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The septal organ, a distinct chemosensory organ observed in the mammalian nose, is essentially a small island of olfactory neuroepithe-
lium located bilaterally at the ventral base of the nasal septum. Virtually nothing is known about its physiological properties and function.
To understand the nature of the sensory neurons in this area, we studied the mechanisms underlying olfactory signal transduction in
these neurons. The majority of the sensory neurons in the septal organ express olfactory-specific G-protein and adenylyl cyclase type III,
suggesting that the cAMP signaling pathway plays a critical role in the septal organ as in the main olfactory epithelium (MOE). This is
further supported by patch-clamp recordings from individual dendritic knobs of the sensory neurons in the septal organ. Odorant
responses can be mimicked by an adenylyl cyclase activator and a phosphodiesterase inhibitor, and these responses can be blocked by an
adenylyl cyclase inhibitor. There is a small subset of cells in the septal organ expressing a cGMP-stimulated phosphodiesterase (phos-
phodiesterase 2), a marker for the guanylyl cyclase-D subtype sensory neurons identified in the MOE. The results indicate that the septal
organ resembles the MOE in major olfactory signal transduction pathways, odorant response properties, and projection to the main
olfactory bulb. Molecular and functional analysis of the septal organ, which constitutes �1% of the olfactory epithelium, will provide new
insights into the organization of the mammalian olfactory system and the unique function this enigmatic organ may serve.
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Introduction
It has become clear recently that the mammalian olfactory system
consists of several subsystems, each of which may serve distinct
functions by using different signal transduction pathways and
projecting to different brain areas (for review, see Zufall and
Munger, 2001). One of the subsystems is the septal organ (SO)
(organ of Masera), a chemosensory organ in the mammalian
nasal cavity first systematically described by Rodolfo-Masera
(1943). It is essentially a small island of olfactory epithelium lying
near the ventral base of the nasal septum at the entrance to the
nasopharynx. It is separated from the main olfactory epithelium
(MOE) by surrounding respiratory epithelium (RE). Although
the septal organ has been observed in many mammals (Adams
and McFarland, 1971; Bojsen-Moller, 1975; Katz and Merzel,
1977; Kratzing, 1984; Breipohl et al., 1983, 1989; Taniguchi et al.,
1993), virtually nothing is known about the properties of the
olfactory sensory neurons (OSNs) in this area. To attack this
problem, we first investigated signal transduction mechanisms in
these neurons compared with the MOE.

The majority of the ciliated OSNs in the MOE use the cAMP
signaling cascade for transforming chemosensory information

into electrical signals. Such a cascade involves sequential activa-
tion of olfactory-specific G-protein (Golf), adenylyl cyclase
type III (ACIII), and cyclic nucleotide-gated (CNG) channel.
This is supported by evidence from biochemistry (Pace et al.,
1985; Sklar et al., 1986; Breer et al., 1990), physiology (Chen et
al., 2000; Spehr et al., 2002), immunohistochemistry, in situ
hybridization (Jones and Reed, 1989; Bakalyar and Reed, 1990;
Berghard et al., 1996), and gene knock-out (Brunet et al., 1996; Bel-
luscio et al., 1998; Wong et al., 2000). Recently, 3-phosphoinositide
has been shown to modulate the cAMP signaling in rodent OSNs
(Spehr et al., 2002).

A small subset of the OSNs in the MOE has been found to
define a distinct signal transduction pathway. Instead of express-
ing the key components in the cAMP pathway, these neurons
coexpress guanylyl cyclase-D (GC-D) (Fulle et al., 1995), a
cGMP-stimulated phosphodiesterase [phosphodiesterase 2
(PDE)] (Juilfs et al., 1997), and a cGMP-sensitive CNG channel
(Meyer et al., 2000). These neurons project to the necklace glo-
meruli (Juilfs et al., 1997; Baker et al., 1999), which may be in-
volved in suckling behavior (Teicher et al., 1980; Greer et al.,
1982; Yagi et al., 1993).

We evaluated the contribution of these two distinct pathways
identified in the MOE to olfactory signal transduction in the
septal organ. The results indicate that cAMP mediates olfactory
signal transduction in most OSNs in the septal organ. The septal
organ resembles the MOE in odorant response properties and
projection to the main olfactory bulb. Because the septal organ
presents a much smaller, potentially simpler system than the
MOE, functional and molecular characterization of the OSNs in
this area will provide critical information about olfactory coding
and processing in general and shed light on its behavioral
significance.
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Materials and Methods
Immunohistochemistry. Male or female C57BL/6 mice at the age of 7 d to
12 weeks were used. After deep anesthesia with an intraperitoneal injec-
tion of ketamine HCl (300 mg/kg body weight), the animal was transcar-
dially perfused with PBS (0.1 M phosphate buffer and 0.9% NaCl, pH 7.4)
and fixed by perfusion with 4% paraformaldehyde in 0.1 M PBS for 5 min.
The nose was dissected out en bloc and further fixed in 4% paraformal-
dehyde for 2 hr at room temperature. For whole-mount olfactory epithe-
lium staining, the olfactory epithelia attached to the septum were used.
For preparation of sections, the nose was decalcified overnight in 0.2 M

EDTA and infiltrated with 30% sucrose before embedded in OCT
(Tissue-Tek, Miles Laboratories, Elkhart, IN) and sectioned at 15–20 �m
on a cryostat. Tissues were first blocked for 30 min with 2% bovine serum
albumin and 0.3% Triton X-100 in TBS (0.1 M Tris buffer and 0.9% NaCl,
pH 7.4) and then incubated with the primary antisera in 0.1 M TBS with
0.3% Triton X-100 for 2 hr at room temperature. The primary antisera
include rabbit anti-� subunit of Golf (1:400; Santa Cruz Biotechnology,
Santa Cruz, CA), rabbit anti-ACIII (1:400; Santa Cruz Biotechnology),
goat anti-olfactory marker protein (OMP) (1:1000; kindly provided by
Dr. F. Margolis, University of Maryland, Baltimore, MD), and mouse
monoclonal anti-growth associated protein-43 (GAP-43) (1:1000;
Sigma, St. Louis, MO). Immunofluorescence was achieved by reaction
with appropriate secondary antibodies at 1:200 for 1 hr. The secondary
antibodies include donkey anti-rabbit-RRX, donkey anti-goat-Cy2, don-
key anti-mouse-488, and donkey anti-goat-568 (Jackson Immuno-
Research, West Grove, PA). Tissues were washed in 0.1 M TBS and
mounted in Vectashield (Vector Laboratories, Burlingame, CA). Pictures
were taken under a Bio-Rad (Hercules, CA) 600 scanning confocal mi-
croscope. For PDE2 labeling, whole-mount epithelia were incubated in
the primary antisera for 3 d at 4°C (1:50; kindly provided by Dr. J. Beavo,
University of Washington, Seattle, WA), followed by an overnight incu-
bation in biotinylated donkey anti-chicken secondary antiserum and
normal mouse serum (Jackson ImmunoResearch). Positive staining was
detected with the ABC kit (Vector Laboratories) using DAB (Sigma) as
the chromogen.

DiI tracing. After transcardiac perfusion with 4% paraformaldehyde,
the head was further fixed overnight at 4°C. The nasal cavities were
opened up to expose the septum. The main olfactory epithelium was
covered up before DiI crystals (Molecular Probes, Eugene, OR) were
placed in the septal organ area. The labeling patterns in the epithelium
and in the olfactory bulb were examined after 6 weeks. The olfactory
bulbs were cut into 50 �m sections, which were examined under an
upright infrared differential interference contrast (DIC) microscope
(Olympus BX50WI; Olympus Optical, Tokyo, Japan) equipped with flu-
orescence attachment. Because the OSNs in the septal organ form only
one or two fascicles when they project to the olfactory bulb, the experi-
ments with any labeling in the main olfactory epithelium were discarded.

Electrophysiology. The intact epithelial preparations were prepared fol-
lowing previously published procedures (Ma et al., 1999; Ma and Shep-
herd, 2000). Mice (4 –12 weeks) were deeply anesthetized by injection of
ketamine and decapitated. The head was immediately put into icy Ring-
er’s solution, which contained the following (in mM): 124 NaCl, 3 KCl,
1.3 MgSO4, 2 CaCl2, 26 NaHCO3, 1.25 NaH2PO4, and 15 glucose 15, pH
7.6 (305 mOsm). The nose was dissected out en bloc, and the olfactory
epithelium attached to the nasal septum was removed and kept in oxy-
genated Ringer’s solution. Before use, the whole epithelium attached to
the septum was peeled off and transferred to a recording chamber with
the mucus layer facing up, and the oxygenated Ringer’s solution was
continuously perfused at 25 � 2°C. The dendritic knobs of the OSNs
were visualized through an upright infrared DIC microscope (Olympus
BX50WI) equipped with a CCD camera (Dage-MTI, Michigan City, IN)
and a 40� objective. Perforated patch clamp was performed on the den-
dritic knobs by including 260 �M amphotericin B in the recording pi-
pette, which was filled with the following solution (in mM): 17.7 KCl,
105.3 KOH, 82.3 methanesulfonic acid, 5.0 EGTA, 10 HEPES, and 70
sucrose, pH 7.2 (KOH; 310 mOsm). Electrophysiological recordings
were controlled by an EPC-9 amplifier combined with the Pulse/Pulsefit
software (Heka Electronik, Lambrecht/Pfalz, Germany). A multibarrel

pipette, placed �10 �m downstream from the recording site, was
used to deliver stimuli by pressure ejection through a Picospritzer
(General Valve, Fairfield, NJ). All odorants were prepared as a 0.5 M stock
solution in dimethylsulfoxide (DMSO) and diluted to the final concentra-
tions by adding Ringer’s solution. The odorant mixture contained equal
concentration of the following 20 compounds from various classes: ace-
tophenone, amyl acetate, anisaldehyde, benzyldehyde, (�)carvone,
(�)carvone, cineole, ethyl vanilline, heptanal, heptanoic acid, 2-hep-
tanone, 3-heptanone, heptanol, hexanal, (�)limonene, (�)limonene,
lyral, octanal, octanoic acid, and octanol. 3-Isobutyl-1-methyl-xanthine
(IBMX) was prepared in a 20 mM stock solution containing 5% DMSO
and diluted to the final concentrations before use. Forskolin, IBMX,
8-bromoguanosine-3�,5�-cyclomonophosphate (8-Br-cGMP), and
MDL12330A were purchased from Sigma.

Results
cAMP signaling in the septal organ:
immunohistochemical evidence
To identify the signal transduction pathways in the septal organ,
we started with the role of cAMP because it has been established
as the second messenger underlying signal transduction in the
MOE. We compared the immunohistochemical staining patterns
of antibodies against ACIII and the � subunit of Golf, two key
elements in the cAMP pathway. Figure 1 shows the staining pat-
tern of ACIII antibody in a whole-mount epithelium attached to
the nasal septum, which clearly defined the position of the septal
organ. Both the septal organ and the MOE were stained with the
ACIII antibody (Fig. 1A,B). The septal organ was a small island of
olfactory epithelium located at the ventral base of the septum,
posterior to the vomeronasal organ and near the entrance of the
nasopharynx. It was separated from the MOE by surrounding RE,

Figure 1. The septal organ in the whole-mount epithelium preparation was identified by
labeling with the ACIII antibody. A, The contour of the epithelium attached to the septum was
drawn according to a 6-week-old female mouse. The septal organ is a small island of olfactory
epithelium surrounded by respiratory epithelium lying near the base of the nasal septum at the
entrance to the nasopharynx. MOE, Main olfactory epithelium; SO, septal organ; RE, respiratory
epithelium; VNO, vomeronasal organ; nph, nasopharynx; OB, olfactory bulb; a, anterior; p, pos-
terior; d, dorsal; v, ventral. B, The area within the dotted rectangle in A viewed under fluores-
cence illumination. Both the MOE and the SO, but not the RE, were labeled with the ACIII
antibody. C, The ACIII-stained dendritic knobs and cilia (arrow) of the sensory neurons in the
septal organ visualized under higher magnification.
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which was ACIII negative. The labeled dendritic knobs and cilia
in the septal organ were readily visualized under higher magnifi-
cation (Fig. 1C).

To compare further the staining patterns in the two systems at
the level of individual cells, ACIII and Golf labeling patterns were
examined in olfactory epithelium sections and double labeled
with OMP antibody, which stains mature OSNs (Keller and Mar-
golis, 1975) (Fig. 2). In a coronal section, the septal organ was
separated from the MOE by a region of respiratory epithelium,
which was OMP negative (Fig. 2A,B). The ACIII antibody
strongly labeled the superficial layer, in which the dendritic knobs
and cilia of OSNs were located, in both the MOE and the septal
organ (Fig. 2C,D). Other than the superficial layer, the Golf anti-
body also labeled the dendrites and cell bodies in both systems
(Fig. 2E,F). The similarity in the staining patterns of ACIII and

Golf antibodies suggests that the cAMP
pathway may play a similar role in the two
systems.

Although the staining patterns of the
OMP–ACIII or Golf were similar in the
two systems, there were some differences
in cell morphology (Fig. 2C–F). The
OSNs in the septal organ appeared to have
flattened somata and shorter dendrites
than those in the MOE, and there were
fewer layers of cells. The thickness of the
epithelium was �20 �m compared with
60 – 80 �m in the MOE, depending on the
location. This was more clearly shown
with double staining using antibodies
against OMP and GAP-43, which labels
immature OSNs (Fig. 3A,B). There were
three to four layers of both mature and
immature neurons in the MOE (Fig. 3A)
and one to two layers of each type in the
septal organ (Fig. 3B). As a result, the den-
sity of the dendritic knobs was lower in the
septal organ, which was demonstrated in a
whole-mount olfactory epithelium
stained with ACIII antibody (Fig. 3C) (see
also below).

cAMP signaling in the septal organ:
electrophysiological evidence
To obtain physiological evidence that the
cAMP pathway mediates olfactory signal
transduction in the septal organ, we per-
formed perforated patch-clamp record-
ings on the dendritic knobs of individual
OSNs in the intact epithelial preparation.
In such a preparation, the septal organ can
be distinguished from the MOE under
DIC microscopy (Fig. 4). The RE was sep-
arated from the MOE and the SO by sharp
boundaries (Fig. 4A). Under higher mag-
nification, both the MOE and the SO were
featured by Bowman’s gland openings,
supporting cells and dendritic knobs of
OSNs, whereas the RE was featured by ep-
ithelial cells with moving microvilli (Fig.
4B). The size of the septal organ in 10-
week-old mice was 0.28 � 0.02 mm 2 (n �
5; mean � SE) compared with 7.7 � 3.1

mm 2 (n � 5) of the MOE attached to the septum. There were
�14,000 mature OSNs in the septal organ based on an average
density of 5 � 10 4 dendritic knobs/mm 2, which was determined
by averaging the number of dendritic knobs in 10 randomly se-
lected areas (10 � 10 �m) in the intact olfactory epithelial prep-
arations from three animals. The dendritic knobs in the septal
organ appeared to be bigger than those in the MOE, i.e., the
diameters ranged from 2 to 3 �m compared with 1 to 2 �m in the
MOE, which facilitated physiological recordings from individual
OSNs in the septal organ.

Odorant-induced responses recorded from the OSNs in the
septal organ showed similar properties as those in the MOE.
Odorants always induced inward currents in these neurons under
voltage-clamp mode (Fig. 5A1). An odorant mixture that con-
tained 20 compounds in various classes (see Materials and Meth-

Figure 2. OSNs in the septal organ were labeled with ACIII and Golf antibodies. A, B, In a coronal section, the SO was distin-
guished from the MOE by its location as revealed by OMP staining. The same section is shown under transmitted light ( A) and
fluorescence illumination ( B). The SO is separated from the MOE by surrounding respiratory epithelium, which is OMP negative.
C–F, Both the MOE (C, E) and the SO (D, F ) were labeled with ACIII and Golf antibodies, two key components in the cAMP signal
transduction pathway. OMP is in red, and ACIII (C, D) or Golf (E, F ) is in green. The arrows indicate the thickness of the epithelium. The
results in this figure and Figure 3 were from 7-d-old animals.
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ods) induced responses in seven of eight cells tested. Three single
compounds were also examined in the OSNs in the septal organ.
Amyl acetate elicited inward currents in four cells of seven tested,
(�)limonene in three of six, and (�)limonene in four of seven.
Some cells (three of six in which all three compounds were tested)
responded to more than one odorant.

To test whether olfactory signal transduction in the septal
organ is mediated by the cAMP signaling cascade, we applied
several compounds that can activate or inhibit the key compo-
nents in this pathway. Forskolin, a potent activator of adenylyl
cyclase, mimicked odorant-induced inward currents in these
neurons (Fig. 5B1). IBMX has been widely used in vertebrate
OSNs to mimic odorant responses, presumably by increasing
intracellular cyclic nucleotide levels, which in turn open the CNG
channels (Firestein et al., 1991a,b; Lowe and Gold, 1993). Like-
wise, IBMX also elicited inward currents in the OSNs in the septal
organ (Fig. 5C1). Although cAMP serves as the major second
messenger mediating olfactory signal transduction in vertebrate
OSNs, it has been well established that olfactory CNG channels

are sensitive to both cAMP and cGMP (Nakamura and Gold,
1987; Kurahashi, 1990; Firestein et al., 1991a; Zufall et al., 1991).
Traditionally, 8-Br-cGMP, a membrane-permeable analog of
cGMP, is used as an activator of these channels (Firestein et al.,
1991a; Leinders-Zufall et al., 1995; Chen et al., 2000). Similar to
other vertebrate OSNs reported in the literature, the neurons in
the septal organ also responded to 8-Br-cGMP by generating
inward currents (Fig. 5D1). To elucidate the critical role played
by cAMP generated through activation of adenylyl cyclase, we
tested the effect of MDL12330A, a blocker of adenylyl cyclase on
these responses (Chen et al., 2000; Spehr et al., 2002).
MDL12330A at 50 �M completely blocked responses induced by
odorants, forskolin, and IBMX within 5 min of perfusion (Fig.
5A–C,E). Recovery started to occur within 5 min after wash out
(data not shown). Because 8-Br-cGMP activates the CNG chan-
nels directly, MDL12330A did not have an effect on 8-Br-cGMP-
elicited responses (Fig. 5D2,E). These results indicate that the
septal organ uses the cAMP pathway as the major signal trans-
duction mechanism.

To investigate further odorant response properties of individ-
ual OSNs in the septal organ, we examined olfactory adaptation
during repetitive odorant exposures, which has been studied ex-
tensively in vertebrate OSNs (for review, see Zufall and Leinders-
Zufall, 2000). One of the key cellular steps involved in such a
process is negative modulation of the CNG channels by Ca 2�

influx (Kramer and Siegelbaum, 1992; Kurahashi and Menini,
1997), with new evidence pointing to individual subunits of these
heteromultimeric channels (Bradley et al., 2001; Munger et al.,
2001). When paired odorant pulses were delivered to individual
OSNs in the MOE or in the septal organ, the second stimulus
typically elicited a smaller response (Fig. 6A,B), which increased
with the prolonged interpulse intervals. Because the recovery
from olfactory adaptation showed some variations in different
cells tested with different odorants and different concentrations,
we compared the time course for recovery from adaptation in-
duced by IBMX stimuli in the two systems (Fig. 6C,D). Paired
IBMX pulses induced adaptation, presumably by increasing the
cAMP level mimicking the downstream cellular steps after the
cAMP formation, because IBMX responses were blocked by an
adenylyl cyclase blocker (Fig. 5C2). A full recovery took 10 –12 sec
in both the MOE and the septal organ (Fig. 6E). These recordings
demonstrate that the OSNs in the septal organ show similar ad-
aptation properties as those in the MOE.

A small subset of OSNs in the septal organ belongs to the
GC-D–PDE2 subfamily
A subset of OSNs in the MOE may define another signal trans-
duction mechanism, which depends on cGMP. Although there is
no functional evidence for such a cGMP-mediated transduction
cascade, it has been established that that these cells express dis-
tinct molecular markers, such as GC-D and PDE2, and project to
the necklace glomeruli, which are well described both immuno-
histochemically and topographically (Zheng et al., 1987; Shinoda
et al., 1989; Ring et al., 1997; Weruaga et al., 2001). Injection of
horseradish peroxidase (HRP) in the area including the modified
glomerular complex, part of the necklace glomeruli, resulted in
retrograde-labeled cells in both the MOE and the septal organ in
rats (Pedersen and Benson, 1986). This indicates a possibility that
the septal organ cells may also be involved in this pathway. To test
such a possibility, we compared the immunostaining pattern of a
specific marker for GC-D neurons in the MOE and in the septal
organ and examined the projection pattern of the septal organ.

Whole-mount epithelial tissues were labeled with PDE2 anti-

Figure 3. The SO has a lower density of OSNs than the MOE. A, B, Sections of the MOE and the
SO were compared by double labeling with OMP (red) and GAP-43 ( green) antibodies. There are
three to four layers of mature (OMP-positive) and immature (GAP-43-positive) cells in MOE and
only one to two layers of each type in SO. The cells in SO appear to have flattened somata and
shorter dendrites. The arrows indicate the thickness of the epithelium. C, Whole-mount epithe-
lium attached to the septum labeled by the ACIII antibody demonstrates a lower density of the
dendritic knobs in the SO than in the MOE.
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body, a specific marker for the GC-D neurons (Fig. 7). The
PDE2-positive cells were scattered in the MOE with the highest
density in the dorsal recess (Fig. 7A). The labeled cells (arrows)
appeared bigger than the nonlabeled dendritic knobs (open ar-
rowheads), because the labeling was in both the dendritic knobs
and the cell bodies (Juilfs et a., 1997). The Bowman’s gland open-
ings ( filled arrowheads) throughout the epithelium appeared a
little darker than the rest of the tissue, presumably attributable to
the less efficient washing within these glands. The septal organ
contained only a small subset of PDE2-positive cells, with an
average � SD of 2.7 � 1.4 (n � 6) (Fig. 7B).

The projection pattern of the mouse septal organ to the olfac-
tory bulb was determined by DiI tracing (Fig. 8). The OSNs in the
septal organ formed only one or two fascicles passing through the
cribriform plate (Fig. 8A) and projected to �15 glomeruli (n � 3,
12, 14, and 19 from each animal, respectively) in the ventrome-
dial aspect of the posterior bulb (Fig. 8B). These glomeruli almost
formed a string along the anteroposterior axis (Fig. 8B). In most
coronal sections, a single labeled glomerulus was observed (Fig.
8C–E). Such a projection pattern is consistent with the fact that
the septal organ did not contain a significant number of GC-D–
PDE2 cells (Fig. 7), which project to the necklace glomeruli form-
ing a ring around the posterior bulb.

Among the labeled glomeruli, nearly half of them were densely
labeled (Fig. 8C), and the rest were lightly labeled with incom-
plete arborization. Similar results have been reported on the pro-
jection pattern from the rat septal organ using HRP anterograde
tracing (Giannetti et al., 1992). Presumably, the densely labeled
glomeruli receive inputs mainly from the septal organ, whereas

the lightly labeled ones are shared by sen-
sory neuron axons from both the septal
organ and the MOE (Giannetti et al.,
1992). It should be noted that not every
cell was labeled by DiI in our tracing ex-
periments, which may lead to underesti-
mation of the number of glomeruli the
septal organ innervates. However, it is a
reasonable assumption that the labeled
glomeruli are the major targets converg-
ing inputs from a significant number of
sensory neurons in the septal organ. In
summary, these data indicate the septal
organ resembles the main olfactory sys-
tem in projecting to the main olfactory
bulb.

Discussion
The current study provides the first com-
prehensive study on the functional proper-
ties of the OSNs in the septal organ, a little-
explored organ since its first identification
60 years ago. Our results revealed that the
cAMP signaling is the major olfactory signal
transduction mechanism in the septal or-
gan. In addition, there is a small subset of
cells that belongs to the GC-D–PDE2
subfamily. The OSNs in the septal organ
resemble those in the MOE in their phys-
iological properties and projection to the
main olfactory bulb. Because the septal
organ presents a much smaller system,
functional and molecular characteriza-
tion of the OSNs in this area will lead to a

better understanding of olfactory coding mechanisms in general
and shed light on its behavioral function.

Signal transduction pathways in the septal organ
A great deal of what we know about the organization and func-
tion of any sensory system has come from studies on the signal
transduction mechanisms. By combining immunohistochem-
ical and electrophysiological approaches, we evaluated the
critical role played by the cAMP pathway in the septal organ.

The majority of OSNs in the septal organ were labeled with
Golf and ACIII, two key components in the cAMP pathway (Figs.
1, 2), whereas only a few cells labeled with PDE2, a specific
marker for the GC-D subfamily (Fig. 7) (Juilfs et al., 1997). The
immunostaining patterns suggest that the cAMP pathway may
play a critical role in signal transduction in the septal organ.

This is further supported by patch-clamp recordings from
individual OSNs. Previous electroolfactogram recordings
showed that the septal organ responds to a variety of odorants
(Marshall and Maruniak, 1986). However, recording from indi-
vidual OSNs in the septal organ was not practical before we de-
veloped the intact epithelial preparation in which single dendritic
knobs could be visualized (Fig. 4). Similar to the main olfactory
system, the OSNs in the septal organ responded to odorants by
showing inward currents under voltage-clamp mode (Fig. 5A1).
Such responses were mimicked by an adenylyl cyclase activator
(Fig. 5B1, forskolin), a phosphodiesterase inhibitor (Fig. 5C1,
IBMX), and a CNG channel activator (Fig. 5D1, 8-Br-cGMP). An
adenylyl cyclase inhibitor (MDL12330A) blocked all of the re-
sponses except the one induced by 8-Br-cGMP (Fig. 5E). These

Figure 4. The septal organ as identified under DIC microscopy in living tissue. A, The ventral base of the intact epithelium on the
septum viewed under DIC microscopy. The MOE and the SO are separated from the RE by sharp boundaries. B, Both the SO (B1) and
the MOE (B3) are featured by evenly distributed Bowman’s gland openings (BG ), supporting cells (SC ), and dendritic knobs of OSNs,
whereas the RE (B2) is featured by epithelial cells with moving microvilli. nph, Nasopharynx.
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data indicate that cAMP is the major second messenger mediat-
ing signal transduction in the septal organ, as well as in the MOE
(Chen et al., 2000).

The septal organ, an attractive model for olfactory coding and
processing studies
Functional studies of olfactory coding in mammals have been
hindered by the inherent complexity of the system. There are
millions of sensory neurons, each of which expresses one of
�1000 odorant receptors and responds to a broad range of odor-

Figure 5. The cAMP pathway mediates olfactory signal transduction in the septal organ.
Inward currents were induced under voltage-clamp mode by different stimuli: A1, the odorant
mixture at 100 �M; B1, 10 �M forskolin, an adenylyl cyclase activator; C1, 300 �M IBMX, a
phosphodiesterase inhibitor; and D1, 500 �M 8-Br-cGMP, an activator of the CNG channel. The
effects of 50 �M MDL12330A, an adenylyl cyclase blocker on the responses induced by the
following: A2, the odorant mixture at 100 �M; B2, 10 �M forskolin; C2, 300 �M IBMX; and D2,
500 �M 8-Br-cGMP. Recordings in the same row were from the same cell. The holding potentials
were �50 mV for all recordings. E, Summary of responses under different conditions. Data are
expressed as means � SD and pooled from n cells, indicated as a number under each bar. The
averaged responses induced by odorants, forskolin, and IBMX with MDL12330A are significantly
smaller than those under control condition ( p � 0.001). The averaged responses induced by
8-Br-cGMP are similar with or without MDL12330A ( p 	 0.4).

Figure 6. OSNs in the MOE and the septal organ show similar adaptation. Olfactory adapta-
tion was induced by paired odorant pulses in individual OSNs in the MOE and in the septal organ.
The odorant stimulus was cineole in A and (�)limonene in B at 300 �M. OSNs from the MOE and
the septal organ showed a similar time course in recovery from adaptation. C, D, OSNs were
stimulated by paired IBMX pulses (300 �M, 100 msec) with increased interpulse intervals. The
holding potentials were �50 mV for all recordings. E, Summary of the recovery fraction of the
second IBMX responses versus the interpulse intervals. The response induced by a second pulse
was normalized to the response induced by its preceding pulse. Data for MOE were averaged
from eight cells, and data for the septal organ were averaged from six cells.

Figure 7. Only a few cells in the septal organ belong to the GC-D–PDE2 subfamily. Whole-
mount olfactory epithelium on the septum was reacted with PDE2 antibody. A, PDE-2-positive
cells scattering in the MOE on the septum. B, A PDE-2-positive cell in the septal organ. Arrows
mark the labeled OSNs. Filled arrowheads mark Bowman’s gland openings. Open arrowheads
mark dendritic knobs of OSNs.
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ants from a pool of thousands (Mombaerts, 1999; Mori et al.,
1999; Young et al., 2002; Zhang and Firestein, 2002). Limited
knowledge is available on the odor response spectra of individual
sensory neurons expressing a particular receptor gene, the over-
lap in response spectra between sensory neurons expressing dif-
ferent receptor genes, and the spatial distribution of OSNs with
distinct response spectra. We hypothesize that the septal organ
can serve as a smaller, potentially simpler model system to ad-
dress these questions, because it constitutes �1% of the olfactory
system and expresses a small fraction of the olfactory receptor
genes (see below).

The septal organ resembles the MOE in many aspects. They
have similar cellular compositions, such as olfactory sensory neu-
rons, supporting cells, and Bowman’s glands (Figs. 2, 4) (Grazia-
dei, 1977; Kratzing, 1984; Miragall et al., 1984; Breipohl et al.,
1989; Adams, 1992; Taniguchi et al., 1993; Giannetti et al.,
1995a). In addition, the OSNs in both systems show similar odor-
ant responses (Figs. 5, 6), which are mainly mediated by the
cAMP pathway (Figs. 1, 2, 5). Furthermore, the septal organ
projects to the main olfactory bulb, too (Fig. 8) (Pedersen and
Benson, 1986; Astic and Saucier, 1988; Giannetti et al., 1992).

However, the septal organ presents a much smaller system
than the main olfactory system. The MOE contains �2 million
OSNs, expresses �1000 olfactory receptor genes, and projects to
�2000 glomeruli in the olfactory bulb. The mouse septal organ
contains �1% of the sensory neurons than the MOE, expresses a
small fraction (�4%) of the olfactory receptor genes from a rep-
ertoire of �1000 (our unpublished data), and projects to �1% of

the glomeruli in the olfactory bulb (Fig.
8). With a manageable number of cells
and receptor genes in a spatially defined
area, olfactory coding studies in the septal
organ will be greatly facilitated. It be-
comes possible and practical to obtain a
complete picture of peripheral coding
strategies addressing the questions men-
tioned above in the septal organ.

Functional significance of the
septal organ
By virtue of its location, many authors
have suggested that the septal organ may
serve an alerting function by sensing
odors in the environment during quiet
respiration, when the air stream does not
reach the MOE. This notion is supported
by the fact that the septal organ can re-
spond to some odorants with a higher
sensitivity than the MOE (Marshall and
Maruniak, 1986), but it is not proven by a
lesional and behavioral study (Giannetti
et al., 1995b). Another possibility has been
suggested by Wysocki et al. (1980) that the
septal organ may play a role in sensing
compounds of low volatility, which can
reach both the vomeronasal organ and the
septal organ but not the MOE.

Our results showed that the majority
of the sensory neurons in the septal organ
and the MOE do not differ in their trans-
duction machinery as far as they have
been tested. This suggests that the special
properties and function of the septal or-

gan may result from its position within the nasal cavity, the spe-
cific olfactory receptor genes it expresses, and/or the specific pro-
jection pattern to higher brain centers. These possibilities require
additional investigation. Our observation that the septal organ
sensory neurons have flattened somata, shortened dendrites, and
especially larger knobs is potentially interesting. This is in fact one
of the rare differences described among the otherwise uniform
morphology of sensory neurons in the MOE. Additional investi-
gation of the response spectra of individual cells in the septal
organ in a systematic way, combined with molecular studies, will
expand our knowledge about olfactory coding in general and
provide physiological clues to the function of this enigmatic
organ.
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