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Abstract The aim of the present study was to clarify detailed distribution of the Mab
213-immunoreactive (Mab 213-1) olfactory receptor cells and glomeruli in the rat
olfactory bulb, to elucidate the glomerular relationship with intensely acetylcholinester-
ase-reactive patchy regions, and to characterize the ultrastructural features of Mab
213- I glomeruli.

The great majority of Mab 213-1 olfactory receptor cells were distributed over dorsal
portions of the nasal epithelium at the caudal end of nasal cavity. Especially, such
receptor cells were concentrated on the dorsal roof of epithelium adjacent to the nasal
septum and near the caudal end of the turbinate 1. The Mab 213-1 glomeruli were found
to form a necklace pattern surrounding the caudal end of the olfactory bulb, one of them
being located in the “modified glomerular complex” reported to be involved in rat suckling
behavior. In addition, they were found to correspond to less reactive parts of intensely
acetylcholinesterase reactive patchy regions which are next to the strongly reactive parts.
The Mab 213-1 glomeruli were clarified to have dark nodules in toluidine-blue~stained
sections and characterized by the olfactory nerves rich in large dense-cored vesicles in
immuno-electron microscopy. The present results strongly suggest that the Mab213- 1
“necklace glomeruli” may be the same subset of previously reported Shinoda’s “necklace
glomeruli” .

Key words : olfactory bulb, olfactory receptor cells, dense-cored vesicles,
acetylcholinesterase, suckling behavior

Introduction

The “necklace olfactory system” identified
by the polyclonal antibody against human
placental antigen X-P2 (hPAX-P2), is a
distinct unit which has been thought to be
involved in processing some olfactory infor-
mation related to induction of rat suckling
behavior?. The system is characterized by
the presence of necklace-patterned terminal
glomeruli and interglomerular fibers at the

caudal end of the olfactory bulb?. The neck-
lace glomeruli are intimately associated with
intensely acetylcholinesterase-reactive
(IAE) patchy regions which are composed of
two distinct portions, strongly and less
acetylcholinesterase reactive portions (IAE
-S, IAE-L)?. They were found to correspond
to the TAE-L which are located adjacent to
the IAE-S?. The glomeruli can also be char-
acterized by the presence of dark nodules in
toluidine-blue-stained sections and presence
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of olfactory nerves containing large dense
-cored vesicles in electron microscopy®.
Similar necklace-typed glomeruli have
recently been reported to be present at the
posterior margin of the rat olfactory bulb.
Glomeruli containing cGMP-stimulated phos-
phodiesterase (PDE 2) were immunohisto-
chemically demonstrated to be distributed in
a similar necklace pattern®. The PDE 2 -im-
munoreactive glomeruli were also shown to
be located adjacent to the IAE-S and speculat-
ed to correspond to the Shinoda’s “necklace
glomeruli”. In addition, very recently, Ring
et al.® also reported that one of the mono-
clonal antibodies against transforming
growth factor-alpha (TGFa), which was
designated as Mab 213 (clone 213-4.4), can
immunohistochemically reveal another type
of similar necklace glomeruli. Detailed struc-
tures of these glomeruli, however, remain to
be clarified. The present study tried to clarify
morphological features of the Mab 213-im-
munoreactive (Mab 213-1) primary olfac-
tory system in more details, including the
topographic organization, glomerular rela-
tionship with the IAE patchy regions and the
ultrastructure of the Mab 213-1 glomeruli.

Materials and Methods

Amnimals and tissue preparation

Twelves male wistar rats (postnatal one
month) were anesthetized with sodium
pentobarbital (60 mg/kg, i.p.) and perfused
intra-cardially with 20-50ml of ice-cold
saline followed by 0.1 M sodium phosphate
buffer (pH 7.4) containing 4% paraformalde-
hyde (100-150ml) in case of light microscopy
but 4% paraformaldehyde and 0.5% glutaral-
dehyde (100-150 ml) in case of immuno-elec-
tron microscopy. This experiment was revi-
ewed by the committee of the Ethics on
Animal Experiment in Yamaguchi University
School of Medicine and carried out under the
control of the guideline for Animal experi-
ment in Yamaguchi University School of
Medicine and The Law (No.105) and Notifi-
cation (No.6) of the Government.

Immunohistochemistry for light microscopy
Olfactory bulbs were removed and immer-
sed in the same fixative for 24 h. Then bulbs

were soaked in cold 0.1 M phosphate buffer
containing 30% sucrose (pH 7.4) until they
sank. The bulbs were frozen in dry ice and
frontally sectioned in a cryostat at a thickness
of 30um . Frozen sections were collected in
ice-cold 0.02 M sodium phosphate buffered
saline (PBS, pH 7.4) and rinsed twice with
0.02 M PBS (each time for 5 min) . Sections
were preincubated for 2h at 4C in PBS
containing 20% normal goat serum (NGS),
bleached for 1 h with 50% methanol contain-
ing 1.5% hydrogen peroxide and double
-distilled water (DDW) . After that, sections
were washed three times (each time for 10
min) with 0.02 M PBS containing 0.3%
Triton-X and 0.05% NGS. Then free floating
sections were incubated for three days at 4C
in Mab 213 diluted 1 : 1000 with 0.02 M PBS
containing 0.05% NGS and 0.3% Triton-X.
The monoclonal antibody designated as Mab
213 (clone 213-4.4) raised against TGFa«,
was purchased from Oncogene Science
(Uniondale,NY) . After three days, the pri-
mary antibody was washed out with 0.02 M
PBS containing 0.05% NGS and 0.3% Triton
-X. Then sections were incubated for 24 h at
4°C in biotinylated anti-mouse goat IgG
(Cappel) diluted 1 : 500 with 0.02 M PBS
containing 0.05% NGS. After 24 h, sections
were washed three times (each time for 10
min) with 0.02 M PBS containing 0.05% NGS
followed by washing once with 0.02 M PBS
(10 min) . Sections were then incubated for
24 h at 4°C in peroxidase-conjugated stre-
ptavidin (Vector) diluted 1 : 500 with 0.02 M
PBS. Then, sections were washed three times
(each time for 15 min) with 0.05 M Tris-HCl
buffer (pH 7.6). After that, sections were
reacted with 0.05 M Tris-HCI buffer contain-
ing 0.02% diaminobenzidine (DAB) and
0.6% nickel ammonium sulfate in presence of
0.006% hydrogen peroxide (nickel enhanced
DAB reaction) for 10-15 min at room temper-
ature. Then, the sections were washed once
with 0.05M Tris-HCl buffer (15 min) foll-
owed by washing with 0.02 M PBS twice
(each time for 15 min). Sections were then
mounted onto glass slides in 1% gelatin/
saline, air dried, dehydrated with a graded
series of ethanol, immersed in xylene and
embedded in Entellan New. As a control,
normal mouse serum was used instead of the
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primary antibody. No glomerulus or receptor
cell was immunostained in the control study.

AChE enzyme histochemistry for light micros-

copy
Adjacent sections were used for acetyl-

cholinesterase (AChE) enzyme histochemis-
try. It was based on the method reported
previously®. After washing with 0.1M
maleate buffer (1.6 g/dl, pH 6.0) three times
(each time for 10 min) , sections were incubat-
ed for 1-2 h at 37C in a medium consisting of
36, M acetylthiocholine iodide (1.0 mg/dl), 5
#M K;Fe(CN), (0.16 mg/dl), 30uM CuSO,
(0.47 mg/dl) and 50 M sodium citrate 2H,0
(1.47 mg/dl) in 0.1 M maleate buffer (pH
6.0) . They were then washed with 5 changes
of 0.05M Tris-HCI (pH 7.6) . Then sections
were processed with 0.05 M Tris-HCI buffer
(pH 7.6) containing 0.04% DAB, 0.3%
nickel ammonium sulfate in presence of
0.003% hydrogen peroxide for 10-15 min at
room temperature. After DAB reaction,
sections were again washed three times with
0.05M Tris-HCl (pH 7.6), mounted onto
glass slides in 1 % gelatin/saline, air dried,
dehydrated with a graded ethanol series,
cleared with xylene, and coverslipped with
Entellan New.

Immunohistochemistry for electron microscopy

Serial sections of 0.5% glutaraldehyde
fixed rat olfactory bulb were made at 30um
by vibratome (PL 1000) . Then sections were
collected inice-cold 0.02 M sodium phosphate
buffered saline (PBS, pH 7.4) and rinsed
twice with 0.02 M PBS (each time for 5 min) .
Sections were preincubated for 2 h at 4C in
0.02 M PBS containing 20% normal goat
serum (NGS).Then, sections were washed
three times (each time for 10 min) with 0.02
M PBS containing 0.3% Triton-X and 0.05%
NGS . After that, sections were rinsed once
with 30% methanol in DDW for 5 min, blea-
ched for 1 h with 50% methanol containing
1.5% hydrogen peroxide and DDW. Sections
were then again rinsed once with 30% meth-
anol in DDW for 5 min followed by washing
once with 0.02 M PBS containing 0.3%
Triton-X and 0.05% NGS for 5min. Sections
were washed three times with 0.02 M PBS
containing 0.05% NGS (each time for 10 min)

and immersed in DDW containing 1.0%

sodium borohydride for lh. After washing
three times with 0.02 M PBS containing 0.3%

Triton-X and 0.05% NGS (each time for 15
min) , the free floating sections were incubat-
ed for 3 days at 4C in Mab213 diluted 1 : 1000
with 0.02 M PBS containing 0.05% NGS and
0.3% Triton-X. After washing out of the
primary antibody with 0.02M PBS containing
0.05% NGS and 0.3% Triton-X, sections
were incubated for 24h at 4C in biotinylated
anti-mouse goat IgG (Cappel) diluted 1 : 500
with 0.02 M PBS containing 0.05% NGS.

Then sections were washed three times with
0.02 M PBS containing 0.05% NGS (each
time for 10 min) followed by washing once
with 0.02 M PBS (10 min). Sections were
then incubated for 24h at 4C in peroxidase
conjugated streptavidin (Vector) diluted 1 :

500 with 0.02 M PBS. Then, sections were
washed three times (each time for 15 min)

with 0.05 M Tris-HCI buffer (pH 7.6) . After
that, they were reacted with 0.05M Tris-HCl
buffer containing 0.02% DAB and 0.6%

nickel ammonium sulfate in presence of
0.006% hydrogen peroxide (nickel enhanced
DAB reaction) for 10-15 min at room temper-
ature. After the DAB reaction, sections were
washed once with 0.05 M Tris-HCI buffer for
15 min followed by washing with 0.02 M PBS
twice (each time for 15min). Then the im-
munostained sections were post-fixed for 1 h
with 1% 0OsO, in 0.1 M phosphate buffer,

dehydrated with a graded series of ethanol
and infiltrated in propylene oxide. They were
then put in a mixture of propylene oxide and
Epok 812 (1:1) and flat-embedded on silicon-
ized glass-slides in Epok 812. Sections were
block-stained with 1% uranyl acetate for 1 h
at a 70% alcohol dehydration state in order to

enhance contrast for electron-microscopy.

Serial ultrathin sections were made on an-
Reichert Jung ultramicrotome from trimmed
areas of the embedded tissues which
contained immunostained glomeruli and
mounted onto copper grids. In order to obtain
optimum relative contrast of the immunoreac-
tion to the non-immunoreactive background,

some ultrathin sections were observed under
the electron-microscope (JEOL 200 CX) but
others were observed after brief staining (for
90 sec) with 0.5% lead citrate to indicate
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subcellular ultrastructure.

Terminology of vat nasal epithelium
Terminology of the rat nasal epithelium is
based on the previously reported paper?.

Results

The great majority of Mab 213-I olfactory
receptor cells were distributed over dorsal
portions of the nasal epithelium at the caudal
end of nasal cavity (Fig. 1) . Especially, such
receptor cells were concentrated on the dorsal
roof of the epithelium adjacent to the nasal
septum and near the caudal end of the tur-
binate 1 (T1) (Fig. 2). Other scattered rece-
ptor cells were observed in the inferior part of
the turbinate 6 (T6) and on the caudal walls
of the cavities surrounded by turbinates
0 (T0) and 1 (T1), by the turbinates 2 (T?2)
and 3 (T3)- and by turbinates 4 (T4) and 5
(T5) . Some solitary Mab213-I receptor cells
were also detected in the nasal septum. On the

olfactory bulb, the Mab213-1 glomeruli were
found to be located along the posterior margin
of main olfactory bulb with “a necklace
pattern”. One of the glomeruli was detected
in the border of the main and accessory
olfactory bulbs, belonging to “the modified
glomerular complex” (MGC in Fig. 3). No
immunoreactive glomerulus was observed at
more rostral levels. Distribution of the Mab
213-1 glomeruli was similar to that of the JAE
patchy regions which consist of two distinct
portions, the TAE-S and IAE-L portions.
Immunostained glomeruli were found to cor-
respond to the IAE-L portions which are
adjacent to the IAE-S ones (Figs. 3, 4). In
the toluidine-blue-stained sections, the Mab
213-1 olfactory glomeruli were found to have
dark nodules as well as other typical glomer-
uli do (Fig. 5). In immuno-electron micros-
copy, the immunoreactive glomeruli were
found to have characteristic olfactory nerves
containing ‘large dense-cored vesicles” of
which sizes are 100-150 nm (Fig. 6B and 6C) .

Schematic distribution patterns of Mab 213-immunoreactive neurons

on the coronal sections of the nasal cavity

Anterior

: : nasal cavity
T1-Te : turbinates 1 -6
@ : Mab213 - immunoreactive neurons

Posterior

Fig 1. Schematic distribution pattern of the Mab 213-I neurons in the olfactory epithelium
of normal adult rats. Four coronal sections (A-D) are arranged from anterior to
posterior. The location of Mab 213-I neurons is indicated by black dots. Note that
the great majority of neurons are concentrated in the epithelium on the dorsocaudal
roof of cavity between the nasal septum and turbinate 6 (T;) and near the caudal end

of the turbinate 1 (T,).

T1~T6 : turbinates 1-6.
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Fig 2. The Mab 213-I receptor neurons in the olfactory epithelium of a normal adult rat.
A. Low magnification of photograph showing the Mab 213-1 neurons near the caudal
end of turbinate one (T,). B. Higher magnification of the area indicated by an arrow
in A. C. Low magnification of photograph showing the Mab 213-1 receptor neurons
present in the dorsocaudal roof of epithelium between the nasal septum and turbinate
6 (T;). D. Higher magnification of the area indicated by an arrow in C.

Sp : nasal septum T1 : turbinate one T6 : turbinate 6 ON: olfactory nerve
Bars=500um (A), 50um (B, D), 250um (C).
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Fig 3. Schematic presentation showing the distribution of Mab 213- I (arrows in A) and
acetylcholinesterase-reactive (arrows in B) glomeruli in the caudal levels of the
olfactory bulb. Both groups are adjacent sections which are arranged from rostral to
caudal.AOQO, anterior nuclear group ; AOB, accessory olfactory bulb; Gl, glomerular
layer ; Mi, mitral cell layer ; CC, cerebral cortex ; MGC, modified glomerular
complex.

Fig 4. Light microscopic photographs showing relationship between the acetylcholinesterase
-reactive (A, C, E) and Mab 213-1 (B, D, F) glomeruli in adjacent sections. The
regions indicated by clear arrows in A and B are enlarged in C and D, respectively,
while the ones indicated by solid arrows in A and B are enlarged in E and F,
respectively. An asterisk indicates acetylcholinesterase-stained accessory olfactory
bulb. Note that strongly reactive IAE portion (IAE-S : arrow heads in C and E)
corresponds to the immunonegative glomeruli (arrow heads in D and F) while the less
reactive IAE portion (IAE-L : double arrow heads in C and E) corresponds to the Mab
2131 glomerulus (double arrow heads in D and F) .

Bars=500xzm (A, B), 200xm (C, D), 100um (E, F).
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Fig 5. A. The Epok-embedded Mab 213- 1 glomerulus (arrow) in the modified glomerular
complex. B. The same semithin section (1xm) stained by toluidine blue. Asterisks
indicate the blood vessels as landmarks. The glomerulus corresponding to the Mab
213-1 one shows a prominent dark nodule in the toluidine-blue-stained section

(surrounded by arrow heads in B) .
Bars=50um (A, B).

Axon terminals of such olfactory nerves were
sometimes observed to make synaptic con-
tacts with some dendrites (Fig. 6C).
Although the immunoreaction appeared to be
diffusely present not only in the axonal cyto-
plasm but also on the large dense-cored
vesicles (Fig. 6B and 6C), it was difficult to
determine the exact localization of immunor-
eaction in the present ‘pre-embedding”
method for immuno-electron microscopy.

Discussion

The present study has clearly provided data
for structural features of a subset of olfactory
neurons and glomeruli immunostained with
Mab 213. In the nasal cavity, the great
majority of Mab 213-1 olfactory neurons were
concentrated in the dorsocaudal end of the
olfactory epithelium, especially on the dorsal
roof adjacent to the nasal septum and near the
caudal end of the turbinate 1 (T1) . The Mab
213-T1 olfactory glomeruli were found to form
anecklace pattern surrounding the caudal end
of the olfactory bulb and correspond to the
IAE-L which are adjacent to the IAE-S. The
most striking finding in the present study was
that the Mab 213-1 glomeruli are character-

ized by the presence of dark nodules and
olfactory nerves rich in large dense-cored
vesicles.

The monoclonal antibody designated as
Mab 213 was raised against TGFa, which is
an acid- and heat-stable 50 amino acid pro-
tein of 5500 MW originally found in rodents
and humans and secreted by a variety of
transformed cells and tumors, embryonic
cells, and some normal adult cells ”. It has
been reported that, as a result of testing five
different anti-TGF « antibodies purchased or
gifted from other companies (three from
Research & Diagnostic Antibodies, Santa
Cruz Biotechnology and Research Diagnos-
tics) or laboratories (two from Dr. L. Gen-
try), none of these can label any olfactory
neurons or glomeruli®. Furthermore, Mab
213 does not label this neuronal subset in fresh
-frozen sections of the olfactory epithelium or
bulb®. Hence it is unlikely that the neuronal
antigen that is recognized by Mab 213 is
TGFa but, rather, some other structurally
related epitope that is generated de novo as a
consequence of fixation with cross-linking
agents®. Therefore, the present discussion
will mainly focus on morphological aspects of
the stained structures.
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Fig 6. Electron micrographs of the Mab 213-
I glomerulus demonstrated in Fig.5.
A. Lower magnification of the im-
munoreactive glomerulus (surround-
ed by arrow heads). B. A plenty of
large dense-cored vesicles (arrows)
which are characteristics of the olfac-
tory nerves in the Mab 213-1 glomer-
ulus. C. An axon terminal containing
large dense-cored vesicles (arrow)
which makes a synaptic contact
(double arrow heads) to some den-
dritic profile,

Bars=5um (A), 1um (B, C).

The present results concerning the distribu-
tion of Mab 213-1 olfactory receptor cells
almost coincide with the previous data of

Ring et al®. Both confirm the topographic
organization between the dorsocaudal end of
the nasal epithelium and the Mab 213-1 neck-
lace glomeruli which are located at the caudal
end of the bulb. Interestingly, presence of
similar topographic organization has already
been shown in the hPAX-P2 immunoreactive
primary olfactory system?.

The IAE region had sometimes been con-
fused with the “atypical glomerulus” which
was incorrectly described to have large dense
-cored vesicles and no dark nodule®®. As to
the confusion, Shinoda et al®. reported that
the IAE region is heterogeneous and com-
posed of, at least, three distinct glomeruli (or
glomerulus-like parts): the IAE-S, TAE-L/
hPAX-P2, and IAE-L/non-hPAX-P2
glomeruli. The hPAX-P2 immunoreactive
glomeruli were clarified to contain dark
nodules in light microscopy and large dense
-cored vesicles in electron-microscopy®.
Recently the TAE-S glomeruli were demon-
strated to be lack of dark nodules which are
prominent bulks of the primary olfactory
nerves and to have no large dense-cored
vesicles!?”. Therefore, original description of
the two characteristics of ‘atypical glomer-
ulus” by Zheng et al®?. is thought to reflect
separate features in two different portions of
the IAE region ; a lack of dark nodules
belongs to characteristics of the IAE-S, while
the presence of large dense-cored vesicles to
those of the IAE-L/hPAX-P2. Since the dark
nodules are regarded to be essential for typi-
cal olfactory glomeruli, it is appropriate to
use the term “atypical glomerulus” asthe IAE
-S. The present results clearly showed that
the Mab 213-1 glomeruli are adjacent to the
IAE-S and have dark nodules and nerve
terminals containing large dense-cored vesi-
cles, strongly suggesting that they are identi-
cal with the IAE-L/hPAX-P2 glomeruli,
namely the Shinoda’s “necklace glomeruli” .
This speculation is also supported by the
present evidence regarding the distribution of
Mab 213-1 olfactory receptor cells in the
nasal epithelium which resembles that of the
hPAX-P2 immunoreactive receptor cells ;
both are concentrated in the dorsocaudal wall
of the nasal cavity. The definitive conclu-
sion, however, requires the double-immunos-
taining using Mab 213 and anti-hPAX-P2
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antibodies.

It has recently been reported that the Mab
213-1 glomeruli are strongly labeled with
antibody against synaptophysin and neural
cell adhesion molecule (NCAM), but only
weakly stained with the antibody to the
olfactory marker protein (OMP) ® which has
been regarded as essential to the primary
olfactory system'". Ring et al®. have de-
scribed that there are another two distinct
necklace-typed glomeruli in the caudal free
margin of the olfactory bulb. One type is
labeled with a monoclonal antibody 2C6 (not
with Mab 213), being reported to be only
weakly stained with anti-OMP antibody too,
while the other type is not labeled with Mab
213 or 2C6 antibody, being reported to be
devoid of OMP and very weakly stained with
NCAM?®. Necklace-typed glomeruli have
also been pointed out to be very unique in its
second messenger system. Most of the pri-
mary olfactory system has been known to
utilize the cAMP as a second messenger'?,
whereasthe “necklace olfactory system” has
been shown to contain the PDE2, suggesting
that it is regulated by cGMP signal transduc-
tion pathway instead of the cAMP pathway
4. In the previous study, another necklace
-typed glomeruli which belong to the IAE-L
but non-hPAX-P2 immunoreactive glomeruli
were also reported to be present near the IAE
-L/hPAX-P2 glomeruli?. The detailed analy-
sis, however, has yet to be performed.

It is of importance that one of the necklace
glomeruli which were stained with Mab 213 or
anti-hPAX-P2 or -PDE2 antibody, has been
detected in the modified glomerular complex
which was previously reported to be involved
in rat suckling behavior!®%, The suckling
behavior, however, cannot be deleted by a
local lesion of the modified glomerular com-
plex in the rat'® or rabbit'®. It therefore
seems likely that the modified glomerular
complex is not a special site relevant to the
suckling behavior, but just one member of the
Mab 213-1 or Shinoda’s “necklace glomeruli”
which are, as a whole, probably associated
with some pheromone-like olfactory informa-
tion inducing the rat-pap suckling behavior
1248  QOther kinds of necklace glomeruli
which have recently been reported in the
caudal free margin of the bulb*® might also

be minimum functional units which process
distinct olfactory information from other
unique primary olfactory systems.
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