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Summary

We have developed a genetic approach to visualize
axons from olfactory sensory neurons expressing a
given odorant receptor, as they project to the olfactory
bulb. Neurons expressing a specific receptor project
to only two topographically fixed loci among the 1800
glomeruliin the mouse olfactory bulb. Our data provide
direct support for a model in which a topographic
map of receptor activation encodes odor quality in the
olfactory bulb. Receptor swap experiments suggest
that the olfactory receptor plays an instructive role in
the guidance process but cannot be the sole determi-
nant in the establishment of this map. This genetic
approach may be more broadly applied to visualize
the development and plasticity of projections in the
mammalian nervous system.

Introduction

Mammals possess an olfactory system of inordinate
discriminatory power (Shepherd, 1994; Buck, 1996).
How is the diversity and specificity of olfactory percep-
tion accomplished? The initial step in the discrimination
of odors involves the interaction of odor molecules with
odorant receptors on the dendrites of olfactory sensory
neurons. In mammals, the repertoire of odorant receptor
genes may consist of as many as 1000 genes, each of
which encodes a seven-transmembrane domain protein
(Buck and Axel, 1991; Levy et al., 1991; Parmentier et
al., 1992; Ben-Arie et al., 1994). Discrimination among
odors requires that the brain determine which of the
numerous receptors have been activated by a given
olfactory stimulus. Individual olfactory neurons express
only one or a small number of the 1000 receptor genes,
such that neurons may be functionally distinct (Ngai et
al., 1993; Ressler et al., 1993; Vassar et al., 1993). The
problem in determining which receptors have been acti-
vated by an odorant can therefore be reduced to a prob-
lem of distinguishing which neurons have been acti-
vated.

As in other sensory systems, the pattern of projections
of olfactory sensory neurons may provide a topographic
map of receptor activation that defines the quality of

*Present Address: The Rockefeller University, 1230 York Avenue,
New York, New York 10021.

a sensory stimulus. Analysis of the spatial patterns of
receptor expression in the olfactory epithelium by in
situ hybridization reveals that cells expressing a given
receptor are restricted to one of four broad but circum-
scribed zones (Ressler et al., 1993; Vassar et al., 1993;
Strotmann et al., 1992, 1994). The overriding feature of
this organization, however, is that within a zone neurons
expressing a given receptor are not topologically segre-
gated, rather they appear randomly dispersed. In con-
trast, the axonal projections from neurons expressing a
specific receptor converge upon two loci, or glomeruli,
within the olfactory bulb (Ressler et al., 1994; Vassar et
al., 1994). Neurons expressing a given receptor project
to one medial and one lateral glomerulus, creating two
mirror-image maps within each olfactory bulb. These
observations are in accord with previous physiological
experiments demonstrating that different odorants elicit
spatially defined patterns of glomerular activity in the
olfactory bulb (Stewart et al., 1979; Lancet et al., 1982;
Kauer et al., 1987; Imamura et al., 1992; Mori et al., 1992;
Katoh et al., 1993). The quality of an olfactory stimulus
would therefore be encoded by the specific combination
of glomeruli activated by a given odorant.

Evidence for the presence of a topographical map of
receptor activation in the bulb derives largely from in
situ hybridization experiments that detect the presence
of specific receptor mRNAs at convergent loci in the
olfactory bulb (Ressler et al., 1994; Vassar et al., 1994).
The sensitivity of this approach does not permit the
visualization of the projection pathways, but only identi-
fies sites of axonal convergence. Moreover, these tech-
niques do not afford resolution at the level of single
axons. We therefore wished to develop a more sensitive
genetic approach to visualize the projections of individ-
ual olfactory sensory neurons from the sensory epithe-
lium to the olfactory bulb.

We have modified an olfactory receptor gene, P2, by
targeted mutagenesis in the germline of mice. The P2
locus now encodes a bicistronic mMRNA (Mountford and
Smith, 1995) that allows the translation of the P2 recep-
tor along with tau-lacZ (Callahan and Thomas, 1994), a
fusion of the microtubule-associated protein tau with
B-galactosidase. In these genetically altered strains of
mice, olfactory neurons that transcribe the modified P2
allele also express tau-lacZ in their axons, permitting
the direct visualization of the pattern of projections in
the brain. We observe that neurons expressing the P2
receptor project to only two topographically fixed glo-
meruli of the 1800 glomeruli (Royet et al., 1988) in the
mouse olfactory bulb. The pattern of convergence is
absolute; stray axons projecting diffusely are not ob-
served. These data provide direct support for amodel in
which a topographic map of receptor activation encodes
odor quality in the olfactory bulb.

This genetic approach also permits the manipulation
of genes responsible for the establishment and mainte-
nance of the olfactory sensory map and may ultimately
define how the topographic map is generated during
development. We have substituted the P2 coding se-
quence with that of a second odorant receptor, M12.
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Figure 1. Targeted Mutagenesis of the OMP
Locus

(Left) Schematic representation of the genetic
strategy.
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(a) Targeting vector OMP-KO-2. Tau-lacZ and
LTNL (loxP-tk-neo-loxP) sequences replace
0.67 kb of the OMP gene shown in (b). The
5’ end is a Xhol site (X) and the 3’ end is an
Sphl site (S). The relevant BamHI sites (B)
are indicated. Inverted triangles indicate loxP
sites.

(b) Wild-type OMP locus. The black box la-
beled “OMP” indicates the sequences de-

leted following homologous recombination. The horizontal bar below the line represents the 3' OMP probe, used to hybridize the Southern

blot on the right.
(c) OMP locus after homologous recombination.

(d) OMP locus after Cre-mediated site-specific recombination. A single loxP site is left behind.

(Right) Southern blot of genomic DNA from wild-type ES cells, targeted clone B38, and Cre-treated subclone B38/CreA5. DNA was cut with
BamHI and hybridized with the 3’ OMP probe. The upper band in lane ES represents the wild-type allele (see [b], 2.0 kb), the lower band in
lane B38 is the targeted allele (see [c], 1.8 kb), and the lower band in lane B38/CreAS5 is the allele after Cre-excision (see [d], 1.3 kb).

This receptor swap alters the pattern of projections,
suggesting that the olfactory receptor plays an instruc-
tive role in the guidance process but cannot be the sole
determinant in axon targeting.

Results

The OMP-tau-lacZ Mouse

We wished to develop a genetic approach to visualize
the axonal projections from specific subpopulations of
olfactory neurons. The tau-lacZ fusion protein is effi-
ciently transported down axonal processes of Drosoph-
ila neurons (Callahan and Thomas, 1994). Initial experi-
ments were designed to determine whether this protein
could also be detected in axons of mouse olfactory
neurons, which are considerably longer than an entire
fly. We therefore generated a mouse strain in which the
sequences encoding the olfactory marker protein (OMP)
(Buiakova et al., 1994) are replaced by tau-lacZ. OMP
is a protein of unknown function that is expressed at
high levels in all mature olfactory sensory neurons (Farb-
man and Margolis, 1980). A targeting vector OMP-KO-2
(Figure 1) was designed such that homologous recombi-
nation at the OMP locus would result in the replacement
of the single exon of OMP with tau-lacZ coding se-
quences. Downstream of tau-lacZ, this vector contains
an expression cassette that includes a 5' loxP site
(Hoess et al., 1982), the herpes simplex virus thymidine
kinase gene (tk) (McKnight, 1980), the neomycin resis-
tance gene (neo) (Adra et al., 1987), and a 3’ loxP site
(an LTNL cassette for loxP-tk-neo-loxP). When this tar-
geting vector was electroporated into ES cells, homolo-
gous recombination at the OMP locus was observed in
25% of the G418-resistant clones (Figure 1). One tar-
geted ES clone (B38) was expanded and transiently
transfected with a plasmid encoding the Cre recombi-
nase driven by the cytomegalovirus promoter (pBS185)
(Sauer and Henderson, 1990). Following transfection,
cells were negatively selected with ganciclovir to enrich
for clones that had undergone Cre-mediated excision of
the tk-neo expression cassette. Southern blot analysis
identified 12 out of 55 ganciclovir-resistant colonies that
had undergone site-specific recombination. One clone
(B38/CreA5) was injected into C57BL/6 blastocysts, and

most male chimeras transmitted the mutation through
the germline.

A whole mount preparation from a mouse heterozy-
gous for the OMP-tau-lacZ mutation reveals the labyrin-
thine convolutions or turbinates that characterize the
olfactory epithelium on the medial aspect of the nasal
cavity (Figure 2A). Intense blue staining with X-Gal, indic-
ative of lacZ activity, is observed throughout the epithe-
lium lining each of the turbinates. A sharp border sepa-
rates the OMP negative respiratory epithelium from the
OMP positive sensory epithelium. In preparations in
which the septum is left intact, staining is also observed
in sensory neurons of the vomeronasal and septal or-
gans (Figure 2B). The vomeronasal organ is a function-
ally distinct sensory epithelium (Figure 2C) that is acti-
vated by pheromones and projects to the anatomically
distinct accessory olfactory bulb (Figure 2D).

Intense staining is observed in the olfactory sensory
axons that project through the cribriform plate into the
olfactory bulb. Sections through the olfactory epithelium
and bulb, followed by staining with X-Gal, reveal densely
packed sensory neurons in the epithelium (data not
shown) that project axons to the olfactory bulb (Figure
2E). The axons terminate within discrete structures, the
glomeruli, where individual sensory axons synapse with
the dendrites of mitral cells (Figures 2E and 2F). A dorsal
view of the bulb reveals sensory fibers terminating in
the glomeruli of the main olfactory bulb and a distinct
collection of fibers from the vomeronasal organ entering
the accessory olfactory bulb (Figure 2D). These observa-
tions demonstrate that tau-lacZ is efficiently transported
down the axons of olfactory sensory neurons, allowing
the visualization of axon termini in individual glomeruli.
Moreover, the expression of tau-lacZ does not appear
to alter the gross pattern of neuronal connectivity be-
tween the epithelium and the bulb.

Visualizing Neurons Expressing the P2 Receptor

We next generated mice in which only a subpopulation
of olfactory sensory neurons transcribing a specific re-
ceptor, P2, also express the fusion protein tau-lacZ.
In these mice, it is possible to visualize the pattern of
receptor gene expression in individual neurons in the
epithelium and the pattern of projections of these neu-
rons in the olfactory bulb. To restrict the expression of
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Figure 2. OMP-tau-lacZ Mice, Stained with X-Gal

(a) Whole mount view of the wall of the nasal cavity and the medial aspect of the olfactory bulb. (b) Whole mount view of the nasal septum
and the medial aspect of the bulb. (c) Whole mount higher power view of the vomeronasal organ. (d) Whole mount view of the dorsal-posterior
aspect of the olfactory bulb. (e) Coronal section through the right and left olfactory bulbs counterstained with neutral red. (f) Schematic
diagram of coronal section through the olfactory bulbs. Orientation of (a) and (b): anterior to the left, dorsal at top; the right half of a mouse
head is shown. Orientation of (d): medial to the left, anterior at top. (a) Cell bodies, dendrites and axons are stained intensely such that the
epithelium (left) and the bulb (top right) appear deeply blue. (b) The nasal septum, which divides the nasal cavity along the midline, contains
three olfactory structures: the main olfactory epithelium (right), the vomeronasal organ (bottom left), and the septal organ (visible as a small
triangle in between the former two structures). The bulb is at the top right. (c) The vomeronasal organ also contains OMP expressing olfactory
neurons, whose axonal processes fasciculate in the septum. (d) Fascicles of blue axons from the main olfactory epithelium terminate in distinct
glomeruli in the bulb. The axons of vomeronasal neurons run on the medial side of the bulb and fan out in the accessory olfactory bulb, visible
at the bottom as a homogeneously blue structure. (€) Coronal sections reveal staining in the blue outer nerve layer and the glomerular layer
which contain, respectively, axons and axon terminals of olfactory neurons. Neutral red stains the cell bodies of periglomerular cells (adjacent
to the glomeruli), mitral cells and granular cells. (f) ONL, outer nerve layer; GL, glomerular layer; EPL, external plexiform layer; MCL, mitral
cell layer; GCL, granular layer. Heterozygous mice of the B38/CreA5 line were 3-8 weeks old, except (b), 13 days old and (d), 9 days old.

X-Gal staining was performed for 1-2 hr.

tau-lacZ to the subpopulation of sensory neurons that
express the odorant receptor P2, it is necessary to place
tau-lacZ under the control of P2 regulatory sequences,
such that cells expressing P2 will also express tau-lacZ.
However, the elements regulating receptor gene expres-
sion have not yet been identified. We therefore chose
to introduce tau-lacZ into the P2 locus by homologous
recombination in ES cells. A gene-targeting approach
in which the P2 coding sequence is simply replaced by
tau-lacZ would eliminate P2 receptor expression from
the modified allele. However, olfactory neurons express
areceptor from only one of the two alleles (Chess et al.,
1994). Therefore, in this targeting strategy, cells ex-
pressing the modified P2 allele would express tau-lacZ,
but not receptor. Conversely, cells expressing the wild-
type P2 allele would express receptor, but not tau-lacZ.
To assure that cells expressing tau-lacZ also express a
functional P2 receptor, we designed a targeting vector
that would result in a bicistronic mMRNA (Mountford and
Smith, 1995). A genomic clone containing the P2 recep-
tor gene was modified by the insertion of a cassette
immediately 3’ of the P2 stop codon (Figure 3). This
cassette consists of two parts: an internal ribosome

entry site (IRES) from the encephalomyocarditis virus
(Kim et al., 1992) driving translation of the tau-lacZ se-
quences, followed by LTNL (loxP-tk-neo-loxP). Cells ex-
pressing the modified P2 allele should now express the
P2 receptor along with tau-lacZ. The targeting vector
was electroporated into ES cells and G418-resistant
clones were analyzed by Southern blot hybridization.
Four of 720 G418-resistant clones resulted from homolo-
gous recombination at the P2 locus (Figure 3). Targeted
ES clones were then transiently transfected with a vector
directing expression of the Cre recombinase (pBS185)
resulting in deletion of the tk-neo sequences, leaving
only a single loxP site. Five of 24 ganciclovir-resistant
subclones of clone FD257 resulted from Cre-mediated
site-specific recombination. Removal of the selectable
markers ensures that the modified P2 locus is free of
exogenous promoter elements that may affect P2 ex-
pression. These ES clones were then introduced into
blastocysts to generate chimeric mice, and germ line
transmission was obtained with two clones (FD257/Cre7
and FK290/Cre53).

Whole mount analysis of mice heterozygous for the
P2-IRES-tau-lacZ mutation reveals a subpopulation of
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Figure 3. Targeted Mutagenesis of the P2
Locus

(Left) Schematic representation of the genetic
strategy. (a) Targeting vector P2-KO-13. The
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are indicated. Inverted triangles indicate loxP
sites. (b) Wild-type P2 locus. The coding se-
quence of the P2 gene consists of one exon.
The horizontal bar below the line represents
- the 3’ P2 probe used to hybridize the South-
ern blot on the right. (c) P2 locus after homol-
ogous recombination. (d) P2 locus after Cre-
mediated site-specific recombination. (Right)
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Southern blot of genomic DNA from wild-type ES cells, targeted clone FD257, and Cre-treated subclone FD257/Cre7. DNA was cut with Hindlll
and hybridized with the 3’ P2 probe. The upper band in lane ES represents the wild-type allele (see [b], 2.2 kb), the lower band in lane FD257
is the targeted allele (see [c], 1.5 kb), and the upper band in lane FD257/Cre7 is the allele after Cre-excision (see [d], 6.5 kb).

sensory neurons whose dendrites, cell bodies, and ax-
ons exhibit blue color after staining with X-Gal (Figure
4). The blue axons are readily visualized as they emerge
from the epithelium and pass through the cribriform
plate into the olfactory bulb where they converge on
two glomeruli: one on the medial and one on the lateral
aspect of the bulb.

In initial experiments, we demonstrated that the pat-
tern of expression of the modified P2-IRES-tau-lacZ
allele mimics that of the wild-type P2 allele. Neurons
expressing a given receptor are topographically segre-
gated within one of four zones in the olfactory epithelium
(Ressler et al., 1993; Vassar et al., 1993). In situ hybridiza-
tion to coronal sections through the olfactory epithelium
of wild-type mice reveals P2 expressing cells within the
third zone (zone Il in Ressler et al., 1993) (data not
shown). Since a neuron expressing P2 is expected to
transcribe this gene from only one of the two alleles,
X-Gal staining in a P2-IRES-tau-lacZ heterozygous
mouse will only identify cells expressing the modified
P2 allele. In adjacent sections, in situ hybridization with
a digoxigenin-labeled P2 antisense RNA probe identifies
cells expressing P2 RNA from the modified allele as well
as cells expressing P2 from the unaltered allele. We
observe similar spatial patterns of P2 in situ hybridi-
zation and lacZ staining in alternate sections of the ol-
factory epithelium (Figures 5A and 5B). Moreover, the
topographic pattern of P2 expression in the P2-IRES-
tau-lacZ mice is similar to that observed in wild-type
mice (Figures 5C and 5D), suggesting that expression of
the P2-IRES-tau-lacZ allele is unaltered by these genetic
manipulations.

In heterozygotes, which carry one wild-type P2 allele
and one modified P2-IRES-tau-lacZ allele, the number
of lacZ positive cells is about half of the total number
of P2 expressing cells determined by in situ hybridiza-
tion with P2 probes (Figures 5A and 5B). In homozy-
gotes, however, the number of P2 expressing cells
equals the number of lacZ expressing cells (data not
shown). These data suggest that cells expressing the
wild-type P2allele do not express the modified P2-IRES-
tau-lacZ allele, providing further support for monoallelic
expression at the olfactory receptor loci (Chess et al.,
1994).

Analysis of the olfactory bulb, either in whole mount
preparations or after sectioning, permits the direct visu-
alization of the axonal projections from neurons ex-
pressing P2-IRES-tau-lacZ. On the medial aspect of the

bulb, the blue axons converge upon a single glomerulus
(Figure 4). On the lateral half of the olfactory bulb, axons
converge to a single, more dorsally and anteriorly placed
glomerulus (data not shown). A pattern of one medial
and one lateral blue glomerulus has been observed in
35 out of 37 heterozygous and homozygous mice. A
small fraction of the blue fibers (<5%) project to a third
glomerulus in the immediate vicinity of one of the two
P2 glomeruli. In 2 of 37 mice, projection to an additional
glomerulus at that location is observed. This minor vari-
ance is also detected by in situ hybridization experi-
ments in wild-type mice (data not shown). At this level
of resolution, we see no stray fibers: all axons appear
to project to the two or three glomeruli we have identi-
fied. The positions of these glomeruli are relatively con-
stant in all mice examined. This conclusion is strength-
ened by in situ hybridization with probes for two
receptors, M50 and P2, which reveal that the relative
positions of two distinct glomeruli with respect to one
another remain constant in different animals (our unpub-
lished data).

The ability to visualize neurons expressing the P2 re-
ceptor also allows us to observe the generation of the
topographic map over developmental time. Neurons ex-
pressing P2-IRES-tau-lacZ are first visualized at embry-
onic day 12.5. At this time, blue neurons are observed
that have not yet elaborated axons (data not shown).
Convergence of axons from P2 expressing neurons is
apparent from embryonic day 16.5, and the medial and
lateral glomeruli are clearly visible at birth (Figure 6).
Moreover, the relative positions of these glomeruli re-
main fixed throughout the life of the organism.

It is important to establish that in a P2-IRES-tau-lacZ
heterozygous mouse, blue neurons expressing the P2-
IRES-tau-lacZ allele project their axons to the same glo-
meruli as neurons expressing the wild-type P2 allele.
We therefore prepared 20 pm serial cyrostat sections
through the entire olfactory bulb. Alternate sections
were either stained with X-Gal or subjected to in situ
hybridization with 33P-labeled antisense P2 RNA probes
(Figures 5E-5H). The presence of small amounts of re-
ceptor RNA within the terminals of sensory axons in the
olfactory bulb allows us to observe the sites of conver-
gence of the projections of neurons expressing P2
mRNA. X-Gal staining identifies the axonal projections
from neurons expressing the P2-IRES-tau-lacZ allele.
The in situ hybridization and X-Gal staining identify the
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Figure 4. P2-IRES-tau-lacZ Mice, Stained with X-Gal

(a) Whole mount view of the wall of the nasal cavity and the medial aspect of the bulb (4-week-old mouse). (b) View of the nasal septum and
the medial aspect of the bulb (4-month-old mouse). (c) Higher power view on the turbinates. (d) Higher power view of glomerulus. (e) Higher
power view of epithelium. (f) Higher power view of neurons within the septum. (a) Blue neurons are distributed in a single zone (zone 3) in the
sensory epithelium. Their axons converge on a single glomerulus on the medial aspect of the bulb, close to the cribriform plate. The lateral
side of the bulb is not visible in this view. The entire olfactory epithelium is faintly blue-green colored, due to overstaining necessary to
visualize the glomerulus. As the septum is removed, the axons on the bulb are broken off. (b) Blue neurons in the septum are also zonally
restricted. (c) The neurons are located in a narrow zone (zone 3) in the epithelium. (d) Close up of specimen shown in (b). Axons and axon
bundles are contiguous between the septum (left) and the bulb (right). No stray axons are visible at the level of the bulb. The cribriform plate,
which separates the nasal from the cranial cavity, is cut during the dissection and is visible as an opaque vertical band. (e and f) Individual
neurons are visualized with staining of the dendrite, cell body, and axon. Heterozygous mice of the FD257/Cre7 line were between 3 and 12

weeks old. X-Gal staining was carried out for 2-16 hr.

same glomeruliin alternate sections of the olfactory bulb
(Figures 5E-5H). These data demonstrate that neurons
expressing the P2-IRES-tau-lacZ allele project to the
same glomeruli as neurons expressing the unmodified
P2 allele. Thus, this genetic alteration of the P2 receptor
locus does not alter the pattern of expression of P2
receptor in the epithelium or the pattern of projections
to the olfactory bulb. Therefore, the pattern of P2-IRES-
tau-lacZ expression accurately represents the conver-
gence of axons from neurons expressing the P2 receptor
on two topographically fixed glomeruli in the mouse
olfactory bulb.

We emphasize that interpretation of the observations

in these genetically altered mice requires control experi-
ments that examine the pattern of expression and pat-
tern of projections of neurons expressing the wild-type
allele compared with the modified allele. These patterns
are superimposable for cells expressing the wild-type
P2 allele or the P2-IRES-tau-lacZ allele. However, olfac-
tory neurons from strains of mice expressing IRES-tau-
lacZ introduced into anotherreceptor gene, M12, exhibit
altered patterns of expression in the epithelium and al-
tered glomerular targets in the bulb (data not shown).
The aberrant projection of neurons expressing the M12-
IRES-tau-lacZ allele may be the consequence of altered
topographic patterns of expression in the epithelium.
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Figure 5. In Situ Hybridization with P2 Probe and X-Gal Staining of Coronal Sections through Turbinates and Olfactory Bulb

(a and b) Alternate coronal sections through turbinates of a P2-IRES-tau-lacZ heterozygous mouse, subjected to in situ hybridization with
digoxigenin-labeled P2 probe (a) and X-Gal staining (b). (c and d) Coronal sections through turbinates of a wild-type (c) and a heterozygous
mouse (d), hybridized with a *¥*P-labeled P2 probe; (e and f) Adjacent coronal sections through olfactory bulbs of a heterozygous mouse,
subjected to in situ hybridization with a *P-labeled P2 probe [e]) and X-Gal staining (f). (g and h) Higher power view of glomeruli in (e) and
(f). (@ and b) The pattern of cells labeled by either in situ hybridization or X-Gal staining is similar. In this heterozygous mouse, roughly twice
as many cells are visualized by in situ hybridization as compared to X-Gal staining. Note that in situ hybridization reveals only the cell bodies
of P2 expressing neurons, whereas X-Gal staining identifies various sections through dendrites, cell bodies, or axons, and only cell bodies
should therefore be counted. The septum is located on the right. (c and d) A radial zone of P2 expressing cells is observed in coronal sections.
The patterns are similar between the wild-type and the heterozygous mouse. (e and f) In serial coronal sections of the bulb, glomeruli identified
by in situ hybridization with the P2 probe are identical to those stained with X-Gal. The location of these medial glomeruli is bilaterally
symmetric. (g and h) Higher power magnification identifies the stained areas as glomeruli. In (h), glomeruli can be discerned as white areas

surrounded by a thin layer of red stained cell bodies of periglomerular neurons.

Alternatively, if odorant receptor is important for appro-
priate axon targeting, altered levels of receptor may
effect the pattern of projections to the olfactory bulb.

The Effect of a Receptor Swap

on Axonal Projections

The precision of the topographic map of sensory projec-
tions implies a tight linkage between the choice of a
specific odorant receptor and the choice of a glomerular
target. The genetic approach we have developed to visu-
alize these projections allows us to examine the relation-
ship between receptor expression and axon targeting.
In initial experiments, we have determined the conse-
quences of substituting the P2 receptor coding region

with the corresponding sequences from a second recep-
tor, M12. A gene targeting strategy was devised to en-
sure that expression of the M12 receptor was under the
control of the P2 regulatory sequences. Neurons that
choose to express this modified P2 allele instead ex-
press M12 along with tau-lacZ (M12—P2-IRES-tau-
lacZ), allowing the direct visualization of the conse-
quences of a receptor swap on the pattern of axonal
projections.

One extreme model for the formation of the topo-
graphic map invokes the odorant receptor as the sole
determinant of axon targeting. In such a model the re-
placement of P2 with M12 receptor sequences should
drive the blue axons to the wild-type M12 glomeruli. At
the other extreme, the odorant receptor may play no
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Figure 6. Axonal Convergence of P2 Expressing Neurons Is Apparent at Birth

(a) Coronal section of a newborn mouse, stained with X-Gal and counterstained with neutral red. A few blue neurons can be seen in the
olfactory epithelium lining both sides of the septum. One blue glomerulus is visible on the lateral side of each olfactory bulb. Their location
is bilaterally symmetric. The medial glomeruli are more posterior and therefore not present in this section.

(b) Whole mount view of turbinates (left) and medial side of bulb (right). Cell bodies of individual neurons can be discerned in a zonally
restricted fashion. Blue axons can be seen at the level of the epithelium projecting toward the bulb because the epithelium is more translucent

than in older animals.

role in the targeting process, such that cells expressing
the M12—P2 swap should maintain their projections to
the wild-type P2 glomeruli.

The targeting vector encoding M12—P2-IRES-tau-
lacZ was constructed by the substitution of the P2 cod-
ing sequences with those of the M12 receptor (Figure
7A). The P2 sequences were deleted between the start
and stop codons to retain the P2 5’ and 3’ untranslated
sequences, along with the flanking P2 sequences, and
were replaced with the M12 coding sequence. The M12
sequence contains a nine amino acid hemagglutinin
epitope between the second and third amino acid.
Downstream of the stop codon of M12, we inserted the
IRES-tau-lacZ/loxP-tk-neo-loxP cassette. This target-
ing vector was electroporated into ES cells and one
G418-resistant clone that resulted from homologous re-
combination at the P2 locus was identified. This clone
was transiently transfected with a vector directing the
expression of the Cre recombinase to delete the tk-neo
sequences, and germline chimeras were generated.

In wild-type mice, M12 expressing neurons project
axons to two glomeruli that reside dorsally in the poste-
rior aspect of the olfactory bulb. The M12 glomeruli
reside at fixed positions quite distant from the P2 glo-
meruli, which occupy a more ventral and anterior loca-
tion (Figure 7B). Moreover, the M12 gene resides on a
different chromosome than P2 (data not shown) and is
expressed in a different epithelial zone (zone 4) than P2
(zone 3).

Whole mount analysis of mice either heterozygous or
homozygous for the M12—P2-IRES-tau-lac-Z mutation
reveals the presence of blue neurons in the P2 zone and
the convergence of blue axons on one medial and one
lateral glomerulus, which occupy a ventral and anterior
position (a homozygous mouse is shown in Figure 7C).
Although these glomeruli are clearly distant from the
wild-type M12 glomeruli, it is not possible by whole
mount analysis alone to determine whether they are

coincident with the wild-type P2 glomeruli. Serial cryo-
stat sections were therefore prepared through the entire
olfactory bulb from four heterozygous M12—P2-IRES-
tau-lacZ mice. Alternate sections were either stained
with X-Gal or subjected to in situ hybridization with a
3P-labeled antisense P2 RNA probe. In situhybridization
identifies the projections from neurons expressing the
wild-type P2 allele. X-Gal staining identifies the axonal
projections from neurons expressing the M12—P2-
IRES-tau-lacZ allele. We find that neurons expressing
the M12—P2-IRES-tau-lacZ allele project to glomeruli
very near to, but distinct from, the wild-type P2 glomer-
uli. The M12—P2 glomeruli reside at a position ~200
pm (two glomerular widths) posterior to the wild-type
P2 glomeruli and roughly in the same dorsoventral plane
(Figures 7D-7G). These relative positions are maintained
on both the medial (Figures 7F and 7G) and lateral (Fig-
ures 7D and 7E) aspect of the bulb and are consistently
observed in the right and left bulb in each of the four
mice studied. The probability that the M12—P2 glomer-
uli would randomly reside this close to the P2 glomeruli
is ~0.03. It should be emphasized that the position of
the M12—P2 glomeruli, near to but distinct from the P2
glomerulus, does not reflect animal-to-animal variance.
In all P2-IRES-tau-lacZ mice studied, the neurons ex-
pressing the modified P2 allele project to the same glo-
meruli as do neurons expressing the wild-type P2 allele
(Figures 5E-5H). In contrast, in four M12—P2-IRES-tau-
lacZ mice, neurons expressing the modified M12—P2
allele project to different glomeruli than do neurons ex-
pressing the wild-type P2 allele. Thus, the analysis of
heterozygous animals provides an internal control for
slight variations in the map between different animals.

Thus, the substitution of P2 coding sequences by
those of M12 results in the convergence of axons to
topographically fixed glomeruli distant from the wild-
type M12 glomeruli, but very close to the wild-type P2
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Figure 7. M12—P2-IRES-tau-lacZ Mouse

(a) Comparison of the wild-type P2 locus (top)
and the M12—P2-IRES-tau-lacZ mutation,

after homologous recombination and Cre-
excision of the selectable markers (bottom).
The genetic manipulation results in the sub-
N stitution of the P2 coding sequence with that
of the odorant receptor M12 (red box). X,

——L {¥Tiftau] lacZ

®
M12

M12=>P2
e0

P2

glomeruli. These results suggest that the odorant recep-
tor itself cannot be the sole determinant of axonal tar-
geting. However, the segregation of the M12—P2 glo-
meruli from the P2 glomeruli suggests that the receptor
may be one determinant in a more complex guidance
process.

Discussion

Visualizing an Olfactory Sensory Map

We have developed a genetic approach to visualize ax-
ons from olfactory sensory neurons expressing a given
odorant receptor as they project to the olfactory bulb.
The experimental strategy involves the manipulation of
an olfactory receptor gene expressed in a restricted

Xhol; H, Hindlll; N, Ncol.

(b) Schematic diagram of the right olfactory
bulb, view on the medial aspect. The loca-
tions of the P2 (red), M12 (green), and
M12—P2 (blue) glomeruli are indicated. A
similar arrangement is found on the lateral
aspect of the bulb (not shown), implying a
mirror-type of symmetry in the bulb.

(c) Whole mount view of a five week old
M12—P2-IRES-tau-lacZ homozygous mouse.
Blue neurons are located in zone 3 and proj-
ect their axons to a single glomerulus on the
medial aspect of the bulb.

(d-g) Sections of the olfactory bulb of a
M12—P2-IRES-tau-lacZ heterozygous mouse.
In situ hybridization (d and f) identifies the
glomeruli to which the neurons expressing
the wild-type P2 allele project. X-Gal staining
(e and g) identifies the glomeruli to which the
neurons expressing the M12—P2 allele proj-
ect. It is important to note that there are ap-
proximately ten 20 um sections between the
sections exhibiting positive glomeruli by in
situ hybridization and X-Gal staining, both on
the lateral aspect (d and e) and the medial
aspect of the bulb (f and g). Thus, the
M12—P2 glomeruli are located 200 pm (two
glomerular widths) posterior to P2 glomeruli.
Moreover, sections immediately adjacent to
the lacZ positive M12—P2 glomeruli are neg-
ative for P2 expression; sections adjacent to
the P2 glomeruli are negative for lacZ
staining.

1 kb

subpopulation of sensory neurons, such that the faithful
expression of this modified allele leads to the transcrip-
tion of a bicistronic message that also includes tau-
lacZ. Our data, along with in situ hybridization analysis
of receptor mMRNA in the bulb (Ressler et al., 1994; Vassar
et al., 1994), demonstrate that neurons expressing a
given receptor, and therefore responsive to a given
odorant, project with precision to 2 of the 1800 glomeruli
within the olfactory bulb. Since the positions of individ-
ual glomeruli are topographically defined, the bulb pro-
vides a spatial map that identifies which of the numerous
receptors have been activated within the sensory epi-
thelium. The quality of an olfactory stimulus would there-
fore be encoded by the specific combination of glomer-
uli activated by a given odorant. This model for olfactory
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discrimination is consistent with previous physiological
studies (Stewart et al., 1979; Lancet et al., 1982; Kauer
etal., 1987; Imamura et al., 1992; Mori et al., 1992; Katoh
et al., 1993) suggesting that glomeruli represent func-
tional units such that different odorants elicit spatially
defined patterns of glomerular activity in the olfactory
bulb.

The observation that each of the 1000 different sub-
populations of sensory neurons projects with precision
to a small number of topographically fixed glomeruli
poses an interesting but complex problem in axon guid-
ance: how do neurons expressing a given receptor know
which target to project to in the bulb? In this study, we
describe agenetic approach to address how this precise
topographic map is established (see also Mombaerts,
1996). More specifically, we have asked whether the
receptor plays a role in the guidance process.

The Establishment of the Topographic Map
What are the determinants guiding the projections of
sensory axons? In other sensory systems, guidance
molecules during development, along with activity-
dependent refinement, achieve a precision of connec-
tions between the periphery and the brain (Constantine-
Patton et al., 1990; Woolsey, 1990; Goodman and Shatz,
1993). Two observations argue strongly for the existence
of spatial cues in the bulb that are recognized by a
specific complement of guidance receptors in sensory
axons and direct olfactory projections to appropriate
glomerular positions. First, the topographic map, in
which each of the 1000 different subpopulations of sen-
sory neurons project to only two glomeruli, is fixed in
all organisms within a species. Moreover, the relative
positions of multiple distinct glomeruli are conserved in
different organisms (S. Chao and R. A., unpublished).
Whereas guidance mechanisms can be envisaged that
exploit synchronous activation to effect the segregation
of axons from neurons bearing the same receptor, it is
difficult to invoke pure activity-dependent mechanisms
that precisely determine 1800 positions of axonal con-
vergence in the bulb in a stereotyped fashion. Second,
we observe the convergence of axons at early times in
development priorto the formation of a glomerulus (data
not shown). Although these data do not exclude activity-
dependent processes as a mechanism of spatial refine-
ment, they strongly suggest the existence of spatial cues
in the bulb that guide axons to the 1800 precise loci.
Is the odorant receptor a determinant of the guidance
process in sensory axons? If the receptor does play
a role in the generation of the topographic map, then
sensory neurons must express olfactory receptors prior
to target selection in the bulb. This would eliminate an
alternative model in which immature neurons, not yet
expressing receptor, randomly project axons to the
bulb. Positional information in the bulb may then elicit a
retrograde signal that directs the expression of specific
receptor genes. This retrograde model is unlikely since
in embryonic P2-IRES-tau-lacZ mice we observe blue
neurons expressing receptor that have not yet elabo-
rated axons. Similar conclusions emerge from develop-
mental analysis of receptor expression by in situ hybrid-
ization (Strotmann et al., 1995; Sullivan et al., 1995).
Thus, it is likely that neurons first express receptor and
only later project to specific targets in the bulb.

A tight linkage is observed between the choice of an
odorant receptor and the sites of axonal convergence
in the olfactory bulb. Perhaps the most parsimonious
model would argue that the odorant receptor is ex-
pressed on dendrites and recognizes odors in the envi-
ronment, and is also expressed on axon termini where
it would recognize a set of guidance cues, distinct from
odorous ligands, expressed by bulbar cells. In this man-
ner, an olfactory neuron would be afforded a distinct
identity that dictates the nature of the odorants to which
it responds, as well as the glomerular target to which
its axons project. The results of the receptor swap ex-
periment suggest that the odorant receptor indeed plays
a role in the guidance process. However, the receptor
cannot be the sole determinant of axonal targeting,
rather it is likely to be one component in a more complex
guidance process.

We have replaced the P2 receptor coding sequence
with the coding sequence of M12 (M12—P2) to observe
the consequences of altering the nature of the receptor
sequence on axon guidance in neurons that activate the
modified P2 allele. If the odorant receptor were the sole
determinant of axon targeting, we would expect that the
M12—P2 neurons would target to the M12 glomeruli. If
the odorant receptor were to play no role in the guidance
process, cells activating the modified P2 allele that en-
codes the M12 receptor should maintain their projec-
tions to the wild-type P2 glomeruli. An intermediate
model in which the olfactory receptor is one component
in a more complex guidance process predicts that
M12—P2 neurons will project to glomeruli distinct from
either the wild-type P2 or M12 glomeruli. We observe
that substitution of P2 coding sequences by M12 DNA
results in the convergence of axons to topographically
fixed glomeruli distant from the wild-type M12 glomeruli,
but quite close to the wild-type P2 glomeruli. Since the
M12—P2 neurons are likely to differ from P2 expressing
cells only in the nature of the sequences at the P2 re-
ceptor locus, our data suggest that the olfactory recep-
tor may be one determinant in the guidance process.
However, the olfactory receptor cannot be the sole
determinant governing the formation of a precise topo-
graphic map.

What is the role of the odorant receptor in the guid-
ance process? The odorant receptor may influence the
sites of axonal convergence by one of two mechanisms.
The odorant receptor may be expressed in both den-
drites and axons and may recognize guidance cues
elaborated by cells of the bulb independent of receptor
activation in the dendrites. Alternatively, in an activity-
dependent mechanism, the synchronous firing of sub-
sets of olfactory neurons expressing a given receptor
could result in the segregation of M12—P2 neurons at
sites close to, but distinct from P2 expressing neurons.
We observe that the M12—P2 glomeruli are precisely
positioned relative to the P2 glomeruli in all animals
examined. Although coordinated activity of sensory
neurons can result in the segregation of the M12—P2
axons at a glomerulus distinct from that of the P2 axons,
it is difficult to invoke activity-dependent processes to
precisely position these glomeruli with respect to one
another. Thus, our data suggest that the odorant recep-
tors may play aninstructive role in the guidance process
as one of a complement of guidance receptors involved
in the generation of a precise topographic map.
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These results suggest that a combination of guidance
receptors elaborated on axon termini may recognize
distinct sets of guidance cues expressed by the olfac-
tory bulb. These guidance receptors may act either to-
gether or sequentially to generate a precise olfactory
sensory map. The observation that neurons expressing
a given olfactory receptor project to topographically
fixed loci in all animals suggest that there must be a
tight linkage between the choice of an odorant receptor
and the expression of specific guidance receptors.
Mechanisms by which neurons express only one of a
thousand olfactory receptor genes are likely to involve
a hierarchy of controls that may coordinately regulate
the expression of odorant receptors as well as guidance
receptors. For example, zonally restricted transcription
factors that regulate the expression of odorant receptors
may coordinately regulate the expression of a distinct
set of guidance receptors. An additional level of control
may be provided by the clustering of receptor genes in
linked arrays at multiple chromosomal loci (Ben-Arie et
al., 1994; Sullivan et al., 1996). Activation of a specific
array may be associated with the coordinate expression
of specific guidance receptors. In support of this sug-
gestion, we observe that the M12—P2 glomeruli are
extremely close to the wild-type P2 glomeruli. This ob-
servation suggests the possibility that transcriptional
control of P2 expression may be coordinated with the
choice of acombination of guidance receptors that drive
axons to the vicinity of the P2 glomeruli independent of
the nature of the olfactory receptor sequences at the P2
locus. Once axons have arrived within this local domain,
they might then employ the odorant receptors as guid-
ance receptors to find the appropriate target. Thus, ax-
ons from neurons expressing the P2 receptor would
converge at one glomerular location, whereas axons
from cells expressing the M12 receptor from the
M12—P2 allele (although not normally present in this
local domain) would converge on a different, spatially
fixed glomerulus. In this manner, the odorant receptor
itself may be an instructive determinant in the guidance
process.

Experimental Procedures

Construction of tau-lacZ Plasmids

LTNL

pgk-neo (Adra et al., 1987) in pGEM7 was cut at the 3’ end with
Hindlll and Sacl and the following oligonucleotide, as well as the
complementary oligonucleotide, was inserted to generate plasmid
neo-3'loxP: 5’AGCTTATAACTTCGTATAATGTATGCTATACGAAGT
TATTTAATTAATCTAGAGAGCTS'. This sequence contains, respec-
tively, a Hindlll site, a 34 nt JoxP site (Hoess et al., 1982), a Pacl
site, an Xbal site, and a Sacl site. Plasmid pIC19R (Mansour et al.,
1988) containing HSV-tk (McKnight, 1980) was cut at the 5’ end with
Xhol and the following oligonucleotide, as well as the complemen-
tary oligonucleotide, was inserted to generate plasmid 5'loxP-
tk: 5’ TCGAGTCTAGAATAACTTCGTATAATGTATGCTATACGAAGT
TATG3'. This oligonucleotide contains, respectively, a Xhol site, an
Xbal site, a 34 nt loxP site, and a Sall site (the latter site is compatible
with an Xhol site, but ligation destroys both sites). The 5'loxP-tk
insert was released by Xhol and Sall as a 2.0 kb fragment and ligated
into the Xhol site at the 5’ end of neo-3'loxP, generating plasmid
LTNL. The 3.9 kb insert of LTNL, containing a Pacl site at the 3’
end, can be released from pGEM?7 as an Xbal fragment.
ETLpA-/LTNL

The IRES from the encephalomyocarditis virus was subcloned into
pBluescript as a 0.6 kb EcoRI-BamHI fragment, derived from plas-
mid pWH10 (Kim et al., 1992). The GG nucleotides 5’ of the ATG

start codon of the bovine tau coding sequence (Butner and
Kirschner, 1991) were converted to CC by PCR to generate an Ncol
site, using 7-lacZ in KS* (Callahan and Thomas, 1994). The 235 nt
Ncol-Notl 5’ fragment of tau was inserted into the subcloned IRES.
A Pacl site was inserted at the 5’ end of the IRES-5’ tau plasmid
via ligation of an Xhol-Pacl-EcoRlI oligonucleotide linker. The 5.25
kb Notl fragment of t-lacZ in KS* was subsequently inserted into
this plasmid, generating plasmid ETL. The lacZ sequences followed
by the SV40 polyadenylation signal were excised from ETL as a4.25
kb BamHI fragment and replaced by the 3.0 kb BamHI fragment
from plasmid pMC1871 (Pharmacia), containing the lacZ coding
sequence without any polyadenylation signal, generating plasmid
ETLpA-. The LTNL cassette was inserted as an Xbal fragment, gen-
erating plasmid ETLpA-/LTNL. The insert can be excised from
pBluescript as an 8.8 kb Pacl fragment. Another variant was con-
structed in which the insert can be excised with Ascl.

TL/LTNL

Plasmid ETL was cut with Pacl and Ncol, and the IRES sequences
were replaced with a Pacl-EcoRI-Ncol olignucleotide linker, gener-
ating plasmid TL. The 3.9 kb Xbal insert of LTNL was inserted to
generate plasmid TL/LTNL. The insert can be excised from pBlue-
script as a 9.4 kb Pacl fragment.

The accuracy of the sequences generated by PCR or oligonucleo-
tide linker insertion, as well as of all junctional sequences, was
confirmed by DNA sequencing. These plasmids can be obtained
from P. M.

Generation of Targeted Mutations

OMP-tau-lacZ

Genomic clones containing OMP were isolated from a phage library
derived from a 129 mouse (Stratagene). The 0.67 kb Ncol fragment
comprising the sequences between the Ncol site at the start codon
of the intronless OMP gene (0.39 kb) to the Ncol site in the 3’
nontranslated region (0.28 kb), was deleted and replaced with a
Pacl linker. The Pacl insert of TL/LTNL was ligated to generate
targeting vector OMP-KO-2, which consists of 4.5 kb of 3’ flanking
sequence and 6 kb of 3’ flanking sequence. A Pmel site was inserted
3’ of the Sphl site in OMP-KO-2 to linearize the plasmid. Linearized
plasmid (35 pg) was used to electroporate 30 X 10° D3 ES cells
(Doetschman et al., 1985) at 800 V and 3 pF with a Bio-Rad Gene
Pulser. Cells were cultured on mitomycin C inactivated primary em-
bryonic fibroblasts derived from neo-resistant transgenic mice (Gos-
sler et al., 1986). Selection with 150 p.g/ml of G418 was initiated
after 24 hr, and colonies were picked after 7-8 days. Genomic DNA
was cut with EcoRlI and hybridized with an external 5° OMP probe.
Clone B38 was expanded and electroporated with circular pB185
(GIBCO-Life Technologies). Cells were grown and replated for six
days, after which they were plated at low density and selected with
2 M ganciclovir. Colonies were picked after 5-6 days; genomic
DNA was cut with BamHI and hybridized to the 3' OMP probe (1.32
kb Ncol-BamHI fragment). B38/CreA5 was injected into C57BI/6
blastocysts to produce germline chimeras. Mice are in a mixed
(129 X C57BI/6) background.

P2-IRES-tau-lacZ

Genomic clones containing P2 were isolated from a phage library
constructed from a Yeast Artificial Chromosome containing the P2
gene, of C57BI/6 origin. Recombinant PCR was employed to insert
the sequences encoding the human c-myc epitope between the
second and third codon of P2 and to introduce an Ascl restriction
site three nucleotides 3’ of the P2 stop codon. The ETLpA-/LTNL
cassette was inserted as an Ascl fragment to generate plasmid P2-
KO-13, which consists of 1.4 kb 5’ flanking sequence and 5.4 kb of
3’ flanking sequence. The plasmid was linearized at the 5’ Xhol site.
Targeting and Cre-excision were performed as for OMP, except that
E14 cells (Hooper et al., 1987) were used. Genomic DNA from P2-
KO-13transfected, E14 derived clones was cutwith Ncol and hybrid-
ized with a 5 external probe. Genomic DNA from pBS185
transfected, targeted clones was cut with Hindlll and hybridized
with the 3’ P2 probe (0.6 kb Xba-BamHI fragment). The myc epitope
sequence was not present in either of the four targeted ES clones,
suggesting that the 5’ crossing over event occurred within the 1 kb
P2 coding sequence. Mice are in a mixed (129 X C57BI/6) back-
ground.
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M12—P2-IRES-tau-lacZ

The M12 coding sequence was modified by recombinant PCR to
introduce 27 nucleotides encoding the hemagglutinin epitope tag,
between the second and third codon. Via recombinant PCR and
oligonucleotide linker insertion a Pacl site was created at the 5’ end
of the M12 coding sequence, and Ascl and Pacl restriction sites
in tandem at the 3’ end. A Pacl restriction site was introduced
immediately 5’ of the start codon of P2, in a plasmid containing also
a Pacl site immediately 3’ of the stop codon; cutting with Pacl and
religation created a plasmid in which the P2 coding sequences are
deleted neatly from start to stop codon. The M12 coding sequence
was cloned in this plasmid as a Pacl restriction fragment, and ET-
LpA-/LTNL was subsequently ligated as an Ascl restriction frag-
ment. Gene targeting, Cre-recombination, and generation of chime-
ras were performed as described for P2-IRES-tau-lacZ.

X-Gal Staining

For whole mounts, tissues were fixed for 30 min on ice with 100
mM phosphate buffer (pH 7.4), 4% paraformaldehyde, 2 mM MgSO,,
and 5 mM EGTA; washed with buffer A (100 mM phosphate buffer
[pH 7.4], 2 mM MgCl,, and 5 mM EGTA), once for 5 min, and once
for 30 min, at room temperature; followed by two washes of 5 min
at room temperature with buffer B (100 mM phosphate buffer [pH
7.4], 2 mM MgCl,, 0.01% sodium desoxycholate, and 0..02% Nonidet
P40). The blue precipitate was generated by exposure in the dark
at 37°C to buffer C (buffer B, with 5 mM potassium-ferricyanide, 5
mM potassium-ferrocyanide, and 1 mg/ml of X-Gal). For sections,
the bulb was frozen in OCT (Miles), 10 um sections were cut with
a Hacker-Bright cryostat, stained with X-Gal, and counterstained
with neutral red after dehydration.

In Situ Hybridization

In situ hybridization was carried out with either a **P- or a digoxi-
genin-labeled riboprobe specific for the coding region of P2 (0.7 kb
long), as described previously in detail (Vassar et al., 1993, 1994).
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