations from the transgenic mice and
chick cell tracing studies revealed the presence of NC-
derived cells in the OE, we performed immunohisto-
chemistry to examine which cell types of the OE are
produced by the NC. In this experiment, we performed
the identification of specific epithelial cell types in post-
natal animals because the identification of epithelial
cells based upon their location within the OE becomes
more apparent, and also to allow for complete differen-
tiation and antigenic maturation since markers for hori-
zonatal basal cells (HBCs) are not observed in the
embryonic period.

The postnatal OE is a pseudostratified columnar
epithelium overlying the lamina propria and is com-
posed of five basic cell types that can be distinguished
on morphological, biochemical, and antigenic character-
istics. Deep in the epithelium are HBCs and globose
basal cells (GBCs) that are regarded as the transit ampli-
fying progenitors of the OE [32,33]. Aligned on the sur-
face are sustentacular (SUS) cells with thin cytoplasmic
projections that terminate at the basal lamina. Olfactory
receptor neurons (ORNs) are situated in an intermediate
zone between these basal and apical layers, and make up
the bulk of the epithelium. The remaining cell type is
the Bowman’s gland/duct complex that extends from
the glands in the lamina propria to the ducts within the
epithelium, which carry the secretions to the apical
epithelial surface.

The GFP* NC-derived cells in the postnatal OE of
Wntl-Cre/Floxed-EGFP and P0-Cre/Floxed-EGFP mice
had morphologies compatible with cells normally consti-
tuting the epithelium, and we conducted
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immunohistochemical staining for specific markers of
OE cells to verify their identities. GFP” cells lining the
basement membrane of the OE were mostly ICAM1*
HBCs (Figures 3a and 3d). Among the GFP” cells in the
basal layer, a limited number of Mashl™ GBCs (Figure
3¢) were identified. The GFP* cells spanning the OF
were CK18% SUS cells and some Bowman’s gland/ducts
(Figures 3b and 3e). In both strains however, GFP*
ORNSs were not observed.

While the GFP” cells in the embryonic Wntl1-Cre/
Floxed-EGFP and PO-Cre/Floxed-EGFP OE were distrib-
uted in clusters, this distribution was more apparent in
postnatal animals. Clusters of GFP" cells including both
basal and apical cells were sporadically observed, along
with large areas of the OE with no apparent GFP* cells.
GFP* HBCs and GBCs were observed along with SUS
cells and Bowman’s gland/ducts, suggesting that these
transient progenitors gave rise to the SUS cells situated
directly apical to their position (Figure 3).

Considering the accepted proliferation and differentia-
tion process of the OE in which epithelial cells are
replenished by transit amplifying progenitors in the
basal aspect of the epithelium, we could not explain the
absence of GFP™ ORN:S. It is possible that NC-derived
cells were responsible for the replenishment/regenera-
tion of non-neuronal cells, or that the silencing of the
CAG promoter occurred in the olfactory neuronal-line-
age cells. We therefore created another double trans-
genic mouse line by crossing PO-Cre mice with mice
carrying the ROSA26 conditional reporter transgene,
thereby generating mice in which NC-derived cells are
labeled with B-galactosidase (P0-Cre/Floxed-LacZ).
Observation of the OE in PO-Cre/Floxed-LacZ mice
revealed B-galactosidase expression in a subset of ORNs
(Figure 3f) and also in HBCs (Figure 3g), SUS cells, and
Bowman'’s gland/ducts. These results demonstrated that
NC-derived cells have the capability to differentiate into
all cell types of the OE.

Olfactory ensheathing cells are derived

from the neural crest

The primary olfactory pathway consists of ORNs in the
OE whose axons project through the cribriform plate to
synapse with cells in the olfactory bulb in the central ner-
vous system (CNS). Along the course of the nonmyeli-
nated olfactory nerves, they are accompanied by OECs
that ensheath and compartmentalize the small olfactory
axons into fascicles [34]. OECs have a unique property
that allows regenerating olfactory nerves to cross the per-
ipheral/central nerve threshold and have thus been attract-
ing interest as a potential source for transplantation to
treat CNS ailments. While OECs were believed to be
derived solely from the olfactory placode based on past
observational studies [5,16,17], OECs display several
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Wnt1-Cre / Floxed-EGFP

PO-Cre / Floxed-EGFP

PO-Cre / Floxed-LacZ

Figure 3 Identification of neural crest-derived cells in the olfactory epithelium. Confocal images of the olfactory epithelium in Wnt1-Cre/
Floxed-EGFP (a, b) and PO-Cre/Floxed-EGFP (c-e) mice stained for the indicated markers reveal the presence of neural crest-derived ICAM1*
HBCs, Mash1™ GBCs, and CK18™ SUS cells in the olfactory epithelium. All images of GFP are direct fluorescence observed in postnatal 4-week
mice, except for the Mash1 staining in ¢ that was observed in postnatal 2-day mice and required anti-GFP immunostaining after antigen retrieval
procedures. OMP* ORNs () and ICAM1* HBCs (g) were observed in 4 week-old PO-Cre/Floxed-LacZ (f, g) mice. Nuclei were counterstained with
Hoechst. Arrows in b and e indicate CK18™ ducts of Bowman's glands and asterisks indicate the nasal cavity. Scale bars: 50 um.
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characteristics that suggest a NC origin. OECs are periph-
eral glia and share multiple characteristics with Schwann
cells [17]. All other peripheral glia, including Schwann
cells, satellite cells, enteric glia [27], and acoustic glia [35]
develop from the NC. Furthermore, OECs express p75, a
NC marker expressed in all other peripheral glia.

To verify that OECs are derived from the NC, the
olfactory mucosa of Wntl-Cre/Floxed-EGFP mice was
examined for GFP expression. PO-Cre/Floxed-EGFP
mice were not used to study OECs since adult OECs
have been shown to express the PO protein in situ [13],
but we have also confirmed that OECs are GFP” in
PO-Cre/Floxed-EGFP mice (data not shown). In Wntl-
Cre/Floxed-EGFP mice, GFP" cells were found in areas
known to be populated by OECs: surrounding axons in
the olfactory nerve fascicles of the lamina propria
(Figure 4b), accompanying olfactory nerve axons
through the cribriform plate (white arrows in Figures 4a
and 4c), and in the outer layer of the olfactory bulb
(white arrowheads in Figures 4a and 4c). These GFP*
cells were positive for OEC markers p75 (Figure 4d),
GFAP (Figure 4e), and S100B (Figure 4f), indicating that
these NC-derived cells are OECs. To verify GFP expres-
sion in OECs, the olfactory mucosa was dissected from
Wntl-Cre/Floxed-EGFP mice and primary OEC cells
were cultured. Although we cannot exclude the possibi-
lity of OEC development from the placode or other
sources, OECs identified by expression of OEC markers
p75, GFAP, and S100B were GFP* (Figure 4g), demon-
strating that at least a subset of OECs are derived from
the NC. Furthermore, OECs in the olfactory system of
embryonic Sox10-Venus mice were positive for Venus,
verifying the expression of Sox10 in embryonic OECs
(Figures 4h and 4i). :

Recently, the NC origin of OECs was demonstrated by
fate-mapping techniques in chick embryos and examina-
tion of Wntl-Cre/ROSA-LacZ or -YFP mice [36]. Our
results confirm their findings and also demonstrate that
OECs cultured from Wntl-Cre/Floxed-EGFP mice are
positive for GFP. The presence of GFP* cells in the OE
were attributed to the presence of Bowman’s glands, but
our results demonstrate that GFP expression is observed
in the other cells constituting the OE.

Neural crest progenitor cells of the olfactory mucosa

The NC has recently been receiving great interest, with
reports of sphere-forming NC stem/progenitor cells
being isolated and cultured from numerous tissues con-
taining NC-derived cells such as the skin [37], whisker
follicles [38], heart [23], adipose tissue [39], cornea [22],
and bone marrow [24]. Since our results demonstrated
the presence of NC-derived cells in the OE, we exam-
ined spheres cultured from the olfactory mucosa for NC
progenitor cells, suspecting that the multipotency of
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neurospheres previously described to be cultured from
the OE [40,41] may be due to the presence of NC
progenitor cells. By culturing dissociated cells of the
olfactory mucosa in medium containing epidermal
growth factor (EGF) and fibroblast growth factor-2
(FGF-2), large populations of floating spheres were
obtained by 3 to 4 weeks. Spheres were cultured from
both the OF and lamina propria when an attempt was
made to divide and culture these segments separately.
However, since a complete separation of the OE from
the lamina propria is technically impossible, we decided
to dissociate and culture the whole olfactory mucosa.
To determine the characteristics of these sphere-forming
cells, we performed clonal density sphere cultures in
medium containing 1% methylcellulose. This method
was demonstrated to be effective in preventing sphere
fusion [22,24], with over 90% of the generated spheres
being clonal (Additional File 2). Spheres cultured from
the olfactory mucosa of both Wntl1-Cre/Floxed-EGEFP
and PO-Cre/Floxed-EGFP mice were GFP*, revealing
that the sphere-forming cells are derived from the NC
(Figures 5a and 5b), and immunohistochemistry of these
spheres revealed Nestin expression. Passage of these
spheres generated secondary and tertiary spheres,
demonstrating self-renewal of the cells constituting the
spheres. To examine the RNA profile of these spheres
for expression of NC lineage markers, RT-PCR analysis
of the following samples cultured/obtained from PO-
Cre/Floxed-EGFP mice was performed: spheres cultured
from the olfactory mucosa (OM sphere), GFP* primary
olfactory mucosa cells sorted by flow-cytometry (OM
primary), primary neurospheres cultured from the stria-
tum of neonates (CNS sphere), and tissue collected
from the frontonasal area (frontonasal tissue) which was
included as a positive control for NC cells (Figure 5c).
All of the examined NC markers were detected in olfac-
tory mucosa spheres, OM primary cells, and frontonasal
tissue cells. Olfactory mucosa spheres did not express
PO or p75, but PO-expression was detected in primary
olfactory mucosa cells due to the presence of OECs.

To examine the multipotency of the cells contained in
olfactory mucosa spheres, we performed differentiation
assays of clonal spheres and compared the results with
that of clonal spheres cultured from the dorsal root gang-
lion, a tissue in which NC stem/progenitor cells are
known to exist [24,42]. Clonal spheres were individually
collected, plated in differentiation medium for 10 days,
and stained to identify the three types of cells reported to
be generated by NC stem/progenitor cells: III-tubulin®
neurons (N), GFAP" glial cells (G), and SMA™ myofibro-
blasts (M) [43]. Olfactory mucosa spheres demonstrated a
trilineage (NGM) differentiation potential (27.1 * 4.7%)
(Figures 5d and 5e), suggesting the presence of NC pro-
genitor cells. This proportion was lower than that of dorsal



