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Abst r act

bj ecti ve: Mammal i an

ol factory neuroepithelium OE), harboring olfactory receptor
neurons (ORNs) has an unusual ability of

conti nuous neurogenesis throughout lifetinme. This unique ch
aracter has been providing an excellent nodel for neurona
differentiation. Recently, we have found dual phase expression
of NeuroD, a nenber

of the basic helix-loop-helix transcription factor famly, in
devel oping nmouse OE, suggesting the nmultiple roles of
Neur oD during the devel opnent of the manmali an ORNs.

Met hods: To better understand the nol ecul ar

nmechani sm of the devel opnent of ORNs, we perforned
quantitative anal ysis of expressi on of NeuroD, GAP43 and Tr kB
as well as BrdU- I abel ed

cells in the devel opi ng nouse CE, from gestationa

day 10 to postnatal day 28. Results: During enbryonic period,
Neur oD expression is nostly confined in the basa
conpartnent. During neonatal period, NeuroD expression

is detected intwo conpartnents; inthe m ddl e conpartnment and
i nthe basal conpartnment. GAP43 expressing cells were | ocated
bet ween these two NeuroD positive |ayers. TrkB

expressing cells were | ocat ed above t he NeuroD positive | ayer

inthe mddle conpartnment. As mice grew, the nunber of NeuroD
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expressing cells and BrdU- | abeled cells in the basa
conpartnent significantly decreased, while NeuroD
expressing cells in the mddl e conpart nent

were gradually increased. The nunber of TrkB

expressing cells dramatically increased. GAP43

expressing cells also gradually increased . However, the pr
oportion of GAP43 cells relatively decreased as CE

devel oped. Concl usions: NeuroD is a useful nolecul ar

mar ker to study the ol factory neurogenesis.
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I nt roduction
The manmmal i an
ol factory epithelium (OE), harboring olfactory recepotr neu
rons (ORN) has an unusual characteristic
ability: neurogenesis in this tissue continuous throughout
l'ifetime. Thedyingolfactoryneurons arereplacedbynewones,
whi ch di splay a topographical pattern of neurona
maturity. The gl obose basal cells(GBCs), which express GAP43,
are |ocated in the basal conpartnent of OE and
conti nuously generate immature ORNs. | nmature ORNs, which
express TrkB (a preferred receptor for the neurotrophi n BDNF),
keep mgrating up to the surface of the O
as they grow. The inmature ORNs extend their
axonstotheolfactory bul bandfinally becone fully nmature ORNs,
whi ch express OWP. The apical surface is covered
by the supporting cells[Roskans, 1996 #32].

This regenerative ability of
ol factory epithelium provides an
uni que nodel to study nol ecul ar
mechani smof neur ogenesi s and neuronal differentiation[N bu,
2002 #74]. NeuroD is a nenber of bHLH gene famly,
whose expression is detected |ate in neurogenesis,
usual ly during and/or after the term na

mtosis of neuronal precursors. Because of the relatively |
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at e expression,

Neur oD has been hypot hesized to function largely in neuronal
differentiation rather than determ nation[Lee, 1997

#45]. Recently, we have found dual phase expressi on of NeuroD
in the devel opi ng nouse OE[ Ni bu, 2001 #75],

suggesting thenultiplerol esof NeuroDduringthe devel opnent
of the mammalian ol factory receptor neurons. To better
under st and t he nol ecul ar

nmechani sm of the ol facotry neurogenesis,

we perfornmed the quantitative anal ysis of expression of
Neur oD, GAP43 and TrkB as well as BrdU-I| abel ed

cells in the devel opi ng nouse CE.
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Materi al s and Met hods

M ce and BrdU i njection, perfusion and fixation

Bul b/ Cm ce were used at gestational period (GL0) to postnat al
ages ranging from1l to 28days. To | abel dividing cells,

m ce were given single dose (50ny/ kg body wei ght) of BrduU
(5-brono- 2 -deoxyuridine, Signa B 5002, St. Louis, M)
intraperitoneally (in case of enbryos, intraperitoneal in
nother) in a solution of 20g/m PBS, pH 7.2. One hour |ater,
mce were sacrificed by intraperitoneal (in case of enbryo,
intraperitoneal in nother) injection of a | ethal dose of
sodi umpent obar bi t al (250g/ kg body wei ght). Heads wer e renoved,
and fi xedin 10%Formal i n at roomt enper at ure for 7-14days. Then
speci nens were decalcified in decalcification buffer

(0. 27TMEDTA, 1%Formalin). Dehydration was performed through
gr aded al cohol and xyl ene seri es. Then speci nens wer e enbedded
in paraffin. Al experinents in this study were perforned
according to the “Principles of |aboratory aninmal care”
(NI'H publication No. 86-23, revised 1985) and approved

by the ethics commttee of Kobe University.

| mmunohi st ochem cal Staining for NeuroD, GAP43 and Tr kB

Fi ve-m cron-thick serial

sections were cut fromformalin-fixed paraffin-enbedded
speci nens and nounted on silan coated

slides (Dako Japan, Japan). Then the sections were deparaff
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i ni zed and rehydrated through xylene and al coho

series. Sections were placedincitrate-buffered solution (pH
6.0) and heated at 100°C by microwave oven for 20 min. for
antigen retrieval

as previousl y descri bed. Endogenous per oxi dase was bl ockedw th
3% hydr ogen peroxi de and nonspeci fi c bi ndi ng was bl ocked with
10%normal serum respectively. Affinity-purified polyclonal
anti-TrkBanti body (TrkB 794, Santa Cruz Bi ot ec, Santa Cruz, CA),
anti - Neur oD

anti body (NeuroD G 20, Santa Cruz Biotec, Santa Cruz, CA), and
anti - GAP43 anti body ( NCL- GAP43, Novocastra, UK) were used at
1:100 dilution. Sections were incubated

with primary anti body at roomtenperature overnight. Antibo
dy bi nding was visualized with Vectastain ABC kit (Vector
Laboratories, Burlingane, CA). D am nobenzi di ne ( DAB)

was used for coloration and nuclei were counterstained

wi t h Hemat oxyl i n.

Br dU | nmunohi st ochem stry

For BrdU (Bronodeoxyuri di ne) i nmunohi stochem stry,

sections were treated with 1IN HC for 30 mn.

at roomtenperature according to manufacturer’s protocol fo
| 1 owi ng deparaffinization

and rehydration. Endogenous peroxi dase was bl ocked with

3% hydr ogen peroxide for 20 m n. and nonspecific
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bi ndi ng was bl ocked with 10% normal horse serum for 20

m n. The nouse nonocl onal anti body agai nst BrdU (M)744, Dako)
was used at a dilution of 1:50. Slides were incubated

with primary anti body at roomtenperature for 30

m n. Antibody binding was visualized using Vectastain kit
and DAB was used for coloration.

Quantitative analysis of the aged-dependent change in

expression of NeuroD, GAP43, TrKB

To quantitativelty anal yze t he age- dependent change of
expressi on of NeuroD, GAP43 and TrkB, we neasured the nunber
of cells expressing these markers in the CE of different
devel opi ng periods. The results were conpared
with the rate of proliferation, neasured as the nunber
of BrdU-| abel ed basal cells. Three aninmals at each
age were used for statistical
anal ysis. Cells expressing narkers on the bilatera
ol factory epitheliumoverlying the nasal septum were counted
on coronal sections through the olfactory bulb and
ol factory epithelium Sinceturbinateswerenot fullydevel oped
duri ng neonatal period,
sections including the maxi num ol factory epithelium area
wer e used
as each representative olfactory area. In the enbryo at
gestational age 10 and 12, entire ol factory epitheliumin each
section were counted. Counting was perforned at

400ti mes magni fication in a N KON
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m croscope. At | east, threefi el ds per each nouse wer e exam ned.
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Resul ts

Enbryoni ¢ Peri od

Duri ng enbryoni c period, NeuroD

expressing cells are nostly confined in the basal conpart nent
of CE, as previously reported[ N bu, 2001 #75] (Fig.

1). BrdU-| abel ed cells and GAP43

expressing cells were observed throughout the devel opi ng ol
factory epitheliunmFig.1). No i munoreactivity for TrkB

was observed until gestational period 16. The nunber

of BrdU-| abel ed cells dramatically decreased fromE1O to E16
(Fig. 2).

Neonat al Peirod

Duri ng neonatal period, NeuroD expressing cells were detected
intwo conpartnents; inthe m ddl e conpartnent and i nthe basal
conpartnent, as we previously reported[ Ni bu, 2001 #75]. GAP43
expressing cells were identified as the | ayer sandw ched
bet ween these two NeuroD positive layers(Fig.1). TrkB
expressing cells were | ocat ed above t he NeuroD positive | ayer
in the mddle conpartnent. Only scattered BrdU-| abel ed
cells were observed

in the neonatal period. As mce grew, the nunber of NeuroD
expressing cells in the basal conpartnent

significantly decreased(Fig.2). Onthe other hand, the nunber

of NeuroD expressing cells slightly increased
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and this NeuroD positive layer in the mddle conpartnent
noved to relatively |l ower part of OE(Fig.3). Wile the nunber
of GAP43 expressing cells also increased, the proportion

of GAP43 expressing cells gradually decreased. The nunber
and proportion of TrkBexpressingcells dramatically increased

(Fig.3).
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Di scussi on
Traditionally, CEis divided into three major conpartnents:
basal conpartnent, m ddl e conpartnent and apica
conpartnent. The basal conpartnent consists of basal
cells, the mddle conpartnent consists of
ORNs expressing OW[ Margolis, 1972 #49], and the apica
conpartnment consists of supporting cells. Recent
studi es have divided the first two conpartnments to subcl as
ses. In the basal conpartnent, basa
cells are divided to horizontal basal cells, and GBCs which
express GAP43[ Ver haagen, 1990 #43] and
generate ORNs. In the mddle conpartnent, ORNs are divided
into i mature ORNs expressing TrkB[ Roskans, 1996 #32] and
mat ure ORNs expressing both TrkB and OVP[ Ni bu, 1999
#77]. In this paper, we proposed additional
subcl asses to these two conpartnents, that is, "NeuroD
expressing cells in the basal conpartnent” and " NeuroD
expressing cells in the mddle conmpartnent ".
GAP43 expressing cells were observed between two disntinct
Neur oD positive |ayers

According to the Cal of's proposal [ Cal of, 1989 #61],
socal | ed "gl obose basal cel | s" consi st of stemcel |l s, transient
anplifying cells (TAs) and

i mredi ate neuronal precursors (INP). Stemcells divide to d



Yausi,R. et a/ 13

aughter cells that can either differentiate to TAs or remain
as stemcells. TAs are differentiating to INPs as they are
dividing. During this differentiating process, TAs express
basi ¢ Hel i x-Loop-Helix gene fam |y genes, Mashl, ©Mth3 and
NeuroD in this order[Cal of, 2002 #78]. As shown in

our previous study, the NeuroD expressing cells in the basal
conpartnent are partly overl apped with BrdU- I abel ed
cellsandpartly |l ocatedjust abovethe BrdU-| abel ed cel | s[ Ni bu,
1999 #77]. Inaddition, inthis paper, we showt hat t hese NeuroD
expressing cells in the basal conpartnment were | ocated just
bel ow t he GAP43

expressing cells. Considering these findings, these NeuroD
expressing cells in the basal conpartnent

seens to be equivalent to INPs. On the other hand, NeuroD
expressing cells in the mddle conpartnent were | ocated

bet ween GAP43 positive |l ayer and TrkB positive | ayer as shown
in this study,

suggesting that these cells are at the devel opnent process of
ORN |lineage fromGBCs to i mmature ORNs.

Dynani ¢ changes in cell type conposition of

ol factory epitheliumduring devel opnment

Usi ng these nol ecul ar markers, we have quantitatively shown
dynam c changes in cell type conposition of CE

during devel opnent. For exanple, the nunber of BrdU I abel ed
cells significantly decreased. The nunmber of NeuroD
expressing cells in the basal conpartnent

al so significantly decreased, but relatively noderately in
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conmpari son with BrdU| abel ed

cells. These observati ons suggest that nost of NeuroD

expressing cells at the basal conpartnent m ght be at the post

mtotic period, rather than the at the end of mtotic period.
As for the GAP43 and TrkB, the proportion of GAP43

expressing cel | s gradual | y decr eased, whi | e t he nunber of GAP43

expressing cells slightly increased. In contrast, the nunber

and proportion of TrkB

expressing cells significantly increased. These findings fu

rther support the idea that

mat ur e ORNs provi des t he negati ve feedbacktothe proliferation

of GBCs, in

order toregulatetheol facotry epithelial proliferation[Cal of,

2002 #78].

Concl usi on

We have quantitatively anal yzed the devel opnent of CE,

usi ng nol ecul ar markers,

i ncludi ng NeuroD, TrkB, BrdU, GAP43. Further

studi es usi ng ot her nol ecul ar

markers wi || provide nore understandi ng of

ol factory neurogenesis.
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Legends
Figure 1. NeuroD, GAP43 and TrkB
expressing cells and BrdU | abel ed
cells in the nouse ol factory epitheliumduring devel opnent.
Neur oD1: Neur oD expressing cells in the basal conpartnent.
Neur oD2: Neur oD expressing cells in the mddl e conpartnent.

G gestational period P:postnatal period

Figure 2. Quantitative analysis of NeuroD, GAP43 and Tr kB

expressing cells and BrdU | abel ed

cells in the nouse ol factory epitheliumduring devel opnent.
Neur oD1: Neur oD expressing cells in the basal conpartnent.

Neur oD2: Neur oD expressing cells in the mddl e conpartnent.

G gestational period, P:postnatal period

Figure 3. Changes of the conponents in the ol factory epithe
i um during devel opnent.

In the enbryoni c period, GAP43 expressing cells,

occupied the majority of olfactory epithelium As nmice grew,
Neur oD expressing cells in the basal conpartnent
significantly decreased and the center

of the olfactory epithelumwas filled with TrkB

expressing i mmature and

mat ure ol factory receptor neurons. The proportion of GAP43
expressing cells relatively decreased during neonatal period.
Neur oD1: Neur oD expressing cells in the basal conpartnent.

Neur oD2: Neur oD expressing cells in the mddl e conpartnent.
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G gest ati onal

period, P:postnatal
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