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In most sensory systems, peripheral neu-
rons project axons to precise locations in
the brain to create an internal representa-
tion of the external world. In mammals,
individual olfactory sensory neurons ex-
press only one of �1000 odorant receptor
genes, such that neurons are functionally
distinct (1). Cells expressing a given recep-
tor are randomly dispersed within a broad
but circumscribed zone in the sensory epi-
thelium. Spatial order is achieved by the
convergence of like axons at precise glo-
meruli in the olfactory bulb, the first relay
for olfactory information in the brain (2–4 ).
The identity of an olfactory percept may
therefore be encoded by spatial patterns of
glomerular activity in the bulb.

How does a random distribution of senso-
ry neurons in the epithelium resolve to a
highly ordered topographic map in the bulb?
A role for odorant receptors in guidance is
suggested by genetic experiments demon-
strating that alterations of receptor sequences
perturb the sensory map (5). These observa-
tions suggest that the odorant receptor will be
expressed both on dendrites and axons.

We tested this prediction by generating
specific antibodies against two odorant recep-
tors that reveal the sites of receptor expres-
sion on sensory neurons. Antibodies were
raised against extracellular and cytoplasmic
epitopes of the mouse odorant receptors
MOR28 and MOR11-4. These antibodies
recognize receptor protein in detergent-
solubilized membrane fractions (fig. S1, A
and B) and in histologic sections from olfac-
tory sensory epithelium. Antibodies directed
against both epitopes of MOR28 stain an
identical subpopulation of neurons randomly
distributed in the ventral zone of the olfactory
epithelium (Fig. 1, A and B). The frequency
and spatial pattern of these cells are typical of
neurons that express MOR28, as revealed by
in situ hybridization (6). We observed intense
staining in both the dendritic knob, the locus
of odor binding, and in perinuclear compart-
ments likely to correspond to the endoplas-
mic reticulum and Golgi apparatus. A similar
pattern was observed with an antibody direct-
ed against a second receptor, MOR11-4 (Fig.
1C). We also stained epithelia from geneti-
cally altered mice in which the MOR28 locus

had been modified so that cells expressing
MOR28 also expressed tau-�Gal (MOR28-
IRES-tau-lacZ). In these mice, all �Gal�

cells also stain with antibodies to MOR28.
No staining was observed in another geneti-
cally altered strain that bears a homozygous
deletion of MOR28 (6).

If the odorant receptor also serves as a
guidance molecule, we would expect it to be
localized at the axon terminus. We therefore
stained sections through the olfactory bulb
with antibodies against both epitopes in
MOR28. Both antibodies stained only two
identical glomeruli, one medial and one lat-
eral in the ventral aspect of the bulb (Fig. 1,
D and E). Staining was observed only within
the glomerulus and the fascicles immediately

adjacent to it but not in more proximal axon
shafts. A single lateral glomerulus at a more
dorsal position was stained with antibodies to
MOR11-4 (Fig. 1F).

We next demonstrated that the glomeruli
stained with antibody to MOR28 were inner-
vated by neurons that express the MOR28
receptor. Sections through the olfactory bulb
of mice bearing the MOR28-IRES-tau-lacZ
allele were examined with antibodies against
both �Gal and MOR28 (Fig. 1, G to I). These
experiments revealed that the glomeruli
stained by antibody to MOR28 also received
the tau-�Gal� fibers. The mice analyzed
were heterozygous for the MOR28-IRES-tau-
lacZ allele. Thus, although all fibers within
the glomerulus stained with antibody to
MOR28, only half expressed �Gal and ap-
peared to segregate. Segregation of fibers
from differentially modified alleles within a
single glomerulus has been reported, but the
mechanism remains elusive (7).

In other sensory systems, peripheral neu-
rons project to the central nervous system in
an ordered manner, such that spatial relations
in the periphery are maintained in the brain.
In contrast, olfactory neurons are randomly
distributed in the periphery, but their axons
project to precise loci in the bulb. The obser-
vation that odorant receptors are expressed
both on dendrites and on axon termini sup-
ports a mechanism in which the receptor
functions as a guidance molecule that recog-
nizes positional cues elaborated by the bulb.
In this manner, the olfactory neuron is en-
dowed with an identity that dictates both the
set of odors to which it responds and the
glomerular target it innervates.

References and Notes
1. L. Buck, R. Axel, Cell 65, 175 (1991).
2. P. Mombaerts et al., Cell 87, 675 (1996).
3. R. Vassar et al., Cell 79, 981 (1994).
4. K. J. Ressler et al., Cell 73, 597 (1993).
5. F. Wang et al., Cell 93, 47 (1998).
6. G. Barnea et al., unpublished data.
7. T. Ishii et al., Genes Cells 6, 71 (2001).
8. Supported by the Howard Hughes Medical Institute

and a grant from the Mathers Foundation.

Supporting Online Material
www.sciencemag.org/cgi/content/full/304/5676/1468/
DC1
Materials and Methods
Fig. S1
References and Notes

28 January 2004; accepted 7 April 2004

Center for Neurobiology and Behavior, Department of
Biochemistry and Molecular Biophysics, Howard
Hughes Medical Institute, College of Physicians and
Surgeons, Columbia University, 701 West 168th
Street, New York, NY 10032, USA.

*These authors contributed equally to this work.
†To whom correspondence should be addressed. E-
mail: ra27@columbia.edu

Fig. 1. Odorant receptor protein is expressed
on both dendrites and axons of olfactory
sensory neurons. (A to C) Staining of mouse
olfactory epithelium with (A) rabbit anti-
MOR28 extracellular epitope, (B) guinea pig
anti-MOR28 cytoplasmic epitope, and (C)
guinea pig anti–MOR11-4 cytoplasmic
epitope. Scale bars, 10 �m. (D to F) Staining
of mouse olfactory bulb with (D) rabbit anti-
MOR28 extracellular epitope, (E) guinea pig
anti-MOR28 cytoplasmic epitope, and (F)
guinea pig anti–MOR11-4 cytoplasmic
epitope. Only the medial glomeruli of MOR28
are shown in (D) and (E). Scale bars, 100 �m.
(G to I) Staining of MOR28-IRES-tau-LacZ
heterozygous mouse olfactory bulb with (G)
goat anti-�Gal and (H) rabbit anti-MOR28
extracellular epitope. (I) A merged image of
(G) and (H). All mice used were 10 days old.
Scale bars, 100 �m.
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