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Discrimination of odorants is thought to arise from the selective
expression of one of a small number of individual receptors in
any single olfactory neuron. Receptor genes are expressed in a
small subset of neurons throughout a zonally restricted region
of the sensory epithelium. We demonstrate that a 6.7 kb region
upstream of the M4 olfactory receptor coding region was suf-
ficient to direct expression in olfactory epithelium. Moreover,
reporter expression recapitulated the zonal restriction and dis-
tributed neuronal expression observed for endogenous olfac-
tory receptors. Transgenic lines were obtained that directed

expression in two different receptor zones, one of which was
identical to the endogenous M4 receptor. When the reporter
was expressed in the same zone as the endogenous M4 re-
ceptor, the two expression patterns were, in large part, non-
overlapping. These results suggest a model in which important
regulatory elements are located in close proximity to transcrip-
tion initiation sites of the olfactory receptor genes and receive
information defining zonal patterning via long-range processes.
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The remarkable sensitivity of the mammalian olfactory system to
discriminate a vast variety of diverse odors is the result of com-
plex anatomical, cellular, biochemical, and genetic specialization.
Humans, for example, can discriminate among 10,000 or so dis-
tinct odors, which include resolution of many stereoisomers into
distinct perceived odor quality (Amoore, 1970). The underlying
mechanism or mechanisms that contribute to the exquisite dis-
criminatory capability of the olfactory system remain to be
answered.

Cells within the olfactory epithelium follow a highly ordered
developmental program, resulting in a high level of expression of
gene products essential for odorant signal transduction. The pri-
mary event in signal transduction occurs in the olfactory sensory
neurons that line the posterior nasal cavity (Jones et al., 1988;
Reed, 1992b). Unlike other neurons, olfactory neurons are re-
placed continuously by the underlying layer of stem cells (Gra-
ziadei and Graziadei, 1979; Monti-Graziadei and Graziadei,
1979). The neuronal precursor cells undergo a complex develop-
mental program, followed by differentiation to mature olfactory
neurons.

The assumption that olfactory receptors would display homol-
ogy to other G-protein-coupled receptors led to the identification
of a large multigene family thought to encode odorant receptors
in rat (Buck and Axel, 1991). Subsequently, additional members
of this family have been identified (Levy et al., 1991; Parmentier
et al., 1992; Strotmann et al., 1992, 1994; Raming et al., 1993;
Sullivan, 1996). These receptors exhibit, as predicted, a seven
transmembrane domain topology characteristic of the G-protein-
coupled receptor superfamily. The size of the odorant receptor
repertoire in mammals may include as many as 1000 genes (Levy

et al., 1991; Reed, 1992a) that are divided into subfamilies of
multiple, highly related receptors (Buck and Axel, 1991). The
small number (0.5–1%) of olfactory neurons that express individ-
ual odorant receptor genes within the rodent neuroepithelium
suggest that each neuron might express only one or a few odorant
receptor genes (Ressler et al., 1993; Vassar et al., 1994) There-
fore, each cell possesses a unique functional identity or receptor
phenotype that is specific to the receptor or receptors it ex-
presses. How does an olfactory neuron express a restricted subset
of receptors selectively from the enormous odorant receptor
repertoire? This differential expression of individual members of
the olfactory receptor family in the sensory neurons represents a
complex problem in gene regulation.

In mammals, the olfactory epithelium appears to be organized
into distinct topographic regions or zones in which expression of
a particular receptor gene appears to be restricted to one of the
four zones in the epithelium (Ressler et al., 1993; Vassar, 1993)
Within the zone the distribution of neurons expressing a given
receptor is random. Chromosomal mapping studies have revealed
clusters of odorant receptor genes at a single locus, and numerous
such loci have been mapped to different chromosomes (Sullivan,
1996). However, receptors expressed in the same zone map to
different loci, and a single locus can contain genes expressed in
different zones. Selective receptor expression could depend on
using transcription factors or novel mechanisms such as gene
rearrangement or gene conversion (Hicks et al., 1977; Davis and
Davidson, 1986; Reed, 1992a).

To assess the feasibility of these models, we examined the
pattern of odorant receptor gene expression with a transgenic
approach, using a single-copy mouse olfactory receptor gene from
a subfamily that contained only one member. We constructed
transgenic lines, using the receptor 59 flanking DNA to define the
regulatory regions that may be present within the putative 6.7 kb
promoter region involved in tissue specificity and zonal patterns
of receptor expression for this receptor. We demonstrate that
expression of a reporter gene driven by the 6.7 kb DNA fragment
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upstream of a receptor coding region imparts several aspects of
the complex receptor regulation. Specifically, this putative odor-
ant receptor promoter was sufficient to direct olfactory receptor
expression in a tissue-specific, zonal-specific manner, and this
expression within the zone was seen only in a subset of neurons.

MATERIALS AND METHODS
Cloning of mouse M4
A 550 bp PCR product, representing a heterogeneous mix of mouse
genes encoding odorant receptor coding region segments (transmem-
brane region II and VI; Levy et al., 1991), was used as a probe to screen
a mouse genomic library in lFIX at low stringency (wash conditions, 23
SSC at 55°C). One of the clones isolated, M4, was restriction-mapped
further and analyzed in detail. The majority of the M4 coding sequence
was contained on a 1.0 kb HindIII fragment. An adjacent 59 HindIII
fragment of 6.7 kb, potentially containing M4 upstream sequences, was
cloned and characterized.

For genomic DNA hybridization analysis, mouse DNA was digested
separately with HindIII, BamHI, and EcoRI, size-fractionated on a 1%
agarose gel, and transferred to Genescreen Plus. The filter was UV-cross-
linked (UV Stratalinker 2400, Stratagene, La Jolla, CA); prehybridized
at 65°C in 63 SSC, 53 Denhardt’s, 0.5% SDS, and 100 mg/ml denatured,
fragmented salmon sperm DNA; and hybridized in the same buffer at
65°C with 32P-labeled fragment. Wash conditions were as indicated in the
figure legends.

59 rapid amplification of the cDNA ends (RACE)
One microgram of total RNA from mouse olfactory tissue was reverse-
transcribed by the Life Technologies (Gaithersburg, MD) first-strand
cDNA synthesis kit (Superscript). An aliquot (10 ml) was used for the 59
RACE reaction as described (Frohman et al., 1988). The primers, RACE
I and RACE II, and the nested M4-specific primers, PQ3 and PQ4, were
used for the amplification reaction. Amplified products were resolved on
a native polyacrylamide gel, cloned into pBluescript, and sequenced with
T7 and T3 primers. The PQ5 and PQ6 primers, based on the sequence of
the 305 and 283 bp products from independent RACE reactions, were
used in combination with the T7 or T3 primers to map the location of the
upstream exon on the 6.7 kb HindIII genomic fragment cloned in
pBluescript.

Primers used
Following is a list of the primers used: RACE I, 59-GATGGATCCTG-
CAGAAGCTTTTTTTTTTTTTTTTT; RACE II, 59-GATGGATC-
CTGCAGAAGC;PQ1,59-CTCATCAGCCTCAGGAGCCATG(1M4 );
PQ2, 59-CAGAAGTGACACTTAGATACTT (2M4 ); PQ3, 59-GAA-
GGCTGAGAAACCAAAGAG (M4,239 bp from ATG); PQ4, 59-
CTAGTCGAATTCCTGATATGGTGTAGTTCTGAC (M4, 27 bp
from ATG with EcoRI); PQ5, 59-CAGGATTGTTCAGAAACCCAGC-
CCA (RACE, bottom strand); PQ6, 59-TCCCACAGGATTGTTCAG
(RACE, top strand); PQ33, 59-CGCTCGCCACTTCAACATCAACG
(b-galactosidase top strand, 12400); PQ36, 59-GCGACCCGCATTGA-
CCCT (b-galactosidase bottom strand, 2651); PQ37, 59-GCATGCCC-
ACATACACATGCCCAG ( junction fragment E5, top strand); PQ39,
59-CCTCTGTATCTCAGGGGCACA ( junction fragment E5, bottom
strand); PQ57, 59-CTTAAGTGCGGCCGCACCATCCAGCGCCAC
(b-galactosidase top strand, 11980); PQ59, 59-GAATTCAGCGG-
CCGCGCCGGGCAACTCTGGCTC (b-galactosidase bottom strand,
2260); PQ74, 59-GGTTATCTCCAACATACCCAACTTCG (junction
fragment D5, top strand); PQ79, 59-CATAATCTCACTTTGCTG-
AAACATCC ( junction fragment D5, bottom strand); RR318, 59-
GGACTTGCTATTCTGTGCATCTAG (mouse Protamine 1, bottom
strand 920); and RR319, 59-GAAGTGGCGAGCGATACACCGCAT
(b-galactosidase top strand, 12700).

Cloning of junction fragment or fragments
The E5 transgene integration target site was isolated by using genomic
DNA from the liver tissue of E5 animals, followed by digestion with
BamHI and size fractionation on a 0.75% agarose gel. DNA fragments
(6–12 kb) were excised from the gel, electroeluted, and cloned into
lDASHII (Stratagene). Approximately 6 3 10 4 plaques were screened
with a 32P-labeled 2 kb (BamHI–SstI) fragment isolated from the
b-galactosidase reporter gene. Analysis of one of the positive clones
revealed an 11 kb DNA fragment that contained b-galactosidase se-

quences fused to mouse genomic DNA and thus represented the inser-
tion target site and the 39 flanking transgene–genomic DNA junction
region.

The D5 transgene integration site was cloned by an inverse PCR
approach. Genomic DNA from liver tissue of D5 transgenic mice was
digested to completion with SacI and ligated overnight at 1 mg/ml final
DNA concentration. Primers PQ33 and PQ36 were used in a PCR
reaction, followed by a second round of PCR amplification with PQ57
and PQ59 primers containing NotI restriction sites. A unique 1.8 kb PCR
product was generated by the ligated reaction. No products were seen in
the ligase minus controls or in PCR reactions containing a single primer.
The 1.8 kb product was cloned in pBluescript and sequenced. Sequence
analysis showed that the 1.8 kb fragment contained 330 bp of apparent
mouse genomic DNA sequence immediately adjacent to sequences de-
rived from the reporter. Primer pairs PQ 37/PQ39 and PQ74/PQ79
derived from the E5 and D5 junction flanking DNA, respectively, were
each used to screen a mouse yeast artificial chromosome (YAC) DNA
library (Research Genetics, Huntsville, AL) according to the manufac-
turer’s recommendations. Overlapping YAC clones were identified for
each of the transgene insertion sites. All YAC clones were grown rou-
tinely in ura 2 trp 2 minimal media. Total genomic DNA from the
YAC-containing strains was digested with HindIII, size-fractionated on
1% agarose gels, and transferred to nylon membrane.

Chromosome mapping
DNA samples derived from 94 backcrossed animals [(C57BL/6JEi 3
SPRET/Ei) 3 SPRET/Ei, BSS panel, Jackson Laboratories, Bar Harbor,
ME] were used to map the two transgene insertion sites. Primer pairs
PQ37/39 and PQ74/79, derived from the E5 and D5 sites of transgene
insertion, were used and scored for the presence (BL6) or absence
(SPRET/Ei) of the expected band. Linkage analysis was performed with
Map Manager (Manly and Elliott, 1991; Manly, 1993).

Transgenic DNA construct
The DNA fragment containing the 6.7 kb region upstream of the M4
translation start site was fused to the Escherichia coli b-galactosidase
gene/mouse protamine-I 39 untranslated sequence (Peschon et al., 1987)
such that the translation start of the reporter ATG was at the same
position as the mouse M4 initiation codon. The 10.3 kb fragment was
prepared for injection by restriction digestion with XhoI and NotI to
excise the fragment from the vector backbone and was purified by
agarose gel electrophoresis. The transgene was injected into the pronu-
clei of B6/C3 embryos at 4–6 ng/ml, and injected eggs were transplanted
into CD1 mothers (Hogan et al., 1986). Potential founder animals were
tested for the presence of the transgene by PCR analysis of tail DNA,
using the primer pair RR318/RR319 that generated a 728 bp PCR
product. Animals that were positive by PCR were crossed to C57BL/6J or
DBA/2J animals (Jackson Laboratories) to yield F1 offspring, hemizygous
for the transgene locus. Each transgenic line was maintained by sister–
brother mating of the transgenic F1 animals.

Detection of transgene expression and immunocytochemistry
Histochemical methods were adapted and modified from Danciger et al.
(1989) and Stefanin et al. (1967). Transgene expression in the mouse
olfactory epithelium was examined by staining with the chromogen-
ic substrate X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside).
Mice (4–6 weeks old) were anesthetized deeply and fixed by intracardiac
perfusion with .50 ml of PBS, followed immediately by .50 ml of
fixative [0.5% glutaraldehyde and picric acid-formaldehyde (PAF/Zam-
boni) (Stefanin et al., 1967) in buffered PBS, or Bouin’s fixative (for
antibody staining)]. The mouse nose was dissected, post-fixed for 2–4 hr
at 4°C, and submerged in 30% sucrose in PBS overnight. The tissue was
embedded in OCT medium (Miles, Elkhart, IN) and quick-frozen in
liquid nitrogen. Serial coronal sections (10 mm) were cut on a Microm
cryostat at 220°C, mounted on Superfrost /Plus slides (Fisher Scientific,
Pittsburgh, PA), air-dried, and stored at 280°C until use. On thawing, the
slides were washed in PBS-Mg 21, fixed for 5 min in the appropriate
fixative, and subjected to X-gal or antibody staining. The pattern of
expression of M4 was defined by the following methods.

b-Galactosidase staining. The fixed slides were washed in PBS-Mg 21

for 5 min and incubated in X-gal staining solution (Emson et al., 1990) at
37°C for 12–18 hr. After washes in PBS-Mg 21, the color reaction was
stopped by a final wash in 2% paraformaldehyde in PBS and mounted in
Aquamount (Polysciences, Warrington, PA).

Antibody. Rabbit antisera directed against the last 20 amino acids of
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M4 were affinity-purified over a specific peptide column and used in the
immunohistochemical experiments. Sections were rehydrated and post-
fixed in Bouin’s solution as described above and immersed in ice-cold
methanol for 3 min to ensure permeabilization of cell membranes. After
several washes in PBS-Mg 21, slides were incubated with 5% normal goat
serum for 1 hr, reacted with the affinity-purified antibody (diluted 1:500
with 2% normal goat serum in PBS-Mg 21) for 4 hr at room temperature,
and incubated with biotinylated goat anti-rabbit IgG at 1:200 for 2 hr
(Vector Laboratories, Burlingame, CA), followed by avidin–biotin–
peroxidase (ABC) complex at 1:100 for 1 hr (Vector). The slides were
washed four times for 5 min in PBS-Mg 21 between each incubation.
Immunoreactive material was visualized by incubation with diaminoben-
zidine (DAB, 0.5 mg/ml) and hydrogen peroxide (0.015%), followed by
a 10 min wash in H2O.

Antibody and b-galactosidase double labeling. Sections were perfused
and post-fixed in Zamboni and stained for b-galactosidase activity with
X-gal (5 hr), followed by antibody staining as described above except that
incubation with primary antibody was extended to 12–18 hr at 4°C.

RESULTS
Isolation of a mouse odorant receptor gene
The olfactory receptor gene family displays highest homology in
the regions corresponding to transmembrane domains II and VI.
Degenerate oligonucleotides based on these regions were used in
an reverse transcription-PCR (RT-PCR) reaction with olfactory
cDNA to generate a product of 550 bp containing a heteroge-
neous population mixture of receptor sequences (Levy et al.,
1991). A mouse genomic DNA library was screened with this
probe at low stringency, and positive clones were identified at a
frequency of 0.3%, suggesting the existence of ;600 receptor-
related sequences per haploid genome (Buck and Axel, 1991;
Reed, 1992a). Among 12 recombinant phages that were analyzed
in some detail, the isolate M4 was chosen for further study on the
basis of several criteria. The M4 phage DNA encoded an open
reading frame of 317 amino acids that share homology with other
members of the odorant receptor family. The genomic DNA in
the M4 phage extended .6.7 kb upstream and 2.2 kb downstream
of the coding region. Finally, Southern blot analysis demonstrated
that the M4 coding region hybridized at high stringency to a
single restriction fragment in mouse genomic DNA (Fig. 1).
Although many odorant receptors exist in subfamilies of highly
homologous genes, the use of M4, which appeared to have only a
single member in its subfamily, was chosen to simplify the anal-
ysis of transcriptional regulation and expression of odorant re-
ceptors. Specifically, we wished to compare the expression of the
endogenous M4 gene by in situ hybridization and specific anti-
bodies with the expression of reporter constructs carrying poten-
tial regulatory sequences.

Endogenous expression pattern of M4
The pattern of M4 expression was examined by RT-PCR in six
different tissues, using primers specific for the M4 coding region.
A 1 kb product corresponding to the M4 RNA was seen in
olfactory tissue as well as a faint product in pancreas that was not
reproduced in subsequent experiments and may represent low-
level genomic DNA contamination of this sample (Fig. 2a). The
use of RT-PCR to examine the expression pattern of olfactory
receptors was hampered by the characteristic absence of introns
within the coding regions. Nonetheless, this experiment demon-
strated that M4 expression was restricted predominantly to olfac-
tory epithelium.

The restricted expression of the M4 receptor within the olfac-
tory epithelium was assessed by immunohistochemistry, using
specific antibody to this receptor. The polyclonal antisera were
generated to the last 20 amino acids of the M4 coding sequence in

a region that displays the greatest divergence among members of
this receptor family (Buck and Axel, 1991; Levy et al., 1991).
Immunoreactive cells were observed in the epithelial layer at
positions characteristic of the mature sensory neurons. The most
intense staining was seen in the dendrites, dendritic knobs, and
cilia of the receptor cells, thereby supporting the identification of
the immunoreactive cells as the sensory neurons Figure 2b.

The M4 expression pattern was examined by using serial coro-
nal sections spanning the entire anterior–posterior extent of the
olfactory neuroepithelium. Expression of M4 followed a zonal
pattern, and within this zone only a subset of neurons expressed
the M4 protein. This pattern was consistent in the two nasal
cavities and between different animals. The restriction of odorant
receptor family expression to a single zone within the olfactory
epithelium has been characterized extensively in several labora-
tories (Ressler et al., 1993; Vassar, 1993). The zone of expression
of the M4 receptors correlates precisely with the K4/K7 receptor
subfamily (Ressler et al., 1993), using in situ hybridization studies.
In the nomenclature of Buck, this pattern corresponds to zone-II
(Buck, 1992). No antibody staining was seen in the olfactory stem
cells or in the supporting sustentacular cells. In situ results using
the M4 coding region as a probe (data not shown) paralleled the
data obtained with the M4-specific antibody. On the basis of the
reported density of olfactory neurons within the mouse neuroep-
ithelium (Ressler et al., 1993) and the densities of the M4-positive
neurons in our studies, we estimated that M4 is expressed in
;0.5–1% of olfactory neurons within the zone.

Figure 1. M4 is a single copy gene. a, Partial restriction map of the mouse
M4 gene locus showing the schematic location of the M4 open reading
frame ( filled box). Deduced protein sequence shows 317 amino acids,
representing the M4 coding region. B, BamHI; H, HindIII; R, EcoRI. b,
Five micrograms of mouse liver DNA were digested with the indicated
enzymes in each lane. The Southern blot was probed with the 32P-labeled
M4 coding sequence. The probe showed a single band hybridizing in each
lane. The size shown on the right corresponds to each of the hybridized
bands.
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Proximal promoter has a 4 kb intron
A 59 RACE analysis was used to identify sequences upstream of
the translation and transcription start sites (Frohman et al., 1988)
and to define the intron/exon boundaries in the M4 59 untrans-
lated region. A 330 bp product observed in reactions with olfac-
tory epithelial RNA, M4-specific and RACE-specific primers
represented 59 untranslated sequences of the M4 message. Three
experiments with different RACE primers generated products
that were slightly smaller than the original 330 bp fragment,
suggesting that the 59 end of the M4 RNA and the site of
transcription initiation had been reached. Oligonucleotide prim-
ers were designed to the 59 and 39 ends of the 330 bp RACE and
used in a PCR reaction to identify the location of these sequences
on the M4 genomic template. All of the sequences obtained in the
RACE experiments resided in a single 300 bp exon located 4 kb
59 to the M4 initiation codon (Fig. 3). All of the olfactory
receptors analyzed to date contain one or multiple additional
exons upstream of a single coding-region exon. A canonical 39
splice site was observed 12 bp upstream of the M4 coding region.
The results suggested that the 6.7 kb fragment upstream of the
M4 translation start site region contained the transcription initi-
ation site and possibly the regulatory regions/cis-elements that
may be involved in M4 receptor regulation and zonal expression.

To determine whether these upstream sequences in the mouse
M4 odorant gene were sufficient to direct expression in the
olfactory neuroepithelium, we generated a reporter construct
consisting of 6.7 kb upstream of the M4 coding region fused to a
b-galactosidase–mouse protamine reporter cassette (Fig. 4). This

Figure 2. Endogenous expression of M4. RNA from different tissues was
used in a RT-PCR assay with primers PQ1 and PQ2, spanning the M4
coding region. PCR products (1 kb) are shown resolved on a 1% agarose
gel. The grouped tissues represent two independent sets of RT-PCR
reactions with brain, olfactory bulb, olfactory neuroepithelium (nose),
liver, pancreas, and testis. Sections (10 mm) cut through the mouse nasal
cavity were used in immunohistochemical staining, using anti-M4 anti-
body. A restricted distribution of the M4-positive cells is shown confined
to the posterior loop, indicated by arrowheads (middle panel ). A higher
magnification of the section is shown in the bottom panel; M4-expressing
neurons are marked with arrowheads.

Figure 3. Mapping and sequence analysis of the M4 transcription start
site. A schematic diagram shows the M4 ATG and the 59 proximal region
(6.7 kb). The open box represents the 1 kb M4 coding region, and the
M4-specific (PQ3–PQ4 nested) primers are shown by the two bars used in
the RACE reaction. Results from the RACE analysis mapped the tran-
scription start site 4 kb 59 to the ATG, resulting in 2.7 kb of untranscribed
sequences 59 of the 300 bp exon. The underlined AG and ATG represent
the splice donor site and the translation start site, respectively. The bottom
panel shows the PCR products generated from the genomic DNA as the
template, 2.7 kb containing the 300 bp exon ( E), lane 2. A 4 kb PCR
product represents the intron ( I ), lane 7. Lanes 3–5 represent the negative
controls and lane 6 the positive PCR control (see Materials and Methods).
M, Marker lanes.
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reporter gene construct hopefully would enable a functional
analysis of the putative promoter region of M4 in transgenic
animals and would allow identification of functional regulatory
regions present within this 6.7 kb fragment. Eight lines of trans-
genic mice were identified that carried the introduced construct
and transmitted the integrated sequences through the germline.
The copy number in these transgenic lines varied between 2 and
10 copies integrated at a single site. Although each transgenic line
contained copies that appeared to be intact by restriction analysis,
additional copies with truncations of the 59 and 39 sequences were
observed in most of the lines.

M4 transgene expression is zonally restricted and,
within the zone, expressed only by a subset of
neurons
Expression of the reporter gene was examined initially by RT-
PCR in five tissues: liver, brain, spleen, testis, and olfactory
epithelium. Primers (RR318 and RR319) were chosen that
flanked a 93 bp intron at the 39 end of the reporter cassette and
generated a 728 bp product from the genomic DNA and a 635 bp
product from messenger RNA to permit discrimination between
the transgene reporter expression and genomic contamination
(Fig. 4). In three of the lines, RT-PCR analysis revealed transgene
expression in olfactory epithelium and in testis, whereas in the
other lines no expression was detected in any of the tissues
examined. Expression in testis has been reported for other mem-
bers of the odorant receptor family and may reflect the propensity
of this tissue to display “fortuitous” expression of transgenes and
endogenous genes, with no apparent function in that tissue.
Expression in two of the lines, D5 and E5, was examined in
additional tissues, and expression was still restricted to olfactory
tissue and testis (Fig. 5).

The three transgenic lines (D2, D5, and E5) were examined for
b-galactosidase (lacZ) enzyme expression in tissue sections from
nose, liver, spleen, and testis by staining with the chromogenic
substrate X-gal. No staining was detected in the spleen or liver in

any of the lines. In testis, moderate staining was observed in a
subset of cells but was indistinguishable in wild-type and trans-
genic mice. In each of the three lines in which transgene expres-
sion was detected, expression within the olfactory epithelium was
restricted zonally and within that zone was observed only in a
subset of neuronal cells.

Two lines, D5 and E5, revealed robust expression of
b-galactosidase in the neuroepithelium that resembled the endog-
enous M4 expression in several respects. The reporter expression
was confined to the epithelial layer of the olfactory tissue and
displayed a bilaterally symmetric and zonally restricted pattern
(Fig. 6 a,b). Within the neuroepithelium only a small fraction
(;1%) of the cells expressed the reporter. These b-galactosidase-
expressing cells displayed X-gal staining in dendritic processes
leading to the luminal surface. No X-gal staining was observed in
other major cell types of the epithelium, the stem cells and the
supporting sustentacular cells (Fig. 6d).

The reporter transgenes were expressed in two distinct
topographical patterns within the neuroepithelium. The
b-galactosidase-positive cells in the D5 line were restricted to the
same zone as the endogenous M4 receptor (zone II), whereas
staining in the E5 line was confined exclusively to zone IV. These
observations suggest that a construct carrying the 6.7 kb 59 seg-
ment was sufficient to direct b-galactosidase expression in a
tissue-specific and zonal-specific manner in the olfactory neuro-
epithelium but was insufficient by itself to define the particular
zone where the expression will occur.

M4 and D5 express in the same zone
With analysis of the zonal expression pattern of the two transgene
lines, it was evident that D5 X-gal staining was in the same zone
as that seen with M4 endogenous antibody staining. Figure 6,
e and f, shows the colocalization of anti-M4 peroxidase staining
and histochemical X-gal staining in zone II of the olfactory
neuroepithelium. Furthermore, serial coronal sections spanning

Figure 4. Structure of the M4 transgene construct.
The 6.7 kb DNA 59 to the M4 ATG was fused to
the E. coli gene encoding lacZ and the 39 end of
the mouse protamine 1 structural gene (b-
galactosidase, mp1, shaded boxes). The mp1 gene
provides a poly(A 1) addition site and a 93 bp
intron. Primers designed across the intron are
shown by the arrows. Below, An agarose gel show-
ing a 635 bp PCR product generated from the
transgene message, lane 3, and a 728 bp from the
genomic transgene (T-G) DNA, lane 5. No prod-
ucts are seen in lanes 2 and 4, representing the
wild-type mouse DNA and samples with no re-
verse transcriptase (2RT ), respectively. Marker
lanes are shown as lanes 1 and 6.
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the anterior–posterior extents of the olfactory epithelia also re-
vealed that the regions that stained with the anti-M4 antibody and
b-galactosidase activity were always coincident. It was possible to
perform double-labeling experiments by incubating the sections
first with the X-gal chromogenic reagent to reveal the transgene-
expressing cells and subsequently staining them with the M4-
specific antibody. From 15 complete sections derived from several
animals (n 5 3), a total of 1031 M4-labeled and 500
b-galactosidase-positive cells were observed. A total of eight
double-positive cells (M41 b-gal1) were observed on these sec-
tions (Fig. 6g). This frequency corresponds to what might be
expected if expression of the two proteins were independent
events, i.e., ;0.5–1% of the M41 cells should be b-galactosidase-
positive and vice versa.

Analysis and chromosomal mapping the transgene
Although the frequency of obtaining lines that expressed the
introduced transgene and the observation of expression was sim-
ilar to or only slightly lower that that observed for other olfactory
promoter-driven reporters, the observation of transgene expres-
sion in two different zones suggested that the site of integration
might be important in achieving the expression pattern. With a
large family of the odorant receptors distributed throughout the
genome, it was possible that the transgene was in proximity of
another receptor or receptors and had acquired the zonal expres-
sion pattern appropriate for the flanking receptor. Subsequent

breeding experiments with the transgene progeny and genomic
Southern analysis confirmed a single integration site in the E5
and D5 lines. To explore the possibility that other receptors
present in proximity to the transgene insertion site might influ-
ence the pattern of expression, we cloned and examined the sites
of genomic insertion for E5 and D5.

The E5 transgene insertion site was cloned from a size-
fractionated genomic library (9–15 kb) as described in Materials
and Methods. The transgene–genomic junction fragment in the
D5 line was identified by an inverse PCR approach (Cuypers et
al., 1984; Benkel et al., 1995) (data not shown). Genomic DNA
from the parental strain as well as the two transgenic lines was
subjected to hybridization with the isolated junction fragments. In
each case a novel mobility fragment was observed in the appro-
priate lane that corresponded to the junction between the trans-
gene sequences and the target fragment (Fig. 7). To explore
sequences adjacent to the site of transgene insertion, we identified
three and four overlapping YACs for D5 and E5, respectively.
Total genomic DNA from yeast cultures containing the YACs was
hybridized with a 550 bp PCR product representing a complex
mixture of odorant receptors (Levy et al., 1991). No receptor-
related sequences were identified by using low-stringency hybrid-
ization or by PCR amplification of receptors with the use of
degenerate oligonucleotides capable of amplifying most members
of the odorant receptor family.

Figure 5. Reporter transgene expression of E5 and D5 in different tissues. RT-PCR experiment was performed on the cDNA from seven different
tissues, using the primer pair RR318 and RR319. A 728 bp PCR product was generated with the genomic DNA from the transgenic mouse (TG), whereas
the cDNA from various tissues generated a 635 bp product that is 93 bp smaller. The right panel represents the b-galactosidase reporter expression in
the D5 transgenic line. The top panel (1RT ) shows PCR products with reverse transcriptase, and the bottom panel (2RT ) is shown without reverse
transcriptase. Expression in the E5 transgenic line is shown on the lef t panel with a 123 bp marker lane represented by M. The tissues are NE, nose; BR,
brain; TE, testis; SP, spleen; LU, lung; LR, liver; and KI, kidney.

3

Figure 6. Patterns of expression of b-galactosidase in mouse nasal cavity of D5 and E5 transgenic mice. a, Coronal sections of the mouse nasal cavity
are shown with the schematic localization of the D5 (lef t) and the right nasal cavity of an E5 transgenic mouse stained with X-gal at a similar sectioning
level. The extents of the transgene expression (which coincided with M4 antibody staining) are indicated in blue. The regions in a comparable section
that were not expressing OMP by in situ hybridization are indicated in green. The septum (SEPTUM ), the positions of ectoturbinates 1 and 2, and the
positions of endoturbinates II and III are indicated. The dorsal region is displayed at the top of the image. Overlays were produced by scanning images
and processing them in Photoshop. Coronal sections through the E5 mouse nasal cavity (b–d) were stained with X-gal. The reporter expression is
localized to the mature neurons within the neuroepithelial layer. A low magnification of the E5 coronal section (a–c) shows X-gal staining, marked with
blue arrowheads. The staining is confined to the most lateral and ventral regions of the epithelium on both sides of the septum (zone IV). Higher
magnification of the section (d) shows X-gal-positive neurons over the central portion of the epithelium (blue arrowheads). Double-labeled sections from
a D5 transgene animal were post-fixed in Zamboni and stained for activity with X-gal, followed by M4 antibody (e, g). Figure legend continues.
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A coronal section at low magnification shows double-stained neuroepithelium with X-gal staining in blue; peroxidase-stained M4-positive cells are
represented by brown arrowheads (zone II). Regions of the epithelium showing no X-gal or M4 staining are depicted by gray arrows. A
high-magnification micrograph ( f) shows M4-positive neurons colocalized with neurons expressing b-galactosidase, which is driven by the putative
M4 promoter region. Approximately 1% of the M4 or b-galactosidase-positive cells showed double staining (black arrowheads) within the same cell
with peroxidase and X-gal ( g).
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The chromosomal location of the two integration target sites
for E5 and D5 was determined by using a C57Bl6xMus Spretus
backcross panel that previously had been analyzed for a large
number of other chromosomal markers. The presence of specific
PCR products from the insertion sites that were capable of
distinguishing between the two parental chromosomes permitted
mapping of the insertion site. The E5 junction site is located near
D6MIT8 at 35 cm on mouse chromosome six (LOD score 8.8).
The D5 insertion site mapped near D10Bir6 at 26 cm on chro-
mosome 10 (LOD score 6.1). The D5 insertion site is located 18
cm from olfactory receptor Olfr8 recently mapped to chromo-
some 10 (Sullivan, 1996). To date, no olfactory receptors have
been mapped to chromosome six.

DISCUSSION
The restricted/differential expression of odorant receptors within
the olfactory epithelium has been hypothesized to play an impor-
tant role in the ability of this tissue to discriminate among
olfactory stimuli. The identification of a receptor family that
displays a complex expression pattern consisting of zonal restric-
tion and an apparently stochastic distribution within that zone
lends support to the hypothesized role of these receptors in
odorant detection. The regulatory mechanisms that underlie
these expression patterns remain mainly unknown. However, we
have described here the extent of the DNA sequences that are
required to recapitulate the zonally restricted and stochastic
expression of a reporter within the sensory neurons of the olfac-
tory epithelium.

M4 and its properties
The mouse M4 receptor, identified initially in a screen of genomic
DNA, shares the characteristic expression patterns of the mem-
bers of the family originally described by Buck and Axel (1991).

The M4 gene, existing as a subfamily with itself as the only
member, is expressed preferentially in the olfactory epithelium.
An antibody to the highly divergent region at the C terminus of
the protein revealed staining in the dendrite, dendritic knob, and
cilia of a small fraction of the sensory neurons within a single
zone of the epithelium. The localization of the receptor protein
to these structures parallels the observations made for other
components of the odorant signaling pathway.

Analysis of the genomic organization of the M4 gene confirmed
the absence of introns within the coding region, consistent with
all other known members of this family. The 59 end of the
mRNA, identified by RACE-PCR, was encoded by a single exon
separated by a 4.0 kb intron from the translation initiation site.
All of the sequences present in mRNA could be identified in the
cloned genomic fragment, suggesting that gene conversion events
in the flanking untranslated sequence were not likely to contrib-
ute to the regulation of this receptor.

Transgenic lines tissue expression
The M4 promoter/b-galactosidase reporter construct led to
detectable expression in three of the eight lines that were
generated. This frequency was comparable to that observed for
other
promoter/reporter constructs in transgenic mice (Walters et
al., 1996). Notably, in each of the lines examined, no expres-
sion of the reporter was detected in tissues other than olfactory
epithelium and testis. The expression of the b-galactosidase
reporter within the olfactory epithelium in all three expressing
lines was restricted to the mature olfactory neurons and par-
alleled in several respects the endogenous pattern of the M4
receptor. The earliest expression within the neuronal lineage
was in the region corresponding to immature neurons and was
most intense in cells with characteristic mature neuronal mor-
phology. In both D5 and E5 the reporter expression was
restricted topographically to zones previously described for
members of the odorant receptor family (Ressler et al., 1993),
and, like the endogenous receptors within a zone, positive
neurons were scattered randomly. The stereotypic distribution
of staining in these transgenic lines was constant in all animals
and was maintained through the germline. The appearance of
the reporter in two different zones in the two lines has impor-
tant implications for the mechanisms responsible for this pat-
terning. Although we cannot rule out the possibility that zonal
expression arises from deletion of negative regulatory ele-
ments in truncated copies of the inserted transgene, aspects of
the regulation must arise from elements contained within the
M4 promoter region. We conclude from these studies that the
6.7 kb fragment from the M4 gene is sufficient to direct most
aspects of the regulated expression associated with odorant
receptors.

The ability of the reporter construct to define a zonally re-
stricted pattern of expression without the specification of the zone
suggests a hierarchical mechanism in which distinct processes
direct the observed pattern. Perhaps the zonal patterning is
predetermined and specified for a large region of the genome by
processes analogous to the genomic imprinting and X inactivation
described in other systems. The transgene inherits the zonal
pattern native to that locus. Endogenous receptors then can be
seen as committed to expression in a particular zone by virtue of
their location within the genome.

The selection and restriction of receptor expression within a
single neuron are poorly understood. The pattern of expression of

Figure 7. Disruption of the transgene integration sites in D5 and E5. Five
micrograms of C57BL/6J (Wt) and D5 and E5 mouse liver DNA were
digested with PvuII (lef t) or EcoRI (right), electrophoresed in 0.75%
agarose, blotted onto a nylon membrane, and hybridized with the 32P-
labeled probe. The primer pair PQ74/PQ79 generated a D5-specific
junction probe used on the lef t, and PQ 37/PQ39 generated a probe for E5
junction that was used on the right. DNA sizes are indicated on the sides
of the panels. Both D5 (PvuII-digested) and E5 (EcoRI) lanes show an
extra band, representing the transgene insertion-induced disruption.
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endogenous M4 protein and the reporter in the D5 line suggest
that they occur as independent events, with each occurring in
;1% of the neurons within the zone. The anticipated frequency
of double-labeled cells then would be 1% of the M4-positive cells,
approximately the number that was observed in these experi-
ments. One should not conclude from these experiments that
multiple receptors are expressed in individual neurons. The ab-
sence of functional receptor protein expression from the reporter
construct might prevent the feedback mechanisms that could
serve to restrict expression to a single functional receptor in each
cell.

The examination of the chromosomal distribution of odorant
receptors and their zonal expression within the epithelium
(Sullivan, 1996) demonstrated that receptors expressed in differ-
ent zones could cosegregate in these linkage studies. In situ
hybridization studies and detailed analysis of genomic organiza-
tion of receptor subfamilies (Sullivan, 1996) indicate that mem-
bers of a single subfamily are restricted to a single zone and are
closely juxtaposed in the genome. Taken together, these data
suggest that zonal patterns of expression arise from control ele-
ments that dictate some aspects of receptor expression (zones)
over long genomic distances. A second aspect of receptor regu-
lation, the expression within a small subset of the neurons within
a zone, might be achieved via competition between discrete
promoters for active enhancers. Models for regulation of clus-
tered genes with a globin system have been described (Engel and
Choi, 1988). The data presented here suggest that small segments
of DNA upstream from odorant receptor coding regions are
receptive to both kinds of regulation. The observation that trans-
gene expression respected zonal boundaries but could be relocal-
ized to a different zone suggests that distant signals are respon-
sible for defining the zone, functioning perhaps via elements
located within the proximal promoter.

Models for receptor regulation
The selective expression of odorant receptor genes is likely to
arise from a hierarchical series of regulated transcriptional con-
trols. The data presented here in combination with the work of
others (Sullivan et al., 1995) suggest that an early event in recep-
tor expression is the establishment of zones within the epithe-
lium. An attractive model is that the zones are specified by an
activation process in which regions of the genome are made
competent for expression in one of the zones. Alternatively,
receptor-encoding regions of the genome could be repressed for
expression (Chess et al., 1994) in other than the appropriate zone
via a process much like inactivation on the X chromosome. Once
the repertoire of receptors that are competent for expression in
any particular zone is established, the selection of the individual
receptor or small number of receptors to be expressed in a single
olfactory neuron is achieved via subsequent competition for trans-
acting factors or relief from negative regulation mediated by
DNA methylation or inhibitory factors. These processes are con-
sistent with the data from Chess et al. (1994), suggesting that
receptor selection does not involve the activation of both alleles
of a single receptor gene; rather, expression appears to occur
stochastically on a small fraction of receptor genes.

In the experiments with a transgenic receptor promoter con-
struct, we have defined sequences that are sufficient for receiving
zonal specification and permitting the stochastic selection of
transgene expression in the appropriate cell type. These results
permit the dissection of essential sequences for each of these

processes and the trans-acting factors that result in the remark-
able regulation of odorant receptor expression.
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