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Summary. The vomeronasal system in adult animals
has the capacity to produce new receptor cells continu-
ously. When the vomeronasal nerve bundles in rodents
are transected, or the accessory olfactory bulb (AOB) is
removed, vomeronasal receptor cells degenerate and
immediately start to regenerate receptor cells. To
investigate in further detail the changes to the vomer-
onasal system during the long recovery period follow-
ing nerve transection, we conducted an immunocyto-
chemical analysis of the AOB using anti-NCAM (neural
cell adhesion molecule), anti-Gi2 «, and anti-
synaptophysin (SYN) antibodies, together with elec-
tron microscopy of the vomeronasal organ (VNO) in
rats. On day 200 after nerve transection, NCAM, Gi2 «
and SYN immunoreactivity (ir) was observed within the
vomeronasal nerve layer (VNL) and/or glomerular
layer (GL) in the AOB of four of ten rats, but the
immunoreactive areas were smaller than those in con-
trol sections (positive group). The remaining six rats
showed no ir for NCAM, Gi2 «, or SYN within the VNL
and/or GL in the AOB (negative group). The percent-
age of receptor cells with microvilli relative to the total
number of receptor cells contacting the luminal surface
of the VNO was calculated, showing no difference
evident when comparing the positive and negative
groups; that is, the microvilli of receptor cells were
observed whether or not there were connections
between the VNO and the AOB. These results suggest
that regeneration of the VNO and AOB occurs indepen-
dently.
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INTRODUCTION

The olfactory organ is located in the caudal part of
the nasal cavity. Their constituent cells contain
apical dendrites that are covered with cilia extending
into the nasal cavity where they come in contact with
volatile substances. The vomeronasal organ (VNO) is
located within a bony capsule along the nasal septum.
Vomeronasal receptor cells occupy about three-
fourths of the basal sensory epithelium. At the sur-
face of this epithelium, dendrites of vomeronasal
receptor cells are covered with microvilli that extend
into the lumen. Axons from both olfactory and
vomeronasal receptor cells pass through the cri-
briform plate and project to different regions of the
olfactory bulb. Axons from the olfactory receptor
cells terminate in the main olfactory bulb (MOB) and
those from the vomeronasal receptor cells project to
the accessory olfactory bulb (AOB). Both the olfac-
tory and vomeronasal systems have the capacity to
regenerate new receptor cells throughout an animal’s
life. In the olfactory system, removal of the olfactory
bulb or olfactory nerve transection leads to the regen-
eration of olfactory receptor cells and reestablish-
ment of projections to the main olfactory bulb®?. The
functional recovery of receptor cells and reestablish-
ment of their central connections occur after a recov-
ery period of 40 days®.

In the vomeronasal system, the continuous regener-
ation of receptor cells also occurs in both young and
adult animals. When the vomeronasal nerve bundles
are transected or the olfactory bulb is removed,
vomeronasal receptor cells regenerate after degener-
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ation*~®. Although the newly regenerated receptor
cells have the capacity to reestablish connections
with the AOB, the reconnection rate of the vomer-
onasal system is lower than that of the olfactory
system?!'?®, Several studies examining immunocyto-
chemical changes in the olfactory system during
regeneration have been reported*!'*, though there
have been only a few studies in the vomeronasal
system on immunocytochemical changes in the epith-
elium following nerve transection. Recently, Matsuo-
ka et al.'® revealed that, although the olfactory
epithelium showed morphological recovery on day 60
after nerve transection, the recovery of vomeronasal
receptor cells was not evident by day 60. Ichikawa'®
showed that axons of vomeronasal receptor cells
could reach the AOB after day 120, but the period at
which the VNO attains morphological and functional
maturation remains unknown. To investigate
whether the vomeronasal system requires a longer
time to recover and to determine the relation
between the connection of receptor cells to the AOB
and their maturational state, we conducted an im-
munocytochemical study of the AOB using three
antibodies, namely anti-NCAM, anti-Gi2 «, and anti-
synaptophysin (SYN) antibodies, 200 days following
nerve transection. As NCAM is expressed in most
immature and mature neurons'®, this was used as a
marker for sensory neurons. Gi2 « is expressed in the
apical vomeronasal receptor cells in the vomeronasal
epithelium and rostral halves of the AOB in mature
animals'”?, making it a suitable marker for the
vomeronasal system. Synaptophysin (SYN) is expres-
sed in the synaptic glomerular layer'®, and so was
used as a marker for synaptic connections. In addi-
tion, we performed electron microscopy to ohserve
the degree of maturation of the vomeronasal sensory
epithelium.

MATERIALS AND METHODS

Animals

Male adult Sprague-Dawley (SD) rats having a body
weight of between 280 to 316g were housed in a
temperature-controlled room under a 12hr/12 hr
light/dark cycle. The animals were kept in acrylic
cages with woodchip bedding and had unlimited
access to the usual laboratory chow and water. All
experimental procedures employed were approved by
the Institutional Animal Care and Ethics Committee
of the Tokyo Metropolitan Institute for Neuroscien-
ce.

Surgery

The rats were anesthetized with ketamine hydroch-
loride (85 mg/kg) and xylazine (10 mg/kg) prior to
surgery. The frontal bone covering the left olfactory
bulb was removed and a custom-made Teflon blade
was used to cut both the vomeronasal and olfactory
nerve fibers passing between the cribriform plate and
the left olfactory bulb®. The vomeronasal and olfac-
tory nerves on the right side were left intact and
served as the unoperated control. Following surgery,
the animals were monitored carefully until they
recovered from anesthesia and were then returned to
their own cages.

Immunocytochemistry and electron microscopy

The animals (N =10) were deeply anesthetized with
sodium pentobarbital and perfused with (.99 saline
and 4% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4). For immunocytochemical examination, the
AOB was removed and fixed in the same fixative for
24 hr at 4°C. The tissue was cut into 30 gm-thick
sections using a freezing microtome and sections
were incubated for 24-48 hr at 37°C with one of the
following antibodies: anti-NCAM antibody (Sigma)
diluted to 1:100, anti-Gi2 « antibody (Wako) diluted
to 1:500, and anti-SYN (Boeringer-Manheim) diluted
to 1:500. After washing in phosphate-buffered saline
(PBS) for 30 min, the sections were incubated with
anti-mouse Ig or anti-rabbit Ig biotinylated antibody
diluted to 1:200 for 1 hr at 37°C, then washed in PBS
for 30 min, and incubated with streptavidin labeled
with a fluorescent dye. The sections were washed in
PBS for 30 min, coverslipped with a water-based
mounting medium (PermaFluor, LIPSHAW), and
examined with a fluorescence microscope (Axiophot,
Zeiss). For electron-microscopic examination, the
VNO was removed and fixed in 2% glutaraldehyde-
29 paraformaldehyde in 0.1 M phosphate buffer (pH
7.4) for 24 hr at 4°C. It was cut into sections of
approximately 1.0 mm thickness with a razor blade
and postfixed in 19 osmium tetroxide in 0.1 M
phosphate buffer, dehydrated in ethanol, and embed-
ded in plastic resin (Quetol 812). Ultrathin sections
were cut with a microtome (MT 7000, MRC). After
being stained with uranyl acetate and lead citrate, the
sections were examined with an electron microscope
(Hitachi, model H-7500). Micrographs of the luminal
surface of the VNO were obtained from ten animals,
and the numbers of receptor cells both with and without
microvilli were counted. The percentage of receptor
cells with more than one microvillus with respect to
the total number of receptor cells was calculated.



RESULTS

Immunocytochemistry

In control sections of the AOB, strong NCAM im-
munoreactivity (ir) was observed within the vomer-
onasal nerve layer (VNL) and glomerular layer (GL)
whereas no ir was observed within the mitral/tufted
cell layer (MTL), olfactory tract layer (OTL) or
granule cell layer (GRL) (Fig. 1 A). On day 200 fol-
lowing nerve transection, NCAM-ir could not be
observed in the AOB of six of the ten rats studied
(Fig. 1 B). The other four animals showed NCAM-ir
within the VNL and GL (Fig. 1 C). The reactive area
was mainly in the rostral half of the AOB, but some
animals showed reactivity in the caudal half of the
AOB. In control sections of the AOB, a strong Gi 2
a-ir was observed within the rostral halves of the
VNL and GL (Fig. 1 D). The MTL, OTL, and GRL
did not show Gi 2 a-ir. On day 200, Gi 2 a-ir could not

.

Fig. 1.
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be observed in the AOB of six out of ten rats (Fig. 1
E). The other four animals showed Gi 2 a-ir in the
rostral halves of the VNL and GL (Fig. 1F). In
control sections of the AOB, strong SYN-ir was
observed within the GL, MTL, and GRL. The VNL
and OTL did not show SYN-ir (Fig. 1 G). On day 200,
SYN-ir was observed within the MTL and GRL of
the AOB of six of the ten rats studied (Fig. 1 H). The
other four animals showed SYN-ir within the GL,
MTL, and GRL of the AOB (Figs. 1I). The four
animals making up the positive group were always
the same four individuals, regardless of which anti-
body results were used to group them. The areas on
the nerve transected side showing NCAM-ir, Gi 2 a-ir
and SYN-ir were smaller than on the control side in
all experimental animals.

Immunoreactivity in the accessory olfactory bulb (AOB) 200 days after nerve transection. Control section

shows NCAM-ir in the vomeronasal nerve layer (VNL) and glomerular layer (GL), Gi 2 @-ir in rostral halves of the
VNL and GL, and synaptophysin (SYN)-ir in the GL, MTL and GRL (Figs. 1A, D and G). Six of the ten rats show
a negative reaction to antibodies against NCAM and Gi « in all layers of the AOB (Figs. 1B and E), and SYN in
VNL and GL (Fig. 1H). The other four rats show NCAM-ir and Gi «-ir within the VNL and GL, and SYN-ir within
the GL, MTL, and GRL (Figs. 1C, F and I). Scale Bar, 200 xm.
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Electron microscopy

Electron-microscopic examination was performed
for both the control side (right) and operated side
(left) of the VNO 200 days after nerve transection. In
the control sections, receptor cells were observed to
be covered with thin microvilli. Close to their base,
the receptor cell microvilli were thick, but appeared
tapered and thin toward the tips. The diameter of the
receptor cell microvilli was about 45 nm. In contrast,
supporting cells had uniformly thick microvilli. The
diameter of the supporting cell microvilli was about
90 nm. Numerous receptor and supporting cell mi-
crovilli were observed to cover the luminal surface of
the cells in control sections (Fig. 2 A). On day 200
after nerve transection, considerable variability in
the extent of recovery was observed in the sensory
epithelium (Figs. 2 B and 2 C). In some regions of the
sensory epithelium, receptor cell microvilli were still
scanty (Fig. 2 B), whereas in other regions, numerous
receptor cell microvilli covered the luminal surface
of the vomeronasal sensory epithelium. These rece-
ptor cells existed side by side (Fig. 2 C). Degenerating
receptor cells were seen in the region of the epith-
elium that showed incomplete recovery of the mi-
crovilli (asterisk in Fig. 2 B). The microvilli covering
the supporting cells were still observed on the surface
of the epithelium. Knob-like structures were seen
protruding into the lumen from the dendritic ends of
a few receptor cells; these structures also contained
centrioles (data not shown).

The ratio of receptor cells with microvilli in the
VNO

Four of the ten rats showed NCAM-ir, Gi 2 «-ir and
SYN-ir within the VNL and/or GL in the AOB.
These four were called the positive group. The other
six animals showed no ir to these antibodies within
the VNL and/or GL in the AOB and so were called
the negative group. To compare the degree of matu-
ration of both groups of animals, we counted the
number of receptor cells exhibiting more than one
microvillus in each group, and expressed these num-
bers as percentages of the mean of the total number
of receptor cells for each condition. On the control
(unoperated) side, all cells exhibited more than one
microvillus, whether or not the animal was from the
positive or negative group. On the nerve-transected
side, the mean percentage of cells exhibiting more
than one microvillus was 36.1% for the positive
group, while that for the negative group was 29.9%;
this difference did not reach statistical significance
(Table 1, Mann-Whitney’s U-test).

Fig. 2. Morphological changes in the vomeronasal
epithelium during the regeneration of receptor cells. A.
Normal morphology of the epithelial surface with mi-
crovilli on two types of cells. Receptor cell microvilli (r)
are thin and tapered while the supporting cell microvilli
(s) are thicker and of more uniform diameter. B and C.
On day 200, some regions of the sensory epithelium had
few microvilli (Fig. 2B) whereas the other regions
showed numerous mature microvilli (Fig. 2C). A degener-
ating receptor cell (asterisk) is shown in Fig. 2 B. RC,
receptor cell; SC, supporting cell. Scale Bar, 1 gm.



Table 1. The percentage of receptor cells with microvilli
with respect to the total number of receptor cells in the
VNO

Group Number of animals (l;gr_’f%r_lgl%f)
Positive 36.1+8.7
Negative 29.9+6.8
DISCUSSION

One of the aims of the present study was to investi-
gate the relationship between the recovery of projec-
tions to the AOB and the maturational state of
vomeronasal receptor cells. Animals belonging to the
positive groups showed NCAM-ir, Gi2 «-ir, and
SYN-ir within the VNL and/or GL in the AOB, and
those in the negative group showed no ir to the three
antibodies. These results suggest that the vomer-
onasal receptor cells may have differentiated 200
days after nerve transection and may have the capac-
ity to form new synaptic connections with the mitral/
tufted cells within the AOB. A previous mor-
phological study showed that 309 of the operated
animals recover projections to the AOB after nerve
transection'®. Our result is consistent with this study.

In addition, we calculated the percentage of rece-
ptor cells having more than one microvillus in ani-
mals from each group so that we could investigate
the maturational level of the vomeronasal receptor
cells. Microvilli are thought to be important struc-
tures with respect to pheromone receptor function, as
they possess pheromone receptors'®. There were no
differences in percentages of receptor cells having
more than one microvillus and those not having more
than one microvillus, when comparing the positive
and negative groups. In the olfactory system, cilial
growth from knob-like structures occurs as a result
of the formation of connections between receptor
cells and the MOB, and this connection helps main-
tain a cell until it matures®???, These studies
revealed that the axonal projections to the target
were required for the maturation of the olfactory
receptor cells. In the vomeronasal system, the present
study showed that the microvilli of the receptor cells
could be observed regardless of whether there were
connections between the VNO and the AOB. This
observation suggests that the AOB is unnecessary for
the morphological maturation of the vomeronasal
receptor cells after vomeronasal nerve transection,
but it remains possible that projections to the target
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might play some role in functional maturation, that
is, through the expression of pheromone receptors
and second messengers.

Several studies on regeneration of the olfactory
system have shown that the system has the capacity
to produce new cells, form connections with its target
(MOB), and recover its function®?*2?%, On the other
hand, the reconnection rate of vomeronasal receptor
cells to the AOB is very low compared with that of
the olfactory receptor cells'®. To explain this, we
should consider the location of the olfactory and
vomeronasal organs. The olfactory organ is located
in the caudal part of the nasal cavity and its rostral
end is directly exposed to the external environment
of the animal’s body. This structure helps in detecting
most vaporized chemicals. The vomeronasal organ
(VNO) is located within a bony capsule along the
nasal septum and its rostral end opens to the nasal
cavity. In the vomeronasal system, special methods
for pheromone detection, such as the pumping mecha-
nism, head-bobbing, and flehmen, are employed
because of the organ’s location and the narrow struc-
ture of the vomeronasal lumen?*2¢?”, In intact ani-
mals, it is considered that the olfactory system has
developed a tolerance to toxic chemicals and
recovers from damage to the olfactory epithelium
because neurotoxic substances can easily access the
olfactory epithelium. On the other hand, the inhala-
tion of neurotoxic substances into the vomeronasal
sensory epithelium rarely happens because of the
latter’s location. Such differences may affect the
occurrence of neurogenesis and the recovery rate of
these two organs following the loss of their stimuli.
Further studies are needed to examine the influence
of trophic factors in the environment on the olfactory
system or the vomeronasal system during regeneration.

The present study considers the influence of the
longer recovery period and the importance of the
target tissue for the maturation of the vomeronasal
system. We conducted immunocytochemistry of the
AOB and electron microscopy of the vomeronasal
organ on day 200 after nerve transection. Even
though a longer recovery period was allowed in these
studies than previously, the organs had yet to reach a
complete morphological maturational state. Microvilli,
a symbol of mature vomeronasal receptor cells, were
observed whether or not there were any connections
between the VNO and the AOB. These results sug-
gest that regeneration of the VNO and the AOB
occurs independently.
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