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Stem cells of olfactory cells during embryonic development
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Abstract

Stem cells of olfactory (receptor) cells in the olfactory epithelium and vomeronasal
organ during embryonic development of mice were investigated by double
immunostaining using anti-neural cell adhesion molecule (NCAM) and anti
-bromodeoxyuridine (BrdU) antibodies and by electron microscopy. The columnar
-shaped cells which were negative for NCAM and located throughout the epithelium on
embryonic day (E) 12 and then in the basal region after E 14, were numerously labeled
with BrdU, indicating active division, when BrdU was injected 1 hr before sacrifice.
These cells are presumed to develop into NCAM-immunoreactive olfactory (receptor)
cells of the middle region of the epithelium since numerous labelings appeared in the
middle region 24 hrs after injection of BrdU. Evidence of migration of the columnar
cells from olfactory epithelium aloﬁg the axons was observed. On E 17, the columnar
cells in the vomeronasal organ became round-shaped, located above the processes of the
supporting cells, and were stained with NCAM. On the other hand, the columnar cells
in the olfactory epithelium differentiated into round-shaped cells and pyramidal-shaped
cells on E 19, which respectively corresponded to globose basal cells and basal cells
proper seen in postnatal epithelium, although the round-shaped cells were negative for
NCAM. The result suggests that the columnar cells as stem cells of olfactory
(recepetor) cells observed in embryonic days differentiate into round-shaped cells in late
embryonic days and that cells in the olfactory epithelium mature at a later stage than
those in the VNO.
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Introduction

Our previous studies combining immunohistochemistry of keratin with the
bromodeoxyuridine method to label dividing cells demonstrated that stem cells of
olfactory cells of mice are globose basal cells and not basal cells proper during the early
postnatal stage and adulthood“”. The basal cells proper, which are in direct contact
with the basement membrane, are positive for staining with antikeratin antibodies***?;
whereas globose basal cells, which lie between basal cells proper and the olfactory cells
nuclei, or often close to the basement membrane, are positively stained by anti-neural
cell adhesion molecule (NCAM) antibody”® and are devoid of keratin”. These two
types of basal cells have been shown to differentiate in the basal region of olfactory
epithelium at birth®. Prior to the appearance of the basal cells in the olfactory
epithelium, olfactory cells appear on embryonic day 12 in mice and increase in number

#19  Therefore, the stem cells of the olfactory cells

during embryonic development
during embryonic days are different from those observed in the postnatal days and
adulthood; however, ultrastructural and immunohistochemical characteristics of stem cells
in embryonic days have not been fully investigated.

On the other hand, it is known that-the olfactory epithelium and vomeronasal organ
both originate from the olfactory placode and that the vomeronasal organ is separated
from the epithelium of the nasal septum, forming a tube during embryonic
development'”. In the mouse, it has been reported that there are no basal cells in the
basal region of the neurosensory epithelium of the VNO but that precursor cells of
receptor cells are present at the border between the respiratory epithelium and the
neurosensory epithelium'*'®. Therefore, the stem cells in the vomeronasal organ are
different from those in the olfactory epithelium; however, the stem cells of receptor cells
during the embryonic stage have not been investigated.

The aim of this study was to examine stem cells of olfactory (receptor) cells during
embryonic development. The developing olfactory epithelium and vomeronasal organ of
mice were examined by the combination of immunohistochemistry of NCAM with the

BrdU method and by conventional light and electron microscopy.

Meterials and Methods

Dd-mice of embryonic days 12, 14, 17, and 19 were used. Bromodeoxyuridine
(BrdU, Sigma, 50 mg/kg) was injected into the peritoneal cavity of pregnant mice and
each animal was killed either 1 hr or 24 hrs after injection. The BrdU was detected by
immunohistochemical method using anti-BrdU antibody. For immunohistochemistry,
mice were sacrificed and their nasal cavities were fresh-frozen or fixed in 4%

paraformaldehyde. Ten-micron-thick sections were prepared in a cryostat, incubated
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for 1 hr at room temperature with monoclonal anti-neural cell adhesion molecule
(NCAM) antibody (Immunotech), and stained by the PAP method using a PAP kit
(Dako). For NCAM/BrdU staining, the sections were initially incubated with
monoclonal anti-NCAM antibody for 1 hr at room temperature, followed by staining
using HRP-labeled anti rat IgG2 antibody; and the immunoreactive product was colored
brown by DAB (diaminobenzidine). The sections were then rinsed in PBST (0.1M
phosphate-buffered saline containing 0.3% Triton X100) overnight at 4°C, and
subsequently incubated in 2N HC1 for 20 min at room temperature to denature the
DNA. After neutralization by a wash in 0.1M tetraborate, they were next incubated
with anti-BrdU antibody (Becton-Dickinson), stained with a PAP kit, and colored
violet with 4-chloro-1-naphtol. As a control, normal ascites was used instead of
monoclonal antibodies. The number of BrdU-labeled cells along a 180sm length of the
olfactory epithelium was counted under a light microscope (400x magnification) equipped
with an ocular micrometer (cf. Suzuki and Takeda, 1993).

For electron microscopic observations, the mice were fixed by intracardial perfusion
with a cacodylate-buffered mixture containing 2% glutalaldehyde and 0.8%
paraformaldehyde. Pieces of olfactory mucosa were excised, postfixed in 19§ OsOs, and
embedded in Epon 812. Ultrathin sections were cut, stained with uranyl acetate

followed by lead citrate, and examined under a Hitachi H-500 electron microscope.

Results
Immunohistochemistry

In the 12-day-old embryonic mice (E 12), the olfactory pits and vomeronasal organ
(VNO) were present. The lateral part of olfactory pits showed secondary recesses. At
1 hr after injection of BrdU, the immunolabeled cells with anti-BrdU antibody were
numerously found throughout the olfactory epithelium and VNO, indicating active
division. A few NCAM-immunoreactive cells were found among the BrdU-labeled cells,
and NCAM-immunoreactive axons extended from the epithelium into the rostral
forebrain. The axons were accompanied with miany cells which were not labeled with
BrdU (Fig. 1A). The secondary recesses of the lateral part of the olfactory pits,
consisting of thin epithelium, were especially labeled with BrdU in the middle and basal
regions, but NCAM-immunoreactive cells did not appear in these regions. The BrdU
-labeled cells were also numerous in the underlying mesenchyme (Fig. 1B). The
development of these regions was chronologically behind that of the other regions of the
olfactory pits, indicating these regions to be probably in the placodal stage. On E 14,
NCAM-immunoreactive cells, which were mostly negative for BrdU, increased in
number and formed 6-7 layers in the middle region of olfactory epithelium. These cells

corresponded to immature and mature olfactory cells. Most of the BrdU-labeled cells
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were located in the apical and basal regions, which were negative for NCAM. There

were mosaics of active or quiescent zones in the basal region where cells were labeled

In the lamina propria, axons were NCAM-immunoreactive and associated

or unlabeled.

Observation of embryos sacrificed 24 hrs

10).
after injection of BrdU revealed many BrdU-labeled cells located in the middle region of

with a few BrdU-labeled cells (Fig.
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olfactory epithelium and along the axons in the lamina propria (Fig. 1D). In the
VNO, NCAM-immunoreactive cells were located in the middle and apical regions of the
neurosensory epithelium and in the respiratory epithelium. Most of the BrdU-labeled
cells were located in the basal and midlle regions of the neurosensory epithelium, and a
few of them were associated with NCAM-immunoreactive cells in the middle region
(Fig. 1E). At 24 hrs after injection of BrdU, more labeled cells than at 1 hr after
injection were observed in the middle region. At this stage, a group of the NCAM
-immunoreactive cells was observed in the respiratory epithelium of the nasal septum,
indicating the Masera organ. On E 17, the BrdU-labeled cells in the apical and basal
regions of the olfactory epithelium were fewer than those observed on E 14. The
NCAM-immunoreactive cells in the middle regions of the olfactory epithelium increased
in number and formed 7-8 layers (Fig. 1F). The BrdU-labeled cells in the middle
region of epithelium were few in number in most parts of the nasal cavity, but in the
epithelium near the rostral forebrain a large number of BrdU-labeled cells was found in
the middle and basal regions (Fig. 1G). The apical and basal regions of the olfactory
epithelium were not stained with NCAM (Fig. 1F,G). In the VNO, BrdU-labeled cells
in the middle region of the neurosensory epithelium decreased in number on E 17, and
labeled cells were located mainly in the basal region. On E 19, the BrdU-labeled cells
in the basal region of the olfactory epithelium decreased in number. NCAM
-immunoreactive cells in the middle region were present in 7-8 layers, but the apical
and basal regions were still unstained with NCAM (Fig. 2A). There were NCAM
-negative areas occupied by the duct cells of Bowman’s glands between NCAM-positive
areas. In the VNO, all regions including the basal region were stained with NCAM
(Fig. 2B).

The changes in number and location of BrdU-labeled cells in the olfactory epithelium

during the embryonic period are summarized in Fig. 3.

4 Fig. 1. Double immunostaining for NCAM and BrdU in the olfactory epithelium and vomeronasal organ.
The olfactory (receptor) cells and axons, stained by anti-NCAM antibody, are colored by DAB
(brown) . BrdU-immunolabeled products are stained by 4-chloro-1-naphtol (violet). Section
thickness, 10 gm. A: A transverse section of the nasal cavity of on E 12 mouse embryo. BrdU
-labeled cells are seen in the olfactory pits (OP) and vomeronasal organ (VNO) 1 hr after
injection of BrdU. The NCAM-immunoreactive nerves (N) are arising from the epithelium.
x120. B: At higher magnification of the olfactory epithelium containing the secondary recesses
(SR) of olfactory pits. A few cells in the epithelium are weakly positive for NCAM (arrow).
x250. C: The olfactory epithelium on E 14, 1 hr after injection of BrdU. Most of the BrdU
-labeled cells are seen in the apical and basal regions, and NCAM-immunoreactive cells are
seen in the middle region. BL, basal lamina. x340. D: The olfactory epithelium on E 14, 24
hrs after injection of BrdU. BrdU-labeled cells are seen in the middle region. The arrow
indicates the cell migration along the olfactory nerves. BL, basal lamina. x340. E: The
vomeronasal organ on E 14, 1 hr after injection of BrdU. BrdU-labeled cells are seen in the
middle and basal regions of the neurosensory epithelium (NSE). RE, respiratory epithelium.
x340. F,G: The olfactory epithelium on E 17, 1 hr after injection of BrdU. F:BrdU-labeled
cells in the apical and basal regions are few in number. x250. G: BrdU-labeled cells are
numerous in the NCAM-immunoreactive middle region of the epithelium near the rostral
forebrain. BL, basal lamina. x250.
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In control specimens incubated with mouse ascites instead of monoclonal antibodies,

no staining was detected in the olfactory epithelium or in the VNO.
Ultrastructure

On E 12, the olfactory epithelium and VNO consisted of many columnar-shaped cells
and a few spindle-shaped olfactory cells. On E 14, the columnar cells contained a

small amount of rough endoplasmic reticulum (r-ER) and many free ribosomes, and
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Fig. 2. Immunoreaction with anti-NCAM anti- Fig. 3. Number of BrdU-labeled cells per 180 um
body in the olfactory epithelium (A) and length of the olfactory epithelium on E
vomeronasal organ (B) on E 19. A: 12, 14,17, and 19. Open circles, total
Most cells of the middle region of the number of BrdU-labeled cells. Rectang-
olfactory epithelium are stained with les, BrdU-labeled cells in the apical
NCAM, and negative areas are occupied region.  Closed circles, BrdU-labeled
by the duct cells of Bowman's glands. cells in the middle region. Triangles,
BL, basal lamina. x350. B: NCAM BrdU-labeled cells in the basal region.
-immunoreactive cells are seen in all Each value represents the mean and
regions of the neurosensory epithelium vertical bars, S.D. The total number of
(NSE). RE, respiratory epithelium. labeled cells on E 12 was high, and this
x350. number significantly decreased with age

(t-test, *P <0.001). The labeled cells in
the apical and basal regions significantly
decreased in number from E 14 to E 19
(*P <0.001), whereas the number of those
in the middle region did not change.
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were located in the basal region of the olfactory epithelium, directly in contact with the
basement membrane (Fig. 4A). In the middle and apical regions, olfactory and
supporting cells were situated. In the VNO, similar columnar cells were located in the
basal region of the neurosensory epithelium at this stage. On E 17, the columnar cells,
processes of supporting cells, axons of olfactory cells, and round-shaped cells were
present in the basal region of the olfactory epithelium. The round-shaped cells
contained many r-ER and did not make contact with the basement membrane (Fig.

4B). The columnar cells disappeared on E 19 and pyramidal- and round-shaped cells

occupied the basal region of ofactory epithelium. The pyramidal-shaped cells had

Fig. 4. Electron micrographs of the basal region of the olfactory epithelium and vomeronasal organ. A:
The olfactory epithelium on E 14. The columnar cells (C) are seen in the basal region, in direct
contact with the basement membrane (BM). x5500. B: The olfactory epithelium on E 17.

The columnar cells (C), round-shaped cells (R), and processes of supporting cells (S) are seen
in the basal region. x4900. C: The olfactory epithelium on E 19. Pyramidal-shaped cells (P)
located adjacent to round-shaped ones (R) in the basal region. D, desmosome. x6800. D:
The neurosensory epithelium of the vomeronasal organ on E 17, showing round-shaped cells (R)

located in the basal region above the processes of supporting cells (S). T, tonofilaments.
x6000.
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desmosomes and tonofilaments in their cytoplasm (Fig. 4C). In the VNO, the basal
region of the neurosensory epithelium was occupied by the processes of supporting cells,
and round-shaped cells which were devoid of tonofilaments located above the processes

of soupporting cells, after E 17 (Fig. 4D).
Discussion

The origin of olfactory and supporting cells in the developing olfactory epithelium of
the mouse has been examined by many investigations using light and electron
microscopy. The first olfactory cells are found in the middle region of the olfactory
epithelium on E 12'”. Mitotic figures are found only in the apical region of the
developing olfactory epithelium up to E 13 and subsequently appear at the base and
increase in number postnatally'®. Mitotic figures in the apical region of the olfactory
epithelium is thought to be related to the differentiation of stem cells into supporting
cells, whereas those in the basal region are considered to be related to stem cells of

1919 Qur present study combining immunohistochemistry of NCAM with

olfactory cells
BrdU identified which types of cells were dividing in the developing olfactory
epithelium. The columnar cells of the embryonic stage were numerously labeled with
BrdU, indicating active division. The data suggest that columnar cells, which are
located throughout the olfactory epithelium on E 12 and then in the basal region after E
14, are stem cells of olfactory cells during the embryonic period, since numerous labeled
cells were found in the olfactory cell layer of the middle region 24 hrs after injection of
BrdU. Also in the VNO, the columnar cells in the neurosensory epithelium are
suggested to be the stem cells of receptor cells and to become the round-shaped cells
observed near the border with the respiratory epithelium in the adult'®'.

The migration of columnar cells from the olfactory epithelium is suggested, since the
BrdU-labeled cells along the axons increased in number on El4, 24 hrs after the
injection of BrdU. This movement is also suggested by the appearance of numerous
BrdU-labeled cells in the middle and basal regions of the olfactory epithelium near the
rostral forebrain on E 17. The migrating cells are thought to develop into lutenizing
hormone- releasing hormone (LHRH) neurons, into sheath cells of olfactory axons, into
cell bodies of the ganglion of the terminal nerve, and into precursor cells of
periglomerular cells of the central nervous system'®'®!"®

The differentiation of columnar cells in the olfactory epithelium into two types of
basal cells was observed in late embryonic development. The round-shaped cells, which
contain many r-ER and are devoid of tonofilaments, are regarded as globose basal cells
of postnatal days, and the pyramidal-shaped cells possessing tonofilaments and
desmosomes as basal cells proper. The columnar cells resemble globose basal cells,

which are stem cells of the olfactory cells in early postnatal and adult stages, rather
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than basal cells proper, because the globose basal cells have been shown to actively
divide and to be devoid of tonofilaments in their cytoplasm®'®. Although the globose
basal cells in the adult have been shown to express NCAM®, the columnar cells and
newly-differentiated round-shaped cells during embryonic days were negative for NCAM.
In the VNO, columnar cells were negative for NCAM but round-shaped cells were
positive on E 17.  Thus, round-shaped cells in the olfactory epithelium are supposed to
be more immature than those in the VNO in later embryonic days, mature into NCAM
-positive globose basal cells after birth. It appears that in the late embryonic period
the stem cells of olfactory cells are NCAM-negative round cells in the olfactory
epithelium and NCAM-positive round ones in the VNO. Finally, in view of their
ultrastructural and immunohistochemical characteristics, the stem cells of olfactory cells

in the olfactory epithelium may mature at a later stage than those in the VNO.
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