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Summary

Olfactory neurons have a complex phenotype
characterized by their expression of a specific odor
receptor (OR) gene and their targeting of an equally
specific locus in the olfactory bulb. In the adult fish,
olfactory neurons expressing specific ORs are broadly
distributed in the epithelium, intermingling with neurons
expressing other OR phenotypes. This distributed adult
pattern has led to the suggestion that olfactory neuron
phenotype is determined by a stochastic process,
independent of external positional cues. However, when the
fish olfactory system is established during embryogenesisit
issimplein itsorganization, with few olfactory neuronsand
an olfactory epithelium that has not yet folded into the
adult morphology. It is possible that positional cues might
act in the embryo to establish an initial population and
pattern of olfactory neuron phenotypes and that
subsequent mor phogenesis and neuronal addition lead to
the randomized distribution of neurons. To test this
possibility, we examined the spatial patterns of olfactory

neurons expressing specific OR genes in 48h embryos, a
time of relative simplicity in the developing olfactory
epithelium.  Three-dimensional  plots of neuron
distributions were made, and comparisons of OR
expression patterns were made between right and left
epithelia, between individual animals and between
different OR genes. The patterns of OR gene expression
were not conserved in these comparisons. Mathematical
analysis of 21 epithelia for the degree of order in the
distribution of olfactory neurons argued strongly that the
neurons expressing given ORs are randomly distributed in
the 48h embryos. These results are consistent with those
observed from adult tissue and support models suggesting
that extrinsic positional cues do not have a major role in
specifying olfactory neuron phenotypes.
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Introduction

Olfactory neurons display a complex cellular phenotype
characterized by the expression of specific odor receptor (OR)
genes and by the appropriate synaptic targeting of second-order
neuronsin the brain. Large numbers of putative OR genes have
been identified in various species, estimates from fish to
mammals range from 100 to 1000 OR genes per individual
(Buck and Axel, 1991; Levy et al. 1991; Parmentier et al.
1992; Ngai et al. 1993b; Korsching et al. 1993; Baier and
Korsching, 1994; Freitag et al. 1995; Ayer-Le Lievre et al.
1995; Barth et al. 1996; Byrd et al. 1996). Two recent studies
indicated that neurons expressing agiven OR gene project their
axons to one or two spatially conserved glomerular targets in
the olfactory bulb (Ressler et al. 1994; Vassar et al. 1994); an
earlier study showed that insect olfactory neurons project to
spatially conserved glomerular domains defined by the odorant
specificities of the neurons (Hannson et al. 1991, 1992). These
studies substantiate many other reports that have suggested a
topographic organization between olfactory neurons and the

olfactory bulb (Stewart et al. 1979; Greer et al. 1981; Lancet
et al. 1982; Laing et al. 1985; Astic et al. 1987; Panhuber and
Laing, 1987; Royet et al. 1987, 1989; Guthrie et al. 1993;
Kauer and Cinelli, 1993; Stewart and Brunjes, 1993; Baier et
al. 1994). A particularly interesting feature of this organization
is that adult neurons expressing a given OR phenotype do not
reside in spatially conserved positions in the olfactory
epithelium, but rather are distributed in apparently random
fashion among neurons expressing other OR genes (Ngai et al.
1993a; Ressler et al. 1993; Strotmann et al. 1992, 1994; Vassar
et al. 1993). Nevertheless, the axons of these randomly
distributed neurons project to spatially conserved glomeruli in
the olfactory bulb (Ressler et al. 1994; Vassar et al. 1994).
Three general mechanisms have been discussed to explain
the specification of olfactory neuron phenotype (Ngai et al.
1993b; Chess et al. 1994): (1) phenotype may be specified in
response to extrinsic positional cues from the periphery; (2)
phenotype may be specified in response to target
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interactions/feedback from the olfactory bulb; or (3) phenotype
may be specified by some stochastic processthat isintrinsic to
the neuron itself. Peripheral cues have been dismissed
primarily because of the apparently random distribution of
adult olfactory neurons expressing specific OR genes and the
difficulty of resolving such a pattern by the action of extrinsic
positional information (Ngai et al. 1993a; Resdler et al. 1993;
Strotmann et al. 1992, 1994; Vassar et al. 1993). Target
feedback has been dismissed in part because, in some species,
OR expression appears to precede the embryonic formation of
target mitral cellsand glomeruli (Vassar et al. 1994; Strotmann
et al. 1995; Sullivan et al. 1995; Ayer-Le Lievre et al. 1995;
Leibovici et al. 1996). An intrinsic stochastic mechanism is
thus favored because of the apparent absence of reliable
extrinsic signals to determine neuronal phenotype (Ngai et al.
1993a; Chess et al. 1994; Lewin, 1994; Resder et al. 1994,
Vassar et al. 1994).

The published observations of apparently random
distribution of neurons expressing specific OR genes have been
based only on adult tissue; it remains possible that the adult
pattern results from a more highly ordered embryonic
condition when the olfactory tissue is less morphologically
complex. One of the more thorough examinations of the spatial
pattern of OR expression was performed in adult catfish (Ngai
et al. 1993a,b). The positions of neurons expressing specific
OR genes were compared between two adjacent lamellar faces
of the olfactory rosette; the patterns did not overlap and the
neuronal positions were interpreted therefore as being non-
conserved (Ngai et al. 1993a). While adjacent lamellar faces
might be viewed as homol ogous structures, they arein the strict
sense different regions of a highly folded epithelium; neurons
in different faces could be responding to different positiona
cues. Furthermore, when the fish olfactory system is first
established during embryonic and juvenile development, it is
much simpler in its organization, and the olfactory epithelium
has not yet folded into the adult morphology. It remains
possible that the complex distributed pattern observed in adults
results from a more highly ordered condition in the embryo.

To test whether embryos, like adults, show random spatial
patterns of OR expression, we observed the distributions of
olfactory neurons expressing specific OR genes in 48h
zebrafish embryos reared at 28°C. Previous work (Barth et al.
1996; Byrd et al. 1996) on zebrafish reared at 26 °C showed
that single neurons expressing OR genes could be detected
between 30 and 38h podfertilization, and that by
approximately 50h small constellations of neurons expressing
given OR genes could be detected. From embryo to adult, the
olfactory epithelium grows and wundergoes dramatic
morphological change; in general, the numbers of olfactory
neurons expressing a given OR gene increases steadily
(Hansen and Zeiske, 1993; Barth et al. 1996; Byrd et al. 1996).
A 48h embryo is about the earliest stage when a complex
pattern of neurons can be observed that is at the same time
simple enough to analyze readily. Three-dimensional plots of
the positions of neurons expressing specific OR genes were
made. Positions of neurons were compared between right and

left olfactory epithelia and between different individuals. In
addition, neuronal positions within individual epithelia were
mathematically analyzed for the degree of uniformity in their
distribution. We found that the positions of neurons expressing
specific OR genes were not conserved in right and left
epithelia, nor were they conserved between individuas;
furthermore, the distribution patterns within individual
epitheliawere statistically random. These results are consistent
with those observed from adult catfish (Ngai et al. 1993a) and
support models suggesting that extrinsic positional cues do not
have a major role in specifying olfactory neuron phenotypes.

Materials and methods
Animals

Embryos of Danio rerio were obtained from an established
breeding stock maintained in 75.81 aquariaat 28°C on 16 h:8h
L:D cycle (lights on at 07:00h); breeding stock were initially
obtained from a local pet shop. A common filtration system
and flow-through water supply served severa aguaria and a
nursery. Aquaria bottoms were covered with marbles the night
before an anticipated embryo collection; embryos were
collected by aspiration (Westerfield, 1993). Embryos were
allowed to develop in the same aquarium water and conditions
astheir parents. A nursery tank received aquarium water from
the common filtration system via two inputs: one subsurface,
and several above-water drip outlets constructed from a drip
irrigation system purchased from a local garden supplier.
Beakers (11) with screened bottoms (250 um Nitex mesh) were
immersed in water in the nursery tank and situated beneath drip
outlets (drip rate was 4| h=1); embryos were allowed to develop
in these beakers. In this study, all work was carried out on
embryos collected and fixed in the late morning of the second
day postfertilization (i.e. approximately 48h embryos). The
data presented are from a single fertilization group; the
experiment was repeated, using a second fertilization group,
with consistent results.

In situ hybridization analysis of odorant receptor expression

Three previously described putative OR gene clones were
used as probes for in situ hybridization studies: ZF-1A, ZF-1I
and ZF-39 (Byrd et al. 1996). Each clone was derived from a
heterogeneous 520bp polymerase chain reaction (PCR)
product of amplified zebrafish genomic DNA; products were
cloned into pBluescript |1 (SK+) (Stratagene) at the EcoRl site.
Antisense digoxigenin-incorporated (Boehringer-Mannheim)
RNA probes were synthesized and subsequently alkaline-
degraded to approximately 150 base length as previousy
described (Byrd et al. 1996).

Embryos (48h postfertilization) were collected, manually
dechorionated, fixed overnight in 4% paraformal dehyde (PFA)
in phosphate-buffered saline (PBS) at 4 °C, dehydrated to 70%
methanol and stored at —20°C. In situ hybridizations were
performed as previously described (Byrd et al. 1996);
hybridizations were performed using either individua probes
or a mixture of al three probes; probe concentrations were



100ngmi~1 for each probe. Final staining required a 4h
incubation at 37 °C. Staining was halted by transferring tissue
to a prechilled (4°C) stopping solution (10mmoll-1
Tris-HCI, 1mmol I71 EDTA, pH 8.0); stain was stable in this
solution for several days.

Hybridizations were performed on groups of 20 embryos for
each probe condition; each hybridization set was repeated with
consistent results. Positional analysis was performed on 15
embryos (five with probe ZF-1A, three with probe ZF-11 and
five with probe ZF-39, and two with a mixture of all three
probes). Variation between individuals was observed in the
numbers of positively hybridizing neurons within each group
(seeFig. 2; Table 1). Theindividuals chosen for analysis were
judged to be representative; no individual showed spatial
conservation of expression pattern between right and left
epithelia

For the adult rosette shown in Fig. 1B, several 6-month-old
adult fish (progeny of our breeding stock) were anesthetized in
cold water (4°C), their heads were isolated and the epithelial
coverings of the olfactory rosettes were partially removed. The
tissue was fixed overnight in 4% PFA in PBS at 4°C and
treated as above. Heads were hybridized with individual probes
at concentrations of 100ngmi~L. Following final staining, the
rosettes were dissected from the heads, dehydrated to 100%
ethanol, and cleared in a 1:2 mixture of benzyl alcohol (Sigma)
and benzyl benzoate (Sigma). Rosettes were positioned upside
down in a depression microscope slidein clearing solution and
photographed in bright field through a 10x objective (UPlanF,
Olympus, MX 60 microscope equipped with a 2.5x
photographic ocular). Optical sections were photographed
every 10 um throughout the depth range of positively staining
neurons (approximately 200um); staining was homogeneous
throughout the range.

Positional analysis of odorant receptor expression patterns
in embryos

Individual embryos were embedded in a small droplet of
low-melting-point agarose (SeaKem) on the surface of a
standard microscope dide. The embryos were positioned
ventral side up, with stained cells of both right and left
olfactory epitheliain the same plane of sharpest focus. At 48h,
the embryos' heads curve ventrally, orienting the plane of the
olfactory epithelia parallel to the ventral position of the
embryo. Embryos were photographed under dark field through
a 20x objective (UPlanFl, 2.5x photographic ocular; color
transparencies). Optical sections were photographed at the
level of the soma, where nuclei were most discernible within
aring of stained cytoplasm; micrometer positions on the focus
knob were noted, providing the z-coordinates of the individual
neurons indicated in Figs3 and 4. Typically 24 optical
sections were required and photographed for each specimen.

Color transparencies (35mm) were digitized using a Nikon
Coolscan film scanner, uniform areas were scanned from each
transparency at 2700 dots per inch (dpi) resolution; these
images were processed using Adobe Photoshop and printed as
black-and-white transparencies using a Kodak ColorEase dye
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sublimation printer. Final image sizes were 6"x3" at 300dpi;
the full 6" width represented 338um. Such an image set is
shown in Fig. 3.

To obtain the x- and y-coordinates for Fig. 4 and Table 1,
the black-and-white transparencies for a given individua were
overlaid on a light box to obtain correct aignment, and
registration holes were created using a syringe needle.
Coordinate positions were obtained by placing the
transparency over graph paper and reading numerical positions
from the graph paper (0.25" graph paper units represented
14.08 um); the x=0 position was placed in the symmetrical
midpoint between left and right eyes. Neurons of the left
olfactory epithelia were thus given negative x values while
neurons of theright epitheliawere given positive x values. The
z-coordinate positions were taken (in pum) directly from the
focusing knob micrometer on the microscope. Identities of
positively staining cellswere confirmed from blue-stained cells
on the original color transparencies.

The plots shownin Fig. 4 were created using SAS Graph for
0S/2 (6.08; SAS Indtitute, Cary, NC) and Corel Draw.
Minimal y and z values are set at Opm. For the x values, a
standard 120 um mid-region (x-origin £ 60 um) was removed
from each graph in order to condense the figure; such a mid-
region isincluded in Fig. 3, and the effect of its omission can
be seen in plot 1A-5 in Fig. 4. Positions of neurons are
represented as three-dimensiona balloon plots; the x- and y-
coordinates are indicated by the base of the ‘sticks’, while the
z-coordinates are indicated by the length of the ‘sticks' (i.e.
height of balloon). The plots are tilted at 45° to allow best
observation of al three coordinates.

Clark and Evans analysis of randomness in neuron
distribution

The distribution of neurons expressing ORs was analyzed
using the Clark and Evans (1954) test for deviation from
randomness. This technique, which is standard for assessing
patterns based on maps of individuals in a population (Krebs,
1989), is based on measurements of the distance between
nearest neighbors. For every neuron that expressed ORs, we
calculated the straight-line distance (c) to each of its neighbors,
using the Pythagorean theorem, a?+b2=c?, where a is the
difference between x-coordinates of adjacent points and b is
difference between y-coordinates of adjacent points. The
minimum distance defines the nearest neighbor. We then
calculated the mean distance to the nearest neighbor, ra, for
the neurons in each map; right and left olfactory epitheliawere
analyzed separately. For a population that has arandom spatial
pattern, the expected distance to the nearest neighbor is:

re= 1/2\/5, (1)

where p isthe density of individuals. The index of aggregation
is calculated by:
R=ralre. )

If the spatial pattern is random, R=1. When clumping occurs,
R approaches zero, and in a regular or even distribution, R
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approaches an upper limit of approximately 2.15. The Clark
and Evans test determines the significance of deviation from
randomness as follows (see Krebs, 1989):

Z=(ra-re)ls, (3)

where Z is the standard normal deviate, s is the standard error
of the expected distance to the nearest neighbor
(=0.26136/Vnp), n is the number of individuals in the study
area and p is the density of individuas in the study area. If
[Z]>1.96, then we reject the null hypothesis of random spacing,
with 95% confidence.

In our calculations, the study area was 7931um2, the
rectangular area defined by minimum and maximum Xx,y-
coordinates of neurons expressing ORs. For each map of
neurons, we calculated an index of aggregation, R, and tested
for deviation from randomness as above.

Results

Soatial patterns of OR gene expression in adult and
embryonic (48h) zebrafish

The number of neurons expressing a specific OR gene
increases dramaticaly from embryo to adult. Fig. 1A,B
compares the expression pattern of a single OR gene (ZF-11)
in a 48h embryo and a 6-month-old adult. In Fig. 1A, the
embryonic epithelium is visible as a small oval patch; three
neurons expressing ZF-11 are visible. In Fig. 1B, an optical

A

Fig. 1. Whole-mount in situ
hybridizations of embryonic (48h) and
adult (6-month-old) fish. (A) 48h
embryonic olfactory epithelium
hybridized with probe ZF-1I. Arrows
point to three positively hybridizing
cells; tips of arrowheads touch the edge
of the oval-shaped embryonic olfactory
epithelium. (B) Optical section of a 6-
month-old adult rosette hybridized with
probe ZF-11. The lamellar organization
of the rosette can be discerned by
radiating shadow lines, two large
patches of melanized pigment can be
seen in the middle region (raphe) of the
rosette. Labeled cells ranged through a
depth of 200um; this section is from
approximately 100 um depth. (C,D) The
right (C) and left (D) olfactory epithelia
of asingle 48h embryo hybridized with
amixture of three probes: ZF-1A, ZF-1l
and ZF-39. Arrows point to clusters of
labeled cells. Scale bars represent
50 um; the bar in C also appliesto D.

section through an adult rosette reveals a more or less
homogeneous scattering of positively hybridizing neurons
distributed throughout the rosette. In this particular rosette,
positively  hybridizing neurons were homogeneously
distributed through a depth of 200um; the optical section
shown is from approximately 100um depth, and stained
neurons ranging through approximately 20pum depth are
visible. Equivalent results were observed using probes ZF-1A
and ZF-39.

The embryonic pattern of neurons expressing specific OR
genes differs between right and left olfactory epithelia. This
can be seen clearly in Fig. 1C,D which compares the right and
left epithelia of a 48h embryo hybridized with a mixture of
probes ZF-1A, ZF-11 and ZF-39. All of the positively
hybridizing cells in the left epithelium (Fig. 1D) are visiblein
the figure; however, there were additional cells visible in a
lower optical plane of the right epithelium (Fig. 1C) which can
only be seen in this figure as very faint blurs near the eye.

Three-dimension positional analysis of neurons expressing
specific OR genes in 48h embryos

To examine further the spatial organization of neurons
expressing OR genes, the patterns of positively hybridizing
neurons were compared among groups of individuals. The x-,
y- and z-coordinate positions of stained neurons were
determined from optical sections of olfactory epithelia of 13
individuals hybridized with single probes and of two
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Fig. 2. Numerical distribution of positively hybridizing neurons per
epithelium. Epithelia were from the 13 individuals hybridized with
single probes and analyzed in this study. Right and left epithelia are
considered separately; comparisons between right and left epithelia
are presented in Table 1.

individuals hybridized with a mixture of all three probes. The
numerical distribution of stained neurons per epithelium under
the single probe conditions is shown in Fig. 2. An example of
one such embryo is shown in Fig. 3.

The coordinate data obtained from optical sections were
used to construct three-dimensional plots of positively
hybridizing neurons. Plots were made for 15 embryos; plots of
eight representative embryos are shown in Fig. 4. The planar
positions (i.e. xy) of cels ranged over an area of
approximately 8000 um? (approximately 110 umx70um). This
area represents the approximate size of the 48h olfactory
epithelium. Individual neurons of 10um diameter, the
approximate size of the 48h olfactory neurons, would occupy
approximately 1% of this epithelial area, indicating the
presence of approximately 100 olfactory neurons at this
developmental stage. The depth of neurons (2) ranged over
approximately 40 um depending on the specific data set. Some
of this range may be due to a dightly tilted orientation of the
embryos in the agarose, creating a slight wedge effect (e.g.
Mix-2 in Fig. 4). However, the embryonic epithelium itself is
approximately 30 um deep, and the positions of neuronal cell
bodies are known to range throughout this depth (Byrd and
Brunjes, 1995; Barth et al. 1996; Byrd et al. 1996).

Severa features are evident from the three-dimensional
plots. First, the positions of neurons expressing specific OR
genes were visibly non-conserved either between right and left
epithelia or between individua embryos (Fig. 4). Second,
neurons expressing agiven OR gene typically appeared singly,
adthough such neurons appearing in clusters was not
uncommon (Table 1). Specifically, of 85 neurons observed in
13 individuals hybridized with single probes, 22 neurons
appeared as pairs; one cluster of five neurons was observed
(IA-5, right). Neurons were scored as paired or clustered if cell
centers were 1 cell diameter or 10pum apart. Third, as the
number of neurons expressing a given OR gene increased, that
neuronal phenotype became more distributed throughout the
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epithelium. Finaly, hybridizations with a mixture of al three
probes showed a proportionally greater number of stained cells
relative to hybridizations using only single probes.

Clark and Evans analysis of randomness in the distributions
of neurons expressing specific OR genes

To determine the degree of randomness in the neuronal
distribution patterns, we performed a Clark and Evans analysis.
This is a standard method used in ecological studies for
assessing spatia pattern in the distributions of individualsin a
population; an index of aggregation is determined which
describes the degree of dispersion in a distribution. An index
value of 1 indicates a non-even or random distribution; index

Table 1. Zebrafish olfactory neuron expression: indices of

aggregation

A Sample R, left side R, right side
1A-1 0.49 (2) 0.73 (4)[1]
1A-2 1.31(4) 0.99 (4)
1A-3 1.03 (4)[1] 1.79 (3)*
1A-4 NA (1) 0.92 (4)[1]
1A-5 NA (1) 0.90 (9)[2] T
1-1 0.86 (3)[1] 0.88 (5)[1]
11-2 0.76 (2) NA (1)

11-3 1.16 (3)[1] NA (0)
39-1 NA (1) 1.19 (4)
39-2 0.44 (1] 0.95 (3)[1]
39-3 1.20 (10)[1] 0.81 (5)
39-4 0.99 (4)[1] 2.00 (2)*
39-5 0.67 (2) 0.76 (2)
Mix-1 0.57 (5) 0.78 (12)
Mix-2 1.14 (13) 0.94 (9)

B Side N Aggregation index % Random
Left 10 0.89+0.30 100
Right 11 1.08+0.42 82
Tota 21 0.99+0.37 90

Clark and Evans indices of aggregation (R) were calculated to
determine the spatial distribution of olfactory neuronal phenotype in
48h zebrafish embryos.

(A) R vaues are given for each epithelium; values close to 1
indicate a random distribution; values close to 2 indicate an even
(over-dispersed) distribution.

Numbers in parentheses are the number of cells; numbers in
brackets are the numbers of clusters.

*The distribution of cells was statistically non-random; in al other
cases, the distribution of cells was random.

TThere were two clusters, one cluster of five cells; all other clusters
were made up of two cells only.

NA, not applicable, theindex could not be cal culated for fewer than
two cells.

(B) Summary of olfactory neuron expression patterns.

Mean (+s.D.) indices of aggregation are given for right, left and al
epithelia (only single probe data are included).

N is the number of epithelia; % Random indicates the percentage
of epitheliawith a statistically random distribution of cells.
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Fig. 3. A typical set of optical sections used
for three-dimensional plots such asthat in Fig.
4. This 48h embryo was hybridized with [
single probe (ZF-1A). Positively hybridizing
cells, indicated by arrows, resided in two
optical sections (A,B) separated by 33pum in
the z orientation. The identity of labeled cells
was confirmed from the origina color
transparencies. The large cluster of neuronsin
the right epithelium (A) was estimated to
contain five neurons on the basis of the
appearance of five blue rings in the color |
transparency; the rings were interpreted as %
representing cytoplasmic mRNA surrounding
the nucleus. Coordinate positions of labeled
cells from this figure are represented in Fig. 4
as plot 1A-5. The asterisks mark the brain
furrow, discernible but out of focus, in each
section. Scale bar, 50 um.

values approaching 2 indicate increasingly ordered non-
random distributions. Clark and Evans analyses were
performed on 25 epithelia from 13 single-probe and two
mixed-probe individuals (Table 1). Indices of aggregation
were generaly close to 1, indicating random distributions of
neurons expressing ORs in the epithelium. In only two of the
25 epithelia did we obtain values suggesting statistically non-
random distributions.

Discussion
Spatial patterns of OR phenotype

Many sensory systems show a topography in their spatial
organization that relates to some property of the sensory signa
(e.g. Sperry, 1963, vision; Suga, 1978, auditory; Catania et al.
1993, somatosensory). Olfactory systems seem to be uniquely
complex in having alarge choice of sensory neuron phenotypes
defined by the expression of one of 100-1000 different odor
receptor genes (e.g. Ngai et al. 1993a); other sensory systems
show considerably less complexity in receptor gene diversity.
Olfactory systems al so appear to be topographically organized;
neurons of a given OR phenotype converge on spatially
conserved sitesin the brain (Hansson et al. 1992; Resdler et al.
1994; Vassar et al. 1994). Interestingly, in the periphery,
neurons of a given OR phenotype appear to be randomly
distributed, intermingling with neurons expressing different
ORs (Ngai et al. 1993a). This peripheral organization may be
evolutionarily selected to match the randomly distributed odor
molecules the system is designed to detect. What mechanisms
govern this spatial organization and the selection of olfactory
neuron phenotype? When we initiated our study, a prevailing
hypothesis was that olfactory neuronal phenotype is
determined by an intrinsic stochastic process independent of
extrinsic cues from the periphery or target feedback from the
olfactory bulb (Chess et al. 1994). This hypothesis was based,

posterior

*

anterior

in part, on the observation that adult olfactory neurons are
randomly distributed within the olfactory epithelium (Ngai et
al. 1993a). We set out to observe whether this random
distribution already existed in the embryonic epithelium.

We examined the spatial pattern of neurons expressing ORs
in 30 olfactory epithelia from 15 individual animals using
whole-mount in situ hybridization. In al, 124 positively
hybridizing neurons were observed, 85 from individuals
hybridized with single probes. The numbers of cells expressing
a single OR phenotype per epithelium in this population of
animals ranged primarily between one and five; two epithelia
showed 9 and 10 stained neurons, respectively, asindicated in
Fig. 2 and Table 1. Based on an estimate of the area of the 48 h
olfactory epithelia and the size of a single olfactory neuron,
there may be approximately 100 olfactory neurons at this
developmental stage, and thus a given OR phenotype may
represent between 1% and 5% of expressed phenotypes at this
stage. This range is consistent with estimates that there are
25-100 OR genes in zebrafish (Korsching et al. 1993; Barth et
al. 1996) and the observation that some of these OR genes are
reserved to be expressed later in development (Barth et al.
1996).

The distribution patterns of embryonic olfactory neurons
expressing single OR genes appears to be non-conserved
between epithelia or individuals (Fig. 4) and random within an
olfactory epithelium (Table 1), at least for the three OR genes
examined. These data can be interpreted as suggesting that the
phenotype of embryonic olfactory neurons is not specified by
extrinsic positional cues. Extrinsic peripheral cues might exist
in two forms. First, there might be some externaly produced
field of signals whose complexity cells ‘read’ and respond to
by expressing the appropriate phenotype. Support for this
possibility is weak for olfactory neurons because the spatial
patterns of the neuronal phenotype are random within an
epithelium and are not conserved between individuals; thus,
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the cells do not appear to be responding to any consistent field.  their neighbors from acquiring the desired phenotype (Jan and
Second, there might be neighbor interactions such as those  Jan, 1994, 1995). Support for this possibility is aso weak. In
seen in the emergence of one neuron from a proneura cluster  our study, 22 of 85 neurons occurred as pairs expressing the
in Drosophila melanogaster, where cells compete to inhibit ~ same phenotype; one cluster was observed consisting of five
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z ol ! 37 7 37 I I 37 epithelia has been removed (the heavy
2 UT 25 line a x=t60 represents this
12 12 © T discontinuity); this space can be seen
0 0 o—e0 reteined in Fig. 3. Plot 1A-5 was
—145 -88 60 88 145 -145 —88 60 88 145 derived from the optical sections shown
Left X Right Left X Right in Fig. 3. Axis values are in pm.
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neurons expressing the same phenotype. Thus, contact between
neurons expressing a given OR seems to occur sufficiently
often to suggest that nearest-neighbor inhibition is not working
strongly in this system to influence olfactory neuron
phenotype, at least at this early stage of development.

The possibility is intriguing that the selection of OR
phenotype proceeds in a truly random fashion and that the
homogeneous intermingling of neurons expressing different
OR genes is a simple consequence of such random
determination. Extrinsic signals might still act secondarily to
refine or respecify olfactory neuron phenotype. Certainly such
refinement occurs in the visual system with respect to changes
in synaptic connectionsin the optic tectum (e.g. Goodman and
Shatz, 1993); the corollary in the olfactory system would be
the possible refinement of synaptic connectionsin the olfactory
bulb. Unfortunately, there is as yet little concrete information
regarding whether olfactory neurons can be influenced to
reselect a different OR gene, guided perhaps through neighbor
interactions or target feedback, or whether neurons can
communicate their OR phenotype to any cells besides their
targets or other neurons of the same OR phenotype. Our
observation of occasional clustering of cells of a given OR
phenotype suggests these cells are not inhibiting local
phenotypes or influencing OR gene selection during
embryogenesis in the zebrafish.

There are several possible extrinsic processes which could
account for the apparently random patterns observed in thisand
other studies; the chief problems with these include the
requirement that an external signal field be maintained
throughout growth and morphological change of the
epithelium, and the requirement for a cellular mechanism
capable of resolving an extrinsic signa into a large number of
phenotypic options. For example, our technique detects OR
MRNA only when it reaches a sufficient level; this time of
detection temporally follows the molecular events which select
and activate the expression of specific genes. Furthermore, we
examined embryos at least 12—18h after the earliest observed
activation of OR gene expression (Barth et al. 1996; Byrd et
al. 1996). It is possible that an extrinsically determined spatial
pattern has been activated but is merely latent and arbitrary in
its temporal expression, thus giving the impression of
randomly distributed phenotypes at the time of observation.
However, the production of neurons and their requirement to
select a phenotype is continuous and is not restricted to atime
of early development. Such amechanism of early specification
would seem problematic to sustain within a growing and
morphologically changing epithelium.

External signals which create chaotic or complex patterns
that appear random might also result in the apparently random
distributions of neuronal phenotypes. While such a mechanism
might be sustained through growth and morphological change,
it seems problematic in requiring cellular mechanisms for
resolving the external signal into 100 or more phenotypic
options (i.e. selection of one of 100 OR genes). Such aproblem
may be simplified by reducing the numbers of OR genes that
must be selected by restricting their expression to discrete

spatial zones (e.g. Sullivan et al. 1995) or by temporaly
regulating specific classes of OR genes (Barth et al. 1996).
Nevertheless, a significant number of OR genes must still be
selected to be expressed in the random pattern commonly
observed, and a cell would still need to resolve the signa into
alarge number of phenotypic options.

A third possibility is that the random patterns we observed
in the embryos are the consequence of genetic variation; these
embryos were the progeny of a genetically diverse stock of
adults. However, if an extrinsic mechanism were functioning
under these conditions, one might still anticipate that the right
and left epithelia of individual embryos would show a greater
conservation of pattern than we observed; there are no obvious
asymmetries in right and left olfactory tissue of juvenile or
adult zebrafish to suggest that the neuronal distribution patterns
would be selected to be asymmetrical. Furthermore, genetic
variation cannot account for the apparently random distribution
described in adult catfish, since this description was based on
patterns within one individual (Ngai et al. 1993a).

Apparently random distributions might also occur if neurons
were to migrate to random positions after becoming
extrinsically specified; however, this would, again, require a
cell to resolve the signal into a large number of phenotypic
options prior to migration. Finally, the occasiona neuronal
clusters we observed could represent clonally derived cells of
one phenotype rather than the random neighboring appearance
of phenotypicaly identical neurons; the appearance of single
cells could then result from subsequent migrations from these
clonal centers. Presumably though, as the epithelium grows,
multiple clonal centers would develop, a condition that would,
again, require the maintenance of a multidimensional external
signal field aswell as cellular mechanisms capable of resolving
the signal into a large number of phenotypic options.
Nevertheless, while clonal production of neuronal phenotypes
seems weakly supported at this time, it is certainly worth
investigating as methods of cell lineage marking and genetic
manipulation become more routine in zebrafish.

The specification of olfactory neuron phenotype

The olfactory bulb is a highly organized interface between
sensory neurons and the brain; olfactory neurons expressing
specific OR phenotypes appear to radiate outwards from
spatially conserved glomeruli in the bulb to a spatialy
distributed pattern in the periphery (Baier et al. 1994; Ressler
etal. 1994; Vassar et al. 1994). Thisorganization is established
in the embryo, when olfactory neurons enter the forebrain and
establish the initial synaptic connections which lead to the
formation of glomeruli and the olfactory bulb (e.g. Farbman
and Squinto, 1985; Hansen and Zeiske, 1993; Ayer-Le Lievre
et al. 1995). Our study reminds us that, at the time that this
relationship between brain and periphery is established, the
system is very simple and relatively few sensory neurons of
any given OR phenotype are present. These early olfactory
neurons may act as guidance fibers (e.g. Gong and Shipley,
1995) and, as additiona neurons appear and their phenotypes
become specified, these new neurons may seek out existing



neurons of the same phenotypes and follow them to the
appropriate targets. While other possibilities exist, an intrinsic
stochastic process which randomly selects neuronal phenotype
seems sufficient for initiating such development. Such a
process may be required where a large number of related
phenotypes must be expressed in a distributed and
intermingling fashion, as in the case of the olfactory
epithelium. Furthermore, an essentially random process of
phenotype selection seems to be consistent with the truly
random distribution of the chemical signal that the olfactory
system is designed to detect. That is, one could argue that
evolutionary selection pressures have guided the peripheral
organization of the olfactory system towards randomness in
accordance with the properties of the environmental signal,
while maintaining a highly ordered arrangement at the level of
first synapse in accordance with the anatomical requirements
of sensory integration.

Chess et al. (1994) have proposed a mechanistic model for
determining olfactory neuron phenotype that involvesintrinsic
stochastic processes acting on genes that are already restricted
to expression within the spatial domain or subdomains of the
olfactory epithelium. In mammals, OR genes are known to
reside in clusters on severa chromosomes; there is as yet no
such information available for fish. The proposed mechanism
for a stochastic process requires the random selection of a
specific OR gene from a cluster of OR genes, possibly via the
physica rearrangement of a cisregulatory site to an
appropriate location by the selected gene (Chess et al. 1994).
This scheme is supported by examples of several systems in
which either gene rearrangement or distant cis-acting elements
act as mechanismsto select one of many genes to be expressed
in a cell, thus establishing cellular phenotype: for example,
beta-hemoglobin; variable regions in immunoglobulin; and
red/green opsins. However, as Chess et al. (1994) point out for
these examples, no single mechanism dominates, and thusit is
not possible to generalize a mechanism from the examples.
Furthermore, OR genesresiding in clusterslocated on different
chromosomes are expressed in the same spatial domain in the
epithelium (Chess et al. 1994). Neurons within a specified
domain thus select among OR genes located on different
chromosomes. trans-acting elements would therefore seem
additionally necessary to regulate and perhaps silence genes
residing on different chromosomes so that only a single OR
phenotype can emerge in the neuron.

Barth et al. (1996) have recently modified the stochastic
model by observing in zebrafish that some classes of OR genes
may be temporally restricted in their expression patterns,
suggesting that this temporal restriction may lead to spatial
restrictions. Temporal restriction could simplify the problem
of OR gene selection during early development by reducing
the numbers of genes available to be selected. These authors
suggest the possibility that temporal regulation might act at the
level of the gene cluster, but that genes of agiven cluster might
then be subject to some stochastic selection mechanism as
suggested by Chess et al. (1994). Nevertheless, within a few
weeks postfertilization, the full repertoire of OR genes is

Odor receptor expression in zebrafish 441

available for expression (Barth et al. 1996), giving new
olfactory neurons a full range of phenotypic options. These
temporal observations are particularly interesting as they point
to developmental eventsin the life history of an organism that
might influence OR gene expression postembryonically, such
as sexua maturation, metamorphosis in Amphibia, and
smoltification and home-stream olfactory imprinting in
salmon.

Studies in Drosophila indicate that the phenotype of a
sensory neuron can be selected through hierarchical processes
in responseto extrinsic cues, including those involving nearest-
neighbor competitions (e.g. Ghysen and Dambly-Chaudiere,
1993; Jan and Jan, 1994, 1995; Zipursky and Rubin, 1994).
However, these studies compare broadly different classes of
sensory cells, phenotype differences within a cell lineage or
role determination in a small and defined cluster of cells. The
selection of subtly different neuronal phenotypes in the
olfactory system seems to be considerably more complex in
the range of phenotype available (i.e. the large number of OR
genes) and in the apparently random intermingling of multiple
phenotypes. This olfactory organization may exist for insects
aswell asvertebrates; olfactory sensillathat respond to diverse
plant volatiles are probably arrayed in a similarly distributed
and intermingling fashion in the antenna (Lee and Strausfeld,
1990; Boeckh et al. 1985; Vogt, 1995). We might assume that
the determination of the olfactory neuron phenotype precedes
other events, leading to the selection of an OR gene and the
targeting of an appropriate site in the developing brain.
However, OR gene and target site are coordinated by some
mechanism (Hansson et al. 1993; Ressler et al. 1994; Vassar
et al. 1994). Recently, it has been suggested that the OR
proteins may also act as cell surface signas in the axonal
membranes, contributing either to pathfinding to the bulb or to
target recognition at the bulb (Ressler et al. 1994; Singer et al.
1995). This could imply a hierarchy in the expression of
olfactory neuron phenotype: first phenotype is selected; then
phenotype is expressed by activation of a specific OR gene;
and finaly the OR protein regulates the selection and
expression of the target phenotype.

Whatever the mechanism establishing olfactory neuron
phenotype proves to be, our study shows that the apparently
random distribution of neurons of specific phenotype is a
condition that already exists in the embryo. This random
organization may merely be a developmental requirement for
regulation of alarge number of similar but distinct phenotypes.
Alternatively, a random distribution may be the result of
evolutionary selection pressures shaping the olfactory
epithelium into a topographic map of the randomized spatial
organization that characterizes the signal it detects.
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