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Abstract
In comparing purified mouse olfactory sensory neurons (OSNs) with neighboring cells, we identified
54 differentially expressed transcripts. One-third of the transcripts encode proteins with no known
function, but the others have functions that correlate with challenges faced by OSNs. The OSNs
expressed a diversity of signaling protein genes, including stomatin (Epb7.2), S100A5, Ddit3, Sirt2,
CD81, Sdc2, Omp, and Ptpla. The elaboration of dendrites, cilia, and axons that places OSNs in
contact with diverse cell types and signals presumably also requires large investments in cytoskeletal-
associated proteins, lipid biosynthesis, and energy production. Several of the genes encode proteins
that participate in these biological processes, including ATP5g3, Ndufa9, Sqrdl, Mdh1, Got1, β-2
tubulin, Capza1, Bin3, Tom1, Acl6, and similar to O-MACS. Three transcripts had restricted
expression patterns. Similar to O-MACS and Gstm2 had zonally restricted expression patterns in
OSNs and sustentacular cells but not in Bowman’s glands, suggesting that zonality can be
differentially regulated by cell type. The mosaic expression pattern of S100A5 in approximately 70%
of OSNs predicts that it is coexpressed with a subset of odorant receptors. We captured four abundant
transcripts, Cyp2a4, similar to Cyp2g1, Gstm2, and Cbr2, that encode xenobiotic metabolizing
enzymes expressed by sustentacular cells or Bowman’s glands, reinforcing the interpretation that
clearance of xenobiotic compounds is a major function of these cells. Within the olfactory epithelium,
Cbr2 is a new anatomical marker for sustentacular cells. We also discovered that Reg3g is a marker
for respiratory epithelium.
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The unique role of the olfactory system in detecting and interpreting odors is supported by a
large number of genes whose expression is rarely observed outside of olfactory sensory neurons
(OSNs). The rich history of olfactory-specific gene products began with olfactory marker
protein (OMP) and includes odorant receptors (ORs) and olfactory transduction components
(Margolis and Tarnoff, 1973; Bakalyar et al., 1989; Jones and Reed, 1989; Dhallan et al.,
1990; Buck and Axel, 1991). The search for additional olfactory-specific gene products
continues (Genter et al., 2003; Oka et al., 2003; Tietjen et al., 2003), driven by recognition of
olfactory-specific functions whose controlling proteins have not been fully identified.

Olfactory-specific processes that remain poorly understood include OR gene choice, the zonal
pattern of OR expression, OSN axon convergence to glomeruli, and OR trafficking
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(McClintock and Sammeta, 2003; Mombaerts, 2004). The expression of ORs is controlled by
small regions upstream of OR coding sequences (Vassalli et al., 2002; Serizawa et al., 2003;
Lewcock and Reed; 2004). DNA elements within them must specify the monogenic, zonal
expression patterns of ORs. The O/E element is common to the promoters of many olfactory-
specific genes, such as ORs, but the O/E transcription factors are not restricted to the olfactory
system (Walters et al., 1996; Wang et al., 1997, 2004; Kudrycki et al., 1998; Vassalli et al.,
2002). Therefore, the O/E transcription factors probably contribute only one component of a
control mechanism that has yet to be elucidated. Once an OR gene is selected for expression,
it determines the identity of the OSN and is responsible for the exclusivity of OSN axon
convergence (Serizawa et al., 2003; Feinstein et al., 2004; Lewcock and Reed; 2004;
Mombaerts, 2004). In contrast, other aspects of OSN axon targeting are sensitive to certain
signpost molecules, extracellular matrix proteins, and signaling mechanisms generally
involved in axon outgrowth in the nervous system (Morse et al., 1998; Knoll et al., 2001; St.
John et al., 2002; Walz et al., 2002; Ang et al., 2003; Cutforth et al., 2003; Hummel et al.,
2003; Lipscomb et al., 2003; Treloar et al., 2003). The ability of the ORs to control OSN axon
convergence implies that trafficking of OR proteins to both the cilia and the axons of OSNs
must occur (Barnea et al., 2004; Feinstein et al., 2004). The mechanisms of OR trafficking
appear to be complex, are specific to OSNs, may be developmentally regulated, and are
predicted to involve accessory proteins that interact with ORs (Gimelbrant et al., 1999,
2001). These predictions are supported by analogies to the trafficking of a subset of nematode
ORs and of mammalian V2R vomeronasal receptors (Dwyer et al., 1998; Loconto et al.,
2003). Both cases involve regulatory accessory proteins that are specific to the sensory neurons
expressing the receptors. All of the processes described in this paragraph probably derive their
specificity from one or more component proteins that are olfactory specific.

The work described herein was motivated by our interest in olfactory-specific processes and
by the expectation that identification of olfactory-enriched gene products would provide insight
into the biology of the olfactory epithelium. When performing gene expression studies in a
complex tissue such as the olfactory epithelium, increased resolution can be obtained by
comparing gene expression in phenotypically identified cell populations. Such comparisons
also facilitate the identification of biological processes associated with the cell types
investigated. We used fluorescence-activated cell sorting (FACS) to purify OSNs from OMP-
LacZ3 mice, which express β-galactosidase (LacZ) only in mature OSNs (Walters et al.,
1996). To increase our chances of detecting novel transcripts with unknown functions, we used
an expression profiling method that is unbiased toward prior knowledge about sequence. We
identified 54 transcripts that were enriched in the LacZ+ pool compared with the LacZ− pool
and characterized their expression patterns in the olfactory epithelium.

MATERIALS AND METHODS
β-Gal staining and FACS

Homozygous OMP-LacZ3 trangenic mice, which express LacZ from the OMP promoter, were
obtained from Dr. Frank Margolis, University of Maryland. Whole-mount staining was
performed by using a β-Gal staining kit (Invitrogen, Carlsbad, CA) according to the
manufacturer’s protocol. The staining was performed on dissected heads of mice, ages
postnatal days 10 –19 (P10 –P19). All tissue collections such as these were from mice that had
been killed by carbon dioxide overdose.

Preparing cells for FACS was carried out by dissecting the turbinates and septal epithelium
from 20 P9 –P11 OMP-LacZ3 mice taken from three litters of different mothers. The olfactory
turbinates and septal epithelium from a mouse were removed and separated into three drops
of fresh oxygenated saline [contains (in mM): 120 NaCl, 25 NaHCO3, 5 KCl, 5 BES, 1
MgSO4, 1 CaCl2, 10 glucose] in a 35-mm petri dish. The tissue in each drop was minced with

YU et al. Page 2

J Comp Neurol. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



a scalpel and pooled with tissue from two to four other mice. Cell dissociation involving the
use of papain, deoxyribonuclease, low calcium, and mild trituration was then performed as
described previously for vomeronasal sensory neurons (Lucas et al., 2003). Cells were
incubated with 2 mM fluorescein digalactoside (Molecular Probes, Eugene, OR) for 3 minutes
at room temperature, and then the reaction was stopped by 10 volumes of fresh oxygenated
saline. The stained cells were filtered (35-μm sieve size) into 5-ml polystyrene filter cap tubes
(No. 352235; Falcon, Marlton, NJ). Propidium iodide was added to label dead cells, and FACS
was performed on a Cytomation MoFlo cell sorter by the University of Kentucky Flow
Cytometer Service Facility. Cells stained with propidium iodide were discarded. LacZ+ cells
(green fluorescence) and LacZ− cells (nonfluorescent) were collected into 5-ml polystyrene
tubes (Falcon No. 352063) containing 1 ml Tri-Reagent on ice. Upon completion of sorting,
another 1 ml of Tri-Reagent was added to each tube, and the solutions were mixed on a vortex
mixer. The LacZ+ pool contained 6.96 × 105 cells, and the LacZ− pool contained 2.16 × 106

cells.

RNA isolation and cDNA preparation
Total RNA was extracted from the Tri-Reagent according to the manufacturer’s protocol
(Molecular Research Center, Cincinnati, OH). Poly-A(+) RNA was isolated by two passes
through Oligotex columns as described by Hubank and Schatz (1999). Complementary DNA
was synthesized by using the Smart PCR cDNA synthesis kit (No. K1052-1; BD BioScience,
Palo Alto, CA).

Representational difference analysis of cDNA
Representational difference analysis (RDA) of cDNA was performed exactly as described by
Hubank and Schatz (1994, 1999), with LacZ+ and LacZ− cDNA as tester and driver,
respectively. RDA of cDNA is an iterative procedure that establishes polymerase chain reaction
(PCR) conditions favoring the amplification of cDNAs enriched in the tester population. Its
stringency can be adjusted in several ways. Our preference is to perform the RDA of cDNA
as originally designed but to stop after two rounds of amplification. This allows detection of
cDNAs whose differences in abundance are as small as twofold (Hollins et al., 2003). To obtain
more differentially expressed transcripts from the LacZ+ cDNA, the original 42 clones from
the second difference product were added to the driver cDNA, and the RDA of cDNA was
repeated.

RDA clones were sequenced and compared by BLAST against nucleotide and protein
databases to identify them. Functional information about encoded proteins was gathered from
primary literature, from UniProt (http://www.pir.uniprot.org/), and from Gene Ontology
categorizations accessed through the National Center for Biotechnology databases, such as
Entrez (http://www.ncbi.nlm.nih.gov/entrez).

Quantitative reverse transcriptase-PCR
Primers were designed by using Primer Express software (Applied Biosystems, Foster City,
CA) with a melting temperature of 58 – 60°C and were purchased from Integrated DNA
Technologies (Coralville, IA). Reverse transcription was performed on 0.5 μg of total RNA
by using SuperScript II and random hexamers (Invitrogen) in a 50-μl reaction. Complementary
DNA from olfactory epithelium of OMP-LacZ3 mice was used as the template for standard
curves. Samples for quantitation were measured in triplicate. To accommodate the large
differences in the amount of most transcripts between the LacZ+ and LacZ− pools, 0.1 ng of
LacZ+ and 0.5 ng of LacZ− cDNA per reaction were used. Amplification was performed in an
ABI Prism 7700 sequence Detection System using the Sybr Green Core Reagent Kit (Applied
Biosystems). Thermal cycler conditions were 95°C for 15 minutes, followed by 45 cycles of
95°C for 15 seconds, 60°C for 1 minutes. Melt curves were performed on all samples. The
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glyceraldehyde 3-phosphate dehydrogenase content of each cDNA preparation was measured
and used to normalize the amount of RNA in each sample.

In situ hybridization
OMP-LacZ3 mice, aged P17–P24, were anesthetized with avertin and perfused intracardially
with 10 ml of ice– cold 4% paraformaldehyde in 1× phosphate-buffered saline (PBS), pH 7.4.
The head was removed and skinned. The mandibles, posterior half of the cranium, teeth, and
soft palate were then removed. The remaining “snout” was soaked overnight in 4%
paraformaldehyde in PBS at 4°C on a nutator, decalcified for 24 hours in 500 mM EDTA
(pH8.0) in PBS, and cryoprotected by soaking in 10% sucrose in PBS for 1 hour at 4°C, in
20% sucrose in PBS for 1 hour at 4°C, and in 30% sucrose in PBS for at least 3 hours at 4°C.
The tissue was then embedded in O.C.T. compound (Sakura Finetek USA, Inc., Torrance, CA),
frozen in an EtOH/dry ice bath, and stored at − 80°C. Coronal sections of 10 μm thickness
were cut on a cryostat. In situ hybridization (ISH) and dual fluorescence in situ hybridization
(FISH) were performed as described by Hirota et al. (1992). Sense and antisense RNA probes
were transcribed with a MAXIscript kit (Ambion Inc., Austin, TX) and labeled with a
digoxygenin labeling kit (Roche, Palo Alto, CA). The concentration of probes in the
hybridization was 1 ng/μl for ISH and 0.1– 0.4 ng/μl for dual FISH. The sizes of probes from
RDA clones ranged from 158 to 497 bp. For some low-abundance transcripts, simultaneous
hybridization with two or three probes derived from separate regions of the same transcript,
sizes ranging from 311 to 565 bp, was performed. Wide-field images of ISH labeling were
acquired with a Spot 2e digital camera mounted on a Nikon Diaphot 300 inverted microscope.
Laser scanning confocal images of dual FISH experiments were acquired on a Leica TCS
confocal system at the University of Kentucky Imaging Facility. Images were processed by
adjusting size, brightness, contrast, and the consistency of illumination in Adobe Photoshop
or Deneba Canvas. All procedures using mice describe herein were approved by our
Institutional Animal Care and Use Committee and conformed to NIH guidelines.

RESULTS
Transcripts enriched in a pool of purified OSNs

OMP-LacZ3 mice specifically express LacZ in the OSNs (Fig. 1), allowing discrimination of
OSNs from other cells in the tissue (Walters et al., 1996). We took advantage of this to label
viable OSNs with fluorescence and used FACS to separate them away from the other cells in
the olfactory epithelium. Approximately 15% of the cells sorted were viable cells with
fluorescence intensities surpassing those of cells from littermates. We collected both
fluorescent (LacZ+) and nonfluorescent (LacZ−) pools of cells and isolated poly-A(+) RNA
from them. Complementary DNA from the LacZ+ pool contained 100-fold more of the OSN-
specific transcript OMP than the LacZ− pool, confirming enrichment of OSNs. We performed
RDA with these cDNA pools to identify additional transcripts enriched in OSNs.

The clones obtained from the second difference products of the RDA procedures contained
sequences representing 58 different transcripts, including LacZ. Multiple cDNA fragments
from different parts of several of the transcripts were detected. Previous experience suggests
that this is indicative of a successful RDA experiment (Hollins et al., 2003). To validate the
differential expression of each clone, we performed quantitative RT-PCR. Only 3 of the 57
endogenous transcripts did not differ between the LacZ+ and LacZ− cDNA pools (Table 1).
The other 54 (95%) were at least 2.5-fold more abundant in the LacZ+ pool. This welcome
result predicted that many of these 54 transcripts would also prove to be enriched in OSNs. To
test this, we performed ISH on coronal sections of the nasal cavity (see below).
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Several broad functional categories were represented by the proteins encoded in the transcripts
enriched in the LacZ+ pool. One-third of the transcripts encode proteins whose functions are
not yet known (Fig. 2A). We were able to make predictions about some of these proteins from
sequence similarity and domain predictions, however. Five of the unknowns, n42J, n7J, n8,
Ghitm, and n64J, were predicted to contain one or more transmembrane domains and are
probably integral membrane proteins. In addition, n8 contains a single epidermal growth factor-
like domain near its N-terminus and a large zona pellucida domain that occupies the middle of
the protein, predicting that this protein binds with extracellular proteins or peptides. Proteins
involved in signaling pathways were the next largest group represented. The relative
enrichment of proteins associated with the cytoskeleton, energy production, and lipid
metabolism correlates with the need for neurons to produce and maintain long cellular
processes that transmit energy-demanding electrical signals.

Transcripts expressed in OSNs
We tested the cellular distribution of 40 transcripts by ISH. Thirty-three of the transcripts were
expressed in the OSNs (Fig. 2B), evidenced by labeling in cell bodies residing in the central
two-thirds of the epithelium. Twelve were detected only in the OSNs. Not surprisingly, the
transcripts whose abundance differed the most between the LacZ+ and LacZ− pools fell into
this group (Table 1). For the other 21 transcripts, OSN labeling was usually as strong as labeling
in other cells and in many cases was noticeably stronger. Examples of OSN-specific labeling
are shown in Figure 3. Labeling for all 12 transcripts was consistent throughout the olfactory
epithelium. The broad functional groups represented by the 12 transcripts include five proteins
with no known function, five involved in signaling pathways, and one each involved in lipid
metabolism and protein transport. Transcripts n64J, n8, and S100A5 tended to have labeling
distributed more distally in the OSN layer than the other transcripts. Mature OSNs tend to be
distributed more distally than immature OSNs, suggesting that these clones were expressed
only by the mature OSNs. We tested this hypothesis by dual FISH with GAP-43 to identify
immature OSNs and OMP to identify mature OSNs. As predicted, n64J, n8, and S100A5 had
little overlap with GAP-43 but overlapped completely with OMP (Figs. 4, 5C,D). These
transcripts are expressed only by mature OSNs. These experiments also confirmed an
impression from earlier ISH data (Fig. 3C) that n8 labeling is strongest in the most distally
located OSNs. A gradation in color from green proximally to yellow centrally to orangered
distally was apparent (Fig. 4D). Whether this gradient in the abundance of n8 is due to position
or OSN age has not been determined.

One of the functionally important features of the olfactory epithelium is the restricted
expression of ORs. OR expression defines two types of restricted expression. First, each OR
gene is expressed only within a region of the olfactory epithelium, called a zone or patch
(Ressler et al., 1994; Vassar et al., 1994; Strotmann et al., 1994; Kubick et al., 1997). Second,
each OSN expresses only one OR. Other genes with restricted patterns of expression in the OE
are therefore of significant interest. Two of the transcripts expressed in OSNs showed evidence
of restricted expression. OSNs expressing S100A5 were detected throughout all zones of the
OE, but small clusters of unlabeled cells in the OSN layer were distributed among them (Fig.
5). This mosaic pattern was most easily observed near the lateral edges of the OE, where the
OSNs were less dense (Fig. 5B). Cell counts estimate that S100A5 was expressed by 60 –75%
of OSNs. To confirm that the unlabeled cells adjoining OSNs expressing S100A5 were mature
OSNs, we used dual FISH. Indeed, some mature OSNs lacked detectable expression of S100A5
(Fig. 5C,C′). The other type of restricted expression was observed with a novel transcript,
similar to O-MACS (Oka et al., 2003). It was expressed in a graded fashion. Its expression in
OSNs and sustentacular cells was limited to the more dorsal regions of the OE, corresponding
to the most dorsal OR expression zones (Fig. 6). Its expression in Bowman’s glands extended
much farther ventrally but diminished gradually along the dorsoventral axis (Fig. 6B).
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We detected 21 transcripts, including similar to O-MACS, that were expressed in OSNs and
in other cells in the nasal cavity. They represented many possible combinations of cell types.
The additional cell types included sustentacular cells, basal cells, and Bowman’s gland and
other subepithelial cells in the olfactory epithelium (Table 1). Some transcripts were also
detected in respiratory epithelium and nasal glands in other areas of the nasal region. ISH results
for four representative transcripts in this category are shown in Figure 7. The transcripts in this
group of 21 included nine encoding proteins with no known function; three associated with the
cytoskeleton; two each in cell signaling, protein degradation, and energy or metabolism; and
one each in lipid metabolism, cell defense, and extracellular matrix.

Xenobiotic metabolism genes expressed in sustentacular cells and Bowman’s glands
The remaining seven transcripts we tested gave strong ISH labeling but were not detected in
the OSNs. Five of these transcripts labeled sustentacular cells or Bowman’s gland cells, some
also being expressed in respiratory epithelium or in glands near the nasal cavity (Fig. 8). Four
of these gene products share known or potential roles in the metabolism and clearance of
odorants: the cytochrome P450 isoforms, glutathione S-transferase mu 2, and carbonyl
reductase 2 (Ben-Arie et al., 1994;Longo et al., 1997;Zhuo et al., 1999;Whitby-Logan et al.,
2004). Mouse glutathione S-transferase mu 2 mRNA expression in sustentacular cells was
limited to the more ventral zones of the olfactory epithelium, confirming previous
immunocytochemistry results (Whitby-Logan et al., 2004). In contrast, its expression in
Bowman’s glands and perhaps other submucosal cells was not restricted. The expression of
the other xenobiotic metabolism enzymes was not zonally restricted. The observation that
carbonyl reductase 2 was expressed only in sustentacular cells within the olfactory epithelium
is novel. This gene product, which was so abundantly expressed that it was detected even in
the thin processes and end feet of the sustentacular cells (Fig. 8B), may prove to be useful
marker of sustentacular cells.

Reg3g, an anatomical marker for respiratory epithelium
The highly expressed transcript for Reg3g was detected only in cells of the respiratory
epithelium and to a lesser extent in the nasal gland (Fig. 9). The distribution of this transcript
nicely defined the junction between olfactory and respiratory areas of the epithelium. In regions
of the nasal cavity where the olfactory epithelium is expanding in P21 mice, the junction is
more gradual (Fig. 9B). In areas where the epithelium has reached the extent of its growth, the
junction is quite sharp (Fig. 9C).

DISCUSSION
We identified 54 transcripts expressed in the olfactory epithelium, mostly in OSNs. OSNs
expressed a diversity of signaling proteins. Also enriched were proteins that correlate with
maintaining neurites: cytoskeleton, lipid biosynthesis, and energy production. However, the
largest group of transcripts encodes proteins with no known function, indicating that we have
much to learn about OSN cell biology. The expression patterns of the transcripts begin to shed
light on cellular functions that are shared vs. segregated. The restricted expression of S100A5
to a subset of OSNs potentially correlates with expression of a subset of ORs. The spatially
restricted expression patterns of similar to O-MACS and Gstm2 indicate that zonal expression
of a gene can be different in OSNs and sustentacular cells compared with Bowman’s glands.
Our data also reinforce the interpretation that xenobiotic metabolism in the olfactory epithelium
occurs primarily in sustentacular cells and Bowman’s glands and identify new anatomical
markers for sustentacular cells and respiratory epithelium.
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OSNs differ in calcium-binding proteins and express diverse signaling proteins
We observed that S100A5 was expressed mosaically in about 70% of OSNs. A previous study
found that 60 –70% of rat olfactory bulb glomeruli were filled with S100A5-immunoreactive
axons (Schafer et al., 2000). The remaining glomeruli were negative for S100A5 but positive
for S100A6, and glomeruli with intermingling of the two were rare. Convergence of axons
from OSNs expressing the same OR gene (Mombaerts et al., 1996), therefore, argues that
S100A5 and S100A6 are selectively coexpressed with subsets of ORs. The functional
consequences of this difference are obscure, except that S100A5 binds calcium with a 20-fold
higher affinity than other S100A proteins (Schafer et al., 2000).

Several other interesting signaling proteins were expressed by OSNs. Sirtuin 2 is a protein
deacetylase of histones, p53, tubulin, and MyoD (Fulco et al., 2003; North et al., 2003; Buck
et al., 2004). These diverse targets correlate with the diverse functions of this protein, including
gene silencing, muscle differentiation, and redox state sensing. Special membrane signaling
domains appear to be important to OSNs. CD81 is a tetraspanin; these contain four
transmembrane domains and help to organize membrane microdomains involved in signaling
(Hemler, 2003; Tarrant et al., 2003). Stomatin strongly associates with lipid raft signaling
domains. Previous evidence suggests that OSN lipid raft domains are predominantly in cilia
and probably contain two olfactory-specific stomatin-like proteins (Schreiber et al., 2000;
Kobayakawa et al., 2002; Goldstein et al., 2002). OSNs probably receive a wealth of signals
from surrounding cells in the epithelium, from olfactory ensheathing glia, from contacts in the
olfactory bulb, and from hormones produced more distantly (Schwob et al., 1992; Roskams et
al., 1996; Hegg et al., 2003a,b). The divergent nature of these signals is in agreement with the
relative enrichment of signaling proteins in OSNs.

OSNs differ in lipid metabolism enzymes
Another transcript we found to be expressed differentially by OSNs was a novel transcript,
similar to O-MACS, a putative medium-chain fatty acid coenzyme-A synthetase. Similar to
O-MACS is 93% identical to rat O-MACS, and, like the rat gene, it was expressed
predominantly in the dorsal epithelium (Oka et al., 2003). Some differences exist, however. In
mouse, the strongest expression was in Bowman’s glands, in which expression extended
ventrally, with gradually decreasing intensity through zones 3 and 2, and probably into zone
1. Expression in OSNs or sustentacular cells had a sharp boundary, approximating OR
expression zone 4, just as in rat. This difference in boundaries implies that zonality in the
olfactory epithelium can be differentially regulated by cell type. Oka et al. (2003) also report
zonal gradients in the expression of carbonyl reductase 2 and fatty acid-coenzyme A ligase,
long chain 6. Our data for mouse relatives of these genes do not show zonal variation. The
long-chain enzyme, Acsl6, which was expressed by OSNs throughout the olfactory epithelium,
is widely expressed in neural tissues (Kee et al., 2003).

Neurites, cytoskeletal elements, and energy production
Much of the lipid produced in neurons is used in axons and dendrites. An increased need for
energy production and cytoskeletal elements probably results and correlates with gene products
enriched in the LacZ+ pool of cells. β-2 Tubulin was enriched in OSNs, as was the α tubulin
deacetylase sirtuin 2 (North et al., 2003). Tubulin is hyperacetylated in stable structures, such
as cilia (Poole et al., 2001), suggesting that sirtuin 2 might be most active in dynamic regions
of OSNs. OSNs also express two proteins that regulate F-actin. Bin3 regulates F-actin
localization and belongs to a family of proteins that integrate signaling pathways with
membrane dynamics and F-actin localization (Wigge and McMahon, 1998; Routhier et al.,
2001). Capza1 caps barbed ends of actin filaments; this is thought to stop filament growth at
sites proximal to the leading edge of a cell membrane extension, ultimately contributing to
actin filament depolymerization (Chen et al., 2000). Another OSN-enriched protein that has
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links to membrane dynamics is Tom1. Tom1 binds polyubiquitinated proteins, Tollip, and
clathrin (Yamakami et al., 2003). It might therefore be involved in clathrin-mediated vesicular
trafficking. It could also be functionally associated with the ubiquitin-conjugating enzyme
Ube2n and the proteasome subunit Psmb3 that were enriched in the LacZ+ pool.

The expectation that energy production might be enhanced in OSNs compared with
neighboring cells is supported by five gene products enriched in the LacZ+ pool. These included
the mitochondrial ATP synthase subunit Atp5g3; a mitochondrial NADH-dehydrogenase
(ubiquinone) subunit, Ndufa9, that transfers electrons to the respiratory chain; and Sqrdl, which
is predicted by sequence similarity to be a sulfide quinone reductase resident in mitochondria.
Also enriched in the LacZ+ pool were the cytoplasmic isoforms of the Krebs cycle enzyme
malate dehydrogenase Mdh1 and another enzyme that produces oxaloacetate, the aspartate
aminotransferase Got1.

OSN specificity within the olfactory epithelium
Data compiled in Unigene indicate that, although we detected 12 transcripts specific to OSNs
within the olfactory epithelium, only OMP and n64J are expressed in a relatively small number
of tissues. This is consistent with the strategy used, in which the comparison of OSNs with
their neighbors detects transcripts and processes that are enriched in OSNs but not necessarily
specific to the tissue. This allows us to ascribe to OSNs various proteins and pathways without
the constraint that their existence in other tissues would eliminate them during the screening
procedure. Recent studies using microarray approaches have also identified transcripts
enriched in the olfactory epithelium or in isolated OSNs (Genter et al., 2003; Tietjen et al.,
2003). Many of the same functional categories were identified, but overlap in gene identity
with our findings is surprisingly small. Only Reg3g, Fetub, S100A5, stomatin, and Tom1 were
also found to be enriched in either study, and the cellular expression patterns for most had not
been determined. These differences can be ascribed to limitations of the different techniques
used and highlight the value of addressing expression profiling problems with multiple
techniques.

Cbr2 and Reg3g are markers for sustentacular cells and respiratory epithelium
A fortuitous result of these experiments was the identification of new markers for sustentacular
cells and respiratory epithelium. Within the olfactory epithelium, only the sustentacular cells
expressed Cbr2. This is a useful marker for sustentacular cells as long as its expression in
respiratory epithelium and nasal glands is taken into consideration. Similarly, Reg3g is highly
expressed in respiratory epithelium. It can be used to discriminate respiratory epithelial cells
from sustentacular cells and to demarcate the border between olfactory and respiratory
epithelia.

Xenobiotic metabolism is enhanced in sustentacular cells and Bowman’s gland
We detected transcripts for a group of enzymes metabolizing xenobiotic compounds. These
transcripts were expressed in sustentacular cells or Bowman’s glands, in agreement with
previous data (Bogdanffy, 1990; Ben-Arie et al., 1994; Krishna et al., 1994; Piras et al.,
2003; Weech et al., 2003; Whitby-Logan et al., 2004). Why, then, were they enriched in the
LacZ+ pool? RDA is susceptible to cases in which highly abundant transcripts escape
suppression and amplify. This explanation seems incomplete, however, because of their
enrichment in LacZ+ cell mRNA. Is it instead possible that sustentacular cells or Bowman’s
glands have some LacZ activity? X-gal staining in mouse olfactory turbinates suggests a low
level of background LacZ activity that is restricted to the olfactory epithelium (see, e.g., Fig.
1 in Vassalli et al., 2002). Alternatively, a fraction of nonneural cells might have adhered to
OSNs during FACS, though we discount this possibility because cell size was used as a gating
criterion. We suspect that, in some fashion, enough sustentacular cells or Bowman’s gland
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cells were sorted into the LacZ+ pool to allow these abundant transcripts to survive self-
suppression during the RDA procedure.

The presence of xenobiotic metabolizing enzymes in the olfactory epithelium of enzymes is
linked to odorant clearance in the case of cytochrome P450 enzymes and glutathione S-
tranferase (Ben-Arie et al., 1994; Zhou et al., 1999). We propose that carbonyl reductase 2
performs similarly. It metabolizes xenobiotics in the lungs, is activated by fatty acids, and is
expressed in sustentacular cells, where odorant clearance is an important function (Nakanishi
et al., 1996; Soldan et al., 1999).

A broader view of the metabolism of xenobiotic compounds is that it is one aspect of the cellular
defense mechanisms of the olfactory epithelium. We detected evidence of other aspects of
cellular defense enriched in the LacZ+ pool. Tegt is an inhibitor of the proapoptotic Bax proteins
(Xu and Reed, 1998). Peroxiredoxin 6 is an anti-oxidant enzyme (Salmon et al., 2004). The
heat shock protein Hspcb is a well-known stress-response protein (Takayama et al., 2003).
These data add to the evidence that cellular defense mechanisms are highly active in the
olfactory epithelium.
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Fig. 1.
Medial view of the turbinates of a homozygous LacZ3 mouse (age P17) after X-gal staining
to reveal the location of the OSNs (Walters et al., 1996). A, anterior; D, dorsal; OB, olfactory
bulb. Scale bar = 0.5 mm.
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Fig. 2.
A: Distributions by general biological function categories for proteins encoded by 54
transcripts enriched in the LacZ+ pool. B: Distributions by cell type categories for the
expression patterns of 40 transcripts tested by ISH. BG, Bowman’s gland; RE, respiratory
epithelium; SUS, sustentacular cells.
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Fig. 3.
Examples of ISH for nine of the transcripts detected only in OSNs. Each panel includes a high-
magnification image at left and a low-magnification image at right displaying at least half the
bilaterally symmetric nasal cavity. A,A′: OMP, olfactory marker protein. B,B′: Clone 49, no
known function. C,C′: Clone n8, no known function. D,D′: Clone n64J, no known function.
E,E′: S100A5, a calcium binding protein. F,F′: Tom1, target of Myb-1. G,G′: Acls6, fatty acid-
coenzyme A ligase, long chain 6. H,H′: Clone n110, no known function. I,I′: Sirtuin 2, a protein
deacetylase. J,J′: Sense probe for sirtuin 2. Sense controls for all transcripts were tested and
were as devoid of labeling as this example. Dashed lines mark the location of the basement
membrane. Apical is to the left in all high-magnification panels. Scale bars = 20 μm in A–J;
250 μm in A′–J′.
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Fig. 4.
Dual FISH confocal images demonstrate that n64J and n8 are expressed only by mature OSNs.
A: Expression of n64J (red) does not overlap with expression of GAP-43 (green) a marker of
immature OSNs. B: Expression of n64J (red) is contained within the same cells that express
OMP (green). C: Expression of n8 (red) does not overlap with expression of GAP-43 (green).
D: Expression of n8 (red) overlaps with expression of OMP (green) in a graded fashion, visible
in the proximal to distal shift from green to yellow to orange-red within the OSN domain of
the epithelium. Apical is to the left. Scale bars = 25 μm.
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Fig. 5.
S100A5 expression was detected in a subset of OSNs in a mosaic pattern. A,A′: Although
expression of S100A5 occurs throughout the olfactory epithelium, OSNs that appear to lack
expression of S100A5 can be seen as gaps in the labeling in the OSN layer. B: These gaps are
easier to see near the lateral margins of the epithelium, where OSNs are less dense. C: Dual
FISH confocal image for S100A5 (red) and OMP (green) detects OSNs expressing OMP that
appear to lack S100A5. C′: Letting a similar image oversaturate to detect overlapping
expression more rigorously continues to indicate OSNs lacking detectable S100A5 expression
(arrows). D: Cells expressing S100A5 (red) do not also express GAP-43 (green). Apical is
upward. Scale bars = 25 μm in A–D; 250 μm in A′.
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Fig. 6.
A: Expression of a transcript similar to medium-chain fatty acyl-coenzyme A synthetase (O-
MACS) in OSNs and sustentacular cells was restricted to the dorsal regions of the olfactory
epithelium, approximating OR expression zone 4. Its expression in Bowman’s glands extended
more ventrally. B: Detail showing the sharp border in expression in OSNs and sustentacular
cells (arrowheads) and the more gradual dimunition in Bowman’s glands (arrows). Scale bars
= 250 μm in A; 50 μm in B.
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Fig. 7.
Examples of transcripts expressed by OSNs and by other cells in the olfactory epithelium. A,A
′: Fetuin β was expressed by OSNs, sustentacular cells, Bowman’s gland, and respiratory
epithelial cells. B,B′: n50J, Which encodes a protein with no known function, was expressed
by OSNs, Bowman’s gland, and respiratory epithelial cells. C,C′: β-2 Tubulin was expressed
by OSNs, respiratory epithelial cells, and cells in nasal gland epithelium (asterisk). D,D′:CD81,
a tetraspanin, was expressed by OSNs, sustentacular cells, Bowman’s gland cells, and probably
other subepithelial cells. Arrows, Bowman’s glands and ducts; arrowheads, respiratory
epithelium. Dashed lines mark the location of the basement membrane. Apical is to the left in
all high-magnification panels. Scale bars = 20 μm in A–D; 250 μm in A′–D′.
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Fig. 8.
Transcripts encoding enzymes that metabolize xenobiotic compounds were expressed in
sustentacular cells or Bowman’s gland cells. Each panel includes a high-magnification image
at left and a low-magnification image at right displaying half the bilaterally symmetric nasal
cavity. A,A′: Glutathione S-transferase mu 2 expression in sustentacular cells, Bowman’s
glands, and respiratory epithelium (arrowhead). Expression was not detected in sustentacular
cells in the dorsal zone (arrow). B,B′: Carbonyl reductase 2 expression in sustentacular cells
and respiratory epithelial cells (arrowheads). C: Similar to cytochrome P450 2g1 expression
in sustentacular cells and Bowman’s glands. D,D′: Cytochrome P450 2a4 expression in
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sustentacular cells, Bowman’s glands, and respiratory epithelial cells (arrowhead). Apical is
upward in all high-magnification panels. Scale bars = 20 μm in A–D; 250 μm in A′–D′.
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Fig. 9.
Reg3g is a marker of respiratory epithelial cells. A: Image of one-half of the nasal region shows
expression restricted to the respiratory epithelium within the nasal cavity, as well as the nasal
gland nearby. B: Transition between respiratory epithelium and olfactory epithelium (arrow)
in a region of the septum where the olfactory epithelium was still expanding in this P21 mouse.
C: In a region of the septum where growth of the olfactory epithelium has stabilized, the
boundary is sharp (arrow). Scale bars = 250 μm in A; 25 μm in B,C.
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TABLE 1

RDA Clones from Transcripts Enriched in LacZ+ Cells From OMP-LacZ3 Mice1

Clones Gene ID Gene name LacZ+/LacZ− Cell types

n64J 243634 Tmem16b; novel 281 OSN

n96 13830 Epb7.2; stomatin 186 OSN

n8 52020 Novel 178 OSN

DP2′-13 64383 Sirt2; sirtuin 2 128 OSN

n137 18378 Omp; olfactory marker protein 103 OSN

n85 216739 Acs16; fatty acid-coenzyme A ligase, long chain 6 66 OSN

n42J Mm.57415 Novel 41 OSN

n51J B 20199 S100A5; S100 calcium binding protein A5 32 OSN

49 231946 Novel 30 OSN

n110 AC109619 Novel 27 OSN

19 21968 Tom1; target of myb1 homolog (chicken) 23 OSN

Dp2′-39 13198 Ddit3; DNA-damage-inducible transcript 3 9 OSN

Dp2′-n18 30963 Ptpla; protein tyrosine phosphatase-like 78 OSN, SUS

n97 15529 Sdc2; syndecan 2 77 OSN, SUS

29B 59010 Sqrdl; sulfide-quinone reductase-like 54 OSN, RE

n7J 76287 Novel 52 OSN, BG, SUS, RE, gland

n108 227613 β-2 Tubulin 45 OSN, RE, gland

Dp2-36 73635 Novel 41 OSN, RE, SUS

n132 12520 Cd81; CD 81 antigen 40 OSN, BG, SUS

Dp2′-43 110213 Tegt; testis enhance gene transcript 31 OSN, BG, SUS

n83 14718 Got1; glutamate oxaloacetate transaminase 1 31 OSN, SUS, RE, gland

n121 57784 Bin3; bridging integrator 3 31 OSN, BG, RE, SUS

n44J 59083 Fetub; Fetuin beta 30 OSN, RE, SUS glands

Dp2′-16 233801 Similar to medium-chain acyl CoA synthetase (O-MACS) 21 OSN, BG, SUS

n18J 214505 Mdcp1; M6PR domain-containing protein 21 OSN, SUS, RE, BG

n31J 20014 Rpn2; ribophorin II (Rpn2) 14 OSN, BG

Dp2′-33 58520 Novel 12 OSN, RE, SUS

11A 66092 Ghitm; growth hormone-inducible transmembrane protein 10 OSN, RE, gland, SUS

n56 26446 Psmb3; proteasome beta 3 9 OSN, BG, RE, SUS, gland

n163A 93765 Ube2n; ubiquitin-conjugate enzyme E2N 9 OSN, SUS, RE

23 —2 Novel 8 OSN, BG

n50J 381280 Novel 6 OSN, RE, BG

n118 12340 Capza; capping protein alpha 1 5 OSN, BG, RE, SUS

n72 12409 Crb2; carbonyl reductase 2 80 RE, SUS, gland

n8J 385303 Similar to steroid hydroxylase Cyp2g1 56 SUS, BG

n34 13086 Cyp2a4; cytochrome P450 2a4 46 BG, SUS, RE

Dp2′-10 216350 Tm4sf3; transmembrane 4 superfamily 3 44 BG, RE, gland

n107A 56212 Arhg; Ras homolog family member G 31 gland, RE, SUS

6 14863 Gstm2; glutathione-S-transferase, mu2 24 SUS, BG, RE
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Clones Gene ID Gene name LacZ+/LacZ− Cell types

30 19695 Reg3g; regenerating islet-derived 3 gamma 14 RE, gland

Dp2′-5 73024 Novel 50 NA

n78 13057 Cyba; cytochrome b-245, alpha polypeptide 31 NA

n156A 17449 Mdh1; malate dehydrogenase 1 29 NA

DP2′-8 11758 Prdx6; peroxiredoxin 6 28 NA

Dp2′-4 228033 ATP5g3; ATP synthase, H+ transporting, mitochondrial F0 complex,
subunit C (subunit 9), isoform 3

17 NA

n128 28199 Wdr23; WD repeat domain 23 14 NA

n34 28088 Novel 12 NA

n49B 67025 Similar to ribosomal protein L11 12 NA

n49A 66108 Ndufa9; NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 9 11 NA

DP2′-23 235574 Atp2c1; ATPase, Ca2+ sequestering 8 NA

Dp2′-37 15516 Hspcb; heat shock protein 1, beta 6 NA

17 110611 Hdlbp; high-density lipoprotein binding protein 5 NA

20B 73826 Poldip3; polymerase (DNA-directed), delta interacting protein 3 4.9 NA

n103A 17083 Il1rI11; interleukin 1 receptor-like 1 ligand 2.6 NA

1
In cases in which a GeneID is unavailable, Unigene or GenBank accessions numbers are included. The LacZ+/LacZ− ratio was determined by

quantitative RT-PCR. BG, Bowman’s gland; OSN, olfactory sensory neuron; RE, respiratory epithelium; SUS, sustentacular cell; NA, ISH not
attempted.

2
No match in sequence databases.
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